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e production of functional nanomaterials with developed 
faces and controlled properties is an important part of rapidly 
lving technologies. There are more and more works devoted 
the search for materials whose structure and properties are 
erned by nonstoichiometry, particle size and changes in 
rphology, crystal structure or both, as well as their production 
thods.1–5 Titanium oxides are effective materials in various 
ds due to the diversity of their functional properties, which reflect 
 variety of its modifications, crystal structures, physical properties, 
rphologies and particle sizes.6–10 These compounds are in 
and and are widely used in the development of promising 

ctional materials for efficient photoelectric transducers, 
mristor memory cells, renewable energy sources, photocatalysis, 
orption, coating and others.11–14 The Ti–O system contains 
nium oxide Ti3O5, which under certain conditions undergoes 
emiconductor–metal phase transition. In addition, there is an 
upt change in electrical, magnetic and structural characteristics, 
ich is very attractive for use in microelectronics.15–21 The stability 
microcrystalline titanium oxide Ti3O5 was first studied by 
sakov,22 who discovered a phase transition at a temperature of 
ut 448 K. In the case of microcrystalline Ti3O5 oxide, available 
rature data on the temperature of the phase transition from the 
-temperature semiconductor b-Ti3O5 phase, stable at room 
perature, to the metastable high-temperature metallic b-Ti3O5 
se vary and are scattered over a rather wide temperature range 
m 373 to 463 K.15–24 Besides, a first-order phase transition 
m the a-Ti3O5 phase to the b-Ti3O5 phase was noted at 460 K 
ing heating and at 440 K during cooling.18 The metallic 
i3O5 phase is stable at higher temperatures and crystallizes in 
orthorhombic structure (space group Cmcm),18 while the 
iconductor phase (b-Ti3O5) has a stable monoclinic structure 

ace group C2/m) at room temperature. Other phase transitions 
ween the monoclinic g-Ti3O5 polymorph (space group I2/c) 
 the monoclinic d-Ti3O5 phase (space group P2/a) were also 

determined.24 The study on nanosized l-Ti3O5 demonstrated that 
the metastable l-Ti3O5 phase with a monoclinic structure (space 
group C2/m) cannot exist in a macrocrystalline state and is stable 
only due to nanoscale effects.18 In this regard, the preparation of 
Ti3O5 nanopowder and the study of phase transitions in titanium 
oxide Ti3O5 depending on the particle size is an urgent task. The 
purpose of this work was to synthesize titanium oxide Ti3O5 
nanoparticles by high-energy milling and study the stability of 
the powder at high temperatures.†

The XRD pattern (Figure  1) of synthesized Ti3O5 exhibits 
reflections corresponding to the low-temperature b-Ti3O5 phase 
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as established that the particle size of titanium oxide bbb-Ti3O5 
 a great influence on the processes of phase formation and 
 stability of particles during heating. It was shown that at 
mperature of about 456 K, bbb-Ti3O5 microcrystals undergo 
eversible first-order phase transition, in which the low-
perature bbb-Ti3O5 phase is transformed into the high-
perature lll-Ti3O5 phase, and at higher temperatures the 
i3O5 phase is partially oxidized to form the Magnéli phase 

O7. It was found that bbb-Ti3O5 nanocrystals are unstable in 
argon atmosphere and at temperatures above 400 K the 
i3O5 powder is oxidized.

words: titanium oxide, Ti3O5, nanocrystal, XRD, SEM, TEM, TG, DSC.

†	 The initial b-Ti3O5 microcrystals with an average size of ~30 mm were 
synthesized by solid-phase vacuum sintering of a mixture of Ti and TiO2 
powders at a temperature of 1773 K in a vacuum of 10–3 Pa. The crushing 
of the initial microcrystalline powders was performed by high-energy milling 
in a Retsch PM200 planetary mill using beakers (125 ml) and grinding balls 
(d = 3 mm) made of zirconium dioxide ZrO2 stabilized with yttria Y2O3. 
The experiment was carried out under the following conditions: milling 
in isopropyl alcohol, balls-to-powder mass ratio of 10 : 1, rotation velocity 
of the backing plate 500 rpm, milling duration of 15, 30, 60, 120, 240 and 
480 min with a change of direction every 15 min and a pause of 5 s.
	 X-ray diffraction (XRD) patterns of the powders were obtained on a 
Shimadzu XRD-7000 automatic diffractometer in the Bragg–Brentano 
geometry using CuKa1,2 radiation in the 2q angle range from 10 to 150° 
with a scanning step of D(2q) = 0.02°. The ICDD powder diffraction 
database (USA, Release 2016) was used for phase identification. X-ray 
phase analysis was carried out using the Powder Cell 2.4 program. The 
dimensional and deformation contributions to the broadening of reflections 
were determined by the Williamson–Hall method.25,26 To  analyze the 
specific surface area and pore distribution on the surface of the samples, 
a Micromeritics Gemini VII 2390 analyzer was used, implementing the 
Brunauer–Emmett–Teller method with preliminary degassing at 393 K.
	 The morphology and structure of the powders were studied by scanning 
electron microscopy (SEM) on a Hitachi Regulus SU 8230 FE-SEM 
microscope with an accelerating voltage of 2 kV. The crystal structure and 
microstructure of the samples were also studied by transmission electron
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with a monoclinic structure (space group C2/m, PDF no.  
00-011-0217). The synthesized powder is single-phase and 
homogeneous, and splitting of reflections is observed. Figure 1 
also shows the XRD pattern of b-Ti3O5 nanopowder produced 
by high-energy milling in a planetary mill for 480 min. According 
to XRD analysis, the crystal structure of b-Ti3O5 (space group 
C2/m) is stable, that is, high-energy milling does not lead to any 
phase transitions. The structure of b-Ti3O5 remains monoclinic, in 
contrast to titanium monoxide, in which the degree of long-range 
order decreases,27 and from anatase, the milling of which leads 
to the formation of high-pressure phases.28,29 The XRD patterns 
of milled b-Ti3O5 show a broadening of reflections associated 
with the small particle size and microdeformations. The 
dimensional and deformation contributions to the broadening of 
reflections were determined by the Williamson–Hall method. 
The calculations showed that as a result of milling, the coherent 
scattering region decreases from 30 mm to approximately 30 nm, 
and microdeformations increase from 0.02% for the initial 
powder to 0.49% for the milled powder. Analysis of nitrogen 
adsorption isotherms (77 K) made it possible to estimate the 
specific surface area of the initial and ground powder, which is 
equal to 0.122 ± 0.005 and 17.194 ± 0.348 m2 g−1, respectively.

