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Sodium-ion batteries (NIBs) are considered as promising alternatives to lithium-ion batteries (LIBs)
especially in large-scale energy storage systems of renewable energy owing to their potentially low
production cost. In view of the larger ionic size of Na ions than Li ions, the commercial graphite anode in
LIBs is not suitable for NIBs. To achieve NIBs with a high energy density, various anode materials have
been studied in recent years. Among these, two-dimensional (2D) materials have attracted considerable
attention on account of their unique 2D-layered structure with infinite planar lengths; these materials
provide short paths for sodium-ion transportation and large surface areas for sodium ion adsorption.
Furthermore, some 2D materials exhibit a high electronic conductivity (e.g. graphene and metal sele-
nide), which also aids in increasing the capacity and enhancing the rate performance. This review
provides an insight into the recent progress in 2D anode materials in NIBs, including graphene and its
derivatives, transition metal sulfides/selenides, phosphorene/metal phosphides, transition metal car-
bides/nitrides (MXene), and other graphene-like elemental analogs (silicene, germanene, stanene, and
borophene). Moreover, a series of in situ characterization techniques, which have been utilized to
investigate the fundamental sodium storage mechanism of the aforementioned 2D anode materials, are
explained in-depth in this paper. This review is focused on providing a pathway for comprehending the
electrochemical properties and methods to study the sodium storage mechanism of 2D anode materials
for further research.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

lithium are the potential risks that other countries would have to
accept. As a result, various investigations on new types of batteries

Lithium-ion batteries (LIBs), with a high energy density, have
been widely utilized in portable electronics and electric vehicles
since the 1990s [1—4]. Recently, large-scale LIBs, which can be
linked to sustainable energy sources, such as solar and wind power,
have been introduced to the market. Although LIBs are currently
the leading technology for energy storage, the dearth of lithium
(~20 ppm in the earth's crust) [5] and their high cost are the main
issues that may limit their applications in large-scale energy stor-
age systems [5—8]. Moreover, most of the lithium resources are
found in a few areas, such as South America, North America, Aus-
tralasia, Russia, and China [9]. To develop the LIB market, the
foregoing as well as the unsteady supply and increasing price of
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have emerged. Relative to the aforementioned, the substantial
abundance of sodium on the earth's crust (~2.5%) and its practically
unlimited availability in seawater have extremely reduced its cost
as compared with lithium. Sodium has similar electrochemical
properties as lithium; accordingly, Na-ion batteries (NIBs) have
recently been regarded as a promising alternative to LIBs particu-
larly for large-scale energy storage systems [5]. The higher standard
reduction potential of Nat/Na than Li*/Li (AE® = 0.33 V) [7] and the
heavier atomic mass as well as the larger ionic radius of Na ions
have resulted in the lower energy density of NIBs than LIBs;
nonetheless, NIBs still perform an important function in large-scale
applications because of their cost advantage over LIBs [7].

Based on the knowledge of LIBs, several NIB anode materials,
including carbonaceous materials [7,8,10—12], metal oxides/sul-
fides [12—23], sodium alloys [24—33], phosphorus [24], phosphides
[25], and organic compounds [37,38], have been studied in recent
years. Most anode materials exhibit a low initial Coulombic effi-
ciency, low specific capacity, and poor cycling stability. These
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problems need to be overcome in order to achieve a high NIB en-
ergy density for large-scale energy storage systems.

After the discovery of graphene in 2004, two-dimensional (2D)
materials with atomically thin layers, which are stacked via van der
Waals forces, have drawn considerable attention; subsequently,
they have been widely developed for different applications, such as
transistors, catalysts, and energy storage systems [26—28]. Various
2D materials have been extracted by exfoliation or directly syn-
thesized, including graphene and its derivatives [29—33], transition
metal dichalcogenides [34,35], transition metal carbides/nitrides
(MXene) [36,37] and other graphene-like elemental analogs (black
phosphorene [38], silicene [39,40], and borophene [41]). These
materials have also been reported as high-performance NIB anodes.

Two-dimensional materials exhibit an ultrathin atomic/molec-
ular layered structure with infinite planar lengths and more
exposed interior atoms, and they exhibit tunable chemical and
physical properties through the control of defects [26—28]. The
large surface area and open structure of 2D materials not only in-
crease the contact area between the active materials and the
electrolytes but also reduce the length for the diffusion of Na ions;
therefore, an electrode with 2D materials provides a higher theo-
retical capacity than its bulk form. Two-dimensional materials are
stacked by weak van der Waals forces and exhibit good mechanical
flexibility; thus, they can accommodate large Na ions and consid-
erable volume changes during the sodiation/desodiation processes.
The electronic conductivity of 2D materials ranges from that of
insulators to superconductors. Two-dimensional materials with
high electronic conductivity can provide both large capacity and
good structural stability for NIBs. Although 2D materials have
several extraordinary advantages, certain impediments have to be
overcome before they can be utilized in NIBs; these include their
complex synthetic processes, indistinct sodiation/desodiation
mechanism, and severe layer-stacking and aggregation problems
[26—28]. Comprehending the charge storage mechanism of 2D
anodes in NIBs is important for optimizing the battery perfor-
mance. Recently, various in situ/operando techniques have been
applied to investigate the sodiation/desodiation mechanism of 2D
materials.

In this article, a comprehensive review of the recent progress in
the synthesis and electrochemical performance of 2D materials in
NIB anodes is presented, and the fundamental studies of their
sodiation/desodiation mechanism via different in situ/operando
characterization techniques are described, as shown in Fig. 1. At the
end of the paper, the conclusions and future perspectives related to
the major problems and opportunities in using 2D materials are
summarized. The review provides detailed discussions enabling in-
depth understanding and rational design of 2D NIB anode
materials.

2. Overview of 2D anode materials
2.1. Graphene and its derivatives

Carbon materials have been widely used as anodes in LIBs; in
particular, graphite as a commercial anode material for LIBs has an
extraordinary electrochemical performance. Sodium ions, however,
are approximately 55% larger than lithium ions, making them
difficult to locate sufficiently large interstitial sites. It has been
proved that graphite is not suitable for NIBs because the sodium ion
is impractical to intercalate with graphite; this results in a low
capacity [42]. Other carbonaceous materials have been considered
including carbon fiber [43], carbon black [44], carbon hollow
sphere [45], hard carbon [10], and hollow carbon wires [46].
Carbonaceous materials with two-dimensional structures are also
regarded as potential materials for energy storage devices; they
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Fig. 1. Schematic overview of 2D materials used for sodium-ion battery anodes and the
fundamental studies of their sodiation/desodiation mechanism via different in situ/
operando characterization techniques.

have a considerable contact with the electrolyte and exhibit an
impressive capacity for transporting electron/sodium ions because
of their unique structures. Apart from these, they facilitate strain
relaxation which is beneficial during the battery operation
[30,47,48].

In 2013, Wang et al. [49] first proposed reduced graphene oxide
(rGO) nanosheets for application in NIBs. The sheets exhibit a high
capacity of 140 mA h/g at 0.2 C (40 mA/g) with a long cycling life
that exceeds 1,000 cycles; they have a remarkable rate capability
which provides a reversible capability of 95.6 mA h/g at a consid-
erably high current rate of 5 C (1,000 mA/g). The nanosheet
structure could reduce the diffusion length of sodium ions and
exhibit an exceptional performance. Graphene, as a carbonaceous
2D material, has gained attention because of its high surface area,
superior conductivity, and wide electrochemical window [50,51].
The layer of graphene, however, restacks because of its high surface
energy, which limits its application in NIBs [32,52,53]. The most
common technique to improve the electrochemical performance of
graphene is the incorporation of heteroatoms, such as nitrogen,
sulfur, phosphor, and boron. Among these, nitrogen-doped carbon
is the most widely investigated, where the nitrogen could enhance
electronic conductivity and surface wettability and thus improve
the battery performance. Wang et al. [29] synthesized 2D porous N-
doped carbon sheets based on the polypyrrole-functionalized gra-
phene that exhibits a highly reversible capacity (349.7 mA h/g at
50 mA/g), good cycling stability of more than 260 cycles, and good
rate capability (50 mA h/g, even at a considerably high current
density of 20 A/g). A similar strategy is widely used in several works
[29—33]. Sulfur-doping is another common approach to improve
the properties of 2D materials; it enlarges the interlayer distance
and provides more active sites that increase the reaction kinetics
and capacity of 2D materials [31,32,54]. The recent work by Quan
et al. [55]shows that remarkable electrochemical properties are
achieved when graphene is synthesized by the solvothermal
method, where the solvothermal graphene exhibits a high degree
of disorder, and sulfur-doping was conducted from dimethyl sulf-
oxide via a modified thermal process. The interlayer distance of
sulfur-doped solvothermal-synthesized graphene (S-SG) (Fig. 2a) is
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significantly larger (~0.41 nm) than that of graphite (~0.34 nm). The
S-SG exhibits a remarkably high capacity of 380 mA h/g after 300
cycles at 100 mA/g and an excellent rate performance of 217 mA h/g
at 3,200 mA h/g, as shown in Fig. 2b. Additionally, the cycling
performance is extraordinary at 2.0 A/g during 1,000 cycles with no
capacity fade. Except N and S-doped materials, boron is another
ideal candidate for graphene functionalization because it has low
electronegativity and an atomic radius similar to carbon [56,57]. In
2016, Wang et al. [57] proposed a boron-functionalized rGO (BF-
rGO), which features expanded interlayer spaces and a defected-
rich structure, by using a gentle fabrication method (Fig. 2c). The
BF-rGO delivers a reversible capacity of 280 mA h/g and a consid-
erable retention of 89.4% after 5,000 cycles at 1,000 mA/g, as pre-
sented in Fig. 2d.

Another technique implemented by Xu et al. [58] is the syn-
thesis of 3D porous N-doped graphene nanosheets (Fig. 2e). The
well-defined porosity, large surface area, and enlarged lattice
spacing coupled with the N-doping-induced defects make the 3D
mesoporous graphene attain a higher capacity of 1,057 mA h/g at a
current density of 250 mA/g, as shown in Fig. 2f. The cycle retention
of graphene, however, does not increase with this design, and the
rate capability is insufficient because the capacity to change from
high to low rate is irreversible.

