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Ni-doped nanorod TiO2 photocatalysts were prepared by mixing a nickel solution with 

TiO2 powders via a modified impregnation method. In this study 5, 10, 25 mol% of Ni 

doping were studied. The physical properties of the Ni-doped TiO2 photocatalysts were 

studied by several techniques such as X-ray powder diffraction (XRD), scanning electron 

microscopy (SEM), Fourier-transformed infrared spectroscopy (FT-IR), X-ray 

photoelectron spectroscopy (XPS), and UV-Vis diffused reflectance spectroscopy (DRS). 

XRD patterns showed that pure TiO2 sample and Ni-doped TiO2 samples were anatase 

phase. No diffraction patterns of Ni peaks were observed. The crystallite size of Ni-doped 

TiO2 samples were examined using the Scherrer equation. SEM results revealed that the 

pure TiO2 and Ni-doped TiO2 nanoparticles had rod-like structures. The FT-IR spectra 

showed the characteristic bands of the titania and hydroxyl groups on the surface of the 

titania. The XPS results confirmed the existence of Ni, Ti, O, C elements. Nickel dopants 

existed in the form of nickel oxide on the surface of TiO2 sample. The DRS spectra 

revealed that the absorbance of Ni-doped TiO2 samples extended into the visible region. 

The photocatalytic properties of Ni-doped TiO2 photocatalysts were evaluated from the 

degradation of methylene blue under visible light irradiation. The Ni-doped TiO2 samples 

exhibited higher photocatalytic performance than the pure TiO2 sample under visible light 

irradiation. This could be due to the electron trap level promoting the separation of charge 

carriers and the oxygen vacancies inducing the visible light absorption. A possible 

photocatalytic mechanism has also been proposed.   
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1. Introduction 

 

 Titanium dioxide (TiO2) is an effective n-type semiconducting materials generally used 

for decomposing organic pollutants, photogeneration of hydrogen from water, and solar energy 

utillization [1-4]. However, there are some drawbacks such as high recombination rate of 

photogenerated electron-hole pairs and low absorption ability for solar energy. To improve the 

photocatalytic efficiency, the main route has been made to shift the light absorption toward visible 

light and extend the lifetime of the photogenerated electron-hole pairs [5-6]. Various strategies 

have been used to enhance the photocatalytic activity like doping with transition metals (Fe [7], Cu 

[8], Ni [9], Cr [10])/main group elements (C [11], N [12], S [13], F [14]), coupling TiO2 with other 

narrow bandgap semiconductors (BiVO4 [15], Cu2O [16], Fe3O4 [17], CoFe2O4 [8]), and dye 

sensitized TiO2 [19-22]. Many researches have confirmed that transition metal doping could 
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extend the light absorption of TiO2 into visible region. Dopant ion could act as donor or acceptor 

states, promotes the transfer and separation of electrons and holes and thereby enhance the visible 

photocatalytic performance [5, 7, 10, 16, 19]. Among the various dopants, nickel has been known 

to be an effective dopant for improving photocatalytic activity of TiO2 photocatalyst.   

In the present work, we investigate the effect of doping nickel into TiO2 photocatalyst with 

respect to the crystalline phase, optical properties, and photocatalytic activity. The synthesized 

Ni-doped TiO2 photocatalysts were characterized by various physical techniques such as X-ray 

diffraction spectrometry (XRD), scanning electron microscopy (SEM), Fourier-transformed 

infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), and UV-Vis diffused 

reflectance spectroscopy (DRS). The nickel dopant plays an important role in extending the 

absorbance into the visible region. The photocatalytic activity of the as-prepared Ni-doped TiO2 

photocatalyst was tested using methylene blue (MB) as a model pollutant and compared with pure 

TiO2. The generated hydroxyl radical (

OH) during the photocatalytic experiment was 

investigated.   

   

 

2. Experimental procedure 

 

2.1 Preparation of nanorod TiO2 photocatalyst  

The nanorod TiO2 nanoparticles were prepared via a one-pot hydrothermal method. Briefly, 

10.00 g of anatase TiO2 powder was mixed with 50 mL of 10 M NaOH aqueous solution and 

stirred for 10 minutes. Then the mixture was transferred to a Teflon-lined autoclave and kept at 

120 ⁰C in a furnace for 15 h. Finally, the precipitate was collected, centrifuged, and washed 

several times with distilled water and ethanol, then dried at 80 ⁰C for 24 h.  

