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Abstract: Flexible photovoltaics is an attractive technology for product-integrated energy supply
under both outdoor and interior conditions. In particular, dye-sensitized solar cells (DSSCs) based on
flexible plastic conductive substrates provide ample opportunities for unique applications; however,
they prevent the use of high-temperature processing steps usually applied in the fabrication of the
solar cell. In the first part of this paper, we present an overview of a careful selection of the most
relevant work in the field of flexible DSSCs (F-DSSCs), ranging from pioneering methodsto the
most cutting-edge techniques. Key elements and critical considerations for the design of an efficient
F-DSSC are also provided. In the second part, we report the fabrication of DSSCs on both rigid
and flexible plastic substrates using low-temperature processing. Three different I−/I3

− electrolyte
configurations were tested. Rigid and F-DSSC showed 2.62% and 1.00% efficiency under 1 sun and
an output power of 8.60 and 4.00 µW/cm−2 under low-light conditions, respectively. In this work,
we report a novel solvent mixture that shows a significant enhancement of the performance of the
low-temperature processed configuration, without adding steps in the fabrication process.

Keywords: dye-sensitized solar cell; flexible photovoltaics; low-temperature processing

1. Background and Context

The growth in the world’s population, coupled with the ever-increasing energy re-
quirements of modern technological advances, has resulted in an urgent demand for a
greater supply of energy [1,2]. On the other hand, the increasing concerns about the en-
vironmental consequences associated with traditional energy sources have prompted the
scientific community to seek out and develop non-polluting, abundant, and cost-effective
energy sources, simultaneously mitigate the effects of climate change, and enable a shift
toward a renewable energy-based society in the near future [3,4]. Among all the available
sources of renewable energy, solar energy stands out as the one with the greatest potential
to meet the demands of our modern world. The sun’s energy that reaches the Earth’s
surface every year amounts to an astounding 3.8 million exajoules, which is more than
enough to satisfy the entire global energy demand. Moreover, the use of solar energy for
electricity generation is not only environmentally safe, but also exceptionally clean [5].
Hence, photovoltaic (PV) technology has emerged as a promising contender for the future
of sustainable electricity production.

Based on the most recent projections, it is anticipated that solar energy could account
for 15–30% of the total global electricity production by the year 2050, with PV technology
emerging as a vital driving force behind this movement. PV remains at the forefront of this
pivotal endeavor, and the developments have led to its categorization into three distinct
generations: first, second, and third [6–9].
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In this work, our emphasis is on third-generation (3G) solar cells, which have emerged
as a major breakthrough in the field of solar cell technology since the 1990s, resulting
from over two decades of sustained and intensive research and development [10]. Third
generation (3G) is currently generating significant interest in the scientific community
due to specific advantages over conventional solar devices, such as potentially lower
processing costs, solution-processing manufacturing techniques, shorter payback times,
and environmental sustainability. These advantages make them a promising alternative
with the potential to produce high-efficiency light-to-electricity conversion devices at a
lower cost [11–13]. Third-generation (3G) PV technology is expected to have a significant
impact on the renewable energy industry particularly in energy-supporting applications,
such as building-integrated PV and other product-integrated and portable devices. It
is also well suited for various recent developments, including Internet of Things (IoT)
applications [14–16]. This most recent generation of PV systems comprises a diverse
collection of state-of-the-art technologies, including organic solar cells (PCE ≈ 19.2%),
quantum dot solar cells (PCE ≈ 18.1%), perovskite solar cells (PCE ≈ 26%), and DSSCs
(PCE ≈ 13%) [17]. However, it is important to note that each of these technologies has its
own advantages and disadvantages, which need to be considered.

This work focuses on F-DSSCs, and in the following sections, we provide extensive
information on the architecture, functional mechanism, and limitations of this 3G PV
technology. Since there are few review papers in the literature addressing the manufacturing
challenges and limitations related to flexible solar cells [6,18–23], we provide an overview
that summarizes key information on the strategies to overcome these fabrication limitations.
Hence, we have divided the paper into two parts. The first part is a mini-review of the most
relevant work on F-DSSCs (Sections 2–5). In the second part of this work (Sections 6–9), we
present our recent research on the low-temperature fabrication of flexible devices using
novel techniques, without any extra steps or post-treatments. The majority of research
on these systems focuses on the improvement of the photoelectrode at low temperatures.
However, the influence of the electrolyte composition on F-DSSCs performance has not
been studied in detail and is not well understood. Here, we demonstrate a novel solvent
mixture for an I−/I3

− electrolyte that shows a significant enhancement in the performance
of this low-temperature configuration. The optimal electrolyte composition exhibited a
favorable effect on the rate of electron injection into the TiO2 conduction band by the dye.
This highlights the potential that the electrolyte holds in improving the performance of
low-temperature configurations while avoiding the introduction of additional steps in the
fabrication process.

2. DSSCs

The DSSC represents the first 3G technology that has attracted substantial attention as
an emerging solar technology related to the potential for cost-effectiveness and straightfor-
ward manufacturing [16]. These electrochemical devices operate based on principles that
resemble photosynthesis in green plants [24]. The initial development of DSSC technology
back in 1972 used a chlorophyll-sensitized ZnO solar cell, reaching a low efficiency of
only 1% due to incomplete absorption of the incident sunlight with just a single layer of
dye molecules [12,25]. A major breakthrough in the field was achieved in 1991, resulting
in an efficiency of 7.1% and conversion of approximately 80% of absorbed photons into
electrical current thanks to the introduction of a novel dye sensitizer combined with a
nanostructured, mesoporous TiO2 structure developed and reported in Nature by O’Regan
and Grätzel [26,27]. Although the seminal work on DSSCs began over 30 years ago, research
in this field has recently advanced significantly, with strong efforts being made to improve
the efficiency both under outdoor and indoor conditions [28]. This is because of numerous
advantages of a DSSC, such as using inexpensive and abundant materials, compatibility
with rigid and flexible substrates, and simple, non-vacuum, and high-speed screen-printing
fabrication process [4,19,29]. In recent years, there has been a trend toward the fabrication
of DSSC on lightweight flexible substrates, such as plastic or metal foils [6,30]. Unlike glass
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electrodes, which impose inherent limitations in terms of fragility, weight, and shape [20],
F-DSSCs inherit the aesthetic features of rigid DSSCs (translucency and polychromaticity)
and can be applied on curved surfaces including clothes, bags, car tops, sensor heads,
etc. [13]. More importantly, F-DSSCs offer the potential for significant cost reduction, as
they are compatible with large-scale roll-to-roll processing, which is an existing continuous,
low-cost industrial method to print DSSCs. In addition, the processes can be performed
at low temperature and under atmospheric pressure [4,19,29]. To fulfill the stringent re-
quirements of PV production, high-speed manufacturing processes are crucial to achieve
the high volume necessary to meet the demands. In this regard, the utilization of flexible
substrates becomes even more significant. By harnessing the benefits of this component,
the industry can effectively expedite the production process and achieve the desired high
volume required for the successful implementation of PV technologies [31].

Unlike silicon cells, DSSCs are better aligned with the spectral characteristics of
indoor lighting, allowing them to effectively harness and convert available light sources
for electricity generation in both indoor and outdoor settings [32]. DSSCs exhibit an
impressive ability to operate optimally by harnessing available diffuse ambient light,
including light during dawn, dusk, and cloudy weather, which often goes unutilized [33].
Remarkably, when subjected to low-intensity irradiation (0.3–0.5 sun), the efficiency of
DSSCs is comparable to that of silicon-based solar cells [7,34]. The superior performance
under low-intensity illumination and the possibility to optimize the spectral sensitivity to
the spectrum emitted by commonly used indoor fluorescent and LED light (400–650 nm)
mean that DSSCs are currently considered one of the most suitable options for indoor light-
harvesting purposes, resulting in energy conversion efficiencies beyond 32% [8,32,35,36].

3. Exploring the Essential Components and Operational Mechanism of DSSC
3.1. DSSC Elemental Structure

The DSSC is composed of four fundamental components that are essential for its
effective operation:

1. The photoelectrode consists of a transparent conductive oxide coated substrate onto
which a mesoporous oxide layer is deposited. This layer facilitates the transfer of
electrons generated by the absorption of sunlight by the sensitizer.

2. The sensitizer is a molecular monolayer of dye that is adsorbed onto the surface of
the mesoporous oxide layer. Its function is to harvest incident sunlight and transfer
electrons to the oxide.

3. The electrolyte typically consists of an organic solvent that contains a redox mediator.
This component is crucial for the regeneration of the dye and the redox electrolyte
during operation.

4. The counter electrode is typically a fluorine-doped tin oxide (FTO) or indium tin
oxide (ITO) on glass or plastic coated with a catalyst material that facilitates the redox
couple regeneration reaction and collects electrons from the external circuit (Figure 1).

In the following section, we provide a detailed analysis of the specific critical functions
that are carried out by each of the key components in the operational mechanism of DSSCs.

3.2. DSSC Operational Mechanism

The photoconversion of solar radiation into electrical energy in DSSCs follows a
mechanism that resembles the photoinduced electron transfer process that occurs during
photosynthesis in plants, which is illustrated in Figure 2. This mechanism is designed to
mimic several natural processes, with the dye playing a role similar to that of chlorophyll
in plants, which is a unique and distinctive feature of DSSCs. The process of energy
conversion is triggered by the absorption of incident photons by the sensitizer, which forms
a monolayer adsorbed on the surface of the mesoporous metal oxide. The photon energy is
sufficient to generate an electronic excitation within the sensitizer. Ground-state electrons
are promoted to an excited state (Process 1), which is often simplified in the literature as the
transition from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
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molecular orbital (LUMO). Upon excitation, the electrons in the excited state may be at a
higher energy and can be transferred to the conduction band of the metal oxide photoanode
(Process 2). This results in the formation of a localized “hole” corresponding to the oxidized
dye molecule. Note that the term “hole” is generally defined as the mobile positive charge
in the valence band of a semiconductor, and as such, “holes” do not play a role in the DSSC.
The charge separation at the interface between the dye and metal oxide occurs within a
femto to picosecond time frame. The injected electrons diffuse through the nanostructured,
mesoporous metal oxide film and reach the transparent conducting oxide film that covers
the glass substrate (Process 3). This process occurs within the nanosecond to microsecond
timescale. Simultaneously, within the time range of nano to microseconds, the oxidized
sensitizer molecules are restored to their ground state via electron donation from a reduced
species present in the electrolyte, corresponding to “hole” transfer to the electrolyte (Process
4). Finally, the oxidized redox mediator diffuses to the counter electrode, where the circuit
is closed as electrons from the counter electrode that have traversed the external circuit
catalyze the reverse reaction of the redox couple (Process 5). Hence, the solar cell is fully
regenerative, where the electrons injected and collected move through the external wiring
and perform work.
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3.3. Recombination Processes

