
 

 
 

 

Nickel-Doped TiO2 Multilayer Thin Film for Enhancement 
of Photocatalytic Activity 

 

Yoshiki Kurokawa, Dang Trang Nguyen, Kozo Taguchi* 

Department of Science and Engineering, Ritsumeikan University, 1-1-1 Noji Higashi, Kusatsu, Shiga, 
525-8577, Japan. 
 

* Corresponding author. Tel.: +81-77-561-5178; email: taguchi@se.ritsumei.ac.jp 

Manuscript submitted November 25, 2018; accepted February 1, 2019. 

doi: 10.17706/ijmse.2019.7.1.10-19. 
 

Abstract: The nickel-doped titanium powder and multilayer thin films for photocatalytic experiment were 

investigated. In order to improve the photocatalytic activity of TiO2 in the visible region, nickel-doped 

TiO2 powder was fabricated by Sol-Gel method. Moreover, we also studied the relationship between thin 

film surface conditions and photocatalytic activity. Based on experimental results, nickel-doped TiO2 

powder absorbed slightly visible light, and multilayer thin films reduced cracks on the surface. Multilayer 

thin films made of commercial P25 TiO2 powder mixed with nickel-doped powder enabled the highest 

photocatalytic activity. 
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1. Introduction 

In textile and other industries, wastewater has been produced in the process of dyeing products. They 

contain dangerous organic compounds which affect negatively to the environment. Due to such serious 

problems, removing dangerous organic compounds from wastewater is required. There are some methods 

that can remove dangerous organic compounds. Among them, photocatalyst technology has attracted 

attention in recent years [1]–[5].  

A photocatalyst is a material that causes chemical reaction using light energy, and it is used in some 

applications, for example, medical facilities, automobile mirrors and air conditioners deodorant filters. It is 

also used for organic matter degradation and expected to solve this environmental problem. The working 

principle of the photocatalytic organic-matter-degradation reaction is as follows; first, photocatalytic 

materials absorb light that contains higher energy than the band gaps of the materials. Then electrons (e−) 

transfer from the valence band (VB) to the conduction band (CB) of the photocatalytic materials. Positive 

holes (h+), which are electron-lack, are created at the VB. Positive holes deprive electrons of the (OH) group 

in water on the photocatalyst surfaces. (OH) group deprived electrons (OH radical) is in unstable condition, 

it deprives electrons from nearby organic matters. Then, it becomes stable. Electrons in CB reduce oxygen in 

the air, and superoxide anion (O2
−) is created. The OH radical and O2

− are called active oxygen and they 

have strong oxidizing power. They attack organic matters present near the surfaces of the photocatalytic 

materials. Ultimately, this process causes complete degradation of organic matters into harmless molecules 

as shown in Fig. 1 [6]–[8]. As photocatalytic materials TiO2, CdS, Fe2O3, WO3, and ZnO are well-known. 
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Among them, anatase TiO2 is widely used as a photocatalytic material due to its optical and electronic 

properties of high stability, low cost, and non-toxicity [6], [7], [9], [10]. Because this material has wide band 

gap (3.2 eV) which can respond to only a small fraction of the solar spectrum (<380 nm wavelength, UV 

light) [10]–[13]. Sunlight spectrum only contains about 5 % UV light. Therefore, many researchers have 

been trying to extend the response of TiO2 to visible light (400~800 nm wavelength) by using the method 

of doping some metals in TiO2. Doping non-noble metals (Fe, Ni, Cu) to TiO2 is more practical, which has 

been used to decrease the band gap of TiO2 and to extend the photo-response range of TiO2 to the visible 

light region [14]. Ni has some characteristics, such as resistance to corrosion and oxidation, easy to alloy, 

coverable by electroplating, catalyst characteristics. Ni can reduce band gap and attribute to the 

suppression of the recombination of electron-hole pairs on the TiO2 surface [7], [9], [11], [12], [15]–[19]. 

