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Recent Progress in Electrode Materials for Sodium-lon

Batteries

Hyungsub Kim, Haegyeom Kim, Zhang Ding, Myeong Hwan Lee, Kyungmi Lim,

Gabin Yoon, and Kisuk Kang*

Grid-scale energy storage systems (ESSs) that can connect to sustainable
energy resources have received great attention in an effort to satisfy ever-
growing energy demands. Although recent advances in Li-ion battery (LIB)
technology have increased the energy density to a level applicable to grid-
scale ESSs, the high cost of Li and transition metals have led to a search for
lower-cost battery system alternatives. Based on the abundance and acces-
sibility of Na and its similar electrochemistry to the well-established LIB
technology, Na-ion batteries (N1Bs) have attracted significant attention as an
ideal candidate for grid-scale ESSs. Since research on NIB chemistry resurged
in 2010, various positive and negative electrode materials have been synthe-
sized and evaluated for NIBs. Nonetheless, studies on NIB chemistry are still
in their infancy compared with LIB technology, and further improvements
are required in terms of energy, power density, and electrochemical stability
for commercialization. Most recent progress on electrode materials for NIBs,

environmental issues such as global
warming and desertification.l'? Although
the price of oil has continuously decreased
since 2010,5! for the greener and more
sustainable-energy-focused ~ generation,
energy harvesting from renewable energy
resources (i.e., solar, wind, hydro, tidal,
and geothermal energies) has become a
critical issue in recent years. To store and
use these energy resources efficiently, the
development of large-scale ESSs has also
become an important research area, and
various technologies including pumped-
hydroelectric ~ storage, compressed-air
energy storage, flywheels, capacitors, and
batteries have been evaluated as grid-scale
ESSs.*7l To date, approximately 98%

including the discovery of new electrode materials and their Na storage
mechanisms, is briefly reviewed. In addition, efforts to enhance the electro-
chemical properties of NIB electrode materials as well as the challenges and

perspectives involving these materials are discussed.

1. Introduction

Ever-growing populations and energy demands have led to
a global increase in the use of fossil fuels, and the resulting
high levels of CO, emissions are expected to cause various
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of the energy (=177 GW) in the world
is stored wusing pumped-hydroelectric
storage.®l However, because the genera-
tion of sustainable energies is generally
intermittent and has geological limits rela-
tive to current large-scale energy genera-
tion facilities, the electrochemical way of
energy storage is regarded as an optimal choice based on its low
capital cost with compactness, high energy density, high round-
trip efficiency, and long cycle life.l>)

Among various electrochemical grid-scale ESSs, LIBs have
been considered the most promising ESSs because of their
high gravimetric and volumetric energy densities.!! Since the
success of LIBs in portable devices in the early 1990s,°-!!l LIB
technology has experienced rapid advances and commerciali-
zation in mid-size applications such as hybrid electric vehicles
(HEVs) and electric vehicles (EVs). In addition, many prototypes
of grid-scale LIBs (approximately tens of megawatt-hours) that
are connected to renewable energy sources such as solar and
wind power have appeared on the market.'>'* However, there
are several significant challenges facing LIBs for their applica-
tion in grid-scale ESSs. One of the greatest issues to date is the
cost with respect to not only the processing/fabrication but also
the raw materials. Significant reduction of the cost of LIBs is
still not a trivial matter even for mid-sized applications such as
EVs. Moreover, there exists a growing concern whether the con-
ventional LIB technology is sustainable. The global Li resources
are estimated to be 30-40 Mt, which is insufficient to satisfy the
increased demands on energy storage by LIB technology.'>'¢]
Although recent reports have forecasted that the supply of Li
resources is expected to partly meet the demand for Li for EVs
based on scenarios from the International Energy Agency (IEA)
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consistent with 50% reduction in CO, emissions by 2050,
there are still doubts about its availability for grid-scale ESSs.
Almost a quarter of Li reserves are expected to be depleted by
EV applications by 2050.'>1¢ Several reports have indicated
that Li recycling can support the supply of Li by 2050 with a
recycling rate of 50-100%; however, currently, the recycling
rate is less than 1%, and there is a lack of advanced techniques
and facilities as well as economic incentives for Li recycling.'”!
While more than 60% of Li reserves are located in a specific
area in the form of mineral and brine, and the production of
Li is strongly dependent on countries in the area,>1% the price
of Li,CO; has continued to increase since 2000 and is antici-
pated to dramatically increase when the EV market starts to
blossom.[>17]

Rechargeable battery systems utilizing Na as a guest ion
have been extensively studied to develop less expensive and
sustainable ESSs based on the abundance and easy accessi-
bility of Na.l'®-21I Na is the sixth most abundant element in the
Earth's crust (=2.6%), and virtually unlimited Na resources are
available from sea water. Early research has focused on high-
temperature Na rechargeable battery systems such as Na/
NiCl, and Na-S batteries.[%?2-24] These batteries are now com-
mercialized as grid-scale ESSs; however, the high operating
temperature (=300 °C) and significant corrosion issues must
be addressed. Since Na intercalation compounds were first
explored in the 1980s,2>?”] room-temperature NIBs have also
gained attention for large-scale ESSs.[®21 Nevertheless, only a
limited number of studies were conducted until 2010 shaded by
the success of LIBs in small- and mid-size energy storage appli-
cations. The large ionic size of Na (1.02 A) and its low standard
electrochemical potential (= 2.71 V vs Na*/Na) compared with
those of Li (0.76 A and 3.04 V vs Li*/Li, respectively) resulted
in low power and energy densities, holding back further devel-
opments of NIBs. As the demands for and sizes of batteries
have increased, the interest in NIBs has resurged particu-
larly for grid-scale ESSs. As shown in Figure 1a, a remarkable
number of new materials have been introduced and evaluated
as electrode materials for NIBs in the last few years. Similar
to LIB chemistry, layered and polyanionic compounds have
been extensively investigated as cathode materials, and carbon-
based materials, metal oxide compounds, and metals have been
studied as anode materials (see Figure 1b,c). Prussian blue and
organic materials have also been recently examined as electrode
materials for NIBs. As displayed in Figure 1b,c, electrode mate-
rials with various redox potentials and their capacities were
discovered in only a few years of research, and some of these
materials already rival those used in LIBs with respect to their
energy densities.

In this review, we will present the most recent progress in
NIBs, with a focus on positive and negative electrode materials.
This article covers the discovery of new promising positive
and negative electrode materials for NIBs and their Na storage
mechanisms as well as the many efforts to enhance the electro-
chemical properties. It would include the latest approaches to
enhance the cycle stability of layered materials along with the
recent discovery and design strategy of open-framework poly-
anionic and Prussian blue cathodes. For anode materials, we
have focused on the recent mechanistic studies of non-graphitic
carbon materials and investigations on utilizing graphite as
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an anode material with Na-solvent co-intercalation. In addi-
tion, electrochemical mechanism studies of new metal (i.e.,
Na-metal alloying reaction) and metal oxide materials (i.e.,
conversion and intercalation reactions) are covered, and organic
materials for positive and negative electrodes are discussed.
Finally, we examine the major challenges facing NIB electrode
materials for large-scale ESSs and provide perspectives on the
outlook of these materials.
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Figure 1. a) The number of publications on NIB electrode materials over
time. Voltage—capacity plots of representative b) positive and c) negative
electrode materials for NIBs.

2. Cathode Materials

2.1. Layered Transition Metal Oxide Compounds

Na-containing layered transition metal oxides (TMOs) have
attracted great interest as cathode materials for NIBs because
of their high theoretical capacity (e.g., 243.8 mA h g for
03-NaMnO,) and relatively simple synthetic process.?8!
Although the electrochemical activity of Na layered TMOs in
Na-ion cells was already reported around 1980,126272%3% with
the need to investigate post-LIB systems with low cost and high
energy density, the investigation of layered TMO cathodes has
recaptured the enthusiasm of the scientific community in the
past five years (see Figure 1). Following the notation devel-
oped by Delmas et al., all layered Na TMOs, which make up
the majority of TMO cathodes for NIBs, can be classified as
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03-, P2-, and P3-types depending on the stacking sequence of
oxygen layers (O3: ABCABC stacking; P2: ABBA stacking; P3:
ABBCCA stacking). Mobile Na cations adopt either prismatic
(P) or octahedral (O) sites.?®l In this section, we review the
most recent progress on layered TMOs for NIB cathodes.

2.1.1. P2-Type Layered TMOs

Among the various P2-type Na TMOs, Na,CoO, and Na,MnO,
have mainly been studied. The P2 phase Na,CoO, preferably
forms in the Na composition (x) range from 0.68 to 0.76,
whereas 03-Na,CoO, tends to be formed between 0.87 to 1.00
(see Figure 2a,b).BY Early works on electrochemical cycling of
P2-Na,Co0, electrode by Delmas et al. and Shacklette et al.
demonstrated that the P2 phase remains stable over the com-
position range of 0.46 < x < 0.83 with typical multiple pla-
teau discharge curves along with small polarization for the
charge—discharge profiles, indicating superior structural
reversibility over various single-phase domains for different
Na concentrations.?>3233 Na diffusion rates in P2-Na,CoO,
were observed to be higher than those of LiCoO, (approxi-
mately 0.5-1.5 x 1071 cm? s7! vs 1 x 107! cm? s71), and the
diffusion kinetics of Na in O3-NaCoO, were even superior
to those of the P2 phase, as demonstrated in Figure 2c,d.
The fast Na ion diffusion was also confirmed by theoretical
work performed by Mo et al.?®l These authors revealed that
the P2 phase outperforms the O3 phase except at high Na
concentrations, and Na ions migrate in a honeycomb sublat-
tice in P2 phase with a lower energy barrier. P2-Na,;,Co0O,
prepared using a solid state method delivers a reversible dis-
charge capacity of 107 mA h g! at 0.1 C-rate between 2 to
3.8 V vs Na*/Na.3%l To enhance the cyclic performance, Han
et al. adopted a small amount of Ca in the Na layer of the
P2-Na,CoO, structure and observed that the rate capability
of Nay ¢oCag ¢7C00, exceeds that of Naj73;Co0, because of the
enhanced Na diffusion coefficient (D) in the former, as dem-
onstrated in Figure 2e,f.}]

Similar to the case of P2-Na,CoO,, P2-Na,MnO, exhibits an
electrochemical activity in the Na composition (x) range of 0.45 to
0.85. However, the electrode operation revealed a low Na diffusion
rate and poor structural reversibility resulting from the strong
Jahn-Teller effect of Mn** within the structure.?®! Consistent
with the findings of Paulsen et al., which indicated that heavily
substituted structures and water-exposed cathodes result in the
ideal P2-structure with minimum structural distortion, the cation
substitution was observed to be an effective method to enhance
the structural stability of P2-Na,MnO,, as verified by its stable
capacity varying from 150 to 220 mA h g™! in recent investigations
of Nay gs[Lig 2sMny 75]02, Nag 6;Mgo,Mngg0,, Nag 67[MgosMng 7,
Oy, Nag 67Nig 3sMgo1Mng 6505, and Nag 6;Ctig14Mng g0,

Mixed layered metal oxides, such as Ni/Mn and Fe/Mn
compounds, were adopted to suppress the multiple phase
transition and improve the reversibility of P2-Na,MnO, upon
galvanostatic cycling. Lu et al. performed an in situ X-ray dif-
fraction (XRD) study on Na extraction and insertion for the
P2-Nay ¢;Nig 33Mng 6,0, cathode and claimed that all the orig-
inal Na (=0.67) could be extracted from and reversibly inserted
into P2-Nag¢Nig33Mngq,0, with a theoretical capacity of
170.7 mA h g L.®! Further structural investigation revealed
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Figure 2. a) Synthesis phase diagram of Na,CoO, as a function of the initial precursor Na:Co ratio and sintering temperature. Reproduced with per-
mission.B" Copyright 2014, American Chemical Society. b) Na ion diffusion path of O3-type Nagg9CoO, and P2-type Nay s;CoO,. The red arrows and
blue marks represent the Na ion diffusion path and oxygen window, respectively. c) Na-ion diffusion constant (D) of O3- (Red) and P2- (black) type
Na,CoO,, as a function of the Na content x. d) lonic charge transfer resistance (R) of O3- (Red) and P2- (black) type Na,CoO, as a function of x.
Reproduced with permission.* Copyright 2015, Nature Publishing Group. Potentiostatic intermittent titration technique (PITT) plot (left) and evolu-
tion of diffusion coefficient (D) with depths of discharge (right) of e) Nag 73C00, and f) Nag ¢oCag 0;C00,, respectively. Reproduced with permission.’]

Copyright 2015, Elsevier.

that the compound remained in the P2 structure if more than
0.33 Na was occupied in the unit cell, whereas the co-existence of
a P2 phase with minor O2-type stacking faults and an O2 phase
Nig 33Mng 6,0, with stacking faults was observed when less than
0.33 Na was occupied.>*’l The stable capacity retention was
only achieved when the P2-O2 phase transformation was sup-
pressed by limiting the operating voltage to 2.3-4.1 V vs Na*/Na.
To further reduce the multiple phase transitions in the Ni/Mn
binary P2 cathode and achieve better structural reversibility, the
substitution of Li or other transition metal elements such as Fe,
Co, and Ti has been performed by many research groups.*3->3l
Kim et al. reported that P2-Na gsLip 17Nig,1Mng 640, can deliver
a discharge capacity of 95-100 mA h g! between 2.0 and 4.2 V
with an average voltage of 3.4 V vs Na*/Na and exhibits only
2% capacity fading after 50 cycles.*8] The Ni%"/Ni** redox

wileyonlinelibrary.com
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reaction was mainly responsible for the capacity, in which most
Li remained fixed in the transition metal layers.*®>* A more
recent investigation conducted by Xu et al. revealed that Li ions
in the transition metal layers allow more Na ions to reside in
the prismatic sites in the high-voltage region, stabilizing the
overall charge balance and retaining the P2 structure for the ini-
tial P2-Na,[Li,Ni,Mn;_, ,]O, (0 < %, y, z < 1).°" Yuan et al. pro-
posed Co-doped P2-Nag4[Mny5C0g,Nig15]0, as a promising
cathode for NIBs.”*l This electrode delivers an initial capacity of
141 mA h g! with a slow capacity decay to 125 mA h g after
50 cycles at 0.15 C between 2.0 to 4.4 V vs Na*/Na. The cycle sta-
bility was further enhanced by a partial replacement of Co with
Al. Fe-doped P2-Nags[Nij,3Feq13Mng 3]0, also delivered high
discharge capacities of 180 mA h gt at 0.1 C and 60 mA h g*!
at 5 C with a relatively stable cycle performance."

