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Abstract: Magnéli-phases titanium suboxides were prepared by an aluminum reduction-hydrochloric acid leaching route.

The resulting sample was characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-visible

diffuse reflectance spectroscopy (UV-Vis DRS) and X-ray photoelectron spectroscopy (XPS). The results show that

Magnéli phase titanium suboxide with Ti4O7 as the mother phase could be prepared with the calcination temperature of 950

°C, roasting time of 20 min and the amount of aluminum 0.2. The as-prepared Magnéli-phase titanium suboxides samples

with the diameters of 400~600 nm. The surface of Magnéli-phase titanium suboxides forms of oxygen vacancies, and thus

the sample shows strong UV and visible-light absorption property. The degradation efficiency of 37%, 43%, and 62% is

achieved for the as-prepared Magnéli-phase titanium suboxides samples with 950 °C calcination for 20, 25 and 35 min,

respectively, after visible light irradiation for 130 min.
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Titanium dioxide (TiO,) has attracted extensive interest
in the fields of photocatalysis, solar cells and solar thermal
collectors because of its fascinating features such as low
environmental burden, biocompatibility, low cost, chemical
stability, excellent electronic, optical properties, high spe-
cific surface areas, tunable mesostructures and pore
sizes!"®). However, its band gap of more than 3.0 eV means
that TiO, can absorb only the UV part of the solar spectrum,
which accounts for about 5% of the solar radiation on the
Earth.

Many investigations have attempted to enhance visi-
ble-light absorption by band structure engineering.TiO, is
doped by different impurities including metal elements such
as Al, Cr, Vm; nonmetallic elements such as C[g'lo], N[”’]z],
S and many others. Although the ability to absorb
visible light of doped titanium dioxide is enhanced, this
absorption enhancement is not very effective for visi-
ble-light photocatalysis. Hence, the current photocatalytic
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activity of TiO, remains insufficient. Recently, TiO,-based
Z-scheme photocatalysts have attracted considerable atten-
tion because of the low recombination rate of their photo-
generated electron-hole pairs and their high photocatalytic
efficiency!”.  Z-scheme  photocatalysts  such  as
TiOQ/g-C3N4[]6’l7], ZnO/TiO "8, AgZO/TiOZ[lg] were inten-
sively studied, which exhibited good photocatalytic activity.

The Magnéli phases of titanium oxides comprise a series
of nonstoichiometric compounds with a generic formula
Ti,0,,-1, where »n is a number ranging from 4 to 1082021,
Compared with TiO,, Ti,0,,., phases have superior per-
formance in many fields. For example, the mixture of
Ti,0,,.1 with n=4~10 have been confirmed to have great
visible light response due to the narrower bandgap com-
pared with anatase or rutile, which is very suitable for visi-
ble light photocatalysis. The Magnéli phases of titanium
oxides has excellent photocatalytic properities of visible
light such as carbon-coated Magnéli phases were prepared
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by Masahiro Toyoda and the materials were reported to
have excellent photocatalytic activity under visible
light'*?* Therefore, numerous methods of producing
Magnéli-phase titanium suboxides were developed. These
materials could be prepared by reduction of TiO, with H,**,
NH,P P sil?8 pyAR TP Most of the production
methods are processing at high temperature in reductive
gases or inert gases, and the reaction needs a long time, es-
pecially for the solid-phase reaction of TiO, and Ti, which
increase the cost of the production by leaps and bounds.

In the present paper, Magnéli phases titanium oxides
powders were synthesized by an aluminothermic reduction
method, which is low-cost, operated easily and applicable
for industrial production. In this work, the influence of cal-
cination temperature, roasting time and the amount of alu-
minum was studied, and the formation and the characteriza-
tion of the products were identified. The photocatalytic ac-
tivity of the recently synthesized Magnéli phases titanium
oxides powders was also investigated by methylene blue

(MB) dye under the visible light irradiation.

1 Experiment

Anatase-type TiO, (typically 0.4~0.6 um in diameter)
were purchased from Sichuan Province Excellence Vana-
dium and Titanium Co., Ltd. Aluminum powder (99.3% pu-
rity, 6 um Particle size) were purchased from Jiangsu Tian
Yuan Metal Powder Co., Ltd. XRD pattern and SEM image
of TiO, power are shown in Fig.1.
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Fig.1 XRD pattern (a) and SEM image (b) of titanium dioxide

powder

Preparation process of Magnéli phase titanium suboxides
is shown in Fig.2. The anatase TiO, powder mixed with Al
powder was placed in an alumina crucible which was roasted
in a high temperature resistance furnace. We had attempted
all the reaction conditions, such as reaction temperature, re-
action time and the amount of Al. Reaction time of 10~60
min were employed, while the ratio of Al:TiO, was varied
corresponding to the reaction equation with 10%~60%, and
the reaction temperatures were changed between 800 °C and
950 °C.

