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Abstract

The main concern of this thesis is the dynamics of charge transfer processes occurring in
Dye Sensitized Solar Cells (DSSC) comprising a top efficient carbazole, indoline and
triphenylamine dyes. This dissertation is based on a series of papers reporting the effects
of different modifications applied to improve DSSCs on ultrafast and fast charge transfer
processes and relation between the dynamics of particular charge transfer phenomena and

the overall DSSC performance.

One of the most important modifications studied in the context of charge transfer
dynamics and solar cell efficiency was the substitution of the most commonly used
carboxylic anchoring moiety by a stronger alkoxysilyl group (in MK-2 carbazole dye,
D149 and D205 indoline dyes). Next, different semiconductor/dye/electrolyte interface
modifications were examined (molecular capping, atomic layer deposition of Al;Os
layers and dye moieties encapsulation by cucurbit[7]uril macrocyclic molecules).
Furthermore, the influence of different electrolyte compositions was investigated,
including the impact of varying the redox couple (1713, Co?"**(bpy)s (bpy = 2,2’-
bipyridine), Co?***(phen)s (phen = 2,2’-phenantroline), Cu*?*(tmby).- (tmby = 4,4°,6,6’-
tetramethyl-2,2’-bypiridine), the use of additional Lewis’ base (4-tert-butylpyridine or 1-
methylbenzimidazole) or a solvent (acetonitrile, water or their mixture). Moreover, the
effects of different titania layer morphology - different porosity, thickness as well as
contents of large scattering particles in mesoporous layer were studied. Another
modification tested was the interface alteration by continuous irradiation of solar cells.
Finally, the dynamics of charge transfer processes between the benchmark Y123
triphenylamine dye and titania photoanode was thoroughly studied.

In order to gain the information on the dynamics of charge transfer processes, their
efficiency and relationship with the overall photovoltaic performance of studied devices,
a broad range of experimental techniques was applied, including basic photovoltaic
characterization methods (current-voltage characterization of illuminated cells, incident
photon to current efficiency spectra measurements), electrochemical impedance
spectroscopy, stationary absorption in the visible range and time-resolved optical

spectroscopy methods: transient absorption in ns — ms time window in visible range



(nanosecond flash photolysis), and femtosecond transient absorption (in fs-ns time

window) in visible, near and mid infrared spectral ranges.

The opening part of the dissertation (chapters 1 —4) provides an introduction to the
current state of knowledge on DSSC operation and a review of materials applied in
DSSCs. Meanwhile, the main research problems along with strategies of their
overcoming are outlined. Main experimental methods including fabrication and key
characterization techniques used for purposes of this thesis are thoroughly described. The
scientific papers making the basis of this thesis are described in chapter 5 and attached
after chapter 6 presenting the conclusions. Finally, the appendix contains the detailed
description of the contribution of the author of this dissertation to the papers, the
declarations on the contribution of other co-authors (partially in Polish), a list of other
scientific papers published by the author during his PhD studies, and a list of attended

conferences.



Streszczenie

Niniejsza praca zostala poswigcona badaniom dynamiki proceséw transferu tadunku
zachodzacych w ogniwach stonecznych sensybilizowanych barwnikiem (ang. Dye
Sensitized Solar Cells — DSSC), zawierajacych wysoko wydajne barwniki karbazolowe,
indolinowe 1 trifenylaminowe. W opublikowanych artykutach, wchodzacych w skiad
cyklu stanowigcego przedmiot tej rozprawy, opisali$my, jak réznorodne modyfikacje,
stosowane w celu poprawienia funkcjonowania ogniw, wplywaja na ultraszybkie i
szybkie procesy transferu tadunku oraz jak dynamika poszczegdlnych procesow

zwigzana jest z cato$ciowym funkcjonowaniem ogniw.

Jedna z najbardziej istotnych modyfikacji, przebadanych w kontekscie dynamiki
transferu ladunku 1 wydajnosci ogniw, byla zamiana najczgsciej stosowanej
karboksylowej grupy przylaczeniowej przez silniejsza grupe alkoksysililowa w
karbazolowym barwniku MK-2 oraz indolinowych barwnikach D149 i D205. Nastepnie,
stosowane byly rozne modyfikacje na styku migdzy powierzchnia potprzewodnika,
warstwa barwnika i elektrolitem, takie jak molekularna pasywacja (ang. molecular
capping), atomowa pasywacja poprzez depozycje warstwy Al.Oz czy enkapsulacja
niektorych ugrupowan molekut barwnika przez makrocykliczne czasteczki
cucurbit[7]urilu. W dalszej kolejnos$ci, zbadany zostat wpltyw zmiany uzytej pary redoks
(17157, Co?*"**(bpy)s (bpy = 2,2’-bipirydyna), Co?>***(phen)s (phen = 2,2’-fenantrolina),
Cu**(tmby).- (tmby = 4,4’,6,6 -tetrametylo-2,2’-bipirydyna) w sktadzie elektrolitu oraz
roznych stezen zasad Lewis’a (4-tert-butylopirydyny lub 1-metylobenzoimidazolu).
Wykorzystano rowniez rozne rozpuszczalniki (acetonitryl lub woda). Ponadto
przeanalizowano wplyw zastosowania warstw tlenku tytanu o réznych morfologiach —
réznej porowatosci i grubo$ci oraz zawierajacych duze (~ 400 nm) czastki tlenku tytanu
rozpraszajace $wiatto. Zbadano réwniez zmiany wywotane przez ciagle o$wietlanie
probek. Wreszcie, zbadane zostalty réwniez ultraszybkie procesy transferu tadunku
pomiedzy wzorcowym barwnikiem trifenylaminowym Y123 a nanoczastkami tlenku

tytanu tworzacymi fotoanod¢ DSSC.

W celu uzyskania informacji o dynamice proceséw transferu tadunku, ich wydajnosci
oraz o powigzaniu tych cech z parametrami fotowoltaicznymi ogniw, wykorzystano

szeroki zakres technik eksperymentalnych, obejmujacy podstawowa charakterystyke
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pradowo napigciowg o$§wietlanych ogniw, pomiary widm czynno$ciowych (ang. Incident
Photon to Current Efficiency — IPCE), elektrochemiczng spektroskopi¢ impedancyjna
oraz roznorodne metody spektroskopii optycznej — absorpcj¢ stacjonarng w zakresie
widzialnym, oraz absorpcje przejsciowa w nanosekundowej rozdzielczosci czasowej (w
zakresie widzialnym) oraz w femtosekundowej rozdzielczosci czasowej (w zakresie

widzialnym oraz bliskiej i §redniej podczerwieni).

Cze¢s$¢ wstepna (rozdziaty 1 — 4) zawiera wprowadzenie opisujace stan wiedzy na temat
funkcjonowania ogniw DSSC oraz przeglad materiatow stosowanych do ich
wytwarzania. Zarysowano w niej rowniez gldwne problemy oraz najwazniejsze strategie
ich rozwigzania. Praca zawiera rowniez doktadne objasnienie metodyki wytwarzania
ogniw DSSC jak rowniez opis najwazniejszych technik wykorzystanych do ich badan.
Publikacje naukowe, wchodzace w sktad niniejszej pracy, podsumowane zostaly w
rozdziale pigtym i zamieszczone za rozdzialem nr 6, gdzie podsumowano konkluzje
pracy. Zalacznik do pracy zawiera doktadny opis wkladu autora rozprawy (oraz
pozostatych wspotautoréw) w poszczegolne prace naukowe, liste innych prac naukowych
z udziatem autora rozprawy oraz list¢ konferencji, na ktérych prezentowat on wyniki

badan.
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1. Introduction

1.1 The Energy Demand

Due to continuous rise of world human population, economic growth and technological
development, the energy demand is inevitably increasing.! Satisfaction of these needs
using fossil deposits, biomass or even nuclear fission does not ensure sustainability of
global economy, since utilization of these resources proceeds much faster than their
creation. Moreover, combustion of enormous amounts of fuels, affects the global climate
in increasingly pronounced way.} In order to avoid severe consequences threatening
humanity and its culture as well as the whole terrestrial environment, radical measures
must be taken straight off. First of all a reduction in consumption of conventional energy
sources and focus on renewable ones is necessary. In order to accelerate these changes,
there is a need of development of efficient, cheap and environmentally friendly renewable

energy sources.

1.2 Solar Energy

As a matter of fact, almost all of the energy sources available on earth originate from the
power of the Sun which was converted to chemical energy by living organisms
performing photosynthesis, or to thermal and consequently, partly to mechanical energy
of biotope. Over 120 PJ of solar energy reaches the Earth every second. It is by orders of
magnitude more than we could consume,* thus its direct utilization seems to be the most

reasonable way to meet the energy demand.

Solar energy can be exploited in numerous ways, including the use of thermal collectors
to heat up water (often applied in small household installations) or large scale solar
furnaces converting sunlight to heat, used by conventional thermal power plants.
However, a direct conversion to electricity by photovoltaic cells is probably the most
applicable of them, thanks to the ease of output management as well as feasibility of up

and down-scaling.



1.3 Photovoltaics

Photovoltaic cells take the advantage of internal photoelectric phenomenon occurring in
semiconductors, in which an exciton (a pair of electron in conduction band and hole in a
valence band of a semiconductor) is created after an act of photon absorption and
subsequently split to an electron and a hole on the interface of electron and hole
transporting materials (p-n junction). Starting from the first experiments performed by
Becquerel in 1839, the knowledge on the photovoltaic effect has been expanded until the
construction of the first solar cell in Bell Labs in 1954. Since then, the idea of photovoltaic
solar energy conversion has gained many possible realizations including application of a
variety of different materials and architectures in pursue of efficiency improvement,
lowering their cost and gaining many other desirable features. The technologies and their
certified record performances over years are gathered at the National Renewable Energy
Laboratory (NREL) of USA (Figure 1).

Special attention has been attracted to the so-called emerging photovoltaic technologies,
exhibiting the fastest pace of development. In general, they aim at utilizing low amounts
of cheap and abundant materials, and low energy consuming fabrication processes to
obtain as highly efficient devices as possible. Thanks to their low price, they have a
chance to be applied not only in conventional applications (large solar panels connected

to the electrical grid) but also in powering small devices, wearable electronics etc.
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2. Dye Sensitized Solar Cells

Dye Sensitized Solar Cells (DSSC) are photovoltaic devices (belonging to emerging
technologies) in which typical p-n semiconductor junction is replaced by wide bandgap
semiconductor/electrolyte interface, taking advantage of photocatalytic properties of
metal oxide semiconductors® (e.g. TiO2, ZnO etc.). In order to broaden the photoresponse
of metal oxides (absorbing in UV spectral region), dyes were introduced to sensitize the
semiconductor’s surface.®’ Ultimately, bulk semiconductor anodes were replaced by
mesoporous layers, tremendously boosting surface area available for the sensitizing dye,
and consequently enhancing light harvesting, achieving for the first time attainable ~7 %
efficiency and establishing new solar cell technology.® Since 1991, when the
breakthrough paper by O’Regan and Greatzel was published,® DSSCs have attracted
significant interest of scientific community, as potentially cheaper and more
environmentally friendly alternative to ubiquitous silicon solar cells.® As a result
tremendous advances have been achieved in the field of new materials development as
well as device operation understanding.®*2 Nowadays the best laboratory efficiencies of
DSSCs reach 13-14 %36 (certified 13.0 % - see Figure 1). DSSCs have also gained
successor technologies, namely Quantum Dot Sensitized Solar Cells!” (QDSC) and
Perovskite Solar Cells'®1® (PSC) established on the foundations of many years’ DSSC
community research efforts. Both QDSC and PSC outperform DSSC in terms of power
conversion efficiency in full sunlight conditions, currently reaching impressive 18.1 %
and 25.5 % respectively (Figure 1). Nevertheless, DSSCs are regaining scientific interest
thanks to their superior performance among all photovoltaic technologies, exhibiting PCE
in indoor ambient lighting conditions® reaching 32-34 %.2122 This feature is especially
important in the advent of Internet of Things (lIoT) technology expansion which is
currently taking place.?® Photovoltaic cells or photo-capacitor devices?* can make the
devices networking in 10T, independent of additional power supply, wiring or disposal
batteries (which is also an opportunity for a variety of different low power electric
widgets). Thus, in 30 years after their introduction, DSSCs are still an attractive field of
both fundamental and application research.

12



2.1 Principles of Operation

2.1.1 Charge Separation

The charge separation in DSSC begins with absorption of a photon (process 1 in Figure 2)
by the dye molecule adsorbed on the mesoporous surface of a wide bandgap n-type
semiconductor (most frequently TiO2). Subsequently, an electron is injected from the
dye’s excited state to the semiconductors conduction band (CB) (process 2). Then the
electron in CB is diffusively transported (process 4) to the anode consisting of a glass
plate coated with a transparent and conducting layer of fluorine doped tin oxide (FTO).
After giving the electron away, the dye molecule stays in its oxidized state until it is
regenerated by the reduced form of the redox mediator (process 3), contained in the
electrolyte solution. This reaction is followed by diffusion of the oxidized redox mediator
molecule to the counter electrode. The counter electrode is the FTO glass plate coated
with a catalyst (most frequently activated platinum or poly(3,4-ethylenedioxythiophene)
— PEDQT). The catalyst participates in reduction of the oxidized form of the redox

mediator (process 5) closing the electrical circuit.

TiO, Dye Electrolyte

* Nt
§/'\ D*/D
o 4 /A\FE; 2
w Cond. )
Band Ef- ;0\ "™<c g
'©
5 ©
'g Redox O
g 3 /\E, pot.
\

Figure 2. Energetic diagram of DSSC with indicated desired electron transfer processes
(green arrows) and undesired electron transfer processes (red arrows). Description in the

text.
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The aforementioned processes are accompanied by undesired phenomena occurring in
DSSC. These processes include internal conversion (process 6), and recombination:
between semiconductor’s CB and oxidized dye (process 7) as well as oxidized form of
the redox mediator (process 8). All of them compete with the desired phenomena and
consequently limit the quantum yields of partial charge separation affecting the overall

power conversion efficiency.®?>2

2.1.2 Power Conversion Efficiency

The power conversion efficiency (PCE) of operating cell is obtained on the basis of
current-voltage curve, usually measured under standardized AM 1.5G illumination
conditions (Figure 3).

[P
Isc
IMAX

Pmax

V Voc VMAX
Figure 3. Typical (V) and P(V) curves (P =1 V), with the most important parameters
indicated: Pmax — maximal output power, Isc — short circuit photocurrent, Voc — open

circuit voltage, Imax — photocurrent at maximal power point, Vmax — voltage at maximal

power point.

The PCE is calculated according to the following equation:

PCE = JscVoc FF , (1)

in

14



where:
Pin — input power density,
FF — fill factor:

FF = fmax )

JscVoc '

Jsc — short circuit photocurrent density:

Jsc = ISTC , ©)
where:

A — illuminated photoanode surface.

2.1.3 The Lmitations of Photovoltaic Performance

Theoretical limit of power conversion efficiency for the solar cell using a single p-n
junction, was calculated by Shockley and Queisser to be 33.7%?2” assuming AM 1.5 (solar
spectrum corrected by the air mass coefficient, which defines the length of the optical
path through the atmosphere) and on the basis of the principle of detailed balance which
was derived from basic physical laws. DSSCs highest reported PCE are currently about
13-14%131516 5o there is much room for improvement of particular photovoltaic

parameters determining the solar cells output power (equation 1 numerator).

Jsc of a complete device is determined by the photon flux of incident light and limited by

the external quantum efficiency of a solar cell according to the equation:

}\max

Jsc = e f ®,, (1) IPCE(D) dA (4)

Amin
where:
e — elementary charge

Amin, Amax — the limits of incident light spectra
15



®pn — incident photon flux,

IPCE — incident photon to current efficiency (also called external quantum efficiency):
IPCE(A) = LHE(D) N, (5)

where:

LHE — light harvesting efficiency (a ratio of absorbed and incident photon numbers)

nsep — overall charge separation efficiency which is a product of particular charge

separation processes efficiencies:

Nsep = Ninj Nreg Nec (6)
where:
ninj — electron injection efficiency,
nreg — OXidized dye regeneration efficiency,
nec — charge collection efficiency.

In principle 7sep is @ wavelength function, however the approach may be simplified
assuming average charge separation efficiency. Then, #sep is identical to the total absorbed
photon to current efficiency (total_APCE - defined in the Chapter 4). Particular charge
separation processes efficiencies depend on the relationship between rate constants of
charge separation and respective competing charge recombination process.®? Thus
characterization of dynamics of particular desired and undesired charge transfer processes
is the way to find a bottleneck limiting a photocurrent density of given system.1:?

Voc of an operating cell is determined by the difference between the redox potential of
electrolyte and quasi Fermi level potential in TiO. in open circuit conditions.
Recombination processes 7 and 8 may also limit Voc of a solar cell by lowering of the

quasi-fermi level energy.%%

FF can be limited due to discrepancy between highest possible photocurrent value
generated by the photoanode and counter electrode capability of reduction of the oxidized
redox compound. Other reasons may be additional series and parallel resistances
originating from poor contacts, not tight interfaces, mass transport limitations for the
redox mediator and resistance of electron transport in TiO, mesoporous layer.%2%2

16



2.2 DSSC Components and Architecture

FTO glass
~ compact TiO, layer o
'0. Y
- sensitized
mesoporous
TiO, layer
- /8 . . scattering
TiO, layer
| s = - 2 lay
electrolyte

catalyst layer

FTO glass

Figure 4. Typical DSSC architecture.

In the most established DSSC architecture (Figure 4), the device consists of a photoanode
sandwiched with counter electrode with the electrolyte solution injected in between.® The
use of liquid electrolyte involves the risk of leakage or solvent evaporation, largely
limiting the stability and possible applications of the devices.?® However, this architecture
provides still the highest reported Power Conversion Efficiencies (PCE) reaching
14%.5315 |t is also being used as excellent platform for fundamental studies of dye-
semiconductor interactions and charge transfer processes, important not only for DSSCs
but also for dye sensitized photo electrochemical cells (DSPECs) used as water splitting
systems, 23! electrochromic devices,®* photocatalytic COz reduction,® photo-

capacitors®* etc.

Many different device architectures have been introduced in the attempt to eliminate

liquid electrolyte, including quasi solid state electrolytes and solid state hole transporting
17



materials?® both fully organic as well as based on copper (I/Il) coordination
complexes,***° formed by evaporation of the solvent from the electrolyte based on copper
(1/11) redox couple.??2836:37 The latter, the so-called zombie cells have the greatest

potential to outperform liquid DSSCs and already permit achieving nearly 12% PCEs.162°

2.2.1 Semiconductor Layer

The DSSC’s photoanode is based on an n-type, wide bandgap semiconductor layer —
predominantly titanium dioxide. Since Fujishima and Honda presented their work® on the
electrochemical photooxidation of water on the semiconductor electrode, titania has been
extensively studied for different photocatalytic applications such as water splitting and

hydrogen generation,?®3! photo-degradation of water pollutants® and many others.

Typical DSSC photoanode consists of three morphologically different titania layers
sequentially deposited onto the FTO glass (Figure 4),2>?% namely: compact layer®® —dense
~50 nm thick layer usually deposited by spray-pyrolysis*® or TiCl, treatment, mesoporous
layer — 2-20 um thick composed of 20-30 nm titania nanoparticles typically in the
polymorphic form of anatase, with addition of rutile and deposited by screen printing
method, using paste containing titania nanoparticles, and subsequently sintered. Finally,
the scattering layer ~3 um thick, containing ~ 400 nm titania nanoparticles* is deposited
in the same way as the mesoporous layer. Detailed description of photoanodes preparation
is provided in Chapter 4. “Methods”.

The size of titania nanoparticles, mesoporous layer’s thickness and porosity are
parameters that need optimization in order to obtain the highest possible efficiency of any
dye-redox mediator system.*? Increasing the titania layer thickness rises light harvesting
efficiency of the photoanode at the expense of increased series resistance and
consequently, decreased charge collection efficiency (nec). Further, the size of pores is
proportional to the size of nanoparticles and the content of cellulose in the screen-
printable paste. The pore size may be also modified along with the tuning of porosity,
which is defined as the ratio between the pores volume and overall photoanode volume
and depends mainly on the ratio between the content of titania nanoparticles and that of

cellulose in the screen-printable paste. Too small size of pores, may impede redox species
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diffusion and cause mass transport limitations, especially in the thick mesoporous

layer. 344

The application of scattering particles (forming distinct scattering layer or their presence
within the mesoporous layer) provides backscattering of non-absorbed light, enhancing
light harvesting of the photoanode.**** However, in fundamental studies relying on
optical measurements in transmission mode, this modification is usually skipped in order

to maintain proper transmittance of the specimens.!

Besides TiO., several different semiconductors showing similar physical properties e.g.
Zn0,* Sn0,,** Nb,0s* and their numerous composites with TiOz have been studied by
scientific community for the purpose of use in DSSC photoanodes.”® Also different
morphologies of nanoparticles ranging from simple nanobeads, through nanorods,*
nanotubes,®® and a variety of different nanostructured morphologies® have been tested,
aiming at obtaining high conductivity, active surface and low impedance for electrolyte
species diffusion. The modifications with metal nanoparticles enhancing light harvesting
taking the advantage of plasmonic interactions,>? photoanode patterning®>* for better
light trapping and a great deal of refinements not mentioned here, have been reported.

2.2.2 Dyes

Since the absorption onset of anatase is at about 400 nm, it is not possible to harvest
significant part of the solar spectrum. To expand its spectral response, dyes with high
extinction coefficient over broad absorption spectra are needed.”>® In order to attach dye
molecules to the semiconductor surface, compounds with moieties capable of bonding to
metal oxides (predominantly carboxylic group but also other including phosphonic,
pirydyl, picolinic and finally alkoxy-silyl®®-% unit which was studied in this work) were
employed.®® Different anchoring groups, provide various bonding strength as well as
distinct electron transfer properties.®’ The other requirements for sensitizer dyes are that
the energy of its lowest unoccupied molecular orbital (LUMO) must be higher than the
CB edge of the semiconductor. Also the highest occupied molecular orbital (HOMO)
energy level needs to be lower than the redox level of the redox mediator used in the

system.®6!
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The first widely used sensitizers were the group of polypyridyl ruthenium coordination
complexes.®12 Dye to their strong and tunable metal to ligand charge transfer (MLCT)
transitions as well as high attainable dye-load, they reached about 12% PCE with
remarkable stability.®® It is also worth mentioning that despite of rare earth element
content, Ru complexes are among the cheapest sensitizers, thanks to their relatively easy
synthesis and purification paths.®* Thus, they are still the first choice in the commercial
applications as well as in the DSSC fundamental studies focused on the semiconductor
layer’s or counter electrode’s modifications. However, they are being replaced by fully
organic dyes due to modest performance with redox mediators other than iodide/triiodide,
which precludes reaching open circuit voltages higher than about 0.8 V and consequently,
excludes ruthenium sensitizers from reaching efficiencies relevantly higher than the
mentioned 12% due to its elevated loss in potential.®* The other drawbacks are: relatively
low extinction coefficients (1-2 x 10* Mt cm™ ) and the above-mentioned low abundance
of ruthenium.®® Thus, scientists attempt to replace ruthenium ions in polypyridyl
coordination complexes by iridium,® iron®®” or copper,®® unfortunately, with no

significant success yet.

The other worth mentioning metal coordination complexes used as sensitizers in DSSC
are porphyrin derivatives, reaching impressive 13%,® however, the complexity of their
synthesis and low stability in working devices does not promise their broad application

in DSSC systems.

Ultimately, fully organic dyes adapting the donor - & conjugated linker - acceptor (D-n-
A) architecture have been extensively studied,®® providing a variety of interesting
compounds. As the donor group, the dyes comprise such moieties as carbazole,>®
indoline,” perylene,”* coumarine® or triphenylamine’~’’ - notably well performing in
the state of the art DSSC systems. The linker group usually consists of thiophene ring, its
oligomers or derivatives, providing strong m-orbitals conjugation.®®’* Finally, the
acceptor moiety very often simultaneously acts as the anchoring unit. Most frequently,
cyanoacrylic moiety (comprising carboxylic group) is applied.>® The choice of the donor
and acceptor as well as the length and structure of the n-linker determine the HOMO and
LUMO energy levels as well as the extinction coefficient (for such a compound usually
relatively high - 3-5 x 10* Mt cm™).% Apart from the D-n-A core, well performing

organic dyes usually contain bulky auxiliary moieties e.g. phenyl rings and alkyl chains,
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preventing from the aggregation of dye molecules as well as from redox mediator’s
approach to the semiconductor’s surface.”®’® Both mentioned phenomena may cause

undesired recombination processes and diminish the device performance.®

2.2.3 Electrolytes

The electrolyte solution in DSSC acts as a hole transporting medium. The solution
contains most importantly a redox couple which is a pair of reducing and oxidizing agents.
In DSSC such a mediator has to be capable of reducing dye molecules oxidized after the
electron injection process and being diffusively transported to the counter electrode,

where it is reduced again by the catalyst.

2.2.3.1 Redox Mediators

Since the introduction of DSSCs, the most commonly used redox couple was I/13” due to
its exceptional redox properties and low recombination rates in DSSC. However, I7/13
redox reaction is two-step and involves two electrons. As a result, it consumes about 0.5 V
overpotential (AE; in Figure 2) to regenerate the dye efficiently, which causes a significant

loss of open circuit voltage and in consequence, significant PCE limitation.%*

In order to overcome this problem and enhance the efficiency of DSSCs, a variety of one
electron redox mediators have been introduced.®® The replacement of 17/15” redox couple
led to a decrease in AE, from ~ 0.5 V to ~ 0.3 V for Co?*/Co%" 728183 and even ~ 0.1 V
for Cu*/Cu?* 3435848 maintaining the #reg close to unity. It was possible thanks to a
simpler, in comparison with the I/13~one, electron redox reaction occurring in cobalt and
copper mediated systems. Particularly, for Cu*/Cu?* the internal reorganization energy is
significantly lower than in Co?*/Co®" , where high-spin (d”) to low-spin (d®) transition is
a serious drawback consuming driving force for dye regeneration.**® According to the
Marcus’s theory, the reorganization energy is equal to the work which needs to be
performed due to a change in the conformation of the compound and its surrounding,
upon the change in the oxidation state.8”8 Thus, it is a potential barrier for electron
transfer process. Lowering the reorganization energy of the redox mediator leads to

reduction of the required AE: to the mentioned 0.1V permitting over 1.24V Voc
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achievement in highly efficient DSSCs.”” It is worth noting that the redox couples
consisting of coordination compounds have the advantage of being tuned by ligand
modifications. It gives e.g. the opportunity of introducing additional steric hindrance
limiting changes in the complex geometry (in the case of Cu*to Cu?* it is a transition
from tetrahedral to square planar) forced by the change in the oxidation state, which
means a lower contribution to reorganization energy. Thanks to the ligand modification
by introducing additional electron donating or withdrawing moieties, it is also possible to

obtain different redox potentials of the synthesized redox couples.®*

Nevertheless, the improvement of photovoltage output observed in cobalt and copper
mediated DSSCs is not as high as could be anticipated on the basis of the difference in
the redox potentials between 1715 and its substitutes.®® The common issue of all metal
coordination complexes based redox mediators and a probable explanation of the above-
mentioned issues are the undesired titania-redox couple electron recombination processes
which are much more intensive than in the systems employing 1/13". However, cobalt and
copper mediated DSSCs have already reached impressive PCEs records about 12-

1491315221384 glready outperforming I/1s” based counterparts.

2.2.3.2 Potential Determining Additives

The other important components of electrolyte solutions are the so-called potential
determining additives. Lewis bases — predominately 4-tert-butylpyridine (TBP)® or
imidazole derivatives,®*? provide upshift of the titania conduction band resulting in a
higher voltage output.®® They may also limit the undesired charge recombination
processes, by passivation of titania surface states.’>°* Despite their addition at the early
stage of DSSC technology development, they are still revealing new roles in the state of
the art systems.®-%>% |n contrast, lithium salts, which provide Li* ions, induce a downshift
of the CB edge, which may help in reaching higher photocurrent output.®® Generally, the
optimized electrolyte solutions should contain both Lewis base and lithium salt in

appropriate concentrations.’
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2.2.3.3 Solvents

Thanks to their excellent physical properties (i.e. high dielectric constants, low viscosity
and high solubility of variety of compounds) organic solvents, like acetonitrile (ACN), 3-
methoxypropionitrile or valeronitrile, are the most commonly used for DSSC’s
electrolyte solutions.®” The choice between them is usually conditioned by the
relationship between viscosity and volatility, determining performance and stability
trade-off.

In the pursue of obtaining environmentally friendly devices, also water is investigated as
an alternative for organic solvents,® however, despite appreciable researchers’ effort, its
performance and stability still need much improvement before aqueous DSSCs could be
considered as applicable. Nevertheless, significant advances are frequently reported in
this field, %9192 including the topics of efficiency and stability improvements, as well as

describing progress in the understanding of aqueous DSSC operation.

2.2.4 Counter Electrodes

While the efforts of scientists attempting to improve DSSCs efficiency, have been mainly
focused on the photoanode side of the cell and to a lesser degree on the electrolyte
system’s enhancements, activated platinum was used as a catalyst enabling reduction of
the oxidized form of the redox mediator on the counter electrode, since the very beginning
of works on DSSC.%%% However, notable advances have also been made in this field
aimed at replacing precious platinum by more available carbon materials.*®® In particular,
electrodeposited porous PEDOT films,%41% graphene or carbon nanotube composites

and most recently metal-organic frameworks'® have been successfully applied.

2.2.5 Semiconductor/Dye/Electrolyte Interface Modifications

Much effort has been devoted to deal with the undesired strong titania-redox couple

electron recombination in the presence of transition metal complexes.

The most common and probably also the most effective approach is to employ the dye

engaging bulky blocking moieties (alkyl chains, phenyl rings etc.) preventing oxidized
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redox mediator molecules from approaching the semiconductor’s surface and interception
of electrons from CB.">81107 Alkyl chains may also prevent undesirable dye molecules
aggregation on the semiconductor’s surface.®®® This approach is usually combined with
the application of co-adsorbing electronically inert molecules added to sensitizing dye

solution, e.g. chenodeoxycholic acid (CDCA)."

Alternative methods aim at limiting the back electron transfer by filling the voids between
dye molecules adsorbed at titania surface. It can be obtained by adsorption of different
acids with long alkyl chains, providing additional steric hindrance for the approach of
oxidized redox molecules to the semiconductor’s surface.!®°®1% This is gained by
sequential immersion of the sensitized photoanode in different acid solutions and is
known as multi-capping. Unfortunately, in this process significant dye amount can be
desorbed from the titania surface. For this reason alternative anchoring moieties, which
provide stronger bond to titania than most frequently used carboxylic group, are

applied.%®

Additional steric hindrance can be provided by treatment of the sensitized semiconductor
with cucurbit[7]uril aqueous solution.'® Cucurbit[n]uriles!’® are macrocyclic n-
glycourile oligomers. The sevenfold oligomer is large enough to encapsulate small
chemical moieties, particularly alkyl chains an phenyl rings, building dye molecules.!!

Literature provides also reports of cyclodextrines application for the same purpose.!'?

Another applied approach is atomic passivation of titania surface between the dye
molecules, by deposition of a high bandgap semiconductor (e.g. Al.Os3, HfOz etc.) on the
sensitized photoanode by atomic layer deposition (ALD) method.'31%° There are reports

on pre- and post-assembly (before and after sensitization) ALD.

2.3 Strategies of Enhancing DSSC Efficiency

Further photocurrent density enhancements will be realized by broadening the solar
spectra absorption by application of more broadly panchromatic dyes or co-
sensitization,””11%117 which means the use of at least two different dyes with
complementary absorption spectra. Furthermore, higher photocurrent values may be

achieved by enhancing the efficiency of partial charge separation processes.®?® In
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particular, it may be obtained by the reduction of reorganization energy of the used
compounds (dyes and redox mediators) to accelerate electron injection to the
semiconductor’s conduction band and regeneration of a dye by a redox compound.3488
Furthermore, the use of dyes providing stronger electron coupling with the
semiconductor’s CB may also be beneficial for electron injection rate constants.!!8
Moreover, the charge separation phenomena can be additionally hasten by increment of
energy intervals (AEi and AE;) creating driving force for respective injection and
regeneration processes.®° Unfortunately, almost every modification aimed at particular
photovoltaic parameter or charge separation process improvement, comes at the expense
of another one. Namely, the reduction of redox mediator’s reorganization energy, Causes
intensified recombination between semiconductor’s CB and the oxidized form of the
redox compound. Further modifications aimed at electron injection acceleration may
simultaneously boost undesirable back electron transfer (from CB to oxidized dye), while

increase in AEi and AE; directly consume attainable photovoltage.

In contrast, a decrease in AEi and AE; is an obvious way to improve Voc, but at the same
time maintenance of high efficiency of electron injection (process 2 in Figure 2) and
oxidized dye regeneration (process 3) is essential.!? Such a scenario has been recently
realized by introduction of the aforementioned novel redox couples based on transition
metal coordination complexes.®® At the same time, the reduction of reorganization energy
caused escalation of the recombination between semiconductor’s CB and the oxidized
form of the redox mediator.'” Thus, stopping this undesired process is currently one of
the most important topic in the DSSC research.
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3. The Aims of the Thesis

The main aim of the thesis was to characterize charge transfer dynamics, charge

separation yield and their impact on DSSC efficiency depending on the applied different

modifications. State of the art compounds were used for DSSC fabrication, including the
dyes from the carbazole (MK-2), indoline (D149 and D205) and triphenylamine (Y123)

families. The following modifications were investigated:

» Substitution of the most commonly used carboxylic anchoring moiety by

alkoxysilyl group resulting in:

o

o

o

ADEKA-1 dye (modification of MK-2 dye),
D149Si dye (modification of D149 dye),
D205Si dye (modification of D205 dye).

» Semiconductor/dye/electrolyte interface modifications:

o

Molecular capping and multi-capping (applied in the systems with all
studied dyes),

Atomic Layer Deposition of Al20s3 (ADEKA-1 and MK-2 sensitized
cells),

Encapsulation of some sensitizer moieties by cucurbit[7]uril macrocyclic
molecules (D205, D205Si and Y123 sensitized cells).

» Different electrolyte compositions including changes in.

o

Redox couple (17137, Co?***(bpy)s (bpy = 2,2’-bipyridine), Co?*"**(phen)s
(phen = 2,2’-phenantroline), Cu*’?*(tmby), (tmby = 4,4°,6,6’-tetramethyl-
2,2’-bypiridine),

Solvent (standard organic acetonitrile vs. water) in systems with
Co?"3*(phen)s and MK-2 and ADEKA-1 sensitized cells,

Lewis’ base concentration (4-tert-butylpyridine (TBP) or 1-

methylbenzimidazole (MBI) in water based systems).

» Different titania layer morphologies:

o

Content of large (~ 400nm) particles within mesoporous layer (ADEKA-
1 and MK-2 sensitized cells),
Different layer thickness (ADEKA-1 and MK-2 sensitized cells),
Different porosity of mesoporous layer (MK-2 sensitized cells),
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» Modification caused by continuous irradiation of solar cells (MK-2 or Y123
sensitized cells).
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4. Methods

This section contains description of the experimental methods including manufacturing
of DSSC samples as well as characterization of full devices and their components. The
methodology was established on the foundation of many years of the DSSC community
research and published literature.>!2>26 |n particular, the chapter describes the
procedures and equipment used in the Quantum Electronics Laboratory, Faculty of
Physics, Adam Mickiewicz University, where the author performed the vast majority of
his investigations described in papers 1 - 6 attached to this dissertation.

4.1 DSSC Manufacturing Procedure

4.1.1 Glass Cleaning Procedure

The glass cleaning procedure includes three-step sequential sonication in aqueous
detergent solution, distilled water and ethanol, 15 min each. To get rid of any residual
traces, the substrates are dried with compressed air between the steps. Subsequently, for

superior purity another 15 min step of UV-0zone cleaning can be applied.

4.1.2 Photoanodes Fabrication

When the FTO glass (a glass coated with a thin layer of transparent and conducting
fluorine doped tin oxide) is cleaned, a compact TiO2 layer is deposited. The glass
substrates are immersed in 40 mM TiCl, aqueous solution at 70 °C for 30 min. Next, the
substrate is rinsed with distilled water to remove residual titania precipitate and sintered
for 60 min at 450 °C. The substrate is gradually warmed up in the stove to 150 °C and
300 °C for 5 min each, then it is left to cool down slowly after sintering process to avoid

cracks.

The abovementioned 40 mM TiCls aqueous solution is unstable and should be made each
time before use by addition of appropriate 2M TiCls aqueous solution to water. The
storable 2M TiCls solution is obtained by very slow dropwise addition of an appropriate
volume of concentrated TiCls to deionized water. During the TiCl, addition, the solution
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Is vigorously stirred on a magnetic stirrer and cooled in an ice bath. It is also important to
cool down water to close to 0 °C and TiCly in a refrigerator (approximately to -20 °C).
The obtained solution must be transparent and free of precipitate. For long lasting storage,
2M TiCls solution should be kept in a refrigerator. After the compact TiO2 layer is
deposited on the FTO glass, the mesoporous titania layer is deposited by screen printing
method. First of all, a clean substrate is carefully placed under the screen and immobilized
by scotch tape. Subsequently, some amount of screen-printable paste containing
semiconductor’s nanoparticles, is put on the screen, across the field of mesh spots (Figure
5A). The first slide of the rubber squeegee is applied without pressure to spread the paste
firmly along the field of mesh spots. This stage can be repeated if necessary (Figure 5B).
The second move has to be performed very firmly. The squeegee should be aligned at an
angle of approximately 45 ° to the screen surface and drown with moderate pressure
applied. The squeegee gathers almost all the paste from the mesh spot field (Figure 5C),
except a small amount which is transferred through the mesh spots onto the substrate. It
is helpful to spread some paste on the whole working edge of the squeegee to reduce
friction between the rubber and the screen and to provide a firm slide. Gathered paste can

be reused many times unless it gets contaminated.

A

Figure 5. Screen-printing procedure steps. Description is provided in the text.
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The substrate with screen-printed spots is left under coverage for 5-10 min to allow
cohesion forces to even the mesh pattern. Subsequently, the layer is sintered for 60 min
at 450 °C following the same warm up and cool-down precautions as described for TiCls
treatment. If another layer is needed (e.g. scattering or another mesoporous) the screen
printed layer is dried in a stove or on a hotplate at 120 °C instead of sintering. Next, it is
precisely realigned in the screen-printer to avoid mismatch between subsequent layers.

Once the titania layers are sintered, the TiCl, treatment is repeated according to the same

procedure as described previously for the compact layer.
So prepared titania photoanodes may be stored for years, in a dry and clean container.

Next, in the process of sensitization, titania photoanodes are immersed in a dye solution.
During this stage, dye molecules are adsorbed on the titania surface creating covalent
bonds to the semiconductor’s surface. Sensitizer’s solution may also contain co-adsorbate
which is an electronically inert compound, applied to limit dye aggregation as well as to
fill the voids between dye molecules. Predominately chenodeoxycholic acid (CDCA) is
used for this purpose. Sensitization process should last between 4 and 24 hours and is
performed in the dark to avoid dye degradation photo-catalyzed by titania. Too short time,
may not provide proper dye coverage of the surface, while on the other hand, too long
time may cause formation of aggregates.

The titania photoanodes should be still warm (~70 °C) after sintering while they are
immersed in the dye solution. If the titania photoanodes were previously stored, they
should be heated before sensitization, to get rid of water and additional contaminants
deposited in the porous structure during storage. Sensitized photoanodes are taken out of
the sensitizer’s solution and rinsed with a solvent capable of solubilizing a given dye.
After that they must be assembled into a complete DSSC as soon as possible or put into
acetonitrile and stored in the dark.

4.1.3 Counter Electrode Preparation

For the purpose of this work, two different catalysts have been used. Namely activated
platinum for all 1713 and Co?/Co% based electrolytes and PEDOT: poly(3,4-

ethylenedioxythiophene) for all samples with Cu*/Cu?* redox couple.
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The substrates are first drilled with 1 mm wide ball shaped diamond drill bit, under water
immersion. Two holes are needed per each plate — one for electrolyte injection and the
second one for venting the cell during electrolyte injection. Then, they are cleaned

according to the glass cleaning procedure described above.

The activated platinum is deposited on the plates by spreading of the colloidal platinum
solution in ethanol (Platisol, provided by Solaronix) using a paintbrush. Next, the plates

are sintered in a stove according to the same procedure as described for TiOa.

The PEDOT is electrodeposited from 0.01 M 3,4-ethylenedioxythiophene (EDOT) and
0.1 M of sodium dodecyl sulfate (SDS) aqueous solution. The electrodeposition
procedure is conducted as follows. Two FTO electrodes are immersed in the solution face
to face in parallel in approximately 1 cm distance. The counter electrode should have at
least the same area as the working electrode. Subsequently, the 0.16 mA cm constant
current is supplied from a potentiostat in galvanostatic mode for 175 s. After deposition,
the PEDOT layer is rinsed with distilled water and left to dry.

4.1.4 DSSC Assembly

In order to assemble a solar cell, first a circular Surlyn gasket needs to be placed on the
active side of counter electrode (Figure 6B). Such a gaskets can be cut from Surlyn foil
by a plotting device. The counter electrode with a gasket on it is then placed on a hotplate
warmed up to 120 °C. When the gasket melts, a dye sensitized photoanode (previously
taken out of a sensitizer’s solution, rinsed and dried in ambient atmosphere) is sandwiched
with the counter electrode, placing the active surface within the gasket (Figure 6C). Such
a sandwich is pressed strongly with a rubber presser for 5-10 s and quickly removed from
the hotplate. It is important to evaluate the surlyn gasket tightness visually and repeat
pressing if needed. However, the time of the cells exposure to heating should be kept as

short as possible, in order to avoid dye’s degradation.
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Figure 6. (A-E) Steps of DSSC assembly. (F) Exploded view of DSSC.

When the photoanode and the counter electrode are sandwiched, the assembly is cooled
down to room temperature and then it is filled with 7 pul of electrolyte solution, through
one of the predrilled holes (Figure 6D). Any excess of the electrolyte spilled on the glass
surface, must be removed with tissue. Ultimately, the holes in the counter electrode have
to be covered by square Surlyn sheet and a glass coverslip (Figure 6E). Next, the coverslip
needs to be sticked to the glass substrate by melting the Surlyn sheet, situated in between,

using soldering iron tip warmed up to 200 °C.

4.2 Full DSSC and Components Characterization Techniques

4.2.1 Current-Voltage Characterization

Basic photovoltaic cell characterization includes primarily Current-Voltage (C-V) curve
measurement under standard AM 1.5 G simulated solar light illumination. The conditions
are ensured by a photoelectric spectrometer (Instytut Fotonowy, Figure 7) equipped with
a solar simulator which comprises an AM 1.5 G spectral filter fitted to the light source
(150 W Xenon lamp) spectra. The light intensity is adjusted to 100 mW/cm? using ABET

15151 calibration cell and controlled in the light stabilization mode of the spectrometer.
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The surface of illuminated sample is confined by a mask and the photocurrent is measured
by a potentiostat (model M101 Autolab), while voltage is scanned, starting at a negative
value exceeding Voc, corresponding to the open-circuit conditions and reaching at least
0V (short-circuit conditions). The information and photovoltaic parameters obtained
from C-V characterization are described in section 2.1.2 entitled Power Conversion
Efficiency.

Figure 7. Photoelectric spectrometer with solar light simulation.

4.2.2 Incident Photon to Current Efficiency Spectra

Incident Photon to Current Efficiency (IPCE) can be defined as:

_Jsc)
IPCE = ol @)

According to equation 7, the IPCE assessment is based on Jsc measurement for each
wavelength interval, provided by the monochromator of the photoelectrical spectrometer
(Figure 7). At the same time, incident photon flux - @(1) is measured in the reference
beam separated by a beamsplitter situated right ahead of sample. In order to get net

photocurrent values for each monochromator step, assigned to a given wavelength, the
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current measurement is performed alternately under illumination and in the dark (with

open or closed illumination shutter).

4.2.3 UV-VIS Absorption Spectroscopy

UV-VIS Absorption spectroscopy is a fundamental technique providing primary
information on interactions with light and electronic structure of a studied system. In
particular, UV-VIS Absorption spectroscopy is applied to study dyes applied as
sensitizers in DSSC in order to characterize their light harvesting abilities - broad
absorption bands and high extinction coefficient (g), which can be calculated on the basis

of the measured absorbance:

Abs = logITO : (8)
where:
lo — incident light intensity,
| — transmitted light intensity,
and the Lambert-Bear law:
Abs = elc 9)

where:
| — length of optical path in the sample,

¢ — molar concentration of studied solution.

Absorption measurements may also be applied for sensitized titania films in order to

determine light harvesting efficiency also known as absorptance.
LHE(1) =1 — 1074bs®) (10)

This knowledge of the LHE allows calculation of the total absorbed photon to current
efficiency (total APCE):

total APCE = L3¢ | (11)
Nppe
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where Npy, is the number of absorbed photons (under AM 1.5 G illumination in visible

400 nm — 800 nm wavelength range):

800
Npp = f LHE()®(1)dA (12)
400

Due to notable scattering properties of titania photoanodes, the absorption spectra
measurements are conducted in the JASCO V-770 spectrophotometer setup including
LN-925 integrating sphere module in order to collect both transmitted and scattered light

(in such mode the samples are placed before the integrating sphere).

4.2.4 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a technique applied to study various
processes occurring in electrochemical systems including interfacial processes like
adsorption, electrocatalytic reactions, redox reactions, but also diffusive mass transport
in a solution and many others. Impedance is a frequency dependent, complex quantity,
describing the relationship between the applied voltage and the flowing current in

alternating current circuit. Impedance includes real resistance (Z’ - related to in-phase

current) and imaginary reactance (Z’’- related to + % shifted current) parts. In the EIS the

impedance of DSSC systems is measured in a broad range of frequencies (0.1 Hz —
100 kHz, thus the processes occurring on time scale from sub-ms to seconds can be

detected) by application of sine voltage perturbation and measurement of in-phase and %

shifted current realized by frequency response analyzer. As a result the Nyquist plot
(exemplary Nyquist plot is shown in Figure 8), depicting imaginary vs. real impedance
values for each frequency is obtained. The Nyquist plot consist of semi-arcs representing
impedance originating from different processes. The use of proper modeling for fitting
experimental data permits obtaining parameters attributed to physicochemical properties
of a studied system. Figure 8 presents an example of equivalent circuit, which can be used
to model DSSC impedance and obtain the parameters.
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Figure 8. Typical Nyquist plot obtained for DSSC in Voc conditions. Rs — series
resistance, oce, ®d, Wk, ®p correspond to the charge transfer processes at the counter
electrode, electron diffusion in mesoporous TiO», back electron transfer from TiO> to

oxidized redox agent in the electrolyte, and diffusion of redox species in the electrolyte,

respectively.
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Figure 9. (A) A model applied to fit experimental data obtained in EIS of DSSC
samples. DX1 is the transmission line element introduced to model mesoporous titania
films DSSC, by Fabregat-Santiago et al.> W1 is the Warburg diffusion element. (B)
Transmission line elements - i, ret and ¢, are distributed components of overall electron
transport resistance (through mesoporous TiO> net) R, charge transfer resistance (from
TiO> to the oxidized redox mediator) Rct and chemical capacitance of TiO2 C,,
respectively.
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Particularly, the information on chemical capacitance and charge transfer resistance
obtained from scans performed at different bias voltage is very useful in assessment of
the extent of TiO, — electrolyte recombination as well as conduction band edge position

and distribution of trap states within the semiconductors bandgap.

4.2.5 Transient Absorption Spectroscopy

Transient Absorption Spectroscopy (TAS) is a method used in investigation of dynamic
properties of various systems in photophysical, photochemical and photobiological
studies. It is a powerful tool in particular in investigations of different charge transfer
processes occurring in DSSCs in a wide range of temporal scales spanning from

milliseconds to sub-picoseconds.

In general, TAS techniques is based on pump-probe approach which takes advantage of
two different light beams. A probe is a pulse analyzing the sample and a pump is a more
powerful pulse, introducing perturbation to the investigated system. The difference in

absorbance measured with and without the pump pulse can be defined as:
AA = AbSpymp — AbSno pump: (13)

which according to equation 8 can be expressed as:

AA = log; b _Jog—Lo = logm. (14)

pump INo pump Ipump

Thus, only measurements of transmitted probe light with and without the pump are

needed and no reference beam is required.

Experimental realizations of this idea take different forms, depending on the desired time

resolution and spectral ranges of the pump and probe.

The positive transient absorption (TA) signals in the visible (VIS) range may originate
from the absorption of light associated with transitions from the excited state to another
excited state (higher in energy) or the presence of new species (e.g. oxidized or
deprotonated forms of a studied compound). The negative signals originate mainly from
depopulation of the ground state of a studied compound (the so-called ground state bleach

— GSB) or stimulated emission from excited state. To identify the abovementioned bands,
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the data from stationary absorption, emission or photo-induced absorption may be
needed. Another possible transient absorption feature in DSSC TAS measurements is the
spectrum shaped like a derivative of the stationary absorption one (positive and negative

adjacent bands) due to the shift of absorption band associated with the Stark effect.!?1:12?

In DSSC the decays of TA signals can be assigned to charge transfer processes. The
dynamics of deactivation of dye’s excited state (observed through a decay of stimulated
emission and absorption associated with transitions to higher excited states in VIS range)
is determined by the electron injection process (from the excited state of organic dye to
CB of the semiconductor - process 2 in Figure 2). It is because the injection of electron is
a process occurring much faster (fs — ps time scale) than the internal conversion (ps — ns
time scale) (process 6 in Figure 2), the latter can be e.g. determined from the deactivation
of the dye’s excited state in solution. The injection of electrons to the semiconductor’s
CB can be also directly observed by the evaluation of kinetics in mid-IR spectral region,
where electrons in CB have nonspecific broad absorption spectra. A wavelength free of
contributions from oscillation band has to be chosen in this range. Moreover, the
measurements in mid-IR should be performed on half-cells assembled on sapphire plates
instead of ordinarily used FTO glass, because FTO glass is not transparent to mid-IR.

Another charge transfer process which can be observed in fs TAS experiments is CB-
oxidized dye recombination (process 7). This recombination can be associated with the
decay of GSB and the decay of oxidized dye’s absorption. It must be noted that the
excitation by laser pulse in fs TAS provides many times higher concentration of the
oxidized form of dye, resulting in possible severe acceleration of this second order
process in comparison with AM 1.5 G standard operation conditions. However, fs TAS
is still a source of useful information on recombination assessment and comparison

between variously modified systems.

In TAS measurements in ns-us timescale, the recovery of dye’s ground state should be
majorly assigned to desired process of regeneration of oxidized dye (process 3) by the
reduced form of redox mediator present in the electrolyte. In order to compare its
dynamics with competing process 7, the reference samples with electrolyte deprived of
redox mediator are applied. For the latter samples, the kinetics due to process 7 are

typically observed in ps-ms timescales.
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4.2.5.1 Nanosecond Laser Flash Photolysis

In the experimental setup (Figure 10) for TAS in ns-ms timescale (often called
nanosecond flash photolysis), 8 ns pump pulses (full width at half of maximum — FWHM)
are provided by 10 Hz Q-switched Nd-YAG (Continuum Surelite I1, Coherent) laser with
optical parametric oscillator (OPO) unit for wavelength tuning. A scheme of the setup is
given in Figure 10. Probe light is generated by 150W Xe arc lamp with 1 Hz pulse mode,
which is synchronized with the pump laser by external triggering signal. The shutter in
the probe beam path is opened every 1 second, and is synchronized with triggering the
signal acquisition by a Tektronix TDS 680 C oscilloscope (by another shutter, passing a
fraction of light separated from pumping beam by a beam splitter in order to reach a
photodiode). The shutter in the pump beam path (before the sample) is opened once per
2 probe pulses. A white light beam guided by an optical fiber from Xe arc lamp, is focused
on a sample by a lens terminating the fiber. Subsequently it is spectrally confined by
interference band-pass filter (10 nm at FWHM) to minimize irradiation of the sample by
the probe light. A diameter of the beam is set by diaphragms situated on either sides of a
sample. Subsequently the probe beam is filtered again in order to stop scattered photons
originating from the pump. The beam is finally focused on the monochromator’s
(SpectraPro 300i) slit by the set of two lenses. The light signal is detected by R928
Hamamatsu photomultiplier coupled with oscilloscope. For a sufficient signal to noise

ratio, multiple kinetics are measured and averaged.
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Figure 10. Simplified scheme of the ns TAS setup. Description in the text.