The battery performances of graphene and its derivative in NIBs
are listed in Table 1. In summary, the 2D carbonaceous materials

with heteroatom-functionalization could exhibit good cycle sta-
bility. However, the low capacities resulting from the intercalation
mechanism limit their application in NIBs. Meanwhile, they typi-
cally show a lower 1st Coulombic efficiency which indicates the
large capacity loss of the initial discharge/charge capacities. This is
owing to the decomposition of the electrolyte, the formation of a
solid electrolyte interphase (SEI) layer due to the large surface area,
and the irreversible reaction between sodium ions and the func-
tional groups of the graphene [58]. In view of this, because of the
flexibility of 2D carbonaceous materials, they are most commonly
used as additives to reduce the volume expansion of other active
materials.

2.2. Transition metal sulfides/selenides

The use of metal sulfides/selenides (MXs), such as SnS, for
achieving high capacity and long cycling life in LIBs, has been re-
ported since the 1970s [60]. Numerous studies have also focused on
the application of MXs in NIBs, and it has been found that MXs offer
higher theoretical capacities via conversion and/or alloying mech-
anisms [35]. However, the voltage plateau change is one major
issue for MX materials. For instance, it has been proved that
2H—MoS; undergoes an irreversible process to the 1T-MoS; in the
first cycle by in operando XRD detection [61] which leads to the low
Coulombic efficiency. Furthermore, the voltage hysteresis is

-O- - S-SG
- SG

50 mA g

: o GEES0SS00E8580203580200
1160013200} 7

Specific Capacity (mAh g”)
a
g

10 20 30 40
Cycle number

8

Coulombic Efficiency (%)

@

8
&
F

-s-Charge 80

jscharge
-»- Coulombic Efficiency 60

1000mA g!
R 40
20

N
8

0
1000 2000 3000 4000 5000

Cycle Number

A 1C=500mAg"

g &

(-]

-4~ N-G Charge 1
=~ N-G Discharge
~-m-rGF Charge
=O=rGF Disharge
~A~N-GF Charge

02C
~/~N-GF Discharge Coan

SARRZy

2C "
oA
\ 4C
MARALFASA 10C
bvyvvy vy vy

O ey

o

5 10 15 20 25 30 35 40 45 50
Cycle /N

Fig. 2. (a) SEM image of S-doped graphene [55]. Reprinted with permission, copyright 2016, American Chemical Society. (b) Rate performance of S-doped graphene [55]. Reprinted
with permission, copyright 2016, American Chemical Society. (c) Illustration of boric acid-functionalized rGO [57]. Reprinted with permission, copyright 2018, Wiley-VCH Verlag
GmbH & Co. KGaA. (d) Long-life cycling stability of BF-rGO at 1,000 mA/g [57]. Reprinted with permission, copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA. (e) SEM image of
graphene foam. (f) Rate performance of N-doped graphene foam [58]. Reprinted with permission, copyright 2016, John Wiley and Sons.
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Table 1
Electrochemical performance of selected graphene and its derivative anode materials for Na-ion batteries.
Materials Morphology Electrolytes 1st Coulombic ~ 2nd sodiation Cycling retention Ref.
efficiency (%) capacity (mAh/g)
N-doped carbon Nanosheets 1 M NaPF;g (in 349 323 (100 mA/g) ~40% @ 50 mA/g (after 200 cycles) [29]
nanosheets EC:DEC = 1:1 w/w) ~40 (5 Alg)
rGO Nanosheets 1 M NaClOy4 in PC - 217 (40 mA/g) 45.0% @ 40 mA/g (after 1,000 cycles) [49]
96 (1 Afg)
Dopamine-derived Nanosheets 1 M NaClOy4 (in 26.4 212 (100 mA/g) ~50% @ 200 mA/g (after 600 cycles) [30]
N-doped carbon sheets EC:PC = 1:1 v/v) 84 (5A/g)
S-doped graphene Nanosheets 1 M NaPFg (in 57.4 262 (100 mA/g) ~83% @ 5 A/g (after 100 cycles) [59]
EC:DMC = 1:1 v/v) 83 (5A/g)
N-doped carbon sheets Nanosheets 1 M NaClOy4 + 5% FEC 59.7 302 (56.25 mA/g) ~93% @ 56.25 mA/g (after 100 cycles) [33]
(in EC:DMC = 1:1 v/v) 32 (11.25A/g)
B-doped rGO Nanosheets 1 M NaClO4 + 5% FEC 37 ~190 (100 mA h/g) 89.4% @ 1,000 mA-h/g [57]
(in EC:DEC = 1:1 v/v) 123 (1 A/g) (after 5,000 cycles)
S-doped N-rich carbon Nanosheets 1 M NaClO4 (in 43.8 300 (100 mA/g) ~100% @ 1 A/g (after 1,000 cycles) [31]
nanosheets EC:PC = 1:1 v/v) 150 (5 A/g)
N and S-doped Nanosheets 1 M NaClO4 + 2% FEC 53.3 313 (100 mA/g) 82% @ 1 A/g (after 1,200 cycles) [32]
graphene nanosheets (in EC:DEC = 1:1 v/v) 169 (5 A/g)
S-doped graphene Nanosheets 1 M NaClO4 + 5% FEC 55.6 398 (100 mA/g) ~80% @ 100 mA/g (after 300 cycles) [55]
(in EC:PC = 1:1 v/v) 217 (3.2 Alg)
N-doped graphene 3D graphene 1 M NaPFg 42.6 1,057 (250 mA/g) ~69.7% @ 500 mA/g (after 150 cycles) [58]
foam (in EC:DEC = 1:2 v/v) 138 (5 A/g)

another reason for the voltage plateau change which usually can be
observed during the conversion and alloying reactions [62,63]. The
voltage hysteresis is attributed to cracks and subsequent SEI for-
mation, phase transition, internal resistance, polarization, concen-
tration gradient of sodium ions, and mechanical stresses, etc.
[62,64]. These voltage plateau changes always lead to a low
Coulombic efficiency and inadequate cycling performance. Another
problem is caused by sodium sulfides, which are the products of the
conversion reaction between the sodium and metal sulfides. So-
dium polysulfides would react with carbon-ester-based electro-
lytes or dissolve in ether-based and carbon-ester-based
electrolytes; thus, safety issues and capacity loss have to be
considered [35,65,66]. Finally, the conversion reaction always oc-
curs with large volume expansion; a 50—150% volume change oc-
curs in sulfide-based materials in NIBs [67,68]. To achieve a better
electrochemical performance for the sodium-ion storage system,
the aforementioned problems should be resolved.

Thus far, various metal sulfides have been reported such as Sb,S3
[69—71], MoS; [72—78], WS, [79,80], SnS, [81—86], SnS [22,87—92],
FeS [93,94], FeS; [95,96], MnS [97], VS, [98,99], VS4 [100], CoS
[101—-104], CuyS [105], and NiS; [106]. The most common approach
to relieve the problems mentioned above is through carbon coating
or mixing; in this way, volume expansion could be significantly
reduced. For instance, Choi et al. [73] prepared 3D MoS,—graphene
microspheres with a long cycling performance and a good rate
performance (Fig. 3a). The current density ranged from 1 to 10 A/g
and showed a reversible capacity back to 1 A/g (Fig. 3b). The
strategy of this study is to design a novel few-layer MoS; composite
on 3D graphene microspheres. The usage of 3D graphene is better
than that of 2D nanosheets because it results in less aggregation
and provides large surface area, novel physical properties, and
structural stability. Porous 3D graphene sheets have been reported
to limit the volume change and allow the easy migration of elec-
trolytes [107—113].

The usage of few-layer nanosheets is therefore another
approach to increase the performance of the batteries. Zhou et al.
synthesized VS, with a thickness of approximately 9 nm via a facile
solvothermal method; VS; nanosheet assemblies are formed in the
range of 500 nm—1 pm with approximately 10 atomic layers, as
shown in Fig. 3c [99]. These sheets thus provide short diffusion
paths for sodium ions and exhibit an exceptional performance;
even at less than 1 and 2 A/g, they still exhibit capacities of 550 and

400 mA h/g, respectively, as shown in Fig. 3d. Another common
structure design for enhancing electrochemical performance is the
yolk—shell [94,96] or hollow structure [97,104,114]. This type of
structure has a larger surface area than its spherical counterpart
with an identical volume, which provides more active sites for
sodium ion and electrolyte [115,116]. Recently, Wang et al. reported
their study of CoS, multishelled nanoboxes derived from
metal—organic frameworks (MOFs) (Fig. 3e) [104]. In this structure,
the gap between the adjacent shells can overcome the large volume
expansions during the sodiation/desodiation process. Hence, the
triple-shelled CoS, exhibits a remarkable performance after 100
cycles and at a current density of 200 mA/g, and its capacity re-
mains at 95% and rate performance (which could recover from a
change of 5 to 0.1 A/g) is good as shown in Fig. 3f.

Recently, the use of bimetallic sulfides, such as CogSg/ZnS [114],
Coo.sFepgS2 [66], and (Nip3C0op7)9Ss [117], has been investigated,
and such a strategy could provide abundant phase boundaries
during the sodiation/desodiation processes. Along with the hollow
structure, bimetallic sulfides provide small crystalline domains,
which could preclude deep solid-state diffusion and enhance the
pseudocapacitance effect [118—120]. When compared to mono-
metallic sulfides, bimetallic sulfides exhibit a higher electronic
conductivity and multiple redox reactions, which can significantly
enhance the electrochemical performance [121]. The battery per-
formances of metal sulfides in NIBs are summarized in Table 2.

