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1. Introduction

The consumption of fossil fuel and emisssion of CO2 have 
caused serious environmental issues, giving rise to growing 
demand for clean and sustainable energy.[1] Therefore, signifi-
cant attempts have been made to pursue high-power and high-
energy power source devices in the past decades. Among them, 

Considering the natural abundance and low cost of sodium resources, sodium-
ion batteries (SIBs) have received much attention for large-scale electro-
chemical energy storage. However, smart structure design strategies and good 
mechanistic understanding are required to enable advanced SIBs with high 
energy density. In recent years, the exploration of advanced cathode, anode, 
and electrolyte materials, as well as advanced diagnostics have been exten-
sively carried out. This review mainly focuses on the challenging problems 
for the attractive battery materials (i.e., cathode, anode, and electrolytes) and 
summarizes the latest strategies to improve their electrochemical performance 
as well as presenting recent progress in operando diagnostics to disclose the 
physics behind the electrochemical performance and to provide guidance and 
approaches to design and synthesize advanced battery materials. Outlook and 
perspectives on the future research to build better SIBs are also provided.
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lithium-ion batteries (LIBs) have been 
considered as one of the most appealing 
candidates because of their outstanding 
merits such as high energy densities, 
long calendar life, lack of memory effect, 
and so forth.[2] Since first commercializa-
tion by Sony Corporation in the 1990s, 
LIBs have become the main power source 
for the portable electronics markets and 
are now showing great potential use for 
automobile market. However, because 
lithium is a rare metal element, the fea-
sibility of its widely use in grid-scale 
energy storage has become a serious con-
cern.[3] As shown in Figure 1a, the limited 
abudance of lithium is not enough to meet 
the increasing energy demands powered 
by LIBs technologies.[4] Moreover, lithium 

resources are nonuniformly distributed in the world (≈40% in 
South America) and are mainly monopolized by four compa-
nies, which will lead to sustained price increase in the near 
future (Figure 1b).[5]

For the above reasons and given the natural abundance of 
sodium resource, room-temperature sodium-ion batteries 
(SIBs) are viewed as a potential alternative to state-of-the-art 
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LIBs.[6] The components and working mechanisms of SIBs 
are basically similar to the rock-chair type LIBs, which relys on 
the shuttle of lithium ions between the cathode and the anode 
(Figure 1c). After the exploration of the Li/TiS2 system by 
Whittingham in 1976,[7] Newman and Kelmann reported that 
TiS2 can also host Na+ at room temperature in 1980.[8] How-
ever, because of the rapid advances and commercialization of 
LIB technologies, the exploration of SIBs has been minimal 
in the past decades. Another important reason is because 
SIBs present lower energy density than LIBs, making Na less 
attractive for automotive applications.[9] This is resulted from 
the larger atomic weight (23 for Na vs 7 for Li) and the lower 
standard electrochemical potential of Na (2.71 V for Na vs 
3.04 V for Li). Moreover, the larger ionic radius of Na+ (1.02 Å) 
than Li+ (0.67 Å) also brings more challenges on the develop-
ment of good Na-host materials with optimal electrochemical 
properties.[10] Despite these challenges, academic research 
activities on SIBs over the past few years have intensified 
due to the rapid development of novel synthetic methods and 
advanced characterization techniques (Figure 1d). Significant 
successes have been achieved in the development of advanced 
cathode materials,[11,12] anode materials,[13] and electrolytes[14] 
as well as the understanding of Na+ intercalation chemistry as 
determined by advanced diagnostic tools.[15,16] These successes 
are offering new opportunities to increase further the energy 
density of SIBs.

Cathode materials largely determine the energy density, 
lifespan and abuse tolerance of SIBs.[17] Figure 2a shows the 
specific capacities, working voltages, and energy densities of 
various reported cathode materials, which mainly incudes lay-
ered- and tunnel-structured sodium metal oxides; polyanion 
cathodes including pyrophosphates, phosphates, sodium (Na) 
super ionic conductor (NASICON) types and fluorophosphates; 
organic compounds; and hexacyanometalates such as prussian 
blue and prussian white.[12] Similar to LIBs chemistry, layered-
structured sodium metal oxides and polyanion cathodes have 
attracted the most attention. Despite most SIBs cathode mate-
rials are either imitating or duplicating from lithium analogues, 
there is a significant difference in the intercalation chem-
isties between sodiation and lithiation. For example, Okada 
et al. revealed that α-NaFeO2 could undergo reversible Fe4+/
Fe3+ redox reaction.[18] However, the lithium analogue LiFeO2 
was shown to be inactive.[19] Therefore, smart structure design 
strategies and good mechanistic understanding are required to 
develop advanced SIB cathode materials.

For some time, the absence of suitable anode materials has 
obstructed progress in the development of SIBs.[20] Graphite, 
the anode material of choice in state-of-the-art LIBs, can only 
store a small amount of sodium due to the insufficient inter-
layer distance and stretched CC bonds induced by sodiation, 
which makes the Na–graphite intercalation compound ther-
modynamically unstable.[21] The discovery of hard carbon as an 
SIB anode material by Stevens and Dahn in 2000 encouraged 
the development of advanced Na-based anode materials.[22] 
As shown in Figure 2b, carbon-based, Titanium (Ti)-based, 
NASICON-type, and alloy-based materials as well as conver-
sion reaction-based materials such as metal oxides/sulfides/
selenides, have been extensively explored.[13,20] Among them, 
carbon-based materials such as expanded graphite[23] and 

organic carboxylate[24] are still considered as promising anode 
materials owing to their moderate working voltage and con-
siderable specific capacities. Ti-based materials usually pre-
sent high rate capability and ultralong cycle life, showing 
great potential use for high-power SIBs.[25] Despite the rea-
sonable capacities of most metal oxides/sulfides/selenides 
and NASICON-type materials, their average working volt-
ages are too high, making them less attractive as the SIB 
anode.[26–29] Alloy-based materials, especially phosphorus-
based anode materials, are considered as the most appealing 
candidate because of their attractive theoretical capacities of up 
to 2596 mA h g−1.[30] However, stable host materials are usu-
ally required to overcome the large volume changes induced 
during repeated charge/discharge to achieve long-term cycle 
stability.[31]
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Electrolytes play a critical role on the safety, cycle life, and 
battery performance of SIBs. The interaction between elec-
trodes and electrolytes significantly affects the solid–electrolyte 
interphase (SEI) layer and the internal structure of active mate-
rials. As shown in Figure 2c, the electrolytes can be mainly cat-
egorized into aqueous, organic liquid, and solid state.[14] The 
average working voltages of SIBs based on aqueous electro-
lytes are in the range of 1.0–1.5 V, and the corresponding cell 
energy densities are less than 100 Wh kg−1, making them less 
attractive. Organic electrolytes have a higher stability window, 
i.e., 1.5–4.25 V, leading to energy densities of between 150 and 
300 Wh kg−1. Compared with the organic liquid electrolyte, 
a solid-state electrolyte has a more stable electrochemical 
window and higher safety, which enables high-voltage cathode 
materials and the use of Na metal as the anode; the resulting 
cell offers energy density of 500 Wh kg−1 or even higher.[14] 
However, challenges related to the ionic conductivity and inter-
facial problems between electrodes and electrolytes need to be 
addressed.

The development of advanced SIBs requires an in-depth 
understanding of the science behind their electrochemical per-
formance. Rechargeable batteries are very complex systems, 

which involve amorphous and crystalline structure evolution, 
which is sometimes accompanied by large volumetric changes 
during charge/discharge.[32] Also, the synthesis of battery mate-
rials greatly affected the chemical composition, morphology, 
and phase structures of battery materials and, thus, the elec-
trochemical performance.[33] Advanced diagnostic tools, espe-
cially operando based, are critical to elucidate the interplay 
between electrodes, electrolytes and interface. Recently, nuclear 
magnetic resonance (NMR) spectroscopy, transmission elec-
tron microscopy (TEM), and synchrotron-based techniques 
such as X-ray diffraction (XRD), pair distribution function 
(PDF) analysis, X-ray absorption spectroscopy (XAS), and 
transmission X-ray microscopy (TXM) have been widely used 
in SIB studies, which have advanced the development of this 
system (Figure 2d).[15,16,34]

Review articles related to sodium-ion batteries,[4,6,10,35–37] 
cathode materials,[11,17,38] anode materials,[13,37,39] and electro-
lytes[14,40] have been recently published by different groups; 
in this review article, we will focus on the most challenging 
problems for the most attractive SIB materials (i.e., cathode, 
anode, and electrolyte) and summarize the latest strategies to 
improve their electrochemical performance. We also present 
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Figure 1. a) Elemental abundance in the Earth’s crust.[4] b) Map of lithium resource availability and geostrategic impacts.[5] c) Schematic illustration 
of Na-ion batteries. d) Number of publications related to the sodium-ion batteries in the past decades. Data was derived from Web of Science using 
“sodium-ion batteries” as key word. Panel (a) reproduced with permission.[4] Copyright 2014, American Chemical Society. Panel (b) reproduced with 
permission.[5] Copyright 2012, Elsevier.
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recent progress of operando diagnostics to understand the 
relationship between structure and performance, and to pro-
vide guidance and approaches to design and synthesize better 
battery materials. For the cathode materials, we are particu-
larly interested in the high-voltage cycling stability challenges 
for layered-structured transtion metal oxide materials on 
account of the higher energy densities achieved by pushing 
up the working voltage range. The capacity fading mechanism 
and the corresponding optimization approaches such as sur-
face coating, cation and anion doping, and intergrated struc-
tures will be discussed. We will also focus on the polyanion 
cathodes for SIBs owing to their stability, safety, and suitable 
operating voltages. Structural effects on the electrochemical 
properties of NaFePO4, Na3V2(PO4)3, fluorophosphates, and 
Co-based pyrophosphates that have an energy density above 
400 Wh kg−1 will be summarized. For the anode materials, 
we will include recent progress of carbon-based, Ti-based, and 
phosphorus-based anode materials. We will also introduce the 
application of advanced diagnostic techniques to investigate 
thermal stability and synthetic studies of battery materials as 
well as widely reported battery cycling studies. Finally, we will 
provide an outlook and perspectives on the major challenges 
in using SIBs for larger-scale electrochemical energy storage 
applications.

2. Cathode Materials

2.1. Layered-Structured Sodium Metal Oxide Cathodes

Layered sodium metal oxides (NaxTMO2, TM = Ni, Co, Mn, Fe, 
Cr, V, Cu, etc.) with their analogues have received much atten-
tion because of their high theoretical capacities (for instance, 
235 mA h g−1 for O3-NaNiO2).[17] Typically, they consist of 
repeating TMO6 layers along the c-axis direction with Na+ being 
sandwiched in between the oxide layers. According to the 
definition by Delmas et al.,[41] the crystal structures of layered 
sodium metal oxides can be categorized into O3-(ABCABC), 
O′3-, P2-(ABBA), P3-(ABBCCA), and P′3-type (Figure 3a). 
O indicates that sodium occupies the octahedral site of sodium 
layers, P represents prismatic site, while prime (′) symbol indi-
cates a monoclinic distorted phase.[4,17,36]

For the O3-type cathodes, the x value representing the Na 
amount is very close to 1, offering higher initial capacities. 
Similar to O3-type LixTMO2, Na ions usually migrate through 
interstitial tetrahedral sites to avoid the high activation energy 
barriers by hopping directly from one octahedral site to an adja-
cent octahedral site (Figure 3b).[42,43] The x values for P2- and 
P3-type are usually in the range of 0.6–0.7. Contrary to O3-type, 
they present a much lower diffusion barrier because of their 

Adv. Energy Mater. 2018, 1702403

Figure 2. Performance data for SIB a) cathode materials, b) anode materials, and c) electrolytes [14]; d) diagnostic techniques for SIBs. Panel (c) repro-
duced with permission.[14] Copyright 2017, Royal Society of Chemistry.
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open diffusion path in ab direction (Figure 3b).[4] It has been 
found that the electrochemical performance of the P2- and 
O3-type material are heavily affected by the their phase struc-
tures. In this section, we will discuss recent development of 
P2- and O3-type layered transition metal oxide cathodes, in par-
ticular their high voltage cycle stability.

2.1.1. P2-Type Layered Sodium Metal Oxide Cathodes

Early studies by Delmas et al. revealed that P2-NaxCoO2 phase 
could be stable when the Na content is in the range of 0.46–
0.83.[44] Since then, various P2-type cathode materials such as 
NaxMnO2,[45–47] Na2/3FexMn1–xO2,[48–52] NaxCoyMn1–yO2,[53–56] 
Na2/3NixMn1–xO2,[57–61] Na2/3MnxFeyCo1–x–yO2,[62] and 
Na2/3NixCoyMn1–x–yO2

[63–65] have been reported by examining 
the role of different transition metals. It has been found that 
Ni can increase the average discharge potential and thus energy 
density of the materials because of its high redox potential, 
Co can improve the structure stability, and Mn can contribute 
to an increase in the thermal stability, while Fe can suppress 
minor structural transition during cycling and concomitant 
Na+ ordering processes and thus increases capacity reten-
tion.[55] Yamada and co-workers reported that by increasing 
y in P2-Na2/3MnyCo1–yO2, the initial specific capacity increases 
while the cycle stability degrades (Figure 4a).[53]

The morphological effect on the sodium storage performance 
of P2-type cathode materials was also explored. Through a two-
step self-templating method, as shown in Figure 4b, Lou and 
co-workers reported that compared to irregular P2-Na0.7CoO2, 
uniform P2-Na0.7CoO2 microspheres could demonstrate 
higher reversible capacity, improved cycle stability and rate 

capability.[66] Furthermore, Srinivasan and co-workers reported 
that P2-NaxCo0.1Mn0.9O2 spheres can combine the advantages 
of both Co doping and morphological effects and thus exhibit 
the best cycle stability (Figure 4c).[55] Operando XRD during 
charging revealed that P2-NaxMnO2 flakes undergo partial 
phase transition toward an orthorhombic crystal system during 
the sodiation process, while Co doping can prevent these struc-
tural transformations (Figure 4d).

Note that the electrochemical results discussed above are all 
within a relatively low voltage range, in which the P2 structure 
is relatively stable. Achieving reversible Na+ extraction at high 
operating voltages could further increase the energy density of 
SIB cathodes. However, the irreversible P2-O2 transition and 
the associate large volume change of the O2 phase (more than 
20%) would raise a serious concern on the cycle stability.[60] 
Komaba and co-workers have reported a P2-Na2/3[Fe1/2Mn1/2]O2 
cathode, which can exhibit 190 mA h g−1 based on the revers-
ible Fe4+/Fe3+ redox couple within 1.5–4.3 V (Figure 5a).[48]  
As a result, it can offer an energy density of ≈520 Wh kg−1, 
which is higher than previous reported SIBs and is com-
parable to that of LiFePO4 and spinel LiMn2O4 (Figure 5b). 
The authors claimed that the P2-OP4 instead of P2-O2 tran-
sition was involved and was highly reversible during charge/
discharge, and the OP4 was claimed to reduce the structural 
damage by gliding of layers, however, the observed rapid 
capacity fade (from 190 to 150 mA h g−1 in only 30 cycles) does 
not support their claim.[46] Guo and co-workers further dem-
onstrated that P2-Na2/3[Fe1/2Mn1/2]O2 can only maintain half 
of the initial capacity after 80 cycles within 1.5–4.2 V,[51] which 
presents almost the same fading rate as the results reported 
by Komaba and co-workers (Figure 5c). By using operando 
synchrotron X-ray powder diffraction, Guo and co-workers 
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Figure 3. a) Crystal structure and b) sodium-ion migration path[4] for O3, P2, and P3-type cathode materials for SIBs. Panel (b) reproduced with per-
mission.[4] Copyright 2014, American Chemical Society.
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found that the P2-Na2/3[Fe1/2Mn1/2]O2 was transformed to 
OP4 phase when charged to 4.2 V, and further returned into 
a P2-type orthorhombic phase with a Cmcm space group when 
discharged to 1.5 V (Figure 5d).[51] The rapid capacity fading 
mainly comes from the associated large cell volume changes 
with the multiple two-phase reactions. Moreover, Yang and co-
workers reported that the transition metal cations migration 
into the tetrahedral sites in the sodium layers would also dete-
riorate the cycling stability, which is because it would increase 
the occupancy energy and inhibit the migration of Na+ to 
the neighboring octahedral sites, thus leading to the gradual 
destruction of layer structures.[67] In addition, the oxygen 
activity is another possible reason for this capacity fading. Sim-
ilar capacity fade during high-voltage cycling for P2-type cath-
odes was also reported in the case of Na2/3(Mn1/2Fe1/4Co1/4)
O2,[62] Na0.67Mn0.67Ni0.33O2,[68] Na2/3[NixMn1–x]O2,[60,69] and 
Na0.67Mn0.72Ni0.14Co0.14O2.[63]

Another challenging problem for P2-type cathodes is their 
sodium deficiency.[70] In a real SIB, the amount of sodium ion 
needed for charge storage would solely rely on the sodium 
reservoir on the cathode side. The lack of a sodium reservoir 

in P2-type cathodes creates a technological barrier to use an 
anode material without sodium, such as hard carbon. Some 
researchers have performed the pre-sodiation of the carbon 
using a half-cell configuration, then dismantled the cell and 
used the carbon anode against the sodiated cathode to over-
come the irreversibility of the anode.[71] However, this method 
cannot be scaled up for commercialization. Tarascon and co-
workers reported that Na3P can be used as the sacrificial salt 
to generate higher reversible capacity and to compensate for 
the sodium deficiency of P2-type cathode materials.[72] How-
ever, Na3P cannot be handled in air or a dry atmosphere. 
Singh and co-workers found that the sodium deficiency issue 
of the P2-Na0.67[Fe0.5Mn0.5]O2 cathode can be overcome by the 
addition of NaN3.[73] However, the generation of N2 gas during 
the nonreversible electrochemically driven decomposition of 
NaN3 upon oxidation is detrimental to the battery, causing N2 
overpressure that can lead to cell venting. Moreover, the low 
Na content in NaN3 (only 35% Na by weight) imposes a pen-
alty on the energy density. Hence, the search for an optimum 
Na compensation approach for P2-type cathodes remains a 
challenge.

