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Abstract: Dye Sensitized-Solar Cells (DSSC) represent a third-generation solar cell technology based on 

photoelectrochemical principles. This study explores the use of Clitoria ternatea (butterfly pea) extract as an organic dye for 

DSSCs, focusing on its ability to absorb sunlight effectively. Excitation of electrons triggered by light in photocatalysis is strongly 

influenced by the position of the band gap. To be effective as a photocatalyst, the material must have a conduction band with a 

high positive potential compared to the electron accepting potential. Doping metal oxides such as CuO, MgO, Fe2O3, and ZnO 

into TiO2 can change the band edge properties or surface states which can increase light absorption. This research presents the 

synthesis of TiO2 nanoparticles as photoanodes doped using metal oxides to evaluate characteristic that can influence DSSC 

performance. TiO2 nanoparticles doped with metal oxide were synthesized using the solvothermal method and characterized by 

XRD, SEM-EDX, FTIR, and UV-Vis. Comprehensive analysis of samples doped with metal oxides significantly affects the 

crystal structure, morphology, elemental composition, and optical properties of the material. The results showed that Cu-doped 

TiO2 samples allowed for the most significant performance improvement in DSSC, followed by Fe-doped TiO2, Mg-doped TiO2, 

and Zn-doped TiO2, with pure TiO2 having the lowest performance potential. These results provide important insights into 

material optimization to improve DSSC efficiency. 
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1. Introduction 

One solution for the energy requirements of the future is 

renewable energy. Even if this system just uses solar energy 

and offers an endless supply of clean energy, there are several 

real-world issues that need to be considered[1]. Electricity 

generation through light energy, particularly using Dye-

Sensitized Solar Cells (DSSC), has garnered significant 

research interest due to its potential for cost-effective and 

sustainable energy production. Apart from conventional 

solar cell technology, third-generation solar cell technology 

such as DSSC shows potential as a more economical 

solution[2], [3], [4], [5]. The ratio of the energy output from 

solar cells to the energy inputs that are absorbed from the sun 

is known as efficiency. A DSSC’s efficiency can used as a 

gauge to turn solar energy into electrical energy[6]. Photon 

conversion efficiency in flexible solar cells is still relatively 

low, around 2-3%, the main problem is high recombination 

reactions due to poor connections between nanoparticles on 

the photoanode surface. Efforts continue to be made to 

increase efficiency and reach its full potential as a flexible 

and efficient energy source[4], [7]. 

In DSSC, the conductive glass substrate is coated with a 

mesoporous nanocrystalline material that has a wide bad gap. 
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A layer of dye molecules is used as a photoanode which is 

sensitive to light. An electrolyte in the form of an organic 

solvent containing the iodide/triiodide redox pair is used to 

transfer electrons between the photoanode and the counter 

electrode. Counter electrodes are usually made of platinum 

or carbon-based materials which are effective as triiodide 

reduction catalysts. With this mechanism, dye solar cells can 

convert light energy into electrical energy[2]. DSSC has the 

advantage of absorbing light from various wavelengths, 

including in low light conditions, as well as the ability to 

work in indirect light[5]. 

Titanium dioxide (TiO2) has many interesting applications 

in a variety of fields, including as a highly desirable 

photoanode material in DSSCs[5], [8]. To increase the 

photocatalytic activity of TiO2, the addition of metal ions to 

TiO2 has been proven to be effective. This is caused by a 

decrease in the band gap energy and a shift of the TiO2 

absorption edge to the visible region. The presence of metal 

ions can also increase the electron capture rate and reduce 

electron-hole recombination, which in turn increases the 

efficiency of TiO2 photocatalysis[9].  

TiO2 can only absorb UV light, this is because there is a 

large energy band gap which affects the efficiency of TiO2 

based solar cells[10]. The use of metal particles in a 

photovoltaic system can increase the efficiency and 

performance of the device[11]. Doping metals such as Cu, 

Fe, Mg, and Zn on TiO2 can effectively separate electron-

hole pairs induced by light so that optimal balance is 

achieved[4], [9], [12], [13], [14], [15]. 