In order to remove Al and Al,O; from the as-prepared
Magnéli phases titanium oxides powders, a hydrochloric
acid pickling method was used. The prepared sample was
mixed with hydrochloric acid in a beaker at a stirring rate of
100 r/min, and it was filtered using a vacuum suction funnel
after the reaction was completed. The concentration of hy-
drochloric acid was 4 mol/L and the liquid-solid ratio was
1:25.

Photocatalytic activity of the synthesized Magnéli phases
titanium oxides powders was analyzed by the degradation
of methylene blue (MB) under a 500 W Xenon lamp
equipped with a cutoff filter (1>420 nm). A quantity of 5
mg of photocatalyst was poised in a 150 mL aqueous MB
dye solution (2 mol/L). Previous to the light, the suspen-
sions were ultra-sonicated for 20 min under dark condition
for 1 h to make sure that the MB dye would be adsorbed to
saturation level on the surface of catalysts. The photocata-
lytic reaction was carried out at pH=7.0.

Powder X-ray diffraction (XRD) profiles were obtained
using a D/max22500PC of Japanese Science and Technol-
ogy with Cu Ka (4=0.154 nm) radiation as the incident
beam. Transmission electron microscopy (TEM) was per-
formed on a Hitachi H-9000 instrument operating at 300 kV.
Scanning electron microscopy (SEM) was performed on
JEOL JSM-6060S and JSM-6700F instruments. XPS pro-
files were obtained by Phi-5000 versaprobe of America.

2 Results and Discussion

2.1 Phase change of samples under different tech-
nological conditions

Fixed conditions was Al/Ti0,=0.6 and sintering time was

20 min. Fig.3 shows the XRD pattern of the prepared sam-

ple by aluminothermic reduction under 800, 850, 900,

950 °C.
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Fig.2 Preparation process of Magnéli phase titanium suboxides

titanium suboxides
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Fig.3 XRD patterns of the black product at different reaction

temperatures

As shown in Fig.3, the mother phase was anatase TiO,
when the samples were sintered below 800 °C. The mother
phase transformed to Ti;O; and TigO,; when the samples
were sintered at 850 °C. The mother phase turned to be Ti,O,
completely when the samples were sintered at 950 °C.

Fig.4 shows the XRD pattern of the prepared sample by
aluminothermic reduction under different sintering time. As
shown in Fig.4, the mother phase was anatase TiO, when
the samples were sintered below 10 min. The mother phase
transformed to TiyO; when the samples were sintered at
20~50 min. The Ti;Os and Ti,O; started appearing when the
samples were sintered at 60 min.

Fig.5 shows the XRD pattern of the prepared sample by
aluminothermic reduction under different amounts of alu-
minum. As shown in Fig.5, the mother phase was anatase
TiO, when the samples were sintered below Al/Ti0,=0.1.
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Fig.4 XRD patterns of the black product under different

sintering time
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Fig.5 XRD patterns of the black product with different Al con-

tents

The mother phase transformed to Ti;O; when the samples
were sintered below Al/Ti0,>0.2.

Combined with the phase analysis of the sample under
different process conditions as shown in Fig.1, Fig.2 and
Fig.3, we could obtain the following conclusion that the
mother phase is Ti;O; of Magnéli phase titanium oxide
prepared at the calcination temperature of 950 °C, when the
roasting time is 20 min and the amount of aluminum is 0.2.

The Magnéli-phase sample contains excess Al as shown
in Fig.5. Magnéli phase titanium suboxides did not react
with sulfuric acid, nitric acid, hydrochloric acid and caustic
soda because it has excellent resistance to corrosion candle
at room temperature, as shown in Table 1. But the Al and
Al,O; could be effectively removed when the sample was
dissolved in hydrochloric acid and filtered. The main reac-
tion equations are expressed as Eq.(1) and Eq.(2):

2Al(s) + 6HCI(1) = 2AICL (1) + 3H,(g) (1)

Al,0,(s) + 6HCI(l) = 2AICL, (1) + 3H,0(1) 2)

Pure Magnéli-phase titanium suboxides (Ti;O;) could be
obtained after the sample dissolved in hydrochloric acid
and filtered, such as illustrated in Fig.6.