In this study, we tried to fabricate smooth, multilayer, Ni-doped TiO2  thin films for improving 

photocatalytic activity. Thin film catalyst is more practical than powder catalyst because of its simple 

reusability. The quality of thin film surface is an important factor. In the process of making thin film, cracks 

on the surface occurred because of the evaporation of the solvent as shown in Fig. 2 [20], [21]. To our 

knowledge, there has been no study that reported on the relationship between the quality of TiO2 thin film 

and its photocatalytic activity. We attempted to reduce cracks by making multilayer thin film. Ni-doped 

TiO2 powder was fabricated by Sol-Gel method to extend the optical absorption band of TiO2 to visible 

range.  

  
 

2. Method 

2.1. Sol-Gel method 

To make Ni-doped TiO2 powder by Sol-Gel method, we mixed 6 ml of Titanium Tetraisopropoxide 

(TTIP), 20mL of ethanol, 1mL of deionized water and 0.01mol of (Ni(NO3)2 ∙ 6H2O) in a container using a 

magnetic stirrer rotating at the speed of 500rpm for 1 hour. Then, the prepared solution was dried at 100oC 

for about 3 hours. After that, the obtained dried gel was grinded in a mortar to become fine powder. The 

powder was annealed at 650℃ for 1 hour for crystallizing. The completed Ni-doped TiO2 powder was 

called as Ni-SP. 

 

Table 1. EPD Solution Materials 
sample Powder Ethanol 

P25 P25 0.1g 20mL 

P25+Ni SP P25 0.1g, Ni SP 0.02g 20mL 

 

2.2. EPD 

To make thin films, we adopted electrophoresis deposition method (EPD). EPD is a method which 

charged minute particles in solvent by applying external electric field and deposited them on an electrode 

Fig. 2. Cracks on thin film.  Fig. 1. Photocatalyst theory.  
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substrate. In this method, thin film with controllable thickness can be produced. EPD charges TiO2 

particles in EPD solution positively and so they move to the negative charged electrode [21]–[24]. 

Commercially available TiO2 powder (P25, particle size: 20nm) without or with Ni-SP powder was mixed 

with ethanol as shown in Table 1. They are mixed at the speed of 700rpm for 1 hour with a magnetic stirrer. 

The anode (aluminum plate, 20×20×1mm) and cathode (FTO glass, 20×20×1.8mm) were placed 10mm in 

parallel into the prepared EPD solutions as shown in Fig. 3. EPD current from a current source (ADVANTEST, 

R6144) was set at 0.12mA and EPD time was 100sec in total. To make multilayer thin film (four layers), we 

performed 25 seconds EPD four times and respectively drying at 60℃ for 1min three times. The deposited 

areas were the same (10×20mm). After completing deposition, TiO2 thin films were annealed in the air at 

400℃ (5℃ min  heating rate) for 1 hour with an electric furnace (ASONE SMF-1). Because of the same total 

EPD time, both single-layer and four-layer thin films had the same thickness of about 15µm.  

 

 
 

2.3. Powder and Thin Film Characterization Method 

A Scanning Electron Microscope (SEM, HITACHI S4300) was used to observe Ni-SP powder, P25 thin 

films, and P25+Ni-SP thin films.  

An X-ray diffraction spectroscopy (XRD, PANalytical) was used to measure crystalline morphology and 

quantitative analysis of P25, Ni-SP, and P25 + Ni-SP powders.  

A UV-vis spectrophotometer (SHIMAZU, UV-3600) was used to evaluate the absorption band of the thin 

films. The transmittance and reflectance of two types of TiO2 thin films (P25 single layer and P25+Ni–SP 

single layer) were measured to determine their UV-visible spectra.  

Four types of TiO2 thin films (P25 single layer, P25 four layers, P25+Ni–SP single layer, and P25+Ni-SP 

four layers) were immersed in methylene blue solution (1.0×10−4M) for three hours in the dark. Then, they 

were taken out for dry and subsequently measured by the UV-vis spectrophotometer to compare methylene 

blue absorption rate in these thin films, in other words, to determine the active surface area of these thin 

films. 

