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Abstract

The aim of this dissertation is the optimization of photovoltaics based on
semiconductors for energy production under low intensity visible artificial light while
maintaining or enhancing their performance under solar light. This investigation is
focused on photovoltaic power generation with Dye Sensitized Solar Cells (DSSCs),
specifically on the optimization of their components for good performance, under
both simulated solar light and artificial indoor light (tube lamps of 100-1000 lux

intensity).

The introductory chapter contains a presentation of the recent advances in the area of
photovoltaics, focusing on both lab scale experiments and industrial applications and
highlighting the suitability of DSSCs for indoor operation. The “panillumination”
perspective for devices that can maintain their performance during radical changes in
their lighting environment, is introduced. Furthermore, there is a great focus on
DSSCs and their components of interest. After a description of the experimental
details of this research in the first chapter, the experimental results are presented. In
the second chapter, the electrolyte is the target component for DSSC optimization: a
I/13 redox electrolyte solution for well performing DSSCs under both indoor and
outdoor lighting conditions, is characterized. Electrolyte attributes, including optical
and mass transport properties, have been tailored and a good synergy between
trilodide content, organic solvent mixture and additives in the electrolyte has been
achieved, allowing DSSC adaptability under different lighting types and illumination
intensities. The optical and redox properties were evaluated and the electrolyte was
tested in DSSCs under different illumination conditions: simulated solar light (from
0.1 to 1 sun) and indoor light (from 100 to 1000 lux). Under indoor lighting, the
optimized electrolyte leads to good power conversion efficiency (PCE) values.
Moreover, significantly superior performance -compared to iodide-based indoor
DSSCs reported in the literature- along with a constantly high fill factor was achieved

under 100 mW/cm? (1 sun) simulated solar light.




The focus of the third chapter, is the suitability of the new electrolyte in relation to the
sensitizer component, with a study covering several common organic and
organometallic dyes. The sensitizers were studied in DSSCs under both sunlight (1
sun, 0.1 sun) and indoor fluorescent (200 lux) light sources: The most important
factors, with respect to sensitizers, for a good “pan-illumination” performance under
radically different light conditions, were deemed to be the suppression of
recombination followed by the good spectral matching between absorber and
emission source. Good recombination suppression was found to significantly improve

the performance under low light.

The fourth chapter focuses on a more stable alternative panillumination electrolyte
based on the Cs,Snlg perovskite. Initially, a temperature-variable Raman investigation
was performed, providing insight to its stability. After showing excellent stability
without no phase change or significant restructuring in this characterization, it
performed well as part of a quasi-solid DSSC under indoor light conditions. Finally,
in the fifth chapter, general conclusions and perspectives on future research are

presented.
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210%0G NG TOPOVCAG SOOKTOPIKNG dTpIPng eivar n fedtictonoinon pmtoBoAtakmv
nov Pacilovtal oe NUIY®YOVS Y10 TOPAYMYY| EVEPYELNG KAT® 0md 0patd TEXVNTO PO
YOUNANG €vtaong pe TopdAinin datnpnon N evioyvon g amdd06NS TOVG KAT® amd
NAoKSO eac. H épevva emkevipdveTOL GTNV TAPOY®YN POTOPOATAIKNG EVEPYELNS QIO
NAoKa keMd potogvatcntonomuéveov nuayoyov (DSSCS) kot cuykekpipuéva ot
BeltioTomoinon TV EMPUEPOVS GTOLYEIWV TOVG LE GTOYO TNV KOAN arddocn, TOG0 VIO
TPOGOUOIWUEVO MAMOKO @OC OG0 KOl VIO TEYVNTO (OC ECOTEPIKOD Y MDPOL

(coinvoedeic Aapuntipeg évraonc 100-1000 lux).

To elooyoykd KeQPAAMIO TEPIEYEL MOl TAPOVSIAOT TNG TPOSPATNG TPOOIOL GTOV
TOpEN TOV QOTOPOATUIKMV, 6TIALOVTOC TOCO GE TEIPALATO EPYASTNPIUKNG KAMLOKOG
660 Kol 6g Prounyavikég epapuoyés kat eEetdlovrog v KotaAAniointa twv DSSC
Yoo Agtovpyion 6€  eo0mTEPIKOVS YOPovG. IlapdAinAio elcdyetonr 1 TPOOTTIKNY
naveotiopov (“panillumination”) mov agopd dwtdéelc mov eivon oe Béon va,
dtnpnoovy TV amdd0oN TOVE KATd TN OdpKeln pik®V UETOPOADY OTIC GLVOTKES
QOTIGHOY Tovg. EmimAéov, 10waitepn Euepaon divetar oy teyvoroyia DSSCSs kot ota
YOPOKTNPLOTIKE TV DAIKOV Y10 TNV ovATTUEN TV dotdéemy avtov. Meta and o
TEPLYPAPT TOV TEPAUATIKOV HEBOOWOV TOV £POPUOCTNKAY YO TNV EPELVA QDT GTO
TPAOTO KEPAAOLO, TAPOVCIALOVTOL TO TEPOUOTIKO OTOTEAEGUOTH. XTO O€VTEPO
KePAAoo, mapovctdletar 1 PeAtioTonoinon Tov NAektpoALT: Xapaktnpiletor Eva
dtdAvpo nAektpoAddtn o&ewoavaywyng 1713 yia kadég emddoerg DSSC 1600 o€
ocuvOnkeg ecwtepkoy 660 Kol o€ e£mTEPIKOV QMTIGHOV. Eywve pdOuion ontikov
1010TNTOV, WOOTHTOV HETAPOPAS HALAG Kol GAL®Y YOPOKTNPIOTIKOV TOL NAEKTPOADTN
wote vo emrevyfel Lo koA cvvépyela Hetalld TG TEPEKTIKOTNTOS GE TPLDOL0, TOV
LELYLOTOC OPYOVIKAOV OOAVTAOV KOl TOV TPOGHETOV GTOV NAEKTPOAVTI, EMTPETOVTOG
mv tpocappoctikdtnTo DSSC 6g drapopeticods THmovS Kot evidoelg potiopov. Ot
OTMTIKEG KO  OEEW0OVOYOYIKES 1010TNTES afoloynOnkoy kol 0 MAEKTPOAVTNG
dokipudotnke o DSSC vrd dnpopetikéc cuvOnkeg axTtivofOANONG: TPOGOUOUDUEVO
NAoakd eog (arnd 0,1 £og 1 YA10) Kot pmg ecwTePKoD Ydpov (amd 100 éwc 1000 lux).
Kéto and teyyntd ootiopd youning évtaons, o PeATIoTonompuévog NAEKTPOADTNG
odnyel og vyMAég Tpég anddoong petatpomnng woyvog (PCE). Emmiéov, onpavikd

avaTEPT AmOd00T EMTVYYXAVETAL -G€ GYéom pe PipAloypapikd avapepopeva DSSCs




Y0 ECAOTEPIKOVG YDPOLS HE BAom To 10d10- pall pe Evov cuveX®G VYNAO CLUVTEAEGT

mpwong (fill factor), vié TposopoEVO NAKS emc (100 mW/em?).

210Y0G OlEPEVVNONG TOL TPITOL KEPOAio, &ivor 1 KOATOAANAOANTO. TOL VEOL
NAEKTPOADTN o€ oxéomn Ue TOV gvaicOnTomomtn (YPWOTIKY]), HE UEAETN WG GEPAGC
and TG mOo OLVNOES OPYAVIKES KOl OPYOVOUETOAMKEG YPWOTIKEG. Ot YpOOTIKEG
peretnOnkov oe DSSC vrd nhokd eog (1 Atog, 0,1 HA0g) kot vo TEYVNT TTNYN
e®t6g (200 lux): Ot mo onuavtikoi Tapdyovieg 66OV aPopd TOVG ELOGHNTOTOMTES
ywo. por koAl omddoon "panillumimation” kdte omd plikd StapopeTikéc cLVONKES
QOTIGHOY, PBpédnkav Ot glvarl 1 amoPLYN TG EMAVACHVOECNG POPEMV Kol 1 KOAN
(QOGUOTIKY] GUUEMOVIOL HETOED OmOPPOENTH KOl TNYNG EKTOUTNG @Tds. H vynin
avVTIoTOoN OTNV EMAVOCVUVIEST PopE®V Bpednie va evicoyhel oNUOVTIKE TNV amddo0o

Vo YOUNAS POTIGUO.

To tétapto KEPAANIO EMKEVIPOVETAL GE £VOV O 6TABEPO EVOALAKTIKO NAEKTPOAVTN
TaVOOTIGHOD pe Pacn tov mepofokitn Cs,Snls. Apyikd mpoyuatomomOnke peAétn
oV mepofokitn pe texvikn Raman oe petafariopevn Beppoxpacio yioo tov Eleyyo
¢ otabepdntag tov. O mepoPokitng mapovcioce eEAPeTIKY oTadepOTNTA YWPIC
Kapio oAloyn @aong M ONUAVTIIKY avadldpfpworn oty HEAET] aUT Kal, OTNV
ocuvéyeln, mapovcioce afloonueimm amddoon o nui-oteped DSSC vmd cuvOnkeg
QOTIGHOV €6MOTEPIKOV YDpov. TEAOG, 6TO0 TEUMTO KEPAAOLO TOPOLGLALOVTOL YEVIKA

CUUTEPACUOTO KOl TTPOOTTIKES Y10 LEAAOVTIKT] EPELVAL.
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Introduction and Theory

1. The significance of green light-activated
semiconductor technologies

As we advance into the 21 century, the need and urgency for conscious strategies for
environmental protection increases. One such strategy with the aim to prevent further
environmental damage is adopting green environmentally friendly technologies for
our various resource requirements, an example being green renewable energy
production. The field of light-activated semiconductor technologies serves this
purpose. Such technologies are based on charged pair (e/h*) generation and transfer,
caused by a light source irradiating a semiconducting material. A main advantage is
the utilization of naturally occurring light sources for their function.

With the depletion of fossil fuel energy sources and the urgent demands for green
renewable energy production technologies, the field of photovoltaics has been
attracting significant attention recently. Photovoltaics (PV) utilize light to produce
electricity and have the potential to satisfy energy demands around the globe with
sufficiently large deployment area [1]. A common trend is the application of BIPV
and BAPV (Building integrated/applied photovoltaics). With BAPV, a retrofitting of
photovoltaic technologies onto building areas is performed, while with BIPV typical
building materials such as facades are replaced with PV capable devices [1]. The use
of BIPV/BAPV, assures energy generation close to its intended destination, avoiding
energy transportation and storage issues. BIPV/BAPV have been thought to be
especially promising applications (estimated over 30 million USD net worth by 2022
[2]). Additionally, some PV technologies have considerable performance under
indoor light conditions making them especially suitable for BIPV/BAPV and PIPV
(Product integrated PV [3]) applications.
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2. Dye Sensitized Solar Cells (DSSCs): Basic
Principles

As a part of the 3" generation of photovoltaic technologies, Dye Sensitized Solar
Cells (DSSCs) have paved the way for efficient low-cost energy production. A
typical DSSC is comprised of a working electrode (W.E.), a counter electrode and a
charge transfer medium in-between them (Fig. 1). The working electrode consists of a
conductive substrate (usually glass with a conductive layer on top of it), onto which
the semiconductor film (most commonly TiO;) has been deposited, with the dye
being chemisorbed to the semiconductor molecules. On the other end, there is a
catalyst-covered (e.g. Pt) counter electrode (C.E.) and both electrodes are connected
to an external circuit. Finally, in liquid-based DSSCs, a solution of electrolyte exists
between the two electrodes preventing their direct contact and facilitating charge

transfer between them through ionic diffusion.

Dye Sensitized Solar Cell

Conductive
Substrate

(FTO-covered Dye-sensitized
glass slide) TiO2 particles

/
L [ ]

Working Counter
Electrode Electrode
Electrolyte

Fig. 1 DSSC components
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The basic operation of a DSSC [4] is described below (Fig. 2): The semiconductor
material rests on top of the working electrode’s substrate as a conductive network of
nanoparticles onto where the dye molecules adsorb. Photoexcitation (excitation by
light irradiation) of the dye molecules, leads to the injection of their electrons into the
conduction band of the adjacent semiconductor. These electrons, then, proceed to the
external circuit. For the cycle to continue, the dye’s electrons need to be replaced, for
it to return to the ground state and be in a position for photoexcitation yet again. This
is the role of the electrolyte. The dye’s electrons are “regenerated” by the oxidation of
electrolyte species, which in turn receive electrons from the counter electrode.

Energy
Utilization

hv

Transparent conductive substrate

Electrolyte

W.E.

(@]

Fig. 2. Basic operating principle of a DSSC
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More specifically, with a I'/l5” redox couple electrolyte (Fig. 3i), iodide anions (1) are
oxidized, providing electrons so that the oxidized dye can be regenerated, and this
oxidation reaction of iodide leads to triiodide (I3) ions. These triiodide ions, then,
need to diffuse through the solution, in order to reach the C.E., receive electrons from
the external circuit and be reduced back to I, thereby renewing the cycle with these I
heading back to regenerate newly oxidized dye molecules. It is evident that proper
electrolyte function in a DSSC, requires sufficient ion mobility in the electrolyte
solution. This mobility is usually ensured via an ion concentration gradient, a higher
number of ions at a point A of the liquid compared to a point B, creates the conditions
for ion diffusion towards point B. The steeper the concentration gradient, the greater
the speed of ion diffusion.

Electrolyte

W.E. C.E.
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Fig. 3 1) Cycle of regeneration in a 1'/13" electrolyte-based DSSC ii) Recombination of

TiO, CB electrons to triiodide ions.