2.2 XPS spectra of as-prepared Magnéli phase tita-
nium suboxides

X-ray photoelectron spectroscopy (XPS) was employed
to further investigate the transformation of surface chemical
bonding and detect the electronic valence band position of
the titanium suboxides. Fig.7 shows the Ti 2p and O 1s core
level XPS spectra of the anatase TiO,. Fig.7b shows that

Table 1 Mass loss of Magnéli phase titanium suboxides (%)

Sample Acid 150 h 350 h
Ti40 H>SO04 0 0
Ti407 HC1 0 0
Ti,07 HF 0.017 0.29
TisO; HF/HNO; 0.56 12.7
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Fig.6 XRD patterns of the black product (a) and TisO7
PDF#50-0787(b)

the Ti 2p;/, and Ti 2py,, characteristic peaks of anatase TiO,
could be observed at binding energy (BE) of 458.5 and
464.2 eV. O 1s XPS spectra of anatase TiO, are shown in
Fig.7c, and the single O 1s peak can be resolved into two
peaks at about 529.7 and 530.9 eV.

Fig.8 shows the Ti 2p and O 1s core level XPS spectra of
Magnéli-phase titanium suboxides which were prepared at
950 °C, 25 min after hydrochloric acid leaching. As shown
in Fig.8b, the two boarder peaks at about 458.5 and 464.6
eV correspond to binding energies of Ti 2ps;, and Ti 2py,.
The peak for Ti 2p;/, could be deconvoluted into two peaks
at about 458.5 and 459.2 eV. The peak at 458.5 eV is as-
signed to Ti*" in TiO, lattice”" and the peak at 459.2 eV is
attributed to the Ti"" (x<<4). O 1s XPS spectrum of the
as-prepared sample are shown in Fig.8c, and the single Ols
peak is resolved into five peaks at 528.8, 529.5, 529.8,
531.2 and 532.2 eV. The two peaks between 528 and 530
eV are assigned to O L1 and O L2 in the anatase TiO, crys-
tal lattice”"). The peak at 531.2 eV corresponds to the oxy-
gen bound to Ti*", further confirming more oxygen vacan-
cies on the surface of as prepared sample. The peak at 532.2
eV was assigned to Ti-OH species”?. According to the re-
sults of XPS analysis, it can be concluded that as-prepared
Magnéli-phase titanium suboxides could increase the visi-
ble-light absorption of the photocatalysts because the surface
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Fig.7 Full spectrum (a), Ti 2p (b), and O 1s (c) core level XPS

spectra of the anatase TiO»

of Magnéli-phase titanium suboxides forms oxygen vacan-
cies.
2.3 SEM and TEM analysis of as-prepared Magnéli-
phase titanium suboxides

Fig.9 shows the SEM morphology of the
Magnéli-phase titanium suboxides, namely, the ana-
tase-type TiO, reduced by Al for 25 min at 950 °C. The
as-received Magnéli-phase titanium suboxides consists
of nano-sized particles (about 400~600 nm). The particle
size of as-prepared Magnéli-phase titanium suboxides
almost does not grow compared with anatase titanium
dioxide (particles typically 0.4~0.6 um in diameter) be-
cause of lower sintering temperature and shorter sinter-
ing time.
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Fig.8 Full spectrum (a), Ti 2p (b), and O 1s (c) core level XPS spectra of the as-prepared Magnéli-phase titanium suboxides

Fig.9 SEM images of the samples: (a)anatase TiO,; (b)as-prepared Magnéli-phase titanium suboxides; (c)Magnéli-phase titanium subox-

ides after acid pickling

Fig.10 shows TEM image of the prepared Magnéli-phase
titanium suboxides at 950 °C/10 min. The crystallite with
an interplanar spacing of about 0.35 nm is fully consistent
with the distance of (101) crystalline plane of the anatase
TiO,, and the interplanar appears to be surrounded by

amorphous layers®*. Fig.11 shows TEM and HRTEM im-
ages of prepared Magnéli-phase titanium suboxides (Ti,07)
at 950 °C/25 min and hydrochloric acid leaching. The
SAED pattern well matched the reciprocal lattice of Ti,O
in the zone axis of [101].
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Fig.10 TEM and HRTEM images of the titanium suboxides as prepared at 950 °C/10 min
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Fig.11 TEM images and SAED pattern of the titanium suboxides as prepared at 950 °C/25 min after hydrochloric acid leaching
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2.4 Optical absorption spectra of as-prepared Magnéli-
phase titanium suboxides

To research optical absorption of the as-prepared

Magnéli-phase titanium suboxides, we measured the ab-

sorption spectra of the samples by UV-vis diffuse reflec-

tance spectrum from 200 nm to 800 nm at room temperature.

Fig.12a displays the UV-vis diffuse reflectance spectra for
as-prepared Magnéli-phase titanium suboxides. It exhibits
strong absorption increase with the increase of the roasting
time. The forbidden band widths of anatase TiO, and rutile
TiO, are 3.2 and 3.0 eV. Defect-free TiO, requires ultra
violet light excitation due to its large band gap. Anatase
TiO, in fact shows oxygen depletion upon aluminum reduc-
tion, resulting in band-gap narrowing of TiO,, and thus high
as-prepared
Magnéli-phase titanium suboxides are black, further sup-

absorption of visible light. The three

porting the results of UV-vis diffuse reflectance.

