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Abstract 

Transparent ZIF-8/TiO2 nanocomposite thin films were prepared by a two-stage dip-

coating method. TiO2 was first deposited on glass substrates by sol-gel dip-coating. 

Heat treatment temperature, number of layers, and doping metal type or level were 

optimized in the first step. In the next step, ZIF-8 was grown by solvent-based 

crystallization method on TiO2 layers. Cu, Ce, Fe, or Zn-doped TiO2 thin films were 

prepared in order to increase the photocatalytic performance of the ZIF-8/TiO2 

nanocomposite. The highest photocatalytic methylene blue degradation activities 

were obtained with the ZIF-8/TiO2 nanocomposite thin films prepared by using 1% 

Cu or 1% Ce-doped TiO2 thin films as the substrates. Both films exhibited 19% dye 

removal in 1 hour under 254 nm LED light irradiation, whereas the dye removal 

efficiencies were 36% and 29% , respectively, in 1 hour under 365 nm LED light 

irradiation. 
 

 
1. Introduction 

 

Scientific studies report that by 2050, energy and 

clean water demand will increase by 80% and 55%, 

respectively, due to an increase in the world 

population to 9.7 billion people [1]. Using clean and 

renewable energy sources and implementing new 

water treatment technologies with low energy 

requirements and high efficiencies are of great 

importance in ensuring a sustainable environment. 

Photocatalysis stands out as a promising method for 

the generation of clean hydrogen from water and the 

oxidation of water pollutants by the utilization of 

solar energy, which is abundant and free. 

Photocatalyst design and preparation, which are at the 

center of photocatalysis, are the most important steps 

that determine the efficiency of any photocatalytic 

process. Metal-organic frameworks (MOFs), which 

have been frequently used in photocatalysis in recent 

years, are promising materials due to their 

microporous structure and high surface area. ZIF-8 

(Zeolitic imidazolate framework-8), which consists of 

zinc and 2-methyl imidazole building blocks and is in 
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the zeolitic imidazolate family, has a high surface area 

(1500-2500 m2/g), high thermal stability, and an 

appropriate surface structure for the adsorption of 

organic pollutant molecules in water [2]. ZIF-8 also 

has chemical resistance to aqueous alkaline solutions 

and organic solvents [3]. 

ZIF-8 is a semiconductor material with a high 

band gap energy (5.2 eV) and was used in the form of 

a nanocomposite with zinc, copper, iron, cadmium, 

bismuth, or carbon-based materials to improve its 

photocatalytic properties [4] in pollutant oxidation, 

heavy metal, and CO2 reduction, NO removal, 

conversion of nitrogen to ammonia, or adsorption [5]-

[16]. It was revealed that these nanocomposite 

structures showed higher photocatalytic activities in 

the specified applications compared to their pure 

form. ZIF-8 was also doped to improve its 

photocatalytic activity [17], [18]. Studies have shown 

that when ZIF-8 is used in combination with different 

semiconductor materials, the light absorption edge 

can be reduced to the visible light region. The reason 

for the higher activities obtained with doped or 

nanocomposite ZIF-8 compared to undoped or non-
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composite structures was reported to be the faster 

transport and separation of electron-hole pairs due to 

heterojunctions formed on the photocatalyst surface. 

Studies have shown that photocatalytic activity does 

not only depend on light absorption properties but 

also on the presence of heterojunctions or structural 

defects in the structure [13], [19].  

TiO2 is a widely used photocatalyst due to its 

high activity and high chemical and photochemical 

stability [20]. ZIF-8 was prepared together with TiO2 

in nanocomposite form for the degradation of organic 

pollutants or for reduction reactions [19], [21]-[25]. 

The effects of the use of ZIF-8 together with TiO2 in 

nanocomposite form were mostly investigated in 

powder form. A limited number of studies on ZIF-8 

films were conducted in which different substrates 

were used, such as ITO/FTO [26], [27], 

functionalized glass [28], Au [29], [30], copper [31], 

or Si [32] surfaces. Those studies were on the 

synthesis and characterization of ZIF-8 films, and the 

activities of the prepared films in photocatalysis were 

not investigated. The use of photocatalyst films is 

more convenient due to the ease of application, which 

mostly doesn’t require a photocatalyst recovery step, 

and the use of fewer amounts of valuable 

photocatalytic material compared to bulk powder 

form.  