Adv. Energy Mater. 2016, 6, 1600943
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The electrochemical activity of a-NaFeO, in Na-ion cells was
recently revisited by Yabuuchi et al.’>! A low reversible capacity
of 90 mA h g! was delivered from the electrode in the voltage
range of 3.0 to 3.6 V vs Na*/Na due to instability of Fe* at high
voltage in the oxide framework. Recently, Lee et al. discussed
the chemical instability of Fe*" in the oxygen framework of
Na,Fe0,.5% More than 20% of Fe** spontaneously reduced back
to Fe*' states in the charged cell, and a concurrent asymmetric
phase transition to a new O”3 phase was observed. On the other
hand, partial substitution of Mn in this framework led to the
discovery of a new high energy cathode, P2-Na,Fe;sMn,50,,
which delivers a discharge capacity of 190 mA h g! at 0.05 C
in the voltage range of 1.5 to 4.3 V vs Na*/Na, as shown in
Figure 3a,b.>”l Approximately 70% of the discharge capacity can
be achieved at 1 C. The charge compensation is achieved by the
oxidization of Mn** (below 3.8 V) and subsequent oxidization of
Fe** (above 3.8 V) during the charge process. A reversible elec-
trode operation was observed in the Na composition range of
0.13 < x < 0.86, and a reversible P2-OP4 phase transition in this
region was confirmed. Pang et al. demonstrated that the phase
transition from P63/mmc (P2-type at the open-circuit voltage)
to P63 (OP4-type when fully charged) occurs during the charge
process, and the reverse transition from P63 to P63/mmc was

a
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observed upon subsequent discharge to 2.0 V.’ Additional
sodiation to 1.5 V vs Na*/Na leads to a phase transition from
P63/mmc to Cmem. A more recent structural study by Talaie
et al. revealed that the migration of Fe* into tetrahedral sites in
the interlayer space occurred above 4.0 V, which caused a short
range ordering between two adjacent layers, resulting in large
cell polarization.l>”)

In a continuous effort of transition metal doping, Jung
et al. synthesized P2-Nay;[(FeosMngs);-,Co,]O, (x = 0, 0.05,
0.10, and 0.20).1 The structural evolution during the electro-
chemical reaction was investigated using in situ synchrotron
XRD analysis, which identified a phase transformation from
P2 to O2 above 4.1 V vs Na*/Na for P2-Na, ;Fe;,Mn, 4Co,,0,.
Although the original P2 structure was restored during the
following sodiation processes, the corresponding P2-02
transition was accompanied by a large lattice volumetric con-
traction, resulting in poor electrochemical properties. In con-
trast, P2-Na,;3(Mny,Fe;;4Coy,4)O, exhibited a superior rate
performance of 130 mA h g! at 30 C, while the reversibility
of the phase transition above 4.2 V requires further improve-
ment.®!] Partial substitution of Fe by Ni yields better energy
density, especially in the voltage region between 2.0 and 4.1 V,
by avoiding the aforementioned unfavorable phase transition,

b
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Figure 3. a) Structural characterization of P2-type Na,3[Fe; ;Mn; 5]O, based on synchrotron XRD patterns and SEM images. A and B in the schematic
illustrations of Nay3[Fe; ;;Mn; 5]O; indicate the different oxygen layers. b) Galvanostatic charge/discharge profiles of Na/Nay3[Fe; ;Mn; 5]O; cell at
a current rate of 12 mA g'. Reproduced with permission.’’] Copyright 2012, Nature Publishing Group. c) Galvanostatic charge/discharge profiles of
P2-Nag g7[Mng s, Ni,Fegs_2,]O, (y=0, 0.1, 0.15) during first two cycles; the specific capacities of this electrode over 25 cycles at 13 mA h g”' (C/20) are
also shown in the insets. d) Phase evolution curves within Nagg;[MngsFeqs]O, and Naggs[MngesNig15Feq2]O, as a function of the Na content x and
voltage profiles. P2 represents the initial structure of the electrode, and “Z” and P’2 represent an uncharacterized high potential phase and a distorted
phase, respectively. The asterisk (*) represents the starting point of the electrochemical cycling. Reproduced with permission.l’®) Copyright 2015, Royal

Society of Chemistry.
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as illustrated in Figure 3c,d. This strategy was also applied to
the P2-Nay3sMn; 3Fe; 3Coy/30, cathode, for which stable cyclic
behavior was achieved by limiting the upper voltage to 4.1 V vs
Na*/Na.l®Z

Designing a P2-O3 composite was also introduced as an
effective way to obtain a high-performance cathode for NIBs.
Such an effort was first demonstrated by Lee et al., and their
Na;_,Li,NijysMn,s0,,, composed of multiple phases including
03, 0’3, and P2 enabled fast Na diffusion, resulting in
improved rate performances.®3l More recently, Guo et al. pro-
posed a P2-0O3 composite of Nag ¢6Lio 15Mng71Nig21C0g.080244,
which exhibited a reversible capacity of 185 mA h g! at a 0.2
C-rate and 134 mA h g! at 1C.° In addition to the Ni/Mn
and Fe/Mn mixed TMOs, other interesting combinations
have emerged, including NagCrg¢Tip4O0,Nag g7, Nig33Tig6705,
Nay 67C0p.sMng 505, and Nag ¢;Nig 6;Sbg 330,.14567]

2.1.2. O3-Type TMOs

Compared with Na-deficient P2-type layered cathodes, O3-type
compounds are capable of providing high Na contents and are
thus practically more useful for commercial rechargeable cells.
Among the various O3-type single TMOs, the 03-NaTMO,
(TM = Mn, Cr, Fe, and Ni) system has been extensively studied
by many research groups. Parant et al. first reported two poly-
morphs of 03-Na,MnO, (x = 0.2, 0.40, 0.44, 0.70, and 1), a low-
temperature phase (a-NaMnO,) with a distorted monoclinic
structure and a high-temperature phase (f-NaMnO,) with an
orthorhombic structure.?’ Although a report by Mendiboure et
al. revealed that only =0.2 Na can reversibly de/intercalate into
the structure of o~ and B-NaMnO,,*® the o-phase recently pro-
posed by Ma et al. is capable of delivering a discharge capacity
of 185 mA h g! at 0.1 C.l°¥ Approximately 132 mA h g! of
capacity is maintained after 20 cycles between 2.0 and 3.8 V vs
Na*/Na, which was explained in terms of improvement of non-
aqueous electrolytes, i.e., the qualified low water concentration.

03-NaCrO, is capable of delivering a high reversible Na
capacity of approximately 120 mA h g! between 2.0 to 3.6 V vs
Na*/Na, although the iso-structural O3-LiCrO, has been known
to be electrochemically inactive in Li-ion cells.71 When the
ionic liquid electrolyte NaFSA-KFSA (FSA represents the anion
bis(fluorosulfonyl)amide) was adopted as a thermally stable
electrolyte, the NaCrO, electrode exhibited a stable discharge
capacity of 113 mA h g! at a current density of 125 mA h g™
and 90 °C with a 98.5% capacity retention.[’”) A recent report
by Yu et al. showed that carbon-coated NaCrO, exhibits excel-
lent capacity retention over 50 cycles with a reversible capacity
of 120 mA h g™! at a current density of 20 mA g .’ In addi-
tion, the high rate capability was confirmed for the electrode,
in which approximately 99 mA h g! of the discharge capacity
was delivered at 150 C. These authors claimed that the surface-
conducting carbon layer not only promoted the electrochemical
performance but also enhanced the structural integrity in the
thermal environment.

Recently, Han et al. showed that O3-NaNiO, could deliver a
reversible capacity of 114.6 mA h g with multiple phase tran-
sitions within the voltage range of 4.0-1.5 V vs Na*/Na at 0.1 C
(see Figure 4a).”3l The substitution of other transition metals in

wileyonlinelibrary.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterlalsVIews.com

03-NaNiO, could lead to better electrochemical performance.
Komaba et al. demonstrated that O3-NaNi,sMn, 0, electrodes
could deliver a capacity of 105-125 mA h g! at current den-
sities of 240-4.8 mA g! in the voltage range of 2.2-3.8 V vs
Na*/Na.’#71 When the cathode operation was performed in
the expanded voltage range of 2.2—4.5 V, a higher reversible
capacity of 185 mA h g! was achieved. However, the low cycle
stability was confirmed in this region due to a multiple phase
transition from the original O3 to O3, P3, P’3, and P3” phases,
as illustrated in Figure 4b. An improved capacity retention was
achieved by incorporating a small amount of Fe in the struc-
ture. Yuan et al. demonstrated that O3-NaFe,,Mng4Ni;,O0,
exhibits a phase transformation from the P3 to OP2 phase,
which has a smaller interslab distance than the P3” phase
in the high-voltage region, resulting in stable cycle perfor-
mance.’®l Partial replacement of Fe with Ni leads to a high
reversible capacity from the large contribution of the Ni**/Ni**
redox couple as well as suppression of the formation of unstable
Fe*. 03-NaFe;Nij,;0, also delivers a high discharge capacity
of 135 mA h g with enhanced cycle stability.””]

NaNij 33Mng33C00330, synthesized by Sathiya et al
exhibited a reversible capacity of 120 mA h g}, which cor-
responds to the utilization of =0.5 Na in the voltage range
of 2-3.75 V vs Na*/Na.l”®¥ A reversible structural evolution
occurs during electrochemical cycling in the sequence of
03—01—-P3—P1, as illustrated in Figure 4c. Recently, Hwang
et al. proposed a O3 cathode with a composition gradient
from the inner end (Na[Nij75Co0g0,M1y,3]0,) to the outer end
(Na[Nig53C0g 9sMny 36]O,), for which the total electrochemical
reaction was based on Ni?*/Ni3*/Ni*" redox couples.®! This
core—shell-like structure is beneficial against the electrolyte cor-
rosion, delivering a high discharge capacity of 157 mA h g!
at a current rate of 15 mA g. A high capacity retention of
80% after 300 cycles was observed in a full-cell configuration
with a hard carbon anode. Li-doped electrode materials such as
Nay gsLig 15(Nig15Mng 55C091)O; and NagzgLig 18Nig ;5Mng 5530,
were also introduced as high-energy cathodes for NIBs,
delivering discharge capacities of =200 mA h g! in Na-ion
cells.B284 Further works expanded the scope of transition
metal compositions, such as Na(Fej33Co33Nig33)0, and a
quaternary cathode Na(Mny,sFe;,5C0q5Nig,5)O0,. These elec-
trodes exhibited increased reversible capacities compared with
NaNi, 33Mny 33C0( 330,, which was attributed to the more
reversible structure evolution of 03-P3-03’-03”, as indicated in
Figure 4d.798>80]

In contrast to the general view that O3-structures are only
synthesized in Na-rich environments, recent works have
reported the discovery of Na-deficient O3-type cathodes (i.e.,
NaggNig4Tig 60, and Nagg,Feys;Mng330,) for NIBs, and such
works could possibly broaden the strategy for O3 cathode devel-
opment.?18087.88] The 03-Nay¢Nij,TiycO, electrode delivered
a reversible capacity of 85 mA h g! at 2.8 V vs Na*/Na with
a redox reaction of Ni*/Ni** and Ti*"/Ti**.®”] Approximately
75% of the capacity was maintained after 150 cycles, and a
good rate capability was observed. Sharma et al. synthesized
a 03-Nag47Feq sy Mng 330, electrode, which delivers promising
electrochemical properties in Na-ion cells.®® These authors
claimed that this behavior results from the electrode main-
taining the O3 structure during electrochemical cycling, where
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Figure 4. a) In situ XRD patterns of NaNiO, during the first charge/discharge and voltage curve. Reproduced with permission.[”*l Copyright 2014,
Elsevier. b) Phase evolution of NajNigsMng 5O, during the first charge. Reproduced with permission.’#l Copyright 2012, American Chemical Society.
c) In situ XRD patterns during the first charge of NaNi; ;3Mn; 3Coy/30,. The corresponding voltage profile is presented on the right side. Reproduced
with permission.’8l Copyright 2012, American Chemical Society. d) In situ XRD patterns of O3-type Na(Mng,sFeq5C0g25Nig25)O, (left) and the cor-
responding charge/discharge profiles (middle). The lattice parameters (right) were calculated from refinement of the in situ XRD patterns. Reproduced
with permission.”l Copyright 2014, Elsevier. e) In situ XRD patterns during the first charge/discharge of the O3-Nag o[Cug;Feq 30Mng 45]O,. The black
asterisks represent peaks from Al. Reproduced with permission.[% Copyright 2015, Wiley-VCH.

the electrode undergoes a series of two-phase and solid-solution
transitions.

Layered Na TMOs have shown promising electrochem-
ical behavior; however, their sensitivity to water and CO, still
require further improvement for practical mass production.
Sathiya et al. demonstrated that as-prepared rhombohedral
03-NaNi;;3Mn; 3C0,,30, experienced phase transitions to
the monoclinic O1-phase and finally to the rhombohedral P3
phases upon aging in open air conditions for over 300 days
mainly because of the absorption of water.”®l Buchholz et
al. investigated the correlation between the intercalation of
water and the Na content in a mixed P2/P3 structure of Na,
Nig2,C0011Mng 60, and observed that a significant amount
of water was intercalated until the Na content decreased to
below 0.33 per formula unit.®”) More recently, Duffort et al.
proposed that the insertion of carbonate ions occurred for
the P2-Nag ¢, [MngsFeys]O, upon exposure to CO, with the
assistance of H,0 absorption, which was accompanied by the
oxidation of Mn3** to Mn*, leading to the decreased revers-
ibility and large overpotential® These authors revealed
that  Ni-substituted P2-Nagg[Ni,Mngs,Feqs,,]JO, exhib-
ited suppressed reactivity to CO,. In addition, a recent report
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introduced a waterproof cathode, O3-Najq[Cuy,,Feq30Mng 4s]
O,, which displays superior structural stability in water. The
enhanced stability was demonstrated by the small change in
the XRD patterns; however, the mechanism is not yet clear.*!
The electrode operates mainly via redox couples of Cu?*/Cu*
and Fe’'/Fe*", and its phase transition was similar to that of
03-Na(Mny »5Fe 25C0q.25Nig 25)O,, as indicated in Figure 4e.

2.1.3. Other TMOs

Nag 44MnO,, which is isostructural to tunnel-type Na,Mn,TisO 5
with space group Pbam, has been extensively studied for
both aqueous and non-aqueous NIBs.’92 A reversible elec-
trochemical process occurs in the Na composition range of
0.25 < x < 0.65 for Na,MnO,, corresponding to a discharge
capacity of 110 mA h g™'. The electrode undergoes a six biphasic
transition in the potential range of 2.0 to 3.8 V vs Na*/Na in
non-aqueous electrolyte, and later theoretical work by Kim et
al. proposed seven intermediate phases with a series of two-
phase reactions based on density functional theory (DFT) cal-
culations.®>%3 Because of the flexible synthesis processes, there
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have been many efforts to synthesize morphology-controlled
Nag44MnO,. A nanowire or rod structure of Najy,,MnO, pro-
vides a large surface area and enables fast Na ion diffusion,
resulting in high rate performances in Na-ion cells.’29% To
overcome the asymmetric lattice evolution caused by Jahn-—
Teller distortion of Mn3* upon electrochemical cycling, Ti- and
Fe-substituted Nay,4MnO, were investigated by Zhan et al.
Nag 61[Mng ¢1.Fe, Tig39]O, yielded a high operating voltage of
3.56 V vs Na*/Na and a reversible capacity of 90 mA h g1.[100.101]

Vanadium oxides (VO,) have been considered attractive cath-
odes for rechargeable batteries because of their open framework
structure and multivalent character with various metastable phases
such as VO,(B), V4013, V,05-y, V,05, and LiV30g. In an effort to
use vanadium oxides as cathodes for NIBs, the layered structure
of Na, VO, was evaluated as a Na intercalation host and exhib-
ited a reversible capacity of =120 mA h g 11192103 Recent work
introduced graphene-coated VO,, which delivered a reversible
capacity of 306 mA h g™! at a current density of 100 mA g!. The
electrode displayed a high cycle stability, where a capacity above
110 mA h g! was retained after 1500 cycles at a current density of
18 A g L.I1% Hydrated vanadium pentoxide, V,05-nH,0, with a
nanowire-interconnected structure, also exhibited high capacities
of 338 mA h g at0.05 A g! and 96 mA h g at 1.0 A g L.11%I
The open structure of VO, provides an opportunity to ensure a
large reversible capacity for alkaline metal cations including Li*,
Na*, and K* and is worthy of further exploration.

2.2. Polyanionic Compounds

Extensive research has been also focused on polyanionic com-
pounds as cathode materials for NIBs because of their structural

el
Mo N
www.MaterialsViews.com

diversity and stability (see Figure 1a).'821106 Although the
presence of heavy polyanion groups reduces the gravimetric
capacity of electrode materials in general, the diverse pool of
polyanion species (e.g., (PO4)*", (S04, (SiO,)*, and (P,0,)*)
in nature offers many opportunities to identify new open-
framework crystal structures with promising electrochemical
properties. In addition, the strong covalent bonding of X-O
(X =P, S, Si, and B) in the crystal structure provides structural
robustness during electrochemical cycling, and the inductive
effect of polyanion groups ensures a high operating potential vs
Na*/Na.l'97:198] To date, phosphate-, fluorophosphate-, pyrophos-
phate, sulfate-, and mixed polyanion-based materials have been
studied as important groups of potential electrodes, as illus-
trated in Figure 1b. In this section, we review recent progress
on various polyanionic cathodes for NIBs.