A prominent characterization method for a DSSC is its current-voltage (or current
density-voltage) curve, also known as JV curve, commonly used for the evaluation of
the cell’s operation under illumination (Fig. 4). This curve is the result of the
recording of current values (produced from the cell when under irradiation by a light
source) during the linear change of the applied voltage value (at a specific V/s rate).
DSSCs are characterized by a number of specific values that are derived from such a
plot: such as their photo-conversion efficiency (PCE), their voltage at open circuit
conditions (Voc), their current density at short circuit conditions (Jsc) and their fill
factor (FF). Voc, which is determined by the difference between the electrons’ quasi-
Fermi level in the semiconductor and the electrolyte’s redox potential [5], can be
identified at open circuit conditions (where the produced current is zero). Jsc, is
identified as the maximum produced current density value at zero voltage conditions.
Current density values are calculated by dividing the current values by the illuminated
area of the cell (known as “active cell area”), usually in mA/cm? units, and is often
used instead of the current value itself as it allows for comparisons between cells
regardless of active areas. As the generated power is derived from the product of
current and voltage, the point on the curve where the product of the generated current
(or current density) and the voltage has its maximum value, is defined as the

maximum power point (Mpp).
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Fig. 4 A characteristic J-V curve for a DSSC under 1 sun illumination

The most important DSSC evaluation metric is its photo-conversion efficiency (PCE),
showing the efficiency of the DSSC device during the conversion of incident light
energy to electrical energy. It is defined as the ratio of the maximum produced power
(power at the Mpp point) to the incident light’s power. Under 1 sun illumination at
standard test conditions (STC), incident light is considered to irradiate the device with
100 mW/cm?. Thus, using power densities, PCE is the ratio of maximum produced
power density from the device divided by 100 mW/cm?. Finally, another significant
characteristic value is the fill factor (FF), defined as the ratio of maximum produced
power density to the product of Jsc and Voc. This value represents the quality of the
device and how close the actual produced power is to the ideal power value (The
power value of Jsc*Voc=Jmax*Vmax is unobtainable due to one of the parameters
being zero at short circuit or open circuit conditions). The fill factor parameter, whose
value ranges from 0 to 1 [4], is representative of the current-voltage curve shape. A

shape closer to the ideal rectangle is related to higher FF values. Power dissipation
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during operation e.g. through the contacts’ resistance, are represented by electrical

resistances and can lead to a drop in FF values.

Finally, potential undesirable reactions can occur inside a DSSC and a prominent
issue is the competitive nature between charge transfer and the undesirable charge
recombination process [6]. TiO injected electrons can recombine into the oxidized
dye (a) or into the electrolyte (b) and there can even be direct dye recombination from
its excited state (c) [7] and the process of recombination can lead to Voc loss [8]. The
recapture of electrons by electrolyte species such as triiodide (b, Fig. 3ii) is an
especially significant recombination route and its suppression can lead to higher Voc
[9,10]. Also, in areas on the anode exposed to the electrolyte, 15" species can capture
electrons necessitating the use of a compact blocking layer. Thus, it is evident that
electron recombination issues can arise from an excessive triiodide concentration in

the electrolyte.

3. Utilization of low intensity irradiation and low
energy visible photons

In the photovoltaic research field, there is a trend for the utilization of visible light of
even the smallest intensity for the well performing operation of the devices. Direct
full intensity solar light is not guaranteed in every case due to weather phenomena or
issues of shading etc. Thus, the ability to take advantage of all available photons with
efficiency is important. Furthermore, the effort for the further extension of light
response from photovoltaic cells, into the visible wavelength region has already a lot
of history behind it due to the challenges of utilizing lower energy photons by the
(usually) wide band gap semiconductors. Thus, there is increased interest in the
proper utilization of light both of low intensity and of low energy (aka visible
wavelength range). This goal is represented in the effort for the efficient utilization of

low power artificial visible light sources.

Beyond solar light, low power artificial lighting sources can be used to activate
photoelectrochemical energy production, thereby achieving maximum utility of the

available light sources and continuing operation even without the sun’s presence.
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Ideally, a photoelectrochemical device should be able to fully utilize both natural and
artificial light sources to maximize the total operation efficiency. The difference in
intensity and wavelength spectra between solar and artificial light sources creates
some challenges however. Indoor light sources are mostly active in the visible part of
the wavelength spectrum [11], whereas solar light has a significant infrared
component and indoor light intensity is several orders of magnitude bellow solar light.
Thus, the pursuit for the efficient operation under low power artificial irradiation
sources, besides offering greater flexibility of usage for the device, also serves the
aforementioned purposes of extended light wavelength response and maximized
photon utilization.

Regarding photovoltaic solar cells, as the indoor lighting conditions are radically
different from the Standard Test Conditions (STC) that are commonly used for testing
as a way to simulate solar light [12], tailored architecture and components are needed
for the photovoltaic devices in order to account for the reduced intensity and the
primarily visible emission spectrum. Among the 3™ generation PVs, DSSCs have
been proven to be especially suitable and many DSSC-integrated products can already
be found on the market. Especially important are adaptable PV devices able to operate
efficiently under both solar and artificial indoor light. The usage flexibility due to
their adaptability to changing light conditions can consolidate their position as prime
BIPV, BAPV and PIPV application candidates for usage regardless of the lighting

conditions applied.

4. DSSCs for indoor environments

DSSCs can be easily manufactured using low-cost wet-chemistry processes, they have
an eco-friendly profile, their efficiency is independent from the light’s angle of
incidence and they present a variety in color and transparency [13-15]. However,
what makes them especially attractive is their excellent performance under low
intensity light. A key factor in the recent re-emergence of Dye Sensitized Solar Cells
(DSSCs [16]) is their suitability for operation under indoor lighting environments.
This is especially evident in their potential applications in buildings and devices.
Building applied and building integrated photovoltaics (BAPV/BIPV) [2] as well as

product integrated photovoltaics (PIPV) [3]-especially for low power electronics- are
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some of the more promising applications for DSSC. Dye Sensitized Solar Cells
(DSSCs) [16], a green [15] and low cost [14] technology with proven potential for
BIPV and PIPV: For example, with proper incorporation in windows, BIPVs can be
developed which can produce photovoltaic power, while regulating the indoor
environment’s thermal and visual comfort levels [17—19]. These applications require
novel technologies that perform well, when operating under low intensity light
environments, most often indoors or under diffuse light (Images 1 and 2). However,
several industrial products have specific operational environment designations (for
direct sun, outdoor or indoor conditions [14,20]) and, as PVs are most often designed
with a specific lighting environment in mind, many indoor optimized devices
underperform under 1 sun illumination [12]. It is obvious that DSSCs need to be
adaptable to changes in lighting conditions (e.g. daily or yearly solar light variations)
and to maintain performance under any possible lighting environment (e.g. for mobile
PIPV applications) [12,21]. Thus, an optimization method that boosts low
intensity/indoor DSSC efficiency without negatively impacting outdoor/solar

performance is needed.

Image 1. 100 lux of artificial light (near street level) from a public lighting pylon

10
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Image 2. 580lux of natural light (near ground level) during clouded weather

Indoor lighting conditions are strikingly different from solar irradiated environments
both in light intensity and in emission spectra [12]. The disparity in light intensities is
enormous: An illuminance of ~400 lux is expected in an office room (lux being the
measurement unit for indoor light intensity), while the standard 1 sun AM1.5G
irradiation (Standard Test Conditions, STC, 100 mW/cm?) corresponds to ~10° lux
[12,22]. Thus, performance under 1 sun cannot be indicative of indoor performance.
For example, poly-Si (polycrystalline silicon), a cornerstone PV technology with good
performance under solar irradiation, severely underperforms when placed under
indoor light [12]. Instead, it is thought that amorphous thin films and nanomaterials
are more suitable for diffuse incident light [23]. In fact, it has been confirmed that the
efficiency of DSSCs increases, when the light intensity decreases under 20 m\W/cm?
[12,24]. This characteristic puts DSSCs in an advantageous position when working
under weak solar light conditions (e.g. under cloud covered sky) and justifies their
superiority versus OPVs and silicon cells [25,26] under indoor lighting. A lot of
efforts have been devoted for the development of efficient components (electrodes,
dyes, electrolytes, redox couples) and there has been increased interest in the research
community towards optimizing DSSCs for indoor conditions. Freitag et al. (2017)
[27], prepared a copper redox-DSSC co-sensitized with the highly performing
XY1/D35 dyes that achieved 28.9% efficiency under 1000 lux of fluorescent light,

11
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outperforming GaAs cells. Power generation of this magnitude was considered
sufficient for the autonomous operation of a range of electronic devices operating
indoors. In another of their works, for the powering of autonomous Internet of Things
(1oT) devices -with machine learning capability- under ambient light, Michaels et al
(2020) [28] prepared copper electrolyte based DSSCs through co-sensitization
(XY1/L1), reaching 34% efficiency under 1000 lux of fluorescent light.

In the work of Yiming Cao et al (2018) [29] DSSC configurations, with the
Y123/XY1b dye combination and copper electrolytes, were prepared and
characterized under 1 sun and under indoor fluorescent light. The “1 sun” version of
their DSSCs had the required redox species (Cu(ll)) concentrations for sufficient mass
transport, while the “indoor performing” version of their cells was prepared with
significantly lowered redox species concentrations, in order to reduce recombination.
A 2.8 cm® cell achieved 31.8% efficiency under 1000 lux fluorescent light
(outperforming reported silicon, GaAs, OPV and perovskite cells). As for advances
concerning the simpler robust [I7/13" redox - Ru dye] DSSC configuration, Rossi et
al.(2015) [4] customized a N719-DSSC with a low I, content /15 electrolyte, thereby
preparing an indoor optimized DSSC with an efficiency of 12.4% under 200 lux
fluorescent light, the highest reported efficiency for 1/1; DSSCs under fluorescent
light. Their customized device outperformed other tested PV technologies such as a-Si
and p-Si. As expected, though their optimization strategy allowed for a highly
performing indoor DSSC, the same modifications led to a decrease in performance
under 1 sun (STC).

In the area of industrial products, as mentioned before BIPV/BAPV/PIPV benefit
greatly from DSSC technology under indoor environments. An ever-increasing
number of companies have turned their sights on the potential for indoor operating
DSSCs [20,30,31], such as H.Glass [32], a Switzerland based manufacturer of glass-
sealed DSSC solar panels for glass facades and building materials, with applications
in indoor and outdoor environments or Fujikura, with DSSC modules customized for
performance under specific light intensity conditions [14]. For Sweden-based Exeger
[33], one of the areas of interest is the powering of electronic devices with natural and
artificial light by solar cell integration, turning devices such as wearable electronics,

tablets and e-readers into self-powered devices. In the area of BIPV, their goal is for
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one square meter of fagade to power one square meter of office space. Their solar
cells are purported to take advantage of even diffuse and indoor light in order to
produce electricity “from dawn until dusk”.

GCELL [30]’s lightweight DSSCs, designed for indoor energy harvesting product
applications, are attuned to the 50-2000 lux lighting intensity range. Their cells are
reported to generate a power density of 4-7 pW/cm? at 200 lux, allowing for indoor
powered sensors, e-readers other applications. In 2016, GCell introduced the world’s
first indoor solar powered iBeacon, which uses renewable energy to enable
broadcasting. Furthermore, their solar cells have been used as part of a hotel’s large
scale indoor solar system [34] for the powering of motorized blinds. 3GSolar [25],
another provider of DSSC for electronic devices, has set a goal of replacing finite
power sources in electronic devices with integrated miniature PV cells that harness
energy from indoor or outdoor environment and achieve wireless and maintenance-
free operation for the lifetime of the device (more than ten years). In low light
conditions (under 2700k LED, 1000 lux), 3GSolar cells can reach ~16% efficiency.
One such product is their Bluetooth sensor [35], able to operate under light intensities

of over 100 lux.

4.1 “Panillumination” operation: adaptability to different lighting
conditions

From the above cases, the superiority of DSSCs when compared to other PV
technologies under indoor light sources, is especially evident. What is also evident,
however, is the “fork” in optimization strategies when considering outdoor or indoor
DSSC operation conditions. Optimizing a PV device for indoor environments usually
detracts from its 1 sun performance [12], which is why specific operation
environment designations are seen, even in industrial products [20]. Many past studies
and industrial products present DSSCs singularly optimized for either high or low
intensity operation conditions, because of the trade-off between indoor/outdoor
performance optimization. The adaptability of DSSC can be further enhanced and it is
crucial for them to be able to maintain their performance when the nature of the

incident light changes, with respect to the intensity or emission spectrum.
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The disparity between lab testing conditions and real life operation conditions is
known for energy systems [36-38]. Under realistic operation conditions, the
performance of a PV device [21] is not expected to remain identical to the
performance evaluated under ideal lab conditions due to changes in light intensity and
other factors concerning the surrounding environment [12] (e.g. daily cycle).
Especially for handheld PIPV devices such as tablets, for which the operation
environment is expected to change often (e.g. from outdoors to indoors), a DSSC
optimized singularly for a specific lighting environment will not sufficiently cover
energy needs (due to decreased performance during operation under lighting
conditions different from the initially targeted ones). Thus, the perspective of a single
DSSC maintaining performance even when the lighting conditions radically change
must be adopted during optimization.

As the electrolyte is one of the key parameters that defines the final DSSC’s
optimization goal, focus should be placed on its proper formulation for maximum
DSSC operational flexibility. The most common DSSC configuration utilizes a (dye-
sensitized) mesoporous TiO, thin film as the semiconductor and a redox electrolyte
(based on copper, cobalt or 1715 shuttles, with differences in molecule size, charge,
redox potential, etc that strongly affect the device performance) as the medium. There
are factors (such as transparency) that depend on the concentration of redox species in
the electrolyte, with the most significant being the mass transport of the redox species
and the prominence of recombination during operation. Device function under high
solar light intensities usually requires high concentrations of redox species [12,39] for
sufficient dye regeneration, while, for operation under indoor light sources, lower
concentrations are needed to prevent negative effects such as the recombination of
electrons [40]. Thus, a finely tuned formulation must be achieved in DSSCs, in order
to enhance indoor operation without impairing the function under higher intensity
light.

