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Abstract. Pure, Nb-doped and Ag-doped titania nanoparticles were synthesized by sol-gel
technique with dopant concentrations ranging from 0.5 to 1.5 atomic percent Nb or Ag. The
annealing temperatures ranged from 250 to 900 °C. Changes in phase transformation of the
doped samples with reference to pure titania were studied. It was found that Nb doping
stablizes the anatase phase while Ag doping accelerates the transformation from anatase to
rutile at a concentration higher than 0.5 at. %. The samples were analyzed by X-ray diffraction
(XRD), Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), X-
ray Photoelectron Spectroscopy (XPS) and Energy Dispersive X-ray Spectroscopy (EDS).

1. Introduction

The band gap (Eg) of TiO, anatase is ~3.2eV [1] and lies in the UV range so that only 5-8 % of
sunlight photons have the required energy to activate the catalyst. This relatively large band gap has
significantly limited application, particularly in indoor situations. An effective way to improve the
TiO, photocatalytic activity is to introduce foreign metal ions as dopants into its lattice. Depending on
the dopant type and concentration, the band gap of TiO, can be tailored to extend the
photoresponsiveness into the visible light region. Among the various methods used for the synthesis
of titania nanoparticles the sol-gel process is a most attractive method to introduce foreign metal ions
into TiO, powders and films [2,3]. One of the problems in both catalytic and sensor applications of
anatase based material is its transformation to rutile. This transformation is dependent on several
parameters such as initial particle size, initial phase, dopant concentration, reaction atmosphere and
annealing temperature etc [2,4].

The dopants introduced by sol-gel method usually affect the TiO, phase transformation behavior
and structure. It is therefore interesting and necessary to examine the effect of dopants on the TiO,
phase transformation and grain growth before their application.

The interest in Nb-doped TiO, derives from the fact that Nb doping leads to enhanced
photocatalytic activity in the destruction of many organic pollutants [5]. Antibacterial titanium
dioxide doped with silver finds applications in aerospace, for coating of surfaces in refrigerators, on
kitchen furniture or in hospitals. Research indicates that it is also effective in purification systems for
disinfecting water or air [6]. In this paper we describe the synthesis of TiO, nano particles by sol gel
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method doped with Nb or silver. The effect of Nb and Ag ion doping on the phase transformation of
anatase to rutile crystal structure is discussed in detail.

2. Experimental

Sol-gel technique was used to synthesize pure, Nb-doped and Ag-doped titania nanoparticle. Titanium
tetrachloride was used as TiO, precursor. For Nb-doped TiO, nano particles niobium penta-ethoxide
Nb(OC,H,), was used as Nb precursor. For Ag-doped samples silver acetylacetonate
Ag(CH,COCHCOCH,), was used as Ag precursor.

The doped titania nanoparticles containing 0.5 to 1.5 atomic % Nb or Ag were synthesized. The
dopant stoichiometry was controlled by dissolving the Nb or Ag precursors in ethanol (Pharmco 200
proof) prior to the drop wise addition of TiCl,. The reaction was performed at room temperature while
stirring under a fume hood due to the large amount of Cl, and HCI gases evolved in this reaction. The
resulting yellow solution was allowed to rest and cool to room temperature as the gas evolution
ceased. The suspensions obtained were dried in an oven for several hours at 60-80 °C until dried TiO,
particles were obtained. The as-synthesized Nb and Ag doped samples were calcined for one hour in a
box furnace at temperature ranging from 300 to 850 °C in an ambient atmosphere. X-ray diffraction
(XRD) analysis of doped and undoped TiO, powders was carried out on a Rigaku D-Max B
diffractometer equipped with a graphite crystal monochromator, operating with a Cu anode and a
sealed X-ray tube. The 20 scans were recorded at several resolutions using Cu K radiation of
wavelength 1.54 A in the range 20-80° with 0.05° step size. The recorded patterns were analyzed using
Jade® software to determine peak position, width and intensity. Full-width at half-maxima (FWHM)
data was analyzed by Scherer’s formula to determine average particle size. Measurements of particle
size and distribution were also carried out by TEM. Both bright field and dark field micrographs were
taken with a JEOL JEM-2000FX operating at 200 kV.

The dopant concentration was verified by energy dispersive x-ray spectroscopy (EDS) and XPS.
XPS was also employed to characterize the oxidation state of the Nb in Nb-doped samples. Peak
positions were internally referenced to the C, peak at 284.6 eV. The Ti 2p, Nb 3d and Ag 2p regions
were used to measure the composition of the nanoparticles and to ascertain the valence states of Ti and
the dopants.