Compared to metal sulfides, metal selenides have similar
layered structures, lower theoretical capacities, and better electrical
conductivity [126]. Accordingly, they have been investigated in
recent years. Among the most thoroughly investigated materials is
MoSe,. Compared with MoS;, MoSe, possesses a larger interlayer
and smaller band gap, which would lead to a better Coulombic
efficiency and rate capability [34]. Numerous studies, however,
indicate that the capacity of MoSe; (i.e. 450 mA h/g) is not ideal
[127—129]. In 2016, Tang et al. reported the creation of MoSe,@0OA-
PDA (i.e. MoSe; fabricated by oleic acid (OA)-functionalized syn-
thesis and polydopamine (PDA) stabilization—carbonization strat-
egy) (Fig. 4a) [130]. This material has a remarkable performance:
545 mA h/g (this is significantly higher than 450 mA h/g) at a
current density of 0.1 A/g. Its rate performance is also significant: as
shown in Fig. 4b—d, the capacities are 545 mA h/g at 0.1 A/g and
367 mA h/g at 5 A/g; it can also recover from the current density of
5to0 0.1 Alg.
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Fig. 3. (a) SEM image of 3D MoS,-graphene [73]. Reprinted with permission, copyright 2015, John Wiley and Sons. (b) Rate performance of 3D MoS,-graphene [73]. Reprinted with
permission, copyright 2015, John Wiley and Sons. (c¢) TEM image of VS, nanosheet assemblies [99]. Reprinted with permission, copyright 2017, John Wiley and Sons. (d) Rate
performance of VS, NSCS [99]. Reprinted with permission, copyright 2017, John Wiley and Sons. (e) TEM images and element mapping of CoS [104]. Reprinted with permission,
copyright 2019, John Wiley and Sons. (f) Rate performance of multishelled CoS [104]. Reprinted with permission, copyright 2019, John Wiley and Sons.

Multimetallic selenides have also gained widespread interest as
materials for sodium-ion storage systems [131,133,134]. Ali et al.
reported a binary-metal selenide, Fe,CoSes, which possesses a
“metal-like” conductivity [131]. With this property, Fe,CoSe4 ex-
hibits an excellent rate capability, as shown in Fig. 4e—f. At current
densities of 0.5 and 32 A/g, it exhibits reversible capacities of 816.3
and 400.2 mA h/g, respectively. Additionally, after 5,000 cycles,
Fe,CoSe4 remains with a capacity of 350 mA h/g. Another strategy is
to combine metal sulfides with metal selenides for achieving a high
electrical conductivity. Tang et al. prepared ternary SnSeg5So 5 by a
facile polyol method [132]; SnSep5S0.5 shows an outstanding ca-
pacity of 612 mA h/g at a current density of 0.2 A/g and ~86% cycle
retention after 100 cycles (Fig. 4g). The performances of NIB with
metal selenides are summarized in Table 3.

Nanostructured, carbon-modified, and multi-element opti-
mized metal sulfides/selenides have been widely researched.
However, these materials have relatively high reaction potentials,

which is not ideal for anode materials. In view of their short
diffusion length and remarkable conductivity, it is probable that
MXs will be used as the electrodes for pseudocapacitors or Na-ion
capacitors in the future.

In Tables 2 and 3, the same materials might exhibit different
capacities. To better understand the influence of morphology,
Table 4 compares the different structure designs and electro-
chemical performances of MoS; and SnS;. The corresponding
morphologies are shown in Fig. 5. This obviously shows that the
nanosized materials exhibit higher capacities than the bulk mate-
rials or restacked microplates. By decreasing the particle size, it
usually shows the larger capacities and better cycle retentions
because of the large surface area for reaction and a higher tolerance
for volume change during the repeated sodiation/desodiation
processes. The SnS; nanowall array electrode exhibited a superior
sodium storage capability [86]. It provided a high capacity up to
730 mA h/g at 100 mA/g and 474 mA h/g at 5 A/g, indicating an



Table 2

Electrochemical performance of selected metal sulfide anode materials in Na-ion batteries.

Materials Morphology Electrolytes 1st Coulombic 2nd sodiation Cycling retention Ref.
efficiency (%) capacity (mA h/g)

Sb,S3/rGO Nanoparticles 1 M NaClO4 + 5% FEC (in EC) 65.7 730 (50 mA/g) 520 (3 A/g) >95% @ 50 mA/g (after 50 cycles) [69]

Sb,Ss/graphite - 1 M NaClO4 + 5% FEC (in 84 733 (100 mA/g) 536 (10 A/g) 99.1% @ 1 A/g (after 100 cycles) [70]
EC:PC = 1:1 v/v)

Sb,S3/S-doped graphene Nanoparticles/nanosheets 1 M NacClO4 + 5% FEC (in PC) 77.9 792.8 (30 mA/g) 591.6 (5 A/g) 83.0% @ 2 A/g (after 900 cycles) [71]

MoS; Nanoflowers 1 M NaCFsSOs; (in DEGDME) 90.1 300 (1 A/g) 195 (10 A/g) - [72]

MoS,/graphene Nanospheres 1 M NaClO4 + 5% FEC (in 719 427 (1 A/g) 234 (10 A/g) 84% @ 1.5 A/g (after 600 cycles) [73]
EC:DMC = 1:1 v/v)

MoS,/PEO Nanosheets 1 M NaCF5SO; (in DEGDME) ~83 185 (50 mA/g) 112 (1 A/g) 67.6% @ 50 mA/g (after 70 cycles) [74]

MoS,/graphene Nanoplates/nanosheets 1 M NaClOy4 (in EC:PC = 1:1 v/ ~41 702 (20 mA/g) 352 (640 mA/g) 49.0% @ 20 mA/g (after 100 cycles) [122]
v)

MoS, Ultrathin Nanosheets 1 M NaClOy4 (in EC:PC = 1:1 v/ 40 510 (40 mA/g) 320 (320 mA/g) 72% @ 40 mA/g (after 100 cycles) [75]
v)

MoS,/SWCNT Nanosheets 1 M NaClOy4 (in EC:DEC = 1:1 ~57 437 (50 mA/g) 192 (20 A/g) ~70% @ 500 mA/g (after 1,000 cycles) [76]
v/v)

MoS,/MWCNT/rGO 3D networks 1 M NaClO4 + 5% FEC (in 74 648 (100 mA/g) 381 (2 A/g) ~67% @ 2 Alg (after 500 cycles) [77]
EC:PC = 1:1 v/v)

MoS,/MOF-derived Nanosheets/nanowall 1 M NaClOg4 + 5% FEC (in 52 660 (100 mA/g) 235 (2 A/g) ~94.7% @ 200 mA/g (after 100 cycles) [93]

N-doped carbon EC:DMC = 1:1 v/v)

MoS;/carbon Nanoparticles/nanofiber 1 M NaClO4 + 5% FEC (in 50 500 (100 mA/g) 210 (20 A/g) ~65% @ 1 A/g (after 2,600 cycles) [78]
EC:DMC = 1:1 v/v)

WS,-decorated rGO Nanosheets/microspheres 1 M NaClO4 + 5% FEC (in 56 404 (100 mA/g) 287 (900 mA/g) 93.8% @ 200 mA/g (after 200 cycles) [79]
EC:DMC = 1:1 v/v)

WS,/CNT—-rGO Scaffold network 1 M NaPFg + 2% FEC (in 25.1 311.4 (100 mA/g) 47.2 (10 A/g) ~76% @ 200 mA/g (after 100 cycles) [80]
EC:DEC = 1:1 v/v)

SnS,/rGO Nanocrystalline 1 M NaClO4 + 5% FEC (in PC) 66.7 600 (50 mA/g) 340 (2 Alg) - [82]

SnS,/rGO — 1 M NaClOy4 (in EC:DEC = 1:1 76.9 671 (100 mA/g) 544 (2 Alg) 97.3% @ 200 mA/g (after 100 cycles) [81]
v/v)

SnS,/graphene Nanoplates 1 M NaClOy4 (in EC:DEC = 1:1 ~70 650 (200 mA/g) 326 (4 A/g) 95.2% @ 200 mA/g (after 100 cycles) [83]
v/v)

SnS,/rGO Plate-on-sheet 1 M NaPFg + 5% FEC (in 64 582 (200 mA/g) 337 (12.8 A/g) ~75% @ 400 mA/g (after 500 cycles) [84]
EC:DEC = 1:1 v/v)

SnS, Nanosheets 1 M NaClO4 + 5% FEC (in PC) 59 685 (100 mA/g) 435 (2 A/g) 88.2% @ 100 mA/g (after 50 cycles) [85]

SnS,/EDA—rGO Nanocrystalline/nanosheets 1 M NaClO4 + 5% FEC (in 73 760 (180 mA/g) 250 (11.2 A/g) 85% @ 1 A/g (after 1,000 cycles) [123]
EC:PC = 1:1 v/v)

SnS,/graphene foam Branched nanoarray 1 M NaPFs (in 73 910 (200 mA/g) ~420 (10 A/g) 89% @ 200 mA/g (after 200 cycles) [124]
EC:DEC:FEC = 1:1:0.03 v/v/v)

SnS, Nanowall array 1 M NaPFg + 5% FEC (in 75.3 730 (100 mA/g) 474 (5 A/g) 85% @ 500 mA/g (after 100 cycles) [86]
EC:DEC:PC = 4:4:2 v/|v)

Orthorhombic SnS Nanosheets 1 M NaClO4 + 5% FEC (in 722 1,037 (30 mA/g) 308 (7.29 A/g) - [22]
EC:PC = 1:1 v/v)

SnS/C Cubic-like/microspheres 1 M NaClO4 + 5% FEC (in 63 541 (100 mA/g) 280 (5 A/g) 89% @ 500 mA/g (after 50 cycles) [87]
EC:DMC = 1:1 v/v)

SnS/rGO + C - 1 M NaPFg (in EC:DEC = 1:1v/ 78.2 590 (50 mA/g) 458 (500 mA/g) ~88% @ 500 mA/g (after 30 cycles) [88]
v)

SnS/graphene foam Nanohoneycomb 1 M NaPFg (in 81 ~1,100 (30 mA/g) ~420 (30 A/g) ~88% @ 100 mA/g (after 200 cycles) [89]
EC:DEC:FEC = 1:1:0.03 v/v/v)

SnS/Sn02 @ graphene — 1 M NaClOg4 + 5% FEC (in 74.6 729 (30 mA/g) 430 (2.43 Alg) ~73% @ 810 mA/g (after 500 cycles) [90]
EC:DEC = 1:1 v/v)

SnS/C Nanosheets 1 M NaClO4 + 5% FEC (in ~74 843 (100 mA/g) 43 (3 Alg) 87% @ 100 mA/g (after 100 cycles) [91]
EC:DMC = 1:1 v/v)

SnS/N-doped graphene Nanoparticles/nanosheets 1 M NaClO4 + 5% FEC (in PC) 81 912.5 (100 mA/g) 404.8 (6 A/g) 87.1% @ 2 A/g (after 1,000 cycles) [92]

FeS/C Yolk—shell 1 M NaClO4 + 5% FEC (in 70.2 621 (100 mA/g) 452 (2.5 A/g) 67.6% @ 100 mA/g (after 300 cycles) [94]
EC:PC = 1:1 v/v)

