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Metal-ions doped TiO2 nanotubes (M-TiO2, M=Mn,Cr,Cu,Fe and Al) were synthesized 
using an in-situ hydrothermal method. The XRD pattern shown metal-ions doped TiO2 
nanotubes have an anatase phase. BET analysis shows that surface area was increased 
from 63.38 m2/g to 138.44 m2/g. The degradation rates of undoped-TiO2, Mn-TiO2, Cr-
TiO2, Cu-TiO2, Fe-TiO2, and Al-TiO2 were 50%, 64%, 76%, 85%, 88%, and 93%, 
respectively. Al-TiO2 showed the highest photocatalytic performance due to the smallest 
ionic radii, highest surface area, and smallest crystalline size. It can be seen that the 
degradation of 10 ppm of methylene blue solution was observed in the following order: 
Undoped-TiO2<Mn-TiO2<Cr-TiO2<Cu-TiO2<Fe-TiO2<Al-TiO2.   
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1. Introduction 
 
Every year, an estimated 280 000 metric tonnes of textile dyes are discharged as industrial 

effluent around the world. It is expected that global demand for the textile industry is likely to 
increase by 2020 [1]. The release of dyes into the river or drain during textile fibre dyeing and 
finishing processes is a major source of water contamination [2]. The effects of continuous 
exposure to these wastes can threaten human health and marine life. 

Alternatively, photocatalytic degradation using a metal oxide such as TiO2 has been 
implemented to control and minimize wastewater pollution. TiO2 is the most promising due to its 
ability to photodegrade organic dyes and properties such as non-toxicity, economic, high chemical 
and physical stability [3-6]. However, TiO2 has some limitations due to its broad bandgap, 3.2 eV 
[7]. The rapid recombination of photogenerated electron-hole pairs may reduce photocatalytic 
performance. [8, 9]. Many studies, therefore, try to develop the efficiency of photocatalytic 
performance, such as by broadening the absorption range of TiO2 in the visible region and 
reducing electron-hole recombination by using doping. A recent selection of TiO2 doping cations 
and anions was introduced and investigated. TiO2 doping with cations such as earth metal (Sc,Y 
and La), noble metals (Os, Pd, Ru, Rh, Ir, Ag and Pt), poor metals (Al, Ga, In, Pb and Bi), and 
transition metals (Fe, Co, Ni, Mn, Cr, V, Cu, Zn and Zr) have been reported [10, 11].  

TiO2 photocatalytic performance has been enhanced by doping with nonmetals (such as F, 
N, S, or B) or metals (such as Fe, Ag, Cu, Pd, Pt, or Ru) [12, 13]. Doping TiO2 with noble metals 
such as Cu and Ag increases photocatalytic performance by changing its surface characteristics 
(e.g., surface area per mass, porosity) and widening the absorption range to the visible light.  

Fe is one of the most suitable elements for industrial applications due to its low cost, easy 
preparation [15] and the Fe-doping induces the absorption edge's shift into the visible-light range 
with the bandgap's narrowing and lower the recombination of photogenerated holes and electrons 
[16]. Murashkina et al. [17] studied that the optimum Al ion concentration for Al dopant TiO2 was 
0.5 wt % (1 mmol) to get the highest photocatalytic activity. Others claimed that modified TiO2 
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with Al ion inhibited TiO2 transformation from anatase to rutile by maintaning the surface state of 
TiO2 particles and limiting the growth of grain [18].  

Various methods have been developed to synthesize TiO2 nanostructures, such as template 
[19], sol-gel [20, 21], and hydrothermal [22]. Templates are resulting in spherical structural hollow 
particles of anatase TiO2. The sol-gel method using starting materials such as titanium 
isopropoxide, titanium tetrabuthylorthotitanate, tetrabuthyltitanate, titanium ethoxide, or titanium 
tetrabutoxide has been used to synthesize nanoscales of TiO2 but high temperatures are required 
[23]. The hydrothermal method has also been reported to synthesize TiO2 nanoscales since the 
products developed by this method have a well-crystalline phase and a small crystalline size, 
supporting thermal stability and photocatalytic performance [24]. In this study, undoped TiO2, Mn-
TiO2, Cr-TiO2, Cu-TiO2, Fe-TiO2, and Al-TiO2 were synthesized by an in-situ hydrothermal 
method due to easy preparation method and high capability to form large surface areas of 
nanostructured materials [25]. To the best of our knowledge, the lowest amount of each metal 
doped (1 mmol) that is incorporated into TiO2 for the photocatalytic degradation of methylene blue 
has never been reported yet. 

