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Abstract: Dye-sensitized solar cells (DSSCs) have emerged as promising alternatives to traditional
silicon photovoltaics owing to their environmentally friendly nature, easy preparation, and low
cost. However, a critical bottleneck in DSSC fabrication lies in the high-temperature treatment
required for the metal-oxide, primarily titanium dioxide (TiO,), photoanode. This study presents
an advanced approach aimed at overcoming this challenge by developing a facile and cost-effective
room temperature processable TiO, paste for large-scale device production and commercialization.
In our investigation, TiO, nanoparticles were synthesized using the sol-gel hydrothermal method.
The resulting material served as the basis for a solar paint formulation, utilized as a precursor for
the photoanode in tertiary butyl alcohol. Applying this paint, achieved with a simple paintbrush,
eliminated the need for high-temperature curing, binders, and reduced chemical additives. This
minimizes energy consumption during fabrication and enhances the interface quality and charge
transport properties of the photoanode, as evidenced by photovoltaic impedance spectroscopy
measurements.
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1. Introduction

The growing energy demand, efforts to limit climate change, and steps toward car-
bon neutrality have greatly influenced the research community on power generation via
sustainable energy technologies. Counting on the current global power demand, finding
efficient and cost-effective solar power generation systems to replace traditional fossil fuels
is essential for a sustainable society. Propitious advances have been noticed over the years,
with the progression of first generation (silicon photovoltaics), second generation (CdTe,
CIGS, etc.), and emerging photovoltaic (PV) systems (dye-sensitized, perovskite, quantum
dot, solar cells, etc.) [1-7].

Only a minuscule fraction of global energy consumption, accounting for less than
0.05% in 2004, is derived from solar cells due to the exorbitant costs associated with
the prevailing technology based on crystalline silicon. Dye-Sensitized Solar Cells (DSSC)
emerge as a prominent alternative to silicon PVs, constituting the focal point of the proposed
investigation. DSSCs are intricate systems comprising a nanocrystalline titanium dioxide
(TiO,) semiconductor with a dye adsorbed on it, an electrolyte solution capable of reduction
and oxidation, and a transparent electrode.

Mass-produced DSSCs currently achieve an efficiency of approximately 7%, with the
aspiration to attain a target efficiency of 15% or higher, rendering this technology viable
for large-scale electricity generation. Ongoing enhancements in DSSC performance hinge
on developing novel dyes and electrolytes. Presently, no predictive theories facilitate
the systematic enhancement of DSSCs, with efficiency improvements largely reliant on
chemical intuition and systematic exploration.

Sustainability 2023, 15, 16610. https:/ /doi.org/10.3390/su152416610

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su152416610
https://doi.org/10.3390/su152416610
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-2097-9442
https://orcid.org/0000-0002-3347-9682
https://doi.org/10.3390/su152416610
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su152416610?type=check_update&version=1

Sustainability 2023, 15, 16610

20f18

The emerging PVs, due to their ease of fabrication, are the most experimented devices
these days, and DSSC is one of the leaders in overcoming 13% power conversion efficiency
(PCE) [8-12]. Besides, DSSCs are environmentally benign compared to traditional PVs, and
produce excellent performance under diffused light [13,14]. The development of novel
synthesis technologies, nanostructured materials, and refinement processes brings new
insight into the field of DSSCs [15,16]. The soul of DSSC comprises a photoelectrochemical
cell sandwiching two electrodes and an electrolyte under light-induced redox reactions [17].
Numerous efforts have been attempted to assist the DSSC to the next level, such as the
decoration of noble metals, ion doping, refinement with metal oxides, development of
different dyes, modifications with up/down conversion materials, investigation of various
counter electrodes, using different electrolytes, developing perovskite oxide photoanodes,
and utilization of composites and polymers [18,19]. TiO, has been most widely used as a
photoanode, alongside various scattering layers. Passive electron mobility, charging carrier
recombination at the interfaces between the electrolyte and metal oxide, possible complex
formation by metal ion-dye interaction, high absorption time of dyes, and counter elec-
trode degradation are genuine obstructions that limit DSSC performance [20-23]. Diverse
perovskite oxides (POs) have emerged as feasible options for DSSC photoanodes, since
they have intriguing photophysical characteristics and can be synthesized via simple and
low-cost methods in a conventional laboratory [24]. Among the alternative photoanode
materials, different Ba- and Sr-based ternary POs, such as BaSnOj3, SrSnOj3, BaTiO3, and
SrTiO3, have demonstrated their potential in the DSSC field [25-27].

The pursuit of material scientists has long been centered on the coveted objective
of devising PV technologies that are both cost-effective and reasonably efficient. Despite
being the most vital component of DSSC from a PCE and stability perspective, TiO; has the
challenge of improving further [28,29]. One of the most popular precursors of producing
TiO, paste is based on a sol-gel Pechini method [23].