Furthermore, the sensitizer is another key parameter in DSSCs that not only affects
the device’s response to a light source, but also its interfacial charge transfer behavior.
Conscious study must be performed for the proper selection of a dye that both
captures the incident light properly but also assures desirable behaviors at the

interface. For this purpose, both the sensitizer’s absorption profile (and its matching
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with different indoor/outdoor light sources) and its effects on the electrochemical
properties of the DSSC (e.g. recombination resistance), must be investigated in each
case. By fine-tuning each separate component of a DSSC, a universal “pan-
illumination” function can be achieved, leading to good performance under a wide
range of different lighting conditions, a requirement for modern BIPV/BAPV and
PIPV applications.

5. Electrolytes for indoor DSSCs

One of the most important parameters that determine whether optimization will be
aimed towards indoor or outdoor DSSC operation is the composition of the
electrolyte, specifically the concentration of the redox species in the solution. The
combination of /15" electrolytes with ruthenium-based dyes is one of the oldest, most
studied and straightforward configurations for DSSC (with low cost, readily available
components) [41]. Triiodide concentration in the electrolyte is a key factor for
indoor/outdoor optimization, as an excessive quantity leads to significant electron
recombination [40] (along with Jsc and Voc losses [42,43]) and competitive optical
absorption near the 450 nm wavelength [12] (especially significant for fluorescent
lamps [11]), while an inadequate concentration leads to mass transport problems and
Jsc [44] and FF [45] losses. Under low intensity light conditions, the requirements for
sufficient redox species diffusion [29] (for fast dye regeneration) are less demanding,
due to the lower number of oxidized sensitizer molecules [46], making low redox
species concentrations suitable for indoor operation, while higher concentrations are
usually needed for the more demanding outdoor operation (Fig 5). Thus, there is a
need for an electrolyte formulation for “pan-illumination” performance [47], where
the low redox species concentration doesn’t impair solar operation, in order to achieve

universal operation under multiple lighting conditions.
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Redox media with high transparency and low viscosity are able to inhibit competitive
light absorption and ensure high triiodide diffusion coefficients (thus preventing
photocurrent loss) [45,48], respectively. Furthermore, lonic Liquids (ILs) based on the
imidazolium cation [49-51] are often suggested as the iodide source in the electrolyte.
While ILs present great stability [49] and high ionic conductivity [50], they have high
viscosity that leads to slow triiodide diffusion [52,53] (and decreased performance
[54]), when they are used instead of organic solvents. ILs have been extensively
studied in the literature [55-59]: In the work of Stergiopoulos et al. (2013), on

solvent-free ionic liquid-based redox electrolytes [54], a high iodine concentration
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(0.2 M) electrolyte blend with an IL based on 1,3-Dimethylimidazolium iodide
(DMI1) led to ~5% power conversion efficiency (PCE) under both 1 sun and 0.1 sun
conditions. Moreover, Bidikoudi et al. developed innovative redox electrolytes for
DSSCs using binary mixtures of 1-methyl-3-propylimidazolium iodide (MPII) with 1-
alkyl-methylimidazolium tricyanomethanide (CnmimTCM, n = 2, 4, 6, 8) ionic
liquids (ILs) to lower the high viscosity of MPII. The authors confirmed a systematic
dependence of the cell photovoltaic performance on the alkyl chain length of
CnmimTCM. The maximum power conversion efficiency reached 5 and 6.5% under 1
and 0.1 sun AM 1.5 G illumination, respectively, for the ionic liquid with the shortest
alkyl chain [58]. In addition, the same group prepared composite redox electrolytes by
blending a standard low viscosity ionic liquid solvent (EMimDCA, 1-ethyl-3-
methylimidazolium dicyanamide) with various iodide-based ionic liquids based on the
methylimidazolium cation [50]. The novel electrolytes based on the
[CnC1im]IEMImDCA double salt ILs showed low viscosity and a high diffusion
coefficient of triiodides. Under 1 sun illumination, the highest PCE (5.5%) was
attained with DSSCs using the EMimDCA-DMII mixture and the device performance
increased up to 6.5%, when the cells were illuminated by 0.1 sun. The formation of
imidazolium IL mixtures with other ILs can lead to a viscosity decrease [60—63] and,
for the aforementioned DMII, the promising results of its mixtures with lower
viscosity agents (such as another IL or an organic solvent) have been highlighted in

past research works [64—66].

One additional parameter that affects the DSSC performance is the presence of
additives in the electrolyte. Concerning this matter, 4-tert-butylpyridine (TBP) [67,68]
and N-methylbenzimidazole (NMBI) [42] are often used for Voc enhancement, while
guanidinium thiocyanate (GUCNS) has been thought to improve both Jsc [69] and
Voc [42], while alleviating the negative consequences arising from the former
additives (negative TiO, CB edge shift and Jsc loss), thus encouraging the use of
GUCNS with either TBP or NMBI in an electrolyte solution. The adsorption of these
additives onto the photoelectrode/electrolyte interface, inhibits electron to triiodide
recombination. While TBP and NMBI function in a similar way in a DSSC
electrolyte, there is a significant difference in the optimum iodine (I;) concentration

needed in each case. TBP has been found to be far more appropriate for electrolytes
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with low I, concentration [42], as similar PCEs have been obtained for optimum
DSSC test configurations using 0.02 M [1,]-TBP and 0.08 M [I,]-NMBI electrolytes.

Concerning stability, under indoor light conditions, the incident light is not expected
to have a significant impact on the device’s temperature during operation, due to the
low intensity of common artificial light sources. Under sunlight, however, the much
higher intensity of solar light is expected to significantly raise the temperature of the
device after prolonged operation, which can impact its overall properties. Especially
in liquid-based DSSCs, there is concern for the evaporation of necessary components
in the electrolyte (such as the solvent). Thus, while indoor lighting conditions are less
demanding in this regard, for broad “panillumination” operation, stability is a serious
concern and necessitates techniques such as sealing or the use of less volatile (or
solid) components for the electrolyte formulation.

In a recent indoor operating N719-DSSC optimization work, Rossi et al (2015) [12]
tailored their 1715 electrolyte specifically for indoor conditions. As a result, under
fluorescent light of 200 lux intensity, a champion DSSC presented the highest
efficiency (12.4% PCE or 8 uW/cm?® power density) among the tested PV devices
(including a-Si and p-Si devices). However, their electrolyte, despite the increased
indoor efficiency through its low I, content, led to decreased performance under 1 sun
illumination, especially evident in the cells’ FF. This highlights the importance of an

electrolyte formulation that can perform well in either of the lighting conditions.

6. Sensitizers for indoor DSSCs

In a DSSC, the sensitizer is anchored onto the semiconductor layer of the working
electrode, from where it can absorb the incident light, and thus generate electrons
after oxidation. Light emitted in wavelengths where the dye absorbs strongly, lead to
more electron (and current) generation, while the energy of light emitted in
wavelengths that are not significant in the dye’s absorbance spectrum largely goes to
waste. These effects are evident in the Jsc of the PV device. Common lamps for
indoor environments present emission spectra mostly active in the visible wavelength
range [11], contrary to sunlight (e.g. with its strong infrared emissions). Due to the

emission profile of common indoor light sources, the wavelength region around
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550nm is especially significant for indoor operating PV devices. Even industrial
products can be tailored to this specification, such as the indoor operating DSSCs
produced by GCell, which present the highest absorbance in the range of 500 to 550
nm [70].

The two most prominent categories of dyes are metal complex sensitizers and organic
(metal-free) sensitizers. Ruthenium metal complex dyes (Ru-dyes) are some of the
oldest employed sensitizers in DSSCs, allowing for very good stability [71].
However, Ruthenium-based dyes have the disadvantages of the high cost and rarity of
the required metal and their often complicated synthesis and purification [72]. Thus,
organic (metal-free) dyes have been suggested as an alternative for DSSC systems
[73]. The most popular metal-free dye class is the donor-(n-linker)-acceptor (“D-m-
A”) class, where a conjugated n-system connects the electron-deficient acceptor with
the donor component. This design allows for the individual modification of each
component and thus, tuning of a dye’s spectroscopic and electronic characteristics
becomes possible [72]. The higher extinction coefficients and simplicity of synthesis,
found in organic dyes in comparison to Ru dyes, has led to their wide adoption in
DSSCs [74]. For this dissertation, four dyes with different light absorption profiles
spanning the visible wavelength region, where indoor fluorescent lamps emit, were
studied:

N719

Ru-dye DSSCs, introduced back in 1991, are one of the first DSSC configurations.
The initially complicated dye structure was soon simplified (going from three Ru
metal centers to only one) with the N3 Ru dye [75], which then evolved into the N719
dye (bis(tetrabutylammonium)-cis-di(thiocyanato)-N,N'-bis(4-carboxylato-4’'-
carboxylic acid-2,2’-bipyridine)ruthenium(11)) [73]. The amphiphilic spherical
N719 dye, besides being one of the most common high performance dyes, has a well-
fitting absorption spectrum to the fluorescent light’s emission peaks (Amax at ~535
nm with an & ~1.47 x 10* Mcm™ in EtOH [71]), makes it especially suitable for
indoor DSSC operating under such light sources [24].
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D35

Ru-dyes such as N719 [71] or Z907 [76] were exceedingly popular for a while but
ruthenium’s high cost resulted in increased research into Ru-free dyes [73]. This led
to the metal free “D-n-A” dyes such as D35, with an absorption maximum around 450
nm (in acetonitrile) [77]. The Y-shaped D35 organic dye (((E)-3-(5-(4-(bis(2',4'-
dibutoxy-[1,1'-biphenyl]-4-yl)amino)phenyl)thiophen-2-yl)-2-cyanoacrylic acid)
[78]), is known for its effective suppression of semiconductor/electrolyte
recombination. One of its more serious shortcomings, however, is its narrow spectrum

of absorption (closer to the UV region) which limits the generated current [72].

LEG4

As a way to improve on D35’s absorption in the visible range, the modifications of
Gabrielsson et al (2013) [72] on the =-linker component eventually led to the
introduction of the -also Y-shaped- LEG4 dye (3-{6-{4-[bis(2'4'-
dibutyloxybiphenyl-4-yl)amino-]phenyl}-4,4-dihexyl-cyclopenta-[2,1-b:3,4-

b']dithiophene-2-yl}-2-cyanoacrylic acid). The LEG series of dyes retained D35’s
donor fragment since it was considered to be key to D35 recombination suppressing
behavior. LEG4 achieved expanded absorption towards higher wavelengths, centered
around ~500 nm (in solution [79] or when adsorbed onto TiO, [80]). Compared to
D35, LEG4’s higher achieved photocurrents are attributed to both its higher extinction

coefficient and its absorption spectrum (with its red shift) [74].

MK?2

The MK2 dye (2-Cyano-3-[5'""-(9-ethyl-9H-carbazol-3-yl)-3",3"",3""",4-tetra-n-
hexyl-[2,2',5',2"",5"",2"""]-quater thiophen-5-yl] acrylic acid), a part of the organic
oligothiophene-based MK series with donor/acceptor units tethered by regioregular
oligothiophene centers [81], is a long alkyl chain sensitizer designed in 2006 [82] with
the aim of achieving longer electron lifetimes in TiO,’s CB (the presence of n-hexyl
chains connected to thiophene groups leads to a retardation of charge recombination
[83]), which presents strong absorption under 500 nm [82]. MK2 is one of the better
MK dyes in DSSCs [83,84].
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6.1 Orbital Energy Levels of the Sensitizers

Another significant factor for a sensitizer’s good performance in DSSC is the position
of their HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest
Unoccupied Molecular Orbital) energy levels in relation to the 1715 redox potential
and the conduction band (CB) of the TiO, (photoanode). A higher energy LUMO
level than TiO;’s CB is needed for injection of electrons into the photoanode, while a
lower energy HOMO level than the electrolyte’s redox potential is required for
electron injection into the oxidized sensitizer (regeneration) [66]. In Fig. 6, a
schematic representation of reported values for the HOMO (ground state)/LUMO
(excited state) energy levels of the selected dyes is presented in comparison to the
redox level of a 1713 electrolyte and the CB of TiO, [85-87]. A much higher energy
(much more negative) LUMO level can impair performance (higher losses in
sensitization driving force) and, often, sensitizers with LUMO levels closer to TiO;’s
CB level are preferred [65,66]. In Fig. 6, while the HOMO levels appear similar
between dyes, N719’s closer-to-TiO, CB LUMO level could signify a reduction of

such losses.
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7. Purpose of this work

The main purpose of this dissertation is the optimization of such photoelectrochemical
cells for their good operation under both low intensity visible artificial light and high
intensity solar light. The low intensity visible light sources were artificial tube lights
and intensity levels between 100-1000 lux were employed for the evaluation of solar
cells, during low intensity visible light performance characterization. The aim was to
construct photovoltaic devices that maintain their good performance when irradiated
by this type of artificial light source, without jeopardizing their performance under
solar light.