Another effort that can also increase DSSC efficiency is 

selecting dyes as sensitizers. The use of natural dyes in DSSC 

has several advantages, including sustainability and 

environmental friendliness[16]. Dyes in DSSC, when 

exposed to sunlight, the electronic structure of the pigment 

changes, causing a change in wavelength and allowing the 

conversion of light energy into electrical energy[17].  

The Clitoria ternatea flower is an alternative in selecting 

a photosensitizer. This is because it contains anthocyanin 

color pigments which have a high level of light transmission. 

Solvents such as methanol, ethanol, acetone, water, and 

water mixtures are used in anthocyanin extraction[18]. 

DSSC is a semiconductor device that operates based on 

the conversion of solar radiation into electrical energy[19]. 

DSSC efficiency has increased from about 7% to about 

14%[20]. The DSSC device consists of several main 

components that form a sandwich structure[21]. Photoanode 

plays a very important role in DSSC. To achieve high light 

absorption efficiency, the nanostructured metal oxide 

semiconductor layer must have high roughness, which 

results in a large surface area, which in turn increases the 

chance of electron transfer from the sensitizer to the 

semiconductor layer[22]. 

The semiconductor material used in photoanode, such as 

TiO2, plays a role in absorbing sunlight and producing 

stimulated electrons. Apart from that, the photoanode also 

acts as a transportation medium to transport these electrons 

to the counter electrode via the electrolyte[17]. 

2. Material and Method  

2.1. Material 

The materials used are Butterfly Pea Flowers, Titanium 

Dioxide (TiO2 98%), Magnesium Oxide (MgO 99%), Zinc 

Oxide (ZnO 99%), Iron III Oxide (Fe2O3 99%), Copper II 

Oxide (CuO 99%), Ethanol (C2H6O 96%), and Hydrochloric 

Acid (HCl 37%) are used as commercial chemicals of ROFA. 

2.2. Synthesis of Photoanode Nanoparticles 

Synthesis of photoanode nanoparticles was carried out 

using the solvothermal method. 50 grams of TiO2 was 

dissolved in 500 mL of ethanol solvent in a ratio of 1:10 using 

a beaker. Then the metal oxides MgO, Fe2O3, CuO, and ZnO 

in amounts of 0.5 grams each were dissolved in HCl solution 

with a doping percentage of 5% of the amount of TiO2 used. 

Next, TiO2 which has been dissolved in ethanol is then mixed 

with metal oxides which have been dissolved in HCl in a 

chemical beaker. Then the mixture was stirred using a 

magnetic stirrer on a hotplate at a temperature of 90 ºC for 3 

hours until the solution thickened. Next, TiO2 which has been 

doped with each metal oxide is put into a desiccator and left 

for 12 hours to reduce the water content still contained in the 

mixture. Once complete, the mixture was calcined using a 

furnace at a temperature of 450 ºC for 3 hours using a porcelain 

cup to form metal doped TiO2 crystals. Then the metal doped 

TiO2 crystals were crushed using a mortar until smooth and 

then stored in dark vials and labeled with each sample. 

2.3. Dye Extraction 

Clitoria ternatea is extracted using the maceration method. 

Dried Clitoria ternatea cut into small sizes. The prepared 

Clitoria ternatea was then added with ethanol solvent in a ratio 

of 1:6 (w/v) which had been acidified with 3 mL (0.2%) of 

HCl. Next, the sample was stored in a bottle for 24 hours at 

room temperature in the dark. After the extraction process is 

complete, the filtrate is filtered using filter paper to separate 

the butterfly pea flower residue. The dye extract obtained is 

then stored in a vial that has been coated with aluminum foil 

to be used as a photosensitizer. 