In this regard, strategies that can enrich the interface quality and electron transport
properties are a matter of concern, which brings about new ideas to develop the paste
and deposition of the films [30]. The deposition techniques are mainly divided into two
categories, namely, physical and chemical approaches. Atomic layer deposition (ALD),
spray pyrolysis, chemical vapor deposition (CVD), electrochemical deposition (ECD), and
all their variants are the most famous chemical deposition methods [31]. On the other
hand, casting, spin coating, dip coating, electrospray deposition (ESD), and physical vapor
deposition (PVD) are among the most considered physical deposition pathways [32]. How-
ever, other than physical and chemical deposition methods, a large section of distinguished
approaches are known as printing and coating techniques, such as screen-printing, pad
printing, doctor blading, slot die, roll-to-roll method, inkjet printing, gravure printing,
flexographic printing, and rotary screen-printing [33]. Screen-printed DSSC has achieved
an efficiency of >8% for a 100 cm? device area [34,35]. The doctor blading method recorded
an efficiency of >8% for mini modules [36]. Reports indicate inkjet-printed devices have
produced an efficiency of >6% to date with printed electrolytes and photoanodes [37,38].
Several researchers worldwide have utilized roll-to-roll, gravure printing, and flexographic
printing methods in recent years. Alongside the printing and coating techniques, the nature
of the precursors of the electrode materials is quite important to determine the quality
of the device as it controls the charge transport property at the interfacial contacts [39].
Scientists utilize different pastes with various binders to improve the film quality. Also,
the annealing temperature, in this respect, influences the device’s performance [40]. In the
year 2007, Arakawa et al. reported a noteworthy achievement with an efficiency of 7.4%
under room-temperature processing, albeit under high-pressure conditions (100 MPa) [41].
More recently, Liu et al. demonstrated an efficiency of 2.05% for a TiO; film prepared at
85 °C, while compression at 1 ton elevated the efficiency to 5.86%, employing an organic
dye on plastic substrates [42]. Agarkar et al. successfully engineered a TiO, solar paint with
a conversion efficiency of 3.6% on FTO/glass substrates. Notably, this achievement was
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realized through fully room-temperature processing, including the utilization of a flexible
substrate [43].

Despite these significant achievements, subsequent research endeavors in the realm
of room-temperature solar paint incorporating TiO; have been notably scarce. This un-
derscores the importance of further research analysis, as the present work represents a
pioneering approach, potentially offering insights for future developments in this domain.
In fabricating photoanodes for DSSC, TiO; is commonly employed, typically in conjunction
with binders such as ethyl cellulose and alpha terpinol. These binders serve to form a paste
from the synthesized TiO, powder. Subsequent to this application, the photoanode neces-
sitates a calcination process at >400 °C to ensure the complete removal of these binders.
However, this additional heating step consumes energy and poses a risk of cracking or
delamination of the TiO, from the glass substrate at elevated temperatures. Conventional
methods involve screen-printing or doctor blading to fabricate the photoanode, which
are time-consuming and labor-intensive processes. To streamline the production of DSSC
devices and facilitate ease of analysis, we have developed a room-temperature TiO, paste.
This paste can be directly applied to a FTO glass substrate using screen-printing, akin to
a painting application, eliminating the need for additional high-temperature processing.
The resultant TiO, paste is deemed “room temperature processable,” allowing for direct
utilization without requiring additional heating at elevated temperatures. The observation
indicates a significant increase of ~11% in the current density for the DSSCs with solar
paint compared to devices based on commercial TiO, paste.

This innovation saves time and addresses the environmental impact associated with
energy-intensive fabrication processes. This simplified and accessible approach to DSSC
photoanode fabrication contributes to energy conservation and environmental sustainability.

2. Experimental Section
2.1. Materials

Titanium isopropoxide (TTIP, 97%), Oleic acid, triethanolamine (TEOA), sodium
hydroxide (NaOH), tertiary butyl alcohol (tBA), and ethanol was obtained from Merck Life
Science UK Limited, Gillingham, UK and used as received.

2.2. Preparation of Sodium Oleate

Sodium oleate was prepared using the same method reported in the earlier work [44].
Briefly, 16 g of NaOH was added to ethanol (200 mL) and stirred at ~60 °C to dissolve it
completely. Then, 20 mL of oleic acid was added to the solution, and stirring was continued
for 2 h. The as-obtained yellowish-white precipitate was centrifuged (5000 rpm), followed
by washing with hexane, which removed excess oleic acid from the precipitate. After that,
the yellowish-white product was dried at 70 °C for 12 h.

2.3. Synthesis of TiO, Nanoparticles

The synthesis was adopted from the previous report with suitable modification [45]. In
a controlled environment, a primary stock solution of Ti** was synthesized by amalgamat-
ing TTIP with TEOA, adhering to a molar ratio of TTIP:TEOA = 1:2. This proportion was
chosen to circumvent the rapid hydrolysis of Ti**. Subsequent to this process, deionized
water (DI) was integrated to achieve a concentration of 0.5 mol dm~2 in Ti**. In the ensuing
step, 0.02 mol/ dm? of sodium oleate was amalgamated with the aforementioned stock
solution, ensuring consistent stirring throughout. To achieve optimal conditions, the pH of
this composite was fine-tuned to 10 £ 0.5, and the cumulative volume of the stock solution
was adjusted to reach 30 mL. This resultant blend was then relocated to a sealed flask,
undergoing an aging process for 24 h at a temperature of 100 °C, facilitating gelation. In the
terminal phase, the dense gel was transferred to a Teflon-coated autoclave and underwent
an aging process at 140 °C for 72 h. This meticulous procedure culminated in the nucleation
and growth of the desired titania nanoparticles (TNPs). After introducing the specified
quantity of TNPs into tBA at a 4:1 ratio, the mixture was consistently agitated for an ex-
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tended period. This process yielded a thick paste that exhibited characteristics akin to paint.
Previous investigations have highlighted the use of tBA and water as solvents for synthe-
sizing binder-free TiO; pastes, resulting in a well-connected TiO, matrix [43]. The water
generated incidentally during this synthesis is typically removed through annealing at
temperatures above 120 °C. By introducing H* ions via acid addition, maintaining a pH of
~2, the formation of the TiO, matrix is catalyzed, with water produced as a byproduct. This
approach expedites the paste’s viscosity development, achieving it within hours, whereas
conventional techniques often take 4-5 days. Following this, a complex between tBA and
water forms, where the water molecules envelop the excess tBA molecules. Remarkably,
the water’s volume is consistently half that of tBA. Under these conditions, the complex
can be efficiently removed at ambient temperatures.

