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Abstract: Considering the increasing demand for titania nanoparticles with controlled quality for
various applications, the present work reports the up-scalable synthesis of size-controlled titanium
dioxide nanocrystals with a simple and convenient thermal treatment route. Titanium dioxide
nanocrystals with tetragonal structure were synthesized directly from an aqueous solution containing
titanium (IV) isopropoxide as the main reactant, polyvinyl pyrrolidone (PVP) as the capping agent,
and deionized water as a solvent. With the elimination of the drying process in a thermal treatment
method, an attempt was made to decrease the synthesis time. The mixture directly underwent
calcination to form titanium dioxide (TiO2) nanocrystalline powder, which was confirmed by FT-IR,
energy dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD) analysis. The control over
the size and optical properties of nanocrystals was achieved via variation in calcination temperatures.
The obtained average sizes from XRD spectra and transmission electron microscopy (TEM) images
showed exponential variation with increasing calcination temperature. The optical properties
showed a decrease in the band gap energy with increasing calcination temperature due to the
enlargement of the nanoparticle size. These results prove that direct calcination of reactant solution
is a convenient thermal treatment route for the potential large-scale production of size-controlled
Titania nanoparticles.

Keywords: titanium dioxide (TiO2) nanoparticles; thermal treatment; X-ray diffraction (XRD);
transmission electron microscopy (TEM)

1. Introduction

Titanium dioxide is one of the most important and widely studied materials because of its unique
and excellent properties such as chemical inertness, non-toxicity, photostability, and low cost, as well as
its versatile applications in photovoltaic cells, photocatalysis, and sensors [1–4]. A significant amount
of researches on titanium dioxide (TiO2) has been performed over the last five decades, and a number
of reviews on various aspects of that transition metal oxide have been published to understand and
summarize the progress in this field [5–11]. Titanium dioxide is typically an n-type semiconductor
due to oxygen deficiency [12], with a significant direct band gap ranging between 2.96–3.20 eV [13].
It exists as three different polymorphs: anatase, rutile and brookite [14,15]. The primary source and the
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most stable form of TiO2 is rutile. All three polymorphs can be readily synthesized in the laboratory;
typically, the metastable anatase and brookite will transform into the thermo-dynamically stable rutile
upon calcination at temperatures exceeding 600 ◦C [16].

Various methods have been previously reported on the synthesis of TiO2 nanoparticles with
improved chemical and physical properties, such as the hydrothermal and one-step dynamic
hydrothermal process [17,18], chemical vapor deposition (CVD) [19], physical vapor deposition
(PVD) [20], electrode deposition [21], plasma-assisted synthesis [22], microwave [23], micelle and
inverse micelle [24], and the sol–gel method [25]. However, most of these methods are difficult
to employ in large-scale production due to the complicated procedures involved, long reaction
times, high reaction temperatures, and the involvement of toxic reagents and by-products in these
synthesis methods.

The large-scale preparation of nanoparticles with preferred shapes and sizes under modest
conditions has been the target of many researchers over the years. Among novel methods, the thermal
treatment method portrays the advantages of low cost production, simplicity, a relatively low reaction
temperature, and a lack of by-product effluents contaminated in the drainage system. Moreover, this
method can produce nanoparticles with constant quality and has the significant capability of amending
the physical structure of the material, resulting in desirable properties [26].

The purpose of the present work was to develop a simple thermal treatment method to synthesize
size-controlled Titania nanoparticles at a low cost, over a short period, and at low energy consumption.
The effect of calcination temperature on the structural, particle size and optical properties of TiO2 is
also considered using various techniques.