Adv. Energy Mater. 2018, 1702403

Figure 4. a)Specific capacity at the 1st and 30th discharge for P2-Na2/3MnyCo1−yO2.[53] b)Schematic illustration of the two-step synthesis of  
P2-Na0.7CoO2 (NCO) microspheres and cycling performance of sphere Na0.7CoO2 and irregular Na0.7CoO2 at a current rate of 0.4 C.[66] c)Cycling sta-
bility of NMO flakes and spheres and NCO flakes and spheres at 50 mA g−1.[55] d)Morphologies and the corresponding structure evolution of NCO 
spheres and NMO flakes during charge by synchrotron X-ray diffraction.[55] Reproduced with permission.[53,55,66] Panel (a) reproduced with permis-
sion.[53] Copyright 2013, American Chemical Society. Panel (b) reproduced with permission.[66] Copyright 2017, Wiley-VCH. Panels (c,d) reproduced 
with permission.[55] Copyright 2016, American Chemical Society.
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2.1.2. O3-Type Layered Sodium Metal Oxide Cathodes

Unlike P2-type cathodes, O3-type cathodes possess higher 
Na content (very close to 1) and are hence more promising 
for practical application. The reversible sodium cycling from 
O3 α-NaFeO2 in sodium-ion cells was first reported by Okada 
et al.[18] Komaba and co-workers further studied the cut-off 
voltage dependency on the structure and performance of the 
α-NaFeO2 cathode.[74] Since then, layered Fe-based cathode 

materials such as NaFe0.5Co0.5O2,[75] NaxMn1/3Fe2/3O2,[76] NaFeO2-
Na[Ni1/2Mn1/2O2],[77] Na[Ni1/3Fe1/3Mn1/3]O2,[78] Na[Ni1/3Fe1/3Co1/3]
O2,[79] Na[Ni0.25Fe0.5Mn0.25]O2,[80] and Na(NiCoFeTi)1/4O2

[81] have 
been thoroughly examined within a cut-off voltage of 4.0 V  
or lower. It was found that moderate capacities in the range 
of ≈100–140 mA h g−1 can be obtained but at the expense of 
use of toxic Co.[74–76] It should be also noted that adding Co 
could increase the cost of the cathode material. To address this 
problem, Hu’s group reported a O3-Na0.9[Cu0.22Fe0.30Mn0.48]O2  

Adv. Energy Mater. 2018, 1702403

Figure 5. a) Comparison of the discharge capacity retention of P2- and O3-Na2/3[Fe1/2Mn1/2]O2 (NFMO) in sodium cells within 1.5–4.3 V at 
12 mA g−1.[48] b) A comparison of reversible capacity and operating voltage ranges of the layered sodium insertion materials.[48] c) Cycle stability 
of a typical NFMO-containing coin cell within 1.5–4.2 V at 0.1 C.[51] d) Phase evolution of the NFMO cathode during de-sodiation and sodiation.[51] 
e) Schematic diagram showing the structural transformation of Na0.66Ni0.33Mn0.67O2 observed experimentally.[67] Panel (a,b) reproduced with permis-
sion.[48] Copyright 2012, Nature Publishing Group. Panel (c,d) reproduced with permission.[51] Copyright 2015, American Chemical Society. Panel (e) 
reproduced with permission.[67] Copyright 2016, American Chemical Society.
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cathode based on Cu, Fe, and Mn elements.[82] This cathode 
could deliver ≈100 mA h g−1 with stable cycle life up to 100 cycles.  
Moreover, an O3-Na0.9[Cu0.22Fe0.30Mn0.48]O2/hard carbon proto-
type SIB was demonstrated, which can provide an energy den-
sity of 210 Wh kg−1 within 100 cycles. In another study, Lee et 
al. reported that more than 20% of the Fe4+ species that was gen-
erated in the de-sodiated Na1–xFeO2 electrode was spontaneously 
reduced back to Fe3+ during open circuit storage of a charged 
cell.[83] They further found that part of iron ions would migrate to 
neighboring tetrahedral sites in sodium layers and subsequently 
result in pinning the original O3 phase down and blocking 
sodium diffusion pathways. Therefore, the chemical and struc-
tural instabilities related to the Fe4+/Fe3+ species require more 
attention for the future development of stable layered Fe-based 
cathode.

O3-NaCrO2 material has also attracted considerable interest 
as an SIB cathode. Hagenmuller and co-workers reported that 
NaCrO2 can accommodate reversible de-intercalation/inter-
calation of Na+ in the early 1980s.[84] Later, Komaba et al. also 
revealed that a reversible Cr4+/Cr3+ redox reaction can take place 
during the electrochemical reaction of O3-NaCrO2 because of its 
large interslab distance.[85] Moreover, good thermal stability of 
de-sodiated O3-NaCrO2 was confirmed by Xia and Dahn.[86] In 
addition, carbon coating can effectively increase cycle stability, 
rate performance and heat generation onset temperature of the 
NaCrO2 cathode.[87] The electrode performance of O3-NaCrO2 
at elevated temperature (80 °C) has been recently reported in 
pure ionic liquid–alkali metal ions (Na+ and K+) as cations, and 
bis(fluorosulfonyl)amide (FSA) as an anion, excellent cycla-
bility, and rate capability have been demonstrated.[88] Recently, 
Fu and co-workers further demonstrated the feasibility of uti-
lizing the reversible Cr6+/Cr3+ redox couple during the charge/
discharge process in O3-type layered NaFe1/3Cr1/3Mn1/3O2 
cathode.[89] They found that Fe3+ and Mn4+ doping can prevent 
the disproportionation reaction of Cr4+. Therefore, this O3-type 
NaFe1/3Cr1/3Mn1/3O2 can deliver 186 mA h g−1 together with 
good Coulombic efficiency (CE) for room-temperature SIBs. 
However, due to the harmful effect of Cr6+ to the environment 
and human body, it needs to be carefully handled.

Considering the success of the Li[NiCoMn]O2 family as the 
cathode in LIBs, Prakash and co-workers revisited the Na-based 
layered oxides with special attention to NaNi1/3Mn1/3Co1/3O2.[65] 
Recently, Sun and co-workers conducted a systematic study 
on layered Na[NixCoyMnz]O2 cathodes to investigate the role 
of transition metal on their specific capacities, cycle stability, 
and abuse tolerance.[90] It can be concluded that increasing the 
content of Ni in the material can have higher specific capacity 
but at the expense of decreased cycle stability; Co is mainly 
used to stabilize the crystal structure and can thus improve 
the cycle stability; while Mn is related to the safety issue of 
the cathode materials, i.e., higher Mn, better thermal sta-
bility. Sun and co-workers further explored the morphological 
effects on the electrochemical performance of Na[NixCoyMnz]
O2.[91] They proposed a full concentration gradient layered 
Na[Ni0.60Co0.05Mn0.35]O2 cathode (Figure 6a,b), which demon-
strated much better electrochemical performance than bulk 
sample without concentration gradient distribution.[91] The 
hierarchical columnar Na[Ni0.60Co0.05Mn0.35]O2 can maintain 
a reversible capacity of above 120 mA h g−1 after 100 cycles 

at 15 mA g−1. Furthermore, a Na[Ni0.60Co0.05Mn0.35]O2/hard 
carbon prototype cell that can deliver 143 mA h g−1 with a 
stable cycle life up to 300 cycles in 1.5–2.9 V was demonstrated 
(Figure 6c).

Similar to P2-type cathode materials, the stable cycle perfor-
mance of the above-mentioned O3 cathode materials is usually 
obtained within a relatively low voltage range. The stabilities of 
cathode structures and electrolytes remain a serious concern 
during high-voltage cycling. For example, O3-NaNi0.5Mn0.5O2 
electrodes can deliver ≈125 mA h g−1 based on the Ni3+/
Ni2+ redox couple (Mn4+ is inactive) with stable cycle life 
at 4.8 mA g−1 in 2.2–3.8 V. However, when the voltage is 
increased to 4.5 V, despite a higher initial charge capacity up to 
250 mA h g−1, a large initial irreversible capacity loss together 
with poor cycle stability was observed (Figure 7a,b).[92] It has 
been also found that O3-NaNi0.5Mn0.5O2 undergoes compli-
cated structure evolution of O3hex-O3′mon-P3hex-P3′mon-P3″hex 
upon charging (Figure 7c). The formation of P3″hex phase is 
highly related to the incorporation of intercalation of electro-
lyte solvents considering the anomalously large interslab dis-
tances (≈7.0 Å), which would deteriorate the structure revers-
ibility and further cycle stability. Sathiya et al. also reported that 
the NaNi1/3Co1/3Mn1/3O2 cathode can deliver higher capacity 
when raised the charge voltage to 4.2 V, but at the expense 
of intense capacity loss during the first few cycles in the case 
of O3-NaNi1/3Mn1/3Co1/3O2.[65] Using synchrotron-based 
operando high-energy XRD combined with electrochemical 
measurements, Wang et al. reported the dissymmetric phase 
transformation and structure evolution mechanism of layered 
O3-NaNiO2 material during the initial charge/discharge pro-
cess.[93] Phase transformation and deformation of O3-NaNiO2 
below 3.0 and over 4.0 V were attributed to the irreversible 
capacity loss in the initial cycle.

2.1.3. Strategies to Improve High-Voltage Cycling Stability

In the above section, we discussed the electrochemical behav-
iors of P2- and O3-type cathode materials at different voltage 
ranges. Figure 8 compares the specific capacity, capacity reten-
tion, and cycle life of bare P2- and O3-type cathode materials 
reported in the literature. The star means lower voltage range 
(<4.1 V), while the circle represents high voltage range (>4.1 V). 
It can be found that most P2 and O3 cathodes present mod-
erate capacities of around 120–150 mA h g−1 with a capacity 
retention of above 80% for up to 100 cycles. However, when 
cycled in the high-voltage range, the capacity retention was 
dramatically decreased to only 40% in some cases. Irreversible 
structure evolution such as P2-O2 (OP4) and O3-P3″ transfor-
mation, transition cation migration, stacking faults, oxygen 
activity and electrolyte decomposition are the main cause for 
the observed capacity fading. It is encouraging to see that sig-
nificant improvements have been achieved in the past few years 
by using smart structure design approaches, which mainly 
include surface modification, cation and/or anion doping, and 
integrated structures.

Surface Modification: Surface modification has been fre-
quently applied to enhance the cycle stability and rate capability 
of electrode materials for LIBs.[94] The coating materials include 
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mainly conductive carbon materials, metal oxides, metal 
fluorides and so forth.[95] The main function of surface modifi-
cation is to suppress the side reactions between electrode mate-
rials and electrolytes. In the case of O3-type cathode materials, 
surface coating study to improve their cycle stability during 
high-voltage cycling has yet to be reported. So far, there are only 
a few reports on P2-type layered-structured cathode materials.

Park et al. reported a P2-Na2/3Fe1/2Mn1/2O2 cathode with a 
thin and uniform amorphous surface carbon coating layer 
by using 2, 3-dihydroxynaphthalene (DN) as a carbon source 
(Figure 9a).[96] It was reported that the 0.2 wt% DN-coated 
Na2/3Fe1/2Mn1/2O2 sample deliver 20% higher capacity than an 
uncoated sample within 2.0–4.2 V. Nevertheless, the capacity 
retention between the DN-coated and bare samples was almost 
the same (77.7% vs 77.8%), indicating that the increased 
capacity may mainly come from the increased electronic con-
ductivity, while the phase instability during high-voltage cycling 
has not been well addressed. Sun’s group claimed that, com-
pared to carbon coating, metal oxide coatings can well maintain 
the electrode structure integrity, and could thus lead to better 
cycle stability.[97] Based on atomic layer deposition (ALD), they 
reported on an Al2O3-coated P2-type Na2/3(Mn0.54Ni0.13Co0.13)O2 
(denoted as “MNC”) cathode.[98] They found that an ultrathin 
Al2O3 layer (≈0.3 nm) on the MNC electrode can inhibit the side 
reactions between MNC particles and electrolytes. Therefore, it 

can effectively suppress the dissolution of the ion-conductive 
SEI, and minimize the dissolution of active materials into the 
electrolyte as well as increase the discharge capacity and cyclic 
stability of the pristine material, especially at high working 
voltage (2.0–4.5 V). Very recently, Meng and co-workers also 
reported on an Al2O3-coated P2-Na2/3Ni1/3Mn2/3O2 cathode 
with a coating thickness of 1 nm that was prepared using ALD 
(Figure 9b).[99] Although the capacity retention was not dra-
matically improved because of the severe phase transformation 
that occurs above 4.2 V (Figure 9c), the Al2O3 coating indeed 
improved the CE of the cathode material during cycling. The 
efficiency was 91.6% in the first cycle and quickly reached 99% 
in the fifth cycle in the case of ALD-coated sample. For com-
parison, an uncoated electrode exhibited an efficiency of 83.8% 
in the first cycle and 95.2% by the fifth cycle, indicating an irre-
versible reaction. Liu et al. recently reported that by using a wet-
chemistry method, P2-Na2/3Ni1/3Mn2/3O2 with a thicker Al2O3 
surface coating layer (≈12 nm) indeed demonstrated much 
better cycle stability than bare P2-Na2/3Ni1/3Mn2/3O2 within 
2.5–4.3 V (71.8% vs 26.8% in 300 cycles).[60] Although surface 
modification can somehow enhance the cycle stability, unfor-
tunately, it helps very little in the lattice electronic conductivity 
or chemical diffusion coefficient of Na ions within the crystal, 
which may play a more critical role on their capacity fading 
during high-voltage cycling.

Adv. Energy Mater. 2018, 1702403

Figure 6. a) Representative hemisphere image of new concept design for the RAHC cathode materials. b) Electron probe microanalyzer results (inset: 
cross-sectional SEM image) of sodiated Na[Ni0.60Co0.05Mn0.35]O2. c) Long-term cycle retention of C/Na[Ni0.60Co0.05Mn0.35]O2 RAHC and C/bulk full cells 
(cutoff: 1.5–3.9 V, current density: 75 mA g−1). Panel (a–c) reproduced with permission.[91] Copyright 2015, Nature Publishing Group.
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Figure 8. Plot of the capacity retention, specific capacity, and cycle life of some reported P2 and O3-type cathode materials for SIBs.

Figure 7. a) Discharge capacity retention of sodium/NaNi0.5Mn0.5O2 cells under different experimental conditions. b) Initial charge and discharge 
curves of the sodium/NaNi0.5Mn0.5O2 cell at a rate of 1/50 C (4.8 mA g−1) in the voltage ranges of 2.2–3.8 and 2.2–4.5 V versus sodium metal.  
c) Change in the crystallographic parameters and phase evolution of Na1−xNi0.5Mn0.5O2 as a function of the x value: averaged metal–metal interatomic 
distances (bottom) and interslab distances (middle). The first charge curve of the sodium/NaNi0.5Mn0.5O2 cell is shown for comparison (top). Panel 
(a–c) reproduced with permission.[92] Copyright 2012, American Chemical Society.
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Cation and Anion Doping: Substitution of a small amount of 
Na+, transition metal ions, and O2− in NaTMO2 by other cations 
and anions has proved to effectively enhance the cycle sta-
bility of P2- and O3-type cathode materials during high-voltage 
cycling. Note that doping in the Na+ site usually results in the 
formation of integrated structures, which will be introduced in 
the next section. Here we focus on the doping in the TM sites 
and O sites for P2- and O3-type cathodes.

