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Abstract 

Dye-sensitized solar cells (DSSCs) use dyes to absorb sunlight. Tannin is an eco-friendly 

natural dye alternative. However, the efficiency of tannin-based DSSCs is still low due to 

the limited number of conjugated double bonds. This study aims to improve the efficiency 

of DSSCs by polymerizing tannin in two steps: Formaldehyde condensation under acidic 

conditions and glutaraldehyde crosslinking in an alkaline medium. Parameter variations 

included initiator concentration (KOH vs. NaOH), crosslinking agent volume, 

polymerization time and temperature, and tannin monomer concentration. Characterization 

by FTIR and UV-Vis spectroscopy showed an increase in light absorption after 

polymerization as a bathochromic effect. The best results were obtained at 120 °C, 2% 

NaOH initiator, 2.5 mL glutaraldehyde volume and 90 min reaction time, with DSSC 

efficiency reaching 9.18%, a fourfold increase compared to pure tannin (2.18%). This study 

shows that tannin polymerization significantly improves the efficiency of DSSCs, so it has 

the potential to be developed as a more efficient natural dye for photovoltaic applications. 

Keywords: crosslinking agent, dye, dye-sensitized solar cell (DSSC), natural dye, 

photovoltaic performance, poly-tannin, tannin polymerization 
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Highlights 

1. Tannin polymerization significantly enhances DSSC efficiency, achieving up to 9.18%, 

a fourfold increase compared to unmodified tannin (2.18%). 

2. Dual-step polymerization using formaldehyde condensation and glutaraldehyde 

crosslinking increases conjugated double bonds, resulting in bathochromic shifts and 

wider visible light absorption (200–700 nm). 

3. Optimal polymerization conditions were identified: 120°C, 2% NaOH initiator, 2.5 mL 

glutaraldehyde, and 90 minutes reaction time, yielding the best photovoltaic 

performance. 

4. Systematic study on initiator types (NaOH vs. KOH), monomer concentration, 

crosslinker volume, and polymerization time provided clear structure-property-

performance relationships for DSSC application. 

5. Poly-tannin demonstrated higher viscosity and density, indicating increased molecular 

weight and stability, enhancing dye adsorption and electron transfer on TiO₂ 

photoanodes. 
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Introduction 

Energy is an essential part of everyday 

life (Chien et al., 2023; Dorahaki et al., 

2018; Malinauskaite et al., 2019; 

Millward-Hopkins et al., 2020; Piao & 

Managi, 2023). Fossil fuels, as the main 

source of energy, are becoming 

increasingly limited and have a negative 

impact on the environment due to 

greenhouse gas emissions (Achakulwisut 

et al., 2023; Dorahaki et al., 2018; 

Friedlingstein et al., 2023; Müller et al., 

2023; Piao & Managi, 2023; Weir et al., 

2021). As a result, research into 

renewable energy is expanding, 

particularly solar energy, which is 

recognized as one of the most abundant 

and environmentally beneficial energy 

sources (Elalfy et al., 2024; Gul et al., 

2016; Hossain et al., 2020; Kabir et al., 

2018; Nijsse et al., 2023; Shahsavari & 

Akbari, 2018; Yang et al., 2017). 

Dye-sensitised solar cells (DSSCs) are 

a future technology that continues to be 

developed as an alternative to solar energy 

due to their lower production costs 

compared to silicon-based solar cells 

(Badawy et al., 2024; Hamed et al., 2017; 

Hariningtias & Setiarso, 2021; Onah et 

al., 2024; Plebankiewicz et al., 2024; 

Rahman et al., 2023). DSSCs work by 

using dyes to absorb light and convert 

photon energy into electrical energy 

through TiO₂ semiconductors (Badawy et 

al., 2024; Gong et al., 2017; Khan et al., 

2023; Michaels et al., 2020a; Rahman et 

al., 2023; Sharma et al., 2018; Wu et al., 

2015). The selection of dyes with optimal 

light absorption in the visible spectrum, 

high stability, and environmental 

friendliness is a major challenge in DSSC 

development (Ammar et al., 2019; 

Coppola et al., 2023; Dragonetti & 

Colombo, 2021; Narvaez et al., 2021; 

Talwekar & Tiwari, 2022; Ye et al., 

2015). 

