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Abstract: In the study the mechanochemical synthesis in the planetary ball mill was used to prepare 

photocatalytic materials obtained on the basis of TiO2 and nickel(II) acetylacetonate as a Ni2+ source. 

Three materials with different contents of Ni2+: 5, 10 and 20% wt. were prepared. The obtained materials 

were calcinated at 800°C for 1 h. Their physicochemical properties were investigated using the N2 

adsorption/desorption, FT-IR/PAS, XRD, UV-Vis/DRS and SEM methods. Additionally, thermal 

stability of the obtained materials was examined (TGA/DTG/DTA). Photocatalytic activity of the 

samples was tested in relation to the aqueous solution of Safranin T (initial concentration C0 = 1×10-5 

mol L-1) at the visible light (Vis). The results indicate that the mechanochemical synthesis is an effective 

and simple method for preparing materials with photocatalytic properties. All obtained materials were 

characterized by greater photocatalytic activity compared to the initial TiO2. 
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1. Introduction 

Water is an essential resource for the proper functioning of all living organisms. It should be clean, safe 

and pollutants free. It is estimated that only 0.007% of the Earth’s water is available for consumption 

(Pandit and Kumar, 2019). Curently water pollution is one of the major having a significant impact on 

human health. This issue is becoming more serious and is caused by the population growth and the 

intensive development of industry (Ismail et al., 2019; Saini, 2017). Water pollution is mainly due to the 

presence of inter alia pathogenic bacteria (Zhou et al., 2020; Hashim et al., 2020), inorganic compounds 

such as salts (Long et al., 2020; Gutierrez et al., 2010), heavy metals (Barakat, 2011; Dean et al.,1972; 

Qdais and Moissa, 2004) and radioactive compounds (Awual et al., 2016; Khayet, 2013). Water 

pollutants are classified into: biological, physical and chemical ones. The last one is the most hazardous 

for the population. One of the main sources of chemical water pollution in the world is the textile 

industry which generates large amounts of wastewater containing organic dyes (Saini, 2017). This 

industrial sector is one of the world's biggest polluters and consumes large amounts of chemicals and 

fuels (Bhatia, 2017). Moreover, organic dyes are extensively used in many technological processes, 

including paper, food and cosmetic production. Dyes from the industry run off into rivers and 

wastewater affecting the quality of drinking water. Thus, water is unfit for human consumption and 

constitutes a health risk. The main goal is to remove all pollutants that have a negative impact on the 

environment and human life (Saini, 2017). Dyes are organic compounds characterized by great 

solubility in water (Mahapatra, 2016). There are many ways to remove organic dyes from water to 

reduce their impact on the environment (Forgacs et al., 2004). These methods include e.g: adsorption 

(Tan et al., 2015; Iqbal and Ashiq, 2007), chemical precipitation (Tan et al., 2000; Duan et al., 2020) or 

chemical oxidation (Türgay et al., 2011; Dutta et al., 2001). Unfortunately, they are characterized by high 

cost, low efficiency and limited versatility (Ali, 2010). Advanced oxidation processes (AOPs) are 

promising methods for removing organic compounds including dyes from wastewater. The main role 

is played by the heterogeneous photocatalysis and its action due to the solar light for wastewater 
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treatment (Viswanathan, 2018). This method is simple, cheap and easy. Generally, photocatalytic 

heterogeneous processes proceed in the aqueous phase in the presence of the photocatalyst. Molecules 

are absorbed on the photocatalyst surface and then they are oxidized to simple inorganic compounds. 

Semiconductors are often used as photocatalysts. These materials absorb photons whose energy is equal 

or higher than that of the semiconductor band gap resulting in the electron-hole pairs formation. The 

created electrons and holes generate reactive radicals causing dye degradation through the redox 

reactions. Their products are harmless to the environment (Rauf and Ashraf, 2009; Viswanathan, 2018). 

Heterogeneous photocatalysts based on TiO2 have attracted a significant attention for wastewater 

treatment (Ammari et al., 2020; Farghali et al., 2016; Ajmal et al., 2014; Kucio et al., 2020). There are 

many methods for producing photocatalysts, e.g.: hydrothermal methods (Kolen’ko et al., 2004), co-

precipitation (Sanchez-Martinez et al., 2018) or sol–gel (Anderson and Bard, 1995; Koe et al., 2019). 

