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Abstract

The pure anatase phase tetragonal structured Phophorous doped TiO2 nanoparticles were
successfully synthesized at room temperature by using simple sol-gel method. The structural,
optical properties of the materials are investigated thoroughly by various spectral techniques
(XRD, EDAX, FT-IR, and UV-DRS) and electron microscopy (FESEM and HRTEM). The
experimental results suggest that, the P doped TiO2 influenced the structural, morphological, and
optical properties significantly. UV-DRS studies investigate that the doping of P ion can directly
shift band gap of semiconductors into the visible region. The energy band gap decreases from 3.2
to 2.0 eV as the doping of mole % of P increases as 1, 3 and 5 mole %. P doping can effectively
decrease the recombination rate of photogenerated charges in TiO».

1. Introduction

Heterogeneous photocatalysis has shown distinctive advantages in degradation [1]. TiO2
semiconductor is extensively used as raw materials of ointment, paint, sunscreen, and toothpaste
[2- 4]. Semiconductor photocatalysis has attracted wide attention in the field of water splitting,
CO- reduction and pollution degradation [5-12] after the Honda and Fujishima’s discovery of
water photolysis on TiO2 [13]. Now days, TiO: is still regarded as one of the most significant
photocatalysts due to its long-term stability, low cost and nontoxicity [14-15]. However, the
exploitation of visible light is limited due to the large band gap. The band gap of anatase TiO> is
3.2 eV and it is in the UV region. Moreover, the high resistance and high carrier recombination
rate are also the disadvantages of TiO2 photocatalyst [15,16]. To enhance the lifetime of
photogenerated electron—hole pairs and decrease the band gap, various methods and techniques
have been developed such as metal ion and nonmetal ion doping[17,18], with several foreign
ions[19, 20], hybridization with carbon materials[21,22], co-doping, and surface sensitization by
noble metal [23]. Nonmetal ion doping has made great success in the field of modifying
photocatalyst such as N [24 — 27] and S [28-30]. The doping of nonmetal ion can directly shift
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band gap of semiconductors, resulting improved visible excited photocatalytic efficiency [31-
33]. Comparing with other nonmetal elements, phosphorus has distinctive advantages on
improving photocatalytic efficiency. P doping can effectively decrease the recombination rate of
photogenerated charges in TiO2 [34,35]. On the other hand, it has been reported by many
researchers that moderate oxygen vacancies on photocatalyst can result in the formation of
unpaired electrons and avoid the electron hole recombination [36, 37].

2 Materials and method

2.1 Materials

Nanocrystalline P doped TiO, was synthesized by using the sol-gel technique. In this
work Analytical grade titanium(IV)tetraisopropoxide (TTIP) (TiOCH(CHz)2s 97% Sigma
Aldrich), Orthophosphoric acid (H3POs), Oleic acid (C1gH3402), ammonia (NH3) and absolute
ethyl alcohol (C2HsOH) were used for the synthesis.

2.2 Synthesis of P doped TiO2 nanoparticles

Optimum compositions (0.0 mole %, 1 mole %, 3 mole % and 5 mole %) of P doped
TiO2 nanoparticles were prepared by sol-gel method at room temperature.

5ml Oleic acid was taken in a 250 mL round-bottom flask. The content was stirred at
120°C for 10 min. followed by the addition of 10 mL TTIP and 200 mL distilled water (DW);
white precipitate of titanium hydroxide was formed. The content was stirred at room temperature
for 1 h. Then, the content was filtered and re-slurred in 200 mL DW and the pH of the solution
was adjusted to 10 by using an ammonia solution. After that, the content was stirred at 60°C for 3
h. The stoichiometric quantity of orthophosphoric acid (H3sPOs) was added into the above
solution. The content was again stirred for 3 h at 60°C. Then, the content was filtered and washed
with 50 mL DW and 10 mL ethyl alcohol. After that, the residue was dried at 100°C and
annealed in air at 500°C for 5 h. After annealing, the residue resulted in the off white colored P
doped TiO2 nanoparticles.