4.2.5.2 UV-VIS-NIR Femtosecond Transient Absorption Spectroscopy

The experimental setup (Figure 11) used for UV-VIS-NIR (where NIR is near infrared)
TAS in 0.2 ps—3ns time window is a commercial Helios Femtosecond Transient
Absorption Spectrometer, provided by Ultrafast Systems. The light source for the
spectrometer, is a laser system provided by Spectra Physics, consisting of a Mai Tai
Diode-Pumped, Mode-Locked Ti:Sapphire laser emitting <100 fs light pulses, which are
subsequently amplified in Spitfire Ace Ti:Sapphire Regenerative Amplifier, which is
pumped by a high power Empower Q-Switched Nd:YLF laser. The beam of light pulses
(A =800 nm ~100 fs long (FWHM) with 1 kHz repetition frequency) is subsequently split
into the pump and probe beams. The probe beam is then directed to the Helios

spectrometer.

The pump beam of higher power is introduced to the TOPAS Prime (Spectra Physics,
Light Conversion) unit which is an optical parametric amplifier (OPA), where primary
photons are converted to pairs of signal and idler photons of different wavelengths,
depending on the OPA tuning. The signal and idler wavelengths are then mixed in a

NIRUVIS (Spectra Physics, Light Conversion) unit and a desired wavelength is separated
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from the residual signal and idler photons on dichroic mirrors. Ultimately, the pump beam
IS guided to the Helios Spectrometer.

In the Helios Spectrometer section, prior to reaching the sample, the pump beam is
properly prepared. First, the beam passes through a depolarizer. Subsequently, the pulse
power is adjusted by neutral density filter to achieve a desired pulse energy. Then, every
second pulse is stopped by the chopper. Finally, the pump beam passes through the lens,

which focuses it on a sample.

The probe beam is first directed to the delay line, which is a system of mirrors where the
optical path length can be adjusted by the position of the retroreflector placed on the
motorized stage. In this way the time delay between pump and probe pulses is adjusted
with fs resolution. In the next step, the power of the primary probe beam at 800 nm is
adjusted by a neutral density filter, to provide proper conditions for white light continuum
(WLC) generation (also called supercontinuum generation) by focusing the 800 nm
pulses in the proper crystal. There quasi-monochromatic pulse is converted to the pulse
of continuous wavelengths spanning in the range that depends on the crystal used: UV-
VIS for CaF», VIS for sapphire and NIR for YAG crystal. After white light pulses are
formed, the beam passes through 750 nm low pass interference filter in order to cut out
residual 800 nm photons (primary pump beam wavelength). The beam is then focused on
the sample at the site tightly overlapping that of the pump pulse. After transmission
through the sample, the beam power can be again adjusted by a neutral density filter to
prevent detector’s saturation. Finally the system of two lenses focuses the beam on the
entrance to the optical fiber leading the light to the broadband detector. For a better signal
to noise ratio and for assessment of the examined sample stability, multiple scans are

performed and subsequently averaged.
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Figure 11. Simplified scheme of Helios transient absorption spectrometer, in VIS mode.

The courses of the beams are described in the text.

In the above described experiment, a matrix of data in the form 4A4(4i,t;) is obtained. After

proper conditioning, including reducing of the artifacts caused by scattered light reaching

the detector and temporal dispersion of white light continuum components (the so-called

chirp) the data can be further processed.

Since 44(2,t) may be difficult for direct interpretation, a global analysis can be applied to

distinguish n different time constants k of the observed transient absorption decays and

wavelength dependent amplitudes a(7) associated with them (sometimes also called decay
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associated difference spectra). Moreover, the measured TA signal is the convolution of
the fitted multi-exponential function with the instrument response function (IRF(4,2)):

AA(AE) = IRF(L0) ® Z a, (e knt (15)

IRF is the pump-probe temporal cross-correlation function, and in the fitting procedure it

is usually modelled as a Gaussian function of certain FWHM ( ~ 200 fs).

Global analysis does not require assuming any model before fitting.*?® However, such an
operation on a large data matrix would require considerable computing resources, thus
singular value decomposition (SVD) is applied first, to substantially simplify the
problem.1?* All described operations can be performed by Surface Explorer software

provided by the Ultrafast Systems.

SVD used before fit, provides a set of principal components which include basis spectra
and associated with them time dependent amplitude vectors. These spectra are not the
recorded ones, but are determined by the mathematical properties of SVD. The minimal
number of necessary principle components can be determined by visual inspection of
signal to noise ratio in successive amplitude vectors. Usually, a subset of first 2 - 3
principle components contains nearly the whole relevant information carried by the data
matrix and is enough to describe 44 (Zi,tj) within experimental resolution, which means a
great reduction of the number of data to be fitted. ° Once the SVD is executed, the global
analysis can be easily accomplished on the basis of a set of principal components: the
fitting given by equation (15) is only performed on the limited number of principle
Kinetics vectors, instead of fitting the kinetics at all wavelengths. The number of global
analysis components (nk) can be presumed by estimation of the anticipated number of
relaxation processes in the system, however, due to spectral and temporal overlapping of
different species contributions, it is possible that some components may not represent
particular processes, but a superposition of more than one of them. In order to give
interpretation of global analysis components, a careful evaluation of their pre-exponential

factor spectra is necessary.
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4.2.5.3 MIR Femtosecond Transient Absorption Spectroscopy

The idea of fs TAS experiment in MIR (mid infrared) is the same as in VIS range, but the
realization varies significantly. The first difference is that the MIR setup uses another
TOPAS prime OPA coupled with NDFG (Spectra Physics, Coherent) unit to tune the
probe beam to a desired wavelength in the MIR spectral range. A 2DQuick IR Transient
spectrometer supplied by PHASETECH was used in the standard VIS-pump MIR-probe
mode, which makes detailed description of this setup redundant. The important feature is
a delay line in the VIS pump beam course, in which a beam needs to be carefully aligned.
A probe beam is detected in a Horiba iHR 320 spectrograph by a Liquid Nitrogen cooled
HgCdTe array detector (InfraRed associates Inc.). In order to enhance the signal to noise
ratio, multiple scans can be performed. Furthermore for accurate measurement of kinetics
of TA with nonspecific spectra (like originating from electrons in semiconductors CB)
the kinetics may be averaged over some range of wavelengths.
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5. Realization of the Aims of the Thesis

Paper |

In this paper the dynamics of electron injection from dye to titania and recombination
from titania to oxidized dye or oxidized redox agent was studied on titania/dye/electrolyte
interfaces modified by two different post-assembly passivation treatments (Atomic Layer
Deposition of AlOs and hierarchical multi-capping by a sequence of different
compounds possessing various acidic moieties and alkyl chain lengths). The treatments
were applied to solar cells sensitized with top efficient carbazole dye ADEKA-1,
possessing alkoxysilyl anchoring unit and its popular carboxylic analogue MK-2 ( Figure
12), and mediated by Co?"3(bpy)s redox couple (Figure 13A).
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Figure 12. (A) ADEKA-1 dye and (B) MK-2 dye molecular structures.

Both methods of passivation, improved Voc and FF of the cells, due to extension of
lifetime of the electrons injected to titania CB. However, the value Jsc corrected for the
number of absorbed photons (total APCE) was reduced in both cases. Moreover, the
value of total_APCE was found to be proportional to the amplitude of residual TA signal
(at 3 ns time delay), originating from the oxidized dye, thus representing the amount of

successfully separated charge. This relationship indicates a dependence between Jsc and
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ultrafast and fast charge separation efficiency. Although the recombination from titania
CB to the oxidized dye was found to be slowed down upon passivation, it affected a
greater fraction of injected electrons. The injection process was also found to be slowed
down in modified systems. Additional conclusion coming from this study was that
alkoxysilyl anchoring group limits desorption of the dye in the multi-capping process,
however, it does not suppress it entirely within applied set of acids and its concentrations.
Alkoxysilyl anchoring derivative was also more resistant to high temperature applied in
ALD reactor in comparison with the carboxylic one. The efficiency of DSSCs with MK-

2 was also found to be enhanced by the addition of CDCA co-adsorbing agent.

Paper |1

The same carbazole sensitizers as in Paper | were applied in the systems comprising
aqueous electrolyte based on Co?"**(phen)s redox couple (Figure 13B) and with different
pH values (different 1-methylbenzimidazole (MBI) base concentration). Furthermore,
different morphologies of photoanodes — transparent mesoporous titania layer containing
~ 30 nm beads and opaque layers with incorporated large ~ 400 nm particles were applied
in photoanodes of different thicknesses. In the samples prepared on transparent titania,
ultrafast and fast electron transfer processes were studied in the cells containing different
electrolyte compositions and were compared with standard systems based on organic
solvent (acetonitrile). Also a thoughtful comparison of photovoltaic performances of

different systems was provided.

Figure 13. (A) Co?"**(bpy)s redox couple and (B) Co?***(phen)s redox couple

molecular structures.
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In general the DSSCs with aqueous electrolyte performed much worse than those based
on ACN. However, alkoxysilyl anchoring moiety was found to be advantageous in
comparison with carboxylic one, providing ~ 60 % higher Voc in aqueous electrolyte. On
the other hand, Jsc of the cells with ADEKA-1 was always about 75 % of those with MK-
2 dye. Also the stability of the devices was enhanced thanks to a stronger anchoring group.
Finally, the concentration of MBI was found to be crucial for wettability of the cells with
ADEKA-1 dye and OTMS as co-adsorbate. The situation was different for the cells with

MK-2 and co-adsorbing CDCA, which is known to raise mesoporous titania wettability.

As in Paper I, the total APCE parameter was also closely related to ultrafast (up to 3 ns)
charge separation dynamics. In the solar cells based on photoanodes with incorporated
light scattering particles, the total APCE was found to be reduced in comparison with
that in the transparent ones. Moreover, increasing the thickness of the photoanodes did
not provide a clear enhancement in efficiency, which points out that in the solar cells
sensitized with organic dyes (having high extinction coefficients), the small gains in LHE
provided by modifications of photoanodes morphology, may be easily frustrated by

increased recombination.

The rate constants of electron injection from the dye to titania and of back electron
transfer to the oxidized dye, were found to be well correlated in different systems, and
the conclusion was that the dynamics of both processes were controlled mainly by
electronic coupling between the dye’s molecular orbitals and titania CB. In aqueous
electrolyte, both charge transfer processes were retarded due to possible adsorption of

water molecules on the titania surface.

Another conclusion coming from this study was the possibility of application of bias
irradiation to change the position of quasi-Fermi level in TAS experiment in order to
study charge transfer processes in the conditions more similar to the operating conditions

of solar cells.

Paper 111

In this paper a new sensitizer D149Si, which is a alkoxysilyl anchoring derivative of
popular indoline D149 dye, was introduced (Figure 14). The performances of both

derivatives were compared in the presence of standard electrolyte comprising 17/13” redox
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couple or more modern Co?"**(bpy)s mediator, providing higher attainable Voc.
Additionally, two different molecular-capping procedures were applied.

A B

(MeO)sSi__~\ o

Figure 14. (A) D149 dye and (B) D149Si dye molecular structures.

The alkoxysilyl anchoring group was confirmed to be more resistant to desorption from
titania surface, but photovoltaic performance of both derivatives was very similar. In the
cells comprising 17/1s” based electrolyte, the use of alkoxysilyl derivative permitted
reaching higher efficiency due to slightly higher Voc and Jsc. Furthermore, substitution
of I/13” based electrolyte by Co complex based one, also led to an increase in efficiency.
Another advantage of using the Co based electrolyte was a significant enhancement of
the stability of the devices. Ultimately the surface modification by molecular-capping
brought enhancements in Jsc and total APCE which was explained as a result of
retardation of the decay of dyes’ excited states due to limited self-quenching. Thus,
capping of the molecules reduced the interactions between adjacent dye molecules and

hence increased the quantum yield of electron injection.

Paper IV

This paper reports the effects of modification of another popular and highly efficient
indoline sensitizer (D205) by substitution of carboxylic anchoring group by alkoxysilyl

moiety (Figure 15A-B). The modified sensitizer was studied in combination with

48



Cu*?*(tmby). based electrolyte (Figure 15C) and original interface modifications. A
newly developed multi-capping procedure was introduced (optimized to be used with
D205 dye derivatives) and titania/dye/electrolyte interface was modified by
cucurbit[7]uril molecules (Figure 15D). The latter are able to encapsulate some dye
molecule’s sections. The above-mentioned modifications were applied in attempt to block
increased back electron transfer from titania to oxidized redox agent, occurring in systems
comprising one-electron redox mediators based on transition metal complexes. In order
to evaluate the effectiveness of this approach, a reference system comprising benchmark
Y123 triphenylamine dye (Figure 16), with bulky moieties blocking the approach of

oxidized redox species to titania surface, was applied.
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Figure 15. (A) D205 dye, (B) D205Si dye, (C) Cu*?*(tmby) redox couple and (D)

cucurbit[7]uril molecular structures.

In the cells comprising photoanodes without modifications, the PCE values of the solar

cells sensitized with indoline dyes were much lower than that of the cell with Y123, due
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to the mentioned severe recombination in the absence of bulky blocking moieties.
However, the interface modifications were found to enhance the photovoltaic
performance of D205 dye derivatives (especially of the one with alkoxysilyl anchoring
group) due to additional steric hindrance causing a rise in charge transfer resistance
(confirmed in EIS) and increasing the electron lifetime in the titania’s CB. Interestingly,

the same modifications did not improve the performance of Y123 sensitized cells.

Another important outcome of the study was the observation of exceptionally fast
reduction of oxidized indoline dyes by [Cu(tmby)2]" occurring with a time constant
smaller than 100 ns, which has been up to date the fastest ever observed dye regeneration

in DSSC with liquid non-tandem electrolyte.

Paper V

This paper concerns the performance of DSSCs and perovskite solar cells (PSCs),

however only the part including the study of DSSCs is considered relevant for this thesis.

Titania photoanodes modification was introduced on the stage of screen-printable paste
preparation, namely a solution of ethyl-cellulose in a mixture of a-terpineol and ethanol,
was added in order to provide higher porosity of titania substrates. The layers prepared
from the so-modified paste, were compared with the ones made with the use of
unmodified commercially available paste in the standard liquid DSSC configuration
(comprising MK-2 sensitizer and Co?***(bpy)s or Co?"**(phen)s based electrolytes) as
well as in the solid state (S-DSSC) architecture comprising Spiro-OMeTAD as hole
transporting material and sputtered golden electrode. The S-DSSCs were also prepared

on thin spin-coated titania layers such as used for PSCs.

As a result of the screen-printable paste dilution, not only the size of pores has grown but
also the thickness of the layers has decreased. Despite that, high LHE was maintained
(absorbance > 1.5 at maximum and only 10 ~ 12% lower number of absorbed photons -
Npn) indicating higher dye-load on the “diluted” photoanodes. Consequently, PCE of the
so-modified solar cells was higher, mainly thanks to the rise in Voc. Also the total APCE
was enhanced pointing to a higher charge separation efficiency. The latter was explained
in broadband VIS femtosecond TAS measurements confirming retardation of fast titania-

oxidized dye recombination.
50



The effect of screen-printable paste “dilution” was also beneficial for S-DSSCs whose
efficiency was enhanced due to the rise of Voc and FF. This result was assigned to better
pore-filling which was the best in the cells comprising spin-coated mesoporous titania
layers, however, in this case LHE was very low due to low titania thickness, limiting

attainable Jsc.

Paper VI

This paper was focused on electron transfer dynamics between Y123 triphenylamine dye
(Figure 16) and titania mesoporous scaffold. The study was performed on DSSCs
prepared on transparent titania films in combination with Co?**(bpy)s or Cu*?*(tmby).
based electrolytes, by broadband VIS femtosecond TAS measurements. Also half-cells
were prepared on sapphire substrates (instead of FTO coated glass) in order to provide
sufficient transparency in MIR to enable femtosecond TAS measurements in this spectral
range, which was essential for proper characterization of electron injection process.
Moreover, the effects of continuous steady-state irradiation (the so-called light soaking
effects) on ultrafast and fast electron transfer processes were studied and a comparison
with MK-2 dye sensitized cells was made.

CeH13”

Figure 16. Y123 dye molecular structure.

The electron injection from the excited state of Y123 dye to titania CB was found to occur
biphasically with the faster time constant of about 350 fs and the slower - within 80 — 95

ps. We ascribed the fastest component to the injection occurring from hot Si1 (Frank-
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Condon) state and the slower one happening from the relaxed S; state. The contribution
of the fastest process was significantly decreasing along with decreasing pump pulse
energy densities, thus the slower one can be considered as dominating in the operating

conditions.

Furthermore, in systems comprising both studied dyes (Y123 and MK-2), we observed
the acceleration of injection process caused by light soaking effects associated with the
down-shift of titania CB edge energy. In the cells with MK-2 sensitizer, a back electron
transfer from titania CB to the oxidized dye was slowed down. Moreover, higher
estimated charge separation efficiency (up to 3 ns) was observed in the systems
comprising both dyes, which was directly correlated with the photocurrent increase upon

illumination.
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6. Conclusions

Dye Sensitized Solar Cells are pretty complex systems. In-depth understanding of their
operation requires knowledge of solid state physics, molecular physics, electrochemistry,
surface physics, nanomaterials science and a variety of other related fields. Continuous
development of the components and processes applied in composition and production of
DSSC needs endless efforts aimed at characterization of new materials and explanation
of phenomena taking place in them and their interrelations. For this reason, we studied
the effects of diverse modifications applied in order to potentially improve DSSCs, how
they affect the ultrafast and fast charge transfer processes, and we investigated the relation
between the dynamics of particular charge transfer phenomena and to the overall DSSC
performance. The modifications were studied in complete operating DSSC devices, using
a variety of experimental methods.

One of the main approaches to improve the DSSC performance studied in this thesis was
to check the effects of different treatments of semiconductor’s surface, previously
sensitized by a dye with alkoxysilyl anchoring moiety (which is stronger than the
commonly used carboxylic group). Such a remedy for undesired charge recombination
processes can be considered as an alternative to more commonly used application of bulky
aromatic moieties and alkyl chains, functionalizing the sensitizers. Limiting titania-
electrolyte recombination is especially important (and intensified in the research) in the
systems containing novel one-electron redox mediators, based on organometallic
transition metal complexes (in comparison to the standard I7/13” based electrolyte).
Although this approach has been successfully applied by Prof. Hanaya group,3°6:198
establishing the long standing laboratory DSSC efficiency record, it turns out to be
advantageous only in some particular conditions including high additional steric
hindrance provided by applied modification and very high dye-load. These requirements
are difficult to meet simultaneously, which was shown in our contributions. Nevertheless,
we have significantly furthered the knowledge on the impact of this kind of modifications
on charge transfer processes dynamics and their relationships with overall device
performance in a considerable set of systems comprising highly efficient carbazole and

indoline dyes as well as various, up-to-date redox mediators.

53



Furthermore, the effects of using water, instead of organic solvent in the electrolyte
solution, together with varying of its basicity, on the charge transfer dynamics were
described in the thesis. Moreover, the influence of the changes in titania films morphology
(content of large light-scattering particles, modification of film’s thickness and pore size)
on the overall performance and charge transfer processes kinetics was investigated. In our
studies we have also thoroughly described the phenomenon of electron injection
occurring from the benchmark triphenylamine Y123 dye to TiO,. Ultimately, some
modifications caused by continuous illumination of the solar cells were examined. One
of the most important results revealed in this dissertation was also observation of the
direct correlation between the relative photocurrent of the cells and the efficiency of fast
charge separation (measured at few nanoseconds after excitation). Such correlations were
confirmed for various systems, suggesting that it is a universal feature of many DSSC

systems.

Summarizing, the studies described in this thesis, have substantially broadened the
knowledge on the charge transfer  processes  occurring on  the
semiconductor/dye/electrolyte interface in DSSCs. We believe that our efforts have
already contributed to the development of the field and will help in further progress in

future.
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ABSTRACT: The dynamics of electron transfer at the dye—titania and titania—electrolyte interfaces
is investigated in two post-sensitization processes: (i) atomic layer deposition of blocking alumina
coating and (ii) hierarchical molecular multicapping. To measure the electron transfer dynamics,
time-resolved spectroscopic methods (femtosecond transient absorption on the time scale from
femtoseconds to nanoseconds and electrochemical impedance spectroscopy on the time scale from
milliseconds to seconds) are applied to the complete dye-sensitized solar cells with cobalt-based
electrolyte and champion ADEKA-1 dye (with silyl-anchor unit) or its popular carboxyl-anchor
analogue, MK-2 dye. Both molecular capping and alumina blocking layers slow down the electron
injection process (the average rate constant decreases from 1.1 ps™' to 0.4 ps™') and partial sub-
nanosecond back electron transfer from titania to the dye (from ca. 10 ns™" to S ns™"). Very small
alumina layers (of 0.1 nm thickness) have the highest impact on reducing the rate constants of these
electron transfer processes, and for the thicknesses greater than 0.3 nm the rate constants hardly
change. In contrast, the electron recombination between titania and electrolyte, occurring on the
millisecond time scale, starts to be significantly suppressed for the blocking layers of 0.3 nm or more

in thickness (up to ca. 20 times for 0.5 nm thickness with respect to that for untreated sample), improving open circuit voltage
and fill factor of the cells. The amplitude of the relative photocurrent (short circuit current per number of absorbed photons) is
found to depend almost exclusively on the ultrafast and fast processes taking place in the first nanoseconds after dye excitation.

The positive impact of coadsorbents on the solar cells performance for both ADEKA-1 and MK-2 is also studied.

KEYWORDS: TiO, passivation, molecular multicapping, atomic layer deposition, ADEKA-1 dye, MK-2 dye,
femtosecond transient absorption, electrochemical impedance spectroscopy

B INTRODUCTION

The interfaces between mesoporous titania and dyes that
sensitize the titania surface, and between titania and hole
transporting medium (e.g., electrolyte), are key elements in the
operation of dye-sensitized solar cells (DSSC)"” and dye-
sensitized photoelectrochemical cells (DSPEC) for water
splitting.”* After absorption of light, the electrons are injected
from the excited dyes to the conduction band of titania
nanostructure, and they should reach the photoanode with high
quantum yield for efficient charge separation. However,
unwanted electron recombination at the above interfaces
(titania—dye and titania—electrolyte) is among the main
limitations in further development of DSSC and DSPEC
devices. For example, the problem of titania—electrolyte
recombination has become a fundamental issue for the recently
proposed cobalt-based electrolytes in DSSC, offering higher
open circuit voltage of the cells than that obtained with the
traditional iodide/triodide redox pair. When the recombination
process was properly suppressed, the use of such one-electron
redox couples led to the best laboratory efficiencies of
DSSC.>~” However, without a special surface treatment and/
or dye design, the titania—electrolyte recombination results in a

-4 ACS Publications  © 2017 American Chemical Society

much worse performance of cobalt-based cells with respect to
that of iodide-based ones.'*~"*

Many attempts have been made to passivate titania surface
with thin layers of insulating materials. One of the most
frequently used approaches has been the deposition of thin
layers of large-bandgap semiconductors (like Al,O;) via
chemical methods or atomic layer deposition (ALD)
techniques.”>™"> The latter conformal technique gave very
homogeneous layers with atomic precision even on topo-
graphically complex surfaces, for example, on porous networks.
However, almost all these approaches have been applied to the
titania nanostructures before dye sensitization. Therefore, the
dyes were actually attached to such insulating layers, and,
simultaneously with suppressing recombination, the electron
injection was also slowed down, so its efficiency was lowered.
Recently, novel and interesting approaches have been proposed
based on surface passivation after the dye-sensitization process
(often called the post-assembly methods): hierarchical
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Table 1. Averaged Photovoltaic Parameters of the Studied Solar Cells”

no. abbreviation description
1 A ADEKA-1

2 A _CAPP ADEKA-1 + multi capping
3 A_OTMS ADEKA-1 + OTMS

ADEKA-1 + OTMS”

ADEKA-1 + OTMS + multi capping
ADEKA-1 + OTMS + temp. 200 °C
ADEKA-1 + OTMS + 0.1 nm AL O,
ADEKA-1 + OTMS + 0.3 nm AlL,O;
ADEKA-1 + OTMS + 0.5 nm AL O,
ADEKA-1 + OTMS — TBP(in electrolyte)

3b A _OTMS”
4 A OTMS_CAPP

5 A OTMS_200C

6 A _OTMS_1ALD"
7 A _OTMS_3ALD”
8 A_OTMS_SALD

9 A OTMS_noTBP”

10 M MK-2
11 M_CAPP MK-2 + multi capping
12 M_CDCA MK-2 + CDCA

13 M_CDCA_200C
14 M_CDCA_SALD
15 M_CDCA noTBP

MK-2 + CDCA + temp. 200 °C
MK-2 + CDCA + 0.5 nm AL, O;
MK-2 + CDCA — TBP (in electrolyte)

Voc [V] FF Jsc [mA cm™]  Eff [%]  total APCE Stes
0.81 0.56 59 2.7 0.44 0.33
0.78 0.65 2.5 13 025 0.27
0.83 0.46 7.0 2.5 0.57 0.40
0.79 0.51 5.8 2.4 0.57 0.43
0.76 0.63 1.7 0.8 0.20 0.32
0.84 0.48 6.5 2.6 0.54 0.47
0.83 0.55 6.0 2.7 0.47 0.37
0.82 0.71 1.8 1.1 0.22 0.22
0.87 0.73 2.0 13 0.17 0.14
0.59 0.40 64 L5 0.58 0.57
0.83 0.45 8.1 3.0 0.63 0.42
0.51 0.50 0.7 0.2 0.51 0.54
0.81 0.53 7.8 3.4 0.84 0.58
0.82 0.46 84 32 0.92 0.61
0.85 0.69 2.0 12 0.30 0.29
0.58 0.55 47 14 0.57 0.76

“Open circuit voltage (Voc), fill factor (FF), photocurrent density (Js¢), efficiency (Eff), corrected photocurrent efficiency (Total APCE), and the
amplitude of the normalized residual signal of transient absorption kinetic at 750 nm (S, ratio of the amplitude after 3 ns to the initial one). bInitial
number of absorbed photons smaller by about 15% in this series than in other ones are related to smaller titania thickness.

molecular multicapping”” and ALD of blocking coating (ref 16
and references therein). In principle, such methods keep the
sensitizing dye anchored to the titania surface. The lack of
wider and earlier use of such approaches is probably due to the
fact that the post-assembly methods can affect the chemical
bond between dyes and titania, up to destroying the sensitized
photoanode. Molecular multicapping is based on the surface
passivation with molecules having alkyl chains of various
lengths (from the longest to the shortest) resulting in filling the
voids between the sensitizing dye and reducing the aggregation
of the dye on the titania surface. This method has been
successfully used to the novel organic dye ADEKA-1, having a
silyl-anchor unit that forms stronger bonds with TiO, than the
traditional carboxyl groups.” The efficiency of DSSC with
ADEKA-1, cobalt-based electrolytes, and multicapping passiva-
tion reached almost 13%.° The use of co-sensitization of
ADEKA-1 with LEG4 dye resulted in currently the best
laboratory efficiency of over 14%.” Post-assembly ALD of TiO,
layers has been proposed to stabilize ruthenium RuP dye in
DSPEC,"” water oxidation catalyst in DSPEC,'® and donor—
acceptor organic dye OrgD in DSSC with aqueous electro-
lyte."” Atomic layer deposition of ALO; on TiO, was applied
after sensitization with RuP,” standard ruthenium dye N719,”'
and OrgD.”

According to our knowledge, the impact of the two post-
assembly passivation methods above on the dynamics of
interfacial electron transfer has been poorly studied so far.
Some aspects of electron recombination after molecular
multicapping for ADEKA-1 with cobalt-phenenatroline electro-
Iyte have been studied by us recently, but without investigation
of electron injection.”> For the TiO,—RuP system in water,
electron injection and back electron transfer rate constants
were observed to decrease with increasing cycles of Al O;
deposition.”® Similar trends have been found for ALD films on
N719 sensitized meso-TiO, electrodes.”’ On the contrary, for
OrgD dye, ultrathin layers of either TiO, or Al,O; reduced
negative dye aggregation effects and improved electron
injection quantum yield.**

Therefore, in this work we present thorough studies of DSSC
modified with molecular multicapping and post-sensitization
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atomic deposition of Al,Oj; layers of different thicknesses (0.1—
0.5 nm). As dyes, we used the champion ADEKA-1 and its
commercially available and efficient carboxyl-anchor analogue,
MK-2 dye.”**” The same complete cells were characterized by
the basic photovoltaic measurements (J—V curves, IPCE
spectra, photovoltage and photocurrent decays, steady-state
absorption of the photoanodes) and by time-resolved
spectroscopic methods. Using femtosecond transient absorp-
tion and electrochemical impedance spectroscopy we were able
to simultaneously determine the dynamics of all 3 interfacial
electron transfer processes that take place on the time scales
from femtoseconds to seconds: electron injection, back electron
transfer from titania to the dye, and electron recombination
between the titania nanoparticles and the cobalt tris(bipyridyl)
based electrolyte. Besides the effect of post-assembly
passivation, we also investigated the impact of coadsorbent,
high temperature (200 °C) treatment, the lack of a Lewis base
in the electrolyte, and the details of ultrafast injection and fast
recombination mechanisms.

DSSCs with MK-2 and ADEKA-1 dyes have been studied by
some of us before, by time-resolved laser spectroscopy
methods. In our previous work for MK-2, we have revealed
the presence of a fast partial recombination on the sub-
nanosecond time scale for which the dynamics depended on
the conduction band potential.”® For ADEKA-1 we have
observed that sub-nanosecond recombination can be sup-
pressed by the optimized dye synthesis methods and upon
addition of a coadsorbent.”® The effects of alumina overlayers
prepared on titania nanoparticles before dye sensitization have
been also studied for ADEKA-1.>

We believe that our present work will significantly improve
the basic understanding of the impact of post-assembly surface
passivation for the most efficient dyes and cobalt-based
electrolytes. Many of our findings should also be valid for
other classes of dyes, which might help further progress in
optimization of DSSC and DSPEC devices.

B EXPERIMENTAL SECTION

Preparation of the Solar Cells. Glass plates (final size 12 X 17
mm?) were cut from the FTO glass sheet (Sigma-Aldrich, 2.2 mm
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thickness, 13 €2/sq). They were cleaned using sequentially (i) the
solution of commercially available dishwashing detergent in distilled
water, (ii) distilled water, and (iii) ethanol in ultrasonic bath, with each
cleaning procedure lasting for 15 min. Next, using the screen printing
technique (DN-HMO2 screen-printer, Dyenamo, with polyester screen
of mesh count 250, Sefar) an approximately 2—3-um-thick single layer
of mesoporous titania was deposited using the commercially available
screen-printable transparent TiO, paste with 28—31 nm particles
(DN-GPS-30TS, Dyenamo). After screen printing, the glass plates
with mesoporous titania were gradually heated at 150 °C for S min,
300 °C for 5 min, and 450 °C for 60 min. After that, the hot plates
were submerged in S0 mM aqueous solution of TiCl, for 30 min at 70
°C, rinsed in water, and again heated at 150 °C for S min, 300 °C for §
min, and 450 °C for 30 min.

For photoanode sensitization, the glass plates with titania layers
were immersed in dye solutions at S °C for about 16 h to enable
efficient adsorption of the dyes (the sensitization temperature was low
in accordance to the procedure used for ADEKA-17). We used two
different organic dyes, ADEKA-1 (100% monomeric form obtained by
the synthesis route described in our previous article”) and MK-2
(from Sigma-Aldrich) with or without coadsorbent molecules,
isooctyltrimethoxysilane (OTMS, Sigma-Aldrich) for ADEKA-1 and
chenodeoxycholic acid (CDCA, Sigma-Aldrich) for MK-2 in the
following concentrations and solvents: (i) the 0.2 mM solution of a
dye without coadsorbent in toluene and (ii) 0.2 mM dye + 0.1 mM of
coadsorbent in 9:1 mixture of toluene and acetonitrile. Dye structures
are shown in Scheme S1 (in the Supporting Information, SI).

Counter electrodes were prepared from the same FTO glass plates
and by the same cleaning procedure as that used for photoanodes.
Afterward, they were dried in air and one layer of activated platinum
(Platisol T, Solaronix) was deposited by paintbrush. Finally, the plates
were heated at 400 °C for 30 min in order to remove any organic
contamination. Photoanodes and counter electrodes were bonded
together by a polymer seal (25 ym Surlyn, Meltronix, Solaronix SA)
with conducting surfaces facing inward. Afterward, the devices were
filled with electrolyte through 1 mm holes in the counter electrode and
sealed with the cover glass on the top. We used the electrolyte with the
following components and concentrations: 0.25 M Co** bis-
(trifluoromethane )sulfonimide (TFSI), 0.035 M of Co>*TFSI, 0.1 M
of LiTFS], and 0.5 M fert-butylpyridine (TBP). The cobalt redox
couple was a cobalt-bipyridine complex (Co-Bpy) in all cases. The
cells with this electrolyte are abbreviated as presented in Table 1: A
means the cell was sensitized with only ADEKA-1, A_OTMS — with
ADEKA-1 and OTMS, M — with only MK-2, and M_CDCA — with
MK-2 and CDCA. For control and comparison experiments, for both
ADEKA-1 with OTMS and MK-2 with CDCA photoanodes,
electrolyte without TBP was also used (cells labeled as A OTMS_-
noTBP and M_CDCA noTBP).

ALD and Multicapping Procedure. The atomic layer deposition
(ALD) technique was used to deposit alumina shell on the
photoanodes after dye deposition, for the cells fabricated with
ADEKA-1 with OTMS and MK-2 with CDCA. For ADEKA-1 with
OTMS the thickness of the alumina shell was 0.1 nm (A _OTM-
S 1ALD), 0.3 nm (A OTMS 3ALD), and 0.5 nm (A OTM-
S _SALD). For MK-2 with CDCA it was 0.5 nm (M_CDCA_SALD).
The influence of temperature inside the ALD reactor on the properties
of the cells was tested for both ADEKA-1 with OTMS
(A_OTMS 200C) and MK-2 with CDCA (M_CDCA 200C) at
200 °C. ALD was performed using an R-200 reactor (Picosun) with
deionized water and trimethylaluminum as oxygen and aluminum
sources, respectively. An individual cycle of Al,O; deposition, at the
precursor pulse time of 2 s and purge time of 8 s, resulted in
generation of a layer close to 0.1 nm thick.

The hierarchical molecular capping treatment was performed on
photoanodes after the dye deposition for ADEKA-1 (A CAPP),
ADEKA-1 with OTMS (A_OTMS_CAPP), and MK-2 (M_CAPP).
The electrodes were dipped in the appropriate solutions and then
rinsed with toluene. The treatment was performed just after taking
them out of the dye solution and immediately before sealing the cells.
The solutions used for multicapping treatment contained a relevant

acid in 1 mM concentration and a mixture of 1:1 toluene:acetonitrile
as a solvent. For A_ CAPP and A OTMS_CAPP the electrodes were
submerged in the following substances with varying alkyl-chain
lengths: n-octadecyl succinic acid (ODSA, 5 min), n-hexadecyl
malonic acid (HMA, S min), tetradecylphosphonic acid (TDPA, 2
min), octylphosphonic acid (OPA, 1 min), isooctyltrimethoxysilane
(OTMS, 10 min), heptanoic acid (HA, 5 min), and finally
ethylphosphonic acid (EPA, 1 min). Due to the stronger desorption
process of MK-2 from the titania surface, compared to ADEKA-1, the
immersion time for M_CAPP was shorter—the photoanodes were
dipped in ODSA for 2 min, HMA for 2 min, TDPA for 30 s, OPA for
30 s, CDCA for 2 min, HA for 2 min, and finally EPA for 30 s. The
molecules for hierarchical multicapping were similar but not exactly
the same as those proposed for the record efficiencies of ADEKA-1.”’

Cell Characterization. Stationary absorption spectra of the
photoanodes (before cell assembly) were recorded on a UV—vis-
NIR JASCO V-770 spectrophotometer equipped with a 150 mm
integrating sphere (LN-925). The samples were placed in front of the
integrating sphere to measure both transmitted and scattered light. A
potentiostat (model M101 with a frequency response analyzer FRA32
M module, Autolab) coupled to a photoelectric spectrometer
equipped with a solar simulator (Photon Institute, Poland) was used
to make a current—voltage characterization (for calculation of
photovoltaic parameters of the cells) and IPCE (incident photon to
current efficiency) spectra of the solar cells obtained. The measure-
ments were made 1 h and 1 day after cell preparation. The sunlight
conditions were simulated by a Xe lamp with AM 1.5 G spectral filter
and intensity adjusted to 100 mW/cm? using a calibrated cell (15151,
ABET). Electrochemical impedance spectroscopy (EIS) measurements
were performed using the previously mentioned potentiostat. The
ZView software was employed to make an analysis of the obtained
curves (Nyquist plot representation) by fitting typical equivalent
circuits for the DSSC system with a transmission line element.”

The transient absorption measurements were performed for the
same complete solar cells as those for current—voltage and impedance
characterization. More details about the ultrafast broadband transient
absorption system have been described already (Helios sgectrorneter
from Ultrafast Systems and Spectra Physics laser system).*’ The pump
pulses were set at S00 nm and the IRF (pump—probe cross correlation
function) was about 250 fs (fwhm). Global analysis of the transient
absorption data was performed using Surface Explorer software
(Ultrafast Systems). The program fits a multiexponential function
(convoluted with IRF) to the kinetic vectors of a selected number of
singular values. As a result of the analysis the characteristic time
constants as well as the wavelength-dependent amplitudes associated
with them were obtained.

B RESULTS AND DISCUSSION

Stationary Absorption. The sensitized photoanodes for all
configurations were first investigated by stationary absorption
measurements with integrating sphere (to include the effect of
the light scattered by TiO, nanoparticles), and the baseline
measured for unsensitized TiO, electrodes was subtracted in all
cases. We would like to stress the importance of such data in
our studies, because they allow us to calculate the relative
photocurrent, which is the short circuit current per the number
of absorbed photons, Ny, (see total APCE parameter in the next
section), and which is used to compare the charge separation
efficiency for the cells of different dye absorption. The value of
N,, was obtained from integration of stationary absorptance
spectrum multiplied by the photon flux spectrum from AM
1.5G data. Typically, such data are gained from dye desorption
experiments, but they often suffer from high uncertainty, not to
mention the problem of desorption of ADEKA-1 dye with
strong binding to titania surfaces. To check, we performed
chemical desorption of MK-2 dye from the titania surface by
ethylphosphonic acid (0.001 M, 1:1 acetonitrile:toluene, 16 h)
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Figure 1. Stationary absorption of selected sensitized films with TiO, contribution subtracted: (A) ADEKA-1 and (B) MK-2 cells.

and the calculated results were the same as those obtained from
photoanode absorption measurements. Therefore, we propose
stationary absorption as a much better and more reliable
method. The measured relative errors in the determination of
the absorbance and Ny, were 5% and 2%, respectively (the
relative error is defined as the standard deviation of the mean
divided by the mean value and multiplied by 100%).

Figure 1 shows the representative spectra of photoanodes for
selected configurations. Addition of coadsorbents during
sensitization (silyl-anchor OTMS to ADEKA-1 and carboxyl-
anchor CDCA to MK-2) results in lowering the absorbance of
the sample, more pronounced for MK-2 dye (compare samples
M and M_CDCA in Figure 1B) than for ADEKA-1 dye
(samples A vs A_ OTMS in Figure 1A). In the standard ALD
method that we used a minimum temperature necessary for
Al,O; deposition was 200 °C. Therefore, we had to check if the
dyes used in our studies were able to withstand such a high
temperature for at least 2 min, required for ALD. In the
experiment with a hot plate at normal pressure conditions,
some changes in the absorption spectra were evident for both
dyes, slightly more pronounced for MK-2 than ADEKA-1 (see
Figure S1 in the Supporting Information, SI). By the way, a
small decrease in absorbance was already observed after the
exposure to 120 °C, a temperature that was used for sealing in
preparation of solar cells. After Al,O; deposition in the ALD
chamber with low pressure some decrease in the absorption
was also observed (the spectra of A OTMS SALD and
M_CDCA S5ALD in Figure 1, corresponding to post-assembly
deposition of 0.5 nm layer of ALO;). However, the highest
decrease in absorbance was observed for molecular multi-
capping: for ADEKA-1 dye only around 30% of the dye
molecules were left (the spectra of A CAPP and A OTMS -
CAPP in Figure 1A) and more than 90% of MK-2 molecules
were desorbed (the spectrum of M_CAPP in Figure 1B).

Finally, additional tests were made of the dye desorption
using relatively strong ethylphosphonic acid (Figure S1). As
expected, from among reference photoanodes of both dyes with
coadsorbents, MK-2 showed much lower stability than
ADEKA-1, confirming the difference between the bond
strength of carboxyl and silyl anchoring groups (and also
explaining the low absorbance of MK-2 photoanodes after
multicapping passivation). In line with several reports for dye
stabilization after post-assembly ALD,'”™' our ALOj;-coated
samples also exhibit smaller desorption effect, but not for the
smallest layer thickness of 0.1 nm (Figure S1).

Photovoltaic Parameters. In total, 60 solar cells in 15
different configurations were prepared for our studies. Their
photovoltaics parameters, obtained from the current—voltage

curves measured under 1Sun illumination, are presented in
Table 1: open circuit voltage (Voc), short circuit current
density (Jsc), fill factor (FF), and efficiency (Eff). These values
were averaged from at least 3 different cells of particular
configuration, for each cell measurements were performed
twice, on the day of preparation and 1 day later (no consistent
changes were observed after 1 day, so the samples were stable
in terms of single days). The statistics of the obtained
parameters are shown in Table S1 for each configuration. On
average, the mean values of the photovoltaic parameters
presented in Table 1 were based on 7 measurements, and the
relative errors were 2% for V¢, 4% for FF, 8% for J¢, and 10%
for the efficiency. Besides the typically observed variation in the
performance of handmade prepared DSSCs, the errors in the
photocurrent values might be slightly increased due to limited
beam homogeneity of our sunlight source with respect to
professional solar simulators (thus, additional deviations might
be due to sample positioning in the current—voltage measure-
ments). IPCE spectra for the best cells of each configuration are
presented in Figure S2, while Table S2 shows the parameters
for these cells.

The efficiencies of our cells are relatively low in comparison
to the champion DSSCs sensitized with ADEKA-1 (about 12%)
and MK-2 (about 10%) dyes. The main reason is the small
thickness of the mesoporous titania layer (2—3 ym) and the
lack of scattering particles in our cells, which is because of the
necessity to have sufficiently transparent samples for transient
absorption measurements. For example, the highly efficient
cells with ADEKA-1 had 10—11 pm titania layer with
semitransparent and scattering layers, which results in
significantly better light harvesting efficiency and higher
photocurrents.” However, it does not influence the generality
of our results, since the observed differences in electron transfer
dynamics should also be valid for the thicker devices optimized
for the record efliciencies.

As can be seen from Table 1, multicapping causes a decrease
in Vo of the cells while Al,O; deposition causes its gradual
increase (e.g, from 0.83 V for A OTMS to 0.87 V for
A OTMS_SALD, and from 0.81 V for M_CDCA to 0.85 V for
M_CDCA SALD). The lowest Vo was found for M_CAPP
cell (0.51 V) and for the control cells without 4-tert-
butylpyridine (TBP) in electrolyte (A_ OTMS_noTBP: 0.59
V and M_CDCA noTBP: 0.58 V). Changes in Vi indicate
differences in the titania conduction band potential, as will be
verified in the next section. More positive potential (lower
energy) for the electrolytes without TBP is a well-known
phenomenon, while molecular capping with acidic molecules
might increase protonation of the titania surface, which is
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Figure 2. Plots of (A) chemical capacitance (C,) and (B) charge transfer resistance (Rcy) versus applied bias obtained from the equivalent circuit fits
to impedance spectroscopy results for selected ADEKA-1 and MK-2 cells. The results for the rest of configurations are in SI (Figure S3).

especially enhanced for MK-2 with most of the dyes desorbed
(Figure 1B for M_CAPP).

Both post-assembly passivation methods improve the FF
parameter of the solar cells. For example, in the cells with the
thickest alumina layer (A_OTMS_SALD and
M_CDCA _SALD) FF was equal to about 0.7, while in the
reference cells (A OTMS and M_CDCA) it was about 0.5.
This suggests a reduced titania—electrolyte recombination
when the passivation is applied, which will also be further
confirmed in the next section.

As mentioned above, the values of Js are generally relatively
low, because our cells were optimized for transient absorption
conditions. Moreover, as evidenced in the previous section,
addition of a coadsorbent and application of molecular and
atomic post-assembly passivation resulted in large variation in
the dye coverage and absorption of the cells. Therefore, we
focus our attention on another parameter, also shown in Table
1, which we call the total absorbed photon to current efficiency
(APCE), and calculate as total APCE = Jsc/(e Nph), where e is
the value of elementary charge. In principle, the cells with
better total APCE exhibit better charge separation efficiency,
and should have better Jsc in the thicker solar cells optimized
for best efficiencies and maximum light absorption.

First of all, addition of a coadsorbent (OTMS or CDCA)
improves the total APCE by about 30% (A_OTMS vs A, and
M_CDCA vs M; see Table 1). For ADEKA-1 th1s finding has
already been reported in our recent studies and it can be
expected since we used the same concentrations of ADEKA-1
and OTMS as in the reports for the champion efficiencies.””
However, for the best cells of MK-2 no coadsorbent has been
used so far.**™*” Therefore, our observation with commonly
used coadsorbent CDCA might result in obtaining even better
efficiency for this dye. Next, for the cells with photoanodes
treated by high temperature in ALD chamber (but without any
deposition, A_ OTMS 200C and M_CDCA 200C), total
APCE, as well as other parameters of the cells, were roughly
the same as for the reference cells (A OTMS and M_CDCA).
This means that, despite some changes in the absorption
spectrum (Figures 1 and S1), both dyes are well suited for the
ALD processing at 200 °C.

In spite of that, total APCE for a single cycle of alumina
deposition (A OTMS_1ALD) was smaller than that for the
reference cell (A_OTMS_200C or A_OTMS), and it gradually
decreased with increasing alumina overlayer thickness
(A_OTMS_3ALD and A_OTMS_SALD). For the largest
alumina layer thickness studied (0.5 nm), total APCE was only
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about 30% of that of the reference cells, for both ADEKA-1 and
MK-2. Similarly, molecular multicapping resulted in lowering
the total APCE values; namely, for A OTMS_CAPP it was
placed between the values for A OTMS 3ALD and
A OTMS_SALD.

Flnally, our control cells without TBP (A_ OTMS_noTBP
and M_CDCA noTBP) were prepared to check whether an
excesswely high energetic position of titania conduction band
edge does not limit the photocurrent of the cells. In fact, Jgc
and total APCE values did not increase and were even lower for
these samples (Table 1), which indicates that titania
conduction band was not too negative with respect to the
redox potential of the excited states of ADEKA-1 and MK-2.

Electrochemical Impedance. Electrochemical impedance
spectroscopy (EIS) studies brought the information about the
time constants of electron recombination between titania and
the redox pair in the electrolyte (time scale from milliseconds
to seconds), and also explained the variation in V¢ and FF
values for different cells. The impedance measurements were
applied to all studied solar cell samples without illumination
and for different applied bias voltages scanning from 200 mV to
Voc in 50 mV increments. The data were analyzed using a
typical equivalent circuit for DSSC that includes a transmission
line element.”” The details of the EIS analysis are presented in
SI, and below only the most important conclusions regarding
post-assembly passivation are summarized. Two basic param-
eters extracted from the EIS data analysis, namely, chemical
capacitance (C,) and charge transfer resistance (Rcr), are
presented in Figure 2 in semilog representation as a function of
applied bias voltage for selected samples. Figure S3 shows the
same plots for other samples and in the extended bias range.
The data were obtained as the average of at least two different
measurements of the best cells in each configuration. The shift
in C, values is a good estimation of the relative movement of
titania conduction band. As can be seen in Figure 2A, for
ADEKA-1 cells the molecular multicapping results in a very
small down-shift of conduction band position (cell A OTMS
vs A OTMS_CAPP), while ALD passivation causes the
conduction band to be shifted toward higher energy (up to
100 mV for the thickest Al,O; layer, cell A OTMS_ SALD vs
A _OTMS). For MK-2 cells the situation is different; the
conduction band is shifted significantly down as a result of the
multicapping passivation (about 100 mV, cell M_CAPP vs
M_CDCA), while AL,O; coating does not result in conduction
band upshift, but in a small downshift. However, the
conduction band potential in the reference samples is already
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Table 2. Electron Lifetimes for Two Selected Applied Biases, Extracted from Electrochemical Impedance Measurements”

sample/ lifetime at 0.55 V  lifetime at 0.65V S, state decay from
configuration bias, s bias, s VIS part, ps
A 0.16 0.080 0.5
A_CAPP 0.16 0.071 2.2
A _OTMS 0.11 0.084 0.5
A_OTMS_CAPP 0.16 0.068 2.0
A_OTMS_200C 0.14 0.087 0.5
A_OTMS_IALD 0.16 0.095 L5
A _OTMS_3ALD 1.50 0.30 2.9
A_OTMS_SALD 3.01 193 3.0
A_OTMS_noTBP 0014 - 02
M 0.084 0.066 0.2
M_CAPP 0.081 0.044 0.2
M_CDCA 0.22 0.062 0.8
M_CDCA_200C 0.28 0.067 0.4
M_CDCA_SALD 4.10 0.38 29
M_CDCA_noTBP 0.015 - 02

S, state decay from recombination from recombination from

NIR part, ps VIS part, ps NIR part, ps
1.3 100 70
1.6 250 100
1.3 110 80
1.6 220 100
1.1 150 70
LS 180 110
19 210 140
1.9 260 180
0.3 65 12
0.5 17 18
0.8 40 80
1.1 70 35
0.5 100 13
LS 190 110
0.2 12 4.6

“Averaged time constants for S; state decay and recombination based on the global analysis of transient absorption data in VIS and NIR ranges.

more negative for MK-2 than ADEKA-1 cells by about 50 mV
(cell M_CDCA vs A_OTMS). The slope of linear fits in the
semilog plots of C, vs bias voltage can be used to compare the
distribution of trap states below the conduction band
(parameter @ collected in Table $3).*”*" The values of a
become slightly smaller for the cells with coadsorbents (both
for ADEKA-1 and MK-2) and further decrease for alumina
coating, which indicates a more stretched distribution of trap
states.

Most of the variations in C, can probably be explained by a
known dependence of conduction flat-band position in
nanoparticles on pH, taking into account different acidic
strength of the attached sensitizing molecules, coadsorbents,
and molecules for multicapping. For example, the highest
downshift in Figure 2A is observed for the M_CAPP cell, for
which the titania surface coverage by multicapping components
is the highest due to the detachment of most of MK-2
molecules (the absorption spectra in Figure 1B). As for alumina
deposition, this semiconductor has much a higher conduction
band edge than that of titania, so its thin layer can induce an
effective conduction band upshift of the nanoparticle.