2.4. Fabrication of Device Using Room-Temperature TiO, Solar Paint

First, the standard etching and cleaning process of fluorine-doped tin oxide (FTO)/glasses
were carried out. The synthesized TNP paint was uniformly coated onto FTO with a sheet
resistance of 12 )/cm? by simply applying the solar paint using the screen-printing tech-
nique. The printing method was utilized to deposit the layers multiple times, depending
on the device type. TiO, films of varying thicknesses were achieved by implementing
multiple layers of the paint. Following the deposition, the films were dried at ambient
conditions and subsequently immersed in a 0.5 mM N719 dye [Di-tetrabutylammonium
cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium(II)] solution. The
DSSCs’ counter electrode system was fabricated using a platinum (Pt) catalyst-coated top
electrode on FTO and an iodide-tri-iodide electrolyte. In detail, N719 dye solution was
prepared in ethanol with a concentration of 0.5 Mm, which was stored in a sealed container
away from sunlight for 24 h before use. The TiO,-coated FTO slides were immersed in the
dye solutions for selective times for dye adsorption onto the metal oxide surface. After
removing, the FTO slides were immediately rinsed with ethanol, to wash out the excess dye
that had adhered to the surface and dried with nitrogen flow. A small hole with a diameter
of 0.5 mm was made on the FTO/commercial TiO; glass slide. The cleaned substrate
was heated at 450 °C for 15 min to remove any residual organic contaminants. Pt was
deposited on the FTO glass by brush-painting a thin layer or by drop-casting 1-2 drops of
the light-sensitive Platisol T solution. The deposited layer was gradually air dried followed
by heating at 450 °C for 15 min to activate the platinum layer for working. Sandwich-type
DSSCs were assembled by utilizing a platinized Fluorine-doped Tin Oxide (FTO) substrate,
deposited with a hot-melt film (~25 um, Surlyn, Dyesol) and the dye-adsorbed titania film.
The assembly involved drop-casting the components. For the electrolyte preparation, a
solution of 0.3 M 1-methylbenzimidazole (NMB) was thoroughly mixed with an equal
volume ratio of acetonitrile and 3-methoxypropionitrile (MPN). This mixture was supple-
mented with 0.4 M Lil, 0.4 M tetrabutylammonium iodide (TBAI), and 0.04 M I, and the
entire blend was stirred overnight. All chemicals used were sourced from Sigma-Aldrich
and employed without further purification. Subsequently, the prepared I3~ /1~ liquid
electrolyte infiltrated the cell, constituting a sandwiched DSSC device. Six photoanodes’
PV performances were evaluated, and the average values for their PV performances were
determined. Each photoanode had an active area of 2.5 cm x 1.6 cm. Typically, in the
conventional fabrication process of photoanodes for DSSCs, the mitigation of metal oxide
agglomeration and grain growth, as well as the prevention of surface coating cracks, is
achieved through slow heating and cooling cycles. Consequently, utilizing our developed
solar paint eliminates the necessity for these prolonged processes, leading to considerable
time and energy savings.

2.5. Materials and Device Characterization

X-ray diffraction (XRD) measurements were performed by X'pert pro MPD of PAN-
alytical system (Malvern, UK) with CuKy radiation (A = 1.5406 A). Tecnai G2 30ST (FEI,
Hillsboro, OR, USA), 300 kV, was used for the bright-field image and high-resolution trans-
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mission electron microscopy image (HRTEM). A Raman spectrophotometer STR500 (Cornes
Technologies system using 514.5 nm Ar+ green laser with 50 mW power) was utilized for
Raman mapping. TESCAN VEGA3 SEM was used for the FESEM (field emission scan-
ning electron microscope) and EDX (energy-dispersive X-ray) characterization. The SEM
images were further processed through MIPAR Image analyzer. The Quantachrome (iQ3)
instrument determined the surface area of nanomaterials, and the Brunauer-Emmett-Teller
(BET) theory was applied. Barrett-Joyner-Halenda (BJH) analysis can also be employed to
determine pore size distribution nitrogen using adsorption and desorption techniques. SHI-
MADZU UV-3600 (Tokyo, Japan) was used for the absorbance spectra. X-ray photoemission
spectroscopy (XPS) measurement was carried out by PHI 5000 Versa probe II scanning XPS
microprobe (ULVAC-PHI, Chigasaki, Japan). EIS measurements were executed with an
Metrohm AUTOLAB frequency analyzer equipped with a Frequency Response Analyzer
(FRA) Module and AUTOLAB PGSTAT 101. The measurements were executed under the
same solar simulator condition for all devices in the frequency range of 0.1 Hz to 100 kHz.
All of the DSSCs were characterized at 0.70 V, which closely resembles the open-circuit
voltage of the devices using NOVA 2.1 software. The experimental data were fitted us-
ing Z-view software (version 3.4d, Scribner Associates, Inc., Southern Pines, NC, USA)
and a suitable equivalent circuit. Incident photon-to-electron conversion efficiency (IPCE)
was conducted on a BENTHAM PVE300 Photovoltaic EQE (external quantum efficiency)
and IQE (internal quantum efficiency) solution under 400-800 nm wavelength utilizing a
tungsten halogen lamp source. Majority of these instruments belong to the University of
Exeter’s Central Characterization Facility, and we have utilized them for our work.