The prevention of electronic recombination processes is crucial for optimizing the
performance of a DSSC. Electronic recombination refers to the undesired recombination of
electrons with “holes”, which can significantly impact the efficiency of the device. Several
pathways exist for recombination, and addressing these pathways is essential for improving
the overall performance of DSSCs. One pathway involves the non-radiative relaxation of
electrons in the excited state at the LUMO energy level of the sensitizer, causing them to
return to the ground state (Process 6). This phenomenon is often linked to an elevated
level of dye molecule aggregation at the metal oxide surface. In this stage, electrons in the
LUMO level of the dye can also undergo recombination with the redox electrolyte within
a time frame of milliseconds to seconds (Process 7). Furthermore, after injection into the
conduction band, electrons need to travel a considerable distance (2–10 µm) to reach the
TCO of the photoanode. During their trajectory, electrons face hurdles that hamper their
movement owing to inadequate interparticle connections and/or electronic trap states
caused by defects in the metal oxide crystal lattice, generally at the surface. The probability
of electron deviation from its desired trajectory increases as it remains in the metal oxide
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for an excessive amount of time. This may lead to electrons being either back-transferred
to oxidized dye molecules or being transferred to the redox electrolyte surrounding the
metal oxide (Processes 8 and 9, respectively). Lastly, electrons that successfully arrive at the
anode still need to move across the TCO surface toward the external circuit. If the TCO
is in contact with the redox electrolyte, it can undergo loss via the reduction of oxidized
species present within the electrolyte (Process 10). In order to prevent these recombination
processes, a series of design protocols have been developed for the photoanode, molecular
design of dyes, and redox mediators.
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3.4. DSSC PV Parameters

The overall performance of a DSSC under irradiation can be estimated by quantifying
its sunlight-to-electric power conversion efficiency (η). This is commonly measured under
standard irradiation conditions (100 mW/cm2, AM 1.5). The efficiency is defined as the
ratio of the maximum generated power (Pmax) to the maximum incident light power (Pin),
and can be determined by measuring the current–voltage (J–V) curve as follows:

η =
Pmax

Pin
× 100%, (1)

η(%) =
VOC × JSC × FF

Pin
× 100%, (2)

FF =
Vmax × Jmax
VOC × JSC

, (3)

where JSC is the short-circuit current (mA/cm2), VOC is the open-circuit voltage (V), and FF
is the fill factor. The VOC is determined by a potential difference between the Fermi level of
electrons in the metal oxide and the redox potential of the electrolyte. The VOC is defined as
the voltage, where J is zero. JSC is a key parameter influenced by several factors, such as the
incident light harvest efficiency, charge injection efficiency, and charge collection efficiency.
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It is the maximum current density that is generated when the cell is under short-circuit
zero-bias conditions. The FF in a solar cell is a key performance parameter that exerts a
significant influence on the device’s efficiency. It is defined as the ratio of the maximum
power output to the product of VOC and JSC. The maximum power output occurs at the
point on the J–V curve, where the voltage and current density are represented as Vmax and
Jmax, respectively [4,9].

4. Flexible Photoelectrodes: Key Design Considerations for Optimal Performance

Among the fundamental components described in Section 3.1, the photoanode as-
sumes a pivotal role in DSSCs, as it performs indispensable functions that encompass the
efficient adsorption of dye molecules and effective electron injection and transport processes.
A large surface area is required to permit the anchoring of a large density of dye sensitizers,
thereby enhancing the light-harvesting efficiency of the solar cell. Additionally, the photoan-
ode acts as a conduit for the transport of photogenerated electrons, requiring efficient charge
separation and minimal recombination losses. Consequently, the design and optimization
of the photoanode structure and materials are essential for achieving high-performance
DSSCs [25]. The photoanode comprises a complex assembly of integral elements that
collectively form a synergistic architecture, including a sensitized-semiconductor oxide
deposited on a transparent conductive oxide (TCO)-coated substrate [3].

Glass, plastics, and metals are the commonly used substrates in DSSCs. However, in or-
der to meet the criteria for large-scale production, the use of glass substrates is discouraged.
Instead, plastic and metal substrates offer viable alternatives across three fundamental
configurations of DSSCs [19]. While metal substrates have shown promising efficiencies,
they are accompanied by certain limitations, such as susceptibility to corrosion by elec-
trolyte solution components. Hence, careful consideration should be given to the selection
of electrolyte components to ensure compatibility with the chosen substrate type. Addi-
tionally, the high-temperature sintering process employed with metal substrates can give
rise to oxidation concerns, requiring additional steps that complicate large-scale manufac-
turing processes [37]. The use of metal substrates in DSSCs also has a notable drawback
in terms of their lack of transparency. Such DSSCs requires illumination from the front
side through the counter electrode, which may lead to a reduction in the conversion ef-
ficiency. This can be attributed to the partial reflection/absorption of light, either by the
electrocatalyst deposited on the counter electrode or various molecular species within the
redox electrolyte solution [25]. Significantly, flexible plastic conductive substrates (FPCSs),
such as indium-doped tin oxide polyethylene terephthalate (ITO, In2O3:Sn) (ITO-PET) and
indium-doped tin oxide polyethylene naphthalate (ITO-PEN), offer notable advantages,
including flexibility and lightweight properties, rendering them well suited for reel-to-reel
(R2R) production techniques. Furthermore, these substrates exhibit satisfactory levels of
transparency (80% at 550 nm) and a sheet resistance at approximately 10 Ω/�, along with
commendable chemical stability within the electrolyte, surpassing the performance of their
metal counterparts [18,38].

Extensive research and development efforts have been undertaken to formulate the
photoanode in DSSCs, exploring diverse materials such as ZnO, Nb2O5, SnO2, and WO3.
These nanostructured materials have been synthesized in a variety of different morpholo-
gies such as nanotubes, nanorods, nanowires, and nanocrystals. with the aim of amplifying
dye adsorption and optimizing electron injection [39,40]. Among these materials, TiO2
nanoparticles stand out as the most promising candidate for DSSCs. Their exceptional
transparency across the visible spectrum, remarkable stability, non-toxicity, and substantial
specific surface area make them highly attractive for next-generation solar cells [41]. The
standard TiO2 paste formulation includes organic binders and viscous solvents, which
require a high-temperature sintering process (typically 400–500 ◦C) to establish effective
electrical connectivity between particles. However, the high-temperature process becomes
challenging when employing FPCSs, as they have limited thermal stability. Achieving
low-temperature fabrication of the titania layer in DSSCs manufactured on FPCSs is a
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crucial requirement since the low thermal stability of the substrate (approximately 150 ◦C)
is a significant obstacle. To address these challenges, innovative strategies and techniques
have been proposed to enable the deposition of TiO2 layers at temperatures within the
acceptable range for conducting polymers [19]. Consequently, this has spurred the scien-
tific community to explore diverse methodologies, primarily focused on optimizing the
properties of the TiO2 paste and employing various pre- and post-treatment techniques
to achieve high-efficiency flexible devices [42–44]. These techniques are further described
in Section 5.

To prepare a screen-printable TiO2 nanocrystalline paste without the need for the
sintering process, several specific requirements must be fulfilled. Firstly, the paste needs
to have sufficiently high viscosity in the absence of the generally used insulating binder
materials. The presence of the binders in dried film can hinder carrier transport between
TiO2 particles [45]. Secondly, strong adhesion of the paste and film to the hydrophobic
surface of ITO-coated PEN is of utmost importance. Furthermore, complete evaporation of
all liquid constituents of the paste at temperatures below 150 ◦C is imperative [46]. Lastly,
all components of the paste should exhibit inert characteristics to prevent any potential
corrosion of the underlying ITO layer, for example, by avoiding the presence of acidic
precursors, which in addition could undermine interparticle connections [47]. Another
crucial aspect that warrants careful consideration is the use of ultrathin films (<6 µm).
These thin films on FPCSs serve four purposes: (i) to minimize electron diffusion distances;
(ii) to enhance mass transport by reducing the ionic diffusion distance; (iii) to improve
adhesive properties between the paste and the substrate, as thicker films are prone to
delamination; and (iv) to reduce the presence of macroscopic cracks [48]. In this regard, to
ensure optimal performance of an ultra-thin-film F-DSSC, it is imperative to employ dyes
with a high molar extinction coefficient, thus maximizing light absorption and, ultimately,
improving device efficiency [49]. Hereinafter, F-DSSCs refer to DSSCs fabricated on FPCSs.

In the next section, the pioneering works, cutting-edge strategies and techniques for
the fabrication of F-DSSCs are explained.. These strategies have been developed in order to
improve the interconnection between TiO2 nanoparticles and can be applied at different
stages of the fabrication process. Some techniques can be applied during TiO2 synthesis and
paste, colloid, or dispersion preparation. Other techniques are related to the photoanode
preparation, such as the formation of the film using low-temperature deposition methods,
film transfer, and film compression, and other strategies are applied to the last step, i.e., to
the final deposited film as post-treatment.

5. Mastering Flexibility: Pioneer and Cutting-Edge Strategies for
Photoelectrode Manufacturing
5.1. Low-Temperature Physical-Chemical Binding

The development of a surfactant-free paste is one of the most appealing alternatives. A
low-temperature screen-printable TiO2 paste poses a significant challenge in the fabrication
of F-DSSCs. This crucial issue demands careful consideration and innovative approaches
to overcome the difficulty and achieve successful manufacturing outcomes. In this regard,
incorporation of a binding agent, using different sizes of TiO2 nanoparticles, and/or surface
modification of TiO2 by stirring or ball-milling has been applied to obtain surfactant-free
viscous pastes with interconnection between titania nanoparticles.