 

2.2 Preparation of Ni-doped nanorod TiO2 photocatalyst 

Briefly synthesis of Ni doped TiO2 via impregneation process, 1.00 g of pure TiO2 was 

dispersed into 50 mL of Ni(NO3)2.6H2O solution with different concentrations of 5, 10, and 

25mol% for 3 h. After 3 h, the precipitate was filtered and washed with distilled water and ethanol 

and dried at 80 ⁰C for 24 h.   

 

 

Fig. 1 Synthetic route of pure TiO2 and Ni-doped TiO2 samples 

 

2.3. Characterizations 

The crystal structure and crystallite size were identified by X-ray diffraction (XRD) 

patterns recorded on a Rigaku MiniFlex II X-Ray diffractometer with Cu Kα radiation (1.5406 Å) 

from 20 to 80 (2θ). The chemical composition and valence states of Ni-doped TiO2 samples were 

determined by X-ray photoelectron spectroscopy (XPS: AXIS Ultra DLD, Kratos Analytical Ltd.). 

Fourier-transformed infrared (FT-IR) spectra were recorded on a Perkin Elmer Spectrum Bx 

spectrophotometer in the range 400-4000 cm
-1

 using the KBr pellet technique. The morphologies 

and microstructure were investigated using a scanning electron microscopy (SEM, JEOL  model 
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JSM-7800F). Optical absorption property and band gap energy were determined using a Shimadzu 

UV-2401 spectrophotometer. The hydroxyl radical (

OH) measurement was investigated using 

fluorescence spectrometer (Perkin Elmer LS-50B Luminescence Spectrometer).  

 

2.4. Photocatalytic experiment  

The photocatalytic performances of the prepared pure TiO2 and Ni-doped TiO2 samples 

were evaluated by the photocatalytic degradation of methylene blue under visible light using 18W 

fluorescence lamp as a visible light source [6, 23-24]. Briefly, a 0.05 g of sample was added to 50 

mL methylene blue solution (MB, 1.0x10
-5

M). The suspension was stirred in the dark for 1 h to 

allow it to reach adsorption equilibrium then was irradiated under fluorescence lamp for the 

pre-determined time. At the time interval, the sample was collected (2 mL) and centrifuged to 

separate the photocatalysts. The residual concentration of methylene blue solution was monitored 

by the change in absorbance of the dye at 664 nm using a UV-Vis spectrophotometer (Analytik 

Jena GmbH).   

The photocatalytic activity of the catalysts was measured in terms of the degradation 

efficiency (%) by the following equation:  

    

𝑇ℎ𝑒 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐴0−𝐴𝑖

𝐴0
 × 100                  (1) 

where A0 is the initial concentration of MB and Ai is the concentration of MB at any time interval.   

 

2.5. Hydroxyl radical measurement 

The amount of hydroxyl radical of the prepared pure TiO2 and Ni-doped TiO2 samples 

were evaluated by using terepthalic acid as 

OH scavenger [25]. The experimental procedures were 

similar to the measurement of photocatalytic activity except that the methylene blue solution was 

replaced by an aqueous solution of 5.0x10
-4

M terepthalic acid and 2.0x10
-3 

M sodium hydroxide 

solution. The visible light irradiation was continuous and sampling was performed at given time 

intervals for fluorescence analysis (Perkin Elmer LS-50B Luminescence Spectrometer). The 

fluorescence product gave a peak at 425 nm by using excitation wavelength 315 nm.   

 

 

3. Results and discussion 
 

3.1. Microstructure and composition 

The XRD diffraction patterns of the prepared pure TiO2 and Ni-doped TiO2 samples are 

shown in Fig. 2. It can be seen that all diffraction peaks of pure TiO2 and Ni-doped TiO2 samples 

correspond to the anatase phase (JCPDS 21-1271) [6]. No diffraction peaks corresponding to 

nickel species such as metallic Ni, nickel oxides (NiO, NiO2 and Ni2O3), or nickel titanate 

(NiTiO3) were observed due to the amount of nickel content on the surface of TiO2 was too low to 

be detected. From the obtained peaks at 2 = 25.5, the crystallite sizes were calculated using the 

Scherrer formula (Equation 2) and are given in Table 1.           

