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A synthesis of titanium dioxide (TiO2) microspheres has been realized via a facile hydrothermal 

method utilizing glass bottle and stainless-steel clamp. The unique structure has been produced 

after 4 hours of deposition time at the temperature of 150°C. The resulting samples were analysed 

using FESEM, XRD, Raman spectroscopy, XPS, and humidity sensing measurement. FESEM 

images revealed the TiO2 microspheres shape with the average diameter of 5 µm, are constructed 

of smaller dendritic TiO2 nanorods. XRD analysis confirmed that the TiO2 is of a rutile structure 

with preferred orientation at (110), and (101) plane. Raman vibration mode was detected at 143 

cm-1, 235 cm-1, 447 cm-1, and 612 cm-1, which correspond to B1g and two-phonon bands Eg and 

A1g, respectively. It is expected that the projected ultra-high surface area of the structure can be 

advantageous for various applications.  
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As a semiconductor material, TiO2 has been gathering 

interest due to its various beneficial properties. It is a 

very chemically stable material with high photocatalytic 

property and wide bandgap energy while also being 

non-toxic. The demand for this compound stemmed 

from its’ successful application as photocatalysts [1], 

photoanode in solar cells [2, 3], antibacterial coatings 

[4], and various types of sensors [5].  

 

In an effort to further expand the potential of 

TiO2, there have been many endeavors by researchers 

to synthesis nanostructured TiO2. For example, Pathinti 

et al. [6] have produced nanorod-shape TiO2 via 

hydrothermal method with 3.41 µm length and average 

diameter of 239 nm. They have managed utilized the 

structure to improve the ethanol sensing performance 

of a cholesteric liquid crystal. In another work, Yang 

et al. [7] have successfully produced sphere-shaped 

TiO2 which consisted of nanocone monomer also by 

using hydrothermal method. The increased surface 

area of the resultant TiO2 have been instrumental 

in increasing the photocatalytic degradation of 

tetracycline. Utilizing electrochemical anodization, 

Motola et al. [8] have synthesized TiO2 nanotubes 

with a thickness of ~5 mm and average inner diameter 

of ~250 nm. This top-down approach of producing TiO2 

nanostructure requires high-voltage potentiostat and 

chemical etching.  

 

Most of the work on the synthesis of TiO2 

microspheres required the use of autoclave as the vessel 

for the growth of TiO2 crystal. This apparatus is known 

to be bulky and having a very thick metal wall. As a 

result, longer time is usually needed to heat the solution 

inside. Consequently, the growth of the TiO2 crystal 

using autoclave is relatively slow with duration 

exceeding 10 hours is quite common as reported by 

many researchers [9-14]. To the best of our knowledge, 

there has not been any report on the synthesis of TiO2 

microsphere using a simple modified hydrothermal 

method utilizing glass bottle as the vessel. In this work, 

a home-made clamp was utilized to ensure the pressure 

inside the glass bottle increased to enable the growth of 

TiO2 crystal. TaCl5 were often used as the Ta dopant 
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source in producing Ta-doped TiO2 [15-17]. In this 

work, the addition of TaCl5 as the dopant source 

have been shown to contribute to the formation of 

microsphere by increasing the acidity of the solution. 

 

EXPERIMENTAL 

 

Chemicals and Materials 

 

Chemicals were used as received (from Sigma-

Aldrich and Merck) without further purification.  

Titanium butoxide Ti(C4H9O)4 as a precursor for 

TiO2 was purchased from Sigma Aldrich with 97% 

purity. Hydrochloric acid (HCl) 37% was obtained 

from Merck. The doping source, TaCl5 99.8% purity, 

was also purchased from Merck. Finally, deionized 

(DI) water was used as part of the solution. 

 

Sample Preparation 

 

Microscope glass slide was chosen as the substrate. 

The slide was cut into 2 cm × 2 cm size using diamond 

cutter before being cleaned ultrasonically with acetone, 

methanol, and deionized (DI) water in that sequence 

in an ultrasonic bath (Hwasin Technology PowerSonic 

405, 40 kHz). The substrates were then blow-dried 

using nitrogen gas and were kept in airtight container 

to avoid contamination before being used for deposition 

later on. 