Cation Doping in TM Sites: Monovalent doping. Li+ doping 
on the TM sites is an effective way to improve the structure 
stability of layered cathode materials during high-voltage 
cycling. Kim et al. for the first time reported that substitution 
of Ni and Mn in Na[Ni0.25Mn0.75]Oδ with a small amount of 
Li could stabilize the layered structure.[100] The Li-substituted 
Na0.85Li0.17Ni0.21Mn0.64O2 presented smooth voltage profile 
within 2.0–4.2 V, indicating a single-phase sodium intercala-
tion mechanism. After that, Meng and co-workers reported a Li-
substituted layered P2-Na0.80[Li0.12Ni0.22Mn0.66]O2 cathode also 
with smooth voltage profile (Figure 10a). They found that this 
material bypassed the irreversible P2-O2 phase transformation 
and well maintained the P2 structure even at the deep charge 
state (4.4 V), which is dramatically different from bare P2-type 
cathodes.[101] Using NMR, Meng and co-workers further found 
that part of Li ions migrate from the transition metal layer to the 
Na layer in the high-voltage region, and yet this process is highly 

reversible (Figure 10b). They further reported a Li-substituted 
O3-structured NaLi0.07Ni0.26Mn0.4Co0.26O2 layered oxides, which 
had an initial high capacity of 147 mA h g−1 and stable cycle 
life within 1.5–4.5 V.[102] Sun and co-workers also reported a Li-
substituted O3-type Na[Li0.05(Ni0.25Fe0.25Mn0.5)0.95]O2, which can 
deliver 180.1 mA h g−1 together with good cycle stability during 
high-voltage cycling, showing much better electrochemical per-
formance than bare Na[Ni0.25Fe0.25Mn0.5]O2 cathode.[103] It was 
found that the incorporation of Li into TM layer improves the 
structural integrity because of stronger LiO bond than NiO, 
and MnO bonds. As a result, the migration of Fe could be sup-
pressed by the presence of Li in the crystal structure. Meng et al. 
further reported a Li-substituted O3-Na0.78Li0.18Ni0.25Mn0.583Ow 
cathode, which shows exceptionally high discharge capacity of 
240 mA h g−1 within 1.5–4.5 V (Figure 10c), leading to an ultra-
high energy density of 675 Wh kg−1 (Figure 10d).[104]

Divalent Doping (Mg2+, Zn2+, and Cu2+): Mg2+ doping is 
another popular way to enhance the cycle stability of high-
voltage layered cathodes.[47,69,105–107] First-principles study has 
revealed that a small amount of Mg2+ doping in NaCoO2 will 
improve the average intercalation potential as well as electronic 
conductivity and enhance the Na diffusion rate, which makes 
Mg-doped NaCoO2 more attractive for cathode materials.[108] 
Bruce and co-workers reported that substitution of Mn3+ with 
Mg2+ can effectively suppress the Jahn–Teller effect of Mn3+ in 
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Figure 9. a) Schematic for the uniform carbon-coating process on P2-Na2/3Fe1/2Mn1/2O2.[96] b) TEM image of the uncycled Al2O3-coated Na2/3Ni1/3Mn2/3O2 
composite electrode prepared by ALD.[99] c) Galvanostatically cycled electrodes demonstrating specific capacity versus cycle at C/20 rate and Coulombic 
efficiency as a function of cycle number.[99] Panel (a) reproduced with permission.[96] Copyright 2015, Royal Society of Chemistry. Panel (b,c) reproduced 
with permission.[99] Copyright 2017, American Chemical Society.



www.advenergymat.de

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1702403 (12 of 63)

P2-Na0.67MnO2.[105] Guo and co-workers also reported that sub-
stitution of Ni with Mg in P2-Na0.67Mn0.67Ni0.33O2 could prevent 
the irreversible P2-O2 phase transition, and could thus improve 
the capacity retention.[107] As shown in Figure 11a, with an 
optimum content of 5% Mg, the P2-Na0.67Mn0.67Ni0.28Mg0.05O2 
cathode can deliver 123 mA h g−1 with no sign of capacity 
fading in the initial cycles. Using solid-state NMR, synchrotron 
X-ray and neutron diffraction, Grey and co-workers performed 
a comprehensive study on the sodium storage performance 
and structural changes of P2-type NaxMn1–yMgyO2 (y = 0.0, 
0.05, 0.1) materials during electrochemical cycling. As shown 
in Figure 11b, in the bare P2-type NaxMnO2, complete phase 
transformation of P2-OP4 phase occurs by 3.6 V, when x < 0.24. 
In the 5% and 10% Mg-doped compounds, with an end-of-
charge Na content of 0.28 and 0.32, respectively, the frequency 
of layer shearing events is reduced, and partial P2-to-OP4 
phase transition takes place at a higher potential.[47] Yang and 
co-workers reported that Zn doping in the TM layers can have 

similar benefits on the structure stability, leading to smoother 
voltage profiles and improved capacity retention (Figure 11c).[68] 
The Zn-substituted sample Na0.66Ni0.26Zn0.07Mn0.67O2 delivers 
higher reversible capacity of 118 mA g−1 after 30 cycles than 
Zn-free samples. Kang et al. further compared the effect of 
Cu2+, Mg2+, and Zn2+ doping on the Na0.67MnO2.[109] In these 
cases, Mg and Zn are inactive, while Cu3+/Cu2+ redox reaction 
took place during the electrochemical reaction. Figure 11d com-
pares the voltage profiles of the samples with Mg2+, Zn2+, and 
Cu2+ doping. Among them, Na0.67Cu0.2Mn0.8O2 show higher 
average working voltage, which can lead to higher energy den-
sity. Figure 11e further revealed that Cu2+ doping can also sig-
nificantly enhance the rate capability, while the improvements 
by Zn2+ and Mg2+ are minimal.

Trivalent (Al3+) Doping: Ceder et al. reported that Al sub-
stitution in LiCoO2 could increase the intercalation poten-
tial using first principles calculations.[110] Since that time, Al 
doping has been widely used in cathode materials of LIBs to 
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Figure 10. a) Electrochemical voltage profiles of Na0.80[Li0.12Ni0.22Mn0.66]O2.[101] b) Isotropic slices of 7Li pj-MATPASS NMR spectra acquired at 200 MHz 
on as-synthesized P2-Na0.8[Li0.12Ni0.22Mn0.66]O2 and at three different stages along the first electrochemical cycle. pj-MATPASS experiments were per-
formed by using a train of five nonselective π/2 pulses. The spectra have not been scaled to represent the total Li content in the sample at each stage 
of the cycle.[101] c) Cycling performance of Na0.78Li0.18Ni0.25Mn0.583Ow with 125 mA g−1 current density. The inset is the corresponding electrochemical 
voltage profile.[104] d) Comparison of reversible capacities for the intercalation-based Na cathodes.[104] Reproduced with permission.[101,104] Panels 
(a,b) reproduced with permission.[101] Copyright 2014, American Chemical Society. Panels (c,d) reproduced with permission.[104] Copyright 2015, Royal 
Society of Chemistry.
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improve their structure stability. It has been found that Al 
stabilizing effect mainly comes from the strong AlO iono-
covalent bonding via Al(s)-O(p) overlap with a high degree 
of charge transfer from Al to oxygen.[111] In 2013, Yuan et al. 
firstly investigated the impact of Al doping on the layered 
cathode materials for SIBs.[112] As shown in Figure 12a, the 
Na0.67[Mn0.65Ni0.15Co0.15Al0.05]O2 cathode presented stable 
voltage profiles in 50 cycles, while the Al-free sample exhib-
ited a noticeable voltage decrease at the high voltage region, 
indicating that Al doping significantly improved the structural 
stability during high-voltage charging. Therefore, the cycle 
stability of Al-doped cathode was improved (Figure 12b). Has-
soun and co-workers also reported that the Al-doped P2-type 
Na0.6Ni0.22Al0.11Mn0.66O2 can attain stable and high reversible 
capacity of over 200 mA h g−1 in 50 cycles within 1.5–4.6 V 
(Figure 12c).[113] Using operando scanning electron micro-
scopy (SEM) and XRD, they found that the low conductivity 
of the high-voltage phase may be related to the appearance of  
O stacking within the P-type structure (Figure 12d).

Quadrivalent Doping (Ti4+ and Zr4+): There is also con-
siderable interest in Ti4+ doping to stabilize the crystal 
structure of P2- and O3-type cathodes for SIBs. Komaba 
and co-workers reported with 1/6 Ti4+ substitution for Mn, 
the Na2/3Ni1/3Mn1/2Ti1/6O2 can deliver 127 mA h g−1 with 
stable cycle life (Figure 13a).[114] For O3-type cathode mate-
rial, Guo and co-workers recently reported a Ti-substituted 
NaNi0.5Mn0.5–xTixO2 with reversible O3-P3 phase transition 
upon Na+ de-intercalation/intercalation, which delivered an 
initial discharge capacity of 135 mA h g−1 with 85% capacity 
retention after 200 cycles at 1C based on the Ni3+/Ni2+ redox 
couple.[115] They further reported the co-doping of Cu/Ti in 
NaNi0.45Cu0.05Mn0.4Ti0.1O2 can significantly extend the cycle 
life up to 500 cycles and enhanced structure stability toward 
moisture.[116] Unfortunately, the Komaba et al. and Guo et al. 
groups tested the Ti4+-doped materials only within 2.0–4.0 V; 
their electrochemical behavior in the high-voltage region was 
not explored. Indeed, Chen and co-workers reported a Ti-sub-
stituted O3 Na[Ni0.4Fe0.2Mn0.4–xTix]O2 cathode, which displays 
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Figure 11. a) Galvanostatic charge/discharge voltage profiles of various P2-type Na0.67Mn0.67Ni0.33–xMgxO2 electrodes (x = 0, 0.02, 0.05, 0.10, and 0.15) 
at 0.1C (1C = 173 mA g−1).[107] b) Ranges of P2, P2′, and OP4 phase stability for NaxMn1–yMgyO2 (y = 0.0, 0.05, 0.1) upon electrochemical Na removal 
and reinsertion, obtained from Rietveld refinements of diffraction data.[47] c) Charge/discharge curves of Na0.66Ni0.33–xZnxMn0.67O2 (x = 0, 0.07, and 
0.14) at a current density of 12 mA g−1.[68] d) The comparison of representative charge/discharge curves at 10 mA g−1 and e) the rate capabilities of 
Na0.67M0.20Mn0.80O2 (M = Cu, Zn and Mg) electrodes.[109] Panel (a) reproduced with permission.[107] Copyright 2016, Wiley-VCH. Panel (b) reproduced 
with permission.[47] Copyright 2016, Royal Society of Chemistry. Panel (c) reproduced with permission.[68] Copyright 2015, Elsevier. Panel (d,e) repro-
duced with permission.[109] Copyright 2015, Royal Society of Chemistry.
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much better electrochemical properties than previously 
reported NaFey[Ni1/2Mn1/2]1–yO2, which can maintain a revers-
ible capacity of above 120 mA h g−1 in 200 cycles at 14 mA g−1 
within 2.0–4.2 V (Figure 13b).[117]

Because of the larger ion radius and the stronger bond 
energy of ZrO than NiO, CoO, or MnO, Zr4+ doping 
has been also applied to enhance the cycling properties of lay-
ered cathode materials for SIBs.[118] The substitution of Zr4+ 
for Fe3+ can notably improve the cycle stability and rate perfor-
mance. As shown in Figure 13c,d, the Zr-substituted P2-type 
Na0.75Mn0.55Ni0.25Co0.05Fe0.15O2 cathode showed better rate 
capability and cycle stability than the un-doped sample.

Doping in O Sites: Compared to cation doping, anion doping 
on the O sites has been much less reported. Very recently, 
Huang’s group investigated the effect of F− doping on the 
O3-type NaNi1/3Fe1/3Mn1/3O2.[119] The results indicate that the 
binding energy of oxygen changes as a result of F− doping. In 
addition, F− doping results in changes to the stoichiometry of 
Mn4+/Mn3+, which stabilizes the O3-type layered structure, 
thus improving cycling performance. Unfortunately, Huang 
et al. did not explore the effect of F− doping on the cycle per-
formance in high-voltage region. However, based on the sig-
nificant improvements on the cycle stability of the high-voltage 
Li[Ni1/3Co1/3Mn1/3]O2 cathode and 5 V-LiNi0.5Mn1.5O4 cathode 

by fluorine doping, anion doping on the layered cathodes of 
SIBs should attract more attention in the future. The improved 
reaction mechanism by anion doping should be also explored 
to find out the best chemical composition.

Integrated Structures: Integrated structures have been recently 
proposed to integrate the advantages of P-type and O-type 
cathode materials. The intergrowth structures are composed 
of topotactic layers with nanometer thickness. Thus, these 
nanodomains will affect the crystal structure evolution of their 
adjacent layers. There are two reported approaches to form the 
intergrowth structures: one is to substitute Na with Li+ or K+; 
the other is to control the synthesis conditions.

The earlier intergrowth work related to layered cathode 
materials for SIBs was reported by Lee et al.[120] As shown in 
Figure 14a, Li substitution for Na in Na1–xLixNi0.5Mn0.5O2 
undergo a Na-O3, Na-P2, and Li-O3 phase transition along with 
increasing Li content. With an optimal Li content of 0.3, an 
O3-majority P2/O3 intergrowth structure was formed, which 
was confirmed by high-resolution TEM (HRTEM) (Figure 14b). 
As shown, the topotactic intergrowth of P2 and O3 at an atomic 
scale can be clearly observed. The rate performance compar-
ison in Figure 14c showed that Li substitution can significantly 
enhance the rate performance of Na1–xLixNi0.5Mn0.5O2. 
The O3-dominated Na0.7Li0.3Ni0.5Mn0.5O2+d can maintain 
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Figure 12. a) Charge/discharge curves of Al-doped Na0.67[Mn0.65Ni0.15Co0.15Al0.05]O2 (NaMNC) at 20 mA g−1.[112] b) Comparison on the cycling performance 
of undoped and Al-doped NaMNC cathodes at 20 mA g−1.[112] c) Cycling behavior of Na/P2-Na0.6Ni0.22Al0.11Mn0.66O2 cells performed at 20 mA g−1 within var-
ious voltage ranges.[113] d) SEM micrographs of the P2-Na0.6Ni0.22Al0.11Mn0.66O2 electrode at different charge/discharge states.[113] Panels a,b) reproduced 
with permission.[112] Copyright 2013, Royal Society of Chemistry. Panels c,d) reproduced with permission.[113] Copyright 2017, Royal Society of Chemistry.
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almost 95% of its initial capacity when the current density 
is increased from 15 to 150 mA g−1, much higher than Li-
free NaNi0.5Mn0.5O2 (40%). However, the cycle life is limited 
to only 20 cycles as the O3-P3 phase transition dominated 
during the cycling process. For this reason, Zhou and co-
workers reported a P2+O3 Na0.66Li0.18Mn0.71Ni0.21Co0.08O2+d  
layered oxide composite by integrating minor O3 into lith-
ium-substituted P2-majority layered material.[121] The scan-
ning TEM for the nearby interface of P2- and O3-type phases 
indicates the coherent orientation relationship by intergrowth 
of nanoscale domains (Figure 14d). The electrochemical test 
showed that the P2+O3 Na0.66Li0.18Mn0.71Ni0.21Co0.08O2+d can 
deliver 112.5 mA h g−1 after 150 cycles at 0.5 C within 1.5–4.5 V.  
(Figure 14e). However, the interplay mechanism between O3 
and P2 in the composite is not reported. Besides Li+ doping, 
Wang et al. further investigated the effects of K+ doping on 
P2-type Na0.67Mn0.72Ni0.14Co0.14O2 materials.[63] They found that 
along with increasing K+ content, P3-type phase emerged. This 
may be due to the large ionic radius of K+, which will expand 
the interlayer d-spacing to form P3 phase. Therefore, the  
P2/P3 Na0.66K0.01Mn0.72Ni0.14Co0.14O2 showed very good rate 
performance. A reversible capacity of 112.0 mA h g−1 after  
100 cycles was retained when cycled within 1.5–4.3 V at 2.0 C.

