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Abstract
During the chemical vapour synthesis (CVS) of nanocrystalline titania doping and/or modification can be directly carried out in-situ by using an additional precursor. In this study, nitrogen doped nanocrystalline titania
powders and boron modified nanocrystalline titania powders were synthesised by CVS. The resultant powders
were characterised by X-ray diffraction (XRD) and UV-vis spectroscopy. In both cases, a red shift in the band
gap of titania was seen. Electron paramagnetic resonance spectroscopy (EPR) showed the presence of nitrogen in the titania lattice. Solid state nuclear magnetic resonance (NMR) spectroscopy showed that boron in
titania was present in BO4 coordination with the oxygen atoms.
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I. Introduction
Nanocrystalline titania is an important oxide ceramic,
having potential applications in various fields like catalysis, solar cells, water purification, self cleaning coatings
etc., to name a few [1–3]. Titania exists in three crystallographic modifications: rutile, anatase and brookite. Out
of the three polymorphs, anatase has the highest functional value, especially for applications in solar cells, catalysis and nonlinear optics. However, as a wide band gap
semiconductor (3.2 eV) anatase titania exhibits photoactivity only in the UV light regime. Since, about 45% of
the sunlight comprises of visible light, it is of interest to
bring down the band gap of anatase to the visible range.
To this end, many studies have been dedicated to the doping of titania with metals as well as non-metals. Doping
with metals such as Ni, Fe, Cr, Co etc. have the primary
draw back of thermal instability and formation of intermediate phases [4]. By far, doping with non-metal N, B,
S, C etc. have shown encouraging results [5–9].
During the last decade, various methods were employed to obtain N-modified TiO2 by calcining titaCorresponding author: tel: ++91 44 22574765
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nium hydroxide with aqueous ammonia or with an
ammonium salt [10], calcining TiO2 at 550 to 600°C
under an atmosphere of ammonia and argon [11–13],
treating TiO2 nanoparticles with triethylamine at room
temperature [14], mechanochemical methods, DC
magnetron or radio-frequency sputtering [15,16], ion
implantation [17] and by calcining solid mixtures of
titania or titanium hydroxide with urea. However, all
these methods are either two-step processes or involve
complicated and expensive equipment. In all the cases, nitrogen doping resulted in a red shift in the band
gap of titania.
Few reports are available in the literature on boron
modified titania synthesised through wet chemical rou
tes. There are contrary reports on the effect of boron
modification on the band gap. Zhao et al. [8] showed
lowering, while Daimei et al. [18] reported an increase
in the band gap of titania on boron modification.
In the present study, nitrogen doped nanocrystalli
ne titania and boron modified nanocrystalline titania
powders were synthesised in-situ by a chemical
vapour synthesis process. The resultant powders were
characterised by different techniques and the results
presented.

113

I Ahmad Md. et al. / Processing and Application of Ceramics 3 [3](2009) 113–117

Figure 1. CVS setup for synthesising doped titania

II. Experimental
Chemical vapour synthesis of pure nanocrystalline
titania is typically carried out by the high temperature
pyrolysis of a metallorganic precursor, titanium tetra
iso-propoxide (TTIP) within the well defined reaction
zone of a hot wall reactor and the resultant powders
are deposited in a thermophoretic collector [19–22].
In-situ preparation of doped/modified nanocrystalline
powders by CVS were carried out by using an additional precursor along with TTIP which resulted in
doped/modified titania powders (see Fig. 1). NH4OH
was used as the additional precursor for nitrogen doping while triethyl boron was used for boron modification. The temperature of the hotwall was maintained
at 800°C with the system pressure at 10 mbar. Helium was used as a carrier gas through a bubbler for the
TTIP precursor supply into the furnace. The helium
and oxygen flow rates were maintained at 500 sccm
and 1000 sccm respectively.
The resultant powders were characterised by X-ray
diffraction in a Bruker D8 machine to detect the phases
and crystallite size. The UV-vis absorption spectra were
recorded in a Cary 5E UV-vis-NIR spectrometer. Nitrogen in the samples was detected using electron paramagnetic resonance spectroscopy (EPR) (Bruker ESP
300E), while boron modified titania was characterised
by X-ray photoelectron spectroscopy (XPS) and nuclear magnetic resonance spectroscopy (NMR) using a
Bruker Advanced® 400 NMR spectrometer.
III. Results and discussion
Fig. 2 depicts the XRD patterns of nitrogen doped
and boron modified titania. No intermediate phases
could be observed in XRD and the major phase in both
the cases was anatase. However, about 16% by weight
of rutile, as estimated from XRD [22,23], was observed
in case of nitrogen doped titania.
Nitrogen was detected by EPR spectra measured
at X-band frequency of 9.5 GHz at room temperature

114

Figure 2. XRD pattern of the as-synthesised
(a) nitrogen doped and (b) boron modified
nanocrystalline titania powders

Figure 3. EPR spectrum of nitrogen doped titania
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Figure 4. UV-vis spectra of undoped and
nitrogen doped titania

Figure 5. XPS of boron in the boron modified titania
powders

Figure 6. 11B-NMR-MAS spectrum
of boron modified titania

Figure 7. UV-vis spectra of unmodified and
boron modified titania

(Fig. 3). The estimated g-factor was about 2.002, which
indicated the presence of a lone electron spin suggesting the presence of nitrogen in the crystal structure of
titania [24]. The UV-vis spectra showed greater absorption in the visible range in case of the nitrogen
doped sample, as can be seen from Fig. 4. The inset in
Fig. 4 gives the variation of (α·h·ν)2 with the band energy, where α is the absorbance, h the Planck’s constant and ν the frequency. The shift in the direct band
gap was estimated from these plots and a red shift in
the band gap was observed which was in agreement
with the earlier reports on nitrogen doping [11–13].
Fig. 5 depicts the X-ray photoelectron spectrum for
boron taken from the boron modified nanocrystalline titania powders. B1s emission was observed at a binding
energy of 192.6 eV. The signal to noise ratio of boron
peak was low due the fact that the boron atom has a lower photo electron emission cross section when compared
to the relatively heavier Ti atoms. It has been reported
earlier [18,25] that boron in titania assumes a chemical
environment very similar to that of boron in boron oxide because of which it becomes difficult to make any
unequivocal attribution regarding the presence of boron
in titania from XPS results. The 11B-MAS-NMR spectra is depicted in Fig. 6. It has been shown earlier that
boron could be present in either BO3 or BO4 coordination [26–28]. Presence of 4 oxygen atoms in coordination with boron causes higher deshielding and a lower
quadrupole interaction resulting in a relatively symmetrical peak at a lower chemical shift in NMR [29]. Therefore, the chemical shift of -4.4 ppm observed here was
attributed to the presence of boron in the form of BO4
structural units as reported by Dong et al. [30] for sodium borophosphate glasses. The UV-vis spectra for boron modified titania is depicted in Fig. 7. Evidently, a
red shift can be observed in the direct band gap of boron modified titania when compared to the unmodified
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titania and is confirmed from the (α·h·ν)2 vs energy (eV)
plot shown as inset in Fig. 7. This result is in accordance
with the earlier report of Zhao et al. [8].

VI. Conclusions
Nitrogen doped nanocrystalline titania and boron
modified nanocrystalline titania powders were synthesised by a one step method using chemical vapour synthesis (CVS). Nitrogen doping lowered the band gap of titania. Boron modification of titania also resulted in a red
shift in the band gap. NMR spectra showed that boron in
the titania structure was present in BO4 coordination.
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