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ABSTRACT

Due to its low cost and natural abundance of sodium, Na-ion batteries (NIBs) are promising candidates for
large-scale energy storage systems. The development of ultralow voltage anode materials is of great sig-
nificance in improving the energy density of NIBs. Low-voltage anode materials, however, are severely
lacking in NIBs. Of all the reported insertion oxides anodes, the Na,Ti;O has the lowest operating voltage
(an average potential of 0.3 V vs. Na*/Na) and is less likely to deposit sodium, which has excellent poten-
tial for achieving NIBs with high energy densities and high safety. Although significant progress has been
made, achieving Na,Ti307 electrodes with excellent performance remains a severe challenge. This paper
systematically summarizes and discusses the physicochemical properties and synthesis methods of
Na,Ti307. Then, the sodium storage mechanisms, key issues and challenges, and the optimization strate-
gies for the electrochemical performance of Na,Ti3O; are classified and further elaborated. Finally,
remaining challenges and future research directions on the Na,Ti3;O; anode are highlighted. This review
offers insights into the design of high-energy and high-safety NIBs.
© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. All rights reserved.
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1. Introduction

Rechargeable battery technology is one of the most promising
renewable energy storage technologies to achieve a greener planet.
Relatively advanced Li-ion batteries (LIBs) are widely used in var-
ious energy storage systems, and market demand for LIBs is over-
growing [1,2]. Lithium, on the other hand, is a non-abundant and
unevenly distributed element in the crust of Earth, which has led
to a significant increase in the prices of lithium-containing salts
such as Li,COs5. Lithium supplies would further constrain the
increasing expansion of LIB applications. Therefore, exploring
new battery systems is highly meaningful [3-6]. In contrast to
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lithium, sodium is one of the most abundant elements in the
Earth’s crust [7]. Meanwhile, because of the similar assembly pro-
cess, NIBs can utilize the manufacturing lines for LIBs, further
reducing the costs [8]. Thus, NIBs show a strong attraction in
large-scale energy storage systems, which can be an important
complementary technology to LIBs [9,10]. Compared to well-
developed LIBs, however, the electrochemical performance of NIBs
is relatively inferior owing to the large radius of Na* (1.02 A vs. 0.76
of Li*), relatively higher standard electrode potential of Na*/Na
(=2.71 V vs. SHE) than that of Li*/Li (—=3.01 V vs. SHE), further
restricting its applications in the market. Therefore, it is significant
to develop NIBs with high energy and power density, long cycling
life, cost-competitiveness, and safety [8,9].

One of conspicuous challenges in NIBs research is to search for
appropriate anode materials. Ideal anode materials are expected to
have a high capacity, superior rate capability, low potential, high
safety, and long lifetime. Although various materials in terms of
capacity and voltage can potentially be used as anodes, very few
anodes are promising for commercial applications (Fig. 1)
[11,12]. Hard carbon exhibits better sodium storage properties,
but its low potential discharge plateau between 0 and 0.1 V vs.
Na*/Na may be more inclined to form the sodium dendrites and
further raise safety concerns [13]. Of all other representative anode
materials, titanium-based electrode materials are essential
research objects in NIBs. Titanium-based electrode materials
mainly include TiO,, Na-Ti-O compounds, and Ti-based phosphates
[7,12,14-16]. They exhibit appropriate operating voltage, low
strain expansion, environmental friendliness, safety, and low costs
[17-24]. Fig. 1(b) summarizes their intercalation potential, specific
capacity, and energy density [12]. Most titanium-based electrode
materials are typically endowed with an intercalation potential
of 0.5-1 V vs. Na*/Na, giving rise to a relatively narrow output volt-
age and a low energy density for full NIBs. In particular, the Na,Tis-
05 exhibits the lowest intercalation potential (0.3 V vs. Na*/Na) and
the highest specific capacity among other reported titanium-based
electrode materials. More importantly, the average potential of
0.3 V vs. Na*/Na about Na,Tiz0- anode is almost the lowest for NIBs
anodes, not only in oxides anodes but also among other reported
candidate materials (Fig. 1a) [12]. A plateau with this voltage can
be quite advantageous in terms of the energy density, when com-
pared to other electrode materials of high potential such as NasV,(-
PO4);3 (1.6 V), Na,VO, (1.75 V), Ni3S,(0.94 V), or NaTi(PO4); (2.1V)
[25-27]. Due to the low intercalation potential of Na,Ti30O7, the
output voltage would be relatively higher, contributing to higher
energy [11]. The plateau of Na,Ti3O; is also compared favorably
with respect to hard carbon, since the possibility of sodium plating
is reduced, due to its higher discharge plateau of 0.2 V vs. Na*/Na
[25]. Moreover, the calcination temperature of producing Na,Tiz0-
is generally 800 °C, which is much lower than that of synthesizing
hard carbon materials (between 1000 and 1600 °C). The energy
consumption will be much lower after achieving industrial-scale
production, which is greatly favorable to the commercialization
of NIBs. Besides, Na,Ti3O; consists of zigzag layers of titanium-
oxygen octahedral with sodium ions in the interlayer space that
favors the storage of sodium ions. The essential advantages men-
tioned above are also summarized in Fig. 2. Therefore, Na,Tiz0
anode materials show excellent prospects for developing NIBs with
high energy density and high safety.

As an anode essential for promoting the development of NIBs,
the basic properties, synthetic mechanism, electrochemical prop-
erties, and outlook of the Na,Ti;0; anode materials should be fully
captured. Therefore, the Na,Ti;O; materials are comprehensively
reviewed (Fig. 2). The review would provide essential knowledge
for further developing commercial Na,Ti;O; anodes and is orga-
nized as follows.
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Fig. 1. Summary of the electrochemical performance of some representative electrode materials for NIBs. (a) Potential versus capacity plot. Reproduced with permission from
Ref. [11]. Copyright 2011, American Chemical Society. (b) The comparison of Na,Ti3O; with titanium-based anodes in terms of intercalation potential, specific capacity, and
energy density. Reproduced with permission from Ref. [12]. Copyright 2020, Wiley-VCH.
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Fig. 2. The advantages of Na,Ti;O; anode materials and the organization of the
review.

(1) Section 1 briefly introduces the development and advan-
tages of Na,Ti30; anodes. Section 2 gives a detailed descrip-
tion of the crystal structure and physicochemical properties
of NazTi307.

(2) Section 3 classifies and discusses the different synthetic
methods of Na,Tiz05.

(3) Section 4 summarizes and discusses the electrochemical
reaction mechanisms, key issues and challenges, optimiza-
tion strategies, and applications of Na,Ti;O- in sodium-ion
full cells.

(4) This review provides a summary and outlook on the Na,Tis-
05 anodes for NIBs.

