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TiO2 nanopowders via radio-frequency thermal plasma oxidation of
organic liquid precursors: Synthesis and characterization
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Abstract

TiO2 nanopowders have been synthesized via Ar/O2 thermal plasma oxidation of titanium butoxide (TBO) solutions stabilized with
diethanolamine (DEA). Experiments were conducted by varying the O2 input in the plasma sheath (10–90 L/min) and the DEA/TBO molar
ratio (R), while keeping the plasma generation power at 25 kW and the reactor pressure at 500 Torr. The resultant powders are mixtures of
the anatase and rutile polymorphs in the studied range, whose anatase content and crystallite size exhibit weak dependence on the O2 input
a cursor, on
t some large
s area.
R s by varying
t
©

K

1

i
i
s
t
m
t
t
a
m
a
s
a
e

an
r as
nic

-
ace
con-

ves
small
the-
es
ltant

c or
ent.
thods
hich
r fur-
may

0
d

t a fixedR. IncreasingR decreases the anatase content, signifying the role of CO gas, generated via oxidation of the organic pre
he phase structure. FE-SEM and TEM analysis show that the resultant powders contain majority of nanoparticles (<50 nm) and
pheres (>100 nm), whose size and/or number tends to decrease at a higher O2 input, leading to gradually increased specific surface
aman spectroscopy reveals no significant differences in the crystallite size and oxygen-vacancy concentration of the nanocrystal

he O2 input.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Titania (TiO2) has been drawing much attention dur-
ng recent years, due to its unique combination of many
nteresting photophysical and photochemical properties. The
emiconducting oxide is known for its applications in pho-
ovoltaic cells and appears to be interesting as a dielectric
aterial for the next generation of ultrathin capacitors due

o its high dielectric constant.1 The relatively high refrac-
ive index (2.4–2.9, depending upon the crystalline phase)
nd good transparency in the visible wavelength region also
ake the material attractive for photonic band gap (PBG)
nd other photonic applications.2,3 Particularly, TiO2 out-
tands out from many other semiconducting materials (such
s ZnO, CdS, ZnS, and Fe2O3) in terms of photocatalytic
fficiency, which in combination with its non-toxicity, avail-
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ability, and chemical stability, makes it very promising as
effective photocatalyst for the de-pollution of air and wate
well as the degradation of environmentally harmful orga
compounds.4–6

The performance of TiO2 for certain technical applica
tion is dominantly influenced by its crystallite size, surf
area, phase structure, and impurity (dopant) type and
centration. The industrial production of TiO2 is mainly by
the flame pyrolysis of titanium tetrachloride, which gi
diphasic nanopowders containing finer anatase and a
portion of larger rutile crystallites, regardless of the syn
sis conditions.7,8 Various wet-chemical synthetic techniqu
have been employed to finely tune properties of the resu
TiO2 powders, including precipitation, sol–gel of inorgani
organic titanium compounds, and hydrothermal treatm9

One commonly encountered problem is that these me
may generate amorphous or low crystallinity products, w
necessitates a subsequent annealing for crystallization o
ther crystallization. Such a thermal annealing, however,
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cause hard aggregation and even inter-particle sintering. On
the other hand, radio frequency (RF) thermal plasma proves to
be a useful tool in the synthesis and surface modification of a
wide range of inorganic materials. Its high processing temper-
ature (up to∼15,000 K), superfast quenching rate (∼105 to
∼106 K/s), and its high concentrations of chemically reactive
radicals provide a unique reaction field for materials process-
ing. Other distinct advantages of plasma processing, in terms
of powder synthesis, reside in that the resultant particles are
of high purity and are largely dispersed. We report in this
work the synthesis of TiO2 nanoparticles via Ar/O2 RF ther-
mal plasma oxidation of titanium butoxide (TBO) solutions
stabilized with diethanolamine (DEA). The effects of pro-
cessing parameters (O2 input and DEA/TBO molar ratio) on
powder properties are investigated.

2. Experimental procedure

2.1. Powder synthesis

The experimental apparatus mainly consists of a water-
cooled induction plasma torch (Model PL-50, TEKNA
Plasma System Inc., Que., Canada), a 2-MHz radio fre-
quency power supply system (Nihon Koshuha Co. Ltd.,
Japan), a water-cooled stainless steel reactor, and a porous
s uum
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and a scanning speed of 1.0◦ 2θ/min. Raman spectroscopy
is made using Ar+ laser excitation (514.5 nm) with a source
power of 50 mW and a resolution of 1 cm−1 (Model NR-
1800, JASCO, Tokyo). Anatase content of the powder is
calculated according to the Spurr and Myers equation:10

fA = 1

1 + (1.26IR/IA)
(1)

wherefA is the weight fraction of anatase whileIR and IA
denote the rutile (1 1 0) and anatase (1 0 1) reflection inten-
sities. Crystallite size is assayed from the Scherrer equation
via X-ray line broadening analysis performed on the anatase
(1 0 1) and rutile (1 1 0) diffraction peaks. Specific surface
area of the powder is analyzed via Brunauer–Emmett–Teller
(BET) analysis (Model Belsorp 18, Bell Japan Inc., Tokyo)
via nitrogen chemisorption at 77 K. The specific surface area
and equivalent particle size can be correlated by the follow-
ing equation assuming that the particles are closed spheres
with smooth surfaces:

