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Nowadays, metal-organic framework (MOF)-derived porous metal oxide 
nanoparticles (NPs) has attracted a great attention for remediation of 
environmental contamination. This work discussed the synthesis approach 
of the porous and single-phase TiO2 NPs via the thermal treatment of MIL-
125 (Ti) at various temperatures. The influences of temperature on the 
single-phase synthesis and degree of crystallinity of this nanomaterial were 
investigated. It was revealed that 500 °C was the optimum temperature for 
the synthesis of anatase phase of nano-titania. The TiO2 NPs produced by 
heat-treating at 500 °C was found to have a mean particle size of less than 10 
nm, specific surface area of 163 m2g-1, and pore volume of 0.374 cm3g-1. The 
optical properties of the anatase phase of TiO2 were examined and the value 
of its indirect energy gap (or band gap) was obtained to be 3.08 eV. High 
specific surface area and porous structure of the anatase TiO2 made it a 
suitable candidate for the photocatalyst agent. This is due to the fact that it 
increases the loading capacity of the organic pigments and prolongs the light 
exposure duration. As-synthesized TiO2 NPs exhibited a high photocatalytic 
performance for removal of methylene blue (MB), methylene orange (MO) 
and reactive blue 21 (RB21) organic pigments.  
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Graphical Abstract 

 

Introduction 

Metal-organic frameworks (MOFs) are the 

practical and novel class of reticular chemicals 

with periodic network structure. MOFs have 

direct and indirect extensive applications in 

many fields including photocatalysts [1], CO2 

capture [2], battery materials [3], 

supercapacitors [4], chemo-thermal therapy 

[5], separation agents [6, 7], biosensors [8], and 

antibacterial agents [9]. Due to using various 

organic linker and secondary building units 

(SBUs), a wide range of these compounds has 

been synthesized for specific purposes [10⎼13]. 

MOFs can also be used as a template or 

intermediate to obtain nano-sized metallic 

oxides [13⎼15]. Owing to their high surface area 

and porosity, MOFs-derived porous NPs have a 

great potential to be employed as 

catalysts/photocatalysts [16⎼18]. It should be 

noted that several parameters affect the 

morphology including nanowires, nanotubes, 

nanocubes, nanospheres, nanorods, and 

nanosheets, of the metal oxide derived from 

MOFs [19⎼23].  

Of all the metal oxides, TiO2 is one of the most 

popular candidates of semiconducting which 

can be obtained from MOF structures [24]. TiO2 

has various applications in biotechnology, solar 

cell, energy storage, catalyst, CO2 reduction, and 

hydrogen production [25⎼30]. TiO2 exists in 

three crystalline forms: brookite with the 

orthorhombic unit cell, anatase and rutile with 

tetragonal structure [31]. Compared to other 

photocatalysts such as α-Fe2O3, WO3, ZnO, CuS 

and ZnS, TiO2 is widely used because of its 

economic cost and chemical and biological 

resistance [32⎼34]. The bandgap of TiO2 is 

usually more than 3 eV (~2.8-3.0 eV for rutile 

phase and ~3-3.4 eV for anatase phase), thus 

it is considered as a vigorous photocatalyst for 

the UV light [35]. Controlling the synthesis 

parameters for production of nano-scale 

titanium oxide is very critical, because they can 

directly affect the optical and photocatalytic 

behavior of this compound [36, 37]. 

In the current study, single-phase porous 

titanium oxide nanoparticles were synthesized 

from MIL-125(Ti) metal-organic framework or 

coordination polymer. The optimum 
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temperature for the synthesis of single-phase 

TiO2 nanoparticles from MIL-125 intermediate 

was assessed, and the optical and photocatalytic 

properties of the nanoparticles were 

investigated with a focus on the removal of 

industrial pigments. The influences of the 

primary morphology of MIL-125 on the phase 

transition were discussed, as well. 

