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ARTICLE INFO ABSTRACT

Keywords: In response to escalating global concerns over environmental pollution, the development of green
R_lcevh“k dye-sensitized solar cells (DSSCs) has emerged as a promising technology for solar energy con-
Lignin version. This study harnesses the potential of rice husk, an abundant agricultural waste in
TiO, . L . . L

DSSC Indonesia, by extracting lignin through a simple recycling method. Lignin acts as a natural, non-
Stability toxic dopant and template for TiO2 composites, enhancing the stability of the photoanode in

DSSCs. A TiOz photoanode modified with 5 % lignin achieved a power conversion efficiency
(PCE) of 4.81 %. After a 90-day stability test, the TiOy/lignin 5 % composite retained 78 % of its
initial PCE, significantly outperforming pristine TiO: in terms of short-circuit current density (Jsc)
and open-circuit voltage (Voc). This improved stability is attributed to increased porosity, better
lignin dispersion within the TiO2 matrix, prevention of agglomeration, enhanced surface area for
dye adsorption, and reduced electrolyte leakage. Furthermore, lignin’s high thermal stability on
the TiO2 surface provides additional protection against dye degradation and electrolyte evapo-
ration during repeated light exposure.

1. Introduction

The global energy crisis presents a critical challenge, requiring innovative and cost-effective solutions for energy production and
storage. The growing consumption of fossil fuels not only accelerates global warming but also contributes to severe environmental
pollution. To reduce our reliance on fossil fuels, significant efforts have been made to develop renewable energy sources as sustainable
alternatives [1]. Among these, solar energy stands out as a promising option, leveraging the sun’s abundant power to generate
electricity. Solar panels are engineered to capture sunlight and convert it into electrical energy via the photoelectric effect, offering a
cleaner and more sustainable approach to energy production [2].

Silicon-based solar technology remains the most established in manufacturing but is hindered by high costs due to expensive
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materials and energy-intensive production processes [3]. Among various third-generation solar cell technologies, dye-sensitized solar
cells (DSSCs) have received significant attention for their cost-effectiveness, ease of fabrication, and tunable optical features [2,4,5].
However, ongoing research is focused on overcoming challenges associated with DSSCs, such as the limited light absorption of
wide-bandgap TiOg-based photoanodes, photocatalytic instability especially under UV light, and thermal instability at elevated
temperatures [6].

DSSCs primarily consist of a photoanode, dye sensitizers, a redox electrolyte, a counter electrode, and a conductive substrate [7].
The photoanode plays a crucial role in addressing various performance challenges in DSSC design. It typically requires a single layer of
dye molecules adsorbed onto the surface of a semiconductor, which is responsible for light absorption in the device [2]. Nano-
structured semiconductor photoanode are essential due to their large surface area, which facilitates large number of dye adsorption.
Titanium dioxide (TiO3), particularly in its anatase crystal form, is the most commonly used material for these mesoporous photo-
anodes. To achieve the necessary porosity, enhance electronic connectivity, and improve mechanical stability, mesoporous TiO are
annealed at high temperatures (400-500 °C) to remove organic additives [3]. Thus, the porosity and pore size of these films are critical.
Doping TiO, can improve its properties by modifying trap states, adjusting band edge levels, increasing dye adsorption, and stabilizing
the anatase phase [8]. Previous studies have explored a range of TiOy-based composites, such as copper/nitrogen (Cu/N), copper/-
sulfur (Cu/S), copper/graphene (CuTGR), and aluminum/nitrogen (Al/N), nickel oxide (NiO) [9-13]. Additionally, to achieve optimal
performance, many studies recommend applying a TiCl4 treatment. This treatment enhances the structural, optical, electrical, and
charge transport properties of TiO5 photoanodes, significantly improving their ability to capture and convert light energy in DSSCs
[14].

Several researchers have doped photoanodes with cadmium telluride (CdTe), a material that can be categorized as potentially
hazardous [15]. To address concerns about cost and safety, alternative natural dopants such as banana stem fibers, butterfly wings, and
other carbon-based materials have been explored. These natural dopants offer a promising solution for improving DSSC performance
while maintaining affordability and environmental safety [16-18].

The large volume of the biomass side products from rice production is one of potential materials as a natural doping. China
produced more than 148 million tonnes of milled rice during the 2021 to 2022 crop year, exceeding all other countries in volume. In
this crop year, India ranked second among the producers with more than 129 million metric tons of processed rice. As the third rank,
Indonesia produced more than 34 million metric tons of milled rice, followed by several countries that have produced smaller milled
rice [19]. As a consequence of this vast agricultural output, waste generation, including rice husks, acccounting for approximately 20
% of paddy mass, is increasing and often discarded unsustainably through open dumping or incineration [20]. Rice husk contains
31.13 % cellulose, 17.71 % hemicellulose, and 28.25 % lignin [21]. Globally, plants produce around 150 billion tons of lignin annually,
making it one of the most abundant polymers alongside cellulose, comprising 15-30 % of total plant biomass [22]. Lignin, with its
aromatic rings, strongly absorbs ultraviolet light, but limited information exists regarding the synthesis, limitations, and applications
of lignin-based composite materials in photocatalysis and photovoltaics [23]. Lignin-based composites have been used in solar cells
such as for gel polymer electrolyte (GPE), which exhibit high ionic conductivity, enhanced Young’s modulus, improved thermal
stability, and strong electrochemical stability [24,25]. Lignin-based cross-linked materials have also been observed to significantly
improve the long-term stability of quasi-solid-state dye-sensitized solar cells (QS-DSSC) under UV-Vis light compared to standard
QS-DSSCs [26]. Moreover, the incorporation of lignosulfonate into conducting polymer blends enhances key properties such as
conductivity, thermal stability, solubility, and mechanical strength [27].

Over the past decades, various researchers have reported differing photoconversion efficiencies (PCE) for DSSCs due to the effects
of both metal and non-metal doping of TiO.. Metal doping has resulted in an average PCE of 5.80 %, while non-metal doping has
achieved an average PCE of 5.61 % [28]. In comparison, lignin-based doping, which does not show a significantly different PCE
achievement, has an average PCE of 3.30 %, as shown in Table 4.