2. Results and Discussion

2.1. Synthesis Mechanism

In the first step of obtaining the initial solution, polyvinyl pyrrolidone (PVP) works as a stabilizer
for dissolving metallic salts through steric and electrostatic stabilization of the amide groups of the
pyrrolidone rings and the methylene groups. By dissolving titanium (IV) isopropoxide in PVP solution,
the Ti4+ ions are bound by the strong ionic bonds between the amide group in a polymeric chain and
metallic ions. The uniform immobilization of metallic ions in the cavities of the polymer chains favors
the formation of nanoparticles with uniform distribution [26,27]. During calcination, the nucleation
and growth of nanoparticles is performed by reacting Ti ions and available oxygen in the air to form
TiO2 particles. The organic matter is decomposed in this stage, but the carbon residual that bonded on
the surface of nanoparticles protects them from uncontrolled growth and agglomeration.

2.2. Thermal Analysis (TGA–DTG)

Thermogravimetric analysis and its derivative (TGA–DTG curves) were established to define the
suitable starting temperature of the calcination process with the aim to remove organic matter and
obtain the pure nanocrystalline. Figure 1 shows the thermogram of the weight percentage changing as
a function of the temperature of PVP. The sample exhibited two-step degradation processes. The first
step shows that insignificant weight loss occurred at an initial degradation temperature of 62 ◦C, which
is attributed to the trapped water molecules in the sample, whereas the second step demonstrates
that a maximum weight loss occurred at a temperature of 436 ◦C, which corresponds to an almost
complete decomposition of PVP. At 471 ◦C, the weight loss changes as a function of temperature
became insignificant, as most of the PVP content transformed into carbonaceous products [27].
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Figure 1. Thermogravimetric (TG) and thermogravimetric derivative (DTG) curves for polyvinyl
pyrrolidone (PVP) at a heating rate of 10 ◦C/min.

2.3. Phase Composition Analysis (Fourier Transform Infrared Spectroscopy (FT-IR))

FT-IR spectroscopy supports the analysis of multi-component systems to provide information
concerning the material’s phase composition and types of interactions existing among various kinds
of polymers. In the current study, FT-IR measurement was employed to study the removal of PVP
covalent bonds and the ionic bonds formation of TiO2 nanoparticles. The spectra showed the organic
and inorganic content of the sample before and after calcination within a wave number range of
280–4000 cm−1 (Figure 2).
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Figure 2. Infrared (IR) spectra of PVP and titanium dioxide (TiO2) nanoparticles before and after
calcination with different temperatures in the range of 280–4500 cm−1.

Before calcination, at a room temperature of 30 ◦C, the spectrum reveals all absorption peaks
that are credited to PVP, the absorption peaks at wave numbers 3371, 2954, and 1641 cm−1 were
assigned to N–H, C–H, and C=O stretching vibrations, respectively. In addition, the absorption peak
found at 1432 cm−1 was detected due to the C–H bending vibration originating from the methylene
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group, while 1274 cm−1 was related to the C–N stretching vibrations [28]. The calcination at 500 ◦C
resulted in the disappearance of broadband absorption peaks that belong to the organic composition
of PVP [29,30]. The remaining peak between 800 and 250 cm−1 observed for calcined samples at 500,
600, 700, and 800 ◦C was assigned to the Ti–O stretching bands, which were attributed to the formation
of TiO2 nanoparticles with an anatase structure [31,32].

2.4. Elemental Composition Analysis (Energy Dispersive X-ray Spectroscopy (EDX))

The elemental composition of the TiO2 nanoparticles formed by the thermal treatment technique
was determined using EDX. The EDX spectrum of TiO2 nanoparticles calcined at 600 ◦C is illustrated
in Figure 3. From the spectrum, it can be seen that the Ti and O elements are clearly presented in the
prepared sample by their corresponding peaks. The recorded atomic percentages of Ti and O were
approximately 29.13% and 64.57%, respectively. These results indicated that the final product is nearly
pure titanium dioxide (TiO2) nanoparticles.
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2.5. Structural Analysis (X-ray Diffraction (XRD))