FeS/Fes;C/graphitic C 3D networks 1 M NaClOg4 + 5% FEC (in 60 585 (100 mA/g) 292 (5 A/g) ~80% @100 mA/g (after 100 cycles) [125]

EC:PC = 1:1 v/v)
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[95]

~90% @ 1 A/g (after 20 000 cycles)
~70% @ 2 A/g (after 800 cycles)

250 (200 mA/g) 170 (20 A/g)
560 (100 mA/g) 403 (5 Alg)

~80

Microspheres 1 M NaCF3S03 (in DGM)

FESZ

[96]

61.65

1 M NaCF3SO3 + 5% FEC (in

DEGDME)

Yolk—shell nanoboxes

FeS,/C

[97]

62.0% @ 100 mA/g (after 125 cycles)

350 (100 mA/g) 118 (800 mA/g)

1 M NaClO4 + 2% FEC (in

Hollow

MnS/rGO

4:6v[v)

1M NaClO4 (in EC:DMC=1:1

v[v)

EC:DMC

microspheres/nanosheets
Nanoparticles/crumpled

sheet

[100]

341.5 (100 mA/g) 192.1 (800 mA/g) 84% @ 100 mA/g (after 50 cycles)

75

VS,4/rGO

[99]

~90% @ 1 A/g (after 200 cycles)

~700 (100 mA/g) 400 (2 A/g)

86

1 M NaClOy4 (in

Nanosheets

VS,

EC:DEC:FEC = 1:1:0.06 v/v/v)
1 M NaCFS0s (in DGM)

[98]

83% @ 2 A/g (after 700 cycles)

~600 (100 mA/g) 277 (20 Alg)
636 (100 mA/g) 359 (5 Alg)

93.7
93

Flower-like nanosheets

Plate-on-sheet

VS,

[101]
[102]
[103]

~88% @ 1 A/g (after 1,000 cycles)
~66% @ 1 A/g (after 200 cycles)

1 M NaCF;S05 (in DEGDME)
1 M NaCFS0s (in DGM)

CoS/rGO

466 (100 mA/g) 210 (10 A/g)
316 (50 mA/g) 196 (1 Alg)

82

Nanoparticles/nanosheets

Nanosheets

CoS/graphene

~69% @ 50 mA/g (after 100 cycles)

62.9

0.8 M NaPFg (in EC:DEC = 1:1

v/v|v)

CoS Stainless steel mesh

[104]

95% @ 200 mA/g (after 100 cycles)

524 (100 mA/g) 346 (5 Alg)

68

1 M NaClOy4 (in EC:DEC = 1:1

v/v)

Multishelled nanoboxes

CoS

[106]

77% @ 0.1 C (after 200 cycles)

407 (0.1 C) 168 (2 C)

65

1 M NaClO, + 5% FEC (in

Nanoparticles/nanosheets

NiS,/graphene

=4:6vVv/v)
1 M NaPFg (in DGM)

EC:DMC

[105]
[114]

88.2% @ 5 A/g (after 5,000 cycles)
88% @ 5 A/g (after 500 cycles)

420 (100 mA/g) 354 (10 Alg)

84.9
71

Nanoflakes

Cu2s
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542 (100 mA/g) 258.6 (10 A/g)

1 M NaClO, + 5% FEC (in

EC:DMC = 1:1 v/v)

Nanocrystal/nanosheets

CogSg—ZnS/N-doped carbon

[66]

~395 (50 mA/g) 173 (20 Alg)

1 M NaCF;S0s (in DGM)
1 M NaClO, + 5% FEC (in

EC:PC = 1:1 v/v)

Microspheres

CoosFep.sS2

[117]

~57% @ 25 mA|/g (after 300 cycles)

481 (25 mA/g) 283 (500 mA/g)

44.5

Nanoparticles/nanosheets

(Nig3C007)9Ss/N-doped

CNT/rGO
MOSZ‘NiQSS‘C

[77]

91% @ 500 mA/g (after 80 cycles)

462 (100 mA/g) 307 (2 Alg)

65

1 M NaClO4 + 5% FEC (in

EC:DMC = 1:1 v/v)

Microspheres

[77]

92% @ 500 mA/g (after 80 cycles)

559 (100 mA/g) 428 (2 Alg)

76

1 M NaClO4 + 5% FEC (in

EC:DMC = 1:1 v/v)

Microspheres

MoS,—NigSg

excellent rate capability. It also presented a high cycling retention
(~85% after 100 cycles). This could be attributed to the structural
design and a direct growth process, which enable the fast electron
and Na-ion transport and provide stable structure for the sodiation/
desodiation processes.

2.3. Phosphorene/metal phosphides

Phosphorus, a naturally abundant and environmentally friendly
element, has been considered as another potential candidate for
the high power density anode in energy storage systems because
LisP and NasP exhibit a high theoretical capacity, i.e. 2,596 mA h/g
[146—148]. A monolayer or few-layer phosphorene can be derived
from one of the phosphorus allotropes, black phosphorus (BP), via a
simple chemical or physical method similar to that employed to
obtain graphene layers [146,149,150]. Compared with red phos-
phorus, phosphorene has weak interlayers bounded by van der
Waal's forces; accordingly, it exhibits excellent charge transport
properties, high thermal stability, and considerable electrical con-
ductivity [28]. It has a similar layer structure as graphene but has a
greater interlayer distance as phosphorus (5.4 A for black phos-
phorus vs. 3.2 A for graphite) [151,152]; accordingly, some studies
on its use for LIBs/NIBs have been conducted. In 2015, Hembram
et al. reported the first-principle calculations of BP for NIBs [153].
Their work indicated that sodium ions intercalate into phosphor-
ene at low ion concentrations; at high ion concentrations, BP forms
alloys with sodium (Fig. 6a). The results further indicate that so-
dium diffusion on phosphorene is extremely fast, and the energy
barrier is low. The study therefore featured a promising anode
material for NIBs with superior mobility, good structure stability,
and high electronic conductivity [153]. Several studies of BP as an
anode for LIBs have been conducted; however, it has been observed
that the cycling performance is extremely low [146,154—156].

It is thus evident that the performance of BP for NIBs has to be
improved. Sun et al. synthesized a phosphorene—graphene hybrid
material to study the sodiation mechanism of phosphorene
(Fig. 6b—c) [38]. When the cut-off voltage is controlled and the
electrochemical measurement is conducted, the results indicate
that the intercalation mechanism only occurs above 0.54 V; below
this, the alloying mechanism would be dominated and the cycling
stability significantly decreased. Compared with this theoretical
study, it has been observed that Nag17P is formed by intercalating,
which considerably agrees with the report. In this study, the
theoretical volume expansion is ~500%; the in situ TEM shows a
volume expansion of 92% (Fig. 6d—f). With a C:P ratio of 2.78:1, the
sandwiched phosphorene—graphene hybrid material can exhibit
an outstanding specific capacity of 2,440 mA h/g at a current
density of 50 mA g~ !; this corresponds to an 85% capacity retention
after 100 cycles, as shown in Fig. 6g—f. The result shows that the
hybrid material has a high capacity, rate capability, and cycle life as
an anode for NIBs. Other theoretical calculations have also been
studied for other phosphorene-modified 2D materials, such as
hexagonal boron nitride (h-BN) and graphene [157,158]. Capped
with h-BN, the BP exhibits a minimal diffusion barrier of 0.06 eV,
and the volume change is smaller than 2%, which optimizes the
degradation of phosphorene [157]. Lee et al. discovered a me-
chanical buffer by mixing phosphorene and graphene. They found
that no C—C bond breaking occurs during the sodiation process, and
the graphene layer provides a facile sodium-ion diffusion channel,
which contributes to the superior high-cycling properties.

Several metal elements have been introduced as metal phos-
phides, such as SnyPy (SngP3 and SnP3) [25,40,150,159,160], NiyP
[161], CoP [162,163], and FeP [164,165], because of the severe vol-
ume expansion of phosphorus; among these, SnsP; has been
considerably investigated. For example, in 2014, Qian et al. reported
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SngP3 as a graphite-supported synergistic Na-storage material
[166]. In this article, the mechanism of tin phosphide is confirmed
by ex situ XRD analysis. The alloys of NasP and Nas 75Sn are formed
during the initial sodiation process; however, the CV curve exhibits
anodic peaks at 0.3 V and 0.65 V, which indicates the formation of
Na and Sn, respectively (Fig. 7a). The irreversible formation of Sn
and P leads to their agglomeration, as shown in Fig. 7b, and the
mechanism is determined by ex situ XRD in Fig. 7c. The design of tin
phosphide must therefore be ultra-small; otherwise, the self-
aggregation and pulverization of Sn—P would cause the severe
degradation of the electrochemical performance [25,159,160].

Metal phosphides are also produced by facile preparation
methods, such as ball-milling [163,165,167]. For example, Zhang
et al. synthesized a ternary material, Sn5SbP3/C, with this method
[167]. The high volumetric and gravimetric capacities are contrib-
uted by Sn, Sb, and P; the multiple phases create a buffering effect
and better electric/ionic conductivity. The specific capacities are
432 and 371 mA h/g after 200 cycles at a current density of 500 and
1,000 mA/g, respectively; these exhibit a good cycle retention of
95%. In this study, however, cracks caused by the volume expansion
are also observed after 1,000 cycles as shown in Fig. 7d—e.

The electrochemical performances of the selected phosphorene
and metal phosphide anode materials for NIBs are listed in Table 5.
In summary, phosphorene exhibits high capacities but suffers the
common alloying reaction problems, such as volume expansion,
which largely limits its application. To attain the buffering effect,
metal phosphide nanoparticles have been introduced to NIBs;
nevertheless, the diminishment of the electrochemical perfor-
mance remains evident during the charge/discharge process.

2.4. MXene
One of the well-known 2D materials is MXene, which is

formulated as My 1 Xy Tx (M =Ti, V, etc.; X =C,N; n = 1-3; Ty is the
functional termination group, such as —OH, F, and/or O) [170,171].

This material has drawn tremendous interest from scientists
because of its high theoretical capacity (351.8 mA h/g) for NIBs and
flexible interlayer space capable of handling high rate capability
[172,173]. A typical method to synthesize MXene is by selectively
etching the A layer out of the My 1AX, compound (A is mainly of
group IIIA or IVA); the etching solution is usually hydrofluoric acid
and a mixture of lithium fluoride with hydrochloric acid [36,37].
The typical morphologies of Ti3AlC; and TizC,Tx are shown in
Fig. 8a—d [36].

