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Abstract: The hydrothermal synthesis method was used to synthesize ZnO nanoparticles at varying 

temperatures, and the resulting samples were then annealed in air at 500°C. Energy dispersive 

spectroscopy (EDX), Fourier-transform infrared spectroscopy (FTIR), diffuse reflectance spectroscopy 

(DRS), and thermogravimetry analysis/differential scanning calorimetry (TGA/DSC) were used to 

analyze the samples that had been synthesized. With a dominating diffraction peak of (002) at the 

maximum hydrothermal temperature of 120°C and the annealing temperature of 500°C for 30 minutes, 

the XRD data show the development of hexagonal wurtzite phases. The EDX results showed the 

presence of elemental zinc and oxygen, whereas the SEM revealed almost spherical particles with 

improved agglomeration. For the sample synthesized at 120°C and annealed at 500°C, FTIR 

examination shows that volatile organic compounds have been removed from the sample. The light-to-

electric energy conversion efficiency was recorded to be 1.4 % for ruthenium-based complex (N719) 

dye and 1% for metal-free indoline (D149) dye under AM 1.5 irradiation (1000 Wm-2 simulated 

sunlight) when the ZnO nanoparticles prepared at 120°C was combined with colloidal tin oxide to form 

a composite-photoanode in dye-sensitized solar cells.  
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1. Introduction 

A renewable energy source, photovoltaic (PV), uses solar cells to convert sunlight into 

electricity [1,2]. Over the past few decades, semiconductor materials exhibiting the 

photovoltaic effect have drawn much interest [3]. Silicon, cadmium telluride (CdTe), tin oxide 

(SnO2), titanium dioxide (TiO2), and zinc oxide (ZnO) are a few examples of semiconducting 

materials that are actively exploited in solar applications [4-6]. 

Generally, solar cells are classified into three (3) generations. The first generation of 

solar cells is based on silicon crystals like monocrystalline and polycrystalline silicon [7, 8]. 

The second generation of solar cells is made of thin sheets like amorphous silicon, copper-

indium-gallium-selenide (CIGS), and cadmium telluride (CdTe) [9, 10]. The third generation's 

most common type of solar cell is dye-sensitized solar cells (DSC) [11-13]. The DSC has 
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garnered a lot of research interest due to its low production costs and flexibility of production 

[11, 14-16]. 

A porous wide bandgap semiconductor is deposited on an electrode of a transparent n-

type semiconductor to produce the DSC. This porous semiconductor is made with a wide 

surface area specifically for supporting a monolayer of dye on its surface. The dye sensitizer is 

the absorber of sunlight in the DSC, and the efficient conversion of light into electrical energy 

is made possible by the porous semiconductor by transporting the photo-injected electron to 

the transparent electrode [17-19]. TiO2 is one of the porous wide bandgap semiconductors 

commonly used as DSC photoanode [16, 17]. Due to the numerous grain boundaries and 

disordered grain network, it exhibits weak electron mobility, slow transport, and potential for 

photo-excited electron and hole recombination despite its large surface area. ZnO is more 

widely available, less expensive, non-toxic, and has excellent chemical and thermal stability in 

addition to having similar properties to TiO2. ZnO nanostructures and TiO2 exhibit similar 

energy band structures and physical properties, making it a potential candidate for use as a 

photo-anode. [20, 21]. 

ZnO nanopowders can be prepared by several physical and chemical synthesis 

techniques such as mechano-chemical-thermal synthesis [20], spray pyrolysis [21], laser 

ablation [22], electrochemical depositions, sol-gel method, microwave synthesis, and 

chemical-precipitation methods [23-33]. However, most of these synthesis methods need high-

temperature processing, which typically causes some volatile molecules in the sample to 

evaporate. [26, 34]. 

The hydrothermal method is a chemical synthesis method that takes place in a closed 

system at low temperatures and atmospheric pressure. Modifications in the source species 

(concentrations of reactants), reaction time, and temperature regulate the prepared material's 

particle properties, including morphology and size [24, 25, 28]. 

The defects in the ZnO NPs are greatly influenced by the annealing and the conditions 

under which ZnO is prepared [32, 35, 36]. On thin films and nanostructured ZnO, the impact 

of annealing conditions on defect-related emissions has been thoroughly investigated [37-39]. 

