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Abstract—Coarse disordered and ordered titanium monoxide powders differing in composition—substo-
ichiometric (TiO g,), near-stoichiometric (TiO ¢; and TiO o), and superstoichiometric (TiO; ,3)—have
been disintegrated by milling. According to X-ray diffraction and scanning electron microscopy data, milling
produced nanoparticles down to 20 + 10 nm in size. The basic structure of the nanoparticles prepared from
the disordered powders was identical to the parent basic structure Bl. The structure of the nanoparticles pre-
pared from the ordered powders with the C2/m structure also remained unchanged. Using the Williamson—
Hall method, we assessed the effect of the stoichiometry of the starting powder on the size of the nanoparticles
and found that an ordered state of near-stoichiometric titanium monoxide ensures a factor of 3 lower lattice

strain in the nanoparticles.
DOI: 10.1134/S0020168515110138

INTRODUCTION

The Ti—O system is of both scientific and techno-
logical interest because it contains a wide range of
compounds of various stoichiometries. The physical
and chemical properties of the compounds in the Ti—
O system depend not only on their chemical composi-
tion and crystal structure but also on the particle size.
Titanium dioxide is used in renewable energy sources
(solar cells and photoelectrochemical water decompo-
sition) or as a photocatalyst for organic contamination
removal [1—10]. Stoichiometric titanium dioxide,
TiO,, has a wide band gap (3.1 to 3.3 eV), independent
of its structure. As a result, solar light is only absorbed
in the ultraviolet spectral region, whereas visible solar
light is either transmitted or reflected [11—13].

To obtain a photocatalyst effective in the visible
range, an approach has recently been developed that
takes advantage of the decrease in band gap with
increasing structural oxygen vacancy concentration
[2]. In connection with this, there is currently great
practical interest in the preparation and characteriza-
tion of titanium monoxide nanoparticles, which may
contain up to 30 at % oxygen vacancies.

The preparation of nanocrystalline nonstoichio-
metric titanium monoxide has not received attention
previously, even though such materials have properties
of practical importance, which may considerably
extend their application area not only in catalysis but
also in nanoelectronics. For example, titanium oxide

nanoparticles were used to produce a single-electron
transistor [14]. Such components of electronic circuits
employing quantum tunneling effects are used to min-
iaturize electronic processors and memory systems.
Monoxides are also used to grow semiconductor films
in optics as antireflection materials. To this end, tita-
nium monoxide is deposited onto a silica substrate and
oxidized to titanium dioxide [10].

The objectives of this work were to prepare nano-
crystalline titanium monoxide of various compositions
through disintegration in a planetary ball mill and
assess the effect of titanium monoxide stoichiometry
on the size and structural characteristics of the nano-
particles.

EXPERIMENTAL

TiO, titanium monoxide powders were synthesized
by a procedure described in detail elsewhere [15]. The
process was run at a temperature of 1773 K in a vac-
uum of 1.3 mPa for 20 h, followed by homogenization
by annealing under the same conditions for 50 h with
intermediate grindings. The resultant samples were
characterized by determining their chemical and
phase compositions, their crystal structure, and the
degree of atomic vacancy order.

The preparation of nanoparticles through disinte-
gration is a dispersion method, or a top-down method.
Disintegration requires high energy density, which can
be reached in planetary ball mills. High-energy
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mechanical grinding is a simple, effective, high-per-
formance process for the preparation of various
nanocrystalline powders with an average particle size
under 100 nm in mills. All other factors being equal,
the particle size after milling is smaller at a higher
deposited energy, longer milling time, and smaller ini-
tial weight and size of the particles. Not only does
milling reduce the particle size but it also produces lat-
tice strain in the nanoparticles. As a result, some of the
milling energy is consumed to produce lattice strain,
which considerably reduces the disintegration rate.

In this study, macrocrystalline titanium monoxide
powders of various compositions were disintegrated by
high-energy milling in a Retsch PM 200 planetary ball
mill. The grinding media and the inner wall of the
grinding vials were of Y,0;-stabilized ZrO,, a very
hard, high-strength material. The ball-to-powder
weight ratio in our experiments was 10 : 1. According
X-ray diffraction data, after milling the powders were
contaminated with 0.6 wt % yttria-stabilized zirconia.
The milling liquid wused was isopropanol,
CH;CH(OH)CH;. Nanopowders were produced
under the following milling conditions: milling time of
15, 30, 60, 120, 240, and 480 min; rotation direction
reversed every 15 min; interval between direction
reversals, 5 s; rotation speed of the disk supporting the
grinding vials, 500 rpm.

The as-prepared and milled titanium monoxide
powders were characterized by X-ray diffraction on a
Shimadzu XRD-7000 automatic diffractometer

(CukK, , radiation). X-ray diffraction patterns were

collected in step-scan mode with a step A(20) = 0.02°
in the angular range 20 = 10° to 140° with high statis-
tics.