Most DSSC research uses complex 

metal dyes, such as ruthenium (Ru), 

which are known for their high efficiency 

but have high production costs and the 

potential to pollute the environment 

(Badawy et al., 2024; Barichello et al., 

2024; Fagnani et al., 2023a, 2023b; 

Fetouh et al., 2024; Mathew et al., 2014; 

Michaels et al., 2020b; Sharma et al., 

2018). A more environmentally friendly 

alternative is natural organic matter-based 

dyes, such as anthocyanins, chlorophyll 

and tannins (D’Amico et al., 2023; 

Mahajan et al., 2024; Malhotra et al., 

2024; Richhariya et al., 2017; Triyanto et 

al., 2024; Zafar Iqbal, 2017). Tannins are 

polyphenolic compounds that can interact 

with visible light through their conjugated 

double-bond structure (Das et al., 2020; 

Haryatmi & Susilowati, 2022; Nurosyid et 

al., 2024; Suyitno et al., 2024; Swanson, 

2003; Upneja et al., 2024). However, the 

effectiveness of tannin-based DSSCs 

remains lower than that of metal-based 

dyes due to the limited number of double 

bonds accessible for light absorption 

(Bekele & Sintayehu, 2022; da Conceição 

et al., 2023a, 2023b; Dhorkule et al., 

2024). 

A polymerization process can modify 

the tannin structure to improve the 

efficiency of tannin-based DSSCs (Das et 

al., 2020; Vera & Urbano, 2021). 

Polymerization of tannins aims to 

increase the number of conjugated double 

bonds, thereby increasing photon 

absorption in the visible spectrum (Das et 

al., 2020; Koopmann et al., 2020; Vera & 

Urbano, 2021). This happens through a 

condensation reaction in an alkaline 

medium, such as formaldehyde and a 

cross-linking agent (glutaraldehyde). 

Although this strategy has the potential to 

improve the efficiency of DSSCs, few 

studies have investigated the impact of 

polymerization parameters on DSSC 

efficiency. 

The purpose of this study was to find 

the best polymerization conditions for 

tannic acid by changing the initiator 

concentration (KOH and NaOH), the 

amount of crosslinker (glutaraldehyde), 

the polymerization time, the 

polymerization temperature, and the 
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concentration of tannic acid monomer. 

The efficiency of DSSCs produced under 

different polymerization settings was 

examined to find the optimal combination 

of parameters that could improve the 

energy conversion efficiency. The 

application of tannic acid-based polymer 

resins synthesized under various 

polymerization conditions for use in dye-

sensitized solar cells (DSSCs) is a new 

field of research. Although tannins have 

been studied for various applications, 

their systematic optimization as 

polymeric materials for DSSC 

photoanodes is still limited in the 

literature. Furthermore, a direct 

correlation between polymer structure 

(adjusted by polymerization parameters) 

and its impact on light absorption and 

energy conversion efficiency will provide 

valuable insights into material design for 

eco-friendly and bio-based solar energy 

devices. 

 

Research Methods 

This research used tannic acid 

(Brataco, technical grade), glutaraldehyde 

(GA, Merck, 25% in water), filter paper 

(Whatman No. 1), ITO glass (Sigma-

Aldrich, surface resistance ~15 Ω/sq), 

distilled water, double-distilled water 

(aquabidest, Ikapharmindo, p.a.), 

formaldehyde 37% (Merck, p.a.), 

potassium hydroxide (KOH, Merck, 

≥85%, pellets), sodium hydroxide 

(NaOH, Merck, ≥98%, pellets), 

hydrochloric acid 36% (Merck, p.a.), 

universal pH indicator paper (Merck), 

alcohol 70% (Indo Alcohol), aluminum 

foil (Reynolds), potassium iodide and 

iodine (KI/I₂, Merck, p.a.), polyethylene 

glycol (PEG 400, Merck), acetonitrile 

(Merck, p.a., ≥99.8%), methanol (Merck, 

p.a., ≥99.9%), titanium dioxide TiO₂ 

Degussa P-25 (Evonik, anatase/rutile 

~70:30), ferrous sulfate heptahydrate 

(FeSO₄·7H₂O, Merck, p.a.), and carbon 

derived from wax (locally synthesized via 

pyrolysis of paraffin-based candle wax).  

