
Citation: Guo, S.; Xu, Z.; Hu, W.;

Yang, D.; Wang, X.; Xu, H.; Xu, X.;

Long, Z.; Yan, W. Progress in

Preparation and Application of

Titanium Sub-Oxides Electrode in

Electrocatalytic Degradation for

Wastewater Treatment. Catalysts 2022,

12, 618. https://doi.org/10.3390/

catal12060618

Academic Editor: Pedro Modesto

Alvarez Pena

Received: 9 May 2022

Accepted: 2 June 2022

Published: 6 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Review

Progress in Preparation and Application of Titanium
Sub-Oxides Electrode in Electrocatalytic Degradation for
Wastewater Treatment
Siyuan Guo 1,†, Zhicheng Xu 1,†, Wenyu Hu 1, Duowen Yang 1, Xue Wang 1, Hao Xu 1,2,3,*, Xing Xu 3, Zhi Long 4

and Wei Yan 1,2

1 Department of Environmental Science Engineering, Xi’an Jiaotong University, Xi’an 710049, China;
18735815148@163.com (S.G.); kylezcxu@foxmail.com (Z.X.); hwy2018@stu.xjtu.edu.cn (W.H.);
yangduowen@xjtu.edu.cn (D.Y.); wangxue_19@stu.xjtu.edu.cn (X.W.); yanwei@xjtu.edu.cn (W.Y.)

2 Research Institute of Xi’an Jiaotong University, Hangzhou 311200, China
3 Shandong Shenxin Energy Saving and Environmental Protection Technology Co., Ltd., Industrial

Recirculating Water Treatment Engineering Technology Centre of Zaozhuang City, Tengzhou 277531, China;
xuxing5957@sina.com

4 Henan Longxing Titanium Industry Technology Co., Ltd., Jiyuan 454650, China; longzhi5669@126.com
* Correspondence: xuhao@xjtu.edu.cn
† These authors contributed equally to this work.

Abstract: To achieve low-carbon and sustainable development it is imperative to explore water
treatment technologies in a carbon-neutral model. Because of its advantages of high efficiency,
low consumption, and no secondary pollution, electrocatalytic oxidation technology has attracted
increasing attention in tackling the challenges of organic wastewater treatment. The performance of an
electrocatalytic oxidation system depends mainly on the properties of electrodes materials. Compared
with the instability of graphite electrodes, the high expenditure of noble metal electrodes and boron-
doped diamond electrodes, and the hidden dangers of titanium-based metal oxide electrodes, a
titanium sub-oxide material has been characterized as an ideal choice of anode material due to its
unique crystal and electronic structure, including high conductivity, decent catalytic activity, intense
physical and chemical stability, corrosion resistance, low cost, and long service life, etc. This paper
systematically reviews the electrode preparation technology of Magnéli phase titanium sub-oxide
and its research progress in the electrochemical advanced oxidation treatment of organic wastewater
in recent years, with technical difficulties highlighted. Future research directions are further proposed
in process optimization, material modification, and application expansion. It is worth noting that
Magnéli phase titanium sub-oxides have played very important roles in organic degradation. There
is no doubt that titanium sub-oxides will become indispensable materials in the future.

Keywords: electrocatalytic oxidation; anode materials; Magnéli phase; titanium oxide; wastewater treatment

1. Electrocatalytic Oxidation Technologies

The rapid development of modern industries in various fields directly brings about
growing pollution and ever-increasing refractory and toxic substances in the different liquid
effluent. Traditional wastewater treatment methods have difficulty meeting the environ-
mental requirements for such organic wastewater [1]. Advanced oxidation technology has
developed rapidly in recent years as a practical approach to constructing a carbon-neutral
treatment mode and realizing the green development of wastewater treatment technologies.
Electrocatalytic oxidation technology is a promising way of removing organic pollutants. It
is a green chemical technology that adopts electrodes with favorable catalytic performance
to generate hydroxyl radicals (or other radicals and groups) with strong oxidation ability
and react with the organic pollutants in the solution to decompose them into H2O and
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CO2 [2,3]. Compared with traditional water purification technologies, it has drawn signifi-
cant interest thanks to its advantages, such as strong oxidation capacity, with no chemical
agents added, and clean and mild conditions [4–6].

1.1. Technique Principle

As shown in Figure 1, the principle of electrocatalytic oxidation technology can be
divided into direct oxidation and indirect oxidation [7,8]. Direct oxidation refers to the
process in which the pollutant is adsorbed directly on the anode surface and oxidized
by losing its electron. It can be oxidized to substances easily for less toxic biochemical
treatment, or can even be directly and deeply oxidized to H2O and CO2 to achieve the
purpose of removing organic pollutants from wastewater. Kirk et al. [9] studied the anodic
oxidation process of aniline and believed that aniline was oxidized through an electron
transfer reaction, which was a typical direct anodic oxidation process.
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Figure 1. Schematic diagram of direct oxidation (a) and indirect oxidation (b) of electrocatalytic
oxidation technology.

Indirect oxidation refers to strong oxidizing free radicals from an anode reaction
(• OH [10], O2 •, • HO2, etc.), or products from an intermediate reaction (such as a
chlorine-active substance) that are generated in the electrode surface or spread to the
aqueous solution for pollutants oxidation, ultimately achieving the degradation of organic
pollutants. Taking hydroxyl radicals as an example, the reaction processes are as follows:

H2O→ ·OH + H+ + e− (1)

R + 2·OH→ RO + H2O (2)

2 ·OH→ H2O +
1
2

O2 (3)

In most actual electrocatalytic oxidation processes, there is no definite sharp boundary
between direct oxidation and indirect oxidation. However, the above two processes are
usually both included [11]. Li et al. [8] studied removing azo dyes from water by oxidation
using different kinds of electrodes. They found that the oxidation process was mainly
determined by direct oxidation for some active electrodes (Ru and IrO2). In contrast, both
direct oxidation and indirect oxidation of active radicals influenced the oxidation process
of inactive electrodes (BDD and PbO2).

1.2. Anode

The electrocatalytic oxidation system is a composite system, mainly including an
anode, cathode, power supply, electrolytic cell, and other supporting equipment [12].
Electrode material is the key point of electrocatalytic technology because any research on
electrocatalytic technology must be based on a certain electrode material with superior
performance [13–15]. The electrode not only maintains the conductive process (i.e., conduc-
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tivity) but also activates the reactants (i.e., catalytic activity), increases the electron transfer
rate, and performs the promotion and selection functions for electrochemical reactions. In
addition, to meet the requirements of practical use, electrode materials are also supposed
to have satisfactory properties in stability and economic performance.

The active substances with oxidizing ability produced by the anode play an essential
role in the removing of organic pollutants. At the same time, side reactions (such as oxygen
evolution reactions) can also occur at the anode, which will burden the reaction energy
consumption of the system. Therefore, selecting electrode materials (especially anode
materials) in the electrocatalytic oxidation system is crucial. The electrode materials used
in academic research and engineering practice mainly include graphite electrodes (graphite
electrode and BDD electrode), noble metal electrodes (Pt electrode), and titanium-based
metal oxide electrodes.

