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Abstract

TiO, nanopowders have been synthesized via Arfermal plasma oxidation of titanium butoxide (TBO) solutions stabilized with
diethanolamine (DEA). Experiments were conducted by varying the@ut 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 dependepnagpon the O

at a fixedR. Increasingr decreases the anatase content, signifying the role of CO gas, generated via oxidation of the organic precursor, on
the phase structure. FE-SEM and TEM analysis show that the resultant powders contain majority of nanoparticles (<50 nm) and some large
spheres (>100 nm), whose size and/or number tends to decrease at a highgutCOleading to gradually increased specific surface area.
Raman spectroscopy reveals no significant differences in the crystallite size and oxygen-vacancy concentration of the nanocrystals by varying
the G input.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction ability, and chemical stability, makes it very promising as an
effective photocatalyst for the de-pollution of air and water as
Titania (TiO;) has been drawing much attention dur- well as the degradation of environmentally harmful organic
ing recent years, due to its unique combination of many compound$:®
interesting photophysical and photochemical properties. The The performance of Ti@for certain technical applica-
semiconducting oxide is known for its applications in pho- tion is dominantly influenced by its crystallite size, surface
tovoltaic cells and appears to be interesting as a dielectricarea, phase structure, and impurity (dopant) type and con-
material for the next generation of ultrathin capacitors due centration. The industrial production of TiGs mainly by
to its high dielectric constarit.The relatively high refrac-  the flame pyrolysis of titanium tetrachloride, which gives
tive index (2.4-2.9, depending upon the crystalline phase) diphasic nanopowders containing finer anatase and a small
and good transparency in the visible wavelength region alsoportion of larger rutile crystallites, regardless of the synthe-
make the material attractive for photonic band gap (PBG) sis conditions.8 Various wet-chemical synthetic techniques
and other photonic applicatioRs. Particularly, TiG out- have been employed to finely tune properties of the resultant
stands out from many other semiconducting materials (suchTiO, powders, including precipitation, sol-gel ofinorganic or
as ZnO, CdS, ZnS, and F@3) in terms of photocatalytic  organic titanium compounds, and hydrothermal treatrfient.
efficiency, which in combination with its non-toxicity, avail- One commonly encountered problem is that these methods
may generate amorphous or low crystallinity products, which
* Corresponding author. Tel.: +81 29 860 4306: fax: +81 29 860 4701.  hecessitates a subsequent annealing for crystallization or fur-
E-mail address: |ISHIGAKI. Takamasa@nims.go.jp (T. Ishigaki). ther crystallization. Such a thermal annealing, however, may
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cause hard aggregation and even inter-particle sintering. Onand a scanning speed of 1.29/min. Raman spectroscopy
the other hand, radio frequency (RF) thermal plasma proves tois made using Af laser excitation (514.5 nm) with a source
be a useful tool in the synthesis and surface modification of apower of 50mW and a resolution of 1 crh (Model NR-
wide range of inorganic materials. Its high processing temper- 1800, JASCO, Tokyo). Anatase content of the powder is
ature (up to~15,000 K), superfast quenching ratel(® to calculated according to the Spurr and Myers equation:
~10° K/s), and its high concentrations of chemically reactive 1
radicals provide a unique reaction field for materials process- fa = —————~——
ing. Other distinct advantages of plasma processing, in terms 1+ (1.261r/ 1)
of powder synthesis, reside in that the resultant particles arewherefa is the weight fraction of anatase whilg and/a
of high purity and are largely dispersed. We report in this denote the rutile (110) and anatase (10 1) reflection inten-
work the synthesis of Ti@nanoparticles via Ar/@RF ther- sities. Crystallite size is assayed from the Scherrer equation
mal plasma oxidation of titanium butoxide (TBO) solutions via X-ray line broadening analysis performed on the anatase
stabilized with diethanolamine (DEA). The effects of pro- (101) and rutile (110) diffraction peaks. Specific surface
cessing parameters §@put and DEA/TBO molar ratio) on  area of the powder is analyzed via Brunauer—Emmett—Teller
powder properties are investigated. (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-

1)

2. Experimental procedure ing equation assuming that the particles are closed spheres
with smooth surfaces:
2.1. Powder synthesis 6 x 103
S = )
dinD