2.4. DSSC Characterization 

The characterization carried out at DSSC is structural 

characterization using X-Ray Diffraction (XRD) to analyze 

the crystal structure of the material. Morphology and 

composition characterization uses Scanning Electron 

Microscope-Energy Dispersive X-Ray (SEM-EDX) to 

examine the surface morphology and composition of the 

sample. Chemical characterization uses Fourier Transform 

Infrared Spectroscopy (FTIR) to identify functional groups in 

the molecules of a compound. Optical characterization was 

carried out using a UV-Vis Spectrophotometer to characterize 

the light absorption spectra of the dye. 
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3. Result and Discussion 

3.1. Structural Characterization 

X-Ray Diffraction (XRD) analysis is a structural 

characterization technique that is used to determine and 

analyze the presence and crystal phase of the photoanode 

material. A Rigaku Miniflex 300/600 instrument was used to 

create the XRD graphs. It was set to scan between 5-90 deg 

per minute with a step size of 0.02 deg.  Figure 1 displays the 

result of the diffractogram. Representative samples of Fe-

doped TiO2, Zn-doped TiO2, Mg-doped TiO2, and Cu-doped 

TiO2 are shown in Figures 1(a), 1(b), 1(c), and 1(d), in that 

order. 
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Figure 1. Results of XRD Analysis Difratogram: (a) Fe-doped TiO2, (b) Zn-doped TiO2, (c) Mg-doped TiO2, dan (d) Cu-doped TiO2

 

 

The results of XRD analysis use the Williamson-Hall 

method and can be seen in Table 1. 

Table 1. Results of XRD analysis on samples doped with metal oxide 

nanoparticles on TiO2 

Sample 
Crystal 

Size (Å) 

Strain 

(%) 

Space 

Group 
Phase 

Crystal 

Form 

Fe-doped 

TiO2 
359.5(12) 0.15(3) 

136 : 

P42/mnm 
Anatase Tetragonal 

Zn-doped 

TiO2 
397.58(12) 0.076(4) 

136 : 

P42/mnm 
Anatase Tetragonal 

Mg-doped 

TiO2 
295.0(13) 0.20(4) 

136 : 

P42/mnm 
Anatase Tetragonal 

Cu-doped 

TiO2 
256.4(6) 0.15(3) 

136 : 

P42/mnm 
Anatase Tetragonal 

 

XRD analysis confirmed that all samples are in the TiO2 

anatase phase, which is known for its high photoactivity, 

making it ideal for DSSC application. The crystal size of the 

Zn-doped TiO2 sample had the largest crystal size of 397.58 

Å. A larger crystal size means less grain boundary, which can 

reduce the rate of charge-carrier recombination produced by 

light.  

Meanwhile, the Mg-doped TiO2 sample has the smallest 

crystal size, which is 293.01Å. Smaller crystal sizes can 

increase the surface area which is beneficial for dye adsorption 

but can also increase charge recombination due to more grain 

boundaries. 

Judging from the strain factor, the Mg-doped TiO2 sample 

showed the highest strain of 0.20%, which showed significant 

lattice distortion. High strain can introduce a defect state that 

has the potential to enhance charge separation but can also act 

as a recombination center. 

Zn-doped TiO2 is expected to provide the best performance 

for DSSC due to its large crystal size and low strain resulting 

in efficient electron transport and low recombination rates. Fe-

doped TiO2 and Cu-doped TiO2 followed due to the smaller 

crystal size. Mg-doped TiO2 is expected to provide moderate  

 

 

 

 

performance due to the trade-off between high surface area 

and increased recombination rate due to smaller crystal size 

and higher strain. 