Lignin can act as a binding or reinforcing agent within the TiOy matrix. When used at the appropriate concentration, lignin en-
hances the mechanical stability of the material, making it more resistant to pressure or impact. It also improves the thermal stability of
the polymer matrix by preventing thermal degradation [29]. Moreover, lignin has a high affinity for metal oxides, including TiO,,
which suggests it can form strong bonds with the TiO; surface [24]. Incorporating lignin from rice husk into TiO3 is an attractive idea
due to its lower environmental impact and potential to enhance the stability of DSSCs. However, its potential to improve the per-
formance of TiO,-based composites in DSSCs remains unexplored. While lignin from various natural sources has been investigated in
recent studies [30-32], the modification of TiO, with rice husk lignin and comprehensive stability analyses of DSSC devices incor-
porating such materials have yet to be undertaken. This study aims to address these research gaps by evaluating the efficacy of rice
husk lignin as a modifier for TiOs-based photoanodes in DSSCs and performing stability analyses on the resulting devices. Detailed
characterization was conducted to confirm the presence of lignin and evaluate the electrical performance of the solar cell devices [33].
Additionally, stability testing of the devices was conducted to assess their long-term performance. In addition, this research also seeks
to enhance the recyclability of rice husk waste. This study not only aims to optimize the utilization of rice husk but also holds potential
to significantly improve the efficiency and sustainability of renewable energy production, while addressing agricultural waste
management.

2. Experimental
2.1. Chemicals and materials

In this study, rice husk (Oryza sativa) sourced from West Java, Indonesia, was used. Sodium hydroxide (NaOH, 98 %) was obtained
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from Sakura Chemical, Indonesia. Materials including 18NR-AO Titania Paste (TiO-), fluorine-doped tin oxide (FTO) conductive glass
substrates (TEC-15; 15 Q/sq sheet resistance, cut into 1.0 x 1.5 cm? pieces), ruthenium-based dye [RuL2(NCS):]:2 tetra-n-
butylammonium, where L = 2,2-bipyridyl-4,4-dicarboxylic acid (Z907), iodide-triiodide based high-performance electrolyte (EL-
HPE), and low-temperature thermoplastic sealant (DuPont Surlyn®) were supplied by Greatcell Solar, Australia. Sulfuric acid (H2SOs,
98 %), ethanol (C2HsOH, >99.8 %), and titanium tetrachloride (TiCls) were sourced from Merck, Singapore. Additionally, a Teepol
detergent solution was procured from Bratachem Indonesia.

2.2. Preparation of extraction lignin from rice husk

The following methods have been used to extract lignin from rice husks. For 4 h, rice husk powder was dissolved in 1 M NaOH
solution at a weight to volume ratio of 1:12 (1 g of rice husk powder per 12 ml of NaOH solution) and stirred at an 80 °C. Then, until the
neutral pH was reached, a solution from alkaline hydrolysis (AH) should be rinsed with deionized water. Next, the solid residue is
manually decanted and the filtrate stored as an aqueous solution of lignin residues (black liquor). The filtrate was acidified by
gradually adding 15 ml of 72 % H2SOs solution until the pH reached 4 and left to stand until precipitation formed. Subsequently, dry
the sample in an oven at 70 °C to remove any water content, as shown in Fig. 1a [34].

2.3. Fabrication of photoanode

Prior to the fabrication process, FTO was washed sequentially for 15 min using the mixture of Teepol detergent, deionized water,
acetone, and ethanol. Next, the FTO glass was further cleaned using UV Ozone (Branson 3200 Ultrasonic Cleaner Waterbath) for 15
min. After UV treatment, FTO glass was immersed for 30 min at 70 °C in a 40 mM aqueous TiCl, solution (pre-TiCly). This process was
followed by rinsing with deionized water and dried in oven at 120 °C for 10 min. The glass was then sintered at 500 °C for 30 min under
air atmosphere.

For the preparation TiO5 composite, the TiO5 paste was dissolved in ethanol at the proportion of 2 g/ml, then followed by adding
variations of lignin powder to the amount of the TiO, paste at the concentration of 2.5 %, 5 %, 7.5 %, 10 %, and 15 %, as can be seen in
Fig. 1b. These materials were stirred at 60 °C for 4 h. The TiO»-lignin solution was then deposited by spin coating method on treated
FTO glass at 3500 rpm for 30 s (active area, 0.25 cm?). The samples were then dried in an oven at 120 °C for 10 min before being
annealed at 500 °C for 30 min. Following that, as a post-treatment step, the samples were immersed in a 40 mM TiCl, solution at 70 °C
on a hot plate for 30 min, followed by 30 min of annealing at 500 °C. The samples were then submerged in a 100 mL ethanol solution
containing 20 mg Ru-complex dye Z907 for 24 h at room temperature. Finally, the photoanodes were cleaned with ethanol and allowed
to air dry.

2.4. Preparation of counter electrode
To fabricate the counter electrode, a 1 mm hole was first drilled in the upper right corner of the FTO glass for electrolyte filling.

Platinum paste was then applied to the cleaned, perforated FTO glass, covering a 1.0 x 1.0 cm? area. The coated glass was dried in an
oven at 120 °C for 10 min, followed by sintering at 500 °C for 30 min in an electric muffle furnace.

Fig. 1. Preparation of a) The water content removal of extracted rice husk result b) The composite of TiO, and lignin from rice husk.



G. Rabelsa et al. Heliyon 11 (2025) 39913

2.5. DSSC assembly

The counter electrode and the prepared photoanode were assembled using a low-temperature thermoplastic sealant (DuPont
Surlyn®) as a spacer and gently pressed with a hot press at 120 °C for 30 s. Liquid electrolyte (EL-HPE) was introduced through a 1 mm
hole under vacuum. The hole on the counter electrode was then sealed with thermoplastic and aluminum foil. Finally, the components
were firmly bonded through hot-press soldering of the strip.

3. Result and discussion
3.1. Fourier transform infrared (FT-IR)

The results of pure lignin, pristine TiOg, TiO2/lignin 5 %, and TiOy/lignin 15 % were analyzed using FT-IR. FT-IR spectroscopy is
useful for finding the presence of lignin components as an organic dopant in the semiconductor composite for the photoanode
modification of DSSC. Fig. 2a shows the presence of the characteristic for vibration mode of TiO3 (Ti-O stretching mode of Ti-O-Ti) at
the wavenumber below approximately 800 cm ! observed in pristine TiO5 and the composite of TiO, and lignin [35]. Furthermore, the
appearance of the bands in the range 1000 and 1400 cm™! shows the existence of C-O or C-H, while the bands in the region of
1099-1107 cm ™! indicate the appearance of aromatic phenyl C-O found in pure lignin, TiOy/lignin 5 %, and TiO,/lignin 15 % that
represents the typical structure of lignin with the higher vibration of the aromatic phenyl C-O, the higher Klason lignin content due to
the degradation of hemicelluloses into pseudo-lignin [23,36].

