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Al-doped TiO, nanoparticles possessing visible-light photocatalytic activity were fabricated with an atmospheric-pressure thermal plasma system
via a single-step direct combination of vaporized Ti, Al, and O,. Pure Ti and Al,O3 powders and ultrahigh-purity O, were used as the precursors.
The experimental results showed that the size of synthesized TiO, was between 10 and 105nm. Nevertheless, the nanoparticles with sizes
smaller than 50 nm accounted for approximately 80% of the total number. The observed size reduction appeared to be the suppression on particle
growth due to the introduction of Al species into TiO, crystal. The largest specific surface area of the Al-doped TiO, was 44 m?.g~'. The anatase
phase was noticeably decreased with increasing the Al,Og addition. The absorption spectra of Al-doped TiO, shifted from UV to visible-light
region with respect to an increase in Al,O3 addition. Oxygen in the formed TiO, was found to be in TiO, crystal lattice and in surface hydroxyl
groups. Both Ti** and Ti®* existed in the formed TiO,. However, the Ti®* amount significantly increased with increasing Al,O3 addition due to Al/Ti
substitution and the resulted oxygen vacancy. © 2012 The Japan Society of Applied Physics

1. Introduction

Titanium dioxide (TiO;) has been extensively studied due
to its photocatalytic effects and potentials in industrial
applications. TiO; is also known to effectively decompose
various pollutants in gaseous and aqueous phases. The
fabricating processes strongly affect the purity and surface
properties of resulting TiO, nanoparticles, which subse-
quently influence the photocatalytic characteristics. Several
liquid- or vapor-phase syntheses have been proposed to
prepare TiO;, nanoparticles and nanofilms, such as sol-gel
methods,'™ thermal hydrolysis,” hydrothermal proces-
sing,” chemical vapor deposition,”” and thermal plasma
approaches.”'?) Sol-gel methods have been widely used in
bench-scale nanoparticle production due to its simplicity to
operate. However, the concentration of reagents, reaction
time, solution pH, and temperature strongly affect the
growth of TiO, photocatalyst. Additionally, because the
processing temperature of sol-gel methods is relatively low
(i.e., around 373 K), subsequent calcination is needed to
transform the obtained TiO, into anatase, which has been
characterized as the most effective phase for photocatalytic
application.

Thermal plasma has been shown to possess advantages to
develop nanoparticles with clean surface and narrow particle
size distribution. The sufficient energy provided by thermal
plasma can directly vaporize liquid and solid precursors and
induce the TiO, formation. TiCly(aq) is frequently used as
the TiO, precursor.”''> However, Cl, generated from the
thermal plasma process arouses environmental concerns.
Theoretically, TiO, nanoparticles with high purity can be
developed via a direct combination of Ti and O atom.
Nevertheless, Ti metal has a high melting point at 1941 K
that makes the direct combination difficult to occur.
Using thermal plasma as heating source can successfully
vaporize Ti metal and make the direct combination process
feasible.'?

*E-mail address: hchsi@ntut.edu.tw
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TiO, photocatalyst has a large energy band gap (3.2eV
for anatase and 3.0eV for rutile) causing the photocatalytic
reactions only occurring under UV irradiation. Visible-light
TiO, photocatalysts have thus drawn great attention in
recent years. Doping TiO, photocatalysts with metal ions
can improve the photocatalytic activity of TiO, under visible
light because the impurity energy levels in the band gap are
formed and result in alteration of electron hole recombina-
tion.'¥ Doping metals into TiO, can also be achieved with
thermal plasma. A study showed that metals such as Fe,
Al, V, Nb, Sb, and Sn can be successfully doped into TiO,
using thermal plasma.'’> Oh er al. prepared pure TiOs,
Si-doped TiO,, and Fe-doped TiO, from TiCly, SiCly, and
(CH3COCHCOCHj3)5Fe with thermal plasma.16) Li et al
synthesized Er-doped TiO, by thermal plasma oxidation
of a liquid precursor containing titanium butoxide and
erbium nitrate.!” Wang et al. fabricated Fe-doped TiO,
ultrafine powders using induction thermal plasma.'® The
most important influences of dopant addition on TiO, are
enhancing reactivity under visible light, a reduction in grain
growth, and an increase in conductivity.