2.6. DSSC Testing

The PV performance of the assembled devices was assessed under an irradiance
of 1000 W/m? using a Wacom AAA continuous solar simulator (model WXS-210S-20,
AM 1.5 G). The I-V characteristics were recorded employing an EKO MP-160i I-V Tracer.
Electrochemical Impedance Spectroscopy (EIS) measurements were conducted using an
Autolab frequency analyzer setup, equipped with an Autolab PGSTAT 10 and a Frequency
Response Analyzer (FRA) module. These measurements were performed under identical
solar simulator conditions, ranging from 0.1 Hz to 100 kHz. All devices were measured at
their open-circuit voltage (0.70 V). The experimental data were fitted using Z-view software
(version 3.4d, Scribner Associates, Inc.), employing appropriate equivalent circuits. All
presented data represent the average of measurements obtained from three different devices
for each sample.

3. Results and Discussion

During the synthesis of TNPs, the transformation of the sol-gel method to produce the
final product was observed by Raman mapping, as shown in Figure 1. The Raman mapping
in Figure 1a demonstrates the as-prepared stock sample before the gelation process, where
black spots imply the solvent in the sample. During the aging process of the sample
transformation, the nature of the sample goes through Figure 1b,c, where the reduction of
solvent and binders were observed. Figure 1d shows the solvent-free NPs after the terminal
phase of autoclave heating. After the synthesis, chemical identification of the synthesized
TiO, was carried out by XRD and XPS analysis. The XRD pattern of the synthesized TiO,
displays the presence of broad peaks, as shown in Figure 2a. The reason behind broad
peaks can be attributed to either the small crystallite size of the NPs or the semicrystalline
nature of the TiO, [46]. The peaks at ~25°, 38°, 47°, 54°, 56°, 63°, 69°, and 75° resemble
the anatase crystalline phase having (101), (004), (200), (105), (211), (204), (116), and (215)
planes, respectively, (JCPDS 21-1272) of TiO, [36].



Sustainability 2023, 15, 16610

6 of 18

Figure 1. Raman mapping of samples during nanoparticle synthesis: (a) the stock solution, (b) the
aging process, (c) gelation, and (d) final TiO, nanoparticles after autoclave, respectively.
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Figure 2. (a) X-ray diffraction pattern of TiO,, (b) XPS survey spectrum of TiO,, and (c,d) core level
spectrum of Ti 2p and O1s for TiO, nanoparticles, respectively.

Noticeably, only the anatase phase was detected from the sample without any trace of
the rutile phase, which indicates the presence of a low concentration of oxygen vacancies
as the particle growth mechanism involved a high concentration of gaseous oxygen, which
hinders the anatase to rutile transformation [47]. The XPS confirms the synthesized sample’s
oxidation state and elemental composition, as shown in Figure 2b—d. The peak positions
of synthesized TiO, match well with the commercial product, as displayed in Figure 2b
of the XPS survey spectrum. The characteristic double peaks were observed with binding
energies of ~458.8 eV and 464.5 eV for the Titanium 2p3,, and 2pq /, respectively, as shown
in Figure 2c. Conversely, Figure 2d shows the corresponding Oxygen 1s peak ~530 eV
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due to the O~ ion (O1 component). In contrast, the higher binding side O2 component
indicates the chemisorbed oxygen in the grain boundaries [48].

After confirming the chemical identity and elemental states, the structural property of
the TNPs was characterized by SEM-EDX. Figure 3a—d elucidates the SEM cross-sectional
thickness measurements of a uniform photoanode. The increment in the number of layers
correlates with an augmentation in photoanode thickness, ranging from ~3 pm to ~15 pm.
Notably, the thickness results underscore the NPS’ fine and homogeneous distribution
across the surfaces.

{

*"‘r

Figure 3. Scanning Electron Microscope (SEM) cross-sectional microstructure images depicting layer-
dependent synthesized TNP solar paint photoanodes: (a) for 1 layer, (b) 2 layers, (c) 3 layers, and
(d) 4 layers (highlighted by arrow). (e,f) SEM surface microstructural images of commercial TiO, and
synthesized TNP, respectively (inset: corresponding EDX mapping analysis images).

L5
L
LRSS

Figure 3e presents the SEM microstructural surface image of the commercially avail-
able TNP paste photoanode, while Figure 3f depicts the corresponding surface SEM mi-
crostructure of our synthesized TiO, photoanode. It is evident from the images that our
synthesized TNP exhibits finer particle size in comparison to its commercial counterpart,
showcasing a homogeneous distribution across the surfaces. The synthesized TNPs re-
vealed a highly favorable particle size for the room-temperature solar paint. The SEM
image indicates ultrafine particles with an average grain size of ~20 nm, which clarifies the
reason behind the broad peaks of XRD analysis [49]. The EDX mapping (inset of Figure 3f)
also confirms the elements of the TiO, sample present as Ti and O, only. Notably, the impact
of particle size distribution on the performance of DSSC is a matter of considerable signif-
icance. Specifically, the particle size of TiO, plays a pivotal role in determining both the
surface area and pore size of NPs, thereby exerting direct influence over dye-loading [50].
In the context of wet chemical reactions, the formation of NPs facilitates the development
of desired morphologies. Nevertheless, one-dimensional nanostructures exhibit superior
improvements in DSSC efficiency due to the establishment of a direct conduction path for
electron flow; however, they are not a straightforward synthesis specifically for large-scale
consideration. It is imperative to note that three-dimensional structures in DSSCs, despite
possessing a higher surface area compared to particles and rods, tend to be less efficient.
This inefficiency can be attributed to the multiple trapping and de-trapping events of
electrons occurring in the presence of inhomogeneous grain size boundaries. Consequently,
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a nuanced interplay of particle size, morphology, and homogeneous distribution emerges
as a critical determinant governing electron diffusion rate. When optimized, this intricate
interdependence contributes significantly to enhancing DSSC efficiency [51].