 
 
2. Materials and Methods 
 
2.1. Materials 
TiO2 precursor powder, aluminium (III) nitrate nanohydrate, iron (III) nitrate nanohydrate, 

copper (II) nitrate trihydrate, chromium (III) nitrate nanohydrate, and manganese (II) acetate 
tetrahydrate were purchased from Merck. Solvents and other reagents were analytical grade and 
used without further purification.  

 
2.2. Synthesis of Undoped TiO2 and Metal-ions Doped TiO2 
TiO2 powders were synthesized by an in-situ hydrothermal method as reported in a 

previous study report by Zulkifli et al. [26]. 2 g of titanium dioxide powder was mixed in a 100 
mL of aqueous solution of 10 M NaOH and poured in a stainless-steel reactor lined with Teflon. 
The reactor was then transferred in an oven and heated at 150 °C for 24 hours. After completing 
the treatment, the remaining precipitate was filtered and washed with 1.0 M of HCl solution until 
pH 7 was reached. The obtaining percipitate was dried and placed in an oven at 80°C for 24 hours. 
After drying, the resulting powder was calcined at 500 °C. A similar procedure was followed to 
produce Mn-TiO2, Cr-TiO2, Cu-TiO2, Fe-TiO2, and Al-TiO2, with an additional 1 mmol of each 
metal ion: manganese (II) acetate tetrahydrate, chromium (III) nitrate nanohydrate, copper (II) 
nitrate trihydrate, iron (III) nitrate nanohydrate, and aluminium (III). All the samples obtained 
were characterized using X-Ray Diffraction (XRD), Brunauer, Emmett, and Teller (BET), 
Scanning electron microscopy (SEM) micrographs, Field emission scanning electron microscopy 
(FESEM) micrographs and UV vis spectrometer.  The X-Ray Diffraction (XRD) pattern was 
obtained with a Rigaku Miniflex with Cu-Kα (0.1541 nm) at scan rate from 10°- 80° (2θ). 
Crystallite size was calculated by using Scherrer’s Equation using Eq. (1) stated below. 

 
𝑆𝑆𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟′𝑠𝑠 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝐷𝐷): 𝑘𝑘𝑘𝑘

𝛽𝛽 cos 𝜃𝜃
                                                           (1) 

where; 
D =crystallite size in nm 
K= 0.9 (constant) 
λ= 0.1541 nm (wavelength of the X-ray radiation) 
β= FWHM (full width at half maximum) 
θ= the diffraction angle 
The Surface area of the synthesized TiO2 sample was determined using Brunauer, Emmett 

and Teller (BET) method based on the N2 adsorption and desorption isotherms using a 
Quantachrome Nova 4200e automatic analyzer. SEM micrographs were captured using JSM 6360 
Joey Scanning Electron Microscopy with an accelerated voltage of 15 kV and magnification of 
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10000X. FESEM micrographs were captured using the JSM-IT800 Joey with magnification at 
100,000X. 

 
2.3. Photocatalytic Performance test 
Based on the previous report by Zulkifli et al. [26], the degradation test was performed by 

inserting 0.1 g of samples into 100 mL of 10 ppm methylene blue solution. The reaction mixture 
was agitated in the dark for 30 minutes before irradiation to reach absorption-desorption 
equilibrium between the catalyst and dye molecules. The suspension was then subjected to two 
hours of UV irradiation and continuously stirred. A UV bench lamp (302 nm, UV 230V, 50 Hz) 
provided the source of the UV light. Using a syringe, 5 mL of the aliquot was removed at every 30 
minute of time interval and filtered via a 0.45 μm millipore filter. The absorption spectra were 
measured using a UV vis-spectrophotometer, and the percentage of methylene blue degradation 
was estimated using Eq.(2). 

