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Li-ion batteries have dominated the field of electrochemical energy storage for the last 20 years. It still
remains to be one of the most active research fields. However, there are difficult problems still sur-
rounding lithium ion batteries, such as high cost, unsustainable lithium resource and safety issues. Re-
chargeable batteries base on alternative metal elements (Na, K, Mg, Ca, Zn, Al, etc.) can provide relatively
high power density and energy density using abundant, low-cost materials. Therefore, non-lithium ion
batteries are regarded as promising candidates to partially replace lithium ion batteries in near future. In
recent years, the research on non-lithium rechargeable batteries is progressing rapidly, but many fun-
damental and technological obstacles remain to be overcome. Here we provide an overview of the
current state of non-lithium rechargeable batteries based on monovalent metal ions (Na* and K*) and
multivalent metal ions (Mg?*+, Ca?*, Zn®* and AI>*). The needs and possible choices of superior elec-
trode materials and compatible electrolytes beneficial for ion transport were emphatically discussed in
this review.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

High-efficiency electrochemical energy storage devices have
become an urgent demand over the past few decades along with
the rapid increase of global energy consumption, the drain of fossil
fuels and the aggravation of environmental problems [1-3]. Sig-
nificant attention has been drawn to the research of alternative
eco-friendly energy systems based on renewable resources to al-
leviate these crises [4-6]. The secondary batteries, especially re-
chargeable lithium-ion batteries (LIBs), are capable of storing and
releasing electric energy for many times [7,8]. While the applica-
tion of LIBs as a major power source in portable devices and
electric vehicles is rapidly expanding, the current LIB technology is
still facing several difficult challenges, such as resource limitation,
high cost, potential safety issue and insufficient energy density
[9,10]. In particular, the rarity and uneven distribution of global
lithium reserves results in rising cost [11]. Graphite has long been
used as anode material in commercial LIBs with a low operating
voltage closed to 0 V vs. Li/Li** which has a beneficial effect on the
energy density, but also lead to the formation of potentially risky
lithium dendrite [12]. The dendritic deposition of lithium metal
may result in short circuits leading to internal overheating and
even flaming [13,14]. Furthermore, it is imperative to develop re-
chargeable batteries with higher energy density for electric ve-
hicles to get better mileage. The state-of-art commercial LIBs are
difficult to satisfy the practical needs [15,16]. Even though lithium
metal has a high theoretical volumetric capacity of
2062mAhmL~! and a highly negative reduction potential of
—3.04V vs. standard hydrogen electrode (SHE), as shown in Ta-
ble 1, these unresolved problems motivated researchers to make
considerable effort to develop new types of rechargeable batteries
with high sustainability and performances beyond LIBs.

A possible solution for overcoming the disadvantages of LIBs
would be the non-lithium batteries based on alternative metal
ions [17], such as alkali metals (Na* and K*), alkaline earth metals
(Mg2* and Ca2*), group IIIA metal (AI**) and transition metal
(zn%*). Non-lithium ion based batteries with high energy density,

Table 1
Theoretical capacities, reduction potential and effective ionic radius of various
metals.

Effective io-
nic radius (A)

Species Volumetric capa-
city (mAhmL™1)

Specific capa-  Reduction po-
city (mAhg~!) tential (V vs.

SHE)
Li 2026 3861 ~3.04 0.76
Na 1128 1165 —2.71 1.02
K 591 685 2093 138
Mg 3833 2205 ~237 0.72
Ca 2073 1337 ~2.87 1.00
Zn 5851 820 220 0.74
Al 8040 2980 ~167 0.54

good environmental benignity and low cost have great potential-
ities for energy storage in future [18-23].

Secondary batteries based on monovalent alkali metal ions,
including Na* and K*, have the advantages of high abundance
and low price. Nonetheless, several obstacles still need to be
overcome before these batteries can become a practical, com-
mercial reality. The challenges include how to improve the in-
sufficient cycle life and how to design new anode and cathode
materials with high specific energy capacity [24-26]. Other re-
chargeable batteries based on multivalent metal ions (such as
Mg?*, Ca®*, Zn?>* and AI’*) could transfer more electrons in a
single redox couple, hence possibly helpful to obtain high volu-
metric energy density that is desirable for portable devices
[17,27,28]. In addition, multivalent metal anodes do not appear to
be troubled by dendrite formation to the same degree as lithium
metal anodes. Moreover, air and moisture exposure is a much
lesser safety problem for multivalent metal ion batteries compared
to LIBs [5]. However, rechargeable batteries based on multivalent
metal ions also need to overcome several difficulties before usage
in practical applications. The biggest challenge is the lack of sui-
table electrode materials in which multivalent metal ions can
diffuse with fast kinetics and the lack of high-voltage electrolytes
compatible with electrodes [29,30].

In this review, we summarized the recent progresses and
hurdles encountered by secondary batteries based on non-lithium
ions. We expect that this review may provide some new insights
into the further development of rechargeable batteries beyond
LIBs and reveal their immense potential in electrochemical energy
storage aspect.

2. Sodium ion batteries

Sodium ion batteries (SIBs) were originally developed in the
late 1980s, approximately in the same time period as LIBs [31]. In
recent years, SIBs have drawn increasing attention for large-scale
energy storage, because of the natural abundance, low cost and
environmental benignity of sodium [4,32-34]. Worldwide research
on SIBs is now flourishing, and SIBs are considered as one of the
most appealing alternative rechargeable batteries to LIBs. SIBs
have a theoretical specific capacity of 1165mAh g~! with a ne-
gative reduction potential of —2.71V vs. SHE (Table 1). Since the
size of Na* (radius ~1.02 A) is larger than Li*, most materials
don't have sufficiently big interstitial space to host Na*, leading to
sluggish diffusion kinetics of Na* in electrode materials [9].
Therefore, a great challenge for developing SIBs is to find appro-
priate electrode materials capable of hosting Na* with high ca-
pacity and fast diffusion kinetics [35]. Up to now, many different
electrode materials have been synthesized, but the capacities and
the rate performances of assembled SIBs are still not satisfactory
for practical applications.
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2.1. Cathode materials

For SIBs, cathode materials with high voltage (>2.0V vs.
Na/Na™) are desired for greater energy density. In contrast to
anodes, the search for cathode materials in SIBs is relatively
fruitful, including many sodium-based transition metal oxides,
hexacyanoferrates, poly-anionic compounds and so on. In this
review, we have separated the recently-reported cathode materi-
als into several groups according to their structural differences, as
shown in Table 2. Their advantage and disadvantages are
compared.

2.1.1. Sodium-based transition metal oxides

Sodium-based layered metal oxides, NaxTyO, (Tyy=V [36], Cr
[37], Mn [38], Fe [39], Co [40], or Ni [41], etc.), have been ex-
tensively investigated for cathodes of SIBs since 1980 s. The so-
dium layered oxides can be synthesized in 03 (ABCABC stacking),
P2 (ABBA stacking) and P3 (ABBCCA stacking) phases
(O=octahedral and P=prismatic). Most of the layered NaTy0, are
composed of TyOg octahedrons and sodium coordination
polyhedrons.

Recently, Myung et al. reported the preparation of layered 03-
type NaCrO, with good capacity retention, high rate capability via
an emulsion drying method [42]. Carbon-modified NaCrO, cath-
odes have much higher electrical conductivity (~10~!Scm™1)
than that of bare NaCrO, (8 x 107> S cm™!) which can accelerate
the reversible insertion/extraction of sodium ions and the facile
complementary redox reactions of Cr**/Cr3* couple. The chemi-
cal diffusion of Na* in NagsCrO, with the monoclinic P3 structure
and higher conductivity (~10~°S cm~1!) at the end of charging is

Table 2

much faster than that in Nagg,CrO, with hexagonal O3 structure
(~10-®Scm~'), owing to the larger interlayer distance of
Nag5CrO,. The phase transition occurs in a sequence of original
hexagonal O3 — monoclinic O3 — monoclinic P3 during the charge
process and occurs in a reverse sequence during the discharge
process. The 3.4% carbon-modified NaCrO, has a good capacity
retention of about 90% after 300 cycles, and delivers high capacity
of 106 mA hg~"' at a current density of 5.5 Ag~". A high-rate ca-
pacity of 99 mA h g~ ! is obtained at 150 C, corresponding to a very
short discharge time of 27 s.

Anti-P2-type NagsNbO,, a new layered oxide composed of
unique NbOg trigonal prisms and NaOg octahedrons was recently
reported [43]. Its lattice shrinks as sodium ions are intercalated
and expands as sodium ions are deintercalated (a negative volume
or strain effect), owing to the increased interlayer (Na-O) inter-
action and the decreased Nb-Nb and Nb-O interaction in the O-
Nb-O slab upon Na intercalation (Fig. 1a). Moreover, NagsNbO,
exhibits high structural stability and good rate performance as a
cathodic electrode of SIBs. These special features make NagsNbO,
a good “volume buffer” as compensation for the positive-strain
electrode materials to achieve high energy density and long cy-
cling life. A capacity of 683 mAhg~! after 1500 cycles at
170 mA g~ ! is achieved for anti-P2 NagsNbO, cathodes with an
average capacity fading of ~0.0047% per cycle (Fig. 1b). When the
current density is increased to 620 mA g~ !, a reversible storage
capacity of 45mA h g~ ! is obtained, referring to 64% capacity re-
tention. The rate performance is mainly attributed to its native
high conductivity (Fig. 1c).

Mai et al. have synthesized novel hierarchical zigzag structured
Na;»5V30g nanowires via a topotactic intercalation method [44].

Electrochemical properties of typical cathode materials for SIBs reported in the literature.

Electrode material

Ref. Reversible capacity

1

Current density (mAg~" or  Capacity retention

(mAhg™") o)

1. Sodium-based transition metal oxides
Carbon-modified NaCrO, [42] 106 5500 90% after 300 cycles at 20mA g~!
NagsNbO, [43] 68.3 170 93% after 1500 cycles at 1770 mA g~ !
Naj,5V30g [44] 105.9 1000 87% after 1000 cycles at 1Ag~!
Na3Ni,SbOg [47] 133 C/50 70% after 500 cycles at 2 C
Na[Nig 4Feq 2Mng 2 Tip2]0; [48] 145 01C 84% after 200 cycles at 0.1 C
Nag 61[Mng27Feq34Tip39]02 [49] 90 C/5 90% after 100 cycles at C/5
NaNi; 3Mn;3C01/30, [50] 120 c/10 ~100% after 50 cycles at C/10
Nag.67[Mng g5Nip 15C00.15Al0.05]02 [51] 141 20 95% after 50 cycles at 20 mAg~!
Nag gLig 4Nig15Mng 55C00102 [52] 138 15 80% after 100 cycles at 75 mAg~!
Na[Nig.6C00.05sMng 35]02 [53] 157 15 80% after 300 cycles at 0.1 C

2. Prussian blue analogues
Na,Mn"[Mn"(CN)g] [55] 134 1/20C 90% after 30 cycles at 1/20 C
(Cu"-N=C-Fe"""" ) cathode and (Mn"-N=C-Mn""") anode [59] ~23 10C ~100% after 1000 cycles at 10 C
Nag 61Fe[Fe(CN)g]o.0a [60] 170 25 ~100% after 160 cycles at

25mAg™!

Na;72MnFe(CN)g [61] 209 40 75% after 100 cycles at 2 C
Nay 70FeFe(CN)g [62] 120.7 200 75% after 100 cycles at 200 mA g !