2. The crystal structure, physical and chemical properties of
NazTi307

2.1. The crystal structure of Na,TizO7

Research on Na,TizO, was started in 1961. Andersson and Wad-
sley determined that the layered crystal structure of Na,Tis0; is
monoclinic, and the space group is P2,/m [28]. Yakubovich and Kir-
eev refined the lattice parameters of monoclinic, i.e., a = 9.133(2),
b =3.806(1), c = 8.566(2), and g = 101.57°(3°), and the coordinates
of the basis atoms and equivalent thermal parameters are detailed
(Table S1) [29]. The above-detailed coordinates parameters make
the three-dimensional arrangement of atoms in Na,Tiz0; explicit,
as shown by crystal structure models in Fig. 3(a and b) [30]. The
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Fig. 3. (a, b) Monoclinic Na,Ti;0 unit cell with P2;/m space group viewed along the
b and c axes, respectively. (c, d) The nine-fold coordination of Na; and the seven-
fold coordination of Na,, respectively.

basic unit of each layer is a block of six distorted TiOg octahedral.
Three of them (named as (Ti307)> unit) are at one level by sharing
their edges and simultaneously linked with the other three by
sharing corners at a distance b/2 A above or below (Fig. 3a). Sodium
ions occupy two crystallographic sites (Na; and Na,) and hold the
layers together. The Na;-O presents an irregular nine-
coordination, like a cube (Fig. 3c). In particular, two oxygen atoms
at one edge are replaced by one oxygen at the center of the same
edge, and two additional oxygen atoms are on the outside of oppo-
site faces. The Na,-0 shows the seven-coordination (Fig. 3d), like a
trigonal prism, and the seventh oxygen is on the outside of a face.
In addition, a new triclinic phase Na,Tiz05 is reported by Li et al.
[12]. The space group of triclinic phase Na,Ti;O; is P-1, with the
lattice parameters a = 9.1332 A, b = 3.8041 A, ¢ = 8.5663 A, and
o # vy # 90° and B = 101.6°, different from the monoclinic phase
(o« = 9 = 90°) [12]. The layer spacing of the triclinic phase is
8.5663 A, and the bond length between 03 and 06 atoms is
4.61 A, which is smaller than that of the monoclinic phase. It visu-
ally distinguished the two phases based on the peak intensity ratio
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of I100/l104. The ratio values are 3.6 and 1.48 for the triclinic and
monoclinic phases, respectively.

The ion doping could regulate the crystal structure. As for Na,-
Tis07, the H*/Na* cation-exchange process could lead to the forma-
tion of H,Ti;07. The H* position can be classified into three types,
and the (Ti50,)?>" layers would glide with a space group of C2/m
[31]. For the low percentage of manganese doping, Mn>* ions
would substitute the partial Ti** sites, while Mn?* jons would
occupy the partial Na* sites. In addition, the Mn3* substitution at
the Ti*" sites will dilate interlayer space, but the Mn?* substitution
at the Na” sites will lead to the contraction of interlayer space [32].
A similar phenomenon is also observed for Fe-doping Na,Tiz0-,
[32]. Besides, the Li*-doping in the interlayer of Na,Tiz0; will
reduce Ti*" ions to Ti>* and expand interlayer space [33].

2.2. Physical and chemical properties

The fundamental physical property of Na,TizO; was systemati-
cally discovered through experiments and theoretical calculations
[32,34,35]. Among them, the conductive properties of Na,Tiz0,
are closely related to their electrochemical performance, which
can be assessed across band gaps. The Na,Tiz0- is a semiconductor
with an indirect gap of 2.99 eV based on density functional theory
(DFT) [34]. Aradjo-Filho et al. found that the charge transport of
Na,Tiz0; would be dominated by holes [30]. Besides, the primary
energy band gap was estimated to be 3.51 eV by an ultraviolet
and visible (UV-Vis) spectroscopy experiment (Fig. 4a) [30]. How-
ever, pure DFT methods are unable to reproduce the main gap in
solids, with errors typically larger than 40% for insulators and
semiconductors using the local density approximation (LDA)
exchange-correlation energy, so more advanced methods (ab initio
GW approximation based on Green’s function, hybrid functions,
the random-phase approximation, and screened exchange LDA)
must be applied to refine [30]. Besides, Na,Ti;O; shows
electronic-hopping conduction involving the loose electrons of
(Tis07)?>" in the temperature range of 370-415 K [32]. Kikkawa
and Koizumi discovered that the ionic conduction of Na,Tiz0; will
become prominent at higher temperatures [32,36]. Scanlon et al.
found that intrinsic defects of Na,Ti;O; impair electrical conductiv-
ity [37]. It was found that the insulating properties of Na,Tiz0
arise from the Na and O Schottky disorder that act as major charge
compensators. The conductivity of Na,TizO; would be optimized
by ion doping and vacancy defects [32,36,37]. For example, substi-
tuting partial Ti** with Mn3* would naturally increase the number
of loose electrons, increasing conductivity [32]. The Na,_,Li,Ti307
synthesized by substituting partial Na* with Li* shows electron-
hopping conduction, and the conductivity increases as the concen-
tration of lithium increases [33]. The Na and O vacancies in Na,Tis-
07 may also enhance electrical conductivity [37].

(a) 5 &)
i D o))
E ‘:; Na
3 o)

E,=(3.51 £ 0.01) eV/|

Na

(]

30 35 40 45
Energy (eV)

Fig. 4. (a) Squared measured optical absorption in the 3.0-4.5 eV range. Repro-
duced with permission from Ref. [30]. Copyright 2017, Elsevier. (b) The electron
density map on the (040) plane of Na,Ti3O; (contour lines are drawn at 3 electrons
A=3 intervals). Reproduced with permission from Ref. [34]. Copyright 2011,
Springer.
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The other critical property of Na,Ti305 is the ion-exchange char-
acteristic. The Na,Ti30; consists of ionic and covalent bonds, as
shown in the electron density map (Fig. 4b) [34]. The covalent
bond depends on a strong interaction between the Ti 3d and O
2p orbitals, which helps to stabilize the (Ti;O7)?>~ layers. The inter-
layer structure is stable due to the ionic bonding between the Na*
and (Ti;0,)?~ layers. The Na,Ti30y is favorable for the ion exchange
process because of the ionic bonds. Na* can be exchanged with
alkylammonium ions, leading to an expansion of interlayer space
[28]. The ion exchange process between Na* and H* occurs in a
wide range of pH, from acidic solutions to highly concentrated
alkaline aqueous solutions [38]. Na; sHg 5Ti30; and H,Ti30; would
be respectively obtained by exchange process in the pH = 13 and
pH = 1 solutions. Thus, the pure phase of Na,Ti3O; throughout
the preparation process should avoid water. lon-exchange charac-
teristic of Na,Tis0; could be widely applied to the exfoliation of
layer structure [39] and the preparation of other compounds (for
example H,Tis07 [31,35], Ag"-H,Tis0 [40], Li;Tiz07 [41], propy-
lammonium/Tiz0; [39], CuTi30; [42], and Ag,Ti30; [42]).

