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Unlike microcrystals, the nanocrystals of transition metal com
pounds possess unique properties due to their developed surface 
area.1–6 By varying the size, shape, stoichiometry and vacancy 
ordering of the nanocrystals, it is possible to design nanomaterials 
with diverse property combinations.7–12

At present, non-stoichiometry in nanocrystals is one of the most 
topical research areas, since owing to non-stoichiometry one can 
create materials with desired properties by changing the concen
tration of structural vacancies and by tuning their arrangement in 
the crystal volume. From the fundamental point of view, it is still 
an open question how the nanocrystal size affects the ratio of 
different chemical elements, i.e., their stoichiometry.

In this work, the electron-position annihilation method was used 
to study the atomic-vacancy structure of titanium monoxide and 
vanadium carbide nanocrystals, which contain a high concentra
tion of structural vacancies and have a large specific surface. The 
purpose of this study was to detect a nanocrystal size effect on their 
specific surface upon advancing from a microcrystal to a nanocrystal. 

The microcrystals of titanium monoxide TiOy with an average 
particle size of ~25 mm and cubic basic B1 structure were syn
thesized from a mixture of titanium and titanium dioxidemicro
powders at 10–3 Pa and 1770 K as described in detail elsewhere.13 
The microcrystals of vanadium carbide VC0.875 were produced 
by a high-temperature carbothermal reduction of V2O5 micro
powder in the presence of amorphous carbon black with the sub
sequent long-term aging at ambient temperature. The aged vanadium 
carbide powder contained 18.5 ± 0.1 wt% carbon; thus, the compo
sition VC0.875 corresponds to the upper boundary of the homo
geneity region of the cubic phase with B1 basic structure.14

The nanostructuring of the nonstoichiometric titanium 
monoxide13,15 and vanadium carbide microcrystals14 was carried 

out by high-energy milling in a Retsch PM 200 planetary ball 
mill (ball-to-powder weight ratio, 10 : 1; milling liquid, isopropanol; 
milling ball material, ZrO2 stabilized with Y2O3). The following 
milling mode was used to produce titanium monoxide nano
crystals: total milling duration of 8  h, reversal of the rotation 
direction every 15 min, rotation direction change in an interval of 5 s, 
rotation rate of the backing plate of milling cups of 500 rpm. Upon 
milling, the powders were dried in air at 60 °C. A milling set (balls 
and cup walls) of cobalt-doped tungsten carbide WC–6 wt% Co 
was used for the milling of vanadium carbide. Vanadium carbide 
nanocrystallites were prepared at a total milling duration of 15 h; 
the rotation rate of the backing plate of milling cups was 500 rpm. After 
milling, the powders were dried at a residual pressure of 104 Pa and 
a temperature of 85 °C in a Binder VDL 23 vacuum dryer.

The XRD analysis was performed on a Shimadzu XRD-7000 
diffractometer in CuKa1,2 radiation. The XRD patterns were recorded 
in the Bragg–Brentano geometry in a stepwise scanning mode with 
D(2q) = 0.02° in a 2q range of 10–140°. Microcrystalline silicon 
powder with the cubic lattice constant a = 543.07 pm was used 
as an external standard. The full-profile analysis of the XRD 
patterns was carried out using the Powder Cell 2.4 program. The 
ICDD PDF2 powder diffraction database (2009) was used for 
phase identification. The diffractometer resolution function was 
determined using a standard LaB6 powder (NIST Standard Refe
rence Powder 660a) with a cubic lattice constant of 415.69 pm and 
a particle size of ~10 mm. The diffractometer resolution function 
had the parameters u = 0.0058, v = –0.0046 and w = 0.0101.

Microdeformations appeared in the nanoparticles owing to 
nanostructuring along with a particle size reduction. The size and 
deformation contributions to the reflection broadening were deter
mined by the Williamson–Hall method.16 The average vanadium 
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A size effect in nonstoichiometric titanium monoxide TiOy and 
vanadium carbide VCy nanocrystals containing high concen
trations of structural vacancies was detected by electron-
positron annihilation. The effect consists of a considerable 
increase in the positron lifetime with the specific surface area. 
An analysis of the intensity of a long lifetime surface component 
in the positron annihilation spectra and the average positron 
lifetime for different nonstoichiometric compounds indicated 
a universal character of the observed size effect. 
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carbide nanocrystal size after 15 h of milling was about 20 ± 10 nm, 
as determined by the extrapolation of the reduced broadening of 
b*(2q) reflections from the length of the scattering vector s = 2sinq/l 
to s = 0. The value of e for microdeformations was 0.69 ± 0.05%. 
After milling for 8 h, the minimal nanoparticle sizes for the ordered 
and disordered titanium monoxide were 20 ± 10 and 40 ± 10 nm, 
and the microdeformation values were 0.3 ± 0.02 and 0.6 ± 0.04%, 
respectively.