The aim of this study was to prepare ZIF-

8/TiO2 nanocomposite thin films and to increase the 

photocatalytic activity of bare ZIF-8, which is quite 

low compared to TiO2. An optimization was 

conducted by varying parameters such as heat 

treatment temperature, number of layers, and amount 

and type of metal doping in order to find the 

appropriate TiO2 support on which ZIF-8 crystals 

would be grown.    

 

2. Materials and Method 

 

2.1. Thin Film Preparation 

 

The first step in the preparation of transparent ZIF-

8/TiO2 thin films was the optimization of the TiO2 

layer on which ZIF-8 crystallites would be grown. In 

these studies, the heat treatment temperature, number 

of TiO2 layers, dopant metal type, and concentration 

were optimized by considering the photocatalytic 

activities. Undoped and doped TiO2 sols were 

prepared with titanium:water:acid molar ratios of 

1:2:0.057. Titanium tetraisopropoxide (TTIP, Aldrich 

97%) was used as the titanium precursor; copper 

nitrate trihydrate (99.5%, Merck), cerium nitrate 

hexahydrate (99.5%, Alfa Aesar), iron nitrate 

nonahydrate (99%, Merck), and zinc nitrate 

hexahydrate (98%, Aldrich) were used as the dopant 

precursors; ethanol (absolute Aldrich), nitric acid 

(HNO3, 65%, Merck) and ultra-pure water were used 

as solvents. Undoped TiO2 sols were prepared by the 

dropwise addition of an ethanolic solution of water 

and nitric acid (0.555 mL H2O, 0.065 mL HNO3 and 

50 mL ethanol) to an ethanolic solution of TTIP (5 

mL TTIP and 50 mL ethanol). Metal-doped TiO2 sols 

were prepared by the same procedure and recipe in 

which the ethanolic solution of water and nitric acid 

contained predetermined amounts of metal 

precursors. Due to the aqueous nature of the metal 

salts, the water originating from these salts was 

subtracted from the water in the main recipe to ensure 

a titanium:water molar ratio of 2. The sols were aged 

at room temperature for 15 minutes before coating. 

TiO2 thin films were coated on a 7.5x2.5 cm 

borosilicate glass substrate by using the dip-coating 

technique. A clean surface is of great importance for 

homogeneous and continuous glass surface coating. 

For this reason, the glass substrates were first soaked 

in detergent water, then soaked in water, acetone, and 

ethanol in an ultrasonic bath, then washed with 

ethanol and dried with nitrogen. Cleaned substrates 

were then coated with TiO2 by the dip-coating 

method. Substrate removal rates were optimized 

before the preparation of TiO2 and ZIF-8/TiO2 

nanocomposite thin films. The dipping rate was set to 

200 mm/min. A removal rate of 200 mm/min, which 

was determined in the optimization studies, was used 

in the preparation of TiO2 and ZIF-8/TiO2 thin films. 

In the first step, undoped TiO2 thin films were 

prepared, dried at room temperature, and then heat 

treated at 400, 450, 500, and 550oC for 3 hours. In the 

next step, metal-doped TiO2 thin films were prepared 

and heat-treated at 400oC. Cerium, iron, copper, and 

zinc-doped TiO2 thin films with doping amounts 

ranging from 1-10 mol% were then prepared, and 

ZIF-8 was coated on these TiO2 thin films. Zinc 

nitrate and 2-methylimidazole (Hmim, 99%, Aldrich) 

were used for the formation of ZIF-8 crystals on TiO2 

surfaces. The final molar ratios of 

Zn2+:Hmim:methanol were set to 1:8:700, which is 

typical for ZIF-8 synthesis [17]. Zinc nitrate and 2-

methylimidazole were stirred in 45 mL of methanol 

in separate beakers (50 mL) at room temperature. 