3. Synthetic methods of Na,Tiz0,

3.1. Solid-state sintering method

The solid-state sintering method is simple and cost-effective,
which is widely applied to synthesize Na,TizO; materials
[12,25,28,32,35,40,43-46]. The reasonable solid-state sintering
conditions are the key to obtaining a pure Na,Ti3O7 phase. This sec-
tion reviews the key synthesized conditions, including the type and
molar ratio of precursors, the temperature, time and number of
calcinations, and the cooling atmosphere. The related research pro-
gress and achievements of solid-state sintering conditions to
obtain pure Na,Ti30; phase are summarized in Fig. 5. The solid-
state sintering methods are summarized in Table S2.

Mahmoud et al. clearly described the formation mechanism and
process of Na,Ti30; including three steps [47]. Firstly, the Na,Tis-
0, phase begins to form at ~540 °C; then, the Na,TigO3 phase
appears as the remaining TiO, reacts with the part of the NasTisO1;
at ~700 °C; finally, the two phases of NasTis0;, and Na,TigOq3
react at 800 °C to form Na,Tiz0;. As for precursors, TiO, is found
to be widely used as a titanium precursor, but the sodium precur-
sors are various, including Na,CO3, NaOH, and CH3COONa (Fig. 5).
With different particle sizes of TiO, precursor and types of sodium
precursors, the required calcination time and temperature for syn-
thesizing pure phase are different. In order to establish the factors
that govern the formation of pure Na,Ti3O7, Balaya et al. studied
the effects of calcination temperature and time on two different
sodium precursors [35]. Using NaOH as the sodium precursor,
the Na,Ti3O; phase would be obtained at the calcination tempera-
ture of 750 °C. At the same temperature, the calcination time from
20 to 40 h does not change the purity of the phase. The calcination
temperature is further increased to 850 °C, the impurities of Na,-
TigO13 and the content of rutile TiO, increase, which would further
increase after a longer calcination time. In particular, when the
sodium precursor is NaOH in place of Na,COs, there is no residual
unreacted precursor in the sample [44]. When sodium acetate
(CH3COONa) is used as the sodium precursor, the pure phase is
obtained at a higher temperature of 850 °C. Interestingly, the pur-
ity of Na,Ti3O5 increases as the calcination time is extended, which
is opposite to that observed in the NaOH precursor [25]. Besides, Lu
et al. found that small-sized TiO, contributed to the synthesis of
small-sized Na,Ti30; because smaller-sized reactants would cause
a higher reaction rate that could form a huge amount of crystalline
nuclei in a short time and inhibit crystal growth [40]. Thus,
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Fig. 5. The research progress and achievements of solid-state sintering conditions to obtain pure Na,Ti;O- phase.

smaller-sized Na,Ti3;0 could be obtained at 800 °C by reacting for
8 h using 20 nm TiO,. However, the calcination time would extend
to 16 or 40 h, and the particle size of Na,Tiz0; would increase.
Besides, the TiO, morphology can regulate the morphology of syn-
thesized Na,Tiz0,. The synthesized Na,Tiz0; morphology is usu-
ally micro-particles. Using hollow sphere TiO, as a titanium
source, sheet-like Na,Ti3O; was synthesized instead [45]. The
molar ratio of titanium and sodium precursors could be deter-
mined by the ratio of stoichiometric. Sodium precursors with
either 5% or 10% excessive contents have no effect on obtaining
the pure Na,Ti3O7 phase. Thus, whether the Na precursor is exces-
sive is not critical in obtaining a pure Na,Ti3O, phase.

The solid-state sintering temperature is vital in obtaining the
pure Na,TizO; phase, which is usually between 750 to 1300 °C,
as summarized in Fig. 5. Especially, Li et al. found that adding car-
bon could decrease the sintering temperature to 450 °C, much
lower than conventional solid-state sintering methods [43]. Li
et al. found that the monoclinic phase would be transformed into
triclinic Na,Ti3O7 by increasing the solid-state sintering tempera-
ture from 800 to 1000 °C [12]. In the following cooling process,
the cooling atmosphere plays a critical role in obtaining pure Na,-
Tiz0, phase. Casas-Cabanas et al. found that it would form passi-
vated Na,COs; when cooling in the air, but it does not exist upon
cooling in the Ar atmosphere (Fig. 5) [44]. Moreover, phthalocya-

450

nine or glucose is usually used as a carbon source for preparing
carbon-coating Na,Tiz0; [44,46].

3.2. The synthetic methods of Na,Ti;O with different morphology

As mentioned in the previous section, the solid-state sintering
method is widely applied to synthesize Na,TizO,. Through the
solid-state sintering method, the synthesized Na,Tiz0; morphol-
ogy is usually micro/nano-particles. Different synthetic methods
could obtain different dimensional morphology. This section
reviews the synthetic methods of Na,Ti;O; nanomaterials with
one-dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) morphology.

1D Na,Ti30; materials offer a short electron/ion transport path-
way, conducive to high-rate applications. Solvothermal and
hydrothermal methods are very effective for synthesizing 1D Na,-
Ti30; nanomaterials using different solvents [48-50]. For success-
fully preparing 1D Na,TizO; nanomaterials, the solvents are
usually ethanol or alkaline solution. Tang et al. synthesized the
1D Na,Ti30; nanowires homogeneously embedded into reduced
graphene oxide (Na,Ti307/rGO) via a facile solvothermal method
in the ethanol solution, showing a porous spider web-like network
(Fig. 6a) [48]. The nanowires are 70-110 nm in diameter and 5-
20 pm in length. The porous spider web-like morphology provides
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Fig. 6. The morphology of 1D Na,Ti305. (a) Synthetic schematic illustration and morphology images of Na,Ti;0,/rGO. Reproduced with permission from Ref. [48]. Copyright
2016, Elsevier. (b) Synthetic schematic illustration and morphology images of Na,Ti;0;@CNT coaxial nanocables. Reproduced with permission from Ref. [51]. Copyright 2015,

Royal Society of Chemistry.

an ideal conductive matrix for rapid electron/ion transportation.
Yu et al. prepared Na,Tis0; nanotubes under alkaline conditions
with a diameter of approximately 10 nm [49]. Another universal
method for preparing 1D nanomaterials is using 1D models, for
example, carbon nanotubes (CNTs), followed by annealing treat-
ment. Zhang et al. used 1D CNTs as a model and grew Na,Ti30;
on 1D CNTs. Using a sol-gel method and subsequent in-situ chem-
ical sodiation and short calcination, they successfully fabricated 1D
Na,Tiz0;@CNT coaxial nano cables. The Na,Ti307 layer is uniformly
grown on CNTs with a thickness of about 25 nm (Fig. 6b) [51].
There exist many open mesopores at the tip of Na,Tiz0;@CNT
coaxial nanocables. A summary of main synthesis methods for
1D Na,Ti307 is shown in Table S3.