However, these processes are characterized by large consumption of solvents and energy and  usually 

generate high temperatures and pressures as well as a lot of dangerous by-products (Molchanov and 

Buyanov, 2001). The other method which enables synthesis of materials with photocatalytic activity is 

the mechanochemical synthesis also known as mechanical ball-milling (Kucio et al., 2019; Kucio et al., 

2020). This method enables grinding powders into fine particles inducing formation of new chemical 

bonds and generating pores. Additionally, it is an environmentally friendly and cost-effective technique 

(Burmeister and Kwade, 2013). Mechanochemical synthesis does not require the use of toxic solvents 

and often eliminates completely the production of by-products which is compatible with the principles 

of green chemistry introduced by Anastas (Molchanov and Buyanov, 2001; Anastas and Kirchhoff, 

2002). The novelty of this paper was using the mechanochemical synthesis for effective dopping of 

standard TiO2 (P25) by Ni2+ ions to obtain the photocatalyst well working in the visible light region. The 

aim of this paper was to prepare materials with photocatalytic activity using the mechanochemical 

synthesis method in the high-energy planetary mill. The obtained materials contained TiO2 and nickel 

acetylacetonate (Acac-Ni) as a source of nickel ions (dopant). Photocatalytic activity of the prepared 

materials was tested in relation to the aqueous solution of Safranin T (ST) in the range of visible light 

(Vis). The obtained materials were also subjected to structural characterization. 

2. Materials and methods 

2.1. Materials preparation 

The materials used in the study were: TiO2 (P-25, purity ≥99.5%, Sigma-Aldrich, Poland) and nickel(II) 

acetylacetonate (Acac-Ni, C10H14NiO4, purity 95%, POCh, Poland) as a Ni2+ source. Photocatalysts were 

prepared by the mechanochemical synthesis (MChS) of the initial materials in a planetary ball mill 

(Pulverisette 7 Premium Line, Fritsch, Germany). Milling of powders was performed in the vessel made 

of Si3N4 (V = 45 cm3) which contained 25 balls (ø = 10 mm) made of the same material. The total balls 

mass was 40 g. The milling duration was 1 h (four cycles × 15 min, 5-min breaks were between the 15-

min cycles) and the mill rotation speed was 250 rpm. The milling process took place with the redestilled 

water (30 ml) and then the obtained products were dried at 20°C for 48 h. Three materials with different 

nickel ions contents (Ni2+): 5, 10, 20% wt. were prepared. Then the obtained materials were calcinated 

at 800°C for 1 h (Kosowska et al. 2005). The samples were designated as: TN5C, TN10C and TN20C (Fig. 

1). Additionally, the initial TiO2 without the Ni2+ addition was subjected to the mechanochemical 

treatment (MChT) under the analogous conditions - TiO2M (Fig. 1). 

 

Fig. 1. Photocatalysts preparation scheme 
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2.2. Nitrogen adsorption/desorption 

The structural parameters of the materials were determined by means of the nitrogen 

adsorption/desorption method at -196°C. The adsorption analyzer Micromeritics ASAP 2405N (USA) 

was applied for recording the adsorption isotherms. The specific surface area SBET (BET equation at p/p0 

between 0.06 and 0.2) as well as the pore volume (Vp, p/p0 ≈ 0.98) were calculated from the obtained 

data (Gregg and Sing, 1982). The desorption isotherm data were used for determination of the pore size 

distributions (fV(R) ~ dVp/dR, PSD). There was also used the self-consistent regularization procedure 

(SCR) with the non-negative function of pore size distribution (f(Rp) > 0, α = 0.01 as a fixed regularization 

parameter) (Gun’ko, 2014). Moreover, there was applied a model for the slit-like pores shape (S). The 

differential function was transformed into the incremental pore size distribution (dV/dR = f(R), IPSDV) 

based on the procedure presented by Gun’ko and Mikhalovsky (2004). The volume as well as the surface 

area for the mesopores (Vmeso, Smeso) and the micropores (Vmicro, Smicro,) and the pore shape deviation 

(Δw) were calculated using the differential function (Table 1) (Charmas et al., 2017; Gun’ko and Do, 

2001). 

2.3. Scanning electron microscopy (SEM) 

The morphology of the materials was analyzed using a DualBeam Quanta 3D FEG FEI. The quantitative 

and qualitative analyses were performed using the energy-dispersive X-ray spectroscopy (SEM/EDX, 

acceleration: 20 kV, magnifications x100000, x5000).  

2.4. XRD analysis 

Structural analysis of the materials was performed using the X-ray powder diffractometer (PANalytical, 

Empyrean, Netherlands) at the tension of 40 kV and the current of 10 mA. The monochromatic Cu Kα 

radiation (α = 1.5418 Å) was used. The step-scanning mode (Δ2θ = 0.026°) was applied in the angular 

5–90° range for obtaining the patterns. The crystallite sizes of the photocatalysts were determined using 

the Rietveld method by means of the Scherrer equation from all diffraction lines (Holzwarth and 

Gibson, 2011). 