Diffraction line profiles were analyzed by fitting
with pseudo-Voigt functions of the form

P -1 2
V(0) = ca{l +%} +(1 —C)aexp{—%}(l)

where c is the relative contribution of the Lorentzian
to the total intensity of the reflection; 6; and 0 are
parameters of the Lorentzian and Gaussian functions,
respectively; a is an intensity normalizing factor; and
0, is the peak position of the function and reflection.

Numerical analysis of X-ray diffraction patterns by
a procedure reported elsewhere [16, 17] showed that
the powders were homogeneous and single-phase. In
connection with this, the average crystallite size was
determined as [18, 19]

D = Kyuih/c0s0B20) = Ky Scos00), )
were K, is the James coefficient and (20) is broad-

ening. The broadening 3(20) = 23(0) of diffraction
peaks was evaluated as

B(26) = \FWHM?,, - FWHM>. (3)
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The instrumental broadening (the resolution func-
tion of the diffractometer) was determined in a special
diffraction experiment using a lanthanum hexaboride,
LaB,, powder standard (NIST Standard Reference
Powder 660a) with a cubic lattice parameter a ;. =
415.69 pm and a particle size near 10 um. The resolu-
tion function of the diffractometer, determined with
lanthanum hexaboride, had the following parameters:
u =0.0058, v=—-0.0046, and w=0.0101.

The particle size and strain contributions to dif-
fraction line broadening were evaluated by the Will-
iamson—Hall method [20, 21]. The reduced width was
determined as

B*(20) = B(20)cosO/A. (4)

The observed broadening 3(20) was contributed by
both size (3 ) and strain (34 ) broadening:

B =B +Bi (3)

The size of a single-crystal nanoparticle can be
treated as the crystallite size. In this study, the crystal-
lite size was evaluated as

Dcer = 1/p*(26 = 0). (6)

The crystallite size was determined by extrapolating
B*(s) tos =0, and the lattice strain was found from the
slope of the resultant straight line. Lattice strain € =
Ad/d,, where d,, is the average interplanar spacing and
Ad is its deviation, leads to a strain-induced diffraction
line broadening 4(20) = 2etan6.

The microstructure of the as-prepared and ball-
milled powders was examined by high-resolution
scanning electron microscopy (SEM) with a Zeiss
Ultra 55 instrument. The lens—sample distance was
3.9—4.3 mm, the accelerating voltage was 3—5 keV,
and the beam width was 2 to 6 um, depending on mag-
nification. High-resolution SEM measurements led to
severe powder charging, which made it impossible to
obtain quality images. To prevent specimen surface
charging during electron microscopic examination,
the powder to be studied was applied to conductive
adhesive tape and then covered with a thin chromium
layer. The chromium nanolayer was 2 to 4 nm thick, so
the chromium coating had no effect on powder mor-
phology visualization quality.

RESULTS AND DISCUSSION

We milled six powders differing in composition and
long-range order: substoichiometric disordered tita-
nium monoxide TiOy,,; near-stoichiometric disor-
dered and ordered TiOggs,, TiOgg7,, TiOgg,, and
TiOg g9,; and superstoichiometric disordered TiO, 55,
(¢ and a refer to quenched and annealed samples,
respectively). After milling, all of the reflections in the
X-ray diffraction patterns of the titanium monoxide
samples were markedly broadened.

Figure 1 shows the 220 reflection in the X-ray dif-
fraction pattern of the TiO,g, unmilled powder
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Fig. 1. Broadening of a reflection from (/) the unmilled
TiOg g9, powder and (2—7) after milling for 480 min:
() TiOg 994, (3) TiOg 994, (4) TiOg974, (3) TiOg 974
(6) TiOO.‘)Zq’ and (7) Ti01.23q.

(scan /) and after milling for 480 min for the six pow-
ders (scans 2—7). In the diffraction pattern of the
unmilled powder, the reflections from the crystalline
phase are narrow, and the o , doublet splitting is well
seen, pointing to high homogeneity of the unmilled
powder. Milling reduces the intensity of the reflections
and drastically increases their width. The shape of the
reflections after milling is almost symmetric, and there
is no o, , doublet splitting.

The broadening of reflections from nanopowders
may be caused by breakdown of the translational sym-
metry and some point group symmetry elements of the
parent crystal structure because of the small particle
size and also by the lattice strain produced by high-
energy milling. Analysis of X-ray diffraction data indi-
cates that the crystal structure of the nanopowder is
identical to that of the macrocrystalline powder, which
leads us to conclude that the structure of titanium
monoxide is very stable to high-energy milling.