  

          𝐷 =
𝐾

𝑐𝑜𝑠
             (2) 

where D is the crystallite size; K is the shape factor (0.9);  is the 0.154 nm (Cu Kα radiation);  is 

the full width at half maximum and  is reflection angle.  

    The crystallite size of Ni-doped TiO2 samples are smaller size than that of pure TiO2 

sample, since Ni doping can suppress its crystal growth. It has been reported that TiO2 doped with 

transition metals such as Ni and Fe possesses smaller particle sizes [26-27]. The decrease in grain 

growth could be attributed to the formation of Ni-O-Ti bond in the Ni-doped TiO2 samples, which 

inhibits the growth of the crystal grains. The substitution of Ni
2+ 

for Ti
4+

should result in peak shift 
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in the XRD, however, there is no obvious shift for the diffraction peaks of the TiO2, indicating that 

no solid solution between dopant and host matrix is formed. With regards to the absence of such 

shifts in the recorded XRD, one can expect that the segregation of dopants in the grain boundaries 

of TiO2 or incorporation of only an insignificant quantity in the substitutional Ti sites was 

happened [28]. Therefore, Ni dopants likely did not substitute into the crystal structure of titania to 

form a solid solution, this fact is also confirmed by XPS analysis. 

 

Table 1 Calculated crystallite size and band gap energy of the prepared pure  

TiO2 and Ni-doped TiO2 samples 

 

TiO2 photocatalysts Crystallite size (nm) Band gap energy (eV) 

Pure TiO2 4.62  3.19 

5%Ni-TiO2 2.87 3.12 

10%Ni-TiO2 1.97  3.10 

25%Ni-TiO2 4.14  3.01 

 

 

Fig. 2. XRD patterns of pure TiO2 and Ni-doped TiO2 samples 

 

 XPS was used to study the composition and oxidation state in the products (Fig. 3) 

which showed the full survey and high resolution XPS data for the Ni-doped TiO2 sample. In the 

XPS survey spectrum, Ti, O, Ni, C were detected in the product. The high resolution XPS spectra 

products (Fig. 3b) showed the Ti 2p3/2 and Ti 2p1/2 peaks at 459 and 464 eV, respectively, 

corresponding to the Ti
4+

 ion in the sample [9, 29]. The Ni 2p spectra were detected in two groups: 

the first group Ni 2p3/2 and Ni 2p1/2 appeared at 856 and 873.8 eV, respectively, indicating the 

presense of NiO [29-30]; the second group appeared at 862 and 880 eV indicating the presense of 

Ni2O3 [29-30]. Therefore, nickel atoms are existed in the form of nickel oxide on the surface of 

TiO2 sample. The existence of Ni
2+

 and Ni
3+

 gave the advancetage of enhanced separation of 

electron-hole pairs [29, 31]. The O 1s spectra were deconvoluted into two components: oxygen in 

titanium lattice and surface hydroxyl group appeared at 531 and 533 eV, respectively [29-30]. The 

C 1s spectra composed of two components which were assigned to CHx and C-OH as hydrocarbon 

impurities during preparation [32-33].     
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(a)  

 

(b) 

Fig. 3 XPS spectra of Ni-doped TiO2 (a) survey spectrum  

(b) high-resolution of Ti 2p, O 1s, C 1s and Ni 2p spectra 

 

 The surface chemical compositions was investigated with Fourier-transformed infrared 

spectroscopy (FT-IR) and the results are shown in Fig. 4. Both pure TiO2 and Ni-doped TiO2 

samples revealed vibration bands of Ti-O bond (in the range of 400-800 cm
-1

) [6] and the surface 

adsorbed H2O (in the range of 3000-3600 cm
-1

 [6] and at 1640 cm
-1

 [6]). Most samples were 

exhibited characteristic band of alkyl group [-(CH2)n-] (weak bands at 2923 cm
-1

 [11]) indicating 

its presence on the surface of these synthesized samples.  