The polymerization process of tannin 

increases the number of conjugated 

double bonds, increasing the absorption of 

photons in the visible spectrum. Tannin 

was mixed with an acid catalyst solution 

(HCl and formaldehyde) and condensed at 

200 °C for 2 hours under magnetic stirring 

to form tannin-formaldehyde resin. The 

resulting resin was filtered, washed, and 

dried at 80°C. Next, the dried resin was 

dissolved in a base solution (KOH/NaOH) 

with different concentrations, heated at 

60–70°C, and glutaraldehyde was added 

as a cross-linking agent, forming poly-

tannin-glutaraldehyde resin (PTGR). The 

mixture was further heated before being 

cooled.  

Characterization was carried out using 

FTIR and UV-Vis spectroscopy to 

analyze changes in functional groups and 

absorption spectra, as well as to measure 

the density and viscosity of the solution. 

ITO glass was prepared by cutting, 

ultrasonic cleaning, and resistance 

measurement to determine electrical 

conductivity. A nanocrystalline TiO₂ 

layer was deposited on ITO glass and 

heated at 100°C for 30 min. The 

electrolyte solution was prepared from 

KI/I₂ in acetonitrile with PEG added to 

improve ionic conductivity. The carbon 

counter electrode was prepared by coating 

the ITO glass with a carbon layer from a 

burning candle and heated to improve 

adhesion. The synthesized dye was 

applied to the TiO₂ layer by immersion for 

30 min, dried, and then superimposed 

with the carbon electrode to form a 

sandwich structure with offsets at the ends 

for electrical contact. Two drops of 

electrolyte solution were added before the 

solar cell was fully assembled.  

The performance of the DSSC was 

tested using a 24 W/m² UV lamp as the 

light source. The voltage and current were 

measured by a digital multimeter, and the 

energy conversion efficiency was 

calculated based on its photovoltaic 

response. The use of UV lamps is because 

although it does contain more visible light 
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components, UV radiation has a higher 

photon energy and can cause structural 

damage to solar cell materials, such as 

degradation of the protective layer, 

formation of surface defects, as well as a 

significant decrease in device efficiency 

(Sinha et al., 2023). Thus, testing with UV 

lamps is often used as an accelerated 

aging test method to predict the durability 

and reliability of materials against long-

term exposure to sunlight, as the 

destructive effects of UV can accelerate 

the degradation process that usually takes 

place over many years under natural 

sunlight. Thus, while analysis using the 

visible light spectrum is also important to 

mimic real conditions, the use of UV 

lamps remains scientifically relevant to 

evaluate material durability and study the 

degradation mechanisms that may occur 

in solar cells. 

 

 

Results and Discussion 

Dye characterization 

Dye characterization using Fourier 

Transform Infrared (FTIR) was used in 

this study to detect functional groups and 

types of chemical bonds in tannins before 

and after polymerization into poly-

tannins. The purpose of this study is to 

better understand the chemical structure 

changes that occur throughout the 

polymerization process, specifically in the 

creation of poly-tannin glutaraldehyde 

resin (PTGR). Tannin polymerization was 

carried out in an alkaline medium (NaOH) 

with glutaraldehyde as a cross-linking 

agent, producing resins with more 

complicated structures. FTIR 

characterization was used to detect 

changes in infrared absorption spectra, 

indicating functional group alteration 

during polymerization. The results are 

shown in Figure 1 and Table 1. 

 

 
Figure 1. FTIR spectra of pure tannins and poly-tannin glutaraldehyde resin (PTGR), 

highlighting functional group changes after crosslinking. 

 

Table 1. Functional group assignments and corresponding wave numbers observed in FTIR 

spectra of tannins and PTGR. 