Additionally, the intensity of the bands assigned to the C=0 stretch of carbonyl groups and carboxyl groups (ca. 1600—1750 cm™1),
relative to the lignin aromatic band at 1633 cm™?, and also found with less absorption intensity on pristine TiO5 which is probably due
to the remaining results from the interaction of ethanol (solvent) molecules which experience deprotonation of their hydroxyl groups,
forming carbonyl (C=0) or carboxylic (COO~) groups on the surface of TiO5 [37].

Moreover, the characteristic bands located at 3440-3425 cm ™! indicate the existence of O-H stretching vibrations in aromatics that
are found in pristine TiOy, pure lignin, and the composite of TiO3 and lignin [38]. TiO4-lignin composites revealed absorption bands
corresponding to both lignin and TiO,, showing that lignin successfully formed a TiO,-based composite. In addition, the presence of
lignin components in the TiO, composite after the annealing process at a temperature of 500 °C indicates that lignin extracted from rice
husk using the Klason method is categorized as not only a template but a dopant for TiOs.

3.2. Thermogravimetric

The thermal properties of lignin-derived from rice husk using the Klason method were investigated through TGA in a nitrogen
atmosphere, as illustrated in Fig. 2b. The study was performed at a heating rate of 10 °C/min, starting from room temperature and
increasing to 600 °C, using 0.567 mg of powdered lignin. Fig. 2b displays the dynamic TGA, differential thermal analysis (DTA), and
derivative thermogravimetry (DTG) curves. The thermal stability and decomposition temperature of the lignin powder were evaluated
using TGA. The thermal decomposition of lignin occurs in three stages: the first stage, from room temperature to approximately 250 °C,
results in a 10 % weight loss, primarily due to the degradation of bound water [39]. The second stage, between 250 and 350 °C,
involves the breaking of - and p-aryl-alkyl ether bonds and aliphatic chains, leading to an additional 30 % weight loss [40]. The third
stage, from 350 to 600 °C, involves a 20 % weight loss due to the complete breaking of C-C bonds in lignin. Lignin extracted using the
Klason method exhibits good thermal stability, attributed to extensive condensation during acid treatment, which enhances its thermal
stability [41]. The DTA endothermic peak observed at 348.16 °C may be due to the dehydration or breakdown of lignin as a natural
aromatic polymer. These findings indicate that the polymers exhibit strong thermal stability even at 500 °C, as evidenced by the
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Fig. 2. a) FT-IR spectra of pure lignin, pristine TiO, and TiO,/lignin 5 %, and TiOy/lignin 15 % b) TG-DTG-DTA curve of pure lignin.



G. Rabelsa et al. Heliyon 11 (2025) 39913

remaining lignin content, due to long conjugation and higher aromatic content in the polymer structure [42]. Furthermore, the
temperature range of approximately 300-380 °C is associated with lignin, an amorphous polymer [43]. Thus, In the process of
obtaining pure lignin from rice husk, it is crucial to isolate the hemicellulose and cellulose components. According to DTG analysis,
hemicellulose decomposes primarily at 150-200 °C, while cellulose decomposes mainly at 200-300 °C [44,45]. However, lignin is
more challenging to decompose. The weight loss observed in the temperature range of 300-380 °C is attributed to lignin, an amor-
phous polymer consisting of propane alcohol units such as O-H, C-H, and C-O (Fig. 2a). This structure makes lignin more stable and
thus requires more heat energy for decomposition, as demonstrated in previous studies using the Klason method. The DTG data from
rice husk extraction shows that lignin exhibits its maximum weight loss at 312.72 °C. Therefore, the successful extraction of rice husk
lignin using the Klason method has been validated by the analysis of its thermal characteristics and corroborated by previous studies
[46].

3.3. Scanning electron microscope (SEM)

The thin film surface morphology of the lignin-based modified photoanode, as depicted in Fig. 3 for each photoanode sample,
shows some variations. In Fig. 3a, the pristine TiO, film exhibits smoother surface. On the other hand, TiO/lignin 5 % (Fig. 3b)
demonstrates a smooth surface with several larger pores compared to the pristine TiO, surface, with additional pores spread across
various parts of the surface, indicating a satisfactory increase in the surface area of the layer. Furthermore, the effectiveness of TiO; in
the adsorption of dyes solutions is significantly enhanced by its higher porous structure, which allows for better contact between the
dye solution and the TiO, surface. This is because the increased surface area provided by the porosity enables more efficient adsorption
of the dye molecules onto the TiO, surface [47]. In addition, the enhancement of pore size can promote electrolyte directly flow to the
surface of the semiconductor material before seeping outside.

3.4. Energy dispersive spectroscopy (EDS)

The Energy dispersive spectroscopy (EDS) analyses (Fig. 4a, b, and c) of pristine TiO5, TiO2/lignin 5 %, and TiO/lignin 15 % reveal
the presence of Ti, O, Na, Si, and C, corresponding to the inner K shells of these elements. These shells are associated with electron
emissions due to X-ray incidence. The weight percentages (wt%) of the primary peaks, titanium (Ti) and oxygen (O), which are the
main elements of TiO,, were determined. Elemental analysis shows titanium at 70.58 wt%, 68.83 wt%, and 53.92 wt%, and oxygen at
25.07 wt%, 24.08 wt%, and 37.03 wt%, respectively, demonstrating a reduction in oxygen content within the TiO, matrix following
the addition of 5 % lignin than pristine TiOz [47]. The presence of strong peaks for titanium and oxygen in the spectrum confirms the
purity of the TiO,. Furthermore, a trace amount of sodium (Na) at 0.16 wt% was identified in the TiO,/lignin 15 % composite,
attributed to residual sodium hydroxide (NaOH) from the Klason extraction process [32]. The carbon (C) content showed an increase
with lignin doping compared to pristine TiO,, measured at 1.44 wt%, 3.66 wt%, and 3.43 wt%, respectively. Additionally, silicon (Si)
was detected in all samples, with its weight percentage rising in tandem with higher lignin concentrations, measured at 2.27 wt%, 3.44
wt%, and 5.45 wt%, respectively.

3.5. Raman spectroscopy

To evaluate the phase identification of the nanocomposites, Raman spectroscopy was performed on pristine TiO2, TiOz/lignin 5 %,
and TiOz/lignin 15 %, as shown in Fig. 4d. The Raman spectra showed bands at 144 cm! (Eg), 196 cm! (Eg), 394 cm! (Bly), 516 cm!
(B1y), and 638 em! (Eyg), indicating the anatase phase of TiO2. Doping lignin into TiO2 resulted in bands similar to undoped TiOz, with
an elimination in the small band at 321 cm-! (B1g), which is not characteristic band of anatase TiO2 [48]. This phenomenon
demonstrate that the presence of lignin alters the detected vibrational pattern and indicates that lignin modification results in covering
the TiO: surface as shown in Fig. 3, thereby blocking the detection of unfamiliar peak in anatase TiO2 [48].