Binding agents such as TiCl4 or [Ti(OiPr)4] mixed with commercial P25 have been used.
Ti(IV) alkoxides can be hydrolyzed and crystallized inside the semiconductor oxide network
at low temperatures, which serves to chemically interconnect the titania nanoparticles and
to provide adhesion between the film and the substrate [50–52]. Another binder-free
approach is using acid–base chemistry by adding a small amount of ammonia solution to
acidic TiO2 in order to change the pH and, hence, chemically sinter the film. An increase
in CH3COO- and NH4

+ ions concentration is responsible for flocculation acting as an
“electrolyte glue” [30]. In fact, an increase in viscosity is due to the increase in connectivity
between the particles during drying because of the formation of hydroxyl groups on the
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TiO2 surface [53,54]. Holliman et al. reported a low-temperature binder-free, aqueous
paste using commercial Degussa P25 and hexafluorotitanic acid used as a binding agent
to chemically sinter TiO2 particles. By this approach, the interparticle connectivity was
increased due to condensation protonation–dehydration reactions on the surface of the TiO2
and, at the same time, forming Sn-O-Ti bonds between ITO substrate and TiO2 [55]. Surface
modification of TiO2 nanoparticles using trimethyloxysilane is another approach that
results in an increase in the crystallinity of TiO2 nanoparticles, surface area, and porosity of
the film. The modified TiO2 showed a greater extent of dye loading in comparison with
bare TiO2 due to a better interaction between dye anchoring groups and Ti-O-Si bonds and
with free -OH groups of TiO2 nanoparticles [56].

Miyasaka et al. performed some of their earlier work on low-temperature binder-free
coatings for F-DSSC electrodes (<130 ◦C) using a colloidal solution containing two different
sizes of TiO2 particles in water and t-butanol. The smaller particles with an average size of
about 60 nm acted as a binding agent between nanoparticles and the larger particles with
an average size of about 200 nm, which served as a light scattering material [47,57]. Also,
other research groups have used a range of different particle sizes (small: medium: large)
to fill the voids between the middle-sized TiO2 particles and thus to bind particles together;
the larger particles act as light scattering centers [58].

To obtain a homogeneous and viscous dispersion, researchers have mixed commercial
P25 with Millipore water or dry ethanol and the effect of stirring for several weeks to change
the surface chemistry of bare P25 [59]. Also, applying ball-milling to the titania slurries for
several hours has resulted in small agglomerates, fewer cracks, and more homogeneous
films. The ball-milled films exhibit high mechanical stability and an increase in dye loading
due to an increase in the surface area [53,54,60].

5.2. Film Transfer Techniques

Owing to the absence of sintering in low-temperature films, which poses challenges
in achieving effective particle interconnectivity, lift-off methods have emerged as a viable
alternative to preserve particle connectivity. These methods involve initially sintering the
material on a template and subsequently transferring it to an FPCS, ensuring the desired
interparticle contacts.

Dürr et al. presented a lift-off technique in which a pre-sintered electrode is transferred
to a second plastic substrate maintaining its original electrical properties. They prepared a
thin gold layer (10–20 nm) on a glass substrate. On top of this, a high-temperature annealed
(>450 ◦C) TiO2 layer was deposited. This transfer layer consisted of a composite that
comprises one sublayer of TiO2 spheres in the lower part and one sublayer of TiO2 rods
in the upper part. This combination of morphologies enhances the mechanical properties
resulting in an optimized lift-off process [61].

A laser processing technique has been used by Kafafi et al. to deposit mesoporous
TiO2 films onto ITO-PET substrates from a colloidal solution of commercial P25, water,
acetylacetone, Triton X-100, and polyethylene glycol. A laser direct-write technique (LDW)
was used to transfer a TiO2 film deposited onto a borosilicate glass plate to an ITO-PET
substrate [62,63]. Also, Huang et al. reported a laser-assisted lift-off combined with a roll
pressure rolling process for the preparation of TiO2 photoelectrodes on ITO-PET substrates,
achieving an efficiency of 4.2% [64].

Another film-transfer approach was investigated by Ma et al. They obtained a TiO2
film on a flexible ITO-PET substrate using friction transfer of a sintered TiO2 layer. They
sprayed a low-temperature dispersion of TiO2 on the ITO-PET substrate and a sintered
TiO2 film coated on a ceramic tile by doctor blading. This sintered film was placed in
face-to-face contact with the underlying TiO2 layer on the ITO-PEN and moved across.
In this way, the sintered layer was transferred from the ceramic tile to the surface of the
bottom layer under the friction generated between the layers [65].
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Although relatively good efficiencies have been achieved with this method, it
is undeniable that translating this technique into a continuous production process is
highly challenging.

5.3. TiO2 Film Compression

In 2000, Hagfeldt and coworkers patented a method for fabricating a nanostructured
film on FPCSs in a continuous fashion. They proposed an embodiment of an FPCS roll
arranged to form a continuous web that undergoes motion toward a set of two pressure
rollers. In its way, a colloidal suspension, in a receptacle, is deposited and evaporated
before being compressed by the rollers. The compression applied to the film helps the
disruption of large agglomerates resulting in a highly light scattering effect and increasing
the specific surface area. The result is a mechanically stable, nanostructured, porous film
that adheres well to the substrate. They examined the effect of compression applied to
the porous layer by a planar steel press plate. They demonstrate that the porosity of
the film decreases when the applied pressure increases. On the other hand, the internal
surface area showed a slight increase from 60.6 to 63.9 m2/g. With respect to the BET pore
size, the compressed films showed a more homogeneous pore size distribution ranging
from 4–60 nm for unpressed powder and 30–40 nm for pressed films. The introduction
of this automated method provides a significant advantage by allowing for a continuous
roll-to-roll high-speed manufacturing process [31,66–70]. The same group developed a
step-by-step baseline for the fabrication of F-DSSCs on ITO-PET. They reported one of the
first F-DSSC modules for indoor environments obtaining a maximum power output of
approximately 2.3 µW/cm2 at 250 lux using fluorescent light [29].

After this breakthrough, many research groups have focused on the improvement of
this technique by optimizing experimental parameters such as applied pressure [42]. By
varying the pressure, the microstructure of the TiO2 films is changed, and the interparticle
connection is improved, resulting in higher photon-induced charge transport and slower
recombination kinetics [71]. As a result, the electron transport resistance decreased with an
increase in applied pressure. A more compact TiO2 film structure results in rapid electron
transport and a reduction in back recombination, which enhances the JSC [72–74].

Regarding the compression technique, Cheng et al. presented the potential use of a
cold isostatic pressure (CIP) technique for the preparation of high-quality TiO2 flexible
electrodes. A 30 wt% titania suspension using P25 and ethanol was prepared and coated
by the doctor blade technique onto ITO-PET. The films were transferred to a polyethylene
envelope and sealed under vacuum (10−1 Torr) and subsequently compressed with a CIP
instrument. The films showed a strong bond between particles and presented a uniform
free-crack surface morphology, which indicates good interparticle connectivity [48].

5.4. Low-Temperature Deposition Techniques

The commonly used low-temperature deposition techniques are blade coating (doctor
blading), screen printing, spin coating, spray coating, slot-die, and inkjet printing. Each
technique has advantages and disadvantages, and the printing parameters must be adjusted
in order to achieve homogeneous crack-free films. As mentioned previously, the main issue
related to these methods is the preparation of binder-free colloids, pastes, or dispersing
media, which directly affects the uniform and complete covering of the substrate followed
by film adhesion to the substrate.

Among low-temperature deposition techniques, electrophoretic deposition (EPD) has
received attention due to several advantages, enabling uniform and controlled deposition
of particles. The major advantage of EPD is that it can be performed at low temperature,
making it suitable for coating ITO-PEN substrates without causing damage. EPD is a
technique that has great potential for processing low-temperature films [75–77]. However,
there are some limitations that make it less suitable for large-scale production of thin
films. EPD typically involves a slow deposition process, which can hinder the efficiency
and speed required for large-scale production. Coating a large area with EPD can be
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time-consuming. In addition, achieving uniformity and consistency at a large scale can be
technically complex.

In the pursuit of techniques that can be adapted to these processes, multiple strategies
have been developed to further enhance the interconnection between TiO2 nanoparticles
and adhesion with the substrate. In the following, the most relevant post-treatments on
low-temperature films are presented [78–82].

5.5. UV Irradiation Post-Treatment

UV radiation has been used to further enhance the interconnection between TiO2
particles and improve film homogeneity. In this post-treatment, a precursor is commonly
employed in the preparation of the colloidal solution, which when irradiated by UV
promotes improved interparticle connectivity within the film. UV irradiation is also a
suitable method for removing organic and inorganic residues from the TiO2 film, which
originate from the suspension during the synthesis process [83–89]. However, care must
be taken when using this method since exposing TiO2 films to UV can affect adherence to
the substrate and adsorption of the dye sensitizer. FTIR spectroscopy and SEM are helpful
methods to demonstrate if the organic impurities on the TiO2 surface are eliminated or not
without modifying the morphology of the film. In addition, UV treatment may enhance the
dye loading on the films [84]. Ayllón et al. explored the use of UV irradiation to prepare
low-temperature TiO2 photoelectrodes for FPCSs. They proposed an alternative method to
prepare porous TiO2 thick films. In this approach, they made use of a soluble precursor
of TiO2 that undergoes photodegradation, promoting the formation of necks between
particles and enhancing adherence to the substrate. They prepared a colloidal solution by
mixing commercial P25, titanium(IV) bis(ammonium lactate)dihydroxide (TALH), Triton-X,
and water, assisted by an ultrasonic bath. The photodegradation of TALH promotes the
formation of small TiO2 particles that act as cement to electrical connections among bigger
particles. After the deposition onto an ITO-PET substrate by doctor blading, the film was
UV irradiated at 80 ◦C for 6 h using a medium-pressure Hg Lamp. The organic nature of
this precursor allows its removal after UV irradiation [86].

5.6. Microwave Irradiation Post-Treatment

A technique that holds great potential for the manufacturing of solar cells using FPCSs
is microwave treatment. Through this post-treatment, it is possible to achieve a substantial
increase in the local temperature within the film, facilitating the sintering process without
damaging the FPCS. This post-treatment results in promoting the electrical interconnections
between TiO2 nanoparticles and, hence, an improvement in photovoltage, current density,
and efficiency [90–93].

5.7. Accelerated Electron Beam (EB) Post-Treatment

Another low-temperature (50 ◦C) post-treatment technique for FPCSs is an accelerated
electron beam (EB). In this technique, the accelerating voltage is adjusted to control the
penetration depth of the electron into the TiO2 film in order to achieve particle necking
without damaging the FPCS. Yamaguchi et al. prepared a binder-free paste by grinding a
mixture of commercial TiO2 P25, water, and ethyl alcohol and deposited it by doctor blading
onto an ITO-PET substrate. The film was exposed to the EB, and the DSSCs fabricated
reached an efficiency of 2.1%. Using this method, they show that TiO2 particle necking was
successfully achieved at room temperature [94].