3. Results and Discussion
Figure 1 shows the XRD patterns obtained for 0.5 at % Nb doped TiO, sample calcined at various
temperatures. The figure shows that particles calcined up to 250 °C were amorphous. Transformation
to anatase with presence of large amorphous band in x-ray spectrum is evident at 300 °C. The first
XRD peaks to appear were all anatase. As the annealing temperatures increased, the anatase peaks
became stronger and sharper indicating improved crystallinity. Pure anatase persisted up to 700 °C. The
anatase peaks were indexed as (101), (004), (200), (105), (211), (204), (116), (220) and (215) in the
order of increasing diffraction angles, indicating a body centered tetragonal crystalline structure of
TiO, crystal. Peaks were broad at low calcination temperatures indicating small TiO, nanocrystalline
particle size. Calcination at 725°C induced a sharp phase transition from anatase to rutile. No anatase
related peaks were observed at or above 750 °C indicating the complete phase transformation from
anatase to rutile. From the XRD data of Figurel, it is evident that the crystallite size increased with
increasing calcinations temperature and that the diffraction peaks became intense and their FWHM
gradually became narrow suggesting an increase in particles size and increase in the amount of the
pertinent phase. The anatase (101) peak was used to determine the grain size by Scherer’s formula.
The results of the grain size analysis of undoped and Nb-doped samples are presented in Figure 2. As
evident from the Figure the grain growth for the undoped sample at temperatures above 500 °C is
higher than the samples doped with Nb.

Figures3a and 3b show the XRD patterns of 0.5 at %, 1 at % and 1.5 at % Nb doped samples
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Figure 1. X-ray diffraction patterns as a function of Figure 2. Particles size of undoped
calcination temperature for 0.5 atomic % Nb(v)-doped and Nb- doped TiO,

nanostructured titania (A, anatase;R, rutile)
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Figure 3. X-ray diffraction patterns of Nb-doped titania calcined at (a) 800 °C (b ) 850 °C

calcined at, 800 °C and 850 °C respectively. It is evident that both the Nb content and calcinations
temperatures influenced the percentage of anatase and rutile phases present in the samples. Increasing
the Nb content in the doped samples has stabilized the anatase phase. For samples doped with 1 at %
and 1.5 at % Nb the transformation from anatase to rutile is not as steep as it happens in 0.5 at % Nb
doped samples. As evident from their XRD patterns a mixture of anatase and rutile phase is present up
to 850 °C and complete transformation to rutile phase occurred above 850 °C for both samples.

Our results are consistent with the results of Arbiol et al [7] who studied the effect of Nb doping in
samples synthesized by induced laser pyrolisis. They found that presence of Nb substitutional ions in
the anatase structure hinders the particles growth and transformation from anatase to rutile in TiO,
nano particles. The atomic radii of Nb” is 0.70 A° while that of Ti" is 0.68 A". This similarity of
atomic radii suggest that solubility of Nb in TiO, phases will depend mainly on the charge
compensation mechanism rather than on the induced stress. As proposed by Arbiol et al [7], the
introduction of Nb should reduce the amount of oxygen vacancies due to it having a higher positive
charge than Ti. When Nb ions enter substitutionally into TiO, the charge of Nb™ ions should be
compensated for a decrease in oxygen vacancies, leading to the hindering of the anatase to rutile
transformation.

The particle size of doped TiO, was also analyzed by TEM. Figures 4a and 4b show the TEM
bright field images of TiO, doped with 0.5 at % Nb as synthesized and calcined at 500 °C,
respectively. The particles size measured by TEM were generally in agreement with those determined
by XRD though some agglomeration is present due to high surface energy of the particles.

Figure 5 shows high-resolution XPS spectra of the Nb 3d region of the TiO, sample doped with 1 at
% Nb. Metallic Nb 3ds,; and 3d 3, peaks occur at 202 and 205 eV, respectively. No such peaks were
observed in the doped sample. Therefore, there is no evidence to suggest the presence of Nb metal
clusters within the detection limit of XPS which is dependent on the concentration (approximately 500
ppm) escape depth of the Nd 3d photoelectrons (approximately 100 nm). This is in agreement with the
XRD result that did not show the existence of any pure Nb phase. The reported value of Nb 3d 5/2
and Nb 3d 3/2 in Nb,Os is 207.5 and 210.3, respectively. From Figure 5, the position of the Nb 3d



doublet corresponds to that reported in literature for Nb,Os. Nb is therefore incorporated within the
TiO, lattice as Nb*. Our results are consistent with the conclusions derived by Michele et al [8] and
Arbiol et al [7] in their separate studies on Nb doped TiO, samples synthesized by sol-gel and laser
induced pyrolisis, respectively. XPS study of Nb doped TiO, samples by D. Moris et al [5] also
confirm that oxidation state of Nb is Nb™ for TiO, samples doped at low Nb concentrations.