2.2.1. Phosphates

NaFePO,: Olivine NaFePO,, a structural analogue of LiFePO,,
has been investigated as a possible cathode material for NIBs
because of its high theoretical capacity (=154 mA h g1).[109-114]
Although the most thermodynamically stable structure of
NaFePO, is a maricite phase, which has no Na diffusion path
in the structure, the electrochemically active olivine NaFePO,
can be obtained by delithiation and subsequent sodiation
of LiFePO, (see Figure 5a).'%! Figure 5b presents an electro-
chemical profile of olivine NaFePO, in a Na-ion cell. The charge
curve exhibits two clear plateaus separated by a voltage drop
at the Na content of 0.67, which corresponds to the formation
of the intermediate phase Na,;;FePO,, whereas one plateau is
observed during the first sodiation process. The phase reaction
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Figure 5. a) Structure schematics and b) galvanostatic charge/discharge profiles of olivine NaFePO,. Reproduced with permission.l Copyright
2010, American Chemical Society. c) Structure representation of Na,,;FePOy along ¢, axis, which corresponds to bp,;, axis. The Na and P atoms
are represented by light gray and red spheres, respectively. The FeOg octahedra are shown in light green (Fe?) and purple (Fe**). Reproduced with
permission."'2 Copyright 2014, American Chemical Society. d) STEM image of Na,;FePO,. The green arrow indicates the orientation of Na vacancies.
Reproduced with permission.l"'*l Copyright 2014, American Chemical Society. e) Charge/discharge profiles of nanosized maricite NaFePO, in a Na-ion

cell. The inset presents discharge profiles at various current rates (C/20, C/
Royal Society of Chemistry.
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and structure of intermediate states of Na,FePO, (0 < x < 1)
were investigated by Lu et al. and Galceran et al.''}1* The com-
position—temperature diagram of olivine Na,FePO, proposed
by Lu et al. revealed that the solid-solution phase is favorable
for x > 2/3 at room temperature, whereas phase separation into
FePO,4/Na,;FePO, occurs for x < 2/3.''!l More recently, Gal-
ceran et al. reported a similar phase reaction upon the charge
process using in situ XRD analysis, where the solid-solution
reaction occurs until the formation of the intermediate phase
of Na, ;;FePO,, and further Na extraction induces a phase sepa-
ration into Na,;;FePO, and FePO,.""* These authors explained
that the phase separation in the region of 0 < x < 2/3 originates
from the large lattice mismatch between Na, ;FePO, and FePO,
(=13%) compared with that between NaFePO, and Na,;;FePO,
(=3.5%). On the other hand, during the discharge process, they
observed a multi-phase reaction (i.e., Na;_«FePO,, Na, 3 ,FePO,,
Na,FePO,, where x = 0.1), which results in the apparently dif-
ferent discharge profile compared to the charge profile. It was
attributed to diffuse interfaces between different phases.['4]

The crystal structure of the intermediate phase of Na,;FePO,
was investigated by Boucher et al. using transmission electron
microscopy (TEM), synchrotron XRD, DFT calculations, and
Méssbauer spectroscopy.l''? They revealed that the structure of
Na,;FePOy can be defined with a monoclinic P2;/n supercell
that results from Na-vacancy and Fe?"/Fe3" charge ordering,
as demonstrated in Figure 5c. The ordering of the vacancies
along the [1-10],,,,, direction, which corresponds to [001]p,;,,
was observed based on TEM electron diffraction patterns and
Rietveld refinement of synchrotron XRD data. In addition,
the charge ordering of Fe?* and Fe** was confirmed from
calculated bond valence sums and Mdssbauer spectroscopy
analysis. Recently, Galceran et al. directly visualized the Na-
vacancy ordering in Na,;;FePO, using high-angle annular dark
field-scanning transmission electron spectroscopy (HAADF-
STEM) analysis, as shown in Figure 5d.1''>116l Clear Na-vacancy
ordering along the [1-10],,,,, (green arrow line) direction was
observed. Despite the interesting findings on olivine NaMePO,
(Me = Fe and Mn), particularly in a comparative study with the
olivine LiMePO,, the electrochemical properties in Na-ion cells
are not impressive, and the synthesis of the phase is not suit-
able for large-scale uses, which thus limits its further applica-
tion in NIBs.[110117.118]

Recently, Kim et al. demonstrated that the maricite NaFePO,
phase, which is a thermodynamically stable phase based on
its stoichiometry but had been believed to be electrochemi-
cally inactive because of the absence of apparent Na diffusion
paths in the structure, can become electrochemically active
when prepared as nano-sized particles.''! It was reported that
a reversible capacity of =142 mA h g™! can be achieved with
promising rate performances and negligible capacity decay up
to 200 cycles (95% retention), as observed in Figure 5Se. They
found the origin of the electrochemical activity comes from a
rapid phase transformation from the maricite FePO, into amor-
phous FePO, occurring during the first Na deintercalation
process. During the subsequent cycles, the amorphous FePO,
phase becomes the main contributor of the electrochemical
activity. Indeed, the amorphous FePO, phase is electrochemi-
cally active in NIB because of the large number of vacant sites
with highly percolated Na pathways, which could ensure facile
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transfer of Na ions.11%120] The early reports on amorphous
FePO, revealed comparably poor electrochemical properties in
Na-ion cells; however, recent reports indicated that a FePO,/C
nanocomposite could deliver a high capacity, stable cycle,
and high rate capability.'"1?1l Considering the low element
cost of Fe and high theoretical capacity of the nanocomposite
(=178 mA h g7), it could be a promising cathode for NIBs. Nev-
ertheless, the absence of Na in the amorphous FePO, requires
the use of Na-containing anodes, which can limit its combina-
tion with conventional anode materials (i.e., hard carbon, P, Sn,
and Sb).'27124 Maricite NaFePO, can successfully overcome
the demerits of amorphous FePO, while taking advantage of
its electrochemical activity. Additionally, Li et al. synthesized
Na-containing hollow amorphous NaFePO, nanospheres that
exhibit a Na storage capacity of 148 mA h g! and stable cycle
performance of =300 cycles.!'?"]

NASICON Na3V,(POy);: NASICON (NA Super Ionic CON-
ductor) compounds have been intensively investigated as prom-
ising cathodes for NIBs because of their open framework struc-
ture enabling the fast Na ionic conduction.'%¢125-128] The general
formula of a NASICON is A,MM’(XO,)s, which is composed of
corner-sharing MOy and XO, polyhedra with a three-dimensional
(3D) network that allows Na conduction (see Figure 6a).'>! Early
studies introduced NASICON-type compounds as Na-ion con-
ducting solid electrolytes (e.g., Na;,,Z1P; ,Si,01,);1%] however,
more recently, various V-based intercalation compounds were
reported as high-energy cathodes based on the multi-electron
redox reaction of V27/V3*, V3*/V# and v+ v+ [106126-128] Tye.
mendous efforts have been focused on improving the electro-
chemical properties of Na;V,(PO,); electrodes since the Na de/
intercalation behavior of a Na3V,(PO,); electrode was reported
by Uebou et al.l3% Approximately two Na ions (117 mA h g™}
can be extracted and reinserted into the electrode at =3.6 V with
a redox reaction of V3*/V#, and the biphasic reaction between
Na;V,(PO,); and NaV,(PO,); with a small volume change of
8.26% was confirmed by Jian et al.'?”130 The electrochemical
activity was also observed in the low-voltage region at approxi-
mately 1.6 V with a redox reaction of V2/V3',

The electrochemical properties of Na;V,(PO,); were signifi-
cantly improved by carbon coating and nanostructuring. Sara-
vanan et al. synthesized porous Na;V,(PO,);/C using a solution-
based approach, and the electrode exhibited an energy density
of =400 Wh kg™! vs Na*/Na and stable cycle performances (50%
after 30,000 cycles at 40C).'3!) Recently, Fang et al. reported
hierarchical-carbon-framework-wrapped Na;V,(PO,); with a
high rate capability (38 mA h g™! at 500C) and cycle stability
(54% after 20,000 cycles at 30C), as shown in Figure 6b,c.'8l
The carbon-coated Na;V,(PO,) ; in a porous graphene network
could also provide a high electrical conductivity of =110 S m,
resulting in a high rate capability (86 mA h g=! at 100C) and cycle
stability (64% after 10,000 cycles at 100C).[1*2l As many research
groups reported, the electrochemical properties of Na;V,(POy);
electrode appear to be promising, however, the concerns on the
use of toxic and costly vanadium and the low specific capacity
(=100 mA h g!) must be addressed for further application.

Other Phosphate Compounds: Various other phosphate com-
pounds have been proposed and evaluated as electrode materials
for NIBs.30133-136] Uebou et al. showed that NASICON-
NasFe,(POy); is capable of reversible de/intercalation by about
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Figure 6. a) Schematic structure of Na;V,(PO,);. Reproduced with permission.l?%l Copyright 2012, Elsevier. b) Galvanostatic charge/discharge curves

at various current rates (1C, 10C, 20C, 30C, 50C, 100C, 200C).
Reproduced with permission.'?8 Copyright 2015, Wiley-VCH.

0.4 Na per formula unit,*% and Trad et al. reported that allu-
audite NaMnFe,(PO,); exhibits an electrochemical activity in
the voltage range of 1.5-4.3 V (vs Na/Na®) in Na-ion cells.['3’]
A poor reversible capacity of 50 mA h g! was confirmed for
NaMnFe,(PO,)s; however, Huang et al. recently reported that
a Na,Fe;(PO4);/carbon nanotube nanocomposite delivers a
discharge capacity of 143 mA h g! with a stable cycle reten-
tion up to 50 cycles.'¥”] A layered-type phosphate compound,
NasFe;3(POy)y, was also introduced as a cathode for NIBs.[34
Approximately 1.8 Na ions, which corresponds to a specific
capacity of 80 mA h g1, could be reversibly de/intercalated in
the NasFe;(PO,), with a Fe?*/Fe*" redox reaction.

Song et al. investigated monoclinic NaVOPO, as a high-
voltage cathode for NIBs.[3% The electrode delivers a reversible
capacity of 90 mA h g with an average voltage of 3.6 V vs Na*/
Na at a current rate of 1/15C. Later work by Chen et al. revealed
that the electrode operation involves a single-phase reaction
with a negligible volume change (=1.2%), resulting in a high
rate and cycle performances.'*®! Although various phosphate
compounds have been introduced as new low-cost electrode
materials for NIBs, they exhibit generally low energy densities
below 400 Wh kg~! and limited cycle stabilities.

2.2.2. Fluorophosphates

The introduction of highly electronegative fluorine ions in
phosphate-based structures provides opportunities to find
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c) Cycle performance of hierarchical-carbon-framework-wrapped Na;V,(PO,); at 30C.

new high-voltage electrodes for NIBs. Fluorophosphate with
a general formula of Na,MePO,F (Me = Fe, Mn, Co, and Ni)
adopts two different polymorph structures, which are a lay-
ered-type structure with a space group of orthorhombic Phcn
and a 3D framework with monoclinic P2;/c, as illustrated in
Figure 7a,b.13%1%0 Since the initial report on the electrochem-
ical activity of orthorhombic Na,FePO,F electrode at high
voltage (=3.5 V vs Li*/Li) by Ellis et al.*! intensive investi-
gations have been focused on various fluorophosphate com-
pounds for NIBs.[117142-147] Recham et al. prepared nanosized
powder of Na,FePO,F using ionothermal synthesis routes and
demonstrated that =0.8 Na can reversibly de/intercalate in
Na-ion cells.'*2] Kawabe et al. also revealed that carbon-coated
Na,FePO,F/C could deliver approximately 110 mA h g™ of
reversible capacity, which corresponds to 90% of the theoretical
capacity at a current rate of 6.2 mA g”!, and 75% of the initial
capacity was retained after 20 cycles, as shown in Figure 7c.['*4
Along with Na,FePO,F, orthorhombic Na,CoPO,F, which
utilizes a redox couple of Co?"/Co?*, was reported as a high-
voltage cathode for NIBs.1*3148.1%] Although earlier works dis-
played poor electrochemical activity in Na-ion cells,*3] Zou
et al. recently demonstrated that Na,CoPO,F/C synthesized
by the spray drying method can deliver a discharge capacity of
107 mA h g! with a voltage plateau at 4.3 V.[148]

Monoclinic P2;/c Na,MnPO,F was also investigated as a
cathode for NIBs.[142146.147.153] The successful demonstration of
the electrochemical activity of Na,MnPO,F electrode was firstly
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reported by Kim et al., with a discharge capacity of 120 mA h g™
at a current rate of 10 mA g 1.0 The following study by Lin et
al. reported that C/Na,MnPO,F nanocomposite materials synthe-
sized via the spray drying method displayed enhanced electronic
conductivity, resulting in impressive electrochemical properties
(140 and 178 mA h g! at 30 and 55 °C, respectively).'>?l More
recently, Zhong et al. revealed that carbon-coated C/Na,MnPO,F
synthesized by wet ball milling delivers a discharge capacity of
120 mA h g! with a cycle retention of 70% after 30 cycles.'*’]
Binary metal compounds, Na,Fe;_ Mn,PO,F (0 < x < 1), were
also synthesized; the crystal structure remained orthorhombic
Phen until x = 0.2 and changed to the monoclinic P2;/c phase at
x 2 0.25.11 Although previous reports indicated that an increase
in the Mn content in Na,Fe;_ Mn,PO,F (0 < x < 1) results in a
dramatic decrease of reversible capacity, Kawabe et al. reported
that nanosized C/Na,Fe;sMnysPO,F delivers 110 mA h g
at C/20 with a clear redox activity of Mn?"/Mn>" at 3.53 V.34
However, poor power capabilities and cycle performances of the
monoclinic Na,Fe;_,Mn,PO,F (0.25 < x < 1) electrodes were not
sufficiently high in Na-ion cells."*!>¥ The low ionic and elec-
tronic conductivities of monoclinic P2;/c Na,Fe;_,Mn,PO,F
phases (0.25 < x < 1) remain great challenges.

V-based fluorophosphate compounds have attracted much
attention due to the high operating voltage and stable cycle
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property.1°0.152155-157] The simplest form of Na-containing
V-based fluorophosphates, NaVPO,F, exists in two different
polymorphs; one with monoclinic C2/c and the other with
tetragonal I4/mmm structures.'>”] Barker et al. first proposed
tetragonal NaVPO,F as a cathode for NIBs.'*’l They showed
that the NaVPO,F electrode delivers a discharge capacity of
82 mA h g! with an average voltage of 3.7 V. The monoclinic
NaVPOF electrode also exhibits electrochemical activity
in Na-on cells."® A discharge capacity of approximately
80 mA h g! was delivered with an average voltage of 3.7 V.
There have been many efforts to enhance the electrochemical
properties of NaVPO,F through doping or carbon coating; how-
ever, only limited enhancement of the cell performances was
reported.[1>8-160)

Two other important fluorophosphates compounds,
Na3(VO,),(POy4),F35, (x = 0, 1), were introduced as cathode
materials for NIBs. Le Meins et al. first synthesized
Na;V,(PO,),F; and reported the crystal structure with a space
group of P4,/mnm.1%1 The structure can be described with
[V,04F;] bi-octahedron and [PO,] tetrahedron wunits, and
the bi-octahedra are connected by a fluorine atom along the
c-axis, forming large Na diffusion channels along the a and
b directions (see Figure 7d). Although earlier works evalu-
ated the electrochemical properties of Na;V,(PO,),F; in Li-ion
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Figure 7. Schematic structure of a) Na,FePO,F with space group Pbcn and b) Na,MnPO,F with space group P21/n. Reproduced with permission.'*]
Copyright 2011, Royal Society of Chemistry. ) Galvanostatic charge/discharge profiles of the Na,FePO,F in a Na-ion cell at a current rate of 6.2 mA g~
The inset shows the capacity retention of the Na,FePO,F synthesized with and without ascorbic acid. Reproduced with permission.['*l Copyright 2011,
Elsevier. d) Crystal structure of Na;(VO,),(PO,);Fs., (0 < x < 1). Reproduced with permission.[> Copyright 2014, Wiley-VCH. e) Potential-composition
electrochemical profiles upon Na extraction from Na;V,(PO,),F;. The GITT measurement was performed at a current rate of C/5, and XRD data were
recorded every 5 min. Experimental conditions of a 5-min charge and 5-min relaxation were used in the low-voltage region (3.0-4.2 V), whereas a 10-min
relaxation time was used at every 0.25 Na extraction in the high-voltage region (3.8-4.5 V). Reproduced with permission.'>1 Copyright 2015, American
Chemical Society. f) Charge/discharge profiles of Na;(VOy3),(PO,),F14 at a current rate of C/10. The inset presents the corresponding dQ/dV curve.
Reproduced with permission.l'>3 Copyright 2013, American Chemical Society.
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cells,[50192] recent works revealed that two Na (128.2 mA h g™)
can reversibly de/intercalate into the structure with a redox
reaction of V3*/V*, resulting in two distinct voltage plateaus
at 3.7 and 4.2 V vs Na*/Na in Na-ion cells, as observed in
Figure 7e.13015L163] More recently, Bianchini et al. presented
the interesting result based on a high-resolution diffraction
study that a subtle distortion in the structure of Na;V,(PO,),F3
leads to a new space group of Amam instead of P4,/mnm.[164
They revealed that the Na,V,(PO,),F; electrode operates via
a complex phase reaction with four intermediate phases
(x = 2.4, 2.2, 2, and 1) using in operando high-resolution
synchrotron XRD studies.'>!] Three biphasic reactions were
observed in the low-voltage region (=3.7 V) involving two
intermediate phases (x = 2.4, 2.2), and further Na extraction
led to both two-phase and solid-solution reactions until the
end of charge (see Figure 7e). In addition, recent work intro-
duced a new Na-rich V-based fluorophosphate compound,
Na,V,(PO,),F;, as a cathode material for NIBs though mechan-
ical mixing of Na3V,(POy),F; with 1 m Na;P.[16%]