2.3 Characterization

The prepared powder samples were characterized by powder X-ray diffraction technique.
XRD data of the samples were collected in the 20 range of 10° — 90° in step scan mode at a rate
of 0.2%min using ULTIMA IV, Rigaku Corporation, Japan diffractometer with source Cu Ka
(Kal = 1.5406 and Kal = 1.5444 A) radiation. Nicolet iS10, Thermo Scientific, USA Fourier
Transform Infrared spectrometer was used to record FTIR spectra of the nanoparticles in the
range of 400 cm™ to 4000 cm™* with the transmission mode. The surface morphology of samples
was investigated by using filed emission Scanning Electron Microscopy (FE-SEM) Hitachi S-
4800 system with EDAX analysis was performed to determine the elemental composition of the
samples. A JEOL JEMZ2100F field emission gun-transmission electron microscope (HR-TEM
200kV) operating at 200 kV with resolution (Point: 0.19 nm Line: 0.1 nm) and magnification
(50X — 1.5 X) was employed for generating HR-TEM image of the nanoparticles. UV—Visible
diffuse reflectance spectra of all the samples were recorded in the range of 200 nm — 800 nm,
using an ELICO — SL159 UV-Visible spectrometer.

3 Results and discussion
3.1 X-ray diffraction analysis (XRD)

Figure 1 suggests the phase formation and crystalline structure of bare TiO> and various
concentrations of P doped TiO2 nanoparticles X-ray diffraction analysis was performed on the
precursor material at room temperature using Cu-Ka radiations (A=1.5406 A). Fig. 4.11 shows
XRD spectra of all the samples. The X-ray diffraction peaks (101), (004), (200), (105), (211),
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(204), (116), (220), and (215) of bare TiO2 corresponding to diffraction angles at 20 = 25.4°,
38.02°, 48.14°, 54.12°, 55.18°, 62.81°, 68.71°, 70.28°, and 75.30° could be attributed to the
anatase phase TiO», respectively (JCPDS 21-1272). No peak phase assigned to P was observed
with doping concentration, the crystal structure of doped TiO, samples shows stability of anatase
phase when compared with that of bare TiO, sample. The average crystallite size of all the
samples was calculated from the Full Width at Half Maximum (FWHM) (B) of all major
diffraction peaks of anatase, using the Debye-Scherer method [38]. The obtained results of the
average crystallite size (D) changed after P doping was tabulated in Table 1. The variation of
crystallite size with P mole% was shown in Figure 2 and it is observed that due to P doping
crystallite size decreases.

Intensity (Arb. Units)

3% P

5% P
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26 (Diffracton angle)

Figure 1: X-ray Diffraction Pattern for bare TiO2 and P-doped TiO2 nanoparticles
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Figure 2: Variation of crystallite size with % of P doped in TiO2 nanoparticles

Table 1: The average crystallite size

Bare TiO2 ‘ 1%P ‘ 3%P

20 B 20 B 20 B D (nm) 20 B D (nm)
2541 | 0.81 10.03 25.38 | 0.89 9.14 2541 | 1.10 7.38 25.19 | 2.97 2.74
38.03 | 1.28 6.58 37.95 | 1.56 5.39 38.00 | 1.67 5.03 2797 | 1.62 5.07
48.14 | 0.91 9.53 48.12 | 0.83 10.52 48.14 | 1.07 8.16 48.10 | 1.45 5.99
54.13 | 0.79 11.34 5474 | 1.53 5.86 5476 | 1.73 5.19 5470 | 2.23 4.02
62.81 | 1.16 8.01 62.84 | 0.83 11.26 62.96 | 1.32 7.05
Average D 9.10 8.43 6.56 4.45

(nm)

D (nm) D (nm)
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3.2 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of bare and 1, 3 and 5 mole% P are shown in Figure 3. The FTIR of
bare and various mole% of TiO2 shown broad bands at 3240 and 1640 cm™ is corresponding to
the -OH stretching and bending vibrations of chemical adsorbed water and hydroxyl groups [39].
As the mole% of P increases, these bands became broader and stronger than that for the bare
TiO2 [40]. The P doping is responsible for high adsorption capacity of the TiO> due to their large
surface area. The absorption bands shown at 1040, 1095, and 1125 cm™ is attributed to the
doped materials, signifying the chemical environment of the P in the TiO2. These bands are
corresponding to P-O vibration [41]. The broad peak at 1095 cm™ is attributed to the v3
vibration of the phosphate ions coordinated with TiO2. The v2 vibration of the phosphate in a
bidentate state (associating at surface) is shown band at 1125 cm™2, and the peak at 1040 cm™ is
related to Ti-O-P framework vibrations [42]. It means that P perhaps would exist in the surface
as bidentate phosphate and Ti-O-P bonds forming in the lattice [43]. The broad adsorption peak
present at 800 cm* for all materials is assigned to Ti-O-Ti vibration if Ti is in octahedral
environment [44].
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Figure 3: FTIR spectra of bare TiO2 and P-doped TiO2 nanoparticles
3.3 Field emission scanning electron microscopy (FESEM)