These solutions were added simultaneously to a 

beaker (100 mL) in which TiO2 thin film-coated glass 

substrates were vertically immersed, and the final 

solution was stirred for 30 minutes at room 

temperature. The immersion time was optimized 

based on preliminary experiments. The transparency 

and homogeneity of the film grown for 30 minutes 

were better compared to the films grown for 15, 45, 

and 60 minutes, whereas the photocatalytic activities 

were similar. The coated films were washed 
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consecutively with methanol and ethanol and dried at 

80oC for 24 hours. For comparison, bare ZIF-8 film 

on a glass substrate was also synthesized. The glass 

substrate was first functionalized by silanization. The 

cleaned glass substrate was kept immersed in a 2% 

(by volume) methanolic solution of 

trimethoxymethylsilane (Aldrich, 98%) for 4 hours. 

The glass substrate was then washed consecutively 

with methanol and ethanol and dried before coating. 

The procedure and recipe used in growing ZIF-8 

crystals on TiO2 thin films were used for the 

preparation of bare ZIF-8 film on a glass substrate. 

 

2.2. Characterization 

 

The optical characterization of the prepared films was 

carried out by an Agilent Cary60 UV-Vis 

Spectrophotometer. The light transmittances of the 

films were recorded in the 300-800 nm wavelength 

range. Surface morphology and film thickness were 

investigated by Scanning Electron Microscopy 

(SEM) with the FEI Quanta 650 Field Emission. 

Thickness and average grain size were calculated by 

using SEM images. 
 

2.3. Photocatalytic Tests 

 

The photoreaction system was constructed as shown 

in Figure 1. An 11 cm high and 10.5 cm wide 

Plexiglas box was used, and a glass container with a 

diameter of 4.8 cm and a height of 2.4 cm was placed 

at the bottom. A LED lamp with its maximum 

emission at 254 nm or 365 nm was placed on top of 

the box. Glass slides were cut so that the active 

surface area of a thin film was 2.5x2.0 cm2. The films 

were placed horizontally (perpendicular to the light 

from the LED lamp) at the bottom of the glass 

container. Methylene blue solution (2 ppm, 5 mL) 

was used as the model dye solution. The samples 

withdrawn after 1-hour irradiation were analyzed by 

a UV-Vis spectrometer (Agilent, Cary60 UV-VIS 

Spectrophotometer). Dye removal (%) was calculated 

according to the following equation: 

 

Dye removal (%) = ( (Io-I) / Io ) * 100                 (1) 

 

where I is the absorbance of the methylene 

blue solution sample and Io is the absorbance of 2 ppm 

methylene blue solution. The absorbance value at the 

maximum absorption wavelength (664 nm) was used 

in the calculations. The performances of the films 

were also investigated under 365 nm light in order to 

show the interaction of ZIF-8 and TiO2 with regard to 

the light absorption characteristics. The same setup 

was used. The only differences in these experiments 

were that 25 mL of methylene blue solution was used 

and that the solution was agitated continuously during 

the experiments. Photocatalytic activity 

determination experiments were carried out in 

duplicate runs. 

 

 
 

Figure 1. A schematic representation of the photocatalytic 

reaction setup. 

 

3. Results and Discussion 

 

3.1. Characterization 

 

3.1.1. Optimization of Dip-coating Process 

 

Dip-coating was carried out using removal rates in the 

range of 20-400 mm/min. Since the films will become 

thinner as the removal rate decreases, lower rates 

were also tried, but a wavy structure through the films 

was observed. At rates of 200 mm/min and above, it 

was found that this wavy structure did not exist and 

films of sufficient thinness were formed (no lifting 

from the surface or visible cracks were observed after 

heat treatment). Therefore, a removal rate of 200 

mm/min was used in the subsequent studies. The 

photographs of the prepared TiO2 thin films are 

shown in Figure 2. 

 
 

Figure 2. a) The photographs of TiO2 thin films prepared 

in the optimization studies, b) Photographs of as-

deposited undoped/doped TiO2 thin films on glass 

substrates. 