Fig. 3. SEM images of photoanode surface a) Pristine TiO5 b) TiO»/lignin 5 % c) TiO»/lignin 15 %.
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Fig. 4. EDS elemental analysis of a) Pristine TiO», b) TiO»/lignin 5 %, c) TiOy/lignin 15 %, and d) Raman spectra of pristine TiO», TiO»/lignin 5 %,
TiOy/lignin 15 %.

3.6. Brunauer-emmett-teller (BET)

To elucidate the effect of lignin-doped for TiO, mesoporous, the BET surface area, pore volume, and pore size of pristine TiOo,
TiOo/lignin 5 %, and TiOs/lignin 15 % were evaluated by N adsorption-desorption isotherm and the results as shown in Fig. 5 and
Table 1. The pore distribution of pristine TiO3 and TiOy/lignin 5 % confirmed the increase of mesoporous size as shown in SEM images
(Fig. 3), and the pore volume of TiO/lignin 5 % was increased compared to pristine TiO,. The pore volume and BET surface area of
TiOo/lignin 5 % (0.47 cm®/g and 61.8 m?/g) were higher than that of the pristine TiO, (0.40 cm®/g and 60.5 m?/g), while the average
pore size of TiOy/lignin 5 % (15.3 nm) was higher than that of the pristine TiO5 (13.1 nm). These could be attributed to the larger pores
that were covered by adding lignin of 5%in TiO3 paste, resulting in an increase in pore volume, BET surface area, and average pore size
average pore size. Increasing the porosity of the TiO, surface may lead to improved interactions with surrounding dye and electrolyte
solutions, as well as preventing electrolyte leakage leading to better utilization of active sites and faster kinetics which will result in a
material being more stable for electrochemical reactions in DSSC applications [49]. Moreover, the TiOy/lignin 5 % has a pore size of
15.32 nm which is considered as the optimal pore size for photoanode of DSSCs [50]. In addition, if the pore size is too small, there may
not be enough surface area for effective dye loading. Conversely, TiOs/lignin 15 % displayed a smaller pore volume (0.085 cm?/g) and
BET surface area (59.7 m2/g) with a resulting in an increase in pore volume, BET surface area, and average pore size of 2.84 nm.

This reduction in pore size at higher lignin concentration is attributed to increased aggregation of lignin particles within the TiO,
matrix, potentially blocking or occupying pore spaces as can be seen in Fig. 3. The TiOy/lignin 5 % has a higher pore volume than
pristine TiO as shown in Fig. 4a. Higher pore volume suggest that adsorption is occurring more rapidly with increasing pressure in the
given pore size range. Furthermore, the nitrogen adsorption isotherms of the samples are shown in Fig. 4b. In comparison to the
pristine TiOg, TiOy/lignin 5 % shows a relatively high nitrogen adsorptive capacity at a P/P, range of 0—1. When there are more pores,
it can be estimated that the dye absorption increases, and electrolyte leakage prevention occurs. Higher porosity results in higher
specific capacitance as well as better cycling stability for electrochemical energy storage devices including DSSC [51]. In this case, the
pore distribution of pristine TiO3 and TiO/lignin 5 % confirmed the increase in pore size.

Moreover, The TiOy/lignin 15 % was not plotted in both pictures due to limited tool capability for giving the data, the Barrett-
Joyner-Halenda (BJH) model cannot be used to accurately estimate pore size less than 7.5 nm due to the limited validity of the
Kelvin equation and neglect of fluid-wall interactions [52,53].
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Fig. 5. a) Pore size distributions and b) N, adsorption-desorption isotherms of pristine TiO, and TiO»/lignin 5 % c) XRD patterns of Pristine TiO,
and TiO, composited within several lignin concentrations.

Table 1
Specific surface areas and calculated BET diameter of Pristine TiO,, TiOy/lignin 5 %, TiO/lignin 15 %.
No Sample BET surface area. Sggr Nitrogen pore volume Average pore diameter
(m? g’l) (cm® g’l) (nm)
1 Pristine TiO, 60.5 0.40 13.1
TiOy/lignin 5 % 61.8 0.47 15.3
3 TiOy/lignin 15 % 59.7 0.09 2.8

3.7. X-ray diffraction (XRD)

As shown in Fig. 5¢, XRD diffractogram of TiO exhibited the main peaks at 25.33°, 37.76°, 48.20°, 53.99°, 54.97°, 62.79°, 68.80°,
70.29°, 75.11° corresponding to (101), (004), (200), (105), (211), (204), (113), (220) and (215), which matched the tetragonal
anatase structure of TiOy (JCPDS no. 21-1272) [54]. Furthermore, the (101) peak becomes more prominent in intensity compared to
other peaks and the after incorporating lignin into the composite TiO2. However, this intensity decreases when the lignin content
reaches 15 %. Additionally, this increase of the crystalline size was attributed to the higher intensity of the most significant peak (101)
[55]. This suggests that the original crystal cell structure of TiO2 remains intact, with no additional crystalline by-products forming
during the creation of the lignin/TiO> composite. Because lignin is inherently amorphous and lacks an ordered structure, the XRD
diffractograms for both composites show no diffraction peaks attributable to lignin [56].

3.8. Transmission electron microscope (TEM)

TEM images of pristine TiO», TiO2/lignin 5 %, and TiOy/lignin 15 % were captured at two different scale bars. The images at 100
nm scale bars are shown in Fig. 6a, b, and 6¢, while the images at 200 nm scale bars are presented in Fig. 6d, e, and 6f. The images
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Fig. 6. TEM images of (a) pristine TiO5, (b) TiO,/lignin 5 %, (c) and TiO/lignin 15 % for scale bars correspond to 100 nm, and (d) pristine TiO, (e)
TiOy/lignin 5 %, (f) and TiO,/lignin 15 % for scale bars correspond to 200 nm.

reveal variations in particle shape among the three samples. Pristine TiO; exhibits rod-like nanoparticles with an average size of about
12.67 x 25 nm. The addition of 5 % lignin to TiO4 results in an increase in size of rod-like nanoparticles, with an average size of about
15.5 x 42 nm. Furthermore, increasing the lignin concentration to 15 % leads to the formation of uniform nanoparticles, including
nanorods with an average size of about 12.33 x 12.33 nm, nanocubes with an average size of about 12.02 x 12.03 nm, and nano-
spheres with an average diameter size of about 63.10 nm, indicating the presence of aggregation due to the high lignin content in the
TiO4 composite, as confirmed by SEM observation.