S = 6 × 103

dthD
(2)

wheredth is the theoretical density of TiO2 (3.90 g/cm3 for
anatase and 4.27 g/cm3 for rutile), D (nm) is the average par-
ticle size, andS is the specific surface area expressed in m2/g.
Particle morphology is observed via field emission scan-
n chi,
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tainless steel filter connecting the reactor and a vac
ump.

For powder synthesis, a liquid precursor is delivered
peristaltic pump into the center of the Ar/O2 plasma plum

hrough an atomization probe. Feeding rate of the prec
s controlled at∼4 mL/min. The liquid precursor is made
dding certain amounts of diethanolamine (HN(OC2H5)2) to
.125 mol of titanium butoxide (Ti(OC4H9)4) under wate
ooling and magnetic stirring. Upon mixing, a weak exot
ic reaction is observed, which is attributable to the chela

eaction between the two reagents. Volume of the li
recursor is then adjusted to 100 mL by adding dist
ater. Most of the experiments are made at a DEA/T
olar ratio of 4, which is the critical value to preve

he hydrolysis of TBO by the intentionally added wate
he moisture in air. The Ar/O2 thermal plasma is gene
ted by mixing O2 in the Ar sheath. The total flow ra
f the sheath gas is kept at 90 L/min, while those of
entral and atomizing gases (both pure Ar) are set a
nd 5 L/min, respectively. The plate power for plasma
ration is 25 kW, and the reactor pressure is controlle
66.7 kPa.

.2. Characterization techniques

Phase identification of the resultant powders is
ormed via X-ray diffractometry (XRD) in conjunction wi
aman spectroscopy. XRD analysis is performed on a Ri
INT2200V/PC diffractometer (Rigaku, Tokyo, Japan) o
ting at 40 kV/40 mA using nickel-filtered Cu K� radiation
ing electron microscopy (FE-SEM, Model S-5000, Hita
okyo) and transmission electron microscopy (TEM, Mo
EOL JEM-2000EX, Tokyo).

. Results and discussion

The TiO2 nanoparticles formed via instantaneous ox
ion of the atomized liquid droplets by Ar/O2 thermal plasm
ainly deposit on the filter and the inner walls of the rea
omplete oxidation of the organic precursor is achieve
2 flow rates≥10 L/min. The resultant powders exclusiv
ontain TiO2, and are free from titanium sub-oxide impu
ies, such as Ti2O3, Ti3O5, Ti4O7 and so on. The powder
owever, are mixtures of the anatase and rutile polymo
ven with pure O2 (90 L/min) as the plasma sheath. XR
atterns of the powders are shown inFig. 1 for some typ

cal synthetic conditions. Phase content and crystallite
f the powders are summarized inTable 1as a function o

he O2 input. It can be seen that the resultant TiO2 pow-
ers show weak dependence on the O2 flow rate, in term
f phase constituent and crystallite size: the anatase

ent falls in a narrow range of∼71–78 wt.%, the crystallit
ize of anatase varies between∼33 and 40 nm, while that o
utile between∼37 and 43 nm. It is known that the metasta
natase phase transforms to thermodynamically stable

n the temperature range∼400–1000◦C depending upon
ariety of factors mainly including crystallite size, impur
ype and concentration, and atmosphere. The formatio
natase as the major phase in this work, despite the
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Fig. 1. Typical XRD patterns of the TiO2 powders formed via Ar/O2 thermal
plasma oxidation of the liquid precursor, with the O2 flow rate in the sheath
indicated. A and R denote the anatase and rutile phases, respectively.

processing temperature, is owing to the superfast quenching
effect of the thermal plasma. Theoretical calculations indi-
cate that the metastable anatase phase preferentially nucleates
from deeply undercooled TiO2 melts.11 Rutile tends to have
bigger crystallites than anatase under a given synthetic con-
dition, but the discrepancies are small, typically less than
∼5 nm. Rutile is difficult to obtain as nanocrystallites via
wet-chemical synthesis of metastable anatase followed by
transformation to rutile through the conventional annealing
method, as the phase transformation, like the case of Al2O3,
is characterized by its low nucleation density and extremely
fast nuclei growth.12 The formation of rutile nanocrystallites
here is also attributable to the unique superfast quenching
effect of the thermal plasma.