Because the ionic radii for Al and Ti are close (0.061 nm
for Ti** and 0.053 nm for AI**), Al can successfully fill into
a regular cation position and create a substitutional solid
solution. Moreover, Al-doped TiO;, and ZnO ceramics were
shown to have higher sensitivity to humidity in thick and
thin films,'”*® making Al-doped TiO, a great candidate
as gas sensors in application. Several works have shown
that Al-doped TiO, nanoparticles can be fabricated via
liquid-phase'*?!2% or vapor-phase syntheses.!*?% TiCly,
Ti(OC4Ho)s, Ti(OC3H7)s, AI[OCH(CH3):]3, Alx(SO4)s,
Al(NOs3)3, AlCl3, and Al,O3 can be used as precursors.
Lee et al. prepared Al-doped TiO, using thermal plasma.
TiCly and AICl; were fed into the DC plasma jet. The
authors concluded that doped Al species inhibited the
particle growth and the absorption band of synthesized
powers shifted from the UV region to the visible-light
region.'” Choi et al. synthesized Al-doped TiO, nanopow-
ders for gas sensors using a citrate-nitrate auto combustion

© 2012 The Japan Society of Applied Physics
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method with Ti solution and AI(NO3); solution. The authors
reported that Al-doped TiO, gas sensors were more selective
and sensitive to CO and O, at an operating temperature of
600 °C than pure TiO, powders.”>

Notably, few studies focused on producing Al-doped TiO,
nanoparticles from pure Ti metal. In our previous study,
high-purity TiO, nanoparticles using Ti metal as a precursor
were successfully fabricated with a transferred plasma
torch.”” In the present work, Al-doped TiO, nanoparticles
were prepared in a single-step process (i.e., without
subsequent calcination and surface reduction) using an
atmospheric-pressure non-transferred thermal plasma sys-
tem. Pure Ti and Al,O3; powders and ultrahigh-purity O,
were chosen as the precursors not only because they are
easily delivered into the reaction chamber but also due to
their high purity (i.e., without Cl or S). The aim is at directly
combining vaporized Ti, Al, and O atoms under the high-
temperature plasma flame to form Al-doped TiO, nanopar-
ticles possessing visible-light photocatalytic activity. It was
expected that the thermal plasma can offer sufficient energy
to dope Al into the crystal of TiO, and cause substitution
of Ti instead of physically depositing the Al,O3; onto the
TiO, surface.

2. Experimental Procedure

2.1 Preparation of Al-doped TiO, nanoparticles

Al-doped TiO; nanoparticles were synthesized from pure Ti
powder (99.8%), Al,O3; powder (99.9%), and ultrahigh-
purity (UHP) O, in an atmospheric-pressure thermal plasma
reactor (Fig. 1). The system mainly comprises a stainless
steel chamber (SS310 with inner diameter = 30cm and
length = 100 cm), a DC non-transferred plasma torch, a DC
power supply (Taiwan Plasma PHS-15C), a stainless steel
powder feeder, a powder filter, a vacuum pump (ULVAC
GVD-050A), and a buffer tank for capturing the particles
which bypassed filter floating in the exhaust gas. The torch
electrode made of copper alloy was water-cooled. The
system was operated at 40 A and 200 V. UHP Ar and O,
were mixed as the plasma gas with a flow rate of 60 L-min~'
at Ar: O, =3:1 by volume. The Ti and Al,O; powder
feedstock was vertically injected into the plasma system
using 2L-min~! Ar as the carrier gas. The total powder
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(Color online) Thermal plasma apparatus for fabricating Al-doped TiO, nanoparticles.

feeding rate was fixed at 0.2 g-min~!. The Al,O3/Ti mass
ratio was controlled at 0, 0.1, 0.2, and 0.4. The gas stream
containing the synthesized TiO, nanoparticles passed
through the powder filter in which the synthesized
nanoparticles were collected.