The annealing improves the material's electrical and optical properties, which also removes 

internal tension in the ZnO [38, 40, 41]. Previous studies have shown that air-annealed ZnO is 

a viable candidate for photodetector applications due to its low dark current [40, 42-44]. 

However, DSCs are known to have low sunlight-to-electric power conversion efficiency, but 

the conversion efficiency can be improved by forming a composite photoanode with an oxide 

semiconductor such as tin oxide [45, 46]. 

Although the hydrothermal synthesis method is a well-established process and has been 

used to produce several ZnO particles for other applications, the effect of varying the 

hydrothermal temperature, as well as annealing, has not been studied for DSSC applications. 

It is, therefore, important to study the effect of different preparation temperatures and 

post-deposition annealing conditions for ZnO particles using the hydrothermal method. 

The novelty in this work is the variation of the hydrothermal temperatures, annealed at 

500℃ and characterized. The resulting ZnO was used as a composite photoanode in a DSC to 

evaluate the solar cell performance. 

2. Materials and Methods 

Zinc acetate dihydrate, sodium hydroxide, and methanol used in this work were of 

analytical grade and were used as purchased from Sigma Aldrich. 
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2.1. Synthesis of ZnO. 

50ml of methanol was stirred to produce a 0.5M zinc acetate solution. Adding 25ml of 

1M NaOH dropwise while stirring continuously at room temperature formed a clear, white 

solution that eventually turned milky. Using NaOH, the pH of the mixture was brought down 

to 8. The hydrothermal treatment was carried out in a Teflon-lined stainless steel autoclave 

using four different temperatures (90, 100, 110, and 120°C) for six hours at a pressure of 

400kPa. [25, 41]. 

Methanol was used to wash the finished product after it had cooled to room temperature, 

filter it, and then dry it in a lab oven at 60°C. A portion of each prepared sample was annealed 

for 30 minutes at 500°C in a Thermolyne oven. The formation of the ZnO nanoparticles from 

this synthesis method can be described by the reactions below [41]: 

Zn(CH3COO)2.2H2O + 2NaOH → Zn(OH)2 + 2CH3COONa + 2H2O              (1) 

Zn(OH)2(gel) + 2H2O = Zn2+ + 2OH - + 2H2O + [ Zn(OH)4]
2                           (2) 

[Zn(OH)4]
2- → ZnO2

2- + 2H2O                                                                          (3) 

ZnO2
2- + 2H2O → ZnO + 2OH-                                                                         (4) 

The growth mechanism of the zinc oxide nanostructure is a complex process. This 

usually comprises two main steps: the generation of the nuclei and the subsequent crystal 

growth of the nuclei forming the zinc oxide. The Zn(OH)4
2- complexes are basic growth units 

for preparing zinc oxide nanostructures [41]. ZnO nuclei will form following reaction (4) when 

the concentration of Zn2+ and OH- reaches a supersaturation degree.  

2.2. Construction of DSC. 

Porous ZnO-composite films were prepared on two (2) fluorine-doped tin oxide (FTO) 

coated glass (sheet resistance ~ 8 /sq and transmittance ~ 80%) by mixing 0.6g of the ZnO 

nanoparticles (synthesized at 120°C and annealed at 500°C), with 2 ml of colloidal tin oxide, 

few drops of glacial acetic acid and ethanol (40ml) and ultrasonically dispersing the solution 

for 10 min [45]. The mixture was then sprayed onto heated FTO glass at 150°C using a spray 

gun and annealed to the resultant film at 500°C in the air for 30 minutes. The ZnO-composite 

photoanodes (active area ~ 0.25cm2) were then immersed in a separate mixture of acetonitrile 

and tert-butanol (volume 1:1) containing indoline dye D149 (Mitsubishi Paper Mills) and Ru-

based dye N719 (Solaronix) for 5 hrs [47]. The dye-coated ZnO electrodes were removed, 

rinsed with acetonitrile, and allowed to dry in air. Construction of the DSC was carried out by 

sandwiching the dye-coated ZnO electrode with a sputtered platinum-coated counter electrode 

and the intervening space filled with an electrolyte (electrolyte composition: 0.1M LiI, 0.05M 

I2, 0.6M dimethyl propyl-imidazolium iodide in methoxyacetonitrile). The current-voltage (I–

V) characteristics of the cells at AM 1.5 (1000 Wm-2) simulated sunlight irradiation were 

recorded with a calibrated solar cell evaluation system (PECell-PEC L-12, Japan). 