2.5. Spectroscopic characterization (FT-IR/PAS) 

Fourier transformed photoacoustic infrared spectra (FT-IR/PAS) of the examined samples were 

recorded by means of Bio-Rad Excalibur FT-IR 3000 MX spectrometer over the 3900-500 cm–1 range at 

room temperature, resolution 4 cm–1, mirror velocity 2,5 kHz and maximum source aperture, using 

MTEC Model 300 photoacoustic cell. Dry helium was used to purge the photoacoustic cell before the 

data collection. The spectra were normalized by computing the ratio of a sample spectrum to that of the 

MTEC carbon black standard. A stainless steel cup (diameter 10 mm) was filled with the sample content 

without prior preparation (thickness <6 mm) and interferograms of 1024 scans were averaged for the 

spectrum, providing a good signal-to-noise (S/N) ratio. No smoothing functions were used. All spectral 

measurements were performed at least in triplicate. 

2.6. Thermal analysis 

Thermal properties of the samples were determined using a Derivatograph C (Paulik, Paulik & Erdey, 

MOM, Budapest). The tested materials (about 40 mg) were placed in a small corundum crucible. As a 

reference sample Al2O3 was used. The analysis was made in air atmosphere in the temperature range 

from 20 to 1000°C (heating rate 10°C min-1). The TGA, DTG and DTA curves were registered. 

2.7. Photocatalytic activity studies 

Photocatalytic activity of the obtained samples was tested using the aqueous Safranin T (ST, C.I. 50240, 

Basic Red 2, C20H19ClN4, purity 100%, Sigma-Aldrich, Poland), solution (initial concentration C0 = 1*10-

5 mol L-1, V=200 mL) in the range of visible light (Vis) at pH=6.5. The ratio of solution (ST) to the weight 

of tested sample was 1 ml : 1 mg (Sydorchuk et al., 2022; Bessekhouad et al., 2003; Kubiak et al., 2020).  

The ST solution with the tested photocatalyst was placed on the magnetic stirrer without light access 
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for 30 min to determine the adsorption/desorption equilibrium of the dye on the photocatalyst surface. 

During the appropriate photocatalysis stage a proper amount of solution was taken at regular intervals 

(0.5; 1; 2; 3; 4; 5; 24 h) and next filtered using syringe filters and centrifuged to get rid of the photocatalyst. 

The photocatalysis stage was performed for 24 hours at room temperature for each sample. The LED 

electric bulb (14.5 W) which was located 20 cm above the surface of ST solution containing the 

photocatalyst was used as a source of visible light. The solution concentrations were measured using 

the UV-Vis spectrophotometer (Helios Gamma, Spectro-Lab, Poland) at λ=520 nm (y = 0.2931x + 0.0126;  

R2=0.9992). 

 

2.8. Statistical analysis 

The results of the photocataytic test were demonstrated in the form of the mean deduced from three 

independent photocatalytic activity test (n=3). The results were compared based on the variance 

analysis (ANOVA, p= 0.05). The differences in the results proved to significant for p < 0.05 and Fexp > 

Fcrit (2.85). As followed from the variance analysis the differences were statistically significant for the 

materials being tested. 

 

2.9. UV-Vis Diffuse Reflectance Spectroscopy 

Diffuse reflectance UV–Vis spectra were obtained using the UV–Vis spectrophotometer (Carry 4000, 

Varian Inc., Australia) equipped with an integration sphere diffuse reflectance accessory. The spectra 

were measured at room temperature in the region = 200-800 nm. Diffuse reflectance spectra were 

recorded in order to calculate the band gap (Eg) of the materials according to the Kubelka-Munk method. 

Eg values were determined by plotting (F(R)·hν)n versus hν. The band gap values were obtained by 

means of extrapolation according to the procedure used by López and Gomez (2012). 

3. Results and discussion 

3.1. Structural characteristics 

Fig. 2 shows the low-temperature nitrogen adsorption/desorption isotherms (Fig. 2a) and the 

incremental pore volume distribution curves (IPSDV) (Fig. 2b) for the all obtained materials as well as 

for the initial TiO2 (P25) and TiO2 after the mechanochemical treatment (TiO2M). As follows from the 

analysis of the course of adsorption isotherms, they are of type IV according to the IUPAC classification 

(Rouquerol et al., 1994). This indicates that the obtained materials are mesoporous, in the pores of which 

the phenomenon of capillary condensation is observed (Rouquerol et al., 1994). The course of all 

isotherms is similar. Analyzing the shape of the curves, all isotherms in the area of relative  pressure  

p/p0 < 0.1 are  located very  low.  This  suggests  that the  number of  micropores  is  negligible  or absent 

a)  b)  