The electrochemical activity of Na3(VO),(POy),F in a Na-ion
cell was first examined by Sauvage et al.1%®l They showed that
approximately 1.12 Na can reversibly de/intercalate into the
structure involving a V#*/V>* redox reaction with two voltage
plateaus at 3.6 and 4.0 V vs Na*/Na. Later work by Park et al.
illustrates that carbon coating significantly enhances the revers-
ible capacity of the electrode up to 120 mA h g}, which cor-
responds to =2 Na ions per formula unit."®¥ In addition, a
nanosized Na3(VO),(PO,),F electrode exhibited excellent cycle
performances with 90% capacity retention over 1200 cycles at
2C.1"71 The reaction mechanism of Nas(VO),(PO,),F during
battery operation was investigated by Sharma et al.1%®l They
revealed that the electrode exhibits complex structural evolution
during electrochemical cycling involving at least three interme-
diate phases similar to the behavior of Na;V,(PO,),F;

A solid-solution phase of Na3(VOyy),(POy),F;4 was intro-
duced as a high-energy cathode for NIBs by Park et al. and
Serras et al.'>>1%] [t was revealed that this electrode provides
one of the highest energy densities =600 Wh kg™! among NIB
cathodes, which originates from both the multi-electron redox
reaction (V38%/V>*; 1.2e- per formula unit) and the high redox
potential (=3.8 V vs Na*/Na) (see Figure 7f). Furthermore,
promising cycle stability over 500 cycles with the cycle retention
of 84% could be achieved, which was attributed to the small
volume change (2.9%) upon cycling. Park et al. further reported
a series of isostructural Nas(VO,),(PO,),F3 5, (0 £ x < 1) com-
pounds as cathode materials for NIBs, which exhibited excel-
lent electrochemical performances because of the open frame-
work structure and small volume change (=2%).[15%

2.2.3. Fluorosulfates and Sulfates

Series of fluorosulfate electrodes were reported by the
Tarascon and Nazar groups both for LIBs and NIBs.[170-173]
NaFeSO4F, which is isostructural to the mineral tavorite,
LiFe(PO,)OH, was evaluated as a cathode for NIBs.'* Tri-
pathi et al. showed that NaFeSO,F delivers a capacity of
83 mA h g7! in Li-ion cells,['”3] whereas only 0.06 Na can be
reversibly intercalated and extracted in Na-ion cells.'’4 An
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atomistic modeling study revealed that only 1D Na hopping is
plausible in NaFeSO,F with a high activation barrier of 0.6 eV
in contrast to LiFeSO,F, where 3D Li diffusion pathways with
a low activation barrier of 0.35 eV ensure facile diffusion of
Li ions.['72l In addition, these authors explained that the large
volume change (=16%) between the end phases of NaFeSO,F
and FeSO,F is one of the reasons for the poor electrochemical
activity. Later, Recham et al. reported K-based fluorosulfate
compounds, KMSO,F (M = Fe, Co, and Ni), which can accom-
modate various alkali ions including Li*, Na*, and K*+.[175176]
They revealed that a desodiated FeSO,F electrode can uptake
0.85 Na during electrochemical cycling with two distinct
voltage plateaus at 3.2 and 3.5 V. Although there have been
efforts to find other electrochemically active fluorosulfate-
based compounds including NaMSO,F (M = Co, Ni, Mn, Cu,
etc.) and NaMSO,F-2H,0 (M = Fe, Co, Ni, and Zn), none of
these materials have exhibited electrochemical activities in
Na-ion cells thus far.'”7-17]

Sulfate compounds are also considered potential can-
didates for Na intercalation hosts.[198180-182] Two different
hydrated forms of Na metal sulfate minerals, bloedite-type
Na,M(SO,),-4H,0 (M = Mg, Fe, Co, and Ni) and Krohnkite-
type Na,Fe(SO,),-2H,0, were investigated as cathode materials
for NIBs.189181] Reynaud et al. first discovered that approxi-
mately 0.7 Na can be reversibly de/intercalated from both
Na,Fe(SO,),-4H,0 and dehydrated derivatives of Na,Fe(SO,),
electrodes with an average voltage of 3.3 and 3.4 V, respectively.
Krohnkite-type Na,Fe(SO,),-2H,0 was also introduced as a
cathode for NIBs by Barpanda et al. and exhibited a reversible
capacity of 70 mA h g! with a redox activity at 3.25 V.I'8% While
researchers have recently attempted to enhance the electro-
chemical properties of these hydrated sulfate compounds, 183184
issues such as poor electrochemical performances and mois-
ture sensitivity as well as low theoretical capacities below
100 mA h g! should be addressed.

Recently, Barpanda et al. reported a new alluaudite
Na,Fe;(SO,); as a cathode material for NIBs.1%l The crystal
structure is composed of edge-shared Fe,0;, dimer units that
are bridged together by SO, units by corner sharing, forming
a 3D framework with a large Na diffusion channel along the
¢ axis (see Figure 8a). The edge-sharing geometry between
FeOgy octahedra and electron-drawing (SO,)?~ units enables
one of the highest Fe?"/Fe3* redox potential at 3.8 V vs Na*/Na
among all the Fe-based intercalation compounds, and the elec-
trode delivers a reversible capacity exceeding 100 mA h g}, as
observed in Figure 8b. The electrode could exhibit high power
and cycle performances that originate from the small volume
change (=1.6%) during electrochemical cycling. Further inves-
tigations on the electrochemical mechanisms and Na diffu-
sion kinetics of off-stoichiometric phases of Na,,,,Fe;, (SO4)3
(0 £ x £ 0.4) were performed by the Yamada and Adam
groups.[8180) The Mn-based alluaudite Na,,,,Mn, (SO,);
and solid-solution phase of Na,s(Fe;_,Mn,); ;5(SO,4); were
also investigated as cathodes for NIBs.['87189 However, these
electrodes exhibited marginal electrochemical activities of
Mn?*/Mn*" in Na-ion cells. Recent work introduced the new
eldfellite-type NaFe(SO,),; however, this electrode exhibited a
low energy density with an average voltage of 3 V and specific
capacity of 80 mA h g=1.1182]
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2.2.4. Pyrophosphates

Since Li metal pyrophosphate, Li,MP,0; (M = Fe, Mn, and Co),
cathodeswere firstreported as promising cathodes for LIBs, 1927194
a series of Na analogues have been extensively studied as
cathode materials for NIBs. The first electrochemically active
pyrophosphate compound, Na,FeP,0,, was introduced by Bar-
panda et al.’% They reported that Na,FeP,0, adopts a crystal
structure of triclinic P1 with 3D Na channels and delivers a
reversible capacity of 82 mA h g™! with a redox potential of 3.0 V
vs Na*/Na (see Figure 8c). Four redox peaks are observed in the
dQ/dV curves in the inset of Figure 8c, between 2.5V and 3.3V.
Later work by Kim et al. revealed that Na,FeP,0, undergoes a
single-phase reaction at approximately 2.5 V and a series of two-
phase reactions in the voltage range of 3.0 to 3.25 V involving
at least three intermediate phases.['”! Off-stoichiometric phases
of Na,_,Fe,..5(P,07); (2/3 < x < 7/8), which are isostructural
to P1 Na,FeP,0,, were also studied by Ha et al.l'%! These elec-
trodes exhibit similar electrochemical profiles as Na,FeP,0; but
undergo a single-phase reaction upon de/sodiation processes.
The high power and good cycle stability were attributed to the
off-stoichiometric surface, which prevents the surface oxidation
by moisture and CO,. Recent works have mainly focused on the
optimization of the electrochemical properties of Na,FeP,0,
by applying carbon coatings and modifying the stoichiometry
of the electrode composition.['0V1971%] A stable cycle stability
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over 1000 times with cycle retention of 91% was achieved by
utilizing ionic liquids as electrolytes.'®”l The low cost, high
thermal stability, and promising electrochemical properties of
a series of Nay . Fe,..,(P,0;), electrodes makes these mate-
rials viable competitors for NIB cathodes;?*) however, their low
energy density remains a significant challenge.

In the continuous effort to enhance the energy density of
pyrophosphate compounds utilizing the Mn?"/Mn>" redox reac-
tion, a new polymorph of B-Na,MnP,0, was investigated as a
cathode material for NIBs.291 DFT calculations predicted
that the redox potential of this new polymorph lies at approxi-
mately 3.65 V vs Na*/Na, and galvanostatic charge/discharge
measurements revealed that the electrode exhibits a reversible
capacity approaching 80 mA h g! along with a Mn?"/Mn3*
redox potential at 3.6 V, as shown in Figure 8d. The Na,MnP,0,
electrode displayed good electrochemical activity with fast Na
kinetics,191:201:202] whereas the Li counterpart of Li,MnP,0,
exhibits no electrochemical activity.2%] Park et al. demonstrated
that the improved kinetics of Na,MnP,0; are attributable to the
locally flexible accommodation of Jahn-Teller distortions sup-
ported by the corner-sharing crystal structure, which efficiently
lower the activation barriers for electron conduction and phase
boundary migration.?*!] Nonetheless, the solid-solution phases
of Na,_,(Fe;_,Mn,)P,0; (0 <y < 1) introduced by Barpanda et
al. did not exhibit Mn?*/Mn3* redox activity in Na-ion cells.204
Co-based orthorhombic Na,CoP,0, was also investigated as a
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Figure 8. a) Structure representation of alluaudite Na,Fe,(SO,); along the c-axis. b) Galvanostatic charge/discharge profiles of Na,Fe,(SO,); at a cur-
rent rate of C/20. dQ/dV curves are shown in the inset. Reproduced with permission.'% Copyright 2014, Nature Publishing Group. c) Galvanostatic
charge/discharge profiles of Na,FeP,0; at C/20. dQ/dV curves are shown in the inset. Reproduced with permission.® Copyright 2012, Elsevier.
d) Galvanostatic charge/discharge profiles of Na,MnP,0; at C/20. dQ/dV curves are shown in the inset. Reproduced with permission.["!l Copyright

2013, Royal Society of Chemistry.
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new layered-structured cathode for NIBs. The electrode delivers
a reversible capacity approaching 80 mA h g™t involving a redox
reaction of Co?*/Co*" at 3.0 V vs Na*/Na.

V-based pyrophosphate compounds were studied as high-
voltage cathodes for NIBs.2~27] Barpanda et al. first intro-
duced tetragonal Na,(VO)P,0; which yields a reversible
capacity of 80 mA h g™ involving the V*/V>* redox reaction
at 3.8 V vs Na*/Na.l?®l More recently, Kim et al. reported a new
V-based pyrophosphate compound, Na,V;(P,05),, as a cathode
for N1Bs.2%7] The electrode delivered a capacity of approximately
80 mA h g! at a current rate of C/10 with an average voltage of
4.13 V vs Na*/Na. The electrode exhibited the highest V3*/v*+*
redox potential among all the V-based polyanionic compounds,
which is attributed to the unique structural aspect of VOg octa-
hedra sharing every corner with a P,0; group, maximizing the
inductive effect in the structure. Furthermore, the low volume
change (=1%) was confirmed during electrochemical opera-
tion, resulting in stable cycle stability over 600 cycles with 75%
retention.

2.2.5. Mixed Polyanionic Compounds

Mixed Phosphates: An interesting approach to design an open
framework structure by combining different polyanion groups
such as (PO,)*, (P,0,)*, and (CO;)* has introduced a new
class of mixed polyanion electrode materials for NIBs. Kim
et al. first reported a new Fe-based mixed phosphate compound,
Na,Fe;3(POy),(P,05), as a cathode for NIBs.l'%7] They synthesized
the compound via a simple two-step solid-state method. The
crystal framework was observed to be a pseudo-layered frame-
work composed of infinite [Fe3P,03]., layers parallel to the b—c
plane, as shown in Figure 9a. These layers are connected by
P,0; dimers along the a-axis, forming large 3D Na diffusion
channels, which enables fast de/sodiation with low activation
barriers. Respectable electrochemical properties were observed
for the electrode with a reversible capacity of 113 mA h g™! and
stable cycle stability over 100 cycles.?%! The electrode operates
via a solid-solution reaction and accompanies a volume change
of less than 49%.2%] Nevertheless, the significant structural evo-
lution during the last step of charge, which inhibits the full uti-
lization of Na in the structure, and low redox potential of Fe?'/
Fe3* (3.2 V vs Na*/Na) remain challenges for its application for
large-scale ESSs.

Recently, new Co- and Mn-based mixed phosphate com-
pounds, NasM;3(PO,),(P,0;) (M = Co and Mn), which are
isostructural with Na,Fe;(POy),(P,0;), were reported as a
high-voltage cathode for NIBs. Nose et al. discovered that
Na,Co;3(PO,),(P,0,) operates at the highest potential of 4.5 V vs
Na*/Na among all reported Na storage materials with a revers-
ible capacity of 95 mA h g1.2 This electrode displays high
rate performances, where the reversible capacity of 80 mA h g™
can be delivered at a current rate of 25C. They also evaluated
the electrochemical properties of Na,Co, 4Mn, 3Nij 3(PO,),P,0;
and demonstrated that it exhibits an improved reversible
capacity of 103 mA h g™! based on the concurrent electrochem-
ical activation of Mn?**/Mn>*" and Ni**/Ni** redox couples.*!”]
More recently, Kim et al. reported Na,;Mn;(PO,),(P,0,) as a
cathode for NIBs.21% This material exhibits a high Mn?*/Mn3*
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redox potential of 3.84 V vs Na*/Na and a reversible capacity
of 109 mA h g at a rate of C/20, as shown in Figure 9b.
Na,Mnj3(PO,),(P,0;) displays a high power and energy density
as well as stable cycle performances over 100 cycles in contrast
to most other reported Mn-based electrodes, which suffered
from Jahn-Teller distortion (Mn3") and exhibit poor electro-
chemical activity. DFT calculations indicate that this behavior
results from 3D Na diffusion pathways with low activation bar-
riers (0.20 eV) as well as the unique Jahn-Teller distortion of
Mn** that occurs in this material, which opens up Na diffusion
channels.[210:216]

A new V-based mixed-phosphate compound,
Na;V,(P,07)4(PO,), was introduced as a NIB cathode. Lim et
al. reported that the Na;V,(P,0,)4(PO,) electrode exhibits a
single well-defined voltage plateau at 3.88 V vs Na*/Na with a
reversible capacity of 73 mA h g™!, as shown in Figure 9c.2!]
A close inspection of the dQ/dV and GITT measurements
reveals two separate redox peaks in a very close voltage range
at 3.88 and 3.92 V, which is attributed to the intermediate phase
between the end phases of charge/discharge. They claimed
that the intermediate phase efficiently buffers the lattice mis-
match between two end members and yields better Na kinetics,
resulting in stable cycle performances over 1000 cycles with a
retention of 78%. Recent work by Deng et al. revealed that a
1D nanostructured Na,V,(P,0;)4(PO,) cathode can deliver 80%
of the theoretical capacity at 10C rate and 95% of the initial
capacity after 200 cycles.l?!”]