Besides serving as an oxidant, O2 may affect phase struc-
ture of the resultant TiO2 powders in two different ways. One
is that the addition of diatomic oxygen gas improves ther-

mal conductivity, leading to enhanced heat transfer from the
thermal plasma to the generated TiO2 particles, which might
result in the additional formation of rutile through phase tran-
sition. The other is that O2 directly participates in the phase
selection of TiO2 upon gas phase condensation. Previous
work13,14 on the preparation of TiO2 via in-flight oxidation
of TiN or TiC particles with RF thermal plasma reveals that
the rutile phase tends to condense from oxygen-lean titanium
oxide gas-clusters while anatase from oxygen-rich clusters.
In both the cases, the O2 flow rate in the plasma sheath
affects significantly phase structures of the resultant pow-
ders. Through manipulating plasma chemistry, it was shown
that both anatase and rutile particles could be obtained in
phase-pure form. The different results obtained here appar-
ently derive from the different starting materials used for
TiO2 synthesis. Unlike the cases of TiN and TiC, oxidation of
the current organic precursor generates various types of gas
species, which may be assigned as CO (CO is more stable
than CO2 at the high temperature of thermal plasma), H2O,
and NOx for the sake of simplicity. For a DEA/TBO molar
ratio of 4, the formation of 1 mol TiO2 should be accom-
panied by the release of 32 mol of CO, 40 mol of H2O, and
4 mol of NOx. The presence of a large amount of reducing CO
gas may generate oxygen-deficient TiO2 clusters, leading to
rutile formation upon condensation. This explains the persis-
tent formation of anatase/rutile phase mixtures irrespective of
t se
o eems
t
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w ize on
t
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Table 1
Anatase content and crystallite size of the products, as a function of the O2 flow ra

O2 input (L/min) Anatase content (wt.%) Crystallite size (

Anatase

10 75.3 36.3 77
20 75.3 34.5 80
3 74
4 88
5 92
6 89
7 16
8 08
9 27

D

0 70.5 36.3
0 77.5 36.3
0 73.2 38.1
0 71.8 32.9
0 76.7 38.1
0 76.0 38.1
0 76.0 40.2

EA/TBO = 4:1 in the precursor solution.
he amount of O2 input (Table 1). The simultaneous relea
f huge amounts of gases into viscous thermal plasma s

o have a masking effect: it protects the resultant TiO2 parti-
les from exposure to excess O2. This might account for th
eak dependence of phase constituent and crystallite s

he O2 input.
The ascription of rutile formation to the presence of

as is evidenced by the results of comparative studies s
n Fig. 2, in which the preparation conditions and the ana
ontents are indicated. Without DEA addition, the ana
ontent increases from∼75.3 to 79 wt.% (Fig. 2a and b) unde
he same O2 input of 10 L/min, due to the reduced CO em
ion (16 mol CO for per mol TiO2). On the other hand, raisin
he DEA/TBO molar ratio from 4 to 16 significantly lowe

te in the plasma sheath

nm) SBET (m2/g) SXRD (m2/g) ϕ

Rutile

36.5 31.9 41.2 0.
38.2 31.6 39.4 0.
40.4 29.7 40.1 0.
42.8 35.4 40.2 0.
42.8 35.3 38.4 0.
38.2 39.2 44.0 0.
40.4 45.4 39.0 1.
42.8 41.7 38.6 1.
38.2 48.1 37.9 1.
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Fig. 2. XRD patterns of the TiO2 powders, showing the influence of
diethanolamine addition on the phase constituent.

the anatase content from∼77.5 to 62.7 wt.% (Fig. 2c and d),
as the CO release is greatly increased from 32 to 80 mol for
1 mol TiO2 formation.

Raman spectroscopy is a useful tool in TiO2 study, as both
the anatase and rutile modifications are sensitive to Raman
scattering, which may provide valuable information on the
phase composition, crystallinity, crystallite size, and defect
(oxygen vacancy) concentrations.Fig. 3shows Raman spec-
tra of the TiO2 powders obtained under three typical O2
flow rates, where positions of the major peaks are indicated

F me
t

with dotted lines. The sharp scatterings verify the good crys-
tallinity of the nanoparticles. The strong scatterings peaking
at ∼396, 516, and 639 cm−1 can be well assigned to stoi-
chiometric anatase while that at∼447 cm−1 to rutile.15 The
612 cm−1 scattering of rutile overlaps the 639 cm−1 scatter-
ing of anatase, resulting in the slightly asymmetric broad
peak at low wavenumbers. The obtained TiO2 powders appear
slightly gray at lower O2 inputs (up to 40 L/min) and white
at higher O2 inputs. The slightly gray tint was speculated
to be due to the presence of oxygen vacancies. Shifting or
broadening of the Raman peaks, however, was not clearly
observed, which may imply that the oxygen vacancy con-
centration is not on a significant level. It was reported that
decreasing crystallite size results in wavenumber decrease
of the rutile Raman bands and band broadening (decreased
peak height to half-width ratio) of both the anatase and
rutile modifications.16 These phenomena were not observed
in this work, supporting the weak dependence of crystal-
lite size on processing conditions found via XRD analysis
(Table 1).

