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Abstract: A novel method for fabricating Magnéli phase (MP) Ti O, | (4<n<10), carbothermal reduction sieving, in air atmosphere

was introduced. The influence of the reduction temperature and reduction time on the phase structure and resistivity of reduction

product was investigated. The results show that increasing the reduction temperature and prolonging the reduction time are beneficial

for the reduction of TiO, to MP Ti O

2n-1°

MP Ti O,, | (n=4, 5) powder was obtained after reduction at 1350 °C for 20 min, and its

particle size is 0.5~8 pum according to results of scanning electron microscopy analysis. Resistivity of the reduction product is

decreased significantly with prolonging the reduction time at 1350 °C. The minimum resistivity of 79.3 Q-cm is achieved for the

product after reduction at 1350 °C for 50 min, and the phase composition is mainly Ti,O,.
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resistivity; TiO,; phase transformation

Nano-structured powder materials with high electro-
magnetic response and energy conversion have always been a
hotspot of extensive researches'”. Magnéli phases (MPs) of
titanium oxide, namely TiO,,_, (3<n<10), have attracted
considerable attention since 1956, which possess out-
standing conductivity and excellent chemical inertness, and
exhibit great potential as a novel material in the fields of
electrochemistry, photocatalysis, electrocatalysis, energy
storage, and thermoelectricity™®. Ti O, , phases can be
prepared by gas reduction, metal reduction, and carbothermal
reduction” . Among these preparation methods, the synthesis
of Ti,0,,, by carbothermal reduction method attracts much
attention owing to its advantages of relatively high reaction
rate, simple procedure, high security, and low cost!"*'".
Carbothermal reduction of TiO, can be used to prepare MP
Ti,0,,, powder which exhibits relatively high conductivity
and good corrosion resistance in acidic solution. Besides, the
absorption bands of MP Ti O,, , powder cover the full visible-
light region"™®. However, in order to ensure that the
reduction products are not oxidized, the preparation of MP
Ti,0,, , by carbothermal reduction must be conducted in either

1931

a vacuum or an inert and reducing gas atmosphere
addition, a small amount of carbon may remain in the

reduction products, thereby affecting the purity of the

Received date: December 29, 2020
Foundation item: National Natural Science Foundation of China (U1802257)

reduction products. In this research, MP Ti O,, , powder was
synthesized from anatase TiO, by carbothermal reduction
sieving method in air atmosphere through the difference
between the particle sizes of TiO, and graphite. The influence
of the reduction temperature and reduction time on the
reduction phase was investigated, and the formation and
characterization of the reduction products were identified.

1 Experiment

The anatase TiO, powder was prepared into particles of 3~5
mm in size with deionized water, and the particles were dried
at 120 °C for 2 h. Then the TiO, particles were placed into a
graphite crucible, and the periphery of the TiO, particles was
covered with graphite powder. Subsequently, the TiO,
particles were reduced in a box-type furnace under different
reduction conditions. The mixture of graphite powder and
reduced particles was then sieved using a vibrating screen.
Finally, the reduced particles were washed by alcohol and then
the products were crushed by milling. Fig. 1 shows the
preparation process of Ti O, .

The reduction products were identified using X-ray
diffraction (XRD) with Cu Ko radiation (D8 ADVANCE,
Bruker, Germany) with 26=10°~90°. The microstructure was
studied using scanning electron microscopy (SEM, Quanta-
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Fig.1 Schematic diagram of preparation process of Ti, O, ,
400, FEI Corporation, Netherlands) and X-ray photoelectron
spectroscopy (XPS, 250XI, Thermo Electron, USA). The
resistivity and density of the specimens were tested using four-
probe measurements (ST2722-SZ, JG, China).

2 Results and Discussion

Fig. 2a shows XRD patterns of the raw material and five
specimens prepared at 950~1350 ° C for 20 min. The main
phase of the raw material and specimen reduced at 950 °C is
clearly the anatase TiO, phase, whereas the rutile TiO, phase
appears in the specimen reduced at 1050 °C. This phenom-
enon indicates that the phase-transformation temperature of
TiO, is 950~1050 °C. The phase of the specimens reduced at
1050~1250 °C still contains rutile phase TiO,, but the peak
shape is gradually broadened with increasing the reduction
temperature. When the reduction temperature reaches 1350 °C,
the component is transformed into a mixture of TiO,, Ti,O,,
and TiO, (rutile). These results show that the reduction extent
of titanium dioxide is increased with increasing the tempe-
rature from 950 °C to 1350 °C. Therefore, the proper redu-
ction temperature for synthesizing Ti O,, , is about 1350 °C

when reduction time is set as 20 min.