Kajiyama et al. published a study pertaining to the sodiation
mechanism of a typical Ti3C,Tx [36]. The results show that the
interlayer distance expanded during the initial sodiation and the
interlayer distance remains constant thereafter. To confirm the
mechanism, an ex situ NMR measurement is employed, as displayed
in Fig. 8e. Peak A indicates that the sodium ion is strongly shielded
by the solvent molecules; peaks B and C present that the sodium
ion is adsorbed on the external surface and edge of the particles and
the desolvated Na™ is intercalated into TisC,Ty, respectively. Solvent
molecules therefore penetrate into the interlayer space, which
behave as a pillar. In conclusion, the constant interlayer distance
leads to a high cycle stability and fast Na* diffusion; nevertheless,
the practical capacity of pure Ti3C,Ty is extremely low. In this study,
the stable capacity is approximately 100 mA h/g at a relatively low
current density of 20 mA/g.

The face-to-face stacking of the MXene nanosheets limits the
practical capacity and rate capabilities [174,175]. To overcome this
problem, several strategies have been employed on MXene. Xie
et al. reported a porous Ti3C,Tx nanosheet (Fig. 8g) for improving
electrode/electrolyte interactions and reducing the duration of
transportation and diffusion of sodium ions [37]. This exhibits the
extraordinary rate capabilities (Fig. 8h). Even at a current density of
100 A/g, its capacity remains at 24 mA h/g. The foregoing demon-
strates a super-long cycle life, which could maintain a stable ca-
pacity of 189 mA h/g after 1,000 cycles at a current density of 1 A/g
(Fig. 8i).



Table 3

Electrochemical performance of the selected metal selenide anode materials for Na-ion batteries.

Materials Morphology Electrolytes 1st Coulombic 2nd sodiation capacity (mA h/g) Cycling retention Ref.
efficiency (%)

MoSe,/graphene Nanoplates 1 M NaClOy4 (in PC) 86 440 mA h/g (0.1 C) ~83% @ 0.1 C (after 50 cycles) [128]
250 mA h/g (1 C)

MoSe; Yolk—shell microspheres 1 M NaClO4 + 5% FEC (in EC:DMC = 1:1 v/v) 85 442 mA h/g (100 mA/g) 99% @ 200 mA/g (after 50 cycles) [127]
345 mA h/g (1.5 A/g)

MoSe,@MWCNT Nanosheets/multiwalled 1 M NaClOy4 + 5% FEC (in EC:DMC = 1:1 v/v) 74 456 mA h/g (200 mA/g) ~99% @ 200 mA/g (after 90 cycles) [129]

carbon nanotube 385 mA h/g (2 Alg)

MoSe,/C Nanosheets 1 M NaClO4 (in EC:DEC = 1:1 v/v) 61 545 mA h/g (100 mA/g) ~92% @ 100 mA/g (after 100 cycles) [130]
367 mA h/g (5 A/g)

SnSe,/RGO Nanocomposites 1 M NaClO4 (in EC:DMC = 1:1 v/v) 83 528 mA h/g (100 mA/g) 87% @ 100 mA/g (after 100 cycles) [135]
365 mA h/g (2 A/g)

SnSe NSCs Nanosheet clusters 1 M NaPFg + 5% (in DC:DEC = 1:1 v/v) ~95 ~400 mA h/g (100 mA/g) 28% @ 5 A/g (after 100 cycles) [136]
16 mA h/g (40 A/g)

FeSe, Microspheres 1 M NaCF5S05 (in DEGDME) ~99 447 mA h/g (100 mA/g) 89% @ 1 A/g (after 2,000 cycles) [137]
226 mA h/g (25 Alg)

FeSe,@C Nanorods 1 M NaClO4 + 5% FEC (in PC) 63 568 mA h/g (100 mA/g) 90% @ 10 A/g (after 3,000 cycles) [138]
245 mA h/g (10 A/g)

FeSe,/GC Microspheres 1 M NaClO4 + 5% FEC (in EC:DC = 1:1 v/v) 58 540 mA h/g (200 mA/g) 88% @ 200 mA/g (after 200 cycles) [139]
417 mA h/g (5 A/g)

CoSe; Urchin-like 1 M NaCF5SO; (in DEGDME) 96 434 mA h/g (100 mA/g) 98% @ 1 A/g (after 1,800 cycles) [140]
97 mA h/g (50 A/g)

CoSe@100CSs Nanoparticles/carbon spheres 1 M NaCF3S03 (in DEG:DME = 1:1 v/v) 99 900 mA h/g (100 mA/g) 51% @ 4 A/g (after 10 000 cycles) [141]
535 mA h/g (2 A/g)

Sb2Ses3/rGO Nanorods 1 M NaCF3S05 (in DEGDME) 73 656 mA h/g (100 mA/g) 98% @ 100 mA/g (after 50 cycles) [142]
223 mA h/g (2 Alg)

MoSe,—NiSe—C Microspheres 1 M NaClO4 + 5% FEC (in EC:DMC = 1:1 v/v) 69 460 mA h/g (100 mA/g) well-maintained @ 0.5 A/g (after 80 cycles) [134]
301 mA h/g (3 A/g)

MoSe,—NiSe Microspheres 1 M NaClOy4 + 5% FEC (in EC:DMC = 1:1 v/v) 74 — ~66% @ 0.5 A/g (after 80 cycles) [134]

SnSep 5S0.5/C Nanoparticles/microparticles 1 M NaClO4 + 5% FEC (in EC:DEC = 1:1 v/v) 70 683 mA h/g (100 mA/g) ~86% @ 200 mA/g (after 100 cycles) [132]
506 mA h/g (1 A/g)

Nig g5Se/C Nanowires 1 M NaClO4 + 5% FEC (in PC) 72 397 mA h/g (83.2 mA/g) 97% @ 83.2 mA/g (after 100 cycles) [143]
172 mA h/g (4.16 A/g)

Cu—CoSe, Microboxes 1 M NaClO4 + 5% FEC (in EC:DEC = 1:1 v/v) 65 492 mA h/g (50 mA/g) 94% @ 1 A/g (after 500 cycles) [133]
185 mA h/g (3 A/g)

Fe,CoSey Nanoparticles 1 M NaCF3S03 (in DEG:DME = 1:1 v/v) 87 816 mA h/g (50 mA/g) 95% @ 1 A/g (after 100 cycles) [131]

400 mA h/g (32 Alg)
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Ref.
[72]
[74]

~40% @ 50 mA/g(after 70 cycles)

Cycling retention

195 mAh/g (10 A/g)

2nd sodiation capacity (mA h/g)
~125 mAh/g (50 mA/g)

300 mAh/g (1 A/g)

1st Coulombic efficiency (%)

90.1
~72

1 M NaCF;S0s (in DEGDME)
1 M NaCFS0s (in DEGDME)

Electrolytes

Restacked microplates

Morphology
Nanoflowers

Materials
MOSZ

Comparison of the electrochemical performances of MoS; and SnS, with different structures.

Table 4
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Recently, MXene coupled with other types of materials has

§ TG ERCECY § drawn considerable attention [176—179] For example, MXene/SnS;
- - - - = shows remarkable electrochemical performance by combining
. their advantages: the metallic conductivity of MXene reduces the
_ E% 7 = E - fading capacity of SnS,, and the high capacity of SnS, provides
ﬁ% %Eg i N numerous diffusion paths [178]. Zhao et al. prepared an alkali-
% ® 8¢ ° g s z induced 3D-crinkled porous Ti3zC, MXene coupled with NiCoP
o § T B g S T % nanoparticles [176]; the bimetallic phosphide may have the richer
% g %Eﬁ 2 % £ redox reaction sites and stability as mentioned in the previous
£ = E}”% - w g section. Herein, MXene functions as an electrical conductivity
CE TEE E < < enhancer and elastic substrate to improve the charge transfer and
S E § § § ) § 2 alleviate the volume change. With this strategy, Ti3C,/NiCoP ex-
Y ge® ? g © hibits a capacity of 416.9 mA h/g at a current density of 0.1 A/g that
= g R Ry i ) significantly increases when compared with pure Ti3C,. As a result
R 78 & 7 R

of the aforementioned synergetic effect, its cycling stability is also
better than that of Ti3Cy/NiyP. It is remarkable that the pseudoca-
pacitance contribution of this material is extremely high; with a
scan rate of only 0.3 mV/s, its contribution can reach 82.0%.

B — o~ =™ = The electrochemical performances of the selected MXene anode
BIFIT 2 E_B2 materials for NIBs are summarized in Table 6. Overall, MXene may
g GE EE S E g E % S 2% E be considered a potential candidate for fast charge/discharge large-
—S 888 % 282 \:’n L:E 23 scale energy storage systems. However, the relatively lower ca-
L0080 5 L0080 00 E 5 L pacity is an issue, which. deserves more investigation and im-
E E < E E E E E E < g E < E provements in future studies.
PI2RSI88IR2RS
YO @an res T rreA 2.5. Silicene, germanene, stanene, and borophene
Silicene, a 2D allotrope silicon with a hexagonal honeycomb
structure similar to that of graphene [186] has been predicted to be
an extraordinary 2D anode material. Compared to bulk Si, where
the binding energy is +0.6 eV (unfavorable), silicene has a negative
binding energy of —0.32 eV as Na is inserted; this implies that the
Na storage can be achieved in silicene [39,40]. The energy barrier
exhibits a reduction from 1.06 eV in bulk silicon to 0.14 eV in sili-
R Q S f\:’ 2 48w % cene that results in considerably faster diffusion rates [40]. The
improvements in binding energetics as well as in Na diffusion rates
- = suggest that silicene is a potential anode material for NIBs.
s 5 Germanene was first proposed in 2009 [187]. It is composed of a
3 g single layer of germanium atoms, which are individually deposited
T T onto a substrate under specific conditions [188]. Germanium has
5 s £ 2 < atomic and electronic structures similar to silicon; accordingly,
ZE T g ¢ = germanene (a 2D form of germanium) is expected to exhibit a high
- i RIRe) 8 8 = capacity for Lit and Na' batteries [189]. Bhuvaneswari et al.
S ToAls ta ! investigated the surface assimilation of Na/Na™ on bare germanene
2y BRg 5 5 & and hydrogenated germanene nanosheets; the strong adsorption of
é g gy g % E d Na* on both nanosheets suggests that they can be used as anode
& EE4 © v & materials for NIBs.
3 &8¢ :é Io =} Stanene is a 2D material composed of tin atoms arranged in a
E § § § § E E E hexagonal layer. Similar to silicene and germanene, it is also a po-
Sss sSsss s s s tential anode for batteries. On the other hand, a 2D sheet of boron

(named borophene), synthesized on the surface of silver (111)
[190], features a low atomic weight and metallic character, which
make it an appealing option for the anode of NIBs. By using the
study of first-principles, Zhang et al. found that the energy barrier
in Na diffusion along the uncorrugated direction is better than that
of graphene [191,192]. On the other hand, other calculations indi-
cate that borophene can provide a super-high capacity of
1,218 mA h/g and preserve the metallic character and structural
integrity at different sodium concentrations [41]. Overall, bor-
ophene is a potential anode material for NIBs.

