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Abstract. Nanocrystalline Ni-doped ZnO (NZO) thin films were synthesized on glass substrate 

using sol-gel spin coating methods. The effect of annealing on the structural and optical 

properties of nanocrystalline thin film was studied using X-ray diffractometer (XRD), field 

emission scanning electron microscopy (FESEM), UV-VIS spectrophotometry, and 

photoluminescence (PL). The results showed that the annealing temperature strongly 

influenced the physical properties of nanocrystalline NZO thin films. The photocatalytic 

properties of nanocrystalline NZO thin films were evaluated using an aqueous solution of 

Rhodamine-B. The photocatalytic activity of nanocrystalline NZO thin films increased with the 

increase of annealing temperature. The results indicated that the structure, morphology, and 

band gap energy of nanocrystalline NZO thin films played an important role in photocatalytic 
activity. 

1.  Introduction 

Photocatalysis based on metal oxide semiconductor has been considered as alternative materials for 

degrading recalcitrant organic compound in wastewaters [1]. Many metal oxides including CdS, TiO2, 

Fe2O3, WO3, and ZnO have been studied as fine powder for photocatalysis application [2 - 5]. The 

problem of using the powder photocatalysts is that they are difficult to separate, recovery, and recycle 

[1]. It generates potential health and environmental risks. These problems can be overcome by using 

thin films as photocatalysts. However, their photocatalytic activity is lower than the powder 

photocatalysts [1], caused by the reduction of the surface area. Accordingly, the surface morphology 

modification of thin films such as porosity, film homogeneity, and pore size distribution is 

indispensable to improve the photocatalytic activity [3, 6]. Besides, the doping of metallic and rare 

earth element can be used to modify films surface and enhance the photocatalytic performance [2, 7 - 

10]. 

Among the metal oxide semiconductor, ZnO has several advantages such as relatively cheap, non-

toxic and chemically stable [9]. ZnO is II-VI semiconductor compound with direct wide-band-gap of 

3.37 eV and large exciton binding energy of 60 meV at room temperature [3, 11, 12]. It makes ZnO 

applicable as solar cell [13], laser [14], gas sensors [15], piezoelectric materials [16], and light 

emitting diodes (LEDs) [17]. In recent years, the function of ZnO as photocatalyst [2, 3, 7-9, 18-20] 
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and antibacterial agent [8, 11] has been investigated. This is owing to its excellent photocatalytic 

efficiency and good stability. Several studies show that the ZnO exhibits greater photocatalytic 

efficiency than TiO2 to degrade organic pollutants [4]. However, due to its wide band gap, ZnO 

exhibits photocatalytic activity only under UV light [4, 8, 9]. It greatly inhibited their applications. 

Some studies reported that the optical response of ZnO into the visible light can be improved by 

doping it with transition metal elements such as Ag [9], Cu [2], Mn [21], Co [8], Mg [22], Cd [9] and 

Ni [19]. In particular, Ni is one of the most efficient doping elements to modify the band-gap of ZnO. 

The advantage of Ni metal over other metals like Ag, Mn, Pd, and Cd is due to its low cost. 

Furthermore, Ni ion has the same radius and valence-band with Zn ion, which results in large 

solubility in the ZnO matrix [23]. Some works on Ni-doped ZnO reported that the optical, electrical, 

and magnetic properties of ZnO were changed after Ni doping [24, 25]. However, little reports have 

been found to investigate the photocalaytic activity of Ni-doped ZnO thin films [12, 19]. In this work, 

Ni-doped ZnO (Ni = 3 at.%) thin films was fabricated using sol-gel methods. The effect of annealing 

on the structural, optical, and photocatalytic properties of ZnO thin films was discussed. 

2.  Experimental details 

2.1. Synthesis of NZO thin films 

Nanocrystalline NZO thin films were prepared on corning glass by sol-gel spin coating methods. First, 

corning glass substrate was cleaned sequentially with acetone, methanol and DI water in an ultrasonic 

bath and then dried. The NZO solution was prepared by mixing zinc acetate dihydrate 

(Zn(CH3COO)2.2H2O), nickel acetate tethrahydrate (Ni(OCOCH3)2.4H2O), isopropanol and 

ethanolamine as precursor, dopant, solvent, and stabilizer, respectively. The molar ratio of isopropanol 

and zinc acetate dihydrate was maintained at 1.0 and the concentration of nickel was 3% from zinc. 

The resulted solution was stirred at 60 °C for 90 min and then aged for 24 hours at room temperature 

before usage. The NZO solution was then dropped on the corning glass substrate and rotated at 2500 

rpm for 15 seconds using VTC-100 spin coater system. After deposition, the NZO films were 

preheated at 300 °C for 30 minutes to remove the solvent and then heated in air at 400, 500 and 600 

°C for 1 hour. 