A strong effect of alumina post-assembly deposition is also
visible in the Rcr plots in Figure 2B, with Rcr values roughly 1
order of magnitude higher for the cells with 0.3 nm Al,O; layer
than for those without any coating, and further 1 order higher
for those with 0.5 nm coating. It confirms the expected
protective role of alumina in suppressing electron recombina-
tion between nanoparticles and cobalt-based electrolyte. The
slope of linear fits in the semilog plots of Rcr vs bias voltage
enables determination of the cell ideality factor m (recombi-
nation reaction order), which is gathered in Table S3.
Generally, steeper slopes (smaller m parameters) are observed
again for the cells with alumina passivation. The values of m can
be correlated with the fill factor of the cell (smaller m indicates
better FF),””*" although, in principle, the impedance measure-
ments in the dark correspond to the shape of the dark current—
voltage curve. Illumination accelerates recombination for the
corresponding bias voltages, and parameter m increases as we
verified in additional impedance measurements under 1Sun
(Figure S4). However, the positive impact of alumina
passivation was manifested in the results obtained both in the
dark and under 1Sun conditions.
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Electron lifetimes for different cells, calculated as the product
C,Rcr, are shown in Figure SS as plots vs bias voltage. In Table
2, the electron lifetime values at two exemplary biases (0.55 and
0.65 V) are also collected. Roughly, for ADEKA-1 cells, the
lifetimes were similar irrespective of the use of coadsorbent,
applying molecular capping, or deposition of the thinnest 0.1
nm alumina layer. A significant improvement in the lifetimes
(thus suppression of the recombination) was observed for
greater thickness of the alumina layer. For example, electron
lifetimes at 0.55 V were 1.5 s for A OTMS_3ALD and 3.0 s for
A OTMS_SALD, which is 10 and 20 times longer than for the
other ADEKA-1 configurations (about 150 ms, Table 2). For
MK-2 cells, the lifetimes at low and medium biases (<0.65 V)
were higher for the cells with coadsorbent than those without
CDCA, while for all applied voltages the lifetimes for 0.5 nm
alumina layer were at least 10 times longer than those for the
other configurations. These values are similar to those obtained
as the effect of preassembly alumina coating, reported by us
recently for ADEKA-1, for which the gradual increase in
electron lifetime was observed, about 2 times per 0.2 nm thick
layer.”

Finally, we have also made additional chronoamperometric
test measurements (Figure S6) which confirm the behavior of
the electron lifetimes observed in the impedance studies.
Photovoltage decays, photovoltage increases, and photocurrent
decays are similar for A OTMS and A OTMS 1ALD samples,
while they become gradually longer for A OTMS_3ALD and
A OTMS_SALD cells.

Transient Absorption. Femtosecond transient absorption
was performed under excitation at S00 nm in 3 ns time window
in two spectral ranges: 520—850 nm (VIS) and 800—1500 nm
(NIR). The samples studied were the same as those used in
photovoltaic and impedance studies, i.e., the complete solar
cells.”> The pump pulse energy was set at 60 nJ, which
corresponds to the energy density of about 30 yJ/cm” This
energy was optimized taking into account a sufficient signal-to-
noise ratio and the fact that in the control measurements at
lower energy (20 nJ) the transient absorption kinetics hardly
changed, while at higher energy (150 nJ) the acceleration of the
kinetics was observed. Measurements were performed for at
least the two best cells of each configuration (often more than
once), and the summarized time constants presented below
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correspond to the values averaged over these experiments. The
main aim of transient absorption studies was the determination
of the rate constants of the two fastest interfacial electron
transfer processes: electron injection and titania—dye electron
recombination. As will be shown below, the measurements also
explained the differences between Jyc of the studied cells (or,
strictly speaking, total APCE).

Figure S7 shows representative transient absorption (AA)
spectra for selected time delays between the pump and probe
pulse of ADEKA-1 in toluene solution and in the exemplary
solar cell (A_OTMS). The interpretation of the data in
solution is similar to that for MK-2 in our previous work.”® The
negative signal below 550 nm is due to the ground state
depopulation (bleach), while the negative band between 580
and 720 nm is assigned to the stimulated emission from the
excited state (S;) that suffers from spectral shift caused by
solvation. Another characteristic absorption band of S, state is
in NIR range with a maximum around 920 nm. The amplitudes
of S, bands decay according to its lifetime (see global analysis
below), and the final transient absorption spectrum at long
delays (2 ns) is due to the triplet state.

The analysis of the solar cell spectra is much more
complicated. The positive signal with a maximum around 750
nm is due to a combined contribution of the oxidized dye (dye
radical cation formed after electron injection to titania
nanoparticles) and the electrons in titania (those in the trap
states and free electrons).”””® The decay of this band on the
time scale of tens and hundreds of picoseconds is due to
unwanted partial recombination of injected electrons with the
oxidized dye.23’28 The first, rough evaluation of the time scales
of electron transfer processes in solar cells can be made by
analysis of the kinetics at two characteristic wavelengths: 700
and 750 nm. These kinetics are presented in Figure 3A,B for
ADEKA-1 cells (and Figure S8A-B for MK-2 cells). The
kinetics at 700 nm contains the contribution of the stimulated
emission from the S; state; therefore the rise times fitted at this
wavelength reflect the decay of the excited state due to electron
injection. The obtained time constants of the rise component
are gathered in Table S4, and from both this table and Figures
3A and S8A it is evident that sub-picosecond electron injection
of nonpassivated samples extends to single picoseconds for the
solar cells with molecular or atomic surface passivation.

On the contrary, the kinetics at 750 nm (Figures 3B and
S8B) is better suited to monitor the dynamics and contribution
of electron recombination. Residual amplitudes obtained at 3 ns
delay at this wavelength (S,.,) are collected in the last column
of Table 1 for all studied solar cell configurations. The values of
S:es Normalized to the initial signal at 750 nm, are proportional
to the relative population of successfully separated charges with
respect to the population of initially excited dyes. Therefore,
similarly to our previous studies of ADEKA-1,”* we examined
the correlation between total APCE and S,.,. As can be observed
in Figure 3C, for most of the samples a very good linear
correlation takes place. The residual amplitude S, is the
highest for the cells with the best fotal APCE values (dyes with
coadsorbents), while it is the lowest for the passivated cells, for
which total APCE is also poor. The only exceptions are the
samples with multicapping (A OTMS_CAPP and M_CAPP
in Figure 3C) and the samples without TBP (A OTMS -
noTBP and M_CDCA noTBP, Table 1), for which total
APCE seems to be lower than could be expected on the basis of
Sies Value and the linear correlations for the other samples
(Figure 3C). This means that there are other processes on a
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Figure 3. Transient absorption kinetics at (A) 700 nm and (B) 750
nm for ADEKA-1 cells (the corresponding kinetics for MK-2 cells are
in Figure S8). Time zero was shifted to 1 ps in order to present the
time axis in logarithmic scale. (C) Correlation of total APCE with the
amplitude of residual signal at 750 nm in transient absorption
experiment measured after 3 ns after sample excitation (S,,,); numbers
in brackets indicate different cells according to Table 1.

longer time scale, not observed in our 3 ns time window, which
lower charge separation efficiency in these particular samples
more than in the other cells. However, for the majority of the
cells studied a good correlation between total APCE and S,
indicates that the differences in the photocurrent of the cells
(Jsc) are totally determined by the processes occurring on the
ultrafast and fast time scales, up to 3 ns, and by the dye
absorption in the cells. We would like to stress this conclusion,
as it is in line with several recent findings in our group for
DSSC with organic dyes,”””®**™* and it highlights the
importance of using time-resolved laser spectroscopy to
characterize DSSC systems and find improvements.

Next, to get more accurate values of rate constants of
electron injection and electron recombination, we took
advantage of the broadband detection and used global analysis
in VIS and NIR ranges. As concluded from the previous studies
of ADEKA-1** and MK-2,”® the interpretation of such analysis
is complex, because both electron injection and recombination
processes are non-single exponential and take place from many
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Figure 4. Wavelength dependent amplitudes of the indicated time constants obtained from global analysis (two exponential with constant offset) of
transient absorption spectra of solar cells in selected configurations, sensitized with ADEKA-1 in the VIS (left: A, C, E) and NIR (right: B, D, F)
spectral ranges. The results for other configurations are presented in SI (Figures S9—S12).

states (e.g., electron injection from hot and relaxed excited state
of a dye, electron recombination from semiconductor trap
states, free electrons, and from intermediate nonfully charge
separated states). To get completely satisfactory global fit
quality, four-exponential fit with constant offset was necessary
in most cases. Such a detailed analysis is included in the SL
However, for the sake of clarity, and to get one average rate
constant for injection and one for electron recombination, a
simplified, two-exponential analysis is presented below. The
characteristic bands are similar for ADEKA-1 and MK-2, so
they will be discussed together.

As a result of two-exponential global analysis, the two
characteristic time constants were obtained as well as the
wavelength-dependent amplitudes associated with them (also
called pre-exponential factor spectra). They are collected in
Figures 4, S, and S9—S12 for the representative experiments for
all studied configurations. First, the interpretation of the results
in solution (Figures S9A for ADEKA-1 and S11A for MK-2) is
rather obvious: the faster component of a few picoseconds is
due to relaxation in the S; state and solvation dynamics, and its
amplitude spectrum reflects the shifts of the transient
absorption and emission bands (negative amplitudes in pre-
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exponential factor spectra correspond to the rise of AA signal,
while the positive amplitudes to decay of AA). The constant
offset component is due to the triplet state of the dye,”* while
the longer component of about 500 ps duration (average of the
fitted time constants of 460 ps in VIS range and 580 ps in NIR
range, Figure S9A,B) is due to the decay of the relaxed S, state
(S, lifetime) and exhibits characteristic negative amplitudes in
the range 580—720 nm due to stimulated emission, and a
positive band with a maximum around 920 nm, as discussed
above. These two characteristic features will be used to identify
the presence of S; state decay (thus, the dynamics of electron
injection) in solar cell samples.

As for the solar cells, the component assignment is easier in
the NIR range (right parts in Figures 4, S, and S9—S12). The
amplitude of the constant offset component is determined by
the oxidized dye band (maximum around 820 nm) and free or
shallow trapped electrons in titania (the increasing positive
amplitude from 1000 to 1500 nm). The ratio of the constant
offset component amplitude to the sum of the amplitudes of
the other components agrees with the S, values from the
kinetics at 750 nm (Table 1). The faster component is related
to the decay of the S, state; it has a maximum at 920 nm; while

DOI: 10.1021/acsami.7b03288
ACS Appl. Mater. Interfaces 2017, 9, 17102—17114


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b03288/suppl_file/am7b03288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b03288/suppl_file/am7b03288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b03288/suppl_file/am7b03288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b03288/suppl_file/am7b03288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b03288/suppl_file/am7b03288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b03288/suppl_file/am7b03288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b03288/suppl_file/am7b03288_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b03288

ACS Applied Materials & Interfaces

Research Article

(A)
vooz-/r\/—\_/M\/
S Y
0.000
-o.ooz-/
3 M
-0.004 + .
time constants:
-0.006 =11 ps
1,=250 ps
-0.008 const. offset
-0.010 T T r r r T |
500 550 600 650 700 750 800 850
Wavelength (nm)
(C)
0.004
0.002- /JS/M
S 0.000
M_CDCA
-0.0024 time constants:
1,=4.7 ps
-0.004+ 1,=123 ps
const. offset
-0.006 T T T T T T 1
500 550 600 650 700 750 800 850
Wavelength (nm)
(E)
0.004
0.002 /\
< 0.000
M_CDCA_5ALD
-0.0024 time constants:
1,=2.7 ps
-0.004 A —1,=184 ps
const. offset
-0.006 T T T T T T 1
500 550 600 650 700 750 800 850

Wavelength (nm)

(B) M
0.004 time constants:
1,=0.5 ps
—1,=18 ps
0.002 const. offset
$
0.000 w
-0.002 T T T T T T )
800 900 1000 1100 1200 1300 1400 1500
Wavelength (nm)
(D) M_CDCA
0.006+ time constants:
1,=1.0 ps
0.004 ——1,=34 ps
% const. offset
0.002
-0.002 T T T T T T 1
800 900 1000 1100 1200 1300 1400 1500
Wavelength (nm)
(F) M_CDCA_5ALD
time constants:
0.004+ 1,=1.5 ps
1,115 ps
5 0.0024 const. offset
0.000 \
-0.002 T T T T T T 1
800 900 1000 1100 1200 1300 1400 1500

Wavelength (nm)

Figure S. Wavelength dependent amplitudes of the indicated time constants obtained from global analysis (two exponential with constant offset) of
transient absorption spectra of solar cells in the selected configurations, sensitized with MK-2 in the VIS (left: A, C, E) and NIR (right: B, D, F)
spectral ranges. The results for other configurations are presented in SI (Figures S9—S12).

the negative amplitudes for the wavelengths longer than 1200
nm are probably a result of an increase in the free electron
population in the electron injection process. The longer
component has a maximum between that of the S state (920
nm) and that of the oxidized dye (820 nm), so it probably
corresponds to the decay of the intermediate dye—electron
complex, in which electrons are not fully separated but localized
in the titania trap states, close to the parent dye from which
they were injected. The decay of such a complex leads partially
to the fully separated charges (free electrons and oxidized dye)
and partially to the unwanted recombination. Therefore, the
two time constants from the NIR analysis can be directly
related to the electron injection (faster component) and
electron recombination (longer component), and their average
values are collected in Table 2.

In the VIS region (left parts in Figures 4, 5, and S9—S12) the
decay of the S, state (electron injection to titania nanoparticles)
is manifested as a negative amplitude in the range 600—730 nm
(stimulated emission, slightly red-shifted with respect to that in
solution). For the samples for which the amplitude of the faster
component is negative in this range (i.e., all cells with alumina
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passivation and both ADEKA-1 cells with multicapping), the
time constant of this component is directly taken as that of
electron injection, while the time constant of slower
component as that of electron recombination. The average
values of both of them are collected in Table 2. For the rest of
the samples, in the VIS range (with faster S state decay) the
situation is more difficult when both time constants are left to
be optimally fitted. In such cases, the decay of S, state only
partially contributes to the faster component (manifested in the
corresponding amplitude spectra as indentation toward
negative values in the range 600—730 nm), while the rest of
this component represents the faster part of electron
recombination which is a consequence of spectral overlap of
the features characteristic for both injection and recombination.
Therefore, the average time constants for electron injection and
recombination summarized in Table 2 were calculated
differently for these samples. The characteristic time of electron
recombination was taken from one-exponential plus constant
offset global fit (the contribution of subpicosecond electron
injection is negligible in this case). In contrast, the proper
values of the time constant for electron injection were
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estimated from the shortest component in three-exponential
plus constant offset global fit. The time constant of this
component was fixed to the maximum value at which its
amplitude is negative below 730 nm (see Figure S13 as an
example of such fit). As can be seen comparing the values from
Table 2 and Table S4, the injection time constants extracted in
the protocol described earlier are in agreement with the rise
times obtained from the single kinetics analysis at 700 nm
(Figures 3A and S8A).

The trends in variation of the average injection and
recombination time constants for different samples are the
same in VIS and NIR ranges; however, the values for electron
injection extracted from the NIR part are longer than those
from the VIS part, while for recombination the situation is the
opposite (Table 2). This observation can be rationalized by the
complicated nature of both processes of injection (e.g, faster
from hot than from relaxed S; state) and recombination (e.g.,
faster from the dye—electron complex than from free
electrons), and that different constituents of these processes
bring different contributions to the signals in VIS and NIR
regions. Our aim is to get one mean rate constant for interfacial
electron injection and one for recombination; therefore we
decided to calculate them as the reciprocal of the averaged two
time constants in VIS and NIR ranges from Table 2. Such rate
constants are presented in Figure 6. Figure 6A depicts a good
correlation between the average electron injection and electron
recombination rate constants. In our previous work for MK-2
cells we observed that addition of TBP to the electrolyte slows
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Figure 6. (A) Correlation of the averaged (from VIS and NIR ranges)
electron recombination rate constant with the average electron
injection rate constants calculated from the global fit of transient
absorption spectra; numbers in brackets indicate different cells
according to Table 1 (red points for MK-2 cells, blue points for
ADEKA-1 cells). (B) Electron injection and recombination rate
constants versus the thickness (x) of post-assembly alumina coating
for ADEKA-1 cells. The inset shows the exponential fit to the data.
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down both electron injection and recombination dynamics.”®
Our present results indicate that the relationship between the
dynamics of these two processes is even more universal. For the
corresponding cell configurations, the electron injection and
recombination are faster in MK-2 than ADEKA-1 cells. It might
be explained by the differences in the structures of both
molecules and the previously reported results of molecular
modeling.” The LUMO orbital is localized in both molecules
near the cyano group, so it is closer to the titania surface in
MK-2 than in ADEKA-1, since in the latter the additional
phenyl and amide groups are present between the cyano group
and the anchoring part (Scheme S1). The effect of coadsorbent
is more pronounced for the MK-2 cells since both
recombination and injection are slowed down by about 3
times in M_CDCA with respect to the values for M cell. For
ADEKA-1 cells the differences between A_OTMS and A
samples are much smaller, but it should be recalled that OTMS
lowered the ADEKA-1 coverage to a much smaller extent than
CDCA affected the number of attached MK-2 molecules
(Figure 1). For ADEKA-1 both hierarchical molecular multi-
capping and alumina passivation resulted in significantly slower
injection and recombination rate constants with respect to
those for the uncoated samples. Interestingly, the position of
A OTMS _CAPP and A CAPP samples in Figure 6A is
between A OTMS 1ALD and A OTMS 3ALD, which
means that the effect of the capping molecules corresponds
to that of the Al,O; coating between 0.1 and 0.3 nm. For MK-2
with multicapping, the time constant of electron injection still
lies in the sub-picosecond regime, although recombination is
slower for M_CAPP than for the M sample. It can probably be
explained by a significant downshift of the titania conduction
band for the M_CAPP sample (most of the dye molecules are
desorbed by stronger acidic capping molecules, Figure 1), as in
the samples without TBP, which exhibit the fastest injection
and recombination rates with respect to those of the other cells
of the same dyes (M_CDCA noTBP, A OTMS noTBP in
Figure 6A).

Finally, Figure 6B presents the dependence of time constants
of both electron injection and electron recombination in
ADEKA-1 cells on the thickness (x) of deposited alumina layer.
The data can be fitted with the exponential function k = k;, + kg
exp(—x/d) in which the characteristic quenching distance d is
about 0.1 nm. The initial rate constants (without alumina layer,
ky + k;) are 1.1 ps™' for injection and 10.4 ns™' for
recombination, while the residual rate constants (for sufficiently
thick alumina layer, k,) are 0.4 ps~' and 4.8 ns™", respectively.
This important result means that after one or two ALD cycles
(0.1 nm layer per cycle) the rate constants are significantly
suppressed, and further coating hardly changes them. It explains
why the time constants are similar for A OTMS_3ALD and
A OTMS_SALD cells (Table 2 and Figure 6).

With all the results in hand, two important questions should
be asked. The first is why electron injection is slower for post-
assembly passivation methods, for which the chemical bond
between the dye and titania is preserved. In the typical
understanding of the operation of DSSC, the electrons are
injected through the anchoring part of the molecule and the
overlap between dye LUMO orbital and electron acceptor
states in titania is the determining parameter. In the studies
reporting post-assembly ALD passivation for N719 and RuP
dyes, mentioned in the Introduction,””*" a possible increase in
the conduction band energy (which lowers the density of
acceptor states) upon alumina coating has been suggested as
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the reason for slower electron injection. However, in our case
slower electron injection is observed for both ADEKA-1
samples with alumina (that exhibit conduction band upshift) as
with multicapping (which shows even small energetic down-
shift of titania conduction band). Therefore, a different
mechanism must operate, and perhaps the concept of the
electron injection “through space”, recently proposed for
DSSCs with zinc-porphyrin®*®” and zinc-phthalocyanines®®
dyes, could be adopted here. In this model, electron injection
does not involve charge “flow” through the anchoring unit, but
tunneling between electron donor part in the molecule and
electron acceptor in titania. The rate depends thus on the
distance and the potential barrier height for tunneling,*® which,
in our case, could be increased by the presence of capping
molecules or alumina coating. Moreover, this model also
explains the correlation between the injection and recombina-
tion rate constants, because the recombination process is based
on the same tunneling process, but with much lower probability
of the back electron transfer (e.g,, see TOC).

The second question is why the passivated cells with slower
electron injection exhibit worse total APCE and worse overall
DSSC efficiency. The average injection time constant is only
slowed down to single picoseconds, which, with the lifetime of
S, state in solution of both dyes (about S00 ps) in mind, should
still be enough to maintain the injection quantum yield close to
100%. The possible explanation is that the relaxation process in
the S, state plays a key role, since the studies in solution
indicate that its dynamics can be described also on the single
picoseconds time scale. Electron transfer from the relaxed S,
state of lower energy might lead to enhanced injection into
deep trap states in titania and higher population of intermediate
states from which recombination is more probable than from
free or shallowly trapped electrons. Despite longer lifetime
(longer recombination) of such intermediate states in
passivated cells, the contribution of recombination increases
with respect to that for nonpassivated samples. It could be
noted that slowing down electron injection (and recombina-
tion) to a certain value is beneficial (better total APCE and cell
performance for M_CDCA than M cell), but a further decrease
in electron injection rate results in worse charge separation
(M_CDCA_SALD vs M_CDCA).

B CONCLUSIONS

Two post-sensitization passivation processes of titania surface
(atomic layer deposition of blocking alumina coating and
hierarchical molecular multicapping) were investigated and
their influence on the dynamics of electron transfer at the dye—
titania and titania—electrolyte interfaces were discussed. DSSCs
with cobalt-based electrolyte, champion ADEKA-1 dye with
silyl-anchor unit, and its popular and efficient carboxyl-anchor
analogue, MK-2 dye, were examined from the point of view of
electron injection, titania—dye and titania—electrolyte recombi-
nation, on the basis of femtosecond transient absorption and
electrochemical impedance measurements. Both passivation
processes improved the fill factor of the cells, additionally
electron lifetime and open circuit voltage were significantly
increased for alumina coating of the thickness greater than 0.3
nm. On the other hand, the relative photocurrent of the cells
(short circuit current per number of absorbed photons) was
reduced upon both treatments, and the decrease was greater
with increasing alumina layer thickness. The amplitude of this
relative photocurrent was found to depend almost exclusively

on the ultrafast and fast processes taking place in the first
nanoseconds after dye excitation.

Both molecular capping and atomic blocking layers slowed
down electron injection process (from sub-picoseconds to
single picosecond average time constant), and this is a probable
reason for the smaller relative photocurrent in the passivated
cells. We interpret the results taking into account the dye
relaxation, existence of intermediate dye—titania charge transfer
complex, and charge transfer processes occurring “through
space” rather than through the dye anchoring unit. The
decreasing rate constant of electron injection correlates with
the decreasing rate constant of partial back electron transfer
occurring on the time scale of tens and hundreds of
picoseconds. Significant extension of electron injection and
recombination processes occurs for alumina layer thickness
smaller than 0.3 nm. Therefore, unfortunately, the negative
impact of the passivation (decrease in charge separation yield in
the first nanoseconds) occurs for the coating layers thinner than
that from which the positive impact of the passivation (longer
electron lifetime) starts.

Besides, our studies revealed that short (single minutes)
exposure of the electrodes sensitized with both dyes to 200 °C
temperature hardly changes the interfacial dynamics and does
not decrease the DSSC performance. We also observed that
addition of coadsorbent (CDCA) to MK-2 dye has a positive
impact on all interfacial charge transfer processes, and it
significantly improves the relative photocurrent of the cell. This
finding seems to have not been reported so far and should lead
to the improved efliciency of DSSC with this dye.
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Photovoltaic parameters

Table S1. Number of measured samples (V) and relative errors of the calculated averaged photovoltaic
parameters (given in Table 1) for the studied solar cells. The relative error of parameter p is defined as
the standard deviation of the mean (Ap) divided by the mean value (from Table 1) and multiplied by
100 %.

A VO(7 AFF A']S(T AEff

Cell N Voo | FF Jg Eff

[%] | [%] [%0] [Y0]

A 7 08 | 26 4.6 6.3
A_CAPP 7 12 | 26 8.4 10.5
A_OTMS 7 12 | 112 | 105 4.8

A _OTMS CAPP | 5 20 | 45 13.6 17.4
A_OTMS _200C 5 09 | 3.0 6.8 7.7
A OTMS_1ALD | 6 04 | 3.1 2.6 3.2
A OTMS 3ALD | 6 27 | 1.6 6.3 4.4
A OTMS 5ALD | 6 0.6 | 08 10.3 10.3
A _OTMS noTBP | 4 42 | 14 5.0 10.8

M 15 | 09 | 4.1 46 6.8
M_CAPP 9 | 117 ] 94 | 183 | 36.1
M_CDCA 6 | 07 | 30 42 6.1

M_CDCA 200C | 6 | 07 | 7.0 22 8.5

M CDCA SALD | 6 | 05 | 14 9.9 7.7

M_CDCA noTBP| 3 26 | 100 | 96 2.4
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Table S2. Photovoltaic parameters of the best solar cells sensitized with ADEKA-1 and MK-2 of each
configuration: open circuit voltage (Voc), fill factor (FF), photocurrent density (Jsc), efficiency (Eff)
number of absorbed photons at 1Sun illumination (), absorption in the maximum (4,.) and
corrected photocurrent efficiency (7otal APCE).

Cell Voo | FF Jsc Eff Ny Apax Total

[V] [mAcm?] | [%] | [102°s'm?] APCE
A 0.82 | 058 6.5 3.1 8.9 2.83 0.46
A_CAPP 0.80 | 0.67 3.6 1.9 6.6 1.14 0.34
A_OTMS 0.85 | 0.36 9.1 2.8 8.4 2.25 0.68
A_OTMS_CAPP | 0.80 | 0.69 2.4 1.3 6.1 0.54 0.24
A_OTMS_200C | 0.83 | 0.51 7.3 3.0 7.9 1.50 0.58
A_OTMS_1ALD | 083 | 0.61 5.9 3.0 7.9 1.38 0.47
A_OTMS 3ALD | 0.81 | 0.64 2.6 1.3 6.5 0.93 0.25
A_OTMS_5ALD | 0.85 | 0.71 2.4 1.5 7.5 1.30 0.20
A_OTMS noTBP | 0.65 | 0.41 7.2 1.9 7.1 1.26 0.64
M 0.85 | 0.47 9.7 3.9 7.2 1.50 0.84
M_CAPP 0.75 | 0.65 1.5 0.7 1.8 0.15 0.51
M_CDCA 0.81 | 0.54 8.4 3.6 5.9 0.93 0.89
M_CDCA _200C | 0.83 | 0.48 9.0 3.6 5.9 0.89 0.95
M_CDCA 5ALD | 0.84 | 0.67 2.7 1.5 5.2 0.63 0.32
M_CDCA noTBP| 0.59 | 0.49 5.3 1.5 5.8 0.82 0.57
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Scheme S1. The structures of ADEKA-1 (left) and MK-2 (right).



Stationary absorption — stability tests
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Figure S1. (A, B) Temperature effects in stationary absorption spectra in selected time intervals for
ADEKA-1+OTMS (A, A_OTMS) and MK-2+CDCA (B, M_CDCA) photoanodes. (C) Test of
desorption of ADEKA-1 and MK-2 dyes from titania surface by ethylphosphonic acid (EPA). The
relative decrease in the absorbance of the sensitized photoanodes (ABS(t)/ABS(0), where ABS(t) is
absorbance after time t and ABS(0) is the initial absorbance) as a function of the immersion time in
ethylphosphonic acid (0.01 M) solution in 1:1 acetonitrile:toluene mixture.
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Comment:

The characteristic absorption band with the maximum at 483 nm and the absorption
shoulder at about 396 nm can be observed in the absorption spectra of fresh photoanodes
sensitized with ADEKA-1 and OTMS (Figure S1A). During the heating with a hotplate at
normal pressure conditions at 120 °C, the values of absorbance around the absorption
maximum (483 nm) decreased, while those close to the absorption shoulder (~ 396 nm)
increased. The most rapid change was observed within the first 1 minute of heating. Next,
higher temperature was applied (200 °C) which resulted in further lowering of absorbance at
483 nm and creation of new absorption band in the short-wavelength part of absorption
spectrum with maximum at about 396 nm. A clear isosbestic point around 420 nm can be
noted. Much more pronounced changes in the absorption spectra during the heating were
observed for photoanodes sensitized with MK-2 and CDCA (Figure S1B). In the absorption
spectrum of fresh photoanodes the maximum at 458 nm and small absorption shoulder at 388
nm were observed. After heating for 1 min. at 120 °C we noted ~ 14% decrease in the
absorbance when compared to the fresh sample, and after 10 min heating ~ 23% decrease in
amplitude of the longest-wavelength absorption band. At the same time the value of
absorbance at about 388 nm increased, similarly as for ADEKA-1. Heating at 200 °C caused
further absorbance decrease (checked after 1 min., 2 min. and 10 min.) with the most
pronounced changes after 10 min. (in the spectral range between 350 nm and 800 nm only one
absorption band was found with maximum at 396 nm).
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IPCE spectra
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Figure S2. IPCE spectra of selected cells sensitized with  ADEKA-1 (A) and MK-2 (B) dyes in the
different, indicated configurations.
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Comment:

Figure S2 shows the incident-photon to current efficiency (IPCE) spectra for the best
cells sensitized with ADEKA-1 (A) and MK-2 (B) dyes. Generally, the order in maximum
IPCE values is in agreement with Jsc presented in Table S1, and for the samples of A >1,
the IPCE maxima are similar to fotal APCE values, confirming the compatibility of both
experiments. Among ADEKA-1 cells the highest IPCE values were obtained for ADEKA-1
with OTMS (A_OTMS, close to 84%) and ADEKA-1 with OTMS after 200 °C treatment
(A_OTMS _200C, close to 72%). The cells prepared with ADEKA-1 (A) produced maximum
IPCE value ~ 55%. For the cells sensitized with ADEKA-1 and OTMS after ALD post-
treatment, the IPCE values changed in the sequence: A_OTMS_1ALD > A_OTMS_3ALD >
A_OTMS_SALD. Further, comparison between multi-capping treatment for ADEKA-1 with
OTMS and ADEKA-1 shows decrease in IPCE values for A_ OTMS_CAPP (~ 17%) when
compared to A_CAPP (~ 32%). Interestingly, the changes Lewis base additives (TBP) in
electrolyte caused significantly decrease in the IPCE values for the cells without fert-
butylpyridinie (A_OTMS_noTBP) when compared to the cells with TBP (A_OTMS). The
location of the IPCE maxima slightly depended on the cell configurations (in line with
stationary absorption shifts): for A_OTMS it was found at about 490 nm, the shifts to longer
wavelengths were observed for A (~ 500 nm, due to aggregation effects) and A_CAPP (~
510 nm, due to more acidic environment), while the shift to shorter wavelengths was noted for
A_OTMS_SALD (~470 nm, due to the temperature effects).

For cells sensitized with MK-2 dye (Figure S2B) the highest IPCE value, close to
95%, was obtained for M_CDCA_200C (MK-2 and CDCA after 200 °C inside the ALD
reactor). Slightly lower IPCE values were noted for M and M_CDCA (close to 85%). The
changes in electrolyte compositions decreased IPCE values from ~ 85% (M_CDCA) to ~
55% (M_CDCA_noTBP). Significantly, the lowest IPCE values were noted for the cells
sensitized with MK-2 and CDCA after ALD treatment (M_CDCA_SALD, ~ 27%) and MK-
2 after multi-capping process (M_CAPP, ~ 5%). The location of IPCE maxima for cells
sensitized with MK-2 dye depended on the cells configurations, similar as for the cells
sensitized with ADEKA-1 dye. For M_CDCA and M_CDCA _200C the maximum was
found at about 490 nm, while for M at about 500 nm (aggregation effects). The shift to longer
wavelengths was noted also for M_CDCA_noTBP (520 nm, more acidic environment) and
the shift to shorter wavelengths — for M_CDCA_5ALD (470 nm, due to temperature effects).
Additionally, the cells sensitized with ADEKA-1 dye delivered IPCE spectra broader than the
cells with MK-2 (under the same conditions and for the same cell modifications), in
accordance with slightly broader stationary spectra of the former dye than the letter one.
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Electrochemical impedance spectroscopy (EIS)
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Figure S3. (A) Equivalent circuits for DSSCs based on ADEKA-1 and MK-2 dyes, DX1 is
transmission line element '. Chemical capacitance (B-C) and charge transfer resistance (D-E) of
different cells sensitized with  ADEKA-1 and MK-2 dye in different cell configurations. Line shows
the fits with the parameters given in Table S3.

Comment:

The following main elements were extracted from fitting equivalent circuit (Figure
S3A) to Nyquist plots: (i) charge transfer resistance (Rcr) related to electron recombination at
the TiO2 / electrolyte interface, (ii) the capacitance at this contact (C,) and (iii) electron
transport resistance (Rt). These elements were included in the transmission line of finite
length for diffusion-recombination described as DX-11 (Bisquert#2).! Besides, the equivalent
circuit contains also: the Warburg element (W1) due to the diffusion of a redox pair in the
electrolyte, the resistance and the capacitance at the counter electrode/electrolyte interface



(R1 and C1, respectively), and series resistance (R2) due to sheet resistance of FTO substrate
and electrolyte resistance.

The plot of extracted C values vs bias voltage are shown in Figure S3B-C for the cells
sensitized with ADEKA-1 and MK-2 in different configurations. The shift in C, values is a
good estimation of the relative movement of titania conduction band. For the cells with
ADEKA-1 and OTMS cells the lack of TBP caused down-shift of conduction band position of
about 100 mV (A_OTMS _noTBP) when compared to the cells with TBP in electrolyte
(A_OTMYS). Similarly, for MK-2 with CDCA the down-shift of conduction band position of
about 150 mV was found (M_CDCA noTBP compared to M_CDCA). The effect of
exposure to the temperature inside the ALD reactor (200 °C) resulted in some up-shift of
conduction band position (A_OTMS _200C) with respect to that of A_ OTMS cells while
only negligible changes in the conduction band position were noted for M_CDCA_200C
when compared to M_CDCA. Comparison between the samples after ALD treatment
(A_OTMS 1ALD, A OTMS 3ALD and A_ OTMS_5ALD) shows that the highest up-shift
of conduction band was observed for A_ OTMS_SALD (the thickest layer of alumina).

The variation in charge transfer resistance (Rcr) vs bias voltage for cells sensitized
with ADEKA-1 and MK-2 dye in different configurations is presented in Figure S3D-E.
Firstly, for both ADEKA-1 with OTMS and MK-2 with CDCA devices a marked reduction
(roughly two orders of magnitude) in Rcrvalues was observed for the samples without TBP in
electrolyte with respect to those with TBP. The down-shift of the conduction band position
resulted in the increased recombination between electrons in titania nanoparticles and Co-Bpy
electrolyte (at the same applied bias). It should be noted that the values of Rcr in the cells
without TBP are still lower even taking into account the shift of the titania conduction band
between A_OTMS noTBP and A_OTMS cells (i.e. after the correction for Fermi level
position). Secondly, examination of the cells after ALD treatment (A_OTMS_1ALD,
A _OTMS _3ALD and A_OTMS_SALD) reveals that thicker layer of alumina resulted in
increased Rcr values compared to the cells without such post-treatment (A_OTMS). This
confirms that more layers of alumina protect better against unwanted electron recombination
between titania nanoparticles and Co-Bpy electrolyte. Similar trend was observed for MK-2
with CDCA cells. Thirdly, multi-capping treatment, both for the cells sensitized with
ADEKA-1 and MK-2 dyes resulted in slight decrease in Rcr values compared to those of the
same cells but without the multi-capping treatment. It is in some contrast to our previous
report for ADEKA-1, where an increase in Rcr values upon single-capping, and further
increase upon multi-capping was observed, in line with corresponding increase in Voc
values.> We account this difference to the distinct titania nanoparticles used in the current
study, which give Voc higher than previously already for the cells without capping treatment.?
Control experiments were made for A and A_OTMS cells using the photoanodes from our
previous studies, both for ADEKA-1,> and MK-2,> and they showed that the current
electrodes gives better Voc and about an order of magnitude higher Rcr values for the same
applied bias.
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Table S3. Calculated ideality factor () and trap distribution parameter (c) for the cells sensitized with
ADEKA-1 and MK-2 dye in different configurations. The parameters o and m were obtained from the
fit (Figure S3) of the following functions: C,=Cy exp(cat Ve/kT) and Re=Ro exp(-Ve/m kT). *

Sample / m a
configuration

A 2.1 0.27
A _CAPP 2.1 0.24
A OTMS 3.0 0.24
A_OTMS_CAPP 2.2 0.25
A OTMS 200C 2.6 0.21
A OTMS 1ALD 1.9 0.22
A OTMS 3ALD 1.5 0.25
A OTMS 5ALD 1.5 0.19
A _OTMS noTBP 3.7 0.19
M 2.3 0.28
M_CAPP 2.6 0.27
M_CDCA 1.8 0.25
M_CDCA _200C 1.7 0.24
M_CDCA _SALD 1.6 0.24
M_CDCA_noTBP 2.0 0.24
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Figure S4. (A-C) C-V curves measured at 1Sun illumination (black) and simulated ideal C-V curves
(red) for the indicated samples; the simulated ideal C-V curves were obtained adding Jsc value to the
current from dark C-V curves of the corresponding cells. (D) Plot of FF (calculated from the C-V
curves in figures A-C) as a function of ideality factor m (from EIS measurements at 1Sun and in the
dark, numbers indicate the cell configuration in line with Table 1; 8: A OTMS SALD, S5:
A _OTMS 200C, 3: A OTMS).
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Figure S5. Electron lifetime (A-B) and charge collection efficiency (C-D) of different cells sensitized
with ADEKA-1 and MK-2 dye in different configurations.

Comment:

Charge collection efficiency values, calculated as the ratio of Rcr and Rraccording to
the following equation: Rcr/( Rer+ Rr), are presented in Figure S5C-D for the cells sensitized
with ADEKA-1 and MK-2 dyes in different, selected configurations. Both for ADEKA-1 and
MK-2 cells, the ratio Rcr/( Rer + Ry) is improved at high voltage after the post-treatment of
titania surface (including multi-capping, ALD and addition of co-adsorbent molecules such as
OTMS or CDCA). For example, at applied bias 0.7 V, the charge collection efficiency values
are: A: 94%, A_CAPP: 95.6%, A _OTMS: 96.2%, A_OTMS 1ALD: 98.4%,
A_OTMS_3ALD: 99.3% and A_OTMS_SALD: 99.9%. It can be also noted that the drop in
collection efficiency values occurs at the biases for which the photocurrent in C-V curves
starts to decrease (e.g. Figure S4), thus it reflects the differences in F'F values.
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Figure S6. Chronoamperometric studies for A OTMS, A OTMS_1ALD, A OTMS 3ALD and
A_OTMS _SALD: (A) normalized photocurrent decay after turning the continuous light off (A =
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Figure S7. Representative transient absorption spectra for selected time delays between pump and
probe pulse of ADEKA-1 in toluene solution (A-B) and cell sensitized with  ADEKA-1+OTMS (C-
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Figure S8. Transient absorption kinetics at 700 nm (A) and 750 nm (B) for MK-2 cells in selected
configurations. Time zero was shifted to 1 ps in order to present the time axis in logarithmic scale.



Table S4. Time constants for the rise of kinetic signals measured at 700 nm and their normalized

contribution. The data for each configuration were obtained from the average of transient absorption

measurements for 2-5 independent solar cell samples.

Sample / Time constant, ps Contribution, %
configuration

A 0.4 28
A CAPP 2.5 30
A _OTMS 0.4 23
A OTMS_CAPP 6.0 43
A_OTMS _200C 0.3 39
A OTMS 1ALD 1.1 31
A OTMS 3ALD 2.6 18
A OTMS 5ALD 2.9 33
A OTMS noTBP 0.1 50
M 0.3 18
M_CAPP 0.2 22
M_CDCA 0.4 17
M_CDCA_200C 0.4 24
M_CDCA_5ALD 2.4 16
M_CDCA _noTBP 0.1 63
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Figure. S9. Wavelength dependent amplitudes of the indicated time constants obtained from global
analysis (two exponential with constant offset) of transient absorption spectra of ADEKA-1 in toluene
solution (A-B) and of the solar cells with ADEKA-1: A (C-D) and A_OTMS _200C (E-F). The left
parts show VIS while the right part shows NIR spectral ranges.
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Figure S10. Wavelength dependent amplitudes of the indicated time constants obtained from global
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Figure S11. Wavelength dependent amplitudes of the indicated time constants obtained from global
analysis (two exponential with constant offset) of transient absorption spectra of MK-2 in toluene
solution (A-B) and of the solar cells sensitized with MK-2: M_CDCA_200C (C-D) and M_CAPP
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Figure S12. Wavelength dependent amplitudes of the indicated time constants obtained from global
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Figure S14. Four-exponential global fit of transient absorption in VIS range for the ADEKA-1
samples: ADEKA-1 in toluene solution (A), A_ OTMS_noTBP (B), A (C), A_OTMS (D), A_CAPP
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Figure S15. Four-exponential global fit of transient absorption in VIS range for the ADEKA-1
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Comments.

In the main text global transient absorption analysis with 2-exponential fits was used
to calculate the average electron injection and recombination time constants. To have the best
quality of the global fits more exponential components are necessary. For ADEKA-1 in
toluene solution, a model with 3-exponential function and constant offset was used (Figure
S14A). Compared to the simplified 2-exponential model discussed in the main part, it reveals
the presence of two separate short time constants (0.2 ps and 7 ps in Figure S14A) instead of
one (3.5 ps in Figure S9A), both due to the relaxation in S; state and the solvation dynamics.
The amplitude of the faster component (0.2 ps) is negative below 600 nm and positive above
this wavelength, while the crossing point (AA=0) of the longer component (7 ps) is shifted to
longer wavelength (650 nm). Negative amplitudes reflect the decay of stimulated emission in
shorter-wavelength part while the positive amplitude show the increase in stimulated emission
at longer wavelengths. Thus, this behaviour reflects the red-shift of the stimulated emission
band during the energy stabilization in S; state, which is better described by two time
constants.

For the solar cell samples, 4-exponential fit with constant offset had to be applied.
Figures S14-S15 present the results obtained for ADEKA-1 cells, while those for MK-2 cells
are shown in Figure S16. All the time constants were set free during the fit except for the
fastest one, which was fixed at 0.2 ps if it tended to go below IRF of the setup (0.2 ps). The
interpretation of the results is similar to our previous studies for MK-2 and ADEKA-1 cells,
although slightly simplified approach was used before: for MK-2 samples we applied 3-
exponential fit,> while for ADEKA-1 cells the second and third components were fixed at
averaged values.” Therefore, the present studies use the most general analysis. Usually
(Figures S14-S16), the two fastest components are due to the electron injection process. The
amplitude of the fastest one (typically 0.2 ps) is negative for wavelengths below 680 nm
which is shorter than those of the second component (below 750 nm). Thus these components
are accounted for the stimulated emission from the hot (the first component) and relaxed (the
second component) S; state of the dyes, respectively.

On the contrary, the third (typically several tens of ps) and the fourth (several
hundreds of ps) components represent electron recombination process. Their amplitude
spectra are different, and the spectrum of fourth, longest component is more similar to the
spectrum of the constant offset. Thus, and in line with our previous interpretations,>> we
assign the faster recombination component to the process involving deep trap states and dye-
titania charge transfer complexes, while the longer component — to the recombination between
free or shallowly trapped electron in titania with the oxidized dye. However, for some cells
with fast electron injection, the second component contains some contribution of
recombination (positive amplitudes below 650 nm apart from negative stimulated emission
indentation for samples: A, A_ OTMS, A_ OTMS 200C, M, M_CDCA, M_CDCA _200C)
or the second component can be exclusively accounted for the recombination (samples:
A_OTMS_noTBP, M_CAPP and M_CDCA_noTBP).

Examination of 4-exponential analysis presented in Figures S14-S16 confirms slower
electron injection and slower recombination of the cells with alumina post-assembly
passivation (A_OTMS_1ALD, A OTMS 3ALD, A OTMS 5ALD, M_CDCA _5ALD)
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and molecular capping passivation (A_CAPP and A_ OTMS_CAPP) with respect to the non-
passivated samples. However, the differences in the dynamics of injection and recombination
processes are not only reflected in the fitted time constants, but also in the relative
contribution of the different components assigned to injection and recombination. Therefore,
the simplified global analysis presented in the main part is more suitable to extract the average
rates.
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ABSTRACT: The photovoltaic performance and electron-
transfer dynamics from femtoseconds to milliseconds are
explored for very efficient carbazole sensitizers applied in solar
cells, including the champion dye ADEKA-1. The photocurrent
in the novel, environmentally friendly aqueous electrolyte is
about 40% of that in the standard acetonitrile one, both based
on cobalt complexes as a redox pair. The drop in the
photocurrent is found to be correlated with increased electron
recombination between sensitized titania particles and dyes,
taking place with a time constant of several hundreds of

picoseconds. Electron injection and recombination between titania and dye are slowed down under the presence of water (about
10 times) and with additional 1 sun bias irradiation (about 2 times). These effects are interpreted as due to reduced electronic
coupling between the electron donors (dyes) and acceptor framework (titania). Moreover, a decrease in the relative
photocurrent, photovoltage, and fill factor of the cells with increasing thickness of titania layers are observed. The obtained
results should be relevant for the optimization of solar cells with a large class of organic sensitizers, especially when looking for
nontoxic configurations and determining true charge transfer rates under operating solar cell conditions.

B INTRODUCTION

Dye-sensitized solar cells (DSSCs) have attracted major
concern in recent years as a cheaper alternative for
commercially available semiconductor solar energy conversion
devices. After a breakthrough in 1991" when DSSCs based on
mesoporous TiO, photoanodes sensitized with a ruthenium
complex dye, combined with an electrolyte consisting of
iodide/triiodide (I_/I3_) redox couple solution in an organic
solvent, reached 7.9% power conversion efficiency (PCE), the
technology has been intensively developed, which has led to the
current of over 14% of the efficiency record.” The champion
solar cells were constructed using titania photoanodes,
cosensitized with ADEKA-1—a carbazole dye, having an
alkoxysilyl-anchoring group in combination with cobalt-based
electrolytes, which despite of some stability issues,” provide
higher open-circuit voltages (Vo) than I7/I;7*~° thanks to a
simpler dye-regeneration mechanism.

Because acetonitrile (ACN) and other organic solvents,
thanks to their excellent physical properties (i.e., high dielectric
constants, low viscosity, and high solubilization ability of
various additives), were introduced as high-efficiency electrolyte
main ingredients, water has been forsaken as an electrolyte
component. Moreover, it was believed to be evidently lethal for
DSSC efficiency and long-term stability.”” However organic
solvents have some serious drawbacks, especially high volatility,
flammability, and toxicity for humans and the environment.
Aqueous electrolytes were called back in 2010 by O’Regan et
al,'” and the interest in them is constantly growing.8 In

-4 ACS Publications  © 2018 American Chemical Society
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addition, recently, they reached over 5% PCE, basing on a
cobalt bipyridine-pyrazole redox couple' in a 100% aqueous
solution without any surfactant addition. Another approach that
should be mentioned is the application of quasi-solid
electrolytes based on water and jellifying agents, which provide
remarkable stability of devices without toxicity problems.”"*~"*
Nevertheless, construction of high-performing and durable
aqueous DSSCs is still a challenge.

To the best of our knowledge, the effects of changing the
composition of aqueous electrolytes on the performance and
electron-transfer dynamics in solar cells, sensitized with the
champion alkoxysilyl-anchoring dye, have not been studied so
far. Moreover, studies of dye-sensitized wide band gap
semiconductor structures, able to operate in aqueous environ-
ments, can be useful for developing dye-sensitized photo-
electrochemical cells for water splitting applications.'" The
understanding of charge-transfer dynamics of dye-sensitized
mesoporous systems in water environment is generally much
more limited compared to the information gathered on organic
solvents.

In this study, photovoltaic performance and electron-transfer
dynamics were compared in solar cells based on the champion
ADEKA-1 alkoxysilyl-anchoring dye and its benchmark
carboxylic-anchoring analogue MK-2'"'® (Scheme SI in the
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Supporting Information, whose performance was also described
in combination with aqueous electrolytes'”*°) combined with
100% aqueous electrolytes based on tris(1,10-phenanthroline)-
cobalt(II/III) complexes at different pH values, which were
obtained by varying the concentration of 1-methylbenzimida-
zole (MBI) base. The performance and operation of devices
with a water-based electrolyte was compared with those of the
cells containing electrolytes based on standard organic solvents,
including ACN, and tris(1,10-phenanthroline)cobalt(II/III)
(Co-Phen), tris(2,2"-bipyridine)cobalt(I[/III) (Co-Bpy), or
iodide/triiodide as redox couples. It should be pointed out
that ADEKA-1 cells with stronger anchoring unit of the
sensitizer reach their top efficiencies only under complex titania
surface passivation (including molecular multicapping).”’
Without such treatments, the efficiencies of the reference
cells with MK-2 dye can be even higher than those achieved
using ADEKA-1 because of the less pronounced back electron
transfer from titania to the oxidized dye.22’23 In this work, for
easier interpretation of the studied effects, we used a simplified
procedure to suppress recombination, that is, we added
appropriate coadsorbents: isooctyltrimethoxysilane (OTMS)
with an alkoxysilyl-anchoring unit for ADEKA-1*' and
chenodeoxycholic acid (CDCA) with a carboxyl-anchoring
unit for MK-2.>

Another important issue for optimizing DSSC assembly is
the choice of proper thickness and morphology of the
photoanode. Increasing the thickness of the titania layer and
addition of larger light-scattering particles (diameter > 100 nm)
to the lattice enlarges the amount of the adsorbed dye, which
increases the light-harvesting efficiency.””** However, above a
certain thickness, the series resistance of the mesoporous titania
lattice, diffusion limitations in pores, and interfacial charge
recombination balance the gain in the amount of separated
charge carriers.”””” Consequently, the optimal photoanode
thickness and morphology can vary depending on the used
sensitizer, electrolyte solvent, and redox shuttle as well as other
special photoanode treatment methods.

Therefore, we studied the effects of different thicknesses of
the titania layer containing light-scattering particles on the
performance of solar cells sensitized with champion ADEKA-1
and MK-2 dyes assembled with Co-Bpy electrolyte based on
ACN. Furthermore, we checked the differences in the
photovoltaic performance and charge-transfer properties of
ADEKA-1- and MK-2-sensitized cells assembled with aqueous
Co-Phen electrolyte depending on the photoanode morphol-
ogy (ie., transparent and containing scattering particles in
titania layers).