Carbonophosphates: A combination of polyanion groups of
(CO3)* and (PO,)* resulted in the discovery of a new family
of inorganic compounds, carbonophosphates, for NIBs. Hau-
tier et al. first proposed that ion-exchanged Liz;M(COs)(PO,)
from NazM(CO3)(PO,) (M = Fe, Mn, Co, Nij, etc.) as a potential
cathode for LIBs based on high-throughput ab initio computa-
tions, and Chen et al. successfully synthesized stable phases
of NazM(CO3)(PO,) (M = Mg, Fe, Mn, Co, Ni, and Cu) pre-
dicted from the previous calculations.?'8219 Later, Chen et al.
reported NazMn(COs;)(PO,) as a new 3.7-V-class intercalation
cathode material for NIBs, delivering a high discharge capacity
(=125 mA h g) and specific energy (374 Wh kg™!).®% They
revealed that the electrode adopts a single-phase reaction upon
Na de/intercalation, and more than one Na per Mn atom can
be deintercalated from the structure, indicating a two-electron
intercalation reaction with Mn?*/Mn*" and Mn*"/Mn*" redox
couples. Later work by Huang et al. revealed that a similar
multi-electron reaction of Fe?*/Fe3* and Fe**/Fe*' can occur in
Na3Fe(CO3)(PO,) nanoplates within the voltage range of 2.0 to
4.55 V.22 The electrode delivers approximately 120 mA h g
with an average voltage of 2.7 V. Although Fe- and Mn-based
carbonophosphate electrodes exhibit promising electrochemical
activities in Na-ion cells, the slow Na kinetics in NazMn(COs)
(POy) and low energy density still hinder their application.

2.2.6. Other Polyanionic Compounds
Various types of polyanionic compounds were evaluated
as cathodes for NIBs. The Na de/intercalation behavior in

(M00,),P,0, was examined by Uebou et al.?2!l They revealed
that approximately 3.1 Na, which corresponds to a capacity
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Figure 9. a) Crystal structure of Na,Fe;(PO4),(P,0;). Reproduced with permission.7l Copyright 2012, American Chemical Society. b) Galvanostatic
charge/discharge profiles of Nay,Mn3(PO,),(P,0;) at a current rate of C/20. The inset shows the cycle performances of the electrode at C/20. Repro-
duced with permission.?'% Copyright 2015, Royal Society of Chemistry. c) Galvanostatic charge/discharge profiles of Na,V,(P,0;),PO, at a current rate
of C/40 and C/20. Reproduced with permission.?'l Copyright 2014, National Academy of Sciences. d) Schematic representation of PBAs. Reproduced
with permission.[212l Copyright 2012, Royal Society of Chemistry. e) Charge/discharge profiles of dehydrated Na; sMnFe(CN)¢-0.3H,0 at various C-rates
(0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 10C, and 20 C). Reproduced with permission.?'3 Copyright 2015, American Chemical Society.

of 190 mA h g7, can intercalate into the structure with a
concurrent crystalline-to-amorphous phase transformation.
Amorphous NaFe;3(SO,),(OH)¢ was also examined as a Na inter-
calation host.???l This material delivers a reversible capacity
of 120 mA h g™! with an average voltage of 2.72 V vs Na*/Na
in Na-ion cells. Recently, the Na de/intercalation behavior in
Li,FeSiO, was examined by Zhang et al.??3] They revealed that
electrochemical delithiation and subsequent sodiation of the
electrode delivers a discharge capacity of 330 mA h gl at a cur-
rent density of 10 mA gL

Liu et al. reported cubic Na3TiP3;O0oN as a cathode for
NIBs.224 Approximately 60 mA h g™! was delivered from the
electrode with an average voltage of 2.7 V vs Na*/Na. Experi-
mental and calculation studies indicate that the electrode opera-
tion involves a small volume change of 0.5%. Fe-based hydrated
polyanionic compounds, including K;Na,[Fe(C,0,),];-2H,0,
Liy gFe(H,0),[BP,0g]- H,0, and NaFe(H,0),[BP,04]- H,0, were
also reported as NIB cathode materials.[?2>22% These electrodes
operate via Fe?"/Fe3" redox reaction with an average voltage of
approximately 3.0 V but deliver a comparably small capacity
below 60 mA h g™!. Recently, Na-containing polyanionic com-
pounds such as Na,NiP,0F, and NaFe(POs); were reported as
potential cathodes for NIBs.??7228] However, these electrodes
display insufficient electrochemical activities in Na-ion cells.

2.3. Prussian Blue Analogues

Prussian blue analogues (PBAs) have been investigated as
alternative cathode materials to the conventional layered and
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polyanionic compounds in recent years because of their large
alkali-ion channels, which enable fast Na de/intercalation
without lattice distortion as well as low element cost, toxicity, and
easy synthesis at room temperature.?12213229-232] The general
formula of PBAs can be described as A,P[R(CN)g];_,-0J,- mH,0
(A: alkali metal ion; P: N-coordinated transition metal ion;
R: C-coordinated transition metal ion; [0: [R(CN)g] vacancy;
0<x<2;0<y<1). PBAs generally adopt a face-centered cubic
structure with a space group of Fm3m, where transition metal
ions are connected by (CN) ligands forming large cage-like
interstitial A sites (see Figure 9d). Most of the earlier studies
focused on the electrochemical activity of PBAs in aqueous
media,l?33-2%] however, PBAs have attracted significant atten-
tion as electrodes for non-aqueous NIBs in the past three years.
In this section, we focus on a review of electrode materials for
non-aqueous NIBs.

KM""Fe"(CN)y (M = Mn, Fe, Co, Ni, and Zn) compounds
were first examined as cathodes for non-aqueous NIBs.212l The
KM"Fe™(CN)¢ (M = Mn, Co, Ni, and Zn) electrodes operate via
the Fe**/Fe?* redox couple with a single voltage plateau at 3.0 V
vs Na*/Na and deliver a reversible capacity of approximately
60 mA h gl The KFe,(CN), electrode delivers a reversible
capacity of 100 mA h g™! with two potential plateaus at 3.5 and
2.6 V vs Na*/Na, which are attributed to the high-spin Fe3*/Fe?*
redox couple bonded to N and the low-spin Fe**/Fe?* redox
couple bonded to C, respectively. To enhance the electrochem-
ical properties of iron hexacyanoferrate (AFe,(CN)s (A = K or
Na; 0 < A < 1)), later works introduced various approaches such
as carbon coating, nano-sizing, and crystallinity improvements.
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Yu et al. reported that nanosized NaFe,(CN)q exhibits a high
capacity of 118 mA h g! at a current rate of 5 mA g 1,23¢ and
Wu et al. showed that highly crystalline nanoparticle Fe,(CN)g
exhibits stable cycle performances over 500 cycles.**”] In addi-
tion, the highly crystalline NaFe,(CN)g/graphene composite
delivered a discharge capacity of 150 mA h g™! with an energy
density of 280 Wh kg 1.12%8 The family of alkali-ion-deficient
cubic AMU"Fe™(CN); (A = Na or K) compounds requires a
presodiation process to be combined with conventional Na-free
anodes; otherwise, the electrode operation undergoes only one
electron transfer with Fe’*/Fe?* redox couples, resulting in a
low capacity below 70 mA h g=1.[239-243]

The Na-rich compound, Na;;,,MnFe(CN)s, was successfully
synthesized by Wang et al.??l This electrode delivers a capacity
of 130 mA h g! with a high average voltage of 3.4 V involving
Mn?*/Mn** and Fe?*/Fe** redox reactions. The high Na con-
centration in the structure induces a structural transition from
cubic to rhombohedral symmetry with cooperative Na displace-
ment along the''!l direction. This phase transition was deter-
mined to be reversible upon electrochemical cycling. A similar
result was also reported for Na,_Fe,(CN);. You et al. showed that
Na, ¢3Fe,(CN)g adopts a rthombohedral structure and exhibits
a reversible capacity of 150 mA h g™! with stable cycle perfor-
mances over 200 cycles (90% retention).2*!l This electrode also
displays a reversible rhombohedral-to-cubic transition during
electrochemical cycling. Multicomponent Na-rich PBAs such
as Na,Ni,Co;_,Fe(CN)g and Nay 7¢Nij 1,Mn gg[Fe(CN)glo.os Were
also introduced as cathode materials for NIBs.[183.244]

The facile synthesis of PBAs at room temperature by the
co-precipitation method generally yields low-quality materials,
where a large amount of water molecules occupies [Fe(CN)g]
vacancies.”®! In addition, most of the PBA electrodes reported
to date contain at least 10 wt% of crystal water in the crystal
structure (m in A,P[R(CN)g;,-0},-mH,0; 1 < m < 3).[212:229.23¢]
The water molecules in the PBA structure decompose during
electrochemical cycling and lead to deterioration of the cycle per-
formances. To enhance the cycle stability, You et al. synthesized
a high-quality Prussian blue nanocrystal of Nag s;Fe[Fe(CN)glo.04
as a cathode for NIBs.?*%l They efficiently reduced the water
content in the interstitial sites of the [Fe(CN)4] using the single
Fe-source method, resulting in a high capacity of 170 mA h g!
and the cycle stability for 150 cycles without capacity loss. How-
ever, TGA/DTA analyses revealed that 15 wt% crystal water
remained in the PBA electrode. Recently, Song et al. reported
a dehydrated Na, 6MnFe(CN)¢-mH,0 (6 = 0.1; m = 0.3) phase,
which exhibits superior electrochemical performances com-
pared with other PBA electrodes for NIBs.?!3l The electrode
delivered a reversible capacity of 150 mA h g! with an average
voltage of 3.5 V and exhibited 75% capacity retention after
500 cycles. Superior rate performance was obtained from the
electrode, where a capacity of 120 mA h g™! was delivered at
20C (see Figure 9e). They revealed that the dehydrated phase
of Na; gMnFe(CN)¢-0.3H,0 adopts rhombohedral symmetry,
and a reversible phase transition occurs from rhombohedral to
tetragonal symmetry during electrochemical cycling. In addi-
tion, dehydrated Na,q,Fe,(CN)g-0.08H,0 with rhombohedral
structure exhibits excellent electrochemical performances in
Na-ion cells.?*!] A capacity of approximately 160 mA h g™! was
delivered with an average voltage of 3.2 V vs Na*/Na, which
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corresponds to an energy density of 490 Wh kg™!, and 80% of
the initial capacity was retained after 750 cycles. High-quality
Na,CoFe(CN); displayed promising electrochemical properties
in Na-ion cells as well.[?#”]

Other types of PBAs including Na; 5;Zn;[Fe'/(CN)¢l,-3H,0,
Na,Fe(CN)s, and NajosMn[Mn!{(CN)g]p.99-2H,0 were also
reported as NIB cathodes.[?30.24824] Na, ¢, Zn;[Fe(CN)g],-3H,0
exhibited a electrochemical activity at 3.5 V vs Na*/Na
involving a Fe?*/Fe3* redox reaction with a reversible capacity
of 56 mA h g 1.2 The Na,Fe(CN)¢/C nanocomposite dis-
played a redox capacity of 90 mA h g! at a potential of 3.4 V
with cycle stability up to 500 cycles and 88% capacity reten-
tion.2*! A high-quality Mn hexacyanomanganate compound,
Na,Mn"[Mn"(CN)4]-2H,0, was introduced by Lee et al.?3%
They showed that this material has a monoclinic structure com-
posed of nonlinear Mn-N=C-Mn bonds. A surprisingly high
reversible capacity of 209 mA h g! was obtained, which far
exceeds its theoretical capacity of 170 mA h g™! based on the
Mn?*/Mn?* redox reaction. They explained that the additional
capacity arises from the Mn?*/Mn!* redox reaction, forming the
stable phase of Na;Mn![Mn!(CN)g].

2.4. Organic Cathodes

Organic-based cathode materials are emerging candidates
as alternatives to conventional inorganic electrode materials
because of their abundance, safety, environmental friendliness,
and high theoretical capacity.2>23l In this section, we briefly
introduce recent investigations on organic cathodes for NIBs.

Disodium rhodizonate (Na,CqO¢), which is an analogue
of the Li version (dilithium rhodizonate),”* was reported as
a Na organic cathode by Chihara et al.?> Na,C4O4 has a lay-
ered structure and exhibits n-type properties with conjugated
carbonyl groups. They showed that Na,C4Og cathode exhibits a
reversible capacity of 170 mA h g™! with a good cycle perfor-
mance at an average working voltage of 2.18 V vs Na*/Na; how-
ever, the origin of the much lower specific capacity compared
with its Li analogue remains unclear.?°6-2%8]

A well-known organic pigment 3, 4, 9, 10-perylene-tetra-
carboxylicacid-dianhydride (PTCDA), which consists of an
aromatic core and two anhydride groups (C,4HgOg), and its
derivatives were also investigated as potential cathodes for
NIBs.2%%260 Tuo et al. measured the electrochemical proper-
ties using commercially available PTCDA as a Na organic
cathode.” The commercial PTCDA delivers a capacity of
145 mA h g™! in the voltage range of 1-3 V vs Na*/Na, respect-
able rate performance of 91 mA h g! at a current density of
1000 mA g!, and cycle stability over 200 times. Imide groups,
which are a type of carbonyl groups with anhydrides, were also
recently investigated as Na organic cathodes.61-2631 A 3, 4, 9,
10-perylene-bis(dicarboximide) (PTCDI), which belongs to the
perylene diimide group, was reported.?*2l The electrode is insol-
uble in organic electrolytes and has multiple Na ion binding
sites. It delivers a reversible capacity of 140 mA h g! with two
Na ion insertions/extractions per molecular unit and exhibits
good cyclability with 90% capacity retention over 300 cycles.
Similarly, anthraquinone-based polyimide was investigated
using a polymerization reaction with pyromellitic dianhydride
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(PMDA) and 1, 4, 5, 8-naphthalenetetracarboxylic dianhydride
(NTCDA).2%31 In the work, two types of polyimides named PI1
and PI2 were presented, which delivered reversible capacities
of 165 and 192 mA h g}, respectively. Despite recent progress
on organic cathodes for NIBs, the operation voltage remains far
below that of inorganic materials.

Kim et al. very recently proposed a halogen-substituted ben-
zoquinone derivative as a high-voltage cathode for NIBs.264
They demonstrated the effect of substitution on the redox
potential using theoretical DFT calculations and reported that
the Na storage potential noticeably increased depending on the
substituted halogen atoms. They selected a C4Cl,O, cathode by
rational design using theoretical and experimental characteriza-
tions, which delivered a reversible capacity of 161 mA h g! at
an average voltage of =2.72 V vs Na*/Na, which is the highest
among benzoquinone derivative electrodes.

Zhao et al. reported an aniline/o-nitroaniline copolymer (P
(AN-NA)) as a p-type organic cathode.?®! They verified that
aniline/o-nitroaniline reacts with anions (PF4"), and the cathode
exhibits a high redox capacity and stable cyclability. The copol-
ymer electrode exhibits a capacity of 180 mA h g™! at an average
potential of =3.2 V (vs Na*/Na) and retains cycle stability after
50 cycles, delivering 173 mA h g'. Similarly, Deng et al. pro-
posed polytriphenylamine (PTPAn) as a p-type organic cathode
for NIBs.?%l This electrode also undergoes a cathodic revers-
ible reaction with p-doping/de-doping of anions (PF¢") in the
electrolyte, providing a reversible capacity of 96 mA h g! at an
voltage of =3.6 V (vs Na*/Na). Nevertheless, the p-type organic
electrodes are less practical because a certain amount of elec-
trolytes participates in the redox reaction, thus, require excess
electrolyte in battery configurations. In 2013, Sakaushi et al.
reported a bipolar porous honeycomb and polymeric frame-
work composed of benzene rings and a triazine ring in a two-
dimensional (2D) structure.?*”I The bipolar porous organic elec-
trode (BPOE) exhibited the electrochemical performance with
a specific energy density of =500 Wh kg™! and specific power
density of 10 kW kg!. More than 80% of its initial capacity was
retained after 7,000 cycles in the half-cell configuration.