Dye

solution

Thin

film

LED

TiO2 Ce-TiO2 Cu-TiO2 Fe-TiO2 Zn-TiO2

a)

b)

Dip-coating
optimization



H. A. Yurtsever, O. İloğlu / BEU Fen Bilimleri Dergisi 12 (3), 764-772, 2023 

767 
 

3.1.2. Morphologies of TiO2 and ZIF-8/TiO2 

Nanocomposite Thin Films 

 

The surface and cross-section morphology of the thin 

films were investigated by SEM analysis. SEM 

images of ZIF-8 uncoated and coated 1% Cu-doped 

TiO2 and 1% Fe-doped TiO2 thin films heat treated at 

400oC are given in Figures 3 and 4, respectively. SEM 

images (Figures 3a and 4a) showed that ZIF-8 

uncoated Cu and Fe doped TiO2 thin films were 

homogeneously deposited on glass substrates. The 

average grain sizes of these films were determined to 

be 23 nm and 29 nm for 1% Cu-doped TiO2 and 1% 

Fe-doped TiO2, respectively.  

 

 
 

Figure 3. Surface and cross-section SEM images of 1% 

Cu doped TiO2 thin films (a, c) and ZIF-8 / 1% Cu doped 

TiO2 thin films (b, d). 

 

 
 

Figure 4. Surface and cross-section SEM images of 1% 

Fe doped TiO2 thin films (a, c) and ZIF-8 / 1% Fe doped 

TiO2 thin films (b, d). 

 

It was observed that ZIF-8 particles grown on 

doped TiO2 thin films were not homogeneously 

distributed on the surface (Figures 3b and 4b). ZIF-8 

particles have spherical shapes, and the average grain 

sizes of the ZIF-8-coated thin films were determined 

to be in the 90-100 nm range. There were no 

significant differences between the average 

thicknesses of the uncoated and ZIF-coated thin films 

due to the inhomogeneity of ZIF-8 films. The average 

thicknesses were found to be in the 0.15-0.17 µm 

range. 

 

3.1.3. Light Absorption Properties of TiO2 and 

ZIF-8/TiO2 Nanocomposite Thin Films 

 

The light absorption properties of undoped and doped 

TiO2 thin films, bare ZIF-8, and ZIF-8-coated TiO2 

thin films were determined by evaluating their UV-

Vis transmittance spectra between 300 and 800 nm 

wavelength. The light transmission curves of these 

films are given in Figure 5. As seen in Figure 5a, the 

transmittance curve of undoped TiO2 thin film heat 

treated at 400oC shifted to lower wavelengths when 

higher heat treatment temperatures were applied. This 

showed that the film heat-treated at 400oC has a 

higher light absorption capacity compared to the other 

films. The transmittance curves of Ce-doped TiO2 

thin films heat-treated at 400oC are shown in Figure 

5b.  

 

 
 

Figure 5. UV-Vis transmittance spectra of a) Undoped 

TiO2 thin films heat treated at different temperatures, b) 

Ce Doped TiO2 thin films heat treated at 400 oC, c) 

various metals doped TiO2 thin films heat treated at 400 
oC and d) ZIF-8, ZIF-8 coated various metals doped TiO2 

thin films heat treated at 400 oC. 

 

It was observed that the transmittance curve 

of TiO2 shifted to lower wavelengths at low doping 

levels (1, 3, 5%) and to higher wavelengths at high 

doping levels (10%). This finding showed that the 

light absorption of TiO2 increased when doped with 

Ce at high doping levels. The transmittance curves of 

TiO2 doped with different metals are shown in Figure 

5c. It can be stated that the curve mainly shifted to 

a) b)

c)                                                                   d)

a) b)

c)                                                                   d)
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lower wavelengths when TiO2 was doped with Ce, 

Cu, Fe, or Zn at a 1% doping level. Among the doped 

TiO2 thin films, Cu-doped TiO2 showed higher light 

absorption capacity compared to Ce, Fe, or Zn doped 

TiO2 since the absorption edge of this film is at a 

higher wavelength. The transmittance curves of bare 

ZIF-8 and ZIF-8-coated TiO2 thin films doped with 

different metals are shown in Figure 5d. ZIF-8-coated 

Cu-doped TiO2 thin films showed higher light 

absorption capacities than the other ZIF-8-coated 

TiO2 thin films and bare ZIF-8. The higher light 

absorption capacity of Cu-doped TiO2 thin films may 

lead to higher photocatalytic activity than the other 

films. These findings indicated that the light 

absorption capacity and, as a result, the photocatalytic 

activity of bare ZIF-8 film may be increased when 

undoped or doped TiO2 thin films are used as supports 

to grow ZIF-8 crystals.  
 