2.4. Methylene Blue Photocatalytic Degradation Experiment 

The photocatalytic activity of the fabricated thin films was evaluated based on their methylene blue 

degradation rates. methylene blue is a cationic dye used as a traditional dye for dyeing cotton, wool, and silk. 

This experiment was performed using 1.0×10−5M methylene blue aqueous dye solution. A UV light source 

was used (TOSHIBA, FL20S-BL lamp), which illuminates ultraviolet and a narrow band of visible light 

(400-500nm wavelength). As shown in Fig. 4, transparent plastic containers were filled with 5ml of the 

Fig. 3. EPD device. 
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methylene blue solution. The fabricated thin films were immerged into these containers. Then, they were 

irradiated by the lamp with a 5cm distance from the lamp. Every one-hour interval, 1ml solution was taken 

out of each container for measuring the transmittance by the UV-vis spectrophotometer. After the 

measurement, we returned the taken-out solution to the corresponding container for further photocatalytic 

degradation experiment. We repeated the measurement six times in total. The methylene blue degradation 

rate is propotional to the absorbance, which is calculated using the following equation (1) [11], [12], [25], 

[26]. 

 

Absorbance (abs) = ln (
𝑇0

𝑇𝑡
)                               (1) 

(where, 𝑇0: initial transmittance and 𝑇𝑡 : Transmittance at given time). 

 
Fig. 4. Experimental setup of the methylene blue photocatalytic degradation experiment. 

 

3. Result and Discussion 

3.1. Powder and Thin Film Characterization 
 

 
Fig. 5. SEM image of the fabricated Ni-SP powder. 

 

Fig. 5 shows the SEM image of the handmade Ni-SP powder. The particle diameter is about 100nm. 

Commercially available P25 powder has about 20nm diameter particles, so Ni-SP particles are about 5 

times larger than P25 particles. In addition, Fig. 6 shows the SEM images of the fabricated thin films: (a) 

P25 single layer, (b) P25+Ni-SP single layer, (c) P25 four layers, and (d) P25+Ni-SP four layers. From Fig 6 

(a) (b), there were many cracks on the surfaces of these single layer thin films. These cracks caused to 
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reduce the surface area of these thin films. On the other hand, there was almost no crack observed on the 

surfaces of the four-layer thin films (Fig. 6 (c) (d)) , it can be confirmed that multilayer fabrication method 

can improve the quality of the thin films and increase their effective surface area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
Fig. 7. XRD data. 

 

Fig. 7 shows XRD diffraction pattern of three types of TiO2 powder (P25, Ni-SP, P25 + Ni-SP). These 

powders had strong peaks in anatase and rutile. Anatase peaks recognized at 25.26°, 37.74°, 48.03°, 53.84°, 

55.06°, 62.10°, 68.73°, 70.31°, and 75.04°. Generally, anatase TiO2  causes photocatalytic reaction. 

Furthermore, both Ni-SP and P25+Ni-SP powders had a peak at 33.13° that was absence in P25 powder. 

That was one of the two peaks of TiNiO3 (33.13° and 49.48°). Based on the result of quantitative analysis of 

XRD data, P25 contained 77% of anatase and 23% of rutile; Ni-SP contained 66% of anatase, 16% of rutile, 

and 18% of TiNiO3; P25+Ni-SP contained 75% of anatase, 16% of rutile, and 9% of TiNiO3. From these 

results, it can be inferred that the nickel-doped TiO2 was successfully prepared by the sol-gel method. 

Fig. 8 shows the UV-vis spectra of the thin films of P25 single layer and P25 + Ni-SP single layer. The light 

absorption characteristics of the P25 thin film (black solid line) were much decreased after the wavelength 

Fig. 6. SEM images of (a) P25 single layer, (b) P25+Ni-SP single layer (c) P25 four layers, (d) P25+Ni-SP 

four layers. 

a b 

c d 
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of 400nm. This shows the light absorption characteristics of non-doped TiO2, its response is in the UV light 

only. P25+Ni-SP thin film (red dotted line) had light absorption characteristics in a faint visible light range 

(400-470 nm). This is the effect of Ni-doped TiO2 prepared by the sol-gel method. It can be confirmed that 

by using Ni-doped method, we have succeeded in extending the absorption wavelength of TiO2. 