Figure 4 shows characteristic XRD patterns of the samples before and after calcination. A broad
spectrum exhibited by the sample before calcination indicates that the dried samples demonstrated
an amorphous behavior. For the calcined samples at 500 ◦C and above, the spectrum shows sharp
and narrow diffraction peaks, implying that the formation of crystalline TiO2 nanoparticles was
established. Moreover, higher values of calcination temperatures were observed to enhance the degree
of crystallinity and the purity of the TiO2 nanoparticles by increasing the intensity of the peaks and
removing the undesired small peaks at lower calcination temperatures. This crystallinity enhancement
is stemmed from the increment of the crystalline volume-to-surface ratio, as supported by transmission
electron microscopy (TEM) images, which occurred due to particle size enlargement. The position of
the Bragg’s lines of the TiO2 nanoparticles was used to determine the inter-planer spacing (d), which
in turn was used to index the diffraction peaks. The existence of multiple diffraction peaks of (101),
(103), (004), (112), (200), (105), (211), (204), (116), (220), and (215) in the diffraction patterns suggests
that the TiO2 samples have a typical tetragonal structures, referring to (JCPDS card no. 21-1272) [1,3].
Similar XRD patterns were observed for commercial bicrystalline TiO2/P25, which was supplied by
Degussa (80% anatase and 20% rutile) [33]. The co-presence of anatase and rutile crystallites induces
a high level of photoactivity; the transfer of photoexcited electrons and the positive holes between
interconnecting anatase and rutile particles can enhance charge separation and hence improve the
efficiency of the utilization of electron-hole pairs [34].
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Figure 4. X-ray diffraction (XRD) pattern of TiO2 nanoparticles with various calcination temperatures.

The samples’ crystallite sizes were found to be in the range of 8–42 nm (Table 1), which were
calculated for the most intense peak (101) using the Scherrer’s equation as given below:

D =
0.9λ

βcosθ
, (1)

where D is the crystallite size (nm), β is the full width of the direction line at half of the maximum (101)
intensity measured in radians, λ is the X-ray wavelength of Cu Kα = 0.154 nm, and θ is Bragg’s angle.

Table 1. The calculated crystallite sizes and particle size of TiO2 corresponding to different
calcination temperatures.

Temp. (◦C) 2θ◦ Crystallite Size from XRD
(±0.3 nm)

Particle Size from TEM
(±0.1 nm)

500 25.436 8.4 10.1
600 25.352 28.4 31.3
700 25.300 36.7 38.0
800 25.241 42.9 40.5

2.6. Morphology and Size Distribution

TEM images were used to demonstrate the morphology, particle size, and particle size distribution
of the TiO2 nanoparticles, as shown in Figure 5. The TiO2 samples prepared by the modified thermal
treatment method at a lower calcination temperature exhibited uniform morphology with adequate
particle size distribution. However, at a high calcination temperature of 800 ◦C, the TiO2 particles
exhibited irregular morphology due to the agglomeration of primary particles consisting of either
some single particles or clusters of particles. The average size and size distribution of nanoparticles
were determined from TEM images using Image tool software, considering at least 100 particles for
each sample. The average particle size is about 10.1 and 40.5 nm at calcination temperatures of 500
and 800 ◦C, respectively. These results indicate that the attained particle size increased as calcination
temperature increased due to the fact that, as the temperature rose, many adjacent particles tended
to fuse together to form larger particle sizes by melting their surfaces [35]. The average particle size
obtained from TEM images was found to be in a good agreement with the results obtained from the
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XRD measurements (Table 1) and demonstrate the exponential variation with increasing calcination
temperature. Many researchers have already reported the effect of calcination temperature on the
crystallite size and specific surface area of TiO2 [36,37]; however, in our case, the regular variation in
particle size with calcination temperature offers the advantage of the size-controlled preparation of
TiO2 nanoparticles. For instance, to produce a comparable particle size of TiO2 with reference material
(TiO2/P25: 21 nm), a calcination temperature of 550 ◦C is appropriate.
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Figure 5. Transmission electron microscopy (TEM) images of TiO2 nanoparticles at different calcination
temperatures and the size distribution histogram for samples calcined at 500 and 800 ◦C, respectively.