3.2. Photocatalytic Performances of TiO2 and ZIF-

8/TiO2 Nanocomposite Thin Films 

 

Figure 6a shows how well dyes are removed by 

adsorption and photocatalysis from thin films of 

undoped TiO2 that have been heated at different 

temperatures. Photocatalytic removal efficiencies 

were higher than adsorptive removal efficiencies. 

This is an indication that photocatalytic degradation 

was achieved with the prepared films. The highest 

removal efficiencies by adsorption and photocatalysis 

were obtained with the film heat-treated at 400oC. 

With this film, 37% and 56% of the dye were removed 

by adsorption and photocatalysis, respectively. The 

film heat-treated at 400oC showed better 

photocatalytic performance than the films heat treated 

at 450, 500, and 550oC under 254 nm irradiation. 

Therefore, 400oC was chosen as the heat treatment 

temperature for further studies. After determining the 

optimum heat treatment temperature, the effect of the 

number of TiO2 layers on the photocatalytic activity 

was investigated. Undoped TiO2 thin films containing 

1-4 layers were prepared, and their photocatalytic 

performances were evaluated. Figure 6b shows how 

well different numbers of layers of undoped TiO2 thin 

films treated at 400oC remove dye through 

photocatalysis. The photocatalytic performances are 

slightly different, as can be seen from Figure 6b. The 

photocatalytic dye removal efficiencies of monolayer 

and multilayer undoped TiO2 thin films varied 

between 50 and 61%. In light of these results, it was 

decided to use monolayer TiO2 thin films as a basis 

for the preparation of ZIF-8/TiO2 nanocomposite thin 

films due to their ease of preparation. 

TiO2 thin films doped with Ce in the range of 

1-10 mol% were prepared, and their photocatalytic 

performances were determined, in order to investigate 

the effect of doping level on the photocatalytic dye 

removal efficiency of TiO2 and to find a suitable TiO2 

support on which ZIF-8 crystals will be grown.  

 

 
Figure 6. a) Dye removal efficiencies by adsorption and 

photocatalysis with undoped TiO2 thin films heat treated 

at different temperatures, b) Photocatalytic dye removal 

efficiencies of undoped TiO2 thin films heat treated at 

400oC with different number of layers. 

 

Before starting the photocatalytic 

performance determination experiments, a direct 

photolysis experiment was first performed to 

determine the contribution of spontaneous 

degradation of methylene blue under 254 nm light. 

The experiment was carried out in the absence of a 

photocatalyst film. It was found that 5% of the dye 

spontaneously self-degraded in 1 hour under 254 nm 

light. The photocatalytic dye removal efficiencies of 

Ce-doped TiO2 thin films and dye removal by direct 

photolysis are given in Figure 7a. The highest activity 

was obtained with 1% Ce-doped TiO2 thin films and 

a decrease in the photocatalytic activity was observed 

as the doping level increased. The photocatalytic dye 

removal efficiencies of TiO2 thin films doped with 

various metals are given in Figure 7b. The highest 

activities were obtained with Ce and Fe-doped TiO2 

thin films. Zn doping had no significant effect on the 

photocatalytic activity, while Cu doping decreased 

the activity of TiO2 under these conditions. 

Interaction with light is one of the parameters 

affecting photocatalytic activity. It is thought that 

photocatalytic activity will increase with an increase 
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in light absorption capacity. However, other 

parameters- such as the interaction of dye molecules 

with the surface and the separation efficiency of 

electron-hole pairs, also have significant effects on 

the activity. As can be seen in Figure 5, a red shift is 

observed in the metal-doped films only at the 10% 

doping level. However, when the photocatalytic 

activity results were analyzed (Figure 7), it was found 

that 1% of metal-doped films showed higher 

photocatalytic activity. Therefore, it can be 

interpreted that electron-hole pair separation and the 

interaction of dye molecules with the surface may be 

more efficient in 1% metal doped films compared to 

other films. 

 

 
Figure 7. Photocatalytic dye removal efficiencies of a) Ce 

doped TiO2 thin films and b) 1% various metals doped 

TiO2 thin films. 