3. Anode Materials

3.1. Carbon Materials

Carbon materials have been most widely studied as potential
anodes for NIBs because of their low cost and environmental
benignness as well as the excellent electrochemical stability.
For LIBs, graphite has been utilized as a standard anode exhib-
iting a low operating voltage and high specific capacity based on
reversible Li de/intercalation in the graphite structure. Recently,
it was also reported that K ions, which have much larger ionic
radii (=1.5 A) than Li ions (=0.76 A), can be reversibly inter-
calated into graphite in electrochemical cells. Naturally, there
have been efforts to utilize graphite as a Na intercalation
host.[26826%1 However, all the early works consistently resulted
in limited reversible capacities of =12 mA h g!, which indi-
cates the failure of forming a stage 1 graphite intercalation
compound (GIC), unlike for Li (LiCs) and K (KCg). The ther-
modynamic instability of stage 1 Na-GIC formation has also
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been observed in theoretical calculations with various structure
models (Figure 10a).>7%-?73 For instance, in a comparative study
on alkali metal (Li, Na, and K) intercalation into graphite by
Okamoto,?’? the formation of LiCy and KCg showed a positive
intercalation potential, whereas the formation of either NaCg
and NaCg was found to be thermodynamically unfavorable.
Although the underlying reason of this phenomenon remains
unclear to date, the reason for unstable stage 1 Na-GIC is attrib-
uted to (i) the high redox potential of Na*/Na, resulting in the
precipitation of metallic Na before Na intercalation;#’? (ii) the
large elongation of C-C bond lengths in Na-GICs;!?"! and (iii)
the low binding energy between the carbon and Na layer.?’% As
the utilization of pristine graphite as an anode for NIBs failed,
non-graphitic carbon materials (i.e., hard carbon, soft carbon,
and amorphous carbon) have been extensively investigated as
alternatives. In this section, we discuss the electrochemical
properties and mechanistic studies of non-graphitic carbon
materials followed by recent investigations that utilize pristine
graphite as an active anode material using abnormal Na-sol-
vent co-intercalation.

3.1.1. Non-Graphitic Carbon

Various non-graphitic carbon materials have been experi-
mentally studied as anode materials for NIBs.[38269.277-324]
The storage of Na in carbon materials such as hard carbon,
amorphous carbon, defected graphene, and functionalized
graphite has been observed to be thermodynamically fea-
sible.325:326.274276] Ip the early works by Doeff et al., they dem-
onstrated that the extent of Na intercalation in carbon materials
varies depending on the carbon structure; NaCy,, NaCj,, and
NaC,5 were formed for graphite, petroleum coke, and Shawin-
igan black, respectively.?””] The inserted Na ions were also
reversibly extracted from the carbon materials. Later, Stevens
and Dahn reported that hard carbon (pyrolyzed glucose) can
provide a high specific capacity (=300 mA h g™, close to that
of Li intercalation in graphite, which made hard carbon a prom-
ising anode for NIBs.?®!l They also proposed a “card-house”
model as the Na storage mechanism, in which the Na storage
is described as two distinct mechanisms: (i) Na ion intercala-
tion between graphene sheets in the sloping-voltage region
and (i) Na ions filling in the pores between nano-graphitic
domains in the plateau region. Since the model was suggested,
many researchers have interpreted the electrochemical prop-
erties of hard carbon anodes according to the “card-house”
mode] [269,283-288,299,303,327.328] Nevertheless, there is still a lack
of understanding about the Na insertion mechanism in various
types of carbon materials, which can explain the observed Na
storage potential and capacities.

Recent works by Yun et al. and Bommier et al. attempted
to verify the correlation between the atomic structure and Na
storage properties of hard carbon.?#27% Yun et al. fabricated 2D
pyroprotein-based carbon nanostructures from a self-assembled
silk protein nanoplate that were used as a carbon platform to
investigate the Na-ion storage behaviors for various local carbon
orderings. Figure 10b presents the typical discharge profiles of
carbon materials with different degrees of crystalline ordering.
The highly porous and defective carbon structure (A-CNP-800
in Figure 10b) displayed mainly physic/chemisorption-based
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Figure 10. a) Schematic of the enthalpy of formation energy in k] mol™' (meV f.u.”") of the Na—graphite compounds relative to the reference state of
graphite and Na metal. Reproduced with permission.[?’% Copyright 2014, Royal Society of Chemistry. b) Discharge profiles of pyroprotein-based carbon
nanoplates with different degree of crystalline ordering. Reproduced with permission.?’4 Copyright 2015, Wiley-VCH. c) Typical discharge profiles of
hard carbons. d) Plot of the sloping capacity vs Ip/I ratio. e) Plot of vsd-spacing vs voltage. Reproduced with permission.[2’5l Copyright 2015, American
Chemical Society. f) Calculated Na storage potential in disordered carbon. Reproduced with permission.[2’6l Copyright 2015, Royal Society of Chemistry.
g) Schematic of proposed Na storage mechanism. Reproduced with permission.[?”>l Copyright 2015, American Chemical Society.

Na-ion storage, whereas CNP-800 with numerous pseudogra-  insertion between the graphene layers. The carbon material
phitic crystallites exhibited mixed chemisorption- and inser-  with a more ordered graphitic structure and nanopores (CNP-
tion-based Na storage below 0.7 V (vs Na/Na*), enabling Na-ion =~ 2300) showed evidence of the nanoclustering of Na metal.
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Bommier et al. also altered the atomic structure of sucrose-
derived hard carbon by controlling the annealing temperature.
Figure 10c presents typical discharge profiles of hard carbon
anodes, where the capacity in the slope region proportionally
increases as the defect concentration increases (Figure 10d).
This behavior indicates that the number of defect sites in hard
carbon is strongly related to the Na storage capacity in the slope-
voltage region. They also confirmed that the d-spacing between
graphene layers is reversibly expanded and contracted upon the
de/sodiation based on ex situ XRD analysis, which is indicative
of Na intercalation in the hard carbon lattice in the low-voltage
plateau region (Figure 10e).287302322] The theoretical study
performed by Tsai et al. in Figure 10f suggested that the slope-
voltage region is attributable to Na adsorption on the defective
carbon surface, and the plateau region is responsible for the
Na intercalation in the hard carbon lattice.’®l As a result, the
Na storage mechanism can be classified as (i) Na adsorption
at defective sites in the slope-voltage region, (ii) Na intercala-
tion in the hard carbon lattice, and (iii) Na-atom adsorption at
the pore surface in the plateau region (Figure 10g). Neverthe-
less, there remains debate concerning the Na storage mecha-
nism, especially in the low-voltage plateau region. For example,
Zhang et al. claimed that the mesopore filling is responsible
for the low-voltage plateau region and that the Na intercala-
tion or Na plating does not occur at the low-voltage plateau at
~0.1 V vs Na*/Na.?”” In addition, an NMR study indicated that
Na does not form metallic clusters in nanopores.% However,
Yun et al. reported that Na metal nanoclusters were formed in
the low-voltage plateau region, which was confirmed by ex situ
X-ray photoelectron spectroscopy (XPS) and TEM analysis.?’®!
Therefore, further studies should be conducted to understand
the correlation between the microstructures and Na storage
properties, which can provide insight into developing high-
performance hard carbon anodes. Meanwhile, heteroatom
doped-carbon materials have been investigated to improve Na
storage properties.[289.294329-332] For example, Qie et al. investi-
gated sulfur doped carbon as an anode for N1Bs.[**! The carbon
anode with high level of sulfur atoms provides high specific
capacity of =400 mA h g™! at 100 mA g! and delivers cycle sta-
bility up to 700 cycles at 500 mA g'. The improvement in Na
storage properties by heteroatom doping was attributed to the
enlarged interlayer distance and disordered structure, facili-
tating the diffusion of the large Na ions and accommodating
large volume change during charge/discharge processes. Nev-
ertheless, the large irreversible capacity in the initial discharge
is still problematic for its practical utilization.

3.1.2. Graphite

Jache et al. demonstrated that graphite can allow Na intercala-
tion in its galleries in electrochemical cells using ether-based
electrolytes.?33 In their work, the graphite anode could pro-
vide a reversible capacity of =100 mA h g™! and delivered a
capacity retention up to 1000 cycles (see Figure 11a,b). Kim
et al. revealed the precise Na storage mechanism in graphite
for the first time.[?3*3%] They monitored the structural evolu-
tion of graphite during de/sodiation using synchrotron-based
XRD patterns in operando (Figure 11c). The graphite structure
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successively transformed into multiple new phases during
sodiation, and the structure of the pristine state was completely
recovered after charge. It was observed that the repeated dis-
tance successively changes by =3.4 A among each phase, indi-
cating a staging phenomenon, and finally, the repeated distance
becomes 11.62 A, which is much larger than stage 1 Li-GIC
(=3.7 A).P% It was verified that the graphite significantly
expands along the c-axis (=350%) after sodiation by moni-
toring the expansion of graphite along the c-axis (Figure 11d.e),
which agreed with a stage 1 compound. The researchers fur-
ther confirmed that Na ions are co-intercalated in graphite
galleries with ether solvent molecules with a composition of
Na—ether solvent-C,; by monitoring the weight change during
de/sodiation combined with Fourier-transform infrared (FTIR)
spectroscopy and energy-dispersive X-ray spectroscopy (EDS)
analyses. In addition, the structure of the Na—ether solvent co-
intercalated graphite compound was proposed based on exper-
imental and theoretical studies (Figure 11f), in which doubly
stacked Na—ether solvent complexes are positioned at one-third
and two-thirds of the height of the graphite galleries. Neverthe-
less, it remains unclear why this unique co-intercalation phe-
nomenon is observed only in specific solvents (linear ether
solvents). Although Kim et al. proposed a possible explanation
that the linear ether solvent molecules can strongly bind Na
ions because of the enhanced affinity between solvents and Na
ions due to the chelate effect,>*! further experimental and theo-
retical studies are required.

3.2. Metal Oxides

Metal oxides have also been intensively studied as potential
anodes for NIBs. Among various candidates as host materials
for Na intercalation, Ti-based oxide compounds have been most
widely studied because of their low operation voltage as well
as low cost and environmental benignness. The conversion
reaction compounds based on metal oxides have also recently
attracted much attention because of their high specific capacity
utilizing more than one redox reaction per transition metal. In
this section, we discuss the electrochemical properties of metal
oxide anode materials based on both intercalation and conver-
sion reactions.

3.2.1. Intercalation-Based Materials

TiO,: The application of TiO, anode to NIBs was first investi-
gated by Xiong et al. in 2011.3%) They fabricated amorphous
TiO, nanotubes for use as anodes in the voltage range between
0.9 and 2.5 V vs Na*/Na. This work attracted the interest of
many researchers in TiO, materials; as a result, TiO, anodes
with various polymorphs (amorphous, anatase, rutile, and
bronze) were investigated.?2>33%-358 Kim et al. demonstrated
that the reversible capacity considerably increases as the dis-
charge cut-off voltage decreases (Figure 12a).3*}] When the
discharge cut-off voltage was 1.0 V vs Na*/Na, the reversible
capacity was limited to ~8 mA h g'!. However, the reversible
capacity became =193 mA h g™! when the discharge cut-off
voltage decreased to 0.01 V vs Na*/Na with slope voltage pro-
files. They argued that the irreversible capacity at relatively high
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voltages is attributable to side reactions with the electrolyte,
such as decomposition of the electrolyte and solid-electrolyte
interphase (SEI) formation. They also suggested that the Na
ions are reversibly de/intercalated in the anatase TiO, lattice via
the redox activity of Ti*"/Ti** during charge/discharge. The oxi-
dation state of Ti in the TiO, reduces to 3+ after discharge and
is then recovered to 4+ after charge, indicative of the reversible
redox reaction of Ti**/Ti*". In contrast, Gonzalez et al. reported
that the lattice of anatase TiO, is unchanged even after full dis-
charge up to 0 V vs Na*/Na.3> They suggested that Na ions are
stored in anatase TiO, through pseudo-capacitive reactions.
Recently, Passerini’s group conducted more detailed investi-
gations to understand the Na storage mechanism in commer-
cially available TiO, nanoparticles using in situ XRD and ex
situ XPS.3*’] At the initial discharge, the XRD lattice of anatase
TiO, was slightly shifted to lower angles, indicative of a con-
tinuous expansion of the anatase lattice. However, the XRD
peaks related to the anatase phase vanished after further dis-
charge below 0.3 V vs Na*/Na. The XRD peaks were not recov-
ered after the charge process, indicating rearrangement of the
TiO, anode material to an amorphous structure upon cycling.
Based on additional ex situ XPS, scanning electron microscopy
(SEM), and Raman analyses, they showed that Na insertion in
TiO, reduces the oxidation state of Ti*' to Ti*" and partially gen-
erates Ti® with NaO, (irreversible conversion reaction). Based
on the investigation on the Ti**:Ti*" ratio, they determined the
amount of the charge that is reversibly stored in the TiO,. After
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discharge, the ratio became approximately 2.23, corresponding
to 0.69 Na per TiO,. Upon charge, the ratio decreased to 0.35,
which indicates that 0.28 Na per TiO, remains in the structure.
They also discovered that the reduction of TiO, to metallic Ti
along with the structural rearrangement is accompanied by O,
evolution based on in situ gas chromatography and mass spec-
trometry. It was concluded that Na insertion occurs in TiO,
through (i) pseudo-capacitive reactions during the initial dis-
charge process, followed by (ii) structural rearrangement, and
finally (iii) a disproportionation reaction and formation of Ti®
and O, during further discharge. Then, (iv) reversible Na de/
insertion occurs in Na,(TiO,) (0.28 < x < 0.69), as illustrated in
Figure 12b.

Su et al. conducted a comparative study on the Na storage
properties of TiO, nanospheres with different crystal struc-
tures.3*¥l They prepared amorphous TiO,@C nanospheres
using a template method and then sintered the materials under
different conditions to form anatase and rutile TiO, phases.
The three different types of TiO, materials were characterized
as anodes for NIBs (Figure 12c—e). Among them, amorphous
TiO, provides the lowest specific capacity of =196 mA h g!
which fades rapidly to =70 mA h g! after 50 cycles. The rutile/
anatase TiO, composite exhibits an improved specific capacity
of =242 mA h g1, which was well retained after 200 cycles. The
anatase TiO, phase alone delivers the highest specific capacity
of =295 mA h g! and provides a good cycle life. The specific
capacity of =210 mA h g™! was obtained after 200 cycles. The
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Figure 13. a) Typical charge/discharge profiles of Li,TisO;, anode in Na cells. b) In situ synchrotron XRD analysis of Li,TisO;, anode upon sodiation
and desodiation. c¢) ABF image in the half-discharged Li,TisO;, anode with ABF line profile crossing the Li7/Li4 and Li7/Na6Li boundaries. Reproduced

with permission.!l Copyright 2013, Nature Publishing Group.

theoretical study using DFT calculation demonstrated that the
anatase TiO, provides a 2D diffusion path to the a- and b-axes
with low energy barriers for Na intercalation, whereas the rutile
phase only has one diffusion path along the c-axis, suggesting
the superior Na diffusivity of the anatase phase over the rutile
phase.

Li,TisOy: Hu's group first reported that Li,Ti;O;, (LTO)
can accommodate not only Li but also Na ion de/intercalation
reversibly.309361 Figure 13a presents typical charge/discharge
profiles of LTO in Na half cells, in which the LTO anode delivers
a reversible capacity of =150 mA h g1, corresponding to =2.6 Na
ion utilization, with a redox potential of =0.9 V vs Na*/Na.
They observed an interesting three-phase reaction mechanism
during Na intercalation in the LTO anode based on in situ XRD
analysis (Figure 13b). In LIB systems, the Li storage in the LTO
anode occurs through a two-phase reaction between spinel
LTO and rock-salt Li;TisO;,. However, the in situ XRD charac-
terization confirmed that LiNagTisO;, and Li;TisO,, phases are
formed upon Na intercalation in the LTO anode. This phenom-
enon was attributed to the different size of Na and Li ions in
the LTO lattice, where the large Na ions barely occupy the 8a
tetrahedral site, and therefore, Na ions are more likely to occupy
the 16¢ octahedral site. The DFT calculations also indicated that
Li/Na solid solution in 16c sites is not energetically favorable,
indicative of the phase separation of Li;TisO;, and LiNagTisO,
phases. To further investigate the three-phase Na intercalation
mechanism, they used spherical aberration-corrected STEM
analysis to directly visualize the atomic structure. They observed
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a three-phase coexistence region in the half-discharged product
that can distinguish Li;TisO;,/LTO and Li;TisO;,/NagLiTisO,
phase boundaries (Figure 13c).