 

 

3.2. Morphological and Compositional Characterization 

Morphological characterization using Scanning Electron 

Microscopy (SEM) analysis provides a visual picture of 

morphology and structural changes due to doping, while 

composition characterization using Dispersive X-Ray 

Spectroscopy (EDX) analysis provides confirmation of 

elemental composition showing the successful doping of each 

metal into the TiO2 matrix. The results of the SEM-EDX 

analysis can be seen in Figure 2 and Table 2. 
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(b) 

 
 

(c) 

 

(d) 

 

 

(e) 

Figures 2. SEM; (a) TiO2, (b) Fe-doped TiO2, (c) Zn-doped TiO2, (d) 

Mg-doped TiO2, dan (e) Cu-doped TiO2 

SEM analysis showed significant variations in particle 

morphology from TiO2, Fe-doped TiO2, Zn-doped TiO2, Mg-

doped TiO2, and Mg-doped TiO2 samples. The particle size for 

pure TiO2 is relatively large (L1 = 31.01μm and L2 = 24.50 

μm), which results in low specific surface area and hence 
reduced dye adsorption which potentially decreases the 
electron transfer efficiency in DSSC. In contrast, Fe-doped 
TiO2 exhibits much smaller particle sizes (L1 = 13.96μm 
and L2 = 17.57 μm), increasing the specific surface area 
and allowing for greater adsorption of dyes as well as 
increased electron conductivity, thanks to Fe doping that 
can create useful electron centers. 

Zn-doped TiO2 has a very large particle size (L1 = 31.84μm 

and L2 = 39.53 μm), larger than pure TiO2 which shows 

weakness in terms of specific surface area and dye application 

efficiency. This allows reducing the effectiveness of Zn-doped 

TiO2 in DSSC. In contrast, Mg-doped TiO2 exhibits smaller 

particle sizes (L1 = 18.32μm and L2 = 11.94 μm) which can 
increase the specific surface area and dye absorption 
capacity and can improve conductivity and electron 
transfer. 

Cu-doped TiO2 displays the smallest particle size (L1 = 

10.55μm and L2 = 9.30 μm) showing a significant increase 
in specific surface area. Thus, Cu-doped TiO2 has the 
highest performance potential in DSSC. 

Table 2. EDX Analysis Mapping Element Results Data  

Sample Element 

Content 

Mass (%) 

Mass 

Norm. 

(%) 

Atom (%) 

TiO2 
Ti 18.65 54.79 28.82 

O 15.39 45.21 71.18 

Fe-doped TiO2 
Ti 17.69 50.13 25.23 
O 17.49 49.57 74.64 

Fe 0.11 0.30 0.13 
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Zn-doped TiO2 

Ti 28.55 55.72 80.04 

O 17.51 34.16 0.50 

Zn 5.19 10.12 0.16 

Mg-doped TiO2 

Ti 18.59 27.97 0.53 

O 45.89 71.57 1.79 

Mg 0.45 0.46 0.03 

Cu-doped TiO2 

Ti 22.56 80.34 2.48 

O 16.34 19.45 0.47 

Cu 0.23 0.21 0.03 

 

Pure TiO2 samples showed results in Ti and O proportions 

that could provide good basic stability but did not provide 

additional adsorption centers or significant conductivity 

improvements. Fe-doped TiO2 has an additional Fe of 0.30% 

which can create an additional active center for electron 

transfer and increase the surface area for dye adsorption. 

However, the low concentration of Fe also means that the 

increase may be limited and should be optimized to get 

maximum results. 

Zn-doped TiO2 showed a significant increase in the mass of 

O (55.72%) with a small amount of Zn (10.12%) which 

allowed to improve structural stability and adsorption ability, 

the presence of high O could also indicate an excess oxidation 

that may not always be positive. Mg-doped TiO2 with 0.46% 

Mg and 71.57 O shows a good balance in increasing dye 

adsorption and electron transfer, but the significant effect of 

Mg doping may affect the overall structure and may cause 

instability if the concentration is too high. Cu-doped TiO2 with 

2.48% Cu based on normative mass showed a very positive 

influence in improving DSSC performance. The presence of 

Cu significantly increases the active center for dye adsorption 

and electron transfer which can improve the overall efficiency 

of DSSC. 