10000
= \“’205 mwzoa 7
‘g 8000 |-
a g
b E 6000 1
z
<
2‘4000 F
E 2000
. 3 i 0198 200 202 204 206 208 210 212 214 216
1 - ; Rindin Fnerou (V1
Figure 4. TEM bright field image of TiO2 doped with 0.5 at Figure 5. High Resolution Nb 3d
- - o . . .
% Nb (a) as synthesized (b) calcined at 500 C region for TiO, doped with 1 at % Nb
9000 | RQ"'D)' R(101) R(110) "?tll‘l)R‘(ZZOiNQm)R(im')}(I|2) 6000 R(ilo)  R(1OD RQ1T)
2 8000 j ) sotd 5000 k \ 850°C
B 5 . 850°C = L N 700°C
= 7000 g RIS VeI N e 24000 e 2c
< 725°q 650°C
a £ 6000 —\. 5 g I o b
R e =
f:; 650:C < [ AGlon 600°C
2 4000 g00’c 2z 575°
£ 3000L o §2000F S0
g e £ 0
2000 5 E
300°C 1000 = 400°C
1000 KT, Azcow) As-symibes zed oo sl ooC
oL : : : : : Silver 0F R As synthesized]
20 30 40 50 60 70 80 20 30 40 50 60 70 80
Bragg's Angle (20) Bragg's Angle (20)

Figure 6. XRD Pattern as a function of calcinations temperature for TiO, Nanoparticles doped
with (a) 0.5 at % Ag (b) 1.5 at % Ag

Figures. 6a and 6b show the XRD patterns for 0.5 at % and 1.5 at % Ag doped samples,
respectively. The pure silver peaks which are shown on the bottom of Figure 6a does not occur in any
of the Ag-doped samples that may be attributed to the small amount of silver doping concentration.
Figure 6a indicates that as synthesized and dried particles showed some degree of crystallinity in
contrast to Nb doped TiO, particles. As the annealing temperatures increased, the anatase peaks
became stronger and sharper indicating improved crystallinity. Pure anatase persisted up to 675°C.
Peaks were broad at low calcinations temperatures indicating small size nanocrystalline TiO, particles.
At 700°C, rutile related peaks started to appear and up to 725 °C a mixture of both anatase and rutile
phases of TiO, were present in the sample doped with 0.5 at. % Ag. No anatase related peaks were
observed at or above 750 °C indicating a complete phase transformation from anatase to rutile. Figure
6b shows the XRD pattern obtained for TiO, sample doped with 1.5 at. % Ag. The results indicate that
at this doping concentration transformation from anatase to rutile started taking place at 550 °C and
transformation was completed at 650 °C. Furthermore, at low temperature calcinations the anatase
related peaks appeared less intensive than those appeared for samples doped with 0.5 at. % and 1.0 at.
% Ag. From Figures 6a and 6b it is evident that higher contents of Ag accelerates the TiO, anatase to
rutile transformation. These results are consistent with the results of Chao et al [9]. This enhancement
in the TiO, phase transformation can be explained as below:

The atomic radii of Ag" (1.26 A°) is much larger than that of Ti"™ (0.68 A°). Due to large ionic
radius, it is impossible for silver ions to act as interstitial ions in the TiO, matrix. Therefore, the silver
ion can only replace Ti* substitutionally in the lattice sites. The introduction of substitutional metal
ions with valency less than 4 would induce O vacancies at the surface of anatase grains which favors



the ionic rearrangement and structure reorganization for the formation of the rutile phase [9]. The
anatase to rutile phase transformation is therefore accelerated in the sample doped with 1.5 at % Ag.
Table 1 shows the average anatase grain size of the undoped and Ag-doped TiO, powders as
determined by the Scherrer formula. For this purpose, anatase peak position (101) was used. It has
been found that anatase grain sizes decrease in the presence of Ag dopant. With the anatase grain size
decreasing, the total boundary energy for TiO, powders increases. The driving force for rutile grain
growth then increases and the anatase to rutile phase transformation is promoted. Chao et al. [9] have
found that corresponding to the decrease in anatase grain size specific surface area of Ag-doped TiO,
powder increases. This would increase the density of surface defects at the surface of the anatase
grains. The rutile nucleation is then enhanced at these surface defects. The anatase to rutile phase
transformation is, therefore, promoted.
Table 1.Effect of Ag concentration and calcination temperature on the average anatase grain size (nm)

sample Calcination temperature "C

As synthesized and dried at 60-80°C 300 500 600 650 700 725
undoped 9 10 19 48 70 - -
0.5 at Ag 7 11 23 26 39 77 &9
lat% Ag 6 7 18 22 31 62 86
1.5at% Ag 5 6 10 40*  62*  78*  88*

* Average rutile grain sizes which are determined from the intensity of the rutile (110) peak

4. Conclusions.

The presence of Nb and Ag ion doping in the TiO, nanostructure has significant effect on the
transformation of anatase to rutile phase. As evident from the XRD data the mass fraction of rutile
decreases by increasing the Nb content from 0.5 at. % to 1.5 at. %. Due to the comparable effective
ionic radii of Ti"* and Nb", the lattice constants a and ¢ of anatase relatively remained unchanged as a
result of doping. XPs results indicate the incorporation of Nb as Nb,O,. Additionally, no metallic
peaks were found within the XRD and XPS detection limits.

It is found that the Ag dopant accelerates the TiO, anatase to rutile transformation. This is due to an
increase of oxygen vacancies at the surface of anatase grains which favors the ionic rearrangement and
structure reorganization for the formation of the rutile phase [9]. The silver doping affects both the
particle size and the transformation temperature. The particle size decreases with increasing doping
concentration for as-synthesized samples. It varied from 9 to 5 nm.
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