Particle morphologies are shown inFig. 4 for the TiO2
powders synthesized under O2 flow rates of 40 and 90 L/min.
FE-SEM observations (Fig. 4a and b) reveal that the particles
are well dispersed and the majority of particles are nano-
sized (below∼50 nm), though some much larger spheres
(>100 nm) are frequently observed. These two distinctly dif-
f rent
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ig. 3. Raman spectra of the TiO2 nanopowders synthesized under so
ypical O2 input rates. A: anatase; R: rutile.
erent particle morphologies might arise from the diffe
rajectories of the atomized droplets in the hot zone o
hermal plasma, that is, their different thermal histor
iameters of the particles, especially the bigger sph
how clear dependence on the O2 input in the plasma sheat
higher O2 input generates finer powders in overall. Sph

arger than 150 nm are frequently observed in the po
ade at O2 = 40 L/min, but rarely observed in that synth

ized at 90 L/min of O2 input. This might be understoo
y considering that a higher O2 input promotes explosiv
xidation of the liquid droplets, causing further atomiza
nd hence finer resultant particles. Low-magnification T
Fig. 4c) reveals a relatively wide particle size distributi
ost of the particles tend to assume rounded morph
ies, and surfaces of the spheres appear smooth.Fig. 4d is

he lattice fringe of a hexagonal shaped primary crysta
f ∼20 nm observed in the powder shown inFig. 4c. The
pacing of 0.355 nm may correspond to the (1 0 1) plan
natase (0.352 nm). Besides, amorphous regions up to∼2 nm

n thickness are observed along the periphery of the cry
ite.

The overall tendency of O2 input on particle size might b
erceived form a factorϕ defined asSBET/SXRD, whereSBET

s the specific surface area assayed via BET andSXRD is the
urface area calculated according to Eq.(2)using the averag
rystallite size determined by XRD. The definition is ba
pon the facts that BET detects particles while XRD de
rystallites and thatϕ should approach 1 if each particle i
ingle crystallite and the particles are monodispersed sp
ith smooth surfaces.ϕ < 1 indicates crystallite size is smal
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Fig. 4. Electron micrographs showing typical particle morphologies. (a) and (b): FE-SEM images of the powders obtained at O2 inputs of 40 and 90 L/min,
respectively. Notice the different scale-bar lengths; (c) and (d): low- and high-magnification TEM images of the particles shown in (a).

that particle size and hence the presence of hard aggregation,
while ϕ > 1 holds for monodispersed non-spherical crystal-
lites. The results of calculation are also given inTable 1, from
which it can be seen that, though there are some slight fluc-
tuations, theϕ value tends to increase at a higher O2 input.
The smallerϕ values at lower O2 inputs are mainly due to
the presence of more large dense spheres, which cannot be
penetrated by the N2 gas during BET analysis. The results of
ϕ dependence then imply that the N2-impenetrable spheres
have gradually decreased sizes and/or numbers at higher O2
inputs, which complies with the results of FE-SEM and TEM
observations.

4. Conclusions

Radio frequency Ar/O2 thermal plasma has been
employed to synthesize TiO2 nanoparticles via combus-
tive oxidation of titanium butoxide solutions stabilized with
diethanolamine. Characterizations of the resultant powders
were achieved by XRD, BET, Raman spectroscopy, FE-SEM,
and TEM analysis. The obtained results are summarized as
follows:

(1) The resultant TiO2 powders are mixtures of the anatase
and rutile polymorphs, regardless of the O2 input in
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the plasma sheath (10–90 L/min). The anatase content
(∼71–78 wt.%), anatase crystallite size (∼33–40 nm),
and rutile size (∼37–43 nm) weakly depend upon the
O2 input. The CO gas released via oxidation of the
organic precursor has appreciable effects on the phase
constituent.

(2) The majority of the resultant TiO2 particles are nano-
sized (<∼50 nm), though some large spheres (>100 nm)
coexist in the powders. A higher O2 input tends to reduce
diameters of the large spheres and maybe also their num-
bers, leading to increased specific surface area.

(3) As long as complete oxidation of the organic precursor
is achieved (>10 L/min of O2 input), the TiO2 particles
do not differ significantly, in terms of crystallite size
and oxygen defect concentration, as revealed via Raman
spectroscopy.
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