2.2. Characterizations 

The structure of nanocrystalline NZO thin films was studied with XRD-Smartlab Rigaku system. The 

surface morphology of the thin films was investigated by FESEM JIB-4610F system. The optical 

properties were determined using UV-Vis spectrophotometer UV-2600 Shimadzu and 

Photoluminescence Cary Eclipse Spectrophotometer Agilent Technology. All characterization was 

performed at room temperature. 

2.3. Photocatalytic activity 

The photocatalytic activity of NZO thin films was investigated by photodecolorization of the 

Rhodamine-B (RhB) solution under UV light. The experiment was carried out in home-made reactor 

at room temperature with Royalux T5 6 W lamps as UV source. The obtained films were placed inside 

100 mL of a 10 ppm RhB solution with eight UV lamps. The photocatalytic degradation was evaluated 

by measuring the absorbance of RhB solution for every 30 min using visible spectrophotometer 

AMTAST AMV01. The degradation efficiency of RhB was calculated using equation in reference [8, 

12]. 

3.  Results and discussion 

3.1. Structural properties 

Figure 1 shows XRD patterns of nanocrystalline NZO thin films as a function of heat treatment 

temperature of 400, 500, and 600 °C. All samples show seven diffraction peaks corresponding to 
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(100), (002), (101), (102), (110), (103), and (112) planes of the ZnO (ICCD 01-078-3315). It indicates 

that all films have polycrystalline nature and hexagonal wurtzite structure [20]. The nickel metal and 

other oxide phases are not detected in the XRD pattern, suggesting that the Ni dopant has entered into 

the ZnO lattice. The atomic radii of Ni and Zn are almost equal which lead to no effect on the crystal 

orientation of nanocrystalline NZO films. Further observations show that there is no peak shifted from 

nanocrystalline NZO thin film after heat treatments, but slight changed in FWHM and intensity. The 

result reveals that the heat treatment has an effect on the crystal parameters, as shown in table 1. 

 
 

Figure 1. XRD patterns of NZO thin films. 

 

The crystalline size (D), lattice strain (), residual stress (), and dislocation density () were 

estimated from equation 3 of reference [8], equation 4 of reference [26], equation 6 of reference [27], 

and equation 4 of reference [28], respectively. It can be seen in the table 1 that the crystalline size of 

film increases with increasing temperature. The mobility of the species on the surface occurs as the 

annealing temperature increases [26, 29, 30] which causes the diffusion at the grain boundaries. This 

phenomenon causes an agglomeration of small grains into larger grain and reduces the crystal defect. 

It was indicated by the decreasing in lattice strain and dislocation density as shown in the table 1. The 

calculation result of residual stress reveals that the Ni
2+

 on the ZnO lattice affects the compressive 

stress in the films [26]. The difference in the ionic radii between host material and the dopant 

influences the stresses arising. The crystal parameters of the film fabricated by sol-gel method are 

strongly influenced by heat treatment.  

 
Table 1. Crystal parameter of nanocrystalline NZO thin films as effect of heating temperature. 

Crystal 

parameters  

Orientation  

100 002 101 

400 C 500 C 600 C 400 C 500 C 600 C 400 C 500 C 600 C 

FWHM 0.728 0.614 0.542 0.605 0.581 0.569 0.724 0.667 0.577 

D  (nm) 11.35 13.45 15.25 13.73 14.33 14.63 11.55 12.53 14.50 

   (%) 0.0112 0.0094 0.0083 0.0085 0.0082 0.0080 0.0096 0.0089 0.0077 

  (Gpa) -2.608 -2.192 -1.931 -1.993 -1.906 -1.871 -2.245 -2.066 -1.788 

  (line/nm
2
) 0.0121 0.0086 0.0067 0.0563 0.0515 0.0496 0.0165 0.0140 0.0105 

 

3.2. Morphological studies 
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The plane view of FESEM micrograph of nanocrystalline NZO thin films at different heating 

temperature is shown in figure 2. All films morphology consists of inhomogeneous grains which 

suggest that the nucleation of nanocrystalline NZO thin film on the substrate surface is non-uniform 

during crystal growth. Some pores can be seen in the morphology of nanocrystalline NZO thin film at 

heating temperature of 500 °C. The film becomes denser and the mean grain size of the films increases 

with increasing heating temperature. The increase of grain size was caused by coalescence of small 

grain [29]. This result corresponds to the XRD results as presented above. 

 

 

  

 
Figure 2. FESEM images of nanocrystalline NZO thin film 

heated at (a) 500 °C and (b) 600 °C. 