2.3. Characterization. 

X-ray diffraction studies (Bruker D8 theta) were carried out using Cu-filtered Kα 

radiation (wavelength = 0.154060nm) as the x-ray source in the 2θ range of 20◦ to 80◦. Also, 

the diffraction peaks obtained in the XRD measurement were analyzed based on a curve-fitting 

method by using standard software within the workstation.  
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Fourier transform infrared (FTIR) spectroscopy was used to identify the functional 

groups of the synthesized ZnO nanoparticles in the range of 4,000 - 500cm-1. 

An EDX acquisition detector fitted to a field emission scanning electron microscope 

(Nova NanoSEM 450) was used to examine the samples' morphology and elemental 

composition (5-15KeV; 4.8 – 6.9nm). A diffuse reflectance spectrophotometer (An Ocean 

Optics USB-400) with a dedicated reflectance probe was used to analyze the optical properties 

of the prepared samples. Illumination from a Halogen/Deuterium source was used across the 

UV-Vis range, and Kubelka-Munk's function was used to calculate the band gap of the samples. 

Using the differential scanning calorimetry and thermal gravimetric analysis instrument 

(DSC/TG, ATQ 500), the thermal properties of the samples were ascertained. 

An alumina crucible containing 22.3mg of the sample was heated to 800°C at a 

10K/min heating rate. 

3. Results and Discussion 

3.1. Sample identification. 

Four (4) samples were prepared at different hydrothermal temperatures (i.e., 90, 100, 

110, and 120°C), and all were subsequently annealed. The samples with A preceding their 

names denote the As-prepared samples without annealing, while those with C denote the 

samples that have been annealed in air at 500℃ for 30 minutes. 

• The As-prepared samples are A90, A100, A110, and A120. 

• The annealed samples are C90, C100, C110, and C120. 

3.2. X-ray diffraction analysis (XRD). 

The XRD patterns obtained for the as-prepared and annealed samples are shown in 

Figure 1 and Figure 2, respectively. The XRD peaks formed in the as-prepared samples became 

sharp with increasing hydrothermal temperatures, while the crystallinity of the samples also 

improved with increasing hydrothermal temperatures, with (101) being the dominant peak in 

the samples prepared at 110 and 120°C. In the case of the annealed samples, the (101) peak 

dominated in samples prepared at 90, 100, and 110°C, but the sample prepared at 120°C 

exhibited a dominant XRD peak of (002). No other phases were present, which suggested the 

high-purity samples were obtained after annealing. These characteristic diffraction peaks of the 

samples shown in Figures 1 and 2 indicate the hexagonal wurtzite structure [48-50].  

Although zinc oxide powders were directly synthesized during the hydrothermal 

process, it was observed that the XRD peaks were not distinct in the as-prepared samples and 

were relatively amorphous in structure at lower hydrothermal temperatures. The peaks became 

more distinct and sharper with increasing hydrothermal temperatures and at an annealing 

temperature of 500℃. This is because the nucleation and growth of zinc oxide crystals depend 

on the hydrothermal conditions and annealing temperatures.  

In Figure 2, it was observed that the sample synthesized hydrothermally at 120℃ and 

the annealing temperature of 500℃ for 30 minutes shows a high degree of preferential 

orientation of the (002) diffraction peak, while the other samples show the preferential 

orientation of the (001) diffraction peak. The most dominant peak at 34.39° corresponding to 

(002) crystallographic plane indicates that the nanoparticles preferentially grow along the c-

axis crystal plane of the ZnO Wurtzite structure when zinc oxide is prepared at a hydrothermal 
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temperature of 120℃ followed by annealing in air at 500°C for 30 minutes. The high intensity 

of the (002) diffraction peak is crucial and significant for optoelectronic applications such as 

solar cells [48, 51]. 

The crystallite sizes of the samples were calculated using the Derby-Scherer equation 

(Equation 5), and the data are listed in Table 1. 