Functional groups 
Data Interpretation (cm-1) 

Tanin Poli-Tanin Literature Data 

O-H phenol 3240.56 3318.58 3600–3200 

CH2 methylene - 2942.46 2700–3000 

C=C aromatic 1513.55 1549.83 1500–1675 

C-O aromatic 1024.64 1021.33 1000–1100 

C=O carbonyl 1606.49 1635.66 1600–1820 
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FTIR spectra were analyzed at 600–

4000 cm-¹ for pure tannins and 500–4000 

cm-¹ for poly-tannin. The spectra revealed 

considerable changes in the chemical 

structure of tannins after polymerization. 

Pure tannin contains three major groups: 

phenolic (-OH) at 3240.56 cm-¹, carbonyl 

(C=O) at 1606.49 cm-¹, and aromatic 

(C=C and C-O) at 1513.55 cm-¹ and 

1024.64 cm-¹. After polymerization, the 

infrared spectrum shifts, indicating a 

change in chemical structure. The phenol 

(-OH) group had the biggest shift from 

3240.56 cm-¹ to 3318.58 cm-¹, showing a 

change in hydrogen bonding interactions 

caused by polymerization. In addition, 

two new peaks appeared at 2942.46 cm-¹ 

and 2877 cm-¹, corresponding to 

vibrations of the methylene bridge (-CH₂) 

formed during the reaction between 

tannin and formaldehyde. A decrease in 

carbonyl (C=O) intensity was also 

observed, indicating a change in the 

chemical structure of the tannin after 

polymerization. 

The dyes were also characterized using 

a UV-Vis spectrophotometer to see how 

polymerization affected the optical 

characteristics of the tannins. The findings 

revealed a bathochromic impact. The 

bathochromic effect results from the 

interaction of the chromophore (light-

absorbing group) and the autochrome 

(substituent group that enhances the 

optical effect). The addition of electrons 

to the poly-tannin structure during 

polymerization causes an absorbance 

change to higher wavelengths (redshift). 

The wavelength of maximum absorption 

shifts from 275 nm to 456 nm from pure 

tannin to poly-tannins, as shown in Table 

2 and Figure 2. Furthermore, poly-tannin 

absorbs light in a broader range than pure 

tannin. Tannin absorbs light from 200 to 

400 nm, while poly-tannin absorbs light 

between 200 and 700 nm. This 

demonstrates that poly-tannin absorbs 

more light in the visible wavelength 

range, which will increase its potential 

efficiency in DSSCs. Poly-tannin is 

projected to be more efficient than pure 

tannin in DSSC applications due to its 

increased absorption in the visible light 

area and wider spectrum. Overall, the UV-

Vis characterization data indicate that 

tannin polymerization improves light 

absorption, which is an important 

component in improving dyes' efficiency 

as photosensitizers in DSSCs.

 

Table 2. UV-Vis absorbance data of tannins and poly-tannin glutaraldehyde resin (PTGR), 

showing changes in peak position and intensity after polymerization. 
Dye Maximum wavelength (nm) Absorbance Absorption Area (nm) 

Poly-Tannins 456 0.259 200–700  

Tannins 275 0.250 200–400 

 
Figure 2. UV-Vis spectra of tannins and poly-tannin glutaraldehyde resin (PTGR), showing 

changes in absorbance peaks after polymerization.
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The difference in density and viscosity 

between pure tannin and poly-tannin can 

also be used to measure the completion of 

polymerization. According to Figure 3, 

viscosity and density values increase 

dramatically after tannin polymerization 

to poly-tannin. The viscosity of poly-

tannin was 9.13774 poise, significantly 

higher than that of pure tannin, which was 

only 1.83007 poise. This rise causes the 

solution to flow more slowly than pure 

tannin. The greater viscosity value also 

implies that poly-tannin has a higher 

molecular weight due to the longer 

polymer chains formed during the 

polymerization process.  

The density of pure tannin increased 

from 1.04112 g/cm³ to 1.102 g/cm³ for 

poly-tannin, a difference of 0.06088 

g/cm³. This shows that poly-tannin has a 

larger density, which is due to the increase 

in intermolecular bonding after 

polymerization. As poly-tannins' 

molecular weight grows, the interactions 

between molecules get stronger, resulting 

in a considerable increase in viscosity. 