The 2" and 3™ chapter cover the optimization of DSSC components for efficient
energy production under both simulated solar light of high intensity and artificial low
intensity indoor fluorescent light. This dual aim, coined “panillumination” as it
signifies the ideal goal of a cell that operate well under all possible types of
illumination, is achieved by careful tailoring of the main components of the cells. The
2" chapter focuses on the 1715 electrolyte as the target component for optimization
and its constitution is carefully tailored to cover the radically different requirements of
both high and low intensity light. The 3" chapter covers the optimization of the
photoanode with a detailed characterization of the effects of different sensitizers on
cell performance under solar and indoor light. In the 4™ chapter, focus is shifted
towards perovskites, with the structural investigation of a promising stable perovskite
material, that leads to a stable alternative to the electrolyte presented in the 2"
chapter. As a result of the extensive study, an optimized cell configuration with good
performance under both simulated solar and low power indoor artificial light is

presented.
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Experimental Details

Chapter 1 — Materials and Methods

1.1 Materials

The materials used in this work are presented below: Acetonitrile (C,HsN HPLC
Gradient grade. Fisher Chemical. Cas:75-05-8), Butyronitrile, 99% (C4H;N, Alfa
Aesar, Cas: 109-74-0), 3-Methoxypropionitrile, (CsH;NO, 98% GC, Aldrich, Cas:
110-67-8), 1,3-Dimethylimidazolium iodide, 99%, (io-li-tec, 1L-0199-HP-0100),
lodine (l,, Fisher Chemical, Cas: 7553-56-2), 4-tert-Butylpyridine 96% (Aldrich,
Cas:3978-81-2), Lithium iodide (Lil, Merck), Guanidinium thiocyanate (Sigma-
Aldrich,  Cas:  593-84-0), Tetrabutylammonium iodide  (Merck), 1-
Methylbenzimidazole 99% (Aldrich, Cas: 1632-83-3), Ethanol absolute (VWR
chemicals CAS: 64-17-5), N719 dye (Rutheniun 535 Bis-TBA, Dyesol), TiO, pastes
DSL 18NR-T and DSL 30-NRD (Dyesol), TEC7 3.2 mm fluorine doped tin oxide
coated glass slide (Aldrich) and the dyes N719, D35 and LEG4 from Dyenamo AB.

1.2 DSSC preparation

A typical DSSC preparation method is described below: FTO glass is cleaned with
detergent, EtOh and acetone in ultra-sonicator baths followed by submersion in a
TiCly solution for 1 hour at 70°C. A double layered TiO, semiconductor film
consisting of either two transparent layers or a transparent layer and a scattering layer
is prepared by doctor blading the pastes onto the glass followed by sintering the glass
at 125 °C, 325 °C and 525 °C for 5, 15 and 30 min respectively in sequence. After
cooling, another TiCl, solution treatment takes place. Sensitization is applied by
dipping the working electrode in either a 0.2 mM organic dye (D35, MK-2, LEG4)
acetonitrile:tert-butanol (1:1) solution or a 0.3 mM Ru dye (N719) ethanol solution
for 40 hours. A drop of the optimized electrolyte consisting of 1,3-
dimethylimidazolium iodide (1M), iodine (15 mM), guanidinium thiocyanate (0.1 M),
4-tertbutylpyridine (0.5 M) and lithium iodide (50 mM) in acetonitrile/butyronitrile
(v:v 85:15), is sandwiched between the working electrode and the transparent Pt

coated counter electrode.
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1.3 Characterization methods

Cyclic voltammograms were acquired at room temperature with a two Pt electrode
(symmetric) arrangement, without illumination, at a scan rate of 0.05 V/s. The IUPAC
convention was used for the presentation of the cyclic voltammograms. UV-visible
absorbance spectra were recorded through a 3010 Hitachi spectrophotometer (60 mm
integrating sphere) and, unless specified, BaSO, pellets were used as reference.
Concerning the dye solutions used for the acquisition of the dye absorption spectra, a
quartz cuvette of 1 cm optical length was used with scan speed of 600 nm/min. A
good evaluation method for the optical characteristics of dye-sensitized
semiconductor films is the light harvesting efficiency (LHE) characterization, which
characterizes the working electrode’s capacity for absorbing light. Initially, the
absorbance spectra of sensitized TiO, films was acquired, through the transformation
of diffuse reflectance spectra via the Kubelka-Munk function F(R) [1] (plain TiO, was
used as a baseline). The LHE was calculated using these absorbance values (A(A)),
through the following equation [2-4]: LHE(A) =1 — 107/® =1 — 10~4@) where f

(4) is the oscillator strength value for the dyes, corresponding to absorption intensity.

All photovoltaic performance tests took place in lab conditions, using simulated solar
and low power fluorescent light. For the DSSCs, a black mask was used to define the
active cell area (0.152 cm?) during illumination and an Autolab PG-STAT-30
potentiostat (Image 3) was used for current-voltage measurements during linear sweep
voltammetry (LSV), for both STC and indoor illumination measurements. LSV was
performed from -0.9 to 0 V (cell operating range for all types of illumination and in
the dark, scan rate of 3-5 mV/s) and from -1.5 to 1.5 (forward and reverse bias
conditions for limited-current density measurement at STC, scan rate of 20 mV/s [5]).
Electrochemical Impedance tests (EIS) were conducted at dark conditions with an
applied voltage value near the cells’ Voc, through Autolab PG-STAT-30

potentiostat‘s built-in frequency response analyzer (FRA).
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‘Nl

Image 3. The Autolab PG-STAT-30 potentiostat used for the characterizations of the

solar cells.

Another significant characterization method is the measurement of the Incident
Photon-to-Current Efficiency (IPCE), which evaluates the efficiency of current
production (photon to electron conversion) of the DSSC device with respect to the
wavelength of incident light. An Oriel 1/8 monochromator was used for the
measurement of IPCE (Image 4), placed between the xenon lamp and the DSSC for
the filtering of the lamp’s incident light (by wavelength). A Thorlabs silicon
photodiode used for calibration of the IPCE spectra and a 2nd degree Savitsky-Golay
filter was also applied (as it is often used in the bibliography for IPCE plots [6]). It is
important to note the relationship between LHE and IPCE characterizations. The LHE
characterization evaluates the optical characteristics of the working electrode’s film,
the ability of the dye sensitized semiconductor to absorb light and, as such, is limited
in its scope. The IPCE, on the other hand, characterizes the DSSC device as a whole,
instead of a single component or property as in LHE characterization (which focuses
on the optical properties of the working electrode). As such, several more factors are
at play in the evaluation of IPCE, such as recombination phenomena, and that is the
reason for potential differences between the two types of spectra. For example, while
the LHE might accurately present a film’s wide range of light absorption, the IPCE
spectrum of the final cell might present low efficiencies in the conversion of light
from this wavelength range to electrons due to parameters (e.g. interfacial resistances)

introduced when integrating the film into the final cell.
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Image 4. Monochromator setup used for the IPCE characterization of the solar cells.

1.3.1 Simulation of different lighting conditions: irradiance and
illuminance

A Xe lamp with applied AM 1.5G and 400 nm (UV) cut off (Oriel) optical filters
(Solar light), was used for solar light testing conditions (1 sun, irradiance of 100
mW/cm?) by placing the DSSCs across it at a specific distance, held in place via the

employed mask (Image 5). For lower solar light intensity, the same setup was used
with the addition of a neutral density filter (0.1 sun, 10 mW/cm?).
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Image 5. Xenon lamp with (top) and without (bottom) neutral density filter, for the
simulation of 1 sun (100 mW/cm;) and 0.1 sun (10 mW/cm,) of light intensity,
respectively
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For indoor light performance characterization an Osram 930 Warm White fluorescent
lamp [7] was used (Image 6), a common light source for indoor performance
evaluation [8]. While irradiance (mW/cm?) is mostly used for the characterization of a
solar simulator’s irradiation, for the measurement of light intensity from indoor light
sources, a commonly used unit is the lux (photometric unit of illuminance), which is
representative of the perception of light intensity by human eyes. With irradiance all
wavelengths have equal weight, while in the case of illuminance [9], weighting of

each wavelength’s power with respect to the human eye sensitivity takes place.

Image 6. The fluorescent lamp used for the simulation of indoor lighting

environments.

For indoor characterization, the incident power density was controlled by changing
the relative position-along a horizontal axis- between measured cell and light source
and during measurement the room was kept completely dark aside from the light
source, to avoid exterior light affecting the measurement. A conversion between lux
and irradiance units is needed for cell efficiency calculations and one proposed
method for acquiring a conversion relationship between them is to measure the
incident illuminance and the incident irradiance from the lamp at a specific point and
use the ratio between them as a conversion factor [10]. With the help of a luxmeter
(MS6612, HYELEC), most often used for the illuminance appraisal, a point along an
horizontal axis was defined for each of the studied illuminance levels (between 100
and 1000 lux) and a radiometer was used to measure the emitted irradiance from the
lamp at these points, thereby creating a conversion relation between illuminance and

irradiance for the lamp (Image 7).
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Image 7. Establishment of indoor lighting characterization setup: A luxmeter (left)

and a radiometer (right) were used at set distances away from the fluorescent lamp,
in order to create an equivalence relationship between lux (luxmeter) and irradiance
(radiometer)

Relative errors arising with incident light power measurement can reach totals of
+10% (and errors on PCE value calculation can reach £16%, in relative terms) [10].
Also, for smaller devices (especially those with active areas smaller than the
luxmeter’s detector, like the cells in this work), the incident light power from
fluorescent lamps has been considered to be uniform over the device’s active area
(with small loss of uniformity for larger area devices) [10]. An equivalence of 200 lux
to 61.8 pW/cm?, 500 lux to 160 pw/cm? and of 1000 lux to 300pW/cm? was
established, which is in good agreement with similar works using fluorescent lamps as
light sources [8,10]. Besides its use in research works, the light level of 200 lux is
often used for indoor performance evaluation by the PV industry [11], as it is
considered representative of most residential environments. Thus, the solar cell
characterization in this work covered irradiance levels from less than 0.0618% (200

lux) to 100% of the characteristic 1 sun light intensity.
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Chapter 2 - Parameter of Electrolyte

2.1 Formulation of an  electrolyte  for
“panillumination” DSSCs

In this chapter, building on previous findings concerning 17/15" electrolytes, ILs, redox
media and additives, the formulation of an electrolyte solution for well performing
DSSCs under both indoor and outdoor lighting conditions is presented: a “pan-
illumination” electrolyte comprised of low concentration iodine along with an IL as
the iodide source, mixed in a transparent low viscosity solution with the most suitable
additives. The functional electrolyte (“A”) was designed in order to reach high indoor
efficiency values, while preventing the performance downgrade when under 1 sun [1].
This formulation, was tailored for electrolyte component synergy, by employing the
DMII ionic liquid as the iodide source, a transparent low viscosity
acetonitrile/butyronitrile (ACN/BN) solution as the redox medium and a low I,
concentration along with the TBP additive. For low intensity lighting conditions, the
low I, concentration (and resulting low I3~ concentrations) ensures sufficient diffusion
and dye regeneration while preventing significant recombination and absorbance
around the significant 436 nm wavelength (due to triiodide). The almost transparent
ACN/BN solvent ensures low viscosity (despite the included IL), high redox species
diffusion and negligent light absorbance. For high intensity lighting conditions, the
negative effects of the low I3~ concentration on diffusion and regeneration are
alleviated through the enhanced mass transport by the low viscosity ACN/BN solvent,
the effect of the TBP additive (most appropriate for this low triiodide concentration)

and the high ionic conductivity properties of the DMII IL.

2.2 Optimization method

As for the electrolyte formulation used in this work, the iodine concentration,
additives and solvent mixture are especially significant for panillumination purposes.
A lower iodine concentration (< 20 mM) is a good starting point for the dual-focused
optimization as it assures good performance under low intensity light (as explained
above), leaving proper solar light operation as the remaining goal. Concerning

additives, while NMBI has better synergy with high iodine concentrations, TBP is
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better suited for low iodine content. Thus, a combination of TBP with iodine
concentrations of < 20mM is proper for operation under 1 sun irradiation. The
addition of Guanidinium thiocyanate (GUNCS) and lithium iodide (Lil), further
improves the performance. As for the solvent mixture, butyronitrile is an optimum

choice as a co-solvent for acetonitrile, surpassing even valeronitrile.

In summary, The optimized “pan-illumination” electrolyte (Electrolyte “A”) was
prepared by dissolving iodine (15 mM), 1,3-dimethylimidazolium iodide (1M), 4-
tertbutylpyridine (0.5 M), guanidinium thiocyanate (0.1 M) and lithium iodide (50
mM) in a mixture of acetonitrile and butyronitrile (vol. ratio of 85:15). For
comparison, a reference electrolyte (Electrolyte “ref’) proposed by the
aforementioned De Rossi et al. [1], was used: In order to prepare the best reported I’
/3" electrolyte for DSSC under 200 lux of fluorescent light: 0.7 M of
iodide (TBAI, iodide 015 M of N-

methylbenzimidazole (NMBI) and 0.15 M of guanidinium thiocyanate (GUNCS) were

tetrabutylammonium source),

mixed in a 3-methoxy-propionitrile (MPN) solvent with 8 mM of iodine. The above

formulations are summarized in the table below.

Table 2.1 Panillumination electrolyte formulation

Electrolyte component name
Role (concentration)
Reference Optimized Comments
electrolyte electrolyte
lodide DMII has proven its superiority in comparative
Source TBAI(0.7M) DMII (1 M) evaluations of methylimidazolium cation ILs
Additive #1 | NMBI (0.15M) | TBP (0.5 M) TBP is the optimum choice for low I, concentrations
Additive #2 | GUCNS (0.15 M) | GUCNS (0.1 M)
Additive #3 - Lil (50 mM)
The combined characteristics of the low viscosity
ACN/BN mixture assure great electrolyte ion mobility
Solvent MPN ACN:BN (85:15) in all tested light conditions. In the reference MPN-
based electrolyte, DSSCs show severely impaired
triiodide diffusion at high light intensities.
lodine Optimal I, concentration: low enough for good indoor
I, (8 mM) I, (15 mM) illumination performance but high enough for good
content . o
electrolyte ion mobility under 1 sun.
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For the DSSCs’ construction, the TiO, electrodes [2] were sensitized through
immersion in a 0.3 mM N719 dye solution (in ethanol) for 24 hours. A drop of
electrolyte was placed between the photoelectrode and a Pt counter electrode and the
cells were not encapsulated [3-5].