3. Phosphates, fluorophosphates and pyrophosphates
Maricite NaFePO, [66] 142 C/20 95% after 200 cycles at C/20
NaFePO4 [67] 152 01C 95% after 300 cycles at 0.1 C
C-Na3V,(POy)s [68] 114 1C 50% after 30,000 cycles at 40 C
NasV,(POy4)s [69] 103 10C
NasV3(PO4)s3 [72] 112 05C 54% after 20000 cycles at 30 C
Na;5VPO,4sFo 7 [75] 155.6 12.97 84% after 500 cycles at 1 C
Na,FeP,0-, [77] 90 Cc/10 ~100% after 30 cycles at C/10
Na,MnP,0;, [79] 80 C/5 96% after 30 cycles at C/5
Na;Co3(P04)2P,0, [80] 95 02C 93% after 50 cycles at 0.2 C

4. Sulfates
NayFe(S04); - 2H,0 [83] 70 C/20 86% after 30 cycles at C/20
NayFe,(S04)3 [84] 102 C/20 86% after 30 cycles at C/20
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Fig. 1. Schematic illustration of (a) volume buffer, (b) cycling stability and (c) rate performance of anti-P2 NagsNbO, cathodes [43].
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Fig. 2. Schematic illustration of Na* diffusion process for normal Na;»5V30g nanowires (up) and hierarchical zigzag Na;»5V30s nanowires (down) [44].

The unique morphology provides an increased electrode—electro-
lyte contact area, better strain accommodation, prevent self-ag-
gregation and also shorten Na ion diffusion path (Fig. 2). It was
demonstrated that the monoclinic Na; ,5V30g nanowires exhibited
a high capacity of 158.7 mAh g~' at 200 mA g~ ', a capacity fading
of only 0.0138% per cycle at 1 A g~ for 1000 cycles, as well as high
rate capability.

In the search of better electrode materials for SIBs, researchers
believe that cooperative effect of binary metals, such as combi-
nation of Ni, Fe, Mn and Co, could be beneficial. However, earlier
attempts were not very successful. For examples, Na;Ni;TeOg [45]
and NaNigsTiO, [46] were found to display continuous capacity
decay upon cycling. Recently, honeycomb-ordered 03-phase
Na3Ni,SbOg cathode cycling within the voltage range of 4.0-2.0 V
exhibited a capacity retention of 94% after 50 cycles at 0.1 C, and
remained 70% of the reversible capacity over 500 cycles at 2 C
(400 mA g~ ') [47]. The reversible three-phase transformations
(03-Na3NiSbOg «» P3-Na,Ni>SbOg «» 01-NaNiSbOg)  may  con-
tribute to the good cyclability of the layered NasNi,SbOg, which is
evidenced by ex-situ X-ray diffraction (XRD) tests.

Another common approach is the partial substitution of other
transition metals, especially Ti, in NayxTyO, cathodes. The elec-
trochemical properties of P2-phase Na,Mn;_,_,Fe,Ni,O, was im-
proved by substituting Mn with a small amount of Ti, owing to the
suppression of Jahn-Teller distortion [48]. The aim is to increase
the lattice space meanwhile maintain the lattice structure. The
results show that the Na/Na[Nig4Feq2Mng,Tig2]O, batteries de-
liver a reversible capacity of 145 mA h g~ ! with long-term cycling
performance. In addition, Hu et al. designed a new tunnel-type
Nag 61[Mng 27Feq 34Tig 39]02 through partially or fully substitute the
redox couple of the negative electrodes [49]. This unique structure
renders its high stability in air or even in water. This cathode ex-
hibits a usable capacity of 90 mA h g~ ! with a high average voltage
of 3.56 V (Fe3* [Fe** redox couple). The full cell using hard carbon
as the negative electrode can deliver a high voltage of 3.32 V with

a reversible capacity of 300 mA h g~! at a current rate of C/10.

Originating from the Ni**/Ni’®* redox reaction, a layered
cathode material NaNi;;3Mn;;3C04/30, cathode delivers a capacity
of 120mAh g~ ! between 2.0 and 3.75V, indicating a reversible
insertion of 0.5 equivalent amount of sodium ions [50]. The
cathode undergoes sequence 03 —01—-P3—P1 phase transition
during cycling, evidenced by in-situ XRD analysis. Electro-
chemically inactive element doping may further improve the
electrochemical performance of electrode materials containing Na,
Ni, Mn and Co, For example, Al-substituted NaNi;;3Mn;/3C04,30,
(Nao.67[Mn0_65Ni0.]5C00.15Alo_05]02) cathode exhibits a hlgh re-
versible capacity of 141 mAhg~! at a current of 20mAg~',
maintaining a capacity of 125mAhg~! after 50 cycles [51]. Li-
substituted sodium layered transition metal oxide fiber cathodes
exhibit better electrochemical performance than Li-free fibers
because partial Li substitution is helpful to stabilize the structure
of the electrode material and hence enhance the electrochemical
performance [52]. Among Li-substituted sodium layered transition
metal oxide fibers in this report, NaO_SLiOANim5Mn0.55C00.102 can
deliver the highest discharge capacity of 138 mAhg ! at
15mAg .

In order to develop cathode materials with high capacity, good
retention and rate capability for rechargeable SIBs, a radially-
aligned hierarchical-formed columnar Na[NiggC0g05Mng35]05 is
presented [53]. The chemical compositions of the cathode material
vary from the inner core (Na[Nig75C0002Mng23]0,) to the outer
layer (Na[Nig 58C000sMng36]02) in a single spherical particle, en-
ables Ni-based redox reactions that bring high-capacity and high
cycle performance. The unique structure is beneficial to the Na-ion
diffusion rate along with the direction of nanorod. And the energy
capacity is increased from the high tap density of spherical mor-
phology and the inner high Ni composition. Meanwhile, the
thermal stability and cycle retention is also increased through the
outer high Mn composition. The discharge capacity of
157 mAh g~ ' (15 mA g~ !) with a capacity of 125.7 mA h g~ ! after
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100 cycles is achieved by radially aligned hierarchical columnar
structure Na[NiggC0g05Mng35]02/Na half cells. The full cells de-
liver a reversible capacity of 143 mA h g~ ! and a rate capability of
1326 mAhg~' at 1500 mA g~ ! (10 C), which is attributed to the
Ni2*+/3+/4+ electrochemical redox reaction. In addition, the cath-
ode also exhibit good thermal stability even at —20 °C.

2.1.2. Prussian blue analogues

Prussian blue analogues (PBAs), which possess an open-fra-
mework crystal structure, have been closely investigated due to
their special structure and interesting electrochemical and mag-
netic properties [54,55]. The open framework of the cubic lattice
which contains (100) channels (~3.2 A in diameter) and inter-
stitial sites (~4.6 A in diameter) [56], enables rapid solid-state
diffusion of various ions, such as Li*, Na™, K%, alkaline divalent
ions and zeolitic water [57,58]. The electrochemical properties of
PBAs can be ascribed to the redox behavior of the transition metal
ions in PBAs. PBAs have been reported as electrode materials with
good cycle life and rate performance in both aqueous and organic
electrolytes for SIBs [59,60]. Recently, Cui et al. have demonstrated
sodium manganese hexacyanomanganate (Na,Mn'"[Mn"(CN)g])
without sodium vacancies (Fig. 3a) as a potential positive electrode
for non-aqueous SIBs [61]. The open-framework structure enables
high structural integrity while accommodating multiple sodium
ions, thus leading to both fast kinetics and high capacity. The
overall volume expansion is merely 1.36% during the range of
electrochemical cycling, which reflects the stable crystal structure
of open framework. The Na,Mn"[Mn"(CN)g] exhibits a reversible
capacity of 209 mAhg~! in a propylene carbonate electrolyte at
an average voltage of 2.65V vs. Na/Na™. The high discharge ca-
pacity has been achieved mostly due to the existence of three Na™
insertion stages. In the most discharged state, the stronger inter-
action between Na* and [Mn(CN)g]®~ drives further displacement
of Na*, which creates sufficient space for two sodium ions.

Goodenough et al. has investigated the Na-enriched iron
manganese hexacyano-perovskites in a non-aqueous electrolyte
[55]. Rhombohedral Na; ;,MnFe(CN)g delivers a reversible capacity
of 134mAhg~! between 2.0 and 4.2V with good retention
(~90% after 30 cycles). It delivers a capacity of 45mAhg~! at
40 C (Fig. 3b).

Nag e1Fe[Fe(CN)glo.04 and FeFe(CN)g exhibit high rate capability
and cycle performance, but the low first-cycle Coulombic effi-
ciency needs to be improved. Huang's group demonstrated the
detailed relationship between coordination environment of Na™
and Coulombic efficiency by experimental analysis and first-prin-
ciple calculations [62]. They found that Na-rich Na;;oFeFe(CN)g
could deliver a capacity of 120.7mAhg~! at 200mAg~! and a
capacity of 73.6 mA h g~! even at 1200 mA g~ . The results show
that the first-cycle Coulombic efficiency of nanocubic Na,
FeFe(CN)g can be improved by adjusting the amount of sodium
pre-storage.

¢ [l i
. 4%: ¢ o A site: mobile cation
< ? ~

el

T‘a’ b °'°~°' 4 9-6 . .90
>

Lattice parameter = 10.5 A

1 G o
:~9 ¥ "c ° © P:N-coordinated transition metal

© R:C-coordinated transition metal

2.1.3. Phosphates, fluorophosphates and pyrophosphates

Olivine NaFePO4 has more thermodynamically stable maricite
structure than olivine-type LiFePO,4, which has no free pathways
for the diffusion of Na™ [63]. Electrochemically active olivine-type
NaFePO, as a cathode synthesized by low-temperature Lit —Na™
exchange from LiFePOy, has a theoretical capacity of 154 mAh g~!
and an operating potential of 2.9V vs. Na/Na™ [64]. However,
olivine NaFePO, exhibit lower capacity than the theoretical capa-
city because of large volume change between the reduced and
oxidized phases [65]. Maricite NaFePO, with the diameter of
50 nm exhibits reversible capacity of 142 mAh g~ ' (1.5-4.5 V) and
a capacity retention of 95% was offered after 200 cycles [66]. Na™
can be deintercalated from the nano-sized maricite NaFePO,4 with
simultaneous transformation into amorphous FePO,4, which is the
key step for reversible Na™ de/intercalation in the electrode. The
amorphous FePO, can significantly enhance Na™ mobility because
only one fourth of the hopping activation energy barrier is needed
in amorphous FePO,. Tong et al. reported hollow amorphous
NaFePO,4 nanospheres using a facile in-situ hard-template method
[67]. The small size and relatively thin wall of the nanospheres
give rise to the enhanced electrochemical performance, showing
an initial capacity of 152mAhg~! at 0.1 C (1.5-4.0V) and a ca-
pacity of 674mAhg~! at 10 C. The authors also predicted that
amorphous NaFePO,4 might have more opportunities for SIBs than
the olivine and maricite phases.