𝑑 =
𝑘𝜆

𝛽 𝑐𝑜𝑠𝛳
                       (5) 

Where d, λ, β, and ϴ are the crystal size, x-ray wavelength (0.154nm), Scherer constant 

(0.89),  is the full width at half maximum (FWHM), and the Bragg angle, respectively. 

 
Figure 1. XRD patterns of As-prepared samples with different hydrothermal temperatures. 

 
Figure 2. XRD patterns of annealed samples with different hydrothermal temperatures. 
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Table 1. Average crystallite size and other parameters derived from the XRD data. 

Sample 002 Peak position 2θ (°) FWHM 2θ (°) Crystallite size (nm) 

C90 36.26 0.28 31.13 

C100 36.41 0.25 33.90 

C110 36.27 0.33 25.77 

C120 34.31 0.16 54.64 

3.3. Fourier transform infrared analysis (FTIR). 

The FTIR analysis was conducted on the samples to identify the organic and inorganic 

functional groups in the prepared samples.  

Figures 3 and 4 show the FTIR analysis of the as-prepared and annealed samples, 

respectively. The peak corresponding to the Zn-O bond vibration at 531cm-1 wave number was 

observed [15, 51]. The broad peak at 3438cm-1 can be attributed to the presence of symmetric 

vibrations of –OH (hydroxyl groups) and C = O [52, 53]. This is due to the atmospheric 

moisture and molecules of CO2, respectively. The C=O peak could have also resulted from the 

zinc acetate precursor used in the synthesis. The absorption bands at 1050-1650cm-1 imply the 

presence of stretching vibrations of the CO-Zn and the –OH group on the surface of ZnO 

nanoparticles. This result is similar to those reported in the literature [41, 48-52].  

It can also be observed in Figure 4 that annealing the samples removed all the organic 

compounds and the molecules of water present. This is in line with the observation made by 

XRD as the samples became more crystalline with sharper peaks. The results from the XRD 

and FTIR confirmed the synthesis of high-purity ZnO nanoparticles. 

 
Figure 3. FTIR spectra of As-prepared samples with varying hydrothermal temperatures. 
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Figure 4. FTIR spectra of annealed samples varying hydrothermal temperatures. 

3.4. Scanning electron microscope. 

The surface morphology of the samples was determined using an SEM, as shown in 

Figure 5, and the images show the formation of spherical nanoparticles. The spherical 

morphology of the particles became distinct after annealing. It was also observed that the 

degree of agglomeration of the as-prepared and annealed samples increased with increasing 

hydrothermal temperatures. The agglomeration observed can be attributed to the fact that 

surfactants were not used in this work [54].  

It was also observed that well-defined particles were formed when the samples were 

annealed at 500℃ for 30 minutes. 

 

  
Figure 5. SEM images of the samples hydrothermally prepared at 120℃ (a) as-prepared; (b) annealed at 500℃ 

for 30 minutes. 

3.5. Energy dispersive spectroscopy (EDX). 

The elemental compositions of the ZnO nanoparticles were observed using energy-

dispersive X-ray spectroscopy, as shown in Figure 6. The same peaks (for Zn and O) for all 

a b 
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samples were observed in the EDX data, confirming the formation of ZnO. Figure 6 shows the 

EDX spectra of the C120 sample. It was observed that increasing the hydrothermal temperature 

in both the as-prepared and the annealed samples increases the weight/atomic percent of the 

zinc, as indicated in Table 2. This implies that a highly crystalline and pure ZnO is prepared 

when annealed (500°C) at the hydrothermal temperature of 120°C as compared to the 

theoretical mass percent composition of Zn and O in ZnO to be 80.34% and 19.66%, 

respectively using molecular weight calculation. The unidentified peak at 2KeV corresponds 

to the Pt used in the sputter coating of the samples.  

Table 2. Elemental composition of the C120 and A120 (in brackets) samples. 

Element Weight % Atomic % 

Zn K 89.65(78.60 ) 67.94(47.33) 

O K 10.35(21.40) 32.06(52.67) 

Total 100 100 

 

 
Figure 6. EDX of Annealed sample at 120°C (C120) showing the elemental composition of the sample. 