2.3. Characterization and application

2.3.1 Electrolyte characterization

To elucidate the critical properties of the prepared electrolyte solutions, they were
characterized with voltammetric and optical methods. Cyclic voltammetry was
employed [10], in order to investigate two of the most important electrolyte
properties: chemical stability and diffusion characteristics. The cyclic voltammograms
for the “A” and reference electrolytes, using a symmetric arrangement of two Pt
electrodes, are reported in Fig. 2.1.
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Fig. 2.1 Cyclic voltammograms of “A” (a) and “reference” (b) electrolytes (20 cycles

are displayed). WE:Pt, CE:Pt, Scan rate: 0.05 V/s. Top part represents oxidation,

bottom part represents reduction
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For the optimized electrolyte (“A”), well-defined anodic/cathodic waves (representing
the oxidation/reduction of the active species) were observed. The distance between
anodic and cathodic peak currents (peak-to-peak separation) is related to the diffusion
of the redox active species from and to the electrode [11]. This parameter accounts for
the electrochemical reversibility and its relatively high value (AE,=0.35 V) is
probably due to the low concentration of iodine in the electrolyte solution. In addition,
the species seem stable after reduction and subsequent re-oxidization [11] and good
chemical reversibility is evident due to the (absolute) peak current ratio (cathodic to
anodic, Ipc/Ipa), which is close to unit. On the contrary, this is not the case of the
reference electrolyte, where it is difficult to distinguish clear waves and determine
exact values for peak currents and the corresponding peak potentials. However, it is
evident that the AEp in the reference electrolyte is significantly large, which can be a
sign of sluggish electron transfer reactions [11,12] and justifies the preferential

application of the optimized electrolyte “A” in electrochemical devices.

Another significant feature in the cyclic voltammograms concerns the high current
values (in both anodic and cathodic domains) registered for electrolyte “A”. Solvent
viscosity should be taken into account in order to understand the above behavior, as
the current can be significantly affected by the mass transport of the species in the
electrolyte solution [13,14]. It is important to note that there is a large excess of I” in
the electrolyte and thus, triiodide (formed by iodine addition to the iodide source [15])
is considered to be the diffusion limiting species, with its concentration being equal to
that of iodine [1,16]. The optimized electrolyte is based on acetonitrile (ACN), a low
viscosity (0.33 mPa*s) solvent with excellent chemical stability [17]. In the indoor I’
/1l DSSC work in which the reference electrolyte was proposed [1], 3-
methoxypropionitrile (MPN), a common solvent (with a viscosity of 2.5 mPa*s [17])
was used. In ACN the triiodide’s diffusion is significantly higher [18] and the
diffusion coefficient of I" has been reported to be as high as 3.2x10° cm?s™ [19].
Thus, low viscosity can lead to enhanced mass transport [19] and to the increased

current values observed for the ACN-based electrolyte.

For all of these reasons, ACN solvent is an ideal candidate for the optimized

electrolyte with low I, concentration. Furthermore, electrolyte “A” uses a mixture of
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acetonitrile (ACN) and butyronitrile (BN), a higher boiling point solvent. Sauvage et
al. reported that butyronitrile-based electrolytes allow for high efficiency DSSCs,
while also exhibiting excellent stability. In fact, when compared to MPN’s case, the
BN-based electrolyte showed improved triiodide diffusion (enhanced mass transport
due to BN-clectrolyte’s lower viscosity) and the BN-DSSCs showed higher efficiency
and stability [20]. Thus, in electrolyte “A”, the mixing of DMII with low viscosity
organic solvents (ACN and BN) allows the utilization of the IL’s advantages while
preventing significant electrolyte viscosity increase, thereby ensuring good triiodide
diffusion in spite of the low I, content.

UV-Vis spectrometry was also used for electrolyte characterization. Initially, the
corresponding solvents were examined (Fig. 2.2a): The ACN/BN mixture shows no
absorption (transparent) as expected. As for the electrolytes themselves, in the case of
the MPN-based reference electrolyte, there is an intense and broad absorption band
(Fig. 2.2b) attributed to the behavior of the MPN solvent. As for the ACN/BN based
electrolyte “A”, the absorbance (Fig. 2.3) is mostly negligent with only a very small
absorption peak centered at 365 nm, mainly due to the (low) iodine content. An
absorption tail which extends into the visible range can be observed, characteristic of

the higher charge multiplates of iodine (triiodide and higher) [2,21].
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Fig. 2.3. UV-Vis spectra of electrolyte “A”. The solution was diluted in its respective

solvent (1:1000 ratio) to avoid issues of signal saturation.

2.3.2 DSSC performance dependence on illumination type and light
intensity

The optimized electrolyte (“A”) and the reference electrolyte were incorporated in
DSSC devices and their performance was evaluated under different illumination
conditions and irradiance levels. For indoor performance evaluation a fluorescent
light source at 200 lux was employed, a low intensity illuminance level often used in
related studies and in the PV industry [9], as it is thought to accurately represent
residential lighting conditions. For high and low power solar light, the 1 sun and 0.1
sun (100 mW/cm? and 10 mW/cm? light intensity) conditions were considered to be
representative. Thus, the light irradiance levels employed for DSSC performance
evaluation range from 0.0618% (200 lux) of STC light intensity to 100% (full 1 sun).
The J-V curves (plots of photocurrent density vs applied voltage) for the cells with
electrolyte “A” and with the reference electrolyte for each lighting type are presented

at Fig. 2.4 (a-c) and Figure 2.5 (a-c), and, from the corresponding analysis, the
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average values (of 3 different cells) of the obtained photovoltaic parameters are
summarized in Table 2.2. As expected, the resulting PCEs are significantly higher
under indoor lighting than under 1 sun illumination conditions, since DSSC efficiency
is known to increase when switching from sunlight to indoor lighting conditions, even

for devices designed for STC operation [1].

: 2
Potential (V) Pin (mW/cm®)
Fig. 2.4 J-V curves for cells using electrolyte “A”, under lighting conditions of a) 200
lux of fluorescent lighting, b) 0.1 sun and c¢) 1 sun, along with d) trends of FF value
for all tested light levels (inset presents FF value for all illuminance/lux levels, with

the arrow indicating the corresponding irradiance region for these low intensity

levels)
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trends of FF value for all tested light levels

o4



Results and Discussion

Table 2.2 Characteristic PV parameter values for DSSCs with electrolyte “A” and

reference electrolyte, under different illumination conditions

L . Electrolyte Jsc Voc FF | PCE
Lighting conditions used (mAcm?) | (mV) | ©6) | (%)
200 lux fluorescent light A 0.021 481 | 69.6 | 11.56
2

(61.8 pw/en’) Reference | 0019 | 522 | 70 | 11.78

0.1 sun “A” 0.89 650 | 77.7 4.5

solar sim. light (10 mW/cm?) Reference 0.83 735 | 67.8 | 4.13
1 sun “A” 9.4 763 66 4.75

solar sim. light (100 mW/cm?) [ petarence 6.58 814 | 338 | 181

Under 200 lux fluorescent lighting conditions, both cell types present similar
performance (PCE ~11.5%) with no significant difference in fill factor (FF). The Js
and V. values, however, are of interest. In regards to the generated photocurrent, the
cells incorporating the optimized electrolyte “A” show high photocurrent density,
possibly due to transparent nature of their electrolyte which ensures negligent incident
photon capture under 500 nm, an important area for fluorescent light. It can be
hypothesized that this is not the case for the colored electrolyte in the reference cells,
as its significant absorption in the wavelength area bellow 500 nm is expected to have
led to Jsc decrease [15]. It is important to notice that a significant emission line of
fluorescent lamps is located at 436 nm [22]. The close-to-transparent nature of the
“A” solution ensures that no competitive absorption will take place between
electrolyte and dye, thus avoiding significant photocurrent losses, especially during
operation under indoor fluorescent light. As for the voltage, for “A” electrolyte cells,
the relatively low V. values possibly result from a lower resistance to recombination
by their less viscous solvent which does not significantly inhibit triiodide access at the
electrode/electrolyte interface. In the case of reference electrolyte, a potentially mass
transport-impaired diffusion (due to its high viscosity) does not seem to significantly
detract from its performance (the regeneration requirements are less strict under low

intensity light).
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Under 0.1 sun lighting conditions, once again, the cells efficiencies do not differ
significantly. However, a clear sign of superior performance concerns the fill factor,
which is significantly higher for the cells using electrolyte “A”. This is even more
obvious when going to full 1 sun lighting conditions, where the fill factor value for
cells with reference electrolyte is halved, severely impacting their efficiency. On the
contrary, for cells based on electrolyte “A”, the result of the synergetic strategy leads
to high short circuit photocurrent, as expected [23], and to a fill factor that ensures a
~2.5 times higher PCE under 1 sun. The ACN/BN solvent-TBP additive synergy with
the low 3" concentrations, ensures a performance that is stable between lighting types
and intensity levels, evident by the constantly high FF retained between them. An
electrolyte formulation containing twice the I, content found in the “A” samples was
also evaluated, through its performance in DSSCs. Under 1 sun, the corresponding
cells also showed a higher performance (Table 2.3) than those containing the
reference electrolyte but they did not reach the PCEs obtained in the case of
electrolyte “A”, possibly due to the increased triiodide content’s enhanced
recombination activity, further highlighting the importance of a finely tailored

electrolyte component synergy.

Table 2.3 Photovoltaic parameters for cells with different iodine concentrations in
their ACN/BN-based electrolyte.

iodine concentration C'(;:%T:Qgs F(’(E/ZOI)E (m A‘/J(?fn/\Z) (\rg%:) FF (%)
15 mM (electrolyte “A <) 1sun 4.75 9.4 763 66
30 mM 3.49 7.22 746 64.8
15 mM (electrolyte “A”) 200 lux 11.56 0.021 481 69.6
30 mM 9.48 0.0187 475 67.1

It is common for devices designed solely for indoor lighting conditions, to have much
less FF when evaluated under STC [1]. Furthermore, when replacing the electrolyte
solvent with a more viscous one (such as ACN with MPN [24]), a significant drop is
expected for the FF value [2,21] along with decreased electrical parameters and
efficiency. Additionally, a smaller than expected J at higher incident light intensities
could signify triiodide mass transport or dye regeneration limitations, during

increased electron injection activity within the photoanode [21]. The significantly
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increased needs for redox species diffusion and regeneration for the much greater
number of active dye molecules (due to the incident light intensity increase, under 1
sun), imposes requirements for mass transport in the electrolyte that the “pan-
illumination” electrolyte formulation was able to sufficiently cover. On the contrary,
the high viscosity of MPN along with the very small concentration of I5” (and, thus,
small concentration gradient, which drives diffusion) in the NMBI-based reference
electrolyte formulation, leads to severe mass transport problems, reflected in low Jg
and efficiency. It is interesting to note that only the performance under high intensity
solar illumination is affected by the small triiodide concentration. Kontos et al 2013
[21] observed that, in the case of MPN-solvent DSSCs under 1 sun illumination,
while the total effect of triiodide depletion was considered detrimental for the cell

performance, it was much less significant under low solar light illumination.

In well performing DSSCs with sufficient 13" diffusion and charge transport ability, the
Jsc 1S known to linearly increase with light intensity [15]. In Fig. 2.6 the plots of the
cells’ generated photocurrent and power density in relation to the incident light
irradiance (200lux, 0.1 sun and 1 sun) are shown for the “A” electrolyte. Linear fitting
was applied on all plots in order to determine the adjusted R® (coefficient of

determination) value and, thus, evaluate their linearity.
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Fig. 2.6 Photovoltaic parameters of cells using electrolyte “A”, under different light

intensity levels. Adjacent to each plot are the adjusted values for R?, regarding the

quality of the linear fit for each plot. The respective parameters for 100-1000 lux are

shown in the upper left inset.
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Fig. 2.7 Photovoltaic parameters of cells based on the reference electrolyte, under
different light intensity levels. Adjacent to each plot are the adjusted values for R?,

regarding the quality of the linear fit for each plot.

For cells based on electrolyte “A”, near perfect linearity is evident for both measured
parameters, while devices using the reference electrolyte (Fig. 2.7) present less ideal
linearity in the case of Js. and a great deviation in the case of the generated power
density with the cause being, as expected, the problematic performance under higher

light intensity.

Table 2.4 Characteristic PV values of cells with electrolyte “A” under fluorescent

lighting
IHluminance PCE Jsc ) Voc Poutmag( FF (%)
(lux) (%) | (pA/emY) | (mV) | (nW/em”)
100 14.21 11.44 494.00 4.39 77.68
200 13.07 23.10 500.00 8.08 69.96
500 12.61 53.93 533.00 20.17 70.17
1000 11.96 98.36 546.00 35.89 66.83
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The performance of the cells with electrolyte “A” between 100 and 1000 lux of
fluorescent lighting (Fig. 2.6 inset, Table 2.4) was also characterized, as this range
covers a wide array of real-life illuminance conditions [25]. A near perfect linearity of
photogenerated current and maximum output power with illuminance level is evident
from the inset graph. This proportionality is a characteristic feature of a well
performing indoor optimized DSSC [1].

2.3.3 Effects of electrolyte formulation on fundamental DSSC
parameters

A good match between a device’s spectral response and the emission spectra of
indoor lighting sources is necessary for good performance under these conditions [1].
The spectral responsiveness of the cells with electrolyte “A” through analysis of the
action spectrum was studied and shown in Fig. 2.8. The incident photon to current
efficiency (IPCE) covers the fluorescent lamp’s emission lines very well with a
maximum quantum yield (collected electrons to absorbed photons ratio) of about 60%
at 520 nm, and thus, shows proper utilization of incident light from both solar and
indoor fluorescent lighting sources. The good fit of the IPCE to the indoor lamp’s
emission was achieved not only due to the choice of dye but also because of the
transparent nature of the electrolyte. Additionally, the significantly low I3" species
concentration results in suppressed competitive light absorption from the electrolyte
in the region near 450nm, thus permitting enhanced photon absorption by the dye and
generating higher photocurrent [1,15]. This is especially evident in the photocurrent
values of the cells with electrolyte “A” under indoor light, as the fluorescent lamp

emits strongly close to this wavelength [6,22].
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Fig. 2.8 IPCE spectrum of the optimized cells using the optimized electrolyte “A”

In order to further investigate the effects of the electrolyte formulation on the cells
operation, detailed analysis using Electrochemical Impedance Spectroscopy (EIS) was
performed. The EIS spectra (Nyquist plots) for the cells with the electrolyte “A” and
those using the reference electrolyte are shown in Fig. 2.9 and Fig. 2.10, respectively,

with the resulting area-normalized resistances shown in Table 2.5.