NasV,(PO4)s, as a sodium super ionic conductor (NASICON)
with large tunnels for the fast conduction of Na*, has been re-
garded as a promising cathode material for SIBs due to its high
theoretical energy density of 400 Whkg~! (1176 mAhg~1x 3.4V
for V3*/V4*) and thermal stability during charge process [68].
Fig. 4 shows the NASICON framework of Na3V,(PO4)s. The open
and 3D characteristics of the NASICON framework are beneficial
for facile Na* migration. The electrochemical profile of
NasV,(PO4); show a voltage plateaus at 3.4V, which corresponds
to the reversible V3*/V4* redox reaction. Recent reports have
demonstrated the improvement of its cycling stability and rate
capability by utilizing carbon supporting [69], coating [70] or
embedding [71] approaches. For example, the Na3Vy(PO4); coated
by 6 wt% carbon displays a reversible capacity of 114 mAhg~! at
1 C and a capacity retention of 50% after 30000 cycles at 40 C [68].
Nanosized Na3V,(PO,4); embedding into porous carbon can deliver
a specific capacity of 44mAhg~! at 22Ag~! (200 C), corre-
sponding to charging-discharging in only 6s [69]. Additionally,
hierarchical carbon framework is very effective to enhance the
transport of electrons and Na*, and to accommodate the volume
variation during Na* insertion/extraction. Yang et al. prepared
hierarchical carbon framework wrapped NasV,(PO4); by chemical
vapor deposition, which consists of graphene-like carbon layers
and interconnected nanofibers [72]. This cathode material exhibits
an ultra-high rate capacity of 78 mA h g~ at 100 C and a capacity
retention of 54% after 20000 cycles at 30 C.
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Fig. 3. (a) Crystal structure of open-framework Na,Mn[Mn(CN)g] [61]. (b) Electrochemical performance of Na,MnFe(CN)s cathode [55].
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Fig. 4. The crystal structure of the Na3V,(PO4); NASICON structure on the ab plane
[68].

The electrochemical performance of NasV(PO,4); with a NASI-
CON-type framework can be further enhanced by the substitution
of electronegative fluorine atoms. One example is Na3V,(PO4)F3
consisting of V,0gF3 bi-octahedra and PO, tetrahedron units [73].
It displays two voltage plateaus occurring at 3.7V and 4.2V, re-
spectively, assigning to a two-step V4*/V3* redox reaction [74].
Additionally, Nas(VO,)>(PO4)2F5_2x (0 <x < 1) has been prepared
by the substitution of fluorine to oxygen. Fig. 5 shows the crystal
structure of Na;sVPO4gFq7, in which the corner-sharing between
PO, tetrahedral units and VOsF/VO4F, octahedral units constructs
a three-dimensional open framework, and Na™ can be inserted
into the interstitial sites forming Na layers on the ab plane in the
structure [75]. For instance, Na3(VOqg)(PO4):F14 reported by
Kang's group can deliver a reversible capacity of 155.6 mAhg™!
(specific energy of ~600 Whg~!) with 95% and 84% capacity
retention for 100 and 500 cycles at 60 °C, respectively. Such an
outstanding cycle life derives benefit from the small volume ex-
pansion (2.9%) during cycling.

Inspired by the success of Li;MP,0,, Yamada research group
has developed a series of sodium analogues with smooth Na™
mobility as candidate cathode materials, such as orthorhombic
Na,CoP,0; triclinic NayFeP,O; and Na,MnP,0; [76]. The
Na,MP,0, materials can achieve a reversible capacity of
80-90 mA h g~ ' with an average voltage of ~3.0 V for Na,FeP,0-,

Na layer —— 1

Na \.\. PO, tetrahedra @ VO4F or VO,F, octahedra F o)

Fig. 5. Crystalline lattice structure of Na;sVPO,gFo; and two different local
bonding states for V4* and V3+ ions (VOsF and VO4F, octahedra, respectively) [75].

[77] and Na,CoP,0, [78] and ~3.7 V for orthorhombic Na,MnP,0-,
[79]. Besides, the mixed phosphate/pyrophosphate compounds
(Na4Co3(P04),P,0; and NazFe3(PO,4),P,0,) also have been in-
vestigated as cathode materials for SIBs [80,81]. The representative
Na4Cos(P0,4),P,0; offers a reversible capacity of 95 mAhg~! at
34 mA g~ ! with a high voltage of 4.4 V, without observable fading
after 100 cycles [80].

2.14. Sulfates

Sulfates have been considered as cathode candidates for SIBs
more recently. Bloedite-type Na,M(SO,4) - 4H,0 (M=Mg, Fe, Co or
Ni) and their dehydrated derivatives Na,M(SO4), (M=Co or Fe)
show electrochemical activity at potential 3.3-3.4V vs. Na/Na™.
However, the reversible capacity of NayFe(SO4) and
Na,Fe(S0,)-4H,0 are normally lower than 100mAhg~' [82].
Yamada et al. reported Krohnkite-type NasFe(SOy4), - 2H,0 [83] and
alluaudite-type sulfate framework NayFe(SO4)s [84] with the
Fe3*[Fe?* redox potential at 3.25V and 3.8V vs. Na/Na™*, re-
spectively. Fig. 6 shows the crystal structure of NayFe;(SO4)s. The
advantage to use (SO4)?~ instead of (PO4)>~ is to stabilize the
Na,Fe,(S04); compound, which only contains Fe?* (no Fe*>*) and
partially occupied Na™* sites suitable for fast Na* diffusion upon
electrode reaction. Moreover, NayFe,(SO,4); delivers a reversible
capacity of 102mAhg~"! and high-rate capability due to a very
small volume change of 1.6% upon sodiation/desodiation.

In this section, we have reviewed many different positive
electrode materials for SIBs. Among them, polyanionic-framework
materials that have available octahedral interstitials in lattices and
layered oxide materials that have two-dimensional galleries for
holding Na* in 6-coordinate geometry should be the two most
promising classes of cathode materials. The increased size of Na*
suggests that Na* diffusion in similarly-structured host materials
would be slower compared to Li*, implying power restriction in
SIBs. Although the cathode research in SIBs is somewhat fruitful,
more progress is still required to realize the practical deployment
of SIBs.

2.2. Anode materials

The metallic sodium has high reactivity with conventional or-
ganic electrolytes and has the tendency to form dendrites during
Na deposition if directly used as anode. Hence, instead of reactive
Na metal, it is critical to look for other anode materials in which
Na™ can be cycled back and forth in a ‘rocking-chair’ format [18].
Unfortunately, the anode part of SIBs is one of the most trouble-
some components because typical graphitic carbons used in LIBs
are incapable of intercalating Na™ [85]. Up to date, only a few of
anode materials with adequate capacity and fair cyclability for SIBs
have been developed. The anode materials reported in the litera-
ture are listed in Table 3 and discussed as below.



Y. Wang et al. / Energy Storage Materials 4 (2016) 103-129 109

Na2

Fig. 6. View of the phase structure of NayFe,(S04)s [84].

2.2.1. Carbon-based materials

For anode materials in SIBs, various carbon materials with
different structures (such as soft carbons, hard carbons, amor-
phous carbon, hydrogen-contained carbons and reduced graphene
oxides) [86,87] and different morphologies (such as carbon na-
nowires and hollow carbon nanospheres) [88,89] have been in-
vestigated, normally delivering a reversible capacity of about
250-300 mA h g~ ! at very low current density (below 50 mA g~!
at a voltage range from 0 to 3 V). However, it is difficult to further
enhance their capacity due to the limited sodium host sites in
carbon structures.

Most of the carbon-based anodes consist of few-layer-stacked
graphitic nanocrystallites with interlayer distances in the range of
0.37-0.40 nm [88]. The studies of carbon-based anodes are focused
on hard carbons because they have large interlayer distance and
disordered structure, which facilitates sodiation/desodiation
[89,90]. Dahn et al. have reported that hard carbon originated from
pyrolyzed glucose presents an initial reversible capacity as high as
300 mA h g~ ! and a significant portion of their capacity locates at
a potential close to that of Na metal since the discharge cutoff
voltage is below 0V [90]. As the authors suggested, the sodium
storage mechanism in disordered carbon can be considered similar
to that of lithium. Similarly, hollow carbon nanowires prepared by
pyrolysis of hollow polyaniline nanowires deliver a reversible ca-
pacity of 251 mAhg~! and 82.2% capacity retention over 400
cycles [88]. The short diffusion distance in the hollow carbon na-
nowires and the large interlayer distance of 0.37 nm between
graphitic sheets contribute to the good performance. Fig. 7 shows
the equilibrium interplanar distance of NaCg (0.45 nm) and LiCg
(0.37 nm). When the layer spacings between graphite layers
(0.335 nm) increase to 0.37 nm, the energy barrier for Na™ inser-
tion drops remarkably from 0.12 eV to 0.053 eV. This energy bar-
rier is low enough to overcome. Operating hard carbon anodes in
SIBs at high current density and/or high depth of discharge easily
leads to safety issue, since the potential of Na* insertion in hard
carbons is very close to the deposition potential of sodium. A
porous hard carbon prepared based on a silica template method
reported by Adelhelm et al. shows a possible solution [91]. The
hierarchical porosity greatly enhanced rate capability at room
temperature. Recently, several reports have shown that hard car-
bons with relatively low specific surface area exhibit a high initial
Coulombic efficiency and good cyclic stability [92-94]. The high
specific surface area could induce the formation of solid-electro-
lyte interface (SEI) layer making these carbons out of function,
while low specific surface area could leave enough interlayer space
for Na* intercalation [95]. A commercial carbon molecular sieve

demonstrates good Na* storage performance of 284 mAhg~!

after 180 cycles at a current density 100 mA g~ ! with high initial
Coulombic efficiency of 73.2%. The good performance is derived
from the low specific surface area of 17 m? g~ ! and its abundant
ultra-small pores (0.3-0.5 nm) that allow the insertion of Na™
while rejecting the electrolyte [96].

Graphite is an intriguing material with high lithium storage
capacity (~372 mA h g~ ! in LIBs), but its sodium storage capacity
is very low (less than 35 mAhg~"' in SIBs) [97]. As depicted by
recent theoretical calculations, a minimum interlayer distance of
0.37 nm is believed to be required for Na* insertion, while the
interlayer distance of graphite (~0.34 nm) is too small to accom-
modate Na* [88]. Interestingly, Wang et al. prepared expanded
graphite with an enlarged interlayer lattice distance of 4.3 A, but
maintaining a long-range-ordered layered structure [85]. The in-
terlayer spacing of expanded graphite can be manipulated by
controlled oxidation and reduction processing, and it has a strong
influence on the reversible capacity. Fig. 8 shows the cross-sec-
tional views of pristine graphite, graphite oxide, expanded gra-
phite-1 h and expanded graphite-5 h. The average interlayer
spacings were measured to be 0.34, 0.61, 0.43 and 0.37 nm, re-
spectively. And the discharge capacity of the samples are 13, 156,
300, 100mAhg~' at 20mA g~ !, in sequence. The reversible ca-
pacity increases from 25mAhg~! in graphite (d=3.4A) to
100mAhg~! in highly-reduced graphene oxide (d=3.7 A), and
reaches 280 mA h g~ ! at the optimal interlayer spacing of 4.3 A.
The optimized expanded graphite shows a stable reversible ca-
pacity of about 280 mAhg~! at current density of 20mAg~',
presents a capacity of 184 mAhg~' at 100 mA g~! with 73.92%
capacity retention after 2000 cycles (Fig. 9).

The further commercialization of carbonaceous materials for
SIBs is limited by the high cost and the low initial Coulombic ef-
ficiency. Recently, an amorphous carbon material was fabricated
through direct pyrolysis of low-cost pitch and phenolic resin,
displaying high initial Coulombic efficiency of 88% in SIBs with a
high reversible capacity of 284 mAhg~! and good cycling per-
formance [98]. The full cell shows an initial Coulombic efficiency of
80%, a good cycling stability and an energy density of
195 W h kg~ ! based on the total mass of electrode materials when
coupled with an air-stable O3-Nag o[ Cug22Feq 30Mng 4]0, cathode.

