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Nanoparticles of TiO, codoped with 0.5, 0.75, and 1 atom-%
Nb and Sc each were synthesized by sol-gel technique. After
drying, as-synthesized samples were calcined at tempera-
tures ranging from 250-900 °C. Changes in phase transfor-
mation of the doped samples with reference to dopant con-
centration and calcination temperature have been studied.
The samples were analyzed by various analytical tools such
as XRD, SEM, TEM, XPS, and EDS. The XRD results indicate

that the presence of Nb and Sc substitutional ions in the ana-
tase crystal structure inhibits the phase transition and growth
of the nanoparticles with an increase in temperature. The
XPS results indicate the incorporation of Nb as Nb,O5 and
Sc as Sc,03.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Titanium dioxide is a ceramic material commonly known
as titania. During the past two decades, it has received great
attention by materials scientists, physicists, and environ-
mental engineers because of its chemical stability, lack of
toxicity, and its potential utility for the total destruction of
most of the organic compounds in polluted air and waste
water.[':21 It is capable of decomposing a wide variety of
organic and inorganic pollutants such as DDT, dichloro-
nitrobenzene, trichloroethylene, H,S, NO, and Cr!V.34
However, the bandgap (E,) of TiO, anatase is = 3.2 eV,
which lies in the UV range so that only 5-8% of sunlight
photons have the required energy to activate the catalyst.
This relatively large bandgap has significantly limited
more widespread applications, particularly for situations in-
doors.

An effective way of improving TiO, photocatalytic ac-
tivity is to introduce foreign metal ions into TiO,.[>8] This
enhancement in photocatalytic activity is due to the forma-
tion of shallow charge trapping sites on the surface of the
TiO, nanoparticles as a result of replacement of Ti*" by
metal ions. Doping of the TiO, lattice with metal ions intro-
duces new energy levels in the bandgap. Depending on the
dopant type and concentration, the bandgap of TiO, can
be tailored to extend the photoresponsiveness into the vis-
ible light region.
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Numerous workers employed the sol-gel route to intro-
duce dopants such as Co?* /1 Nd3* 61 Cu?* Pl Fe3* 10
V3*+ U and Zn?*1'9 into TiO, powders and films. In their
published work, these researchers reported an improvement
in the photocatalytic activity of doped TiO, to varying ex-
tents. The dopants introduced by the sol-gel method usu-
ally affect the TiO, phase transformation behavior and
structure. It is therefore interesting and necessary to exam-
ine the effect of dopants on the TiO, phase transformation
and grain growth before their application.

Among the three crystal structures of TiO,, anatase, as
a result of its higher photocatalytic activity, is commonly
used for photocatalysis, membranes, and sensors.['>!3 One
of the problems in the application of anatase-based materi-
als both in catalysis and as sensors is its transformation to
rutile. This transformation is dependent on several param-
eters such as initial particle size, initial phase, dopant con-
centration, reaction atmosphere, and annealing tempera-
ture.[6:141

It has been reported that doping of TiO, with non-iso-
valent cations may improve the catalytic activity of TiO,
particles. Nanoparticles of TiO, that are synthesized and
codoped with Sc** and V> ions by the sol-gel method have
been reported by Dong et al.l'>l In the present study, we
synthesized nanoparticles of TiO, codoped with Sc** and
Nb>* by the sol-gel method. These nanoparticles were cal-
cined at various temperatures. The effect of codoping on
the stability of the anatase phase was investigated. Sc and
Nb are p-type and n-type dopants, respectively. The effect
of the addition of Nb only has already been reported by
the authors in a separate paper.'® The simultaneous ad-
dition of Sc** and Nb>* ions may improve the photocata-
lytic activity of the nanosized particles.
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Results and Discussion