 

The substrates were deposited with a thin layer 

of TiO2 seed layer using RF magnetron sputtering 

(SNTEK), which is a physical vapour deposition (PVD) 

method. High purity TiO2 target (99.99% purity) was 

used as the source with deposition power of 200 W. 

Plasma was generated using argon (Ar) gas at the flow 

of 20 sccm while 5 sccm of oxygen (O2) gas was also 

added for complete reaction. The chamber pressure 

was controlled at 5 mTorr during deposition through 

automated adjustable butterfly valve. The duration of 

deposition time was 6 hours to reach average thickness 

of 370 nm. 

 

A solution immersion method was employed to 

produce TiO2 nanostructure. The immersion solution 

was prepared by first mixing deionised (DI) water and 

hydrochloric acid (HCl) at 1:1 ratio in a Schott bottle 

and was stirred for 10 min. Then, appropriate amount 

of tetrabutyl titanate, Ti(C4H9O)4 (97%, Sigma-Aldrich) 

was added to the solution as Ti precursor to achieve a 

concentration of 0.07 M. For the Ta-doped sample, 

TaCl5 was added to the solution to achieved 3 at. % 

doping concentration. The solution was then stirred for 

another 50 min. Glass substrate coated with TiO2 seed 

layer was inserted into the solution with the seed layer 

facing upward. To ensure that no solution was lost 

during heating and pressure build up inside the bottle, 

the bottle was tightly closed using high heat resistance 

cap. The bottle was then clamped using home-made 

clamp as shown in Figure 1. Then, the solution was 

heated in a furnace at 150°C for 4 hours before the 

sample was removed and thoroughly rinsed using DI 

water. Finally, the sample was annealed at 400°C in 

an oven. 

 

 

 
 

Figure 1. Photo image of Schott bottle sealed with home-made clamp. 
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Characterization Methods 

 

The morphology of the TiO2 microspheres was 

characterized using field emission scanning electron 

microscope (FESEM; model: JEOL JSM-7600F). 

The structural properties of the samples were examined 

using x-ray diffractometer (XRD; Shimadzu XRD-

6000, Japan, Cu-Kα radiation, wavelength of 0.154 

nm) and Raman spectroscopy (Horiba Jobin Yvon-

79DU420A-OE-325, France, 514 nm Ar laser). X-ray 

photoelectron spectroscopy (XPS, Thermo Scientific 

Nexsa G2, USA) analysis of the samples was also 

conducted to determine the samples’ chemical states. 

The survey scan was done using pass energies of 280 

eV while the narrow scan used pass energy of 112 eV. 

 

To assess the performance of the prepared 

samples for application as humidity sensor, Ag metal 

contact have been deposited on the TiO2 film using 

thermal evaporator (ULVAC Thermal Evaporator, 

Japan). The current value between two metal contact 

was measured using two-point probe and source 

measurement unit (SMU, Keithley 2400) under changing 

humidity environment (40-90%RH) inside a humidity 

chamber (ESPEC-SH261, Japan). The sensitivity value, 

𝑆 was calculated using the following equation [18]: 

 

𝑆 =
𝑅40
𝑅90

 

 

RESULTS AND DISCUSSION 

 

Structural Properties 
 

FESEM image of the resulting undoped and Ta-doped 

TiO2 is shown in Figure 2. The undoped TiO2 sample 

shown in Figure 2 (a) and (b) exhibits a flower-like 

structure. The flower consisted of TiO2 nanorod with 

diameter of around 100 nm. In contrast, Ta-doped TiO2 

shown in Figure 2 (c) and (d) represent a clear sphere-

shaped morphology with average diameter of 5 µm. A 

higher magnification image reveals that the microsphere 

consisted of dendritic closely packed nanorods with 

average diameter of 10 nm.  
 