Fig. 2. Low-temperature nitrogen adsorption/desorption isotherms (a) and incremental pore volume distribution 

curves (IPSDV) relative to their average radii (b) for all obtained materials, initial TiO2 and that after the 

mechanochemical treatment TiO2M 

https://link.springer.com/article/10.1007/s10450-019-00032-6#ref-CR25
https://link.springer.com/article/10.1007/s10450-019-00032-6#ref-CR25
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(Fig. 2a,b). For these materials the developed hysteresis loops are observed in the area of relative 

pressure p/p0 = 0.8 - 1. These are H2 type hysteresis loops indicating that these materials contain 

mesopores in the slit shape (Gregg and Sing, 1982). The presence of mesopores in the obtained materials 

is confirmed by the curves shown in Fig. 2b which contain clearly defined maxima as well as the data 

included in Table 1.  

The course of the isotherms presented in Fig. 2a shows that the mechanochemical treatment of the 

initial TiO2 (TiO2M) causes an intensive change in the structure compared to the initial TiO2 (P25) (Table 

1). The isotherm for the TiO2M material is located much higher than that of the initial TiO2 which 

indicates that the mechanochemical treatment resulted in the porous structure development. A well-

formed hysteresis loop for this material suggests the mesopores formation (Fig. 2a). This effect is 

confirmed by the shape of the incremental pore volume distribution curve (IPSDV) relative to their 

average radii where the maximum at Rdom ~ 16 nm indicates a significantly greater number (volume) of 

mesopores than in the case of the initial TiO2 (Fig. 2b). For the initial TiO2 the value of Rdom is 

approximately 22 nm (Fig. 2b, Table 1). Although the SBET values of these materials are the same (Table 

1), the pore volume (Vp) is more than twice larger for TiO2 after the mechanochemical treatment (TiO2M, 

Table 1). The IPSDV shape indicates that TiO2M is a biporous material which is confirmed by the clearly 

developed maximum in the range of Rav = 10-25 nm and the maximum appearing in the area of 

macropores at Rdom = 90 nm (Fig. 2b). In the case of Ni2+ ions containing materials, it can be observed 

that with the increase in the content of nickel ions in the composites, the structural parameters decrease 

and the isotherms are located lower in relation to the axis of relative pressure (p/p0) (Fig. 2a, Table 1). 

In the case of materials with the addition of nickel ions the most developed pore structure is observed 

in the sample with the smallest nickel ion content - TN5C (Fig. 2a). Therefore, as the content of Ni2+ 

increases, the isotherms are located lower but the hysteresis loops occur in a similar range of relative 

pressures. Fig. 2b shows that the increase in the Acac-Ni content results in a gradual decrease in the 

volume of pores Vp (Table 1). TN5C is a biporous material, which is evidenced by the clearly developed 

maxima in the area of mesopores (Rdom = 15 and 33nm). In the case of the TN10C and TN20C material 

the maxima occur in the area of mesopores (Rdom = 17 and 30 nm for TN10C and 26 nm for TN20C) as 

well as in the area of macropores (Rdom = 60 nm for both materials) (Fig. 2b, Table 1). After calcination 

all obtained materials have a smaller value of SBET compared to the initial TiO2 (P25) (Table 1). The 

parameters presented in Table 1 confirm that the increase in the content of nickel ions causes a gradual 

reduction of the specific surface area SBET and the sorption pores volume (Vp).  

Table 1. Parameters of the porous structure for the initial TiO2 (P25), TiO2 after the mechanochemical treatment 

(TiO2M) and the obtained samples 

Sample 

 

SBET 

[m2 g-1] 

Smicro 

[m2 g-1] 

Smeso 

[m2 g-1] 

Smacro 

[m2 g-1] 

Vp 

[cm3 g-1] 

Vmicro 

[cm3 g-1] 

Vmeso 

[cm3 g-1] 

Vmacro 

[cm3 g-1] 

Rdom 

[nm] 

w 

TiO2(P25) 55 25 28 2 0.202 0.013 0.125 0.064 22 -0,485 

TiO2M 55 10 45 1 0.454 0.006 0.417 0.031 16;90 0.222 

TN5C 42 13 20 9 0.327 0.007 0.121 0.198 15;33 -0.041 

TN10C 19 7 7 5 0.175 0.004 0.048 0.124 17;30;60 -0.041 

TN20C 15 8 5 1 0.069 0.004 0.035 0.029 26;60 -0.431 

SBET - the specific surface area; Smicro - the surface area of micropores; Smeso - the surface area of mesopores; Smacro - the 

surface area of macropores; Vp - the sorption pores volume (from the N2 desorption data); Vmicro - the volume of micropores; 

Vmeso - the volume of mesopores; Vmacro - the volume of macropores; Rdom - the dominant pore radius; Δw - the deviation 

from the assumed pore model 

 