3.9. Photoluminescence spectroscopy (PL)
The photoluminescence (PL) technique is extensively utilized to study oxygen vacancies, surface defects, surface states, charge

recombination, and photo-induced charge separation in nanoscale semiconductor materials [57]. The PL spectrum of pristine
Ti09/Z907, TiOy/lignin 5 %/Z907, and TiOy/lignin 15 %/Z907 are shown in Fig. 7a with the peak at the wavelength around 785 nm
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Fig. 7. The profile of a) Photoluminescence spectra of photoanode surface b) Cyclic voltammograms (CV) from Pristine TiO,, TiO/lignin 5 %,
TiOy/lignin 15 % with adding dye Z907.
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attributed to the PL peak of Z907 dye [58,59] The increase of PL intensity in TiOy/lignin 5 %/Z907 was due to the expansion of the
pores indicating that more dyes were adsorbed. The increase of dye adsorption on the TiO, surface increases the number of photons
absorbed and stimulates more intense light emission. In addition, both TiO2/lignin 5 %/Z907 and pristine TiO2/Z907 might absorb not
far for amounts of dye, but the structural differences due to lignin doping can influence electronic properties and recombination
dynamics. Lignin doping modifies surface properties and electronic structure, potentially enhancing radiative recombination. Doping
TiO9 with 5 % lignin can reduce non-radiative defects. These defects act as recombination centers that quench photoluminescence by
facilitating non-radiative pathways. With fewer non-radiative defects, more excitons recombine radiatively, increasing PL intensity
[60].

Moreover, aggregation and grain size significantly affect optical properties. TiOy/lignin 5 % has fewer aggregates compared to
TiO9/lignin 15 %, which shows more large aggregation. Large aggregates in TiOy/lignin 15 % create localized defect states facilitating
non-radiative recombination, reducing PL intensity. It is noted that the larger pore sizes in TiOy/lignin 5 % (as shown in Table 1) are
generally increased grain size, so the grain size in pristine TiO5 is smaller than that in TiO2/lignin 5 % which results in a higher defects
concentration as shown in Fig. 6 [61]. These defects would act as non-radiative recombination centers and thus decrease the emission
efficiency. Furthermore, Lignin doping can increase the density of oxygen vacancies, thus increasing radiative recombination and PL
intensity [62,63]. Thus, although TiOz/lignin 5 % absorbs more dye and increases the light emission of the PL peak, there can be a
decrease in photovoltaic performance compared to pristine TiO: in the initial device measurements. This is due to an increase in
recombination, which occurs because some electrons injected into the conduction band of TiO: return to the holes in the oxidized dye if
the dye regeneration process, typically occurring on the microsecond time scale, is not fast enough [3,64]. This issue can be triggered
by some dye molecules that have not interacted directly with TiO2, as well as by the formation of lignin component aggregates.

Hence, this interaction explains why TiOs/lignin 5 % shows the highest PL intensity, achieving a balance between sufficient lignin

a 100 b
18
80
<16
c
(=
2 60+ S
5 :2—314
(0] .
Q
© f 04
D 40 J 3
g / Pristine TiO 2
———rrstne 11 = 4
£ 2 ="_:.12
= a

! ——TiO,lignin 2.5% ;
20 - ——TiO,ignin 5%
——TiO,lignin 7.5% -

= TiO,Mlignin 10%
TiONignin 15%

0 : : L} T T T T T
200 400 600 800 1000 240 260 280 300 320
Wavelength (nm) Wave|ength (nm)
6
c Pristine TiO, d 1400 ,\/':\f . ¥ :‘\’,\
——TiO,/Lignin 2.5% ! VVYV VY
5 TiOzlLi nin 5% Equivalent Circuit: _/\;‘(\ A
2/-1anin 5% 1200 VVA o @
——TiO,/Lignin 7.5% _i
“‘:‘\4 | — TiOg/Lignin 10%
S TiO,/Lignin 15% 1000+ Lasmeateees
<>.> _g -'"-..l.'
03 O 800 ..-‘
o = o P T
> ’\.l I Mww’ o0y
£ 600 -| s :
Z21 3
g —s— Pristine TIO,
=~ 400 —e— TIO,/Lignin 2.5%
14 —v— TiO,Lignin 5%
200 4 —+— TiO,/Lignin 7.5%
| «— TiOLignin 10%
B Ew’ // i igni %
0 £-3200 g 33“_“‘{"‘ 0 ‘/ TiO,/Lignin 15%
T T T T T T T T T T T T T
320 322 324 326 328 330 3.32 334 336 338 340 0 500 1000 1500 2000 2500
Energy (eV) Z (Ohm)

Fig. 8. The profile of a) UV-Vis Diffuse reflectance spectra in all region spectra, b) UV-Vis Diffuse reflectance spectra in UV spectra (c) Calculated
band gaps based on Kubelka-Munk function for the photoanode of pristine TiO, and TiO, composited within several lignin concentrations without
dye-sensitizer d) The EIS Spectra of pristine TiO, TiOy/lignin 5 %, and TiOy/lignin 15 %.
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doping to reduce non-radiative defects and increase oxygen vacancies without causing excessive aggregation.

3.10. Cyclic voltammetry (CV)

To evaluate the cyclability of the composite photoanode, cyclic voltammetry (CV) curves were recorded for pristine TiO9, TiO3 with
5 % lignin, and TiO5 with 15 % lignin. These measurements were conducted within a voltage range of —1.2 to +2.2 V vs. Ag/AgCl at
room temperature, using a scan rate of 0.05 mV s™'. The photoanodes were prepared by drop casting the samples. The electrolyte
solution comprised 10 mM Lil, 1 mM I, and 0.1 M LiClOa in acetonitrile [65]. Fig. 7b presents the cyclic voltammetry analysis of these
samples. The catalytic activity of photoanodes in both oxidation and reduction processes was investigated to evaluate the current
response of the modified photoanodes. The voltammograms for pristine TiOg, TiOo/lignin 5 %, and TiOy/lignin 15 % exhibited similar
profiles, displaying electrochemical quasi-reversible waves indicating of redox phenomena in the photoanode.

The oxidation peak of TiO»/lignin 5 % was observed at a potential of +1.73 V (vs. Ag/AgCl) with a peak current of 1.69 mA em 2
which is slightly higher than that of pristine TiO; and TiOy/lignin 15 %, with oxidation peaks at +1.67 and + 1.59 V (vs. Ag/AgCl),
respectively, and peak currents of 1.54 and 1.39 mA cm ™2, respectively. This increase in peak current for TiO,/lignin 5 % indicates
enhanced electron transfer kinetics [66]. Additionally, the electrocatalytic reduction shows that pristine TiO3 has a clear peak po-
tential at —0.6 V, which is higher than that of TiOy/lignin 5 % and TiOy/lignin 15 %. Thus, the higher oxidation peak demonstrates
higher electrolyte absorption.