The above studies mainly focused on Li+ or K+ substitu-
tion on the Na sites to form layered NaTMO2 with integrated 
structures. Keller et al. reported that the phase structures of 
cathode materials can be tuning by controlling the synthetic 

conditions. P2, O3, and mixed P3/P2/O3-type cathodes can 
be prepared by controlling the sintering temperature and 
cooling process (Figure 15a).[122] Among them, P3/P2/O3 
Na0.76Mn0.5Ni0.3Fe0.1Mg0.1O2 is able to deliver the highest revers-
ible capacity within 2.0–4.3 V (Figure 15b). This result indicated 
that by optimizing the synthetic condition to formulate new 
mixtures with optimal P/O ratios, further improvements can be 
achieved. Using operando HEXRD, Xu et al. were able to track 
the phase structural transformation of layered cathode mate-
rials during their formation process.[123] It can be clearly seen in 
Figure 15c that triple-phase co-existence (P2/O3/O1) occurred 
along with increasing the calcination temperature. However, it 
was found that the P2/O3/O1 intergrowth structure gradually 
disappeared during the cooling process (Figure 15d). Based on 
this finding, Xu et al. prepared three layered cathode materials 
with P2/O3/O1, P2/O3, and P2/P3 structure (Figure 15e). The 
electrochemical testing showed that the reversible capacity and 
cycle stability of P2/O3/O1 cathode material was significantly 
improved compared to the other two kinds of cathode mate-
rials within 2.0–4.4 V (Figure 15f). This is because the unique 
intergrowth region formed in the P2/O3/O1 cathode material 
can help to stabilize the crystal structure and thus lead to an 
improved cycle performance.

Besides intergrowth P/O cathode materials, Zheng et 
al. reported a spinel-integrated P2-type layered cathode for 
high-power SIBs.[124] Compared to the bare P2-type cathode, 
the spinel-integrated Na0.50Ni1/6Co1/6Mn2/3O2 demonstrates 

Adv. Energy Mater. 2018, 1702403

Figure 13. a) Capacity retention of Na//Na2/3Ni1/3Mn2/3–xTixO2 (0 ≤ x ≤ 2/3) cells.[114] b) The cycling performance and the Coulombic efficiency of Na/
Na[Ni0.4Fe0.2Mn0.2Ti0.2]O2 at 0.1 C rate in the voltage range of 2–4.2 V. Reproduced with permission.[117] c) Rate capability and d) cycle performance at 
high rates for bare and Zr-doped Na0.75Mn0.55Ni0.25Co0.05Fe0.15O2.[118] Reproduced with permission.[114,117,118] Panel (a) reproduced with permission.[114] 
Copyright 2014, Royal Society of Chemistry. Panel (b) reproduced with permission.[117] Copyright 2014, Royal Society of Chemistry. Panels c,d) repro-
duced with permission.[118] Copyright 2017, Elsevier.
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significantly improved electrochemical performance. This 
finding was attributed to the improved electron transport in the 
integrated-spinel phase.

The intergrowth structures have opened up new opportuni-
ties for the development of high-performance SIBs. The optimal 
ratio amongst different phase structures is still unknown and 
deserves further investigation to achieve better electrochemical 
performance. In addition, the detailed functions of different 
phase structures are not very clear and may be related to their 
cycle stability and rate capability. Operando advanced diagnostic 
tools and computational modeling are needed to better explain 
the synergistic effect of intergrowth structures.

2.2. Polyanion Cathodes for SIBs

Polyanion-type cathodes have also received much attention as 
promising cathodes for future Na-ion batteries on account of 
their structural stability, safety, and appropriate operating poten-
tial,[125] which is owing to the strong inductive effect originating 
from the large high electronegativity anion groups.[4,11,12,36] In 
this section, we will discuss recent progress on the Polyanion 
cathode materials with energy density of ≈400 Wh kg−1 or 
higher, which would be NaFePO4, Na3V2(PO4)3, fluorophos-
phates, and Co-based pyrophosphates.

2.2.1. NaFePO4

The extensive studies of olivine LiFePO4 as cathode of LIBs 
has stimulated the development of NaFePO4 in SIBs.[126] As 

a counterpart of olivine LiFePO4, NaFePO4 has three kinds of 
crystal structures, i.e., olivine, maricite, and amorphous.[4,12,36] 
Crystal structures of both olivine and maricite consist of 
slightly distorted FeO6 octahedra and PO4 tetrahedra. The dif-
ference between these two polymorphs is the corner-sharing 
and edge-sharing FeO6 chains for olivine and maricite, respec-
tively (Figure 16a).[127] A 1D Na+ diffusion channel is clearly 
seen along the b-axis in the olivine crystal structure. In contrast, 
the maricite NaFePO4 has edge-sharing FeO6 units that share 
corners with neighboring PO4, showing no cationic channels 
for Na+ movement (Figure 16b).[128] Thus, maricite NaFePO4 is 
generally considered as electrochemical inactive. However, Kim 
et al. demonstrated that nanosized maricite NaFePO4 could be 
electrochemically active.[129] Maricite NaFePO4 with a particle 
size of 50 nm can deliver an initial capacity of 142 mA h g−1 
and maintain ≈135 mA h g−1 after 200 cycles within 1.5–4.5 V  
(Figure 16c). It was confirmed by XRD and extended X-ray 
absorption fine structure (EXAFS) that maricite NaFePO4 was 
transformed into amorphous FePO4 after initial charge process, 
which substantially decreased the Na migration barriers, as con-
firmed by quantum mechanics calculations. This conclusion is 
further confirmed by the superior electrochemical performance 
of amorphous NaFePO4. Li et al. reported hollow amorphous 
NaFePO4 nanospheres on a large scale by a simple hard tem-
plate process, with which the hollow nanospheres can deliver 
152 mA h g−1 with 95% capacity retention after 300 cycles at  
0.1 C (Figure 16d).[130]

Olivine NaFePO4 cathode that has similar crystal structure to 
olivine LiFePO4 has received more attention. However, the ther-
modynamically favored phase is maricite rather than olivine. 
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Figure 14. a) XRD patterns of Na1–xLixNi0.5Mn0.5O2+d with different Li content, x (0 ≤ x ≤ 1) showing phase evolution of Na1–xLixNi0.5Mn0.5O2+d as a  
function of Li content. The evolution of major phases is summarized by color switches in the right-side panel.[120] b) High-resolution TEM images 
directly showing the intergrowth stacking of the P2 and O3 lattices.[120] c) Rate performance of Na1–xLixNi0.5Mn0.5O2+d (0 ≤ x ≤ 0.3).[120] d) High angle 
annular dark field and annular bright field images of P2+O3 Na0.66Li0.18Mn0.71Ni0.21Co0.08O2+d (NaLiMNC) composite; the blue and red rectangles 
represent O3 structure and P2 structure areas.[121] e) The cycling performance with Coulombic efficiency of P2+O3 NaLiMNC composite at 0.5C rate. 
Panels (a–c) reproduced with permission.[120] Copyright 2014, Wiley-VCH. Panel (d,e) reproduced with permission.[121] Copyright 2015, Wiley-VCH.
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Moreau et al. demonstrated that chemically sodiated olivine 
NaFePO4 exhibits an irreversible phase transition from olivine 
to maricite NaFePO4 at around 480 °C, resulting in significant 
volume shrinkage (Figure 16e).[131] Therefore, direct synthesis 
of olivine NaFePO4 by conventional solid-state reactions at 
high temperature is very challenging. Olivine-type NaFePO4 is 
usually prepared by an ion-exchange method from LiFePO4 in 
either organic or aqueous solution.[132–134] Similar to LiFePO4, 
the low electronic conductivity is the main challenge to attain 
NaFePO4 cathode with outstanding electrochemical perfor-
mance. Incorporating NaFePO4 with highly conductive host 
materials is an effective way to overcome this drawback. Ali 
et al. reported that polythiophene-wrapped olivine NaFePO4 
exhibits superior performance compared with an uncoated elec-
trode,[132] which can deliver an initial capacity of 142 mA h g−1 
and still attain ≈132 mA h g−1 after 100 cycle at 10 mA g−1. Also 
interesting is this material’s sodiation/de-sodiation mechanism. 
Using in situ XRD, Galceran et al. reported that the charge and 
discharge reaction mechanisms are different.[135] The olivine 
NaFePO4 undergoes a nonreversible charge/discharge process 
via an intermediate phase due to a large cell mismatch between 

the NaFePO4 and the FePO4. Three phases, FePO4, Na0.7FePO4, 
and NaFePO4, appear simultaneously on discharge, while they 
are separated into two first-order phase transitions on charge 
(Figure 16f). The notable differences in the reaction mecha-
nism between LiFePO4 and NaFePO4 are reminders that the 
simple transfer of Li-ion technology to Na-ion systems is an 
oversimplification. Indeed, Zhu et al. reported that, C-NaFePO4 
shows much more inferior rate capability than C-LiFePO4 that 
prepared by the same starting C-FePO4.[134] Therefore, smart 
structure design is still required to address these problems and 
further improve the electrochemical performance of olivine 
NaFePO4.

2.2.2. Na3V2(PO4)3

NASCION-type Na3V2(PO4)3 is a fast ion conductor with open 
3D ion transport channels.[136] It mainly involves a reversible 
V4+/V3+ redox couple occurring at 3.4 V during the electrochem-
ical reaction.[137] In Na3V2(PO4)3, a 3D [V2P3O12] skeleton that is 
composed of VO6 octahedra and PO4 tetrahedra can be observed 
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Figure 15. a) X-ray diffraction pattern and Rietveld refinement of P3/P2/O3-material.[122] b) Specific discharge capacities and Coulombic efficiencies 
versus cycle number for 50 cycles. Potential range: 2.0–4.3 V versus Na/Na+.[122] In operando HEXRD patterns of the precalcined oxalate precursor 
during c) the heating process and d) the cooling process.[123] e) HEXRD patterns and f) cycle performance within 2.0–4.4 V for NCM-Q, NCM-WQ, and 
NCM-600.[123] Panels (a,b) reproduced with permission.[122] Copyright 2016, Wiley-VCH. Panels cf) reproduced with permission.[123] Copyright 2017, 
Royal Society of Chemistry.
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(Figure 17a). The activation energies toward Na3V2(PO4)3 was 
investigated by Song et al. using first-principles calculations.[138] 
They found that two pathways along the x- and y-directions and 
one possible curved route for ion migration are favored with 3D 
transport characteristics (Figure 17b–d).[138] Despite the many 
advantages as cathodes of SIBs, Na3V2(PO4)3 still has low elec-
tron conductivity, which is the main barrier to achieve excellent 
electrochemical performance. In the past decades, carbon mod-
ification[139–167] and element doping[106,168–173] have proven to be 
effective ways to overcome this problem.

Carbon Modification: In the past few years, carbon coating, 
embedding, and supporting techniques have been widely 
employed to enhance the electrochemical performance 
of Na3V2(PO4)3. Jian et al. for the first time reported that 
Na3V2(PO4)3/C composite with a 6 nm carbon layer exhibits 
significantly improved Na storage performance.[154] This result 
has stimulated extensive researches to further optimize the 
performance of Na3V2(PO4)3 by particle downsizing or surface 
coating of conductive carbon. However, the surface carbon 
coating layer by decomposition of organic carbon precursor 
are usually amorphous, which has relatively low electric con-
ductivity. For this reason, Fang et al. reported a facile chem-
ical vapor deposition method to prepare a hierarchical carbon 
framework wrapped sub-micrometer Na3V2(PO4)3 (denoted as 
HCF-NVP), in which graphene-like coating layers are inter-
connected via graphited carbon nanofibers (Figure 17e).[146] 
The obtained HCF-NVP composite demonstrates outstanding 

electrochemical performance, which can maintain 54% of its 
initial capacity after 20 000 cycles at 30 C and can still deliver 
38 mA h g−1 at extremely high rate of 500 C. Besides, Balaya 
and co-workers also reported a porous Na3V2(PO4)3/C cathode, 
which displayed exceptional long-term cycle stability up to 
30 000 cycles at 40 C.[167]

There is also considerable effort on the fabrication of 
Na3V2(PO4)3/C composite by encapsulating Na3V2(PO4)3 in 
a unique carbon matrix. For example, Yu and co-workers 
embedded carbon-coated nanosized Na3V2(PO4)3 in a porous 
carbon matrix, which not only matches but even outshines 
sodium cathodes under high rate conditions (Figure 17f).[164] 
This material can be (dis)charged in 6 s at an extremely high 
rate of 22 A g−1 (200 C), still delivering 44 mA h g−1. Yu and co-
workers further replaced the porous carbon with highly ordered 
mesoporous carbon (CMK-3) owing to its unique pore structure 
(Figure 17g).[144] As a result, it exhibits superior rate capability 
and ultralong cyclability (78 mA h g−1 at 5 C after 2000 cycles) 
compared to carbon-coated NVP and pure NVP cathodes. How-
ever, the ordered mesoporous carbon presented inferior electro-
chemical performance compared with porous carbon, a finding 
that is not explained by the authors. On the other hand, Mai’s 
group reported a novel layer-by-layer Na3V2(PO4)3@reduced 
graphene oxide (rGO) nanocomposite through modifying the 
surface charge of Na3V2(PO4)3 gel precursor (Figure 17h).[145] 
The well-confined Na3V2(PO4)3 nanocrystals in between rGO 
layers significantly facilitate the electron and Na+ diffusion as 
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Figure 16. Crystal structure of a) olivine and b) maricite NaFePO4. c) Galvanostatic curves of maricite NaFePO4 over 200 cycles at C/20 in Na cell. 
Inset: discharge curves of maricite NaFePO4 as a function of the rate from C/20 to 3C.[129] d) Cycling performance of amorphous NaFePO4 cathode at 
0.1C.[130] e) In situ XRD patterns of the olivine NaFePO4 phase for increasing temperature from 25 to 650 °C. Inset: thermal differential analysis of the 
NaFePO4 olivine phase. Reproduced with permission.[131] f) Voltage versus time curves of the in situ XRD experiment and sum of the integrated inten-
sity of the (020) and (211) reflections for each of the phases involved versus time.[135] Panel (c) reproduced with permission.[129] Copyright 2015, Royal 
Society of Chemistry. Panel (d) reproduced with permission.[130] Copyright 2015, Royal Society of Chemistry. Panel (e) reproduced with permission.[131] 
Copyright 2010, American Chemical Society. Panel (f) reproduced with permission.[135] Copyright 2014, Royal Society of Chemistry.
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well as increase structure integrity, thus leading to superior 
cycle stability up to 15 000 cycles and excellent rate capability 
up to 200 C.

In addition, carbon-supporting Na3V2(PO4)3 composites are 
also a good way to attain better electrochemical properties.[147,160] 
Kim and co-workers reported a graphene-supported Na3V2(PO4)3 
with excellent rate performance, which can significantly enhance 
the electronic conductivity.[160] With this material, 82% of initial 
0.2 C discharge capacity can be still maintained even when the 
rate of increased to a 100-fold, 20 C. Li et al. further investigated 
the effect of supporting carbon matrix dimension on the per-
formance of Na3V2(PO4)3/C, and found that the Na3V2(PO4)3 
nanograins dispersed on 0D acetylene carbon nanospheres 
demonstrates the best rate performance because of the best elec-
tron and Na+ transport (Figure 17i–l).[147]

Element Doping: Like in most cathode materials for recharge-
able batteries, element doping is also an effective approaches 
to attain Na3V2(PO4)3 with significantly improved electrochem-
ical performance. Lim et al. have investigated the impact of K+ 

doping on Na sites of Na3V2(PO4)3 (Figure 18a).[171] The large 
ionic radius of K+ can enlarge the d-spacing of Na3V2(PO4)3 along 
c-direction, which can facilitate the diffusion of Na+, and thus 
improve the rate performance (Figure 18b,c). Furthermore, the 
K+ can help to stabilize the crystal structure of Na3V2(PO4)3. On 
the other hand, Hu et al. reported a series of boron-substituted 
Na3V2(P1–xBxO4)3 cathodes in which B is doped on the P sites 
(Figure 18d).[174] The optimal composition of Na3V2P3–1/6B1/6O12 
exhibits the best cycling stability and rate capability among all 
the samples (Figure 18e). This improvement was attributed to 
the decrease of Na+ diffusion energy barriers as confirmed by 
density functional theory (DFT) calculations (Figure 18f).