Graphite electrode refers to the electrode composed of carbon, which is usually used for
dye decolorization studies due to its high adsorption and larger specific surface area [16–18].
Its strong adsorption can also incur adverse effects for the spread of the intermediate, caus-
ing the accumulation of the products on the electrode surface and covering the active site
to impair the electrode, resulting in a loss of catalytic activity, which extensively limited its
widespread application. Common noble metal electrodes are Pt, Ru, Au, etc. [19,20]. This
electrode has good corrosion resistance and high oxygen evolution potential, while the
high expenditure restrains its use in the industrial field of electrocatalytic oxidation. The
BDD electrode is considered competent in electrocatalytic oxidation to organic matters with
superior performance, which has good electrical conductivity, high oxygen evolution poten-
tial, strong corrosion resistance, and good stability [21]. However, its preparation process
is relatively complex with high costs. The electrode surface can form more thin-polymer
film in the degradation process, leading to electrode passivation, which cannot be ideally
used in practical engineering [22,23]. Titanium-based metal oxide electrode uses a titanium
sheet as the substrate and is covered with one or more metal oxide coatings, also known
as a dimension stable anode (DSA). Common metal oxide coatings on DSA electrodes
mainly include Sb-SnO2 [24–27], IrO2 [28], RuO2 [29], and PbO2 [30–34]. At present, there
are many investigations on the doping modification methods of the Ti/PbO2 electrode,
mainly including the doping ion [35–37], introducing the intermediate layer [38], doping
nanoparticles [39,40] and regulating the micro-morphology of electrode materials [41,42].
Compared with the instability of graphite electrodes and the high price of noble metal
electrodes and boron-doped diamond electrodes, titanium-based metal oxide electrodes
have attracted great attention and are widely applied in practice because of their relatively
low-price and simple preparation as well as easy functionalization and modification [43].

Nonetheless, there are still many obstacles when using titanium-based metal oxide
electrodes in the practical application of the electrocatalytic oxidation system, mainly focus-
ing on the following four aspects, namely safety, catalytic activity, economy, and stability:

(1) Potential safety hazards: Due to intrinsic properties, traditional titanium-based metal
oxide electrodes (including the PbO2 electrode, Sb-SnO2 electrode, and Ir/Ru/Ta
series electrode) have an issue of surface metal element dissolution in reactions, which
will last during the entire life cycle of the electrode, resulting in a significant risk of
secondary pollution [44]. In addition, there is a significant scaling phenomenon on the
cathode surface in the engineering practice of electrocatalytic oxidation technology.
Once the scale layer thickens and results in the connection between anode and cathode,
the anode surface layer will be penetrated and corroded, seriously impairing the safe
and stable operation of the system [45,46];

(2) Inadequate catalytic capacity: The yield of the hydroxyl radical on the surface of the
Sb-SnO2 electrode and Ir/Ru/Ta electrode is not sufficient. Although the hydroxyl
radical yield of the PbO2 electrode is higher than that of the former two, it is mainly
in the adsorption state [47] and incompetent for effective degradation, bringing its
oxidation capacity even lower than that of the Sb-SnO2 electrode [48,49];
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(3) Poor economy: Although it is relatively cheap compared with the noble metal elec-
trode and BDD electrode, the titanium-based metal oxide electrode still requires the
use of noble metal salt to prepare a brush coating solution in the preparation pro-
cess, resulting in high cost and vulnerability to fluctuations in noble metal market
price [50,51];

(4) Stability to be improved: The above-mentioned PbO2 electrode, Sb-SnO2 electrode,
and Ir/Ru/Ta series electrode all have a surface-active element dissolution, surface
oxide layer loss, and titanium base passivation in the use process (especially with F−

ion or high concentration Cl− ion), which leads to the irreversible inactivation of the
electrode [52,53]. Thus, the stability needs further improvement.

The above discussion demonstrates many problems in the practical application of the
anode materials currently used. Hence, it is urgent to develop new electrode materials to
meet the requirements of electrocatalytic oxidation technology.

1.3. Magnéli Titanium Sub-Oxides Material

Titanium is a metal material with abundant storage (only second to iron) and excellent
biosafety performance. However, it was used as the substrate material for electrodes
because of the easy formation of an insulating oxide layer on its surface [54]. However,
when the valence state of titanium is lower than Ti3+, its properties will be completely
different from those of traditional titanium oxides [55,56], which have attracted widespread
attention since its discovery.

1.3.1. Crystal Structure of Titanium Sub-Oxides Material

Magnéli titanium sub-oxide is a general term for a series of non-stoichiometric titanium
oxides, whose generic formula is TinO2n−1 (4 ≤ n ≤ 10) [57], including a series of titanium
oxides, such as Ti4O7, Ti5O9, and Ti6O11.

The crystal structure of Magnéli titanium sub-oxides can be regarded as a network
structure composed of a two-dimensional chain of titanium dioxide with multiple titanium
atoms at the center and oxygen atoms at the apex in an octahedral structure [58]. For
example, as shown in Figure 2a, the Ti4O7 crystal is composed of three regular octahedral
TiO2 layers and one TiO layer due to the vacancy of an oxygen atom in every four layers
and the apparent shear plane of the crystal structure. The TiO layer forms a shared edge
perpendicular to the surface due to the vacancy of oxygen atoms, resulting in titanium
atoms closer together to form a conductive band. In contrast, a TiO2 layer on both sides of
the TiO layer can wrap the conductive band of titanium sub-oxides, which determines the
strong corrosion resistance of Ti4O7.

1.3.2. Physicochemical Properties of Titanium Sub-Oxides Material

The unique lattice structure makes titanium sub-oxide materials possess unique physi-
cal and electrochemical properties, such as high conductivity, superior chemical stability,
and a wide electrochemical stability potential window [59]. The conductivity of titanium
sub-oxides is in the same order of magnitude as carbon rods. As shown in Table 1, the
conductivity of Ti4O7 material is the highest, which can reach 1500 S·cm−1, about twice
that of graphite (727 S·cm−1).

Recent research shows that Ti4O7 is exceptionally stable in a strong corrosive solution
and an alkali environment. As shown in Table 2, the mass loss of Ti4O7 in the fluorine-
containing acidic electrolyte is only 0.29% after 350 h. In a high concentration HF/HNO3
electrolyte, the mass loss is only 12.7%, far better than that of metal Ti. Some studies
have also stated that the expected half-life of Ti4O7 is 50 years in 1.0 M H2SO4 at room
temperature [60].
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Table 1. Electrical conductivity of each phase of titanium sub-oxides at 298 K [58].

TinO2n−1 (s) Electrical Conductivity (σ/S cm−1) Lg (σ/S cm−1)

Ti3O5 630 2.8
Ti4O7 1035 3.0

Ti4O7 * 1995 3.3
Ti5O9 631 2.8
Ti6O11 63 1.8
Ti8O15 25 1.4

Ti3O5 + Ti4O7 410 2.6
Ti4O7 + Ti5O9 330 2.5
Ti5O9 + Ti6O11 500 2.7

* Another preparation method was used to prepare Ti4O7.