There are several chemical reactions involved 

in the formation of TiO2 crystals. The hydrolysis 

reaction occurs involving the TiO2 precursor, H2O 

and HCl: 
 

𝑇𝑖(𝑂𝐶𝐻2𝐶𝐻2𝐶𝐻2𝐶𝐻3)4 + 4𝐻2𝑂
 𝐻𝐶𝑙 
→     𝑇𝑖(𝑂𝐻)4 + 4𝑅𝑂𝐻 

 

𝑇𝑖(𝑂𝐻)4 → 𝑇𝑖𝑂2 + 2𝐻2𝑂 

 

 

 
 

Figure 2. FESEM images of the undoped ((a) and (b)) and Ta-doped TiO2 ((c) and (d)). 
 

  

(a) (b) 

(c) (d) 
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where, 𝑅 = 𝐶4𝐻9 . The reaction produced titanium 

hydroxyl by removing four carbon atoms from the 

titanium butoxide. Dehydration or condensation  

immediately followed generating TiO2 and water. 

The addition of HCl was important to stabilize 

the reactions thus avoiding the creation of large  

aggregates. In the titanium starting material, tetrabutyl 

titanate and highly electronegative OR- ligands shared 

the titanium's four valence electrons in the equatorial 

hybrid orbitals, leaving the two axial orbitals vacant. 

When water was added, a hydrolysis reaction occurred, 

replacing the OR- ligands with nucleophilic OH- 

(hydroxo) groups derived from the dissociation of 

H2O. In the other hand, the OR- ligand was protonated 

to form ROH (alcohol). The empty axial orbitals 

then acquired an electron pair from water molecules 

to form a neutral hydroxo-aquo [Ti(OH)4(OH2)2]⁰ 

complex. These neutral complexes typically aggregate 

into amorphous TiO2 because of the van der Waals 

forces. Nonetheless, the supplement of HCl mitigated 

this issue. The acid decreased the concentration of 

dissociated hydroxide ions [OH-] in the solution and 

protonated OH- ligands in the Ti-hydroxo complex, 

that enhanced electrostatic repulsion between the 

complexes and thwarted their immediate condensation. 

Under highly acidic conditions and supersaturation, 

interconnected three-dimensional TiO₂ structure could 

be formed. The summary of the reaction mechanism is 

presented in Figure 3.  

 

In the case of Ta-doped TiO2, it is believed that 

the addition of TaCl5 as a dopant source has increased 

the acidity of the solution thus favouring the formation  

of densely packed nanorod to form TiO2 microsphere. 

Cl- ions are reported to contribute to deprotonation of 

the cation due to their high electronegativity, which 

intensely attracts protons [19]. The increased amount 

of Cl- ions in the TaCl5 added solution suggest 

increased deprotonation reaction leading to formation 

of TiO6 octahedra in radial direction [20]. As a result, 

a microsphere structure of TiO2 have been realised.  

 

XRD spectra of the synthesized material is 

depicted in Figure 4. Prominent peaks were observed 

at 2𝜃 of 27°, 36°, and 54° which correspond to (110), 

(101), and (211) plane respectively. The sharp and 

high intensity peaks suggest good crystallinity of the 

material. According to JCPDS 25-0922, this suggested 

both of the samples are of a rutile TiO2 structure. In 

addition, the Ta-doped TiO2 sample also exhibited a 

peak at 25° which relates to (001) plane based on 

JCPDS No. 25-0922. The overall peak intensity also 

appears to decrease slightly for the Ta-doped sample. 

This is a common phenomenon for doped materials 

since the addition of foreign atoms usually disrupts the 

crystallinity of TiO2 due to the difference in atomic 

radius between the dopant and the parent atom [21, 

22]. Overall, both of the sample exhibited good crystal 

growth based on the XRD peak intensity which is 

comparable to the work by other researchers using 

chemical vapour deposition (CVD) [23] or conventional 

hydrothermal method [24]. This suggested that the 

home-made clamp have succeeded in replicating the 

pressure required for the growth of TiO2 crystal. This 

type of apparatus is a viable substitution for the more 

expensive and bulky autoclaves. 