Figure 1 shows the XRD pattern of as-synthesized TiO,
doped with 0.5, 0.75, and 1.0 atom-% Nb and Sc each. As
is evident, the particles are amorphous in nature. Figure 2
shows the XRD patterns of the TiO, sample doped with
0.5 atom-% Nb and Sc each and calcined at temperatures
ranging from 250-850 °C. The particles calcined up to
300 °C are amorphous. Transformation to anatase, with the
presence of a large amorphous band in the X-ray diffraction
pattern, is evident at 350 °C. The first XRD peaks to ap-
pear are all from anatase. At low calcination temperatures,
the XRD peaks of anatase are weak and broad. As the cal-
cination temperature is increased, the intensity of anatase
band increases and the peaks sharpen, which indicates im-
proved crystallinity. Pure anatase persists up to 650 °C. The
anatase peaks are indexed as (101), (004), (200), (105),
(211), (204), and (215), in the order of increasing diffraction
angles, which indicates a body-centered tetragonal crystal-
line structure for the TiO, crystal. The peaks are broad at
low calcination temperatures, which indicates a small TiO,
nanocrystalline particle size. Transformation from anatase
to rutile begins to take place at temperatures above 650 °C.
The intensity of the anatase phase decreases and the inten-
sity of the rutile phase increases with increasing calcination
temperature. Figure 2 shows that peaks related to rutile be-
come more evident and sharper as the calcination tempera-
ture is increased to above 700 °C. A mixture of both anatase
and rutile phases is present up to a calcination temperature
of 800 °C. No peaks for anatase were observed at or above
850 °C, which indicates complete phase transformation
from anatase to rutile.
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Figure 1. XRD patterns of as-synthesized TiO, nanoparticles co-
doped with Sc and Nb.

Figure 3 shows the XRD patterns of the nanostructured
titania with different dopant concentration and with vari-
ous calcination temperature. Table 1 presents the percentage
of anatase and rutile with respect to the calcination tem-
perature in the samples doped with 0.5, 0.75, and 1.0 atom-
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Figure 2. XRD patterns at different calcination temperatures for
nanostructured titania codoped with 0.5 atom-% Sc and Nb each
(A anatase; R rutile).

% Nb and Sc each. It is evident that both the dopant con-
centration and the calcination temperature influences the
percentage of anatase and rutile phases present in the sam-
ples. By increasing the Nb and Sc content in the doped
samples, the anatase phase is stabilized. For the sample
doped with 0.5 atom-% Nb and Sc each, 76% and 21%
anatase is present when this sample was calcined at 700 °C
and 750 °C, respectively. For the sample doped with
0.75 atom-% Nb and Sc each, 100% and 83% anatase was
present when the sample is calcined at 700 °C and 750 °C,
respectively. For the sample doped with 1 atom-% Sc and
Nb each, 100% and 98% anatase is present when this sam-
ple was calcined at 700 °C and 750 °C, respectively.

R | A A

B 1 -9 i o,
Doped with 0.5 atom-% Sc and Nb each & calcined at 850 °C

=-_~—_&ped w}\th 0.75 atom-% Sc and ﬂb each & calcined at 800 °C

I 7 Doped with 0.5 atom-% Sc and Nb each & calcined at 800 °C

Doped with 1 atom-% Sc and Nb each & calcined at 750 °C

= Doped with 0.75 atom-% Sc and Nb each & calcined at 750 °C
N A e

- 1 0, H o
\ Doped with 0.5 atom-% Sc and Nb each & calcined at 750 °C

Doped with 1 atom-% Sc and Nb each & calcined at 700 °C

Doped with 0.75 atom-% Sc and Nb each & calcined at 700 °C

Intensity [arbitrary units]

Doped with 0.5 atom-% Sc and Nb each & calcined at 700 °C

Doped with 1 atom-% Sc and Nb each & calcined at 650 °C

;*L*Doped with 0.75 atom-% Sc and Nb each & calcined at 650 °C
I ll)oped with 0.15 atom-% Sc :lmd Nb each 5;4 calcined at (I)SO °C

0
20 30 40 50 60 70 80

Bragg’s Angle 20

Figure 3. XRD patterns of the nanostructured titania with various
dopant concentrations and calcination temperature.

Table 2 shows the anatase particle size of undoped and
doped samples as determined by XRD. The anatase particle

size of the doped and undoped samples increases with the
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Table 1. Percentage of anatase and rutile phase with respect to the
calcination temperature in the doped samples (as determined by
XRD).

Doped TiO, sample Heating Anatase Rutile
temperature [°C] TiO, TiO,

0.5 atom-% Nb and Sc each 650 100 -
700 76 24
750 21 79
800 03 97
850 01 99

0.75 atom-% Nb and Sc each 650 100 -
700 100 -
750 83 17
800 86 14
850 - -

1 atom-% Nb and Sc each 700 100 -
750 98 2
800 - -
850 - -

increase in calcination temperature. However, the anatase
grain growth is less in the doped samples than in the un-
doped samples. The results indicate that doping inhibits an-
atase grain growth, which in turn stabilizes the anatase
phase and slows down the transformation from anatase to
rutile.

Table 2. Anatase particle size of undoped and doped samples as
determined by XRD (R indicates the rutile phase).