The SEM images show that the initial TiO2 (P25) structure is composed of individual, ordered 

globules with the homogeneous size about 40 nm (Fig. 3a). After the mechanochemical treatment of 

TiO2 with the addition of nickel acetylacetonate (TN5, non-calcined material, Fig 3b,c), the structure of 

the material became less ordered. It can be seen the Acac-Ni particles in the form of flocs covered TiO2 

(Fig. 3b). After calcination (TN5C, TN20C, Fig. 3d,e) the structure became ordered. The organic 

components were partially burnt at 800°C which resulted in the absence of flocs (Fig. 3d,e) and the 

appearance of an altered structure of TiO2. The TiO2 globules were joined (sintering) and spatial 
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structures containing wide pores were formed (Fig. 3d,e). This is confirmed by the curves shown in Fig. 

2b (TiO2 P25 and TN5C). A similar relationship is observed in the case of the TN20C  material. Increasing 

the dopant amount resulted in the increasing dominant pores sizes (Fig. 3 e, Table 1). Table 2 shows the 

EDS analysis results. As expected with the increasing Acac-Ni amount in the materials, the nickel 

amount increases while the Ti content decreases. In the SEM/EDS analysis, the entire area of the sample 

is not scanned, but the electron beam hits the sample pointwise, which explains the differences between 

the practical and theoretical Ni2+ contents in the materials. 

a)  b)   c)  

d)  e)    

Fig. 3. SEM images for the initial TiO2 P25 (a); TN5 (b,c); TN5C (d) and TN20C (e), magnifications x100000 (a,c,d,e) 

and x5000 (b) 

Table 2. Results of SEM/EDS chemical composition microanalysis for the initial TiO2(P25) and obtained samples 

Element/Line [%wt.] TiO2(P25) TN5C TN10C TN20C 

C/K - 4.6 5.6 6.2 

O/K 37.7 39.9 43.8 41.5 

Ti/K 62.3 53.1 45.6 40.2 

Ni/K - 2.40 5.0 12.1 

 

The XRD spectra of the tested photocatalysts show that the anatase and rutile phases are present in 

the samples (Table 3, Fig. 4). The initial TiO2 (P25) consists of the mixed phases of 89% anatase and 11% 

rutile. The mechanochemical treatment of TiO2 (TiO2M) changes these values insignificantly. In the case 

of the nickel-doped materials, the formation of a new crystalline phase (TiNiO3) was observed (JCPDS 

Card No. 04-006-6606). The confirmation of new crystalline phase presence are the peaks at 2θ = 24.15°, 

33.11°, 35.70°, 49.46°. The calcination stage caused a decrease in the specific surface area of the materials 

(Table 1), as well as induced a phase change in the TiO2 crystal forms (Table 3, Fig. 4). The data in Table 

3 show a significant decrease in the anatase phase content from 89% for TiO2 P25 to 13.8% for TN5C, 

with a simultaneous intense increase in the share of the rutile phase from 11 to 76.5%. The crystal 

structure of the TN5C material after the calcination at 800°C contained small amounts of anatase while 

the rutile phase predominated as indicated by the peaks at 2θ = 27.45°, 36.08°, 41.24°, 44.06°, 54.33°, 

56.65°, 65.53°, 69.02°, 69.80° (JCPDS Card No. 04-005-5127). Additionally, as a result of calcination at 

800°C an increase in the size of anatase and rutile crystallites was observed. The transformation of the 

crystal structure from anatase to rutile at 800°C was also observed by Negishi and Takeuchi (1999). 

Similar results were obtained in the paper by Górska et al. (2008) where TiO2 was calcined at 750°C. The 

authors (Górska et al., 2008) also observed that an increase in the calcination temperature causes a 



7 Physicochem. Probl. Miner. Process., 58(4), 2022, 150348 

 

gradual increase in the size of both anatase and rutile crystallites. In the case of TN10C and TN20C 

samples, an increase in the TiNiO3 phase was observed, which is related to the larger content of nickel 

ions in these materials compared to TN5C (Table 3). 

The FT-IR/PAS spectra of the studied samples are presented in Fig. 5. The main bands at 3900-2400 

cm-1 are the vibrations of hydroxyl groups in TiO2. The band at 3689 cm−1 results from the isolated –OH 

in the oxide structure. The wide band with the maximum at ~ 3350 cm−1 shows the presence of both –

OH and hydrogen bonded –OH⋯H in the TiO2 structure and physically adsorbed water (Socrates, 

2001). Observing the spectra in Fig. 5, one can notice a decrease in the intensity of the isolated hydroxyl 

groups bands along with an increase in the amount of the added nickel (samples TN5C- TN20C). This 

may  indicate  that  the  –OH  groups are involved in metal ions binding with titanium oxide. Before the  

Table 3. Physical properties of initial TiO2(P25), TiO2M and obtained samples.  