 

 

Fig. 4 FT-IR spectra of pure TiO2 and Ni-doped TiO2 samples. 
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The morphologies of pure TiO2 and Ni-doped TiO2 samples were evaluated by SEM 

technique illustrated in Fig. 5. As shown in the figure, most of the particles have rod shape with 

uniform diameter and highly agglomerated on higher Ni doping content. The diameter of pure 

TiO2 and Ni-doped TiO2 samples are approximately 50-60 nm. Comparing these Ni-doped TiO2 

shapes with pure TiO2 sample revealed the same morphologies that could be due to the 

impregnation method used in this experiment. This result is in accordance with the fact that Ni 

doping could grow on the titania surface.  

 

 

(a) 

 

(b) 

 

Fig. 5 SEM images (a) and diameter size distributions of pure TiO2 and Ni-doped TiO2 samples (b). 
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3.2. Optical property and photocatalytic activity 

The optical properties and band gap energy of the prepared pure TiO2 and Ni-doped TiO2 

samples were investigated with the diffused reflectance UV-vis spectra (DRS), as shown in Fig. 6. 

According to the spectra, all Ni-doped TiO2 samples exhibited more extended photoabsorption into 

visible light region than the pure TiO2 sample, which should favor the possibility of high 

photocatalytic efficiency of these photocatalysts under visible light.  

 The band gap energies of the prepared pure TiO2 and Ni-doped TiO2 samples were 

obtained from the wavelength at the intersection point of the vertical and horizontal part of the 

spectrum, using equation (3): 

          𝐸𝑔 =  
ℎ𝑐


=  

1240


          (3) 

 

where Eg is the band gap energy (eV); h is the Plank's constant (6.62610
34

 Js); c is the light 

velocity (310
8
 m/s) and  is the wavelength (nm). The calculated band gap energy of the prepared 

Ni-doped TiO2 samples decreased when compared with pure TiO2 as shown in Table 1.  

 

Fig. 6. The absorption spectra of pure TiO2 and Ni-doped TiO2 samples 

 

 The photocatalytic degradation of methylene blue using the prepared pure TiO2 and 

Ni-doped TiO2 samples was examined under visible light irradiation. The results are shown in Fig. 

7 where one can see that the visible light photocatalytic activities of all Ni-doped TiO2 are higher 

than pure TiO2 in 5 h of irradiation. The Ni-doped TiO2 can generate more hydroxyl radicals than 

pure TiO2 due to the good optical absorption in the visible region with more hydroxyl group 

adsorbed on the catalyst surface giving rise to a higher photocatalytic performance. In addition, the 

nickel species can reduce the recombination of the photo-generated electron-holes, leading to 

improved photo-conversion efficiency [34]. The doping concentration of 5mol% showed the best 

performance among all samples. At higher Ni dopant concentrations, the Ni
2+ 

dopant could become 

recombination centers of electron-holes resulting in high recombination rate, hence, the lower 

degradation efficiency [34].  

 

 

Fig. 7. Comparison of the photodegradation efficiencies of methylene blue using  

the prepared pure TiO2 and Ni-doped TiO2 samples under visible light irradiation 
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 The fluorescence probing method was adopted to detect the hydroxyl radical (

OH) with 

terepthalic acid in photocatalytic reactions in aqueous suspension system [25, 35]. This method 

relies on the PL signal arising from the hydroxylation of terepthalic acid with 

OH to produce a 

highly fluorescent product, 2-hydroxyterepthalic acid through the reaction (4). The PL intensity of 

2-hydroxyterepthalic acid is proposional to the amount of 

OH produced in water.  

 

 C6H4(COOH)2 + 

OH    C6H4(COOH)2OH


      (4)      

 

As shown in Fig.8, significant fluorescent intensity from 2-hydroxyterepthalic acid was 

detected at 425 nm. The capability of forming OH radicals per unit mass of prepared TiO2 powder 

was evaluated. All Ni%-doped TiO2 generated higher concentration of hydroxyl radical than the 

pure TiO2 under visible light irradiation. 

 

 

Fig. 8 Comparison of the photodegradation efficiencies of methylene blue using the 

prepared pure TiO2 and Ni-doped TiO2 samples under visible light irradiation. 

 

3.3. Possible mechanism pathway 

The photocatalytic degradation of dye exhibited by Ni doped nanorod TiO2 under visible 

light irradiation may be explained as shown in Scheme 1. 