Sample Calcination tem- Particle size
perature [°C] [nm]
Undoped TiO, 500 17.5
600 43.73
650 47.7
700 56.0, 82.2 (R)
TiO, doped with 0.5 atom-% 500 17.0
Nb and Sc each
600 29.22
650 35.21
700 44.34, 78.19
(R)
TiO, doped with 0.75 atom-% 500 18.4
Nb and Sc each
600 23.1
650 29.3
700 34.0
TiO, doped with 1 atom-% 500 18.7
Nb and Sc each
600 -
650 31.6
700 44.23

The atomic radii of Ti**, Nb5*, and Sc3* are 0.70 A,
0.68 A, and 0.745 A, respectively.'3:15] The similarity in the
atomic radii of Ti** and Nb>* indicates that the 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.,['3! the introduction of Nb
should reduce the amount of oxygen vacancies because of
the higher positive charge of Nb than that of Ti. When Nb
950
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ions enter substitutionally into TiO,, the charge of the Nb>*
ions should be compensated for by a decrease in oxygen
vacancies, which leads to the hindering of the growth of the
anatase particles and of the transformation from anatase to
rutile for the TiO, nanoparticles.

The atomic radii of Sc3* (0.745 A) is larger than that of
Ti** (0.68 A). Because of its large ionic radius, it is difficult
for the Sc3* ions to act as interstitial ions in the TiO, ma-
trix. Therefore, the Sc** ion can only replace Ti** substitu-
tionally in the lattice sites. The introduction of substitu-
tional metal ions with a valency of less than 4 would induce
oxygen vacancies at the surface of the anatase grains, which
should favor ionic rearrangement and structure reorganiza-
tion for the formation of the rutile phase, as observed for
the Ag!'* ion.[ However since the radius of Sc3* is bigger
than that of Ti**, it induces stress in the titania lattice,
which may hinder the growth of TiO, crystallites to a cer-
tain extent. Therefore, increasing the simultaneous addition
of Nb and Sc ions in the TiO, lattice from 0.5 atom-% each
to 1.0 atom-% each, results in the inhibition of anatase
grain growth and of the transformation from anatase to ru-
tile.

Figure 4a and b show the TEM bright-field images of
TiO, calcined at 500 °C and doped with 0.5 atom-% and
0.75 atom-% Nb and Sc each, respectively. As evident from
the micrographs, well-defined, discrete, and irregular spheri-
cal nanoparticles are formed. The average grain size is be-
low 20 nm in both samples. The particle sizes measured by
TEM are generally in agreement with those determined by
XRD, though some agglomeration is apparent because of
the high surface energy of the nanoparticles. Furthermore,
neither XRD nor the TEM results show the presence of any
Nb or Sc clusters or Nb- or Sc-related second phase around
the TiO, anatase nanoparticles. This is in agreement with
the results reported by Dong et al.l'®l in the samples co-
doped with 2 atom-% Sc** and V" ions.

a) b)

Figure 4. TEM bright-field image of TiO, doped with (a) 0.5 atom-
% Nb and Sc each; (b) 0.75 atom-% Sc and Nb each. Both samples
are calcined at 500 °C.

Figure 5 shows the EDS result for TiO, codoped with
0.5 atom-% Nb and Sc each, calcined at 500 °C. The EDS
results confirm the presence of the pure anatase phase at
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this calcination temperature. Neither the XRD nor the
TEM/EDS results show the presence of any Nb- or Sc-re-
lated second phase.

Figure 5. Electron diffraction pattern for anatase TiO, codoped
with 0.5 atom-% Nb and Sc each, calcined at 500 °C.

The valency state and the Nb and Sc content in the
doped sample calcined at 500 °C were determined by X-ray
photoelectron spectroscopy and energy dispersive spec-
troscopy. The Nb and Sc concentrations measured by both
techniques are similar and are close to the initial values
used at the preparation step of the samples, which indicates
that all the Sc or Nb is incorporated into TiO».