The experimental apparatus mainly consists of a water-
cooled induction plasma torch (Model PL-50, TEKNA wheredy, is the theoretical density of Ti¥X3.90 g/cn? for
Plasma System Inc., Que., Canada), a 2-MHz radio fre- anatase and 4.27 g/érfor rutile), D (nm) is the average par-
quency power supply system (Nihon Koshuha Co. Ltd., ticle size, and is the specific surface area expressed4fgn
Japan), a water-cooled stainless steel reactor, and a porouParticle morphology is observed via field emission scan-
stainless steel filter connecting the reactor and a vacuumning electron microscopy (FE-SEM, Model S-5000, Hitachi,
pump. Tokyo) and transmission electron microscopy (TEM, Model

For powder synthesis, a liquid precursor is delivered by JEOL JEM-2000EX, Tokyo).

a peristaltic pump into the center of the Ag@lasma plum

through an atomization probe. Feeding rate of the precursor

is controlled at~4 mL/min. The liquid precursor is made by 3. Results and discussion

adding certain amounts of diethanolamine (HNgBIG)2) to

0.125 mol of titanium butoxide (Ti(O§Hg)s) under water The TiQ; nanoparticles formed via instantaneous oxida-
cooling and magnetic stirring. Upon mixing, a weak exother- tion of the atomized liquid droplets by Arf@hermal plasma
mic reaction is observed, which is attributable to the chelating mainly deposit on the filter and the inner walls of the reactor.
reaction between the two reagents. Volume of the liquid Complete oxidation of the organic precursor is achieved at
precursor is then adjusted to 100 mL by adding distilled O, flow rates>10 L/min. The resultant powders exclusively
water. Most of the experiments are made at a DEA/TBO contain TiQ, and are free from titanium sub-oxide impuri-
molar ratio of 4, which is the critical value to prevent ties, such as $0s, Ti3Os, Ti4O7 and so on. The powders,
the hydrolysis of TBO by the intentionally added water or however, are mixtures of the anatase and rutile polymorphs,
the moisture in air. The Ar/@thermal plasma is gener- even with pure @ (90 L/min) as the plasma sheath. XRD
ated by mixing Q in the Ar sheath. The total flow rate patterns of the powders are shownHig. 1 for some typ-

of the sheath gas is kept at 90 L/min, while those of the ical synthetic conditions. Phase content and crystallite size
central and atomizing gases (both pure Ar) are set at 300f the powders are summarizedTable 1as a function of
and 5 L/min, respectively. The plate power for plasma gen- the O input. It can be seen that the resultant Tiow-
eration is 25 kW, and the reactor pressure is controlled atders show weak dependence on theflow rate, in terms

~66.7 kPa. of phase constituent and crystallite size: the anatase con-
tent falls in a narrow range of71-78 wt.%, the crystallite
2.2. Characterization techniques size of anatase varies betweeB3 and 40 nm, while that of

rutile between~37 and 43 nm. Itis known that the metastable
Phase identification of the resultant powders is per- anatase phase transforms to thermodynamically stable rutile
formed via X-ray diffractometry (XRD) in conjunction with  in the temperature range400—-1000C depending upon a
Raman spectroscopy. XRD analysis is performed on a Rigakuvariety of factors mainly including crystallite size, impurity
RINT2200V/PC diffractometer (Rigaku, Tokyo, Japan) oper- type and concentration, and atmosphere. The formation of
ating at 40 kV/40 mA using nickel-filtered CuocKradiation anatase as the major phase in this work, despite the high
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mal conductivity, leading to enhanced heat transfer from the
thermal plasma to the generated Figarticles, which might
resultin the additional formation of rutile through phase tran-
sition. The other is that ©directly participates in the phase
selection of TiQ upon gas phase condensation. Previous
work!314 on the preparation of Ti@via in-flight oxidation

A(101)

(110)

3 a 0,=90 L/min of TiN or TiC particles with RF thermal plasma reveals that
o / the rutile phase tends to condense from oxygen-lean titanium
2 oxide gas-clusters while anatase from oxygen-rich clusters.
8 In both the cases, the x(flow rate in the plasma sheath
= 0,=50 L/min affects significantly phase structures of the resultant pow-
ders. Through manipulating plasma chemistry, it was shown
u Y, NN A Mo that both anatase and rutile particles could be obtained in
phase-pure form. The different results obtained here appar-
0,=10 L/min ently derive from the different starting materials used for
J TiO2 synthesis. Unlike the cases of TiN and TiC, oxidation of
L . 4 L the current organic precursor generates various types of gas
20 30 40 50 60 . X X .
26 (degree) species, which may be assigned as CO (CO is more stable
than CQ at the high temperature of thermal plasma)(Hi
Fig. 1. Typical XRD patterns of the Tipowders formed via Ar/@thermal and NQ for the sake of simplicity. For a DEA/TBO molar

plasma oxidation of the liquid precursor, with the flbw rate in the sheath ratio of 4, the formation of 1 mol Ti® should be accom-
indicated. A and R denote the anatase and rutile phases, respectively. panied by the release of 32 mol of CO, 40 mol of®{ and