Within this work, solar cells were characterized not only by
basic photovoltaic measurements, such as J—V curves under
AM1.5G illumination, incident photon-to-current efficiency
(IPCE) spectra, and stationary absorption, but also by time-
resolved spectroscopic measurements: electrochemical impe-
dance spectroscopy (EIS) and transient absorption (TA)
spectroscopy, which provide information about charge-transfer
dynamics from millisecond to second for EIS and from
subpicosecond to nanosecond timescale for TA. We also
investigated the effects of additional irradiation of the solar cells
during TA measurements. Such an improvement allowed us to
observe ultrafast charge-transfer dynamics in conditions closer
to real operation circumstances and compare it with the results
obtained with TA measurements without additional illumina-
tion, which is a very well-established technique to obtain
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information about ultrafast and fast processes in photovoltaic
systen1s.28’29

B EXPERIMENTAL SECTION

Preparation of the Solar Cells. To utilize the DSSCs, we
followed the same procedure as in our previous work.”> The
procedure for the preparation of scattering photoanodes of
different thicknesses (from 3 to 9 ym) is described elsewhere.*

The prepared photoanodes were dipped into dye solutions
for sensitization. We used two solutions of different carbazole
dyes, MK-2 (from Sigma-Aldrich) with CDCA (Sigma-Aldrich)
as a coadsorbent and 100% monomeric ADEKA-1 dye obtained
in previously described synthesis® with OTMS (Sigma-
Aldrich) as a coadsorbent. Both solutions were prepared in
the following concentrations: 0.2 mM dye + 0.1 mM
coadsorbent in 9:1 toluene and ACN mixture. Sensitization
was performed for 16 h at 5 °C according to the procedure
used for ADEKA-1.>"**

The composition of water-based electrolytes was as follows:
0.13 M Co(phen);Cl,, 0.035 M Co(phen),Cl,, and different
concentrations of MBI: 0, 0.072, and 0.8 M for pH = 6, pH =~
9, and pH = 10, respectively. The redox couple was cobalt-
phenanthroline (Co-Phen) complex. All components were
dissolved in distilled water. The reference ACN-based electro-
lytes were drawn up according to the following compositions:
0.13 M Co(phen);(TFSI),, 0.035 M Co(phen);(TFSI),, 0.1 M
of LiTFS], and 0.5 M tert-butylpyridine (TBP). The cobalt
redox couple was Co-Phen or cobalt-bipyridine (Co-Bpy)
complex. Additionally, for one configuration, we tested the
electrolyte with the following components and concentrations:
0.13 M Co(phen);Cl,, 0.035 M Co(phen);Cl;, 0.1 M of
LiTFSI, and 0.5 M TBP in a 1:5 mixture of ACN:water. For the
cells constructed with photoanodes with different thicknesses,
we used the Co-based electrolyte with the following
components and concentrations: 0.25 M Co(bpy);(TFSI),,
0.035 M Co(bpy)s(TESI);, 0.1 M LiTESL and 0.5 M TBP in
ACN. The iodide/triiodide composition was: 0.08 M I, 0.6 M
1,2-dimethyl-3-propyloimidazolium iodide, 0.1 M Lil, 0.1 M
guanidine thiocyanate (GuSCN), and 0.5 M of TBP.

To distinguish different DSSC configurations studied in this
work, we introduced the following abbreviations: A and M for
different dyes (ADEKA-1 and MK-2, respectively); Phen and
Bpy for different redox couples (cobalt-phenanthroline and
cobalt-bipyridine, respectively); ACN, H,0, and H,0 + ACN
for different electrolyte solvents (ACN, water, or their mixture,
respectively); pH6, pH9, and pH10 (to distinguish aqueous
electrolytes with different MBI concentrations); T and S for
different titania photoanode types (transparent and scattering,
respectively); and, if needed, x2 or x3 (to distinguish between
double and triple screen-printed titania layers from single
layers).

Cell Characterization. A UV—vis—NIR spectrophotometer
(V-770, Jasco), equipped with an integrating sphere (150 mm
LN-925, Jasco), was used to measure the stationary absorption
spectra of different photoanodes. To detect the scattered as well
as transmitted light, the specimens were mounted before the
integrating sphere.

To perform the current—voltage measurements under
simulated sunlight AM 1.5 G conditions and to obtain the
IPCE spectra, a potentiostat (model M101 with a frequency
response analyzer FRA32M module, Autolab) coupled with a
photoelectric spectrometer equipped with a solar simulator
(Photon Institute, Poland) was used. Simulated sunlight was
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Table 1. Photovoltaic Performance of Studied Systems: Open-Circuit Voltage (V¢), Short-Circuit Photocurrent Density (Jc),
Fill Factor (FF), PCE(Eff), Number of Absorbed Photons (Npy), Absorbance at 500 nm (As,), and Corrected Photocurrent

(Total APCE)

cell Voc [V] FF Jsc [mA/cm?] Eff [%] Npy [10% 57! m™2] Asgo total APCE
(A) ACN Solution
M_Bpy ACN T“ 0.81 0.53 7.8 34 5.9 0.93 0.84
M_Phen ACN T 0.87 0.56 6.5 3.1 6.4 1.09 0.63
M_Bpy ACN S 0.82 0.53 6.5 2.8 5.1 1.51 0.79
M_Bpy ACN _Sx2 0.80 0.40 8.4 2.7 8.3 1.77 0.63
M_Bpy ACN 8 0.74 0.37 8.0 22 9.3 1.97 0.54
A Bpy ACN_T“ 0.83 0.46 7.0 2.5 8.4 225 0.57
A Phen ACN_ T 0.87 0.55 6.1 2.9 7.7 1.68 0.49
A Bpy ACN_S 0.84 0.48 5.7 2.3 6.5 1.65 0.55
A Bpy ACN Sx2 0.79 0.44 7.9 2.7 9.3 1.95 0.54
A _Bpy ACN_Sx3 0.75 0.44 8.0 2.6 104 2.11 0.48
(B) Water Electrolyte
M_Phen_H,0 pHI10 T 0.42 0.21 2.6 02 6.4 1.09 026
M_Phen_H,0 pHI10_S 0.43 0.24 3.0 0.3 6.3 121 0.30
M_Phen H,0 pH9 S 0.32 0.37 2.4 0.3 6.3 121 023
M_Phen_H,0_pH6_S 0.34 0.42 2.0 0.3 5.1 0.73 0.25
M_Phen H,0 + ACN S 0.28 0.29 1.6 0.1 72 129 0.14
A_Phen_H,0 pHI10 T 0.68 0.26 22 0.4 7.7 1.68 0.20
A _Phen_H,0 pHIO0 S 0.70 0.31 2.5 0.5 7.7 142 0.20
A_Phen_H,0 pH9 S 0.54 0.50 0.9 02 7.7 142 0.07
A_Phen_H,0 _pH6_S 0.56 0.60 0.2 0.1 6.5 1.09 0.02
A Phen H,0 + ACN 8 0.37 0.34 L5 02 8.6 1.70 0.11

. 2
“Cells from our previous work.>®

provided by an Xe lamp with an AM 1.5 G spectral filter. The
irradiance was adjusted to 100 mW cm ™ using a calibrated cell
(15151, ABET).

The same previously mentioned potentiostat equipped with a
frequency response analyzer was used to perform EIS
measurements. To accomplish the analysis of the obtained
data by fitting standard equivalent circuits for DSSCs, the
ZView software was used.

TA measurements were performed using a commercial
Helios spectrometer from Ultrafast Systems connected with a
Spectra Physics laser system described before.”’ The duration
of instrument response function (IRF), that is, pump-pulse
cross-correlation function of our setup, was about 200 fs at full
width at half-maximum. TA spectra were measured in 3 ns time
window in the range of 510—850 nm. The excitation
wavelength was tuned to 500 nm, and the pulse energy was
set to 60 nJ (default value) or 180 nJ (if stated), which
correspond to the energy density of 30 and 90 xJ cm,
respectively. We also used additional white light-emitting diode
(LED) (MWWHEF2, Thorlabs) illumination of the cell to
simulate normal operation conditions of the solar cells. Unless
otherwise stated, the intensity of illumination was adjusted to
obtain the same Jgc value as measured on the solar simulator
described before. To perform global analysis of TA data, we
used the Surface Explorer software from Ultrafast Systems,
which allows fitting the multiexponential function convoluted
with IRF to experimental data, so that we can obtain
wavelength-dependent amplitudes corresponding to time
constants associated with particular processes.

B RESULTS AND DISCUSSION

Stationary Absorption and Photovoltaic Perform-
ance. Stationary absorption spectra of the sensitized films
were measured to determine the number of absorbed photons
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(Npy) and relative photocurrent of the cells (total APCE
parameter, see below). Figure S1 (in Supporting Information)
compares the exemplary absorption spectra for transparent and
scattering photoanodes of mesoporous films of different
thicknesses (from 1 to 3 titania layers, corresponding to the
thickness from about 3 to 9 ym). The absorbance close to the
maximum absorption of both dyes (400—S00 nm) is already
higher than 1 for the thinnest transparent films (almost all light
absorbed in this spectral range). Therefore, modifications with
scattering particles and additional layers do not improve the
number of absorbed photons below 500 nm but systematically
increase the light-harvesting efficiency on the long-wavelength
absorption onset (above 500 nm). This is also confirmed in the
normalized IPCE spectra shown in Figure S2. A beneficial,
slight red shift in the photoaction spectra of ADEKA-1 versus
MK-2 can be noticed.

Table 1 presents averaged values of open-circuit voltage
(Voc), short-circuit photocurrent density (Jsc), FF, and PCE
(Eff) obtained from the J(V) curves measured under AM 1.5G
illumination conditions. For each cell, a J(V) curve was
measured twice (1 h and one day after assembling) and there
were at least three cells drawn up for each system. The other
parameters, including the number of absorbed photons (Npy),
Asqo and total APCE, were gained from stationary absorption
measurements. The value of Npy was obtained by numerical
integration of the absorption spectrum (1 — 10724, where
A(2) is the absorbance) in range from 400 to 800 nm and
multiplication by the function of photon flux for AM 1.5 G
spectrum for 100 mW cm™' irradiance. The total APCE
parameter can be described as the photocurrent density
corrected for the number of absorbed photons and is calculated
as Joc €' Npy ' The value of Ay, is the absorbance of the
photoanode at the wavelength 4 = 500 nm, which is close to the
maximum of the absorption band of ADEKA-1 and MK-2 dyes
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and was chosen as the pumping wavelength in TA measure-
ments (discussed later). It should be noted that real Jc and Eff
values were slightly higher (by a factor of 1.19). Because of our
previous overestimation of active surface of photoanodes, we
still assume it to be higher (0.283 cm? instead of the real 0.237
cm?) to keep the results in this work comparable with our
previous study on these dyes.”

Table 1A shows the changes in photovoltaic parameters for
the cells with standard ACN-based electrolytes in response to
different thicknesses of photoanodes and the content of the
light-scattering titania particles. The addition of scattering
particles slightly enhances Vi (by about 10 mV) but the
total APCE parameter is reduced (e.g, compare samples
A Bpy ACN T vs A Bpy ACN_S and M Bpy ACN T vs
M _Bpy ACN_S). We have previously observed a similar effect
for the cells with N719.%° It can be explained by the higher
density of injected electrons per nanoparticle for scattering
samples, which enhances the recombination. Along with
increasing the thickness of photoanodes, the V¢ values
decrease for both MK-2 (from 0.82 V for M_Bpy ACN_S to
0.74 V for M_Bpy ACN_Sx3) and ADEKA-1 (from 0.84 V for
A Bpy ACN S to 0.75 V for A Bpy ACN_Sx3). It is due to
the enlargement of the surface area of the film, which enhances
the recombination between electrons from titania and the redox
shuttle,”* and due to a shift of the conduction band (CB),
which will be explored in the impedance section below. The
same recombination phenomenon is responsible for decreasing
the FF of the cells with thicker photoanodes. Higher
recombination also affects the total APCE parameter, and
hence, the photocurrent does not increase proportionally to the
number of absorbed photons. Consequently, efficiencies of the
solar cells drop with increasing layer thickness for the MK-2
dye (from 2.8 to 2.2%) and reach a maximal value of 2.7% for
an intermediate (~6 pm) thickness of the photoanode
sensitized with the ADEKA-1 dye. This is in contrast to our
earlier results on the cells with ruthenium dye N719, whose
efficiency increased with increasing thickness up to 9 um. A
possible interpretation is the higher absorption coeflicients of
MK-2 and ADEKA-1 dyes (35800 M~ cm™""” and 43200 M
em™!*! respectively) with respect to that of N719 (14100 M~!
cm™'*’). For the organic sensitizers studied in this work, the
relatively high absorption is already realized for thinner titania
layer, and further increase in thickness worsens the
recombination more than it improves the absorption.

The effect of different ligands coordinating Co?*/3* cations is
very distinctly expressed in Vi values for both dyes, that is,
Voc increases from 0.81 to 0.87 V for MK-2 and from 0.83 to
0.87 V for ADEKA-1, when 2,2'-bipyridine is replaced by 1,10-
phenanthroline (Table 1A), which corresponds to the differ-
ence between the redox potential of electrolytes: 0.56 V versus
normal hydrogen electrode (NHE) for Co-Bpy and 0.62 V
versus NHE for Co-Phen. On the other hand, Jy of the cells is
lowered. It can be explained by the slower regeneration of the
oxidized dye by the redox couple as a result of lower driving
force for the reduction reaction.”” This effect is more significant
for MK-2 because its highest occupied molecular orbital
(HOMO) level (0.96 V vs NHE)'® is less positive when
compared to that of ADEKA-1 HOMO level (0.99 V vs
NHE).> This beneficial alignment of the energetic levels of
ADEKA-1 and Co-Phen redox shuttle results in enhanced
efficiency with respect to the cells with Co-Bpy redox couple
(2.9% for A_Phen ACN_T vs 2.5% for A Bpy ACN_T). On
the contrary, the performance of the cells with MK-2 and Co-
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Phen electrolyte is lower (3.1% for M_Phen_ ACN T vs 3.4%
for M_Bpy ACN _T). Another contribution to the smaller
relative photocurrent for the cells with Co-Phen might come
from fast titania—dye recombination processes that will be
revealed in the Transient Absorption section.

Replacement of ACN by water as a solvent in the electrolyte
leads to lower efficiencies of the solar cells (Table 1B). It is
connected both with photocurrent and photovoltage limitation.
The Vi is initially reduced due to the 0.3 V negative shift of
the reduction potential of Co-Phen redox couple because it is
dissolved in water."" A further drop in Vi is associated with
lowering the edge of CB in titania by reducing the pH of the
electrolyte® according to the well-established Nernstian
dependence. It will be further investigated by the electro-
chemical impedance measurements, whose results are pre-
sented in the next section. Table 1B demonstrates that, on
average, the relative photocurrent (total APCE) of the solar
cells with water electrolyte reaches only about 40% of those
with ACN electrolytes and the same redox couple (Co-Phen).
This huge decrease points to a severe limitation in the charge-
separation efliciency, and its reasons are provided by TA
experiments discussed later.

Even smaller photocurrents are observed for ADEKA-1 cells
with water electrolyte of pH =~ 9 or lower (samples
A Phen H,0 pH9 S and A Phen H,0 pH6 S in Table
1B). A severe drop in Jsc and fotal APCE for ADEKA-1-
sensitized cells (about 65% for pH =~ 9 and over 90% for pH =~
6) along with lowering the pH of the electrolyte is associated
with insufficient wetting, when the concentration of MBI is
reduced. There was no such issue for MK-2-sensitized cells,
where CDCA possessing hydroxyl groups was used as a
coadsorbent. Its improvement of hydrophilic properties of
mesoporous photoanodes and its 2positive influence on overall
PCE have been reported before.'”*”** On the contrary, OTMS
used as a coadsorbent for ADEKA-1 does not improve the
hydrophilic properties of the photoanode; thus, a high
concentration of MBI (0.8 M) is necessary for proper contact
of sensitized titania and the electrolyte. Interestingly, for the cell
filled with a mixture of water and ACN (A _Phen H,O +
ACN _S), the photocurrent is increased, despite Vi even
smaller than that for pH =~ 6, which confirms the problem with
wetting in only-water ADEKA-1 cells at low MBI concen-
trations.

Another problem observed for the solar cells with water
electrolyte is the stability, which is presented in Figure S3. Both
ADEKA-1 and MK-2 cells filled with cobalt- and ACN-based
electrolytes exhibit remarkably constant V¢ and Jsc parameters
(relatively decrease less than 5% after 20 days). On the
contrary, in the cells with water electrolyte, a significant drop in
photovoltaic parameters is already observed after S days (about
40% decrease in Vi and 20% decrease in Jyc). Moreover, the
decomposition of the system in water electrolyte can be also
seen, several days old cells become more pale, which is shown
in Figure S3C. Remarkably, this effect is more severe for MK-2
cells, which could be explained by weaker attachment to titania
due to different anchoring groups in MK-2 and ADEKA-1.

Finally, the total APCE is similarly smaller in all ADEKA-1
cells, about three-fourth of that in the corresponding MK-2
cells (Table 1A,B, neglecting the ADEKA-1 cells with water
electrolyte at pH = 9 and pH ~ 6 because of the groblem of
wetting). It is in line with our previous reports,””>’ which
means that a special photoanode treatment with (e.g,
multicapping) is necessary to lift the photocurrent in
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Figure 1. (A,B) C, and Ry as a function of bias voltage obtained from EIS for cells with different thicknesses of titania layers sensitized with
ADEKA-1 dye (analogous collection for MK-2 is in the Supporting Information Figure $4) and (C,D) C, and Rcy obtained from EIS for ADEKA-1-

and MK-2-sensitized cells, assembled with various electrolytes.

ADEKA-1 cells to the champion efficiencies.” We have also
made preliminary tests for the solar cells made with ZnO
instead of TiO, nanoparticles (Table S1) and observed that the
same relation between the relative photocurrent (always smaller
for ADEKA-1) is maintained in the photoanodes made of
different metal oxides. Besides, we observed that total APCE
was about twice smaller for ZnO photoanodes than TiO, ones,
both sensitized with the same dye solutions. Interestingly, MK-
2 cells showed a slightly higher relative photocurrent in the
iodide electrolyte than in the Co-Bpy electrolyte, whereas for
ADEKA-1 cells, the situation was reversed (Table S1, for both
TO, and ZnO photoanodes).

Electrochemical Impedance Spectroscopy. The im-
pacts of changing the photoanode thickness and substituting
standard ACN-based electrolytes with aqueous ones in the
context of recombination and transport dynamics in our DSSCs
were studied by means of EIS. Series of Nyquist impedance
plots were obtained for different bias potentials. The fit to the
obtained curves was made with the typical DSSC model with a
transmission line.*”

Along with increasing the thickness of the titania nano-
particle layer, we can observe a rise in chemical capacitance
(C,) values for each applied potential for the cells sensitized
with ADEKA-1 dye (Figure 1A) or MK-2 dye (Figure S4A).
This shift corresponds to the displacement of CB edge with
respect to the redox potential of a given electrolyte, which
adversely affects Vo (Table 1A). We have already observed
this influence of titania thickness in our previous study with
N719.% Another effect of increasing the photoanode thickness
is a decrease in the interfacial charge-transfer resistance (Figure
1B for ADEKA-1 and S4B for MK-2), which points to a higher
recombination of electrons injected to the CB with cations in
the electrolyte when the surface area of photoanode/electrolyte
interface is enlarged. It results in lowering the FF parameter
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(Table 1A). The trap-state distribution parameter () does not
show a clear linear dependence on the thickness; however, it is
remarkable that it rises along with the photoanode thickness.
Similarly, the ideality factor (m) is getting worse with increasing
thickness. Values of a and m parameters for cells in various
configurations are summarized in Table S2.

Substituting an organic solvent by water in the electrolyte
solution causes a shift in C, toward lower values when ACN is
replaced by water and further displacement when pH is lowered
from pH = 10 to the pH ~ 9 (Figure 1C). This effect results in
severe lowering of the V¢ value (Table 1A), which unfavorably
affects the PCE. Interestingly, we can see that this effect is less
pronounced for the cells sensitized with ADEKA-1 dye than
with MK-2 (A_Phen H,0 _pH9 S and A _Phen_ -
H,O0 pHI10 S vs M Phen H,0 pH9 S and M Phen -
H,0 pHI10_S). It suggests larger uptake of H* ions from the
aqueous solution by titania for the photoanodes with
hydrophilic CDCA as a coadsorbent. It should be noted that
titania uptake of H* cations from the aqueous solution occurs
even for high pH values (up to pH = 12).> ADEKA-1 aqueous
cells are also characterized by higher values of & parameter than
those of MK-2 (¢ = 0.18 and a = 0.19 for A Phen -
H,0 pH9 Sand A Phen H,0 pHI10_S§, respectively, vs o =
0.08 and a = 0.04 for M_Phen H,O0 pH9 S and M Phen -
H,0 pH10_ S, respectively), which indicates a narrower
distribution of trap states below the CB edge. Similar to the
systems described in the previous paragraph, lowering of the
Ry is reflected in decreasing FF values (Table 1B).

In Figure 1D, we compare the charge-transfer resistance
(Rer) between the same systems as in Figure 1C. Substitution
of the organic electrolyte solvent with water generally increases
the probability of recombination between electrons injected to
the titania CB and the oxidized redox mediator. It is mainly
because of the drop in the charge-transfer resistance (compare
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Figure 3. Wavelength-dependent amplitudes of characteristic time constants obtained from global analysis of TA spectra of ADEKA-1-sensitized
cells assembled with ACN-based Co-Phen electrolyte by two-exponential fitting with a constant offset (A—D) and three-exponential fitting with a
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collection for MK-2 sensitized cells is in the Supporting Information [Figures S8(A—D) and S9(A,C)].

A Phen ACN T vs A Phen H,O pH10 S and M Phe-
n_ACN T vs M_Phen H,0 pHI10_ S in Figure 1D). Again,
this undesired effect is enlarged by lowering pH from =10 to
~9 (compare A_Phen H,0 pH10 S vs A Phen_ -
H,0 pH9 S and M _Phen H,O pH10 S vs M Phen -
H,0 pH9 § in Figure 1D). The result of lowering the Rcr
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values is much more pronounced for MK-2 cells (compare
A Phen H,0 pH10 S vs M_Phen H,0 pHIO S and
A Phen H,0 pH9 S vs M _Phen H,O pH9 S in Figure
1D), which again supports our explanation of more tight
contact between the aqueous electrolyte and MK-2 + CDCA-
functionalized titania surface with respect to that of ADEKA-1
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Figure 4. Wavelength-dependent amplitudes of characteristic time constants obtained from global analysis of TA spectra of ADEKA-1-sensitized
cells by two-exponential fitting with a constant offset set to compare the effects: of the assembly with H,O-based Co-Phen electrolyte of different pH
values (A vs B and C vs D), different pump energies (A vs C and B vs D), and aging (B vs E) and of LED illumination (E vs F). Supplementary
results for MK-2-sensitized cells are in the Supporting Information (Figure S10).

+ OTMS. Decrease in Rcop with respect to the transport
resistance of titania scaffold results in a decreasing lifetime of
electrons in the semiconductor CB, especially for the MK-2-
sensitized cells with aqueous electrolyte—by about 1 order of
magnitude (Figure SSA). As a result, we observe a shift in the
onset of the decrease in charge-collection efficiency toward
lower potentials, when the organic solvent is substituted by
water and a further shift when the pH value is reduced (Figure
SSB).

Another issue is the impact of 1 sun irradiation on Rcrp,
which can be directly associated with rise of the Fermi level due
to electron injection. Irradiation increases the probability of
recombination with an oxidized redox mediator as a result of
enlarging the energy difference between the Fermi level and
redox potential of the electrolyte; therefore, Rcr parameters are
lower for the same applied bias potential, and the slopes of Rerp
versus bias are smaller (Figure S6).

Transient Absorption. Within this work, we have
compared TA measurements: kinetics of TA for selected
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representative wavelengths (700 and 750 nm, Figure 2 for
ADEKA-1 samples) and wavelength-dependent amplitudes of
time constants obtained from global analysis (Figures 3 and 4
for ADEKA-1). Transparent cells were analyzed in 500—850
nm spectral range for pump-probe delays up to 3 ns. In this
way, we evaluate the effects of assembling the solar cells with
different Co-Phen electrolytes as well as results of higher pump
pulse energy and additional illumination on the kinetics of
electron injection from the excited dye to the titania CB
(observed at 4 700 nm) and recombination between
electrons from titania CB and dye radical cation for ADEKA-
1-sensitized solar cells (for A = 750 nm). The kinetics and
global analysis of TA spectral data of MK-2-sensitized cells are
included in the Supporting Information (Figures S7—S10).
The interpretation of TA data is similar for all of the studied
systems and analogous to our analysis in the previous works on
ADEKA-1 and MK-2 dyes.”””’ The obtained wavelength-
dependent amplitudes are characterized by different time
constants so that we can compare the rates of the studied
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processes (electron injection from the excited dye to the CB of
TiO, and electron recombination between the CB of TiO, and
oxidized dye) in various systems. Furthermore, we can estimate
a contribution of different deactivation processes on the basis of
comparative analysis of wavelength-dependent amplitudes of
characteristic time constants. Another process occurring in
DSSCs in the fast scale is the radical cation reduction by the
redox shuttle (dye regeneration); however, the contribution of
this process to the TA signal is negligible in 3 ns timescale.””

In all samples, negative signals in the range from 510 nm to
about 650 nm corresponding to stationary absorption spectra of
both ADEKA-1 and MK-2 can be assigned to the ground state
bleaching of the dye. In the longer wavelength range, we can
find a positive band with maximum at around 750 nm, which
comes from the combined absorption spectra of radical cation
and electrons in titania trap states as well as free electrons in
CB of TiO,. Decay of these signals corresponds to
recombination between injected electrons in titania and the
oxidized dye. To observe the recombination process with
minimized contribution of injection, we can examine the decay
in TA kinetics for the wavelength 750 nm (Figures 2B and
S7B). The ratio (parameter Spgps) between the residual signal
(value for 3 ns delay between the probe and pump pulses) and
the maximal signal of the kinetics is proportional to the number
of successfully separated charge carriers.

Negative amplitudes (the rise of TA signal) in the range from
600 to 720 nm come from the reduction of stimulated emission
accompanying the transition between S; and S states. Injection
of the electron from the S; state to the CB of the titania is the
alternative way of deactivating the excited state of the dye;
therefore, by observing the stimulated emission decay, we can
monitor the dynamics of electron injection. Similar to the
recombination process, we can monitor injection dynamics by
analyzing the rise of the signal for 700 nm (Figures 2A and
S7A).

It is not trivial to obtain average rate constants of injection
and recombination because both injection and recombination
processes cannot be characterized by monoexponential decays
and, moreover, S; and S, absorption bands, the stimulated
emission band (whose decay indicates the process of injection),
and the absorption band of the radical cation of the dye (whose
decay is caused by recombination) overlap spectrally. Similarly,
as in our previous work,> for the cells with relatively slow
electron injection (slow enough comparing to IRF of the
setup), the characteristic times can be directly obtained from
the biexponential global fit (slower component is assigned to
recombination and faster to injection of electron). In this work,
it operates for the cells based on aqueous electrolytes and it can
be verified by the negative amplitude of the faster component
in the range of 600—720 nm because of the stimulated emission
decay (Figures 4 and S10). For the cells based on ACN
electrolyte, the injection process occurs much faster (subpico-
second injection is comparable with IRF); therefore, in the
biexponential global fit, both components mainly contain the
contribution of recombination, with only a small indentation in
the spectra of the faster component in the range of 600—720
nm because of electron injection (Figures 3A—D and S8).
Thus, when the data are fitted with monoexponential
dependence + a constant offset, the contribution from
subpicosecond injection is negligible; therefore, we can take
its rate constant as the average for recombination (not shown).
To obtain the injection rate constant, we need to fit the data
with a triexponential dependence and try different fits, with the
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fastest component fixed on the value, which is increased until
the signal between 600 and 720 nm is still negative and hence
unaffected by the contribution of recombination (Figures 3E,F
and S9). The same approach was applied in our previous
work.”® Constant offset components in all cases are due to the
signal of radical cation and electrons; therefore, they represent
the successfully separated charges (similar to Sggg parameters
for single kinetics at 750 nm).

The obtained time constants for injection and recombination
are gathered in Table 2. It should be noted that the averaged

Table 2. Average Injection and Recombination Times
Obtained from TA in Vis for Different Solar Cell Samples”

injection time  recombination time

sample constant [ps] constant [ps]
M_Bpy ACN T" 0.6 85
M Phen ACN T 0.08 26
M_Phen ACN T LED 027 71
M_Phen H,O pHI10_T 38 240
M _Phen H,0 pH9 T 46 260
M_Phen H,0 pHI0_T old 6.6 151
M_Phen_H,0_pH10_T old LED 7.1 204
A Bpy ACN T” 0.5 110
A Phen ACN_T 0.16 41
A_Phen ACN_T LED 03 91
A Phen_H,O0_pHIO0_ T 4.6 360
A _Phen_H,0_pH9 T 2.6 280
A_Phen H,O pH10 T old 5.5 270
A Phen H,0 pH10 T old LED 59 290

“The abbreviations “Old” and “LED” stand for 20 days old samples
and additional illumination simulating 1 sun conditions, respectively
bCells from our previous work.”

time constants from several experiments are presented there,
whereas the plots in Figures 3, 4, and S8—S10 show the results
for particular samples. Very serious differences in ultrafast
charge-transfer processes kinetics are observed when the ACN-
based electrolyte is substituted with an aqueous electrolyte.
Both processes are slowed down, for example, injection from
0.16 to 4.6 ps for A Phen ACN T and A Phen -
H,0_pHI10 T, respectively, and recombination from 41 to
360 ps. This effect is less pronounced for the A Phen_-
H,0_pH9 T cell, for which we obtained the injection and
recombination time constants of 2.6 and 280 ps, respectively.
The downturn in injection is also well-pronounced in the set of
kinetics for 4 = 700 nm (Figure 2A). We can assign this effect
to charge-transfer blocking properties of water molecules
interacting with titania within the voids between the dye
molecules attached to the titania surface.’™*” Water adsorption
is assisted by the presence of MBI as it enhances wettability of
the photoanode so that the effect of downturn of injection is
more pronounced for higher MBI concentrations. On the other
hand, for MK-2-dyed photoanodes, whose hydrophilic proper-
ties are determined by the coadsorbed CDCA molecules, the
injection rate seems to be hardly affected by the reduction of
MBI concentration (time constant of injection rises from 3.8 to
4.6 ps and recombination slows down from 240 to 260 ps). The
differences in electron injection dynamics are in line with the
changes in photovoltaic performance—slower injection in the
samples with aqueous electrolyte correlates with worse
total APCE parameter (Table 1). Similarly, as in our earlier
study for insulating layer,”* we explain it by higher contribution
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Figure S. (A) Correlation of total APCE and Sggs. (B) Correlation of injection and recombination rates for different solar cell samples.

of injection to the trap states from which the recombination
occurs with higher probability (although the dynamics of
recombination is slower, its amplitude is higher).

Other differences in the obtained time constants were related
to different experimental conditions applied for the same cells.
We noticed that additional LED illumination (equivalent of 1
sun conditions) in the open-circuit configuration increases the
time of injection and recombination about twice for the
A Phen ACN T cell (from 0.16 to 0.30 ps and from 41 to 91
ps, respectively, Figure 3E,F) and about three times for
M _Phen ACN_T (from 0.08 to 0.27 ps and from 26 to 71 ps,
respectively, Figure S9). For better visualization of this
phenomenon, we present the kinetics of TA for 4 = 750 nm
(Figures 2B and S7B). Interestingly, no such effect is observed
when illumination is applied in the short-circuit configuration
(e.g. Figures 3A—C and S8A—C) and the increase in time
constants in the open-circuit conditions occurs already when
about three times less intense illumination is used (Figures 3E
vs 3F and S9D,A vs S9B,C). It indicates that longer time
constants are associated with the position of Fermi level in
TiO,. The change in electron-transfer dynamics in this case
could be explained by the reduction of electron coupling
between the dye molecular orbital [lowest unoccupied
molecular orbital (LUMO)] and titania CB because of the
created electric field, which repels electrons from the dye
LUMO away from the titania surface. A similar mechanism has
been proposed for the action of potential-determining additives
that create additional dipole moments at the dye/TiO,
interface and thus influence the electronic coupling by
redistribution of electron wave function in LUMO.” A similar
but less pronounced trend is observed for aqueous cells (Table
2, Figure 4E,F) where electron coupling is already seriously
limited by water molecules. Another explanation is that the
electron-transfer dynamics is affected by a higher population
(under 1 sun illumination) of long-living trap states lying
toward more positive potentials. Injected electrons do not get
trapped so likely and are less prone to recombine with the dye
radical cation; thus, the initial charge separation is more
efficient.

In contrast, increasing the energy of pump pulses accelerates
the recombination (kinetics in Figures 2B and S7B, global
analysis in Figures 3A vs 3D, S8A vs S8D, 4AB vs 4C,D),
which could be expected as it is a second-order reaction, and
the concentrations of both electrons in titania CB and dye
radical cations are increased. Similar effects have also been
observed by us previously for these dyes,””*’ and we have
concluded that it occurs for pump pulse energies above 60 nJ.
Therefore, important differences should be highlighted between
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increasing pump energy and adding continuous illumination in
TA experiments. In the first case (pulse excitation), the same
number of electrons and radical cations per titania nanoparticle
is created, which leads to an increased recombination rate. In
the latter situation (stationary excitation), in the open-circuit
conditions, only the population of electrons increases (as
radical cations have about 3 orders of magnitude shorter
lifetime), and these electrons probably occupy long-living trap
states (e.g, at particle grain boundaries). Therefore, they do not
contribute to the second-order recombination reaction but
change the electric field on the dye/TiO, interface, which
decreases electron injection and recombination rates.

The parameter Spgg obtained from the kinetics of TA for 4 =
750 nm is found to correlate linearly with the photocurrent
corrected for the number of absorbed photons (total APCE
parameter). The data are presented in Figure SA. The
correlation is in line with our previous studies”** and supports
the thesis on general dependence of relative photocurrent
density on the ultrafast processes of charge separation.
Interestingly, the correlation of the TA signal at 3 ns with
the relative photocurrent of the cells also operates for the ACN-
based samples with Co-Bpy and Co-Phen redox couples. It
means that fast recombination plays a more important role in
the photocurrent variation than the different driving forces for
dye regeneration between these two redox couples, as assumed
so far.

Finally, another important dependence, which results from
our ultrafast electron-transfer studies, is the correlation between
injection and recombination rate constants presented in Figure
SB. It confirms that dye—titania electronic coupling is the main
factor that drives the dynamics of these two charge-transfer
processes in fresh cells, although they occur on different
timescales. However, the times of injection and recombination
are found to change unfavorably with aqueous cells aging. For
A Phen_H,0 pH10 T old (20 days after preparation), the
time of injection of electron is about 20% longer and the
recombination time accelerates by 25% in respect to that for
the A Phen H,0 pH10 T sample (measurement performed
on the day of cell assembly). This effect is even more
pronounced for M_Phen H,0 pH10 T (over 70% slower
injection and about 40% faster recombination), as MK-2 is less
stable because of the weaker double C—O—Ti bond when
compared to the triple Si—O—Ti bond anchoring ADEKA-1,
and can be easily desorbed. This observation is in line with the
results of cell aging tests (Figure S3).
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Table 3. Summary of the Comparison between ACN-Based and Water-Based Electrolytes in Solar Cells Sensitized with ADEKA-
1 Dye and OTMS as a Coadsorbent (Co-phen Redox Couple Used in Both Electrolytes)

solar cell property

total APCE

total_APCE (ADEKA-1)/total_APCE (MK-2)
Voc

electron injection rate constant

electron recombination rate constant

stability of the solar cell

wettability of the photoanode

good
good

ACN-based electrolyte
moderate (~50%)
~70—80%
high (~870 mV)
fast (~6 ps™")
fast (~20 ns™")

water-based electrolyte
low (~20%)
~70—80%
moderate (~700 mV)
slow (~0.3 ps™), decreases upon cell aging
slow (~3 ns™"), increases upon cell aging
bad
poor at pH < 9 ([MBI] < 0.1 M)

B CONCLUSIONS

The performances of ADEKA-1, a champion dye for DSSCs
with a carbazole moiety and an alkoxysilyl-anchor unit, and its
popular analogue with a carboxylic anchor, MK-2, are
compared in different solar cell configurations, including
those with water-based electrolytes. Particular attention is
paid to the determination of charge-transfer dynamics
measured from femtoseconds to milliseconds in the real
conditions for solar cells. The samples are fully assembled
devices (filled with cobalt-based electrolyte in water or ACN
solution) with characterized photovoltaic performance. The
charge-transfer dynamics is studied with or without 1 sun bias
irradiation.

Without special a photoanode treatment (mesoporous titania
layers are sensitized only with the photoactive dyes containing
coadsorbents: OTMS for ADEKA-1 and CDCA for MK-2), the
photocurrent corrected for the number of absorbed photons is
always lower for ADEKA-1 (on average it is about 75% of that
of MK-2), whereas the initial open-circuit voltage (Vo) is
higher for ADEKA-1 (about 1% higher for ACN electrolyte and
60% higher for water electrolyte). The total APCE parameter
for both dyes correlates very well with the amplitude of the
residual TA signal measured at 3 ns after excitation, which
indicates that the initial electron recombination process,
occurring on the time scale from sub-ns to single nanoseconds
is the main reason for the limited photocurrent of the devices.
The validity of this explanation includes the effect of water
(total APCE in aqueous electrolyte is about 40% of that in
analogous ACN electrolyte) and cobalt redox species of
different potentials (corrected photocurrent for the Co-
phenanthroline complex is about 85% of that for the Co-
bipyridine complex).

The corrected photocurrent decreases when a scattering
titania layer is used instead of a transparent one and upon
further increasing the thickness of the scattering layers (from
about 3 to 9 ym). Simultaneously, V¢ drops because of the
shift of the titania CB, and the FF decreases because of the
more pronounced electron recombination between titania and
the electrolyte (on ms time scale). It means that for the studied
organic dyes with high extinction coefficients, the thickness of
the photoanode should not be too high to obtain the best
efficiency.

The rate of electron injection is correlated with the rate of
electron recombination between titania and ADEKA-1 or MK-2
dyes. It means that higher electronic coupling between the dye
and titania accelerates both processes. In aqueous electrolytes,
the average rate constants of electron injection (0.15—0.40
ps™') and recombination (3—4 ns™') are significantly smaller
than those in the corresponding ACN electrolyte (injection 1—
12 ps™, recombination 10—40 ns™"'). This indicates that water
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molecules form an insulating layer on the titania surface leading
to the decrease in the dye—titania electronic coupling.

The 1 sun bias irradiation causes a decrease in electron-
transfer rates between the dye and titania (both injection and
recombination are about twice slower when compared to those
in the nonirradiated samples) in the open-circuit conditions.
No such effect is observed when the cells are kept at short
circuit. We explain this observation by the electric field present
on the titania particle surface and induced by the long-living
trapped electrons, whose population is created under stationary
irradiation conditions. Most probably, such an electric field
weakens the electronic coupling between the dyes and titania.

The samples with ACN electrolyte show good stability
(relative decrease in Vi and Jqc is less than 5% after 20 days).
In contrast, the cells with aqueous electrolyte exhibit significant
decrease in photovoltaic efficiency, mainly caused by the drop
in Voc (e.g., about 40% drop after S days) and in Jsc (~20%
drop after S days). Upon the cell aging, the electron injection
rate decreases but the electron recombination rate increases,
which might explain the observed degradation in the photo-
voltaic performance in the presence of water. Moreover, the
degradation of photoanodes in water environment is also
observed, more pronounced for MK-2 than ADEKA-1. Finally,
for ADEKA-1 with OTMS coadsorbent, the problems with
wetting of electrodes in aqueous electrolyte are observed,
leading to a drastic decrease in the photocurrent of the cell with
the electrolyte at a low pH =~ (6—9) (in contrast to MK-2-
sensitized photoanodes with coadsorbed CDCA, which are
characterized by higher wettability). MBI addition improves
wetting at the concentrations of 0.8 M, corresponding to pH &
10 of the electrolyte solution. Comparison between aqueous
and ACN-based electrolytes is summarized in Table 3.
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Figure S1. Stationary absorption of the films sensitized with (A) ADEKA-1 and (B) MK-2 dye.
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Figure S2. Normalized IPCE spectra of cells with ACN Co(Bpy) electrolyte.
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Table S1. Photovoltaic performance of cells made up with old solutions for sensitization and ACN-

based electrolyte: open circuit voltage (Voc), short circuit photocurrent density (Jsc), fill factor

(FF), power conversion efficiency (Eff), number of absorbed photons (NrH), absorbance at 500 nm

(Asoo0) and corrected photocurrent (total_APCE).

(A)TiOg, | stands for iodide/triiodide redox couple.

Cell Voc | FF Jsc Eff NpH Asoo |total_APCE
[V] [mMA/M?] | [%] | [10% sTm?]
M_I_ACN_Sold 0.74 | 0.60 8.5 3.7 7.5 1.51 0.70
M_Phen_ACN_S old 083 |052| 7.0 3.0 7.2 1.29 0.61
M_Bpy_ ACN_S old 083|043 | 76 2.8 75 1.51 0.66
A_I_ACN_Sold 0.68 | 059 | 5.9 2.4 8.2 1.65 0.45
A_Phen_ACN_S old 0.81 | 0.62 | 4.6 1.0 8.6 1.7 0.33
A_Bpy ACN_S old 078 | 041 | 6.7 2.2 8.2 1.65 0.51

(B) ZnO (doctor blade deposition method giving the thickness of about 1 um?, N stands for

reference N719 dye.

Cell Voc | FF Jsc Eff NpH Asgo | total_APCE

[Vl [mA/M? | [%] | [10%s'm?] )
M_Bpy_ACN_ZnO 0.71 |047| 37 1.23 4.9 0.74 0.35
M_I_ACN_ZnO 0.64 | 0.57 1.8 0.66 4.0 0.53 0.34
A_Bpy ACN_ZnO 069 |061| 22 0.93 4.1 0.44 0.31
A | ACN_ZnO 0.64 | 0.59 1.0 0.38 4.8 0.55 0.15
N_Bpy_ACN_ZnO 050 [050| 14 0.35 2.1 0.11 0.42
N_I_ACN_ZnO 0.69 | 0.62 3.6 1.54 1.9 0.10 1.00

(*) averaged from J-V and IPCE data
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Figure S4. EIS for MK-2 sensitized cells with different photoanode thicknesses (supplement for
Figure 1).
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Figure S5. Supplement for Figure 1 : (A) - The lifetime of electron in titania CB, (B) — Charge
collection efficiency of cells sensitized with ADEKA-1 dye.
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Figure S6. Effect of 1 sun light on charge recombination resistance in EIS, (A)- acetonitrile

electrolyte, (B) —aqueous electrolyte. The values of the calculated ideality factor (m) parameter for

the samples measured under illumination were as follows: m=18.20 for M_Phen_ACN_T light,
m=3.76 for A_Phen_ACN_T _light, m=7.16 for M_Phen_H20O_pH9_S_light and m=10.90 for
A _Phen_H20 pH9 S light. For the rest of the samples, m values are given in Table S2.

S7



Table S2. Calculated ideality factor (m) and trap distribution parameter (a)): C,=Co exp(a Ve/kT)

and Rct=Ro exp(-Ve/m KT). The values were averaged from the measurements on the first two

days.

Sample / configuration m a
M_Bpy ACN_T (*) 1.8 0.25
M_Phen ACN_T 2.9 0.25
M_Bpy _ACN_S 2.1 0.32
M_Bpy ACN_Sx2 1.7 0.29
M_ Bpy ACN_Sx3 2.3 0.32
A _Bpy _ACN_T (¥ 3.0 0.24
A_Phen _ACN_T 2.8 0.31
A Bpy ACN_S 2.7 0.32
A_Bpy _ACN_Sx2 2.3 0.26
A _Bpy ACN_Sx3 2.9 0.30
M_ Phen H20 pH10_S 6.7 0.04
M_ Phen _H20 _pH9_S 3.8 0.08
A_Phen H20 pH10 S 4.1 0.19
A_Phen_H20 pH9_S 4.2 0.18
A Phen_H20 pH10 T 4.0 0.32

(*) the cells from our previous work?.
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Figure S7. TA kinetics of MK-2 sensitized cells (A) 700 nm, and (B) 750 nm. Supplement for

Figure 2.
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Figure S8. Wavelength dependent amplitudes of characteristic time constants obtained from global

analysis of TA spectra of MK-2 sensitized cells assembled with ACN-based Co-Phen electrolyte

by two-exponential fitting with constant offset. Data are summarized in order to exhibit effects of

to exhibit effects of: LED illumination (A vs. B), open/short circuit (OC/SC) configuration of

illuminated cell (B vs. C), different pump pulse energy (60 nJ/180nJ) (A vs. D). Supplement for

Figure 3 (A-D).
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Figure S9. (A-C) - The effect of LED illumination on MK-2 sensitized cells assembled with ACN-
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(0.5 mA vs. ~1.5 mA for 1 sun conditions). Measurements performed 20 days after cells assembly.

Supplement for Figure 3 (E-F).
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ABSTRACT: Basic photovoltaic parameters of the cells sensitized with a
popular indoline D149 dye, containing the carboxyl anchoring group, were
compared with those of the cells sensitized with the dye modified by the
addition of the alkoxysilyl anchoring moiety. Desorption measurements of
both compounds showed that the time constant of this process was longer
for the modified dye. Two types of electrolytes were used, and the long-time
stability and open-circuit voltage were significantly improved when the
iodide electrolyte was replaced by the cobalt—bipyridine one. The dynamics
of electron injection and titania—electrolyte recombination processes that
occur in different time scales, from femtoseconds to seconds, were
monitored by femtosecond transient absorption and electrochemical
impedance spectroscopy. Additionally, the effect of molecular passivation
by post-sensitization capping was checked. The cells after molecular capping
showed better relative photocurrent and longer lifetime of the excited state,

Eo**/Co™}

which was explained as resulting from the suppressed self-quenching of the dyes.

B INTRODUCTION

The design of novel chemical dyes used for construction of
dye-sensitized solar cell (DSSC) systems to improve the solar
cell efficiency has been one of the most important challenges in
recent years.' ° Modification of the dye structure is
accompanied by changes in the ligand structure, especially in
ruthenium dyes, or a change in the anchoring groups that take
part in the chemical bonds between the titania surface and dye
molecules, including carboxyl, phosphonate, alkoxysilyl, or
hydroxyl groups.””'* Additionally, the design of metal-free
dyes instead of the most popular ruthenium ones that would be
attractive for DSSC application, is one of the most important
steps in improving DSSC performance.””~"> On the other
hand, the carboxyl group is the most popular anchoring moiety
in organic dyes used for DSSC construction because of the
relatively high solar cell efficiency.” However, the long-time
stability of solar cells working with the dyes with the carboxyl
group is not satisfactory, especially in the presence of water-
based or alkaline-containing electrolytes, because of the risk of
hydrolysis of the dye from the titania surface.'® Recently, a
series of organic dyes modified with the alkoxysilyl anchoring
group, instead of the carboxyl one, has been proposed. It has
been found that the replacement of the carbonyl group by the
alkoxysilyl anchoring group improves the long-term stability of
DSSC systems.' '™ The tridentate bonds created by Si—O—
Ti, instead of the bidentate ones created by C—O—Ti linkage

-4 ACS Publications  © 2018 American Chemical Society

to the titania surface, are relatively stronger.'” Alkoxysilyl
anchoring also enables better post-sensitization passivation of
the electrodes,'”***" which has recently led to champion
DSSC efficiencies."”'”'® Replacement of the carbonyl group
by the triethoxysilane group in (dimethylamino)azobenzene
derivatives has resulted in better performance of solar cells,
including higher values of open-circuit voltage, and has
restrained the electron recombination at the titania—electrolyte
interface.”” It is especially important for the recently proposed
Co-based electrolytes that are promising to improve the solar
cell performance."*” In Co-based electrolytes, the blocking of
the direct contact between the redox pair and the titania
surface is necessary, which is realized, for example, by special
photoanode treatments, including passivation by atomic layer
deposition””*"**** or the molecular-capping procedure.'>""*!

One of the first applications of D149 and other indoline dyes
was proposed in 2004.”> High-efficiency solar cells employing
the D149 dye, with an iodide-based electrolyte and acetonitrile
or ionic liquid as a solvent, were investigated as a function of
the thickness of nanocrystalline titania film. The optimized
thickness for the acetonitrile-based electrolyte was found to be

6.3 um, which provided a solar cell efficiency of 6.67%.*°
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Scheme 1. Synthesis Route Used for Conversion from D149 with a Carboxyl Group (Denoted as D149C in This Work) To
Modified D149 with an Alkoxysilyl Anchoring Group (Denoted as D149Si)

(MeO)3Si\©\ o
S
s

N
H
[e)

et
Srii

QN/C 1. (COCI),/DMF

e

O 2. p-NH,CgH,Si(OMe)y/i-Pr,NEt

Modification of the D149 structure by the n-octyl chain at the
rhodanine ring and application of coadsorbent molecules such
as chenodeoxycholic acid in different concentrations improved
the solar cell efficiency.”” Recently, for the cells made with
indoline dyes, with a planar geometry and a high molar
absorption coefficient adsorbed on the thin film of titanium
dioxide, high power conversion efficiency values (up to 9.1%)
were obtained depending on the alkyl chain length.” The cells
with indoline dyes and Co(II/III)tris(1,10-phenanthroline)-
based electrolyte (Co-phen) were studied with D—A—z—A
indoline dyes (D—donor, A—acceptor part).” In that work,
the basic photovoltaic parameters for the cobalt-based cells
were lower than for the iodide-based ones. On the other hand,
basic studies of D149 have also been widely reported. The
dynamics of excited-state deactivation and electron injection
efficiency of the D149 dye in organic solvents and attached to
different semiconductors have been recently studied by
different techniques.”*~** Moreover, systematic charge dy-
namics study of modifications of the D149 dye by anchoring
alkyl chains of varying lengths have also been reported.”*®
Recently, time-resolved photoluminescence in combination
with the electrical bias was used to study the charge-transfer
(CT) process on solid-state solar cells sensitized with two
indoline dyes (D131 and D149)."

To the best of our knowledge, literature does not provide
reports on systematic investigation of the dynamics of electron
injection and electron recombination (and its correlation with
photovoltaic properties) occurring on different time scales in
dyes with the trimethoxysilyl anchoring group. We decided to
perform the synthesis route described below using the popular
indoline dye coded as D149, with its structure modified by the
replacement of the anchoring group by the alkoxysilyl
(trimethoxysilyl) one. We report for the first time such
modification for the indoline class of chemical dyes.
Application of two different types of electrolyte, based on
iodide and tris(2,2'-bipyridine)cobalt(II/III) redox couple
(Co—Bpy), provided information on the long-term stability
of DSSC systems, both with carboxyl and alkoxysilyl groups.
Our studies give the opportunity to better understand the
dynamics of electron injection from the dye excited states to
the conduction band of titania and further undesirable
processes, including electron recombination at the titania—
dye and titania—electrolyte interfaces. Additionally, we applied
passivation of the titania surface by the molecular-capping
post-treatment (after dye sensitization), which has been
recently proposed for other metal-free organic dyes, to increase

25765

the solar cell efficiency in the cobalt-based electrolyte because
of charge recombination blocking.'”*® A comparison between
the popular and well-known dye in the literature belonging to
the indoline class of chemical compounds (D149) and its
alkoxysilyl derivative may be important from the point of view
of future modified dye performance in DSSC systems.

B EXPERIMENTAL SECTION

Synthesis Route of D149Si. A solution of 50 mg of D149
dye (0.067 mmol) in dry deoxygenated chloroform (2 mL)
was cooled to S °C. Then, 9.5 mg (0.07S mmol) of oxalyl
chloride and 100 pL of dimethylformamide were added. The
mixture obtained was heated to room temperature and stirred
for 2 h. Then, 14.3 mg of 4-(trimethoxysilyl)aniline (0.067
mmol) and 17.5 mg of diisopropylethylamine (0.135 mmol)
were added. The purple-violet solution was stirred for the next
2 h, and the product was precipitated with anhydrous
methanol. The obtained solid was separated by centrifugation,
washed with methanol, and dried in vacuum. The product in
the form of a dark violet powder was obtained in the amount of
45 mg (yield: 70%) (Scheme 1).

'"H NMR (CDCl,, 298 K): 6 10.82 (br s, 1H, NH), 7.73 (s,
1H; SC=CHAr), 7.60 (m, 4H, ArH—Si), 7.32 (m, 13H, ArH),
7.04 (m, 4H, ArH & =CH), 6.95 (d, 1H, 1.4 Hz, ArH), 6.93
(d, 1H, 8.4 Hz, ArH), 4.90 (s, 2H, CH,CON), 4.85 (m, 1H,
N—CH), 4.06 (q, 2H, 7.2 Hz, CH,CH,), 3.83 (m, 1H, ArCH),
3.59 (s, 9H, SiOCH,;); 1.4—2.2 (m, 6H, CH,), 1.17 (t, 3H, 7.2
Hz, CH,;).