3.6. Diffuse reflectance spectroscopy (DRS). 

The effect of the different hydrothermal temperatures on the as-prepared and annealed 

ZnO samples on the optical properties of ZnO nanoparticles was investigated.  

1. Figures 7 and 8 show the diffuse reflectance and the modified Kubelka-Munk plots of the 

as-prepared and annealed samples. It is observed that there is a significant decrease in 

reflectance in all the annealed samples, which implies an increase in light absorption when the 

samples were annealed at 500℃.  

2. It can be seen from Figure 7 that the absorbance of light shifted to a relatively higher 

wavelength after annealing. The optical band was estimated using the Kubelka-Munk equation 

in the limiting case of an infinitely thick sample at any wavelength [49, 54-58] using the 

relation; 

𝐾

𝑆
=

(100−𝑅)2

2𝑅
= 𝐹(𝑅)                              (6) 

Where F(R) is the remission or Kubelka-Munk function (K-M), S is K-M scattering 

coefficients, R is reflectance, and K is the absorption coefficients.  

For a material that scatters in a perfectly diffuse manner, the K-M absorption coefficient 

K becomes 2α (K=2α)  
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The bandgap energy Eg and coefficient α of a direct bandgap semiconductor are related 

through the equation; 

𝛼ℎ𝑣 = 𝐵(ℎ𝑣 − 𝐸𝑔)
1

2                                         (7) 

Where α is the linear absorption coefficient of the material hv is the photon energy, and B is a 

proportionality constant. 

Considering the K-M scattering coefficients S as a constant concerning the wavelength 

and combining and rearranging equations 6 and 7, equation 8 below was obtained 

[ 𝐹(𝑅)ℎ𝑣]2 = 𝐵(ℎ𝑣 − 𝐸𝑔)                                         (8) 

The bandgap energies of the samples are then measured by extrapolating the linear 

portion of the graph between the modified Kubelka-Munk (K-M) function versus the photon 

energy (hv).  

The extrapolation of the straight lines in Figure 8 gives the value of the bandgap 

energies. It was found that the optical bandgap of the samples increased when they were 

annealed. There is an increase in the optical bandgap of the semiconductor when particle size 

decreases [59]. Table 3 shows the estimated optical band gaps of the as-prepared samples and 

the annealed samples.  

The bandgap of the samples did not show any significant changes when they were 

annealed except for the sample, which was hydrothermally synthesized at a temperature of 

110℃ where the bandgap measured was slightly lower. 

Table 3. Band gaps of the as-prepared and annealed ZnO particles. 

As-prepared samples Bandgap (eV) Annealed samples Bandgap (eV) 

A100 3.1 C100 3.2 

A110 3.2 C110 3.1 

A120 3.2 C120 3.2 

 
Figure 7. DRS of As-prepared sample A120 and Annealed sample C120. 

 
Figure 8. The Kubelka-Munk plots of the As-prepared sample A120 and Annealed sample C120. 
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3.7. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). 

As shown in Figure 9, TGA and DSC were utilized to determine the thermal 

characteristics of the samples, and the TGA/DSC patterns were consistent across all samples 

evaluated. 

The emergence of an exothermic peak around 150°C corresponds to the elimination of 

water of crystallization in the sample, resulting in a 10% weight loss. The weight loss continues 

to increase with temperature until it reaches 380°C. At this point, an endothermic peak is 

produced, corresponding to the decomposition and combustion of the organic bonds in the 

sample. No appreciable weight loss was observed above 380°C, indicating that the ZnO 

nanoparticles are stable [11]. 

 
Figure 9. DSC/TG analysis of ZnO at hydrothermal temperature 120°C (A120). The arrow on the TGA curve 

indicates the initial water loss of crystallization. 