Sample Compound TiO2 

crystalline 

form 

Crystallite size 

[nm] 

Crystalline 

phases of TiO2 in 

material [%] 

TiO2 (P25) Titanium 

dioxide 

A 

R 

23.3 

36.8 

89.0 

11.0 

TiO2M Titanium 

dioxide 

A 

R 

20.8 

33.4 

88.8 

11.2 

TN5C 

Titanium 

dioxide 

A 

R 

34.0 

50.4 

13.8 

76.5 

Titanium 

nickel oxide 

- 
48.7 9.7 

TN10C 

Titanium 

dioxide 

A 

R                                            

33.4 

47.9 

13.5 

64.2 

Titanium 

nickel oxide 

- 
50.1 32.3 

 

TN20C 

Titanium 

dioxide 

A 

R 

32.8 

45.5 

13.4 

42.1 

 
Titanium 

nickel oxide 

- 
52.7 44.5 

*A - anatase, R- rutile 

 

 

Fig. 4. XRD spectra registered for the initial TiO2 (P25), TiO2 after the mechanochemical treatment (TiO2M) and 

obtained samples. 
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Fig. 5. FT-IR/PAS spectra of the studied samples in the 3900-500 cm-1 range 

measurements, all samples were calcined, however, the presence of –CH groups bands in the range of 

2962-2860 cm-1, at 3414 cm-1 (intramolecular hydrogen bonded -OH groups from the nickel precursor) 

and at ~1535 cm-1 and 1420 cm-1 (C=O and –CH, respectively) may indicate incomplete removal of the 

organic part of the precursor during calcination. This can be confirmed by the presence of bands at 1120, 

1035 and 633 cm-1 (C=O, -CH). The bands between 930 cm-1 and 500 cm-1 are a result of the Ti-O bond 

stretching. Slight shift of Ti-O vibrations from 774 to 760 cm-1 may be the result of Ni incorporation and 

hence changes in the TiO6 octahedral arrangement (Hu et al. 2014). These changes well visible in the 

TN20C spectrum. 

3.2. Thermal analysis 

The thermal analysis was applied for estimation of the thermal stability of the materials. Fig. 6 shows 

the course of the TGA, DTG and DTA curves registered for the initial Acac-Ni (Fig. 6a) and TiO2 after 

the mechanochemical treatment in the planetary ball mill (TiO2M, Fig. 6b). In the case of Acac-Ni the 

recorded weight loss occurs in two stages, first in the range 20-200°C and the second 200-410°C. The 

first stage is associated with the desorption of physically bound water (20-200°C) and the weight loss is 

~20 % up to 200°C (Fig. 6a). The second one is more intensive (~200°C- 410°C). In this stage the oxidative 

degradation of organic components occurs and the residue is NiO (Nichio et al., 2003). During this stage 

the heat is released (exothermic process). The total weight loss for this material is ~78% (Fig. 6a). Above 

the temperature 410°C no changes were observed. For the TiO2M sample the total weight loss at ~1000°C 

is about 2.2% related to the desorption of the surface hydroxyl groups (Fig. 6b). 

Fig. 7  shows  the  results  of  thermal  analysis  registered  for  the  prepared  materials  and the initial 

a)  b)  

Fig. 6. Courses of TGA, DTG and DTA curves for the initial Acac-Ni (a) and TiO2 after the mechanochemical 

treatment in the planetary ball mill (TiO2M) 
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materials before the calcinations stage (TN5, TN10, TN20). In the case of calcined materials (TN5C, 

TN10C, TN20C) the weight loss of the samples was negligible. This is due to the earlier calcination in the 

air atmosphere during which combustion of Acac-Ni organic components took place. A very small 

weight loss (in the range 1-2%) results from the desorption of moisture adsorbed by the materials in the 

preparation stage of the samples for analysis (Fig. 7a). In the case of non-calcined materials the weight 

loss is clearly related to the combustion of Acac-Ni organic components. The temperature ranges in 

which weight changes take place are similar to those presented in Fig. 6a. The total weight loss 

depended on the Acac-Ni content in the composite. For the non-calcined materials these values are 

~12% (TN5), ~20% (TN10) and ~42% (TN20). The higher the Acac-Ni content in the material, the greater 

the weight loss is observed. This is also confirmed by the changes shown on the DTG (Fig. 7b) and DTA 

curves (Fig. 7c).  

a)   b)  

c)  

Fig. 7.  Courses of TGA (a), DTG (b) and DTA (c) curves for the obtained materials (TN5C, TN10C, TN20C) as well 

as those non-calcined (TN5, TN10, TN20) 