61



Results and Discussion

150+

R=67.00 = 21.7 ¥
2 m C = 536 pF Y0 = 35 ; yMho
N=0.672
o ... mREE= -.I
0 v T ‘ - T v T
0 50 100 150

Z' (Ohm)

Fig. 2.9. Electrochemical Impedance spectrum (Nyquist plot) of cells with electrolyte

“A”" recorded in the dark near V.
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Fig. 2.10 Electrochemical Impedance spectrum (Nyquist plot) of a cell with the

reference electrolyte recorded in the dark near Voc.

Table 2.5 Area-normalized electrochemical resistances in the tested cells

DSSC | Resistances (Ohm*cm®)
electrolyte

Rct Rrec Rdif
“A” 2.55 10.18 3.30
Reference | 25.99 28.42 8.91

Three semi to quasi-semicircles were observed and were fitted according to a model
established in the literature [2,26]. The equivalent circuit represents: a) the leftmost
semicircle, the charge transfer resistance at the electrolyte/counter electrode interface
(Ree), b) the middle semicircle, the TiO,/electrolyte recombination resistance (Rrec)
and c) the rightmost semicircle, the diffusion resistance in the electrolyte (Rgif). For
better fitting, one of the capacitances was replaced with a constant phase element
(CPE) [21], as its use is suggested (instead of the ideal capacitance) for rough

electrode surfaces [16,18].

63



Results and Discussion

The series resistance (Rs) is dependent upon factors such as the glass substrate
resistance and the wiring and is not of interest for the present study. The Ry, Rc and
Rqir resistances are determinant parameters for the fill factor value of a DSSC [5,27].
The cells with electrolyte “A” exhibit relatively low R¢ and Rgir values [2] -despite
the electrolyte’s low triiodide content [21]- allowing for good transport of electrons
through the C.E./electrolyte interface and fast redox species diffusion, respectively.
Increased diffusion of triiodide (low Rgif) leads to the superior FF values [2,27], while
the Ry Value is sufficiently high to ensure low recombination rates [28]. It is evident
that the low triiodide content in the solution does not significantly impair the cell’s
operation, as the synergetic relationship achieved in the electrolyte formulation
“A* allows for good ion diffusion and charge transport, despite the low concentration
of triiodide. In turn, such a low concentration allows for suppressed recombination
(and is aided in this goal by the TBP additive).

When using the reference electrolyte, all resistances show significantly high values,
possibly due to the increased difficulty during mass (and charge) transport. A lower
iodine concentration, especially in the viscous MPN electrolyte, is expected to result
in higher Ry [2,24], through which the solar cells with the reference electrolyte
achieve great suppression of charge recombination, leading to increased Voc [15,29].
In fact, as Voc values depend on the difference between the TiO; electrode electrons’
Fermi levels and the redox potential, an electron density increase in the TiO, film-due
to longer recombination lifetimes- would cause a Fermi level increase and, thus, a
Voc increase [15]. The downside of the reference electrolyte is far greater though, as
the diffusion resistance also increases greatly. Most probably, the increase of Rgis (and
Re) and its negative impact on the FF value, led to the general performance

downgrade under 1 sun in cells with the reference electrolyte (Table 2.2) [2].

As mentioned before, in the case of “A” electrolyte, the diffusion limiting species is
considered to be triiodide and in the respective cells, the low I3~ concentration alone
could lead to mass transport and current limitations [27] and the effect is expected to
be exacerbated by higher viscosity [28]. In order to better understand the significance

of the redox species diffusion in the electrolyte, photocurrents were recorded through
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both forward and reverse bias regions (between -1.5 and 1.5 V) under 1 sun using
linear sweep voltammetry [30,31], and the results are presented in Fig. 2.11 and Fig.
2.12. In the reverse bias region the saturated diffusion limited current (due to triiodide
depletion at the CE) for the cells can be observed [21,31], for which a significantly
high value is required for good DSSC operation [2]. Following the literature, a limited
current value of more than double the value of the short circuit current is a good
indicator of the photocurrent not being significantly affected [32]. In fact, for the cells
using the optimized electrolyte “A”, under 1 sun irradiation the diffusion limited
current is more than 5 times larger than the short circuit photocurrent, indicating that
ionic transport in the electrolyte does not limit the device performance, despite the
low triiodide concentration [2]. On the other hand, for cells employing the reference
electrolyte (Fig. 2.12a), the diffusion limited current is barely larger than its short
circuit current, a clear indication of the limiting effects that diffusion imposes on the
photogenerated current under 1 sun [21]. It is worth mentioning that this problem does
not appear when these cells (with the reference electrolyte) are operating under 0.1
sun irradiation: Under 0.1 sun, the diffusion limited current is almost 3 times larger
than the short circuit current (Fig. 2.12b). In fact, at such a low intensity irradiance,
diffusion limitations on the current are not expected, with recombination being the
main problem for Js [33]. These findings further validate the hypothesis that under
the lower light intensities, diffusion of triiodides in the electrolyte is adequate in either
electrolyte formulation for good performance, while for higher intensities (and
corresponding increased diffusion requirements), the poor mass transport kinetics for
the reference electrolyte significantly impair DSSC operation. Finally, the optimized
electrolyte formulation (“A”), allows for unimpeded DSSC operation with no current
limitation in the cell’s operating range, under even the most demanding light intensity

conditions.
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the cells using the optimized electrolyte “A”. The arrows define the difference
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In summary, under indoor light a) the transparency of the electrolyte led to almost no
competitive absorption (by the electrolyte) near the important 436 nm wavelength
(enhanced Jsc), b) the low triiodide content assured adequately low recombination and
c) the TBP additive, in good synergy with low I, concentrations, enhanced Voc.
Under simulated sunlight, the good ion mobility, facilitated by the low solvent
viscosity, allowed for sufficient triiodide diffusion (enhanced Jsc), with the low
triiodide content and TBP having the same effect on recombination suppression and
Voc enhancement in this case as well. Under all conditions, the fill factor of the
device remained sufficiently high and its operation was unimpeded. For all the above
reasons, the optimized electrolyte “A” allows for similar performance under indoor
and low intensity solar lighting, while resulting in greatly superior performance
during the much more demanding 1sun operation, in comparison with the literature
data.
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Chapter 3 - Parameter of Sensitizer

3.1 The effects of sensitizers under indoor light
operation

As mentioned in the previous chapter, a common trend in indoor focused PV works is
the decrease of the 1 sun PCE, the efficiency under simulated solar light, as a side
effect of the singularly focused indoor optimization [1]. On the other hand, optimizing
the 1 sun performance of PV can detract from indoor performance, thus, leading to
either “outdoor” or “indoor” specialized devices and products [2,3]. As an equivalent
goal to the single panchromatic dye pursuit [4], this focus is directed at the pursuit of
single PV devices that are able to operate efficiently under all possible lighting
conditions, no matter how radically different they may be from each other, aka “pan-

illumination” devices [5].

The two most significant differences when going from 1 sun conditions to indoor
lighting are found in the intensity and spectrum of the incident light [1]. Changes to
light intensity and spectrum can also occur for sunlight for natural reasons e.g.
weather shifts can lead to diffuse solar light with significant emission spectra
differences when compared to direct solar light [6] (e.g. less photons from the infrared
region when under diffuse light). Thus, these differences are key in formulating a
proper “pan-illumination” optimization strategy. Regarding spectral agreement, a light
source’s spectrum, the distribution of its emission across wavelengths, is very
significant when choosing an indoor operating PV device [7], with an optimum
agreement between it and the PV device’s absorbance spectrum suggested. While the
solar light emission spectrum is broad, typical indoor fluorescent lamps are comprised
of separate and distinct emission peaks [8] and, thus, while for 1 sun conditions, a
broad visible light absorption spectrum is suggested for an absorber [9], for indoor

light, the optimal requirements may be different and more specific.

Due to the radical difference in light intensity between indoor and outdoor light
sources (and the smaller number of generated excitons under low intensity light), a

crucial parameter for indoor optimization of DSSCs, is recombination [10,11], as the
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cost of generated charge loss can be more severe under weak illumination conditions
and recombination suppression is critical. Thus, as the next logical step, while using
the optimized “pan-illumination” electrolyte presented in the previous chapter, the
focus shifts on the effects of sensitizers in a solar cell’s absorption spectrum and
charge recombination behavior and the combined impact of these properties on the
performance under both solar and indoor lighting.

In this chapter, a comparative evaluation of sensitizers in DSSCs under both solar and
indoor light is presented. Several dyes with a variety of absorption profiles (spanning
the entire visible region), were used in comparative tests performed in DSSCs under
illumination from simulated solar light of different intensities (1 sun, 0.1 sun) and
from indoor fluorescent light, with focus given on the effects of recombination and
spectral agreement on the performance across the different light types and intensities.

3.2 Optical analysis of dyes

Each of the four dyes absorbs strongly within the visible part of the light spectrum but
the difference lies in the specific position of their absorption peaks, which is of great
importance for indoor light harvesting. Fluorescent lighting is one of the more
common light sources for indoor environments [1] and a typical indoor fluorescent
lamp’s emission spectra is characterized by three main emission lines, with the two
more prominent located at ~544 nm and ~611 nm and a significant third one at ~436
nm [6,8,18]. Concerning optical characterization, the dyes’ normalized absorption
spectra was obtained (for direct qualitive comparison between their absorption
profiles), their extinction coefficients at their respective Amax and the absorption

spectra of transparent TiO, films onto where the dyes have been adsorbed.

The normalized absorption spectra of all dyes (in acetonitrile/tert-butanol 1:1,v:v
solutions) in relation to the main emission lines of the fluorescent light source can be
seen in Fig. 3.1 and is in good agreement with bibliographic sources [19-22]. The
emission spectrum of the fluorescent lamp is also presented (normalized to 0.6,
instead of unity, for better visual clarity in the graphs). The respective molar
extinction coefficients were calculated (using the calibration curve method [23-25])

and are presented in Table 3.1, with the values also in agreement with past works
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[17,22,26,27]. The biggest extinction coefficient belongs to LEG4, more than 3 times

the value for N719 (the smallest value), with MK-2 being a close second behind

LEGA4.
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Figure 3.1. Normalized dye absorption spectra (in acetonitrile:tert-butanol 1:1)

between 400 and 800 nm. The black dash curve represents the emission spectrum of

the fluorescent light source.

Table 3.1 Absorbance maxima and extinction coefficients of different dyes dissolved

in an acetonitrile:tertbutanol solvent (1:1)

Sensitizer amax (nm) | € M™* cm™)
D35 442 34000
MK?2 465 39720
LEG4 510 45717
N719 533 13675
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When the dyes are adsorbed onto transparent TiO, there are slight changes to their
absorption profile. The absorption spectra of these dye/TiO, combinations, presented
in Fig. 3.2, are in good agreement with bibliographic data [28-31]. The absorption
peak blue shift of LEG4, when going from being dissolved in a solution to being
adsorbed onto a mesoporous TiO, surface, has been attributed to the terminal
carboxylic group’s deprotonation [29]. For D35, it is evident that the spectra, in all
cases, has poor coverage of the most important indoor emission wavelengths, only
really covering the third emission peak (in order of importance) of the fluorescent
lamp. MK-2 has a wider and more red shifted coverage, taking better advantage of the
544 nm peak but coming short on the 611 nm peak. For the LEG4 dye, the displaced
spectra, when adsorbed onto TiO,, renders its absorption profile similar to the one for
MK-2. Finally, N719, covers the first two of three peaks sufficiently well.

D35/TiO2
— MK2/TiO2
—— LEGA4/TiO2
N719/TiO:
Fluorescent
Lamp Emission

1.0

0.0 _o\ AN - . S I - " .
400 500 600 700
Wavelength (nm)

Fig. 3.2 Normalized absorption profile of the dyes adsorbed onto transparent TiO, in

comparison the indoor fluorescent lamp’s emission spectrum (arbitrary units for

F(R))
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In order to evaluate the light harvesting behavior of the dyes when adsorbed onto a
semiconductor, the light harvesting efficiency (LHE) of dye-sensitized TiO, films was
calculated (Fig. 3.3). It is evident that D35 presents the least appropriate matching
with the fluorescent lamp spectrum among the selected dyes, while, again, MK2 has a
better coverage and presents a very similar profile with LEG4. The superiority of
N719 is evident, as it has the broadest coverage in the visible domain and presents the

best match with the lamp emission spectrum.
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Fig. 3.3 Light harvesting efficiency of dyes adsorbed on TiO; films. The dash curve
represents the emission spectrum of the fluorescent light source (normalized to 0.6 for

visual clarity).

3.3 Photovoltaic performance evaluation

The aforementioned dyes were employed as sensitizers in DSSC operating under 1
sun, 0.1 sun and under 200 lux fluorescent light, in order to evaluate their
performance during irradiation from (simulated) solar and indoor fluorescent sources.