The free-standing forms of these materials, however, remain
inexistent in nature, where their intrinsic properties may be
affected by the interactions between the deposited atomic layers
and the substrates [26]. Shi et al. combined the heterostructure of
silicene with graphene (Si/G); the latter served as a substrate and
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Fig. 5. SEM images of (a) MoS, nanoflowers [72] (reprinted with permission, copyright 2014, John Wiley and Sons), (b) MoS; restacked microplates [74] (reprinted with permission,
copyright 2015, Elsevier), (c) worm-like MoS; [144] (reprinted with permission, copyright 2015, The Royal Society of Chemistry), (d) MoS, ultrathin nanosheets [75] (reprinted with
permission, copyright 2015, John Wiley and Sons), (e) MoS; nanosheets [76] (reprinted with permission, copyright 2016, American Chemical Society), (f) bulk SnS; [83] (reprinted
with permission, copyright 2015, The Royal Society of Chemistry), (g) SnS, nanosheets [85] (reprinted with permission, copyright 2015, American Chemical Society), (h) SnS,
nanowall arrays [86] (reprinted with permission, copyright 2017, American Chemical Society), (i) SnS, nanoparticles [86] (reprinted with permission, copyright 2017, American
Chemical Society), and (j) SnS, nanosheets on hierarchical tubular structures [145] (reprinted with permission, copyright 2018, Elsevier).

protective layer to preclude the contamination of silicene. Their
computational results show that the Si/G heterostructure not only
preserves silicene's large sodium capacity (487 mA h/g) but also
provides low migration energy barriers for sodium [193]. The hy-
drogenated borophene (borophane, boron hydride, or hydrogen
boride), fabricated by Nishino et al. [194], is not grown on a sub-
strate. Through different analyses, calculations show that the hy-
drogenated borophene exhibits high electronic conductivity, stable
structure, low charging voltage, and high capacity (1,133.8 mA h/g)
as the intercalation of Na adatoms transpires [195].

3. Insitu characterization techniques for 2D anodes in Na-ion
batteries

Although 2D anode materials exhibit notable results in NIBs, its
energy-storage mechanisms have not been well investigated. To
understand the energy-storage mechanisms and explore the po-
tential of 2D anode materials, various in situ/operando character-
ization techniques have been utilized. These include in situ X-ray
diffraction (XRD), in situ Raman spectroscopy, in situ X-ray
adsorption spectroscopy (XAS), in situ transmission electron mi-
croscopy (TEM), in situ transmission X-ray microscopy (TXM), and
in situ atomic force microscopy (AFM). These techniques are
employed to investigate structural and morphological evolutions,
the interface change between electrode and electrolyte, and the
dynamic process involved during charging/discharging [196—199].

3.1. In situ/operando XRD

The in operando XRD is an extremely powerful and a convenient
technique to monitor the structural evolution and phase trans-
formation of 2D anode materials during the NIB operation. It en-
ables the realization of how anode materials interact with Na ions
and why some of them undergo irreversible structural changes. The
preparation of an in operando XRD cell is relatively simple. Typi-
cally, a battery cell with an X-ray window covered with a beryllium
foil or Kapton tape is used, allowing X-rays to penetrate through the
electrode materials and reach the detectors [199].

Two-dimensional materials are formed by layers of atomic slabs,
which are connected by a weak van der Waals force; thus, Na ions
can intercalate in or de-intercalate from a large slab spacing fast
and reversibly [197]. Wang et al. utilized in situ XRD to detect the
structural change of MoS; anode during cycling; two-phase

structural transitions are observed in 1 V vs. Na*/Na during the
sodiation process (Fig. 9a) [61]. The phase changes from 2H—MoS;
to 2H—NagsMoS; in the first transition (0.85 V) and thereafter
transfers to 1TT—NaMoS; (0.75 V); the insertion of more Na ions
(NaxMoS,,1.0 < x < 1.5) leads to no significant structural transition.
The subsequent desodiation process initiates as a solid—solution
reaction; thereafter, when 2.5 V is exceeded, a two-phase transi-
tion occurs from 1T—Nag 5sMoS; to 1TT—MoS; (instead of 2H—MoS5).
This indicates that the structure of MoS; can be partially recovered
at the end of the desodiation process when x < 1.5. The charge
storage mechanism of the SnS,@C hollow nanospheres was studied
by Li et al. through in situ XRD and HRTEM [200]. The in situ XRD
patterns show the continuous decrease in the main peaks of SnS;
upon the initial sodiation process. Neither Na,S nor Na,Sn, can be
observed from the patterns possibly because of the low crystal-
linity; nevertheless, Na;S and Na;5Sng4 can still be observed from
the HRTEM image at the full sodiation state, revealing the presence
of alloying reaction. At a full desodiation state (3 V), SnS and SnS;
can be detected, which indicates that the slow reaction kinetics
results in the partially irreversible recovery of SnS, from Sn. Yang
et al. performed in situ XRD on a NIB cell with chemically exfoliated
V5Sg and graphite hybrid nanosheet (ce-V5Sg—C) anode, as shown
in Fig. 9b. The results reveal five stages during the sodiation/des-
odiation process: (I) the intercalation reaction (1.5—0.4 V); (II) the
combination of intercalation and conversion reaction (0.4—0.25 V);
(1) the conversion reaction (0.25—0.01 V); (IV) the dissociation
reaction from NayS to Na ion, V, and NaxVsSg (0.01—-1.5 V); and (V)
the deintercalation from NaxVs5Sg to VsSg nanosheets (1.5—3 V)
[201]. The intercalation/deintercalation and conversion processes
seem to be reversible, and the irreversible capacity results from the
Vresidue, S dissolution, and SEI formation in the first cycle. Ou et al.
published a series of in situ XRD studies on 2D anode materials
including chemically exfoliated NbS, (ce-NbS,) nanosheets [202],
NiSe,/rGO [203], CoSe; [204], and SbySes3 nanorod/rGO [142]. The
result indicates that ce-NbS, nanosheets can remain in their crystal
structure during Na ion intercalation/deintercalation; this leads to a
long cycle life [202]. In the potential window between 0.4 and 3 V,
NiSe,/rGO and CoSe; anodes exhibit reversible intercalation and
conversion reactions [203,204]. When the CoSe, anode is dis-
charged below 0.4 V, however, a deep conversion reaction of CoSe
occurs and forms NaSe and metallic Co; these result in pulveri-
zation and structural collapse. The Sb,Se; nanorod/rGO anode
material exhibits a high capacity (up to 682 mA h/g); as



12 Y.-M. Chang et al. / Materials Today Advances 6 (2020) 100054

(a) BP Nay ;P Nay P Nay, 5P Nay P Na,sP
(-0.000 eV) (-0.026 eV) (-0.057 V) (-0.116 eV) (-0.175 eV) (-0.240 eV)
—— O C e — — —_—
\VaVaVAl Il D@ a¥s BNl DD aVs I IaVWaWaUs

.
N\

AYAYAYA! N \vavaval W\
e = | e o o o R
YV VEAN alalalia = P
Na, o P Na, P Na, P Na 5,P Na, 5P

(-1.594 eV)

(-1.282eV) (-0467eV)  (-0.320eV)

(b)

Alloying

d,=2.224 A y @ ! Along x dfrectfon (g) =3.08A © Phosphorus Sodium
dy=2244A X Along y direction (g ) =1.16 A

= [
£ = g
= < 8
= < :
S 3 :
© = Y
§ M g . ) L30 7
o 1,000 4 oC/P=3.461 TR § 1500 - - - g
5 ° C/P=2781 hiar’ g L o 3¢ -
0 C/P=1391 a o ®
0 . : ; . 500 | gaaague
0 20 40 60 80 100 0 i . i ' i ' ‘ ' ‘ "
Cycle number 0 10 20 30 40 S0 60 70 80 %0 100
Cycle number

Fig. 6. (a) Sodiation mechanism of black phosphorous [153]. Reprinted with permission, copyright 2015, American Chemistry Society. (b) Illustration of sodiation of black phos-
phorous (BP) [38]. Reprinted with permission, copyright 2015, Springer Nature. (c) HRTEM image of BP. (d—f) Time-lapse TEM images of sodiation of BP [38]. Reprinted with
permission, copyright 2015, Springer Nature. (g—h) Cycling stability of phosphorene—graphene anode [38]. Reprinted with permission, copyright 2015, Springer Nature.
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Fig. 7. (a) lllustration of sodiation/desodiation of SnyP3 [166]. Reprinted with permission, copyright 2014, American Chemistry Society. (b) Ex situ XRD patterns of Sn4P5 at different
voltages [166]. Reprinted with permission, copyright 2014, American Chemistry Society. (c) CV curves of SnyP; at a rate of 0.05 mV/s [166]. Reprinted with permission, copyright
2014, American Chemistry Society. (d) Cycling performance of SnsSbP3/C, SnsP3/C, and SnSb/C electrodes [167]. Reprinted with permission, copyright 2017, Elsevier. (e) SEM images
of SnSb/C composite after 100 cycles at 1,000 mA/g [167]. Reprinted with permission, copyright 2017, Elsevier.

demonstrated by the in situ XRD, it combines the Na-ion interca-
lation, the conversion reaction between Na ion and Se, and the
alloying reaction between Na ion and Sb (Fig. 9c) [142]. Ali et al.
probed the phase transformation in a binary transition metal
selenide electrode (FeaNiSey4) during cycling as displayed in Fig. 9d;
the reversible conversion reaction can be detected as follows [205].