Full-profile analysis of X-ray diffraction line pro-
files showed that broadening of reflections was
observed even after milling for just 15 min, but this
time was too short for all coarse particles to be uni-
formly disintegrated, and the milled powders still con-
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Fig. 2. Fitting of diffraction line profiles of TiO g9, pow-
ders with pseudo-Voigt functions at different milling times:
(1) sum function, (2) contribution of the large particles to
the intensity of the reflection, (3) contribution of the
nanoparticles to the intensity of the reflection.

tained large particles. For this reason, to separate the
contributions of the large and small particles, all of the
diffraction line profiles were fitted with a combination
of four pseudo-Voigt functions. Two pseudo-Voigt
functions represented reflections from the large parti-
cles, and two, from the nanoparticles.

Figure 2 illustrates the effect of milling time on the
partial contribution of TiOy g9, particles of various sizes
to the intensity of the 220 reflection. It is seen that, in
the case of the unmilled, coarse powder, the contribu-
tion of nanoparticles to the intensity of the reflection
is zero. After 60 min of milling, the partial contribu-
tion of the nanoparticles to the intensity of the reflec-
tion increases to 60%. After milling for 480 min, it
reaches 100%. According to the data in Fig. 3, the per-
centage of the large particles rapidly decreases with
increasing milling time. After 240 min of milling, no
large particles can be detected in the powder. Also
shown in Fig. 3 is the average crystallite size D, as a
function of milling time t for the TiOg ¢, titanium
monoxide powder. The experimental data are well rep-
resented by the hyperbolic function [22]

D(t) = (Dy— Dyyin)/(1 + b7) + Dy, (7
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Fig. 3. Crystallite size (D) and volume fraction of nano-
particles (Vo) as functions of milling time for the
TiOy g9, powder.
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where D, is the initial particle size (before milling);
D, is the minimum particle size that can be reached
by milling; and b is a coefficient related to the softness
and brittleness of the material, which characterizes the
disintegration rate, that is, how rapidly one can disin-
tegrate the material and reach the minimum particle
size. The model function parameters obtained in this
study demonstrate that, in the case of titanium mon-
oxide, the minimum particle size that can be reached
by milling approaches D,;, = 20 = 10 nm.

Figure 4 shows the crystallite size D, and lattice
strain ¢ (inset) as functions of y = O/Ti (the open and
filled data points correspond to the disordered and
ordered powders, respectively). Analysis of the effect
of milling time on the particle size of the substoichio-
metric (TiOy,,), near-stoichiometric (TiO,y; and
TiOy49), and superstoichiometric (TiO,,;) samples
indicates that the crystallite size of the titanium mon-
oxide powders milled for 480 min decreases from 550
to 40 = 10 nm in the disordered titanium monoxides
and to 20 = 10 nm in the ordered powders.

D, nm e, %
0.9 4
100 é
0.6 -
80 - 0.3 F &
0 1 1 1 1
60 0.9 1.0 1.1 1.2
y=0/Ti
40
20
0 | | | |
0.9 1.0 1.1 1.2
y=0/Ti

Fig. 4. Crystallite size D, and lattice strain € (inset) as functions of y = O/Ti. The open and filled data points correspond to the

disordered and ordered samples, respectively.
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Fig. 5. High-resolution SEM images of (a) disordered tita-
nium monoxide and (b) ordered titanium monoxide pow-
ders after milling for 8 h: dense polycrystals consisting of a
large number of nanoparticles about 20 nm in size.

D, as a function of y is well represented by the lin-
ear function D(y) = —45.43 + 69.34y. In the ordered
titanium monoxides milled for 480 min, the minimum
particle size, 20 £ 10 nm, is reached, and € is a fac-
tor of 3 lower than the lattice strain in the disor-
dered samples.

Figure 5 shows micrographs of the TiOy,, disor-
dered and TiOy,, ordered titanium monoxide pow-
ders after milling for 480 min. It is seen from the
micrographs that the particles have a rounded shape
and range in size from 20 to 30 nm. The nanoparticles
stick to each other to form dense polycrystals ranging
in size from 40 to 300 nm. Thus, the large particles
observed in SEM micrographs consist of many small
single-crystal nanoparticles.

CONCLUSIONS

Titanium monoxide powders differing in composi-
tion and structural order, with average crystallite sizes
from 20 to 40 nm, have been prepared by disintegrat-
ing coarse powders. The nanoparticle size depends on

VALEEVA et al.

the composition of the titanium monoxide: the lower
the oxygen content of the monoxide, the smaller the
nanoparticle size. By milling ordered near-stoichio-
metric titanium monoxides, one can obtain nanopar-
ticles 20 £ 10 nm in size. Such nanoparticles suffer the
lowest lattice strain: about 0.3%. Milling disordered
titanium monoxides, both sub- and superstoichiomet-
ric, produces a factor of 3 higher lattice strain.
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