For further structural characterization, TEM-SAED analysis was performed. The
bright-field TEM images of the commercial TiO; paste are presented in Figure 4a, revealing
particle sizes ranging from 20 to 50 nm. Moreover, these images exhibit a high level of
crystallinity, as evidenced by the distinct lattice fringes of the (101) crystalline planes
observed in the corresponding high-resolution TEM image (Figure 4b). The SAED pattern
of the sample, depicted in Figure 4c, further underscores the pronounced crystallinity,
elucidating the analytical phase of the specimen. The particle size of the synthesized TNP
measured from the TEM (Figure 4d) was in the range of 15-30 nm, which is smaller and
finer than commercial TiO; and is consistent with the SEM analysis. The high-resolution
TEM image (Figure 4e) showcases the distinct lattice fringes corresponding to the (101)
reflection, having a lattice spacing of 3.51 A. The SAED pattern demonstrates the crystalline
nature of the anatase TiO,, implying different planes witnessed from the XRD, as displayed
in Figure 4f.

Figure 4. (a) TEM brightfield image, (b) corresponding HR-TEM image, and (c) SAED pattern of the
commercial TiO; and (d) TEM bright-field image, (e) corresponding HR-TEM image, and (f) SAED
pattern of the synthesized titania-synthesized TiO, samples.

The BET analysis was performed to determine the surface area of as-prepared NPs. A
mesoporous type-IV isotherm with 71 m? /g surface area was found for the synthesized
material, whereas the commercial TiO, had a surface area of 32 m?/g (Figure 5a). The
higher surface area usually helps in enhancing the dye-loading behavior. Conversely, a
large surface area can also increase the electron recombination process, negatively affecting
the PV performance [52]. The pore size distribution, determined using the BJH method,
is illustrated in the inset of Figure 5a. The commercial and synthesized TiO, samples
show a distinct disparity in pore characteristics. The commercial TiO; exhibits a more
defined distribution, ranging from 5 to 30 nm, with a peak at 20 nm, indicative of pore size
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distortion. In contrast, the TNPs displays a broader range of pore sizes, spanning from 2 to
20 nm, with notable intensities within the 5-12 nm range, presenting a size distribution
notably smaller than that of the commercial TiO,. The observed variation in pore size is
of substantial consequence, particularly in its influence on dye-loading and surface area
distribution.
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Figure 5. (a) The nitrogen absorption-desorption plot illustrates the synthesized TNP in comparison
to commercial TiO, NPs, with the corresponding pore-size distribution plot shown in the inset,
(b) UV-visible absorption spectroscopy plot displays N719 dye (inset: dye molecular structure)
before and after dye-loaded with synthesized TNP, compared with commercial TiO, NPs, (c) UV-
visible absorption spectroscopy plot demonstrates N719 dye loading during various layer-based TNP
photoanodes. (d) A closer view of the UV-visible absorption spectroscopy plot reveals N719 dye
loaded with more than 4 layers of the TNP photoanode, and (e,f) EDX dye loaded surface profiles of
the 3 layers of TNP photoanodes are compared with commercial TiO; NPs. These images have been
processed using MIPAR Image Analyzer software for enhanced color and contrast.

To understand more about the dye-loading behavior, the absorbance spectra were ob-
served for both commercial and synthesized TiO; after dye-loading, as shown in Figure 5b.
It indicates better dye-loading under reduced absorbance for the synthesized TNP, which
was expected from the BET analysis. In Figure 5c, the investigation into the layer-dependent
dye-loading performance of the TNP solar paint photoanode is presented through absorp-
tion spectroscopy. The dye-loading capacity exhibits an exponential relationship with the
thickness of the TNP, represented by the number of layers. However, this relationship
reaches a saturation level, and in our specific case, the saturation point is optimized after
the deposition of 3 layers of TNP. This phenomenon is attributed to the slightly acidic
nature of the dyes and TNP, fostering a robust formation of the Ti-dye complex [53].

Consequently, this interaction leads to dye agglomeration, as evidenced by a noticeable
bathochromic shift in the original peak position of the dyes, as depicted in Figure 5d.
Despite the favorable high dye-loading behavior, the observed bathochromic shift indirectly
indicates Ti-dye complex formation. This aspect may not be conducive to enhancing the
performance of DSSCs, particularly as it has the potential to diminish the fill factor and
contribute to a decrease in short-circuit current. This is either due to non-uniform dye
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absorption on the TiO, surface or randomly forming trapping or de-trapping states, thereby
impacting the overall homogeneity of dye distribution.

A comparison was drawn between the dye-loading behavior of commercial TiO, and
synthesized TNPs using the EDX mapping using the MIPAR image analyzer after 24 h
of dye-loading for an approximately 4 um-thick layer in each case. Figure 5d, for the
commercial TiO, (Figure 5e), shows a relatively low dye-loading capacity compared to the
TNP displayed in Figure 5f, where the more pink color represents more dye-loading. This
behavior complements the expected trend from absorbance characteristics and surface area
analysis.

