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ABSTRACT 

One of the important components of a dye-sensitized solar cell (DSSC) is the photoanode, which 

plays a critical role in serving as the center of conversion energy. Photoanode consists of a 

transparent conducting substrate, a semiconductor layer, and dye molecules as sensitizers. Titanium 

dioxide (TiO2) is widely used as a photoanode because it is a mesoporous and stable material despite 

its high recombination rate. TiO2 is combined with other materials, such as ZnO, to form TiO2/ZnO 

composites to reduce the recombination rate and improve electron transport. ZnO is a good choice 

because it has higher electron mobility than TiO2 to inhibit recombination. The synthesis process of 

TiO2/ZnO composites was carried out using the sol-gel method with variations in the weight 

percentage of ZnO. The TiO2/ZnO composite was then applied as a photoanode in DSSC. The J-V 

measurement results show that the DSSC with TiO2/ZnO 25wt% composite layer as the photoanode 

produced the highest efficiency of 0.86%. This increase in efficiency was due to a rise in the photo-

current of photoanodes with more ZnO content. The presence of ZnO leads to faster-moving electron 

transport, reducing recombination and increasing efficiency. 
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INTRODUCTION 

Dye-sensitized solar cells (DSSC) have attracted much attention as a third-generation 

photovoltaic technology due to their low cost and easy production process compared to silicone-

based solar cells. In 1991, Micheal Grätzel and Brian O’Regan fabricated the first remarkable 

TiO2-based DSSC, which showed high photo-conversion efficiency (PCE)[1]. The main 

components of DSSC consist of a photoanode, electrolytes, and counter electrode (CE) [2]. 

Photoanode plays an important role where absorbed light is converted into electricity. The 

material used as a photoanode is a thin layer of semiconductor oxide, such as TiO2 
[3], ZnO [4], 

and SnO2 
[5], which is deposited on a transparent conducting substrate. The photoanode layer is 

also where the dye is located to extend the range of the absorption spectrum to visible light. 

Other components, the electrolyte and counter electrode, are necessary for the charge 

regeneration of dye and for collecting electrons from the external circuit, respectively [6]. The 

enhancement of DSSC’s performance has been reported by the use of multi-structured metal 
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oxide semiconductors for the effective electron transport and higher surface areas for the 

absorption of dyes [7] as well as metal oxides nanocomposites for the efficient charge separation 
[8] and reducing recombination process [9]. 

Among various metal oxide semiconductors, titanium dioxide (TiO2) has been widely used as 

a photoanode in DSSC due to its excellent structural, electrical, optical, and chemical properties 
[7-10]. TiO2 has three polymorphs, i.e., anatase and brookite, which are metastable, while rutile 

is the most stable polymorph [11]. Despite the advantages of TiO2, its photoanode-based DSSC 

efficiency is still inferior to other solar cells. This is due to TiO2's limitations of efficient charge 

transfer, leading to multiple recombination processes and reduced DSSC efficiency [12 -14]. To 

address this issue, researchers combine TiO2 with other materials with high electron transport 

rates to decrease recombination, thereby increasing DSSC efficiency. One example of such a 

material is zinc oxide (ZnO), which has high electron mobility [15] and a bandgap similar to 

TiO2 
[16]. ZnO is also easy to synthesize in nanoparticle production, making it a suitable material 

for combining with TiO2 
[17-18].  

Various methods have been used to obtain TiO2-ZnO nanocomposites on different 

nanostructures to improve DSSC performance. Boro et al. have used TiO2-ZnO with other 

nanostructures whose efficiency ranges from 0.51-9% [19]. Thate et al. fabricated DSSC-based 

TiO2-ZnO nanocomposites photoanode with a 3:1 ratio through chemical bath deposition, 

which shows an efficiency of 0.74% [20]. The solution combustion approach was utilized by 

Deepa et al. to produce TiO2-ZnO nanocomposites, which resulted in a low power efficiency 

conversion of 0.00175% [21]. This study combined ZnO with TiO2 with different amounts of 

ZnO using the sol-gel method to produce TiO2/ZnO composites, which were then used as 

photoanodes in DSSCs. The chemical composition of TiO2 and ZnO in the composites was 

examined using x-ray fluorescence (XRF), while their crystal structure and optical properties 

were characterized using x-ray diffraction (XRD) UV-Vis spectrophotometer. The performance 

of DSSCs with TiO2/ZnO composites as photoanodes was studied from the J-V curve data. 

METHOD 

Materials used in preparing TiO2 and TiO2-ZnO composite were titanium (IV) n-butoxide 

(97%, Sigma-Aldrich), nitric acid (65%, Merck), acetic acid (100%, Merck), zinc acetate 

dihydrate (Merck), triton-X (Sigma Aldrich) and ethanol as solvent.  Mosalyte TDE-250 

(Solaronix), ruthenizer 535-bis TPA (Solaronix), and chenodeoxycholic acid (Solaronix) were 

used to fabricate DSSC. All chemicals were used as received and without further purification. 