Experimental 

Material and methods 

Titanium isopropoxide (TIP, Aldrich, 

99.8%), N,N-dimethylformamide (DMF, Aldrich 

99%), anhydrous methanol (Aldrich, 99.8%), 1, 

4-benzene dicarboxylic acid (H2BDC, Aldrich, 

99%) were purchased and used without further 

purification. 

Synthesis of MIL-125(Ti)  

MIL-125(Ti) was prepared by the approach 

reported by Wang et al. [38]. For this goal, 2.0 g 

H2BDC, 5 mL anhydrous methanol, 45 ml 

anhydrous DMF and 1.56 mL of TIP were mixed 

at ambient temperature. The mixture was then 

transferred to a Teflon-lined autoclave and 

heated at 150 ºC for 16 h. The resulting white-

yellow suspension of MIL-125(Ti) was filtered 

and washed 3 times under stirring with 20 mL 

anhydrous methanol for 30 min to remove all 

unreacted organic linkers, then dried at 150 ºC. 

The product of this step is known as inactivated 

MIL-125(Ti) (MIL-125 with solvent molecules 

in their pores). Inactivated MIL-125(Ti) was 

heat-treated at 200 ºC under vacuum for 5 h to 

remove solvent molecules trapped in the pores. 

The final product of this step is known as 

activated MIL-125(Ti) (MIL-125 with empty 

pores). Figure 1 illustrates the schematic 

procedure for the synthesis of MIL-125(Ti) and 

TiO2 nanoparticles. 

Synthesis of porous TiO2 NPs 

To prepare the oxide nanophase, activated 

MIL-125(Ti) was collected and annealed in the 

furnace. Four annealing temperatures (400, 

450, 500, and 550 °C) were evaluated to achieve 

the optimum temperature which is necessary 

for the preparation of the single-phase porous 

titanium oxide. At each temperature, a certain 

amount of the synthesized MOF was heated for 

5 h at a rate of 10 °C/min under the continuous 

air flow. After cooling down, porous TiO2 NPs 

were collected (Figure 1). 

Photocatalyst test 

This test was used to evaluate the ability of 

porous TiO2 NPs as a photocatalyst. 20 mg of 

porous TiO2 photocatalyst was separately 

dispersed in 70 mL of 20 ppm aqueous 

solutions of methylene blue (MB), methylene 

orange (MO), and reactive blue 21 (RB21) 

under stirring. Then, the solutions were 

exposed to a UV lamp with a power of 400 W. 

The absorption spectra were measured by the 

UV-vis double beam PC scanning 

spectrophotometer in the range of 200-800 nm 

and finally, photocatalytic activity of porous 

TiO2 NPs was evaluated. 

Characterization equipment 

The Fourier-transform infrared (FT-IR) 

spectroscopy of porous TiO2 nanoparticles was 

performed by an IR 550 spectrometer using KBr 

pellets. A PANanalytical X'Pert diffractometer 

with Cu 𝐾𝛼 (λ=0.15406 nm) was used for X-ray 

diffraction (XRD) analysis of MIL-125(Ti) and 

porous TiO2. The ultraviolet-visible spectrum 

was obtained by a UV-vis double beam 

spectrophotometer (model UVD-2950). 

Fluorescence measurement was recorded on 

the RF-5301PC spectrofluorometer. The 

specific surface area was determined by 

Brunauer, Emmett and Teller (BET) analysis 

(Belsorp mini II model, Japan). Field emission 
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scanning electron microscopy (FE-SEM, Hitachi 

S-4800) and transmission electron microscopy 

(TEM- Philips EM 208S) were accomplished to 

check the morphology of the particles. 

Thermogravimetric (TG) analysis of activated 

MIL-125 was carried out by a NETZSCH STA 

449C analyzer (Germany) with a heating rate of 

10 °C/min under a flow of nitrogen. 