The photographs depicted in Figure 6a,b illustrate the hydrothermally prepared sol be-
fore and after the hydrothermal treatment. Subsequently, the sol undergoes conversion into
TNP solar paint, with Figure 6¢ presenting a visual representation of a single-layer brush-
painted photoanode, dried at room temperature. A schematic is also given in Figure 6c to
illustrate the electron transfer process in DSSC under illumination [54]. Upon exposure to
light irradiation, dye molecules absorb photons with wavelengths corresponding to the
energy differential between their highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). This results in the elevation of electrons from the
ground electronic state of the dye to the excited state (5*), constituting the photoexcitation
of the dye. Subsequently, these photoexcited electrons are injected into the conduction
band (CB) of the TNP. Upon injection into the CB of TNP, the electrons undergo diffusion
through the semiconductor layer until they reach the transparent conducting layer on the
FTO. At the anode, iodide ions (I7) contribute electrons to oxidized dye species (S*), thus
regenerating the dye molecules. Simultaneously, the oxidized species of the electrolyte,
triiodide (I3 ™), present in the iodide-triiodide (I, /I3™) complex, is reduced to iodide at the
cathode. This cyclic sequence of events ensures a continuous free electron flow through the
external circuit, contingent upon incident light. Figure 6¢ illustrates the schematic represen-
tation of the various steps involved in a DSSC, elucidated through an energy level diagram.
The alteration in electron concentration within the TNP induced by photo-initiated charge
injection from the sensitized dye is the fundamental origin of photovoltage generation in a
DSSC. The maximum open circuit voltage (Voc) is dictated by the difference in electron
energies between the redox level and the bottom of the conduction band of the electron

conductor.
d v
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Figure 6. Hydrothermal sol of TNPs (a) before and (b) after hydrothermal treatment, respectively,
(c) 1-step printed TNP solar paint, after room-temperature drying, and (d) schematic illustration of
DSSC working principle.

However, the efficiency of DSSCs experiences a decline, primarily due to the following
factors:

(a) Potential relaxation of electrons in the photoexcited dye to lower states of the
chromophore or to its ground state.

(b) Slower reduction of I3~ at the counter electrode compared to its recombination
with conduction band electrons of TNP.
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(c) Accelerated recombination at the TNP/electrolyte interface relative to the diffusion
of electrons through the TNP film, attributed to trapping states on the surface.

Given that the injection of electrons into the CB of TNP from the excited dye occurs
rapidly within picoseconds, the efficiency of electron transport through the TNP film
becomes pivotal in determining current collection efficiency.

Finally, the PV performances of the devices were examined, considering the effect of
thickness from solar paint deposition for a 2.5 x 1.6 cm? active area. The devices were
categorized into four sections depending on the number of TNP paint coatings, ranging
from 1 to 4. The performances of the devices are shown in Figure 7a and Table 1, which
indicate the best performance was the 3-layer coated DSSC (PCE of 6.02%), having a
photoanode thickness of ~12 um. On the other hand, one layer of TNP printing resulted in
a PCE of 4.4%, along with a Jsc of 10.15 mA/ cm?, Voc of 740 mV, and FF (fill factor) of 0.59.
Similarly, two layers of photoanode printing resulted in a PCE of 5.22%, alongside a Jsc of
11.5 mA/cm?, Voc of 744 mV, and FF of 0.61. While testing the champion device with four
printing layers, a current density of 11.6 mA/ cm?, open circuit voltage of 745 mV, FF of
62.5%, and PCE of 5.4% was observed. The devices’ performance increased until the 3-layer
coated DSSC, and then a decrease in performance was observed for the 4-layer device. This
was expected as the higher thickness of the photoanode after a certain limit creates cracking,
which influences the charge transport property by deteriorating the interfacial contact [55].
The performance was also compared with the commercially available high-temperature
curing TiO, paste (12 pm-thick layer), and interestingly, the solar paint showed ~8%
enhanced efficiency, which is remarkable for a larger device area. Further, electrochemical
impedance spectroscopy (EIS) was carried out to realize the transport properties at different
interfaces for the champion devices, having synthesized titania and commercial paste, as
shown in Figure 7b. In the circuit diagram inset of Figure 7b, Rg represents the series
resistances of FTO-glass and counter electrode at the high-frequency region. R.pt and
Qct-pt symbolize the resistance and double-layer capacitance of the Pt-FTO/electrolyte
interface. Ret.1i0,/dye and Qct.TNP/dye Signify the resistance and capacitance of the TNP-
dye/electrolyte interface [56]. TThe EIS study observed that Rg for both commercial and lab-
based TNP devices are almost similar, having a value of ~15 (). In contrast, R..pt for the tBA-
based solar paint device was found to be ~46 ), which is nearly 12 () less than commercial
TiO,-based champion DSSC. Moreover, Figure 7b clearly depicts the Ret1i0, /dye value of
the as-synthesized titania device as ~85 (), significantly higher than commercial titania-
based DSSC. Usually, a DSSC device with a high Voc value should have a higher charge
transport resistance at the TNP /dye/electrolyte interface, which implies a reduced charge
recombination rate [57]. Although the Vo values are quite comparable for the commercial
and synthesized TNP, the effect of reduced recombination is speculated to influence electron
diffusion, which effectively enhances the current density of the solar paint-based DSSC. This
explains the dominant performance of synthesized TNP due to the superior interface quality,
which is a cumulative result of the structural property of the NPs, the standard of solar paint,
and the screen-printing technique. Additionally, the reduced recombination phenomenon
correlates with enhanced charge carrier diffusion. Expedited separation is feasible if
electron diffusion across the photoanode thin film interface is efficient. Hence, a reduced
micro-strain in the TNPs emerges as a vital parameter, suggesting that the synthesized TNPs
demonstrate enhanced efficacy relative to conventional particles. Agglomeration typically
results in mesoscale morphological structures, with the synthesized TNPs interconnected.
Such connectivity amongst the NPs within a mesoscale entity is notably efficient.
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Figure 7. (a) Layer-dependent J-V curves of the champion devices of synthesized and commercial
TNP, (b) comparative Nyquist plots with circuit diagram inset for the commercial and as-prepared
TNP paste, and (c) IPCE plot of commercial and synthesized TNP-based champion DSSC compared
with commercial TiO; paste.