3.3. Photocatalytic tests 

Photocatalytic tests were carried out for all materials. During the measurments the dye adsorption stage 

on the material was performed. After 30 minutes in the dark, different Safranin T adsorptions were 

registered on the photocatalysts surface (Fig. 8). The course of the analyzed curves indicates that the 

greatest adsorption (~37%) was observed for the TN20C sample, where the dopant amount was the 

highest. This may result from the formation of strong coordination complexes between the amino 

groups present in the structure of the dye molecules with nickel ions occuring in the TN20C material 

(12.1%, Table 2, Chavan, 2011). In the case of the TN5C and TN10C samples the degree of adsorption was 

almost the same (~ 28%). The mechanochemical modification did not cause a significant change in the 

SBET value, therefore the degree of dye adsorption for TiO2M (29.5%, Fig. 8) was similar to that of the 

initial TiO2 (31.8%, Fig. 8). 

Fig. 9 presents the changes in the concentration of Safranin T solution irradiated with visible light 

(Vis) in the presence of the obtained materials after 24 hours. The Safranin T concentration after the 

adsorption as the initial concentration of the dye in the photocatalysis step was used. This action 

allowed studying of the actual photocatalytic activity of the obtained materials. The course of the curves 
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shows that all obtained materials accelerated significantly the efficiency of Safranin T degradation and 

exhibited better photocatalytic properties compared to the initial TiO2. In the case of the dye solution 

irradiated with visible light without the addition of a photocatalyst, its photolysis ~11% can be observed 

(Fig. 9).  

 

Fig. 8. Changes in the dye concentration (ST) after the 30-minute adsorption process on the tested photocatalysts 

in the dark 

 

Fig. 9. Changes in the dye concentration (ST) during photocatalysis in the presence of all materials due to the 

visible light 

The experiment was conducted for 24 hours. The first stage of dye degradation was more intense 

than the second one and lasted 5 hours. In the second stage the reduction of ST concentration was 

systematic and slow. After the mechanochemical treatment TiO2 (TiO2M) caused much more 

degradation of the dye (29.9%) than the starting TiO2 (19.3%) (Fig. 9, Table 4). All obtained materials 

resulted in greater photocatalytic activity compared to that of the initial TiO2 (P25). The TN5C proved 

to be the most effective. After the 24-hour exposure in the presence of this material the ST degradation 

was 68.5% (Fig. 9, Table 4). The variance analysis also showed that in the case of the TN5C sample, the 

greatest effect of time on the photocatalytic activity of the material was observed, Fexp = 278.83 (Table 

5). In the case of the material with a larger content of Ni2+ ions (TN10C, TN20C), the degree of ST 

degradation was smaller. For TN20C the degree of dye degradation was twice smaller compared to that 

of the TN5C sample (Fig. 9, Table 4). Too large content of nickel ions could block the active centers of 

TiO2 which are responsible for dye molecules binding and degradation. It should be noted that the 

material with the largest dopant amount (TN20C) showed the best adsorption properties (Fig. 8), 

however, after calcination its photocatalytic activity was the smallest of the obtained materials (Fig. 9, 

Table 4). A significant amount of the dopant can constitute additional adsorption centers to trap the dye 
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particles, simultaneously causing the TiO2 matrix to be shielded, which has the effect of the material 

photoactivity constraint (Fig. 9) (Zaleska, 2008).  

Table 4. Efficiency of the ST degradation [%] in the presence of the initial TiO2 (P25) and obtained materials. 

Sample TiO2 (P25) TiO2M TN5C TN10C TN20C 

Safranin T 

degradation [%] 

after 5 hours 14.5 25.6 33.8 35.1 15.2 

after 24 

hours 

19.3 29.9 68.5 51.3 34.8 

Table 5. Values of F and p from the variance analysis (Fcrit= 2.85) 

Sample Fexp  p 

TiO2 (P25) 10.22 1.9 * 10-4 

TiO2M 36.08 9.85 * 10-8 

TN5C 278.83 9.62 * 10-14 

TN10C 132.39 1.63 * 10-11 

TN20C 53.27 7.65 * 10-9 

 

The Safranin T degradation could be explained by the following mechanism: 

 

Photocatalyst + hν → e-
CB + h+

VB                                                                                       (1) 

 e-
CB + O2 →•O2

-                                                                                                         (2) 

h+
VB + H2O → •OH                                                                   (3)  

•O2
- + •OH + Safranin T →  degradation products                                       (4) 

    

When the photocatalyst in the solution was irradiated with light of greater energy than that of the 

band gap (Eq. 1), the electron (e-) was excited in the conduction band (CB) and a hole (h+) was created 

in the valence band (VB). The generated charge carriers migrated to the surface of the photocatalyst 

initiating redox reactions with the substrates adsorbed on the photocatalyst surface. The photo-excited 

electrons could react with oxygen molecules to form superoxide radicals (•O2
-) (Eq. 2). The electron 

holes could directly oxidize the dye molecules or react with the water molecules to form hydroxyl 

radicals (•OH) (Eq. 3), which have strong oxidizing properties. Perhaps Safranin T is directly degraded 

by the produced radicals  (•O2
- i •OH) (Eq. 4). 