 
% 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = Co− Ct

Co
× 100                                                         (2)       

                                                          
where; 

Co is the initial absorption spectra of the dye 
Ct is the absorption spectra of dye after reaction at t time 
 
 
3. Results and Discussion 
 
3.1. X-ray Diffraction  
Fig. 1 shows the XRD patterns of undoped TiO2, Al-TiO2, Fe-TiO2, Cu-TiO2, Cr-TiO2 and 

Mn-TiO2. The anatase TiO2 phase was assigned to all studied samples (101), (004), (200), (105), 
(211), (204), (116), and (215), as indicated by reflections at 2 = 25.26°, 37.78°, 48.00°, 53.93°, 
54.00°, 62.78°, 70.19°, and 74.98°, respectively (JCPDS - 076, 173). 

 
 

 
 

Fig. 1. XRD patterns of all samples after 2 hours of calcination at 500 °C 
 
 
Our results showed that doping does not alter the phase of the parent material, TiO2. 

However, the anatase phase of undoped TiO2, 25.26°, (101) has a narrow and sharp intensity, but 
the anatase peak and intensity of metal-ion doped TiO2 were broadened and decreased. 
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Furthermore, after doping, some peaks, such as 70.19° (116), shrank. These results indicated that 
the doping caused a distortion of the lattice structure of TiO2 and affected the crystallinity of TiO2 
[28]. Based on the ionic radii of doping metal ions, Al3+ (0.53Å) and Fe3+ (0.69Å) are smaller and 
slightly the same compared to Ti4+ (0.64Å). It is favourable for these two metal ions to easily join 
the crystal structure, thus substituting the sites of Ti4+ [18]. Others, such as Cu2+ (0.72), Cr3+ (0.75), 
and Mn2+ (0.85), have larger ionic radii than Ti4+ and tend to reside in the TiO2 lattice's interstitial 
position. Other workers have reported similar observations that have been interpreted as interstitial 
and substitute positions of the TiO2 lattice site if metal ions have larger and smaller ionic radii than 
Ti4+ [29]. 

On the other hand, among the metal-ions doped TiO2, Al-TiO2 had the broader width peak, 
followed by Fe-TiO2, Cu-TiO2, Cr-TiO2 and Mn-TiO2 due to the small crystallite size. Generally, 
the crystallites exhibited smaller sizes due to the host lattice's growth being constrained by the 
dopant ions [30]. By applying Scherrer’s equation, we have confirmed that the crystallite size of 
the Al-TiO2 sample is smaller (11.14 nm) than the Fe-TiO2 (11.50 nm), Cu-TiO2 (12.32 nm), Cr-
TiO2 (15.98 nm), Mn-TiO2 (15.30 nm) and undoped TiO2 (38.38 nm) as listed in Table 1. 

 
3.2. BET specific area  
The surface area values, total pore volume, and pore size were obtained from the 

Brunauer, Emmett–Teller (BET) are listed in Table 1. The undoped TiO2 has the lowest surface 
area, total pore volume, and pore size of about 63.38 m2/g, 0.50 cm3/g, and 32.13 nm, respectively. 
The Al-TiO2 has the highest surface area, 138.44 m2/g, a total pore volume of about 0.94 cm3/g, 
and a pore size of 27.27 nm. For other doped-TiO2 samples, the surface areas varied from 76.04 
m2/g to 136.26 m2/g. It was observed that metal dopants affect the surface area of TiO2 powder 
samples. The BET analysis results demonstrate that all samples have pore sizes ranging from 
27.27 to 35.93 nm, classifying as mesoporous composites as per IUPAC notation. According to 
IUPAC notation, these materials are classified as mesoporous composites, with pore sizes ranging 
from 2 to 50 nm. 