5.8. Combination of Different Strategies

Various research groups have shown that the combination of different strategies will
result in a significant performance improvement of F-DSSCs. Yamaguchi et al. reported
a combined press method with the use of a TiO2-water-based paste and a UV-O3 surface
treatment before and after paste deposition. They used two different TiO2 particle sizes in
the paste of a weight ratio of 7:3, 20, and 100 nm, respectively. The mechanical adhesion
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strength of TiO2 nanoparticles to the substrate was measured by ISO/DIS 15814 [95]
methods showing a strong adherence [96]. An efficiency of 8.1% was obtained in an F-DSSC
using this method, and by placing an anti-reflecting film on the outer surface of the DSSC
reaching a certified power conversion efficiency of 7.6% by the RCPV, AIST, in Japan [96,97].

Zaban et al. explored an approach to produce an improved TiO2 nanoporous elec-
trode on FPCSs by studying the combined effect of electrophoretic deposition of colloidal
commercial P25 with the mechanical compression method applying non-polar volatile
organic liquids to fill the pores of dry TiO2 films [98]. Huan Yang et al. reported the
fabrication of laser-sintered TiO2 electrodes for F-DSSC. A binder-free paste was prepared
by mixing commercial P25 Degussa and ethanol. The photoelectrode was prepared by
paste deposition using a doctor blade technique onto an ITO-PEN substrate and a subse-
quent compression of the film (200 MPa for 30 s) in a cold isostatic pressing machine. IR
laser sintering (1065 nm) was used to promote a uniform local sintering (550 ◦C) of the
film without damaging the FPCS. This helped to form necking connections between TiO2
nanoparticles and a transformation from anatase to rutile phase in part of the nanomaterial.
These strategies enhanced the charge collection efficiency, the absorption of incident light,
and an increase in efficiency from 4.6% to 5.7%, showing a potential application of this
method for the roll-to-roll production of F-DSSC [73].

Also, the deposition of a blocking compact layer in order to hinder the recombination
process is reported by different groups [99,100]. The low-temperature compact TiOX on
the ITO surface or Al2O3 electron recombination blocking layer on a TiO2 film not only
suppresses interfacial charge recombination between injected electrons and dye cations,
but also enhances the adhesion between ITO-PEN and the TiO2 film [49,101].

Miyasaka and coworkers explored one of the first investigations on the co-sensitization
effect of TiO2 films to improve F-DSSC efficiency. They deposited a commercial binder-free
TiO2 paste (PECC-K01) on an ITO-PEN substrate with a subsequent heat-drying treatment
at 150 ◦C for 10 min. They made use of different dyes (FL, N719, and black dye) in order to
broaden the absorption spectrum. By improving the immersion time in the different dye
baths, they obtained a co-sensitized F-DSSC with an efficiency of 5.10% [102].

Another interesting low-temperature approach (<200 ◦C) was reported by Kunzmann
et al. They integrated the Ru(II)-based N3 dye into the anatase TiO2 network. The pastes
were prepared by dispersing the powders in absolute ethanol (EtOH). They showed that
the integrated network layer contributes to enhancing the device stability by improving
resistance to electron recombination in TiO2 with the electrolyte. In addition to a top
integrated network layer, they used a bottom layer consisting of a P25:TiO2-sp mixture
(80:20) to maximize the short-circuit current density and collection yields. They reported
multilayered photoelectrode devices with an efficiency of 8.75% that are stable up to 600 h
under operation conditions [46].

Kim et al. prepared an efficient, flexible, organic dye-based DSSC using a cobalt-based
redox electrolyte. They prepared a hierarchically structured TiO2 film (HS-TiO2) on a
flexible ITO-PEN substrate, using a high molar extinction coefficient organic dye (JH-1)
(ε = 50,000 M−1cm−1). A 10% (wt/v) commercial P25 powder in an ethanol solution was
directly electro-sprayed onto the FPCS. After this, compression (10 MPa) was applied to the
film for 10 min. With this configuration, they obtained an efficiency of 6.12% by optimizing
the thickness of the HS-TiO2 photoelectrode [103,104].

Table 1 provides a summarized compilation of critical parameters utilized in pioneer-
ing work on the development of F-DSSCs.
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Table 1. Pioneering work in the fabrication process of F-DSSCs.

Substrate
Type

Applied T
(◦C)/Time (h)

Strategy Applied
to the Low-T Films

Deposition
Method

Active Layer
Compositions

Thickness
(µm) Dye Electrolyte Counter

Electrode
PCE (%)
at 1 Sun Ref.

ITO-PET 100/12 Laser direct-write
technique -

Colloidal TiO2
paste of P25,

Degussa), water,
acetylacetone,

Triton X-100, PEG

12 N3 I−/I3
−-based E-beam-

evaporated-pt 0.71 [62,63]

FTO glass 100/24 - Spin coating
Synthesized

colloidal TiO2
solution

1 N3 I−/I3
−-based Pt-coated FTO

glass 1.22 [105]

ITO-PET Room T Compression by
rollers Doctor blade P25, ethanol 8 N719 I−/I3

−-based

Porous carbon
and

porous
platinized

2.3 [66–69]

ITO-PET Room T Compression Doctor blade P25, ethanol 12 Black and
red dye I−/I3

−-based

Platinized
SnO2 powder

pressed on
ITO-PET

5.5 [70]

ITO-PET Room T

Compression
(adjusting the
pressure and

thickness of the
deposited layer)

Doctor blade P25, ethanol or
water - N719 I−/I3

−-based
Platinized
Sb-doped

SnO2

2–3
(6.1% at
0.1 sun)

[29]

PET-ITO <80 UV irradiation Doctor blade
P25, TALH

solution, Triton
X-100, water

12 N3 I−/I3
−-based Pt-coated FTO

glass 2% [86]

PET-ITO 130/4 UV irradiation Doctor blade
commercial TiO2

suspension
(Solaronix)

- N719 Polymer
electrolyte

Sputtered Pt
on

PET-ITO
0.23 [84]
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Table 1. Cont.

Substrate
Type

Applied T
(◦C)/Time (h)

Strategy Applied
to the Low-T Films

Deposition
Method

Active Layer
Compositions

Thickness
(µm) Dye Electrolyte Counter

Electrode
PCE (%)
at 1 Sun Ref.

ITO-PET -

Compression using
stainless-steel plates

and using Al2O3
electron

recombination
blocking layer

Doctor blade P25, dry ethanol 8 Ru-based Polymer
electrolyte

Sputtered Pt
on

ITO-PET

2.5
(5.3% at
0.1 sun)

[101]

ITO-PET 50
Accelerating

electron-beam (EB)
shower

Doctor blade
TiO2 paste of P25

in
ethyl alcohol

10 N3 I−/I3
−-based Pt-coated

FTO glass 2.1 [94]

ITO-PET 80/20

Chemical vapor
deposition + UV

irradiation +
microwave
irradiation

Electrophoretic
deposition

Commercial TiO2
(F-5), tert-butyl

alcohol,
acetonitrile

10 Ru-based I−/I3
−-based Pt-coated

FTO glass 3.8 [91,92]

FTO glass 100/12

Hydrothermal
crystallization of

TiCl4 as a chemical
glue

Doctor
blading

Commercial P25,
TiCl4

10 Ru-based I−/I3
−-based Pt-coated

FTO glass 6.23 [50]

ITO-PET - Multi-mode
microwave heating Spray coating

Slurry of
synthesized

TiO2
nanoparticles

60 Ru-based I−/I3
−-based Pt-coated

FTO glass 2.16 [93]

ITO-PET Room T

Laser-assisted
lift-off combined

with a roll-pressing
process

Mechanical
pressing and
transferring

Sintered TiO2 tape 14 N719 -
Hydrolysis
Pt counter
electrode

4.2 [64]

ITO-PET Room T
In situ hydrolysis

using TTIP, UV
ozone treatment

Doctor blade P25, TTIP, ethanol 8 N3 I−/I3
−-based Platinized

ITO-PET 3.27 [106]
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Table 1. Cont.

Substrate
Type

Applied T
(◦C)/Time (h)

Strategy Applied
to the Low-T Films

Deposition
Method

Active Layer
Compositions

Thickness
(µm) Dye Electrolyte Counter

Electrode
PCE (%)
at 1 Sun Ref.

FTO 150/0.25 Acid–base
chemistry Doctor blade

Synthesized TiO2
particles,

ammonia solution
4.3 N719 I−/I3

−-based Pt-coated
FTO 2.55 [30]

ITO-PEN <150 Using binding agent
(HCl)

Doctor blade
or screen
printing

Colloidal solution
of TiO2 with

different particle
sizes

10 N719
I−/I3

−-based
with different

solvents

Pt-coated
FTO glass

5.8
(6.4% at
0.23 sun)

[47]

ITO-PEN 130

Surface treatment of
ITO using sputtered

TiOx layer as a
buffer layer
followed by
anodization

Doctor blade
Commercial

binder-free paste
(Peccell)

12 D149 I−/I3
−-based Pt-coated

FTO glass 3.7 [99]

ITO-PEN <150

Sputtered TiOx
layer as a buffer

layer followed by
anodization, and

using co-adsorbent

Doctor blade

Synthesized TiO2
nanoparticles with

different sizes,
tert-butanol,

water

10 N719,
SJW-E1

I−/I3
−-based

with different
solvents

Pt-sputtered
FTO glass 6.31 [100]

ITO-PEN 150 TiOx compact
blocking layer Doctor blade Binder-free TiO2

paste 3.5 D205 I−/I3
−-based Pt-sputtered

FTO glass 5.2 [49]

ITO-PET Air drying Surface-modified
TiO2 nanoparticles Doctor blade

Synthesized TiO2
nanoparticles,

methyl glycine,
trimethoxy silane,

toluene

33 N749 and
N719

I−/I3
−-based

and
Co-based

Platinum
coated 4.1 [56]

ITO-PET 120

Condensation
protonation–
dehydration

reaction using
H2TiF6 as a binding
agent to chemically

sinter the TiO2
particles

Doctor blade P25, H2TiF6,
water - N719 and

SQ1 I−/I3
−-based Pt-coated 4.2 [55]
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Table 1. Cont.

Substrate
Type

Applied T
(◦C)/Time (h)

Strategy Applied
to the Low-T Films

Deposition
Method

Active Layer
Compositions

Thickness
(µm) Dye Electrolyte Counter

Electrode
PCE (%)
at 1 Sun Ref.