3.11. UV-Vis diffuse reflectance

The photoanode’s reflectivity was examined to study the scattering impact of TiO5 and lignin composite. The diffuse reflectance
UV-Vis spectra in Fig. 8b were used to analyze the reflectivity intensity before dye absorption in the photoanode film. It was observed
that the reflectivity intensity is higher in TiOy composites with increased lignin concentration compared to pristine TiO; in the
400-800 nm wavelength range. This is indicative of larger particle size in TiOy/lignin composite, which has better light scattering
properties. Moreover, the results also indicate that incident light is significantly scattered within the larger particles, contributing to
improved DSSC performance by utilizing sunlight more effectively [67]. Moreover, increasing lignin concentrations lead to the growth
of various particle sizes, as previously reported [68]. The previous report indicated that similar scattering effects were produced by
different-sized particles. However, it is important to note that different particle sizes may have adverse effects due to particle ag-
gregation. Excessive particle size caused by aggregation can result in reduced dye adsorption, and larger particles may obstruct part of
the TiO,, diminishing the accessible internal surface area, as observed in the 15 % TiO5/lignin composite with diverse particle sizes
(aggregates) depicted in Fig. 6f. In addition, the observed enhancement in reflectance is attributed to the increased porosity, which
results in a larger surface area and better dispersion of lignin particles within the mesoporous TiO2, as illustrated in Table 1. The
incorporation of lignin into the TiOz matrix introduces additional porosity due to the inherent structure of lignin, which is rich in voids
and channels as shown in Fig. 3. This structural characteristic of lignin contributes to the formation of a more porous TiO2 composite,
thereby increasing the overall surface area. Furthermore, the TiO, with adding lignin 5 %, the dispersion of lignin particles within the
TiO2 matrix prevents the agglomeration of TiO2 nanoparticles, increasing surface area. The lignin acts as a spacer, ensuring the TiO:
particles remain well-dispersed and do not cluster together. This improved dispersion enhances the accessibility of the TiO- surface for
light interaction, leading to increased reflectance and light scattering. Additionally, the presence of lignin particles dispersed in TiO2 is
validated through EDS analysis (Fig. 4a, b, c). The EDS results demonstrate that with higher lignin doping concentrations, the total
TiO2 component decreases within the same active area detection. This indicates that lignin is effectively incorporated into the TiO2
matrix, altering its composition and surface characteristics. Contrastingly, excessively high lignin concentrations can adversely affect
the photovoltaic performance of DSSCs. This is primarily due to the significant coverage of the active area by lignin, which does not
correspond with a sufficient increase in porosity. The poor homogeneity of the TiO2/lignin composite at high lignin concentrations
leads to the formation of numerous aggregations. These aggregations, particularly evident in the TiO2/lignin 15 %, hinder the efficient
operation of the DSSC and lead to reduced photovoltaic performance. Thus, increasing the lignin concentration leads to an increase in
diffuse reflectance, marked by a decrease in TiOz2 components and an increase in detected lignin concentration.

Moreover, absorbance analysis also can be interpretated using UV-DRS in UV and visible region as shown in Fig. 8b. In the UV
region, an increase in lignin concentration shifts the absorption range, leading to stronger light absorption than that of pristine TiOo,
which indicated that lignin-TiO5 had good UV-shielding property [69,70].

Furthermore, the band gaps of the photoanodes based on pristine TiO2 and TiO2 composited within several lignin concentrations
were calculated to be 3.30 eV (pristine TiOy), and 3.33, 3.32, 3.30, 3.29, 3.33 eV (respectively) according to the Kubelka—Munk
function (Fig. 8c), indicating that the presence of lignin generated an impurity band and narrowed the band gap of TiO,, without
exerting a significant impact.

The Kubelka-Munk (K-M or F(R)) technique for measuring the bandgap of solid materials using DRS results, The K-M method is
based on the following equation (1):

(1-R)’

FR)=—3R

(€D

where R is the reflectance; F(R) is proportional to the extinction coefficient (). This equation is typically applied to materials that are
both highly reflective and absorbent. By substituting F(R) in Eq. (1), the bandgap can be determined from the reflectance data. TiO,

10



G. Rabelsa et al. Heliyon 11 (2025) 39913

exhibits both direct and indirect bandgap. However, it is proved that indirect bandgap is favoured in anatase TiO3 [71]

3.12. Electrochemical Impedance spectroscopy

. EIS was performed on DSSC devices as illustrated in Fig. 8c. The Nyquist plots displayed two semicircular arcs. The electrode
potential losses originate from three main sources: ohmic, activation, and mass transfer losses [72]. Consequently, the equivalent
circuit model R;(R2Q2)(R3Q3) was utilized to analyze the internal resistance components. In this circuit, R; represents the ohmic
resistance, Ry and Q- in parallel signify the combined activation resistance and the double-layer capacitance for the anode and
cathode, while Rz and Qs in parallel correspond to the finite diffusion effects [73]. In general, the small semi-circle observed in the
high-frequency region is attributed to the redox reaction occurring between the electrolyte and the Pt interface. Meanwhile, the large
semi-circle in the middle-frequency region is associated with electron transfer at the TiOo—dye-electrolyte interface [74]. The pristine
TiO4 exhibits the largest semicircles among the TiO, composites with various lignin concentrations in both high-frequency and
low-frequency regions. This is primarily due to the low amount of electrolyte adsorption, resulting in fewer ions available for charge
transfer, as indicated by increased Charge Transfer Resistance (Rct/Rg). Moreover, the TiO»/lignin 5 % composite showed the smallest
semicircles, which could be attributed to its role as a higher scattering layer, leading to better light scattering effects than pristine TiO».
In summary, the TiOy/lignin 5 % composite, with its smaller essential resistance, indicates that the as-prepared TiO, nanotubes
constructed higher mesoporous are suitable for improving photoanode efficiency. However, the presence of slight aggregates may
slightly reduce its I-V performance at the first measurement (Fig. 9a). Additionally, other devices with added lignin show intermediate
semicircle sizes due to suboptimal pore enhancement and the presence of larger aggregates in the TiO5/lignin 15 % composite (Fig. 3c).
This EIS measurement was conducted immediately after each device was injected with the electrolyte solution. Thus, the increase in
pore size in the TiOy/lignin 5 % resulted in more optimal electrolyte absorption compared to pristine TiOy as confirmed by CV
measurement.