 
Table 1. Details characterization of undoped TiO2 and metal ions doped-TiO2 samples 

 
 

3.3. Morphological characterization  
The Electron Microscopy image shows almost identical morphology for all the doped 

samples (Fig. 2). Undoped TiO2 morphology shows some agglomerated particles and bulk due to 
its larger crystal size. The undoped TiO2 has a larger particle size than the doped TiO2, consistent 
with the XRD study's crystal size calculation (Table 1). However, when a dopant metal ion is 
added, the agglomerated particles and bulk are less present and exhibit a smooth surface 
morphology. While all metal-ions doped TiO2 has a homogeneous distribution in the SEM image, 
the morphology of Al-TiO2 has changed with less agglomeration, and nanotube structures can be 
seen to crosslink irregularly on the surface (Fig. 3).  

 

Samples Crystallite size (nm) Surface area 
(m2/g) 

Total pore volume 
(cm3/g) 

Pore size (nm) 

Undoped TiO2 28.38 63.38 0.50 32.13 

Al-TiO2 11.14 138.44 0.94 27.27 
Fe-TiO2 11.50 136.26 0.96 28.10 
Cu-TiO2 12.32 103.51 0.81 31.55 
Cr-TiO2 15.98 82.02 0.65 31.95 
Mn-TiO2 15.30 76.04 0.76 35.93 
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Fig. 2. SEM images of undoped TiO2, Al-TiO2, Fe-TiO2, Cu-TiO2, Cr-TiO2, and Mn-TiO2 after 2 hours 
calcination at 500 °C. 

 

 
 

Fig. 3. FESEM images of Al-TiO2 nanotubes after 2 hours calcination at 500 °C viewed  
under 100,000x magnification. 
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3.4. Optical Analysis 
The optical absorption properties of mono doped TiO2 were studied using UV–vis 

analysis. (Fig. 4 a). The photon energy of 3.24 eV in TiO2 causes significant absorption at 400 nm, 
which can be attributed to the high absorption. Al, Fe, Cu, Cr, and Mn doping improved the optical 
absorption ability, resulting in a significant right shift in the absorption spectra towards longer 
wavelengths [31]. The absorption bands in the spectra for Al-TiO2 were moved higher due to the 
reduced band gap in this case. 
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Fig. 4. UV-Visible spectra (a) and Tauc plots (b) of undoped TiO2, Al-TiO2, Fe-TiO2, Cu-TiO2,  

Cr-TiO2, and Mn-TiO2. 
 
 
Doping of TiO2 with Al, Fe, Cu, Cr, and Mn improved the optical absorption ability. The 

absorption bands in the spectra for Al-TiO2 were moved higher due to the reduced band gap. As 
shown in Fig. 4 (b), the values of eg for Al-TiO2, Fe-TiO2, Cu-TiO2, Cr-TiO2, Mn-TiO2, and 
undoped TiO2 are 2.37 eV, 2.50 eV, 2.85 eV, 2.91 eV, and 3.0 eV, respectively. 

Undoped TiO2 shows a band gap of 3.0 eV, which is slightly lower than that reported by 
researchers. The band gap widens as the size of the particle shrinks due to electron confinement at 
the nanoscale. This phenomenon is known as the "quantum size effect"[32]. The charge 
transference band of O2--Ti4+, which is modified by additional transference bands connected with 
doping cations, causes the red shift of the absorption and a reduction in band gap in all modified 
samples. 

Doping with Al ions leads to the slowest shifting and shows a reduction of the band gap 
by 0.63 eV relative to undoped TiO2. It can be concluded that the red shift of the absorption edge 
toward the visible light region was observed. The red shift demonstrated visible light absorption 
by revealing the presence of Ti-O-Al links and generating a new energy level in the bandgap of 
2.37 eV, the lowest energy band gap recorded so far since Al-TiO2 has typically been used in gas 
sensing [33]. This new finding contributed to the improvement of the Al doping TiO2 towards 
photocatalytic studies. 