 

Figure 1. Schematic illustration of synthesis route for MIL-125(Ti) and TiO2 NPs

Results and Discussion 

The FTIR spectra of MIL-125 and TiO2 are 

demonstrated in Figure 2 to support the 

formation of TiO2 NPs. It is easy to recognize the 

intense broadband around the 3350 cm-1 in 

both spectra, that is related to asymmetric and 

symmetric stretching vibrations of hydroxyl 

groups connected to the surfaces of MIL-125 

(Ti) and TiO2 NPs [39, 40]. It should be noted 

that this characteristic band in the MOF located 

at the range of 3300-3500 cm-1 may be assigned 

to the free solvent molecules trapped in the 

pores [41].  The stretching vibration of Ti-O-Ti 

and O-Ti-O due to the inter-atomic interaction is 

often observed at 400–1250 cm-1 in the FTIR 

spectrum [42⎼44]. The sharp spectroscopic 

band at 1400 and 1530 cm-1 are attributed to 

the carboxylate groups as a linker in the MOF 

structure [45⎼47]. TiO2 has a small peak at 1630 

cm-1, which is representative of the adsorbed 

H2O molecule [48]. 
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Figure 2. FT-IR analysis of (a) MIL-125(Ti) and (b) TiO2 nanoparticles. 

Figure 3 represents the result of TG analysis 

for MIL-125(Ti). The weight loss at the range of  

45–100 °C (~10%) is related to the removal of 

methanol molecules as a solvent trapped in the 

pores of the MOF [49]. The second 

characteristic weight loss occurred at the range 

of 100–350 °C (~14%) is attributed to the 

elimination of DMF guest molecule as a solvent  

[47]. Finally, the major weight loss at the range 

of 350–525 °C (~20%) corresponds to the 

structural conversion of MIL-125 into titanium 

oxide NPs [49]. The derivative 

thermogravimetry (DTG) curve was also 

plotted along with the TG graph (Figure 3). DTG 

is usually used to simplify the recognition of the 

temperature range of the weight loss when the 

peaks of the TG curve are close together.

 

Figure 3. a) Thermogravimetric (TG) and b) derivative thermogravimetric (DTG) curves of MIL-
125(Ti) 
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Figure 4a illustrates the X-ray diffraction 

(XRD) of the MIL-125(Ti) synthesized in the 

autoclave, which is in agreement with the 

patterns reported earlier [50, 51]. Figure 4b 

demonstrates the XRD patterns of TiO2 samples 

obtained from the heat treatments of MIL-125 

at different temperatures (400–550 °C). The 

rutile and anatase phases can be clearly 

detected from XRD patterns. The major peaks in 

the patterns of the samples annealed at 400–

500 °C belong to the anatase phase of TiO2 [38, 

43]. As seen in Figure 4b, the phase 

transformation (anatase to rutile) begins when 

the temperature increases to 550 °C. Formation 

of the rutile phase could be completed as the 

annealing temperature is increased further. By 

increasing the temperature from 400 °C to 500 

°C, the degree of crystallinity of the TiO2 anatase 

phase increased, arising from the increase in the 

intensity of all the peaks. On the other hand, a 

small amount of the rutile phase was observed 

at 550 °C. This demonstrated that the increase 

in the temperature higher than 500 °C resulted 

in the formation of multi-phase TiO2 NPs [41]. 

Therefore, the optimum temperature for the 

synthesis of high-crystalline, single-phase, 

anatase TiO2 was 500 °C. 

 

Figure 4. XRD patterns of a) MIL-125(Ti) and b) TiO2 nanoparticles prepared at different 
temperatures. 