Morphology of bare TiO2, 1 mole% and 5 mole % P doped TiO2 synthesized by using
sol-gel method and calcined at 500 °C is shown in Figure 4 (a), (c)and (¢) FESEM images
shown the surface. It is apparent from these images that the P doped TiO2 were included of non-
spherical particles with an average diameter of 5 - 10 nm of its particle size. The size of particles
was estimated by measuring the diameter of the particles from Gaussian fitting of Histograms.
Figure 4 (b, d, f) represents the particle size distribution Gaussian fitting of Histograms, and
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average particle size is determined. The histogram shows an average size distribution is 8 nm.
The average particle size determined from Gaussian fitting is in close concurrence with the
particle size calculated from XRD analysis. The P doped TiO- is compared with the bare TiO,,
the diameter and morphology did not change significantly because the amount of P doped on
TiO2 was very less, so the TiO2 doped of P in the SEM image is difficult to observe effectively.
The variation of particle size with mole % of P is shown in Figure 4
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Figure 4: FESEM images of (a) bare TiOz2, (c) 1% P doped TiO2 and (e) 5% P doped TiO2
and corresponding histograms of samples (b), (d) and (f)

3.4 EDAX analysis

The elemental composition of P doped TiO2 spheres with varying amounts of P doping
calcined at 500 °C was analyzed using EDAX. EDAX was used to determine the elemental
composition of the nanoparticles and the representative patterns are shown in Figure 5(a), (b)
and (c). These patterns reveal the presence of Ti, P, O elements in the doped samples element. It
can be observed that the intensity of the P peak corresponding to emission lines at 2.0 keV(Kal)
increases with increasing P doping by comparing the EDAX spectra of the P doped samples with
that of bare TiO,. The presence of a 0.3, 0.4, 0.5, 0.6, 4.5 and 4.9 keV (Lal) peaks are attributed
to the Ti and O. In Figure 5 (a), only Ti and O elements were detected in bare TiO.> powder,
while in Figure 5 (b) and (c), P was detected in addition to Ti and O elements. P doped TiO»,
indicating that P was successfully doped on the TiO. Elemental composition of Ti, O and P in
weight% and atomic% shown in Table 2.
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Figure 5: Elemental composition of (a) bare TiO2, (b) 1% P, and (cl)"5ne;)c> P doped TiO2
nanoparticles and the representative patterns of EDAX
Table 2: Elemental composition in weight% and atomic%

Sample Element Weight% Atomic%

Bare TiO2

1 mole % P

5 mole % P
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3.5 High resolution transmission electron microscopy (HR-TEM)
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Figure 6 : (a, b, ¢, d) shows the TEM, High-resolution TEM (HR-TEM), Histogram of
particle size and selected area electron diffraction (SAED) pattern for bare TiO2

HR-TEM technique was used to analyze the surface morphology and particle structure of
bare and P doped TiO2 nanoparticles. The representative HR-TEM images of the bare TiO are
shown Figure 6 (a) to (d) shows the TEM, high-resolution TEM (HR-TEM), histogram of
particle size and selected area electron diffraction (SAED) pattern. These images confirm that the
bare TiO particles show a spherical-like structure with a size distribution from 9 to 11 nm.
While morphological structure of P doped TiO2 shown in Figure 7 (a) to (d) confirm that the 5
mole % P doped TiO2 nanoparticles are elongated-spherical in shape with an average size of 5-7
nm. The nanoparticles are clearly observed in all the images, which shown the high degree of
crystallinity. The particle size of 5 mole % P doped TiO> nanoparticles are less than that of bare
TiO2 NPs, which is similar with the crystallite size obtained from XRD. Further observation by
SAED Figure 6 (d) and in Figure 7 (d) confirmed that the nanoparticles are well crystalline in
nature with tetragonal anatase structure.
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Figure 7 : (a, b, ¢, d) shows the TEM, High-resolution TEM (HR-TEM), Histogram of
particle size and selected area electron diffraction (SAED) pattern for 5 mole% P doped
TiO2