Table 2. Comparison of corrosion resistance between Ti4O7 and Ti [58].

Sample Electrolyte 150 h Quality Loss/% 350 h Quality Loss/%

Ti
HF

22 100
Ti4O7 0.017 0.29

Ti
HF/HNO3

100 100
Ti4O7 0.56 12.7

In addition, Figure 2b illustrates that the difference between the oxygen evolution
potential and hydrogen evolution potential of Ti4O7 is nearly 4 V in a 1.0 m H2SO4 solution,
which exhibits a promising application prospect in the field of electrocatalytic oxidation [61].

Furthermore, the titanium sub-oxide material can be considered a low-cost material,
and the properties of the titanium-based material make it intrinsic for electrode safety.
Therefore, titanium sub-oxide is suitable as electrode material in electrocatalytic degra-
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dation, with superior properties meeting the requirements for selecting electrodes in the
electrocatalytic oxidation system [62–64].

As a kind of conductive material, titanium sub-oxide material has the advantages of
high conductivity, decent catalytic activity, strong physical and chemical stability, high
corrosion resistance, low cost, and long service life, etc., which is considered a kind of
catalytic electrode with great development potential. At present, many domestic and
foreign studies have used titanium sub-oxide material to treat various types of refractory
organic wastewater, highlighting the unique advantages of titanium sub-oxides in the field
of electrocatalytic oxidation.

According to the classification of different electrode forms, a great deal of work was
summarized on the preparation and application of titanium sub-oxide electrodes. Then, the
existing technical problems and challenges were also put forward, with further prospects
for the future development direction.

2. Preparation Methods of Titanium Sub-Oxides Electrode

At present, there are three types of titanium sub-oxide materials used in the elec-
trocatalytic oxidation wastewater systems, including a coated electrode, integrated elec-
trodes, and composite electrodes. Different kinds of electrodes have their own advantages
and disadvantages. Many researchers have made many contributions in optimizing the
preparation process and improving the performance of electrodes, which is conducive to
broadening the application prospect of titanium sub-oxides electrodes.

2.1. Preparation of Titanium Sub-Oxides Powder

As the primary raw material for electrode preparation, titanium sub-oxides powder
has been used in many processes. Current synthesis methods of titanium sub-oxides
powder focus on reducing of titanium dioxide at a high temperature between 600 and
1000 ◦C [65–67]. In addition, there are also studies on the preparation of titanium sub-
oxides powder using metallic titanium, organic titanium, inorganic titanium, and other raw
materials as precursors [68–70]. Briefly, titanium dioxide is used as a prevalent raw material
due to its abundant reserves and relatively low cost [71]. Table 3 lists the principles and
process comparisons of the three methods of carbothermal reduction, hydrogen reduction,
and metallothermic reduction using titanium dioxide as the precursor.

Table 3. Synthesis methods of titanium sub-oxides powder with TiO2 as precursor.

Synthesis Method Principle Process Condition and Results References

Carbothermal reduction nTiO2(s) + C(s) = TinO2n−1(s) + CO(g) C-Ti4O7 was obtained at 1025 ◦C in
N2 gas flow. [72]

Hydrogen reduction nTiO2(s) + H2(g) = TinO2n−1(s) + H2O(g) Ti4O7 was obtained at 1050 ◦C in
H2 gas flow. [73]

Metallothermic reduction
nTiO2(s) + Me(s) = TinO2n−1(s) + MeO(s)

Ti4O7and Ti6O11 were obtained by
mechanical activation of Ti and
TiO2 powder and annealing at

1333–1353 K in Ar gas flow for 4 h.

[74]

(2n−1) TiO2(s) + Ti(s) =
2TinO2n−1(s)(n = 1,2,3 . . . )

With silicon as reducing agent and
calcium chloride as additive, TiO2
powder was reduced to various

mixed phases of titanium sub-oxide
under different

experimental conditions.

[75]

2.2. Titanium Sub-Oxides-Coated Electrode

Titanium sub-oxides-coated electrode refers to the preparation of titanium sub-oxides
powder by reduction and other methods, which is then coated or deposited on the anode
substrate, which is adopted as a catalytic electrode. The preparation methods of coating
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electrodes mainly include the coating methods, magnetron sputtering methods, the elec-
trodeposition method, and the sol–gel method, etc. As shown in Figure 3, the performance
of the electrodes prepared vary depending on the preparation processes.

2.2.1. Coating Method

The coating method includes coating, spraying, and powder curing technology, among
which plasma spraying is a new kind of multipurpose spraying method with relative
maturity and precision. Thanks to its characteristics of ultra-high temperature, fast jet
particles, compact coating density, high bond strength, inert gas as the working gas, and no
easy oxidation of spraying material, etc., it is widely used in the preparation of titanium
sub-oxides electrodes. Teng et al. [76] coated titanium sub-oxides powder on titanium
mesh and titanium plate by plasma spraying technology, which successfully prepared a
Ti/Ti4O7 electrode. The preparation process and characterizations are shown in Figure 3a,b.
Ti4O7 powder was approximately spherical and uniformly and compactly covered on a Ti
matrix, providing a large surface area and more active sites for the electrochemical reaction.
The electrode had high conductivity and low oxygen evolution potential, presenting fair
oxidation activity to sulfadiazine. Soliu et al. [77] also prepared a Ti/Ti4O7 electrode by
plasma spraying technology, which was employed for the electrocatalytic degradation of
amoxicillin. In the plasma spraying system, 20–60 µm of Ti4O7 particles were sprayed on
the surface of the pretreated titanium plate under the conditions of a 700 A current, argon,
and with hydrogen-mixed gas (19.6% H2) as the carrier at 2 rpm.

Al, carbon cloth, and other conductive substrates are also alternatives for the matrix
and the coating on a titanium base. Han et al. [78] successfully coated Ti4O7 ceramic
particles on an Al substrate by plasma spraying. The system was operated under the
condition of a 10 V spray voltage in a nitrogen atmosphere, and the accelerated life of the
prepared electrode was 69.6% longer than that of the commonly used titanium-based SnO2
electrode. The current efficiency and energy consumption were increased by 5.59% and
16.2%, respectively, with electrochemical performance greatly improved. Geng et al. [79]
impregnated a layer of TiO2 on a porous Al2O3 matrix by the coating reduction method.
The as-prepared electrode was aged at room temperature for 2 h, dried at 100 ◦C for 1 h,
and sintered in air at 800 ◦C, which was all repeated two to eight times, and it was finally
reduced in the H2 atmosphere at 1050 ◦C to obtain the Ti4O7 layer. The conductivity
of the prepared electrode is more than 200 S cm−1, with the particle size of the coating
in the 200–300 nm range and the average pore size being 350 nm, exhibiting superior
electrochemical properties.