2.2.2. Phosphorus and phosphides

Phosphorus is a particularly attractive anode material for SIBs,
which can form sodium phosphide (NasP) upon the complete re-
action of with Na. This three-electron-transfer reaction provides
the highest theoretical capacity of 2595 mA h g~! among known
anode materials for SIBs and a relatively safe working potential



110 Y. Wang et al. / Energy Storage Materials 4 (2016) 103-129

Table 3

Electrochemical properties of typical anode materials for SIBs reported in the literature.

Electrode material Ref.

Reversible capacity (mAhg™')

Current density (mAg~'or C)  Capacity retention

1. Carbon-based materials

Reduced grapheme oxide [87] 174.3
Hollow carbon nanowires [88] 251
Hollow carbon nanospheres [89] 223
Hollow carbon nanospheres [91] > 180
Ternary graphite intercalation compounds [92] ~100
3D folded-graphene [93] 120mAhcm—3
Hard carbon microspheres [94] 322
Natural graphite (ether-based electrolyte) [95] 127
Carbon molecular sieve [96] 300
Expanded graphite [85] 284
Amorphous carbon [98] 284
2. Phosphorus and phosphides
C-amorphous phosphorus [99] 1800
Amorphous red phosphorus/carbon [100] 1890
Phosphorus/graphene nanosheets [101] 2077
Red P/single-walled carbon nanotubes [102] 700
Commercial red P/carbon nanotubes [103] 1675
FeP [104]  764.7
NiP3 [105] 966
SnP3/C [106] 810
SnyP3 [107] 850
SnyP3 [108] 718
3. Metal alloys
Porous carbon/tin [109] 359
Sn50Ge25Sb25 [110] 833
Sb [112] 600
Ni-Sb [113] 632
Sn@carbon nanotube-carbon paper [114] 887 mAh cm~2
Big.57Sbo.43-C [115] 375
SnSb/C [116] 544
Sn/C [117] 493
Sb/C [35] 631
4. Metal oxides
Na,Ti30; [118] 180
NaTiO, [119] 152
Nag 66Li0.22Tio 7802 [120] 116
NaTiy(POy)s [121] 123
Nag 44[Mnp .44Tio 56]02 [122]  100-110
y-Fe,05@C [123] 993
Porous CuO arrays [124] 935
a-MoO3 [126] 410
Al,03 coating-MoOs _ [127] 385.1
5. Metal chalcogenides
FeS, [128] 170
MoS,/carbon [129] 671
FeS, [131] 800
Micro-MoS, [132] 420
MoS, nanoflowers [133] 350
MoSe, [134] 527
FeSe, microspheres [135] 447

40 81% after 1000 cycles at 0.2 C

50 82.2% after 400 cycles at 50 mA g~!
50 71% after 100 cycles at 50 mA g~
C/5 44% after 125 cycles at C/5

01C -

01Ag™! 84% after 1600 cycles at 0.5 A g™~
c/10 -

500 80% after 2500 cycles at 100 mA g~!
100 93.3% after 180 cycles at 100 mA g~ !
20 73.92% after 2000 cycles at 100 mA g~ !
01C 94% after 100 cycles at 0.2 C

250 66.7% after 80 cycles at 1Ag™"

143 80% after 30 cycles at 143 mA g~"
260 95% after 60 cycles at 260 mA g~ !
50 80% after 2000 cycles at 2A g~

143 76.6% after 10 cycles at 143 mA g~"
50 69% after 60 cycles at 50mAg~!
01C 89% after 15 cycles at 0.1 C

150 92% after 150 cycles at 150 mA g~ !
100 86% after 150 cycles at 100mA g~ !
100 -

20 -

425 90% after 50 cycles at 425 mAg~!
1C 80% after 100 cycles at 20 C

1C 63% after 150 cycles at 1 C

50 mA cm 2 62% after 100 cycles at 50 mA cm 2
100 76 after 50 cycles at 100 mAg~!
100 80% after 50 cycles at 100mA g~ "'
1000 84% after 500 cycles at 1000 mA g~!
C/15 90% after 400 cycles 200 mAg~!
c/25 -

Cc/10 98% after 60 cycles at C/10

Cc/10 75% after 1200 cycles at 2 C

0.2 mA cm 2 _

Cc/10 > 96% after 1100 cycles at 1 C

200 75% after 200 at 200 mA g~!

20 45.2% after 450 at 200 mA g~ !

01C 55% after 500 cycles at 0.2 C

200 -

20 90% after 20000 cycles at 1Ag~!
01C ~100% after 300 cycles at 1 C

1000 50% after 300 cycles at 1Ag™!

50 83% after 70 cycles at 1Ag~!

50 ~100% after 1500 cycles at 10A g~!
200 after 50 cycles at 200 mA g~ !

100 89% after 2000 cycles at 1Ag~!

(~0.45V vs. Na/Na™) [99,100]. However, the application of red
phosphorus in SIBs is impeded by its poor electrical conductivity
(~10-“Scm™ '), low diffusivity, and large volume change
(~300%) leading to the cracks in anodes and loss of electrical
contacts during sodiation/desodiation. To solve these problems,
red phosphorus was often mixed with carbon (such as graphene or
carbon nanotubes) to form red phosphorus/carbon composites by
high-energy ball milling process or vaporization-condensation
method [101-103]. Additive carbon components are able to en-
hance the conductivity of the phosphorus/carbon composites and
accommodate the volume change of phosphorus during sodiation/
desodiation cycles, hence beneficial to the electrochemical per-
formance [100]. Wang et al. developed a red phosphorus/single-
walled carbon nanotube composite by using a modified vapor-
ization-condensation method [102]. Carbon nanotubes and red

phosphorus are uniformly mixed with each other in the compo-
site, and very limited amount of phosphorus is inside the single-
walled carbon nanotube bundles, which ensures a high electronic
conductivity for the composite. The composite displays a high
discharge capacity (~700 mAhg~! at 50 mA g~ ), fast rate cap-
ability (~300mAhg~' at 2000mAg~!), and good cycling life
with 80% capacity retention after 2000 cycles.

Phosphides (FeP,, NiP,) also have been introduced as anodes for
SIBs [104,105]. The metal element (Fe) in FeP are supposed to be
inactive and only act as a conductive matrix to buffer the volume
variation [104]. Comparatively, NiP; showed a reversible storage
capacity of 900 mA h g~ ! after 15 cycles [105]. The capacity fading
was attributed to the continuous formation of SEI layer on the
surface newly exposed to electrolyte because of the volume
change during cycling. The reversible reaction during discharge is
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Fig. 7. Theoretical energy cost for Na* and Li* insertion into carbon as a function
of the interlayer distance of carbon [88]. The inset shows the mechanism of Na*
and Li* insertion into carbon.

proposed as follows:
NiP3;+9Na* +9e~ —3NazP+Ni (1)

In addition, Wang et al. reported SnP3-based anode material for
the SIBs [106]. The SnP5/C composites synthesized by ball-milling
deliver a high capacity of 810 mAhg~! at current density of
150 mA g~ ! over 150 cycles without noticeable capacity decay.
The SnP3/C anodes shows matched cycling stability and higher
capacity compared to reported SnyP; (460-718 mAhg~1) at si-
milar current [107]. As illustrated in Fig. 10, Sn and P components
in the SnyP3/C material are combined to give a synergistic Na-
storage mechanism. The Sn atoms form electronic channels to
activate the sodiation reaction of P atoms, while the resulting NasP
phase forms a protective matrix to avoid the aggregation of the Sn
particles, thus generating a stable electrochemical environment in
the anode. The reversible reaction mechanism of SnP; during
discharge is similar to SnyP3 [108]:

SnP3+9Na* +9e~ —Sn+3NasP (2)

4Sn+15Na* +15e~ - Na5Sny 3)

2.2.3. Metal alloys

Alloy-based anodes, such as Sn (Na;5Sny, 847 mAh g~ ') and Sb
(NasSb, 660 mA h g~ 1), have attracted considerable interest due to
their appropriate potential of Na™ insertion and high theoretical
capacities for SIBs [35,109]. Many alloy-based anodes consisted of
one or more different metals (e.g., Sn, Sb, Ge, Ni, SnSb or SnSbGe)
have been investigated [110-113]. Among them, Sn is a promising
candidate with an average voltage of 0.3V (vs. Na/Na*) and a
theoretical capacity of 790 mA h g~ !. However, the large volume
change of alloys severely hinders their practical applications. For
example, 520% of volume expansion (from Sn to Na;sSny) would
suppress the achievement of high capacity [106,114]. Attempts
have been made to reduce the volume change [109,115,116]. Chen
et al. prepared ultrasmall (~8 nm) Sn nanoparticles homo-
geneously embedded in spherical carbon network [117]. The high
porosity and high electrical conductivity of the Sn/C framework
would promote the reversible sodiation/desodiation, which is fa-
vorable for high-rate capability. Moreover, the size of Sn nano-
particles has a great effect on rate capability and cycling perfor-
mance (Fig. 11).

Antimony (Sb) has been demonstrated to display high cycling
stability [116]. Cao et al. synthesized Sb/C nanofibers delivering
large reversible capacity of 631 mAhg~! at C/15, improved rate
capability of 337 mAhg~! at 5 C and long-term cyclability with
90% capacity retention after 400 cycles [35]. The superior perfor-
mance and stability was attributed to the unique structure of
metal/carbon composite nanofibers with uniform distribution of
Sb nanoparticles implanted in carbon matrix.

2.2.4. Metal oxides

Titanates usually exhibit good stability at low voltage. Na,Ti305
consists of zigzag layers of titanium-oxygen octahedra with so-
dium ions in the interlayer spaces that can be easily exchanged,
and it also exhibits a particularly low potential [118]. The insertion
of two additional Na™ (180 mAhg~') in the lattice and the re-
duction of two of three Ti(IV) species to Ti(Ill) occur at a reversible
plateau around 0.3V vs. Na/Nat at low cycling rate (C/25).
Moreover, the rate capability can be further improved by the de-
crease of particle size. Ceder et al. reported layered NaTiO, as a

Ozg-5p = 0.37 nm

0.0 05 10 15 00 05 10 15 20 25
nm nm
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Fig. 8. The cross-sectional views of (a) pristine graphite, (b) graphite oxide, (c) expanded graphite-1 h and (d) expanded graphite-5 h characterized by high-resolution
transmission electron microscopy. The scale bars are 2 nm. Contrast profiles along the arrows indicate the interlayer spacings of samples [85].
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Fig. 9. (a) Short-term cycling stability tests of pristine graphite, graphene oxide and expanded graphite at 20 mA g~ . (b) Long-term cycling stability of expanded graphite-1

h (20 mA g~' was used for the initial 10 cycles) [85].

promising intercalation anode material for SIBs [119]. To achieve
high capacity and cyclability, the optimal voltage window for
galvanostatic cycling was located between 0.6-1.6V. X-ray dif-
fraction indicated that a reversible O3 —0’3 phase transition oc-
curred, including a lattice parameter variation along with com-
plicated Na vacancy orderings, which yielded a constant interslab
distance and slightly changing in-plane Ti-Ti distance in the O’3
phase. Another layered material, NagggLio22Tip 7802, shows only
~0.77% volume change during sodiation/desodiation [120]. Fig. 12
displays the crystal structure of P2-type zero-strain layered
Nag esLlip22Tig780-. Different from O3-type material, the repulsive
Coulomb interaction of the AA-type oxygen stacking brings a lar-
ger interlayer of ~5.56 A. The P2-type layered material exhibits an
unusual quasi-single-phase electrochemical storage behavior and
long-term cyclic stability, which is contrast to other P2-type ma-
terials demonstrating several plateaus during sodium extraction/
insertion related to multiple phase transition processes. The
NagesLlip22Tio.7802 anode shows a capacity retention of 75% after
1200 cycles in a half cell.