Fig. 9 shows the methylene blue absorptivity in TiO2  thin films after three hours immersed into 

methylene blue solution in the dark. Four types of TiO2 thin films (P25 single layer, P25 four layers, 

P25+Ni-SP single layer, and P25+Ni-SP four layers) were measured. The P25+Ni-SP four-layer thin film 

showed the highest absorptivity, and the P25 single-layer thin film showed the lowest absorptivity. If 

comparing P25 single-layer and P25 four-layer thin films (black solid line and black dashed line) with 

P25+Ni-SP single-layer thin film and P25+Ni-SP four-layer thin film (red dotted line and red dashed dotted 

line), the samples with four layers show higher methylene blue absorptivity in both cases. This result 

indicates that the surface area of four-layer thin films was significantly improved because of the absence of 

cracks. Furthermore, there was almost no difference in absorptivity between the P25 four layers and 

P25+Ni-SP single layer. This is an indication of the effect of Ni-doped powder on the improvement of the 

thin film surface area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2. Methylene Blue Photocatalytic Degradation Experiment 

Fig. 10 shows the photocatalytic degradation of methylene blue dye by the four thin films of (a) P25 

single layer, (b) P25 four layers, (c) P25+Ni-SP single layer, and (d) P25+Ni-SP four layers. The light 

irradiation time was 6 hours. The absorbance was calculated based on equation (1). A deionized water 

sample was also measured for comparison (dashed lines in Fig. 10). When the change from the initial 

absorbance is large, the degradation rate is high. As expected, the P25 single-layer thin film (Fig. 10 (a)) and 

P25+Ni-SP four-layer thin film (Fig. 10 (d)) had the lowest and highest rates of degradation, respectively. 

Fig. 11 shows methylene blue degradation rate as a function of light irradiation time (6 hours). Methylene 

blue degradation rate was obtained from the ratio of the absorbance at the maximum absorption wavelength 

(664nm) in Fig. 10. In the same light irradiation period, the P25 + Ni-SP four-layer thin film showed the 

highest methylene blue degradation rate of 76.1%. Meanwhile, P25 single-layer thin film showed the lowest 

methylene blue degradation rate of 57.7%. In addition, methylene blue degradation rate of the P25 four-layer 

thin film was 69.1%, which was similar to 68.7% of the P25 + Ni-SP single-layer thin film. This was attributed 

Fig. 8. UV-vis spectra of P25 single-layer and 

P25+Ni-SP single-layer thin films.  

Fig. 9. UV-vis spectra of four methylene blue- 

absorbed TiO2 thin films. 
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to the positive effect of the fabricated nickel-doped TiO2 powder mixed in the P25 + Ni-SP single-layer thin 

film. In the case of the samples with the same type of powder, cracks on the thin film surfaces were negatively 

related to their photocatalytic activity. Therefore, the four-layer thin film showed higher methylene blue 

degradation rate than the single-layer thin film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Photocatalytic degradation rate of methylene blue dye under light irradiation. 

4. Conclusions 

From the experimental results, we can conclude that P25+Ni-SP multilayer thin film enhances the 

photocatalytic activity. This is because of the extension of the absorption wavelength of Ni-doped TiO2 and 

the reduction of cracks in the multilayer thin film resulted in larger reaction area. P25+Ni-SP four-layer thin 

film realized an improvement of 31.8% in methylene blue photocatalytic degradation rate compared with 

P25 single-layer thin film. In the future, we will optimize the capability of photocatalytic activity of 

P25+Ni-SP powder by varying the ratio of P25 and Ni-SP powders. 
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