Taken together, these characterization 

data demonstrate that the tannin 

polymerization was successful in 

producing a poly-tannin with a more 

complicated structure and a larger 

molecular weight, resulting in an increase 

in density and viscosity. This implies that 

poly-tannins may have a higher potential 

as a dye in DSSC applications than pure 

tannin. 

 
Figure 3. Comparison of density and viscosity between tannins and PTGR, showing the 

effect of crosslinking on the physical properties of the resin. 

 

The effect of the crosslinking agent 

volume 

Cross-linking agents play an important 

role in tannin polymerization by 

influencing the creation of links between 

polymer chains. This study used 

glutaraldehyde as a cross-linking agent. It 

combines with hydroxyl (-OH) groups on 

tannins via an aldol reaction or Schiff 

condensation reaction mechanism, 

generating methylene (-CH₂-) bridges 

between tannin molecules. The results are 

presented in Figure 4. In general, the 

amount of cross-linking agent affects the 

length and degree of branching of the 

poly-tannin chain formed: low and 

excessive crosslinker volume. 

Low crosslinker volume (≤ 0.5 mL) is 

when the amount of free radicals 

generated is small, so only a small fraction 

of the tannin monomers can bond. This 

results in a polymer with a short structure, 

which is less effective in forming double 

bond conjugates, reducing photon uptake 

and lowering DSSC efficiency (1.85%). 

The volume of crosslinker increases (up to 

2.5 mL): More free radicals are generated, 

increasing polymerization and producing 

poly-tannin with longer, branched chains. 

This structure is more optimal for forming 

a conjugated double bond system, which 

plays a role in increasing light absorption 

and electron transfer in DSSCs. 

Therefore, the efficiency of the DSSC 

reached a maximum value of 7.01% at a 

volume of 2.5 mL of glutaraldehyde.  

Excessive crosslinker volume (>2.5ml) 

means excessive addition of 

1.04 1.10
1.83

9.14

Tannin Poly tannin Tannin Poly tannin

Density (g/cm³) Viscosity (Poise)
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glutaraldehyde causes the polymerization 

reaction to become uncontrolled, resulting 

in an overly dense polymer network. As a 

result, the mobility of electrons in the 

system is reduced and charge transfer in 

the DSSC is inhibited, leading to a 

decrease in efficiency at volumes of 3.5 

mL and 4.5 mL. These results indicate that 

the optimum volume of cross-linking 

agent in tannin polymerization for DSSCs 

is 2.5 mL, because at this condition, poly-

tannin has a good balance between chain 

length, conjugation degree and electron 

transfer capability.

 

 
Figure 4. Influence of varying glutaraldehyde volumes as a crosslinking agent on DSSC 

performance parameters: open-circuit voltage, internal resistance, and overall efficiency. 

 

The effect of initiator concentration 

(comparison between KOH and NAOH) 

Initiators have an important role in 

tannin polymerization by forming free 

radicals that initiate polymer chain 

propagation reactions. In this study, two 

types of basic initiators were used, 

potassium hydroxide (KOH) and sodium 

hydroxide (NaOH). The initiator's main 

role is to aid in the opening of epoxy 

groups on glutaraldehyde, which 

improves the reactivity of tannins in the 

polymerization step. The amount of free 

radicals produced, the length of the 

polymer chain, and the degree of 

conjugation in the poly-tannin are all 

affected by the initiator concentration, 

which ultimately determines the 

effectiveness of the dye-sensitized solar 

cell (DSSC). In this experiment, the KOH 

concentration variations tested were 1%, 

1.5%, 2%, 3%, 4%, and 5%, while the 

NaOH variations were 0.5%, 1.5%, 2.5%, 

3.5%, and 4.5%. 

The experimental findings revealed 

that KOH at 1% concentration had the 

lowest DSSC effectiveness of 1.25%. 