Okada et al. have reported that NASICON-type NaTiy(PO4)s
anode in both non-aqueous and aqueous electrolytes presents a
reversible capacity of 133 mA hg~! (93% of the theoretical capa-
city) with a plateau voltage of 2.1 V vs. Na/Na™ [121]. Compared to
non-aqueous electrolyte, the polarization observed in the aqueous
electrolyte was remarkably smaller due to its low impedance and
viscosity. Meanwhile, the sodiation/desodiation potential is lo-
cated at the lower limit of the electrochemical stability window of
the aqueous NaySO4 electrolyte. Ti-substituted Nag44MnO,
(Nag.44[Mn; _Ti,]JO,) with tunnel structure can also be used as

P—0000000

. SXEXS
L
STYTE  charoe
P

anode for aqueous SIBs, exhibiting superior cyclability even
without special oxygen-removal treatment from the aqueous so-
lution [122]. Fig. 13 shows in-situ XRD data of the electrode during
Na* insertion and extraction. It was concluded that the phase
transition proceeded through several solid-solution reactions
during Na™ insertion/extraction into/from Nag44[Mng 44Tig 56]02.
The authors suggested that Ti substitution tuned the reaction
pathway and charge ordering property, thus significantly lowering
the voltage of Na*t storage and smoothing the charge-discharge
profiles.

Metal oxides (e.g., Fe,03 and CuO) that undergo a conversion
reaction with sodium often have high theoretical capacity, but
their performances are usually hampered by poor cycling life due
to large volume and structure change. Chen et al. reported a three-
dimensional porous y-Fe,Os@C nanocomposite comprising
y-Fe;03 nanoparticles (~5nm) embedded in a porous carbon
matrix, maintaining a reversible capacity of 358 mAhg~! at a
high current density of 2000 mA g~! after 1400 cycles [123].
Zhang et al. synthesized flexible and porous CuO nanorod arrays as
binder-free electrodes, which offer abundant open space, short
and fast electron transporting paths [124].

Defects such as oxygen vacancies in metal oxides are of parti-
cular interest because they can trigger changes in the electronic
structure of materials, thus having a significant effect on electron
and ion transport [125]. MoOs delivers comparative capacity as SIB
anode at deep-discharge condition ( < 0.1 V vs. Na/Na*) [126]. Lei
et al. demonstrate the effect of oxygen vacancies by using MoOs _y
nanosheets as anodes in SIBs, which exhibited improved electro-
chemical performance compared to the MoOs counterpart due to

Na*

5

discharge w A

y =

Fig. 10. Schematic diagram of the Na™ storage mechanism in Sn4P3 electrode [107].
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Fig. 12. Crystal structure of layered NaggeLio22Ti7802.

the enhanced electric conductivity and Na™ diffusion coefficient

[127]. Besides, the authors found Al,O5; coating can reduce the
cycling-induced SEI formation, promoting the effect of oxygen
vacancies at deep-discharge conditions.

2.2.5. Metal chalcogenides

Transition metal sulfides (including FeS,, MoS,, SnS, etc.) have
been reported as anodes for SIBs [128,129]. Pyrite FeS, can be
easily obtained from natural sources and possesses the advantages
of being cheap and eco-friendly [130,131]. However, its application
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Voltage (V)

is hindered by the inferior cycling life in both LIBs and SIBs. By
adopting diglyme as the electrolyte and adjusting the cut-off
voltage to 0.8V, the capacity of FeS, can reach 1770mAhg~' at
20A g~ ! and the cell cycling at 1 Ag~! achieves high capacity
retention of 90% after 20000 cycles [128]. The enhanced perfor-
mance stems from two main points. First, a stable conductive
layer-structured NayFeS, formed during cycling, which enables the
highly reversible Na™* intercalation/deintercalation. Second, the
unprecedented high-rate characteristics were acquired because of
the pseudocapacitance-type reactions. Two-dimensional layered
materials, such as MoS;, and SnS,, have larger interlayer spacing
and weak interlayer van der Waals force, allowing them to store
Na*t [132]. Chen et al. reported the synthesis of MoS, nano-
flowers with expanded interlayers [133]. In particular, controlling
the voltage range of 0.4-3.0V preserves the layer structure
through the intercalation reaction from MoS, to Na,MoS,, which
delivers an increasing capacity with cycling because the expansion
and exfoliation of MoS; layers produced more reaction sites and
lower energy barrier for Na* intercalation/deintercalation.

Transition metal selenides, such as MoSe, and FeSe,, also have
been used as anode materials for SIBs [134,135]. Among them,
FeSe, exhibits good electrochemical properties with a discharge
capacity of 447mAhg-"! at 0.1 Ag~' and good rate capability
(388mAhg~! at 10C, 226mAhg-! at 50C, where
1C=0.5Ag™ ") [135]. The remarkable high-rate performance is
attributed to the pseudo-capacitive behavior during the charge-
discharge processes based on a conversion mechanism.

In this section, recent research progresses on different classes
of negative electrodes for SIBs are summarized. Most of the

Voltage (V)

a(A)

Time (h)

b (A)

c(A)

Fig. 13. Structure change upon Na™ extraction/insertion [122]. (a) In-situ XRD patterns during the first discharge/charge cycle of the Na/Nag44[Mng44Tio56]0 cell at 0.1 C
between 1.5-3.9 V. (b) Evolution of lattice parameters during charge/discharge process.
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insertion-type and conversion-type anode materials show rela-
tively low energy density. The energy density for hard carbons is
~300 mW h g~ based on the mass of active material. The energy
density for Sn and P based anodes reach 350 mW h g1, although
P shows highest theoretical capacity of 2595 mA h g~ . Currently,
the anode is one of the most difficult components for SIBs because
typical graphitic carbons used in LIBs cannot be intercalated by
Na*. Until now, only a few of anode materials have been de-
monstrated with decent capacity and acceptable cyclability.
Compared to the Li equivalents, the voltage of SIBs is generally
lower, the volume change upon Na™ insertion/extraction is larger,
the volumetric energy density is normally lower and the cycling
stability is inferior. Therefore, the SIBs still have a great distance
away from practical applications. In the next decade, the success of
SIBs will be strongly dependent on the development of efficient
and safe anode materials.

3. Potassium ion batteries

Potassium salts are widely available in large quantities and at
low cost. Potassium as anode material has a negative reductive
potential of -2.93 V vs. SHE and a theoretical specific capacity of
591 mA h g~ ! (Table 1). As the potential of potassium is similar to
lithium, Potassium ion batteries (PIBs) are attracting increasing
interest for energy storage. Some of the recently-reported elec-
trode materials for PIBs are given in Table 4. To date, both aqueous
and non-aqueous PIBs have been assembled, but most of reported
PIBs show relatively low capacity and potential, this is why the
research interests in PIBs is relative low [19,136]. Eftekhari has
reported Prussian blue as a good material for K* storage [136]. The
PIBs designed with potassium as anode and Prussian blue as
cathode has a high cyclability for over 500 cycles. Furthermore, the
chemical diffusion coefficient of K* in PIBs is higher than that of
Li* in LIBs [137].

In 2011, Cui et al. synthesized nickel hexacyanoferrate (one of
PBAs) in bulk quantity using spontaneous precipitation method
under moderate temperatures [19]. They firstly described a re-
chargeable nickel hexacyanoferrate electrode on large size scale
(~10 mg cm~2) for PIBs and it showed little capacity loss after
5000 deep cycles at high current densities. In addition, they also
prepared highly crystalline nanoparticles of copper hex-
acyanoferrate, another compound of PBAs, which showed high
cycling life, rate capability, and round-trip energy efficiency as an
electrode in PIBs with aqueous 1.0 M KNOs3 electrolyte [138].

Recently, Solanki et al. studied the size influence of Prussian
blue and Prussian green particles on gravimetric capacity of PIBs
[139]. They adjusted the size of Prussian blue particles (2-10 pm)
and Prussian green particles (50-75 nm) by choosing different
precursors. A reversible capacity of 30.27 mAhg~! (44.7% of in-
itial discharge capacity) was retained during galvanostatic cycling
of the Prussian green at 500 mA g~' for 1100 cycles. For the

Table 4

Prussian blue electrodes, 22.8% of initial discharge capacity of
49.16 mA h g~ ! was retained. The Coulombic efficiency of Prussian
blue and Prussian green electrodes was almost 100%.

Hu et al. reported that K* can electrochemically intercalate
into graphitic materials, such as graphite and reduced graphene
oxide at ambient temperature and pressure [140]. The electro-
chemical intercalation process clearly displays the formation of
different stages in K-Graphite intercalation compounds. Graphite
and reduced graphene oxide deliver a reversible capacity of
208mAhg~! and 222mAhg~! in nonaqueous electrolyte at
5mA g~ !, respectively.

4. Magnesium ion batteries

Magnesium ion batteries (MIBs) are very attractive because
magnesium has a low reduction potential of —2.37 V vs. SHE, a
volumetric capacity (3832 mA hmL~") nearly twice than that of
lithium (2026 mA h mL~!) derived from the divalent nature, and
relatively low cost originated from the high environmental abun-
dance of magnesium resources (Table 1). More importantly, Mg
does not form dendrites during reversible electrochemical plating/
stripping, which dispels crucial safety concerns when used as an
anode material [141]. Since the pioneering work of Aurbach and
co-authors [142], MIBs have attracted increasing attention. Despite
the promising features, the two biggest obstacles encountered by
MIBs are the lack of suitable cathode materials in which Mg?* can
diffuse with fast kinetics and the lack of electrolytes compatible
with electrodes. Herein, we provide a review section about the
representative research of cathode and anode materials for MIBs.

4.1. Cathode materials

The development of cathode materials with high reversible
capacity and adequate operating voltage under appropriate rate
conditions is crucial for MIBs [143]. It is known that the kinetics of
solid state diffusion through inorganic cathode materials is slow
due to the high polarizing ability of the divalent Mg?* cations,
resulting in low reversible capacity and reduced power output. Up
to now, there have been efforts to address these issues [144-146].
The typical cathode materials for MIBs are summarized in Table 5.

4.1.1. Chevrel phase MogXg (X=S or Se)

In recent years, Chevrel phase compounds have been of parti-
cular interest as a possible cathode material for rechargeable MIBs,
owing to its high tolerance for reversible Mg?* insertion/extrac-
tion, high ionic conductivity and high density [147]. As shown in
Fig. 14, six molybdenum atoms form an octahedron inside a cube
of eight sulfur atoms [142]. A large number of short channels exist
between multiple MogSg clusters, which can easily compensate for
the charge imbalance introduced by divalent ions. Mg?* can
possibly occupy two different sites between the lattices of MogSg,

Electrochemical properties of typical electrode materials for PIBs reported in the literature.