This technology pretreated the substrate and coated the anode surface with a dense
and uniform Ti4O7 particle coating, which has the advantages of simple operation, low
equipment maintenance cost, and flexible regulation performance. However, there are
still technical problems, such as the weak adhesion between the substrate and the coating,
which impairs the stability of the electrode.

2.2.2. Magnetron Sputtering Method

Magnetron sputtering is a physical vapor deposition method with the advantages of
easy control, a large coating area, and strong adhesion. In Ar + O2 plasma, Wong et al. [80]
deposited a series of TiOx(0 < x ≤ 2) films with different O/Ti ratios on silicon substrates
by reactive magnetron sputtering and discussed the effects of the oxygen flow rate and
substrate temperature on the structural properties, mechanical properties, and electrical
properties of the films, respectively. The results showed that the titanium, Ti(-O) solid
solution, TiO, Ti2O3, Magnéli, rutile, and anatase TiO2 phases appeared successively with
the increase of the oxygen flow rate. The conductivity decreased with the rise of oxygen
content but increased with the elevation of the deposition temperature. The hardness of
the films changed in the order of TiO > Ti2O3 > Ti4O7. Titanium sub-oxides films with high
performance can be obtained at the deposition temperature of 500 ◦C. These thin films
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possessed properties in terms of a small crystal diameter, the proper crystal structure of
defects and grain boundaries, and good electrocatalytic oxidation performance.

Li et al. [81] also explored the magnetron sputtering method to deposit titanium
sub-oxide on MGO-ZrO2 plasma electrolytic oxidation (PEO) coating at different lining
temperatures. XRD results shown in Figure 3e demonstrate that the relative content of
titanium sub-oxide in the coating is relatively high at a higher temperature, while the
content is almost zero at room temperature. Therefore, the temperature of the lining greatly
influences the composition of the coating.

This technology is easy to control, with a stable prepared electrode morphology and a
strong coating adhesion. In contrast, the composition is relatively impure, and is greatly
affected by various preparation factors.

2.2.3. Electrodeposition Method

Ertekin et al. [82] successfully prepared titanium sub-oxide thin-film electrodes by
the electrochemical deposition of titanium peroxide solution on indium tin oxide-coated
glass with acetonitrile and hydrogen peroxide as supporting electrolytes. This study also
confirmed the feasibility of the electrochemical deposition of crystalline TinO2n−1 film, a
preparation method with an electrochemical application prospect. SEM characterization in
Figure 3c shows that the surface of the film electrode was porous and granular. Figure 3d
XRD results confirm that different potentials and temperatures greatly influence the crys-
tallinity of the film. At different electrochemical deposition potentials and temperatures,
TinO2n−1 was Ti3O5, Ti4O7, and Ti5O9, among which there was a low content of the Ti4O7
phase with the best performance.

This method is simple to operate with a relatively low cost. However, much the same
as magnetron sputtering, the biggest problem of this technology is that the coating compo-
sition is not easy to control, which will have a significant influence on the performance of
the electrode.
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2.2.4. Sol–Gel Method

The sol–gel method can reduce the temperature required for titanium sub-oxide
electrode preparation. Sasmita et al. [60] used synthetic titanium dioxide powder dispersed
in an aqueous solution of polyacrylic acid as a raw material, with the addition of monomer
(MAM) and a crosslinking agent (MBAM) to the slurry in a ratio of 4:1. Next, 0.01 wt% APS
was added to the mix for 6 h. The slurry was injected into a Teflon mold by adding 10 mL
of TEMED to the slurry for catalytic polymerization. Polymerization took place within
5 min, and the pellets were cast. After drying at 50 ◦C, gel-cast electrodes were prepared by
sintering for 6 h in a tubular furnace at 1050 ◦C.

Perica Paunovic et al. [83] used the Magnéli phase instead of a carbon-based carrier
material as a catalyst carrier for the hydrogen/oxygen evolution electrocatalyst. Magnéli
phase raw materials were pulverized by a ball mill at 200 rpm of acceleration in a dry ball
mill for 4, 8, 12, 16, and 20 h, respectively. The sol–gel method deposited the Co (10 wt%)
metal phase on the Magnéli matrix. With the extension of mechanical treatment time,
the size of the Magnéli phase decreased and the catalytic activity of the corresponding
electrocatalyst increased. However, due to the low surface area of the Magnéli phase, its
activity is not as good as that of corresponding electrocatalysts deposited on other support
materials, such as multi-walled carbon nanotubes.

This method is flexible because of the low cost required for preparation. However, the
catalytic activity of the electrode could be affected to a certain extent due to the doping of
complex coagulant aids.

2.3. Titanium Sub-Oxides-Integrated Electrode

The methods of preparing integrated electrodes mainly include compression reduc-
tion, powder sintering, and membrane preparation by hydrothermal reduction, etc. The
preparation diagrams of different processes are shown in Figure 4.
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2.3.1. Compression Reduction Method

As shown in Figure 4a, TiO2 powder is first pressed, molded, and then calcined
in a reducing atmosphere to produce a titanium sub-oxides-integrated electrode. Rego-
nini et al. [84] mixed titanium dioxide particles with polyethylene glycol as binder under
pressure, sintered them into spheres, and then reduced them into titanium sub-oxide elec-
trodes under the protection of Ar gas at 1300 ◦C. As shown in SEM images of Figure 5a,
compared with titanium dioxide, the prepared electrode had conspicuous furrows to pro-
vide more active sites but did not form porous particles. The XRD results in Figure 5b also
reveal different kinds of titanium sub-oxide phases such as Ti4O7, Ti5O9, and Ti6O11 in the
integrated electrode due to the reduction after pressing. Difficulty in controlling the reduc-
tion degree and an insufficient internal reduction degree resulted in the composite structure
of different layers. The TiO2 layer remaining in the inner layer generated the internal
barrier layer capacitor (IBLC) effect, significantly weakening the electrode performance.

2.3.2. Powder Sintering Method

The powder sintering method can effectively avoid the disadvantages of the com-
pression reduction method. The technical route is shown in Figure 4b, where titanium
sub-oxides powder is prepared before compression sintering. Lin et al. [85] first synthesized
Ti4O7 nanopowder by reducing titanium dioxide nanopowder at 950 ◦C in a H2 atmosphere.
Then, the prefabricated Ti4O7 nanopowder was mixed with polyacrylamide/polyvinyl
alcohol binder to form slurry, and spray dried to small ceramic particles (40–80 mesh, water
volume 5%). After the ceramic particles were loaded into the mold and fully vibrated,
the prefabricated ceramic parts were pressed for 5 min by a 60 MPa static press. The
macroporous Ti4O7 ceramic-integrated electrode was successfully prepared by drying the
ceramic preform and sintering it for 11 h in a vacuum at 1350 ◦C. The average pore size
of the electrode surface was 2.6 µm, and the porosity was 21.6%. The electrode had excel-
lent electrochemical performance, including ultra-high oxygen evolution potential, decent
electrochemical stability, high electroactive surface, and weak adsorption performance.