ITO-PEN 120/0.25
Cold isostatic

pressing (CIP)+
laser sintering

Doctor blade
P25, ethanol
followed by
ball-milling

13 N719 I−/I3
−-based Pt-coated

ITO-PEN 5.7 [73]

ITO-PEN 150

Combination of
compression

method and light
confining effect of
TiO2–water paste

Doctor blade

Paste of TiO2
nanoparticles with
different sizes and

ethanol

4–8 N719 I−/I3
−-based Pt-sputtered

ITO-PEN 7.4 [48]

ITO-PEN Room T Compression
method Doctor blade

Paste of TiO2
nanoparticles with
two different sizes

and ethanol

6–10 N719 I−/I3
−-based

Pt-sputtered
ITO-PEN
or Ti foil

7.6 [97]

ITO-PET 200
Lift-off technique +

compression
method

Transfer
process

TiO2 nanosphere
and

nanorods
8–10 Ru-based

Polymer gel
based on
I−/I3

−

Pt-evaporated
ITO-PET 5.8 [61]

ITO-PET 150 Post-treatment
with TiO2 sol

Electrophoretic
deposition

Commercial TiO2
(F-5 and G-2),

t-butyl
alcohol,

acetonitrile

5–20 N719 I−/I3
−-based FTO glass

4.1
(4.3% at
0.23 sun)

[77]

ITO-PEN 150/0.5 Ball milling Doctor blade
or spin coating P25, ethanol 1–16 N719 I−/I3

−-based Pt-coated
ITO-PEN 4.2 [60]

ITO-PEN 150/0.5

Ball milling +
chemically

modification of
slurry with HCl

Doctor blade P25, ethanol 8 N719 I−/I3
−-based Pt-coated

ITO-PEN 5.0 [53]

ITO-PEN 150/0.5

Ball milling +
chemically

modification of
slurry with HCl and

ammonia

Doctor blade P25, ethanol 10.3 N719 I−/I3
−-based Pt-coated

ITO-PEN 4.9 [54]
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Table 1. Cont.

Substrate
Type

Applied T
(◦C)/Time (h)

Strategy Applied
to the Low-T Films

Deposition
Method

Active Layer
Compositions

Thickness
(µm) Dye Electrolyte Counter

Electrode
PCE (%)
at 1 Sun Ref.

ITO-PET Air drying Cold isostatic
pressure (CIP) Doctor blade Commercial P25 17.5 N719 I−/I3

−-based Pt-coated
ITO-PEN

6.3 (7.4% at
0.15 sun) [48]

ITO-PEN 100/2 UV irradiation and
heat treatment Spin coating P25, acetylacetone,

water, triton X-100 10–15 N3, N719

I−/I3
−-based

liquid
electrolyte and

solid
electrolyte
based on

polysaccha-
ride

Pt-coated
ITO-PEN 2.63 [87]

ITO-PEN 150
Low-temperature
chemical sintering
of the graded film

doctor blade
P25 and TiO2
(12, 28, and

100 nm)
3–4 K-N719 I−/I3

−-based Pt-coated
FTO glass 3.05 [58]

ITO-PET 100/30

Alkoxide hydrolysis
of TIIP, resulting in
an interconnection

between the
particles

Dip coating

Nanocrystalline
colloid of titanium

isopropoxide
(TIIP) in an

ethanolic
dispersion of

commercial P25

2 Ru-based

Synthesized
gel electrolyte

based on
I−/I3

−

Platinized
ITO-PET

3.2 (3.4% at
0.125 sun) [52]

ITO-PET -

Direct UV
irradiation of the

oxide nanoparticles
and using light

scattering particles

Coating with a
glass rod

Synthesized TiO2,
pentan-2,4-dione,

Triton X-100,
water

1.1 and 2.3 N3 I−/I3
−-based Pt-coated

FTO glass 2.5 [89]

ITO-PEN 125/1

Friction-transfer
technique +

compression
method

Spray coating Paste of P25, TBT,
ethanol 28 N719 I−/I3

−-based Pt-coated
ITO-PEN 5.7 [65]
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Table 1. Cont.

Substrate
Type

Applied T
(◦C)/Time (h)

Strategy Applied
to the Low-T Films

Deposition
Method

Active Layer
Compositions

Thickness
(µm) Dye Electrolyte Counter

Electrode
PCE (%)
at 1 Sun Ref.

ITO-PEN 150

Using smaller
particles for

interconnection
between bigger

particles

Doctor blade
Paste of TiO2

nanoparticles (9,
23, and 60 nm)

5–6 KN-719 I−/I3
−-based Platinized

ITO glass 3.93 [71]

ITO-PEN Air drying Compression
method Doctor blade

Paste TiO2
nanoparticles with

different sizes
6–12 N719 I−/I3

−-based Pt-coated
ITO-PEN 4.21 [72]

ITO-PEN 150/0.16 - Doctor blade
commercial

binder-free TiO2
paste (Peccell)

10

co-
sensitization
FL and N719,
FL and black

dye

I−/I3
−-based Pt-sputtered

FTO glass 5.10 [102]

ITO-PEN 140/0.5 Compression Doctor blade

binder-free
colloidal

suspension of
commercial P25

- N719 I−/I3
−-based Pt-coated

ITO-PEN 4.39 [42]

ITO-PEN Room T
Resonant multiple

light scattering
effect

Electrospray
coating

Hierarchically
structured TiO2

and P25
3–12 JH-1 Co-based

Pt-Ti-
sputtered
ITO-PEN

6.12 [104]

ITO-PEN 120

Using binding agent
H2TiF6 to

interconnect the
particles

Doctor blade
Homemade TiO2

nanoparticles,
H2TiF6, water

6.4 N719
I−/I3

— based
with different

solvents

PEDOT-
coated

ITO-PEN
1.0 This work
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6. Experimental Section

In the following, key processes for manufacturing DSSCs on rigid and flexible sub-
strates using low-temperature methods are categorized into 7 subsections. In each section,
materials and methods are explained in detail.

6.1. Rigid and Flexible Substrates Preparation

In this work, ITO-coated glass (2 cm × 2 cm, <10 Ω/�, 1.1 mm thickness, XOP Glass,
Castelló, Spain) was used for the photo and counter electrodes for rigid DSSCs. ITO-
PEN substrates (cut from 297 mm × 210 mm sheets, <10 Ω/�, 125 µm thickness, Peccel)
were used for both electrodes for F-DSSCs. All substrates were cleaned using Alknonox®

detergent, deionized water (DIW), ethanol, and isopropanol in an ultrasonic bath for 15 min
in each stage and air dried before use. In the case of the counter electrodes, two holes were
drilled in every substrate using a tungsten carbide drill tip before cleaning.

6.2. Low-Temperature Blocking Layer

In order to prepare a blocking layer onto the ITO substrates, 5 mL titanium diiso-
propoxide bis(acetylacetonate) (75% wt.% in isopropanol, Sigma-Aldrich, Burlington, MA,
USA) was dissolved in 50 mL 2-propanol (anhydrous, 99.5%, Sigma-Aldrich) under a
nitrogen environment. Rigid and FPCSs were masked and sprayed with this solution at
120 ◦C on a hot plate; 30 spray steps were employed with an interval of 1 min between
every application. Finally, the substrates were left at 120 ◦C for 30 min.

6.3. TiO2 Nanoparticle Synthesis

TiO2 nanoparticles were synthesized by preparing a sol–gel solution with a subsequent
hydrothermal treatment as follows: 4.04 mL glacial acetic acid (ACS reagent, ≥99.7%,
Sigma-Aldrich) was added to 21.22 mL titanium (IV) isopropoxide (97%, Sigma-Aldrich)
with stirring, and was left to stir for 15 min. The mixture was then added dropwise to
145 mL DIW with stirring. The colloidal solution was stirred for 1 h before adding 1.4 mL
nitric acid (ASC reagent, 70%) as a peptizing agent. The sol–gel reaction mixture was heated
from 25 ◦C to 80 ◦C at a rate of 1.5 ◦C/s, and was then held under reflux conditions at this
temperature for 1 h and 40 min. Finally, the resulting transparent blueish dispersion was
left to stir overnight. For the next step, 30 mL TiO2 sol–gel precursor solution was added
to a 45 mL Teflon-lined autoclave (Parr Instruments), and a subsequent hydrothermal
treatment at 200 ◦C for 24 h was applied in a furnace. The resulting slurry was then washed
with ethanol followed by separation through centrifugation at 4500 RPM for 10 min (ST8
Benchtop Thermo Scientific Centrifuge, China, Langenselbold, Germany) to remove the
excess organic compounds in the solution derived from the acids used. This washing
method was applied 3 times and the resulting viscous compact TiO2 mass was dried at
ambient temperature. A light yellowish powder was obtained after fine grinding of the
TiO2 nanomaterial in a mortar. This is indicative that some organic compounds may still
be present. Two different post-cleaning treatments were applied to further clean the TiO2
nanomaterial: (i) a heat treatment at 450 ◦C for 2 h, and (ii) UV irradiation for 10 min (Oriel
UV lamp 6035, 90% 253.5 nm).

6.4. Binder-Free Aqueous Paste for Low-Temperature Rigid and Flexible Dye-Sensitized TiO2 Films

The deposition solution was prepared as follows: first, 23.25 µL hexafluorotitanic
acid solution (H2TiF6, 60 wt.% in H2O, 99.9% trace metals basis, Sigma-Aldrich) was
added as an interparticle binding agent to 2.47 mL DIW with stirring, as described by
Holliman et al. [55]. Then, 0.75 g synthesized TiO2 powder was gradually added to this
solution, alternating with stirring and ultrasonic bath treatment (Branson 2800, Kukje,
USA) in order to break large agglomerates and to assure a well-dispersed solution. A
highly viscous paste was obtained (pH = 2). The paste was deposited by doctor blading
onto rigid and FPCSs using Kapton® tape (30 µm thickness) as a spacer on top of the
blocking layer (Figure 3a). The active area of the films was 0.5 cm2. Films were heated to



Energies 2023, 16, 5617 19 of 35

120 ◦C for 15 min to promote interparticle connectivity and adhesion to the substrate. The
low-temperature TiO2 films presented strong adhesion to both substrates, and the FPCSs
could be bent without detachment of the films (Figure 3c). After the low-temperature
annealing step, the TiO2 films were immersed at 120 ◦C for 18 h in a 0.5 mM dye solution
of cis-diisothiocyanato-bis(2,2′-bipyridyl-4,4′-dicarboxylato) ruthenium (II) bis(tetrabutyl-
ammonium N719 dye (Ruthenizer 535-bisTBA, Solaronix, Aubonne, Switzerland) in 1:1 v/v
acetronitrile/tert-butyl alcohol (ACS reagent, ≥99.0%, Sigma-Aldrich).
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6.5. Rigid and Flexible Counter Electrodes

For the fabrication of the counter electrodes, a solution was prepared of 0.1 M
sodium dodecyl sulfate (ReagentPlus®, ≥98.5%, Sigma-Aldrich) and 0.01 M EDOT (3,4-
ethylenedioxythiophene, 97%, Sigma-Aldrich) in DIW. Electropolymerization of poly(3,4-
ethylenedioxythiophene) (PEDOT) on the conductive substrates was performed by using a
Gamry potentiostat using a two-electrode configuration and applying a stationary voltage
of 2.3 V for 120 s. The same substrate type (glass or PEN) was used as the counter electrode
with an area two times larger than the working electrode.