The 2D Na,Tiz07 could be prepared by alkaline hydrothermal
method [38], continuous hydrothermal flow synthesis route [52],
and liquid-phase exfoliation method [39,53]. Through the alkaline
hydrothermal method, the Na,Tis0; nanosheet thin films exhibit
widths of 100 nm, lengths of about 1 pm, and a thickness of about
2 nm at the molecular level (Fig. 7a) [38]. Based on a novel contin-
uous hydrothermal flow system, extensive ultra-thin 2D Na,Tiz0;
nanosheets are synthesized using a superheated water flow at
450 °C and 24.1 MPa as a crystallizing medium [52]. The as-
prepared material consists of extensive and flat (2D) loosely
stacked thin sheets with a size of ca. 400 nm x 400 nm (Fig. 7b).
Liquid-phase exfoliation methods could also be used to synthesize
Na,Ti30; nanosheets. The layered structure of Na,Ti3O; could be
exfoliated by intercalating large cations to swell the interlayers.
Based on the above methods, the transparent propylammonium/
Tis0, (PA/Ti30-) films with a thickness of about 1 pum are obtained
(Fig. 7c) [39]. Subsequently, Dunn et al. synthesized Na,Ti30;
nanoplatelets (Na,TisO; NP) and nanosheets (PA/Tis0; NS) by vary-
ing the centrifugation speed based on the above methods [53]. PA/
Ti3O- NS appears to be almost transparent, with a sheet thickness
of about 1.2 nm (Fig. 7d). When the Na,Ti3O; NP is obtained within
a transparent PA/Ti3O; NS bed, widths range from 100 to 200 nm,
with lengths ranging from several hundred nanometers to microm-
eters (Fig. 7d). The liquid-phase exfoliation method includes pro-
ton exchange, intercalation of large cations, and exfoliation
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(Fig. 7e). A summary of main synthesis methods for 2D Na,Ti30;
is shown in Table S4.

The reported 3D Na,Ti30; includes a microsphere, micro flow-
ers, red blood cell-like structure, and nanotube arrays. The corre-
sponding synthetic methods mainly involve spray-drying
methods, solvothermal approach methods, and hydrothermal
methods. The Na,Ti3;O; microsphere is synthesized by spray drying
and solid-state calcination [54]. The spray-dried precursors consist
of microspheres with an average diameter of 3-5 pm. The spherical
shape can be well retained while the sintering period is short, i.e.,
5 h, regardless of the temperature ranging from 700 to 800 °C, but
not at 800 °C for 10 h (Fig. 8a) [54]. A novel flower-like architecture
Na,Ti307 was successfully synthesized. The Na,Ti;O; microflowers
show a diameter ranging from 1 to 2 pm and consist of 5 nm thin
nanosheets (Fig. 8b) [55]. A unique red blood cell-like hollow car-
bon sphere-supported Na,Ti30; nanosheet structure (Na,TizO0,@-
RHCS) was designed, exhibiting compact arrangements of
nanosheets. Moreover, the thickness of the Na,Ti;O; nanosheets’
shell is around 80 nm (Fig. 8c and d) [56]. The arrays of Na,Tiz0
nanosheet are uniformly grown on carbon textiles by hydrother-
mal reaction, presenting terrific flexibility, and the nanosheet
shows a width of ca. 100 nm and length of ca. 1 um [57]. The arrays
of Na,Ti30; nanotube supported on flexible Ti substrates are syn-
thesized by hydrothermal methods. The nanotubes exhibit a
core-shell structure consisting of a crystalline core and disordered
shell and have an average longitudinal length of ca. 3 pm, inner
diameters of 5 nm, and external diameters of 25-35 nm, respec-
tively [58]. A summary of main synthesis methods for 3D Na,Tiz0
is shown in Table S5.

Overall, Na,Ti;O; with different dimensional morphology
requires the selection of different synthesis methods. Solid-phase
sintering is more economical and suitable for large-scale synthesis,
but most of the products have the morphology of micro particles or
nanorods. Compared with solid-phase sintering, the liquid-phase
method is easier to modulate the Na,Ti3O; morphology. From the
summary in Tables S2-S5, it can be seen that the solid-phase sin-
tering method is simple and usually includes fewer than 4 synthe-
sis steps, while the synthesis methods used to synthesize 1D, 2D,
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and 3D structure need more steps, and some of them are even up
to 8 steps.

4. Na,Tiz0, anodes for sodium-ion storage

4.1. Electrochemical reaction mechanism of Na,TizO; anodes

The electrochemical reaction mechanism of Na,TizO, anodes is
summarized in Fig. 9. As seen from the voltage versus composition
profile for the Na,TizO, [11], the Na,Tiz0; anode can reversibly
insert 2Na* per formula unit in the voltage range of 0.01-2.5 V
vs. Na*/Na, corresponding to a theoretical capacity of 1777 mAh g~!
and a reduction of 2/3 of Ti* to Ti>* ions. The irreversible electro-
chemical process around 0.7 V vs. Na*/Na corresponds to the reac-
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tion of carbon black (conductive additive). The Na* ions mainly
favorably travel along the layers (Path 1), and rarely diffuse
through the layers (Path 2), and the Na* diffusion coefficient for
Na* insertion is approximately 3.48 x 10~'2 cm? s~! [25,59]. The
phase transformation mechanism of Na,Tiz0; after full discharge
was proposed. Most views believe that the complete intercalated
phase was NayTi305. Palacin et al. proposed the structural models
for the Na,.,Ti30; based on density functional theory (DFT) calcu-
lations and experimental data [60]. After inserting the two addi-
tional Na* (forming NayTizO; phase), the Na sublattice would
rearrange, and the Na* ions in NayTiz0; would occupy 2e Wyckoff
sites in octahedral coordination, forming a distorted rock-salt
structure with a volume expansion of 6% (Fig. 9). A similar phe-
nomenon is also revealed by Meng et al. [61]. The self-relaxation
behavior for the fully intercalated phase is proposed, leading to
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Fig. 9. The electrochemical reaction mechanism of Na,Ti;0; anodes for Na* storage.

the self-discharge process [61]. According to Palacin et al., the
structure of NayTi3O; is mechanically and dynamically stable,
showing a reversible Na* insertion/extraction process, which has
no impact on capacity stability [62]. Palacin also found that the
pristine Na,Tiz0; was easily partially converted to the Na,_,H,Tis-
0 phase via the ion-exchange process due to the presence of water
during the sample preparation, which corresponds to discharge
plateaus of 1.2 V vs. Na*/Na. The Na,_,H,Tis0; could gradually
restore to Na,Tiz0; by exchanging protons with Na* from the elec-
trolyte. Thus the hydrogen ion exchange phenomenon is unrelated
to the capacity fading.