Electrode materials Ref. Reversible capacity (mAhg~"')

Current density (mA g~" or C)

Capacity retention

1. Cathode materials

Prussian blue [136] 8736 01C
Nickel hexacyanoferrate  [19] 59 0.83C
Copper hexacyanoferrate [138] 60 0.83C
Prussian green [139] 1231 111
Prussian blue 53.8 m

2. Anode material
Graphite [140] 208 5
Reduced graphene oxide 222 5

88% after 500 cycles at 0.1 C

91.25% after 5000 cycles at 8.3 C

83% after 40000 cycles at 17 C

44.7% and 22.8% after 1100 cycles at 500 mA g~ ', respectively
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Electrode materials Ref. Reversible capacity (mAhg™') Current density (mA g~! or C) Capacity retention

Mg,MogSs_,Se, (y=0, 1, 2) [148] ~110 C/8 -

Cug-doped VO,-NTs [155] 120.2 10 -

C-V,0s [157] 600 mA h (g-V,05) ! 1A (g-V,05)! -

a-MnO, [163] 280 36 pAcm~? -

A-MnO, [164] 545.6 13.6 54% after 300 cycles at 136 mA g~!
MoS, [169] 170 20 95% after 50 cycles at 20 mA g~!
WSe; [173] 203 50 > 90% after 160 cycles at 50 mA g~
TiS, [174] 236 10 78 after 80 cycles at 10 mA g~!

as shown in the upper insert of Fig. 14. At the initial stage of Mg+
insertion, the ions occupy the inner region (Site A) following the
Reaction (4), and then the outer sites (Site B) accommodate further
Mg?* insertion following the Reaction (5):

MogSs+Mg?* +2e ~=MgMogSs (4)

MgMogSs+Mg?* +2e ~=Mg,MogSs (5)

Although the Chevrel phase MogSg exhibited excellent cycling
performance (over 2000 cycles without significant loss) [142],
some issues such as initial capacity loss (~15%) need to be re-
solved. One potential approach is to introduce Se (or Te) atoms
into the compound; another possible way is to reduce the particle
size of the sample. Recently, Levi et al. reported MogS,Seg., cath-
ode materials exhibiting higher mobility and faster reversibility
[148]. They found that the reversible capacity was improved by the
substitution of Se atoms (Fig. 15a and b) and no obvious capacity
loss was shown during the cycling process. On the other hand, the
electrochemical activity was effectively enhanced when the par-
ticle size of MogS,Ses _, was reduced (Fig. 15c and d).

4.1.2. Transition metal oxides

Another type of cathode materials for rechargeable MIBs is
transition metal oxides. Compared with the Chevrel phase com-
pounds, multiple transition metal oxides exhibit higher capacity
and higher voltage (Fig. 16) [10].

V,05 is a layered compound (Fig. 17a) which can provide
pathways for Li* or Mg?* insertion/extraction [149]. According to
the reported literature [150,151], the diffusion of Mg?* into the
bulk V,0s5 is slow, possibly due to the chemical modification of
V,05 crystal surface and its low electric conductivity. Great effort

has been made to optimize the electrochemical performance of
V,0s, including the control of crystallite size [152-155] and the use
of conductive additives [156,157]. Reducing the particle size can
decrease the diffusion pathway within the sample and improve
the cycling performance. The addition of conductive materials,
such as carbon materials, also can improve Mg?* diffusion and
increase reversible capacity [156,157]. It should be noted that the
diffusion of Mg?* can be facilitated by water molecules, because
water can solvate Mg?* and promote the insertion/extraction
process [158]. However, water in the electrolyte also accelerates
the formation of passivation film on the surface of Mg anode, thus
unfavorable to the electrochemical performance.

MnO, with multiple polymorphs including tunneled MnO,
(hollandite and todorokite), layered MnO, and spinel MnO,
(Fig. 17b—e), is another promising cathode for MIBs due to its low
cost and environment friendliness [159,160,162]. The severe pro-
blem of tunneled MnO, is the significant capacity loss caused by
structural collapse of MnO, [163]. Layered MnO, can provide a two
dimensional pathway for ions to intercalate and deintercalate.
Although layered MnO, (birnessite phase) had a lower discharge
capacity than tunneled MnO,, it was able to retain more capacity
after long cycles [159]. Recently, the electrochemical intercalation
of Mg?* into spinel MnO,/graphite anode in the aqueous elec-
trolytes of various magnesium compounds (MgSO,4, Mg(NOs3), or
MgCl,) has been studied [164]. When the charge-discharge pro-
cess was carried out in 1.0 M MgCl, electrolyte, an initial discharge
capacity of 5456mAhg~' was delivered and a capacity of
155.6 mAh g~! was maintained after 300 cycles at the current
density of 136 mA g~ .
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Fig. 14. Galvanostatic charge-discharge profiles of the Chevrel phase MogSg cathode [142]. The insets show the crystal structure and cycle voltammogram of Chevrel phase

MogSs.
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Fig. 16. The reaction potential of different transition-metal oxide cathodes for Li*
or Mg?™ insertion/extraction [10].

4.1.3. MX, (M=metal; X=S or Se) type intercalation compounds

In recent years, layered MX, (M=Ti, Nb, Mo, W or V; X=S or
Se) compounds have attracted more attention as cathode materials
for MIBs. MoS, has long been recognized as a versatile electrode
material [165,166] due to the weak van der Waals interaction
between layers and the large interlayer distance, as shown in
Fig. 18a [167]. MoS, with fullerene-like hollow-cage, fibrous floc-
cus, and spherical nano-vesicle structures were employed as
cathode material [168]. However, the cells usually exhibit low
capacity, Coulombic efficiency and discharge voltage. The cathode
reaction for MoS,-based MIBs is as following:

6MoS, +4Mg?* 4+ 8e ~=Mg,MogS1, (6)

The Mg2* hosting capability of MoS, has been investigated to
refine new cathode material. Chen et al. reported a combination of
highly-exfoliated graphene-like MoS, cathode and Mg nano-
particle anode [169], which exhibited an operating voltage of 1.8 V
and a reversible discharge capacity of ~170mAhg~"! after 50
cycles (Fig. 18b). The lattice fringe spacings of single- or few-
layered MoS, were measured to be 0.65-0.70 nm, which are larger
than those of bulk MoS, (0.63 nm). This work indicates the im-
portance of rational morphology control of electrode materials.

So far, only a few Mg?™" insertion cathodes can present accep-
table reversible capacity in MIBs. As a layer-structured metal
chalcogenide, WSe, has some special characteristics, including
ultralow thermal conductivity, highly-hydrophobic surface, and
p-type field-effect properties [170-172]. For example, the pre-
paration of WSe, nanowire-assembled film as a potential cathode
for MIBs was reported [173]. The typical WSe, nanowires have an
average diameter of ~100 nm, and the lattice spacings of (002)
planes are ~0.65nm. The WSe, electrode exhibited a specific
capacity of ~200 mA h g~! with Coulombic efficiency of ~98.5%
over 160 cycles at 50 mA g~! (Fig. 19a), and also good cycling
stability at high current density of 1500 mA g~ ' and 3000 mA g !
(Fig. 19b).

TiS, is another possible candidate for the cathode of MIBs. Chen
et al. have reported the TiS, nanotubes obtained by a low-tem-
perature gas reaction method can reversibly intercalate and
deintercalate Mg?™* in the channels derived from van der Waals
interaction [174]. The TiS, nanotubes exhibited a discharge capa-
city of 226 mA h g~ at 10 mA g~ ! in the range of 2.0-0.5 V with a
capacity retention of 78% over 80 cycles at 10 mA g~ .
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Up to now, only a few cathode materials capable of reversible
intercalation of Mg?* have been developed, although their typical
potential, rates, and specific capacities haven't reached the same
levels of lithium ion cathodes. A main reason is the slow solid-
state diffusion of Mg?* which increases electrode polarization and

results in possible ion trapping. Another reason is the possible co-

intercalation of solvent molecules which may cause severe struc-
tural distortion and decompose within the cathode material. Due
to the merits of MIBs mentioned above, the research for novel
cathode materials with high capacity, potential and good rate
performance has theoretical and practical significance.
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4.2. Anode materials

4.2.1. Metal alloys

Clearly, Mg metal and alloys is one of the most suitable anodes
for MIBs with high theoretical specific capacity (2205 mAhg~1)
and high electronegativity (—2.37 V vs. SHE) [142]. According to
the literature [175,176], upon the decrease of Mg particle size, the
capacity of both Mg/MnO, and Mg/Air batteries increased re-
markably owing to the enhanced kinetics. Chen et al. reported the
synthesis of ultrasmall Mg nanoparticles by ionic liquid-assisted
chemical reduction method [169]. The electrochemical test in
Mg(AICl;Bu),/tetrahydrofuran electrolyte indicated that Mg na-
noparticles exhibited better performance than bulk Mg.

To date, the use of Mg metal as anode is still limited by the
choice of electrolytes and the poor control of electrochemical re-
actions at metal-electrolyte interfaces [177,178]. In the case of
LIBs, a series of new materials (such as Sn, Sn/C, Si and Si/C) have
attracted considerable attention as high capacity anodes to replace
graphite. Recently, similar researches about metals, alloys and in-
termetallic anodes for MIBs have also been reported. Matsui et al.
reported Bi metal, Sb metal and Bi; _,Sby alloys as anodes for MIBs
[179]. The authors proposed to improve the energy density by
coupling the low reduction/oxidation potential of Bi with the high
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theoretical capacity of Sb. Both Bi and Sb films have grain sizes
larger than 500 nm. BigggSbo 12 and BigssSbg4s are comprised of
50-100 nm interconnected particles, while Sb films composed of
10-20 nm particles have a cauliflower-like morphology. Fig. 20a
shows the discharge curves of Bi; _,Sb, materials at 0.01 C rate. It
also can be seen from Fig. 20b that the capacity of the anode at
0.01 C rate increases as X in Bij_xSby increases. At 1C rate,
BiggsSbo12 and Bi showed decent cycling capability over 100 cy-
cles, while Sb failed to show appreciable capacity or cycle well at
high rates regardless of the as-deposited morphology (Fig. 20c).
These results indicate the bond strength of Mg-M (M=Bi or Sb) is
very crucial to the electrochemical performance, which is con-
sistent to a previous report that the ionicity of MgsSb, is higher
than MgsBi,, and the Mg-Sb bonding in MgsSb, is stronger than
the Mg-Bi bonding in MgsBi, [180]. The proof-of-concept inser-
tion/extraction of Mg?* in Bi using a conventional electrolyte is an
initial step towards extending the voltage window for MIBs.

It is well-known that nanostructured materials can improve the
ion diffusion and structural stability of electrodes in LIBs [181,182],
and similar situation can also be applied to MIBs. Bulky bismuth
offers specific capacity of 385 mAhg~! but undergoes ~100%
volume expansion during the formation of MgsBi,. Recently, Liu
et al. showed that Bi nanotubes can be used as anode material to
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Fig. 21. (a) Cyclic voltammogram of Mg insertion/deinsertion in bismuth. (b) discharge-charge profile of an Mg-Bi cell. (c) rate performance of an Mg-Bi cell. (d) cycling
stability and Coulombic efficiency (CE) of Mg?™* insertion/extraction. (e) Structural transformation of Bi nanotubes during the charge-discharge process [183].
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buffer the volume expansion [183]. The following is the Bi-Mg
alloying reaction:

2Bi+3Mg?* +6e " =Mg3Bi, (7)

In this work, Bi nanotubes and Bi microparticles (~100 pm)
were respectively used as anodes for MIBs. The cycle voltammo-
gram of Bi nanotubes (Fig. 21a) exhibits highly symmetric catho-
dic/anodic peaks and narrower peak separation than that of Bi
microparticles (0.264V vs. 0.313 V), indicating highly reversible
and fast insertion/extraction of Mg?* in Bi nanotubes. The per-
formances of Bi nanotubes are much better than Bi microparticles
(Fig. 21b-d). The authors suggested that the hollow space in Bi
nanotubes accommodated volume change and prevented struc-
tural collapse of the electrode. Moreover, the highly inter-
connected Bi nanoparticles formed along the Bi nanotubes pro-
vided good electric contact (Fig. 21e).