3.8. Photoanode material properties and I-V measurements. 

For a nanocrystalline semiconductor to be used as an efficient photoanode in a porous-

structured solar cell such as DSC, the surface structure of the semiconductor must be designed 

to give rise to the presence of electron pathways where photo-injected electrons from the dye 

sensitizer can travel through the porous photoanode to the external circuit. Such pathways can 

be created within the semiconductor network by sintering or heat-treating the semiconductor 

particles, resulting in efficient electrical contact between the nanoparticles. This sintering 

treatment improves charge percolation through the porous nanoparticle network and facilitates 

the solar cell's high light-to-charge conversion efficiency. Also, it has been established that 

electron transport in nanocrystalline porous semiconductor film in a DSC is dominated by 

electron trapping within the bandgap defect states [60]. The porous semiconductor must exhibit 

some degree of particle interconnection to allow percolation of injected electrons, and the 

crystallinity of the porous film (and the extent of defects) also influences the transport of 

injected electrons through the network of particles in the film to the collecting electrode. Any 

defect structure that disrupts the flow of injected electrons through the porous semiconductor 

greatly affects the current-voltage (I–V) parameters and, hence, the conversion efficiency of 

the DSC. 

Table 4. I-V parameters of ZnO-composite DSC sensitized with D149 and N719 dyes respectively. 

Dye Voc (mV) FF (%) Jsc (A/cm2) Efficiency (%) 

N719 654 71 2.9 1.4 

D149 707 77 1.76 1 
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Figure 10. I-V characteristics of ZnO-composite photoanode sensitized with D149 and N719 dyes. 

The ZnO nanoparticles synthesized at 120°C were used to fabricate two (2) DSCs and 

sensitized with metal-free D149) and Ru-based (N719) dyes, respectively. Figure 10 shows the 

photovoltaic performance of the DSCs, and Table 4 summarizes the results where Jsc is the 

short-circuit photocurrent density under irradiation, Voc is the open-circuit voltage, and FF is 

the fill factor. From Table 4, the solar energy conversion efficiency of the DSC sensitized with 

the Ru-based dye is higher than that of the indoline dye (D149) DSC [61]. Generally, the 

conversion efficiency of a solar cell is given by [62]; 

𝜂 =
𝐹𝐹 ×𝐽𝑠𝑐 ×𝑉𝑜𝑐

𝑃𝑖𝑛
                                         (9) 

where Pin is the incident light intensity (1000Wm-2). Since the difference in the values 

of Voc and FF recorded for the two solar cells was small, the Jsc determined the conversion 

efficiency of the solar cells. The Jsc measures the sensitized electrode's light-harvesting ability 

and results in high photocurrent density in the solar cell. From Table 4, the ZnO-composite 

photoanode sensitized with the indoline dye recorded Jsc of 1.76A/cm2, while the ZnO-

composite photoanode sensitized with N719 recorded Jsc of 2.9A/cm2. The higher photocurrent 

recorded by the Ru-sensitized ZnO photoanode indicates the better light-harvesting capability 

of Ru dye on the hydrothermally prepared ZnO. Previously, a screen-printed ZnO electrode on 

an AZO-coated glass substrate sensitized with eosin dye yielded a conversion efficiency of 

0.61% [63]. Also, ZnO nanowire electrodes on AZO-coated glass substrate sensitized with a 

ruthenium complex dye gave an overall conversion efficiency of 0.6% [64]. Therefore, the 

hydrothermally synthesized ZnO nanoparticles sensitized with a metal-free dye (D149) can 

potentially be used as a photoanode in DSCs. 

4. Conclusions 

ZnO nanoparticles were synthesized successfully by the hydrothermal technique using 

different hydrothermal temperatures and annealed at a temperature of 500℃ for 30 minutes. 

XRD, SEM, EDX, DRS, FTIR, and TGA characterized the synthesized nanoparticles.  

The XRD and EDX results confirm the crystalline nature, hexagonal wurtzite structure, 

and elemental composition of the ZnO NPs. ZnO NPs prepared by the hydrothermal treatment 

at 120℃ and annealing at 500℃ for 30 minutes showed the highest (002) diffraction peak as 

required for optoelectronic devices such as in the nanostructured solar cell.  

The FTIR and the DSC/TG analysis indicate the effect of the annealing on the 

synthesized samples as water molecules and organic compounds are removed with increasing 

hydrothermal temperature. Using ZnO nanoparticles prepared at 120°C and mixed to form 

composite-photoanode in DSCs sensitized with metal-free (D149) and Ru-based (N719) dyes, 
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conversion efficiencies of 1 and 1.4% were recorded. The higher efficiency recorded for the 

ruthenium-sensitized photoanode is attributed to better light harvesting, resulting in the high 

photocurrent density of the Ru-sensitized ZnO-composite photoanode. 
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