The UV-Vis/DRS spectra (Fig. 10) were analyzed according to the Kulbelka–Munk (KM) method in 

order to calculate the band gap (Eg) of samples. According to the results presented in Table 6, the TN5C 

sample with the smallest value of band gap Eg = 2.94 eV showed the greatest activity. Thus, the amount 

of dopant  plays  an  important  role  in  creating  TiO2  photocatlitic  activity.  Also,  the  use  of  mechano- 

 

Fig. 10. UV-Vis/DRS spectra of TiO2 (P25) and obtained samples 
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Table 6. The band gap energy (Eg) values for TiO2 (P25) and obtained materials 

Sample Band gap 

(eV) 

TiO2 (P25) 3.11 

TiO2M 3.05 

TN5C 2.94 

TN10C 2.97 

TN20C 2.98 

 

chemical treatment (TiO2M, Eg= 3.05 eV) changed the value of the band gap compared to the initial TiO2 

(P25, Eg=3.11 eV). Doping with Ni2+ ions changed slightly the band gap values of the materials, however, 

they showed better photocatalytic properties in the visible light region compared to the initial TiO2 

(P25). Jing et al. (2005) have dopped TiO2 with Ni2+ ions (0-3% wt.). They stated that doping of TiO2 

leads to a constant decrease in the photocatalytic activity. The titanium substitution sites are occupied 

by Ni2+ in the lattice of titania leading to the states of impurity in the energy band gap of the 

semiconductor (Jing et al., 2005). The dopant not only leads to the response to the visible light in the 

case of the semiconductor photocatalyst possessing a wide band gap but it acts as a recombination 

centre resulting in the increased recombination of e-/h+ pairs in bulk (Kudo and Sekizawa, 2000). Ni 

doping is beneficial only in the case the e-–h+ pairs recombination on the surface is dominant. When the 

dopant concentration is high, a charge carrier can be trapped more than once and can be recombined 

with the next  charge carrier. Thus the dopant becomes a center of recombination for the photogenerated 

e-/h+ pairs (Jing et al., 2005). The TiO2 based materials with nickel ions - 5%, 10% and 15% were obtained 

by Shaban et al. (2019). According to them the TiO2 band gap increased with the increasing impurity 

content. This value was 2.73 eV for pure TiO2 and 3.16 eV for 15% Ni-doped TiO2. The doped materials 

were characterized by smaller photocatalytic activity compared to that of pure TiO2 (Shaban et al., 2019). 

Doping of TiO2 (rutile powder, Eg = 3.03 eV) with nickel ions was also undertaken by Hyun Kim et al., 

(2006). They prepared a material based on TiO2 with the addition of Ni (8 wt.%). The material prepared 

by the mechanochemical alloying and the band gap was Eg = 2.92 eV. This material was characterized 

by high activity for decomposition of 4-chlorophenol in the aqueous solution at UV and Vis light (Hyun 

Kim et. al., 2006). Therefore, during the doping of TiO2, not only the concentration of the dopant but 

also the method of preparing the photocatalyst play an important role. 

4. Conclusions 

The structural, thermal and photocatalytic properties of the calcinated materials containing TiO2 and 

nickel(II) ions were investigated. The mechanochemical synthesis in the high-energy planetary mill 

enables simple preparation of photocatalysts without by-products. The data obtained based on the low 

temperature N2 adsorption/desorption method indicate that these materials are mesoporous. After 

calcination of doped materials at 800°C the phase transformation took place. In the composites a small 

amounts of anatase and dominant amounts of the rutile phase were observed. The obtained materials 

were characterized by greater photocatalytic activity compared to the initial TiO2 (P25). The 

mechanochemical treatment of non-doped titanium dioxide (TiO2M) increased the efficiency of dye 

degradation by 10% after 24 hours of irradiation compared to that of initial TiO2 (P25). The sample with 

the smallest content of nickel ions TN5C proved to be the most effective material. After 24 hours in the 

presence of TN5C material 68.5% of Safranin T was degraded at visible light. The band gap for this 

material was Eg = 2.94 eV. In the case of the material with the largest content of Ni2+ ions (TN10C, TN20C), 

the degree of ST was smaller compared to that of the TN5C material.  
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