To possess a large capacity and low intercalation voltage is
very important for anode materials. Recently, Sn powder film
electrodes were compared with Bi as anodes for MIBs [184]. The
results have shown that Sn has lower Mg?* insertion/extraction
voltage (~0.15/0.20 V) and larger initial discharge capacity (close
to the theoretical capacity of 903 mA h g~! at 0.002 C). However,
the specific capacity in the initial opposite scan process was only
about 350 mA h g~ !. The poor Coulombic efficiency was attrib-
uted to the severe volume expansion during the transformation
from Sn to Mg,Sn phase. The diffusion of Mg atom in a-Sn and g-
Sn was investigated using density functional theory [185]. The
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first-principles calculation showed that the energy barriers for
Mg atom in the «-Sn and B-Sn were 0.395 and 0.435 eV, respec-
tively (Fig. 22). Furthermore, the addition of a second Mg atom
(enclosed by a red cycle shown in Fig. 22b) decreased the diffu-
sion barrier in a-Sn while increased the diffusion barrier in p-Sn,
indicating a-Sn is a better candidate than B-Sn as anode material
for MIBs.

4.2.2. Low-strain metal oxides

Recently, spinel LisTisO;, with low-strain characteristic was
demonstrated as promising Mg?* -insertion anode [186]. The in-
situ synchrotron XRD (Fig. 23) shows that the peak intensities of
cycled electrode increased slightly, but no obvious peak shifts or
new Bragg reflections were observed, indicating small volume
changes during the charging/discharging process. The result might
be attributed to the comparable effective ionic radii of Mg?™*
(0.72A) and Li* (0.76 A). The reversible capacity of LisTisO1»
gradually increases during the initial cycles and reaches a max-
imum value of 175 mA h g~ in the 15th cycle (Fig. 24a). After 15
cycles, the shape of charge-discharge curve changed from a pla-
teau to a sloped line (Fig. 24b). The reversible capacity becomes
lower at high rates (Fig. 24c), implying the kinetics of Mg?* dif-
fusion is relatively sluggish because of the high polarizing power
[144,157,174,187]. LisTisOq> nanoparticles exhibit good cycling
stability and Coulombic efficiency at the current density of
300 mA g~ ! for 500 cycles (Fig. 24d), which was attributed to the
zero-strain characteristic of LisTi5O15.

-+-Single Mg atom
-+-Double Mg atoms

Energy barrier (eV)

Relative diffusion coordinate

Fig. 22. The diffusion paths and energy curves for Mg diffusion between the adjacent stable sites in (a, ¢) a-Sn and (b, d) p-Sn, respectively. The dashed line shows a single Mg

diffusion, and the solid line shows the diffusion of two Mg atoms [185]. (For interpretation of the references to color in this figure, the reader is referred to the web version of
this article.)
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Fig. 24. Charge-discharge profiles of Li,TisO; electrodes in MIBs (a) before and (b) after 15 cycles at 15 mA g~ . (c) Rate capabilities at different current densities. (d) Cycling
performance at 300 mA g~ ' [186].

Overall, the anode materials for MIBs have been investigated to a at the surface of highly-reactive Mg metal owing to the side reac-
limited extent, as summarized in Table 6. Mg metal itself can serve as tions. Therefore, it is necessary to develop novel anode materials. The
anode, but in this case the possible electrolytes will be mostly nar- recent development of Mg alloy and low-strain compound anodes
rowed to Grignard reagents and ethereal solvents. If the electrolyte is provides opportunities for the use of more conventional electrolytes,
inappropriate, a passivating layer insulating the Mg?* trends to form although there are still many challenges yet to overcome.
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Table 6
Electrochemical properties of typical anode materials for MIBs reported in the
literature.

Electrode Ref.  Reversible capa- Current den- Capacity retention
material city (mAhg~!) sity(mAg’
or C)

Bip.gsSbo.12 [179] 298 1C 72% after 100 cy-
clesat1C

Bi [183] 350 0.05C 92.3% after 200cy-
cles at 0.05 C

Sn [184] 903 0.002 C -

Li4TisO12 [186] 175 15 95% after 500 cy-

clesat300mAg~!

5. Calcium ion batteries

Calcium-ion batteries (CIBs) have received increasing attention
because Ca element is the fifth most abundant element in the
Earth's crust and has a high volumetric capacity of
2073 mAhmL~! (Table 1). Ca®* has an ionic radius larger than
Li* and lower reduction potential of —2.87V vs. SHE (~0.17 V
more positive than Li*) [21]. Besides, calcium metal is less mal-
leable than lithium, which affords the possibility for uniform de-
position and avoids the growth of dendrite during charges/dis-
charge cycles. Nevertheless, CIBs still face some serious problems.
While the development of electrolytes for some other multivalent
metals (such as Zn and Al) had a long history, the electrolytes for
Ca%™" transport received far less attention. In 1991, Aurbach et al.
investigated the behavior of calcium electrodes in electrolytes
containing organic solvents and salts [188]. They have concluded
that calcium deposition cannot occur in many electrolyte systems
comprising of Ca(ClO4), and organic solvents. This is possibly due
to the formation of a passive layer derived from the reduction of
salt and/or solvent, which is apparently nonconductive for Ca?*
ions.

The lack of suitable calcium electrolytes hindered the in-
vestigation of electrode materials for CIBs. Table 7 lists several
typical electrode materials for CIBs demonstrated in the literature.
Jaworski et al. reported that crystalline vanadium oxides could
host multivalent cations, such as Ca®>*, Mg?*, and Y>* [152]. Sa-
kurai et al. also investigated the insertion/extraction behavior of
Ca%™" in vanadium oxides by using Ca(ClO,),/acetonitrile solution
[189].

Recently, Solanki et al. reported potassium barium hex-
acyanoferrate (K,BaFe(CN)g, one of PBAs) as a cathode for Ca*
intercalation (Fig. 25) [21]. By introducing a small proportion of
deionized water into organic electrolyte, the intercalation/de-in-
tercalation of Ca®* was significantly enhanced, which implies that
the resistance barrier for Ca2* intercalation from electrolyte into
K;BaFe(CN)s was reduced, leading to an improved reversible

Table 7
Electrochemical properties of typical electrode materials for CIBs reported in the
literature.

Electrode material Ref. Reversible capa- Current density ~ Capacity
city (mAhg™1) (mAg~1) retention
1. Cathode materials
K;BaFe(CN)g [21] 558 125 -
V505 [152] 200 - -
V,05 [189] > 400 0.05 mA cm 2 -

2. Anode materials

Grapheme [190] 2142 or 2900 for - -
different defects
(theoretical)

Ti3C; MXene [191] 319.8 (theoretical) - -

- ¢

Fig. 25. Crystal structure of K,BaFe(CN)g represented by spheres in purple (Ba®™*),
brown (Fe?*), light blue (CN~), black (CN~) and blue (K* in the interstitial sites)
[21]. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

capacity of 55.8 mA h g~! with a Coulombic efficiency of ~93.8%
at the 30th cycles.

Shenoy and co-workers investigated the influence of the diva-
cancy and Stone-Wales defects in graphene on the adsorption of
Na and Ca by first-principles calculations based on density func-
tional theory [190]. Enhanced adsorption can be seen on the de-
fective graphene due to increased charge transfer between ada-
toms and defects. Their results provide a possible way to design of
high-capacity anode materials for SIBs and CIBs. They also calcu-
lated the possibility of Ti3C, MXene as an anode material for dif-
ferent metal (Li, Na, K, and Ca) ion batteries [191]. The calculated
capacities for Li, Na, K, and Ca were respectively 447.8, 351.8, 191.8,
and 319.8 mA h g~ !, showing MXenes could be promising for in-
creasing the capacity of CIBs.

6. Zinc ion batteries

Zinc ion battery (ZIBs) is a new class of energy storage device
with unique merits of fast charge—discharge capability, high power
density and energy density, good safety and environmental be-
nignity [192]. The reduction potential of Zn is -2.20V vs. SHE
(Table 1). Due to the rich natural abundance of Zn metal, ZIBs is
attracting rising attention for potential applications. Metal Zn was
usually used as the anode part of ZIBs. However, appropriate
cathode materials allowing reversible insertion of divalent Zn?* in
aqueous electrolytes are very limited so far, which greatly hinders
the development of aqueous ZIBs. Therefore, much effort has been
devoted into the design of novel cathode materials [192]. The ty-
pical cathode materials for ZIBs reported in the literature are listed
in Table 8.

Zn/MnO, battery is the most intensively investigated ZIB sys-
tems, which stores energy via conversion reactions attributed to
the existence of a variety of oxidation states of MnO,. In the 1860 s,
a Zn/a-MnO, battery with alkaline KOH electrolyte was firstly
fabricated, and it paves the road for secondary ZIBs [193]. In the
subsequent years, several Zn/MnO, battery systems with different
types of MnO, were prepared [23,192,194-196]. As shown in
Fig. 26, the Zn/y-MnO, battery delivers a high initial discharge
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Table 8

123

Electrochemical properties of typical cathode materials for ZIBs reported in the literature.

Electrode material Ref. Reversible capacity (mAhg™') Current density (mA g~! or C) Capacity retention
a-MnO, [192] 210 05C ~100% after 100 cycles at 6 C
y-MnO, [23] 285 0.05 mA cm 2 55% after 40 cycles at 0.05 mA cm 2
Todorokite-type MnO, [194] 108 05C -
a-MnO, [195] 195 C/20 70% after 30 cycles at C/5
MnO, [196] 210 200 ~100% after 50 cyclesat 1Ag~!
MnO,/carbon nanotubes [197] 1402 200 77% after 50 cycles at 200 mA g~ !
MnO,/acid-treated carbon nanotubes [199] 540 500 ~100% after 500 cycles at 5Ag™"
Nag 9sMnO, [200] 60 2C 92% after 1000 cycles at 4 C
MnO;/carbon fibers [201] 158 70 -
copper hexacyanoferrate [202] 56 20 77% after 20 cycles at 20 mAg~!
NiOOH [203] 20 mA hcm~—2 10 mA cm 2 -
Ni foam-supported polyaniline [207] 183.28 2.5mA cm 2 -
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Fig. 26. (a) Cyclic voltammogram of Zn/y-MnO, battery at different intervals until 40 cycles. The initial three voltage profiles were cycled at (b) 0.05 and (c) 0.5 mA cm~?2
within 0.8-1.8 V. (d) The cycle performance of Zn/y-MnO, battery within 0.8-1.8 V at 0.5 mA cm~2 [23].

capacity of 285 mA h g~ at 0.05 mA cm 2 with a clear plateau at
around 1.25V vs. Zn/Zn?* [23]. However, although the Zn/MnO,
batteries have been widely employed in portable electronic de-
vices, the fast capacity decay and low Coulombic efficiency origi-
nated from the poor electrical conductivity of MnO, seriously in-
fluence their performances. Carbon nanotubes are considered as
an ideal additive to improve electrical conductivity of MnO, based
electrodes [197,198]. For example, MnO, nanorods were in-situ

deposited on the surface of acid-treated carbon nanotubes to form
MnO,/carbon nanotube composites for Zn?* storage in a mild
aqueous system [199]. The composites display both good energy
capacity (~400mAhg~' at 1 Ag~") and reversibility at various
current densities (~100% Coulombic efficiency after 500 charge/
discharge cycles). Other cathode materials based on MnO, was
also prepared, such as NaggsMnO, [200] and MnO,/carbon fiber
composites [201].
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Many novel cathode materials beyond MnO, were fabricated
recently. For example, Jia et al. developed a copper hex-
acyanoferrate cathode material with well-defined open framework
[202]. The results showed that Zn?* can be reversibly inserted
into/extracted from this cathode in aqueous solution due to its
small radius. A Zn/NiOOH battery proposed by Cheng et al. showed
that high efficiencies can be achieved with an average Coulombic
efficiency of 96% and energy efficiency of 86% over 1000 cycles
[203]. Some organic cathode materials, such as polyaniline and
polyaniline/Ni foam, were also developed for ZIBs [204,205].
Compared with common inorganic cathode materials, the organic
cathode materials exhibit some advantages, such as ecological
acceptability, low cost and facile manufacture. Grgur et al. found
polyaniline-based electrodes in chloride containing electrolytes
with the addition of citrate anions showing better discharge per-
formance with a maximum discharge capacity of 164 mAhg™!
[206]. Si and co-workers prepared a nickel foam supported poly-
aniline cathode with improved specific capacity (up to
183.28 mA hg~! at the current density of 2.5 mA cm~2) via the
assistance of electrophoretic interlayer [207].