Fig.2b shows the XRD patterns of specimens prepared by
reducing anatase TiO, in air at 1350 °C for 5~50 min. The
phase in specimens reduced for 5~10 min is mainly rutile
TiO,, and the phase-transformation time of TiO, at 1350 °C is
less than 5 min. With further reducing the specimens, Ti,O,,
appears after reduction for 15 min, and the phases become
Ti,O, and Ti,O, when the reduction time increases to 20 min.
After reduction for 30 min, the Ti,O, phase appears while the
peak intensities of TiO,, Ti,0,, and TiO, phases decrease.
After reduction for 50 min, the specimens are reduced almost
exclusively to Ti,O,, and Ti,O, and Ti,O, phases disappear.
These results indicate that when carbothermal reduction in air
at 1350 °C proceeds from 0 min to 50 min, the TiO, (anatase),
TiO, (rutile), Ti,O,,, Ti,O,, Ti,0,, and Ti,O, phases appear
orderly.

To investigate the
components during carbothermal reduction, Ti 2p peaks of the
raw material and specimens reduced at 1350 °C for 20 min
were obtained by XPS analysis (Fig.3). For the raw material
anatase TiO,, the binding energy of Ti 2p exhibits a sharp peak
without shoulder peak. The peaks around 458.47 and 464.17
eV can be regarded as the Ti*" 2p,, and Ti** 2p, ,, respectively,
as shown in Fig.3a. The binding energies of Ti*" 2p,, and Ti*"
2p,, are consistent with those of pure anatase TiO, (458.4 and
4642 V)™ After carbothermal reduction, the peaks
observed at 458.58 and 464.28 eV correspond to Ti*" 2p,, and
Ti*" 2p,,, respectively, as shown in Fig.3b, which are both in

change mechanism of surface

agreement with the data of rutile TiO,"”. Meanwhile, the tails
located at 456.86 and 460.86 eV can be attributed to the
existence of Ti'" in Ti,0,. The valence states of Ti in MP
Ti,0,,., are consistent with those reported by Takimoto et al™".

Fig.4 shows SEM morphologies of anatase TiO, material

¢-TiO, (anatase) 0 ~TiO, (rutile) #-Ti,0, ®-Ti,0, a
- anatas o
® o [}
% 4 5 ®® ®

® °
© IIQO'@’H@ * m ®®®’ 1352 C

Intensity/a.u.

S S
=
S—
=
Lo
£e

. I e o Raw material

I 2% % o

¢-Ti0, (anatase) 0 ~Ti0, (rutile) #-Ti,0, ©-Ti,0, 110,
o-110, ®

)
® @@@f@e@@e

50 min

e

v o 0 15 min

o
N 10 min
[
JL Jofe Mm% oo

o S min
& o 00

. Raw material
e Lo o
1 1 1 1 1 1 1

| SR
S—
=4

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90

20/(°)

20/(°)

Fig.2 XRD patterns of raw material and specimens reduced at different temperatures for 20 min (a) and at 1350 °C for different durations (b)
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Fig.3 XPS spectra of Ti 2p of raw material anatase TiO, (a) and specimen reduced at 1350 °C for 20 min (b)

Fig.4 SEM morphologies of specimen reduced at 1350 °C for 20 min at low (a) and high (b) magnification

reduced at 1350 °C for 20 min. Fig.4a shows that the particles
are irregularly shaped and distributed homogeneously,
whereas Fig.4b shows clearly that there are a small number of
large particles with many small pores on the surfaces and
large particle gap. In addition, a loose structure is formed by
CO gas escaping easily to the atmosphere, and the particle
sizes are 0.5~8 um.

The powder was compacted by a uniaxial press under a
pressure of 18 MPa into a cylinder for resistivity and density
measurement. The resistivity and density of different
specimens are listed in Table 1. The density is decreased
slightly with prolonging the reduction time, whereas the
resistivity is decreased significantly. Compared with the
results in Ref.[25], the resistivity of the reduced specimens is
much higher because of the existence of a certain amount of
TiO, (rutile) in the specimens. The specimen reduced for 50
min shows the lowest resistivity of 79.3 Q-cm because the
phase component is mainly Ti,0..

Fig. 5 shows transmission electron microscope (TEM)
images of MP Ti O, , reduced at 1350 °C for 50 min. The

Table 1 Density and resistivity of specimens reduced at 1350 °C

for different time

Reduction Density/ Resistivity/
Phase component

time/min  g-cm™ Q-cm
20 259 64700 TiO, (rutile)+Ti,0+Ti,0,
30 251 2245 TiO, (rutile)+Ti.0,+Ti,0.+Ti,0,
50 2.50 793 Ti,0,

0.354 nm

/
S5

6.0 = -
0 2 4

Dimension/nm

Fig.5 TEM (a, b) and high resolution TEM (c) images of MP
Ti,O
analysis (d)

.. Teduced at 1350 °C for 50 min; interplanar spacing

crystallite with an interplanar spacing of about 0.354 nm is
consistent with the distance of (110) crystalline plane of the
Ti,0,, and the interplanar crystallite appears to be surrounded
by amorphous layers. To investigate the light absorption of the
prepared MP TiO,,,, the absorption spectrum of the
specimens was obtained by ultraviolet visible (UV-vis) diffuse
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