The morphology and crystal structure of the initial and milled 
powder were studied by SEM and TEM. In SEM images (Figure 2) 
of microcrystalline powder, well-faceted Ti3O5 particles several 
tens of microns in size are observed. As a rule, the particles have the 
shape of polyhedrons and are randomly oriented [Figure 2(a)]. 
At higher magnifications, it is seen that the developed facets have 
their own structure, consisting of cube-shaped crystals like rock 
salt [Figure 2(b)]. Figure 3 shows SEM micrographs of the milled 
Ti3O5 powder. The sample consists of rounded agglomerates of 
particles ~1 mm in size [Figure 3(a)]. The agglomerates are formed 
from individual crystallites ~100 nm in size. Besides, smaller 
particles in the size range of 5–50 nm randomly cover the surface 
of the crystallites [Figure 3(b)].

According to TEM data, the Ti3O5 nanopowder consists of 
lamellar particles ranging in size from 20 nm to 1 mm [Figure 4(a)]. 

The particles are disordered, and extinction lines are observed on 
larger crystallites, which correspond to rather large microstresses 
in the crystal structure. According to the structure of the blocks, the 
sample can be divided into two parts. The first part has a well-
crystallized structure, in which the block size reaches 100 nm. 
The second part is a less ordered structure, where, in addition to 
crystallites about 10 nm in size, areas of strong disorder  
(amorphization) are visible. Based on the observed interplanar 
spacing [Figure 4(b)], the powder can be attributed to the Ti3O5 
structure (PDF no. 00-011-0217). EDX analysis data of a wide 
area show that, in addition to Ti, the sample contains Zr (1 wt%) 
impurities, which entered the system during high-energy milling 
from the grinding balls and beaker.

Using DSC, the effect of particle size on the thermal stability 
of Ti3O5 was studied and possible phase transitions occurring in 
titanium oxides Ti3O5 in the temperature range from 298 to 1273 K 
in an argon atmosphere were simultaneously investigated. Thermo
grams of microcrystals and nanocrystals of Ti3O5 are presented 
in Figures 5(a) and 5(b), respectively. The DSC curve of micro
crystalline titanium oxide exhibits an endothermic peak 
(DH = −49.5 J g−1) with an onset temperature (Tonset) of 456 K, 
which is related to a first-order phase transition from the low-
temperature b-Ti3O5 phase to the high-temperature l-Ti3O5 
phase.15,16 Throughout the experiment, the weight of the sample 
increased, which is associated with partial oxidation of Ti3O5. 
According to XRD data, after measurements by DSC, the powder 
consisted of a mixture of Ti3O5 (~82 wt%) and Ti4O7 (~18 wt%) 
phases. The overall weight gain was 0.6%. The phase transition 
at ~456 K was studied in detail. For this purpose, the temperatures 
of the beginning (456 K), middle (468 K) and end (503 K) of the 
phase transition were chosen. Below these temperatures, thermo
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Figure  1  XRD patterns of (1) Ti3O5 nanocrystals and (2) Ti3O5 microcrystals. 
Additionally, the XRD pattern of (3) the JCPDF card (PDF no. 00-011-0217) 
is given as a reference for identifying the Ti3O5 phase.

(a) (b)

10 µm 100 nm

Figure  2  SEM images of Ti3O5 microcrystals: (a) polyhedron-shaped particles 
and (b) developed facets consisting of cubic rock-salt-type crystals.