Ultraviolet-visible spectroscopy can be used 

to recognize the functional groups or confirm 

the structure of the materials. Figure 5a shows 

the UV-vis spectrum of the synthesized TiO2 

nanoparticles. Since the maximum absorption 

of TiO2 occurred at the wavelength of 364 nm 

(in the UV range of electromagnetic radiation, 

10-400 nm), TiO2 is reasonably expected to be a 

UV active photocatalyst. Moreover, 

photoluminescence (PL) spectroscopy is a non-

contact and nondestructive approach for the 

identification of the electronic structure of 

materials. The photoluminescence (PL) 

emission spectrum of TiO2 NPs upon irradiation 

with the ultraviolet radiation of the wavelength 

λ = 380 nm is shown in Figure 5b. It is obvious 

that the PL maximum intensity (λem) occurred at 

543 nm. This emission is due to the de-

excitation from lower vibration states in the 

oxygen vacancies of TiO2 lattice to the ground 

state [52]. Figure 5c depicts the Tauc plot for 

TiO2 nanoparticles, which is a high-sensitivity 

method for measuring the bandgap of 

semiconductors. TiO2 is a semiconductor, and 

any semiconductor can be a direct/indirect-

bandgap one. Anatase and brookite phases of 

TiO2 have an indirect bandgap, while rutile has 

the direct band gap [53]. Using the 



V. Sabaghi et al.                                                                                                                                306 

extrapolation of the Tauc plot, the optical 

indirect bandgap of the synthesized anatase 

phase of TiO2 NPs was calculated to be 3.08 eV.  

Figure 6 illustrates the FE-SEM images of the 

MIL-125 (a) and porous TiO2 NPs (c). A semi-

spherical metal-organic framework with an 

average diameter of 6.72 nm was successfully 

synthesized. Figure 6c displays the spherical 

morphology of TiO2 particles with an average 

diameter of 8.95 nm prepared from the heat 

treatment of MIL-125 at 500 °C for 5 h. The 

histograms of MIL-125 (b) and TiO2 (d) shown 

in Figure 6 demonstrates a narrow distribution 

particle size under 10 nm, although 

agglomeration of nanoparticles can be detected 

in both cases. 

 

Figure 5. a) UV-visible spectrum, b) photoluminescence spectrum, and c) Tauc plot for obtaining 
indirect band gap of TiO2 nanoparticles. 
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Figure 6. FE-SEM images and particle size distribution of a, b) MIL-125(Ti) and c, d) TiO2 
nanoparticles. 

TEM images of the MIL-125(Ti) and TiO2 NPs 

are displayed in Figure 7. TEM micrographs 

confirms an increase in the average particle size 

as a consequence of the material transformation 

due to the heat treatment, as shown in the 

corresponding particle size distribution 

histograms in Figure 6a and b. MIL-125 crystals 

exhibited a disordered porous structure. MOF-

derived TiO2 NPs were synthesized in the form 

of the semi-spherical crystal habits with 

symmetrical dimensions in the range of 7–12 

nm. 

The photocatalytic activity of the porous 

TiO2 NPs was evaluated in the degradation of 

reactive blue 21 (RB21), methylene blue (MB), 

and methylene orange (MO). As seen in Figure 

8, the porous TiO2 NPs possessed a very good 

ability to degrade organic pigments. UV-vis 

spectrum and Tauc plot indicated the bandgap 

of the product to be 3.08 eV that is in the UV 

region of the electromagnetic spectrum.
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Figure 7. TEM images of (a) MIL-125(Ti) and (b) TiO2 nanoparticles. 

To transfer the electrons from the valance 

band (VB) to the conduction band (CB), 

therefore, a source with fewer wavelengths 

than the visible light is needed. Following this 

electron transfer, an electron-hole pair 

generates, subsequently creating an unstable 

state in the electron structure of TiO2 NPs, thus 

extra electrons from CB returns to the VB and 

electron-hole recombination phenomenon 

occurs [54]. The electron-hole recombination 

rate has a direct correlation to the 

photocatalytic ability. When an adequate 

amount of oxygen vacancies can capture 

electrons from TiO2 semiconductor, the holes 

can be diffused to the surface of the 

nanoparticles, leading to the oxidation of the 

organic dye. A high density of surface oxygen 

defects is useful for separating the electron–

hole pairs. This diminishes the radiative 

recombination of electrons and holes, and 

increases the lifetime of the charge carriers, 

thereby enhancing the photocatalytic activity 

[57]. Table 1 lists the high surface area of MIL-

125 (1023 m2g-1) and titanium oxide 
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nanoparticles (163 m2g-1), and the mesoporous 