4 mol of NO,. The presence of alarge amount of reducing CO
processing temperature, is owing to the superfast quenchinggas may generate oxygen-deficient Fiusters, leading to
effect of the thermal plasma. Theoretical calculations indi- rutile formation upon condensation. This explains the persis-
cate thatthe metastable anatase phase preferentially nucleatdent formation of anatase/rutile phase mixtures irrespective of
from deeply undercooled TigOmelts!! Rutile tends to have  the amount of @ input (Table 1. The simultaneous release
bigger crystallites than anatase under a given synthetic con-of huge amounts of gases into viscous thermal plasma seems
dition, but the discrepancies are small, typically less than to have a masking effect: it protects the resultantsTjp@rti-
~5nm. Rutile is difficult to obtain as nanocrystallites via cles from exposure to excess.(rhis might account for the
wet-chemical synthesis of metastable anatase followed byweak dependence of phase constituent and crystallite size on
transformation to rutile through the conventional annealing the G input.
method, as the phase transformation, like the case Al The ascription of rutile formation to the presence of CO
is characterized by its low nucleation density and extremely gas is evidenced by the results of comparative studies shown
fast nuclei growth2 The formation of rutile nanocrystallites  in Fig. 2, in which the preparation conditions and the anatase
here is also attributable to the unique superfast quenchingcontents are indicated. Without DEA addition, the anatase
effect of the thermal plasma. contentincreases from75.3to 79 wt.%[ig. 2a and b) under

Besides serving as an oxidant, @ay affect phase struc- the same @input of 10 L/min, due to the reduced CO emis-

ture of the resultant Ti@powders in two different ways. One  sion (16 mol CO for per mol Tig). On the other hand, raising
is that the addition of diatomic oxygen gas improves ther- the DEA/TBO molar ratio from 4 to 16 significantly lowers

Table 1

Anatase content and crystallite size of the products, as a function of;tev@rate in the plasma sheath

O3 input (L/min) Anatase content (wt.%) Crystallite size (nm) Sget (M?/g) Sxrp (M2/g) 1)
Anatase Rutile

10 75.3 36.3 36.5 31.9 41.2 0.77

20 75.3 34.5 38.2 31.6 39.4 0.80

30 70.5 36.3 40.4 29.7 40.1 0.74

40 775 36.3 42.8 354 40.2 0.88

50 73.2 38.1 42.8 35.3 38.4 0.92

60 71.8 32.9 38.2 39.2 44.0 0.89

70 76.7 38.1 40.4 454 39.0 1.16

80 76.0 38.1 42.8 41.7 38.6 1.08

90 76.0 40.2 38.2 48.1 37.9 1.27

DEA/TBO =4:1 in the precursor solution.
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with dotted lines. The sharp scatterings verify the good crys-
tallinity of the nanoparticles. The strong scatterings peaking
at ~396, 516, and 639 cnt can be well assigned to stoi-
chiometric anatase while that a447 cn ! to rutile 1 The
612 cnr! scattering of rutile overlaps the 639 chscatter-

62.7Wt% A A ing of anatase, resulting in the slightly asymmetric broad

peak atlow wavenumbers. The obtained I@wders appear

R(110)

DEA:TBO=16:1, O,=40 L/min

; DEATBO=4:1, 0,=40 Limin slighhtlﬁ gray at lower % inpl_utﬁ I(up to 4Q L/min) and w?ited
=l © 77 Ewt% at higher Q inputs. The slightly gray tint was speculate
g e A Mo to be due to the presence of oxygen vacancies. Shifting or
€ DEA:TBO=0, 0,=10 Limin broadening of the Raman peaks, however, was not clearly
b - observed, which may imply that the oxygen vacancy con-
(b) M A Mo centration is not on a significant level. It was reported that
decreasing crystallite size results in wavenumber decrease
DEA:TBO=4:1, 0,=10 Lmin of the rutile Raman bands and band broadening (decreased

peak height to half-width ratio) of both the anatase and
rutile modifications'® These phenomena were not observed
in this work, supporting the weak dependence of crystal-
lite size on processing conditions found via XRD analysis
Fig. 2. XRD patterns of the Ti® powders, showing the influence of (Table J.

diethanolamine addition on the phase constituent. Particle morphologies are shown litig. 4 for the TiO,
powders synthesized undes @ow rates of 40 and 90 L/min.
FE-SEM observation${g. 4a and b) reveal that the particles