3.13. DSSC characterization

Next, the photovoltaic properties of DSSCs with lignin-modified photoanodes were investigated. These photoanodes included
pristine TiO5 and TiO5 composited with varying concentrations of lignin. J-V measurements were employed to evaluate the electrical
properties of DSSC using a sun simulator with a Xenon lamp as the light source. As shown on Table 2, It can be seen that the modified
photoanode of DSSC with the pristine TiO, as the control device shows a short-circuit current (Js¢) of 14.35 mA cm ™2, an open-circuit
voltage (Voc) of 0.661 V, and a fill factor (FF) of 53.4 %, resulting in a power conversion (PCE) of 5.07 %. The modified photoanode of
DSSC using TiOy/lignin 5 % shows not far performance from the pristine TiOy, a Js¢ of 12.56 mA em 2, a Voc of 0.669V, and a FF of
57.3 %, resulting in a PCE of 4.81 %. Moreover, the TiOy/lignin 15 % for the highest concentration shows the performance with a Jsc of
8.69 mA cm_z, an Voc of 0.669V, and a FF of 55.5 %, resulting in a PCE of 3.22 %.

The lower PCE of the TiO5 and lignin composite at various concentrations compared to pristine TiO3 is primarily due to the decrease
in Jsc, as shown in Table 2. This reduction in Jsc can be attributed to the presence of lignin, which may reduce the available TiO5
surface sites for dye adsorption despite the increase in TiO, nanoparticle size. Additionally, lignin might introduce barriers that hinder
electron transfer, increase recombination rates, and alter the composite’s optical properties, leading to less effective light harvesting.
These factors collectively contribute to the observed decrease in Jsc and, consequently, the PCE. However, using a 5 % lignin con-
centration appears optimal, as it increases the pore size in the TiO, mesoporous structure, allowing for more dye adsorption without
significantly reducing Jsc due to minimal aggregation. This enhanced pore structure facilitates deeper dye penetration, substituting
degraded dye molecules that directly interacted with TiO5 in the first measurement, thereby maintaining PCE stability for three
months.

After the first measurement and stored for one month, the DSSC performance was characterized as also presented in Table 2 and
visually represented in Fig. 9a using J-V curve. In Fig. 9a, it is evident that when compared to pristine TiO», all lignin-doped devices
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Table 2
Photovoltaic parameters of DSSC for the Pristine TiO, and TiO, composited within several lignin concentrations in the first measurement and after
one month storage.

No Photoanode Day 0 PCE Day 30 PCE
Sun (100 mW/cm? AM 1.5G) FF Voc Jsc FF Voc Jsc

(%) 42] (mA/cm?) (%) (%) W (mA/cm?) (%)
1 Pristine TiO, 53.4 0.661 14.35 5.07 49.0 0.545 10.69 2.85
2 TiO,/Lignin 2.5 % 57.1 0.660 10.67 4.02 53.6 0.590 9.28 2.93
3 TiO,/Lignin 5 % 57.3 0.669 12.56 4.81 54.6 0.638 10.72 3.73
4 TiO,/Lignin 7.5 % 53.0 0.666 11.59 4.09 54.6 0.587 7.18 2.31
5 TiO,/Lignin 10 % 55.7 0.656 7.98 2.92 56.4 0.609 5.82 2.0
6 TiO,/Lignin 15 % 55.5 0.669 8.69 3.22 46.8 0.605 6.30 1.78

exhibit J-V curves with a more rectangular shape, indicative of enhanced fill factor (FF). Notably, the addition of 5 % lignin to the TiO5
composite resulted in the best performance that demonstrates the improved stability for the lignin-doped devices: the PCE of 3.75 %,
the Voc of 0.638V, the FF of 54.6 %, and the Jgc achieved at 10.72 mA/cm?. In comparison, the pristine TiO4 exhibited smaller values:
PCE of 2.85 %, Voc of 0.545V, FF of 49 %, and Js¢ of 10.69 mA/cm?.

In addition, the stable performance of the TiOy/lignin 5 % was also confirmed as shown in Fig. 9b. The J-V curve for TiO2/lignin 5
% exhibited minimal deviation after 3 months storage. The device maintained a steady peak current density, with a slighter decrease
from 12.56 to 9.77 mA/cm?. Moreover, TiO9/lignin 15 % experienced a second small decrease from 8.69 to 4.08 mA/cm?, while
pristine TiO, exhibited the highest decrease from 14.3 to 9 mA/cm?. The consistent light absorption and charge generation by the dye
molecules in TiO2/lignin 5 % were reflected in their slower decline over time. Moreover, the third month of J-V curve shows that TiOy/
lignin 5 % has the closest resemble a rectangle than pristine TiO5 and TiOy/lignin 15 % indicating that it has high V¢, high Js¢, and a
high FF.

Advanced investigation of aging tests were conducted on lignin from rice husk on TiO, on the modified photoanode of DSSC for
around 90 days and displayed the parameters of the best stability performance on three devices including PCE, Jsc, Voc and FF
(normalized). The PCE stability of photoanodes over an extended aging period was investigated as shown in Fig. 9c and Table 3. The
device using pristine TiO5 on the photoanode exhibited poor stability, with a 48 % decrease in power conversion efficiency (PCE) over
90 days due to the absence of a polymer matrix that can avoid electrolyte evaporation or leakage from sealing imperfections. In
addition, the TiOy/lignin 15 % device yield performance, with an initial PCE of 3.22 % on the first day, decreasing to 1.55 % after 90
days (51 % reduction). However, the TiOy/lignin 5 % device achieved better stability, maintaining an initial PCE of 4.81 % and
experiencing only a slight decrease to 3.36 % after 90 days (a reduction of 22 %). As shown in S1a, the TiOo/lignin 5 % exhibits greater
Vo stability compared to TiO/lignin 15 %, while pristine TiO4 has the poorest stability. Furthermore, as can be seen from S1b,c,
TiOy/lignin 5 % is more stable Jsc and FF than pristine TiO; and TiOy/lignin 15 %.

Specifically, the favorable characteristics of the lignin-modified photoanode with 5 % concentration include the higher pore dis-
tribution namely 15.32 nm compared to pristine TiO3 (13.13 nm), well-ordered mesoporous that facilitate mass transport, an increased
surface area providing more sites for dye adsorption, that aids in the separation of photogenerated electron-hole pairs, as confirmed by
surface photovoltage measurements [75].