Preparation of the Solar Cells. The photoanodes were
prepared in a way similar to that described in our recently
published articles.””*’ Generally, glass plates were cut out from
the fluorine-doped tin oxide glass sheet (Sigma-Aldrich, 2.2
mm thickness, 13 €/sq) to a final size of 12 X 17 mm?® Next,
they were cleaned using a commercially available dishwashing
detergent, distilled water, and ethanol in an ultrasonic bath.
Subsequently, one layer of mesoporous titania with 2—3 um
thickness was deposited on the photoanode surface using the
commercially available screen-printable transparent TiO, paste
with 28—31 nm particles (DN-GPS-30TS, Dyenamo) and the
screen printing technique (DN-HMO2 screen-printer, Dyena-
mo, with a polyester screen of mesh count 250, Sefar). Finally,
the hot plates were submerged in 50 mM aqueous solution of
TiCl, for 30 min at 70 °C, rinsed with water, and again heated
at 150 °C for S min, 300 °C for S min, and 450 °C for 30 min.

The glass plates with the mesoporous titania layer were
immersed in the dye solutions for about 16 h to enable efficient
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Table 1. Averaged Photovoltaic Parameters of the Studied Solar Cells: Open-Circuit Voltage (Vyc), Fill Factor (FF),
Photocurrent Density (Jsc), Efficiency (Eff), Corrected Photocurrent Efficiency (total APCE), Number of Absorbed Photons
at 1 Sun Illumination (N,;,), and Absorption at 550 nm for Photoanodes without the Electrolyte (Ass,)”

abbreviation description
D149C_1 dye with carboxyl group, iodide electrolyte
D149C_I_MC1 dye with carboxyl group, iodide electrolyte,
molecular-capping
D149Si_1 dye with silyl-anchor unit, iodide electrolyte

D149Si_1_MC1 dye with silyl-anchor unit, iodide electrolyte,

molecular-capping
D149C_Co
D149C_Co_MC2

dye with, carboxyl group, Co—Bpy electrolyte

dye with carboxyl group, Co—Bpy electrolyte,
molecular-capping

D149Si_Co
D149Si_Co_MC2

dye with silyl-anchor unit, Co—Bpy electrolyte

dye with silyl-anchor unit, Co—Bpy electrolyte,
molecular-capping

Voc Jsc 5 Eff Np}l 5

v] FF [mA cm™?] [%] total APCE [1020s  m™] Ay
0.72 0.68 3.8 1.9 0.30 7.9 1.5
0.68 0.66 4.0 1.8 0.38 6.6 0.92
0.75 0.65 4.4 2.1 0.34 8.0 1.7
0.72 0.65 4.6 2.1 0.37 7.6 1.5
0.79 0.47 59 2.2 0.45 8.2 1.7
0.78 0.46 5.4 2.0 0.45 7.6 1.3
0.79 0.57 5.0 2.2 0.36 8.6 2.1
0.78 0.49 5.3 2.0 0.42 7.9 1.5

“The parameters were averaged after 1 h and 1 day measurements (for iodide cells) and after 1 h, 1 day, and 6 days (for more stable Co-based

cells).

adsorption of the dyes. Two indoline compounds were used to
sensitize the photoanodes: the first, D149 (Aldrich)
commercial dye with a carboxyl group, and the second,
modified D149 obtained by the synthesis route described
above with a silyl anchoring group. The solutions of both dyes
used for sensitization were dissolved in the 1:1 mixture of
acetonitrile and tert-butanol. The dye structures are shown in
Scheme 1.

Similarly, the counter electrodes were prepared according to
the procedure described in our recently published articles.”"*’
One layer of activated platinum (Platisol T, Solaronix) was
deposited on the cleaned surface of the electrodes. The
photoanodes and counter electrodes were joined through a
polymer seal (25 ym Surlyn, Meltronix, Solaronix SA) with the
conducting surfaces facing inward. Afterward, the devices were
filled with the electrolyte through 1 mm holes in the counter
electrode and sealed with the cover glass on the top.

Two types of electrolytes were used for cell preparation. The
first of them was the cobalt-based electrolyte made of the
following components: 0.25 M Co(bpy);(TFSI),, 0.035 M
Co(bpy);(TFSI);, 0.1 M LiTFSL, and 0.5 M tert-butylpyridine
(TBP) dissolved in acetonitrile. The redox couple was cobalt—
bipyridine complex (Co—Bpy). The second one was the iodide
electrolyte made of the following components: 0.08 M I,, 0.6
M 1,2-dimethyl-3-propylimidazolium iodide, 0.1 M Lil, 0.1 M
guanidine thiocyanate, and 0.5 M TBP dissolved in
acetonitrile.

Molecular-Capping Procedure and Dye Desorption
Tests. After the dye adsorption on the titania surface,
molecular passivation by the hierarchical molecular capping
was performed for the selected photoanodes. The cells after
molecular-capping treatment were coded as MC1 and MC2.
The procedure of molecular-capping treatment was similar to
that used recently by us for carbazole dyes.”’ The treatment
was performed just after taking the photoanodes out of the dye
solution and immediately before sealing the cells. The
electrodes were dipped in the appropriate solutions and then
rinsed with acetonitrile. In the first molecular-capping
procedure (MC1), ethylphosphonic acid solution (EPA, 107°
M, 1 or 3 min) in a 1:1 mixture of acetonitrile/toluene was
used. It was applied for the cells with the iodide electrolyte. For
the cells with Co—Bpy electrolyte, the second molecular-
capping procedure was applied (MC2), in which we used the
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following solutions with their concentration and immersion
time: n-octadecyl succinic acid (ODSA, 10 M, 1 min),
isooctyltrimethoxysilane (OTMS, 107> M, 1 min), and
octylphosphonic acid (OPA, 107> M, 1 min). The solutions
were dissolved in a 1:1 mixture of acetonitrile/tert-butanol.
The cells’ symbols are included in Table 1. The symbols
D149C and D149Si mean the D149 dye with a carboxyl or
trimethoxysilyl group, respectively, “I” describes the iodide/
triodide redox couple electrolyte, and “Co” stands for the Co—
Bpy electrolyte. “MC1” or “MC2” stand for the molecular-
capping post-treatment procedure.

We used the 1:9 mixture of water/acetonitrile at room
temperature or the 1:1 mixture of dimethyl sulfoxide
(DMSO) /water at 85 °C to perform the desorption reaction
from the titania surface of both dyes under the same
conditions. Additional experiment was carried out using pure
distilled water, however, both dyes were stable in the
experimental conditions for a few days. Desorption process
was monitored by steady-state absorption spectroscopy.

Cell Characterization. A UV—vis—NIR JASCO V-770
spectrophotometer equipped with a 150 mm integrating sphere
(LN-925) was used to measure the stationary absorption
spectra in the ultraviolet—visible (UV—vis) range. The
samples were mounted in front of the integrating sphere to
detect both transmitted and scattered light. Absorption spectra
were recorded in the spectral range from 400 to 800 nm with a
UV—vis bandwidth of 1 nm. The baselines for the unsensitized
TiO, electrodes were measured and subtracted from the
absorption spectra of the photoanodes sensitized by the dyes.
Current—voltage measurements and IPCE (incident photon-
to-current efficiency) spectra for the studied solar cells were
recorded using a potentiostat (model M101 with a frequency
response analyzer FRA32M module, Autolab) coupled to a
photoelectric spectrometer equipped with a solar simulator
(Photon Institute, Poland). Current—voltage measurements
were usually made 1 h and 1 day after cell preparation;
however, for the cells with the Co—Bpy electrolyte, the
measurements were also repeated on the 6th day, 17th day,
and 1 month after preparation. The Xe lamp with an AM 1.5 G
spectral filter and irradiance adjusted to 100 mW/cm” using a
calibrated cell (15151, ABET) mimicked the sunlight
conditions. Electrochemical impedance spectroscopy (EIS)
measurements were performed using the abovementioned
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potentiostat. The typical equivalent circuit for the DSSC
system with a transmission line element was used in all cases,
and ZView software was employed to analyze the obtained
curves typically in a Nyquist plot representation.’”" The same
complete solar cells as those for current—voltage and
impedance measurements were used for the transient
absorption studies. Transient absorption system has been
described recently with more details (HELIOS spectrometer,
Ultrafast Systems, and Spectra-Physics laser system).’> The
laser pulses were set up at 550 nm and the instrument response
function (IRF) (pump—probe cross correlation function)
duration was about 200 fs (full width at half-maximum). The
pump pulse energy was set to 50, 200, or 800 nJ, which
corresponds to the energy density of 25, 100, or 400 yJ cm™,
respectively. The transient absorption measurements were
analyzed using Surface Explorer software (Ultrafast Systems),
including the global analysis. The program allowed fitting a
multiexponential function (convoluted with IRF) to the kinetic
vectors of a selected number of singular values. Finally, the
characteristic time constants and the wavelength-dependent
amplitudes associated with them were obtained.

B RESULTS AND DISCUSSION

Stationary Absorption. Figure 1 shows the absorption
spectra of photoanodes sensitized by the D149 dye with the
carboxyl (D149C) and alkoxysilyl (D149Si) anchoring groups.
Table 1 summarizes the values of absorbance at 550 nm, as this
wavelength was used for the excitation of complete cells in
femtosecond transient absorption spectroscopy measurements.
Table S1 shows the absorption maxima and the values of
absorbance at a maximum wavelength for photoanodes at each
configuration (without the electrolyte). Slightly higher
absorbance for D149Si than for D149C is obtained, suggesting
greater amount of adsorbed dye molecules, which might be
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explained by the different anchoring unit (stronger and more
flexible for D149Si). The absorption maximum is shifted to the
red by 2—5 nm for D149Si with respect to that for D149C.

A significant decrease in the absorbance after molecular
capping is observed because of the partial desorption during
post-sensitization immersion in capping solutions. After
molecular-capping passivation, a shift of the absorption
maximum to shorter wavelengths is observed for both
molecular-capping procedures (MC1 with EPA solution and
MC2 with the solution of ODSA, OTMS, and OPA, which are
less acidic than EPA). For example, absorption maximum for
D149Si changes from 525 to 518 nm after 3 min molecular
capping in EPA (Table S1). The effect of molecular capping is
more pronounced for D149 with carboxyl than with the
alkoxysilyl anchoring group, when the same immersion
solutions and experimental conditions are applied, for example,
the absorbance values changed by 35% for D149C and by 12%
for D149Si after molecular capping with EPA (MC1). As
expected, the application of molecular-capping post-treatment
with less acidic molecules (MC2) shows less pronounced
absorption changes than in the molecular capping with EPA.
The shifts of the position of the maximum absorption
wavelength to shorter wavelengths and desorption of the dye
molecules from the titania surface (manifested as decreased
absorbance) are similar to those observed by us for ADEKA-1
and MK-2 dyes after molecular-capping passivation.”" It might
be rationalized by the increased protonation of the titania
surface (especially important when EPA solution was used) or
the reduced aggregation of the dye molecules (absorption blue
shift was also observed for D149 with increasing coadsorbent
concentration).*>%%3

The absorption spectra are also necessary for the
interpretation of photovoltaic results because they were used
for calculations of the number of absorbed photons (Nph) and
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the relative photocurrent (discussed below). The values of N,
were obtained from the integration of the stationary
absorptance spectrum multiplied by the photon flux spectrum
from AM 1.5G and are also presented in Tables 1 and S1.

Desorption Tests. To test the chemical stability of D149
dyes attached to the titania surface, desorption tests were
performed (Figures S1 and 2A). The photoanodes sensitized
with D149C or D149Si dye were immersed in a mixture of 9:1
acetonitrile/water, and the absorption spectra were measured
after 1 min, 2 min, 3 min, 4 min, 7 min, and 1 h. The results of
absorption measurements were fitted to the monoexponential
function with the characteristic decay times of 1.4 and 2.7 min
for D149C and D149Si, respectively (Figure 2A). The results
of the fit confirmed the difference in the bond strength
between the carboxyl and alkoxysilyl groups anchoring to the
titania surface and the observed lower stability of D149C than
D149Si upon molecular-capping passivation. Additionally,
desorption tests were performed for the photoanodes
sensitized with both D149 derivatives using a mixture of
DMSO/water 1:1 at 85 °C (data not shown). When using the
photoanode sensitized with D149C, after S min of immersion,
over 98% of the dye molecules underwent desorption from the
titanium oxide surface, whereas in the same time, for D149Si,
only 60% of the dye was desorbed. Finally, the photoanodes
sensitized with D149Si and D149C were immersed in pure,
distilled water for S days, and no changes in the absorption
spectra were observed after this immersion time (data not
shown). This interesting effect might be explained by the lack
of wetting of the photoanodes sensitized by the dyes that are
not water soluble. Thus, although water has a destructive
effect, the presence of another solvent, such as acetonitrile or
DMSO, is necessary to allow water to penetrate to the dye—
titania interface. Therefore, we think that water is responsible
for the hydrolysis of chemical bonds between the anchoring
moiety and the titania surface, and the presence of an organic
solvent, such as acetonitrile, is necessary to dissolve the
detached dye.

Photovoltaic Parameters. Table 1 summarizes the
averaged values of basic photovoltaic parameters measured
for the studied solar cells, including the open-circuit voltage
(Voc), fill factor (FF), photocurrent density (Jsc), and
efficiency (Eff). Measurements of the current—voltage curves
of the cells with the iodide electrolyte were performed for each
cell twice: 1 h and 1 day after preparation, and the final values
were the averages from three different cells of each
configuration. For the cells with the cobalt electrolyte, because
of their better stability (discussed below), current—voltage
curve for each cell was measured 3 times: 1 h, 1 day, and 6 days
after preparation. Table S1 summarizes the photovoltaic
parameters of the best solar cells (taking into account Js¢) of
each configuration. Table S2 includes the values of the relative
error of the averaged photovoltaic parameters given in Table 1.
Both Tables 1 and S1 include the parameter representing the
relative photocurrent and called the total APCE (APCE—
absorbed photons per current efficiency), which is defined as
total APCE = Jsc/eN,y,, where e is the elementary charge. As
the number of molecules of adsorbed dyes on the titania
surface is different, this parameter allows us to compare the
efficiency of charge separation between the cells. Moreover, for
the best cells with the cobalt-based electrolyte, the IPCE
spectra were also measured. The maxima of IPCE spectra (in
the spectral region of photoanode absorbance >1) was 30—
40%, which was in line with the values of total APCE

parameters. The normalized IPCE spectra are presented in
Figure S2, and they show a slight blue shift for the samples
after molecular capping, in agreement with the absorption
spectra.

Generally, the values of solar cell efficiency of our cells are
relatively low compared to those of the champion DSSCs
sensitized with the D149C dye (about 9% at a titania thickness
of 12.6 yum).*® The main reasons are the small thickness of the
mesoporous titania layer (about 2—3 pm) and the lack of
scattering nanoparticles layer in our cells, which should be
transparent enough for transient absorption measurements.
Moreover, for more clear comparison of the two dyes, we
prepared our cells without addition of coadsorbent molecules,
which typically improves the efficiency of indoline DSSCs.

First, the consequence of replacement of the anchoring
carboxyl with the alkoxysilyl group will be discussed. The cells
obtained with the use of D149 containing alkoxysilyl anchoring
groups are characterized by higher solar cell efficiency than
those with the carboxyl anchor in the iodide electrolyte,
whereas it is the same in the cobalt-based electrolyte (Table 1).
On the other hand, the relative photocurrent (fotal APCE
parameter) is usually slightly lower for D149Si than for D149C
cells. It can be explained by the slightly higher absorbance of
D149Si photoanodes and thus possibly more ne§ative effect of
aggregation on the charge separation efficiency.”®

Another experimental factor that influences the photovoltaic
parameters is the type of electrolyte used for the preparation of
solar cells: iodide (I) or cobalt-based (Co). Generally, better
values of V5 were found for the cobalt-based cells than for the
ones with the iodide electrolyte (e.g, D149Si I: 0.75 V and
D149Si_Co: 0.79 V). Similarly, the application of the cobalt-
based electrolyte instead of the iodide one improves Jgc (e.g.,
D149Si_I: 44 mA cm™* and D149Si_Co: 5.0 mA cm™?), solar
efficiency (e.g, D149C _I: 1.9% and D149C_Co: 2.2%), and
total APCE (e.g, D149C_I: 0.30 and D149C_Co: 0.45). In
contrast, the FF parameter is significantly worse in cells with
the cobalt-based electrolyte than in those with the iodide one
(e.g, D149C I: 0.68 and D149C_Co: 0.47).

The third factor that influenced the fabricated cells
performance is molecular-capping post-treatment. Molecular-
capping post-treatment decreases the values of Voc and FF
parameter (e.g, D149C_I: 0.72 V and 0.68 with respect to
D149C I MC1: 0.68 V and 0.66, respectively). The values of
solar cell efficiency are slightly lower after molecular-capping
post-treatment, irrespective of the type of electrolyte. It is
mainly due to lower absorption caused by the partial
desorption of the dyes after molecular capping. However, the
higher values of total APCE for D149Si are obtained after
molecular,capping (e.g, D149Si_I: 0.34 vs D149Si_I MCl:
0.37 or D149Si_Co: 0.36 vs D149Si_Co_MC2: 0.42). The
improvement of the relative photocurrent suggests that the
efficiency of charge separation is increased after capping.

Solar Cell Stability. Additionally, the long-time stability
test of the prepared solar cells was performed. Application of
molecular capping and Co-based electrolyte instead of iodide
improved the stability. Figure 2B shows the plot of
photocurrent density (Jsc) vs time after cell preparation, for
all studied configurations. One day after cell preparation, the
photocurrent density of D149C_I decreased by ~57%, but at
the same time for D149C_Co, the change in Jsc was clearly
smaller (about 9%). Recalling, molecular capping significantly
affects the long-term stability. Generally, for most of the cells, 1
day after their preparation, the photocurrent density decrease
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Figure 3. Plots of (A) chemical capacitance (C,) and (B) CT resistance (Rcr) vs applied bias obtained from the equivalent circuit fits to
impedance spectroscopy results for selected cells. The results for the other configurations are in the Supporting Information (Figure S3).

was smaller when the molecular-capping post-treatment was
applied (D149C I: ~57% vs D149C I MCI1: ~28% and
D149C_Co: ~9% vs D149C_Co_MC2: ~7%). Interestingly,
the decrease in the solar cell performance is independent of the
anchoring unit (similar for D149C and D149Si), despite
slower desorption observed for the D149Si dye (e.g. Figure
2A). This means that cell degradation is rather not related to
dye desorption, but other factors (e.g, change in the relative
energetic position between the dye excited state and the TiO,
valence band upon time) are responsible for this effect.

Electrochemical Impedance. EIS measurements were
performed for the cells in all configurations in 2—3 h and 1 day
after preparation. The results extracted from the Nyquist plots,
such as the chemical capacitance at the TiO,/electrolyte
contact (Cﬂ) and the charge-transfer resistance at this interface
(Rcr), were averaged from these two measurements. The
impedance measurements were performed in the dark in 50
mV increments, starting from 400 mV and finishing slightly
above the V¢ characteristic of each cell. The obtained results
were analyzed using the ZView software for an equivalent
circuit, with a transmission line typical of DSSC systems shown
in Figure S3A. The examples of the Nyquist plots for different
cells sensitized with D149 in selected configurations are
included in Figure S4. The C, and Rey data are presented in
semilog plots as a function of the applied bias voltage and
included in Figure 3 (cells without molecular-capping
passivation) and Figure S3 (cells with molecular-capping
post-treatment). Moreover, in Figures SS and S6, the effect of
molecular capping, for the same type of electrolyte, is
illustrated.

The processes studied in EIS occurred in the time scale from
milliseconds to seconds and may be helpful in the explanation
of the variation in Vyc and FF values obtained from
photovoltaic measurements of the cells. The shift in C, values
is correlated with a relative shift of the titania conduction band
with respect to the potential of the redox couple. Certain
parameters or conditions of the process of solar cell
preparation caused a down shift of the titania conduction
band. First, the application of the Co—Bpy electrolyte instead
of iodide (D149Si I and D149C I vs D149Si Co and
D149C_Co) causes an increase in the relative potential by
about 100 mV, both for the samples with and without
molecular capping (Figures 3A and S3B). On the other hand,
only a slight down shift of the titania conduction band was
observed for D149Si with respect to that observed for the
D149C in the same type of electrolyte (Figures 3A and S3B).
Irrespective of the type of electrolyte (iodide or Co—Bpy) and
dye (D149C or D149Si), the molecular capping slightly shifts
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down the position of the titania conduction band (Figures S5
and S6).

Moreover, the samples give the satisfactory linear fits of the
semilog plots of C, vs the applied bias voltage. The slope of the
above plots was used as a parameter, denoted as a, suitable for
comparing distributions of the trap states below the
conduction band.’>*' The values of this parameter are
collected in Table S4, and they are significantly lower in the
iodide cells (0.18—0.21) than those for the Co—Bpy cells
(0.28—0.31). Our previous results with the same titania paste
and photoanode preparation gave & of about 0.20 for the cells
sensitized with the N719 dye in the iodide electrolyte*” and a
of about 0.24 for those sensitized with carbazole dyes in the
Co—Bpy electrolyte.”’ Thus, the presented results indicate that
narrower distribution of the trap states in the Co—Bpy
electrolyte than in the iodide one might be a more universal
feature.It should also be pointed out that the changes in the
type of anchoring group or the molecular-capping application
have only a slight influence on the values of parameter c.

The second important parameter that can be extracted from
EIS measurements is the charge-transfer resistance (Rcr). The
results of Rcp vs the applied bias voltage of selected
configurations are presented in Figures 3, S3C, SS5B, and
S6B. Analysis of the results presented in Figures 3B and S3C
shows that the values of Rop for the iodide electrolyte are
slightly lower than those obtained for the Co—Bpy-based cells.
Additionally, slightly lower values of Rcp were found for
D149C than for D149Si in the same type of electrolyte.
Further, the application of molecular-capping post-treatment
led to significantly lower values of Rcry, irrespective of the
electrolyte used (Figures SSB and S6B). For most samples,
satisfactory linear fits of Rcp versus the applied bias voltage
enable the extraction of the cells ideality parameter m (Figure
SS). The values of parameter m are similar for all cells and vary
between 1.8 and 2.2. Therefore, EIS measurements in the dark
do not explain lower FF values for the Co—Bpy cells than
those obtained for the iodide ones (Table 1), so a decrease in
charge transport efficiency at high applied voltages in Co—Bpy
cells must occur because of irradiation.

To further analyze the difference between the iodide and
Co—Bpy electrolytes, we extracted three other parameters from
the Nyquist plots. The results of the averaged values of the
Warburg resistance, the counter electrode/electrolyte interface
resistance, and the transport resistance for the different cells
fabricated are shown and commented in detail in Figure S7.
Similarly to our recent results obtained for the N719 dye," all
of the above resistances are higher for Co-based cells than for
those with the iodide redox couple. It confirms the universal
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Figure 4. Exemplary transient absorption spectra for selected delay times between pump and probe pulses for D149Si_Co and D149Si_Co_MC2
in vis (A,C) and NIR (B,D) ranges. The results for other samples are presented in the Supporting Information (Figure S8).

feature and suggests that for both ruthenium and metal-free
dyes, when the Co—Bpy electrolyte is used, the electron
transport through titania nanoparticles, redox pair diffusion,
and regeneration at the counter electrodes are slowed down,
which can explain the lower FF values under 1 Sun conditions.

Transient Absorption: Spectra and Kinetics. Femto-
second transient absorption measurements were performed for
the cells with the cobalt-based electrolyte (showing higher
stability) under excitation at 550 nm in a 3 ns time window in
two spectral ranges in separate experiments: 480—840 nm (vis)
and 800—1500 nm [near-infrared (NIR)]. The representative
transient absorption spectra for selected delay times between
pump and probe pulses both in vis and NIR ranges and the
selected cell configuration are presented for D149Si_Co and
D149Si_Co_MC2 in Figure 4 and for D149C_Co and
D149C_Co_MC2 in Figure S8 (including exemplary two-
dimensional representation of the transient data).

The residual spectrum (at long time delays) shows positive
transient absorption at 670 nm (in the vis range) and at 1300—
1400 nm (in the NIR range). These bands have been identified
as characteristic of the free radical cation of D149.*
Additionally, some contribution in the NIR range might also
be due to the band with a maximum at 1100 nm assigned to
the bound radical cation—electron complex (intermediate
state, living at least longer than the temporal window 3 ns of
the experiment), on the basis of the transient absorption
results of indoline dyes on the reference ALO; films**>* and
on ZnO films*® (also called the ionic CT state). The negative
signals contributing to the residual transient absorption spectra
are related to the depopulation of the ground state of the dye
(localized below 600 nm) and the negative part of the transient
Stark shift (the signal originating from the electric field of
injected electrons in titania and observed in the range 600—
650 nm in previous studies of the D149 dye).***® The
concentration of radical cations is proportional to the number
of injected and successfully separated electrons in titania.
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Therefore, the amplitude of the residual signal (at 3 ns) can be
considered as a measure of efficiency of charge separation. This
efficiency can be lowered as a result of self-quenching of the
excited states (before electron injection) and back electron
transfer in the bound complex of the radical cation and
electron in titania (after electron injection).**** Figures S9 and
S10 show the exemplary kinetics in the NIR range for different
pump pulse intensities (50, 200, and 800 nJ). They confirm the
faster decay of the signal and the smaller amplitude of residual
transient absorption with increasing population of the excited
state of the dye, which can be explained by the self-quenching
effect.*® Table 2 shows the residual signals at 1300 nm (band
of free radical cation) for different cells measured upon 200 nJ
excitation (from Figures S9 and S10).

Table 2. Averaged Time Constants (7; and 7,) Based on the
of Global Analysis (Two-Exponential with a Constant
Offset) of Transient Absorption Data in the NIR Range
under 200 nJ Pump Pulse Intensity and the Amplitude of
the Normalized Residual Signal of Transient Absorption
Kinetics at 1300 nm (S,,, Ratio of the Amplitude after 3 ns
to the Initial One) for the Selected Cells with the Co-Based
Electrolyte

cell 7, (NIR), ps 7, (NIR), ps S,es (1300 nm)
D149C_Co 7.2 190 0.37
D149C_Co_MC2 9.7 240 0.40
D149Si_Co 7.7 220 0.36
D149Si_Co_MC2 7.3 240 0.43

Transient Absorption: Global Analysis. To find detail
information on the dynamics of excited state deactivation and
electron injection, global analysis of the transient absorption
spectra was applied. A three-exponential function plus a
constant offset were applied to fit the experimental data and
provide sufficient fit quality and low residuals (Figures S and
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for high energy (200 nJ).

6). The positive amplitudes in the spectra of a given time
constant represent the decay, whereas the negative amplitudes
represent a rise of the transient absorption signal. Additionally,
in the NIR range, the effect of different pump pulse intensities
was studied (Figures S11 and S12). The interpretation of the
spectra evolution follows from the previous assignments
reported in our works about D149°°"** and a similar D358
dye.>* The initial, short-living excited (Franck-Condon, FC)
state was reported to have the transient absorption maximum
around 720 nm, while the subsequent CT state shows a
transient absorption maximum around 600 nm, the same for
D149 in solution and on TiO, nanoparticles.’®
FC and CT states also give strong transient absorption signals
in the NIR range (at least up to 1500 nm).** Therefore, the

54
Moreover,

25771

direct detection of injected electrons in titania is not possible
in the studied spectral range (probably further mid-IR range is
required),*® and we cannot separate the injection contribution
from FC, hot CT, and relaxed CT states (the measured
dynamics of the decay of all excited states can contain the
contribution of both electron injection and internal deactiva-
tion), as is depicted in Scheme S1. However, the ratio of the
residual signal (assigned to the radical cation) to the initial
signal (due to FC state, so proportional to the population of
excited dyes) can still be used to monitor the final charge
separation efficiency (irrespective of from which state the
electron injection occurs).

The fastest component in our global fit, having the
amplitude spectrum with the maximum of positive part around
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720 nm, is associated with the decay of the initially excited
(EC) state.>® Tt is characteristic that after the multicapping
procedure, the time constant values increase for the D149 dye
with both carboxylic and silyl anchoring moieties (e.g,,
D149C Co: 0.32 ps vs D149C Co MC2: 0.46 ps and
D149Si_Co: 0.25 ps vs D149Si_Co_MC2: 0.39 ps in Figure
6). A similar increase in the fastest component in the
molecularly capped cells can also be observed in the NIR
range (Figure 5). For the smallest pump pulse energy (50 nJ),
a negative amplitude (rise of the signal due to the change from
FC to CT state) can be observed in the range 1050—1250 nm,
in line with the kinetics in Figures S9 and S10. When the
global fit is narrowed to this range (data not shown), even
clearer differences in the fastest components can be observed
between the samples, with shorter time constants of 0.7 and
0.6 ps for D149C_Co and D149Si_Co, respectively, and
significantly longer ones, 1.0 and 1.1 ps for D149C_Co_MC2
and D149Si_Co_MC2, respectively. The observed rise can be
explained by higher absorption coefficients for the CT state
and/or radical cation than that of FC state in the 1050—1250
nm range. For higher pump intensities, the rise is not observed
(Figures S9 and S10) and only an indentation in the amplitude
spectra is present (Figures S11 and S12), probably because of
fast decay components of the CT state (due to self-quenching
at high intensities) or cation radical disappearance (due to
enhanced recombination at high intensities).

Further, the second and third components, with maxima of
the amplitude spectra localized at 600—650 nm in vis and
above 1400 nm in NIR, are associated with the decay of the
CT state of D149 dye with simultaneous partial generation of
population of the radical cation (Figures S and 6). The second
component in the vis range has a negative amplitude around
680 nm and the third one (the longest) at around 770 nm. It
can be attributed to the transient absorption rise due to the
higher extinction coefficient of the radical cation than that of
the CT state for these wavelengths.38 Moreover, the negative
amplitude might also originate from the decay of the
stimulated emission (present for the CT state but absent for
the radical cation), and its red shift with time indicates the
contribution of a more relaxed CT state (emission shifted to
longer wavelengths). It agrees with the fluorescence maximum
of the D149 dye in acetonitrile solution at 664 nm,* taking
into account that the stimulated emission is red-shifted with
respect to the fluorescence spectra (scaling factor %)
Moreover, we observed the negative signal of stimulated
emission of D149 in solution extending up to 850 nm and the
CT state relaxation taking place on the time scale of 2—40 ps
because of the solvation process.””* Thus, the negative
amplitude at around 680 nm in the second component is due
to the stimulated emission and cation generation from the hot
CT state dye, whereas the negative amplitude obtained in the
third component around 770 nm is mainly related to the
stimulated emission and cation generation from the relaxed CT
states. It should be noted that we have observed previously the
fluorescence decay time constants for D149/TiO, cells
extending up to hundreds of picoseconds.”® As for the NIR
region, the spectra of the second and third components are
similar to each other (Figure 5), probably because of less
difference between the spectra of hot and relaxed CT states in
this range. Table 2 summarizes the values of the time constants
of the CT state decay averaged from several measurements in
the NIR range at the pump pulse intensity of 200 nJ.

Similarly, as for the fastest component (of the FC state),
global analysis of the transient absorption in vis and NIR
shows that significant differences can be observed between the
CT state dynamics of the samples with and without
multicapping post-treatment. For the molecularly capped
cells with either of the dyes, the fitted time constants of the
CT state decay are on average 1.5 + 0.2 times longer than
those for samples without molecular capping (Figure S and
Table 2 in NIR and Figure 6 in vis). It means that application
of the molecular-capping post-treatment slows down the decay
of both FC and CT states. Within the experimental error, no
differences in the excited state dynamics can be observed
between the dyes with the alkoxysilyl and carboxyl anchoring
moieties. An increase in the excited states lifetimes might be
either a consequence of slower electron injection (generally
decreasing the solar cell performance) or a slower self-
quenching process (improved charge separation in the cells).
In the case of molecular capping, we believe that the second
mechanism operates, as the relative amplitude of the residual
signal in the NIR range (Figures S9 and S10) increases with
respect to that for the uncapped cells (Table 2). It also agrees
well with the higher values of the total APCE parameter for
the cells after capping (Table 1); therefore, better charge
separation correlates with the higher residual signal measured a
few nanoseconds after excitation. It should be noted that a
similar dynamical effect (lifetime increase) has been reported
by us previously for D149 with increasing number of
coadsorbed molecules (chenodeoxycholic acid).”® It is not
surprising because both the coadsorbed molecules and the
molecules adsorbed after dye sensitization (in post-treatment
capping) should increase the distance between adjacent
indoline dye molecules on the titania surface, which suppresses
self-quenching.

Finally, we would like to mention our preliminary results
obtained for ZnO photoanodes sensitized with silyl-anchor
modification of the D149 dye, which are presented in the
Supporting Information (Table SS and Figures S13 and S14).

B CONCLUSIONS

The photovoltaic properties and dynamics of CT processes
from picoseconds to seconds have been investigated for DSSCs
with two different indoline dyes: commercially available D149
and its synthetic modification with the alkoxysilyl anchoring
group. We have observed that the dyes with the new, stronger
anchoring group are more resistant to desorb from the titania
surface. However, the photovoltaic parameters and CT
dynamics were similar for both dyes. More changes were
observed upon substitution of the standard iodide electrolyte
with the recently widely explored new type of electrolyte with
the cobalt-based redox couple (Co—Bpy in our work). The
cells fabricated with the cobalt electrolyte showed significantly
superior stability and slightly improved photovoltaic perform-
ance (higher Vi, Jsc, and efficiency, although lower FF) than
those with the iodide electrolyte.

Electrochemical impedance studies in the dark showed
about 100 mV higher relative potential (of TiO, conduction
band with respect to the redox couple), narrower distribution
of trap states in titania, and slower titania—electrolyte
recombination (at the same applied bias voltage) in the
cobalt-based cells.

The application of novel molecular-capping post-treatment
procedure resulted in the most pronounced changes of DSSCs
in all aspects. The absorption spectra of the sensitized
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Table 3. Summary of the Effects Studied for the Cells with the Indoline Sensitizer

anchoring unit (carboxyl vs alkoxysilyl)

slightly higher absorbance and red shift for D149Si
with respect to D149C

D149Si dye desorbs slower

stationary
absorption

desorption tests

type of electrolyte
(cobalt- vs iodide-based)

molecular capping

significant decrease of sensitizer’s absorbance after
capping

photovoltaic slightly better Vi ¢, Jsc, and efficiency for D149Si, better Vi, Jsc, and efficiency, worse Vo, FF, and efficiency, usually better Jsc
parameters but only with the iodide electrolyte worse FF for the Co-based after capping
electrolyte
relative total _APCE slightly worse for D149Si than D149C  better for Co-based electrolyte better after capping
photocurrent
stability of the no difference observed better with Co-based electrolyte capping slightly improves stability
cells
electrochemical slight down shift of the titania conduction band  higher relative potential and capping slightly shifts down the position of the
impedance and higher CT resistance for D149Si with narrower distribution of trap titania conduction band and lowers the values of

respect to that observed for the D149C

fs—ns transient similar CT dynamics for both dyes

absorption

states in the Co-based electrolyte

CT resistance at the same potential

slower decay of the dye excited states and higher
residual absorption signal after capping

photoanodes became modified upon molecular capping (lower
absorbance and blue shift of the maximum), Vo, FF, Jsc, and
efficiency of the cells slightly decreased, but the relative
photocurrent (total APCE parameter) was significantly higher
than that of unmodified cells. Finally, slower decay of the
sensitizer excited states was observed after molecular capping
(FC state disappearing on the sub-picosecond time scale, hot
CT state with single picosecond lifetime, and relaxed CT state
with decay on the hundred picosecond time scale), and the
effect was explained by suppressed self-quenching of the dyes.
It was accompanied by an increase in the residual transient
absorption signal after 3 ns that correlated with the
improvement in the relative photocurrent.

Our observation of the effects caused by the three studied
solar cell modifications (alkoxysilyl anchoring group, molecular
capping, and cobalt-based electrolyte) are summarized in
Table 3. We believe that the presented studies of application of
new DSSC concepts to the indoline-based solar cell will be of
great importance for further optimization of the devices with
this large class of efficient sensitizers.
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Table S1. Photovoltaic parameters of the best solar cells sensitized by D149 dye with

carboxyl and silyl-anchor unit of each configuration: open circuit voltage (Voc), fill factor

(FF), photocurrent density (Jsc), efficiency (Eff) number of absorbed photons at 1Sun

illumination (Npn), absorbance at Amax (Amax) and corrected photocurrent efficiency

(total_APCE).

Amax
Cell \[’\333 FF - Xsccm_z] Eff [%] [102('}';’.2m.2] (e [nM])¥ | totI_APCE

D149C | 0.74]0.67| 5.1 2.5 7.9 1.7 (523) 0.40
D149C_I_MC1 |0.69|0.63| 4.7 2.0 6.6 1.1 (515) 0.44
D149Si_| 0.760.63| 5.9 2.8 8.0 1.9 (525) 0.47
D149Si_|_MC1(a)* | 0.74|0.62| 6.5 3.0 8.1 1.7 (521) 0.50
D149Si_I_MC1(b)*|0.73]0.65| 4.7 2.2 7.4 1.5 (518) 0.40
D149C_Co 0.78(0.39| 6.7 2.0 8.2 1.9 (521) 0.51
D149C_Co MC2 |0.79]0.45| 6.1 2.2 .7 15(321) | 050
D149Si_Co 0.79|0.53| 5.9 2.4 8.6 2.3 (526) 0.43
D149Si_Co_MC2 |0.79| 05| 5.9 2.3 7.9 1.7 (525) 0.46

*D149Si_I|_MC1(a): D149 dye, silyl-anchor unit, iodide electrolyte, multi-capping post-treatment (1min EPA);

D149Si_|_MC1(b): D149 dye, silyl-anchor unit, iodide electrolyte, multi-capping post-treatment (3min EPA)

#relative error of Amax includes between 0.1 — 0.3 %
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Table S2. Number of measured samples (N) and relative errors of the calculated averaged
photovoltaic parameters (given in Table 1) for the studied solar cells. The relative error of
parameter p is defined as the standard deviation of the mean (Ap) divided by the mean value
(from Table 1) and multiplied by 100 %.

AVye | AFF Adge AEff
Cell N Voo | FF Jec Eff
[%] | [%] | [%] [%]

D149C_|I 4 14 2.9 18.2 17.7

D149C_I_MC1 2 1.5 3.8 16.4 13.9

D149Si_|I 4 0.6 2.2 18.7 17.2

D149Si_I_MC1 6 0.9 11 9.7 10.2

D149C_Co 9 0.2 5.3 2.7 4.7

D149C_Co MC2 | 6 06 | 49 4.6 5.2

D149Si_Co 9 0.3 2.1 4.9 2.8

D149Si_Co_MC2 9 0.3 3.1 2.3 3.1
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Table S3. Photovoltaic parameters of the solar cells sensitized by D149 dye with carboxyl and
silyl-anchor unit of each configuration after 1h; 1, 6, 17 days and 1 month after preparation
with Co-Bpy electrolyte.

Cell pTrgger‘:g; \[’\333 FF m ot 2| EfF (%] [102('}'5"_2m_2] Asoomm | 16131 APCE
ih  |078l039| 67 | 20 82 | 17 | o051
lday |0.78/048| 61 | 23 82 | 17 | 047
D149C_Co | 6days |0.78/052| 55 | 2.2 82 | 17 | 042
17days |078]054| 58 | 24 82 | 17 | o044
Lmonth |079(055| 58 | 25 82 | 17 | o044
ih |o79loas| 61 | 22 77 | 14| 05
lday |077]049| 57 | 21 77 | 14 | o046
D149C_Co MC2| 6days |0.77]0.55| 53 | 22 77 | 14| o043
17days 077|060 48 | 2.2 77 | 14| o4
Lmonth |0.77|060| 47 | 22 77| 14 | 039
th  |079]053| 59 | 24 86 | 21 | 043
lday |079]055| 54 | 23 86 | 21 | 039
D149Si Co | 6days |0.79056| 52 | 23 86 | 21 | 038
17days |079]0.62| 46 | 23 86 | 21 | 033
Lmonth | 08 [0.64| 44 | 23 86 | 21 | 032
ih  |o79/0s0| 59 | 23 79 | 16 | 046
lday |0.79|054| 52 | 22 79 | 16 | o041
D149Si Co MC2| 6days |078|057| 47 | 21 79 | 16 | o037
17days |0.78|060| 45 | 21 79 | 16 | 036
Lmonth [0.79| 06| 43 | 20 79 | 16| o034

Open circuit voltage (Voc), fill factor (FF), photocurrent density (Jsc), efficiency (Eff) number of absorbed
photons at 1Sun illumination (Npn), absorbance at 500 nm (Asoo nm) and corrected photocurrent efficiency (Total
APCE).
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Figure S1. Absorption spectra of D149 dye with carboxyl (A) and silyl-anchor (B) groups

upon immersion in mixture of 9:1 acetonitrile:water in time.

Comments to Figure S1:

It should be pointed that upon immersion of sensitized photoanodes, the absorption maximum

shifts to the shorter-wavelengths, for D149C. Before immersion the maximum is noted at 521

nm, after Imin at 516 nm and after 2 min at 509 nm. Similar changes, however not so clearly,

were observed for D149Si, whereas before immersion the absorption maximum is found at

521 nm and after 2 min at 517 nm. It might be rationalized by the presence of water in the

mixture used to the desorption process or due to decreasing dye aggregation.
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. 1.01 ] ALY —=— D149Si_Co
EE .)J" ‘\\ D149C_Co_MC2
0845 " = D149Si Co_MC2
O |/I=:h o \-
c ] "ar \
5 0.6 .
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N
E 0.4 \'
5 ] b
0] |
=S
' e
OO T T T T r l!.l.-.-.-.q.-.-.l.-.‘
400 500 600 700 800

Wavelength (nm)

Figure S2. IPCE spectra of selected cells sensitized with D149 in the different, indicated

configurations, all with Co-Bpy electrolyte.
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Electrochemical impedance spectroscopy (EIS)
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Figure S3. (A) Equivalent circuits for EIS of DSSCs, DX1 is transmission line element.
Chemical capacitance (B) and charge transfer resistance (C) of different cells sensitized with
D149 in different cell configurations after multi-capping post-treatment using iodide or Co-

Bpy electrolyte.

(A) m D149Si_| (B) = DI149Si_|_MC1
= D149C_|_MC1
4001 200 D149Si_Co_MC2
D149C_Co_MC2
-300 -150
S g
N -200 N -100
-100 -501
- T T T T T T 0- T T T
0O 200 400 600 800 1000 1200 0 200 400 600
Z'(Q) Z'(Q)

Figure S4. Nyquist plots for different cells sensitized by D149 in different configurations
without (A) and after (B) multi-capping post-treatment at bias voltage of 0.7 V.
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Figure S5. Chemical capacitance (A) and charge transfer resistance (B) of different cells

sensitized by D149 in different cell configurations after

treatment using Co-Bpy electrolyte.

or without multi-capping post-
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Figure S6. Chemical capacitance (A) and charge transfer resistance (B) of different cells

sensitized by D149 in different cell configurations after or without multi-capping post-

treatment using iodide electrolyte.
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Table S4. Calculated ideality factor (m) and trap distribution parameter (o) for obtained cells
sensitized by D149 in different configurations. The parameters o and m were obtained from
the fit (Figures 3 and S3) of the following functions: C.=Co exp(a Ve/kT) and Rct=Ro exp(-

Ve/m KT), relative errors of m includes between 5-20 % and of a - between 5-10 %.

el . :
D149C | 1.8 0.21
D149C_|_MC1 1.9 0.18
D149Si_| 1.7 0.20
D149Si_|_MC1 2.0 0.21
D149C_Co 1.9 0.31
D149C_Co_MC2 1.9 0.31
D149Si_Co 2.0 0.28
D149Si_Co_MC2 2.2 0.31
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Figure S7. Averaged values of Warburg resistance (W1 _R, Figure A), the counter
electrode/electrolyte interface resistance (R1, Figure B) and transport resistance (Rt, Figure C)
for different cells fabricated by D149 dye in different configurations with iodide and Co-Bpy
electrolyte.

Comments to Figure S7:

Firstly, the values of Warburg resistance systematically increased both for iodide and
Co-Bpy electrolyte. In the range of the applied bias voltage from 0.80 V to 0.65 V the values
for iodide electrolyte changes from 4.4 Q to 69.4 Q and in the same range for Co-Bpy
electrolyte the values of Wi.r appears from 36.5 Q to 488 Q. Similar trends for the change of
Warburg resistance were observed for the solar cells fabricated by N719 dye with the same
type of electrolyte L. It suggests that the resistance responsible for the time of charge transport
in electrolyte is independent of the type of dye used (ruthenium or metal-free). Further, the
resistance responsible for the time scale of redox pair regeneration (R1) for iodide electrolyte
is practically the same from 0.80 V to 0.65 V (~4Q) and systematically increase between 0.6
V and 0.5V (from 4.5 Q to 44 Q). Significantly higher values of R are found in the Co-Bpy

cells. Between 0.80 V and 0.50 V the values are similar (~92 Q) with perturbation between
S9



0.65 V and 0.55 V. Corresponding to the data obtained for N719 cells! it can be concluded
that trends observed for R1 values are similar, so the values of R1 depend more on the type of
electrolyte than used dye. Finally, the values of transport resistance for D149 in different
configurations (Figure S7C) are weakly dependent on the electrolyte used. In the case of
cobalt cells the values are higher with respect to the iodide one. Between 0.8V and 0.65V it
was found that for iodide cells the values are practically the same (change from 10.3 Q to
12.2 Q) however increasing from 12.2 Q to 40.7 Q when bias voltage changes from 0.65V to
0.5V. In the case of cobalt cells, the values of R; increases from 12.9 Q to 60.1 Q between
applied bias voltage from 0.80V to 0.65V, but at lower values of bias voltage (from 0.65V to
0.5V) the values of R;significantly decrease. It should be pointed that the differences between
the R¢ values for D149 dye for iodide and cobalt cells are not so high as observed for
N719+CDCA! when the difference were about ten times higher for cobalt cells than iodide. It
suggests, that electron transport through titania nanoparticles when the D149 dye is used
instead of N719 is comparable, independently of the electrolyte used. The differences
between cobalt and iodide cells fabricated by D149 dye are also clear show after comparison
between Nyquist plots for different cells (Figure S4). For the iodide cells dominant semicircle
is located in the intermediate frequency region, which corresponds to charge transfer
resistance (Rct), and only small semicircle in the high frequency part of the Nyquist plot is
present, which can be associated to the counter electrode/electrolyte interface. On the other
hand, in cobalt cells two clearly different semicircles were found, the first in the high
frequency region (associated with R resistance) and the second, in the intermediate frequency
region (associated with Rct). In the low frequency part of Nyquist plots, both for iodide and
cobalt cells no clearly semicircle is present and it is important difference between these cells

and the cells sensitized by N719 dye.?
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Transient absorption spectroscopy
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Figure S8. Exemplary transient absorption spectra for selected delay times between pump and
probe pulses for D149C_Co and D149C_Co_MC2 in both VIS (A, D) and NIR (B, E) ranges;
(C) 2D representation of the change of absorption (AA) plotted as a compilation of two
individual example measurements in VIS and NIR range for D149C_Co sample.
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Figure S9. Kinetics at 1100 nm (A, C) and 1300 nm (B, D) for D149 dye with carboxyl group
and Co-Bpy electrolyte under different pump pulse intensity (50, 200 and 800 nJ). The data
for the cells after multi-capping post-treatment were included in C and D.
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Figure S10. Kinetics at 1100 nm (A, C) and 1300 nm (B, D) for D149 dye with silyl-anchor
unit and Co-Bpy electrolyte under different pump pulse intensity (50, 200 and 800 nJ). The
data for the cells after multi-capping post-treatment were included in C and D.
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Figure S11. Wavelength dependent amplitudes of the indicated time constants obtained from
global analysis: the effect of different pump pulse intensity (50, 200 and 800 nJ) in NIR range
for DSSCs with D149 dye with carboxyl group and Co-Bpy electrolyte. For pulse energies
>200 nJ the fastest component was not well resolved in NIR, therefore two-exponential fit
plus a constant offset were used in this range. Samples in Figure D, E, F were after post-
treatment multi-capping. The decay time constants decrease with higher pump pulse intensity,
in agreement with the exemplary kinetics shown in Figure S9.
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Figure S12. Wavelength dependent amplitudes of the indicated time constants obtained from
global analysis: the effect of different pump pulse intensity (50, 200 and 800 nJ) in NIR range
for DSSCs with D149 dye with alkoxysilyl-anchor group and Co-Bpy electrolyte. For pulse
energies >200 nJ the fastest component was not well resolved in NIR, therefore two-
exponential fit plus a constant offset were used in this range. Samples in Figure D, E, F were
after post-treatment multi-capping. The decay time constants decrease with higher pump pulse
intensity, in agreement with the exemplary kinetics shown in Figure S10.
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Results for ZnO photoanodes

Our previous works for DSSC with indoline dyes have shown worse performance of
the cells with different ZnO nanostructures with respect to those with TiO2.2* One of the
reasons was quick degradation in ZnO cells, probably due to dye desorption and formation of
aggregates. We intended to test the possibility that stronger alkoxysilyl anchoring groups in
the new dye might suppress this effect. However, we have not found any improvement in the
solar cell performance (Table S5) or stability (Figures S13) of the dyes with alkoxysilyl
anchor with respect to those previously studied (with carboxylic anchor). Total APCE was
even smaller (Table S5), lifetimes in femtosecond transient absorption experiments were
shorter (Figure S14), and residual transient absorption signal smaller (Table S5) for
alkoxysilyl dyes, which can be explained by slightly higher adsorption and thus, more

pronounced self-quenching in these samples.

Table S5. Photovoltaic parameters for the cells prepared with photoanodes based on ZnO
nanoparticles (the same as in*) and filled with iodide electrolyte. The values are averaged
from 3 cells, each of them measured 3 times from 1 to 4 hours after preparation. The last
column shows the normalized residual (after 3 ns) transient absorption signal measured at 730
nm.

Cell Voc[V] | FF |Jsc [mA/M?]| Eff[%] | Total APCE | Sres (730 nm), 50 nJ
D149C ZnO | 061 0.36 0.80 0.17 0.11 0.0051
D149Si_ ZnO | 0.57 0.33 0.56 0.10 0.08 0.0036
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Figure S13. Decrease of the photocurrent with time for the cells with ZnO photoanodes and
the two indoline dyes compared.
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Figure S14. Wavelength dependent amplitudes of the indicated time constants obtained from
global analysis of transient absorption spectra for ZnO cells sensitized with carboxyl-anchor
(A, B) and alkoxysilyl-anchor (C, D) D149 dyes in the VIS (A, C) and NIR (B, D) spectral
ranges. Pump pulse energy was 50 nJ, excitation at 555 nm.
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Scheme S1. Schematic diagram of energy levels and charge transfer process upon
photoexcitation of D149 dye in contact with electrolyte.
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ABSTRACT: The photovoltaic performance of solar cells sensitized with : P

e i ane e . D205/D205Si “I5 7 10
indoline D205 dye and its new derivative comprising an alkoxysilyl AL 2

anchoring unit (D205Si) in the [Cu(tmby),](TFSI),,; (tmby = 4,4',6,6'-
tetramethyl-2,2'-bipyridine, TFSI = bis(trifluoromethane)sulfonimide)
redox couple mediated systems was studied in the presence of various
titania/dye/electrolyte interface modifications. Cucurbit[7]uril (CB7) was
employed to encapsulate dye molecules, creating an electronically insulating
layer, suppressing electron interception by redox mediator, and leading to
the increase in the electron lifetime in the titania conduction band. For
example, the electron lifetime increased from 2.2 to 6.5 ms upon CB7 , ) -
encapsulation of D205 cells at 0.9 V voltage. Further, molecular 5 U
. . . L : 0-40ns! ™ ™ » —
multicapping was optimized to minimize dye desorption and prevent ~
electron recombination. As a result, photovoltaic performance was found to
be enhanced by the interface modifications in most cases, especially when applied to the alkoxysilyl anchoring derivative. The charge
transfer processes (dye regeneration, titania-dye and titania-redox mediator recombination) in the above-mentioned system and in
the reference [Co(bpy);](TFSI);,, (bpy = 2,2-bipyridine) redox couple mediated systems were investigated by means of small light
perturbation electron lifetime measurements, electrochemical impedance spectroscopy, and nanosecond and femtosecond transient
absorption spectroscopies. Indoline dyes were also found to be outstandingly fast regenerated by the Cu-based mediator (time
constant shorter than 100 ns), which may open new opportunities for sensitizer improvements.