In short, rechargeable ZIBs are usually made up of en-
vironmentally friendly and safe materials and can be assembled by
facile battery techniques. Therefore, ZIBs have been considered as
one of the potential candidates for replacing LIBs. But there are
several drawbacks need to be avoided, such as limited choices of
appropriate cathode materials allowing reversible insertion of di-
valent Zn?*, insufficient discharge capacity, and shot cycle life.

7. Aluminum ion batteries

Aluminum is the most abundant metal in the Earth's crust.
Rechargeable aluminum ion batteries (AIBs) have the advantages
of low cost and low flammability, together with three-electron-
redox properties resulting in high capacity [208]. The multivalent
nature of Al endows itself with a volumetric capacity of
8040 mA h L~ (Table 1). However, aluminum has a high reduction
potential of —1.67 V vs. SHE. Meanwhile, the specific capacity and
cycle life are not as good as expected, which are mainly caused by
aluminum corrosion and side reactions between the electrolyte
and the cathode. Therefore, the design of compatible electrolytes
and electrodes is of great importance for AIBs. In the previous
reports, metal Al usually served as anode material for AIBs. The
existing cathode materials developed for AIBs are summarized in
Table 9.

Aqueous solutions can be used as electrolytes in AlBs. Gao et al.
demonstrated that AI** can be reversibly inserted into/extracted
from anatase TiO, nanotube arrays in aqueous AlCl; solution due
to the small radius of AI3* [209]. Liu et al. claimed that CI~ could
play a key role during charge/discharge cycles and the insertion of
AB* into TiO, nanotube arrays was helpful for the reduction of

Table 9

Ti** to Ti>* [210]. Similarly, Tong et al. used mesoporous black
anatase TiO, nanoleaves as cathode and AI(NOs)s; solution as
electrolyte to assembly AIBs, which showed a capacity of
2781 mAhg! at 0.05A g~ ! and exhibit a good rate capability
[211]. Copper hexacyanoferrate was also investigated as cathode
[212]. The AR+ insertion was identified by XRD measurement and
the framework of copper hexacyanoferrate was stable during the
A3 insertion/extraction processes. Nevertheless, the reduction of
A+ in aqueous solutions is problematic owing to some side ef-
fects such as hydrogen evolution reaction [209]. The available
voltage window gets narrow, which may results in a lower specific
capacity. Therefore, the development of novel non-aqueous elec-
trolytes is of great importance for AlBs.

Ionic liquids, composed of ions entirely, are nonvolatile, non-
flammable, heat-stable, conductive and miscible with many or-
ganic solvents. Due to their wide electrochemical window and
high conductivity, they are widely used in electrolytes and en-
vironmental friendly solvents. Jiao et al. proposed a battery with Al
foil anode, VO, cathode and ionic liquid based electrolyte (1:1 M
ratio of AlCl; and 1-butyl-3-methylimidazolium chloride mixture
with ~0.5 wt% benzyl sulfoxide as corrosion inhibitor) [213]. The
battery in this work showed an initial discharge capacity of
165mAhg~! and 116 mAhg~! after 100 cycles at the current
density of 50 mA g~ . Nevertheless, side reactions are still limiting
the performance of AlBs, even if the ion liquid based electrolytes
are used. Rechargeable AIBs were also fabricated by applying V,0s5
nanowire cathode and AlCls/ion liquid electrolyte, presenting an
initial discharge capacity of 305mAhg~'and 273 mAhg~! after
20 cycles [208]. However, the voltage was much lower than ex-
pected, which could be caused by side effects. Menke et al. used
V,05 as cathode, stainless steel as current collector and 1-ethyl-
3methylimidazolium chloride solution of AlCl5 as electrolyte [214].
The authors found the V,05 shows electrochemical inactivity be-
tween 5mV and 1.5V vs. Al/AI>* and the battery performance is
independent of V,0s5 but entirely up to the stainless steel. How-
ever, Bai et al. delivered an opposite conclusion [215]. They directly
deposited V,05 on Ni foam current collector to form the cathode.
The discharge capacity of this cell is much higher than that of
using a cathode consisting of V,0s nanowires and binder. They
also found that if only using Ni foam as cathode, there is no
electrochemical activity in the cell. Therefore, it is V,05 partici-
pated in the redox reaction. Moreover, when using AlCls/1-butyl-
3-methylimidazolium chloride solution as electrolyte, poly-
vinylidene fluoride is unsuitable for binder and polytetra-
fluoroethylene is better.

Several polymers capable of electrochemical oxidation/reduc-
tion in electrolyte solutions were used as electrode materials for
AIBs [216]. Hudak demonstrated rechargeable AIBs with poly-
pyrrole or polythiophene as conducting polymer cathodes, show-
ing stable cycle performance and electrode capacities near theo-
retical levels [217]. However, the value of practical voltage was

Electrochemical properties of typical cathode materials for AIBs reported in the literature.

Electrode material Ref. Reversible capacity (mAhg™") Current density (mAg~!) Capacity retention

V,05 [208] 305 125 90% after 20 cycles at 125 mAg~!
Anatase TiO, nanotube arrays [209] 75 4mA cm—2 -

TiO, nanotube arrays [210] 74.8 4 mAcm—2 -

TiO, nanoleaves [211] 278.1 50 91.6% after 300 cycles at 50mAg~!
Copper hexacyanoferrate [212] 62.9 50 54.9% after 1000 cycles at 400 mAg~!
VO, [213] 165 50 70% after 100 cycles at 50 mA g~
Bind-free V,05 [215] 239 442 -

Polypyrrole [217] ~70 20 74% after 100 cycles at 20 mA g~!
Polythiophene [217] 85 16 87% after 100 cycles at 20 mA g !
Fluorinated natural graphite [219] 225 60 -

3D graphitic-foam [22] 65 66 ~100% after 7500 cycles at 4A g~
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Fig. 27. (a) Scheme of the Al/graphite cell during discharge process. Al and AlCl,~ were converted to Al,Cl;~ on the anode side and AICl,~ was de-intercalated from
graphitic interlayers on the cathode side. (b) Galvanostatic charge and discharge curves of an Al/graphitic-foam pouch cell at 4 A g~ . (c) Stability test of an Al/graphitic-foam

pouch cell at 4A g1 [22].

limited by the significantly sloping voltage profiles during char-
ging/discharging. Furthermore, low Coulombic efficiency and ir-
reversible reactions leading to capacity loss would occur at high
voltages.

The compatibility between the electrolyte and cathode should
be considered for the design of AIBs. Graphite fluoride material (Cy
F, 2 <x <5) prepared in the presence of liquid hydrogen fluoride
was reported to be an electrical conductor superior to graphite and
also suitable for reversible fluorine intercalation [218]. Rani et al.
demonstrated a rechargeable AIB with fluorinated natural graphite
cathode, presenting a discharge capacity of 225mAhg~' and
stable performance for 40 cycles [219].

Large complex ion radius and high multivalent ion charge
concentration often lead to poor kinetics in multivalent-ion bat-
teries, thus it is difficult to find proper host materials to serve as
fast intercalation cathodes. Recently, Dai et al. demonstrated an
ultrafast AIB system combining an Al foil anode, a porous gra-
phitic-foam cathode and an AlCl3/1-ethyl-3-methylimidazolium
chloride electrolyte, as shown in Fig. 27a [22]. The redox reactions
of the battery during charging and discharging can be written as:

4ALCl;~ +3e~ =Al+7AICL~ (8)

Ca+AICl~ =C,[AICL] +e~ 9)

The battery can be charged in ~1 min at the current density of
~4Ag~! (Fig. 27b) and maintains a discharge capacity of
60mAhg~' for 7500 cycles with a Coulombic efficiency of

97 4+ 2.3% (Fig. 27c). The graphitic-foam cathode was found to al-
low fast anion diffusion and intercalation. However, the specific
capacity is still relatively low for practical use.

8. Conclusion and perspective

The urgent requirement to fabricate energy storage materials
and devices with high energy density and rate capability, long
cycling stability, economical price and environmental benignity
has led to significant research interest in novel rechargeable bat-
teries. In view of many restrictions encountered by LIBs, “non-li-
thium” secondary battery chemistry is one possible solution.

The main advantages of batteries based on non-lithium
monovalent ions (SIBs and PIBs) is lower cost and more abundant
resource of corresponding elements (Na and K) than Li. Recently,
many novel electrode materials have been developed for SIBs. It is
anticipated that SIBs will act as an appealing alternative to LIBs
and potentially be used for hybrid electric vehicles and large-scale
energy storage. However, there are many difficult problems to be
solved, especially the lower volumetric energy density and the
inferior cycling stability compared to LIBs. In contrast, the research
interest in PIBs is relatively low due to the larger radius of K™ and
the inferior electrochemical performance to SIBs.

The multivalent ion batteries usually have a relatively high
theoretical volumetric capacity and can avoid the formation of
dendrites during charging, thus the safety issue originated from
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the use of lithium or sodium metal anodes is prevented. The most
significant problems to be resolved for high-performance multi-
valent ion batteries include the design of compatible electrolytes
without side effects and the fabrication of high-voltage cathodes
capable of transferring multiple electrons with rapid diffusion rate
of the multivalent ions.

As highlighted throughout this review, the most critical aspects
for the development of practically usable non-lithium recharge-
able batteries are: (a) the discovery of novel electrode materials
contributing to high energy density, rate capacity and cyclability;
(b) the design of compatible electrolytes without side effects. The
utilization of electrode materials with nano-/micro-scale hier-
archical structured architectures will benefit solid-state diffusion
of ions as well as structural integrity during intercalation/dein-
tercalation but also may reduce the volumetric capacity of the
electrodes. On the other hand, as one of the most important
components in battery, electrolyte plays a crucial role for the
electrochemical performances. Aqueous electrolyte usually has the
advantages of good cyclability and low cost, but the limited ion
concentration will inevitably restrict the further improvement of
energy density. Many organic electrolytes are environmentally
harmful, even though they have the possibility to provide rela-
tively high capacity. Comparatively, ionic liquid electrolytes have
shown a very good prospect, such as wide electrochemical win-
dow, environmentally benignity and high stability. However,
electrolytes based on ionic liquids also have the disadvantages of
high cost and large viscosity. Therefore, many aspects need to be
taken into account in the pursuit of practical rechargeable non-
lithium batteries. Undoubtedly, the research in this field is rapidly
in development and certainly will bring actual advances in elec-
trochemical energy storage.
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