In addition, Lin et al. [86] studied a new spark plasma sintering (SPS) process, in
which a pulse current was directly applied between powder particles to heat and sintering.
Firstly, 2g performed Ti4O7 powder was put into a graphite mold and vacuumed to less
than 1 Pa. Start sintered at 1100 ◦C for 40 min, then rapid cooling in the vacuum to below
60 ◦C with maintaining sintering pressure is 5 MPa. Finally, the Ti4O7-integrated electrode
was prepared. The characteristics of this process can be evenly heated with a high heating
rate, low sintering temperature, and time, which could avoid the electrode surface cracks
to improve the stability of the electrode.

Sasmita et al. [60] also successfully adopted the powder sintering method to success-
fully produce a titanium sub-oxides-integrated electrode. They mixed Ti4O7 powder and
paraffin oil, pressed and formed under the action of a hydraulic press, and sintered at
1050 ◦C for 6 h in a H2 atmosphere. As shown in Figure 5c,d, the electrode surface is porous
and granular, and the component is still Ti4O7.

The binder selection varies in different studies, but the principle is that the selected
binder will volatilize entirely as far as possible in the operation process of high-temperature
reduction. To sum up, a pure, stable, and uniformly integrated titanium sub-oxides elec-
trode can be prepared by the powder sintering method; however, its application is limited
to the shape and size. The cost is relatively high because the integrated titanium sub-oxides
electrode with a large volume is not accessible to press and sinter.



Catalysts 2022, 12, 618 11 of 22

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 23 
 

 

static press. The macroporous Ti4O7 ceramic-integrated electrode was successfully pre-

pared by drying the ceramic preform and sintering it for 11 h in a vacuum at 1350 °C. The 

average pore size of the electrode surface was 2.6 μm, and the porosity was 21.6%. The 

electrode had excellent electrochemical performance, including ultra-high oxygen evolu-

tion potential, decent electrochemical stability, high electroactive surface, and weak ad-

sorption performance. 

In addition, Lin et al. [86] studied a new spark plasma sintering (SPS) process, in 

which a pulse current was directly applied between powder particles to heat and sinter-

ing. Firstly, 2g performed Ti4O7 powder was put into a graphite mold and vacuumed to 

less than 1 Pa. Start sintered at 1100 °C for 40 min, then rapid cooling in the vacuum to 

below 60 °C with maintaining sintering pressure is 5 MPa. Finally, the Ti4O7-integrated 

electrode was prepared. The characteristics of this process can be evenly heated with a 

high heating rate, low sintering temperature, and time, which could avoid the electrode 

surface cracks to improve the stability of the electrode. 

Sasmita et al. [60] also successfully adopted the powder sintering method to success-

fully produce a titanium sub-oxides-integrated electrode. They mixed Ti4O7 powder and 

paraffin oil, pressed and formed under the action of a hydraulic press, and sintered at 

1050 °C for 6 h in a H2 atmosphere. As shown in Figures 5c,d, the electrode surface is 

porous and granular, and the component is still Ti4O7. 

The binder selection varies in different studies, but the principle is that the selected 

binder will volatilize entirely as far as possible in the operation process of high-tempera-

ture reduction. To sum up, a pure, stable, and uniformly integrated titanium sub-oxides 

electrode can be prepared by the powder sintering method; however, its application is 

limited to the shape and size. The cost is relatively high because the integrated titanium 

sub-oxides electrode with a large volume is not accessible to press and sinter. 

 

Figure 5. XRD pattern of compression reduction method [84] (a); SEM image of compression reduc-

tion method [84] (b); XRD pattern of powder sintering method [60] (c); SEM figure of powder sin-

tering electrode [60] (d). 

2.3.3. Membrane Preparation by Hydrothermal Reduction Method 

A tubular titanium dioxide membrane can also be used to synthesize a titanium sub-

oxides electrode, where titanium dioxide will be reduced to Ti4O7 after hydrothermal 

treatment. The specific path is shown in Figure 4c. Guo et al. [85] used a tubular titanium 

dioxide ultrafiltration membrane and reduced it to Ti4O7 by a hydrothermal method in a 

Figure 5. XRD pattern of compression reduction method [84] (a); SEM image of compression re-
duction method [84] (b); XRD pattern of powder sintering method [60] (c); SEM figure of powder
sintering electrode [60] (d).

2.3.3. Membrane Preparation by Hydrothermal Reduction Method

A tubular titanium dioxide membrane can also be used to synthesize a titanium sub-
oxides electrode, where titanium dioxide will be reduced to Ti4O7 after hydrothermal
treatment. The specific path is shown in Figure 4c. Guo et al. [85] used a tubular titanium
dioxide ultrafiltration membrane and reduced it to Ti4O7 by a hydrothermal method in a
tubular furnace at 1050 ◦C in a H2 atmosphere. With different treatment times, the main
composition of the membrane also changed, and the phase change from Ti6O11 to Ti4O7
occurred from 30 h to 50 h. Based on this, Liang et al. [86] designed a set of tubular electrode
assembly reactors using titanium oxide thin film, in which stainless steel tubes (SSP) were
used as cathodes, and tubular titanium oxide film was placed in the center of the tubes as
anodes, making full use of advantages such as the good stability and low internal resistance
of thin-film electrodes. The optimal conditions for the catalytic degradation of methylene
blue are as follows: the removal rate was close to 100% when the current density was
9 mA·cm−2 for 90 min.

Besides, Mitsuhiro et al. [87] further studied the preparation of Ti4O7 film by the
gradual oxidation of titanium foil. Ti4O7 films with a thickness of 3 µm were success-
fully prepared on the surface of titanium foil by annealing in air and heating to 1173 K
at low-oxygen partial pressure. The surface of the electrode was characterized by four
layers of several hundred nanometer-sized equiaxed particles. The thin film has excellent
electrocatalytic oxidation performance and can absorb light in visible and near-infrared
regions, making it have specific application prospects in photocatalysis.

2.4. Titanium Sub-Oxides Composite Electrode

The composite electrode is also a recent research hotspot for electrode performance
improvement. It can be mainly divided into titanium sub-oxides modified by other kinds
of electrodes and titanium sub-oxides doped with other metals.

2.4.1. Titanium Oxide-Doped Composite Electrode

By doping Magnéli phase Ti4O7, the electrocatalytic activity and the stability and con-
ductivity of specific electrode materials can be increased to some extent. Zhang et al. [88]
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prepared a Ru@Pt-type core–shell catalyst containing Ti4O7 (Ru@Pt/Ti4O7) by microwave
pyrolysis. In this method, the mixture of the ruthenium precursor and TiO2 was heat-
treated in a H2 atmosphere, Ru nuclei were obtained on the Ti4O7 carrier, and platinum
shells were generated by microwave radiation. The characterization results showed that
the catalytic material had a core–shell structure of Ru core and Pt shell, which significantly
improved PT-Ru’s durability. Zhao et al. [89] synthesized a MoS2/Ti4O7 composite HER
electrocatalyst by the hydrothermal method. Under the condition of 0.5 M H2SO4, the
hydrogen evolution activity of the MoS2/Ti4O7 composite catalyst was significantly im-
proved. The results presented that, with the addition of conductive carrier Ti4O7, the HER
activity of MoS2 could be significantly enhanced by the formation of an interface SeO-Ti
bond, thus improving the electrochemically active surface area fast charge transferability.