In fact, most of efforts have been devoted to cation doping 
on V sites, such as Mn2+,[173] Mg2+,[106,168] Al3+,[172] Fe3+[175], 
and Cr4+,[169] to maintain the crystal structure and increase 
the electronic conductivity (Figure 18g). In addition to these 
effects, cation doping can remarkably improve the activity 
of V5+/V4+. For example, Lalere et al. reported that Al-doped 
Na3Al0.5V1.5(PO4)3 can increase the energy density to above 
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Figure 17. a) Schematic representation of Na3V2(PO4)3 structure.[138] Possible Na-ion migration paths in Na3V2(PO4)3 along b) x-, c) y-, and d) curved 
z-directions.[138] Schematic illustration of e) HCF-NVP,[146] f) C@NVP@porous carbon,[164] g) NVP@C@CMK-3,[144] and h) NVP@rGO layered com-
posite.[145] Schematic illustration of i) NVP/AC, j) NVP/CNT, and k) NVP/graphite.[147] l) Rate capability of NVP/AC, NVP/CNT, and NVP/graphite.[147] 
Panel (a–d) reproduced with permission.[138] Copyright 2014, Royal Society of Chemistry. Panel (e) reproduced with permission.[146] Copyright 2015, 
Wiley-VCH. Panel (f) reproduced with permission.[164] Copyright 2014, American Chemical Society. Panel (g) reproduced with permission.[144] 
Copyright 2015, Wiley-VCH. Panel (h) reproduced with permission.[145] Copyright 2016, Wiley-VCH. Panels (i–l) reproduced with permission.[147] 
Copyright 2014, Wiley-VCH.
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400 Wh kg−1, which may because it could enable the reaction of 
V5+/V4+ at 3.95 V (Figure 18h,i).[170]

Novel Cell Configuration: Very recently, Hu and co-workers 
reported an interesting flexible SIB using the Na3V2(PO4)3/
rGO composite and Sb/rGO composite as the cathode and 
anode, respectively.[176] However, the reported flexible SIB 
may still suffer from the safety issue regarding metallic 
sodium formation during the overcharge process, because of 
the low Na storage potential of the Sb anode. It was reported 
that the Na3V2(PO4)3 electrode presents two voltage pla-
teaus (3.4 V with a V4+/V3+ redox reaction and 1.6 V with a 
V3+/V2+ redox reaction) (Figure 19a).[177] Therefore, a symmetric 

Na3V2(PO4)3//Na3V2(PO4)3 full cell by employing Na3V2(PO4)3 
as a bipolar electrode material was reported (Figure 19b). Zhang 
et al. further reported a free-standing Na3V2(PO4)3//Na3V2(PO4)3 
symmetric full cell, which can deliver ≈100 mA h g−1  
at 0.25 C and long cycle life up to 280 cycles at 2C.[177] Using 
a simple vacuum filtration method, Wang et al. can success-
fully prepared self-supported carbon-coated Na3V2(PO4)3/
rGO electrodes (Figure 19c).[178] The symmetric full cell con-
structed with Na3V2(PO4)3@C@rGO//Na3V2(PO4)3@C@rGO 
presented a considerable capacity of ≈75 mA h g−1 and average 
working voltage of 1.7 V at 0.5 C. More importantly, under arbi-
trary bending conditions, this flexible full cell can still exhibit 

Adv. Energy Mater. 2018, 1702403

Figure 18. a) Schematic representation of K-doped Na3V2(PO4)3 structure.[171] b) Rate capabilities and c) cycle performance of Na3–xKxV2(PO4)3/C.[171] 
d) Crystal structure of Na3V2P3–xBxO12 (x = 1/6).[174] e) Cycling stability of the samples at 5 C.[174] f) The corresponding diffusion energy barriers along 
conduction path in Na3V2P3–xBxO12 (x = 0 and x = 1/6).[174] g) The schematic illustration of Na3V2–xMnx(PO4)3/C by Mn2+ partially replacing V3+ sites.[173] 
h) XRD patterns recorded operando for Na3Al0.25V1.75(PO4)3 electrodes upon charge (operating on the V3+/V2+ couple) at a current rate corresponding 
to 1 Na+/30 h.[170] i) Electrochemical signatures of Na3Al0.5V1.5(PO4)3 electrodes upon Na+ extraction/insertion. Galvanostatic data were recorded for 
a current rate corresponding to 1 Na+/20 h.[170] Panels (a–c) reproduced with permission.[171] Copyright 2014, Royal Society of Chemistry. Panels (d–f) 
reproduced with permission.[174] Copyright 2016, Wiley-VCH. Panel (g) reproduced with permission.[173] Copyright 2016, Royal Society of Chemistry. 
Panels (h,i) reproduced with permission.[170] Copyright 2015, Royal Society of Chemistry.
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a stable and safe electrochemical performance (Figure 19d). 
These results suggest a promising, low-cost sodium full cell 
strategy for next-generation flexible energy storage devices.

2.2.3. Fluorophosphates

It was reported that fluorine substitution can increase the 
working voltage and enable additional Na intercalation, and 
could thus increase the energy density of SIBs.[179–186] Recently, 
orthorhombic Na2MPO4F (M = Fe and Co)[186–194] and mono-
clinic Na2MnPO4F[195–197] have attracted considerable attention. 
The average working voltage of Na2FePO4F and Na2MnPO4F is 
limited to below 4.0 V, which significantly lowers their energy 
densities. In contrast, Na2CoPO4F has a very high working 
voltage, up to 4.3 V, and a discharge capacity of 107 mA h g−1, 
resulting in a high energy density of around 430 Wh kg−1.[188] 
However, compared to Na2FePO4F and Na2MnPO4F, 
Na2CoPO4F has not been widely investigated.

Vanadium-based fluorophosphates are also very appealing 
cathodes because of their much higher energy density.[198–204] 
As first reported by Barker et al. in 2003, NaVPO4F/hard carbon 
full cell showed a high average discharge voltage of ≈3.7 V.[204] 
In fact, NaVPO4F exists in two different crystal structures, i.e., 
tetragonal structures with the I4/mmm space group[204] and 
monoclinic structure of the C2/c space group.[201] To improve 
the cyclability and rate performance, many strategies, including 

coating with conductive materials,[198,201,203,205] porous struc-
tures,[200] and cation doping,[206] have been attempted. For 
example, It was reported by Ruan et al. that the electrochem-
ical performance of NaVPO4F can be significantly improved 
by graphene modification, which can deliver ≈120 mA h g−1  
in 50 cycles (Figure 20a).[207] Jiao and co-workers further 
reported a free-standing NaVPO4F/C nanofibers cathode for 
SIBs, which illustrate an extraordinary long-term cycle stability 
(up to 1000 cycles) with a stable capacity of ≈100 mA h g−1  
at 2C (Figure 20b).[201] It is believed that the 1D NaVPO4F/C 
nanofibers that interlink into 3D conductive network not only 
facilitate the electronic transport of NaVPO4F but even prevent 
the aggregation of NaVPO4F particles during charge/discharge, 
thus leading to the higher performance.

Le Meins et al. investigated Na3V2(PO4)2F3, in which they 
found that its crystal structure is built on V2O8F3 bioctahedra 
bridged by PO4 tetrahedra (Figure 20c).[208] The structure was 
initially solved in the tetragonal space group P42/mnm,[209] but 
Bianchini et al. demonstrated that the strong sodium inter-
actions can induce an orthorhombic distortion.[179] Starting 
in 2006, Barker et al. showed the promising capacity of this 
cathode when used versus lithium, sodium, and carbon 
anodes.[210] Since then, various Na3V2(PO4)2F3 cathodes with 
different structures have been synthesized by different appro
aches.[180,185,211–215] However, it was found that the reversible 
capacity is generally limited to below 128 mA h g−1, which is 
mainly because only two Na+ ions can be de-intercalated in  
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Figure 19. a) Charge/discharge voltage plateaus of the NVP self-supporting electrode: the left side shows the V4+/V3+ (red) and V3+/V2+ (blue) charge/
discharge plateaus in a half-cell test. The right side exhibits an average charge/discharge voltage plateau of 1.8 V (green) in a NVP//NVP symmetric 
cell test.[177] b) Schematic illustration of the NVP symmetric full cell system.[177] c) Digital photographs of the bendable as-synthesized NVP@C@rGO 
membrane.[178] d) The electrochemical performance of the NVP//NVP full cell: digital pictures of the sodium-ion full cell lighting a LED under various 
states.[178] Panels (a,b) reproduced with permission.[177] Copyright 2016, Royal Society of Chemistry. Panels (c,d) reproduced with permission.[178] 
Copyright 2017, Royal Society of Chemistry.



www.advenergymat.de

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1702403 (22 of 63)

Na3V2(PO4)2F3.[212] Na3V2(PO4)2F3 is actually the end member 
of a complete solid solution Na3V2(PO4)2F3–2yO2y, where oxygen 
substitutes for fluorine in the vanadium-centered bioctahedra 
V2O8+2yF3–2y and creates vanadium of a higher average oxida-
tion state (V(3+y)+).[216] Ceder and co-workers further observed 
a significant increase in specific energy by enabling sodium 
insertion into Na3V2(PO4)2FO2 to reach Na4V2(PO4)2FO2 upon 
discharge.[217] This occurs at ≈1.6 V and increases the theo-
retical specific energy to 600 Wh kg−1, rivaling that of several 
Li-ion battery cathodes (Figure 20d,e). This improvement is 
achieved by the judicious modification of the composition as 
O for F substitution, which disrupted Na-ion ordering and 
thereby enabled insertion of the fourth Na ion. In addition, 
Na3(VO1–x)2(PO4)2F1+2x (0 ≤ x ≤ 1) by substitution of V with 
O has also attracted the intention of researchers (Figure 20f). 
Kang’s group for the first time reported Na3(VO0.8)2(PO4)2F1.4 
cathode that involves 1.2-electron transfer, which could thus 
attain an energy density of ≈600 Wh kg−1 (Figure 20g).[218] 
Moreover, it presents a very good cycle stability up to 

500 cycles at room temperature and also high temperature 
(Figure 20h).[219]

2.2.4. Pyrophosphates

Pyrophosphates such as Na2MP2O7 (M = Fe, Mn, Co)[220–227] 
and Na4M3(PO4)2P2O7 (M = Fe, Co)[228,229] are also a class of 
promising cathode materials of SIBs because of their structure 
deversity. However, Na2MP2O7 shows relatively lower energy 
density, making them less attractive.

Na4Co3(PO4)2P2O7 crystallizes in the orthorhombic non-
centrosymmetric with space group Pn21a.[228] Its crystal struc-
ture is shown in Figure 21a, which is composed of PO4 and 
P2O7 groups. Nose et al. reported that Na4Co3(PO4)2P2O7 could 
deliver 95 mA h g−1 with an average working voltage of 4.4 V 
and stable cycle life (up to 100 cycles), leading to a high energy 
density of over 400 Wh kg−1 (Figure 21b).[229] The reversible 
capacity of Na4Co3(PO4)2P2O7 reported here is only half of its 
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Figure 20. a) Specific capacity and Coulombic efficiency for NaVPO4F/graphene during cycling at rate of 0.05 C.[207] b) Long-term cycling perfor-
mance of NaVPO4F/C nanofibers at 286 mA g−1.[201] c) Crystal structure of Na3V2(PO4)2F3. d) The electrochemical charge and discharge curve of 
Na3V2(PO4)2F3 cycled between 1 and 4.4 V at C/20.[217] e) Electrochemical charge and discharge curve of Na3V2(PO4)2FO2.[217] f) Crystal structure of 
Na3(VO1–xPO4)2F1+2x. g) Voltage-composition curves for the Nay(VO1–yPO4)2F1+2x electrodes from first-principles calculations.[218] h) Cycle life of the 
Na1.5VPO4.8F0.7 at room and high temperatures.[219] Panel (a) reproduced with permission.[207] Copyright 2015, Elsevier. Panel (b) reproduced with 
permission.[201] Copyright 2017, Wiley-VCH. Panels (d,e) reproduced with permission.[217] Copyright 2017, Wiley-VCH. Panel (g) reproduced with per-
mission.[218] Copyright 2014, Wiley-VCH. Panel (h) reproduced with permission.[219] Copyright 2013, American Chemical Society.
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theoretical capcity (170 mA h g−1 based on 4 Na de-intercala-
tion). Using DFT calculations, Moriwake et al. found that fur-
ther removal of Na to give Co3(PO4)2P2O7 requires oxidation of 
oxygen 2p orbitals in the P2O7 polyhedra instead of Co3+ oxida-
tion to Co4+.[230] The inability of Co3+ to be oxidized to Co4+ in 
Na4Co3(PO4)2P2O7 is in contrast to that in LiCoO2 and NaCoO2. 
This difference was ascribed to the local structures around Co 
ions and their spin states. In Na4Co3(PO4)2P2O7, Co3+ ions are 
located within large, distorted CoO6 octahedra and are in a 
high spin state with a larger ionic radius; Whie in LiCoO2, Co3+ 
ions sit within smaller, symmetrical CoO6 octahedra (CoO 
bond length ≈1.94 Å), and are in a low spin state (Figure 21c). 
Therefore, oxidizing Co3+ to Co4+ in the less densely packed 
phosphate structure would impose a large energy penalty, 
which explains why electrons are removed from 2p orbitals of  
O atoms in a P2O7 units instead of Co3+ cations during the last 
stage of sodium removal. Therefore, less than three-quarters of 
the theoretical capacity was attained.

Na4Fe3(PO4)2P2O7 has been studied by Kang et al. using 
combined experimental and calculational (DFT) techniques.[231] 
Its theoretical capacity of 129 mA h g−1 delivered at approxi-
mately 3.2 V (vs Na+/Na) is competitive with that of other 

Na-ion cathodes. It has been shown that Na4Fe3(PO4)2P2O7 
does not undergo a phase change upon Na+ extraction, leading 
to good long-term cycle life. Furthermore, Islam and co-workers 
reported that Ni doping is predicted to deliver a significant 
increase in cell voltage, providing a high degree of voltage con-
trol by varying the doping concentration (Figure 21d).[232] Thus, 
Ni-doped Na4Fe3(PO4)2P2O7 with a relatively modest level of Ni 
would lead to a ≈25% enhancement in voltage; this is a signifi-
cant increase in energy density, while Mn doping provides a 
relatively minor increase in cell voltage and energy density.

3. Anode Materials

3.1. Carbon-Based Anode Materials

3.1.1. Graphitic Carbon (Graphite Material)

Graphite is the anode choice in state-of-the-art LIBs considering 
its high gravimetric and volumetric capacity.[233] During the dis-
charge process, Li+ is intercalated between graphene layers to 
form lithium–graphite intercalation compounds (Li-GIC) with 
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Figure 21. a) Crystal structure and b) typical voltage profiles of Na4Co3(PO4)2P2O7.[229] c) Local environments of Co ions in LiCoO2 and NaCo3(PO4)2P2O7 
and Co 3d spin states (horizontal bars) relative to O 2p orbitals (filled ellipses) and the Fermi energy (EF) for LiCoO2 and NaCo3(PO4)2P2O7.[230]  
d) Trends in cell voltage (vs Na+/Na) as a function of increasing Mn and Ni concentrations on the Fe site in NaFe3(PO4)2P2O7.[232] Panel (b) reproduced 
with permission.[229] Copyright 2013, Elsevier. Panel (c) reproduced with permission.[230] Copyright 2016, Elsevier. Panel (d) reproduced with permis-
sion.[232] Copyright 2015, American Chemical Society.
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different stage transformations,[234–236] and all graphite layers 
are fully filled by Li, forming LiC6 at the end of the electro-
chemical reduction process.[237]

In the case of SIBs, the lattice mismatch between the 
graphite layers and Na+ creates a large barrier for the insert 
of Na+ into the graphite.[4,234] According to quantum calcu-
lations, the optimum formation energy for Na–graphite is 
reached when the graphite interlayer distance is expanded to 
4.3 Å.[238] Hence, Wang and co-workers reported that expanded 
graphite (EG) can be used as a superior SIB anode mate-
rial.[23] It was found that the interlayer spacing of EG can be 
manipulated by controlled oxidation and reduction processing. 
Na+ can be reversibly inserted into and extracted from the EG, 
with an interlayer distance of 4.3 Å (Figure 22a,b). The sodia-
tion/de-sodiation-induced microstructure changes of EG are 
dynamically captured during real-time imaging at the atomic 
scale using in situ HRTEM. Electrochemical tests show that 
the EG can deliver 284 mA h g−1 after 30 cycles at 20 mA g−1 
(Figure 22c). It also shows long cycle stability up to 2000 cycles, 
with a capacity retention of 73.92%.