Balaya et al. proposed a two-phase reaction mechanism for Na,-
Tiz0 at the first discharge process, corresponding to the Na,Tiz0,
— Nasz_,Ti30; and Nas_,Ti30; — NayTi307 [63]. The phase transi-
tion process of Na;Ti30; — Nasz_,Tis0 occurs at the discharge pla-
teau close to 0.2 V vs. Na*/Na, but it is an irreversible transition in
the subsequent charge process when deeply discharged to 0.01 V
vs. Na*/Na. When the discharged cut-off voltage is limited to
around 0.155 V vs. Na*/Na instead of 0.01 V vs. Na*/Na, the phase
transformation exhibits a reversible reaction between Na,Tiz0-
and Nasz_,TizO;. More importantly, the pathway of Na,Tiz0; «
Nas_,Ti30; exhibits very slight polarization due to a lower charg-
ing plateau at 0.22 V vs. Na*/Na.

4.2. Key issues and challenges of Na,Tis0; anodes

Until 2011, Na,Tiz0; was reported as a promising low-voltage
insertion anode material for developing high-energy sodium-ion
batteries because the average potential of 0.3 V vs. Na*/Na is nearly
the lowest one among the ever-reported anodes [11]. Unfortu-
nately, to date, the prospects of practical application of this com-
pound have been hindered by some issues (Fig. 10a and b). A
theoretic capacity of the Na,Ti;07 is only 177 mA h g1, lower than
that of hard carbon, which is expected to be increased. The CV
curves of the first and second cycle are shown in Fig. 10(a) [64].
In the first cycle, the peak at 0.05 and 0.34 V vs. Na*/Na corre-
sponds to the Na* insertion and extraction. While the large shoul-
der peak in the potential range from 0.9 to 0.5 V and the reduction
peak at 0.32 V correspond to the irreversible decomposition reac-
tion of the electrolyte. The irreversible SEI formation results in ini-
tial Coulombic efficiency of only about 60%. In the second cycle,
upon Na® insertion and extraction, a broad hump appears, suggest-
ing the instability of SEI. Every cycle is affected by some irre-
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versible capacity, leading to a global capacity fading of the
electrode (Fig. 10b) [64]. The capacity generally fades ~25% from
the first cycle over 10 to 25 cycles [62]. Chen et al. reported that
the Na,Ti30; anodes show a capacity attenuation of over 70% after
60 cycles at 0.1 C rate [59]. Besides, the polarization is over 0.2 V
with a charge plateau of 0.44 V vs. Na*/Na when deep discharged
to 0.01 V vs. Na*/Na [64].

In order to gain new insights into the reasons behind the issues,
some in-depth research was carried out. The composition and evo-
lution of SEI in Na,TizO7 are deeply studied utilizing X-ray photo-
electron spectroscopy (XPS) and Auger parameter analysis [65].
The electrochemical measurements were performed at a C/10 rate
in the potential range of 0.05-1.6 V vs. Na*/Na, using 1 M NaClQO,4 in
a mixture (1:1) of ethylene carbonate (EC) and propylene carbon-
ate (PC) as the electrolyte [65]. It is found that the SEI formed at
the first discharge process was composed of carbonates and
semi-carbonates (Na,COs, NaCOsR), fluorides (NaF), chlorides
(NaCl), and poly(ethylene oxide)s (PEO) (Fig. 10c). The NaF is asso-
ciated with the degradation of the polyvinylidene difluoride (PVDF)
binder. The SEI is unstable and partially dissolved during charging,
resulting in continuous electrolyte degradation. Casas-Cabanas
found that small amounts of insulating Na,COs; (possibly from
unreacted precursor or surface corrosion) strongly lead to capacity
fading [44]. Blaya et al. found that carbon additive in the composite
electrode causes irreversibility between 0.7 and 0.2 V vs. Na*/Na in
the first discharge and charge processes [25]. In summary, the low
initial Coulombic efficiency and poor cycling performance of Na,-
Ti30; could be mainly related to the decomposition of instable
SEl layer, the side-reactions from the PVDF degradation and carbon
additive, and the existence of insulating Na,CO3 [44,62,64,65].

Casas-Cabanas et al. found that the Na,.,Tiz07 (0 < x < 1.4) exhi-
bits insulation and then becomes an electronic conductor after fur-
ther Na® insertion. Significantly, the observed conductivity
transition is reversible upon cycling (Fig. 10d), which may be one
of the critical factors for the large polarization of the Na,Tiz0;
anode during charging and discharging [64]. Other reasons for
the polarization need to be further explored. Regarding the limited
specific capacity, it is mainly due to the fact that only 2/3 Ti*" (in-
serting the two additional Na*, Fig. 10e) is reduced in the Na,Tiz0-
structure, and thus reduction of more Ti*" is the key to enhance the
specific capacity. Overall, the key challenges in optimizing the elec-
trochemical performance of Na,TizO; anode are the lots of side-
reactions, instable SEI layer, and the reversible transition of the
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Fig. 10. The key issues and challenges of Na,Ti;0; anodes for Na* storage.

conductivity during charging and discharging. There is still some
lack of intuitive evidence for the effect of the intrinsic crystal struc-
ture on the electrochemical performance of the Na,Ti;O; anode.
For an in-depth and comprehensive understanding of the underly-
ing reaction mechanism, some advanced in-situ techniques should
be applied [66,67].

4.3. Strategies for optimizing electrochemical performance

As summarized above, Na,Tiz05 still faces many challenges in
achieving high-energy and high-safety NIB. Many optimization
strategies are proposed. Table S6 summarizes the typical Na,Ti307-
based anode materials and their optimized electrochemical prop-
erties for sodium-ion storage [12,25,48,49,51,55,57-59,68-81].
There are four main types of optimization strategies (Fig. 11).
The first strategy is the parameters regulation on Na,Tis0; elec-
trode preparation and electrochemical test, mainly including syn-
thesis parameters, the effect of ball milling, and the types of
electrolyte and binder. The second strategy is to composite Na,Ti3-
0, with carbons, such as carbon-coated Na,Ti3;O; materials and
Na,Ti30; composited with N-doped carbon, rGO, and CNT. The
third strategy is morphological regulation, such as nanotubes,
microspheres, nanoplatelet/nanosheet, and sandwich structures.
The fourth strategy is defects regulation of Na,Tiz0, crystal struc-
ture including ion substitution, hydrogenated, sulfidation, and new
phases for Na,TisO; materials. These four optimization strategies
are discussed in detail below.