The positron lifetime spectra of TiOy and VCy micro- and nano
crystal samples were measured using a fast-fast coincidence spectro
meter with a time resolution of 230 ps (FWHM) and with a general 
number of coincident counts of more than 106 for each spectrum. As 
a positron source, 22NaCl with an activity between 1 and 2 MBq 
was used. The source was placed between two identical sample plates. 
The spectra were numerically processed with an accuracy of 1 ps 
by multicomponent analysis with the use of the PALSfit program 
(Ver. 2.80).17

Earlier,18–20 a single component was found in the positron 
lifetime spectrum for microcrystalline titanium monoxide. The 

positron lifetime for both the disordered and ordered titanium 
monoxide increased from 184 to 210 ps as the oxygen content 
increased from TiO0.74 to TiO1.26. According to the analysis of the 
core electron distribution energy, the local environment of the 
positron annihilation place is represented by oxygen atoms, sugges
ting that positrons are trapped exclusively by titanium vacancies. 

The positron lifetime spectra were analyzed using fits with 
several components. The spectra of titanium monoxide nano
crystals were the sums of two short and long components. The short 
component of 205 ps (I1 = 62%) corresponds to the localized trap 
state of a titanium vacancy (Table 1). The other longer component 
of 349 ps of smaller intensity I2 = 38% corresponds to the localized 
state of positron trapping at grain boundaries. Note that the average 
nanocrystal size in titanium monoxide ranged from 20 to 40 nm, 
which is shorter than the average diffusion length of a thermalized 
positron. Consequently, the probability of positron annihilation on 
the surface and interfaces of particles is very high. It can be assumed 
that the contribution from the milling balls (ZrO2–Y2O3, 5 wt%) 
little affects the lifetime since the positron lifetime of tetragonal 
YSZ (see Table 1) is 337 ± 20 ps,21 which is very close to the second 
component in titanium monoxide.

Previously, a single positron lifetime component of 157 ± 2 ps 
was measured in microcrystalline vanadium carbide VCy,22 which 
was ascribed to positron trapping at a carbon vacancy. The calcu
lated positron lifetimes for bulk and in different vacancies23 were 
between 98 and 147 ps (see Table 1). Additionally, the positron 
lifetime was found to increase from 157 ± 2 to 172 ± 1 ps after the 
electron bombardment of VCy. This large difference is explained 
by changes in the sublattice where positron trapping occurs; before 
electron bombardment, it was located at a carbon vacancy, while 
it was at a metal vacancy after bombardment.

The positron lifetime spectrum of VCy nanocrystals exhibited 
two components: a component of 152 ps (I1 = 40%) corresponds 
to positron annihilation at a carbon vacancy, and the other longer 
component of 314 ps (I2 = 60%) corresponds to positron annihi
lation on the nanocrystal surface. The contribution from the milling 
balls (cobalt-doped tungsten carbide) slightly affects the lifetime 
since the positron lifetime of hexagonal WC (see Table  1) is 
136 ± 3 ps,24 which is close to the fist component in VCy nano
crystals. Note that the positron lifetime spectra of the initial 
vanadium carbide powders also are the sums of a short and intense 
component (164 ps, I1 = 75%) and a longer and less intense com
ponent (339 ps, I2 = 25%) (Figure 1). This means that the initial 
VCy already had a developed surface before milling. Upon frag
mentation, the surface contribution increased from 25 to 60%.

In addition, pycnometer density measurements, the specific 
surface areas of the nanopowders, and electron-microscopic and 
XRD data allowed us to relate the positron lifetime to the specific 
surface area of the initial TiOy and VCy crystals and the nanocrystals 
(Table 2). We found that the positron lifetime of nanocrystals is directly 
proportional to the specific surface area (Figure 2), and the experi
mental data were described by the function: tmean = tcrystal + k Ssp, 
where Ssp is the specific surface area of the nanocrystals, and k is 
an empirical constant.

An increase in the surface area upon nanostructuring affects 
the specific lattice sites of positron trapping in nanocrystals. The 

Table  1  Experimental and theoretical positron lifetimes in the delocalized 
state, tfree, in vacancies in the metal (M) sublattice, tM, and in the nonmetal 
(X) sublattice, tX.
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Figure  1  Positron lifetime spectra of TiOy and VCy nanocrystals in comparison 
with a spectrum of VCy microcrystals.

Table  2  Pycnometer density and specific surface area of nonstoichiometric 
compounds in micro- and nanostates.

Compound r/g cm–3 Ssp/m2 g–1 dmean/nm tmean/ps

TiOy initial  4.931 ± 0.002   2.29 ± 0.06 530 200
TiOy nano 4.551 ± 0.004 43.95 ± 0.5   30 260
VCy initial 5.125 ± 0.003   2.45 ± 0.03 480 208
VCy nano 4.956 ± 0.003   33.3 ± 0.4   30 250
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positron lifetimes detected in TiOy (205 and 349 ps) can be related 
to positron annihilation in titanium vacancy in the nanocrystal 
volume and at a trap site on the crystal surface, respectively. The 
contribution of the specific surface to the positron lifetime is 38%. 
An increase in the surface contribution for VCy nanocrystals from 
25 to 60 % leads to an enhancement of the positron lifetime from 
152 to 339 ps.

Thus, we found that the positron lifetime in nanocrystals is 
directly proportional to the specific surface area. The detected size 
effect should be considered in an interpretation of the structure 
and properties of the nanocrystals of nonstoichiometric compounds. 
This effect can be used for designing functional materials with 
unusual physical properties. 
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Figure  2  Dependence of the positron lifetime on the specific surface area of 
as-prepared microcrystals and nanocrystals after the ball milling of TiOy and 
VCy.