3.1.2. Nongraphitic Carbon

The soft and hard carbon materials such as nongraphitizable 
carbon are very attractive for SIBs because of the expanded gra-
phene sheet spacing.[239] It was reported that soft carbon can 
present higher capacities than graphite when used as anode 
of LIBs.[240] However, large irreversible capacity was observed 
owing to aggravated electrolyte decomposition on the high spe-
cific surface soft carbon.[241]

The nongraphitizable materials were utilized as electrodes in 
commercial LIBs earlier than the graphite in the cells released 
by Sony Corporation in 1991. In particular, a hard-carbon elec-
trode delivers comparable reversible capacity to graphite mate-
rial.[240] In 2000, Stevens and Dahn first reported that hard 
carbon obtained by 1000 °C carbonization is able to host Na+ 
at room temperature, which can attain a specific capacity of 
300 mA h g−1.[242] Recent efforts further enhanced the revers-
ible capacity of hard carbon through structural investigation. 
Hasegawa et al. reported hard-carbon structure dependency 

on the synthesis conditions. They varied the carbonization 
temperature from 800 to 3000 °C to explore the relationship 
between various physical properties and electrochemical perfor-
mance.[243] As shown in Figure 23a, the hard-carbon electrode 
carbonized at 1600–2500 °C and delivered the highest capacity 
within a narrow potential range as well as high initial Cou-
lombic efficiency over 90%. Very recently, Kano et al. reported 
a high reversible capacity of 438 mA h g−1 for hard carbon by 
using the carbon sources including a pore-forming agent pre-
pared by high temperature of 2100 °C.[244]

Extensive attempts have been made to investigate the Na 
storage mechanism of hard carbon. Different reaction models 
have been proposed. Stevens and Dahn were also the first to 
report the insertion mechanism of Na+ ions into disordered 
hard carbon. The suggested mechanism was the “house of 
cards” for Na+ ions storage, which is composed from two 
domains in a disordered hard carbon structure without staging 
transition.[245] In fact, Na+ ions are inserted between parallel 
graphene sheets (in the sloping voltage region) upon increasing 
the interlayer space. Additionally, Na+ ions fill the nanopores 
(in the plateau region) of the disordered carbon structure. Fur-
thermore, Komaba et al. confirmed structural changes after 
sodiation of hard carbon via XRD and small-angle X-ray scat-
tering measurements, indicating the reversible Na intercalation 
in disordered stack of graphene and insertion into micropore 
site.[246] Moreover, Simone et al. demonstrated the impact of 
the carbonization temperature on the structure of hard carbons 
made from cellulose pyrolysis.[247] Figure 23b shows a clear 
relationship of the irreversible, plateau, sloping region and the 
reversible capacities as a function of the pyrolysis temperature. 
Based on the “card house” model mechanism, the slope and flat 
region capacities are attributed to Na+ intercalation between the 
graphene layers and Na+ insertion into the micropores, respec-
tively. While Bommier et al. proposed a distinct sodium storage 
mechanism from the card-house model in hard carbon, which 
indicated that the Na+ storage is mainly based defect sites and 
pore-filling as shown in Figure 23c.[248] More recently, Stratford 
et al. provided a direct evidence of Na+ ions insertion mecha-
nism by using operando 23Na solid-state NMR spectroscopy 
(Figure 23d) and PDF analysis.[249] They found that control of 
the pore design during synthesis could determine the size of 

Adv. Energy Mater. 2018, 1702403

Figure 22. a) Schematic illustration and b) contrast profiles of pristine graphite (PG) and expanded graphite (EG). c) Short-term cycling stability test for 
PG, GO, EG-1 h, and EG-5 h at a current density of 20 mA g−1. Panels (a–c) reproduced with permission.[23] Copyright 2014, Nature Publishing Group.
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the sodium clusters formed and, thus, grant the ability to boost 
the relative capacities.

3.1.3. Biomass and Doped Hard Carbons

Hard carbon material is generally derived from petroleum 
products, while it can also be made from raw materials because 
of its abundance, low cost, and sustainability, e.g., apple-
bio-waste,[250] corn cob,[251] harmful algal blooms,[252] sweet 
potato,[253] and peanut shell.[254] To synthesize high-capacity 
hard carbon materials for SIBs, numerous approaches have 
been developed by optimizing their physical structure and sur-
face chemistry. Distinct hard carbon made from banana peels 
was reported by Lotfabad et al.[255] The banana peel materials 
are composed of pseudographitic arrays possessing dilated gra-
phene spacing, leading to a large amount of Na+ intercalation 
between the layers, which can deliver 342 mA h g−1 with 88% 
capacity retention over 290 cycles. Moreover, Figure 24a reveals 
the effect of carbonization temperature on the sloping-voltage 
region and flat plateau at potentials lower than 0.2 V. Lotfabad 
et al. attributed the long sloping high-voltage charge storage 
region to reversible binding of Na+ ions at graphene divacan-
cies and Stone–Wales defects.[255] Very recently, hard carbon 
materials were prepared from Argan bio-waste.[256] As shown in 
Figure 24a,b, it was found that large nanopores size is crucial 
to improve Na+ ions storage into hard carbon for the plateau 
region below 0.15 V. Additionally, hard carbons derived from 
Argan with HCl pretreatment have a larger number of active 

sites available for electrochemical Na+ ion storage. Therefore, 
the Argan electrode carbonized at 1200 °C and treated in HCl 
solution delivers the highest reversible capacity of 333 mA h g−1  
among the samples prepared. Noteworthy is that doping of 
phosphorus oxide (POx) into local structures of hard carbon 
makes more defects in the hard carbon structure as well 
expands the interlayer distance of the turbostratic domains,[257] 
therefore increasing the reversible capacity from 283 to 
359 mA h g−1 (Figure 24c). Recently, Zhang et al.[258] improved 
the reversibly of Na+ ion intercalation by using nitrogen-doped 
carbon from a honey substance carbonized at 700 °C and 
treated in HF solution. The optimized honey-derived carbon 
delivers the highest reversible capacity (427 mA g−1) among 
carbon materials derived from biomass (Figure 24d). However, 
the working voltage for hard carbon-based anode materials 
is too close to the sodium metal deposition potential, which 
would cause serious safety concerns.

3.2. Ti-Based Anode Materials

3.2.1. Li4Ti5O12

Spinel Li4Ti5O12 is well known for its excellent cycling perfor-
mance in LIBs due to its minute volume change during lithia-
tion/de-lithiation.[259] In 2012, Zhao and co-workers for the first 
time investigated its application as an anode in SIBs.[260] They 
illustrated that Li4Ti5O12 exhibit 145 mA h g−1 with an average 
working voltage of ≈1 V, and that the Na storage mechanism 
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Figure 23. a) Charge/discharge curves of carbon electrodes treated at 1200–2500 °C and tested between 2.0 and 0.005 V at 20 mA g−1.[243] b) Evolution 
of the irreversible, plateau, sloping region, and reversible capacities as a function of the pyrolysis temperature.[247] c) Potentiogram and schematic of 
proposed Na-ion three-part storage mechanism.[248] d) Operando 23Na NMR spectra for an electrochemical cell with sodium metal and hard carbon 
electrodes and NaPF6 electrolyte.[249] Panel (a) reproduced with permission.[243] Copyright 2015, Wiley-VCH. Panel (b) reproduced with permission.[247] 
Copyright 2016, Elsevier. Panel (c) reproduced with permission.[248] Copyright 2015, American Chemical Society. Panel (d) reproduced with permis-
sion.[249] Copyright 2016, Royal Society of Chemistry.
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Li4Ti5O12 is different from that of Li: it might be a mixture 
of LiNa6Ti5O12 and Li7Ti5O12 instead of a single-phase Li4N-
a3Ti5O12. Sun et al. demonstrated that the Li4Ti5O12 can store 
Na in a different way from that of Li.[261] DFT calculation pre-
dicted that the insertion of Na into Li4Ti5O12 occurs through a 
three-phase separation mechanism

2Li Ti O + 6Na + 6e Li Ti O + Na LiTi O4 5 12
+

7 5 12 6 5 12→−  (1)

which was further confirmed through in situ synchrotron XRD 
and advanced scanning transmission electron microscopy (STEM) 
imaging techniques (Figure 25a,b). Due to the large size of Na+, it 
preferred to stay in 16c octahedral sites to form Na6LiTi5O12 phase 
rather than 8a tetrahedral sites. Hence, Li[8a] ions are pushed to 
the nearest neighbor Li4Ti5O12 phase, forming Li7Ti5O12 phase.

Even though Li4Ti5O12 seems to be a promising anode, its 
low ionic and electric conductivity significantly limited its 
electrochemical performance. Recently, various approaches 
such as carbon coating, element doping, and surface engi-
neering have been carried out to obtain better electrochemical 
performance.[262–270] Sun’s group investigated carbon-coated 
Li4Ti5O12 nanowires, which exhibit a very good rate perfor-
mance (Figure 25c).[271] Liu et al. recently reported some prom-
ising results using carbon-coated Li4Ti5O12 nanoparticles.[272] 
They used a solid-state reaction coupled with chemical vapor 
deposition to synthesize carbon-coated Li4Ti5O12 nanoparticles, 
which can still maintain 90 mA h g−1 after 500 cycles of charge/
discharge (Figure 25d). In addition, a full cell was fabricated 
with carbon-coated Na3V2(PO4)3 as the positive electrode, which 

can deliver an initial capacity of 138.5 mA h g−1 with a capacity 
retention of ≈83% after 50 cycles at 0.05 A g−1. These results 
indicate that Li4Ti5O12 shows promising electrochemical perfor-
mance as SIB anode materials.

3.2.2. Na2Ti3O7

Na2Ti3O7 is another attractive titanate based anodes for 
SIBs.[273–278] Senguttuvan et al. first reported that Na2Ti3O7 can 
insert 2 Na+, and could thus offer 200 mA h g−1 with an average 
working voltage of 0.3 V.[279] The charge/discharge profiles 
of Na2Ti3O7/carbon black composite (red curve) and carbon 
black electrode (blue curve) are displayed in Figure 26a. The 
Na2Ti3O7/carbon exhibits two plateaus: an irreversible reac-
tion at 0.7 V, which corresponds to the carbon black additive 
redox reaction, and a reversible reaction at 0.3 V, which cor-
responds to the intercalation of two Na+ ions in the structure. 
Xu et al. coupled DFT calculations with experimental results to 
explain the structural evolution and the low voltage behavior of 
Na2Ti3O7.[280] The calculation suggested that the fully interca-
lated phase Na4Ti3O7 forms upon the intercalation of two Na+ 
ions in the Na2Ti3O7 structure. Xu et al. attributed the lower 
voltage to structure instability, which is caused by the strong 
electrostatic repulsion in the fully discharged phase Na4Ti3O7 
that would tend to self-relax and gradually transform to 
Na2Ti3O7 after a few days of storage.

Rudola et al. reported a new intermediate phase, Na3–xTi3O7,  
between Na2Ti3O7 and Na4Ti3O7, which resulted in very 
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Figure 24. a) Second galvanostatic charge/discharge profiles of the Argan-800W, Argan-1000W, Argan-1200W, and Argan-1300W electrodes pretreated 
with HC.[256] b) Evolution of the interlayer distance d002 between the graphene sheets (black curve) and the micropore radius R (red curve) versus the 
carbonization temperatures of the Argan-based hard carbons.[256] c) Voltage profiles of HC and P-HC with the inset showing SEM image of P-HC.[257]  
d) Charge/discharge profiles of HMNC-700 at a current density of 100 mA g−1 with the inset showing the differential capacity versus cell voltage plots.[258] 
Panels (a,b) reproduced with permission.[256] Copyright 2017, Royal Society of Chemistry. Panel (c) reproduced with permission.[257] Copyright 2016, 
American Chemical Society. Panel (d) reproduced with permission.[258] Copyright 2016, Elsevier.
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low charge plateau at 0.2 V with negligible polarization 
(Figure 26b).[281] The new phase was achieved by limiting the 
lower cut-off voltage to 0.155 V instead of 0.01 V. This resulted 
in a charging plateau at 0.22 V, corresponding to the reaction 
Na2Ti3O7 ⇋ Na3–xTi3O7, compared to the 0.44 V plateau if the 
cell is allowed to discharge to 0.01 V, which corresponds to the 
formation of Na4Ti3O7 instead. The new Na2Ti3O7 ⇋ Na3–xTi3O7 
pathway demonstrated a capacity of 86 mA h g−1 at the C/5 rate 
and very good capacity retention at high rates, e.g., ≈69% reten-
tion for 80 C (Figure 26c), in addition to a decent cycle life with 
minimal polarization increase.

Later, Ni et al. tried a surface engineering approach to 
improve the electrochemistry of Na2Ti3O7.[282] They synthesized 
Na2Ti3O7 (denoted as NTO) nanotube arrays using S-doped 
TiO2 nanolayers. A schematic of their approach is given in 
Figure 26d. Initially, they grew NTO nanotube arrays on a Ti 
metal foil. Then, they used ALD to deposit a TiO2 layer onto 
the nanoarrays (referred to as T-NTO). After that, they treated 
the T-NTO nanoarrays in sulfur vapor at an optimized tem-
perature (400 °C) to improve the overall conductivity (referred 
to as ST-NTO). The SEM images of the ST-NTO confirm the 
growth of the T-NTO nanotubes on the surface of TiO2 with a 
diameter of 30–40 nm (Figure 26e– 1). High-resolution TEM 
images confirmed the growth of a 5 nm nanotube with a 

layered structure (Figure 26e- 2 and e-3). The electrochemical 
performance of ST-NTO could deliver ≈221 mA h g−1 at C/5, 
which suggests that the ST-NTO structure could intercalate/
de-intercalate ≈2.5 Na+ ions per unit formula; in addition, the 
results indicate a stable cycle life up to 10 000 cycles at high 
rates of 10 C (Figure 26f,g). Ni et al. attributed the improved 
performance to the good mechanical adhesion and the elec-
trical connection enabled by the nanoarrays grown on conduc-
tive Ti substrate, which lower the charge transfer resistance; in 
addition, the porous configuration provides a high surface area 
and facilitates the exposure of the nanotubes to the electrolyte, 
leading to enhanced interfacial kinetics. These kinetics can also 
have negative SEI layer effects, which could lead to lower the 
first cycle Coulombic efficiency up to 41%.[283]

Recently, Xie et al. explored Na2Ti3O7 hollow spheres 
assembled from N-doped carbon-coated ultrathin Na2Ti3O7 
nanosheets as a stable anode for SIB. The synthesis route is 
displayed in Figure 26h.[284] They proposed that the hollow 
structure will enable better electrolyte access, increase the sur-
face area, and reduce the diffusion pathway for both ions and 
electrons. The morphology of the hollow spheres composed 
of carbon-coated Na2Ti3O7 ultrathin nanosheets (referred to as 
Na2Ti3O7@C HHSs) was investigated by SEM and HRTEM. 
The SEM and TEM images (Figure 26i–1 and i-2) confirmed 
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Figure 25. a) Operando XRD data recorded during the first cycle for the Li4Ti5O12 electrode in SIB system. For the Li4/Li7 phases, the main peaks 
correspond to (111), (311), and (400) reflections. These regions are highlighted in the right column and peaks corresponding to the Na6Li phase are 
marked by black dotted lines.[261] b) Annular bright field (ABF) image in the half electrochemically sodiated Li4Ti5O12 nanoparticle. In ABF line profile, 
the contrast is inverted for convenient visualization. Scale bar, 2 nm.[261] c) Rate capability data of bare Li4Ti5O12 and carbon-coated Li4Ti5O12 from 
0.5 C to 100 °C (17.5 A g−1).[271] d) Cycle performance of N-LTO@C.[272] Panels (a,b) reproduced with permission.[261] Copyright 2014, Nature Publishing 
Group. Panel (c) reproduced with permission.[271] Copyright 2015, Elsevier. Panel (d) reproduced with permission.[272] Copyright 2017, Royal Society 
of Chemistry.
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the hollow structure of the Na2Ti3O7@C HHSs composite with 
an estimated shell thickness of 40 nm. The HRTEM image 
in Figure 26i- 3 shows that this material consists of uniform 

2D ultrathin Na2Ti3O7 sheets with a thickness of 5 nm. The 
voltage profiles of the Na2Ti3O7@C HHSs at 1 C are shown 
in Figure 26j. The first discharge and charge capacity of this 
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Figure 26. a) Voltage versus composition profile for the electrochemical reduction of a blank electrode containing only carbon black (blue curve) and a 
composite electrode containing Na2Ti3O7 and 30% carbon black (red curve), where the reversible insertion of ≈2 mol of sodium ions per mol Na2Ti3O7 
is observed.[279] b) C/5 cycling (not the first cycle) of Na2Ti3O7 ⇋ Na3−xTi3O7 and Na2Ti3O7 ⇋ Na4Ti3O7 pathways with corresponding cyclic voltammetry 
curves as inset.[281] c) Rate performance of Na2Ti3O7/C ⇋ Na3−xTi3O7 /C pathway.[281] d) Schematic illustration of the fabrication of surface-engineered 
Na2Ti3O7 nanotube arrays grown on Ti foil.[282] e) e-1) SEM image of top-view of ST-NTO. e-2) TEM image of ST-NTO nanotubes. The lattice fringe 
spacing of 0.84 nm coincides with the (001) facet of monoclinic Na2Ti3O7. The moiré fringes are present over two crossed nanotubes. Inset in (e-3) 
shows the lattice spacing of 0.35 nm for surface anatase and 0.36 nm for bulk, suggesting a possible epitaxial growth of TiO2 along the (201) facet 
of Na2Ti3O7.[282] f) Electrochemical Na-storage performance of Na2Ti3O7 nanoarray and surface-engineered products. Comparison of cycling stability 
at a rate of 5 C.[282] g) Long-term cycling performance of ST-NTO at a rate of 10 C.[282] h) Illustration of the route for synthesis of Na2Ti3O7@C hollow 
spheres. i) SEM h-1), TEM (h-2), and HRTEM (h-3) images of Na2Ti3O7@C.[284] j) Initial discharge/charge voltage profiles of the first, second, and fifth 
cycles in the current density of 1 C of Na2Ti3O7@C HHSs.[284] k) Cycling performance of Na2Ti3O7@C HHSs under high current density of 50 C.[284] Panel 
(a) reproduced with permission.[279] Copyright 2011, American Chemical Society. Panels (b,c) reproduced with permission.[281] Copyright 2015, Elsevier. 
Panels (d–g) reproduced with permission.[282] Copyright 2016, Wiley-VCH. Panels (h–k) reproduced with permission.[284] Copyright 2017, Wiley-VCH.
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material are measured to 647 and 278 mA h g−1, respectively, 
resulting in a low CE of 43%. The authors attributed this low 
efficiency to the degradation of electrolyte and the formation of 
an SEI layer. The rate performance of the Na2Ti3O7@C HHSs 
was excellent, as it could retain 40% of the theoretical capacity 
at 50 C. Also, cycling at this high rate maintained good capacity 
retention 93.5% after 1000 cycles (Figure 26k) with a columbic 
efficiency over 90%.