3.3. Chemical Characterization 

Chemical characterization using Fourier Transform Infrared 

Spectroscopy (FTIR) analysis is used to identify various 

functional groups in a sample by showing the spectrum of 

infrared absorption intensity as a function of the wavelength 

or wave number. The FTIR spectrum can be seen in figure 3. 

 

 

(a) 
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(c) 
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(e) 

 

Figure 3. Spectrum FTIR; (a) TiO2, (b) Fe-doped TiO2, (c) Zn-doped TiO2, 

(d) Mg-doped TiO2, dan (e) Cu-doped TiO2 
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The peak list data from the FTIR analysis can be seen in 

Table 3 - 7. 

Table 3. Peak List Data Results of FTIR analysis of TiO2 sample 

No Peak Intensity 
Base 

(H) 

Base 

(L) 
Area 

1 384.44 37.78 385.16 371.53 813.299 

2 483.42 43.17 1019.92 443.26 14825.469 

3 1512.67 97.94 1526.29 1500.47 33.195 

4 1532.03 98.53 1539.92 1526.29 12.479 

5 1646.79 99.60 1648.94 1642.49 0.990 

6 1692.70 99.29 1701.30 1680.50 3.866 

7 2362.60 96.63 2399.18 2340.37 0.130 

8 3744.73 100.82 3766.25 3743.30 -56.139 

Table 4. Peak List Data Results of FTIR analysis of Fe-doped TiO2 sample 

No Peak Intensity 
Base 

(H) 

Base 

(L) 
Area 

1 387.31 46.03 388.03 380.86 386.285 

2 480.55 48.17 1001.99 477.68 12346.30 

3 1408.67 95.59 1438.79 1367.07 199.482 

4 1605.91 93.74 1607.34 1602.32 31.223 

5 2359.73 90.09 2399.90 2339.65 502.278 

Table 5. Data Peak List Hasil analisa FTIR sampel Zn-doped TiO2 

No Peak Intensity 
Base 

(H) 

Base 

(L) 
Area 

1 376.55 81.53 380.86 373.68 124.440 

2 405.24 80.74 418.87 403.09 285.033 

3 662.73 89.53 688.55 659.86 283.044 

4 1512.67 98.31 1526.29 1500.47 26.214 

5 1646.79 99.89 1648.94 1642.49 -0.641 

6 1692.70 99.52 1701.30 1680.50 0.378 

7 2361.88 96.69 2398.46 2340.37 9.787 

8 3738.27 102.35 3739.71 3729.67 -29.814 

Table 6. Peak List Data Results of FTIR analysis of Zn-doped TiO2 sample 

No Peak Intensity 
Base 

(H) 

Base 

(L) 
Area 

1 377.27 40.76 378.70 372.25 376.935 

2 474.82 41.73 476.25 438.24 2091.457 

3 1646.79 95.87 1648.94 1633.16 56.773 

4 2360.45 89.53 2399.18 2339.65 488.253 

5 3737.56 89.92 3738.99 3728.95 98.758 

Table 7. Peak List Data Results of FTIR analysis of Mg-doped TiO2 sample 

No Peak Intensity 
Base 

(H) 

Base 

(L) 
Area 

1 342.13 55.51 364.36 339.97 956.378 

2 382.29 65.93 385.16 380.86 145.627 

3 481.99 70.40 492.75 476.97 462.561 

4 1512.67 98.24 1526.29 1500.47 31.386 

5 1646.79 98.91 1648.94 1633.88 6.888 

6 1692.70 98.74 1701.30 1689.11 12.050 

7 2361.17 93.89 2399.18 2340.37 193.509 

8 3738.27 98.50 3739.71 3729.67 11.606 

 