This low efficiency is due to the tiny 

quantity of free radicals generated, which 

causes polymerization to take place 

inefficiently, resulting in short poly-

tannin chains and less effective light 

absorption. As the KOH concentration 

increased, so did the DSSC's efficiency, 

peaking at 7.01% at 2%. This suggests 

that the amount of free radicals produced 

is sufficient to optimally drive 

polymerization without triggering 

unwanted side reactions. However, as the 

KOH concentration was increased to 3%, 

4%, and 5%, the DSSC efficiency 

decreased to 6.38%, 3.80%, and 3.83%, 

respectively. This decrease is likely due to 

the excess of free radicals that cause 

premature termination of the polymer 

chain, so that the poly-tannin structure 

formed becomes shorter and less effective 

in absorbing light. This phenomenon has 

also been reported in previous studies, 

stating that an excess of free radicals in 

the polymerization system can cause the 

polymer chain growth to terminate faster, 

resulting in shorter and less stable 

polymer structures in photovoltaic 

systems. 

Meanwhile, when NaOH was used as 

the initiator, the same trend was also 

observed, but with a different pattern of 

concentration variation. The DSSC 

efficiency increases with increasing 
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initiator concentration until it reaches a 

maximum value of 7.3% at 1.5% NaOH, 

which is slightly higher than KOH. This 

efficiency is probably higher because 

NaOH has stronger basic properties than 

KOH, so it is more effective in 

accelerating the condensation reaction of 

tannins with glutaraldehyde, resulting in 

poly-tannin with a higher degree of 

conjugation and better light absorption 

ability. However, increasing the NaOH 

content to 2.5%, 3.5%, and 4.5% resulted 

in DSSC efficiency decreases of 3.78%, 

3.52%, and 3.83%. This drop is most 

likely due to the production of poly-tannin 

homopolymers that are too reactive, 

causing the conjugated double bond 

structure to become unstable and reducing 

photon absorption.

 

 

 
Figure 5. Voltage, resistance, and efficiency measurements from DSSC in response to 

variations in initiator concentration  

 

Additionally, the difference in solution 

viscosity is another factor that affects 

DSSC efficiency. In this study, the 

solution with an initiator concentration of 

1.5% NaOH exhibits a higher viscosity 

than the other variations, indicating that 

the polymer structure formed is longer 

and more complex. This increase in 

viscosity corresponds to an increase in the 

molecular weight of poly-tannin, which is 

in line with previous studies showing that 

higher viscosity may indicate the 

formation of longer and more branched 

polymer chains, which contributes to an 

increase in DSSC efficiency. 

The results are presented in Figure 5. 

Overall, NaOH proved to be more 

effective than KOH as an initiator in the 

polymerization of tannins, as it produced 

poly-tannins with better conjugated 

structures, thereby improving the light 

absorption and efficiency of DSSCs. 

However, selecting the right initiator 

concentration is crucial to avoid side 

reactions that lead to the formation of too 

short or too branched polymers. The 

results of this study showed that the 

optimal condition for tannin 

polymerization in DSSCs was 1.5% 

NaOH, which resulted in the highest 

efficiency of 7.3%. For KOH, the optimal 

condition was 2%, with a corresponding 

efficiency of 7.01%.  
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tannin chain length, degree of cross-

linking and polymer stability, all of which 

contribute to the efficiency of DSSCs. In 

this study, the polymerization time 

variations tested were 45, 60, 75, 90 and 

115 minutes. 

The experimental results show that the 

efficiency of DSSCs initially increases 

with increasing polymerization time but 

decreases after reaching the optimum 

condition. The results can be seen in 

Figure 6. At a polymerization time of 45 

minutes, the efficiency of the DSSC was 

still low (2.93%), likely due to 

incompletely formed polymer chains, 

which resulted in a poly-tannin structure 

that was still too dilute and less 

conjugated to absorb light effectively. The 

efficiency of the DSSC increased with 

time, reaching a maximum of 7.81% at 90 

minutes. This increase indicates that 

currently the polymer chains have 

developed long enough to have an 

optimum degree of conjugation, allowing 

more effective light absorption and 

improving electron transfer in the DSSC. 

Extending polymerization to 115 min 

reduced efficiency to 6.42%. This 

decrease is most likely due to the 

significantly increased viscosity of the 

poly-tannin solution, which makes it more 

difficult for the poly-tannin to be absorbed 

onto the TiO₂ semiconductor surface. 