In addition, Pan et al. reported the sodium storage mecha-
nism of Na2Ti3O7 by combination of first-principles calcula-
tions and electrochemical techniques. The Na storage behavior 
in Na2Ti3O7 is investigated from both thermodynamic and 
kinetic aspects. It was found that the sodium storage behavior 
of Na2Ti3O7 was greatly affected by the particle size. Moreover, 
three specific trajectories with fairly low activation energies 
of 0.186, 0.219, and 0.226 eV via the Na1 and Na2 vacancies 
alternatively between the TiO6 octahedron layers according to a 
vacancy-hopping mechanism, forming a quasi-3D zigzag trajec-
tory in Na2Ti3O7.[285]

3.2.3. TiO2

Titanium oxide materials have attracted serious interest as 
intercalation materials for LIBs because of their low cost, 
low toxicity, stability, and abundance.[286] Recently, several 
studies have been focusing on metal oxides such as anatase 
and rutile (TiO2) in addition to alkali metal titanium oxides 
such as Li4Ti5O12, Na4Ti5O12, Na2Ti3O7, and Na2Ti6O13. Xiong 
et al. reported the first TiO2-based anode for SIBs, which was 
fabricated by using a TiO2 nanotube grown on a Ti substrate. 
This material demonstrated a gradually increasing reversible 
capacity of ≈150 mA h g−1 at 50 mA g−1.[287] This work was crit-
ical in stimulating the investigation of TiO2 with various poly-
morphs including amorphous, anatase, rutile, brookite, and 
bronze as the SIB anode.[288–308]

However, the detailed sodium insertion/extraction mecha-
nism is not consistent, which impedes further improvement 
of the electrochemical performance of TiO2-based anode mate-
rials. For example, Kim et al. reported that anatase TiO2/C 
nanorods exhibit very stable cycling performance.[309] Based on 
ex situ XRD, HRTEM, and X-ray absorption near edge struc-
ture (XANES) k-edge spectra, they showed that the structure 
did not transform to an amorphous phase and the anatase TiO2 
nanorods retained their morphology. They concluded that the 
chemistry of the anatase TiO2 nanorods support a Ti4+/Ti3+ 
redox reaction based on a Na+ intercalation process during 
electrochemical reaction. Yang and co-workers also found that 
graphene–TiO2 nanospheres go through a reversible Na+-inter-
calation mechanism without involving any conversion reac-
tions (Figure 27a).[310] This was further confirmed by Cha et 
al., who reported a TiO2/nitrogen-doped open pore channeled 
graphene (TNCG).[311] In this case, the improved performance 
is due to use of nitrogen-doped graphene, which promotes the 
e− transfer in the electrochemical reaction. Also, the open pore 
channels in the 2D porous graphene might have contributed 
to the improvement in the storage characteristics of TiO2 by 
facilitating the efficient access of electrolyte to the electrode and 
improve the intercalation of Na+ ions.

Chen et al. demonstrated that TiO2/graphene nanoparticles 
undergo a Na+ pseudocapacitance intercalation, which can 
demonstrate a reversible capacity of ≈90 mA h g−1 at 36 C with 
more than 4000 cycles.[312] Further sodiation dynamics analysis 
based on first-principle calculations showed that the hybridi-
zation of graphene with TiO2 nanocrystals provides a more 
feasible channel at the graphene–TiO2 interface for sodium 
intercalation/de-intercalation with a much lower energy barrier 
(Figure 27b). Very recently, Le et al. proposed a sodium based 
energy storage system using a nanocomposite of TiO2 mesoc-
ages anchored on graphene sheets which exhibits ultrahigh 
pseudocapacitive characteristics (Figure 27c).[313] The TiO2 mes-
ocage–graphene nanocomposite (designated as MWTOG) was 
synthesized by a microwave-assisted solvothermal method. Le 
et al. used oxygen-containing functional groups on graphene 
sheets as nucleation sites to start the growth of TiO2 mesoc-
ages. The MWTOG electrode can still deliver 162 mA h g−1 after 
7000 cycles at 5 C and 126 mA h g−1 after 18 000 cycles at 10 C. 
A full cell of sodium-ion capacitor with a carbon-based cathode 
successfully demonstrated an energy density of 64.2 Wh kg−1 
at 56.3 W kg−1 and 25.8 Wh kg−1 at 1357 W kg−1, as well as an 
ultralong lifespan of 10 000 cycles with over 90% of capacity 
retention.

In spite of their superior cycle stability and high rate capa-
bility, the initial CE of TiO2-based anode materials for SIBs is 
usually lower than 50% (Figure 27d),[309] which dramatically 
hinders its practical application. Further study should focus on 
increasing the initial efficiency of this system.

3.3. Phosphorus-Based Anode Materials

Thanks to its low cost, chemical stability, abundance, and high 
theoretical capacity as it electrochemically reacts with Li and 
Na to form Li3P and Na3P, respectively, phosphorus has gained 
attention as a promising anode material for both LIBs and 
SIBs.[314–316] Phosphorus exists in three main allotropes, white, 
red, and black each with its own distinct properties.[317] The tet-
rahedral white phosphorus is toxic and chemically unstable at 
room temperature and therefore unsuitable for battery appli-
cations as it poses a safety hazard. The amorphous red phos-
phorus (RP) was found to reversibly alloy with Na. However, its 
poor electronic conductivity (≈10−14 S cm−1), instability toward 
the electrolyte, and huge volume change (≈400%) during sodia-
tion/de-sodiation severely affect the cycling and the rate perfor-
mance. The orthorhombic black phosphorus (BP) is the most 
stable among all three allotropes. Its layered crystal structure, 
high electrical conductivity (≈300 S m−1), and appearance 
resemble those of graphite, making it suitable for battery appli-
cations. However, these alloy-based anode materials undergo 
huge volume expansion during repeated charge/discharge, 
which will lead to pulverization of particles, continuous decom-
position of electrolytes, isolation of active materials, and finally 
de-lamination of electrode, and thus lead to significant perfor-
mance degradation of the battery.[318]

To address the huge volume expansion and the poor elec-
trical conductivity of this system, several approaches have 
been explored. Most approaches focus on developing car-
bonaceous phosphorus composites, such as amorphous  
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RP/activated carbon, RP/Super-P, RP/graphene, phosphorene/
graphene, amorphous P/N-doped graphene, and BP/ketjen-
black carbon.[31,314–316,319–333]

3.3.1. Red Phosphorus

RP is considered as a potential anode of SIBs due to its high 
theoretical capacity of ≈2600 mA h g−1 (assuming Na3P is 
formed) and safe operating potential (≈0.70 V vs Na+/Na). 
However, its low electrical conductivity limits the utilization 
of the active material and increases the polarization. Also, the 
continuous volume expansion during sodium intercalation/
de-intercalation has many drawbacks, such as the pulveriza-
tion of the active material, which further worsens the electrical 
contact with the current collector and binder, and the formation  

of an unstable SEI, and thus hinders the kinetics and leads to 
low columbic efficiency. So far, advanced phosphorus anode 
materials can be synthesized by four different approaches: ball 
milling, vaporization–condensation, and carbothermic reduc-
tion and wet-chemical synthesis.

Kim et al. reported an amorphous RP/carbon composite 
with 70 wt% phosphorus loading by ball milling, which 
exhibit two sloping regions and one plateau in its voltage 
profiles (Figure 28a).[316] The cycle stability test in Figure 28b 
showed that this material have relatively stable cycle life in 
30 cycles. This result has stimulated extensive research on 
phosphorus-based anode material for SIBs by optimizing 
the structures of host materials for phosphorus to increase 
the electronic conductivity and accommodate volume 
changes during charge and discharge.[319,323,324,327–329] Song 
et al. further reported a chemically bonded P-CNT hybrid  
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Figure 27. a) Left: a typical charge/discharge profile of the rGO–TiO2 anode, where alphabetic characters on the curves denote the sampling positions; 
right: XRD patterns of the rGO–TiO2 anode at different depths of charge and discharge.[310] b) b-1) Illustration of the partially bonded graphene–TiO2-B 
(001) interface. b-2) Top-view of (b-1), illustrating the Na diffusion path along the [010] direction from Na1 to Na10 sites. b-3) Migration activa-
tion energy of the Na þ ion diffusing along the [010] direction in bulk TiO2-B, as well as fully bonded and partially bonded graphene–TiO2–B (001) 
interface, calculated with DFT.[312] c). SEM image of MWTOG with TEM image and cyclic voltammetry curves as inset.[313] d) First discharge curve of 
bare and 2.9 wt% carbon-coated anatase nanorod TiO2 measured at 10 mA g−1.[309] Panel (a) reproduced with permission.[310] Copyright 2016, Royal 
Society of Chemistry. Panel (b) reproduced with permission.[312] Copyright 2015, Nature Publishing Group. Panel (c) reproduced with permission.[313] 
Copyright 2017, American Chemical Society. Panel (d) reproduced with permission.[309] Copyright 2014, American Chemical Society.
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(Figure 28c), which can deliver an initial capacity of  
≈2100 mA h g−1 with a capacity retention of 75.5% after  
100 cycles at 520 mA g−1.[334]

Using a modified vaporization–condensation method 
different from ball milling, Zhu et al. synthesized a RP/
single-walled carbon nanotube composite (red P-SWCNT) 
(Figure 28d).[324] The resulted RP/SWCNT electrode presents 
a stable cycle life up to 2000 cycles even charged/discharged 
at a high rate of 2 A g−1. Liu et al. used physical vapor deposi-
tion to uniformly deposit red phosphorus nanodots on flexible 
reduced graphene oxide sheets (referred to as P@RGO).[331] 
The RGO acts as a mediator between RP and the external 
circuit, reduces the Na+ diffusion path, and provides struc-
ture reinforcement during the sodiation/de-sodiation due 
to the free space between the RGO sheets. Thus, the elec-
trochemical performance is enhanced compared to amor-
phous RP. Using a vaporization–condensation-conversion 
method, Yu and co-workers reported on a phosphorus-carbon 
composite synthesized by confining nanosized amor-
phous RP into a zeolitic imidazolate framework-8 (ZIF-8)- 
derived nitrogen-doped microporous carbon matrix (denoted 
as P@N-MPC) (Figure 28e).[329] When used as the anode 
for SIBs, the P@N-MPC composite demonstrated excellent 
rate performance and long cycle life, which can still main-
tain ≈450 mA h g−1 at 1 A g−1 after 1000 cycles. The supe-
rior sodium storage performance of the P@N-MPC is mainly 
attributed to the novel structure. The N-doped porous carbon 
with sub1 nm micropore facilitates the rapid diffusion of 
organic electrolyte ions and improves the conductivity of the 
encapsulated RP. Furthermore, the porous carbon matrix can 
buffer the volume change of RP during repeated sodiation/

de-sodiation, keeping the structure intact after a long cycle 
life.

Sun et al. demonstrated a carbothermic reduction of P4O10 
into nanoporous RP particles (≈ nm) embedded in a 3D carbon 
framework (Figure 28f).[335] Enhanced imaging of the P/C com-
posite confirmed its nanostructure and the presence of inner 
porous interchannels where carbon is uniformly dispersed 
and phosphorus is located along the channels. The P/C com-
posite exhibits an initial specific capacity of 1027 A g−1 at C/5 
with a columbic efficiency of 76%, along with a decent cycling 
performance of 88% retention after 160 cycles at 0.2 C. This 
performance improvement is due to the nanostructure of RP, 
which minimizes the diffusion path of Na+ ions, and the role 
of the carbon framework, which enhances the electrical con-
ductivity of RP due to the POC bonds and provides a buffer 
space for the volumetric changes during the intercalation/de- 
intercalation of Na+.

Recently, Zhou et al. developed a wet solvothermal method 
to synthesize hollow RP nanospheres (HPNs) with porous 
shells and proposed a possible gas-bubble mechanism that 
direct the formation of the hollow nanospheres.[336] They 
hypothesized that the P nuclei are produced at the surface of 
NaN3 initially. Then, with the increase in the gas-bubble sizes, 
P nuclei are gradually assembled at the surface of the bub-
bles, and as they detach from the surface of NaN3, they form 
hollow phosphorus nanospheres. The resulted HPNs with 
60 wt% P loading exhibit a specific capacity of 969.8 mA h g−1 
(based on P weight) after 600 cycles at 1 C, demonstrating 
excellent cycle stability at high rate of charge/discharge. Very 
recently, Liu et al. further reported RP@Ni-P core@shell 
nanostructure as an SIB anode via electroless disposition with 
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Figure 28. a) Voltage profiles and b) cycle performance of amorphous red P/C composite obtained with PAA binder.[316] c) Interaction between P-CNT 
hybrid and c-NaCMC-CA binder.[334] d) Schematic illustration of the synthesis process for red P-SWCNT composite.[324] e) Schematic illustration of the 
preparation process for P@N-MPC.[329] f) Schematic and digital photographs of the synthesis procedure for the ultrafine red P particles embedded in 
a 3D carbon framework (P/C composite).[335] g) Schematics of electroless deposition of Ni on the red P nanoparticle (i–iii) and the evolution of the 
red P@Ni-P core@shell nanostructure through chemical de-alloying (iv–viii).[330] Panels (a,b) reproduced with permission.[316] Copyright, 2013 Wiley-
VCH. Panel (c) reproduced with permission.[334] Copyright 2015, American Chemical Society. Panel (d) reproduced with permission.[324] Copyright 2015, 
American Chemical Society. Panel (e) reproduced with permission.[329] Copyright 2017, Wiley-VCH. Panel (f) reproduced with permission.[335] Copyright 
2016, Elsevier. Panel (g) reproduced with permission.[330] Copyright 2017, Royal Society of Chemistry.
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chemical alloying (Figure 28g).[330] The Ni2P shell generated 
on the RP core particle facilitates intimate contact between RP 
and a mechanically strong amorphous Ni-P outer shell with a 
high electronic conductivity, which ensures strong electrode 
structural integrity, a stable solid electrolyte interphase, and 
ultrafast electronic transport. It was found that the de-alloying 
time of (RP)@Ni-P can vary with shell thickness and compo-
sition of the Ni2P layer. The 8 h RP@Ni–P composite presents 
a super high capacity, superior rate capability, and unprece-
dented ultralong cycle life at high rates (409.1 mA h g−1

composite 
after 2000 cycles). This simple scalable synthesis approach 
provides a new strategy for the optimization of core@shell 
nanostructures, paving the way for mass production of high-
performance electrodes for SIBs and other energy storage 
systems.