structure obtained from BET porosimetry is a 

good reason for increasing dye loading capacity 

and improving the light absorption capacity 

[55]. Figure 8 shows that the porous TiO2 

nanoparticle is more capable of removing RB21, 

because the whole of this color has been 

degraded after 150 min. Table 2 summarizes 

the photocatalytic ability of TiO2 NPs to remove 

these three dyes. The comparative 

photocatalytic performance of the synthesized 

MOF-derived titanium oxide along with other 

photocatalysts reported by other researchers 

are tabulated in Table 3. It can be observed that 

the synthesized porous TiO2 nanoparticles is 

more efficient than ZnS [53] and ZnO [56, 57] 

semiconductors for removal of RB21. Also, the 

currently synthesized TiO2 exhibited a higher 

performance for degradation of MB and MO 

dyes compared to CuS and ZrO2 photocatalysts 

[34, 55], as seen in Table 3. 

Table 1. The surface area, pore volume and pore size of the porous TiO2 nanoparticles synthesized 
in this work. 

Sample 
BET surface area 

(m2g-1) 

Nitrogen pore volume 

(cm3g-1) 

Pore diameter from 

BJH analysis (nm) 
MIL-125(Ti) 1023 0.447 1.3-3 

TiO2 163 0.374 1.8-3.7 

 

 

Figure 8. Photocatalytic degradation of MO, MB, and RB21 pigments in the presence of porous TiO2 
nanoparticles.

Table 2. The results of photocatalytic activities of TiO2 nanoparticles in the degradation of 
MO/MB/RB21 pigments 

Dye Time (min) Degradation Level (%) Photocatalyst 
Methylene Orange (MO) 150 91 TiO2 

Methylene Blue (MB) 150 83 TiO2 
Reactive Blue 21 (RB21) 150 100 TiO2 
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Table 3. A comparison between photocatalytic performances of the synthesized TiO2 nanoparticles 
in degrading MO/MB/RB21 with other research works 

Photocatalyst Dye Time (min) Degradation Level (%) Reference 
ZnO RB21 240 80.3 [56] 
ZnO RB21 240 75 [55] 
ZnS RB21 240 100 [54] 

TiO2 (present work) RB21 150 100 - 
CuS MB 180 100 [52] 

TiO2 (present work) MB 175 100 - 
ZrO2 MO 100 61 [57] 

TiO2 (present work) MO 100 69 - 

 

Conclusions 

Porous TiO2 NPs with an average particle 

size of 7–12 nm were successfully prepared 

from the heat treatment of MIL-125(Ti) metal-

organic framework intermediate compound at 

different temperatures. The effect of thermal 

treatment on the single-phase and high-

crystallinity of TiO2 NPs was evaluated and 500 

°C was selected as the optimum temperature for 

preparation of the anatase phase. The optical 

studies of the anatase phase of TiO2 NPs gave 

the λmax= 364 nm, λem= 543 nm and Eg = 3.08 eV. 

High specific surface area (163 m2g-1) and 

mesoporous/microporous structure (0.374 

cm3g-1 for nitrogen pore volume and 1.8–3.7 nm 

for pore diameter) of TiO2 NPs were inherited 

from MIL-125 structure. These properties 

caused the light exposure duration to be 

extended as well as the pigment loading 

capacity to be increased. Therefore, UV light 

absorption capacity was significantly increased 

and consequently, the porous TiO2 NPs would 

be able to more effectively remove the RB21, 

MO, and MB organic pigments. 
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