When the poly-tannin solution is too 

viscous, the dispersion of the dye 

becomes uneven, preventing optimal 

interaction between the poly-tannin and 

TiO₂. This phenomenon is also supported 

by previous studies showing that over-

polymerization can lead to polymer 

aggregation, which inhibits electron 

diffusion and ultimately reduces the 

efficiency of the DSSC. 

We conclude that the optimal 

polymerization time to produce poly-

tannin with the highest DSSC efficiency 

is 90 min. The polymer chains are long 

enough to increase light absorption but 

have not yet reached a viscosity level that 

inhibits adsorption onto TiO₂. This time 

was used as the basis for further parameter 

variation tests. 

 

 
Figure 6. Voltage, resistance, and efficiency of DSSC as a function of polymerization time 

 

The effect of tannin monomer 

concentration 

This Figure indicates that a monomer 

concentration of 0.15 M produces a DSSC 

efficiency of 3.33%. This low efficiency 

is caused by the yield of poly-tannin 

glutaraldehyde (PTGR), which remains 

very dilute at low concentrations. 

Consequently, the polymer structure 

formed is small, and the cross-links 

formed with glutaraldehyde are still 

limited. This leads to a low number of 

conjugated double bonds, resulting in sub-

optimal light absorption and lower DSSC 

efficiency. The results can be seen in 

Figure 7. 

Increasing the monomer concentration 

leads to higher efficiency, reaching 8.33% 

at a monomer concentration of 0.45 M. 

This increase occurs because the higher 

the monomer concentration, the more 

tannin units are available for cross-linking 

with glutaraldehyde, resulting in poly-

tannin with a longer and more stable 
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structure. This structure increases the 

number of conjugated double bonds, 

which contributes to increased light 

absorption and electron transfer efficiency 

in DSSCs. 

At 0.55M, the efficiency dropped as 

low as 6.30%. This decrease is probably 

due to the formation of tannin 

homopolymers in which the tannin 

molecules begin to bind to each other 

without the involvement of the cross-

linking agent (glutaraldehyde). When 

homopolymers are formed, the polymer 

structure becomes stiffer and too large, 

inhibiting the diffusion of poly-tannin into 

the pores of TiO₂. In addition, the increase 

in solution viscosity at high monomer 

concentrations also contributes to the 

decrease in DSSC efficiency, as the more 

viscous poly-tannin is more difficult to 

penetrate and bond to the semiconductor 

surface effectively. 

Previous studies have also shown that 

increasing the monomer concentration 

during polymerization tends to increase 

the molecular weight of the polymer. 

However, if the concentration is too high, 

homopolymerization can occur, hindering 

charge transfer and reducing the material's 

efficiency in photovoltaic applications. In 

addition, an excess of homopolymer can 

lead to poly-tannin precipitation, which 

causes aggregation of the material in 

solution, reducing the light absorption 

efficiency of the DSSC. 

The results indicate that the optimum 

concentration of tannin monomer to 

improve the efficiency of DSSC was 

0.45M, due to the production of a stable 

poly-tannin conformation, sufficient 

length and optimum conjugation. 

Concentrations higher than this are likely 

to cause polymer aggregation and 

increased viscosity, which inhibits dye 

adsorption and reduces the efficiency of 

the DSSC. 

 

 
Figure 7. The Effects of Tannin Monomer Concentration on Voltage, Resistance, and DSSC 

Efficiency 

 

The effect of polymerization temperature 

Polymerization temperatures in the 

range of 100 to 140°C are considered 

ideal because at these temperatures the 

tannin polymerization reaction takes place 

optimally-the energy provided is 

sufficient to activate the formation of 

bonds between tannin molecules without 

causing degradation of the main chemical 

structure. At this temperature, the 

condensation process is efficient, 

resulting in poly-tannins with high 

molecular weight, good thermal stability, 
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properties. If the temperature is too low, 

the reaction is slow, and the polymer 

formed is less perfect. Conversely, at too 

high a temperature, the tannins can be 

damaged or degraded, reducing the 

quality and yield of the polymer 

produced.  

Previous research shows that tannin 

polymerization temperatures above 

150°C are not recommended because in 
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to occur, especially in raw tannin extracts 

that still contain carbohydrates. 