B INTRODUCTION redox reactions and low reorganization energies in copper
coordination complexes with modified ligand systems' "
facilitates efficient dye regeneration, which is one of the
photocurrent determining processes. However, enhanced
redox activity allows easier recombination of electrons from
the fluorine doped tin oxide (FTO) or from the titania
conduction band (CB) and surface trap states.''” The widest
used remedy for CB electron interception is the employment

Facing the effects of climate change and environmental
pollution,"”” abandonment of fossil fuel based energetics and
turning to renewable energy sources is a necessity.3 Direct
conversion of solar energy to electricity is one of the most
promising ways of dealing with the current climate crisis;
however, many technological challenges need to be overcome.
Solving issues of energy storage and distribution, and efficient

conversion have attracted tremendous interest from the of dyes with bulky blockinlglrgoieties, alkyl chains and electron
scientific community. Dye sensitized solar cells* (DSSCs) rich donor substituents, *" combined with the use of
represent one of the third generation photovoltaic technolo- coadsorbing, electronically;ginert molecules (usually cheno-
gies, stimulating considerable research efforts’ aimed to deoxycholic acid, CDCA), ” insulating the TiO, surface from
provide higher stability (solid-state’®™®) and alternative the contact with oxidized redox species. In particular,
applications (low light conditions and indoor applications).”"’ triphenylamine-based dyes have attracted interest thanks to
Increased performance in DSSCs can be reached by decreasing the ease of synthesis, high extinction coefficients and broad
the overpotential losses and reducing recombination at the absorption spectra, good photostability and temperature
semiconductor/dye/electrolyte interface.® Advances have been stability, and other features making them highly efficient
made in the field of alternative redox mediators based on

L. 11,12
coordination complexes (e.g., cobalt and copper) that use Received: December 20, 2019
decreased voltage losses as compared to those based on Revised:  January 9, 2020
iodide/triiodide (I"/1;7), leading to open circuit voltages Published: January 10, 2020

(Voc) above 1.1 V in highly efficient copper complex mediated
solar cells.”'>'* High redox activity owed to one electron

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.jpcc.9b11778
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Scheme 1. Synthesis of D205Si Dye
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photosensitizers.”'">°~>* So far, the highest reported un-
certified power conversion efficiencies (PCEs) of over 14%
have been achieved for silyl-anchoring carbazole dye ADEKA-1
with the application of hierarchical molecular passivation, with
the use of acids comprising alkyl chains of different
1engths,26 28 which prevented electron recombination. In
recent years, many different passivation techniques have been
studled including molecular’®*°™** and atomic covering
1ayers ~3% However, to the best of our knowledge, there are
very few systematic studies on molecular titania surface
passivation and its effects on different charge transfer
processes. Therefore, we have undertaken a study of the
impact of several interface modifications, like the use of a dye
anchoring unit, molecular capping, and encapsulation as well as
alternate use of copper and cobalt complexes on the partial
charge transfer steps occurring on time scales from femto-
seconds to seconds.

We introduced a new silyl-anchoring D205Si sensitizer
(Scheme 1), a derivative of the D20S dye, achieving a PCE of
over 9% with I_/I3_,19 and we studied its photovoltaic
properties in combination with [Cu(tmby),]*/**'* as a redox
shuttle. As a reference system for these two indoline dyes, we
used Y123 triphenylamine dye** (Scheme S1A in the
Supporting Information, SI), well established in copper
mediated systems. To find out more about the electronic
structure of D20S and D205Si in their ground and excited
states, density functional theory (DFT) and time-dependent
DFT (TD-DFT) calculations were performed.

We further studied the effect of blocking the recombination
processes on the semiconductor/dye/electrolyte interface by
cucurbit[7]uril (CB7) molecules (Scheme S1B).** The CB7
compound belongs to the cucurbit[n]uril family of macrocyclic
n-glycouril oligomers formmg molecular cages in a similar
manner as cyclodextrins.”® The n = 7 homologue was chosen
owing to its size (approprlate to encapsulate small organic
moieties, e.g., aliphatic chains, but also bulkier, like phenyl
rings’’) and fair solubility in water. Thanks to the ability of
noncovalent binding to a variety of small molecules/guests
through interactions with carbonyl-lined portal rims, CB7 can
act as a molecular host for versatile applications, such as drug
delivery, supramolecular 9polymers, catalysis, spectroscopy, or
molecular machines.”’ ™ In this Article, we compared the
CB7 effects with the results obtained when sequential
molecular capping was applied and we found a higher increase
in electron lifetime when the CB7 treatment was employed.

The recombination blocking properties were studied by
means of electron lifetime measurements, electrochemical
impedance spectroscopy (EIS), and nanosecond laser flash
photolysis. The latter technique was also used to investigate
dye regeneration kinetics. The results obtained for [Cu-
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(tmby),]*?* were compared with those collected for the
systems employing [Co(bpy);]**/** as a redox mediator.

B EXPERIMENTAL SECTION

Synthesis Route of D205Si. A solution of 50 mg of D205
dye (0.061 mM) in dry, deoxygenated chloroform (2 mL) was
cooled to S °C. Then 8.9 mg (0.07 mM) of oxalyl chloride and
100 uL of DMF were added. The mixture obtained was
warmed to room temperature and stirred for over 2 h. After
that, 13 mg of 4-(trimethoxysilyl)aniline (0.061 mM) and 17
mg (0.132 mM) of diisopropylethylamine were added. The
purple-violet solution was stirred for over 2 h, and the product
was precipitated with anhydrous methanol. The obtained solid
was separated by centrifugation, washed with methanol, and
dried in vacuum. The final product was a dark violet powder in
the amount of 49 mg (yield: 78%) (Scheme 1).

The 'H NMR spectrum is included in Figure S1A in the SL
'"H NMR (CDCl;, 298 K): § 10.80 (bs, 1H; NH); 7.73 (s, 1H;
SC=CHAr); 7.60 (bm, 4H; ArH-Si); 7.32 (m, 13H; ArH);
7.05 (m, 4H; ArH , =CH); 6.94 (d, 1H, 1.4 Hz; ArH); 6.93
(d, 1H, 8.4 Hz; ArH); 4.93 (s, 1H; CH,CON); 4.85 (m, 2H;
N-CH); 4.08 (m, 2H; NCH,CH,); 3.82 (m, 1H; ArCH);
3.61 (s, 9H; SiOCH,); 1.2—2.2 (m, 18H; CH,); 0.87 (t, 3H,
7.4 Hz; CH,).

The *C NMR spectrum is included in Figure S1B. *C
NMR in (CDCl;, 298 K): & 189.4 (C=S); 168.2
(CH,CONH); 167.0 (C=0); 166.9 (C=0); 149.6 (NC=
C); 146.7 (NAr®"); 143.4; 141.6; 140.5; 139.7; 138.8 (SiAr®!);
137.0 (SiAr®™); 136.4; 135.6; 130.6; 130.3; 129.6 (SiAr®®);
128.9; 128.2; 127.6; 127.5; 127.3; 124.2; 119.9 (SiAr©?); 119.6
(NAr©?); 113.23; 108.2; 93.7 (SC=C); 69.3 (cy-
cloCH,CHN); 50.8 (SiOCH,); 46.3 (NCH,CONH); 45.0
(cycloCH,CHAr); 44.8 (CH,N); 35.3 (cycloCH,CHAr); 33.3
(¢ycloCH,CHN); 31.7 (CH,CH,CH,); 29.2 (CH,CH,CH,);
30.0 (CH,CH,CH,); 24.3 (cycloCH,CH,CH,); 22.6
(CH,CH,;); 14.1 (CH,CHj,). Elemental analysis (%) calcu-
lated for C;HgoN,O4S;5Si: C, 67.03; H, 5.92; N, 5.49; S, 9.42;
found: C, 67.23; H, 5.66; N, 5.26; S, 9.33. Electrospray
ionization mass spectrometry (ESI-MS) (m/z) calculated for
CsHg NLO4S,Si [M + H]*: 1021.3; found: 1021.3.

Computational Methods. Geometries of the studied
molecules in the electronic ground state were optimized for
both dyes in the gas phase using two different functionals,
b3lyp and pbelpbe, that had been used previously for
theoretical calculations of D149 and D205 dyes**™** together
with a 6-31G(d) basis set in Gaussian 09.” The optimized
geometries of D205 and D20S5Si have no imaginary
frequencies, thereby representing an energy minimum.
Assuming the optimized geometries of D205 and D205S;,

https://dx.doi.org/10.1021/acs.jpcc.9b11778
J. Phys. Chem. C 2020, 124, 2895—-2906
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the shape and energy of molecular orbitals (MO), including
HOMO and LUMO, were determined and the TD-DFT
calculations were performed, both at the same levels of theory
as DFT. Calculations of singlet—singlet excitations using the
ground-state optimized geometries of D205 and D205Si allow
description of the character of the S, — S, electronic
transitions. The calculated molecular orbitals (MO) were
visualized using the Avogadro software.

Device Fabrication. Unless otherwise stated, all chemicals
were purchased from Sigma-Aldrich. The dye Y123 and the
copper coordination complexes were purchased from Dyena-
mo AB. TEC 15 FTO coated glass (Pilkington) was
sequentially sonicated in aqueous RBS solution, pure deionized
water, and ethanol, each step for 30 min. Afterward, a compact
titania layer was deposited by spray pyrolysis of 0.2 M titanium
tetraisopropoxide and 2 M acetylacetone solution in
isopropanol, on the FTO heated up to 450 °C. Subsequently
4—5 pym (unless otherwise stated) mesoporous and 4—5 ym
scattering layers were deposited by screen-printing. Samples
for optical spectroscopy measurements were all prepared
without the scattering layer. GreatCellSolar DSL 30 NRD-T
paste containing 30 nm titania particles diluted with a
saturated cellulose solution in a-terpineol at the ratio 4:1
was deposited. Subsequently, the layer was dried at 120 °C and
GreatCellSolar WER2-0 paste containing 400 nm titania
particles was screen-printed. Sintering was performed at 500
°C for 30 min and preceded by gradual stove warm up steps.
After cooling down, the titania layers were immersed in 40 mM
titanium tetrachloride aqueous solution at 70 °C for 30 min
and sintered again in the same conditions as indicated
previously.

Solutions of 0.1 mM of the dyes in an acetonitrile (ACN)/
tert-butanol (+BuOH) 1:1 mixture (for D20S, D205Si and
Y123 with 0.2 mM CDCA) were prepared. Sensitization was
performed by immersing still warm (after sintering, 70—80 °C)
photoanodes in the dye solution for 16 h at room temperature.
Molecular multicapping (MC) was performed according to the
following procedure (unless otherwise stated): sensitized
photoanodes were sequentially immersed for S s in 1 mM
solutions of lignoceric, stearic, heptanoic, and octylophos-
phonic acids in the ACN/toluene mixture. After each
immersion, the photoanodes were rinsed with ACN. CB7
treatment was performed by overnight immersion of previously
sensitized photoanodes in 0.5 mM CB7 solution in deionized
water. Finally, the photoanodes were rinsed with water and
ethanol (EtOH). The electrolyte solutions in ACN were
prepared in the following concentrations: Cu-based, 0.2 M
[Cu(tmby),]TFSI, 0.04 M [Cu(tmby),](TFSI),, 0.1 M
LiTFS], 0.6 M tert-butylpyridine (TBP); and Co-based, 0.25
M [Co(bpy);](TESI),, 0.035 M [Co(bpy);](TESI);, 0.1 M
LiTFSI, 0.5 M TBP.

For Cu-based mediated cells, the counter electrodes were
fabricated by electropolymerization of 3,4-ethylenedioxytio-
phene (EDOT) from aqueous 0.01 mM solution containing
0.1 M sodium dodecyl sulfate (SDS). Co-based electrolyte cells
were assembled using platinized counter electrodes which were
fabricated by spreading activated platinum colloid (Platisol,
Solaronix) on FTO glass using a paintbrush, followed by the
same sintering procedure as described for titania. The assembly
of cells was performed using 25 pm thick Surlyn frames,
molten and pressed using a heat press from Heptachroma. The
electrolyte was introduced by vacuum-injection through a
predrilled hole in the counter electrodes and closed with cover
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glass stuck by another piece of Surlyn. After cell assembly,
electrical contacts were prepared using ultrasonic soldering
station.

Dye and Device Characterization. Photoanodes were
characterized by UV—vis absorption spectroscopy measure-
ments performed using a JASCO V-770 spectrophotometer
equipped with an LN-925 integrating sphere module working
in the transmission mode. FT-IR ATR spectra of sensitized and
CB7 treated titania films were acquired on a Thermo Electron.
Corp. Nicolet 6700 FT-IR instrument. For photovoltaic
characterization of the cells, a 0.16 cm? mask was used for
accurate determination of the active solar cells surface. The
I(V) curves were obtained using a Keithley Source Meter 2400.
Standard AM1.5G light conditions were provided by a
Newport 91160 solar simulator. The monochromatic light
for the incident photon to current conversion efliciency
(IPCE) spectra was provided by an ASB-XE-175 xenon (10
mW cm™?) light source focused on the entry slit of a CM110
Spectral Products monochromator. The photocurrent was
measured using a LabJack U6 digital acquisition board. Both
setups were calibrated using certified silicon reference cells
from Fraunhoffer ISE.

Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry measurements were performed using an Autolab
MI101 potentiostat with an FRA32 M frequency analyzer
module. Electrochemical cell consisted of a sensitized titania
layer on FTO (working electrode), a platinum electrode
(counter electrode) and Ag/AgNO; 0.01 M in ACN
(reference electrode). As a supporting electrolyte, 0.1 M
LiClO, in ACN was used. To calibrate the Ag/AgNO,
electrode, 0.5 mM ferrocene solution in ACN was used. In
order to obtain charge transfer resistance (Rcy) as a function
of potential, the Nyquist impedance plots (measured for
different bias voltages) were fitted using the transmission line
model™ in the ZView software. EIS measurements were
performed for complete devices (two-electrode configuration).

Photoinduced absorption spectroscopy was performed using
the setup described elsewhere.”” Square modulated (9.33 Hz)
LED (Luxeon Star 1W 460 nm —8 mW/cm® sample
illumination intensity) pump and white probe lights (20 W
tungsten—halogen 10 mW/cm?* sample illumination intensity)
were used. Transmitted probe light was focused on a
monochromator (Acton Research Corporation SP-150) and
detected via the UV-enhanced photodiode. The signal was
extracted by a lock-in amplifier (Stanford Research Systems
SR830) after previous amplification by a current amplifier
(Stanford Research Systems SR 570).

Electron lifetimes were obtained using a Dyenamo Toolbox
setup. Measurements were performed in open circuit
conditions. A square wave modulated white light illumination
was applied and the photovoltage response was acquired and
analyzed by a dedicated software using the first order kinetics
model.

Transient absorption kinetics in the nanosecond to milli-
second time scale were recorded on a nanosecond flash
photolysis setup based on a Q-swiched Nd:YAG laser as the
pump and a 150 W Xe arc lamp as the probe. The pump pulses
were set to 532 nm wavelength with 0.2, 0.6, or 1.8 mJ energy.
The probe spectrum was confined using a 10 nm at full width
at half-maximum (fwhm) band-pass interference filter to limit
the influence of high intensity probe light on the measured
kinetics. The signal was detected by using a photomultiplier
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(R928 Hamamatsu) coupled to a digital oscilloscope
(Tektronix TDS 680 C).

The femtosecond transient absorption setup (HELIOS
spectrometer, Ultrafast Systems and Spectra Physics femto-
second laser system) has been described in detail elsewhere.*®
The pump pulses were set to 505 nm wavelength with 50 or
200 nJ energy, which corresponds to 25 or 100 uJ cm™ energy
density, respectively. The instrument response function (IRF)
duration was 0.3 ps at fwhm. The transient absorption data
were analyzed in the Surface Explorer software (Ultrafast
Systems) performing singular value decomposition and global
analysis to obtain time constants of signal decays and
wavelength dependent amplitudes related to them.

B RESULTS AND DISCUSSION

Dye Characterization. Stationary absorption and emission
spectra of D205 and D205Si dyes in ACN solution are shown
in Figure S2. In order to characterize the energy levels of the
studied dyes, the visible absorption spectra were taken (Figure
S$3) and cyclic voltammetry (Figure S4) was measured. The
measurements were made on sensitized titania as it was more
representative of DSSC system. The oxidized-dye/dye redox
potentials of D205 and D205Si were found as —1.03 V vs SHE
and —1.04 V vs SHE, respectively; thus, sufficient driving force
for dye regeneration by both studied redox mediators was
provided. The AE values and subsequently the LUMO levels
were obtained on the basis of the absorption onset. The
obtained values are juxtaposed in Figure 1. On average, the
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w
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a1 -1.03 -1.04 _1.07 -
TiO2 D205 D205Si Y123 Co(bpy) Cu(tmby)

Figure 1. Diagram of energy level of HOMO measured by cyclic
voltammetry (Figure S3) and LUMO calculated by addition of AE
obtained from visible absorption measurements of dyes on TiO,
(Figure $2). Y123 HOMO and LUMO as well as [Co(bpy);]**/** and
[Cu(]tlnlﬁ)%)z]*/ 2* redox potentials were taken from the litera-
ture. "

absorbance at the maximum for the samples with D205Si is
about 7% higher than that of D205 dye. It agrees with our
previous observation for the silyl-modified D149 dye.”' The
extinction coefficient (determined in ACN) is slightly lower for
D205Si (~29000 M™' cm™) than for D205 (~33 000 M™!
cm™'). Therefore, the higher absorbance of D205Si photo-
anodes can be explained by the stronger anchoring unit of
D205Si dye, enhancing the dye loading.

To find out more about the character of the electronic
transitions responsible for the absorption bands of D205 and
D205Si, TD-DFT calculations were performed at the b3lyp/6-
31G(d) and pbelpbe/6-31G(d) levels. The computed
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absorption maxima, oscillator strengths and coeflicient values
are included in Figure SS. The HOMO—-LUMO energy gaps
(AE) in D20S and D20SSi are comparable, regardless of the
applied functional. Namely, the energy gaps of 2.76 vs 2.73 eV
were obtained for b3lyp/6-31G(d) and 3.04 vs 2.99 eV were
calculated when using pbelpbe/6-31G(d). We found that the
calculations at the b3lyp/6-31G(d) level of theory resulted in a
better correlation with the experimental absorption spectra
maxima (520 and 518 nm for D205 and D205Si in n-hexane,
respectively) than the data obtained at the level pbelpbe/6-
31G(d). It should be pointed out that differences in the values
of oscillator strength and the coefficient of HOMO — LUMO
transition describing the electronic transition are negligible for
both compounds at the same level of theory. It implies that the
dye structure modification does not influence the character of
electronic transitions, which is also confirmed by the calculated
distributions of frontier HOMO and LUMO orbitals (Figure
S6).

Interface Modifications. In the molecular multicapping
(MC) procedure, the acid molecules are supposed to be
adsorbed in the voids between dye molecules on the titania
surface; however, an undesirable dye desorption process is
difficult to avoid (Table S1 and Figure S7). To optimize the
MC procedure, we started from that reported by us
previously,” adapted from the first reports of the MC
procedure’®™** which employed a set of different type acids
of various alkyl chain length and pK, values (ensuring various
steric and binding properties). Subsequently, we successively
excluded the most desorbing compounds and shortened the
exposure periods to maintain 90% of the dye load. To evaluate
the MC influence on charge separation, regardless of the lower
light harvesting efliciency of photoanodes, we fabricated
batches of solar cells on a 2—3 pm mesoporous titania layer
without a scattering layer to precisely measure the absorption
spectra. Then we calculated the number of absorbed photons
(Npn) and the ratio of total absorbed photon to current
efficiency, describing the relative photocurrent (total APCE),
according to the following equations:***’

800
New= [ (1= 107 D)p(2) a2
400

(1)
where ¢(1) = AM 1.5 G photon flux.
total APCE = e
Nppe ()

where e is the elementary charge.

At this stage, an electrolyte containing [Co(bpy);]*"/>" was
used. As Figure 2 shows, only when the dye desorption is very
slight (less than 10% of relative change in photoanodes
maximal absorbance), the total APCE is enhanced (by 11% for
D205 and 13% for D205Si), which is the result of both
enhanced charge recombination resistance as well as
accelerated dye regeneration kinetics, described in the
following parts of this paper. Otherwise, a dramatic drop in
the total APCE is observed, which indicates that too low dye/
capping agent ratio facilitates unwanted recombination
processes. Thus, we used the least harsh capping procedure
(described in the Experimental Section) in our further
experiments. A more detailed comparison of the impact of
different acids on titania sensitized with D205 or D20SSi is
presented in Table S1 in the SI It should be noted that, as
expected, the alkoxysilyl anchoring derivative of D205 dye was,
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Figure 2. Percentage change in the total APCE as a function of the
ratio of the absorption maxima of treated and untreated photoanodes
(the points at % Abs = 100 correspond to the untreated ones). The
errors were estimated by calculation of the standard deviation of mean
values.

on average, 20% more stable against desorption from the
titania surface. Additionally, we checked that the addition of
CDCA to D20S and isooctyl trimethoxysilane (OTMS) to
D205Si did not give a pronounced and unequivocal improve-
ment of the device operation (Table S2). The number of
absorbed dye molecules (Np,) was not changed, and
coadsorbates slightly decreased the total APCE and increased
the fill factor (FF) of the cells. Therefore, no coadsorbates
were employed in the further studies.

The effects of dye encapsulation by CB7 can be observed in
the vis and IR spectroscopy measurements shown in Figure 3.
The vis absorption reveals a 12 nm hypsochromic shift of the
maximum (from 532 to 520 nm) which, however, does not
affect the shape of the incident photon to current efficiency
(IPCE) spectra (Figure S8). It is probable that the effect of
polar electrolyte that can shift both spectra masks the
differences observed for the isolated photoanodes. Further-
more, no desorption of the dye from titania surface occurred
upon CB7 treatment, which is a significant advantage over the
MC procedure. In the IR range, the spectra of D20S with CB7
show mostly the peaks assigned to CB7 with increased
amplitude, which indicates that CB7 is certainly present on the
surface and its amount is greater than that on the unsensitized
film. Moreover, the intensities of the peaks attributed to D205
dye are diminished, which suggests that some moieties of the
dye molecules are covered with CB7. Yet it is not possible to
identify the encapsulation modes because of possible formation
of a variety of feasible complexes. Furthermore, the changes in
the binding mode and constant may occur dynamically when

dye molecules are oxidized after electron injection in the
operating device when the distribution of charge of the dye
molecule changes. The possibility of formation of different
complexes discourages any attempts of quantifying the
association constants in solution, since the basic requirements
for application of continuous variation method are not
satisfied.” "

Photovoltaic Performance. The photovoltaic parameters
of the cells in Cu-based electrolyte are shown in Table 1. The
power conversion efficiency (PCE) of the solar cells sensitized
with indoline dyes is about 50% lower than that of Y123-
sensitized cells (Table 1) due to a much lower Js- but also
because of V¢ reduction as a result of a much shorter electron
lifetime in the conduction band of titania (Figure 4A). The
differences in the electron lifetime are correlated to the
electrochemical impedance results (Figures S and S9, and
Table S3). The R¢y values measured during EIS in the dark
show the electron recombination at the TiO,/electrolyte
interface (the higher the resistance, the slower the recombi-
nation). The observed electron lifetimes of the cells with
indoline dyes that are shorter than those of the cells with Y123
should be attributed to substantially different molecular
structures of the dyes, i.e., the lack of bulky blocking moieties
in the former two. Such moieties would prevent oxidized
copper complexes from approaching the titania surface.
Moreover, PCE of untreated cells sensitized with D205Si
makes about 90% of its carboxylic-anchoring analogue, which
is in line with our previous studies of indoline and carbazole
silyl-anchoring dyes.”*>**>* This effect is probably due to the
slightly less efficient initial charge separation for D205Si than
D205 samples, which will be discussed in the section on
femtosecond transient absorption.

When molecular multicapping (MC) was employed, the
PCE rose slightly for D20S and greater for D205Si (about 10%
relative rise) due to the Jic enhancement, which can be
explained by the rise in charge transfer resistance (Rcr)
(Figure SA,B) and, consequently, in the electron lifetime
(Figure 4B). The photocurrent is also increased in Y123
sensitized cells; however, Vi is decreased in this case, which
resulted in slightly lower PCE. CB7 treatment enhanced V¢
of indoline dye cells (by 30 mV for D205 and 60 mV for
D205Si) thanks to a greater rise of electron lifetime than that
for MC cells (Figure 4B). For example, the electron lifetime
increased from 2.2 to 6.5 ms upon CB7 encapsulation of D205
cells at 0.9 V voltage. Enhanced V¢ was also attributed to the
rise of Rcp (Figure SA, B). This led to a 13% relative rise of
PCE of D205S:i sensitized cells.
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Figure 3. Visible absorption spectra (A) and FT-IR ATR spectra (B) of sensitized titania films (with titania contribution subtracted).
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Table 1. Photovoltaic Parameters of the Studied Solar Cells”
pristine MC CB7
PCE Voc Jsc PCE Voc Jsc PCE Voc Jsc
(%] V] [mA cm™?] FF (%] V] [mA cm™?] FF [%] ] [mA cm™?] FF
D20S best cell 4.70 0.90 6.52 0.80 5.00 0.90 6.70 0.82 4.60 0.92 6.12 0.82
avg 443 0.89 6.25 0.79 4.57 0.89 6.33 0.81 438 0.92 5.86 0.82
error 0.09 0.01 0.11 0.01 0.30 0.01 0.37 0.01 0.06 0.01 0.07 0.01
D205Si best cell 4.19 0.92 6.07 0.75 4.61 0.89 6.54 0.79 4.75 0.95 6.40 0.78
avg 3.92 0.89 5.76 0.77 4.37 0.88 6.22 0.80 441 0.95 5.98 0.78
error 0.13 0.01 0.13 0.01 0.06 0.01 0.09 0.01 0.13 0.01 0.19 0.01
Y123 best cell 8.55 1.08 10.57 0.75 8.46 1.06 11.22 0.71 7.98 1.05 10.60 0.72
avg 8.01 1.07 10.50 0.71 7.86 1.03 10.82 0.71 7.21 1.01 9.96 0.72
error 0.18 0.01 0.12 0.01 0.24 0.01 0.19 0.01 0.28 0.02 0.34 0.01

“PCE, power conversion efficiency; Vi, open circuit voltage; Jsc, short circuit photocurrent density; FF, fill factor. Parameters were averaged from
at least five devices. Errors were calculated as the standard deviation of a mean value.
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Figure 4. Small light perturbation electron lifetime measurements.

Unfortunately, both interface treatments diminished the
electron lifetimes in Y123 sensitized cells, which resulted in
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Figure S. Charge transfer resistance extracted from EIS Nyquist plots.

lower Vo of MC and CB7 treated systems with this dye. The
recombination blocking properties of system employing Y123
were probably weakened, as can be deduced from the electron
lifetime (Figure 4C) and R¢yp (Figure SC) measurements.
Photoinduced and Transient Absorption Spectrosco-
py. To determine the absorption spectra of the oxidized dye,

https://dx.doi.org/10.1021/acs.jpcc.9b11778
J. Phys. Chem. C 2020, 124, 2895—2906


https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11778?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11778?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11778?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11778?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11778?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11778?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11778?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11778?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11778?ref=pdf

The Journal of Physical Chemistry C pubs.acs.org/JPCC

A 4.0x10™ B

14
.
2.0x10 «
<
30
p 0.0 8
: S
[ £
—— D205 inert S — D205 inert
2.0x10° —— D205 Cu(tmby)‘ e —— D205Si inert
—— Y123 inert
-4.0x10° . ‘ . 2 , . ‘
600 800 1000 600 800 1000

Wavelength (nm) Wavelength (nm)
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we employed the photoinduced absorption (PIA) spectrosco-
py of photoanodes in the presence of an inert electrolyte
(Figure 6). Indoline dyes show double band PIA spectra with
onset between 600 and 640 nm. Below this range, we observed
negative signals due to ground state bleach (which
corresponded to the spectral range of stationary absorption
band of these dyes) and a transient Stark shift of the dye
absorption band induced by the electric field of electrons
injected in titania.”>~>> In the presence of redox couple, the
PIA spectrum of oxidized D205 is reduced to low, positive but
nonspecific absorption response of electrons injected to titania
trap states. This change indicates efficient indoline dye
regeneration by [Cu(tmby),]*"/*.

The dynamics of the oxidized state decay is the sum of the
kinetics of electron recombination (taking place also in the
samples with inert electrolyte) and the dye regeneration in full
solar cells with an electrolyte containing a redox couple. In
order to determine this dynamics, we used nanosecond flash
photolysis and measured the kinetics of transient absorption at
700 nm (Figure 7) and 650 nm (Figure 8) wavelengths which
are in the range of cation absorption of indoline and Y123 dyes
(Figure 6). Measurements were performed on solar cells
prepared without a scattering titania layer. Table 2 presents the

Table 2. Regeneration Times Statistics from Single
Exponential Fits”

cell configuration time constant

D205 [Co(bpy),]**/3* 2.7 + 02 s
D205Si [Co(bpy),]*7/* 22 + 0.1 s
Y123 [Co(bpy),]*/3* 8.4 + 02 us
D205 MC [Co(bpy),]**/>* 2.3+ 02 us
D205Si MC [Co(bpy);]**/** 22 + 03 s
Y123 MC [Co(bpy),]*"/3* 6.9 + 0.3 us
D205/D205Si [Cu(tmby),]*/** 0.03 + 0.01 ps
Y123 [Cu(tmby),]*** 2.3 + 0.1 us
Y123 CB7 [Cu(tmby),]*/?* 1.8 + 0.2 us

“Errors were calculated as standard deviation from four measure-
ments.

averaged time constants obtained by single exponential fit to
the transient absorption decays at 700 nm for the full cells. For
all cells with the [Co(bpy);]**/**redox couple, the decays
occur in the time scale of single microseconds. In this time
scale, the signal coming from the inert samples is almost flat
(e.g, Figure 7B, D). Moreover, the time constants do not
change significantly for different pump pulse intensities
(increasing pump pulse energy accelerates the electron
recombination rates). Therefore, we can conclude that the
regeneration efficiency is close to 100% for all studied systems
and that the time constants in Table 2 represent the dye
regeneration times.

The electron recombination between titania and the dye,
measured in inert samples, takes place over many time scales.
The average time constants from stretched exponential fit*®
(Figure S10 and Table S4) is in the sub-millisecond to single
millisecond range. For example, for D20S at low pump pulse
energy (0.1S mJ), the average time is 0.89 ms, and it decreases
to about 0.39 ms for about four times higher excitation
intensity (pump pulse energy 0.65 mJ). No changes in the
recombination times are observed upon adding CB7 to
indoline dye samples. In the same conditions, the averaged
recombination time constants are slightly lower for Y123 (0.57
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ms at 0.15 mJ and 0.24 ms at 0.65 mJ) and the decay is more
stretched (smaller stretching parameter, see Table S3) than
that for D20S5. Interestingly, for Y123, the recombination slows
down on the time scale longer than 0.1 ms upon adding CB7,
which results in higher average time constants (1.11 ms at 0.15
mJ and 0.27 ms at 0.6S m]).

Nanosecond laser flash photolysis performed for the cells
with [Co(bpy);]>*/*" redox couple revealed that the dye
regeneration was significantly faster in the cells sensitized with
indoline dyes (2.7 and 2.2 pus for D20S and D20SSi,
respectively) as compared to that sensitized with Y123 (8.4
us). It can be noted that the driving force is smaller for D205
and D205Si than for Y123 (Figure 1), so other factors (e.g.,
different reorganization energy) are responsible for faster
regeneration in indoline dyes. A small difference (but greater
than the measurement error, see Table 2) between the time
constants of D205 and D205Si should be highlighted, which
indicates that dye regeneration is slightly faster for alkoxysilyl
derivative of D20S. Furthermore, the MC procedure was found
to accelerate slightly the dye regeneration in D205 and in Y123
sensitized cells (e.g,, from 2.7 to 2.3 us and from 8.4 to 6.9 us,
respectively), which should be attributed to the less polar dye
environment contributing to lower outer-sphere reorganization
energy and consequently faster dye regeneration.”’ The
possible difference in the alignment of D205 and D205Si
could probably explain the small difference in their
regeneration times. Although the HOMO level of D205Si is
slightly lower with respect to that of D205 (about 0.01 eV,
Figure 1), it is rather too small to modify the regeneration
time.

In the cells mediated by [Cu(tmby),]*/**, for the Y123
reference cells, the 700 nm transient absorption decay time was
determined to be 2.3 us, which is consistent with literature
results.'"* CB7 interface modification was found to accelerate
the regeneration slightly (to 1.8 ps). Strikingly, the
regeneration kinetics could not be measured in the micro-
second time scale for the cells sensitized with indoline dyes
(both with and without CB7), which means that their
regeneration time is significantly shorter. The signal at 700
nm for the samples with indoline dyes and [Cu(tmby),]*/**
mediator is very low compared to that of oxidized species
measured in the samples with indoline dyes and inert
electrolyte (Figure 7B). It means that this small signal is
only due to the electrons in titania and the dye regeneration
took place faster, below 200 ns (which is determined by the
time resolution of the flash photolysis setup and initial strong
artifact signal due to pump scattering and/or stationary
fluorescence of the dye, compare with Figure S2). It should
be noted that a significantly faster regeneration time is
observed also for Y123 dye when the redox couple is changed
from [Co(bpy);]**/** to [Cu(tmby),]*’**, from 8.4 to 2.3 us
(Table 2). More detailed analysis of the transient absorption
signal at a shorter wavelength (650 nm, for this wavelength the
final signal is negative due to the transient Stark shift) indicates
that the time constant for indoline dye regeneration by
[Cu(tmby),]*/** is probably 20—40 ns (Figure 8). Such a time
constant can be deduced from the single exponential kinetics
fitted below 200 ns to the signal obscured by the oscillating
artifact (Figure 8B). In electrolyte containing [Co(bpy);]**/*",
the signal decay at 650 nm shows a similar character but is
much longer (Figure 8A). The confirmation of the very short
regeneration time constant for [Cu(tmby),]"”*" will be
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Figure 9. Results of the global fit to the femtosecond transient absorption data for the fresh D20S cells with Cu and Co mediated electrolytes at

different pump pulse intensity (4ump

= 505 nm). Wavelength dependent amplitudes of transient absorption signal decays and time constants

associated with them. The fastest component (7, = 0.2 ps) is not shown for clarity.

provided by the femtosecond transient absorption data
presented below.

To gain a deeper insight into the fast processes in D205
sensitized cells mediated by copper complexes, we performed
transient absorption measurements in the time range 0.3—3000
ps. Broadband transient absorption data in 500—830 nm were
subjected to global analysis, thereupon the time constants and
wavelength dependent amplitudes associated with them were
obtained. The transient absorption data were decomposed into
four time constants with the fastest one (below temporal
resolution of the setup) fixed to 0.2 ps (Figures 9 and S11).
The interpretation of the time constants and the associated
spectra follows from our previous assignments for solar cells
with D149 and D358 indoline dyes.”"”**” The smallest time
constant (0.2 ps) is due to the decay of the initial short-living
excited (Franck—Condon) state, while the second (3—6 ps)
and the third (100—200 ps) time constants are assigned to the
decay of the subsequent charge transfer (CT) state of the
indoline dye. The spectra of Franck—Condon and CT states
are similar to those measured for the free dyes in ACN solution
(Figure S11E,F) with absorption maxima at 720 and 600 nm,
respectively. Moreover, the decay of the CT state is
accompanied by the negative amplitudes above 700 nm
which are due to the disappearance of the stimulated emission
from CT state (Figures SI1E,F and S2) and the rise of the
absorption of the oxidized dye (Figure 6). The decay of both
states is due to the desired electron injection to titania and
undesired self-quenching of the dyes. Therefore, upon
increasing pump pulse intensity (more excited dyes on titania),
the time constants decrease can be observed (e.g, compare
Figures 9A vs C, 9B vs D, S11A vs C, and S11B vs D).
Comparison of time constants obtained from global analysis of

TA data of [Co(bpy);]*/*" and [Cu(tmby),]**" mediated
cells does not show any significant difference in the fastest
processes. It is not surprising as they are associated with dye—
titania nanoparticle and dye—dye interactions rather than with
the dye—redox complex charge transfers.

However, the slowest, fourth component (attributed mainly
to the decay of the oxidized dye) is shorter for [Cu-
(tmby),]*/** than for [Co(bpy);]**/*" (9.5 vs 13-14 ns for
the fresh cells, respectively, see Figure 9), which can be
attributed to the partial contribution of fast dye regeneration in
the transient absorption decay. Furthermore, no increase in the
slowest component of the transient absorption decay for
[Cu(tmby)2]+/ >* when the pump energy is decreased (e.g,
Figure 9B and D) may support its regenerative nature (unlike
for [Co(bpy);]**/** cell for which the fourth time constant
increases for less intense pump pulse, e.g,, Figure 9A and C).
The charge recombination is a second order process, while the
regeneration can be considered as the first order reaction in
this time scale; thus, its kinetics is less prone to pump pulse
energy changes. Figure S12 shows the examples of the fits to
the decay traces of the kinetics vectors from global analysis,
emphasizing the ability to distinguish between the 9.5 and 13—
14 ns components in our setup. Interestingly, taking the
longest time constant of 13 ns for [Co(bpy);]**/** cells (only
recombination contribution) and 9.5 ns for [Cu(tmby),]*/**
cells (both recombination and regeneration), we can calculate
the regeneration time constant of about 3$ ns, which is in quite
a good agreement with the estimation from nanosecond flash
photolysis decay at 650 nm (Figure 8B). It should be noted
that it is, as far as we know, the fastest ever observed interfacial
dye regeneration process in DSSC with liquid single redox
mediator electrolyte, not counting one report for a tandem

https://dx.doi.org/10.1021/acs.jpcc.9b11778
J. Phys. Chem. C 2020, 124, 2895—-2906


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11778/suppl_file/jp9b11778_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11778/suppl_file/jp9b11778_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11778/suppl_file/jp9b11778_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11778/suppl_file/jp9b11778_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11778/suppl_file/jp9b11778_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11778/suppl_file/jp9b11778_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11778/suppl_file/jp9b11778_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11778?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11778?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11778?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11778?fig=fig9&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11778?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

redox system, in which the first step of the regeneration (by the
intg(r)mediate small electron donor) takes place in less than 1
ns.

Upon aging of the cells and with their photocurrent
decreasing, the second and third time constants decrease
(Figure S11A-D), which indicates more pronounced self-
quenching. Moreover, the cells with D205Si dye also exhibit
about 10% smaller time constants than the analogues with
D205 (of the same electrolyte and age, e.g., compare Figures
S11A with S13A). This suggests that the process of self-
quenching is slightly more severe for alkoxysilyl derivative of
D205 and this could be the reason for slightly worse
photovoltaic performance of the untreated D20SSi cells
(with respect to the D20S ones). Interestingly, comparing
different cells (fresh and old, with D205 and with D205Si), we
find a good correlation between the total APCE parameter
(indicating the charge separation efficiency) and the ratio of
residual to the initial signal at 700 nm (proportional to the
relative number of the oxidized dye with respect to the initially
excited ones). Such a correlation is shown in Figure S13B. In
particular, the total APCE and the residual signal at 700 nm of
D205Si cells make about 80% of that of D20S. Therefore, the
slightly less efficient initial charge separation for D205Si than
D20S samples can explain the lower photocurrent in the
former samples, as indicated in the Photovoltaic Performance
subsection.

B CONCLUSIONS

In this study, we have shown the differences in charge transfer
kinetics processes and overall solar cell efficiencies following
from assuming specific approaches to titania—electrolyte
recombination blocking. The solar cells were prepared using
two different dyes: commercially available indoline dye, coded
as D205, and its originally synthesized derivative with
alkoxysilyl as an anchoring group (D205Si). Theoretical
calculations indicated that the S; — S; electronic transition
showed the same intramolecular charge transfer character in
both dyes. Molecular passivation of the titania surface by
different acid molecules as well as macromolecular dye
encapsulation can be applied to block charge recombination
on the titania/dye/electrolyte interface. Moreover, it was
confirmed that although the initial efficiency of solar cells
sensitized with D205Si was lower, it was more prone to be
enhanced by postassembly treatments. The attachment of
D205Si to the titania surface was also found to be more stable
than that of D20S. Furthermore, both indoline dyes turned out
to be regenerated outstandingly fast by the [Cu(tmby),]*/**
redox couple (in a few tens of ns). Thanks to the above-
mentioned feature, the broad absorption spectrum and high
robustness on the titania surface, our new D205Si dye can be
considered as a promising cosensitizer in DSSC. The evidence
of very fast regeneration (to the best of our knowledge, the
fastest ever observed in liquid nontandem electrolyte DSSCs)
should also be considered in further studies on new sensitizers
dedicated to work with Cu-based redox systems.
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Figure S1. *H NMR spectrum of D205Si dye in CDCls (A), *3C NMR spectrum of D205Si dye in
CDCl; (B).
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Scheme S1. Y123 dye (A) and Cucurbit[7]uril (B) structures.
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Figure S2. Visible absorption and fluorescence spectra of D205 and D205Si 10° M solutions in ACN.
Fluorescence spectra were measured on Hitachi F-7000 Fluorescence spectrometer. The spectral slits
were set to 2.5 nm and the excitation wavelength was set to 525 nm.
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Figure S3. Visible absorption spectra of mesoporous titania films sensitized with D205 and D205Si
dyes.
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Figure S4. Cyclic voltammetry of dyes adsorbed on titania surface and ferrocene in solution.
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Figure S5. Diagram of energy level of HOMO and LUMO calculated at the b3lyp/6-31G(d) and
pbelpbe/6-31G(d) levels of theory for D205 and D205Si. The calculated values of wavelength of So—S;
electronic transitions (), oscillator strength for this transition (f) and coefficient of HOMO—LUMO
transition were included. Energy gap (AE) between HOMO and LUMO of D205 and D205Si are
comparable regardless of applied functional.
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Figure S6. The distribution of HOMO and LUMO of D205 and D205Si at b3lyp/6-31G(d) theory level

responsible for the So—S: electronic transition determined as isodensity surface plots.

To find the lowest-energy conformers of D205 molecule, by the first step, the possible structures were
studied for D149 indoline dyes due to simpler structure. D149 and D205 dyes have the same
chromophore system, however instead of an n-octyl group onto the rhodamine ring (D205) has an ethyl
group (D149). After finding the lowest-energy conformer of D149 molecule, the alkyl substituent by
the rhodamine ring was changed from ethyl- to octyl- one giving finally D205 molecule. In this form,
finally the geometry in the gas phase as isolated molecules were optimized at b3lyp/6-31G(d) and
pbelpbe/6-31G(d) levels of theory. The D205Si molecule was obtained by the change of the carboxyl
group, in D205 molecule, to the phenyl-amide moiety with trimethoxysilyl as an anchoring group.
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Table S1.

Dyes’ desorption tests in different acids at 1 mM concentration in ACN:TOL 1:1. Percentage of the
initial maximal absorbance (~ 531nm) left after the indicated acid treatments. The last column presents
the ratio of the percentage values of D205Si and D205 dyes, thus indicating by how much the alkoxysilyl
dye is more stable.

Acid, time D205 Si, % | D205 C, % | D205Si/D205
Stearic, 30 min 94 83 1.13
Stearic, 240 min 87 70 1.24
Lignoceric, 30 min 96 89 1.08
Lignoceric, 240 min 92 81 1.13
Tert butyl phosphonic, 30 min 78 65 1.20
Octadecylosulfonic, 30 min 79 65 1.22
Octadecylsulfonic, 60 min 73 51 1.43
Ocytylphosphonic, 30 min 83 62 1.34
Hexadecanoic, 30 min 86 81 1.06
Heptanoic, 30 min 95 87 1.09
Error 1 1 0.02
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Figure S7. Absorption spectra of sensitized mesoporous titania films subjected to MC procedure. MC2
stands for extended multi-capping procedure. Extended multi-capping procedure was as follows:
Lignoceric Acid — 2 min, stearic acid — 2min, tetradecyl phosphonic acid — 1 min, octyl phosphonic acid
— 0.5 min, heptanoic acid — 1 min, tert-butyl phosphonic acid — 1 min, etylophosphonic acid 0.5 min.
All acids solutions were prepared in 1mM concentration in ACN:Tol 1:1 mixture.

S7



Table S2. Photovoltaic performance of solar cells sensitized with D205 and D205Si with and without
addition of co-adsorbate (cheno-deoxycholic acid (CDCA) and isooctyl trimetoxysilane (OTMS)). The
cells were prepared with thin (2-3 um) transparent titania layer from DN-GPS-30TS paste (Dyenamo)
so the parameters cannot be directly compared with those in Table 1). The errors were estimated by
calculation of the standard deviation of mean values.

Cell Voc eF Jsc EFF NPh ABS @ | Total
[V] [mMAcm?] | [%] |[10®s?m?]|530 nm | APCE
C Co 0.86 0.54 6.9 3.2 7.9 1.8 0.54
C _CDCA Co 0.86 0.57 6.4 3.1 7.8 1.8 0.52
Si_Co 0.83 0.49 6.1 2.4 8.2 2.0 0.46
Si_ OTMS Co 0.84 0.57 5.4 2.6 8.4 2.1 0.40
Error 0.01 0.03 0.3 0.2 0.1 0.1 0.02
—— D205Si —— V123
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Figure S8. Normalized IPCE spectra.
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Figure S9. Example of Electrochemical Impedance Spectroscopy Nyquist plots and the fitted curves of

DSSC’s at Voc (A-C). The data was fitted using the equivalent circuit (D). DX1 is transmission line
element, W1 is the Warburg element.

Table S3. Table of basic EIS parameters obtained from Nyquist plots taken at Voc. C, — chemical

capacitance, Rct — charge transfer resistance (both C, and Rcr were obtained from transmission line

element - DX1), W1-R Warburg diffusion resistance, W1-T — Warburg diffusion time constant. Error
values for each parameter were obtained from the fitting software (the highest values were taken).

CulFl  |Ret[Q] |WI-R[Q] | W1-T(s)
D205 0.00013 58.0 20.5 0.28
D205Si 0.00015 47.0 32.6 0.33
Y123 0.00024| 173.0| 107.2 0.48
D205 MC 0.00015 96.0 27.3 0.52
D205Si MC | 0.00013 78.0 36.3 0.29
Y123 MC 0.00021| 152.0| 115.0 0.19
D205CB7 | 0.00012 88.0 34.2 0.24
D205Si CB7 | 0.00012| 118.0 36.6 0.33
Y123 CB7 0.00021 97.0 78.6 0.28
Error 0.00001 3.0 2.5 0.02
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Figure S10. Kinetics probed at 700 nm measured by nanosecond flash photolysis for inert samples at
different pump pulse energies (Aoump = 532 nm). Black lines show the stretched exponential fit with the

parameters given in Table S4.
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Table S4. Parameters of the stretched exponential fit to the nanosecond flash photolysis kinetics

measured at 700 nm. The stretched exponential function is defined as A(t) = A, e

where £ is the

stretching parameter and z is the lifetime. The average time constants of stretched exponential function

is defined as 7,,, = - T
B

relative error of the averaged lifetime as 10%.

J. By the different measurements of the same sample we estimate the

7 (ps) p zave (1S)
D205/D205+CB7 0.15mJ 212 0.37 890
D205/D205+CB7 0.65mJ 54 0.32 390
Y123 0.15 mJ 88 0.33 570
Y123 CB7 0.15 mJ 9.3 0.20 1110
Y123 0.65 mJ 9.8 0.25 240
Y123 CB7 0.65 mJ 1.45 0.19 270
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Figure S11. Results of the global fit to the femtosecond transient absorption data for the old D205 and
D205Si cells with Cu and Co mediated electrolytes at different pump pulse (Apump =505 nm) intensity
(A-D) and for D205 and D205Si in acetonitrile solution (C ~ 10-°°M). Wavelength dependent amplitudes
of transient absorption signal decays and the time constants associated with them. The fastest component
(t1=0.2 ps) is not shown for clarity. For the results in solution, the second component (t2=0.5 ps)
represents the decay of the Franck-Condon state, while the third (50-90 ps) and the fourth (530-550 ps)
time constants are assigned to the decay of the subsequent charge transfer (CT) state at different stages
of solvation. The negative signal above 620 nm is due to the stimulated emission of CT state (compare
with the stationary emission spectra in Figure S2).
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Figure S12. Examples of the global fits to the first three kinetic vectors obtained from singular value
decomposition (SVD) analysis (left side) together with residuals (right side) for the transient absorption
data presented in Figures 9C and 9D. In the global fits, the optimized values for the longest, 14
component, were 9.5 ns for D205 Cu sample (A, B) and 14 ns for D205 Co sample (C, D). For the
comparison, the fit with 4 component fixed at longer value (14 ns) was added for D205 Cu sample, and
the fit with T4 component fixed at shorter value (9.5 ns) was added for D205 Co sample. In both cases,
the residuals are higher, and %> value of the fit quality was worse by 3%.
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Figure S13. (A) Results of the global fit to the femtosecond transient absorption data for the old D205Si
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1. Introduction

Impact of improvements in mesoporous titania
layers on ultrafast electron transfer dynamics
in perovskite and dye-sensitized solar cells¥

12 Adam Glinka, (2 £® Viktoriia Drushliak, (2@
© and Marcin Ziotek (0 *®

Katarzyna Pydzinska-Biatek,
Grzegorz Nowaczyk, (2 ° Patryk Florczak

Improvement in the performance of perovskite solar cells (PSC) and dye-sensitized solar cells (DSSC)
upon modifications of mesoporous titania layers has been studied. For PSC with triple cation perovskite
(FAo76 MAg1s Csoos Pb (lpg1 Broio)s) about 40% higher photocurrent (up to ~24 mA cm™2)
found for more homogenous, made of larger particles (30 nm) and thinner (150-200 nm) titania layer.
For DSSC (both with liquid cobalt-based electrolyte as well as with solid state hole transporter —

spiro-OMeTAD), a greater dye loading, rise in photovoltage, and the enhancement in relative

was

photocurrent were observed for the cells prepared from the diluted titania paste (2:1 w/w ratio) with
respect to those prepared from undiluted one. The impact of these improvements in titania layers on
charge transfer dynamics in the complete solar cells as well as in pristine TiO, layers was investigated by
femtosecond transient absorption. Shorter photocarriers lifetime in perovskite material observed in
better PSC, indicated that faster electron transfer at the titania interface was responsible for the higher
photocurrent. Moreover, the photoinduced changes close to TiO2 interface were revealed in better PSC,
which may indicate that in the efficient devices halide segregation takes place in perovskite material.
In liquid DSSC, the fast component of unwanted recombination was slower in the samples with the
diluted titania paste than in those made with undiluted ones. In solid state DSSC, hole injection from
MK2 dye to spiro-OMeTAD takes place on the very fast ps time scale (comparable to that of electron
injection) and the evidence of better penetration of spiro-OMeTAD into thinner and more porous titania
layers was provided.

cobalt-based electrolyte,>® but this environmentally friendly
technology has been recently re-discovered as the best suited

Perovskite solar cells (PSCs) and dye-sensitized solar cells
(DSSCs) belong to the very promising and potentially cheap
emerging photovoltaic technologies. PSCs have been developed
really rapidly in the latest few years, reaching the highest
sunlight power conversion efficiency of 25%," very close to
the theoretical limit for single bandgap active material. The
best efficiency of DSSC is about 14% achieved when using
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for indoor applications.® It is because the efficiency of DSSC
under low light intensity is greater than any of other common
photovoltaic devices.” Despite a large number of papers
devoted to PSC (> 15000 papers so far) and DSSC (> 24 000
publications up to now), the fundamental studies of charge
transfer processes using time-resolved laser spectroscopies
have been relatively rare, especially for the complete solar cell
as samples.®

A very important element present in the most efficient PSCs
and DSSCs is the mesoporous titania layer that accepts electrons
from active materials and transfers them to the transparent
conductive glass electrode.”® In DSSC, titania nanoparticles form
a layer of a few microns in thickness (typically up to 10 pm).
Sensitizing dyes are attached to such a scaffold and, after photo-
excitation, inject electrons to TiO, conduction band in the very fast
process (typically on fs and ps time scale), which is the primary
charge separation step in DSSC operation. The regeneration of
the dye (transfer of the electron to the oxidized form of the dye
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obtained after electron injection) in the cells with liquid
electrolyte takes place on the time scale much longer than that
of electron injection, typically from several hundreds of nano-
seconds to single microseconds.®® However, if the electrolyte is
substituted by solid state hole transporting material (e.g. the
most popular spiro-OMeTAD) to enhance the stability of the
cell, then the regeneration can occur much faster, even on
the time scale comparable to that of electron injection (due to
the hole hopping and higher density of charge conductive
centers in the polymeric structure instead of redox pair diffusion
in the electrolyte).”™* Solid state DSSC still suffers from low
efficiencies with respect to the cell with liquid electrolyte, mainly
due to the problem of sufficient contact between all dyes and
hole transporting materials.>**"* It should be noted that one
of the most promising recent findings is the solidification of
copper-based electrolytes (instead of the use of spiro-OMeTAD),
which lead to record efficiency close to 12% for solid state
DSsC.'