Later, Yu et al. discovered the size-dependent Na storage
properties in the ITO anode.3%2l According to their report, the
Na intercalation behavior in the LTO anode strongly depends
on the particle size. In 440-nm-sized LTO particles, a small
amount of Na ions can be intercalated and provided a spe-
cific capacity of =16 mA h g (corresponding to 0.27 Na per
LTO). When the particle size decreased to 44 nm, the reversible
capacity increased to =150 mA h g™! (corresponding to 2.6 Na
ions per LTO). According to their experiments, the Na ion dif-
fusion coefficient of ITO was estimated to be =1071¢ ¢cm? s7},
which is 5 orders of magnitude smaller than Li ion diffusion.
Because of the slow Na ion diffusion kinetics, nanosizing the
LTO was critical to utilize the Na insertion. Consequently,
several research groups fabricated nanostructured LTO anode
materials to improve their Na storage properties.[303-3%8] For
example, Liu et al. synthesized LTO nanoparticles embedded in
carbon nanofibers (LTO/C nanofibers) via electrospinning and
annealing.®3] Small ITO nanoparticles (<10 nm) embedded
in a conductive carbon matrix could provide a high reversible
capacity of =165 mA h g~! corresponding to =2.83 Na ions trans-
ferred per LTO at 35 mA g!. At increased current rates of 87.5
and 175 mA g1, specific capacities of =133 and 109 mA h g™!
could be provided, respectively. The composite nanostructure
can supply short transport lengths for Na ions and electrons
and low contact resistance. Nevertheless, the low tap density of
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voltage and electrostatic energy at x =2 and 4 for Na,Ti;O;. Reproduced with permission.}’ Copyright 2014, Royal Society of Chemistry. c) Galvano-
static charge/discharge profiles of Na,Ti;O; using the three-electrode configuration (inset: enlarged view of the voltage step). d) Ex situ XRD analysis of
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nanostructured materials remains problematic for practical use,
which requires high volumetric energy densities.

Na-Ti-O Compounds: Senguttuvan et al. first reported
Na,Ti;O; as a low-voltage oxide anode for NIBs.’%l Typical
charge/discharge profiles of the Na,Ti;O;/carbon black com-
posite anode are presented in Figure 14a, wherein the blue curve
is the discharge profile of the carbon black electrode (without
Na,Ti;05), and the red curve is that of the composite electrode
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(Na,Ti;0;/carbon black). While the irreversible capacity obtained
at =0.7 V vs Na*/Na is attributable to the additive carbon black,
the redox reaction of the Na,Ti;O; anode occurs at =0.3 V vs
Na*/Na with =2 Na ions de/intercalation, corresponding to
~180 mA h gl The plateau voltage of the Na,Ti;O0; anode is
much lower than its Li analogue (Li,Ti;0;), =1.7 V vs Li*/Li.

Xu et al. performed DFT calculations to understand the
exceptionally low operating voltage of the Na,Ti;O, anode.?”")
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They examined the structural differences between Na,Ti;O;
and Na,Ti;O; (Figure 14b) and observed a unique structural
flexibility. When 2 Na ions are intercalated in Na,Ti;O; struc-
ture, the Na coordination decreases from 9 and 7 in the pristine
state to 6 in the fully sodiated phase. In addition, the ¢ lattice
parameter decreases, which was attributed to the screening
effect from the high Na ion concentration in the Na layers. The
change of Na site environment results from (i) the shift of Ti-O
slab and (ii) modifications within the Ti-O framework. They
also observed that the exceptionally low Na storage voltage of
Na,Ti;0; is due to the structural instability of the Na interca-
lated compound from the calculation of the electrostatic inter-
action in the structure. A larger difference in the electrostatic
energy between Na,Ti;O; and Na,Ti;0; compared with that in
the Li analogue was observed and suspected to result in struc-
tural instability in Na,Ti;0; leading to lower operating voltage.
The strong electrostatic repulsion in the discharged state fur-
ther yielded the self-relaxation phenomenon. When the dis-
charged compound is stored for a few days, the Na,Ti;O; phase
gradually transforms into Na,Ti;0;.

The poor cycle stability of the Na,Ti;O; anode is one of the
important issues to be addressed.’”>37° Munoz-Marquez et al.
discovered that the instability of the SEI formed on Na,Ti;O,
anodes during the charge process results in a poor cycle sta-
bility.’’?! The SEI is partially dissolved during the charge
process, and the SEI instability involves continuous degrada-
tion of the electrolyte upon repeated battery operation. Thus,
these authors argued that the exploration of a protective
coating on the Na,Ti;O; anode is required to improve its cycle
performance.

Recently, Rudola et al. observed an intermediate phase of
Na;,, Ti;0, between Na,Ti;O; and Na,Ti;O; that considerably
affects the electrochemical properties.’’!] According to their
report, a distinct voltage step is observed in the first discharge
profile, indicative of the presence of an intermediate phase
between Na,Ti;O; and Na,Ti;O, (Figure 14c). Ex situ XRD
analysis in Figure 14d revealed that new XRD peaks evolved
at the expense of Na,Ti;O; in the half-discharged state and
diminished with the evolution of the XRD peaks of Na,Ti;O,
in the fully discharged state indicating the presence of an inter-
mediate phase. It was found that the charge/discharge profile
is notably changed depending on whether the intermediate
phase appears or not. When the discharge cut-off voltage is lim-
ited to =0.155 V vs Na*/Na, the corresponding charge voltage
become =0.22 V vs Na*/Na, however, after the deep discharge to
0.01 V, a charge voltage of =0.44 V vs Na*/Na was observed in
Figure 14e. The two distinct discharge plateaus were observed
in the deep discharge process; however, only one plateau at
=~0.44 V vs Na*/Na was observed. This finding indicates that an
irreversible phase transition occurs upon the deep discharge,
and therefore, the path through the intermediate phase is lost
in the subsequent cycling. When they cycled the Na,Ti;O; in
the upper voltage plateau region, Na,Ti;O, delivered an excel-
lent rate capability up to 80C (1C = =85 mA g!) in Figure 14f.

Other types of Na-Ti-O compounds have also been studied
as potential anodes for NIBs,>”7-3# including trigonal and
monoclinic Na,TisO;, materials.?’73’8] Na,TisO;, anodes
provided a low specific capacity less than 70 mA h g}, unlike
their Li analogue (LTO), while the monoclinic phase delivered
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a slightly higher specific capacity than the trigonal polymorph
due to the continuous 2D channels for Na ion transfers. Ced-
er’s group recently reported layered NaTiO, as a potential anode
for N1Bs.’”?l They demonstrated that O3-NaTiO, can deliver a
reversible capacity of =150 mA h g}, corresponding to =0.5 Na
transfer in the voltage range between 0.6 and 1.6 V vs Na*/Na,
in contrast to a previous report.3®¥ The widened low voltage
window that can be achieved by reducing the water concentra-
tion in the electrolyte was speculated to result in the increase
in the specific capacity. In addition, they observed an unusual
lattice parameter change and Na vacancy orderings upon de/
intercalation of Na ions, which lead to a constant interslab dis-
tance and small change of the in-plane Ti-Ti distance. It was
attributed to the reason for the good cycle stability.

3.2.2. Conversion Reaction Compounds

Iron Oxides: Koo et al. reported iron oxide nanoparticles as
anode materials for NIBs for the first time.*®* While the work
focused on the Na intercalation in iron oxide host materials,
Hariharan et al., later, demonstrated that iron oxides provide
a high specific capacity of =400 mA h g™! through conversion
reactions (Figure 15a),13%! forming Fe metal and Na,O. Nev-
ertheless, the specific capacity is lower than the theoretical
value of 926 mA h g! based on the full conversion reaction.
In comparison to the same iron oxide electrode in Li cells
that delivers a specific capacity of =950 mA h g!, much less
reversible capacity was observed in Na cells than their Li coun-
terparts. Similar observations were made in other conversion
reaction compounds and might originate from the (i) sluggish
kinetics of Na ion transfer in conversion reaction because of
their larger ion size and (ii) different nature of the SEI layer
formed in Na cells.?%39 Recently, Zhang et al. reported a 3D
porous Fe,0;/C nanocomposite as a high-performance anode
for NIBs.?* The nanocomposite was composed of intercon-
nected nanochannels and Fe,O; nanoparticles that were uni-
formly incorporated in a conductive porous carbon matrix. The
nanocomposite electrode could provide a high specific capacity
of #1100 mA h g™! in the second cycle and retained a reversible
capacity of =750 mA h g after 200 cycles at 200 mA g'. It
also delivered a high rate capability with a specific capacity of
=320 mA h g! at 8000 mA g!. The excellent electrochemical
properties are attributable to the synergistic effect of the nano-
composite, which effectively relieves stress, accommodates
large volume expansion/shrinkage, and facilitates the electron
and Na ion transport.

Cobalt Oxides: Jiang et al. demonstrated that Co;O4 can
store Na ions through conversion reactions. The Co;04 anode
provided a specific capacity of =600 mA h g! during the ini-
tial discharge but exhibited a rapid cycle degradation.®]
Since then, several research groups have investigated cobalt
oxides as potential anodes for NIBs and attempted to improve
their electrochemical properties.3>#04 Recently, Yang et al.
proposed a highly ordered dual porosity mesoporous Co;0,
as a stable anode for NIBs.’**l The ordered dual porosity
mesoporous Co;O, anode can deliver a high specific capacity of
=700 mA h g™ during the initial discharge and =500 mA h g~!
upon extended cycles, which are much higher values than those

Adv. Energy Mater. 2016, 6, 1600943
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for bulk Co;0, particles (Figure 15b). The mesoporous Co;0,
anode also exhibits relatively good capacity retention and rate
performance, which were attributed to the ordered porous
structure that can accommodate a large volume change during
charge/discharge and enable the facile supply of electrolyte
resulting from the easy penetration to the electrode. It was also
shown that the formation of Na,O occurs after discharge using
ex situ XRD, which agreed with previous report by Rahman
et al., who observed the sodiation process forming Na,O and
Co using ex situ XRD and TEM analyses.*°]

Copper Oxides: Klein et al. demonstrated that CuO is electro-
chemically active for Na storage, providing a reversible capacity
of =300 mA h g for cycles (Figure 15¢).%! In principle, CuO

Adv. Energy Mater. 2016, 6, 1600943

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

can store 2 Na ions and form Cu and 2Na,0, delivering a theo-
retical capacity of =674 mA h g7!, similar to that for Li storage.
However, the specific capacities obtained in the literature are
typically below the theoretical value, and only a few groups have
reported a high reversible capacity over 600 mA h g (=90% of
the theoretical capacity).1*%#1% Zhang’s group prepared flexible
and porous CuO nanorod arrays by engraving Cu foils and used
them as the anode for NIBs.[**l The CuO nanorod arrays exhib-
ited a high specific capacity of 640 mA h g at 200 mA g~! and
showed stable cycle performance. More recently, Chen's group
proposed micro-nanostructured CuO/C spheres as a promising
anode for NIBs.'% The micro-nanostructured CuO/C spheres
synthesized by aerosol spray pyrolysis delivered a reversible
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capacity of =660 mA h g'! and maintained 426 mA h g after
100 cycles. The improved Na storage properties were attributed
to the nanostructure that accommodated a large volume change
upon cycling and supplied fast electron and Na ion transport
pathways.

More recently, Liu et al. directly observed the Na storage pro-
cess in CuO nanowires using in situ TEM.BY! In the in situ
TEM measurement, CuO nanowires and Na metal were used
as the working and counter electrodes, respectively. A mixture
of Na,O and NaOH that was naturally grown on a Na metal
surface was used as the solid electrolyte (Figure 15d). The
pristine CuO nanowires are shown in Figure 15d-1, and the
TEM images were monitored in the circled area during sodia-
tion. Initially, the CuO was converted into Cu,O and Na,O, as
observed in Figure 15d-5. Then, the products were transformed
into NaCuO (Figure 15d-6). Finally, further sodiation formed
NagCu,04, Na,O, and Cu, as observed in Figure 15d-7. This
result is different from the previous report by Wang et al., which
demonstrated that CuO is converted into Cu,O and Na,O and
then finally became Cu and Na,O based on their ex situ obser-
vation, in which they did not observe NaCuO nor NagCu,O¢
phases.*%l The discrepancy might originate from the different
cell configurations between in situ and ex situ measurements.
In addition, it was shown that the NaCuO phase is unstable in
the air and could be transformed into Cu,0 and Na,O.

3.3. Intermetallic Compounds

Metals or metalloids, which store Na by forming Na—Me binary
intermetallic compounds, have been extensively studied because
of the high theoretical capacity and low Na storage potential, as
listed in Table 1. Most works have focused on Group 14 (Si, Ge,
Sn, and Pb) and 15 (P, As, Sb, and Bi) elements. Computational
works have predicted their electrode potentials, maximum Na
uptake, Na diffusion activation barriers, volumetric change, and
mechanical properties (Figure 16).411*121 Although the revers-
ible capacity of intercalation-based electrode materials is limited
Dby their inherent constraint of a heavy framework, metal/metal-
loid electrodes are able to take multiple Na ions per single atom
by an alloying reaction as exemplified in Figure 16a,b, resulting
in high reversible capacities of 370-2000 mA h g™! with an
average voltage of less than 1 V (Table 1).122412 However, the
uptake of multiple Na ions naturally causes large volumetric
changes upon cycling (Figure 16¢,d), leading to detrimental
effects on cycle stability. This phenomenon is more serious in
NIBs than LIBs because of the large ionic size of Na compared
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with Li (1.02 A and 0.76 A in the 6-coordinated state, respec-
tively). Therefore, studies on metal/metalloid anode materials
have mostly focused on enhancing the cycle stability.

3.3.1. Tin

According to the phase diagram of Na-Sn,*% the maximally

sodiated phase is Na;sSny, indicating that one Sn atom can
take a maximum of 3.75 Na atoms. The feasibility of Sn as an
anode for NIBs was first theoretically examined using DFT
calculations, and it was suggested that the electrochemical
alloying reaction between Na and Sn would proceed with the
presence of NaSns, NaSn, NagSn,, and Na;sSn, phases, with
an average voltage of =0.2 V (Figure 17a. Red dotted line).[*!1]
Soon after, Komaba et al. succeeded in demonstrating the
Sn as an anode material experimentally reporting a final dis-
charged phase of NajsSn,*?!) Based on these studies, Ellis
et al. attempted to investigate the sodiation mechanism using
electrochemical tests and in situ XRD.*'Y The Na insertion
voltage curve consists of four distinct plateaus, which is con-
sistent with the former DFT results, and indicates the existence
of four different intermediate phases (Figure 17a). However,
these phases were not clearly identified, except for the fully
sodiated phase (NajsSny), as shown in Figure 17b. They sus-
pected NaSn;, a-NaSn, and NagSn, as possible candidates for
intermediate phases based on coulometry. In later studies by
Wang et al., the sodiation behavior was directly examined using
in situ TEM employing a solid-state electrolyte with Na metal as
a counter electrode.l*!3] Sodiation was observed to occur in two
steps; the first step is a two-phase reaction to form amorphous
NaSn,, and the second step is a single-phase reaction that
forms amorphous NagSn, and Na,Sn (Figure 17c). Regarding
the inconsistency of the sodiation process revealed by in situ
XRD and in situ TEM, the authors explained that it is attribut-
able to different kinetic factors such as the experimental con-
figuration and sample conditions.*13] However, there are still
computationally predicted stable intermediate phases such as
NaSng, NaSn,, NaSns;, NaSn,, NagSn,, and Na;Sn, which have
not appeared in studies thus far. Therefore, further mechanism
studies are needed in the future to clarify the electrochemical
sodiation behavior of Sn.

The de/sodiation process of Sn inevitably undergoes drastic
volume expansion/contraction because of the uptake/release
of 3.75 Na atoms. The repetitive structural changes are known
to be responsible for capacity fading because a large volume
change induces tensile/compressive stress, leading to crack
propagation and contact loss. Several strategies such as making

Table 1. Summary of properties of typical metal or metalloid materials for Na-ion batteries.