2.2 Characterization of Al-doped TiO,

The particle size of synthesized Al-doped TiO, nanoparti-
cles were determined with a transmission electron micro-
scope (TEM; Philips CM-200) by visually counting. The test
sample was prepared on a copper mesh substrate covered
with a carbon film for TEM analysis. Brunauer-Emmett—
Teller (BET) specific surface area was analyzed using a
Beckman Coulter SA3100 based on the N, adsorption
isotherm obtained at 77K. The phase compositions of
nanoparticles were analyzed with an X-ray powder diffract-
ometer (XRD; Rigaku Rinet 200) with Cu K« radiation
(4 = 1.5405 A). The scan range (26) was from 20 to 80°
with a scanning rate of 0.02°s~'. The crystalline phases
were identified with JCPDS database. The mass fractions
of anatase to rutile in synthesized nanoparticles were then
calculated using the following equation:*®

1

=17 12613/ 1a

ey
where f, is the mass fraction of anatase, Iy is the intensity of
(110) reflection of rutile, and I is the intensity of (101)
reflection of anatase. The UV-visible diffuse reflection
spectra ranging from 300 to 800 nm were acquired with a
spectrophotometer (Hitachi U-3010). The composition and
Ti, O, Al, and Cu bonding patterns were examined using
an X-ray photoelectron spectroscope (XPS; ULVAC-PHI
1600). The obtained XPS spectra were deconvoluted with
the XPSPEAK® software. All binding energies (BE) were
referred to C 1s line at 285eV.

3. Results and Discussion

The TEM images of Al-doped TiO, developed under various
Al,O3/Ti mass ratios were shown in Fig. 2. TEM results
revealed that the formed nanoparticles were homogenous,
without significant phase separation or coating on the
surface. The shape of the formed nanoparticles was in

© 2012 The Japan Society of Applied Physics
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Fig. 2. TEM images of TiO, nanoparticles synthesized at Al,O3/Ti mass ratio of (a) 0, (b) 0.1, (c) 0.2, and (d) 0.4.
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Fig. 3. (Color online) Particles size distributions of TiO, nanoparticles

synthesized at Al,03/Ti =0, 0.1, 0.2, and 0.4.

general spherical. The nanoparticle size was approximately
between 10 and 105 nm. It was noteworthy that the sizes of
the feedstock Al,O; and Ti powders were about 5—15 pum.
These observations suggested that the injected Al,O3 and Ti
powders vaporized and subsequently formed Al-doped TiO,
nanoparticles in the thermal plasma environment via the
recombination of vaporized Al, Ti, and O atoms. The
particle size distributions of resulting TiO, estimated based
on the TEM images are shown in Fig. 3. Particles having
size between 10 and 20nm accounted for 32-43% of the
total number, followed by those with size between 20 and
30nm accounting for 18-25%. Additionally, the nanoparti-
cles with size smaller than 50 nm accounted for 89-93% and

01ALO1-3

those with size large than 70 nm were <5% indicating the
success of using thermal plasma torch to fabricate TiO,
particles in nanoscale. Notably, the amount of nanoparticles
with size within 10-20 nm slightly increased as increasing
the Al,O3/Ti mass ratio. The observed size reduction may
be attributed to the suppression of particle growth by the
introduction of Al species into TiO, crystal. It has been
shown that in the anatase or rutile crystal structure, most of
the doped AI’* ions occupied substitutional sites rather than
the interstitial sites.”” Substitutional defects may cause a
slight decrease in the metal-oxygen bond distances due to
the smaller ionic radius of AI** compared to that of Ti**,
which could induce local crystal frustration; consequently,
the Al-doped TiO, crystal structure could be distorted and
the particle nucleation and growth of TiO, were inhibited
or suppressed. De Villeneuve et al. reported that impurities
influence the nucleation, growth, and structure of crystals.
The growth rate sensitively depends on the impurity’s size.
Crystal growth is inhibited to a greater extent near smaller
impurities, pointing to local crystal frustration induced by
the curvature of the impurity.>” Kubota also addressed that
the crystal growth is markedly affected by impurities present
in the system.>" Our observational results are also in
agreement with several previous studies.'>?%3?)

The BET surface area of synthesized nanoparticles was
calculated based on the N, adsorption isotherms obtained at
77 K. The surface areas for samples prepared at the Al,O3/
Ti mass ratios of 0, 0.1, 0.2, and 0.4 were 41.0, 40.4, 44.1,
and 37.6m?.g~!, respectively, indicating that the surface
area of Al-doped TiO, was less affected by the amount of Al
doping and mainly determined by the size of the samples.