Figure 6 shows the XPS survey spectra of the sample
doped with 1 atom-% Nb and Sc each. The survey scan
from the sample confirms the content of niobium, scan-
dium, titanium, oxygen, and carbon. No other contami-
nants are detected, except for the above-mentioned ele-
ments. A rough estimation of the Sc or Nb concentration
from the XPS data matches well with that measured by
EDS. Figure 7 shows the high-resolution XPS spectra of the
Nb 3d region of the TiO, sample doped with 1 atom-% Nb
and Sc each. Metallic Nb 3ds, and Nb 3ds, peaks occur
at 202 and 205 eV, respectively. No such peaks were ob-
served in the doped sample. Therefore, there is no evidence
to suggest the presence of Nb metal clusters. This is in
agreement with the XRD result that did not show the exis-
tence of any pure Nb phase. The reported value of the bind-
ing energy of Nb 3ds/, in Nb,Os is 207.5 eV, with a differ-
ence of 2.8 eV in the binding energy between the Nb 3ds,
and Nb 3d;/, peaks. As evident from Figure 7, the positions
of the Nb 3ds, and Nb 3ds, peaks in our sample corre-
spond to 206.2 and 208.7 eV, respectively, which is similar
to the reported value. Nb is therefore incorporated within
the TiO, lattice as Nb>*. Our results are consistent with the
conclusions derived by Sacerdoti et al.l'’l and Arbiol et
al.l3 in their separate studies on Nb-doped TiO, samples
synthesized by the sol-gel method and laser-induced pyrol-
ysis, respectively. The XPS study of Nb-doped TiO, samples
by Moris et al.l'® also confirms that the oxidation state of
Nb is 5+ for TiO, samples doped at low Nb concentrations.
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Figure 6. XPS survey spectra of the sample doped with 1 atom-%
Nb and Sc each.
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Figure 7. High-resolution XPS spectra of the 3d region of Nb in
the TiO, sample doped with 1 atom-% Nb and Sc each.

Figure 8 shows the high resolution XPS spectra of the 2p
region of Sc in TiO, doped with 1 atom-% Sc and Nb each.
The metallic Sc 2ps,» peak occurs at 398.7 eV.['8] No such
peak was observed in the doped sample. This is in agree-
ment with the XRD result that did not show the existence
of any pure Sc phase. The reported values of the binding
energy of Sc 2p;, and Sc 2py;, in Sc,O3 are 401.7 and
406 eV, respectively.['”) The measured values for our sample
are 401.6 and 406 eV for Sc,O5; 2ps;» and Sc,O3 2pyjs,
respectively. It is therefore concluded that Sc is incorporated
into the TiO, lattice as Sc*.

Figure 9 shows a high-resolution XPS spectra of the 2p
region of Ti in the TiO, sample doped with 1 atom-% Nb
and Sc each. Two peaks located at 458.1 and 463.75 ¢V are
identified for Ti 2p;,» and 2p;,, respectively. For metallic
Ti, these two peaks are expected to be at 453.8 and
459.95 eV, respectively.?l The shift in the Ti 2ps, and Ti
2p1» peak positions is similar to that observed by Burns et
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Figure 8. High-resolution XPS spectra of the 2p region of Sc in
TiO, doped with 1 atom-% Sc and Nb each.

al.?% for Nd-doped TiO,. The peak shifts in the Ti 2ps»
and Ti 2p;, peak positions and the change in the separa-
tion between these two peaks is caused by the presence of
tetravalent Ti**, which is consistent with the formation of
TiO,.2Y
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Figure 9. High-resolution XPS spectra of the 2p region of Ti in the
TiO, sample doped with 1 atom-% NDb and Sc each.

Figure 10 shows the effect of doping on 2-chlorophenol
photodegradation under visible light. The experiments car-
ried out to examine the photodegradation of 2-chlorophe-
nol under visible light indicate that the Sc and Nb codoped
TiO, nanoparticles are relatively more photoactive with vis-
ible light than the particles doped with Nb or Sc alone.
Furthermore, the Nb-doped samples show better photoac-
tivity relative to the Sc-doped samples. Our results are con-
sistent with those reported previously.?:?? Cui et al.l>!l re-
ported that Nb doping in TiO, leads to enhanced photo-
catalytic activity in the destruction of many organic pol-
lutants. Pep et al.??l also reported a substantial increase in
the photodegradation of 4-chlorophenol on TiO, film
952
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doped with Nb. New molecular orbitals are formed as a
result of doping, which effectively narrow the bandgap. The
effects of doping with metal ions such as Nb>* and Sc**
can be attributed to the introduction of new electronic
states into the band structure of TiO,, whose energies
makes them accessible by photon excitation during the cata-
lytic reaction.
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Figure 10. Effect of doping on 2-chlorophenol photodegradation
under visible light.