20 30 40 50 60
20 (degree)

the anatase content from77.5 to 62.7 wt.%Kig. 2c and d), are well dispersed and the majority of particles are nano-
as the CO release is greatly increased from 32 to 80 mol for sized (below~50nm), though some much larger spheres
1 mol TiO, formation. (>100 nm) are frequently observed. These two distinctly dif-

Raman spectroscopy is a useful tool in i€udy, as both ~ ferent particle morphologies might arise from the different
the anatase and rutile modifications are sensitive to Ramantrajectories of the atomized droplets in the hot zone of the
scattering, which may provide valuable information on the thermal plasma, that is, their different thermal histories.
phase composition, crystallinity, crystallite size, and defect Diameters of the particles, especially the bigger spheres,
(oxygen vacancy) concentratiosg. 3shows Raman spec-  show clear dependence on thgi@put in the plasma sheath:
tra of the TiQ powders obtained under three typicap O ahigher Q input generates finer powders in overall. Spheres
flow rates, where positions of the major peaks are indicated larger than 150 nm are frequently observed in the powder
made at @=40L/min, but rarely observed in that synthe-
sized at 90 L/min of @ input. This might be understood
by considering that a higher Qdnput promotes explosive
oxidation of the liquid droplets, causing further atomization
and hence finer resultant particles. Low-magnification TEM
(Fig. 4c) reveals a relatively wide particle size distribution.
Most of the particles tend to assume rounded morpholo-
gies, and surfaces of the spheres appear sméah4d is
the lattice fringe of a hexagonal shaped primary crystallite
of ~20nm observed in the powder shownFhig. 4c. The
spacing of 0.355 nm may correspond to the (10 1) plane of
anatase (0.352 nm). Besides, amorphous regionsp ton
in thickness are observed along the periphery of the crystal-
lite.

The overall tendency of £input on particle size might be
perceived form a factap defined asSgeT/Sxrp, WhereSgeT
is the specific surface area assayed via BETSqag is the

P - surface area calculated according to 2jusing the average
P R T S A T S crystallite size determined by XRD. The definition is based
200 %00 400 Ranfg?\ shiffc()gm“) 700 800 900 upon the facts that BET detects particles while XRD detects
crystallites and thap should approach 1 if each particle is a

Fig. 3. Raman spectra of the TiGianopowders synthesized under some  Single crystallite and the particles are monodispersed spheres
typical O; input rates. A: anatase; R: rutile. with smooth surfaceg.< 1indicates crystallite size is smaller

630 (A)

-
=
©
[=2]
3

0,=90L/min

Intensity (a. u.)

O,=40L/min

0,=10L/min
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50nm

Fig. 4. Electron micrographs showing typical particle morphologies. (a) and (b): FE-SEM images of the powders obtainagwts ©f 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 aggregatior4. Conclusions
while ¢ >1 holds for monodispersed non-spherical crystal-

lites. The results of calculation are also giveiiable 1, from Radio frequency Ar/@Q thermal plasma has been
which it can be seen that, though there are some slight fluc-employed to synthesize TiOnanoparticles via combus-
tuations, thep value tends to increase at a higher iBput. tive oxidation of titanium butoxide solutions stabilized with

The smallery values at lower @ inputs are mainly due to  diethanolamine. Characterizations of the resultant powders
the presence of more large dense spheres, which cannot bavere achieved by XRD, BET, Raman spectroscopy, FE-SEM,
penetrated by the Ngas during BET analysis. The results of and TEM analysis. The obtained results are summarized as
¢ dependence then imply that the-npenetrable spheres follows:

have gradually decreased sizes and/or numbers at higher O

inputs, which complies with the results of FE-SEM and TEM (1) The resultant Ti@ powders are mixtures of the anatase
observations. and rutile polymorphs, regardless of the @put in
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the plasma sheath (10-90L/min). The anatase content 6.

(~71-78wt.%), anatase crystallite size33—40nm),
and rutile size £37-43 nm) weakly depend upon the
O; input. The CO gas released via oxidation of the
organic precursor has appreciable effects on the phase
constituent.

The majority of the resultant TiOparticles are nano-
sized (<-50 nm), though some large spheres (>100 nm)
coexistin the powders. A higher@nput tends to reduce
diameters of the large spheres and maybe also their num-
bers, leading to increased specific surface area.

As long as complete oxidation of the organic precursor
is achieved (>10 L/min of @input), the TiQ particles

do not differ significantly, in terms of crystallite size
and oxygen defect concentration, as revealed via Raman
spectroscopy.

13.
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