Figure 4 shows the XRD powder patterns for the
nanoparticles synthesized at various Al,O;/Ti mass ratios.
All the resulting TiO, nanoparticles possessed both anatase

© 2012 The Japan Society of Applied Physics
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Fig. 4. (Color online) XRD patterns of commercial P-25 TiO, and TiO,
nanoparticles synthesized at AlO3/Ti = 0 to 0.4, Fig. 5. (Color online) UV-visible absorption spectra of synthesized TiO,

Table I. Crystal phases of Al-doped TiO, synthesized at various Al,O3/
Ti mass ratio.

nanoparticles and P-25 TiO,.

Table Il. Atomic percentage of synthesized TiO, nanoparticles based on
XPS examinations.

AlL,O3 /Ti mass fa Phase detected Al,03/Ti Composition (at. %)
ratio (Wt %) mass ratio 0 Al Cu Ti
0 58.2 Anatase, rutile 0 72.34 0 2.04 2472
0.1 56.4 Anatase, rutile 0.1 67.52 5.0 331 23.96
0.2 55.9 Anatase, rutile 02 62.73 13.85 3.26 19.94
0.4 51.1 Anatase, rutile, Al,O3 0.4 60.48 19.66 3.61 16.26

and rutile crystalline phases. XRD results also showed that
the diffraction peaks standing for Al,O; appeared as
Al,0O3/Ti = 0.4, based on 20 = 35.15, 43.35, 52.5, and
57.5° that are indexed to the Al,Oj3 diffraction pattern. These
analytical results suggested that at a high Al,O3 loading, the
thermal plasma flame became less effective in turning the
Al,O3 into vapor phase and promoting the interactions
between Al, Ti, and O atoms. Furthermore, the relative
content of anatase, represented using the f) value (Table I),
was noticeably decreased with increasing Al,O3/Ti due to
transformation into rutile. It has been well known that the
rutile content increased with elevating reaction tempera-
ture."” However, the TiO, synthesis was performed at a
constant plasma power of 8kW. As a consequence, the
variation in plasma temperature during different test
conditions (i.e., various Al,Os3/Ti ratios) was small and
may not account for the enhancing XRD peak intensity for
rutile. Numerous studies have shown the enhancement in
transformation of anatase to rutile with increasing Al
doping.!??*2632) The experimental results presented here
echo those early findings.

The absorption edge of synthesized nanoparticles and
commercial Degussa P-25 TiO, examined using a UV-
visible spectrophotometer is illustrated in Fig. 5. As it was
expected, the P-25 TiO, lacked significant absorption above
the basic absorption sharp edge at 390—-400 nm. However,
synthesized TiO, possessed an estimated band gap absorp-
tion upward 400nm, indicating that the red shift and
broadening in the visible light absorption range occurred.

01ALO1-4

The absorption spectra of Al-doped TiO; shifted from UV to
visible region with respect to an increase in Al,O3 addition
can be assigned to the band gap narrowing relation to the
interstitial Al species in the TiO, crystal.'>!*?% Notably, the
non-Al-doped TiO, synthesized in the thermal plasma flame
also showed band gap absorption upward 400 nm, which was
comparable to that of Al-doped TiO, developed at Al,O3/
Ti = 0.1 (Fig. 5). This band gap absorption red shift may
be resulted from the oxygen vacancy in the non-Al-doped
TiO; crystal formed in the high-temperature plasma flame.
Nakamura et al. suggested that the appearance of the visible
light activity was attributed to the newly formed oxygen
vacancy state between the valence and the conduction bands
in the TiO, band structure.®® This defect structure varies
with the magnitude of oxygen vacancy, which depends on
temperature, gas pressure, metal impurities, etc.*

The synthesized TiO, nanoparticles was examined using
XPS to better understand the relative contents and bonding
patterns of O, Al, Ti, and Cu. In generally, the contents (in
at. %) of O and Ti decreased with increasing Al doping
(Table I). The Ojs spectrum within 527-534eV was
successfully deconvoluted into two asymmetry peaks at
530.0 and 532.0 eV, indicating the presence of oxygen in the
TiO, crystal lattice and in the surface hydroxyl groups (i.e.,
chemisorbed oxygen), respectively.>>*® The Al 2p spectrum
with a peak at around 75.5eV confirmed the success of Al
doping into the nanoparticle.