Wang et al. [90] compared the morphology, structure, and electrochemical properties
of Ti4O7-modified LiNi0.8Co0.15Al0.05O2 (NCA) with the original NCA. Compared with the
original one, the Ti4O7 modified NCA electrode exhibited better cycling performance and
specific capacity thanks to its improved stability and conductivity. At the current density
of 2000 mA·g−1, the electrode with 0.5 wt% Ti4O7 had a capacity of 159 mA·g−1, higher
than the original electrode with a capacity of 94 mA·g−1. After 50 cycles, the capacity
retention rate increased to 88% at 40 mA·g−1. Guo et al. [91] studied the morphology,
crystal structure, electrochemical properties, electrocatalytic oxidation performance, and
stability of a PbO2 electrode modified with different doses of Ti4O7 by the electrochemical
deposition method. The results showed that Ti4O7 modification could significantly improve
the surface morphology of the electrode, improve the current response of the electrode,
and reduce the impedance of the electrode. Under 1.0g·L−1 as the best deposition amount,
the decolorization rate of dye wastewater can reach 99%, and the TOC removal rate can
reach 65%, in 180 min. The accelerated lifetime of the electrode was 175 h, 1.65 times longer
than that of the PbO2 electrode (105.5 h). The above studies indicate that the composite
electrode doped with Ti4O7 has a good application prospect.

2.4.2. Metals-Doped Composite Titanium Sub-Oxides Electrode

In addition, there are many types of research on the modification of titanium sub-
oxides electrodes doped with other metals. For example, Linet et al. [86] doped a Ce3+

electrode preparation by the powder sintering method. Compared with the electrode before
doping, the increased oxygen evolution potential and the reduced internal resistance of
the charge transfer of the prepared electrode could be obtained, and the degradation effect
of perfluorooctane sulfonic acid (PFOS) was further improved because the doping of Ce3+

resulted in more active sites on the electrode surface, which improved the rapid transfer
of charge. Huang et al. [92] studied the effects of loaded crystalline and amorphous Pd
on titanium sub-oxides electrodes prepared by plasma spraying technology. The results
showed that the performance of electrodes doped with Pd was greatly improved. The
effect of amorphous Pd was more obvious due to the disordered atomic arrangement of
amorphous metals and the unsaturated coordination of amorphous metals. The amorphous
metal formed a stronger interaction with the substrate, and this electron-metal interaction
support (EMSI) enhanced electron transfer, which ultimately promoted the oxidation
kinetics of the electrode. The above study demonstrated that doping Pt, Ce, Pd, and other
active substances positively affects the performance of the titanium sub-oxides electrode,
which means it is of further research interest.

3. Application of Titanium Sub-Oxides Electrode in Electrocatalytic Oxidation Wastewater

Compared with other commercial electrodes, including commercial graphite, stainless
steel, and dimensional stability anode (DSA) electrodes, the electrochemical oxidation rate
of the Ti4O7 anode was reported to be higher than that of other electrodes. Table 4 lists
the performance comparison of several common electrodes with the Ti4O7 anode. The
Ti4O7 anode has superior electrocatalytic activity, high oxygen evolution overpotential, and
stable material properties that make it suitable for the electrochemical treatment of many
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pollutants, such as drugs, dyes, and phenolic organic matter (Table 5 lists the effects of
titanium sub-oxide anode treatment on different organic matters).

Table 4. Performance comparison of several common electrodes with Ti4O7 anode.

Type Oxygen Evolution Potential
(OEP V vs. Ag/AgCl) Accelerated Life * (h) Type

Graphite 1.0 - [93]
Pt 1.51 - [93]

BDD 2.5 - [94]
Ti/PbO2 1.85 0.5 [95]
Ti/SnO2 1.81 12 [93]

Ti/SnO2 + Sb2O3/PbO2 1.98 16 [96]
Ti4O7 2.28 31.2 [78]

* In 1 M H2SO4 solution, it was considered as failure when the voltage rose to 10 V under the current density of
1 A cm−2.

Table 5. Titanium sub-oxides as electrode electro-oxidation to degrade organic matter.

Organic Matter Electrode Processing Conditions Treatment Effect Reference

Sulfamerazine
(SMR) TF/Ti4O7

Current density 10 mA·cm−2,
pH 2.

After 60 min, the removal
rate of SMR was 48.09%. [97]

Tetracycline (TC) Ti4O7
Current density 10 mA·cm−2,

initial pH 4.51.
The degradation rate of TC

within 3 h was 97.95%. [77]

Methyl orange (MO) Ti4O7

Current density 10 mA·cm−2,
initial dye concentration is

100 mg L−1.

COD removal rate
reaches 91.7%. [98]

Acid red B Ti4O7
Voltage 0.5 V, pH 7.0, acid red B

concentration 400 mg L−1.
After 7 h, the dye removal

rate can reach 91.95%. [99]

Phenol Titanium Sub-Oxide Initial concentration is 100 mg L−1,
voltage 12 V, pH 3.0.

The degradation rate of
phenol within 3 h was
92.22%, COD removal

rate 94.26%.

[100]

4-Chlorophenol Titanium Sub-Oxide
Membrane

Initial concentration is 20 mg L−1,
current density 5 mA·cm−2.

After 2 h, COD met the
discharge standard, and

the mineralization rate of
4-chlorophenol was 64%.

[101]

3.1. Antibiotic Wastewater

Antibiotic pollutants have attracted attention due to high COD concentration, difficulty
in biodegradation, and strong pollution. Titanium sub-oxide materials can play a strong
role in the degradation of antibiotic pollutants.

Teng et al. [76] successfully prepared Ti/Ti4O7 electrodes using plasma spraying
technology. They studied the electrochemical catalytic oxidation reaction of sulfadiazine
(SDZ), a typical antibiotic, using the electrode as an electrode anode. The results showed
that under the degradation conditions of 0.05 mol L−1 sodium sulfate, pH 6.33, and a
current density of 10 mA·cm−2, the SDZ removal rate reached almost 100% after 60 min.
It is demonstrated that the Ti/Ti4O7 anode had a high oxygen evolution potential and
long-term stability in the treatment of actual pharmaceutical wastewater. Moreover, the
network structure of the Ti/Ti4O7 anode can obtain a large electrochemically active surface
area and improve the mass transfer between the electrolyte solution and anode.

Soliu et al. [77] also used plasma spraying technology to prepare Ti4O7 electrodes
and compared it with several common commercial electrodes to study the electrochemical
catalytic oxidation reaction of amoxicillin. The results revealed that, under low current
intensity, the mineralization efficiency of the DSA and Pt anode was low. The TOC removal
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rate of the DSA and Pt anode was 36% and 41%, respectively. In comparison, the TOC
removal rate of the Ti4O7 anode can reach 69%.