(1) The electrode preparation technologies and electrochemical
test conditions are first explored and optimized. It is found
that the PVDF binder could react with sodium from elec-
trolytes forming NaF, so this binder should be avoided

Optimization
strategy for

Na,TizO;
electrochemical
performance

Fig. 11. The optimization strategy
batteries.

of Na;Ti30; anode materials for sodium-ion

[65]. The Na,TizO; electrode prepared using a car-
boxymethyl cellulose (CMC) binder performs better than
that with PVDF binder (Fig. 12a) [82]. Hu et al. found that
Na,Ti305 exhibits higher capacity and slower capacity decay
in 1 M NaFSI/PC with sodium alginate (NaAlg) binder than
ones in other electrolytes (including NaClO4/EC:DMC,
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Fig. 12. The parameters regulation strategy about Na,Ti;O; electrode preparation and electrochemical test. (a) Capacity evolution of the first 20 cycles of Na,Tiz0; at
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NaClO4/EC:DEC, NaClO4/PC, and NaFSI/PC) (Fig. 12b) [59].
Casas-Cabanas et al. avoided the impurity of Na,COs in the
Na,Ti30; electrode by eluding the Na,COsz precursor and
preventing hydration of Na,Tiz0-, efficiently enhancing the
capacity retention during the cycling process (Fig. 12c)
[44]. Balaya shows a comparison of the Na,Ti3O; electrode
prepared by hand-grinding or ball-milling with carbon
black. The ball-milled technology could reduce the particle
size from 1-2 pm to less than 100 nm, promoting Na* diffu-
sion into the bulk, showing a better specific capacity for Na,-
Tiz0; (Fig. 12d) [25]. The effect of potential range on
electrochemical performance was also reported. In the
potential range of 0.01-2.5 V vs. Na*/Na, Na,Ti;0, exhibits
a discharge plateau of 0.2 V vs. Na*/Na and a charge plateau
of 0.4 V vs. Na*/Na. When a lower cut-off potential increases
to 0.1 V vs. Na*/Na, the cycling stability improves signifi-
cantly, and a new charge plateau at 0.25 V vs. Na*/Na arises
(Fig. 12e) [25]. The new plateau could be related to a rever-
sible pathway of Na,Ti;0; < Nas_,Ti30;, as mentioned in
the part of the reaction mechanism [63].

(2) The strategy of carbon composite is applied to optimize

sodium ion storage performance for Na,Tiz0;. The carbon
layers, CNTs, and reduced graphene oxide (rGO) could
enhance electronic conductivity, further decreasing the
charge transfer resistance of Na,TizO; anodes. Meng et al.
reported carbon-coated Na,TisO; (Fig. 13a), enhancing the
cycling performance (the capacity retention of 65% after
100 cycles) and initial Columbic efficiency (increased by
11% compared to the bare Na,Ti30;) [61]. Casas-Cabanas
et al. investigated that the carbon-coated Na,Tis0; sample
could enhance the electrochemical properties. After 100
cycles, the best capacity retention is 78%, with a measured
capacity of 124 mA h g ' [44]. Na,Ti;0; hollow spheres
assembled from N-doped carbon coated (NTO@N-doped car-
bon) ultrathin nanosheets were synthesized by Qiao et al.,
showing an excellent rate capacity of 63 mA h g~! at the cur-
rent rate of 50 C (Fig. 13b) [73]. Three-dimension reduced
graphene oxide (rGO) can provide an ideal conductive
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matrix for electron/ion transportation, which is applied to
optimize the electrochemical performance of Na,Ti30;
materials. Tang et al. reported Na,TisO; nanowires embed-
ded in rGO networks (NTO/rGO) as an anode for SIBs. The
NTO/rGO delivers a good rate capacity of 116 mA h g~! even
at 2 A g~! (Fig. 13c) [48]. Zhang et al. found that one-
dimension carbon nanotubes (1D CNTs) can enhance the
electronic conductivity of Na,Ti3O,/CNTs materials [51].
The Na,Ti307 in-situ growing on 1D CNTs (NTO@CNT) anode
presents an enhanced rate capacity of 100 mA h g~! at the
current density of 3.4 A g~ (Fig. 13d).

(3) The strategy of morphology regulation in Na,Ti;O; materials

could also effectively optimize the electrochemical perfor-
mance. Chen et al. found that reducing the particle size of
Na,Tiz07 from 5 pum to 140-200 nm could shorten the trans-
port length for Na* ions and electrons [59]. During the charg-
ing process, the nanosized Na,TizO; anode could avoid the
appearance of the intermediate phase, enhancing the
sodium-ion storage capacity. The Na,Ti3O; with nanotube-
like morphology (NTO nanotubes) allows more Na® ions
(3.5Na" per formula unit) to insert/extract in the nanotubes
(Fig. 14a), and the reversible discharge capacity is more than
250 mA h g~! with a first Coulombic efficiency below 50%,
which is much higher than the reported theoretical capacity
of 177 mAh g~ [68]. The theoretical capacity of 311 mAh g™!
is predicted, which is proved by observing the appearance of
Ti>* and Ti?* after discharging. Li et al. synthesized micros
spherical Na,Ti3O; by spray-drying method [54]. The porous
microspherical Na,TizO- consists of well-crystallized Na,Tis-
0O, primary particles with a size of 10-20 nm (Fig. 14b). It
was found that smaller primary nanoparticles and the por-
ous channels inside the microsphere can reduce the electro-
chemical polarization and increase the actual
electrochemical reaction area, improving electrochemical
performance. The microspherical Na,TisO; shows a better
rate performance, with a capacity of 93.1 mAh g ' at5C
(72.2 mA h g! for Na,Ti;0; synthesized by conventional
solid-state reaction).
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Fig. 13. The carbon-composited strategy. (a) TEM image for carbon-coated NTO and cycling performance of carbon-coated and bare Na,Ti30;. Reproduced with permission
from Ref. [61]. Copyright 2014, Royal Society of Chemistry. (b) HRTEM image of NTO@N-doped carbon and the rate performance of NTO@N-doped carbon and bare Na,Ti30-.
Reproduced with permission from Ref. [73]. Copyright 2017, Wiley-VCH. (c) SEM image of NTO/rGO and the rate capability of bare Na,Ti;0; and NTO/rGO composite at
current densities from 20 mA g~ ' to 2 A g~ ! over the voltage window of 0.01-2.5 V vs. Na*/Na. Reproduced with permission from Ref. [48]. Copyright 2016, Elsevier. (d) TEM
image of NTO@CNT and the rate performance from 1.7 to 3.4 A g~' of NTO@CNT, NTO/CNTs, and pristine NTO. Reproduced with permission from Ref. [51]. Copyright 2015,

Royal Society of Chemistry.

Dunn et al. synthesized Na,Ti;0; nanoplatelets and nanosheets
[53]. The 2D nanoscale morphologies were found to overcome the
limitation of charge transfer during Na*-storage. The mixture mor-
phology of nanoplatelets and nanosheets exhibits far better Na*-
storage capacity (110 mA h g~! at 10 C) and stable cycling behavior
than the corresponding bulk materials (Fig. 14c). Qiao et al.
designed the Na,Ti;0; nanosheets sandwiched between graphene
layers (NTO/rGO sandwich) [75]. The ultrathin Na,Ti307
nanosheets could reduce the diffusion distance while the rGO lay-
ers enhance conductivity. The NTO/rGO sandwich delivers the
excellent cycling stability (72 mA h g at 5 A g~! after 10,000
cycles) and rate performance (97 mA h g~' at 5 A g”!, Fig. 14d).
Besides, the flexible sandwiched structure is a good candidate for
flexible sodium-ion batteries. Based on the nanostructures
reported so far, the nanotube morphology for Na,Tis05 is beneficial
to obtain superior specific capacity, while the Na,TizO, nanoplate-
let morphology has an advantage of obtaining superior rate
performance.