The equations of forbidden band (E,) of semiconductor
be expressed as Eq.(3).

ahv=C(hv—E,) 3)

We could draw the diagram according to measured data
of DRS, such as Fig.12b. The value of the X-axis corre-
sponding to the tangent is the forbidden band width of the
sample which was reduced at 950 °C for 35 min. The value
of forbidden band width is 1.9 eV.
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Fig.12 Absorption spectra of Magnéli-phase titanium suboxides
samples reduced at different sintering time (a); forbidden
band width of the sample which was reduced at 950 °C,
for 35 min (b)

2.5 Visible light photocatalytic activity test

The as-prepared Magnéli-phase titanium suboxides sam-
ples are expected to exhibit considerable photocatalysis
enhancement in comparison to pure anatase TiO, (A-TiO,).
Next, methylene blue (MB) was used as a probe to investi-
gate the photocatalytic performance of the prepared sam-
ples, and A-TiO, was used as a reference sample. Concen-
tration of methylene blue (MB) was 2 mol/L, volume of
methylene blue was 150 mL and catalyst dosage was 5 mg.
MB shows a maximum absorption at about 665 nm. The
degradation efficiency of the samples was defined as C/C,,
where C and C, stand for the remnants and initial concen-
tration of MB, respectively. Visible light photocatalytic de-
composition experiments of MB were conducted using a
420 nm cut off filter, and the results are shown in Fig.13.

The degradation efficiency of 37%, 43%, and 62% was
achieved for the as-prepared Magnéli-phase titanium
suboxides samples after visible light irradiation for 130 min,
and the degradation efficiency of A-TiO, was zero. The photo-
catalytic efficiency of sample which was reduced 950 °C for
35 min was found to be higher compared to samples of 20
and 25 min. This result suggests that the presence of the
higher concentration of oxygen vacancy is preferable for
the higher activity under visible light.
2.6 Proposed mechanism

Magnéli phase titanium suboxides with Ti,O, as the
mother phase could be prepared by the aluminum reduc-
tion-hydrochloric acid leaching route. Anatase TiO, in fact
shows oxygen depletion upon aluminum reduction, result-
ing in band-gap narrowing of TiO,, and thus high absorp-
tion of visible light. The possible photocatalytic processes
are as follows:

Ti,O,+hv=¢+h" “)
e +0, =0, (5)
h*+H,0 =-OH (6)
«OH,+0,+MB=CO,+H,0+Other prouducts (7)

Firstly, the electrons (¢°) in valence band of Ti;O; under
visible light irradiation could be excited to the conduction

v v yV—

——950°C/35min
—e—950°C/25min
—4—950°C/20min
—v—A-TiO,

0 20 40 60 80 100 120 140
Irradiation Time/min

Fig.13 Concentration of methylene blue (MB) remained in the
solution C/Cy with irradiation time of visible light
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band, leaving the holes (h") in valence band of Ti,O; in
Eq.(4). Then, the electrons might be also generated from the
TiyO, particles with the product easily reacting with the
adsorbed oxygen molecules to produce .0, in Eq.(5).
Meanwhile, the photogenerated holes as the strong oxidants
could oxidize H,O to «OH radicals (Eq.(6)). Finally, the
MB is oxidized into carbon dioxide and water by these
highly active «OH and .0, radical species.

Based on the above results and analysis, a possible
mechanism of the visible photocatalytic performance of
Magnéli phase titanium oxide is schematically shown in
Fig.14.

MB
Visible light

CO,+H,O0+
other products

Anatasell.9 V] TisO7 was prepared
by aliminothermic
redugtion

\ 4

v /

CO,+H,0+
other products

H,O
Fig.14  Mechanism of the MB oxidation over the Ti O

photocatalyst under visible light irradiation

3 Conclusions

1) Magnéli phase titanium suboxides whose mother
phase was Ti;O; were successfully prepared by an alumi-
The
as-prepared Magnéli phase titanium oxide shows strong
absorption in visible-light region.

2) A large amount of oxygen vacancies appear on the

num reduction-hydrochloric acid leaching route.

surface of Magnéli phase titanium oxide, which accounts
for the enhanced visible-light absorption performance. The
synthesized Ti,O; material retains the diameters of the pris-
tine TiO,, which is 400~600 nm. The degradation efficiency
of 37%, 43%, and 62% is achieved for the as-prepared
Magnéli-phase titanium suboxides samples after visible
light irradiation for 130min, and the degradation efficiency
of A-TiO, is zero.

3) The photocatalytic efficiency of sample which is re-
duced at 950 °C for 35 min is found to be higher compared
to samples for 20 and 25 min.
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