Conclusions

We have synthesized TiO, nanoparticles by simultaneous
doping with Nb and Sc through the sol-gel technique by
using TiCly as precursor. The as-prepared particles are
amorphous in nature. The simultaneous doping of Nb and
Sc has a significant effect on the transformation of anatase
to the rutile phase. By increasing the Nb and Sc content
from 0.5 atom-% each to 1.0 atom-% each, the anatase
phase is stabilized. The XRD results indicate that the pres-
ence of Nb and Sc substitutional ions in the anatase crystal
structure inhibits the phase transition and growth of the
nanoparticles with an increase in temperature. When the
calcination temperature is increased, the Nb and Sc ions are
segregated out from the grains. As explained by Arbiol et
al.,['31 at high temperatures, as soon as part of the added
dopant is outside the anatase structure, the number of oxy-
gen vacancies would be recovered in order to ensure crystal
charge neutrality, and this would favor the anatase to rutile
phase transition. The XPS results indicate the incorpora-
tion of Nb as Nb,Os and Sc as Sc,03. Additionally no met-
allic peaks were found within the XRD and XPS detection
limits. Preliminary experiments carried out to examine the
photodegradation of 2-chlorophenol under visible light
indicate that the Sc and Nb codoped TiO, nanoparticles
are relatively more photoactive with visible light than the
particles doped with Nb or Sc alone.
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Experimental Section

The sol-gel technique was used to synthesize doped titania nano-
particles. As mentioned earlier, this technique is capable of produc-
ing highly homogeneous doped and undoped metal oxide nanopar-
ticles. For the synthesis, niobium pentaethoxide Nb(OC,Hs)s was
used as the Nb precursor and scandium acetylacetonate
Sc(CH3COCHCOCH;); was used as the Sc precursor, while tita-
nium tetrachloride was used as the titanium dioxide precursor.

The doped titania nanoparticles containing 0.5, 0.75, and 1 atom-
% Nb and Sc each were synthesized. The dopant stoichiometry
was controlled by dissolving the Nb and Sc precursors in ethanol
(Pharmco 200 proof) prior to the dropwise addition of TiCly. The
reaction was performed at room temperature whilst stirring under
a fume hood because of the large amount of Cl, and HCI gases
evolved in this reaction. The resulting yellow solution was allowed
to cool back to room temperature as 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 obtained Nb/
Sc-doped samples were calcined for 1h in a box furnace at tem-
peratures ranging from 300-900 °C in an ambient atmosphere.
XRD analysis of the 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 26 scans were recorded at several resolutions by
using Cu-K,, radiation with a wavelength of 1.54 A in the range 20—
80° with a 0.05° step size. The recorded patterns were analyzed by
using Jade® and origin software to determine the peak position,
width and intensity. Full-width at half-maxima (FWHM) data was
analyzed by Scherer’s formula [Equation (1)] to determine the
average particle size.

A is the X-ray wavelength, f is the peak width, and 6 is Bragg’s
angle. Since the peak width used in the Scherer’s formula also in-

094
~ BCos6 1)

cludes the line broadening due to the strain in the particles, mea-
surements of the 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 samples for
TEM were prepared by dropping a dilute suspension of the sample
powders onto a 300-mesh Lacy carbon grid. A dilute suspension
was prepared by sonicating the particles in acetone for 5-10 min.

XRD analysis was performed to determine the effect of the Nb/Sc
doping on the rutile and anatase concentrations. For this, the mass
fraction of rutile (X,) in the samples calcined at various tempera-
tures was calculated on the basis of the relationship between the
integrated intensities of anatase (101) and rutile (110) peaks by the
following formula [Equation (2)] developed by Spurr and Myers.[*%]

I, and I, are the integrated peak intensities of the anatase and rutile

peaks, respectively. The constant K was determined previously by

(A+KI /1) Q)

Burns et al.l) and Barakat et al.l” through an XRD analysis of a
standard mixture of TiO, powder (Degussa P-25) of known pro-
portions of anatase and rutile (80:20) and is equal to 0.79.

The dopant concentration was verified by EDS analysis and XPS.
XPS was also employed to characterize the oxidation state of Nb
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and Sc in the doped samples. XPS was performed by irradiating
the samples with monoenergetic soft X-rays and analyzing the en-
ergy of the electrons emitted. A SSI-M probe XPS was used that
employed Al-K, (hv = 1486.6 ¢V) exciting radiation. Peak positions
were internally referenced to the C,¢ peak at 284.6 eV. In addition
to the survey scans, high-resolution scans in the Ti 2p, Nb 3d, Sc
2p, O 1s, and C 1s regions were also recorded. The Ti 2p, Nb 3d,
and Sc 2p regions were used to determine the composition of the
nanoparticles and to ascertain the valence states of Ti and the dop-
ants.
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