Thermogravimetric studies (TGA) show 

that tannins with high carbohydrate 

content begin to degrade at around 150°C, 

while pure tannins only begin to degrade 

at around 200°C (Pizzi et al., 2024). In 

addition, other studies have found that the 

curing reaction of tannins with 

formaldehyde is optimal in the range of 

100–120 °C, and that at temperatures 

above 150 °C, there is no increase in 

reaction, but rather an early indication of 

degradation before the main 

decomposition peak above 190 °C 

(Lisperguer et al., 2016). Thus, keeping 

the polymerization temperature below 

140-150 °C is very important for the 

process to run efficiently without 

damaging the chemical structure of 

tannins and maintaining the quality of the 

poly-tannins produced. 

The highest efficiency of 9.18% is 

obtained at a temperature of 120 °C, while 

the lowest efficiency is achieved at a 

temperature of 140 °C. The complete 

results are presented in Figure 8. The 

trend shows that efficiency increases with 

increasing temperature but decreases 

when it reaches the optimum point. This 

trend indicates that the efficiency of the 

DSSC increases with increasing 

temperature but decreases after reaching 

the optimum point. At too low a 

temperature, the polymerization reaction 

is slow and sub-optimal because the 

activation energy required for the 

condensation process between tannin and 

glutaraldehyde has not been reached. As a 

result, few monomers are cross-linked and 

the poly-tannin structure formed does not 

have enough conjugated double bonds to 

increase light absorption.  

As the temperature increases, the 

collision rate between molecules 

increases, allowing more tannin 

monomers to react with the cross-linking 

agent. This produces poly-tannin with a 

longer and more stable polymer chain, 

which ultimately increases the efficiency 

of the DSSC. However, when the 

polymerization temperature exceeds 

120°C, the efficiency of the DSSC begins 

to decrease. This decrease is due to the 

structural degradation of poly-tannin, 

where high temperatures can cause 

damage to the tannin functional groups, 

reducing the effectiveness of the double 

bonds in absorbing photons. In addition, 

unwanted side reactions can occur, 

resulting in a polymer structure that is too 

rigid and inhibits charge transfer in 

DSSCs. Increasing the viscosity of the 

solution is also an important factor, as a 

solution that is too thick will be difficult 

to absorb into the pores of the TiO₂ 

semiconductor, thereby reducing the 

energy conversion efficiency. 

 

 

 
Figure 8. Voltage, resistance, and efficiency to temperature variation in the polymerization 

process 
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The results of all tests are collected in 

Figure 9. The comparison between 

ordinary tannin and poly-tannin as dyes in 

DSSC shows that ordinary tannin has an 

efficiency of only 2.18%, much lower 

than poly-tannin, which has undergone 

optimal polymerization with an efficiency 

of 9.18%. This indicates that modifying 

the tannin structure through 

polymerization under suitable conditions 

can enhance the efficiency of DSSC by 

more than four times. However, if 

polymerization is carried out under 

inappropriate conditions, the efficiency of 

DSSC may vary and even be lower than 

using tannin without polymerization. 

Therefore, the optimal polymerization 

temperature is very important to ensure 

that the poly-tannin structure formed has 

the best balance between chain length, 

degree of conjugation and adsorption 

ability to TiO₂. 

 

 

 
Figure 9. Comparison of DSSC efficiency across different experimental variables. 

 

Conclusions 

This study shows that tannin 

polymerization significantly improves the 

efficiency of dye-sensitised solar cells 

(DSSCs). Polymerization using 

formaldehyde and glutaraldehyde 

increases the number of conjugated 

double bonds, thereby increasing light 

absorption and energy conversion. The 

best results were obtained at a temperature 

of 120 °C, 2% NaOH initiator, 2.5 mL 

glutaraldehyde volume and 90 minutes 

reaction time, with DSSC efficiency 

reaching 9.18%, four times higher than 

pure tannin (2.18%). These results 

indicate that poly-tannin has the potential 

to be a more efficient natural dye in 

DSSC, providing a more environmentally 

friendly alternative to metal-based dyes. 
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