 

 

 
 

Figure 3. Summary of the reaction during formation of TiO2 compound. 
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Figure 4. XRD spectra of the undoped and Ta-doped TiO2. 

 

 

 
 

Figure 5. Raman spectra of the undoped and Ta-doped TiO2. 

 
  

* 
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Raman spectra of the prepared samples are 

shown in Figure 5. Raman active modes were detected 

at 143, 235, 447 and 612 cm -1 which correspond to 

B1g, two-phonon bands (marked with *), Eg and A1g 

respectively. These peaks suggest a rutile structure of 

TiO2, without the presence of anatase and brookite 

phases, which is in line with the XRD results. The A1g 

peak relates to the vibration modes of the released 

oxygen atoms from the phase along the c-axis. 

Meanwhile, the Eg peak represents the vibration modes 

of Ti-O stretch. 

 

Chemical State Analysis 

 

XPS analysis result of the Ta-doped TiO2 microsphere 

is shown in Figure 6. The scan survey in Figure 6 (a) 

affirms the presence of Ti, O, and Ta elements in the 

sample. The core-level scan of Ti shown in Figure 6 

(b) unveiled two peaks of 2p3/2 and 2p1/2 pointing to 

Ti4+ oxidation state. The narrow scan of O 1s depicted 

in Figure 6 (c) exhibits peak at 529.5 eV which is 

ascribed to O-Ti bond and broader peak at 532 eV 

attributed to presence of the hydroxyl group (OH) 

[25]. The latter peak also indicates the presence of 

oxygen vacancy on the structure surface which is often 

considered beneficial with regard to increasing water 

affinity for humidity sensor application. 

 

Humidity Sensing Properties 

 

The Ta-doped TiO2 microspheres have been tested 

for humidity sensing characteristics by fabricating 

a metal-semiconductor-metal (MSM) resistive-type 

humidity sensor. The measurement setup for humidity 

sensor is depicted in Figure 7. The measurement was 

done inside a humidity-controlled chamber. Figure 8 

depicted the result of the current response to the 

changes in relative humidity for the undoped and 

Ta-doped TiO2 microsphere. It is evidenced from 

the graph that Ta-doped TiO2 microsphere has shown 

higher sensitivity to relative humidity compared to 

the undoped TiO2. The sensitivity was calculated 

to increase to 632 for Ta-doped TiO2 microsphere 

compared to 196 for the undoped TiO2. This is most 

probably due to the increased surface area possessed 

by the Ta-doped TiO2 microsphere structure.  

 

 

 
 

Figure 6. (a) XPS survey scan of TiO2 microsphere, (b) Ti 2p scan of TiO2 microsphere, and (c) O 1s scan of 

TiO2 microsphere. 
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As shown by the FESEM images in Figure 2, the 

reduction in the nanorod diameter for the Ta-doped 

TiO2 microsphere sample would likely have resulted 

in the increase in surface area as reported by Tian 

et al. [26]. The humidity detection mechanism of a 

resistive-type humidity sensor is often being related 

to the of amount of water adsorption on the material 

surface [27]. When water molecules are absorbed to 

the TiO2 surface, the electrical resistance of TiO2 is 

reduced. Since the TiO2 microsphere has been shown 

to have larger surface area, humidity detection is 

found to be more sensitive.  

 

 

 
 

Figure 7. Humidity sensing measurement setup. 

 

 

 
 

Figure 8. Current measurement at different humidity value of the prepared samples. 
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CONCLUSION 

 

In this work, a modified hydrothermal method has 

been utilized to produce TiO2 microspheres. The 

structure has been grown in a glass bottle, sealed using 

an improvised clamp. The clamp has managed to 

provide the pressure similar to autoclave which 

enabled the growth of TiO2 crystal. The addition of 

TaCl5 has transformed the TiO2 structure from a 

flower-like to sphere-shaped architecture. The sample 

has good crystallinity with an extremely large surface 

area. Humidity sensor fabricated using the TiO 2 

microsphere was shown to have higher sensitivity 

attributed to the higher surface area which would 

have facilitated more efficient water adsorption. 
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