Reduction product Theoretical capacity (mA h g™)

Volume expansion (Na,X/X) (%) Average voltage (vs Na*/Na) (V)

Sn Nas 75Sn 847
Sb NasSb 660
P Na;P 2596
Si NaSi 954
Ge NaGe 369

5200413 ~0.21414

3931415 ~0.601231

408 (red)'? ~0.40'22]
=500 (black)!®)

2431415 =0.51417]

305418 ~0.30419
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a nanocomposite and modifying the structure have been devel-
oped to overcome those problems. Several groups have synthe-
sized Sn nanoparticles uniformly distributed in a porous carbon
matrix and claimed that the carbon matrix not only provides an
electron-conducting channel but also keeps Sn nanoparticles
trapped without segregation.*?=2¢l The large space between
nanoparticles was believed to alleviate stress by volume
change, leading to an enhancement of the cycle life. Likewise, a
Sn-Cu nanocomposite that exhibits a capacity of 420 mA h g!
for 100 cycles was suggested.*?’l In addition, 3D viral nano-
forests, which deliver a capacity of 405 mA h g! at 150 cycles,
were introduced, and the stable cycle life was attributed to the
nanostructure, which buffers volume expansion and suppresses
Sn aggregation.*?8]

3.3.2. Antimony

According to Na—Sb phase diagram, there exist two interme-
tallic phases, NaSb and Na;Sb.*?%l Qian et al. first demon-
strated a Sb—carbon nanocomposite with an initial capacity of
610 mA h g}, corresponding to the storage of nearly three Na
atoms.['23] Based on the coulometry and two peaks in the cyclic
voltammetry, they claimed that NaSb and Na;Sb are formed
during the sodiation. Darwiche et al. investigated the sodia-
tion mechanism of Sb more precisely by using in situ XRD,
as shown in Figure 17d.1*24 Unlike the prediction in the pre-
vious study, it was observed that Sb forms an amorphous phase
during the electrochemical cycling except for the fully sodiated
crystalline phase (Na;Sb). The Na;Sb phase has a hexagonal
structure dissimilar to Li;Sb, which has a rock salt structure.

Adv. Energy Mater. 2016, 6, 1600943
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It partly explains why Sb exhibits better cycling stability in the
Na system than in the Li system because the volume expansion
problem is less severe in the hexagonal phase (Sb: 181.1 A3,
Na;Sb: 237 A3, and Li;Sb: 283.8 A%) 1422

Analogous to Sn, making a Sb nanostructure has been exten-
sively carried out to relieve the stress caused by the three Na
uptake and to improve the cycle life. Zhu et al. and Wu et al.
fabricated 1D carbon nanofibers, which trap Sb nanoparticles
via a simple electrospinning process.[*%431l The space between
carbon matrices can tolerate volume expansion, and thus, aided
in improving the cycle stability (80% capacity retention after
300 cycles and 90% after 400 cycles). Similar approaches were
made for Sb-containing nanocomposites such as SiC-Sb-C,*3?
Sb-acetylene black,*33] Sb-multiwalled carbon nanotubes, 34
FeSb-TiC-C,***] and nano Sb—porous carbon.*3°!

3.3.3. Phosphorus

P is capable of storing three Na atoms and its small atomic
weight (30.97 g mol™!) compared with Sn (118.71 g mol™!) and
Sb (121.76 g mol™!) is a great merit in achieving high specific
capacity for Na electrode.*”] The use of P as an anode for NIBs
was reported by Kim et al. in 2013.?% In the report, the amor-
phous red P—carbon composite delivered a reversible capacity
of 1890 mA h g™ for 20 cycles (Figure 18a), forming crystal-
line NasP. In addition, Qian et al. proposed an amorphous red
P—carbon composite (a-P/C) as a potential anode for NIBs,**®l
where they noted that a-P/C delivers steadier capacity than red
P and black P because of the improved conductivity by carbon
and buffering volume change of the carbon matrix. A similar
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strategy was utilized by Li et al. who mixed red P and CNTs,
yielding a reversible capacity of 1675 mA h g1, with a capacity
retention of 76.6% for 10 cycles.'?* The relatively poor cycla-
bility remains to be resolved and is ascribed to the (i) severe
volumetric expansion due to the three Na uptake, (ii) electrolyte
decomposition by highly reactive Na3P, and (iii) poor electrical
conductivity.1>#1% Very recently, black P with a layered struc-
ture was proposed as an anode material for NIBs with merits
of the high conductivity (=<0.3 mS m™!) and sufficient interlayer
space for facile Na intercalation.*1® The graphene-sandwiched
phosphorene delivered a remarkably high specific capacity of
2440 mA h g! for 100 cycles. The large capacity was explained
by the dual mechanism of Na insertion, where the Na ion first
intercalates into the x (or a) axis of the phosphorene layer fol-
lowed by an alloying process (Figure 18b), as evidenced by ex
situ XRD and in situ TEM analyses.[*1 These results were sup-
ported by theoretical works that black P maintains its layered
structure during the initial Na intercalation, followed by the
alloying reaction accompanying the P-P bond breaking.[**]

3.3.4. Silicon and Germanium

The phase diagram of Na-Si indicates that the fully sodiated
phase of Si is NaSi.l**0l Several theoretical works have exam-
ined the feasibility of utilizing Si as an anode material for NIBs.
However, crystalline Si exhibits poor Na diffusion kinetics, as
the activation energy for Na diffusion in bulk Si is calculated
to be higher than 1 eV.**!l In addition, the insertion of Na into
crystalline Si yields a positive binding energy, indicative of the
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limited Na uptake in pristine Si.*!=*3 Structurally modified
Si was predicted to exhibit better electrochemical performance
such as in amorphous Si by having more favorable binding
between Na and Si.[#18442444] Reasonable activation barriers for
Na diffusion were also predicted, where 0.4 eV was required for
Na migration in layered polysilane and amorphous Si.[#42418]
The enhanced properties could be attributed to the large inter-
stitial sites provided by structural modification, which enables
facile Na intercalation and migration. Based on these studies,
Na uptake of Si was realized very recently by Xu et al. They
produced Si nanoparticles (=20 nm in size) partially containing
an amorphous part, which delivered a reversible capacity of
248 mA h g! for 100 cycles (Figure 18c).[*!7]

Ge has a similar chemistry as Si, taking a maximum of
one Na atom.**] Ge is also theoretically predicted not to be
capable of storing Na in its crystalline structure;*'°! therefore,
most works have focused on amorphous Ge in thin film and
nanowire form.[#19#46-#48] The first report of Ge as a NIB anode
material indicated that the amorphous Ge thin film delivered a
reversible capacity of 350 mA h g! for 15 cycles.**¥l A recent
work by Kohandehghan et al. also experimentally revealed
that crystalline Ge exhibits a capacity of less than 20 mA h g™
(Figure 18d, top), whereas amorphorized Ge nanowires exhib-
ited a capacity 370 mA h g™! (Figure 18d, bottom).

3.4. Organic Anodes

Na organic anodes have received considerable attention because of
their potentially high capacity, low cost, and sustainability.2244)

Adv. Energy Mater. 2016, 6, 1600943
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In this section, we briefly introduce recent works on Na organic
compounds as anode materials for NIBs, including Na carbox-
ylate-based compounds,266-389413450-438] hyiomolecular-based com-
pounds, =61 and Schiff-based compounds.[#62463]

Conjugated carboxylate organic molecules, such as dilithium
terephthalate, have been reported as promising electrode mate-
rials for LIBs.*64 Analogous to dilithium terephthalate, diso-
dium terephthalate (Na,CsH,O,4) was first introduced by Zhao
et al. as a Na organic anode.®*#52] They examined the electro-
chemical properties of Na,CgH,O, and reported that two Na ions
participate in the redox reaction at 0.29 V vs Na*/Na and exhib-
ited a reversible capacity of 250 mA h g!. Although carboxylate
organic molecules provide respectable electrochemical proper-
ties in terms of capacity and operation voltage, the poor rate
and cycle stability remains to be resolved. A few strategies were
proposed including molecular tuning of the mother structure,
surface coating, and polymerization.[266:389:394,397,454-458,461,465]

Several biomolecule-based organic compounds were also
investigated as potential organic anodes for NIBs.***~01l Tuo
et al. demonstrated that coroanic acid disodium salt (CADS) is
capable of delivering 246.7 mA h g! of capacity at the voltage
range of 0.7 to 2.0 V vs Na*/Na, however, the capacity of the
CADS electrode rapidly faded because of the volume change
during phase transformation.**°! Juglone-based organic com-
pounds, which have well-defined quinone carbonyl groups, are
another example. Wang et al. prepared a composite of juglone
and reduced graphene oxide (RGO) as electrodes, which exhib-
ited a respectable electrochemical performance with a capacity
of 305 mA h g 140 Di-sodiated 2, 5-dihydroxy-1, 4-benzoqui-
none (Na,DBQ), which is an analogue of the previously reported
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Li version,®®l was recently proposed as a promising anode
for NIBs.[*] Na,DBQ displayed a capacity of 265 mA h g!
at 0.1 C rate at approximately 1.2 V vs Na*/Na and a stable cycle
life over 300 cycles at 1 C rate. More recently, Wu et al. proposed
a new structure of a Na host consisting of repeated inorganic
and organic structures in a layered framework using Na salt of
2,5-dihydroxy-1,4-benzoquinon (2,5-DBQ).*¢”l They suggested a
Na storage mechanism, where the inorganic layers play the role
in Na ion transfer, and the organic layers are responsible for the
electron transfer. The combined structure with inorganic and
organic layers was considered as a platform for new Na organic
materials.

Schiff-based electrodes were recently investigated as Na
organic anodes by Armand’s group.*62463l Polymeric Schiff-
based functional (RIHC = NR2) groups were demonstrated as
redox centers of the electrode.*?l These researchers observed
that -N=CH-Ar-CH=N- (Ar = aromatic group) can work as
a redox center for Na storage. The polymeric base has a low
discharge voltage below 1 V vs Na*/Na and delivers a capacity
of 350 mA h g! at a current density of 26 mA g!. Oligomeric
Schiff-based materials were also investigated, which exhib-
ited capacities of over 340 mA h g! at a current density of
21 mA g! under 1.2 V vs Na*/Na.l[*63]

4. Challenges and Perspectives

NIBs have recently attracted considerable attention from the
energy storage community because of the earth abundance of
Na resources and their similar electrochemistry compared with
well-established LIBs, which are critical merits for large-scale
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ESSs. The most important aspects of batteries for such applica-
tions are the cost per energy and cost per lifetime cycle. Thus,
research on NIBs for large-scale ESSs should proceed in sat-
isfying these cost requirements in terms of the raw materials,
parts and processing, energy density, and cycle life. The Na
precursors for electrode materials (i.e., Na,CO3;, NaOH, and
Na,SO,) and Na-salts (i.e., NaClO, and NaPF) for electrolytes
are generally cheaper than those for LIBs, and a costly Cu cur-
rent collector in anode part can be replaced with inexpensive Al
current collector because Na metal does not form alloy with Al
Although a large atomic weight and ionic radius of Na sacrifice
the energy density of NIBs and require open framework elec-
trodes compared with LIBs, recent studies introduced various
electrode materials with high energy density and cycle stability.

Recent studies have led to the development of a few impor-
tant layered-type cathodes delivering high specific capacities
using low cost transition metals such as Fe and Mn. However,
sufficient cycle stability has not been achieved, where the fun-
damental difficulties lie in the additional Na insertion/extrac-
tion required for these high-capacity layered-type cathodes,
which is related to the larger variation in the slab space and
corresponding structural stress that is unavoidable and char-
acteristic of a layered crystal structure. These properties are
accompanied by faster capacity degradation, as observed in
most previous works. The use of Mn and Fe in high-capacity
layered cathodes is typically associated with a low operating
voltage, resulting in low gravimetric/volumetric energies that
fall short of the requirement for large-scale ESSs. In addi-
tion, many Na-containing layered cathodes are easily contami-
nated by moisture, thus requiring moisture-free processes
during the material and battery cell preparation. These mois-
ture sensitivity issues are also somewhat related to the low
open-circuit voltage (=3 V) of the layered cathode (or high Na
chemical potential in the layered structure). In this respect, a
new layered-type Na ion host material with substantially low
Na chemical potential and small volume change with a large
amount of Na insertion should be developed. With respect to
the operating voltage, polyanion cathodes hold promise. In
particular, a few important V-based materials have exhibited
operating voltages comparable to those of LIBs. Moreover,
the polyanion compounds are generally less susceptible to the
volume change associated with Na ion insertion and extraction
because of the nature of the open crystal framework. Several
examples have already been demonstrated with cycle stabilities
of over a few thousand cycles. Nevertheless, the energy den-
sities are hardly satisfactory because of their limited specific
capacities. The difficulty lies in the open crystal structure and
enhanced voltage attributed to the heavy polyanion frame-
works; thus, modification of the polyanion groups to reduce
the weight of the material would affect other properties. The
development of new light polyanion-based crystal frameworks
with numerous Na sites is required. Prussian blue analogues
have also attracted much attention because of their excellent
electrochemical properties, including their high energy and
power densities, which stem from large alkali-ion channels
that enable fast Na de/intercalation, combined with their low
element cost, low toxicity, and easy synthesis at room tempera-
ture. However, their poor thermal and electrochemical stabili-
ties remain problematic.
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For practical utilization of NIBs, low-cost anode materials
similar to the graphite anodes in LIBs are also needed. While
the pristine graphite shows negligible electrochemical activity
with Na, other carbon-based materials such as disordered
carbon will be the dominant player for the anodes of NIBs. The
reduction of processing cost and the increase of the Na storage
capacity for such carbon materials would be the important
topic for the research. In an effort to utilize graphite anodes,
some groups have proposed the co-intercalation of Na and the
solvent in graphite, forming ternary Na-solvent-graphite com-
pounds.333-335:468:469] Nevertheless, the following challenges
remain. (i) The low specific capacity and high intercalation
voltage will lead to low gravimetric/volumetric energies in full
cell systems. (ii) The co-intercalation consumes solvent mole-
cules during discharge, resulting in large resistance. Thus, an
excess amount of electrolyte is required to utilize the co-inter-
calation phenomenon in practical cells. (iii) The large volume
expansion/shrinkage (=350%) resulting from the co-intercala-
tion of Na ions and solvent molecules can lead to the pulveri-
zation of graphite particles during repeated battery cycling,
which can result in cycle degradation in practical cells. There-
fore, the design of micro/nanostructured graphite particles con-
taining large voids that can accommodate large volume change
during battery operations is required. TMO materials have also
attracted recent interest as potential anode materials for NIBs.
In particular, Ti-based oxide materials have been extensively
studied as host materials for Na intercalation because of their
low operation voltage, low cost, and environmental benign-
ness. However, the catalytic activity of Ti-based oxide mate-
rials, which results in the underperformance of binders and
electrolytes, can deteriorate cycle performance.?’®! Coating of a
protective layer would reduce the catalytic activity of Ti-based
oxides, thus yielding improved cycle stability. It is also impor-
tant to search for other metal oxide compounds without cata-
lytic activity as intercalation host materials for NIBs.#7%471 Con-
version reaction compounds with high theoretical capacities
are worth investigating. The cycle stability and rate capability
could be improved by improving the electrode design, such as
using a composite with a carbon matrix and nanostructuring.
Nevertheless, the factors that affect the intrinsic large-voltage
hysteresis between the charge and discharge profiles, which
leads to low round-trip efficiency, remain unclear. We expect
that the research direction for conversion reaction compounds
will lie in understanding and reducing the intrinsic voltage hys-
teresis as well as in designing better electrode architectures for
practical applications. Intermetallic compounds also hold great
promise as high-capacity anodes. In particular, P-based mate-
rials have exhibited exceptionally high capacity. Although a host
metal with larger atomic size can take more Na ions with a
higher average voltage and lower Na diffusion activation barrier
according to the study by Chou et al.,*’? black P is an excep-
tion, which can react with up to 3 Na ions and forms Na;P in
the fully discharged state despite its location in period 3. This
behavior of black P results from its layered structure with rela-
tively large available space for Na ions, whereas other metals/
metalloids (Si, Ge, Sn, As, Sb, Bi) form the diamond struc-
ture in their ground state. Combined with its light weight, P
shows great potential in terms of its reversible capacity and rate
capability. For further exploration of intermetallic compound
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anodes, more systematic works on the properties of metal/
metalloid electrodes such as the average voltage, maximum Na
uptake, and rate capability should be performed in relation to
their structural factors. Recently, growing attention has been
focused on organic electrode materials for NIBs, and noticeable
progress has been made in sustainable organic electrodes. Nev-
ertheless, the poor cycle stability resulting from the dissolution
of organic active molecules in the electrolytes remains a great
hurdle for their practical utilization in NIBs. Although there
have been several attempts to overcome the aforementioned
dissolution problems,>1-2°3457] 3 more convenient, economical,
and practical method remains to be developed.
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