Fe,NiSes + 8Na™ +8e™ « 2Fe + Ni + 4NaySe (1)
3.2. In situ Raman

In situ Raman spectroscopy can be utilized to detect the laser-
induced vibrational, rotational, and other low-frequency transi-
tional modes in anode materials [199]; therefore, the evolution of
structural and electronic properties during sodiation/desodiation
can be investigated. Apart from the foregoing, the crystal structural
change in the amorphous anode material is difficult to detect by in
situ XRD; on the other hand, in situ Raman spectroscopy is a power
tool for probing the structural evolution. Xie et al. conducted in situ
Raman spectroscopy to study the phase transition of MoS, nano-
sheets vertically aligned on a carbon paper (MoS,@C) during bat-
tery cycling, as shown in Fig. 10 [206]. The reversible phase
transition from 2H—MoS; (379 and 405 cm ™) to 1T-MoS; (156, 218,
and 327 cmfl) and 1T—NayMoS; is detected during the Na-ion
intercalation/deintercalation process. When the cell is discharged
from 0.2 to 0.1V, the peaks of 1T—NayMoS; decrease; this indicates
the decomposition of 1TT-NayMoS; into Mo and NayS. During the
discharge process, the blue-shift of the D-band and the red-shift of
the G-band can be probed, suggesting that Na ions are intercalated
into the carbon material. Lane et al., on the other hand, recorded the
in situ Raman spectrum of metallic 1TT—MoS; anodes; the two main
peaks at 150 cm~! (J;) and 220 cm™! (J,) remain without the for-
mation of other peaks, revealing that the phase of 1T—MoS; is
unchanged [207]. Chao et al. utilized in situ Raman to investigate
the self-branched SnS, (B—SnS;) anode; the result indicates that
the B—SnS; anode undergoes good reversibility during intercala-
tion, conversion, and alloying reactions even at a high charge/
discharge rate (at 5 A/g) [124].

3.3. In situ TEM

In situ TEM has been considered as a powerful technique to
observe the microstructural transformation and ion diffusion
directly at the atomic scale during sodiation and desodiation pro-
cesses. The electrochemical reactions between the electrode ma-
terials and electrolyte can be detected by lattice image alternations,
selected area electron diffraction, electron energy loss spectros-
copy, and energy-dispersive X-ray spectroscopy [196].

Sun et al. prepared a phosphorene/graphene hybrid anode; it
exhibits a high specific capacity of 2,440 mA h/g at a current density
of 50 mA/g with an excellent cycling retention (83%) after 100 cy-
cles [38]. The sodiation mechanism is studied through in situ TEM;
the results show a 92% volume expansion along the y-axis of the
phosphorene layers, but no significant change is observed along the
x-axis, as shown in Fig. 4c—f. This indicates that the Na ions pref-
erentially intercalated along the x-axis of phosphorene layers and
formed a NasP alloy. The graphene layers in the hybrid material
acted as an electrical network and elastic buffer to accommodate
the expansion of phosphorene layers; this led to good cycling sta-
bility. Kim et al. also utilized in situ TEM to investigate the sodiation
mechanism in single-crystalline BP flakes [208]. The setup of the
TEM holder is shown in Fig. 11a. The BP was on the TEM grid, and a
Na metal was used as the counter electrode with surface-coated
NayO solid electrolyte. The Na ions initially intercalated in the
same layered channels and then diffused toward the selective
zigzag intercalation channels. Gao et al. directly tracked the
migration of Na ions in layered SnS, nanostructures at the atomic
scale by the in situ TEM technique, as displayed in Fig. 11b [209].
During the sodiation process, SnS, transformed to a highly defec-
tive and expanded NaxSnS, through a two-phase reaction. In the
desodiation process, it underwent a solid-solution reaction with
the formation of nano-sized intermediate NagsSnS; with row-
ordering within every (001) Na planes. The observation of asym-
metric sodium insertion and extraction pathways provides valuable
insights into the origins of voltage hysteresis in NIBs. Gao's group
also studied the Na-ion storage mechanism of MoS, nanosheets.
The sodiation process proceeded via a two-phase reaction, which
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Table 5
Electrochemical performance of selected phosphorene and metal phosphide anode materials for Na-ion batteries.
Materials Morphology Electrolytes 1st Coulombic 2nd sodiation capacity (mA h/g) Cycling retention Ref.
efficiency (%)

Phosphorene/graphene Nanosheets 1 M NaPFg + 10% FEC (in EC/DEC) ~80 85% @ 50 mA/g (after 100 cycles) 83% @ 50 mA/g (after 100 cycles) [38]

Few-layer phosphorene Nanosheets 1 M NaClO4 + 5% FEC (in PC) ~51 1,878.4 mA h/g (100 mA/g) 61% @ 100 mA/g (after 50 cycles) [168]
321 mA h/g (2.5 Alg)

SnyP5/C Agglomerated nanoparticles 1 M NaPFs + 5% FEC (in EC/DEC) 77 816 mA h/g (50 mA/g) 86% @ 100 mA/g (after 150 cycles) [166]
349 mA h/g (1,000 mA/g)

SnyP3 Microparticles 1 M NaClO4 + 5% FEC (in EC:DEC = 1:1 v/v) ~82 718 mA h/g (100 mA/g) 92% @ 100 mA/g (after 100 cycles) [25]

SnP3/C Nanoparticles 1 M NaClO4 (in FEC:DMC = 1:1 v/v) 71 860 mA h/g (80 mA/g) ~99% @ 150 mA/g (after 150 cycles) [159]
570 mA h/g (2,560 mA/g)

SngP3/MWCNTs Nanotubes 1 M NaClOy4 (in FEC:DMC = 1:1 v/v) 72 520 mA h/g (100 mA/g) 90% @ 100 mA/g (after 120 cycles) [160]
259 mA h/g (1 A/g)

SnyP3/RGO (10.4 wt% C) Nanoparticles/nanosheets 1 M NaClO4 + 5% FEC (in PC) 46 670 mA h/g (100 mA/g) ~74% @ 1 A/g (after 1,500 cycles) [40]
391 mA h/g (2 A/g)

Ni,PcpGN Yolk—shell nanoparticles 1 M NaCF5SO3 (in DEGDME) 52 211 mA h/g (100 mA/g) 89% @ 200 mA/g (after 100 cycles) [161]
101 mA h/g (2 A/g)

SnsSbP3/C Microparticles 1 M NaClO4 + 5% FEC (in PC) ~74 ~454 mA h/g (100 mA/g) 95% @ 500 mA/g (after 200 cycles) [167]
352 mA h/g (2 Alg)

CoP@C-RGO—NF Polyhedral 1 M NaClO4 + 5% FEC (in PC) 47 713 mA h/g (100 mA/g) 51% @ 100 mA/g (after 100 cycles) [162]
155 mA h/g (1.6 A/g)

CoP Nanoparticles 1 M NaClOy4 (in EC:DEC = 1:1 v/v) 65.2 570 mA h/g (100 mA/g) 70% @ 100 mA/g (after 25 cycles) [163]
80 mA h/g (2 Alg)

FeP Nanoparticles 1 M NaClO4 (in EC:DEC = 1:1 v/v) ~62 420 mA h/g (50 mA/g) 69% @ 100 mA/g (after 60 cycles) [165]
60 mA h/g (500 mA/g)

H—FeP@C@GR Nanocomposites 1 M NaClOy4 (in FEC:PC = 1:1 v/v) 66 620 mA h/g (100 mA/g) ~54% @ 100 mA/g (after 250 cycles) [164]
237 mA h/g (1.6 A/g)

NCP@FCNT—FS Freestanding films 1 M NaClO4 + 5% FEC (in PC) ~56 500 mA h/g (500 mA/g) ~33% @ 500 mA/g (after 100 cycles) [169]
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Fig. 8. (a—d) SEM and TEM images of TisAlC, and TisC, [36]. Reprinted with permission, copyright 2016, American Chemistry Society. (e) >>Na MAS NMR spectra to identify the
Ti3C,Tx mechanism [36]. Reprinted with permission, copyright 2016, American Chemistry Society. (f) Change in interlayer distance and intercalated Na amount during two initial
cycles [36]. Reprinted with permission, copyright 2016, American Chemistry Society. (g) SEM image of porous Ti3C;Tx [37]. Reprinted with permission, copyright 2018, Elsevier. (h)
Rate performance of porous Ti3C,Ty [37]. Reprinted with permission, copyright 2018, Elsevier. (i) Long cycling performance of porous Ti3C,Tx for 1,000 cycles at a current density of

1 A/g [37]. Reprinted with permission, copyright 2018, Elsevier.

started with the nucleation of a new phase of NaMoS;; thereafter,
the phase boundary diffused [210]. Zhang et al. also used in situ
TEM to characterize the phase transformation of MoS, during
cycling. In the sodiation process, the pristine 2H—MoS; nanosheets
convert to 1T—NaMoS; in the first stage; they are thereafter
transformed to Na,S [211]. The microstructure evolution of MoS;
nanosheets occurs during the sodiation and desodiation processes;
the Na ions are easily extracted from the edge of the MoS; layer.
This indicates that Na ions preferentially migrate along the edge of
MoS; nanosheets and migrate smoothly in between MoS; layers.
Using in situ TEM, Yao et al. investigated the sodiation kinetics and
structural evolution in carbon-coated Sb,S3 nanorod electrodes,
which are stacked by weak van der Waals forces [212]. The Na™ ion
intercalation and conversion/alloying reactions are observed
(Fig. 11c); during the first sodiation process, the Na ions quickly
intercalate into the voids of Sb,S3 at 146 nm/s, resulting in the
amorphization of the Sb,S3 crystalline and a small volume expan-
sion of approximately 54%.