6.6. Electrolyte Preparation

Three different redox electrolyte solutions were prepared: (i) ACN:VN; (ii) VA:ACN;
and (iii) MN.

ACN:VN was prepared using 85:15 v/v acetonitrile/valeronitrile (99.5%, Sigma-Aldrich)
with 0.1 M LiI (99.9% trace metal basis, Sigma-Aldrich), 0.05 M I2 (ACS reagent, ≥99.8%,
Sigma-Aldrich), 0.1 M 1,2-dimethyl-3-propylimidazolium iodide (DMPII, Solaronix), 0.6 M
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guanidine thiocyanate (≥97% titration, Sigma-Aldrich) and 0.5 M 4,4′-di-tert-butyl-2,2′-
dipyridyl (98% Sigma-Aldrich). VA:ACN uses the same compounds as ACN:VN except
these are dissolved in 15:85 v/v acetonitrile/valeronitrile. MN was prepared using 0.1 M I2,
0.1 M LiI, and 0.8 M DMPII dissolved in 3-methoxypropionitrile (≥98.0%, Sigma-Aldrich).

6.7. Rigid and F-DSSC Assembly

A UV-curable resin (Threebond® 3035B, Threebond International, Inc., West Chester
Township, OH, USA) was deposited with an automatic UV-glue three-axis motion dispens-
ing machine on both rigid and FPCS. The photo and counter electrodes were then attached
in a sandwich configuration using clamps and exposed to UV irradiation (UVP UVGL-55
254/365 nm, Analytik Jena, Upland, CA, USA) to cure and seal the cells. The redox elec-
trolyte solution was injected through the predrilled holes in the counter electrode, and then
sealed again using the resin. F-DSSCs were fabricated using the best optimum configu-
ration obtained from rigid devices. The fabricated rigid and F-DSSCs were characterized
both at high and low light intensities.

7. Results
7.1. FT-IR Powder Measurements

The identification of molecular absorption and functional groups on synthesized TiO2
surface was analyzed using an Agilent Cary 630 FTIR spectrometer, both with and without
a post-cleaning treatment. Figure 4a shows the FT-IR spectrum of commercial P25 TiO2
without further modification or processing. The typical absorption band at 450–615 cm−1

corresponds to the presence of Ti-O metal oxide bonding. These bands for all samples
are only indicated in Figure 4 (bottom right) due to limitations within the measurement
range of the equipment. A common functional group was observed in all samples at
3000–3600 cm−1 due to the presence of hydroxyl moieties (O-H) [107]. In addition, the
absorption band in all samples at 1620 cm−1 corresponds to the bending vibration of the
Ti-OH bonds [108]. Figure 4b shows the FT-IR spectrum of synthesized TiO2 nanoparticles
without any post-cleaning treatment. The presence of absorption bands between 1300 and
2150 cm−1 reveals the presence of organic material on the surface of the TiO2 nanoparticles.
Absorption bands at 1450 and 1530 cm−1 are attributed to the symmetric and asymmetric
stretching of carboxylate groups (-COOH), respectively [109]. Moreover, synthesized TiO2
nanoparticles show the presence of −N=N+=N− with a peak at 2100 cm−1, suggesting an
incomplete reaction during the sol–gel process. It can be inferred that nitrogen from nitric
acid partially reacts and remains attached to the particle surface even after the cleaning
process [110]. Following the post-cleaning processes, i.e., heat-treated synthesized TiO2
(Figure 4c) and UV-irradiated synthesized TiO2 (Figure 4d), these absorption bands can still
be observed. However, the signals are significantly weaker compared to the non-treated
sample. This strongly indicates that the cleaning process successfully achieves a reduction
in the amount of contaminants on the surface of TiO2. Samples exposed to UV irradiation
(Figure 4d) presented the lowest degree of organic compounds in the same region compared
to non-treated samples and heat-treated samples. However, additional absorption bands
typical of the C-C vibration, alkene rocking structure (C-H), and carbonyl groups (C=O)
can be observed at 1230 cm−1, 1360 cm−1, and 1742 cm−1 respectively. This is attributed to
UV-irradiation-induced reactions taking place among the remaining organic compounds
on the TiO2 surface [107,109].

7.2. XRD Characterization TiO2 Nanomaterial

A Bruker D8 ADVANCE X-ray diffractometer was used to characterize the prepared
TiO2 nanomaterials. Figure 5 shows that the XRD peaks of the synthesized TiO2 are
characteristic of the anatase phase, according to JCPDS #75-1537. The crystallite size (d)
was determined from TiO2 anatase diffractogram using the Debye–Scherrer Equation (4):

d =
kλ

β cos θ
(4)
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where λ is the wavelength of the X-ray (1.5406 Å), β is the full width at half-maximum
(FWHM) of the diffraction peak, θ is the diffraction angle, and k is a constant. A particle
size of 21 nm was obtained using the peak at 48◦. The inset of Figure 5 displays SEM images
of the TiO2 nanoparticles, revealing a particle size of approximately 20 nm, which aligns
with the value calculated from XRD [111,112].
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7.3. SEM Images of Deposited Films

To observe the TiO2 film morphology, a JEOL JSM-7600F field emission scanning
electron microscope was used. To estimate the nanoparticle size and film thickness, multiple
micrographs of the sample surface and cross-section were captured at various locations.
Several SEM images taken at different locations of the samples help to assess a careful
estimation of the particle size and film thickness. Statistical analysis was performed to
determine the average particle size or film thickness using captured micrographs and the
ImageJ processing program. Figure 6a shows an SEM image of the compact layer from
the top-down perspective, illustrating a homogeneous surface with the large grains of the
underlying ITO substrate visible, suggesting the appropriate execution of the deposition
technique. The cross-sectional image further illustrates that the film has a thickness of
approximately 40 nm, in agreement with the desired value for a compact layer (Figure 6b).
Figure 7 shows that the prepared nanostructured, mesoporous TiO2 films processed with
the low-temperature treatment are homogeneous. As can be observed, the particles are close
together implying good interparticle bonding. The inset in Figure 7 shows a cross-section
of the film, demonstrating a uniform film thickness of about 6.4 µm. This observation
demonstrates that the film thickness approximates the optimal values typically observed
for DSSCs. Additionally, it can be observed that the film is in direct contact with the
blocking layer.
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Figure 6. SEM images of the deposited low-temperature blocking: (a) plane view of the surface
layer revealing homogeneous deposition and (b) cross-sectional image showing a layer thickness of
about 40 nm.

Figure 8 shows SEM images of the counter electrode catalyzed with electropolymer-
ized PEDOT. The formation of a granular structure resulting from the deposition process
is observed, effectively increasing the surface roughness, thereby promoting enhanced
electrocatalytic performance. The inset within Figure 8 provides visual evidence illustrating
an average thickness of approximately 80 nm.

7.4. PV Characterization and J–V Curves of Rigid and F-DSSC

For measurements under 1 sun illumination, a 450 W ozone-free Xe lamp (Oriel)
with a 10 cm water filter and an AM 1.5G optical filter was used. For low light intensity
measurements at 1000 lux (5600 K), a Getlabs (Mexico) LED-based indoor lighting simulator
was used. PV parameters and average ± standard deviation (SD) of devices fabricated
on ITO-coated glass using ACN:VN, VN:ACN, and MN electrolyte configurations are
shown in Tables 2–4, respectively. Five devices, named 1 to 5, were fabricated for each
configuration. Devices fabricated on ITO-coated glass using ACN:VN obtained the highest
VOC and FF, 0.76 V and 0.59, respectively (Device 2 in Table 2), whereas the highest JSC was
obtained for the VN:ACN with 6.94 mA cm−2 (Device 3 in Table 2). The highest power
conversion efficiency was obtained for VN:ACN devices with 2.62% (Device 3 in Table 2).
Given that this configuration exhibited the highest efficiency, F-DSSCs were manufactured
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employing this setup. PV parameters and average ± SD of five F-DSSCs, named 1 to 5,
fabricated on ITO-coated PEN with this optimum configuration are shown in Table 5. The
best device for this set showed a JSC of 2.81 mA cm−2, VOC of 0.66 V, and FF of 0.52 with an
efficiency of 1% (Device 2 in Table 5). Table 6 shows the comparison between average ± SD
values of all devices measured under 1 sun.
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Table 2. Current density vs. voltage (J–V) data for DSSC devices fabricated on ITO-coated glass using
ACN:VN (85:15 acetonitrile/valeronitrile) electrolyte configuration under 100 mW cm−2.

ACN:VN
Device VOC/V JSC/mA cm−2 FF η/%

1 0.76 4.30 0.59 1.94
2 0.76 4.36 0.59 1.97
3 0.69 2.92 0.54 1.10
4 0.76 4.23 0.59 1.92
5 0.70 3.45 0.58 1.71

Average ± SD 0.73 ± 0.02 3.85 ± 0.28 0.58 ± 0.02 1.73 ± 0.16

Table 3. Current density vs. voltage (J–V) data for DSSC devices fabricated on ITO-coated glass using
VN:ACN (85:15 valeronitrile/acetonitrile) electrolyte configuration under 100 mW cm−2.

VN:ACN
Device VOC/V JSC/mA cm−2 FF η/%

1 0.69 6.82 0.54 2.05
2 0.73 6.89 0.51 2.59
3 0.71 6.94 0.51 2.62
4 0.73 6.82 0.51 2.58
5 0.72 6.92 0.51 2.61

Average ± SD 0.72 ± 0.01 6.60 ± 0.29 0.52 ± 0.01 2.49 ± 0.11

Table 4. Current density vs. voltage (J–V) data for DSSC devices fabricated on ITO-coated glass using
MN (3-methoxypropionitrile) electrolyte configuration under 100 mW cm−2.

MN Devices VOC/V JSC/mA cm−2 FF η/%

1 0.55 5.56 0.58 1.78
2 0.55 5.60 0.57 1.78
3 0.55 5.64 0.57 1.79
4 0.56 3.02 0.60 1.03
5 0.55 5.57 0.58 1.78

Average ± SD 0.55 ± 0.01 5.08 ± 0.51 0.58 ± 0.01 1.63 ± 0.15

Table 5. Current density vs. voltage (J–V) data for DSSC devices fabricated on ITO-coated PEN using
ACN:VN (85:15 acetonitrile/valeronitrile) electrolyte configuration under 100 mW cm−2.