2.7. Optical Properties

Diffuse reflectance spectra are normally determined by a UV-Visible spectrophotometer. In order
to investigate the calcination effect on the optical properties of TiO2 nanoparticles, the diffuse
reflectance spectra were measured in the range of 200–800 nm at room temperature for all calcined
samples, as shown in Figure 6a. The optical band gap values for all samples calcined at different
temperatures were determined from reflectance spectra using the Kubelka–Munk equation:

(F (R∞) hυ)2 = A
(
hυ − Eg

)
(2)
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where F(R∞) is the so-called remission parameter or Kubelka–Munk function, hυ is the incident photon
energy, A is a constant depending on the transition probability, and the diffuse reflectance R∞, R∞ is
the diffuse reflectance that is obtained from R∞ = Rsample/Rstandard [38,39].

Appl. Sci. 2016, 6, 295  7 of 10 

where  F(R∞)  is  the  so‐called  remission  parameter  or Kubelka–Munk  function,  hυ  is  the  incident 

photon energy, A is a constant depending on the transition probability, and the diffuse reflectance 

R∞, R∞ is the diffuse reflectance that is obtained from R∞ = Rsample/Rstandard [38,39].   

 

Figure 6. (a) UV‐Vis reflectance spectrum of TiO2 nanoparticles; (b) plot of the square of the Kubelka–

Munk function vs. photon energy for calcined samples at different temperatures. 

The values of (F(R∞)hυ)2 versus (hυ) were plotted and are illustrated in Figure 6b. Straight lines 

were drawn to fit the experimental band gap curves and were extended to intercept the (hυ) axis in 

order  to determine  the optical band gap values of  the TiO2 nanoparticles at different  calcination 

temperatures.  It  was  found  that  the  titania  nanoparticles  have  a  direct  optical  band  gap  that 

underwent a decrement as calcination temperature increased from 3.40 eV at 500 °C to 3.12 eV at 800 

°C, as shown in Table 2. A decrease in the energy band gap with increasing calcination temperatures 

is attributed to the increase in the particle size and crystallinity improvement, according to the XRD 

and TEM analysis. It is supposed that, as the particle size increases, the number of atoms that form a 

particle also increase; consequently, the valence and conduction electrons is rendered more attractive 

to the ion core of the particles, and the band gap width of the particles thus decreases [40]. 

Table 2. The calculated band gap of synthesized TiO2 at different calcination temperatures. 

Temperature (°C) Particle Size (±0.1 nm) Eg (±0.01 eV) 

500  10.1  3.40 

600  31.3  3.38 

700  38.0  3.36 

800  40.5  3.12 

3. Materials and Methods 

3.1. Materials   

Polyvinyl pyrrolidone (PVP MW = 29,000 g/mol) stock obtained from Sigma‐Aldrich (Darmstadt, 

Germany) was used as a capping agent. Titanium(IV) isopropoxide (Mw = 284.22 g/mol) with high 

purity stock supplied by Sigma‐Aldrich (Darmstadt, Germany) was used as a metal precursor, and 

deionized water was used as a solvent. All chemicals were used without further purification.   

3.2. The Synthesis of TiO2 Nanoparticles 

The PVP solution was made by dissolving 4 g of PVP powder in 100 mL of deionized water at a 

temperature of 70 °C, and was magnetically stirred for 2 h. The metal precursor of 0.2 mmol was 

added to the PVP solution and stirred continuously for another 2 h until a semi‐transparent solution 

with no significant precipitation of materials was obtained. The mixture was directly placed in an 

alumina crucible for sintering and calcination at different temperatures ranging from 500 to 800 °C in 

a retaining time of 3 h to decompose the polymer and to crystallize the metal oxide nanoparticles. 
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The values of (F(R∞)hυ)2 versus (hυ) were plotted and are illustrated in Figure 6b. Straight lines
were drawn to fit the experimental band gap curves and were extended to intercept the (hυ) axis
in order to determine the optical band gap values of the TiO2 nanoparticles at different calcination
temperatures. It was found that the titania nanoparticles have a direct optical band gap that underwent
a decrement as calcination temperature increased from 3.40 eV at 500 ◦C to 3.12 eV at 800 ◦C, as shown
in Table 2. A decrease in the energy band gap with increasing calcination temperatures is attributed to
the increase in the particle size and crystallinity improvement, according to the XRD and TEM analysis.
It is supposed that, as the particle size increases, the number of atoms that form a particle also increase;
consequently, the valence and conduction electrons is rendered more attractive to the ion core of the
particles, and the band gap width of the particles thus decreases [40].