3.6 UV—-Visible diffuse reflectance spectroscopy
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Figure 8: UV-Visible DRS (absorption mode) spectra of bare TiO2 and 1, 3 and 5 mole % P
doped TiO2 NPs

UV-Visible diffused reflectance spectroscopy (DRS) was used for the investigation of the
optical properties and band gap energies of the synthesized materials. Figure 8 shows the UV-
Visible DRS (absorption mode) spectra of bare TiO2 NPs shows the optical absorption edge in
the wavelength region between 250 to 390 nm [45], while compared to P doped TiO2 (1, 3 and 5
mole % P) shows the shifting its absorption edge from UV to visible region, indicates doping of
P in the TiO> lattice. As the mole% of P increases in the TiO», the visible absorption edge
shifted towards higher absorbance as well as higher wavelength region; this is reflected through
decrease in the optical band gap. The P-doped TiO. samples shown stronger absorption edge in
the range of wavelengths from 400 to 550 nm compared to bare TiO2 [46]. In their electronic
structure calculations of phosphorus cation-doped anatase TiO. found the band gap narrowing
because of the substitution of pentavalent phosphorus (P°*) into Ti** sites [47].

The optical energy band gap of the P doped TiO, was determined by plotting the Tauc plot
(ahv)? as a function of photon energy (hv) and fixed from the intercept tangent to the x-axis [45]
and presented in Figure 9.

The energy band gap decreases from 3.2 to 2.0 eV as the doping of mole % of P increases as
1, 3 and 5 mole %. The doping of phosphorous in the TiO: lattice, the band gap is lowered to
2.37 eV for 1 mole% P, further reduced to 2.25 eV for 3 mole% P and 2.0 eV for 5 mole% P
doping in TiO.. This absorption enhancement with decrease in band gap in the visible region can
be assigned to the formation of dopant level nearer the valance band [48- 50]. The decrease in
the optical energy band gap of the P doped TiO2 NPs, leads to increase in optical absorption.
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Figure 9: Tauc plot (ehv)? as a function of photon energy (hv) of TiO2 and P doped TiO2
NPs with 1, 3, and 5 mole % P
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4. Conclusion

The experimental results suggest that, the P doped TiO2 influenced the structural,
morphological, and optical properties significantly. UV-DRS studies investigate that the doping
of P ion can directly shift band gap of semiconductors into the visible region. The energy band
gap decreases from 3.2 to 2.0 eV as the doping of mole % of P increases as 1, 3 and 5 mole %. P
doping can effectively decrease the recombination rate of photogenerated charges in TiO2. FTIR
spectra were investigated, as the mole% of P increases; these bands became broader and stronger
than that for the bare TiO2. The P doping is responsible for high adsorption capacity of the TiO>
due to their large surface area. The absorption bands shown at 1040, 1095, and 1125 cm™ is
attributed to the doped materials, signifying the chemical environment of the P in the TiO..
These bands are corresponding to P-O vibration. The broad peak at 1095 cm™ is attributed to the
v3 vibration of the phosphate ions coordinated with TiO. The v2 vibration of the phosphate in a
bidentate state (associating at surface) is shown band at 1125 cm™2, and the peak at 1040 cm™t is
related to Ti-O-P framework vibrations. It means that P perhaps would exist in the surface as
bidentate phosphate and Ti-O-P bonds forming in the lattice. Morphology of bare and various
mole % P doped TiO> analyzed by using FESEM images. It is apparent from these images that
the P doped TiO2 were included of non-spherical particles with an average diameter of 5 - 10 nm
of its particle size. XRD data were investigate, no peak phase assigned to P was observed with
doping concentration, the crystal structure of doped TiO2 samples shows stability of anatase
phase when compared with that of bare TiO, sample. EDAX studies revealed that the intensity of
the P peak corresponding to emission lines at 2.0 keV(Kal) increases with increasing P doping
by comparing the EDAX spectra of the P doped samples with that of bare TiO». The presence of
a0.3,04,0.5, 0.6, 4.5 and 4.9 keV (Lal) peaks are attributed to the Ti and O. HRTEM images
were investigate the morphology of P doped TiO2 nanoparticles are elongated-spherical in shape
with an average size of 5-7 nm. The particle size of 5 mole % P doped TiO2 nanoparticles are
less than that of bare TiO2 NPs, which is similar with the crystallite size obtained from XRD.
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