The synthesis of TiO2-ZnO was started by dissolving 0.1 M titanium (IV) n-butoxide in 10 ml 

of ethanol and then stirring at 65°C. Before use, 0.05 M nitric acid was diluted in deionized 

water. The nitric acid solution was added dropwise, then the appropriate amount of 0.1 M zinc 

acetate dihydrate (13 wt% and 25 wt%) was added and further stirred for three hours to obtain 

a white solution. After being kept for 24 hours, the precipitate was annealed at 400°C for 2 

hours. A paste of TiO2-ZnO composite was prepared by adding acetic acid and triton-X to TiO2-

ZnO powder. 

The photoanode layer was obtained by depositing a paste of the TiO2-ZnO composite on the 

FTO substrate using the doctor blade technique. The layer was annealed at 450°C for 15 minutes 

to produce a crystalline structure of TiO2 and ZnO. Prior to use, ruthenium 535-TBA and 

chenodeoxycholic were dissolved in ethanol. Photoanode TiO2-ZnO was immersed in the above 
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solution overnight. The photoanode was stacked with the counter electrode using suryln, and 

finally, the mosalyte as electrolyte was injected through a hole in the counter electrode.  

RESULTS AND DISCUSSION  

Figure 1 exhibits the XRD patterns of a thin TiO2 and TiO2/ZnO composite layer. The XRD 

patterns follow the Crystallography Open Database (COD) data standard no. 00-901-5662 for 

rutile phase of TiO2, no. 00-901-5292 for anatase phase of TiO2, and no. 00-901-1662 for zincite 

of ZnO. The diffraction pattern of TiO2 shows dominant diffraction peaks at (110), (101), (200), 

and (211), which confirms that it has a rutile phase along with a few minor peaks of anatase. 

The diffraction pattern of the TiO2/ZnO composite consists of a dominant rutile phase, a minor 

anatase phase, and several peaks indicating ZnO peaks that overlap with the peaks of the rutile 

phase. In the TiO2/ZnO composite sample, it was seen that with the addition of ZnO to TiO2, 

the diffraction peak shifted to a larger value of 2θ. The crystallinity of the TiO2/ZnO composite 

decreased with increasing ZnO content. A similar result has been observed by Rajkumar et al. 

[22]. The XRD results confirmed the successful synthesis of a composite consisting of anatase 

TiO2 and zincite ZnO. The lattice parameters of TiO2 rutile, TiO2 anatase, and ZnO zincite that 

have been calculated are presented in Table 1. We found that both TiO2 rutile and anatase have 

tetragonal structures, while ZnO wurtzite has a hexagonal structure. 

 

Figure 1. Diffraction patterns of TiO2 and TiO2/ZnO composite at 13 wt% 

and 25 wt% of ZnO content. 

The average crystallite size of TiO2 and TiO2-ZnO with ZnO content 13 wt% and 25 wt% were 

calculated using Debye Scherrer’s equation based on the full width at half maximum (FWHM) 

of Bragg peaks from the diffraction patterns shown in Equation 1. In Equation 1, k is the 

Scherrer constant (0.9), λ is the wavelength of the X-ray irradiation (0.15 nm), β is the full width 

at half maximum (FWHM), and θ is the X-ray diffraction peak. Table 2 shows crystallite size 

TiO2 rutile, TiO2 anatase, and ZnO wurtzite in samples of TiO2, TiO2/ZnO 13 wt%, and 

TiO2/ZnO 25 wt%. It was found that both crystallite size of rutile and anatase decreased with 
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an increase in ZnO content. The presence of ZnO may inhibit the growth of both rutile TiO2 

and anatase TiO2. 

Table 1. Lattice parameters and crystal structure of TiO2 rutile, TiO2 anatase, and ZnO 

wurtzite.  

Crystal phase 
Lattice parameters Crystal structure 

a (Å) c (Å)  

Rutile TiO2  4.59 2.96 Tetragonal 

Anatase TiO2  3.78 9.51 Tetragonal 

Wurtzite ZnO  3.25 5.21 Hexagonal 

Table 2. Crystallite size TiO2 rutile, TiO2 anatase and ZnO wurtzite in sample of 

TiO2, TiO2/ZnO 13 wt% and TiO2/ZnO 25 wt%. 

Sample 
Crystallite size (nm) 

Rutile Anatase Wurtzite 

TiO2 19.81 16.00 - 

TiO2-ZnO 13 wt% 14.69 7.85 18.14 

TiO2-ZnO 25 wt% 14.69 8.01 18.53 

 

𝐷 =
𝑘𝜆

𝛽 cos 𝜃
                                                             (1) 

The TiO2-ZnO composite was examined using XRF to confirm the presence of ZnO and its 

chemical composition. Table 3 displays the amount of TiO2 and ZnO present in each sample. 