Table 1. Comparative photovoltaic performance of champion devices fabricated by room-temperature
solar paint and standard TiO, paste as photoanodes under 1 sun AM 1.5.

Current Density

o,
Photoanode + 0.5 (mA/cm?) Voc (mV) FF PCE (%) £+ 0.2
RT-TNP Paste 1 L 10.15 740 0.59 44
RT-TNP Paste 2 L 115 744 0.61 5.22
RT-TNP Paste 3 L 12.75 749 0.63 6.02
RT-TNP Paste 4 L 116 745 0.625 5.4
High Temperature Curing 11.68 747 0.64 5.58
TiO, paste

Figure 7c showcases the IPCE (EQE) spectra of the champion DSSCs based on the
TNP solar paint and commercial TiO,. The typical spectral response corresponding to the
N719 dye, alongside the peak at around 530 nm, was observed for all DSSCs. However,
the quantum efficiency maxima varied with the different types of photoanode systems.
The DSSC with a 3-step brush painting using the TNP solar paint exhibited the highest
maximum EQE (~79%), whereas the commercial titania-based DSSC displayed a slightly
lower EQE of ~75%. The integrated Jsc determined from the IPCE spectra closely matches
the current-voltage measurement and follows the same trend as the maximum EQE. As
IPCE is a cumulative result of light-harvesting, charge-injection, and charge-collection
efficiencies, the impressive IPCE coverage for the anatase TiO; solar paint device in the ~400
to 650 nm range expresses significant superiority in interface quality and efficient charge
carrier transport [58]. Finally, the stability of the DSSC devices was examined for 30 days
at ambient conditions, and all the devices showed excellent retention of efficiency with
only ~1% overall reduction. Stability majorly depends on the type of dye and electrolyte,
which is the reason behind the similar trend. Overall, the performance amplification by
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solar paint demonstrates a cheaper and easier alternative for the sustainable development
of good-quality DSSC devices.]

4. Paste Commercialization Perspective

It is imperative to recognize that energy generation from renewable sources does not
inherently ensure sustainability. Despite being derived from renewable sources, energy
production still introduces emissions and challenges, notably using critical raw materials in
associated technologies. Therefore, a comprehensive investigation into the key factors that
jeopardize the sustainability of a particular technology is crucial for establishing renewable
energy as genuinely sustainable. The most expensive constituents in DSSCs comprise the
dye, TiO;, and the glass/TCO substrate. In the case of the dye and TiO,, the raw materials
exhibit relatively low costs compared to the expenses incurred during the processing and
synthesis phases. Ruthenium (Ru) constitutes only approximately 10% of the total dye
cost. The remaining components of the dye molecule consist of inexpensive organics;
however, the synthesis, ligand attachment, and subsequent purification processes con-
tribute significantly to overall expenses. Plastic-based flexible DSSCs encounter challenges
related to poor thermal stability, impeding the utilization of high-temperature sintering
processes. This limitation hampers efforts to enhance inter-particle connections within
the photoanode and promote adhesion between the photoanode and the plastic substrate.
Consequently, the conversion efficiency of plastic-based flexible DSSCs lags behind that of
rigid high-temperature DSSCs.

Scaling up the production of the dye from gram to kilogram volumes leads to a sub-
stantial reduction in price, diminishing from $700/g to $70/g. Similar cost reductions in
processing are anticipated when production scales up to thousands of kilograms. While
TiO, and raw Ti materials are abundant and economically viable, the hydrothermal synthe-
sis of TiO; colloids is relatively costly. Hydrothermally prepared colloidal TiO; incurs a
cost of approximately $500/kg in ton quantities, representing a 30-50% increase over target
production costs [59,60]. Alternative methods such as flame pyrolysis are more economical
but sacrifice control over particle size and shape, resulting in generally lower efficiencies.
The TCO-coated glass used in DSSCs is also a significant cost contributor. The glass per
module area cost doubles for sandwich cells compared to monolithic modules. Anticipated
economies of scale are expected to sufficiently lower the glass cost to acceptable levels when
produced in high volumes. No technological breakthrough is deemed necessary in this
regard. Furthermore, collaborations between glass companies and DSSC manufacturers
can further reduce the cost of integrating TCO/glass into DSSC modules. Notably, no
sustainable alternative to TiO, NPs has been proposed thus far due to their favorable
characteristics, including a low recombination rate for hole—electron pairs, outstanding ab-
sorption properties, high chemical and thermal stability, corrosion resistance, non-toxicity,
widespread availability, biocompatibility, and competitive cost. However, it is essential
to acknowledge that certain properties of TiO; are not ideal, such as its 3.2 eV band gap
in the anatase phase, leading to ultraviolet radiation absorption (A < 380 nm), and the
formation of highly reactive holes that can degrade specific device components. Despite
these considerations, adopting alternative semiconducting oxides as photoanodes in DSSCs
remains an area of active research. However, as far as we know, their performances have
not surpassed those of TiO,.