(a) (b)

5 µm 500 nm

Figure  3  SEM images of Ti3O5 nanocrystals. (a) Nanocrystals stick to each 
other and form agglomerates. (b) Particles in the 5–50 nm size range cover 
the surface of the crystallites.

microscopy (TEM) using a JEOL JEM 2010 transmission electron  
microscope with an accelerating voltage of 200 kV and a limiting resolution 
of 0.14 nm. EDX analysis was performed using a Bruker XFlash detector 
with a resolution of 128 eV.
	 Analyses by thermogravimetry (TG) and differential scanning calorimetry 
(DSC) were performed on a Netzsch STA 449 F3 Jupiter thermal analyzer 
using a thin-walled dish-shaped platinum crucible with the same initial 
sample weight of ~15 mg. Heating was carried out from 298 to 1273 K at 
a rate of 10 K min−1 in an argon atmosphere. The gas supply rate was 
20 ml min−1. The effluent gases were analyzed on a Netzsch QMS 403 
Aëolos Quadro Jupiter quadrupole mass spectrometer, capillary-integrated 
with the thermal analyzer. High-purity argon was used in the work without 
additional purification from impurities (volume fractions of argon 
99.998%, nitrogen £ 0.0008%, oxygen £ 0.0002%, water vapor £ 0.0009%, 
carbon compounds in terms of CO2 £ 0.0001%).

(a) (b)

100 nm 10 nm

d201 = 4.26 Å 
d110 = 3.59 Å 

Figure  4  TEM images of Ti3O5 nanocrystals. (a) The powder consists of 
lamellar particles ranging in size from 20 nm to 1 mm. (b) Interplanar spacing 
corresponds to the Ti3O5 phase.
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grams were taken under the same conditions as in the first experiment. 
After reaching the selected temperature, heating was stopped, the 
sample was cooled and examined by XRD analysis. Analysis of 
XRD patterns showed that in all the cases a reversible first-order 
phase transition occurs, in which the low-temperature b-Ti3O5 
phase transforms into the high-temperature l-Ti3O5 phase. Both 
of these phases belong to the monoclinic crystal system (space 
group C2/m). This transition is reversible, therefore, only the low-
temperature b-Ti3O5 phase is recorded in the XRD patterns after 
DSC analysis.

When heating nanocrystalline Ti3O5, an exothermic thermal 
effect is observed in the temperature range from 470 to 670 K 
with a maximum at 607 K (DH = 60 J g−1), which is most likely 
associated with desorption from the surface of the nanopowder 
of isopropyl alcohol used as a liquid medium for grinding Ti3O5 
microcrystals.30 This exothermic peak is accompanied by the 
release of carbon dioxide (m/z = 44), which is detected by a mass 
spectrometer. According to TG data, the weight of the sample 
increased by 1.2%. According to XRD data, after DSC measurements 
in an argon atmosphere, the powder of nanocrystalline titanium 
oxide Ti3O5 was oxidized and consisted of a mixture of phases 
Ti4O7 (47 wt%), Ti5O9 (19 wt%), Ti6O14 (19 wt%), Ti9O17 (7 wt%), 
rutile TiO2 (7 wt%) and ZrO2 (1 wt%). It is possible that even a 
small concentration of oxygen contained in argon causes oxidation 
of titanium oxide. Thus, experimental data suggest thermal instabi
lity of titanium oxide Ti3O5 in an argon atmosphere above 400 K.

In this work, we studied the influence of the particle size of 
the b-Ti3O5 phase with a monoclinic structure (space group C2/m) 
on its stability during milling in a planetary mill and in a DSC 
experiment when heated in the temperature range of 298–1273 K 
in an argon atmosphere. It has been established that particle size has 
a great influence on the processes of phase formation and the 
stability of particles during heating The DSC curve of micro
crystalline titanium oxide Ti3O5 exhibits an endothermic peak 

(DH = −49.5 J g−1) with an onset temperature of 456 K, which is 
related to a first-order phase transition from the low-temperature 
b-Ti3O5 phase to the high-temperature l-Ti3O5 phase. At higher 
temperatures, Ti3O5 is partially oxidized. Nanocrystalline titanium 
oxide b-Ti3O5 is also unstable in an argon atmosphere and at 
temperatures above 400 K the nanopowder is oxidized.

This work was carried out within the framework of the state 
assignment for the Institute of Solid State Chemistry of the Ural 
Branch of the Russian Academy of Sciences (project no. MON 
RF FUWF-2024-0010). Electron microscopic experiments were 
performed using the equipment of the shared research center 
‘National Center of Investigation of Catalysts’ at the Boreskov 
Institute of Catalysis.
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Figure  5  (1) TG and (2) DSC curves of Ti3O5. (a) For microcrystals, a sharp 
reversible endothermic peak (DH = −49.5 J g−1) is observed at 456 K. 
(b) For nanocrystals, an exothermic peak at 607 K (DH = 60 J g−1) is 
accompanied by the release of carbon dioxide. Mass spectrometry data are 
presented as the dependence of ion current values on temperature for gases 
(3) O2 (m/z 32), (4) H2O (m/z 18) and (5) CO2 (m/z 44).