Figure 3. Transmission spectra 

of nanocrystalline NZO thin 

films heated at different 

temperatures. 

3.3. Optical properties 

Figure 3 shows the optical transmittance spectra of nanocrystalline ZnO thin films in the wavelength 

range of 350-750 nm. The transmittance spectra of all sample show a quite sharp absorption edge 

below 400 nm which is attributed to the fundamental absorption of zinc oxide [31, 32]. In figure 3, it 

can also be seen that all films exhibit low transmittance (less than 40%). The presence of Ni in the 

ZnO lattice promotes crystal defect as shown in XRD characterization, thus reducing the transmittance 

[33]. Besides that, inhomogeneous grains of NZO (as shown in figure 2) affect the optical scattering 

and contribute to the low transmittance [34]. 

The room temperature PL spectra of nanocrystalline NZO thin film as function of heating 

temperature are shown in figure 4. The PL spectra of all sample show several UV and visible 

emission, such as 361 nm (UV), 377 nm (UV), 421 nm (violet), 485 nm (blue), 495 nm (green), and 

596 nm (orange). The UV emission originates from the recombination of free excitons and attributed 

to the near-band edge emission of ZnO [13, 27, 34]. The violet emission is due to the exciton 

transition from the localized level below the conduction band to the valance band [10]. Zhang et al. 

[35] reported that the blue emission originated from the electron transition from the shallow donor 

level of oxygen vacancies to the valence band, and electron transition from the shallow donor level of 

zinc interstitials to the valence band. The green emission may originate from the electron transition 

from the level of ionized oxygen vacancies to the valence band [18, 35]. The orange emission is 

attributed to oxygen interstitial in the ZnO system [30]. The PL intensity of nanocrystalline NZO thin 

film decreases with increasing heating temperature. It indicates that the defect concentration in the 

nanocrystalline NZO film decreases with the increasing heating temperature [13]. 

3.4. Photocatalytic activity 

The photocatalytic activity of nanocrystalline NZO thin films on RhB solution under UV light 

irradiation is shown in figure 5a. No degradation of RhB solution in the absence of NZO films can be 

observed in figure 5a. The degradation also did not occur when UV lamp was not used (dark 

condition). This result indicates that the NZO thin films [36] and UV light [5] are essential for the 

(a) (b) 
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degradation of RhB. The significant enhancement in photocatalytic activity happened in 

nanocrystalline NZO thin film with heating temperature of 500 °C and 600 °C. Similar result has been 

reported by Lv et al. [10] where the photocatalytic activity of nanocrystalline ZnO thin films enhances 

with the increase of annealing temperature. The increase of structural, surface morphology, and optical 

properties are believed to have contributed in the acceleration of the photocatalytic activity.  

 

   
Figure 4. PL spectra of 

nanocrystalline NZO thin 

films heated at different 

temperatures. 

Figure 5. Photocatalytic (a) degradation and (b) degradation 

efficiency of RhB for nanocrystalline NZO thin films. 

 

Figure 5b shows the photocatalytic degradation of RhB solution with nanocrystalline NZO thin 

films for an irradiation time of 240 min. The degradation efficiency of nanocrystalline NZO thin films 

increases to 12.15%, 51.23%, and 52.50% at elevated heat treatment temperature of 400 C, 500 C, 

and 600 C, respectively. Increasing the crystallinity and mean grain size at heat treatment temperature 

of 500 C and 600 C affected the acceleration of photocatalytic activity. Besides, the Ni dopant in 

ZnO system generates the crystal defect such as oxygen vacancies, zinc interstitials, and oxygen 

interstitial. This result is shown in PL characterization (figure 4). The defect is considered to be the 

active sites of the ZnO photocatalyst because the redox reaction was probably occured on the surface 

defects [10]. In general, the photocatalytic activity of thin films was influenced by the crystallinity and 

surface morphology of the film [3, 10]. 

4.  Conclusion 

Nanocrystalline NZO thin film has been synthesized by sol-gel spin coating method as a function of 

heat treatment temperature. All films have polycrystalline hexagonal wurtzite structure with 

inhomogeneous grains. The transmittance spectra of all film are below than 40% at the visible light. 

All films show several UV and visible emission in the PL spectra. The structural, surface morphology, 

and optical properties of nanocrystalline NZO thin film increased with increasing heating temperature. 

The photocatalytic activity of nanocrystalline NZO thin films enhances with increasing annealing 

temperature. It can probably be ascribed to the increase of crystallinity and the change in surface 

morphology. The presence of defect in the nanocrystalline NZO thin films also contributes to the 

photocatalytic activity. 
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