In PSC, the architecture is more similar to that of thin
film solar cells where the active perovskite materials is placed
between the charge selective layers of electron- and hole-
transporting materials."> However, in the most efficient
devices, the titania mesoporous layer is still present (providing
a base on which the perovskite crystalizes),’® although its
thickness is much smaller (a few hundreds of nm) than that
in DSSC. The optimization of the thickness and porosity of
titania layers in PSC and DSSC is necessary for achieving high
total power conversion efficiency. However, often it is unclear
whether upon such optimization the fastest charge dynamics is
changed and the efficiency of the primary charge separation
step (the electron transfer at the interface between active
material and titania) is improved.

Therefore, in the present work, we have constructed PSC and
DSSC devices using the most efficient compounds and with
different mesoporous titania layers to study the fully operating
solar cell samples using the femtosecond transient absorption
spectroscopy. For PSC, triple cation perovskite (containing
methylammonium, formamidinium and cesium) was the active
material'” and spiro-OMeTAD was the hole transporting layer,
while titania layers of different thickness and porosity were
tested. For DSSC, the efficient commercial carbazole dye MK2'®
and cobalt-based liquid electrolytes'®>" were used to check
the effect of dilution of popular commercial titania paste.
Furthermore, also a solid state DSSC with spiro-OMeTAD and
three types of titania layers were investigated. Our studies were
aimed to establish whether the use of better titania layers
(improving the sunlight conversion efficiency) correlates or
not with the ultrafast dynamics of electrons and holes. Such
information should be important for better understanding and
further optimization of PSC and DSSC.

2. Experimental

Substrates for transparent electrodes for the cells were cut out from
FTO glass sheet (Sigma-Aldrich, 2.2 mm thickness, 13 Q sq ).
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At first the glass plates were cleaned by sonication in a solution of
commercially available dishwashing detergent (TRILLUX) mixed
with distilled water, pure distilled water and ethanol, with each
cleaning procedure lasting for 15 min. After drying by air flow,
a UV ozone cleaner was used.

For PSC, spin-coating deposition was used in all steps of
preparation. Electron transporting material (ETM) consisting of
compact and mesoporous TiO, layers was deposited at first.
A solution of titanium isopropoxide and ethanol was prepared
in proportion of 1:9, respectively. Compact layer of TiO, was
obtained by spin coating at 2000 rpm for 1 minute and then
dried at 100 °C on a hot plate for 5 minutes. Next, the samples
were gradually heated in the oven and kept at 450 °C for 30 min
to form a compact TiO, layer. Two different mesoporous
layers were used. The first one was prepared from TiO, paste
for screen-printing of 18-20 nm-sized particle (DN-GPS-18TS,
Dyenamo), dissolved in ethanol at the ratio of 1:6 (w:w). The
second mesoporous layer was prepared from another TiO,
paste of larger average particle size of 30 nm (GreatCell Solar,
30NR-D), similarly dissolved in ethanol at the ratio of 1: 6 (w/w).
The mixtures were preliminarily stirred continuously for 1 day.
Mesoporous layers were spin coated at 2000 rpm for 10 s and
then dried at 120 °C on the hot plate. Again, the substrates with
titania layers were gradually heated in the oven and kept at
450 °C for 30 minutes. The abbreviations of the titania layers
studied in this work refer to the deposition method, particles
size and the possible use of dilution (see Table S1 in the ESIt).
Thus, the two above paste are abbreviated as SC18dil and
Sc3odil.

Then, triple cation perovskite layer (FAy;6 MAg 10 CSg.05 Pb
(Ip.s1 Brosi¢)s, where MA is methylammonium and FA is
formamidinium) was deposited by spin coating from 1.5 M
precursor solution in DMF:DMSO (4:1 by volume, 10 s,
2000 rpm, then 20 s, 4000 rpm). Chlorobenzene (as anti-solvent)
was applied 10 s before the end of the spinning. Subsequently,
the substrates were annealed at 100 °C for 40 minutes. The hole
transporting material (HTM) layer was obtained by spin-coating
(4000 rpm, 30 s) from a solution consisting of 72.3 mg mL ™"
2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobi-
fluoren (spiro-OMeTAD, Sigma-Aldrich), 28.8 pL mL ™" 4-tert-
butylpyridine (TBP, Aldrich), and 17.5 pL mL ' lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI, 520 mg mL "
in acetonitrile, Sigma-Aldrich), all dissolved in chlorobenzene
(Sigma-Aldrich). The precursor solutions were prepared in
oxygen free glovebox at a humidity RH = 6-7%, while the
deposition of perovskite, annealing and deposition of HTM
took place in another glovebox with oxygen presence at a
humidity RH = 6-7%. Finally, gold electrodes were deposited
on the top of HTM by sputtering technique for 60 s or 120 s,
giving 25-50 or 50-100 nm layer thicknesses, respectively.
The electrode sizes were of 0.05 or 0.20 cm? (0.125 cm* with
the mask).

For DSSC studies, liquid cells (L-DSSC) with cobalt-based
electrolyte and solid-state cells (S-DSSC) were constructed.
At first, the blocking TiO, layer was formed on FTO electrodes
by submerging them in 40 mM aqueous solution of TiCl,
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for 30 min at 70 °C, followed by rinsing with water, and heating
at 150 °C for 5 min, 300 °C for 5 min, then at 450 °C for 30 min.
At the next step, the two types of mesoporous titania layer were
formed using the screen printing technique and nanoparticle
paste of TiO, (DN-GPS-30TS, Dyenamo with 28-31 nm particles).
The first one was made from the undiluted paste (abbreviated as
SP30), The second, diluted-paste based mesoporous (SP30dil)
layer, was prepared by mixing the above commercial paste with
solution (6 g cellulose, 4 mL ethanol, 15 mL alpha-terpineol) at
the ratio 2: 1. After screen-printing of either diluted or undiluted
pastes, the glass plates with mesoporous titania were gradually
heated at 150 °C for 5 min, 300 °C for 5 min, and 450 °C for
60 min. After that, the glass plates were submerged in 40 mM
aqueous solution of TiCl, (and treated in the same way as the
blocking layer). For photoanode sensitization, the hot plates with
TiO, layers were immersed in MK2 dye solutions in toluene for
about 16 h to enable efficient adsorption of the dye. For MK2
sensitization we used either the solution of 0.2 mM dye and
0.1 mM of chenodeoxycholic acid (CDCA) as co-adsorbent or the
solution of 0.2 mM dye without co-adsorbent.

Counter electrodes for L-DSSC were prepared from the same
FTO glass plates and using the same cleaning procedure as that
of photoanodes. Afterwards, they were dried in air and one layer
of activated platinum (Platisol T, Solaronix) was deposited by
paintbrush. Finally, the plates were heated at 450 °C for 30 min
in order to remove any organic contamination. The photo-
anodes and counter electrode were bonded together by a
polymer seal (25 pm Surlyn, Meltronix, Solaronix SA) with
the conducting surfaces facing inwards. At the next step, the
devices were filled with electrolyte through the 1 mm holes in
the counter electrode and sealed with the cover glass on the top.
We used the cobalt-bipyridine (bpy) or cobalt-phenanthroline
(phen) complexes in acetonitrile solutions as the electrolytes for
L-DSSC. The electrodes with MK2 and CDCA were used with the
electrolyte consisting of 0.25 M [Co(bpy)s;](B(CN),),, 0.035 M
[Co(bpy);](B(CN),);, 0.1 M LiClO, and 0.5 M TBP, and this
configuration is abbreviated as CBpy. The electrodes without
CDCA were used with the electrolyte consisting of 0.13 M
[Co(phen);](TFSI),, 0.035 M [Co(phen);](TFSI);, 0.1 M of LiTFSI,
and 0.5 M TBP, and this configuration is abbreviated as Phen.
For S-DSSC, we used MK2 without CDCA for sensitization, and
SC30dil, SP30dil or SP30 titania layers. Spiro-OMeTAD as HTM
and gold electrodes were deposited as described above for PSC.

A UV-VIS-NIR JASCO V-770 spectrophotometer equipped
with a 150 mm integrating sphere (LN-925) was used to
measure the stationary absorption spectra in the UV-VIS range.
The samples were mounted in front of the integrating sphere in
order to detect both transmitted and scattered light. The cross
section images were recorded by Jeol 7001 TTLS field-emission
scanning electron microscope (SEM) working at the accelera-
tion voltage varying from 5 to 15 kV. Current-voltage measure-
ments and IPCE (incident photon to current efficiency) spectra
for the studied solar cells were recorded using a potentiostat
(model M101, Autolab) coupled to a photoelectric spectrometer,
equipped with a solar simulator (Instytut Fotonowy, Poland).
A Xe lamp with AM 1.5G spectral filter and irradiance adjusted
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to 100 mW cm > using a calibrated cell (15151, ABET) mimicked
the sunlight conditions. The same complete solar cells as those
for current-voltage measurements were used for the transient
absorption studies. Transient absorption system has been
described recently in more details (Helios spectrometer, Ultra-
fast Systems, and Spectra Physics laser system).”> The laser
pulses were set to 310, 355 or 500 nm and the IRF (pump-probe
cross correlation function) duration was from 150 to 300 fs
(FWHM). The transient absorption measurements were ana-
lyzed using the Surface Explorer software (Ultrafast Systems),
including the global analysis. The program allowed fitting a
multi-exponential function (convoluted with IRF) to the kinetic
vectors of a selected number of singular values. Finally, the
characteristic time constants and the wavelength-dependent
amplitudes associated with them were obtained (they are also
called the decay associated spectra or pre-exponential factor
spectra). The fit quality was examined by the comparison of the
multi-exponential fitted functions to the kinetic vectors.

3. Results and discussion
3.1. Morphology and stationary absorption

In order to determine the thickness of individual layers in solar
cells SEM cross section images were carefully analyzed. The
examples are shown in Fig. 1 and Fig. S1 (ESIY). Fig. 1A shows
the cross section of SP30dil titania layer, while that of SP30
layer is presented in Fig. S1A (ESIt). The estimated thickness of
SP30dil layer is 1.3-1.5 pm, while that of SP30 is 2.5-3 um.
Therefore, the use of diluted paste results in about twice
smaller thickness of the mesoporous TiO, film. Moreover, the
SP30dil structure has a higher porosity than that of SP30
one, as indicated by the previous studies with different ethyl
cellulose content in the titania paste.>” The cross section of
PVSK solar cell made with a SC30dil thin titania layer is shown
in Fig. 1B. The total thickness of the cell is about 850 nm, and
the following layers deposited on the FTO glass substrate can be
recognized: 150-200 nm of SC30dil (including very thin compact
TiO, layer which is hard to be distinguished), 450-500 nm of pure
triple cation PVSK, 100-150 nm of spiro-OMeTAD and 50-100 nm
of Au electrode. The average thickness of the solar cells made
with a SC18dil layer is 1000 nm (Fig. S1B, ESIt), which indicates
that the thickness of SC18dil layer is about twice higher than that
of SC30dil one. Moreover, the homogeneity of the SC18dil is also
worse with much higher variance in its thickness at different spots.

» ” '
spiro-OMeTAD
. pErOVskite

ez

Fig. 1 SEM cross sections of SP30dil titania layer (A) and PSC made using
SC30dil layer (B).
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It also agrees with the eye observation of the electrodes (before
perovskite deposition): those made with SC18dil are much
more opaque, suggesting the presence of more scattering grains
in SC18dil than in SC30dil layer. The differences in the
thicknesses of the studied mesoporous layers are summarized
in Table S1 (ESIY).

The differences in the thickness of SP30dil vs. SP30 and
SC30dil vs. SC18dil layers were also confirmed by stationary
absorption measurements of the electrodes (Fig. S2, ESIT). The
absorbance values below 400 nm (where TiO, absorbs) are
higher for SP30 than SP30dil and higher for SC18dil than
SC30dil. However, the exact thickness ratio of different titania
layers is hard to estimate in this way, because the absorbance is
also affected by the scattering contribution, which results in the
baseline signal increasing for shorter wavelength (and observed
already at wavelength longer than 400 nm). Moreover, the
absorption baseline is also affected by the oscillations appearing
due to the light interference at the layers of sub yum sizes™
present on the electrodes.

The stationary absorption measurements were also used to
determine the absorption spectrum of active layers (dyes or
perovskite) after the subtraction of titania layers contribution.
The examples are shown in Fig. 2. These data are impor-
tant to estimate the numbers of absorbed photons from
1 Sun irradiation (Npp), which are necessary to calculate and
compare the relative photocurrent of different cells (in the
next section).

3.2. Photovoltaic parameters

Table 1 shows the photovoltaic parameters of the best cells
prepared using different titania layers. The absorbance of the
active material at selected wavelength and the number of
absorbed photons (Npp,) from 1 Sun irradiation are given along
with the standard photovoltaic parameters: open circuit voltage
(Voc), short circuit current density (Js¢), fill factor (FF) and
sunlight power conversion efficiency (PCE). Moreover, Table 1
presents also the calculated parameter total APCE (APCE -
absorbed photon to current efficiency), describing the relative
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photocurrent of the cells per the number of absorbed photons.
It is defined as the total APCE = Jsc/e N, where e is elementary
charge. This parameter allows us to compare the efficiency of
charge separation between the cells with different amounts of
adsorbed dyes, as we did in many of our previous studies.>*®
The average values of the photovoltaic parameters with errors
based on the measurement of several cells of the same type are
collected in Table S2 (ESIY).

At first, the DSSC samples with the liquid electrolyte
(L-DSSC) will be described. The cells sensitized with popular
carbazole dye called MK2 were studied in two configurations:
without co-adsorbent in Co-phenanthroline electrolyte (Phen),
and with CDCA in Co-bipyridine electrolyte (CBpy), using both
SP30dil and SP30 layers (Table 1A). The absorbance of MK2
(and thus the total amount of MK2 dyes on titania layer) is, as
expected, smaller in the samples with the co-adsorption of
CDCA. However, for both the cells with and without CDCA,
the amount of dyes in SP30dil layers is as high as about 75% of
that in the corresponding SP30 layers. Having in mind that the
thickness of SP30 is about twice that of SP30dil, it means that
the dye loading per layer thickness is significantly higher for
the cells prepared with the diluted paste. It can be probably
explained by higher porosity of the SP30dil titania layer.
Furthermore, Table 1A shows that the photocurrent (Jsc) of
the fresh cells is only slightly smaller for SP30dil cells, while
IPCE spectra (Fig. S3, ESIt) indicate that it originates mainly
from higher absorption on the rising, long-wavelength part of
MK?2 absorption band. Small difference in jsc results in the
higher relative photocurrent (total APCE) for SP30dil cells than
SP30 ones. Finally, L-DSSC from diluted titania paste exhibits
higher V¢ (by about 0.04 V) indicating slightly smaller recom-
bination losses in SP30dil cells. Our observations of the above
improvements upon dilution of titania paste are consistent
with previous reports.>>> The layers with higher porosity permit
a more effective transport of large redox shuttles like cobalt
complexes. However, the studies of the impact of titania
modifications on ultrafast charge transfer process, which we
present in the next sections, has not been addressed so far.
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Fig. 2 Stationary absorption of the SP30, SP30dil and SC30dil electrodes sensitized with MK2 dye (without CDCA) (A) and triple cation perovskite on
SC30dil and SC18dil layers (B). The contribution of titania has been subtracted in both figures. The inset in (A) presents the spectra with enlarged

absorbance scale.
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Table 1 Photovoltaic parameters of the best cells: Voc — open circuit voltage, Jsc — short circuit photocurrent density, FF — fill factor, PCE — power
conversion efficiency, Ny, — humber of absorbed photons from 1 Sun, A — absorbance at 500 nm, total APCE - relative photocurrent

Sample Voc [V] Jsc [mA cm™?] FF PCE [%)] Npp[10%° 7' m™?] A (500 nm) Total APCE
(A) fresh L-DSSC:

Phen/SP30 0.84 8.03 0.63 4.30 7.24 1.58 0.69
Phen/SP30dil 0.88 7.44 0.68 4.44 6.60 1.18 0.70
CBpy/SP30 0.79 7.04 0.70 3.93 6.44 1.12 0.68
CBpy/SP30dil 0.83 6.79 0.70 3.98 5.66 0.87 0.75
Sample Voc [V] Jsc [mA cm™?] FF PCE [%] Npn [10%° s m™?] A (500 nm) Total APCE
(B) 20 days old L-DSSC:

Phen/SP30 0.86 6.97 0.71 4.26 7.24 1.58 0.60
Phen/SP30dil 0.86 7.56 0.70 4.53 6.60 1.18 0.71
CBpy/SP30 0.79 7.82 0.70 4.34 6.44 1.12 0.76
CBpy/SP30dil 0.84 7.29 0.73 4.46 5.66 0.87 0.81
Sample Voc [V] Jsc [mA em™?] FF PCE [%] Total APCE
(C) fresh PSC and S-DSSC:

PSC/SC18dil 0.99 17.2 0.62 10.6 0.80
PSC/SC30dil 1.07 24.4 0.68 17.8 1.17
S-DSSC/SC30dil 0.71 0.98 0.57 0.40 0.52
S-DSSC/SP30dil 0.58 3.20 0.42 0.79 0.49
S-DSSC/SP30 0.46 3.74 0.34 0.58 0.38

It should be noted that the same trends in the differences
between SP30dil and SP30 cells (higher Voc and total APCE,
better dye loading) were confirmed in our preliminary studies
of L-DSSC with other dyes (indoline dye D205°%*! and the 2:1
mixture of MK2:D205 in Co-phenanthroline electrolyte). After
20 days, the parameters of L-DSSC were quite stable and most
of them even improved, increasing the total efficiency of the cell
(Table 1B). The best efficiency of about 4.5% was reached for
the cells made with diluted paste. It is not very high comparing
this value to that of the best L-DSSC (efficiencies 12-14%);>>
however, it should be noted that our result was achieved on the
very thin (1.3-1.5 um) and transparent titania layer only.

PSC with triple cation perovskite, spiro-OMeTAD as hole
transporting layer, and SC18dil or SC30dil titania layers as
electron transporting material, were studied. Their photovoltaic
parameters are collected in Table 1C. As can be seen,
all parameters (Voc, Jsc, FF and PCE) are better for the cells
prepared on SC30dil than SC18dil, which confirms that more
the homogenous thinner, and made of larger particles meso-
porous titania layer is advantageous for the performance of this
kind of cells. Better photovoltaic parameters obtained for larger
nanoparticles and thinner TiO, layers are consistent with the
previous reports.” For example, the efficiency of PCS made of
MAPDI; was 14.34% for 400 nm layer thickness of 25 nm
particles, while it improved to 18.72% for 150 nm layer thickness
with 41 nm particles.” The improvement observed for larger
particles was assigned to higher porosity and mean pore diameter
of the resultant layer. However, according to our knowledge, the
charge transfer dynamics (presented in the next sections) has not
been compared so far.

The photovoltage (Voc close to 1.1 V) and photocurrent
(Jsc above 24 mA ecm™?) of our best PSC with SC30dil layer
are close to the top efficiencies reported for PSC. The very high
value of the relative photocurrent (close to 100%) indicates

This journal is © the Owner Societies 2020

almost no charge recombination at low voltages. The constructed
perovskite solar cells exhibit relatively small hysteresis with
the hysteresis index of 0.03-0.05 (Fig. S4, ESIt). Our best PSC
efficiency is about 18%, and the parameter which mainly limits
our efficiency and which is significantly lower with respect to the
best PSC devices, is the fill factor. The obtained values of FF
below 0.7 in PSC are probably due to the sputtering method of
gold electrode depositions used for our cells, instead of typically
employed thermal evaporation technique. It is confirmed and
explained in ESIT (Table S3 and the short discussion below, ESIT).
However, it should be emphasized that low FF values of our PSC
(and also our solid state DSSC described below) do not change
the main conclusions following from our studies since we are
mainly focused on the photocurrents and all samples compared
are affected by gold sputtering in the similar way.

The solid state DSSC (S-DSSC) were prepared using SC30dil
(the same as for PSC), SP30dil or SP30 (the same as for L-DSSC)
titania layers sensitized with MK2 dyes (without co-adsorbent).
The electrodes were then covered with spiro-OMeTAD and
gold electrodes. The photovoltaic parameters are collected in
Table 1C. Although Jsc increases for thicker titania layers due to
more adsorbed dyes, the other parameters (Voc, FF and total
APCE) significantly decrease when going from samples with
SC30dil (thickness 150-200 nm) to SP30dil (1.3-1.5 pm) and
further to SP30 (2.5-3 pm). The common problem with S-DSSC
is the penetration of spiro-OMeTAD to deeper titania layers
sensitized with the dye,® which is confirmed in our results. The
best efficiency of about 0.8% is obtained for the cell with
SP30dil layer. Fill factor values improve in both PSC and
S-DSSC samples for more porous and thinner titania layer
due to better pore filling by the precursor solution and spiro-
OMEeTAD, respectively.

The composition and deposition method of spiro-OMeTAD
were optimized for PSC and it is probably one of the reasons
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why the parameters and efficiencies of our S-DSSC are rather
poor, comparing to other reports of S-DSSC with MK2 dye
(~3%).>>** Despite preferable match of HOMO levels of the
dye (0.92 eV vs. NHE)** and the HTM (0.75 eV vs. NHE),** TiO,
layer is not fully covered by the dyes as it is covered by the
perovskite layer in PSC, allowing unwanted direct charge
recombination at HTM/ETM interface. However, the total APCE
values in our S-DSSC (from 0.52 to 0.38, compared to 0.60-0.80
for L-DSSC) indicate that still about half of the photoinduced
charges are successfully separated at low voltages, therefore the
findings from transient absorption studies presented in the
next sections are still informative for the operation of S-DSSC.

3.3. Transient absorption of titania layers

We will begin with presentation of the transient absorption
results obtained for isolated electrodes with titania layers
excited at 310 or 355 nm. Such excitation leads to the direct
absorption of light by TiO, and creation of electron-hole pairs.
Fig. S5 (ESIt) shows the exemplary transient spectra for SC30dil
in UV-VIS and NIR ranges at selected time delays between pump
and probe pulses. The results of global three-exponential analysis
of the same sample are presented in Fig. 3A and B. Initially, the
negative bleach signal in the spectral range of TiO, stationary
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absorption can be observed below 380 nm. At longer wavelength
in the VIS range the positive signal from holes and trapped
electrons can be observed, while the positive signals in NIR range
are dominated by free and shallowly trapped electrons.>® After
1 ns the majority of signals decay due to charge recombination,
but below 400 nm a positive, a long-lasting band appears,
which we assign to the thermal artifact - broadening of the
titania absorption band upon local sample heating. Indeed, our
stationary absorption measurements showed that TiO, electrodes
increase their absorption in the range from 340 to 400 nm
upon heating, with approximately 0.0008 change in absorption
per 1 Celsius degree at 340 nm (Fig. S6, ESIt). This artifact, being
responsible for the existence of transient absorption signal, even
when no excited state population is present, has been reported
recently for some metal oxide semiconductors: BiVO,,*” hematite,
LaFeO; or LaMnO;.*® However, according to our knowledge,
this effect has not been reported for TiO, as yet.

The multi-exponential global analysis reveals that the
majority of free electrons decays occur with the time constant
of about 1 ps (amplitudes of 7; component in Fig. 3B, increasing
for longer wavelength in the infrared range)***° and that the
signals of trapped electrons and holes do not decay in the single
exponential way (components 7, and 7, in Fig. 3A). Fig. 3C and D

(B) SC3odil, NIR,
exc. 355 nm, 4 mJ/cm?, IRF=0.2 ps
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Fig. 3 Examples of the global analysis of transient absorption data using a three-exponential function with a constant offset for SC30dil electrode:
in UV-VIS (A) and NIR ranges (B). The normalized kinetics at 600 nm for the indicated samples at fluences from 0.5 to 4 mJ cm™2, together with mixed

first and second order functions fitted (dotted lines) for SC30dil samples (C).

The scaling factors for the initial photoexcited charge concentration (ng) are

also given. The normalized kinetics at 1100 nm for different titania samples measured at the same fluence (D). The amplitudes of SC30dil and SC18dil
were multiplied by 1.85 in (D) to have the same value as those of SP30 and SP30dil samples.
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present the kinetics at 600 nm (dominated by holes) and 1100 nm
(dominated by electrons). As can be seen, the dynamics of hole
decay is similar for SC30dil, SP30dil and SP30 layers (Fig. 3C).
Interestingly, the decay of electrons is significantly slower
for SP30dil and SP30 layers than for SC30dil and SC18dil
ones (Fig. 3D), indicating the difference in the distribution of
trapped states below the titania conduction band. The decay of
holes at 600 nm was analyzed at different excitation fluence
(Fig. 3C). The higher the initial amplitude (and thus the
population of the charges), the faster the decay. It can be
justified by the contribution of second order process (hole-electron
radiative recombination). Indeed, the mixed first and second
order fit (see SI for the function definition) reveals trap-assisted
first order rate constants k; = 1 ns~ ' and second order rate
constant k, = 3.4 ns ' (mAA)™' (absorbance signal is used
instead of charge concentration, because of difficult estimation
of the latter). The fit is not perfect (Fig. 3C), which is probably
due to the effect of the diffusion of charges in the sample of a
certain thickness (therefore, the initial density of charges changes
in time). The contribution of the second order process in the
measured range of excitation fluence at 310 nm (0.5-4 mJ cm ™ ?)
varies from 81% to 98%.

3.4. Transient absorption of L-DSSC

Next, the transient absorption results for solar cell samples with
different titania layers are presented and compared. L-DSSC, PSC
and S-DSSC were excited at 500 nm, at which the light is absorbed
by the active materials (MK2 dye or triple cation perovskite) and
not by TiO,. The measurements for L-DSSC refer to a 20 days old
cell, whose parameters were slightly improved with respect to the
as-obtained one (Table 1B). The pump pulse was directed from
the titania side and excitation fluence for L-DSSC was 100 pJ cm™ 2.
Fig. S7 (ESIT) shows the exemplary spectra of CBpy/SP30dil sample
at selected time delays between the pump and probe pulses, while
representative pseudo-color 2D spectra of transient absorption
data are presented in Fig. 4A and B.

The transient absorption spectra and their evolution are
analogous to those reported by us earlier for L-DSSC with MK2
dye.?>?%%* gimilarly, global analysis assuming a two-
exponential function and constant offset was employed to
extract the characteristic time constants. The representative
results are presented in Fig. 4C-F. The constant offset compo-
nent with a bleach band below 650 nm (corresponding to
stationary absorption of MK2 dye - compare with Fig. 2A) and
a positive band with a maximum at 750 nm is assigned to the
oxidized dye. Thus, its amplitude with respect to the initial one
is proportional to the number of successfully separated charge
carriers. The relative amplitude of the positive band is higher
for the cells with CDCA (CBpy, Fig. 4C and D) than for those
without co-adsorbent (Phen, Fig. 4E and F). It agrees with the
higher total APCE values for the former than for the latter
samples (Table 1B), and is in line with our previous findings.>®

The pre-exponential factor spectra of the second, longer
component (7, in the range from 130 to 180 ps, slightly faster
for Phen than CBpy cells) have the shape similar to that of the
constant offset spectra. Therefore, the second component is
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assigned to the recombination of injected electron from titania
to MK2 dye, decreasing the population of the oxidized dye.
Finally, the fastest extracted component (7; of several ps) is
the only one for which the small but systematic differences
between SP30dil and SP30 samples can be observed. This
component should be ascribed to the fast part of electron
recombination (that occurs over many time scales), but it is
also influenced by the electron injection; therefore, its pre-
exponential factor spectra are different than those of 7, and
constant offset components. In particular, the electron injection
is accompanied with the decay of the S; state of the dye, and
e.g. the indentation in the spectra in 600-750 nm range is due to
the stimulated emission (Fig. 4C-F).>° It is more visible in CBpy
than Phen samples because, as we analyzed in more details
earlier, the electron injection is slower for MK2 with CDCA than
without CDCA.>®> Nevertheless, the electron injection times are
below 1 ps in both cases, so the differences in values of 7, are
mainly due to electron recombination. Thus, the fast component
of recombination is slightly slower in the samples with the
diluted titania phase (7, of about 6 ps with respect to 4 ps for
undiluted samples, Fig. 4C-F), which is beneficial for charge
separation. It might be explained by a closer distance between the
dyes on titania nanoparticle surface in SP30 than SP30dil layer,
which enhance fast recombination.>>"* Although dye loading is
higher in SP30dil cells than SP30 ones, it is the loading per the
layer thickness that we consider, and due to higher porosity of
SP30dil than SP30 layer, the average distance between adjacent
dyes might be even larger in SP30dil than SP30. It should be
also noted that the charge transfer processes observed on the
time scales up to few nanoseconds are only related to the
interaction between dye molecules and single TiO, nanoparticle.
Different titania thickness in DSSC samples can affect the
kinetics on much longer time scales (e.g. electron transport
through the titania nanoparticles net or titania-redox couple
recombination).

3.5. Transient absorption of PSC

We will discuss now the transient absorption results obtained
for as-obtained PSC. Fig. S8 (ESIT) presents the exemplary
spectra at different time delays between the pump and probe
pulses while representative pseudo-color 2D spectra of transient
absorption data are shown in Fig. 5A and B. They are similar to
many previous reports on standard MAPbI; perovskites,*>™°
including our studies,”®>"** as well as to our recent studies of
the same triple cation perovskite compositions prepared under
drybox or ambient air conditions.”® The initial changes at times
below 1 ps are due to the charge carrier relaxation.***>*%>* After
that, the signals are dominated by the strong and sharp negative
bleach close to the absorption edge, appearing due to the band
filling mechanism and being proportional to the population of
the excited carriers.***®*” The decay of this signal is due to the
charge recombination, charge diffusion and charge transfer to
contact layers (electron injection into TiO, and hole injection into
spiro-OMeTAD),* #9323

To compare the charge dynamics in PSC with SC30dil and
SC18dil layers, the global multi-exponential analysis was employed,
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Fig. 4 Pseudo-color 2D spectra of original transient absorption data for L-DSSC with SP30dil and SP30 titania layers (A and B). Examples of the global
analysis of transient absorption data using a two-exponential function with a constant offset for L-DSSC samples (C—F). The graphs present
pre-exponential factor spectra associated to the indicated time constants. The pump fluence was 100 pJ cm~2 and IRF was 0.3 ps.

similarly as in our previous studies.”®*”"*> As we have discussed,”
the exponential functions (being the solution of the first order
kinetic equations) do not strictly follow the kinetics of charge
population, which include e.g. second order radiative recombina-
tion and charge diffusion.*”*®*® However, the fitted time constants
of exponential components and the associated pre-exponential
factor spectra can be used to identify the occurring processes and
compare their characteristic, average times. Fig. 5C-F shows the
results of 3-exponential global analysis of the data obtained with
the excitation fluence 30 yJ cm ™2 from both ETM (TiO,) and HTM
(spiro-OMeTAD) sides.

21954 | Phys. Chem. Chem. Phys., 2020, 22, 21947-21960

Due to the high absorbance of the samples at the excitation
wavelength (A > 3 at 500 nm, see Fig. 2B), the initial excitation of
perovskite is localized close to the contact layers, therefore the
excitations from different sides of PSC probe more selectively the
charge transfer to one, particular layer (ETM or HTM). The first,
sub picosecond component has a shape characteristic of the
band-edge shift, which is due to charge cooling and/or exciton
dissociation.***>* Its value of 7, = 0.3 ps is the same for the samples
with SC30dil and SC18dil titania layers. In contrast, the next two
time components (having the amplitude spectra dominated by
the bleach signal and showing the charge population decay) are
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Fig. 5 Pseudo-color 2D spectra of original transient absorption data (A and B). Examples of the global analysis of transient absorption data using three-
exponential function for PSC samples. The graphs present pre-exponential factor spectra associated to the indicated time constants. The pump fluence

was 30 pJ cm~2 and IRF was 0.3 ps.

always shorter for SC30dil than SC18dil layers, which indicates
that the electron transfer to titania is faster for SC30dil cells with a
higher photocurrent. The spectrum of the second component
(72, from 100 to 300 ps in Fig. 5C-F) is usually blue-shifted with
respect to that of the third one (z3, in the nanosecond range)
because the charges filling the bands of higher energy depopulate
faster.>® It should be noted that the fitted time constant are only
partly related to the charge injection times, because they are
strongly affected by the second order charge recombination
within the perovskite, as evidenced e.g. by the higher values of
7, and 15 at lower excitation fluence (10 pJ cm™?, see Fig. S9, ESIY).

To simplify the comparison between SC30dil and SC18dil
layers, we have also performed 2-exponential global analysis,>

This journal is © the Owner Societies 2020

in which the second component reflects the average charge
population decay (despite poor fit quality, at least for the
excitation fluence 30 pJ cm™?). The obtained mean values are
the following: Tavg (SC30dil, ETM side) = 1.9 ns, tayg (SC30dil,
HTM side) = 2.5 ns, Tayg (SC18dil, ETM side) = 3.3 ns and Taye
(SC18dil, HTM side) = 3.3 ns, all with the error £+ 0.1 ns based
on standard deviation from 4-7 measurements.

As can be seen, the charge decay is faster for SC30dil than
SC18dil samples, which is also visualized by the comparison of
kinetics at bleach maximum presented in Fig. 6A or the pseudo-
color 2D spectra in Fig. 5A and B. Moreover, the difference is
higher for the excitation at ETM side where the contribution of
electron injection to titania is higher than that at HTM side.
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Fig. 6 Normalized kinetics for PSC measured from ETM side at the maximum of the bleach signal for SC18dil and SC30dil layers (A). Transient
absorption spectra for PSC with SC30dil layer measured at 100 ps for different consecutive cycles at ETM (B) and HTM (C) sides. The pump fluence was
30 pJ cm™2 in A-C. Normalized kinetics for L-DSSC and $-DSSC measured at 750 nm (D).

Therefore, it confirms that the faster electron injection from
the perovskite to TiO, is responsible for the observed faster
bleach recovery dynamics in the SC30dil samples, because all
other parameters that might influence the population decay
(excitation fluence, perovskite layer thickness, HTM material)
are the same in both samples. However, it should be noted that
the magnitude of lifetime shortening do not directly represent
the values of intrinsic electron injection times, which might be
much shorter than nanoseconds due to the occurrence of
charge diffusion process. For example, it was shown that the
half-decay of the bleach signal of the perovskite layer studied
(of 80 nm in thickness) can decrease from 4 ns to 2 ns when
the intrinsic electron transfer time is shortened from 50 ps to
10 ps.”

Finally, we would also like to address another important
issue related to the interface between triple-cation perovskite
and the titania layer. In our recent contribution we have
reported the differences in morphology (Pbl, content) and
spectra between the perovskite close to ETM and that near HTM
interface.”® In particular, the transient bleach band showed
additional red-shifted spectral features of perovskite close to
ETM side. One of the proposed explanations was the ion
segregation leading to different ratios of bromide/iodide close
to the TiO, that could modify the bandgap.®” This effect can be
enhanced by irradiation.”® In the study presented here we

21956 | Phys. Chem. Chem. Phys., 2020, 22, 21947-21960

provide more evidence for this mechanism by comparing the
changes in transient absorption spectra during the following
cycles in the femtosecond experiment (each cycle lasted about
3 minutes). As can be seen in Fig. 6, upon increasing irradiation
time, some clear changes (with isosbestic point) of bleach
spectrum at 100 ps are observed at ETM side (Fig. 6B), while
no such changes are visible at HTM side (Fig. 6C). This result
was obtained for the PSC/SC30dil sample showing high photo-
current. On the contrary, for worse performing PSC/SC18dil cell
the changes on ETM side were much smaller (Fig. S10A, ESIf).
We have also passivated SC30dil layer by sensitization with
MK2 dye (before perovskite deposition). For such test PSC
the photocurrent was very small (total APCE = 0.61) and the
changes on ETM side were also hardly observed (Fig. S10B,
ESIT). Therefore, the photoinduced bleach changes near TiO,
(due to probable ion segregation in mixed halide perovskite)
occur efficiently only for the cells with high photocurrent.
It is consistent with the recent supposition that ion segregation
is enhanced by hole accumulation at the interface where
electrons were efficiently injected.>®

3.6. Transient absorption of S-DSSC

In the last section we will present the transient absorption
data measured for the as-obtained S-DSSC. Similarly as in the
previous sections, the representative spectra at selected time
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delays are shown in ESIt (Fig. S11), while representative
pseudo-color 2D spectra of transient absorption data are shown
in Fig. 7A. Fig. 7B-D presents the results of the global fit using
the same model as for L-DSSC (two-exponential function with
constant offset). The results for solid state cells should be
compared with those of liquid solar cell made with the same
dye (Fig. 4C-F).

The most important differences are the smaller contribution
of the constant offset component and the shorter times 7, and
1, for S-DSSC (Fig. 7B-D) with respect to those of L-DSSC
(Fig. 4C-F). The time constants obtained from the global fit
are about three times shorter for S-DSSC than those for L-DSSC.
The difference can be also clearly visualized by comparing the
kinetics at the maximum of the oxidized dye band (750 nm),
which are presented in Fig. 6D. Therefore, the additional
quenching of the oxidized dye is observed for S-DSSC, which
should be explained by fast regeneration of the dye by spiro-
OMEeTAD. In our systems, such a hole transfer occurs on the
time scale of single and tens of ps. In the cells with liquid
electrolyte the dye regeneration by redox couple (e.g. cobalt
complex or iodide/iodine pair) occurs on the time scale of ps,
but the hole injection from solid HTM can occur much
faster, even competing with electron injection. Such a fast dye

View Article Online
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regeneration has been reported for several systems,® however,
according to our knowledge, we show it for the first time for the
popular carbazole dyes and spiro-OMeTAD.

In principle, the observed quenching of the oxidized MK2
dye in S-DSSC could be also explained by greatly enhanced
electron recombination.*® However, the decrease in the total
APCE of S-DSSC is not more than half with respect to that
of L-DSSC (Table 1), so we could expect not more than twice
decrease in the residual signal in transient absorption.>® The
drop in the residual amplitude for S-DSSC is much larger than
that, therefore, the quenching must be dominated by the fast
hole transfer. Moreover, we can observe a clear correlation of
the relative amplitude of constant offset component and life-
times with the thickness of the mesoporous layer (Fig. 7B-D).
The residual signal is the smallest and the time constants
7, and 1, are the shortest for SC30dil sample (thickness
150-200 nm). For SP30dil sample (1.3-1.5 um) the values are
intermediate, while for the thickest SP30 layer (2.5-3 pum) the
residual signal is the strongest and the time constants are
the longest. As mentioned before, the problem in S-DSSC is the
penetration of spiro-OMeTAD to deep parts of the mesoporous
layer for the thickness above 1 pm. The limited penetration of
HTM into titania can thus explain the trends we observe for
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1000 time constants:
0.008 0.004- 7,=0.7 ps
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100 2
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Fig. 7 Pseudo-color 2D spectra of original transient absorption data for S-DSSC with SP30dil titania layer (A). Examples of the global analysis of transient
absorption data using two-exponential function with constant offset for S-DSSC samples with the indicated titania layers: SC30dil (B), SP30dil (C) and
SP30 (D). The graphs present pre-exponential factor spectra associated to the indicated time constants. The pump fluence was 100 pJ cm™2, IRF was

0.3 ps and the excitation was from HTM side.
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SC30dil, SP30dil and SP30: spiro-OMeTAD is probably not in
contact with all dyes for SP30dil and especially for SP30, so
their regeneration is slowed down. The observed differences in
the quenching yield of oxidized MK2 by HTM correlates with
the relative photocurrent (total APCE) of the cells: the highest
for SC30dil and the lowest for SP30 layers (Table 1C). It is in
agreement with the previous reports about higher photocurrent
in S-DSSC for better spiro-OMeTAD penetration and higher
hole transfer yield.*®"

Finally, another confirmation of poor pore filling in SP30
samples comes from the analysis of the decomposition of the
samples during transient absorption measurements (Table S4,
ESIt). When the cell with SP30 layer is excited from ETM side
(which is hard to be reached by spiro-OMeTAD) a significant
decrease (more than 12%) in the transient absorption signal
for the consecutive cycles of the experiment is found. For the
same SP30 sample excited from HTM side, and for SC30dil
and SC30dil samples excited at both sides, the changes in
the signals are much smaller and probably random. The fast
photodegradation under femtosecond pulse excitation occurs
when the dyes are not in contact with regenerating medium
(e.g- in the isolated sensitized electrodes) because the lifetime
of the reactive oxidized state is very long.®

To summarize the transient absorption parts, the results
prove that efficient charge transfer from perovskite to TiO, is
responsible for improved performance in PSCs utilizing larger
particle size. For DSSC utilizing liquid electrolyte a weaker
electron recombination in TiO, films prepared with diluted
TiO, is observed. For solid HTM based DSSC higher regeneration
rates are observed for spin coated TiO, films whereas slower
regeneration rates in screen printed films is found.

4. Conclusions

Improvement in the performance of perovskite solar cells (PSC)
and dye-sensitized solar cells (DSSC) upon modifications of
mesoporous titania layers has been studied. Its impact on the
charge transfer dynamics in the complete solar cells as well as
in pristine TiO, layers have been investigated by femtosecond
transient absorption.

For PSC with triple cation perovskite (FAy 76 MAg.19 CSg.05 Pb
(Io.s1 Bro.1o)s) the best efficiency of ~18% and photocurrent
of ~24 mA cm > were obtained for homogenous TiO, meso-
porous layer made of 30 nm nanoparticles and with the thickness
150-200 nm. For about twice thicker, less homogenous and made
of smaller particles (diameter 18 nm) titania layer, the best
efficiency of only ~11% and photocurrent of ~17 mA cm™ 2 were
found. Shorter photocarriers lifetime in perovskite material was
observed for the more efficient cells with respect to those with a
worse TiO, layer (e.g. the average lifetime 1.9 ns vs. 3.3 ns when
excited from TiO, side by 30 pJ cm ™2 pulse at 500 nm). It indicates
that faster electron transfer from perovskite to the optimized TiO,
is responsible for the higher photocurrent in these triple-cation
PSC. Moreover, for better TiO, layer the photoinduced changes
(appearance of red-shifted feature) in transient bleach signal were
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revealed, which may indicate the occurrence of halide segregation
in perovskite close to TiO, interface.

For DSSC, the effect of dilution of the commercial titania
paste has been explored for popular MK2 dye and liquid cobalt-
based electrolyte or solid state hole transporter (spiro-OMeTAD).
The rise in the photovoltage (up to ~0.9 V), higher dye loading
per layer thickness and the improvement in relative photocurrent
were observed for the liquid cells prepared from the diluted paste
(2:1 w/w ratio) with respect to those obtained for the cells
prepared from undiluted one. The best efficiency of ~4.5%
was obtained for DSSC having the titania mesoporous layer of
thickness as small as 1.3-1.5 pm and in the absence of scattering
layer. The dynamics of electron injection and recombination was
similar in the cells with both diluted and undiluted titania pastes.
However, the fast component of unwanted recombination was
slightly slower (by about 30%) in the samples with the diluted
titania phase than in those made with undiluted ones.

For solid state DSSC, the use of diluted paste results in
higher voltage and better relative photocurrent, similar to those
of liquid DSSC. The transient absorption studies reveal that the
hole injection from MK2 dye to spiro-OMeTAD takes place on
the very fast ps time scale (comparable to that of electron
injection) and the evidence of the deeper penetration of
spiro-OMeTAD into the mesoporous titania is presented.

Moreover, all titania layers (for PSC and DSSC) have been
also studied separately in other transient absorption experiments
by direct excitation in UV range and observation of electron and
hole dynamics. The transient signals of different species have
been identified in distinct spectral regions and compared between
the samples of different layers: free and trapped electrons from
800 to 1500 nm, trapped holes around 600 nm and thermal
artifacts below 400 nm. The decay of free electrons was observed
to occur mainly with the time constants <1 ps, and the recombi-
nation of holes and electrons took place in the combined first and
second order processes. The decay of trapped electrons was slower
in the thicker titania layers used for DSSC than in the thinner
layers in PSC.
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Figure S1. SEM cross sections of SP30 titania layer (A) and PSC made using SC18dil layer (B).
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Mixed first and second order function:

The change of the population of the excited carriers (n) over time (t) in the semiconductor can be

described by:

dn
—_— =k

dat

n+ k,n®

The first order decay with the rate constant ki is related to the trap-assisted recombination

(Shockley-Read-Hall recombination). The second order process described by the rate constant k.

is due to free carrier recombination (band-to-band radiative recombination). Solution of the above

equation can be given by the following analytical function, which is the mixed first and second

order decay function:

nokl

n(t) =

where ng is initial number of excited carriers.
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Table S1. Parameters of the different mesoporous titania layers:

Abbre- Deposition Particle Preparation Resulted layer
viation method size thickness [nm]
[nm]
scisdil Spin-Coating 18 Dyenamo DN-GPS-18TS paste diluted 1:6 in ethanol 300-350
Sc3odil Spin-Coating 30 GreatCell Solar 30NR-D paste diluted 1:6 in ethanol 150-200
SP30 Screen-Printing 30 Dyenamo DN-GPS-30TS paste without any dilution 2500-3000
SP30dil Screen-Printing 30 Dyenamo DN-GPS-30TS paste diluted 2:1 in 1300-1500
(cellulose + ethanol + alpha-terpineol)

Table S2. Averaged photovoltaic parameters and their errors (standard deviation) of the different

cells:

Sample Voc [V] Jsc[mA/cm?] | FF PCE [%]

L-DSSC/Phen/SP30 0.85+0.01 7.79 £0.25 0.66 £ 0.03 4.32 +0.02
L-DSSC/Phen/SP30dil | 0.88 +0.01 7.43+£0.10 0.69+0.01 4,43 £0.02
PSC/SC30dil 1.08 £0.01 225+2.1 0.63+0.04 152+23
S-DSSC/ScC30dil 0.72£0.01 0.95+0.04 0.57+0.01 0.39+0.02
S-DSSC/sP30dil 0.45+0.13 3.52+0.32 0.35+0.07 0.57+0.23
S-DSSC/SP30 0.44 £0.03 2.67 £0.88 0.35+0.03 0.41+0.12
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Table S3. Effects of spattered gold thickness and smaller or bigger active surface on the

photovoltaic parameters of the cells:

Thickness
Sample [nm] Surface [cm?] | Voc[V] | Jsc[mA/cm?] | FF PCE [%] | Total APCE
PSC/SC30dil 50-100 0.05 1.09 24.5 0.64 17.1 1.17
PSC/SC30dil 25-50 0.05 1.07 24.4 0.68 17.8 1.17
PSC/SC30dil 50-100 0.125 0.98 15.5 0.56 8.5 0.74
PSC/SC30dil 25-50 0.125 1.02 16.8 0.66 113 0.81
S-DSSC/SP30dil 50-100 0.05 0.32 3.83 0.28 0.34 0.59
S-DSSC/SP30dil 25-50 0.05 0.58 3.20 0.42 0.79 0.49

Effect of gold sputtering method
As reported, sputtering method may introduce additional series resistance between spiro-OMeTAD
and Au or cause partial damage to the organic HTM, which results in lowering FF and, for very
high resistance, even the photocurrent. To confirm this possibility we prepared the test PSCs with
gold electrodes of larger surface (resulting in the active surface increase from 0.05 cm? to 0.125
cm?) and also we checked the effect of thinner gold layer (25-50 nm instead of 50-100 nm). As can
be seen in Table S2, indeed the larger active surface decreases FF, while the shorter deposition

increases FF.

Table S4. Average decrease of the amplitude for consecutive scans during transient absorption

measurements of S-DSSC:

Sample and excitation side | Difference in the amplitude
$C30dil HTM side -1%

SP30dil ETM side +1.5%

SP30dil HTM side -5%

SP30 ETM side -12.5%

SP30 HTM side -2.5%
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Abstract: Electron transfer dynamics in dye sensitized solar cells (DSSCs) employing triphenylamine
Y123 dye were investigated by means of femtosecond broadband transient absorption spectroscopy
in the visible and mid-IR range of detection. The electron injection process to the titania conduction
band was found to appear biphasically with the time constant of the first component within 350 fs
and that of the second component between 80 and 95 ps. Subsequently, the effects of continuous
irradiation on the ultrafast and fast electron transfer processes were studied in the systems comprising
Y123 dye or carbazole MK2 dye in combination with cobalt- or copper-based redox mediators:
[Co(bpy)31(B(CN)4), 3 (bpy = 2,2"-bipyridine) or [Cu(tmby),[(TFSI); 5 (tmby = 4,4',6,6’ tetramethyl-
2,2'-bipyridine, TFSI = bis(trifluoromethane)sulfonamide). We have found that the steady-state
illumination led to acceleration of the electron injection process due to the lowering of titania
conduction band edge energy. Moreover, we have observed that the back electron transfer to the
oxidized dye was suppressed. These changes in the initial (up to 3 ns) charge separation efficiency
were directly correlated with the photocurrent enhancement.