F-DSSC VOC/V JSC/mA cm−2 FF η/%

1 0.65 3.13 0.37 0.77
2 0.66 2.81 0.52 1.00
3 0.67 2.45 0.59 0.98
4 0.66 2.42 0.60 0.97
5 0.67 2.47 0.59 0.99

Average ± SD 0.67 ± 0.01 2.73 ± 0.11 0.54 ± 0.43 0.97 ± 0.05

Table 6. Current density vs. voltage (J–V) average ± SD data for DSSC devices using three different
electrolytes configurations under 100 mW cm−2. ACN:VN corresponds to devices using 85:15 ace-
tonitrile/valeronitrile, VN:ACN to devices using 15:85 acetonitrile/valeronitrile, and MN to devices
using 3-methoxypropionitrile. F-DSSC devices are fabricated using 15:85 acetonitrile/valeronitrile.

Device VOC/V JSC/mA cm−2 FF η/%

ACN:VN a 0.73 ± 0.02 3.85 ± 0.28 0.58 ± 0.02 1.73 ± 0.16
VN:ACN a 0.72 ± 0.01 6.60 ± 0.29 0.52 ± 0.01 2.49 ± 0.11

MN a 0.55 ± 0.01 5.08 ± 0.51 0.58 ± 0.01 1.63 ± 0.15
F-DSSC b 0.67 ± 0.01 2.73 ± 0.11 0.54 ± 0.43 0.97 ± 0.05

a Rigid devices on ITO-coated glass. b Flexible devices on ITO-coated PEN.
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Figure 9 shows the J–V curves of the best devices for each configuration of the DSSCs
fabricated using low-temperature processing, i.e., Device 2 for ACN:VN, Device 3 for
VN:ACN, Device 3 for MN, and Device 2 for F-DSSC. It can be concluded that the results
on ITO/glass are generally better than observed for the ITO/PEN, even while using the
exact same fabrication conditions, illustrating the complexity of the system.
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Figure 9. J–V curves of the best devices for each batch of the low-temperature DSSC-fabricated
measured under 1 sun, i.e., Device 2 for ACN:VN, Device 3 for VN:ACN, Device 3 for MN, and
Device 2 for F-DSSC.

PV parameters and the average ± SD of devices measured under 1000 lux LED (5600
K) using the ACN:VN electrolyte configuration fabricated on ITO-coated glass and ITO-
coated PEN are shown in Tables 7 and 8, respectively. Five devices were tested in each
setup, named 1 to 5. Under low-light intensity, the best device fabricated on ITO-coated
glass with the optimal configuration showed a VOC of 0.55 V, JSC of 35.40 µA cm−2, an FF
of 0.44, and a maximum power output (MPO) of 8.76 µW cm−2 (Device 5 in Table 7). The
best device fabricated on ITO-coated PEN obtained a VOC of 0.47, JSC of 17.11 µA cm−2,
FF of 0.47, and a maximum power output of 4.26 µW cm−2 (Device 2 in Table 8). Table 9
shows the average ± SD comparison of devices measured under low-light conditions.

Table 7. Current density vs. voltage (J–V) data for DSSC devices fabricated on ITO-coated glass using
ACN:VN (85:15 acetonitrile/valeronitrile) electrolyte configuration under a 1000 lux LED (5600 K).

DSSC VOC/V JSC/µA cm−2 FF MPO/µW cm−2

1 0.52 35.60 0.46 8.66
2 0.52 34.42 0.47 8.51
3 0.52 35.69 0.46 8.66
4 0.54 32.42 0.45 8.02
5 0.55 35.40 0.44 8.76

Average ± SD 0.53 ± 0.01 34.70 ± 0.61 0.45 ± 0.01 8.52 ± 0.13

Figure 10 shows the J–V curves under 1000 lux illumination of the best devices for
the DSSCs fabricated using low-temperature processing on ITO/glass and ITO/PEN,
i.e., Device 5 and Device 2, respectively. From Tables 7–9 and Figure 10, it can be seen that,
similarly to results obtained under 1 sun illumination, the performance of DSSCs based on
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ITO/glass is generally better than for ITO/PEN substrates depending on various factors.
In general, higher optical transparency, less surface roughness, and better thermal and
mechanical stability are the main reasons for the better performance of DSSCs based on
ITO/glass compared to those on ITO/PET. Higher optical transparency allows a greater
amount of light to reach the active layer of the DSSC, enhancing light absorption and
hence cell efficiency. A smoother surface of ITO/glass substrates promotes better adhesion
of subsequent layers, such as the compact and mesoporous titania layers and, hence,
photoactive dye and electrolyte, resulting in improved charge transport and reduced
charge recombination within the cell. In addition, ITO/glass substrates are more resistant
to thermal expansion and contraction, minimizing the potential for cracks.

Table 8. Current density vs. voltage (J–V) data for DSSC devices fabricated on ITO-coated PEN using
ACN:VN (85:15 acetonitrile/valeronitrile) electrolyte configuration under a 1000 lux LED (5600 K).

F-DSSC VOC/V JSC/µA cm−2 FF MPO/µW cm−2

1 0.47 18.27 0.46 4.02
2 0.47 17.11 0.47 4.26
3 0.44 17.59 0.47 3.76
4 0.46 15.17 0.52 3.71
5 0.46 15.24 0.45 3.21

Average ± SD 0.46 ± 0.01 16.67 ± 0.63 0.47 ± 0.01 3.80 ± 0.17

Table 9. Current density voltage (J–V) average ± SD data for rigid and F-DSSC devices using
ACN:VN (85:15 acetonitrile/valeronitrile) measured under a 1000 lux LED, 5600 K.

Device VOC/V JSC/µA cm−2 FF MPO/µW cm−2

ITO-coated
Glass 0.53 ± 0.01 34.70 ± 0.61 0.45 ± 0.01 8.52 ± 0.13

ITO-coated PEN 0.46 ± 0.01 16.67 ± 0.63 0.47 ± 0.01 3.80 ± 0.17
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8. Discussion

TiO2 nanoparticles were synthesized by sol–gel processing, and FTIR measurements
revealed that the powders still contained some organic compounds after washing and
air-drying. Hence, the cleaning process of the TiO2 nanoparticle surface is a crucial step.
The presence of organic compounds on the surface can affect the paste preparation by
hindering bonding sites between TiO2 nanoparticles and the ITO surface. In addition, a
TiO2 film with organic compounds can reduce the availability of active sites for the dye
to anchor onto the surface, resulting in a lower dye loading. Impurities may also hinder
the device performance, as they act as potential surface states that cause electron transport
problems by increasing the charge transport resistance and, thus, electronic recombination
since the electrons spend more time in contact with the redox electrolyte solution.

Low-temperature pastes without post-cleaning treatment showed poor adherence
when deposited onto the blocking layer. In order to clean the TiO2 nanomaterials, both
heat treatment and UV treatment were employed, where the heat treatment was shown to
produce a cleaner TiO2 surface. It is important to point out that after the sol–gel synthesis
process, it is necessary to remove the excess organic compounds with ethanol and dry the
nanomaterial to powder before the 450 ◦C heat treatment; otherwise, some rutile is formed
after heating. According to the FTIR spectra, powders processed with heat treatment
presented fewer organic compounds. Although the thermal treatment rendered a cleaner
surface in comparison with UV irradiation, it is crucial to develop methods that consume
less energy. Therefore, exploring an optimized UV-radiation-based cleaning method holds
promise, given its potential advantage for low cost and time saving.

A low-temperature aqueous paste without any organic binders was prepared by the
addition of H2TiF6 as an interparticle “binding” agent. The procedure for depositing
the compact layer, as well as the preparation of the paste using H2TiF6 as a binding
agent between particles, has proven to be a technique that can be applied to industrial
processes proposed in the literature for large-scale, continuous manufacturing. In both
cases, the maximum temperature used was 120 ◦C. The paste deposition on the ITO
substrate demonstrated sufficient adhesion. These findings demonstrate the high quality
and integrity of the deposited film, supporting its suitability for future applications. For
the fabrication of solar cells, a mechanically stable, homogeneous film with a thickness
of about 6.4 µm was deposited on both rigid and FPCSs by doctor blading without any
additional sintering treatment.

PEDOT was electrodeposited at room temperature using a water-based electrolyte,
accomplishing the process within a brief duration of 60 s. The morphology achieved in the
PEDOT electrodeposition, along with the attained thickness, aligns with the anticipated
characteristics for this type of material. This conclusively demonstrates its potential for
future applications and underscores its suitability for further investigation and exploration.
In addition, this expeditious time frame renders it an easily reproducible method for large-
scale manufacturing processes. A fast UV-curable resin was employed to seal the photo
and counter electrode, avoiding high temperatures in the process.

Three different electrolytes were prepared by changing the solvents proportions
(ACN:VN, VA:ACN, and MN). Rigid and flexible devices were tested under standard
irradiation conditions (100 mW/cm2, AM 1.5). The variation of solvent composition in the
electrolyte yielded different efficiencies demonstrated by the fabricated devices. From this
point onwards, the next analysis will be conducted with reference to Table 6 since it sum-
marizes the average and standard deviation of all configurations tested under 1 sun. Rigid
devices fabricated with VN:ACN, ACN:VN, and MN obtained efficiencies of 2.49 ± 0.11%,
1.73 ± 0.16%, and 1.63 ± 0.15%, respectively, under 1 sun. The variations observed in the
results can be attributed to the intrinsic properties of the employed solvents. The viscosity
of the solvents exhibits an increase in the order of acetonitrile, followed by valeronitrile
and, finally, 3-methoxypropionitrile. It is therefore expected that the viscosity of the elec-
trolytes follows an increasing order of ACN:VN < VN:ACN < MN. It is evident that the
current exhibits a complex relation to the viscosity, as JSC increases from 3.85 ± 0.28 to
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6.6 ± 0.29 mA cm−2 in the acetonitrile/valeronitrile mixture in response to an increase in
viscosity. Conversely, the viscosity of the 3-methoxy propionitrile is even higher, and in
this case, the current undergoes a reduction to a value of 5.08 ± 0.51 mA cm−2.