Wang et al. [102] evaluated the performance and complete pathway of tetracycline
(TC) electrochemical oxidation on a Ti/Ti4O7 anode prepared by plasma spraying. The
results showed that the electrochemical oxidation of TC on the Ti/Ti4O7 anode followed
pseudo-first-order kinetics, and the TC removal efficiency can reach 95.8% in 40 min. The
anode also had high stability, and the TC removal efficiency remained above 95% after five
times of repeated use.

3.2. Dye Wastewater

Dye wastewater is also a significant field of electrocatalytic oxidation wastewater
treatment technology. Wang et al. [98] successfully prepared titanium sub-oxides electrode
material by spark plasma sintering technology and conducted electrocatalytic oxidation
research on azo dye methyl orange (MO). The results showed that with the increase of the
current density and the decrease of the initial concentration of MO, the removal rates of
MO and COD presented an upward trend, and the complete removal of MO was achieved
in a relatively short time. When the current density is 10 mA·cm−2 and the initial dye
concentration is 100 mg·L−1, the COD removal rate can reach 91.7%. The degradation
pathways of MO on the Ti4O7 electrode can be divided into two types: (1) the active
substance first attacked the azo bond and the large conjugated system formed by benzene
ring; (2) the active substance first attacked the azo bond and the C−N bond on the benzene
ring. As the degradation reaction goes on, the final products are H2O and CO2.

Wang Yu [99] compared the carbon cloth and the titanium sub-oxides electrochemical
oxidation device on the degradation of methylene blue decolorizing effects, and the results
demonstrated that the reaction rate of the titanium sub-oxides anode was 3.7 times that of
carbon cloth and the titanium sub-oxides electrode of methylene blue mineralization rate
can reach 83.5%, but carbon cloth was only 42.6%. Therefore, the degradation of methylene
blue by titanium sub-oxides was mainly mineralization. The experimental results showed
that when the pH of the electrolyte is 3.01, the current density is 1.13 mA·cm−2, and the
concentration is less than 100 mg·L−1; therefore, the electrochemical oxidation device of
titanium sub-oxides can be operated with a better degradation rate and mineralization rate,
higher Coulomb efficiency, and a lower reaction energy consumption.

3.3. Wastewater Containing Phenols

The refractory organic wastewater containing phenols has the characteristics of compre-
hensive sources, brutal treatment, and substantial destruction. At the same time, the titanium
sub-oxides electrode can also achieve the effective degradation of phenolic pollutants. For
example, Tan Yang [101] studied the electrochemical oxidation process of 4-chlorophenol
wastewater by anodizing the titanium sub-oxides film material. The results showed that the
target substance diffused faster at the titanium sub-oxides film electrode/solution interface
compared with the BDD film electrode. When the initial concentration of 4-chlorophenol was
20 mg·L−1, the electrolyte solution, membrane flux, and current density were 0.04 mol·L−1

sodium sulfate solution, 0.023 mL·cm−2·s−1, and 5 mA·cm−2, respectively, and the removal
rate of 4-chlorophenol can reach 100%. After 150 min, both COD and chromaticity can reach
the discharge standard with low energy consumption.

In addition, Ping Geng [62] synthesized a pure Magnéli Ti4O7 nanotube array (NTA)
by reducing lithium titanate with hydrogen at 850 ◦C. Compared with Ti4O7 particles and
Ti4O7 NTA, the chemical oxygen demand (COD) removal rate of phenol increased by 20%.
The degradation coefficient, COD removal rate, and current efficiency of pure Ti4O7 NTA
were higher than those of boron-doped diamond and other Magnéli phase nanotube arrays.

Wang et al. [101] prepared three anodes (Ti/Ti4O7, Ti/Ti4O7-PbO2-Ce, and Ti/Ti4O7
nanotube array (NTA)), which were used to treat a p-nitrophenol (PNP) solution by elec-
trocatalytic oxidation. After 30 min of treatment, the removal rate of PNP by Ti/Ti4O7
NTA and Ti/Ti4O7 was 89–92%, 10–60% higher than that of Ti/Pt, Ti/RuO2-IrO2, and Ti/
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IrO2-Ta2O5, and equivalent to BDD (95%). In addition, Ti/Ti4O7 NTA and Ti/Ti4O7 have a
decent mineralization effect on the PNP solution.

Maria et al. [103] successfully prepared Ti4O7-porous electrodes with a continuous
layered structure. When the liquid was recirculated through the layered structure of the
electrode, the performance was significantly improved. After 6 h of p-bendasone treatment,
the removal rate was 85% and the mineralization rate was 57%, which was much better
than the commercial electrode currently developed. Ti4O7 is a potential anode material for
electrochemical oxidation due to its high efficiency and low energy consumption.

3.4. Treatment of Mixed Pollutants

The titanium sub-oxides electrode has sound degradation effects on single pollutants
and is suitable for treating wastewater containing mixed contaminants.

Wang et al. [104] studied the feasibility and effectiveness of a titanium sub-oxides
anode in simultaneously removing bacterial pathogens, antibiotics, and antibiotic resistance
genes in water by using an integrated electrode prepared by high-temperature sintering.
The results showed that the degradation rates of tetracycline (TC) and sulfamedimethazine
(SDM) in the same treatment system reached more than 95% after 3 h of treatment. Further
studies found that with the extension of treatment time the activity of bacterial pathogens
was basically zero after 15 min, and the resistance genes were effectively removed. This
was because the EO process produces a large amount of •OH, which can effectively attack
pathogens, resulting in cell damage and reduction of cytoplasm content. This study
confirmed the practical electrochemical degradation ability to mix medical wastewater in a
titanium sub-oxides anode system.

Dan et al. [105] used the titanium sub-oxides-coated electrode prepared by plasma
spraying technology as an anode and compared it with a Ti/RuO2-IrO2 anode to con-
duct the electrochemical treatment of coking wastewater (CW). The degradation results
presented that the titanium sub-oxides electrode had apparent advantages in the COD
removal rate, TOC removal rate, current efficiency, and energy consumption. The COD
removal rate of CW was 78.7% and the TOC removal rate of CW was 50.3%, which were
higher than that of the Ti/RuO2-IrO2 anode. In addition, the removal effects of the two
electrodes for different kinds of PAHs in mixed wastewater were compared, where the
titanium sub-oxides electrode had better performance for most organic compounds.

Pei et al. [61] employed a titanium sub-oxides membrane electrode to treat printing
and dyeing industrial wastewater, which proved that the membrane electrode prepared
by a high-temperature reduction method was mainly composed of Ti4O7 and a small
amount of Ti5O9, with good conductivity, and high oxygen precipitation potential and
electrochemical stability. When the current density was 8 mA·cm−2 and the membrane flux
was 2.31 × 10−3 mL·cm−2·s−1, electrolysis for 1.5 h can effectively treat the actual printing
and dyeing industrial wastewater. The COD removal rate was up to 96.07%, the current
efficiency up to 24.22%, and the energy consumption was reduced by 32.99% compared
with that without the membrane flux. It has important research value and development
potential in small-scale decentralized industrial wastewater treatment.