The J-V curves appear in Fig. 3.4 (a,b,c) and the respective photovoltaic parameters
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are presented in Table 3.2. As expected, in all cases (Fig.3.4d), there is an increase in

efficiency when going from 1 sun to indoor light conditions [1].
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Figure 3.4. JV curves of the DSSCs with different dyes under a) 1 sun, b) 0.1 sun and

c) 200 lux of fluorescent light along with d) trends of PCE between different light

intensity levels
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Table 3.2 Photovoltaic parameters of DSSCs with different dyes, tested under

different lighting types and intensities

1sun | 0.1 sun | 200lux*

Dye
Jsc (mA/cm?) Voc (mV) FF (%) POUtmay PCE (%)
(mW/cm®)

D35 | 5.18/0.58/0.011 | 830[740(520 | 66.874.6/60.3 | 2.87/0.32/0.00345 |  2.87]3.25.07
MK2 | 7.29(0.76(0.0114 | 740|662]470 | 64.1|73.4)64.4 | 3.46/0.368/0.00345 |  3.46/3.68/5.07
LEG4 | 844(0.930.018 | 800738514 | 60.7|73.7|54.2 | 4.1/0.506/0.00501 |  4.1/5.06(7.37
N719 | 9.5[1.030.0227 | 773[701[526 | 63.1|75.957 | 4.63]0.546/0.00681 | 4.635.46[10.02

* (fluorescent lamp)

A good proportionality for the values of generated current and power output with

varying levels of input power, is a mark of a well optimized indoor DSSC [1]. The

linearity tests for the generated current density (Jsc) and output power (Pout) between

light intensity levels (Fig. 3.5) presents adjusted R? (coefficient of determination, for

linear fitting) values over 0.999 for both parameters in all cases, indicating near

perfect linearity, as expected due to the use of the well performing “pan-illumination”

electrolyte: Regardless of the employed dye, the cells -using the same low I, content

electrolyte under all tested lighting conditions- show no signs of performance

impairment when going from indoor to 1 sun conditions.
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Fig. 3.5 Linearity tests for DSSCs using the tested sensitizers from 200 lux of
fluorescent light (61.8uW/cm?) to 1 sun solar simulated light (100 mW/cm?),

concerning Jsc (a) and Pout (b)

Concerning MK2 and LEG4, though the MK2 showed a slightly wider LHE spectrum
than LEG4, it was not enough to overcome the performance of LEG4 under 1 sun and
this inferiority is even more pronounced under indoor light, where MK2 performance
falls further behind. Under 200 lux fluorescent light, N719 and LEG4 retain their
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superior position. Concerning MK2 and D35, an interesting trend takes place when
going from 1 sun to 200 lux: When going from higher to lower intensity solar
illumination (1 to 0.1 sun), the percentile difference in efficiency and current between
D35 and MK2 becomes smaller, as MK2’s superiority over D35 starts to decrease,
while D35 maintains the highest VVoc. Finally, under 200 lux of fluorescent lighting
D35 manages to reach MK2’s efficiency (Fig. 3.4d). It can be theorized that the
observed changes in cell performance when going from 1 sun to indoor light may be
attributed to differences in the recombination suppression capability of each dye and
this hypothesis will be further build upon in the electrochemical analysis. Thus, in
order to elucidate upon the behaviors of the DSSCs under the different lighting
conditions the cells were characterized through action spectra (Incident photon to
current efficiency-IPCE) and Electrochemical Impedance spectroscopy (EIS)..

D35
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] — N719
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w
o
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Figure 3.6 IPCE spectra of the tested cells with different sensitizers in comparison to

the emission spectrum of the indoor lamp

In Fig. 3.6, the IPCE spectra of the tested DSSCs and the emission spectrum of the
fluorescent lamp are presented. Due to the low triiodide concentration [1,32] and the
choice of solvents (ACN/BN mixture), the almost transparent color of the tailored
electrolyte ensures that no competitive absorption between dyes and electrolyte takes

place in the wavelength region bellow 500 nm (a significant emission region for
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fluorescent light sources [18]). Thus, more photons are available for capture by the
chosen dyes (and more current is produced), which is especially important for the
indoor performance of the cells. A well matched IPCE spectrum to the indoor light
lamp’s emission spectrum is expected for a well performing indoor PV device [1]:
The proper choice of dye, along with the minimization of any competitive absorption
by the electrolyte, allows for optimal light harvesting from the fluorescent lamp.

The IPCE spectra are in general agreement with the literature [17,30,33]. The values
of integrated Jsc (over the whole studied wavelength region), calculated from the
IPCE plots, are very similar to the values measured from the 1 sun experiments with
differences being under 0.5 mA/cm? (Fig.3.7). The N719-cell, has the best coverage
of the fluorescent lamp’s emission lines. Centered around ~540nm [30], its IPCE
maximum is properly placed to take full advantage of the indoor light source’s
emission, edging out LEG4’s coverage at the highest 611 nm emission peak, and
validating the superior current under these conditions. Its wider spectrum, also takes
better advantage of the 1 sun emission spectrum, explaining the highest Jsc, observed
in this case as well and making N719 the most optically fitting DSSC sensitizer for
“pan-illumination” purposes, despite its low extinction coefficient. Compared to
N719, LEG4’s is close behind on the spectral coverage of the indoor and solar
emission sources, as well as on its Jsc values. MK2 has a wider spectral coverage
compared to LEG4, as seen in the LHE graph, but its IPCE values are lower, making
it significantly less efficient in this case. The IPCE analysis characterizes the entirety
of a DSSC and not just the light harvesting characteristics of a sensitized photoanode
film (as in LHE), which is why there are more factors at play in this evaluation (such
as recombination suppression properties). Regarding D35 and MK2, the MK2
spectrum is centered around higher wavelengths then D35 [17,33], and this dye is able
to take better advantage of both the solar emission (wider spectrum) and the indoor
fluorescent spectrum (better coverage). While the better spectral matching of MK2
can be partly responsible for its higher efficiency under solar irradiation, it is of
interest that MK2 and D35 DSSCs have equal efficiency under indoor light. It can be

hypothesized that the recombination suppression ability is a critical factor here.
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Fig. 3.7 Integrated current of each dye derived from the IPCE analysis

As mentioned before, the suppression of recombination is even more crucial for
DSSCs operating under low power light [10], because, due to the smaller amount of
photogenerated charge under these conditions, their loss to recombination can be
more costly [34]. To elucidate upon the effects of recombination for the tested cells,
EIS analysis was performed. The Nyquist spectra and derived resistances are
presented in Fig. 3.8 and Table 3.3, respectively. The reason for Rt overlapping with
the middle R resistance, in Fig 3.8, is the low viscosity of the electrolyte’s solvent
mixture and the short I" diffusion length available due to the thin spacer in the cell
[27].
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Figure 3.8. Nyquist plots for all tested DSSCs under dark near their Voc

Table 3.3 Derived area-normalized resistance values for the tested DSSCs by the

impedance measurements

DSSC | Resistances (Ohm*cm®)
dye Rct Rrec Rdif
D35 6.61 13.3 9.32
MK2 3.94 9.04 7.54

LEG4 4.24 12.9 9.45

N719 2.4 11.38 5.84

Though each dye has a significantly different structure, attention has been given in

each case, so that can they can all suppress recombination phenomena to a degree

with their tailored components and mechanisms. The bulky butoxy chains, in the case
of the [D-n-A] structured D35 dye, provide insulation and inhibit {TiO,-electrolyte}

electron recombination [35,36], thus leading to high Voc values [37]. As the donor

unit of D35 is largely responsible for its recombination suppression ability, this

fragment was retained for its n-linker modified evolution, the LEG4 dye [17]. For the

84



Results and Discussion

MK2 dye, suppression of recombination is achieved via the n-hexyl chains (tethered
to its thiophene groups) [26]. Finally, in the case of N719-sensitized DCCSs, factors
such as the strong dye-TiO, binding and the metal-to-ligand charge transfer
mechanism have been thought to facilitate electron injection (into TiO,) at a much
greater speed compared to recombination phenomena [38,39]. The highest
recombination resistance is found for the D35-based cells, with LEG4 and N719 close
behind and with MK2 having a significantly lower value. The lower R in the case of
MK?2, is potentially the cause for the aforementioned relative impairment in the
performance of the respective DSSC under indoor light. Though a potential
superiority of MK2 over D35 and LEG4 could have been expected under all tested
light sources due to MK2’s optical characteristics, its apparent performance
impairment was likely caused by its increased recombination, especially under low

intensity fluorescent light.

Therefore, it can be concluded that there are two significant requirements for a solar
cell absorber for both solar and indoor environments. The ideal absorber should
exhibit proper spectral overlap of the indoor light source’s and the solar source’s
emission, while offering high recombination resistance. In the cells of this chapter, the
sensitizer that presented the best combination of the above factors was N719, with its

ideal spectrum overlap and its relatively high Ryec.
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Chapter 4 —Application of Cs,Snlg
Perovskite in quasi-solid DSSCs

4.1 Cs,SnX;s perovskites

Halide perovskite materials, especially, present extraordinary bulk photovoltaic
properties with very high conversion efficiencies when used in Solar Cells [1,2] and at
low cost due to the ease of their solution-processing [3]. Besides efficiency, the
parameter of stability is equally important for their robust use. This chapter focuses on
the structural characteristics of an exceptionally stable perovskite material, the effect
of temperature variation on it and its utility in indoor operating DSSCs.

Predominantly, Pb halide perovskites were used for Perovskite Solar Cells (PCSs)
providing the highest efficiency and chemical stability. Despite that, concerns on Pb
toxicity have directed research community’s attention towards robust Sn-based PSCs
[4-6]. Divalent tin has been considered as proper alternative to the toxic Pb®*, due to
its similar ionic radius and electronic configuration. However, Sn(ll) is easily
oxidized to Sn(IV) [7], leading to the introduction of defects in the structure [8-10].
Thus, there has been increased interest in the properties of Sn(IV) vacancy-ordered
double perovskites (also known as ‘defect’ perovskites that correspond to the K,PtClg
structure type) [11] and especially, for the fully inorganic Cs,SnXs compounds [11-
13]. Hence, while in the case of CsSnls the Sn** ion is not air stable, the Cs,Snlg
compound, which is an air-degradation product of CsSnl; [4,10] presents high
oxidation resistance and -experimentally validated- air stability. Along with them it
has a ~1.3-1.48 eV direct band gap [13,14], making it a promising material for solar
cells -both as hole-transport [15,16] and as light-absorbing material [17,18]-
photodetectors [19] and even for water splitting [20]. Due to these prospects, Cs,Snlg
has been recently examined for its vibrational and emission properties below room
temperature [21]. Similar studies have been performed for the other Cs,SnXg
compounds including the mixed halide ones [22], allowing tunable band gaps from
1.3 to 3.9 eV upon halogen substitution from I to Br to CI [20]. Currently, CsSnBr3.«lx
perovskites are also intensively examined as efficient thermoelectric materials due to

their ultralow thermal conductivity [23]. These properties are attributed to scattering
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of the heat-carrying phonons by low energy vibrations of the Cs cations with large
amplitudes, rendering them interesting for their dynamic structural properties.

In terms of crystal structure, Cs,SnXg perovskites can be thought of as molecular salts
and as “0D” materials, as they are composed of discrete ions without an extended
network arrangement [16,24]. Their structure [11] is similar to that of CsSnXs, with
the removal of every second Sn atom, while the Cs cations are positioned at the
interstitials voids (Figure 4.1).

Fig. 4.1 Crystal structure of the defect perovskites Cs,Snls. Sn atoms reside in the
grey octahedra formed by I atoms (purple) and Cs atoms (blue) occupy the interstitial
sites. The Raman-active Cs vibrations in the rigid [Snls] lattice are indicated with

black arrows.

All Cs,SnXg compounds crystallize in the FCC phase at room temperature with no
experimental evidence for any temperature induced phase transitions. Raman
spectroscopy [25], a cornerstone of material characterization [26-28], is a sensitive
probe of temperature effects on the structure and the dynamic disorder of perovskites
[29], via the analysis of their vibrational modes [30,31]. In this chapter, Raman
spectroscopy is applied to analyze the effects of temperature variation on the Cs,Snlg
compound and the potential of this air-stable perovskite in indoor operated DSSCs is
evaluated, with a quasi-solid alternative to the previously proposed electrolyte

formulation is presented.
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4.2 Perovskite synthesis and characterization methods

4.2.1 Synthesis

The Cs,Snlg material has been prepared according to bibliographic sources [16]:
Briefly, Snl, and Csl were first mixed together in 1:2 molar ratio and then loaded into
fused silica tubes under vacuum and annealed at 400 °C for 5 hours and then at 200
°C for 5 days before cooling slowly to room temperature. The compound is an air-
stable polycrystalline material, having a distinct black color. It has been characterized
by powder X-ray diffraction at room temperature, presenting the cubic symmetry

(space group Fm 3m) [16].

4.2.2 Temperature dependent Raman measurements

The material’s vibrational properties were investigated by micro-Raman spectroscopy
using a Renishaw inVia Reflex microscope with a high power near-infrared (NIR)
diode laser (A = 785 nm) as excitation source. Temperature dependent Raman
measurements were implemented inside a sealed THMS600PS Linkam temperature
cell (heating—freezing stage) with optical windows allowing the recording of variable-
temperature data. A 50x magnification lens with a focal distance of 8 mm was used
for focusing the laser beam onto the samples. The scattered beam was filtered at 30
cm * with a double Rayleigh dielectric filter and analyzed through the 250-mm-focal
length spectrometer, a 1200 lines/mm diffraction grating and a high-sensitivity CCD
detector. An internal Si reference was used for frequency shift calibration. Raman

spectra were fitted with multiple mixed Lorenzian-Gaussian curves via Wire software.

4.3 Temperature-variant Raman investigation of
Cs,Snlg-type perovskites

Indicative Raman spectra of Cs,Snlg acquired between -20 and 100°C and normalized

to unity are shown in Fig. 4.2. Initially, the room temperature spectra (Table 4.1) were

93



Results and Discussion

used to identify the main Raman active vibrational modes of the compound in relation
to refs. [16,32].