3.4. In situ AFM

The in situ AFM technique, which is based on the indentation of
a tip-shaped cantilever, can be utilized to probe the surface
topography evolution by scanning the interface between the elec-
trode and liquid electrolyte during battery cycling [199]. The SEI
layer formation on the electrode surface in different electrolytes

and at different potentials can be observed by the in situ AFM
technique. It can also detect the real-time mechanical properties
and the structural changes of electrode materials during the
sodiation and desodiation processes. Lacey et al. assembled a
microscale battery, which consisted of mechanically exfoliated
MoS; flakes with copper connections and Na metal reference [213].
They utilized the in situ AFM method to analyze the sodium
intercalation model of MoS; anode by a special cell design in a dry
room environment, as shown in Fig. 12. After discharging to 0.4 V in
the first sodiation process, a permanent structural wrinkling of the
sodiated MoS; flakes is observed. The SEI layer immediately forms
on both flake edges and planes before the sodiation process; the SEI
thickness (20.4 + 10.9 nm) is estimated through AFM analysis.

3.5. In situ XAS

The in situ synchrotron XAS is a powerful technique to detect the
changes in the chemistry and bonding environment of 2D electrode
materials during sodiation and desodiation processes [199]. The X-
ray absorption near-edge structure (XANES) method can provide
the oxidation states with the site-symmetry information. On the
other hand, the extended X-ray absorption fine structure (EXAFS)
method can deliver the local structural evolution in real time.

Bak et al. synthesized a 2D vanadium carbide MXene containing
surface functional groups (V,CTy, Tx) and studied the charge storage
mechanism of the V,CTy electrode by in situ synchrotron XANES, as
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Table 6

Electrochemical performance of selected MXene anode materials for Na-ion batteries.

Ref.

2nd sodiation capacity (mA h/g) Cycling retention

1st Coulombic
efficiency (%)

Electrolytes

Morphology

Materials

[37]

~132% @ 100 mA/g (after 500 cycles)

421 mA h/g (20 mA/g)
89 mA h/g (5A/g)

1 M NaClO4 + 5% FEC (in EC/PC = 1:1 v/v)

Porous composite paper

TisC, MXene/CNT-SA

[36]

~67% @ 20 mA/g (after 100 cycles)

~120 mA h/g (20 mA/g)
~70 mA h/g (500 mA/g)

167 mA h/g (20 mA/g)
85 mA h/g (300 mA/g)

~54

1 M NaPFg (in EC:PC = 1:1 v/v)

Layered structure

Ti3C2TX

[180]

~86% @ 50 mA/g (after 200 cycles)

55

NaCF;S03 (in DME)

Flat nanoribbons

a-Ti3C; MNRs

[181]

54% @ 880 mA/g (after 1,000 cycles)

330 mA h/g (~88 mA/g)
120 mA h/g (8.8 A/g)
90 mA h/g (10 mA/g)
50 mA h/g (1 A/g)

~49

1 M NaClO, + 5%FEC (in EC:PC = 1:1 v/v)

3D macroporous films

TingTX

[182]

~68% @ 20 mA/g (after 100 cycles)

53

3:7 v[v)

1 M NaPFs (in EC:DMC

Lamellar structure

V,oCTx

[178]

~70% @ 100 mA/g (after 125 cycles, 0 °C)

901 mA h/g (50 mA/g)
78 mA h/g (2 Alg)

52

1 M NaClO, + 5%FEC (in EC:PC = 1:1 v/v)

Flakes/nanoplates

Ti3C2TX/Sl’152 (52] )

[179]

99% @ 1 A/g (after 1,000 cycles)

~140 mA h/g (100 mA/g)
~100 mA h/g (2 Alg)
~166 mA h/g (1 A/g)
~24 mA h/g (100 A/g)
~187 mA h/g

~103 mA h/g

~211 mA h/g

~137 mA h/g

~240 mA h/g

~120 mA h/g

~250 mA h/g

~33

1 M NaClO4 + 5%FEC (in PC)

Black phosphorus

BPQD/TNS

quantum dots/nanosheets

Porous structure

[183]

113% @ 1 A/g (after 1,000 cycles)

1 M NaClO4 + 5%FEC (in EC:PC = 1:1 v/v)

p-TisC,Tx
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[176]

~59% @ 1 A/g (after 2,000 cycles)

100 mA/g)
2 Alg)

[177]

~67% @ 2 A/g (after 1,000 cycles)

400 mA/g)
5A/g)

20 mA/g) ~98% @ 20 mA/g (after 50 cycles) [184]

500 mA/g)
50 mA/g)

[185]

85% @ 200 mA/g (after 1,000 cycles)

69

3D network/nanoparticles 1 M NaClO4 + 5%FEC

Ting/NiCOP

(in EC:DMC:EMC = 1:1:1 v/v)

45

1 M NaClOy4 (in EC:PC = 1:1 v/v)

Layered structure

Sulfur-decorated Ti5Cy

(coarse surface)

~25

1 M NaClO4 + 5%FEC (in EC:PC = 1:1 v/v)

Foam-like porous structure

c-TizCoTx

~88

4:6 v|v)

1 M NaClOy4 (in EC:DEC

Multilayer-stacked nanosheets

TizCoX

~90 mA h/g (800 mA/g)

shown in Fig. 13a—b [182]. The V K-edge XANES result in the figure
shows a reversible edge shift during the sodiation and desodiation
processes; this indicates that the oxidation state change of vana-
dium is reversible. It demonstrates that the charge storage of the
V,CTx anode in NIB may be mainly contributed by the redox reac-
tion of vanadium (~0.2 electron transfer per vanadium) accompa-
nied by Na-ion intercalation/deintercalation. Ma et al. characterized
the charge storage mechanism of SnS;—rGO electrodes through in
situ Sn K-edge EXAFS spectra analysis [214]. The gap between Sn
and Sn interaction changes, which implies that Na—Sn alloy phases
form during the sodiation process (Fig. 13c). This result indicates
that the SnS,—rGO anode involves both conversion and alloying
reactions.

3.6. In situ TXM

Various advanced X-ray imaging characterization methods, such
as transmission X-ray microscopy (TXM), scanning transmission X-
ray microscopy (STXM), scanning photoelectron microscopy,
micro-X-ray fluorescence spectroscopy, and synchrotron radiation
X-ray tomographic microscopy, have been established to investi-
gate the charge storage mechanism of NIBs [ 199]. The strong power
and nondestructive nature of X-ray enable it to penetrate through
electrodes during battery operation. The wavelength of a probing
X-ray beam ranges from nanometers to a few angstroms. Imaging
with X-ray not only provides the morphological development of
electrode materials but also detects the elemental and valence
mapping information. The 3D X-ray tomography technique can
provide the multidimensional information of electrode material at
the um—nm spatial resolution. Although in situ TEM is a powerful
method to probe microstructural information and kinetic mecha-
nism, its use is limited to thin samples (nanometer size). AFM can
also provide microstructural information; however, it is restricted
to surface analysis. The TXM instruments are usually operated with
synchrotron sources; thus, they can probe large and thick samples
with a broad area. Coin cells for in operando TXM measurement can
therefore be utilized directly.

Wang et al. conducted in operando 2D TXM, XANES, and 3D
tomography to obtain spatially resolved maps of phase transition
and structural evolution as well as to analyze the electrochemically
irreversible feature and large voltage hysteresis of the FeS anode in
NIBs during the sodiation—desodiation process, as shown in Fig. 14
[215]. Based on the results, the FeS electrode undergoes conversion
reaction during the first sodiation process. The phase trans-
formation along with volume expansion occurs at the surface of
particles in the initial sodiation stage; thereafter, the phase trans-
formation propagates to the core until the particle is completely
transformed to the Fe phase. During the desodiation process, the
majority of the particles are transformed back to the FeS phase, and
the volume contracts; however, some of the regions in the core
remain in the Fe phase. It demonstrates that some of the Na ions are
trapped in the center of particles; this results in the irreversible
capacity in the initial cycle. The good reversibility of the FeS elec-
trode is obtained after the second cycle; it reveals that the size
reduction that resulted from particle fracture during the first cycle
reduces the interfacial resistance and ion diffusion barriers. These
results provide valuable insights for researchers to design a suitable
morphology for FeS particles to achieve high-performance NIBs.

In addition to the aforementioned method, in situ neutron
diffraction and in situ Fourier-transform infrared spectroscopy
(FTIR) are also powerful techniques for the investigation of NIBs.
The in situ neutron diffraction is usually applied to understand the
ion transport mechanism during the sodiation/desodiation process
[216]. Besides, FTIR can be utilized to understand the binding
change during the charge/discharge process [217]. However, these
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techniques have not been reported in the field of 2D material-based
NIBs so far.

4. Conclusion and prospects

This article reviews recent developments of 2D-layered mate-
rials in NIBs, including graphene and its derivatives, transition
metal sulfides/selenides, phosphorene/metal phosphides, transi-
tion metal carbides/nitrides (MXene), and other graphene-like
elemental analogs (silicene, germanene, stanene, and borophene).
These 2D anode materials exhibit excellent electrochemical per-
formances in NIBs because of their shortened paths for Na-ion
diffusion and large surface areas for Na-ion absorption. Some of
the 2D materials even provide high electronic conductivity, which
enables considerable rate capability, such as transition metal sele-
nides. A comprehensive review of various in situ characterization
techniques to investigate the sodium storage mechanism of these
2D anode materials is also presented. It is anticipated that the
higher performance 2D anode materials could be achieved in the
future with better understanding of the charge storage mechanism
using in situ electrochemical characterization methods.

The main sodiation/desodiation mechanism of graphene and
MXene is intercalation which leads to low capacities but good cycle
stabilities. As for transition metal sulfides/selenides and phos-
phorene/metal phosphides, the sodiation/desodiation mechanisms
are usually combined with intercalation, conversion, and alloying.
Conversion and alloying reactions would cause severe stacking and
agglomeration after sodiation/desodiation processes. Thus, for
these reasons, nanostructured designs and mixing with flexible
carbons to minimize the stacking and agglomeration phenomena
are the most common ways to achieve a better performance. There
are still some challenges to the development of 2D materials. One of
these is that 2D materials as anodes in NIBs usually have high re-
action potential which results in low energy density. Another
challenge is the complicated preparation method of 2D materials.
For example, highly corrosive HF or the precursor of forming HF is
usually used to synthesize MXene, which increases the safety risks.

Moreover, from the above challenges, 2D materials are still
considered as the potential anode materials for NIBs. Recently,
many more binary metal sulfides, selenides, and phosphides are
under investigated owing to their synergistic effect. By mixing two
or more metal ions, the self-agglomeration can also be reduced.
Another potential application is to build a fast charging/discharging
device because of the pseudocapacitive effect in some of the 2D
materials. However, more investigations are needed in the future in
this field.
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