The incorporation of various electrolyte formulations may affect the rate of electron
injection to the TiO2 conduction band or dye regeneration by the redox shuttle species,
while simultaneously imposing constrictions on the electronic transport phenomena within
the TiO2 crystalline network [113]. The viscosity of the solvent directly impacts ion diffusion
within the electrolyte, where a higher viscosity generally leads to a lower photocurrent
due to mass transport limitations of the redox shuttle thus affecting the kinetics of dye
regeneration [114–116]. In this instance, the utilization of the low-temperature N719-
sensitized film demonstrates an impediment to achieving efficient electronic injection
when employing the conventional ACN:VN solvent mixture at a ratio of 85:15, while
better performance is observed for the VN:ACN system. The increase in the short-circuit
photocurrent from 3.85 ± 0.28 to 6.60 ± 0.29 mA cm−2 may be ascribed to a decrease in
the barrier for charge injection due to a slight positive shift of the conduction band edge
of TiO2 [117] in relation to the increase in viscosity, i.e., different arrangement of species
within the electrolyte, which can be inferred from the accompanying small decrease in VOC.

In contrast, the higher electrolyte viscosity of the MN electrolyte solution slows down
ionic diffusion sufficiently to affect the regeneration of dye molecules, which can be ob-
served by the decrease in JSC. Notwithstanding, the MN solvent exhibits a slightly larger
photocurrent compared to the ACN:VN solvent system, which suggests that for this low-
temperature system, an increased viscosity in the electrolyte may have a certain positive
effect in the electron injection to the TiO2 conduction band by the dye. However, it is evi-
dent that there exists an optimal viscosity value. The VOC shows a clear trend downward as
the viscosity increases from 0.73 ± 0.01, 0.72 ± 0.01 to 0.55 ± 0.01 V for ACN:VN, VN:CAN,
and MN, respectively. It is well known that the ACN:VN electrolyte configuration can
reduce recombination, thus improving the VOC and FF of a device [118]. A slight decrease
of approximately 10 mV in VOC is observed when comparing ACN:VN with VN:ACN
devices. This indicates that the increase in viscosity could also exert a subtle promoting
effect on electronic recombination in VN:ACN devices since a higher electron density in
the conduction band is expected for the increased JSC. In the case of MN devices, a more
pronounced decrease in VOC is observed. In this regard, a substantial difference compared
with ACN:VN, and VN:CAN configurations is that MN electrolyte does not use additives
in its formulation. The main reason for using MN electrolyte is its compatibility with low-
temperature configurations, as demonstrated previously, and the good results obtained
with its continual utilization [55,119].

Additives play a pivotal role in the optimization of PV performance. They exert a
pronounced influence on increasing the VOC by attenuating recombination kinetics while
concurrently inducing shifts in the energy of the band edges [117,120,121]. In the case of
MN devices, this effect can be readily observed by a marked drop of 180 mV compared with
ACN:VN devices. The FF within a DSSC can be influenced by carrier diffusion within the
electrolyte, related to a series resistance [16]. It can be observed that the ACN:VN devices
achieved the best FF value of 0.58 ± 0.02. In this system, electron injection from the dye to
the TiO2 conduction band is apparently hampered. This may result in a longer time for the
oxidized species in the electrolyte to regenerate fewer dye molecules, thus avoiding charge
transport issues compared with VN:ACN and MN configurations. In the case of VN:ACN,
the FF is notably lower with a value of 0.52 ± 0.01. This could be due to a combined effect
of improved electronic injection and a more viscous solvent. Ionic diffusion may be more
affected due to a more pronounced difference in ion concentration resulting from higher
current flow [122], hence rendering more noticeable ion transport issues. Remarkably, MN
demonstrated an FF close to that demonstrated by ACN:VN, with a value of 0.58 ± 0.01.
The rate of ionic diffusion appears to be more beneficial in this system as viscosity increases.
The slower electron injection rate observed in this system compared to VN:ACN and a
slower diffusion could potentially positively impact FF by promoting a well-balanced ion
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concentration and facilitating optimal charge-carrier diffusion within the electrolyte. Note
that the FF is also affected by the recombination mechanism and kinetics, which may also
differ significantly for the different solvents. As evident from the FTIR graph, organic
compounds are still observable on the surface of TiO2, even after post-heat treatments.
These compounds may act as surface states, impeding efficient electronic transport within
the nanomaterial [105]. This factor could have a negative influence by imposing constraints
on the photocurrent exhibited in the devices, consequently impeding a better performance.

A DSSC with the optimum electrolyte configuration was fabricated on an ITO-coated
PEN substrate. The F-DSSC yielded an efficiency of 1.0% under 1 sun. F-DSSCs showed a
VOC of 0.67± 0.01 V, which suggests the presence of a certain degree of recombination in this
system. However, the VOC of F-DSSC devices was higher than the rigid MN devices, provid-
ing further evidence for the enhanced compatibility of the VN:ACN composition with the
low-temperature system. F-DSSC devices exhibited a JSC of 2.73 ± 0.11 mA cm−2, which
is comparatively lower than all other systems. On the other hand, the FF of 0.54 ± 0.43
remained close to the expected value for this system, as demonstrated by VN:ACN devices.

Finally, rigid and flexible VN:ACN devices were tested under an indoor light simulator
at 1000 lux. The next analysis will be conducted with reference to Table 9 since it sum-
marizes the average and standard deviation of rigid and F-DSSCs tested under simulated
low-light conditions. It can be observed that the VOC of both devices are significantly
different, 0.53 ± 0.01 V for ITO-coated glass devices and 0.46 ± 0.01 V for ITO-coated
PEN devices, whereas FF maintained approximately the same value of 0.45 ± 0.01 and
0.47 ± 0.01, respectively. A more significant disparity is evident in JSC. Devices fabricated
on glass substrates exhibited almost double the photocurrent compared to those on FPCSs,
measuring 16.67 ± 0.63 and 34.70 ± 0.61 µA cm−2, respectively. Maximum power out-
comes of 8.52 ± 0.13 and 3.80 ± 0.17 µW cm−2 were obtained for rigid and flexible devices,
respectively. Hence, in both high-intensity and low-intensity measurements, the F-DSSCs
exhibited lower performance compared to rigid devices.

Under low-light conditions, the photoinduced electron transfer exhibits a notable
reduction in comparison to high-intensity illumination in solar cells, attributable to the low
photon flux [117]. The dependency of solar cell output power on the spectral composition
of the incoming light is a widely recognized phenomenon [123,124]. At low light intensities,
minimizing recombination processes becomes a major task. It is crucial to optimize the
compact layer to prevent unwanted interaction between the TCO/electrolyte interface
while simultaneously facilitating effective electrical contact between the TiO2 film and the
TCO [32].

Two key factors account for the lower photoelectric performance observed in low-
temperature methods. Firstly, it can be attributed to the inadequate interparticle connection
of TiO2 impeding efficient electron transport [59], consequently limiting the overall device
performance. In this regard, although the films deposited from the low-temperature paste
demonstrated sufficient mechanical stability, further research is needed to explore the
incorporation of suitable low-temperature methods to enhance this aspect while remaining
compatible with large-scale production processes. Secondly, an unsatisfactory electrical
connection between TiO2 and ITO is evident, leading to an increase in series resistance. This
additional resistance impedes the captured electrons from generating optimal electrical
work, directly impacting the efficiency and performance of the solar cells [77].

In this work, we attribute this behavior to the quality of the ITO on the surface of the
FPCS, as well as any potential drawbacks that may arise during the fabrication process
of these devices, such as possible electrolyte leaks. It was demonstrated that washing the
substrates following the utilized protocol increased the surface energy of the substrate,
rendering it more hydrophilic. This effect facilitated the proper spreading of the water-
based paste upon deposition, leading to improved adherence to the substrate. However,
owing to the fragile nature of the ITO layer on the PEN substrate as well as the acidity of the
paste (pH = 2) this could have resulted in damaging the layer and losing electronic contact
sites between TiO2 and ITO and, thus, yielding a lower efficiency compared to rigid devices.
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Significantly, the distinction in performance between rigid and flexible devices becomes
less pronounced for low-intensity regimes, which is an interesting observation warranting
future research into the use of this low-temperature configuration for indoor applications.
Hence, it is necessary to conduct a careful study to find an optimal balance between the pre-
treatment of the ITO surface and the acidity of the paste used for improved performance.

Another consideration for the improvement of the low-temperature paste is to optimize
the concentration of dispersed TiO2 nanoparticles in the solvents to achieve a smaller film
thickness. Future work aimed at reducing the film thickness to enhance the electronic
diffusion distance over film thickness ratio is in progress. In this regard, the approach of
film compression holds substantial promise based on extensive evidence that this method
significantly improves the quality of the deposited film. Another avenue for advancement
involves the utilization of an organic dye with a high molar extinction coefficient, which
holds promise for enhancing the performance and efficiency of the ultra-thin-film systems.
In addition, organic dyes are characterized by having bulky ligands that modify the
chemical environment of the redox couple in the vicinity of the TiO2 surface, which may
minimize recombination [118].

9. Conclusions

Seminal studies have established solid foundations and generated cutting-edge knowl-
edge in the field of F-DSSCs. These pioneering investigations have paved the way for
more advanced approaches and laid the groundwork for current developments in the field
contributing to its advancement and ongoing development. The demonstrated efficacy
of these approaches paves the way for advances in the development of cost-effective and
environmentally friendly solar energy technologies. Further research and optimization
efforts will undoubtedly contribute to the realization of highly efficient and commercially
viable flexible solar cells. In this regard, the results obtained in this study demonstrate
the feasibility of the low-temperature, rapid, and simple fabrication process for flexible
solar cells.

Different low-temperature approaches were carried out in order to fabricate an F-
DSSC for indoor applications by simple and reproducible methods without the addition
of complex steps in the fabrication process. Three different electrolytes were prepared
by changing the solvents used in the formulations named ACN:VN, VN:CAN, and MN.
Rigid and flexible devices were fabricated using fast and simple low-temperature processes
which are compatible with scale-up. Devices were measured under simulated high and low
light intensities. Rigid VN:ACN devices showed the best efficiency of 2.62% under 1 sun.
Flexible devices using VN:ACN electrolyte configuration achieved an efficiency of 1.00%
under 1 sun. Under low-light illumination, these rigid and flexible devices demonstrated a
maximum power output of 8.52 ± 0.13 and 3.80 ± 0.17 µW cm−2, respectively.

We have found that VN:ACN is a novel electrolyte configuration that shows excellent
compatibility with our low-temperature TiO2 paste. Despite the low efficiency of the F-
DSSC compared to the glass-based device with the same configuration, this electrolyte
solution proved to be superior to the MN. We believe that the notable coupling can be
ascribed to the existence of an optimal viscosity range, which promotes favorable electronic
injection mechanisms, efficient electronic collection, and precise positioning of the Fermi
level. These findings highlight the potential for scalable production and commercialization
of flexible solar devices. The approach presented has the potential to ensure efficient
F-DSSCs without compromising the simplicity of the fabrication process and contribute
significantly to the progress of research in this area.
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