A primary focus of research involves the development of room-temperature curable
TiO; electrodes in DSSCs, simply painted using a brush as a continuous film from a viscous
paste. The preparation of TiO, paste involves using cheaper organic binders, which alter
rheology for coating and introduce porosity in the thick film structure. This methodology
presents significant advantages, reducing costs and enabling TiO, colloidal pastes to be
the material of choice for roll-to-roll printing on flexible substrates. Moreover, these pastes
exhibit efficiencies ~6% without sintering at high temperatures, offering versatility for
application on polymer, glass, or metal foil substrates in DSSCs. Our developed TNP solar
paint holds promising applications for large-scale roll-to-roll printing on flexible substrates,



Sustainability 2023, 15, 16610

14 0f 18

significantly advancing in pursuing more commercially viable and scalable production.
This is particularly advantageous for flexible DSSCs, which have demonstrated numerous
benefits as solar devices. However, inherent limitations persist, especially in the case of
plastic-based flexible DSSCs. In the broader context of DSSC research and development,
specific directions are being pursued to impact module costs significantly. Exploration
into dyes with higher extinction coefficients enhances efficiency and reduces costs by
necessitating less dye and TiO, per module area. These research endeavors primarily
influence the cost of supplied materials. Additionally, advancements in process integration
and module design are anticipated to yield substantial benefits, further contributing to the
overall improvement of DSSC technology.

Therefore, our TNP solar paint presents a feasible solution, as it eliminates the need for
high-temperature sintering, mitigating a significant obstacle in the large-scale production
of flexible solar devices. Moreover, the adaptability of our technology holds promise for
improving the overall efficiency and cost-effectiveness of plastic-based flexible DSSCs.
However, our preliminary findings indicate a promising trajectory towards the potential
commercialization of TNP solar paint. Furthermore, it is imperative to conduct additional
comprehensive studies and in-depth analyses to advance towards large-scale commercial
application. These endeavors are essential for elucidating intricate nuances, refining exist-
ing parameters, and addressing potential challenges that may arise in the transition from
preliminary feasibility to full-scale implementation. Pursuing a thorough understanding,
informed by rigorous investigation and meticulous scrutiny, is paramount in substantiating
the viability and robustness of the proposed commercialization strategy. Therefore, a
strategic plan encompassing a series of meticulously designed studies and analyses must
be systematically executed to fortify the foundation laid by our preliminary findings. This
approach ensures a judicious progression towards realizing the envisioned commercial
potential of the TNP solar paint. Besides, the statistical analysis of the dye-sensitized TNP
solar paint is integral to comprehending and elucidating its performance characteristics.
Employing a rigorous statistical approach allows for the extraction of meaningful insights
and the establishment of robust correlations. Here, we present a statistical discussion
focused on key parameters and their significance:

(i)  Particle Size Distribution:

Statistical analysis of the particle size distribution provides insights into the homogene-
ity of TiO, particles within the paste. Mean particle size, standard deviation, and skewness
are essential parameters, offering a quantitative assessment of the paste’s composition
uniformity.

(ii) Surface Area Analysis:

The specific surface area of TiO, particles is a critical factor influencing the paste’s
performance. Statistical measures such as mean surface area, variance, and confidence
intervals contribute to a comprehensive understanding of the surface characteristics and,
consequently, the paste’s efficacy.

(iif) Adhesion Strength:

Adhesion strength is a pivotal property determining the paste’s suitability for ap-
plications. Employing statistical methods to assess adhesion, including mean adhesion
strength and confidence intervals, allows for a reliable estimation of the paste’s adherence
to substrates.

(iv) Electrochemical Performance:

Statistical analysis of electrochemical parameters, such as open-circuit voltage, short-
circuit current, and fill factor, is imperative for evaluating the efficiency of the dye-sensitized
TiO, paste. Regression analysis and hypothesis testing can be employed to identify signifi-
cant factors influencing performance.

(v) Optical Absorption Properties:
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Statistical analysis of the optical absorption properties, including absorbance spectra
and wavelength-dependent characteristics, provides valuable information regarding the
paste’s light-harvesting capabilities. Mean absorbance values and spectral trends are subject
to rigorous statistical scrutiny.

(vi) Durability and Stability:

Long-term performance and stability are crucial for practical applications. Statistical
methods, such as survival analysis or accelerated testing, can be applied to assess the
paste’s durability under varying conditions, providing insights into its operational lifespan.

5. Conclusions

This study presents a comprehensive methodology for synthesizing a titania nanoparticle-
based solar paint designed for facile curing at room temperature. Our approach focuses on
the systematic sol-gel hydrothermal synthesis of ultrafine anatase TiO, NPs, subsequently
utilized to formulate a solar paint amenable to processing at room temperature. We
employed thorough microscopic and spectroscopic analyses to elucidate the structural
attributes of the synthesized NPs. A critical assessment of dye-loading behavior, juxtaposed
with commercial TiO,, highlights the superior attributes of our synthesized material. We
further underscore the efficacy of the screen-printing methodology for fabricating dye-
sensitized solar cells (DSSCs) with a device area of 2.5 x 1.6 cm?. Optimization studies
reveal a photoanode thickness of 12 um, resulting in a performance boost of approximately
36% relative to a 3 um layer. A significant enhancement in PV performance is documented,
with a remarkable efficiency of 6.02% for the solar paint. This improvement is primarily
attributed to a pronounced reduction in the charge recombination process at the junction
between the photoanode/dye and the electrolyte. This phenomenon is further elucidated
through EIS and IPCE characterizations. The formulated solar paint has been advanced
to manifest practical applicability in the facile fabrication of photoanodes at ambient
temperatures. This innovative composition ensures superior surface uniformity devoid of
organic binders. Notably, the formulation has been meticulously crafted to yield versatile
porosity, thereby accommodating a spectrum of dye/electrolyte systems with efficacy.
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