 

In the final part, ZIF-8 was grown on 1% 

TiO2 thin films doped with various metals, and their 

photocatalytic performances were evaluated under 

both 254 nm and 365 nm LED light irradiation. The 

results are given in Figures 8a and 8b, respectively. 

The photocatalytic dye removal efficiencies of bare 

ZIF-8 film on glass substrate under both 254 nm and 

365 nm LED irradiation are also given in Figure 8 for 

comparison.  

The photocatalytic activity decreased when 

ZIF-8 was coated on TiO2 films, according to Figures 

7 and 8. The reason may be that ZIF-8 has a higher 

band gap energy than TiO2, and the TiO2 surface was 

blocked by ZIF-8 crystals, which prevented the 

interaction of TiO2 with light. However, it should be 

noted that the activity of ZIF-8 increased when ZIF-8 

was coated on TiO2 films, which was the main aim of 

this study. According to Figure 8, ZIF-8/TiO2 

nanocomposite thin films obtained with 1% Ce and 

1% Cu doped TiO2 thin films showed higher activity 

in the photocatalytic removal of the dye under both 

254 nm and 365 nm LED irradiation when compared 

to 1% Fe and 1% Zn doped TiO2 thin films. In general, 

ZIF-8 grown on TiO2 thin films showed better 

photocatalytic dye removal efficiencies compared to 

bare ZIF-8 grown on the glass substrate. 

The highest photocatalytic activity was 

obtained with the ZIF-8 coated-, 1% Cu-doped TiO2 

film, which may be due to the formation of more 

efficient ZIF-8/TiO2 heterojunctions and better light 

interaction. As seen in Figure 5d, a slue shift was 

observed in ZIF-8 coated films compared to the 

uncoated film, and among the ZIF-8 coated films, 

ZIF-8 coated Cu-doped TiO2 thin film showed higher 

light absorption capacity compared to other films. 

These results indicated that the photocatalytic 

activity of ZIF-8 could be improved when metal-

doped TiO2 substrates were used as supports for the 

growth of ZIF-8 crystals. According to these results, 

the photocatalytic activity of ZIF-8 can be enhanced 

by using TiO2 thin film supports doped with low 

amounts of Ce, Cu, Fe, or Zn and heat treated at 

relatively low temperatures (400oC). 

 

 
Figure 8. Photocatalytic dye removal efficiencies of bare 

ZIF-8 and ZIF-8/TiO2 nanocomposite thin films: a) under 

254 nm LED irradiation and b) 365 nm LED irradiation. 
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4. Conclusion and Suggestions 

 

In this study, the optimization of TiO2 support 

properties for the preparation of transparent ZIF-

8/TiO2 nanocomposite thin films was performed by 

evaluating their photocatalytic performances. 

According to the results, it was found that the 

photocatalytic dye removal efficiencies of ZIF-8/TiO2 

nanocomposite thin films prepared by 30-min ZIF-8 

growth on 1% Ce, Cu, Fe, and Zn doped TiO2 thin 

films heat treated at 400oC were higher than those of 

bare ZIF-8 thin films grown on glass substrates. The 

highest photocatalytic dye removal efficiencies were 

obtained with ZIF-8/TiO2 nanocomposite thin films 

prepared with 1% Ce and 1% Cu-doped TiO2 thin 

films. The order of magnitude of the photocatalytic 

dye removal efficiencies did not change with the 

change of irradiation source (254 nm or 365 nm LED 

lamps) used in this study. The ZIF-8-coated 1% Cu 

and 1% Ce-doped TiO2 films removed 19% of the dye 

under a 254 nm LED light in 1 hour. Their dye 

removal efficiencies under 365 nm LED light 

increased to 36% and 29%, respectively. All ZIF-

8/TiO2 nanocomposite thin films showed higher 

activities than the bare ZIF-8 film, indicating that the 

activity of ZIF-8 can be enhanced when grown on 

TiO2 surfaces doped with 1% Ce, Cu, Fe, or Zn 

metals. These findings indicate that a nanocomposite 

structure containing ZIF-8 and TiO2 can be prepared 

as transparent thin films, and the photocatalytic 

activity of ZIF-8 can be improved by the optimization 

of TiO2 support. 
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