Based on the results of the analysis using FTIR, it was 

shown that the identification of the functional group contained 

functional groups such as hydroxyl (OH), adsorbed water, 

carbonyl (C=O), and possibly CO2. In particular, the TiO2 

sample contained a Ti-O functional group, Fe-doped TiO2 

contained a Ti-O-Fe functional group, Zn-doped TiO2 

contained a Ti-O-Zn functional group, Mg-doped TiO2 

contained a Ti-O-Mg functional group, and Cu-doped TiO2 

contained a Ti-O-Cu functional group. The presence of 

hydroxyl groups and water can lead to degradation and 

decrease efficiency if not managed properly. The presence of 

carbonyl and CO2 contaminants can also affect the 

performance and stability of DSSC.  

Doping with metals such as Fe, Zn, Mg, and Cu results in 

shifts and changes in the intensity of the absorption peak that 

indicate modifications to the structure and surface of the 

material. Doping Fe adds a functional group that enriches the 

structure of TiO2, increasing the absorption area significantly 

but with a less high intensity. Zn-doped TiO2 exhibits high 

intensity but a less extensive area, suggesting surface 

modifications that may not be completely homogeneous. 

Mg-doped TiO2 has a strong surface modification with a 

large absorption area so that it can increase the adsorption 

capacity of dyes but also has low stability potential. 

Meanwhile, Cu-doped TiO2 has a significant influence on 

structure and adsorption with a wide area, especially at lower 

wave numbers, indicating a strong interaction between Cu ions 

and TiO2 matrices. 

 

3.4. Optical Characterization 

Light absorption measurements are performed in the UV 

light to visible light region (270-700 nm). The results of the 

UV-Vis analysis of telang flowers can be seen in Figure 4 and 

Table 7. 

 

Figure 4. Spectrum Peak Clitoria Ternatea 

 

Tabel 7. Wavelenght and Absorbance of Absorbansi Clitoria Ternatea 

No Wavelenght Absorbance 

1 649.30 nm 0.0172 

2 546.30 nm 0.3417 

3 419.80 nm 0.1475 

4 289.00 nm 1.6858 
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At the wavelength of 649.30 nm, there is a low absorption 

of light (0.0172), suggesting that the anthocyanin molecule 

may undergo a less efficient energy transition at this 

wavelength. This can be caused by a number of factors, 

including changes in molecular conformation or possible 

interactions with solvents that affect the optic properties of the 

molecule. 

The wavelength of 546.30 nm indicates high absorption and 

is likely the peak wavelength (λmax) at which anthocyanins 

absorb light with maximum intensity (0.3417). Significant 

electronic energy transitions or molecular conformations may 

occur at these wavelengths so that they are effective for 

producing electronic energy and contribute significantly to the 

efficiency of DSSC. 

At a wavelength of 419.80 nm, there is moderate light 

absorption (0.1475). This may lie beyond peak wavelengths, 

and this moderate absorption capacity can be explained as the 

effect of a lower energy transition or molecular structural 

changes. 

A very high absorption (1.6858) at a wavelength of 289 nm 

indicates the presence of a significant phenomenon. There 

may be a strong electronic energy transition or a drastic change 

in molecular conformation. 

4. Conclusion 

The results of characterization using XRD, SEM-EDX, 

FTIR analysis showed that doping on TiO2 with Fe, Zn, Mg, 

and Cu provided a variety of variations. The results of XRD 

analysis revealed that doping modified the crystal structure of 

TiO2 with Cu-doped TiO2 showing the most significant 

changes. SEM-EDX indicates that element doping creates 

different morphologies that affect particle size and distribution 

where Cu-doped TiO2 shows the most optimal morphology for 

electron transfer and dye absorption. FTIR confirms changes 

in functional groups and chemical bonds due to doping that 

affect the interaction of dye molecules and conductivity. 

Meanwhile, UV-Vis shows that Clitoria ternatea shows high 

absorbance at peak wavelengths which has the potential to 

have good light absorption efficiency, especially at optimal 

wavelengths. 
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