3.5. Coupling Technology of Titanium Sub-Oxides Anodic Electrocatalytic Oxidation System

The titanium sub-oxides anode electrocatalytic oxidation system still cannot achieve
the best effect for treating complex practical wastewater, which has the disadvantages
of high energy consumption and low electronic utilization rate [106,107]. Therefore, the
coupling application of electrocatalytic oxidation and other technologies has a promising
prospect for development. The coupling technologies mainly focus on photoelectron-
Fenton, electro-Fenton, and ultrasonic enhancement.

Han et al. [108] used a TF/Ti4O7 electrode prepared by loading titanium sub-oxides
powder on the surface of titanium foam (TF) material as the anode and carbon with
nitrogen-modified nickel foam (NF/CN) as the cathode (the experimental device is shown
in Figure 6b). When the current density was 10 mA·cm−2 and the initial pH was 2, the
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removal rate of sulfamethazine (SMR) was 48.09% after the electrocatalytic reaction took
60 min. When the electro-Fenton anodic oxidation system constructed with NF/CN-
TF/Ti4O7 degraded SMR again, the removal rate of 8 h could reach 99.48%, which was
far better than that of the electrocatalytic system. The results showed that the electro-
Fenton mechanism was the primary way to degrade pollutants in the electrochemical
system, with a contributing rate of 71.60%. The coupling of the electro-Fenton and anodic
oxidation system resulted in significant growth in the production of hydroxyl radicals, thus
improving the degradation capacity of the whole system.
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Zwane et al. [109] also used electro-Fenton (EF)-, anodic oxidation (AO)-, and electro-
Fenton-combined anodic oxidation (EF/AO) to degrade tetracycline on the titanium sub-
oxides (Ti4O7) layer (anode) deposited on carbon felt (cathode)/titanium substrate. The
EF/AO coupling system had the highest pollutant removal efficiency compared with EF
and AO. When the initial concentration of tetracycline was 20 ppm and 50 ppm, the removal
rate of total organic carbon was 69 ± 1% and 68 ± 1%, respectively. The reason was that the
EF/AO process with Ti4O7 as anode and CF as a cathode can generate hydroxyl radicals
on the surface of the inactive Ti4O7 electrode and the electro-Fenton process solution on
the cathode carbon blanket, which could reduce the energy consumption and improve
the removal efficiency of tetracycline. It was observed from HPLC data that the optimal
conditions for 20 ppm and 50 ppm tetracycline concentrations were 120 mA and 210 mA,
with complete removal of tetracycline after 30 min.

Estrada et al. [110] studied an embedded activated carbon-filled bed cathode and
a TiO2/Ti4O7 photoelectric anode (the experimental device is shown in Figure 6a). The
experimental results of the photocatalysis (PC), electrooxidation (EO), and photoelectro-
chemical (PEC) of the methyl orange (Mo) model dye solution showed that TiO2/Ti4O7
composite film combined the advantages of the two materials so that anatase TiO2 had
better photocatalytic performance. The partially reduced Ti4O7 had higher conductivity,
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thus promoting the effective decolorization of the dye solution, and the decolorization
rate was close to 70% within 60 min. Based on simulating calculations of (1) photoelectric
chemicals-induced discoloration on the surface of the anode (electric catalytic oxidation
and light contribution), (2) the adsorption and desorption process of dye molecules on the
surface of activated carbon particles and pores, and the (3) Fenton-induced decolorization
of the dye on the surface of the cathode existing in the system, it was concluded that
the surface of the anode photoelectric catalytic contribution was up to 54%. Technical
coupling [111] can improve the yield and utilization rate of hydroxyl radicals in the system.
The Fenton process can also avoid electron quenching in the degradation process and
reduce the energy consumption. In addition, it was proposed that further optimization of
the area/volume ratio of the membrane to the reactor can improve the removal efficiency
of target pollutants.

Yang et al. [112] used a Ti4O7-plate electrode as an anode prepared by plasma spraying,
through coupling ultrasonic strengthening, and the electrical catalytic degradation of chlo-
ramphenicol (CAP) wastewater was conducted (experimental research device, as shown in
Figure 6c). The results confirmed that under the condition of the ultrasonic, targets in the
titanium sub-oxides film electrode/solution interface diffused faster, improving the effi-
ciency of mass transfer. When the initial concentration of chloramphenicol was 20 mg·L−1,
the electrolyte solution, ultrasonic power, current density, and pH were 0.05 mol·L−1

sodium sulfate solution, 150 W, 20 mA·cm−2, and 5, respectively, and the removal rate of
chloramphenicol could reach 100%. The degradation mechanism was direct electrochemical
oxidation induced by •OH and the indirect electrooxidation of Cl−/ClO− intermediates.

4. Summary and Outlook

Titanium sub-oxide materials are considered a candidate for the electrode with great
potential in electrocatalytic oxidation due to their excellent electrochemical performance.
At present, some achievements have been made in the research of titanium sub-oxides in
electrode preparation and wastewater treatment. A variety of stable electrode preparation
technology routes were developed to be applied in the treatment process of wastewa-
ter with various contaminants, further coupling with other technologies to enhance the
treatment efficiency. However, there are still great challenges in the research process,
where the current preparation process is still cumbersome and inefficient, the conditions
for scaling-up production are not available, the stability of the electrode needs to be im-
proved, and the degradation effect of the complex water system is still to be studied. Thus,
the future development direction of titanium sub-oxide materials can be focused on the
following aspects:

(1) Optimization of preparation process: The current relatively stable preparation route
still has the disadvantages of high energy consumption requirements, high tempera-
ture, and low efficiency, in which high-temperature calcination is prone to agglom-
eration. Therefore, it is necessary to further optimize the preparation route at high
temperatures to prepare relatively pure titanium sub-oxides electrodes with high
activity. In addition, the medium- and low-temperature synthesis should be further
explored to avoid the disadvantages resulting from high temperatures and reduce the
preparation costs;

(2) Modification of electrode materials: Studies show that the performance of electrodes
can be significantly promoted by doping with highly active metal elements, and its
degradation mechanisms need further elucidation. By identifying the mechanisms,
the titanium sub-oxide electrode can be further modified and optimized to retain its
excellent electrochemical performance. The original defects are to be made up by
doping and other technical means to develop high-efficiency and low-consumption
electrode products;

(3) Application expansion: The performance of titanium sub-oxides is not limited to
electrocatalysis. Combining an electrocatalytic oxidation system and other technical
means can better develop the hidden performance of the electrode to achieve twice the
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result with half the effort. In addition, the effective construction of an electrocatalytic
oxidation system can also make the electrode material fulfill the maximum function;

(4) Principles exploration: Titanium sub-oxides are a kind of material with excellent
stability. Therefore, it is of great importance to explore the deactivation mechanism
of electrodes for prolonging electrode life. In the electrocatalytic oxidation system,
the effects of different impurity ions on the electrode and the synergistic degradation
principle of complex pollutants demand to be further studied.
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