(4) The strategy of crystal structure regulation is used for elec-
trochemical optimization. The surface-engineered strategies are
investigated by Li et al. [58,70]. The hydrogenated Na,Tiz0;
nanoarrays with electrical conductivity of 1.2 x 107* S cm~! exhi-
bits higher carrier density for Na* storage due to the increased oxy-
gen vacancy by hydrogenation (Fig. 15a) [58]. Owing to the
optimized conductivity and nanoarrays structures, the hydro-
genated Na,TizO; anode exhibits marked redox peaks at
0.25/0.65 V vs. Na'/Na and desirable reversible capacity
(227 mA h g~ 1). The surface-engineered strategies through the sul-
fidation process are also reported, which exhibit a high electro-
chemical activity (Fig. 15b) [70]. The Na,TizO; with sulfation
strategy delivers higher specific capacity compared to hydro-
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genated strategy. As described in the part of physical property,
the conductivity of Na,Ti;O; could be improved by ion doping.
Based on the ion-exchange properties of Na,Tiz0, the optimized
strategy of the partial replacement of Na* ions by other ions was
reported. There is some research on Na,_,H,Ti30 for Na* ions stor-
age [31,82-84]. Casas-Cabanas et al. investigated the moisture and
stability of Na,TisO; anodes [82]. The spontaneous Na*/H*
exchange could occur after air exposure, forming Na,_,H,TisO0-.
However, spontaneous Na*/H" exchange only affects the electro-
chemical behavior of the first cycle (additional plateau of 1.25 V
vs. Na*/Na related to the H* ions) (Fig. 15¢).

Yu et al. reported the influence of Ti/V cation exchange (forming
Na,Ti3_4Vx07) in Na,Ti30; on electrochemical performance based
on a first-principles study [85]. The specific capacity could increase
from 177 mA h g ! in Na,Ti307 to over 280 mA h g~ ! in Na,Tis_-
V07 due to a higher oxidation state of V>*. Besides, lower voltage,
small volume expansion rates below 3%, and a noticeable improve-
ment in electronic transport are presented (Fig. 15d). Wong et al.
evaluated the electrochemical performance of the Nb-doped Na,-
Ti307 (NazTi2'97Nb0'0307) [86] NazTi2'97Nb0_0307 shows lower elec-
trochemical polarization due to faster charge transport and better
electrochemical performances. Mei et al. proposed that engineer-
ing of oxygen vacancies and Bi substitution (BiyNa,_,Ti3z0,,
0 <x <2, 0<y<7)could open fast ion transport channels in
three-dimensional within the intrinsic Na,TizO; frameworks
(Fig. 15e) [80]. BiyNa,_,Ti30, anode presents the enhanced reversi-
ble capacity (~145% enhancement at 20 mA h g~!), the rate capa-
bility (~200% enhancement at 500 mA h g~!), and the cycling
stability (~210% enhancement of retention capacity after 150
cycles at 20 mA h g ') compared with Na,TisO;. Other ions-
doped Na,Ti;0, materials are also reported, including Ti*>*-doped
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densities between 100 and 2000 mA cm™2 (1 C is estimated as 100 mA cm~2). Reproduced with permission from Ref. [53]. Copyright 2016, American Chemical Society. (d)
Side-view SEM image, digital photograph of NTO/rGO sandwich, and the comparison of rate performance of NTO with different rGO content, rGO and MXene at various
current densities. Reproduced with permission from Ref. [75]. Copyright 2018, Wiley-VCH.

[76], Yb-doped [77], and P-doped [78]. Li et al. found that the Na,-
Ti30; materials in different phase structures could show similar
insertion potentials but different electrochemical stability [12]. A
new triclinic phase Na,TizO,; anode delivers a capacity retention
of 94.7% (far exceeding the 25.7% of the monoclinic Na,Tiz07),
while keeping the low average potential of 0.3 V vs. Na*/Na similar
to that in monoclinic Na,Ti30;. The enhancement is possibly
related to smoother Na* transport channels and a more stable lay-
ered structure with minor fluctuation (Fig. 15f).

Overall, these four strategies show a synergistic effect on per-
formance improvement of Na,Ti3O; anodes. Avoiding the use of
PVDF binder, developing new electrolyte and conductive additives,
reducing particle size, avoiding the appearance of Na,COs, setting
the voltage window to 0.1-3 V vs. Na*/Na, carbon-composite,
and Bi doping can effectively enhance the initial Coulombic effi-
ciency and cycling stability of Na,Ti;0; anodes. Carbon composite
technology is mainly used to optimize the rate performance and
has no obvious advantage in reducing polarization. In order to
decrease the degree of polarization, reducing the particle size of
Na,Ti30; materials, creating more sodium ion transport channels,
and Nb doping are more effective strategies. The strategies for
enhancing the capacity include the use of Na,Ti;O; nanotubes,
reducing the particle size, hydrogenated or sulfation strategies,
and introducing high oxidation state of V°*.

4.4. The applications of Na,Tis0O in sodium-ion full cells

The advantages of Na,Ti3O; as low-voltage insertion anode
material are evaluated by assembling a sodium-ion full cell. Meng
et al. design d NazTi307//P2—Nao'8Lio.]zNigvzzMﬂo_GGOZ full cell,
which displays a high average voltage of 3.1 V due to the ultralow
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voltage of Na,Ti3O; anode [61]. The capacity retention after 25
cycles is ~63%, and the overall energy density is 100 Wh kg~'.
Nay3(Niq3Mny3)0, materials are promising cathodes for sodium-
ion storage. A full cell by matching hydrogenated Na,TizO; (de-
noted as H-Na,Ti;0;) anodes with Nay/3(Nij;sMny3)0, cathodes
afford a reversible capacity of 53 mA h g! (based on the total mass
of both electrodes), with an average cell voltage of 2.7 V [58]. In a
working voltage range of 2.0-3.2 V, Na,Ti3;O; nanotube//Nay;3(-
Ni;3Mny3)0; delivers a specific energy of 110 Wh kg~' [70]. The
VOPO,4 materials are also chosen as cathodes. The Na,Tiz0//VOPO,4
full cells display a capacity retention of 92.4% after 100 cycles and
an energy density of 220 Wh kg~ ! (Fig. 16) [49]. Moreover, the
temperature-dependent charge-discharge tests indicate excellent
capacity retention of 128% and about 60% at 55 and —20 °C, respec-
tively [49].