Keywords: dye sensitized solar cell; electron injection; light soaking; triphenlylamine dye; carbazole
dye; cobalt complex; copper complex; ultrafast VIS spectroscopy; ultrafast mid-IR spectroscopy

1. Introduction

Dye sensitized solar cells (DSSCs) have been much improved since the breakthrough
achieved by O'Regan and Graetzel in 1991 [1]. Although DSSC have been recently outper-
formed by other emerging photovoltaic technologies (including perovskite [2], quantum
dot solar cells [3], and organic photovoltaics [4]) in terms of power conversion efficiency
(PCE) in full sunlight conditions, they are experiencing a renaissance and have attracted
interest again, thanks to their superior performance in low ambient light conditions [5-7].
Thus, such cells enable powering of the novel class of electronic devices networked on the
Internet of Things (IoT) [5]. In the pursuit of more efficient, stable, environmentally friendly,
and cheap DSSC systems, a great deal of widely used materials and compounds have been
replaced by novel counterparts, setting new standards. In particular, the introduction of
fully organic D-ni-A dyes [8-11] replacing ruthenium complexes [12] permitted bypassing
a problem of low abundance and high price of this element as well as the issue of relatively
low extinction coefficients of its coordination compounds. Another milestone achievement
has been the replacement of iodide/triiodide (I~ /I37) redox couple by new generation
of coordination compounds of cobalt (Co3*/Co?*) [9] and more environmentally friendly
copper (Cu?*/Cu*) [13-15], which allowed achieving over 1.1 V open circuit voltages
(Voc) in highly efficient DSSCs.

Thanks to the advances in new compounds and materials design, the highest achieved
PCEs has been pushed up to ~14% [16,17] at full sunlight and 32-34% [5,18] in ambient light
conditions. At the same time, the above-mentioned advances have raised fundamental ques-
tions on the operation of systems comprising the state-of-the-art cell components. Although
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the number of studies focused on triphenylamine (TPA) dyes in combination with tran-
sition metals coordination compounds as redox mediators is relatively high [10,15,16,19],
only a few authors have brought up a topic of ultrafast electron transfer dynamics of
the benchmark TPA dye: 3-{6-{4-[bis(2’,4’-dihexyloxybiphenyl-4-yl) amino-]phenyl}-4,4-
dihexyl-cyclopenta-[2,1-b:3,4-b’] dithiophene-2-yl}-2-cyanoacrylic acid coded as Y123 (or its
popular counterpart coded as LEG4) [20,21], Supplementary Scheme S1A. In particular, no
detailed information has been published on the examination of the excited state dynamics
of Y123 interacting with mesoporous titania in broad visible light spectrum. This issue
should be examined, especially in light of recent advances on new, more complex and
highly efficient TPA dyes [17,22-24]. It is especially important to establish whether the
dynamics of electron injection in the fully operating solar cells occurs on the ultrafast time
scale up to single ps (like for many organic dyes for DSSC), or extends into much longer
time scales, e.g., for some ruthenium compounds [25,26]. According to our knowledge, so
far there have been only two reports about the electron injection dynamics for Y123. In
the first report the process occurring within about 2 ps was detected using femtosecond
diffuse reflectance spectroscopy [21]. In the second one, the contribution of the electron
injection time constant of 12 ps was reported in the inert electrolyte, using the picosecond
time-resolved transient absorption (TA) spectroscopy [20]. Surprisingly, this time constant
has been extended to 25 ps in the samples with a solid state Cu-based electrolyte [20].
It should be noted that in both the above-mentioned papers, the electron injection time
constant determination has been based on the transient absorption kinetics at a single
probe wavelength in the visible range. Moreover, in the context of suggestions reported on
the possibility of direct interfacial electron transfer [27] between the LEG4 dye ground state
and the conduction band of titania, based on the theoretical studies [28], a comprehensive
experimental study was needed to verify if this process took place. If it does take place and
is thoroughly characterized, it could help bypass the most significant potential loss in the
state of the art DSSCs, which is caused by the electron injection process [7,23], so it should
not be disregarded.

Thanks to the advances in new compounds and materials design, the highest achieved
PCEs has been pushed up to ~14% [16,17] at full sunlight and 32-34% [5,18] in ambient light
conditions. At the same time, the above-mentioned advances have raised fundamental ques-
tions on the operation of systems comprising the state-of-the-art cell components. Although
the number of studies focused on triphenylamine (TPA) dyes in combination with tran-
sition metals coordination compounds as redox mediators is relatively high [10,15,16,19],
only a few authors have brought up a topic of ultrafast electron transfer dynamics of
the benchmark TPA dye: 3-{6-{4-[bis(2,4’-dihexyloxybiphenyl-4-yl) amino-]phenyl}-4,4-
dihexyl-cyclopenta-[2,1-b:3,4-b’] dithiophene-2-yl}-2-cyanoacrylic acid coded as Y123 (or its
popular counterpart coded as LEG4) [20,21], Supplementary Scheme S1A. In particular, no
detailed information has been published on the examination of the excited state dynamics
of Y123 interacting with mesoporous titania in broad visible light spectrum. This issue
should be examined, especially in light of recent advances on new, more complex and
highly efficient TPA dyes [17,22-24]. It is especially important to establish whether the
dynamics of electron injection in the fully operating solar cells occurs on the ultrafast time
scale up to single ps (like for many organic dyes for DSSC), or extends into much longer
time scales, e.g., for some ruthenium compounds [25,26]. According to our knowledge, so
far there have been only two reports about the electron injection dynamics for Y123. In
the first report the process occurring within about 2 ps was detected using femtosecond
diffuse reflectance spectroscopy [21]. In the second one, the contribution of the electron
injection time constant of 12 ps was reported in the inert electrolyte, using the picosecond
time-resolved transient absorption (TA) spectroscopy [20]. Surprisingly, this time constant
has been extended to 25 ps in the samples with a solid state Cu-based electrolyte [20].
It should be noted that in both the above-mentioned papers, the electron injection time
constant determination has been based on the transient absorption kinetics at a single
probe wavelength in the visible range. Moreover, in the context of suggestions reported on
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the possibility of direct interfacial electron transfer [27] between the LEG4 dye ground state
and the conduction band of titania, based on the theoretical studies [28], a comprehensive
experimental study was needed to verify if this process took place. If it does take place and
is thoroughly characterized, it could help bypass the most significant potential loss in the
state of the art DSSCs, which is caused by the electron injection process [7,23], so it should
not be disregarded.

Thus, in this work, we focused on analysis of the excited state dynamics and charge
transfer processes occurring in DSSC systems comprising Y123 dye. We aimed at answering
the questions about possible modes and solving the controversies (vide infra) about the
dynamics of electron injection. To do this, we used femtosecond transient absorption in
the broad visible spectral range as well as femtosecond transient absorption in the mid-IR
range. To achieve better understanding of the processes observed, the transient absorption
kinetics at many wavelengths were analyzed simultaneously by means of the global fit.
Transient absorption techniques in both visible and IR ranges were used to study the
electron injection dynamics in DSSCs since the initial systems with ruthenium compounds
had already been extensively studied [26,29-31]. These techniques have been frequently
used for DSSC with ruthenium and other organic dyes, as reviewed, e.g., in [25,32-36].
Moreover, our study was conducted on full operational DSSC samples as well as half
cells based on sapphire substrates (transparent in mid-IR), however preserving all the
same conditions relevant for studied processes. The dye cells used in this study were also
subjected to constant illumination to study the changes that occur in the systems within the
first hour of operation. In this way we could not only evaluate the proposed charge transfer
model, but also reveal some new insights into the way that charge transfer phenomena in
DSSCs change, due to the so called light soaking effects. They are commonly observed in
DSSC systems [37-40] and have been usually assigned to the shifts of the conduction band
edge [37,38] which could be caused by light induced changes in equilibrium of positively
charged ions (Li*, H*) and Lewis base (predominantly tert-butylpyridine—TBP) on the
semiconductor/electrolyte interface [40]. Although the light soaking effect for DSSCs is
very important, its detailed impact on electron injection and recombination dynamics in
the studied systems has not been reported so far.

Besides the Y123 based cells, we used well-described systems based on carbazole
MK2 dye (Supplementary Scheme S1B), extensively studied by our group for the last
few years [41-45]. Both dyes were studied in combination with [Co(bpy)3](B(CN)4)2,3
(bpy = 2,2"-bipyridine) [9] and [Cu(tmby),](TESI);,, (tmby = 4,4,6,6' tetramethyl-2,2’-
bipyridine, TFSI = bis(trifluoromethane)sulfonamide) [15], providing new insights into the
dynamics of electron separation and recombination in Y123 and their impact on photocur-
rent generation.

2. Materials and Methods
2.1. Device Fabrication

Unless otherwise stated, all the chemicals were purchased from Sigma-Aldrich (Saint
Louis, MO, USA) and used without additional purification. The FTO (fluorine doped tin
oxide) coated glass sheet (Sigma-Aldrich, Saint Louis, MO, USA, 2.2 mm thick, 13 () sq_l)
was cleaned, the mesoporous titania layers (including pre- and post-TiCly treatment) were
deposited and the DSSCs were fabricated according to the procedures described else-
where [45]. A layer of mesoporous titania of 2-3 um in thickness, without a scattering film,
was prepared by screen-printing technique, to provide sufficient light transmission for
optical absorption measurements. The screen-printable 28-31 nm titania nanoparticles con-
taining paste (DN-GPS-30TS) were provided by Dyenamo, Sweden. The compositions of
solutions for titania sensitization were as follows: for Y123 (Dyenamo, Stockholm, Sweden)
sensitized solar cells: 0.1 mM dye solution with 0.2 mM addition of cheno-deoxycholic acid
(CDCA) in acetonitrile (ACN) and tert-butanol (tert-BuOH) 1:1 mixture, while for MK2
sensitized cells a 0.2 mM dye solution in toluene (TOL) was used. To some of the MK2
cells, 0.1 mM of CDCA was added. The electrolyte solution compositions were as follows:
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Co-based—0.25 M [Co(bpy)3](B(CN)4)2, 0.035 M [Co(bpy)3](B(CN)4)3, 0.1 M LiClO4 and
0.5 M TBP in ACN; Cu-based—0.2 M [Cu(tmby),](TFSI), 0.04 M [Cu(tmby),](TFSI),, 0.1 M
LiTFSI, 0.6 M TBP in ACN. In some indicated control cells, the electrolytes without TBP
were used. Platinized counter electrodes for Co-based and poly-3,4 ethylenedioxytiophene
(PEDOT) coated ones for Cu-based electrolyte mediated solar cells were prepared according
to methods specified elsewhere [46].

Titania substrates for half-cells for mid-IR optical measurements were prepared ac-
cording to the same procedures as for full DSSCs, but on 3 mm thick sapphire windows
(Thorlabs) to provide transparency for mid-IR light. Sensitized titania substrates were
sandwiched with blank sapphire window, with a 5 uL drop of the electrolyte inside and
tightened with a gasket cut from Parafilm® inside a 3D printed frame presented in Supple-
mentary Figure S1A.

2.2. Device Characterization

Steady state absorption spectra of sensitized or bare photoanodes were measured us-
ing a JASCO (Tokio, Japan) V-770 UV-VIS-NIR spectrophotometer equipped with 150 mm
integrating sphere (LN-925). Current-voltage and incident photon to current efficiency
(IPCE) spectra measurements were performed on the system coupling an Metrohm Auto-
lab (Utrecht, Netherlands) M101 potentiostat and a photoelectric spectrometer (Instytyt
Fotonowy, Krakow, Poland) comprising a 150 W Xe lamp with an AM 1.5 G spectral filter
adjusted to 100 mW cm 2 using a calibration cell (ABET-Technologies, Milford, CT, USA,
model 15151).

The transient absorption (TA) systems (UV-VIS Helios spectrometer, Ultrafast Systems,
Sarasota, FL, USA), and mid-IR PhaseTech Spectroscopy, Inc., Madison, WI, USA), 2D Quick
Transient spectrometer, coupled with Spectra-Physics (Santa Clara, CA, USA) laser system,
have been described in detail formerly [41,47]. The instrument response function (IRF)
width was 100-200 fs and 350 fs (FWHM) for VIS and mid-IR experiments, respectively. In
broadband VIS experiment, the pump pulse energies were set to different values providing
approximately constant signal response for different wavelengths (20 nJ, 70 nJ and 200 nJ
translating to 10 uJ ecm~2, 35 pJ cm~2, and 100 uJ cm~2, respectively). In the mid-IR
experiment, the pump pulse energies were set to 50 nJ, 100 nJ, and 500 nJ, which equals
200 puJ em 2,400 uJ cm 2, and 2 mJ cm 2 energy density. Transient absorption data were
analyzed using the Surface Explorer software (Ultrafast Systems, Sarasota, FL, USA).

3. Results and Discussion
3.1. Monitoring Electron Injection in the Cells with Y123

In order to develop the model of charge transfer dynamics in the systems containing
Y123 dye sensitized titania nanoparticles, we performed transient absorption measurements
for full operational solar cells with Co- and Cu-based electrolytes (see the next section for
the photovoltaic parameters of the samples). The data collected in 3 ns time window and
530-850 nm spectral range were analyzed by means of the singular value decomposition
using 3 kinetic vectors. Subsequently, to obtain time constants and their wavelength
dependent amplitudes (also called the pre-exponential factor spectra), three-exponential
global analysis, including the convolution with IRF, was performed. Additionally, the
constant offset component was incorporated, to take the residual spectra into account.

To get insight into the dynamics of excited state of Y123, the TA measurements were
performed using three different pump wavelengths in the range of the dye’s operation spec-
tra. This strategy was chosen taking into account the hypothesis that that different electron
injection processes might occur in the system with different contributions, depending on
the excitation wavelengths. The range of the dye’s operation was determined on the basis
of the IPCE spectra shown in Supplementary Figure S1B. The IPCE onset wavelength in
Y123 sensitized solar cells is equal to 700 nm and in our semi-transparent electrodes, 10% of
the IPCE maximum was already reached at 640 nm. Thus, we have chosen it for the longest
pump wavelength. The long wavelength response can be enhanced by the incorporation
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of a thicker titania layer supported by scattering nanoparticles coating. However, such a
construction of the solar cell does not provide sufficient quality of transient absorption
measurements in the transmission mode.

Positive transient absorption signals in the visible light spectral range may originate
from photon absorption from the excited electronic state of the dye to higher excited states
of dye or may be due to absorption of a new species (e.g., oxidized dye). On the other hand,
the negative signals are connected mainly with the ground state depopulation (bleaching)
or stimulated emission. The components of transient absorption containing contributions
from the decay of S; excited state as well as building up the band assigned to the oxidized
state (manifested as a negative amplitude of pre-exponential factor) may be assigned to
electron injection to the titania conduction band [25,35]. At the same time, the components
related to the Y123 ground state recovery and the oxidized state band decay, should be
linked to the undesired charge recombination process [48,49]. However, spectral and
temporal overlapping of the TA signals originating from different processes, often makes
a direct assignment of the obtained components to particular electron transfer processes
arduous or even impossible. That is why different experimental approaches are usually
required for proper charge transfer model elucidation. Therefore, in this work apart from
the ultrafast transient absorption spectroscopy in the visible range, the ultrafast transient
absorption spectroscopy in the mid-IR range was applied, which permits direct probing of
the population of free electrons in titania conduction band [35,41,47].

Examples of original transient absorption spectra in the visible range for DSSCs
with Y123 dye are shown in Supplementary Figure S2, while Figure 1 presents the pre-
exponential factor spectra of the components obtained in the global analysis for pump
wavelength at 560 nm. AA stands for the difference between the absorbances with and
without a pump pulse. The spectrum of the fastest (1-2 ps) component contains a negative
amplitude (or indentation in the positive amplitude) in the range matching the fluorescence
spectrum (see Supplementary Figure S3). That is why this feature may be interpreted as
stimulated emission decay. Another important feature of the first component is the positive
band with the maximum around 700 nm, which should be related to the transition between
S state and one of higher excited electronic states of the dye (see the results in solution
in Supplementary Figure S4). Supplementary Figure S5 shows the pre-exponential factor
spectra for different pump wavelengths (480 and 640 nm) at pump pulse energies tuned to
have similar amplitude of TA signal. With increasing pump wavelength, the peak of the
first component is shifted to the blue and approaches a central wavelength of the similar
positive band present in the second (10-20 ps) component (Figure 2, the longer the pump
wavelength, the smaller the difference between the band maxima of the first and second
components). Supplementary Table S1 collects the time constants for all components at
three excitation wavelengths.

B

700281 M
0.0000 +— \\_‘_:;/\jc
Y123 Co -0.0025
pump 560 nm, 70nJ < Y123 Cu
-0.0050 - pump 560 nm, 70 nJ
—r1:1.0ps I 11=1.5Dps
—1,=18ps -0.0075 - 1, =12ps
13 =370 ps -0.01004 13 =530 ps
— const. offset ’ —— const. offset
600 700 800 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 1. Pre-exponential factor spectra associated with the indicated time constants for a model with a three-exponential

function with an offset for DSSC with Y123 dye and (A) cobalt- and (B) copper-based electrolyte for pump wavelength

560 nm.
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Figure 2. Maxima of the positive band in pre-exponential factor spectra of the (A) first and (B) second component of the

global analysis for Y123 solar cells.

The wavelength-dependent amplitude of the second component contains also a neg-
ative signal or an indentation in the positive signal in the range between 700 nm and
850 nm, which can be assigned to the stimulated emission and/or to building up of the
oxidized state population (the rise of its transient absorption can be visible as the second
peak in the photoinduced absorption measurements [46]). For the samples containing a
cobalt redox medjiator, the positive band in the short wavelength part of the spectra, may
be distorted by the residuum of the stimulated emission from hot (Franck—Condon) S;
state of the dye. Small shifts (~10 nm) between the spectra recorded in Co and Cu based
electrolytes, observed, e.g., in the positions of bleach bands in Figure 1, the positions of the
absorption maxima in Figure 2, and IPCE spectra in Supplementary Figure S1B should be
also noticed. These shifts probably originate from the slightly different solvation of the dye
in the presence of the two electrolytes and can explain a small difference in the shape of the
wavelength dependent spectra of the same transient absorption component for the two
electrolytes (Figure 1 and Supplementary Figure S5).

The spectral evolution of the first two components observed with decreasing pump
photon energy, indicates that T, time constant can be associated with the hot S; state
while T, can be associated with a decay of the relaxed S; state. Similar behavior can be
observed in the global analysis of transient absorption of Y123 in solution (Supplementary
Figure S4), for which the second (~220 ps) component contains the bleach recovery and
excited state decay, and the first (~2 ps) constituent exhibits Gaussian-like derivative shape,
indicating a band shift typical of the excited state relaxation and solvation. In the presence
of titania, both decays (of hot and relaxed S; state) must be affected by electron transfer to
the semiconductor’s conduction band, thus for DSSC samples we can assign the shortening
of 11 and T, to the process of carrier injection. Even though the TA measurements with
detection in visible light were conducted using different pump wavelengths approaching
the IPCE spectrum onset as close as possible maintaining reliable TA signal and reasonable
pump pulse energy, we did not find any strong evidence for interfacial electron transfer
occurring directly from the dye’s ground state to the titania conduction band (CB).

The third (370-530 ps) component contains a negative band in the range of steady-state
absorption of the dye, so we identify this decay as the dye ground state recovery connected
with semiconductor-oxidized dye recombination. In the DSSCs systems studied using this
method, the recombination component spectrum should match that of the constant offset
(the decay with infinite time constant relative to a temporal range ~3 ns of our ultrafast
spectrometers), which contains the ground state bleach and oxidized dye spectra [41]. In
this case, the third component does not show positive amplitudes in the same range that
we have previously assigned to building up of the oxidized dye band, caused by electron
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injection (>700 nm). This fact suggests that the electrons may be injected in a time scale
beyond the second component and thus may contribute to the third one too.

Therefore, we used time resolved infrared absorption spectroscopy, to directly observe
the population of electrons injected to the titania conduction band. The measurements were
performed on half-cells on the sapphire window (instead of FTO glass) and are described
in the experimental section. The pump wavelength was set to 500 nm and the TA signal
was monitored at the central wavelength equal to 4780 nm, away from the Y123 molecular
vibrations. Thus, the recorded signal is exclusively proportional to the population of the
electrons injected to the titania conduction band.

Figure 3 shows the kinetic traces measured at three different pump pulse energies,
together with the fitted functions. Independently of the applied pump pulse energy, the
population of electrons injected to the titania conduction band rises biphasically with the
first rise in the instantaneous component (within IRF duration of 350 fs) and the second rise
between 80 ps and 95 ps. For higher pump pulse energy, a higher value of the second time
constant (Supplementary Table S2) is observed. However, the contribution of the second
component drops relative to that of the first instantaneous component, with increasing
pump pulse energy (Figure 3B). This observation could be explained assuming that higher
density of charge injected in titania CB during the first instantaneous process, lifts up the
quasi Fermi level, and reduces the driving force for electron transfer. Additionally, at high
pump pulse energy, the slower injection is masked by more pronounced fast recombination
to oxidized dye, which appears in the 500 nJ kinetics as the fast (<1 ps) decay. In general, the
back electron transfer may also contribute to 100 nJ and 50 nJ kinetics, but to a much lower
extent. We can also conclude, that in the operational conditions (low pump intensities) the
slower component (~80 ps) brings the highest contribution.

Y123 Co Kinetics at 4780 nm B 4-Y123 Co Kinetics at 4780 nm
—500nJ ——500nJ
0.00154——100 nJ _ ——100nJ
) 50nJ
34
0.0010- 5
E2
S
z
0.0005 4 1
0.0000 o T T T 0+——* T T T
0.1 1 10 100 1000 0.1 10 100 1000
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Figure 3. Kinetic traces at 4780 nm for Y123 samples cells with sapphire substrate at different pump intensity (points) with

the fitted function (solid lines) (A) as measured and (B) normalized. The time zero was shifted to 1 ps in order to present the

time axis in logarithmic scale. The parameters of the fits are given in Supplementary Table S2.

The initial signal magnitude dependence on the pump pulse energy is linear, thus,
we can exclude any artifacts originating from two-photon absorption. To exclude other
contributions, we performed experiment in the same conditions on the half-cell compris-
ing bare titania without a dye (Supplementary Figure S7) and additionally in the area
without titania, to exclude window’s, solvent’s and redox mediator’s contributions. The
second measurement did not reveal any signal higher than the noise level. However, the
magnitude of the bare titania initial signal made nearly a half of the initial response of
Y123 sensitized half-cell. No rise of the signal, but only a decay was revealed. It can
be ascribed to the absorption of photons associated with transitions of electrons trapped
within the mesoporous titania bandgap, but it must be noted that, in the presence of a dye
characterized by a high extinction coefficient (the sensitized photoanode’s absorbance was
>1.5), competing in pump photons absorption, this contribution can be neglected.
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The conclusion that can be drawn from the above experimental evidence is that
electron injection into the solar cells sensitized with Y123 dye takes place on several time
scales extending from sub-ps or single ps (from the dyes hot excited S; Frank—-Condon
(F-C) state) to about 80 ps (from the relaxed excited state). The contribution of the latter is
dominant at low pump pulse energy, so also very likely in the operating 1 Sun conditions.
The 80 ps component observed in mid-IR experiments corresponds partially to the second
component (10-20 ps) and partially to the third component (370-530 ps) in VIS range. The
latter contains also the contribution of electron recombination.

Supplementary Scheme S2 shows the proposed kinetic model of the electron injection
taking place in the cells comprising Y123 dye. We believe that our results explain the
previous discrepancies in the reported electron injection time constants for this dye: 2 ps
in [21] and 12 ps or 25 ps in [20], which lie between the fastest and the slowest electron
injection components revealed in this study. Most probably, the above time constants
determined from transient absorption kinetics at a single wavelength (690 nm in [21] and
650 nm in two different environments in [20]) contained the specific partial contributions of
the injection processes from the hot S; and relaxed S; states. As we have showed above, the
contributions of the hot and relaxed states to the injection process are different at different
probing wavelengths in the visible range. Moreover, for the Y123 dye the pre-exponential
factor spectra were also slightly spectrally shifted depending on the used electrolyte (Co
or Cu based). Therefore, depending on the environment and probing wavelength, the
single kinetics can contain different contributions of the fast and slow electron injection
components. On the contrary, the approach proposed by us (direct monitoring of electron
population in the CB of titania by means of the ultrafast mid-IR spectroscopy accompanied
with the broadband analysis in the visible range to assign the observed kinetics components
to different states) permits revealing the global picture of the electron injection in the cells
comprising Y123 and related dyes.

3.2. Photovoltaic Performance and Continuous Irradiation Effects

The photovoltaic parameters of our solar cell samples are given in Table 1. The perfor-
mance of DSSCs prepared in this study departs from the highest reported for analogous
systems in terms of the photocurrent density (Jsc) (7.0, 7.5 and 9.2 mA cm ™2 vs. 14.6,
15.5 and 15.1 mA cm~2 for Y123 Co®/%*(bpy); [11], Y123 Cu®*/*(tmby), [15] and MK2
Co3+/2+ (bpy)s [50], respectively) and in terms of the fill factor (FF) (0.57, 0.6 and 0.65 vs.
0.64, 0.7 and 0.75, respectively).

Table 1. Photovoltaic parameters of the studied solar cells (before irradiation) *.

Cell PCE [%] Voc [V] FF Jsc [mA cm—2] Total APCE
Y123 Co>*/2*(bpy)s 3.8 0.96 0.57 7.03 0.69
error 0.2 0.01 0.02 0.15 0.02
Y123 Cu?*/*(tmby), 4.7 1.06 0.60 7.47 0.73
error 0.2 0.01 0.01 0.06 0.01
MK2 Co®*/2*(bpy)3 5.1 0.85 0.65 9.22 0.71
error 0.2 0.01 0.02 0.11 0.01

1 PCE, power conversion efficiency; Voc, open circuit voltage; Jsc, short circuit photocurrent density; FF, fill factor.
Parameters were averaged from at least three devices. Errors were calculated as the standard deviation of the

mean value.

Lower Jsc values can be attributed to lower light harvesting efficiency. As indicated
in the Materials and Methods section, we use a thin and optically transparent titania layer
(of only 2-3 pm in thickness) without the scattering part to allow transient absorption
measurements in the transmission mode. Lower FF values are probably due to the uti-
lization of standard commercially available titania paste without further modification and
optimization for specific dye-redox mediator system (e.g., tuning the porosity). However,
decent Voc values matching the best reported, indicate good quality of prepared samples.
To compare samples of different light harvesting efficiency in terms of the photocurrent
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generation efficiency, we calculated the total absorbed photon to current efficiency (To-
tal APCE), the parameter which is a short circuit photocurrent density corrected for the
number of absorbed photons [46]. It should be also noted that our Total APCE values are
quite close to the best IPCE values reported for the optimized cells (~80%), which means
that the conclusions regarding electron injection dynamics should also be valid for the best
performing cells with the scattering layer. We also prepared and studied the cells with
MK?2 dyes and Cu?*/*(tmby), redox couple, but they suffered from significantly smaller
photocurrents than those of our other cells, which is presented and discussed in SI.

In order to examine the effects occurring in the solar cells upon irradiation, all char-
acterization measurements were performed before and after continuous 30 min long
irradiation at full sunlight (AM 1.5 G conditions). In Table 2, the ratios of the photovoltaic
parameters measured after and before continuous irradiation lasting 30 min are given. The
ratios are the averages of the three series prepared on different days, and each of the series
contained at least three cells of the same type.

Table 2. The ratios of photovoltaic parameters measured after and before 30 min continuous irradiation.

Cell PCE Ratio Voc Ratio FF Ratio Jsc Ratio
Y123 Co*/2*(bpy)3 0.99 0.96 0.98 1.04
Y123 Cu?*/*(tmby), 0.81 0.96 0.82 1.03
MK2 Co>*/%*(bpy)s 1.04 0.96 1.03 1.04

The cells were irradiated in short-circuit conditions, however comparable changes
were observed in open circuit conditions during our preliminary studies. Prior to the first
measurements the cells were stored in the dark. A common modification observed in all
studied systems is the drop in Voc and rise in Jsc, which is a frequently observed trade-off
situation occurring when the potential of the conduction band edge is shifted towards more
positive values [37,38]. The above phenomenon can be explained by intercalation of lithium
cations and the protons [40] present due to inevitable content of trace amounts of water in
the electrolyte and mesoporous photoanode. Intercalation of both cation types to titania
may be intensified by the attraction of negative charge, injected to titania when the solar
cell was under irradiation. The FF changes were incoherent but implied the PCE changes.

To get a deeper insight into the reasons for photovoltaic parameters change, and to
reveal the irradiation effects on the charge transfer dynamics, we will compare below
the results obtained in the global analysis of TA data from the measurements performed
before and after irradiation. Exemplary results for Y123 and MK2 cells are shown in
Figure 4 and Supplementary Figure S6. Similarly, as in Figure 1, these figures present
the pre-exponential factor spectra (wavelength-dependent amplitudes) associated with
the indicated time constants obtained in the global analysis. Negative amplitudes in
pre-exponential factor spectra correspond to the rise of AA signal (e.g., due to the rise of
transient absorption bands or the recovery of the ground state of the dye or the decay of
population of the transient states which emit light (stimulated emission band)), while the
positive amplitudes are related to the decay of AA (e.g., due to the decay of population of
the transient states which absorb light in the spectral range of our interest). Figure 4A,B
(Y123 cells pumped at 560 nm after irradiation) should be compared with Figure 1A,B
(before irradiation), Supplementary Figure S6 (Y123 cells pumped at 480 and 640 nm after
irradiation) with Supplementary Figure S5 (before irradiation), and Figure 4D (MK2 cells
after irradiation) with Figure 4C (before irradiation). Table 3 collects the time constants of
the components presented in Figures 1 and 4.
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Figure 4. Results of the global analysis of transient absorption data using a three-exponential function with a constant offset
for DSSC with Y123 dye and (A) cobalt- and (B) copper-based electrolyte after 30 min irradiation (compare with Figure 1)
and DSSC with MK2 dye and cobalt-based electrolyte before (C) and after (D) irradiation.

Table 3. Comparison of time constants obtained in the global analysis of transient absorption
measurements conducted before and after irradiation and shown in Figure 4, Supplementary Figures
S5 and S6.

Fresh Irradiated
T1lps]l T lpsl t3lpsl 7ilpsl 7T lpsl 73 [ps]
Y123 Co®*/?*(bpy); 2 1.0 18 370 0.7 13 310
Y123 Cu?*/*(tmby), 15 12 530 1.4 10 420
MK2 Co®*/?*(bpy)3 P 4.1 35 380 29 31 400

2 560 nm excitation (480 nm and 640 nm given in Supplementary Table S1), ® 500 nm excitation.

Our interpretation of the transient absorption measurements collected for Y123 sen-
sitized solar cells is provided in the previous part of this paper. On the other hand, MK2
dye was extensively studied by our group and we based our interpretation on the previous
reports [41-45]. Namely, we attributed the two faster (3—4 ps and 30-35 ps, black and red
lines in Figure 4C,D) components to electron injection process. Similarly, as for Y123, the
justification is that their pre-exponential factor spectra contain positive contributions from
the decaying absorption from S; excited electronic state (to the higher excited electronic
states of the dye) and they contain indentation originating from stimulated emission (with
minima at about 700 nm for the faster component and redshifted to about 750 nm in the
slower component, the latter due to thermalization of hot excited state). Slightly faster
electron injection for MK2 dye relative to that for Y123 dye (the slowest component 30-35 ps
for MK2 versus 80-95 ps for Y123) is probably due to the differences in the dyes structures
and dye-titania electron coupling, as the difference between the dye LUMO and titania
CB potentials is similar for both dyes (0.39 V for MK2 [51] and 0.44 V for Y123 [46]). The



Energies 2021, 14, 407

11 of 15

pre-exponential factor spectra of the third component (green line in Figure 4C,D) match
the spectra of constant offset constituent (blue line in Figure 4C,D, containing ground
state depopulation recovery and the oxidized dye spectra decay) therefore, represent back
electron transfer (recombination) from titania conduction band to the oxidized form of the
MK2 dye.

The nature of the wavelength dependent pre-exponential factor spectra remains un-
changed by irradiation (see Figures 1 and 4, the relative amplitudes of the pre-exponential
factor spectra are similar before and after irradiation). However, clear changes in the
associated time constants are observed (Figures 1 and 4, Table 3).

The fastest injection components (t1) recorded for the Y123 sensitized cells pumped
at 560 nm are shortened: 11 from 1.0 ps to 0.7 ps and from 1.5 ps to 1.4 ps, while T, from
18 ps to 13 ps and from 12 ps to 10 ps for cobalt- and copper-based electrolyte respectively.
Therefore, the effect is more pronounced for the samples with Co3*/%*(bpy);. Similar
acceleration of the injection process is observed for the MK2 sensitized cells (from 4.1 ps
to 2.9 ps for 11 and from 35 ps to 31 ps for 1p). The above effect should be attributed to
the shift of the CB edge to more positive potentials, causing an increase in the driving
force for electron injection. It is obviously connected with the photovoltage-photocurrent
trade-off effect described earlier. It should be noted that the trends in the changes in the
electron injection time constants (and also the recombination time constants discussed later)
were confirmed for at least three different series of the same type of the cells prepared and
measured on different days. However, the exact reductions of injection time constants were
slightly different between the series.

Electron injection acceleration is unlikely to be the only cause of rise in the photocur-
rent density, because the quantum yield of this process should be already high enough as
the internal conversion (which is the only process competing with the injection) occurs
in solution on a time scale ~220 ps for Y123 (previous section) and ~500 ps for MK2) [43].
Therefore, for better understanding of the light soaking effects, the recombination processes
should be considered too. For all MK2 cells, we observed slight but regular increase in the
recombination time constant upon irradiation, while for Y123 cells no systematic changes
in back electron transfer dynamics could be revealed (these results are consistent with the
long-time scale recombination measured in inert cells and presented in Supplementary
Figure S8). However, as we have shown before, the time constant of the recombination
does not need to be related to the quantum yield of this unwanted process [43]. The kinetic
traces at selected wavelength can better show the efficiency of electron recombination.
Therefore, we took advantage of the TA kinetics at 700 nm, representing the decay of
the dye’s oxidized state and thereby, the CB-dye recombination for the cells comprising
Y123 dye, and 750 nm for the DSSCs based on MK2 (Supplementary Figure S9). The ratio
of the residual (at 3 ns time delay) and maximal signal values of the recombination kinetics
(Sres parameter), can be a good representation of the charge separation efficiency in a
short time scale as we have shown in our previous studies of DSSCs exploiting organic
sensitizers [41,43,44,46,52].

In Figure 5 we present correlations between the Total APCE (photocurrent corrected
on the number of absorbed photons) and the Sggs parameter values. In general, we can
conclude that the residual signal representing differences in charge separation efficiency
is well correlated with the Total APCE. Therefore, an increase in the photocurrent upon
irradiation can be directly related to the fast charge transfer dynamics that we observed
in transient absorption experiment. This conclusion is coherent with our previous reports
on organic sensitizers [41,43,44,46,52]. In order to get more information about the factors
causing changes in the DSSCs operation upon continuous irradiation, we prepared several
modified DSSCs systems based on MK2 dye (with no TBP in the electrolyte solution, with
addition of co-adsorbate (CDCA) and with copper- instead of cobalt-based electrolyte).
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Figure 5. The correlations between Total APCE and recombinant kinetics residual signal at 700 nm for Y123 (A) and 750 nm
for MK2 (B). The kinetics are given in Figure S8. Data points represent individual samples.

As mentioned before, we ascribed the effect of photocurrent enhancement to the
cations of lithium and hydrogen intercalating into titania crystal lattice. Considering the
shifts (correlated increase in Total APCE and Sggs) of the data points caused by irradi-
ation shown in Figure 5B, we can conclude that the additives modifying the semicon-
ductor/dye/electrolyte interface may retard the access of cations to the semiconductor’s
surface. Therefore, in the samples containing CDCA and/or TBP the irradiation accelerates
the process of intercalation. On the other hand, it can be noticed that the sample without
additives (MK2 Co noTBP) was not significantly affected by illumination. Furthermore, the
Total APCE value was already relatively high, suggesting that the equilibrium was already
achieved without hindrance by the additives. Another important observation is the high
parallelism of the above-mentioned shifts, supporting a strong relationship between the
short circuit photocurrent and the ultrafast charge separation efficiency.

4. Conclusions

In this study, we have proposed a model of charge transfer processes occurring
on the dye/semiconductor interface, typical of DSSCs comprising Y123 dye and titania
nanoparticle mesoporous layer. The electron injection was found to occur biphasically with
the faster phase occurring within 350 fs (the resolution of mid-IR transient absorption setup)
and the second one between 80 ps and 95 ps. According to the measurements performed in
the visible range of detection at three different pump wavelengths, we ascribed the faster
component to the injection of the electron from the hot S; (Frank-Condon) state and the
slower constituent was assigned to the injection from the relaxed S; state. The contribution
of the slower injection component was found to be more significant than that of the faster
one, in the experiments using low pump pulse energy, and therefore it should be dominant
in operational conditions.

Considering the fact that the Y123 (or its analogues) is one of the best performing
sensitizers, its relatively slow electron injection should be accepted as fast enough in the
absence of relevant competing deactivation processes occurring in the picosecond time
scale. This should be important information for further tuning of relative excited state and
CB edge energy levels, the driving force for electron injection. Despite the attempt to pump
the dye in the transient absorption experiment as close as possible to the long wavelength
edge of its operational spectrum, no evidence of interfacial electron transfer occurring
directly from the Y123 dye’s ground state to the titania conduction band was found.

In the second part of the study, we have examined the effects of illumination of the
solar cells on the charge transfer rates in the Y123 sensitized solar cells and compared them
with those for the systems comprising MK2 dye. The injection processes were found to
be accelerated in the systems with both dyes, which was assigned to decreasing energy
of the CB edge during illumination. On the other hand, the electron back transfer from
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the semiconductor’s conduction band to the oxidized dye was found to be slowed down
in the MK2 based cells and unchanged in the systems comprising Y123. The lowering
contribution of back electron transfer (estimated from the population of the oxidized dye at
3 ns) was directly correlated with the photocurrent increase upon illumination of the cells.

We believe that our efforts focused on the understanding of the electron transfer
processes, occurring with involvement of Y123 dye which belongs to the most promising
branch of sensitizers applied in cobalt- and copper-mediated DSSCs, will contribute to the
further development of DSSC technology.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1996-1
073/14/2/407/s1, Scheme S1: Molecular structures of the dyes, Scheme S2: Kinetic model for the
electron injection from Y123 dye, Figure S1: Photo of the half-cell on sapphire substrate and IPCE and
absorptance spectra, Figure S2: Pseudo-color 2D spectra of TA data for DSSC, Figure S3: Absorption
and fluorescence spectra of the dyes solutions, Figure S4 TA data of Y123 solution, Table S1: Time
constants obtained in the global analysis of TA, Figures S5 and S6: Pre-exponential factor spectra of
DSSCs with Y123, Table S2: Time constants of fitted mid-IR TA kinetics, Figure S7: mid-IR control
measurements, Figure S8: TA kinetics of non-irradiated /irradiated DSSCs with Y123 and MK2 and
inert electrolyte, Figure S9: Kinetics of TA for Y123 and MK2 at 700 nm and 750 nm respectively Table
S3: PV parameters of the cells with MK2 and Cu-based electrolyte, Figure S10: ps-ms TA kinetics and
electron lifetimes in DSSC with MK2 and Cu-based electrolyte.
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220 ps

300 ps - >0.1 ms

So

Scheme S2. Kinetic model of the electron injection from dye to the conduction band of titania in the cells
comprising Y123 dye. Green and wine red arrows represent desired and undesired processes, respectively.
The vibrational relaxation (F-C — relaxed S1) and internal conversion (S: — So) time constants are given
based on our TA measurements of Y123 in solution. However, it should be noted that the internal
conversion of Y123 attached to nanoparticles was reported to be equal to 750 ps while measured at
mesoporous Al,Os substrate [1]. Therefore, the quantum yield of electron injection from Y123 should be
close to 100 % from both hot and relaxed excited state.
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Figure S1. (A) Photo of the half-cell comprising titania sensitized with Y123 dye and cobalt-based
electrolyte. The windows are 3mm thick sapphire plates provided by Thorlabs. (B) Normalized IPCE

spectra of solar cells containing Y123 in combination with Co- and Cu-based electrolyte in comparison
with the dye’s absorptance spectra.
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Figure S2. Pseudo-color 2D spectra of original transient absorption data for DSSCs with Y123 dye and

(A) cobalt- and (B) copper- based electrolyte. The time zero was shifted to 0.3 ps in order to present the
time axis in logarithmic scale.
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Figure S3. Normalized absorption and fluorescence spectra of the solutions used for sensitization by Y123
dye (A) and MK2 dye (B).
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Figure S4. Pseudo-color 2D spectra of original data. The time zero was shifted to 0.3 ps in order to present
the time axis in logarithmic scale (A), and global analysis of transient absorption spectra (B) of Y123 in
ACN:tert-BuOH solution. The fastest component of about 2 ps should be assigned to the relaxation and
solvation process in S; state. The shape of its amplitude spectra (negative values below 650 nm and
positive above 650 nm) indicate the red shift of transient absorption spectra. The second component of
220 ps represents the decay of the relaxed S; state. The small residual component might be due to the
triplet state populated with low quantum yield.
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Table S1. Time constants obtained in the global analysis of the transient absorption of the solar cells
sensitized with Y123 dye and collected for different pump wavelengths.

Co fresh Cu fresh
Wavelength [nm] 11 [ps] 1 [ps] 13 [ps] 11 [ps] 12 [ps] 73 [ps]
480 1.7 23 480 1 11 490
560 1 18 370 1.5 12 530
640 1.3 17 400 2 20 380
Coirrad Cuirrad
Wavelength [nm] 11 [ps] 1, [ps] 13 [ps] 11 [ps] 1, [ps] 73 [ps]
480 0.6 14 340 0.4 8.3 620
560 0.7 13 310 1.4 10 420
640 15 15 360 2.7 28 610
0.0025 1 0.002 M
0.000 ‘ -
0.0000 "’W —=
< < -0.0021 Y123 Cu pump
< -0.0025 ] 'Y123 Co pump 480nm 20nJ < 480nm 20nJ
' 1,= 1.7 ps -0.004 - 7,=1.0ps
1,= 23 ps T, =11 ps
-0.00501 ©,= 480 ps -0.006+ t, = 490 ps
— const. offset — const. offset
T T T '0-008 T T T
500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)
0.00151 0.002 - W
0.0000 ANN o 0.000 T fig- \M
S l
-0.002
< -0.0015 Y123 Co pump < Y123 Cu pump
< 640nm 200nJ < 640nm 200nJ
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1, =13ps 1,=13ps
-0.0030+ 1, =17 ps -0.006 - ,=17ps
T, =400 ps T, = 400 ps
-0.0045 - —— const. offset -0.008 const. offset
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Wavelength (nm)

Wavelength (nm)

Figure S5. Pre-exponential factor spectra associated to the indicated time constants for a model with a
three-exponential function with an offset for DSSC with Y123 dye and cobalt- (A,C) and copper- (B,D)
based electrolyte, collected for 480 nm (A,B) and 640 nm (C,D). The fitted time constants for three pump
wavelength are compared in Table S1.

S5



0.002 0.002
0.000 / hoZe 0.000
' S - 1 > ~_
< Y123 Co pump Y123 Cu pump
<-0.002 480nm 20nJ irradiated <45.0_002. “480nm 20nJ irradiated
1,=0.6 ps t, =0.4ps
-0.004 T, = 14ps -0.004 - 1, =8ps
1, = 340 ps T, =620 ps
-0.006 . _. const. offs?t -0.006 . — const. offstlat
500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

CO.OOZ- D

0.0025+
0.000 A « N
N A 0.0000- \\_\_7‘(—1

"

<'0-002' Y123 Co pump -0.0025 Y123 Cu pump
g 640nm 200nJ irradiated ;5 640nm 200nJ irradiated
-0.0041 1,=0.6ps -0.0050 - 1, =2.7ps
1,= 14 ps T, =28 ps
- -0.0075 + —
-0.006 7, =340 ps 1, =610 ps
— const. offset const. offset
T T T -0.0100 T T T
500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure S6. Pre-exponential factor spectra associated to the indicated time constants for a model with a
three-exponential function with an offset for irradiated DSSC with Y123 dye and cobalt- (A,C) and
copper- (B,D) based electrolyte, collected for 480 nm (A,B) and 640 nm (C,D).

Table S2. Time constants of the poly-exponential functions fitted to the transient absorption kinetics
measured at 4780nm wavelength (Figure 3)

Pump pulse Injection fast | Injection slow Contribution of the slower Recombination
energy component component component to the final signal component
500 nJ 350+ 10fs 93+1ps 25% 820+ 10fs
100 nJ 350+ 10fs 85+1ps 60% -

50 n) 350+ 10fs 79+ 1ps 70% -
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Figure S7. Kinetics of transient absorption at 4780nm collected to exclude the contribution of artifacts

from pure TiO; and electrolyte to the injection kinetics. The time zero was shifted to 1 ps in order to
present the time axis in logarithmic scale.
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Figure S8. Transient absorption Kinetics of the cells containing Y123 (A) and MK2 (B) dyes and inert
electrolyte (solution without the addition of redox couple) measured at 700 nm. Transient absorption
kinetics in ns-ms timescale were recorded on a nanosecond flash photolysis setup based on a Q-swiched
Nd:YAG laser as a pump and a 150 W Xe arc lamp as a probe. The pump pulses were set to 532 nm
wavelength with 0.65 mJ energy. The probe spectrum was confined using a 10 nm at full width at half
maximum (FWHM) band pass interference filter to limit the influence of high intensity probe light on the
measured kinetics. The signal was detected by a photomultiplier (R928 Hamamatsu) coupled to a digital
oscilloscope (Tektronix TDS 680 C).
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Figure S9. Kinetics of transient absorption of Y123 sensitized cells at 700 nm (A) and MK2 sensitized
solar cells at 750nm (B). The time zero was shifted to 1 ps in order to present the time axis in logarithmic
scale.

Solar cells with MK2 dye and copper-based electrolyte

Solar cells comprising MK2 dye and Cu?*"*(tmby). exhibited relatively low PCE due to
modest Jsc and Voc (the latter quite low for copper-based electrolyte). One of the possible
reasons for low Jsc could be insufficient driving force for dye regeneration. The redox potential
of Cu?"*(tmby). redox couple is equal to -0.87 V vs SHE [2], what gives only 0.08 V over -
0.95 V vs SHE for MK2 [3]. Therefore we measured the Kkinetics of the transient absorption at
700 nm representing the decay of oxidized dye caused by desired reduction reaction involving
Cu* species (Figure S10A). The time constant of the decay was equal to 7.8 ps. This means that
the regeneration process occurs approximately twice slower than 4 ps for MK2 with
Co®?*(bpy)s measured in comparable experimental conditions [4]. However it should be still
fast enough taking into account that the kinetics of the competing recombination process (black

curve in Figure S10A) is orders of magnitude slower.

The difference in PCE should be rather attributed to low in comparison with Y123
electron lifetime (Figure S10B) explaining both low Jsc and Voc values and indicating severe
electron recombination from titania to the oxidized form of the redox mediator in the absence of
bulky blocking dye moieties in MK2 dye [5].
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Table S3. Photovoltaic parameters of the cells comprising MK2 and copper-based electrolyte ?

PCE[%] Voc[V] FF Jsc[mAcm?] Total APCE
MK2 Cu?*/*(tmby): 2.2 0.82 0.76 3.50 0.37
error 0.1 0.01 0.01 0.17 0.02

aPCE, power conversion efficiency; Voc, open circuit voltage; Jsc, short circuit photocurrent density;
FF, fill factor. Parameters were averaged from at least three devices. Errors were calculated as the
standard deviation of the mean value.
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Figure S10. Transient absorption kinetics of the cells containing MK2 dye and copper-based and inert
electrolyte (solution without the addition of redox couple) measured at 700 nm. Pump wavelength was
set to 532 nm. Time constant of the fitted curve was equal to 7.8 £ 0.1 us (A), small light perturbation
electron lifetime measurements of the cells comprising Y123 and MK2 dyes in combination with
Cu?**(tmby). redox couple (B). Electron lifetimes were obtained using a Dyenamo Toolbox setup.
Measurements were performed in open circuit conditions. A square wave modulated white light
illumination was applied and the photovoltage response was acquired and analyzed by a dedicated
software using the first order kinetics model.

The effect of light soaking is very pronounced and beneficial for cells comprising MK2
and Cu?*"*(tmby). (Table S4: 25% rise of photocurrent density, beneficial FF change and finally
over 30% PCE enhancement).

Table S4. The ratios of photovoltaic parameters measured after and before 30 min continuous

irradiation of the cells comprising MK2 and copper-based electrolyte

PCEratio Vocratio FFratio IJscratio
MK2 Cu?*/*(tmby),  1.31 1.00 1.06 1.25

Taking into account the magnitude of this light soaking effect and severe titania-

electrolyte recombination as the bottleneck in hereby discussed system, it seems reasonable to

S9



suspect that the boost of the photovoltaic performance could be attributed (except the factors
discussed in the main part of this work) to the slowdown of the titania-electrolyte recombination
dynamics. This could be related with the advantageous modifications in coordination spheres of
the Cu?* complexes with participation of the TBP [6-9] associated with the alterations in Li* and
H™ and the Lewis base equilibrium on the titania/dye/electrolyte interface mentioned in the main
part of the work. However, despite being tempting, elucidation of this phenomena exceeds the

scope of this work.
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* autorzy przyczynili si¢ w réwnym stopniu

6 Complexity of Electron Injection Dynamics and Light Soaking Effects in Efficient
Dyes for Modern DSSC

Glinka, A.; Kubicki, J.; Zidtek, M.
Energies, 2021, 14, 407.

Poprzez moje uczestnictwo w pracach nad artykulem nr 5, rozumie si¢ wklad w jej czes¢

dotyczacg ogniw DSSC.

W ramach prac eksperymentalnych zwigzanych z przygotowaniem wszystkich artykutow z
cyklu, bylem odpowiedzialny za przygotowanie ogniw DSSC zgodnie z procedurami
opisanymi w rozprawie i artykulach, przy czym w pracach 1 i 3 dzielilem te obowiazki z

Dr inz. Iwong Gradzka-Kurzaj.

Réwniez w ramach udziatu we wszystkich artykutach, wykonywatem samodzielnie badz
asystowatem w pomiarach charakterystyk pradowo-napieciowych, absorpcji stacjonarnej oraz
absorpcji przejsciowej w zakresie widzialnym i bliskiej podczerwieni z rozdzielczoscia

femtosekundowa.

Ponadto w zwiazku z przygotowaniem artykutéw nr 1-4 wykonywalem lub bratem udziat w

pomiarach widm IPCE oraz z wykorzystaniem spektroskopii impedancyjne;.

Dodatkowo, w artykule nr 4 wykonalem pomiary absorpcyjne w zakresie podczerwieni,
pomiary czaséw zycia elektrondéw w pasmie przewodnictwa tlenku tytanu, pomiary foto-
indukowanej absorpcji oraz pomiary elektrochemiczne. Bratem réwniez udziat w pomiarach

absorpcji przejsciowej z rozdzielczoscia nanosekundowa.

Bylem réwniez odpowiedzialny za wykonanie pomiaréw absorpcji przejSciowej w zakresie
$rednie] podczerwieni z rozdzielczoscia femtosekundowa w ramach prac zwigzanych z

artykulem nr 6.

Asystowatem réwniez przy wykonaniu zdje¢ z wykorzystaniem skaningowego mikroskopu

elektronowego zamieszczonych w artykule nr 5.

We wszystkich artykulach cyklu bratem rowniez udzial w pracach na etapie obrdobki i analizy

danych pomiarowych oraz dyskusji wynikow. W szczegdlnosci przeanalizowalem wyniki i



sformutowatem wnioski w artykufach nr 2,4 i 6. Ponadto w pracach nr 4-6 miatem szczegdlny

wklad w tworzenie koncepcji badan oraz zaplanowanie wykonanych eksperymentow.

Bratem réwniez udzial w edycji lub pisaniu fragmentow wszystkich manuskryptéw a teksty

artykuldw 2.4 i 6 napisalem w wigkszosci samodzielnie.
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