The Ti 2p XPS spectrum obtained from the Al-doped
TiO, nanoparticles was deconvoluted into four peaks

© 2012 The Japan Society of Applied Physics
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Fig. 6. (Color online) Ti 2p XPS spectra of TiO, synthesized at Al,03/
Ti mass ratio of (a) 0, (b) 0.1, (¢) 0.2, and (d) 0.4.

within 456.4-464.4¢eV, including Ti*" 2p;pn, Ti*t 2pi ),
Ti** 2ps3/2, and Ti** 2p3;» (Fig. 6). These peaks are
indications to the presence of TiO, (Ti*t 2pi2 and
Ti** 2p3.2) and TirO3 (Ti** 2p;» and Ti*T 2p;),), respec-
tively.*” The calculated Ti**/(Ti** + Ti**) ratios for
samples produced at Al,O3/Ti =0, 0.1, 0.2, and 0.4 were
2.6, 13.3, 27.9, and 41.9%, respectively, based on the
deconvoluted peak area. These results suggested that Ti%*
content significantly increased with increasing Al,O3 addi-
tion due to transformation of TiO, into Ti,O3. Isomorphous
substitution of Ti** with AI** appears to occur during the Al
doping. The ionic radii of AI**, Ti**, and Ti**, however,
are 0.053, 0.061, and 0.067 nm, respectively. When APt
dopants substitute Ti** from TiO, crystal, the lattice
mismatch occurs due to the fact that the ionic radius of

01ALO1-5

AP is smaller than that of Ti**. To compensate for the
smaller ionic radius of AI’*, a species with an ionic radius
larger than that of Ti*t is needed. Apparently, Ti* is such
a candidate. The same observation has been reported by
Steveson et al.*® In addition, the formal charge produced by
the substitution of Ti** with AI** can also be compensated
via the formation of O~ from O?~ and lead to the oxygen
vacancies observed in Al-doped TiO,.?!-26-3®

It is important to note that approximately 2.9-3.6 at. % Cu
was observed in the synthesized TiO, based on the XPS
examination (Table II). The Cu impurity was suspected to
come from the plasma torch made of Cu alloy. Namely, in
the high-temperature plasma environment, the plasma torch
released Cu in vapor phase and subsequently impregnated
into the TiO, nanoparticles. Accompanying the aforemen-
tioned results from the UV-visible examination, the doped
Cu associated with the oxygen vacancy in non-Al-doped
TiO, may synergistically contribute to the observed red shift
in the UV-visible absorption spectrum. Zhang et al. reported
that Cu with concentration smaller than 38 at. % in TiO,
had insignificant effects on the Tip, binding energy.’”
Consequently, the increase in Ti** should be mainly resulted
from the Al doping into TiO; crystal. The extent of red shift
in the absorption spectra of nanoparticles thus mainly
corresponded to the amount of Al doping and the presence
of oxygen vacancy (Fig.5). The Cu-doping effects on
visible light activity may be less significant compared to Al
in this case, which remained to be further studied.

4. Conclusions

Al-doped TiO, nanoparticles with visible-light photocataly-
tic activity were successfully synthesized in a single step
using Ti powders, Al,O; powders, and O, as the precursors
under an atmospheric-pressure non-transferred thermal
plasma environment. The formed nanoparticles had particle
sizes within 10 to 105 nm and the samples with sizes smaller
than 50 nm accounted for approximately 80% of the total
number. The BET surface area of the Al-doped TiO,
nanoparticles was between 37 and 44m?.g=!. All the
synthesized Al-doped TiO, consisted of both anatase and
rutile phases; nevertheless, the ratio of anatase to rutile
decreased with increasing Al,O3; addition. The substitution
of Ti** with AI** and oxygen vacancy in the TiO, crystal
caused by the high temperature plasma flame may lead to the
red shift in the absorption edge to lower energy due to band
gap narrowing. The phase transformation from TiO, to
Ti, O3 appeared to result from the Al doping into and oxygen
vacancy in the TiO; crystal.
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