When the quantity of ZnO precursor was increased, the mass percentage of ZnO in the TiO2-

ZnO composite was doubled. The XRF results validated the presence of ZnO in the TiO2/ZnO 

composite, which corresponded with the XRD measurements. 

Table 3. Chemical composition of TiO2 and TiO2/ZnO composite. 

Sample TiO2 content (wt%) ZnO content (wt%) 

TiO2 99.98 - 

TiO2-ZnO 13wt% 92.87 7.21 

TiO2-ZnO 25 wt% 84.93 15.05 

 

Figure 2 presents the UV-Vis absorption spectra of TiO2 and TiO2-ZnO composite. The 

maximum absorption at a wavelength of around 300 nm of TiO2 was higher than that of 

TiO2/ZnO composite, possibly due to the presence of ZnO. The absorption edge also varied 

across all samples. Using the Tauc plot method depicted in Figure 3 [23], we calculated the 

energy band gap of TiO2, TiO2-ZnO 13 wt%, and TiO2-ZnO 25 wt% to be 3.07 eV, 2.84 eV, 

and 2.81 eV, respectively. In the TiO2/ZnO composites, the bandgap decreased due to the 

expansion of the conduction and valance bands of TiO2, which was attributed to the variation 

of ZnO content in TiO2. This modification led to a shift in band gap from 3.07 eV (pure TiO2) 

to 2.81 eV (TiO2-ZnO 25 wt%). The presence of ZnO has therefore modified the electronic 

structure of TiO2.
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Figure 2. UV-Vis Spectra of TiO2 and TiO2/ZnO composite 

at 13 wt% and 25 wt% of ZnO content. 

 

 

  

Figure 3. The bandgap of TiO2 and TiO2/ZnO composite was calculated using Tauc plots. 

In Figure 4, we can observe the SEM image of TiO2 and TiO2/ZnO composites that were 

obtained through the doctor blade technique at different concentrations. Figure 4(a) shows 

spherical structures with agglomerated TiO2 particles, which do not appear to have many pores. 

On the other hand, Figures 4(b) and 4(c) clearly show the porous structure resulting from the 

addition of ZnO. However, with the addition of 25wt% ZnO to TiO2, the agglomeration of TiO2 

occurred. For optimal performance in a DSSC, the TiO2 and TiO2-ZnO composite photoanodes 

should have a porous structure to increase dye loading.
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(a) 

 

(b) 

 

(c) 

Figure 4. Top-view SEM images of (a) TiO2 (b) TiO2/ZnO 13wt% and (c) TiO2/ZnO 25wt% 

The performance of DSSC was evaluated through a J-V measurement, which determined the 

short circuit photocurrent density (JSC) and open circuit photovoltage (VOC) of the TiO2 and 

TiO2-ZnO composite photoanodes. Figure 5 displays the J − V curve, with an irradiation source 

of white light from an Xe lamp at an intensity of 100 mW/cm2. The filling factor (FF) and 

efficiency (η) of DSSC were calculated using Equations 2 and 3, respectively, and all resulting 

data has been summarized in Table 4. 

FF =  
VM JM

VOC JSC
          (2) 

with VM  is the maximum photovoltage and JM is the maximum photocurrent density. 

η =
VOC JSC FF

Pin
         (3) 

where Pin is the power of light irradiation. 

The TiO2 photoanode produced a 𝐉𝐒𝐂  of 0.55 mA/cm2, 𝐕𝐎𝐂  of 0.57 V, and FF of 38.58%, 

resulting in an efficiency of only 0.12%. However, when ZnO was added to the TiO2 

photoanode, the 𝐉𝐒𝐂 increased significantly, reaching 2.07 mA/cm2 and 2.30 mA/cm2 with the 

addition of 13 wt% and 25 wt% ZnO, respectively. Furthermore, the addition of ZnO increased 

the 𝐕𝐎𝐂 from 0.57 V to 0.70 V at both 13 wt% and 25 wt% concentrations. The improvement 

in both 𝐉𝐒𝐂 and 𝐕𝐎𝐂 was due to the higher electron mobility of ZnO compared to TiO2, leading 

to increased electron transport to the FTO electrode and reduced electron-hole recombination 

in DSSC. The increase in 𝐉𝐒𝐂 was also observed in the UV-Vis spectrum, where the energy band 

gap decreased as the amount of ZnO increased, modifying the electronic structure of TiO2. The 

FF also increased with the addition of ZnO, mainly due to the enhancement of 𝐉𝐒𝐂. The DSSC 
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efficiency of the TiO2/ZnO 13wt% and TiO2/ZnO 25wt% photoanodes were 0.69% and 0.86%, 

respectively. 