Table 2. The calculated band gap of synthesized TiO2 at different calcination temperatures.

Temperature (◦C) Particle Size (±0.1 nm) Eg (±0.01 eV)

500 10.1 3.40
600 31.3 3.38
700 38.0 3.36
800 40.5 3.12

3. Materials and Methods

3.1. Materials

Polyvinyl pyrrolidone (PVP Mw = 29,000 g/mol) stock obtained from Sigma-Aldrich (Darmstadt,
Germany) was used as a capping agent. Titanium(IV) isopropoxide (Mw = 284.22 g/mol) with high
purity stock supplied by Sigma-Aldrich (Darmstadt, Germany) was used as a metal precursor, and
deionized water was used as a solvent. All chemicals were used without further purification.

3.2. The Synthesis of TiO2 Nanoparticles

The PVP solution was made by dissolving 4 g of PVP powder in 100 mL of deionized water at
a temperature of 70 ◦C, and was magnetically stirred for 2 h. The metal precursor of 0.2 mmol was
added to the PVP solution and stirred continuously for another 2 h until a semi-transparent solution
with no significant precipitation of materials was obtained. The mixture was directly placed in an
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alumina crucible for sintering and calcination at different temperatures ranging from 500 to 800 ◦C in a
retaining time of 3 h to decompose the polymer and to crystallize the metal oxide nanoparticles.

3.3. Characterization Techniques

Thermal analysis of the initial solution was investigated via thermogravimetric analysis (TGA) and
derivative thermogravimetry analysis (DTG) (PerkinElmer, Waltham, MA, USA), model TGA7/DTA7,
in the presence of N2 with a 10 ◦C/min heating rate from room temperature to 1000 ◦C to optimize
the heat treatment program. FT-IR was used to study the chemical composition of samples using
PerkinElmer Spectrum 1650. Energy dispersive X-ray (EDX) measurements were performed under
a variable pressure scanning electron microscope (VPSEM, LEO 1455, Carl Zeiss, Germany) with
an Oxford INCA EDX 300 microanalysis attachment. The crystal phase of prepared samples
was determined via the X-ray diffraction (XRD) technique using a Shimadzu 6000 diffractometer
(Lab XRD-6000 SHIMADZU, Kyoto, Japan) utilizing Cu Kα (0.154 nm) radiation. The morphology
and average particle size of the nanocrystalline powder were evaluated using a transmission electron
microscope (HTACHI H-7100 TEM, Chula Vista, CA, USA) operating at an accelerating voltage of
100 kV. The average size and size distribution of nanoparticles were determined using Image tool
software from TEM images. The optical reflectance spectra of samples were recorded using the UV-Vis
spectrometer (Shimadz-UV1650PC SHIMADZU, Columbia, MD, USA), and the band gap energy was
evaluated from the reflectance spectra using the Kubelka–Munk equation.

4. Conclusions

TiO2 nanoparticles were successfully synthesized via the direct calcination of an aqueous solution
containing only titanium isopropoxide as a metal precursor, PVP as a capping agent, and deionized
water as a solvent. The calcination has enabled the removal of organic compounds leaving a residue
of crystalline TiO2 particles. The average particle size increased from approximately 10 to 41 nm as
calcination temperature increased from 500 to 800 ◦C, respectively. The band gap energy of the TiO2

particles was determined from the reflectance spectra and found to be decreasing from 3.40 eV at
500 ◦C to 3.12 eV at 800 ◦C. The thermal treatment method is thus shown to be a simple, low-cost, and
uncomplicated apparatus method to synthesize size-controlled TiO2 nanoparticles and could be used
for industrial scale fabrication.
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