Table 4.1. Raman active modes for Cs,Snlg at room temperature-v(RT)

v(RT) Mode
(cm™)
40.1 v (Fag)
76.2 § (Faq)
89 v (Eg)
1235 v (A1)
[V (Arg)+S (Fog)+v"
Cs,Snlg (FZQ)
242.5 2v (A1)
| 2v (B3 (Fay)
- 2v (A1g)*0 (Fag)
- 2v (Asg)tv (Eg)
- 3v (Asg)

Four 1% order Raman bands were observed, whereas three of them are related to
vibrations inside SnXg octahedra: the -singly degenerate- v (Aiq) due to the Sn-X
symmetric stretching, the -doubly degenerate- v (Eg) due to the Sn-X asymmetric
stretching and the -triply degenerate- o (F24) due to the X-Sn-X asymmetric bending.
The lowest frequency Raman band is the -triply degenerate- v-(F,q) lattice mode,
involving vibrations of the Cs atoms in the rigid [SnXg] lattice. In all cases, the
vibrational frequencies vary in the following order: v- (F2q)<8 (Fag)<v (Eg)<v (Aig)
with the v (Ag) mode being the strongest amongst them. The v (F»,) peak was
observed only above room temperature, at ~40 cm™. Furthermore, the compound,
which was examined under resonance conditions (Egap=1.3-1.48 eV<Eeycitation=1.6
eV), exhibited the 2v(A1g) 2" order mode, at around 250 cm™, clearly present at all
temperatures. It is noteworthy that no sign of significant re-structuring or of a phase
transformation for was observed across the examined temperature range. This is in
accordance with the synchrotron powder X-ray diffraction study [33] and the

vibrational spectroscopy study in [21].
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Fig. 4.2 Characteristic Raman spectra of Cs,Snlg at various temperatures.

For the characteristic peak positions, a normal anharmonic behavior is observed with
increase of the frequency with decreasing temperature due to hardening of the bonds
by lattice contraction. Due to the small size of the Cs cation relative to the size of the
cavity formed by the neighboring iodine anions, the Cs-Snlg interaction is weak and
obstructs the v- (F»4) phonon mode from appearing at low temperatures. However, it
is possible that the anharmonic lattice dynamics in combination with the increased
amplitude and energy of Cs-Snlg oscillation upon increasing the temperature induce a
Raman cross section increase through a more efficient modulation of the
polarizability, [(da/dQ)], by this specific “lattice mode”. This leads to a clear
appearance of this initially weak band in Cs,Snlg at high temperatures. It is important
to note that scattering by anharmonic optical phonons regulates the charge-carrier
mobilities via electron-phonon coupling and consequently affects drastically the
material’s optoelectronic properties [34]. Moreover, very recently, the thermoelectric
properties of Cs,Snlg have been predicted by theoretical calculations [35] and
experimental studies show a high dependence of the Seebeck coefficient of bulk
materials on the presence of dopants, such as Sn** [36]. In this context, the low
frequency Cs lattice vibrations under dynamic structural anharmonicity may strongly
reduce the lattice contribution to the thermal conductivity of the compound. Thus

Cs,Snlg, in addition to its use in optoelectronic devices such as solar cells and light
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emitting diodes, may be an interesting candidate for thermoelectric applications, too
[37].

4.3.1 Cs,Snlg-based electrolyte for quasi-solid indoor DSSCs

Perovksites can also be used as an efficient hole transport materials (HTMs) for solar
cells. One of the key factors that limits the durability of electrolytes (including HTMs)
in DSSCs is their chemical and physical stability. Even small structural changes at the
interfaces of DSSCs can significantly affect their electrochemical characteristics. As
discussed above, the stability of the Cs,Snlg is evident. This non-toxic and lead-free
analogue, in particular, has been considered promising for large-scale DSSC
fabrication due to its oxygen/moisture stability (owing to tin’s high oxidation state,
Sn*"). A Z907-DSSC with Cs;Snlg as an HTM has been characterized under 1 sun
exhibiting a 4.23% PCE, with further stability tests showing a constant PCE after
storage (at room temperature, in the dark) [38,39].

To formulate the quasi-solid (gel-like) electrolyte solution [38] , TBP is added to a
mixture of Cs,Snlg (50 mg) and DMF (1 ml) at room temperature (1:26 uL/mg
TBP:Cs,Snlg). Then 37.5 uL of a Li-TFSl/acetonitrile (170 mg/1 ml) solution are
added. The final perovskite solution is deposited (dropwise) to a Z907-sensitized
photoanode, which is, then, left to dry out in the atmosphere (Image 8). The Pt
counter electrode also receives a drop of the perovskite solution and, after drying, the
DSSC is put together.
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Image 8. The dried out (gel-like) Cs,Snlg-based electrolyte on top of the photoanode
of the DSSC

CSZSnIG-based DSSC
Under 200 lux
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Fig. 4.3 JV curve of quasi-solid Cs,Snlg-based DSSC under 200 lux of indoor light

This quasi-solid Cs,Snls-based DSSC was characterized under 200 lux of indoor light
(Fig. 4.3), exhibiting a PCE of 7.28% (Jsc=24.7 pA/cm’, Voc=330 mV, FF=55.2%).
With a PCE=4.23% under 1 sun and a PCE=7.28% under 200 lux, it is obvious that
the efficiency of this DSSC was lower than the champion panillumination DSSC of
the previous chapters. However, evaporation/drying of the electrolyte in their cases
would significantly impair the cell operation. Thus, what the Cs,Snlg-based DSSC
lacks in efficiency, it makes up in stability due to its gel-like electrolyte. It can be
concluded that each configuration holds its own advantages, whether a higher

efficiency or a higher stability.
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5. Conclusions and Future perspectives

5.1 Conclusions

It is important for a light-activated photovoltaic cell to be able to operate well not
only under ideal light conditions (e.g. direct solar light or with high energy photons),
but to be able to take advantage of incident light of different wavelengths and
intensities. Thus, the issue of the adaptability to different lighting conditions is an
important one. For this study, low power artificial visible light sources were chosen as
the target for optimization, while striving to prevent a single-focused strategy that
would impair solar light performance. Specifically, the goal was for these systems to
maintain their performance under the usual lighting environments while being able to
take advantage of such challenging light sources, the challenge found in the radical
difference in intensity, wavelength of emission or in both. DSSCs were chosen as they
were a suitable 3™ generation PV technology with proven potential when operating
under indoor light sources. In their effort for solar light or indoor light optimization,
many bibliographic attempts sacrifice one for the other due to the indoor lighting
conditions being radically different from the Standard Test Conditions (STC) and due
to different parameters being more significant in one case versus the other. Therefore,

a tailored architecture with optimized components was attempted.

As a first step, the optimized electrolyte formulation allowed for good DSSC
performance maintained across different lighting types and illumination intensities. A
universal electrolyte solution was formulated for good performance under both
outdoor and indoor lighting conditions. A tailored combination of the necessary low
iodine concentration with the most suitable additives in a transparent low viscosity
solvent mixture (acetonitrile/butyronitrile), ensure an ideal synergy. As evidenced
through optical and IPCE characterization, the almost complete transparency of the
electrolyte -achieved through the choice of solvent and the weakly absorbing
electrolyte components- negated any significant competitive absorption effects,
thereby allowing the harvesting of lower wavelength region photons, a significant
emission region for indoor lamps. Despite the low iodine content, the optimized
electrolyte displayed excellent mass transport properties. No diffusion-imposed

limitation occurs on the photocurrent and all electrochemical interfaces are
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sufficiently optimized to permit fast charge transfer and ion transport, along with
suppressed recombination, regardless of the operating conditions for the cell. The
optimized electrolyte formulation allowed for proper performance being maintained
between radically different light intensity levels.

In the next step, through an absorber study, the optimum sensitizer (N719) was
determined based not only on its spectral characteristics but also its role against
recombination, one of the more important issues for indoor PV. A series of sensitizers
were tested in DSSC to study their effects during operation under solar and indoor
light. Their performance under 1 sun, 0.1 sun of solar illuminated light and 200 lux of
indoor fluorescent light was characterized, highlighting the significance of two factors
for optimal “pan-illumination” sensitizer performance: Recombination suppression
and spectral agreement. A good spectral agreement between absorber and emission
source was found to be important for good utilization of the incident light from either
source, while recombination suppression was found to be especially critical during
operation under low intensity light, with poor suppression nullifying the advantages of

a good absorption spectrum.

Finally, in order to formulate a less volatile electrolyte formulation, an air-stable
perovskite material was studied. A variable temperature Raman spectroscopic
investigation on Cs,Snlg air-stable was undertaken in order to elucidate its vibrational
properties. Upon lowering the temperature, a blue shift and narrowing of the Snlg
stretching and bending bands was observed and attributed to lattice anharmonicity,
with no signs of phase transitions across the studied temperature range. Furthermore,
the vL(Fzg) phonon was observed only above room temperature, pointing to
anharmonic lattice dynamics in combination with the increase in oscillation energy
overcoming the obstacle of weak interaction between Cs* with the I cage ions. A
quasi-solid electrolyte based on this perovskite was tested in DSSCs and while a
significantly lower efficiency was achieved, compared to the aforementioned
acetonitrile/butyronitrile-based 1715 electrolyte, the perovskite offers a more stable

alternative to the aforementioned volatile DSSC electrolyte.

106



General Conclusions

To sum up, in this work, an optimization strategy for DSSCs has been presented,
specifically in the electrolyte and sensitizer components, all in an effort to minimize
recombination issues and maximize charge/ion transport in the semiconductor devices
under both solar and low intensity visible light. Two optimum configurations were
presented, focused either on photo conversion efficiency or device stability: The first
one employing a Ru dye and a finely tuned liquid electrolyte reached the top
bibliographic indoor efficiency for iodide-based DSSCs while maintaining a good
performance under 1 sun (higher than the reference DSSC) and the other one
employing a Ru dye and a quasi-solid Cs,Snlg-based electrolyte mixture sacrificed a
degree of efficiency for higher stability, as it is able to retain its efficiency during
storage. Cells with these configurations, prepared with common, low cost and
available materials, manage to maintain good performance under all tested lighting
conditions from 1 sun solar simulated illumination to 100 lux of indoor fluorescent
light (0.03% of 1 sun irradiance) with a consistently high fill factor, paving the way
for the manufacturing of PVs that are able to operate well, under all environments and

lighting conditions.

5.2 Future perspectives

Under low light conditions, the produced power density is considered to be a more
appropriate performance evaluation metric than the usual PCE value [1]. For DSSCs
operating under 200 lux, power densities in the range of ~4-8 pW/cm? have been
reported by industry sources [1-4]. The synergetic strategies for the optimized device
presented in this work has allowed values very close to the characteristic 200 lux PV
values found in 1713 electrolyte indoor optimization studies [2] and in industrial
indoor DSSC products [4], with a power density of 8 pW/cm?, while maintaining a
solid performance under 1 sun. DSSC have been known to outperform other PV
technologies under non-ideal light conditions, and are an excellent choice for BIPV,
since they present better performance under non-direct light (e.g. indoors and/or
diffuse solar lighting conditions) [5]. An adaptable DSSC should be able to perform
well under both high and low light intensity levels for robust operation under clear
sky but also under cloudy weather and indoor lighting. Concerning PIPV, power

densities in the magnitude of uW/cm? can be produced by a module of a few cm? and
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can be used for powering low power electronic devices such as sensors, cameras etc
[2]. Furthermore, PVs with good adaptability to different light conditions can be used
to power not only low energy drain products, but also more demanding devices (e.g.
tablets, laptops, smartphones) with varying power draw profiles depending on their
usage [6], by utilizing light regardless of the user environment (outdoors/indoors).
Thus, a PV device that presents good adaptability during the changing of lighting
conditions under which it operates (ranging from intense 1 sun to low power indoor
light conditions) is very promising for BIPV and PIPV applications and the “pan-
illumination” configuration of this work, is a step in the right direction as it offers
DSSCs a degree of usage flexibility and adaptability. Further, optimization is required
not only for the cells themselves but also for their integration into the BIPV/PIPV

systems.

The area of DSSCs for indoor lighting environments is very attractive and relatively
new, meaning there is a lot of potential for interesting future works. For DSSCs, focus
should be primarily placed on electrolyte optimization. Besides the classic 1371
electrolyte studied in this dissertation, electrolytes based on cobalt and copper have
emerged for some time and have proven highly efficient as they are currently the
more common applied electrolytes and have led to the latest record braking
efficiencies under 1 sun. Thus, optimization studies focused on these newer
electrolytes and their “pan-illumination” targeted operation is a rich area for future
research. Additionally, on the sensitizer front, co-sensitization strategies can be
tailored for panillumination purposes, with the aim of achieving both a panchromatic
response and a good panillumination performance. This can be challenging as an
effort to increase the absorption spectra for the device may not have a significant
impact on indoor performance: indoor light sources are more limited in their emission
spectra (compared to solar light) and it is possible that an extended absorptions
spectrum may go to waste depending on the sensitizers and irradiating source. A
successful balance between panchromatic and panillumination pursuits however will
significantly increase the efficiency and adaptability of such devices in different light
conditions. Furthermore, for a wider array of applications, it is important for a PV

device to be transparent or at least semi-transparent and DSSCs are in a unique
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position for optimization in this area, with a focus on the transparency of the entire

device.

(13

Finally, for a robust “panillumination” application of PVs, both stability and
efficiency are needed. Stability is required to assure a constant performance by the
cell and the device it is integrated into, while efficiency is required to assure a wider
application in industrial products. A significant number of electronic products, such as
wireless sensor networks or portable devices, require power in the range of 10nW-
20uW [7]. Thus, a photovoltaic cell with such level of produced power during
operation under indoor light sources is suitable for an array of real life products such
as sensors or tablets [2,6], especially when considering an equally impressive
efficiency under 1 sun which leads to much greater usage flexibility for the device,
especially when it can be utilized equally well in radically different lighting
environments. Therefore, a strategy to simultaneously achieve high efficiencies and
stability by studying solid state charge transfer media for DSSCs is suggested, starting
from a point of assured stability and enhancing its interfacial charge transfer
properties. Perovskites and other solid media are a good choice for this path.
Alternatively, optimization of sealing technologies can assure stability even for liquid
electrolyte-based DSSCs. Finally, similar research goals can be set for Perovskite
Solar Cells which are capable of achieving even higher efficiencies. Research focused
towards rendering photovoltaic cells stable and efficient under any possible light
condition will pave the way for devices that not only fully utilize solar light but also
achieve maximum re-use of the energy consumed for artificial lighting, thereby

reaching a significant milestone in the effort for sustainability and renewable energy.
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