 
3.5 Photocatalytic performance 
A degradation test under UV light irradiation was used to evaluate the photocatalytic 

performance. The findings revealed that the photocatalytic performance increases as dopant is 
introduced. It is clearly seen that undoped TiO2, has smallest photocatalytic performance (50%) 
while other with dopant such as Mn-TiO2, Cr-TiO2, Cu-TiO2, Fe-TiO2 and Al-TiO2, are 64%, 76%, 
85%, 88%, and 93%, respectively, as shown in Fig. 5. Besides, the highest photocatalytic 
performance was observed for the Al-TiO2, which within 60 minutes was able to degrade 93% of 
10 ppm of methylene blue solution due to its larger surface area. The highest photocatalytic 
performance of Al-TiO2 could be due to its smallest ionic radii (0.53Å), its smallest crystalline 
size, and its largest surface area compared to Ti4+ (0.68Å) Thus, Al3+ was easily inserted into the 
lattice site structure of TiO2 and altered the crystallite size of Al-TiO2. Decreased crystalline size 
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can eventually lead to a larger surface area, which may increase the active site's surface area, 
resulting in increased absorption, electron-hole production, and interfacial carrier rate of 
degradation transfer [34].  

Fe-TiO2 also showed good photocatalytic degradation performance and yielded about 88 
%. The light absorption of modified Fe-TiO2 is extended due to an increase in the generation of 
electron-hole pairs, thus boosted light absorption in the visible spectrum. Fe3+ could serve as a 
h+/e trap to lower the rate of h+/e pair recombination and increase photocatalytic performance. 
Cu-TiO2 was evaluated to give a good performance percent of 85% due to Cu doping, which 
reduces the band gap, red shifts the wavelength range for electron excitation, and increases light 
adsorption strength. The photocatalytic performance of Cr-TiO2 showed that methylene blue 
degraded to 76%. This low photoactivity of Cr-TiO2 is due to its small surface area and its ability 
to absorb hydroxyl groups that react with methylene blue.  

 

0 20 40 60 80 100 120
0

20

40

60

80

100

50 %

64 %

76 %
85 %
88 %

D
eg

ra
da

tio
n 

ra
te

 (%
)

Interval time (minute)

 Undoped TiO2
 Al-TiO2
 Cu-TiO2
 Fe-TiO2
 Cu-TiO2
 Mn-TiO2

93 %

 
 

Fig. 5. Photocatalytic degradation of methylene blue at 10 ppm. 
 
 
Mn2+ has the largest ionic radius (0.8Å) and may have a slightly have difficulty in entering 

the lattice and resulting in recombination. Another factor is the excess of trapped carriers in the 
Mn-TiO2, causing the reducing of driving force to isolate the carriers. For smaller crystallites, 
usually, the recombination rate crystallites would outweigh the additional interfacial charge 
transfer process [35]. It can be seen that the removal of 10 ppm of methylene blue solution was 
observed in the following order: Undoped-TiO2<Mn-TiO2<Cr-TiO2<Cu-TiO2<Fe-TiO2<Al-TiO2.  

Fig. 6 shows the schematic diagram of Al-TiO2 photocatalysis for degradation of 
methylene blue. When electrons (e−) and holes (h+) move to the top layer of Al-TiO2, the 
oxidation reaction occurs and the hole interacts with Al2+ to form Al3+. Meanwhile, an electron at 
the covalent bond will undergo a reduction reaction, in which Al3+ formed Al2+. The hydroxyl 
radical (•OH) and superoxide anion (•O2) acts as an oxidant to degrade organic compounds. The 
organic compound will be converted into more ecologically friendly chemicals, like water and 
carbon dioxide, through a series of oxidation-reduction reactions. 
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Fig. 6. Schematic diagram of Al-TiO2 photocatalysis for degradation of methylene blue 
 
 
5. Conclusions 
 
In summary, undoped TiO2, Mn-TiO2, Cr-TiO2, Cu-TiO2, Fe-TiO2, and Al-TiO2 have been 

successfully synthesized using the in-situ hydrothermal method. All samples exhibited the anatase 
phase after being calcined at temperature 500°C with crystallite sizes in the range of 9.93-28.38 
nm. The degradation of 10 ppm of methylene blue solution was observed in the following order: 
Undoped-TiO2<Mn-TiO2<Cr-TiO2<Cu-TiO2<Fe-TiO2<Al-TiO2. Based on these results, Al-TiO2 
showed the highest photocatalytic performance and has great potential to treat dye removal in the 
textile industry. The band gap energy for Al-TiO2 was found to be the lowest band gap recorded so 
far. This new finding helped to improve the effect of Al doping TiO2 in photocatalytic studies. 
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