To analyze the series resistance of a DSSC, we can use an equivalent circuit depicted in Figure 

6. This circuit models a solar cell with a diode acting as a photocurrent source, along with a 

shunt resistance (𝐑𝐬𝐡 ) and series resistance (𝐑𝐬 ) [2]. We can calculate 𝐑𝐬𝐡  and 𝐑𝐬  using 

Equation 4 [6]. The ideality factor (n) represents the recombination process within the cell, while 

𝐉𝐩𝐡 is the photogenerated current density and 𝐉𝟎 is the dark saturation current density and 𝐕𝐭 is 

voltage of Boltzmann factor at 298 K (𝐕𝐭 = (𝐤𝐁 𝐓)/𝐪 ≅ 𝟐𝟓. 𝟖𝟓 𝐦𝐕).     

𝐉 =  
𝐑𝐬𝐡

𝐑𝐬𝐡+𝐑𝐬
 {𝐉𝟎 [𝐞𝐱𝐩 (

𝐪(𝐕−𝐉𝐑𝐬)

𝐦 𝐤𝐁𝐓
) − 𝟏] +  

𝐕

𝐑𝐬𝐡
} −  𝐉𝐩𝐡     (4) 

In Table 4, the DSSC parameters based on the J-V curve and fitting using Eq. 4 are presented. 

By analyzing the parameters of 𝐑𝐬𝐡 and 𝐑s from the fitting curve, we can assess the quality of 

the DSSC. 𝐑𝐬𝐡 and 𝐑s play a significant role in the DSSC's performance. 𝐑𝐬𝐡 is caused by 

crystal defects at the interface between the dye and semiconductor layer of the photoanode, 

leading to leakage. 𝐑s is the resistance between the cells of the TiO2 layer on transport electron. 

Ideally, 𝐑s should be zero while 𝐑𝐬𝐡 should be infinite. The smaller the 𝐑s value and the larger 

the 𝐑𝐬𝐡 value, the better the DSSC parameters. This study discovered that 𝐑𝐬𝐡 had a consistent 

order of 103 across all samples, which is not sufficient to generate a high photocurrent. We 

suspect that the TiO2 and TiO2/ZnO layers contain many defects that trap electron transport. 

Furthermore, among the three samples, TiO2/ZnO 25 wt% as the photoanode layer had the 

lowest value of Rs, resulting in the highest efficiency value. We believe that the addition of 

ZnO, which has high electron mobility, contributed to the increase in photocurrent. 

 

Figure 5. Photocurrent density and voltage of TiO2 and TiO2/ZnO based photoanode 
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Figure 6 Equivalent circuit of a single diode solar cell [2] 

The ideal factor m in Equation 4 indicates the quality of the device. The value of m depends on 

the photocurrent, voltage, temperature, and junction between layers in the DSSC. We found 

that in the TiO2/ZnO layer, the m value exceeds 2, which indicates that the connection formed 

is not good enough [24]. It is likely that ZnO forms defects on the TiO2 surface and acts as 

recombination centers at the interface of TiO2/ZnO/dye/electrolyte [25]. However, compared to 

the TiO2 photoanode, the presence of ZnO increases electron mobilization, resulting in faster 

electron transport, reduced recombination, and improved DSSC efficiency [19] 

Table 4. Parameters of DSSC based on J-V curve and fitting using Eq. 4. 

Photoanode 
JSC 

(mA/cm2) 

VOC 

(Volt) 

FF 

(%) 
η (%) Rs (Ω) Rsh (Ω) m 

TiO2 0.57 0.55 38.58 0.12 5.0𝑥102 7.9𝑥103 1.5 

TiO2/ZnO 13 wt% 2.07 0.70 47.33 0.69 5.0𝑥101 9.0𝑥103 3.4 

TiO2/ZnO 25 wt% 2.30 0.70 53.38 0.86 1.5𝑥101 7.0𝑥103 2.6 

 

CONCLUSION 

The TiO2/ZnO composite has been successfully synthesized using the sol-gel method. XRF 

measurements indicated the presence of ZnO compounds in the TiO2/ZnO samples, with weight 

percentages of 7.21% and 15.05% respectively. The addition of ZnO to the TiO2/ZnO 

composite was found to decrease the energy gap to 2.8 eV, as shown by UV-Vis spectra. SEM 

images revealed the presence of pores with the addition of ZnO. The use of TiO2/ZnO 

composite with a greater weight percentage of ZnO resulted in the highest efficiency of 0.86%, 

attributable to the highest photocurrent of 2.30 mA/cm2. These results indicate that adding ZnO 

contributes to an increase in photocurrent and efficiency, by facilitating faster electron transport 

and reducing the recombination process. 
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