Activated carbon (AC) cathode with an electric double-layer
mechanism is applied. The assembled Na,Tiz0;@CNT//AC full cell
delivers an energy density of 58.5 Wh kg~!, a power density of
3 kW kg !, and a capacity retention of 75% after 4000 cycles
(Fig. 16) [51]. Zhang et al. extend the application of Na,Ti;0; to
3D flexible sodium-ion batteries [57], based on 3D-flexible Na,Tis-
0, nanosheet arrays/carbon textiles (denoted NTO/CT) as anode
and flexible reduced graphene oxide film (GFs) as cathode without
metal current collector or conducting additives. The flexible NTO/
CT//GFs full cell achieves an energy density of 55 Wh kg~! and a
power density of 3 kW kg~! (Fig. 16) [57]. Na,Ti;0; anodes are also
applied to quasi-solid-state sodium-ion capacitors. Matching with
peanut shell derived carbon (PSC) cathode, the assembled Na,Tis-
0-,//PSC full cell displays an energy density of 111.2 Wh kg ! at a
power density of 800 W kg~!, and a capacity retention of 86% after
3000 cycles (Fig. 16) [69]. A quasi-solid-state Na-ion full cell, based



J. Dong, Y. Jiang, R. Wang et al.

Journal of Energy Chemistry 88 (2024) 446-460

Optimization strategy 4.
Crystal-structure regulation

e e e e e e e e e e e e e N e e e e e e === -

0 Vacancy &

W
8.43A
Bi Substitution

Doy = 6.01 ~6.47 A

4.0098 A
40098 A

4

f
, (a) Hydrogenated NTO ¥ (b) Sulfidated NTO 1
1
1 I 1
| NaOH Ar/H, h |
| -v 450°C/ 2h | 1 ALDTiO, sulfur
I 220 C/3h I I 150°C 400 °C :
I 02 | 1 o 25 I
S
1 z¢ ] . 5® I
£ = E i
1 = oo 0smvs’ = 2 | | & E
¢ 5 e I
I 3. —st £ <, £ o |
1 ) 2 N & I
-O'%.O 05 10 15 20 25 & I o 00 05 10 15 20 2 3.0 0 100 209 300 420 500
l Potential vs. Na'/Na (V) ‘ . Potential vs. Na / V Capacity / mAh g )
M M R M R N R M S R R R S e e e >4 Il I S &I - S EE - G - S - - - - - .-
|_________________ ..l_________________\
(¢) Na, H.Ti;O, for Na* ions storage | (d) Na,Ti; V.0, for Na* ions storage I
I Na, H,(T,0, Na,Ti,0, | |
I m Slurry prep. I T I
. et At . €65+ CMCH,0 | s
I \_w Stired 6h - 2.0 I |
I Na,Ti,0, S s 1 I I
I g 1.0 I I I
£ i
p ! e v
I 5 05 I l Capacity (mANg)
g - |
1 ) 100 200 300 400 50 ] | TilV exchange
l Capacity (mAh/g) 1 1
M OSSN SEEN SEEE SESE SN SEEE SEEE SN BN SN G RS RN S e e e . J — — O W S M M e M W e e e wes s
I
|
1
|
1
1
|
|
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on Na,Ti30; nanoribbon array/graphene foam (NTO/GF) anode and
graphene foam (GF) cathode, achieves a high energy of 70.6 Wh
kg~! and a power density of 4 kW kg~! [87].

The energy and power density of the typical sodium-ion full
cells using Na,Ti;O0; as anode are summarized in Fig. 16. It shows
that NIBs assembled based on Na,Ti;O; anodes are still far from
practical applications despite showing better electrochemical per-
formance. This may be related to many factors, such as cathode
materials, test conditions, assembly process, etc. However, solving
the critical challenges faced by Na,TizO, anodes is an essential step
to achieve high-energy and high-safety NIBs.

5. Conclusions and outlooks

This review provides a comprehensive overview of the achieve-
ments of Na,TisO, materials which is considered as an important
anode for obtaining high-energy and high-safety NIBs. Through
this review, we can conclude that (1) the layered Na,TizO; anodes
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display a safe average potential of 0.3 V vs. Na*/Na and an ability to
reversibly insert 2Na* per formula, corresponding to a theory
capacity of 177 mA h g ! and a reduction of 2/3 of Ti** to Ti**;
(2) the sodium-ion storage process of Na,Ti;O; anodes exhibits a
phase transformation mechanism, and the Na sublattice would
rearrange; (3) the poor cycling performance, obvious polarization
and the limited capacity of Na,Ti3O; could be mainly related to
the side-reactions and the SEI instability; (4) the unsatisfied rate
performance and clear polarization could be mainly related to
the poor conductivity of Na,TisO; and the insulator behavior of
Na,.4Ti307 (0 < x < 1.4); (5) optimization strategies for electro-
chemical performance are categorized in four aspects, which show
a synergistic effect on the performance improvement of Na,Tiz0
anodes.

Although the reported optimization strategies have improved
the electrochemical performance of Na,TizO, anodes, these issues
of low initial Columbic efficiency, high polarization, unsatisfied
cycling stability, and limited capacity are not eliminated. More
critically, the low-voltage plateau of many optimized Na,Ti30;
anodes disappears, meaning that the crucial important advantage
of the material is lost despite the enhancement of its other electro-
chemical properties. Based on the above issues, we propose the fol-
lowing potentially meaningful research directions. (1) Deepen the
understanding of plateau-composition-property-performance rela-
tionships. Na,Ti30; anodes exhibit a flat discharge voltage of 0.2 V
vs. Na*/Na, significantly lower than other titanium-based anodes
(0.5-1 V vs. Na*/Na) operating with the same Ti**/Ti>** redox cou-
ple. The problem “What affects the redox potential of the Ti**/
Ti>* couple?” would inspire researchers to conduct some basic
research. (2) Clarify the relationships between the decay of the
voltage plateau and the crystal structure of the Na,Tiz;O; material.
Why does the plateau of the Na,Tis0; anodes decay significantly
during cycling? Addressing this fundamental question may help
to optimize its performance further. (3) Combine the intrinsic
properties of Na,TizO; materials to optimize their performance.
Different materials have different properties, and their uniqueness
should be emphasized to propose effective modification strategies.
For example, based on the unique ion-exchange properties of the
Na,Ti30;, we are investigating several attractive and easy opti-
mization strategies and have so far found significant optimization
for cycling stability. (4) Obtain stable SEI layers and reduce the
irreversible consumption of Na®. This is closely related to the
cycling stability and initial Coulombic efficiency of Na,Tiz0;
anodes. For this purpose, novel electrolytes and conductive addi-
tives can be investigated. (5) Reduce the polarization of Na,Tiz0;
anode. Currently, there are fewer studies in this area, and it is of
great significance to understand the causes of polarization and pro-
pose effective optimization strategies. (6) Improve the reversible
capacity of the material. The theoretical capacity of Na;TisO; anode
has been predicted to be as high as 311 mA h g, but the experi-
mental results have not yet reached this level. The key is to
increase the reduction amount of Ti** to a lower valence Ti**,
and introduce elements with high electrochemical activity.
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