Additionally, the hydroxyl groups in lignin, along with other functional groups such as carboxyl and carbonyl (as shown in the FTIR
spectra in Fig. 2a, are essential for specific interactions with functional component precursors. These hydroxyl groups can form
hydrogen bonds with the hydroxyl groups on the surface of TiOz particles. Hydrogen bonding occurs when a hydrogen atom, covalently
bonded to an electronegative atom like oxygen in —OH, interacts with another electronegative atom, enhancing adhesion between
lignin and TiO:z [76]. Notably, TiCls is used as both a pre- and post-treatment in DSSCs to improve cohesion on the TiO:z surface. The
strongly electronegative hydroxyl groups on the lignin surface have a high affinity for electropositive metal ions. Specifically, the
positively charged Ti(OH)»*~™7 species, formed during the partial hydrolysis of TiCls, readily binds to nucleophilic ligands, facili-
tating adsorption onto the lignin surface through electrostatic attraction. This adsorbed Ti(OH)x*"™* then undergoes further hy-
drolysis and transforms into Ti—(O-lignin)as, resulting in the formation of uniformly distributed TiOz nanoparticles on the lignin surface
[771. Based on our finding, the addition of various lignin concentrations did not significantly degrade performance, highlighting its
compatibility and potential for use in these applications. Furthermore, DSSC devices incorporating TiO2/lignin 5 % exhibit efficiency
levels nearly equivalent to pristine TiO, simultaneously enhancing device stability. Optimizing homogeneity during the stirring
process leads to further efficiency improvements, as it minimizes the presence of aggregated particles, which could otherwise act as a

Table 3
The DSSC performance of 3-month operation for the Pristine TiO,, TiOs/lignin 5 % and TiO»/lignin 15 %.
No Photoanode Day 90 PCE (%)
Sun (100 mW/cm? AM 1.5G) Voc (V) FF (%) Jsc (mA/cm?)
1 Pristine TiO, 0.557 47.7 9.0 2.39
2 TiO, + Lignin 5 % 0.624 55.2 9.77 3.36
3 TiO, + Lignin 15 % 0.584 56.1 4.08 1.34
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Table 4
Latest research of modifying photoanode using lignin in DSSCs.
No  Lignin source Deposition Layer type Dye-sensitizer Counter PCE Stability Year Ref.
Technique electrode (%)
1 The self-growing plant Doctor Single layer Fresh flowers Graphite 2.95 Not 2020 [30]
(Typha Angustifolia) blade composite material (Raspberry) reported
2 The self-growing plant Doctor Single layer N719 Graphite 2.3 Not 2021 [31]
(Lily) blade composite material reported
3 Commercial lignin Spin Double layer N719 Platinum 4.65 Not 2022 [32]
coating reported
4 Rice husk Spin Single layer 7907 Platinum 4.81 Reported This
coating composite material work

potential source of resistance.Furthermore, the degradation of electrolytes in DSSCs can be effectively mitigated through lignin doping.

After completing the characterization process using a sun simulator and storing the devices for 90 days, advanced stability eval-
uation of these device was tested under an LED-powered Dyenamo Toolbox. Specifically, The transient photo-voltage (TPV) method, a
transient technique, was employed to investigate carrier recombination processes in our DSSCs. TPV induces a small Fermi level
change within the solar cell. In contrast, Voc decay captures the complete decay from a specific light intensity down to zero Vg,
effectively measuring all changes over time. Additionally, the working dynamic range for determining recombination kinetics in thin-
film solar cells was aimed to be identified [78,79].

The V¢ decay was measured for DSSCs with various samples: pristine TiOg, TiO2/lignin 5 %, and TiOy/lignin 15 %, using TPV as
depicted in S2. Notably, as light intensity increases, the Vo of the solar cell also rises, resulting in a faster decay rate with a consistent
trend across all devices. Furthermore, different light biases were used to compare these decay kinetics, as represented in Fig. 10. By
correlating changes in Vo¢ with carrier lifetime extracted from TPV measurements using equation (2):

SV=Ae "

where 7 (s) represents the charge carrier lifetime and t is the time [80].

Additionally, the open-circuit potential decay transients of dye-sensitized nanostructured TiO5 solar cells were examined (shown in
Fig. 10a). When the light source was switched off at = 0 s, the voltage of cells with pristine TiO5 or TiOy/lignin 15 % dropped to less
than 300 mV after 10 s. In addition, this phenomenon of the open-circuit potential decay transients was clarified in Fig. 10b.
Remarkably, cells with TiOy/lignin 5 % maintained a voltage of over 300 mV. Notably, the traces for pristine TiO and TiO2/lignin 5 %
cells were approximately parallel, while the TiO5/lignin 15 % cell exhibited distinct decay behavior. Furthermore, the observed trends
in small modulation square wave (SW) photocurrent/voltage transients, as shown in Fig. 10c, indicated that with an increase in base
light intensity, carrier lifetimes tended to decrease. Thus, the TPV and Vg decay measurements revealed that the incorporation of
lignin into TiO5 affects the recombination dynamics in DSSCs. Specifically, TiO»/lignin 5 % showed improved charge retention and
slower recombination rates compared to pristine TiO5 and TiOy/lignin 15 %. The results indicate that moderate lignin doping (5 %)
enhances the performance of DSSCs by improving carrier lifetimes and reducing recombination rates. Conversely, higher lignin
content (15 %) may introduce distinct recombination behaviors, potentially due to several aggregation, negatively impacting the
device’s performance.

In the past decade as summirized in Table 4, the number of publications discussing the stability of DSSC modules has noticeably
declined compared to the 2005-2010 period [3]. Additionally, the adoption of natural doping agents, such as lignin, remains relatively
low. This research demonstrates that rice husk lignin enhances DSSC performance and includes stability testing, marking a well and
novel improvement over previous lignin-based doping research conducted about the last five years.

4. Conclusions

The utilization of lignin extracted from rice husk as a novel natural dopant and biopolymer template in photoanode modification
for DSSCs holds significant promise. Lignin, being abundant and sustainable, enhances the eco-friendliness of DSSCs. This study ex-
plores the impact of various concentrations of rice husk lignin, extracted using the Klason method. Incorporating lignin-doped TiO2
improves UV-Vis light absorption and maintains the TiO: crystal structure, with chemical bonding between TiO: and lignin. Doping
TiO2 with 5 % lignin achieved a PCE of 4.81 %, demonstrating enhanced stability. This enhancement is attributed to the increased pore
size and uniform pore distribution on the TiO: film, which improves dye and electrolyte collection, thereby prolonging DSSC per-
formance. The TiOz/lignin 5 % device maintains stable performance, showing a 22 % lower reduction in PCE, V¢ and Jsc compared to
pristine TiOz and TiO2/lignin 15 % over a 3-month period. Additionally, TiO2/lignin 5 % exhibits the slowest decrease in stability over
time.
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