 

 

 

Scheme 1. Possible mechanism for photocatalytic activity of Ni-TiO2 under visible light irradiation. 
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From DRS results, the absorption band ∼389 nm can be attributed to the band gap 

excitation of nanorod TiO2 which corresponds to band to band transition from Ti 3d to O 2p levels 

[36]. The doped samples showed a significant shift in the band gap absorption to the longer 

wavelength, due to the introduction of electronic level which forms lowest unoccupied molecular 

orbital within the band gap states of TiO2. In the case of Ni-TiO2, interband transition arises from 

the valence band to t2g level of Ni (3d), since 3d level of Ni is located at the bottom of conduction 

band [37-38] (Scheme 1). The shift in the band gap absorption increased with increase in Ni 

concentration (379 to 412 nm). It has been proved that transition metal ions present in a suitable 

oxidation state can additionally introduce d-d transitions in the UV-vis spectra [39]. Hence, the 

absorption of Ni-TiO2 catalysts in the visible region is partially attributed to the d-d transition of 

Ni. As mentioned in the XPS result which revealed the existence of Ni
2+ 

and Ni
3+ 

species in the 

doped-TiO2 samples. The Ni
3+

 that present will trap the photogenerated electron to form Ni
2+

 

during the irradiation process, thus decrease the recombination rate. Then, the formed Ni
2+

 will 

eventually react with photogenerated h
+
 and turns back to Ni

3+
. Therefore, it is deduced that Ni 

dopant not only facilitate the excited electron transfer and increase the photo quantum efficiency, 

but also played the role of stabilizer by trapping the photogenerated h
+
, thus improve the 

photocatalytic activity and stability [31, 37].  

When illuminated with visible light, TiO2 photocatalyst generates e
 

+ h

 pair (Eq (5)). In 

Eq. (6), trace of O2 in the system has been adsorbed onto the surface of the catalyst and reacts with 

e
−
 to become the superoxide anion – a precursor to Eqs. (7)–(9). The pollutant molecules are 

attacked by the very reactive 
•
OH and destroyed, Eq (10)  

 

TiO2 + hv           →     e
 
+ h


       (5) 

O2(ads) + e

        →     O2

●−        
(6) 

O2
●−

 + H
+
              →     HO2

●
        (7) 

2HO2
●−

                →     H2O2 + O2       (8) 

H2O2 + e
−                    

→     
●
OH + OH

−
      (9) 

Dye + 
●
OH          →     degradation products   (10) 

Moreover, Ni dopant also exhibits trapping and detrapping mechanism leading to 

enhancement of photoreactivity as shown in Eqs (11)(16) [36]. 

Ni
2+

+ e
−              

→          Ni
+
                    (11) 

Ni
+
+ O2(ads)       →        Ni

2+
+ O2

●−                         
(12) 

Ni
+
+ h


          →      Ni

2+ 
             (13) 

Ni
2+

 + h

         →         Ni

3+
             (14) 

Ni
3+

 + e
−               

→   Ni
2+

      (15) 

Ni
3+

 + OH
−
  →  Ni

2+
 + 

●
OH     (16) 

4. Conclusions 
 
Ni-doped nanorod TiO2 photocatalyst was successfully prepared by modified impregnation 

method. Different concentrations of Ni doping were attempted. The physical properties of the 

Ni-doped TiO2 photocatalyst were studied by several techniques such as XRD, XPS, SEM, FT-IR, 

and DRS. The TiO2 phase in both pure TiO2 and Ni-doped TiO2 samples were anatase. SEM 

images revealed that the rod-like structures of pure TiO2 have larger size than rod-like Ni-doped 

TiO2 samples, which are in good agreement with the crystallite size obtained from XRD results. 

The DRS results revealed that the Ni-doped TiO2 samples showed extended absorbance into the 

visible region.  
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The photocatalytic performances of the pure TiO2 sample and Ni-doped TiO2 

photocatalysts were evaluated by the degradation of methylene blue under visible light irradiation. 

The Ni-doped TiO2 samples exhibited higher photocatalytic performance than the pure TiO2 

sample under visible light irradiation. The formation of hydroxyl radical was evaluated by PL 

technique. All Ni-doped TiO2 samples produced higher concentration of hydroxyl radical than the 

pure TiO2 under visible light irradiation. Moreover, Ni dopant also played the role of stabilizer by 

trapping the photogenerated h
+
, thus improved the photocatalytic activity and stability. 
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