3.3.2. Black Phosphorus and Phosphorene

Black Phosphorus: After the accidental discovery of black phos-
phorus (BP) during the conversion of white phosphorus to 
red phosphorus under high pressure (1.2 GPa and 200 °C).[337] 
Several attempts have been made to synthesize it by different 
methods. The most common is the high-energy ball milling of 
the commercially available red phosphorus.[338] In 2007, Park 
and Sohn reported a BP anode for LIBs through high-energy 
mechanical milling (Figure 29a).[339] After that, BP received 
much attention as the anode material for LIBs.[314,315,332,340–343]

Use of BP as the SIB anode was reported by Yu et al. in 2013.[344] 
Using first-principles simulation, they investigated the lithiation 
and sodiation kinetic of BP. It was found that BP can facilitate 
the diffusion of Li+ and Na+ along a axis of the large tunnels that 
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Figure 29. a) Electrochemical behaviors of various types of phosphorus: voltage profiles for first cycle of i) red phosphorus, ii) black phosphorus, 
and iii) black phosphorus–carbon composite.[339] b) Cycling performance of the phosphorus-carbon composites (C-1) in sodium half-cells within the 
potential window of 2.0–0.01 V (vs Na+/Na) at a current rate of 100 mA g−1.[345] c) Structure schematic and cycling performance of BPC composite 
at 1.3 A g−1 with voltage profile illustrating the phases at different states of charge.[31] d) Cycling performance of black P/PANa electrode in Na cells 
using additive-free electrolyte, electrolyte with FEC, and VC additive, with schematic illustrations of the crystal structures of black P and Na3P as 
inset.[347] e) Illustration of the effect of diffusional directionality and chemical strain anisotropy on the morphological evolution in sodiated black phos-
phorus.[348] Panel (a) reproduced with permission.[339] Copyright 2007, Wiley-VCH. Panel (b) reproduced with permission.[345] Copyright 2015, Royal 
Society of Chemistry. Panel (c) reproduced with permission.[31] Copyright 2016, American Chemical Society. Panel (d) reproduced with permission.[347] 
Copyright 2016, American Chemical Society. Panel (e) reproduced with permission.[348] Copyright 2017, American Chemical Society.
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formed during lithiation or sodiation. This finding showed that 
BP would be also an attractive anode material of SIBs. Ramireddy 
et al. demonstrated that, based on the use of a particular ball 
milling unit, a composite can be manufactured with nanoparticles 
of BP in a significantly disordered state (Figure 29b).[345] However, 
the reversible capacity of the as-prepared composite continuously 
decayed in 50 cycles, indicating the need for optimization on the 
structure and electrode/electrolyte interface of BP–host materials.

Therefore, Xu et al. synthesized a nanostructured BP/Ketjen-
black-multiwalled carbon nanotubes composite (referred to as 
BPC).[31] The BPC composite was prepared by high-energy ball 
milling of phosphorous (70 wt%), ketjenblack, and multiwalled 
carbon nanotubes. The phosphorus nanoparticles interact with 
the highly conductive ketjenblack, forming secondary micro-
sized particles. Introducing the multiwalled carbon nanotubes 
to the matrix forms a secondary conductive network and stabi-
lizes the composite. The BPC composite delivered a high ini-
tial discharge capacity of 2011 mA h g−1 with an initial CE that 
exceeded 90%. It also attained a much-improved cycling perfor-
mance and rate capability. Operando high-energy XRD coupled 
with ex situ 31P NMR confirmed the formation of a crystalline 
Na3P phase that starts at 0.3 V and gradually increases till the 
end of sodiation (0.2 V) in addition to an intermediate amor-
phous phase (NaP) at 0.8 V (Figure 29c). Recently, Ding et al. 
introduced an amorphous BP (αP) coupled with cubic boron 
nitrile (c-BN) and coated with nanoporous graphene (pGra).[346] 
The c-BN can act as a rigid skeleton that suppress volume 
expansion of the P during the sodiation process, while the pGra 
provides a tunnel for Na+ ions by shortening the diffusion path 
and improves the electrical conductivity. The composite can 
exhibit initial discharge of 1220 mA h g−1 but with relatively 
lower columbic efficiency (≈64%) and slightly stable cycling for 
100 cycles, maintaining a capacity of 947 mA h g−1 at 50 mA g−1.

Besides, Dahbi et al. reported a composite electrode BP/AB 
with poly(sodium acrylate) (PANa) binder, which displays a 
specific capacity above 1600 mA h g−1 and stable cycle life with 
91% capacity retention over 20 cycles.[347] It is found that both 
fluoroethylene carbonate (FEC) and vinylene carbonate (VC) 
is efficient electrolyte additives for the Na cells by forming an 
SEI with different surface stabilization mechanisms. The SEI 
surface layers modified by the FEC and VC attain longer cycle 
life and higher reversibility of the de-sodiation/sodiation of the 
black P electrode (Figure 29d). Chen et al. proposed a modeling 
approach combined with in situ TEM analysis to understand 
the morphological evolution and the stress generation in crys-
talline BP during the sodiation process (Figure 29e).[348] The 
model reveals that the morphological evolution and stress gen-
eration are controlled by two intrinsic anisotropies: sodium dif-
fusional directionality and insertion strain anisotropy. During 
the first step of the sodiation (intercalation), sodium atoms 
favor diffusion along the [100] direction due to its significantly 
lower diffusion barriers compared to the [010] and [001] direc-
tions. As the layered structure of BP gradually transforms into 
an amorphous phase, the sodium diffusion becomes isotropic. 
However, the high cost of BP is the main challenge for its prac-
tical application. A mixture of BP and red P would be a solution 
to combine their advantages.[349]

Phosphorene: Similar to graphene as a single layer of graphite, 
phosphorene can be viewed as a single or few layers of black 

phosphorus. There are two main approaches to prepare phos-
phorene, including top-down and bottom-up.[350] The top-down 
approach relies on chemical (liquid phase/shear mixing) or 
mechanical (ball milling) exfoliation of bulk crystals into a few 
layers by weakening the interlayer interaction. The bottom-up 
approach relies on chemical synthesis.[351]

Using first principles calculation, Kulish et al. conducted a 
systematic study on a monolayer phosphorene to investigate its 
sodiation behaviour.[352] Kulish et al. found that Na diffusion 
on phosphorene is favorable and anisotropic, with a very small 
energy barrier of only 0.04 eV (Figure 30a). The phosphorene 
exhibits a high mechanical stability during the sodium inser-
tion, and the Na–phosphorene tends to become more metallic 
as the Na ions intercalate in the structure, which increases the 
electronic conductivity. Therefore, because of the above advan-
tages, monolayer phosphorene could an appealing anode of 
SIBs. Cui and co-workers, introduced for the first time a nano-
structured phosphorene–graphene hybrid with 48.3% phos-
phorus that consists of phosphorene layers sandwiched between 
graphene sheets as displayed in Figure 30b.[353] This material 
can still maintain a reversible capacity of over 2000 mA h g−1 
after 100 cycles at C/20. Cycling at moderate rates (3 C) and 
relatively high rates (10 C) showed similar trends (Figure 30c). 
This electrochemical improvement and cycle stability were 
attributed to the interaction between phosphorene and gra-
phene. The graphene layers can accommodate the anisotropic 
volume expansion of phosphorene during the sodiation/ 
de-sodiation and provides an electrical pathway that facilitates 
the electron transport, while the phosphorene layers offer a 
short diffusion path for Na+ ions. Recently, Zhang et al. have 
reported functionalized few-layer phosphorene nanosheets dec-
orated with PEDOT nanofibers, which can significantly improve 
the reaction kinetics and the surface wettability with the electro-
lytes. Therefore, it can demonstrate superior sodium/lithium 
storage performance with improved cycle life and rate capa-
bility.[354] However, one of the big concerns is the scalable syn-
thesis of phosphorene for practical application, which requires 
novel approaches.

3.3.3. Tin Phosphide

Another promising SIB anode material is Sn4P3, which pos-
sesses a volumetric capacity of 6650 mA h cm−3, a gravimetric 
capacity of 1132 mA h g−1, and good electrical conductivity 
(30.7 S cm−1). Qian et al. reported a synergistic Na-storage 
reaction in the Sn4P3 anode, where the Sn and P atoms react 
with Na to form Na15Sn4 and Na3P, respectively. The resulting 
Na15Sn4 alloy acts as a conducting pathway to activate the 
reversible Na storage reaction of nonconductive Na3P particles; 
meanwhile, the well-dispersed Na3P phases provide a shielding 
matrix to prevent the aggregation of the Na15Sn4/Sn nanopar-
ticles, thus improving the cycling stability of the Sn4P3 anode 
(Figure 31a).[355] The Sn4P3/C nanocomposite could deliver 
a reversible capacity of over 700 mA h g−1 after 150 cycles at 
50 mA g−1 (Figure 31b), indicating its potential applicability 
as a new SIB anode host. Kim et al. reported that Sn4P3 with 
the presence of FEC additives exhibited no sign of capacity 
fading within 100 cycles in spite of its large (micrometer-sized) 
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particles (Figure 31c).[356] Jang et al. reported that the combina-
tion of tris(trimethylsilyl)phosphite (TMSP) and FEC can fur-
ther create a protective surface film on the Sn4P3 anode against 
unwanted electrolyte decomposition and prevent the formation 
of the Na15Sn4 phase, which will case a large volume expansion 
during the Na insertion (sodiation) process.[357]

Recently, Li et al. used a different method than conven-
tional mechanical ball milling to synthesize Sn4P3/reduced 
graphene oxide nanohybrids with 89.6% Sn4P3.[358] They used 
low-temperature solution-based phosphorization reaction route 
from Sn/rGO (Figure 31d). The resulted Sn4P3/rGO electrode 
can deliver 656 mA h g−1 at 100 mA g−1 and still 391 mA h g−1 
when increased the rate to 2.0 A g−1. In addition, a longer cycling 
performance of 1500 cycles with a capacity of 362 mA h g−1 
at a moderate rate of 1.0 A g−1 can be obtained. The porous 
structure, the rGO conductive host, and the strong interaction 
between Sn4P3 and rGO were assigned for its excellent elec-
trochemical performance. While using a top-down phosphori-
zation, Liu et al. reported uniform yolk–shell Sn4P3@C nano-
spheres (Figure 31e).[359] The rationally designed void space in 

between the shell and nanoparticles allows for the expansion of 
Sn4P3 without deforming the carbon shell or disrupting the SEI 
on the outside surface. Owing to these unique structural fea-
tures, the as-obtained yolk–shell Sn4P3@C nanospheres exhibit 
high specific capacity of 790 mA h g−1 together with good cycle 
stability up to 400 cycles and good rate capability up to 3 C.

4. Electrolytes

4.1. Nonaqueous Organic Electrolytes

The electrolyte is an important component of battery system.[360] 
Its compatibility with sodium-based electrodes is an essential 
step toward development of advanced SIB technology.[14,40,361] 
Requirements for liquid electrolytes in SIBs are similar to those 
required for LIBs. The electrolyte challenges can be summa-
rized as follows: (i) a big difference between the energy levels 
for the lowest unoccupied molecular orbital and highest occu-
pied molecular orbital in the extended voltage window stability 
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Figure 30. a) Sodium diffusion on monolayer phosphorene: (i) top and (ii) side views of Na diffusion pathways: (I) H-B-H, (II) H-B1-Hand (III)H-T-H. 
(iii) Corresponding energy barriers for Na diffusion on phosphorene.[352] b) Structural evolution of the sandwiched phosphorene–graphene structure 
during sodiation.[353] c) Reversible desodiation capacity and Coulombic efficiency for the first 100 galvanostatic cycles of the phosphorene/graphene 
(48.3 wt% P) anode tested under different currents.[353] Panel (a) reproduced with permission.[352] Copyright 2015, Royal Society of Chemistry. Panels 
(b,c) reproduced with permission.[353] Copyright 2015, Nature Publishing Group.
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of 0–5.5 V (vs Na), (ii) high ionic conductivity (>5 mS cm−1) 
with low viscosity, iii) compatibility problems between sodium 
anode-based materials and sodium cathode materials, iv) 
thermal instability and degradation with cycling, and v) high 
cost.[40]

Electrolytes are known to react with electrode surfaces 
during battery cycling to form a SEI.[362] Stabilizing the SEI, 
especially on the anode electrode surface, was a key factor for 
the commercialization of LIBs and will also be so for SIBs in 
the rechargeable battery market. As is the case for LIBs, most 
electrolytes for SIBs are based on carbonate and ester solvents. 
For LIBs, the beneficial effect of ethylene carbonate (EC) in 
stabilizing the graphite surface under intercalation and de-
intercalation of lithium was the origin of the commercialization 

of LIBs in 1991.[363] Unfortunately, in carbonate-based electro-
lyte, sodium cannot intercalate into the graphite sheet alone 
due to its large radius.[364] This problem eliminates graphite 
as an appropriate anode candidate for SIBs, and EC by itself 
was discarded as a solvent due to its high melting point. Pro-
pylene carbonate (PC) was used instead, in the presence of a 
sodium perchlorate salt (NaClO4), which is less moisture sensi-
tive than sodium hexafluorophosphate (NaPF6) salt. To improve 
the cycling performance of SIBs and increase the ionic con-
ductivity of the electrolyte, binary and ternary solvent mixtures 
have been studied. For example, EC was used as a co-solvent to 
form a stable SEI on a hard carbon anode in SIBs. An earlier 
study by Thomas et al. demonstrated, through TEM and elec-
tron energy loss spectroscopy, the formation of SEI on natural 
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Figure 31. a) Schematic illustration of the Na-storage mechanism in Sn4P3 electrode.[355] b) Comparison of the reversible capacities of the Sn4P3/C, 
Sn/C, and P/C electrodes at a current rate of 100 mA g−1. All the capacities were calculated on the basis of the mass of active materials, excluding the 
carbon.[355] c) Cycle performance of Sn4P3 and Sn electrodes obtained with or without an FEC additive.[356] d) Schematic illustration of the synthesis 
process of the Sn4P3/RGO hybrid sample.[358] e) Schematic illustration of the fabrication of uniform yolk–shell Sn4P3@C nanosphere anodes.[359] 
Panels (a,b) reproduced with permission.[355] Copyright 2014, American Chemical Society. Panel (c) reproduced with permission.[356] Copyright 2014, 
Wiley-VCH. Panel (d) reproduced with permission.[358] Copyright 2016, Wiley-VCH. Panel (e) reproduced with permission.[359] Copyright 2015, Royal 
Society of Chemistry.
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graphite when it is cycled with sodium in the presence of 1.5 m 
NaClO4 in EC.[365] The main composition of this SEI layer is 
Na2CO3 carbonate and sodium alkylcarbonates (ROCO2Na). 
The authors proposed a mechanism for the SEI formation 
based on two steps. Above 0.8 V, the electrolyte decomposition 
forms Na2CO3 while below this potential, the electrolyte decom-
position leads to the formation of sodium alkylcarbonates 
[(CH2OCO2Na)2 and (CH2CH2OCO2Na)2] with the for-
mation of NaCl. This mechanism of decomposition of EC in 
SIBs is similar to that proposed for LIBs.[366] Later, Stevens and 
Dahn reported that hard carbon can deliver ≈300 mA h g−1 in 
an electrolyte compose of EC/diethyl carbonate (DEC) mixture 
with 1 m NaClO4

[22] Alcántara et al. reported that hard carbon 
with a highly disordered structure and a low specific surface 
area can attain 285 mA h g−1 in an EC/dimethyl carbonate 
(DMC) based electrolyte.[367] Komaba et al. conducted a system-
atic study of a binary solvent by mixing EC, PC, butylene car-
bonate (BC), DMC, and DEC in various combinations.[368] They 
identified PC alone, EC alone, and EC:DEC as the best solvents 
in term of compatibility with a hard carbon anode. In half-cell 
tests, 1 m NaClO4 in PC delivered 220 mA h g−1 with good Cou-
lombic efficiency and stable cycle life (Figure 32a). The authors 

confirmed by XPS that the formation of thin SEI on the hard 
carbon is based on sodium carbonate (Na2CO3), alkyl carbonate 
(ROCO2Na), ester linkage (COO), and alkane linkage 
(CH2).

Ponrouch et al. conducted a systematic study on optimizing 
the electrolyte formulation to decrease the interfacial reactions 
and thus improve the electrochemical performance and abuse 
tolerance.[369] They found that the EC:PC solvent mixture was 
the best solvent formulation among various electrolytes, which 
has the largest electrochemical window (0–5 V vs Na) and best 
thermal stability (Figure 32b). Hard carbon was able to deliver 
200 mA h g−1 with stable cycle life of over 180 cycles in 1 m 
NaPF6/EC:PC or NaClO4/EC:PC.[369] Moreover, sodiated hard 
carbon has the highest onset heat generation temperature and 
lowest enthalpy of reaction in NaPF6/EC:PC as revealed by dif-
ferential scanning calorimetry (DSC) (Figure 32c). Ponrouch et 
al. further explored a ternary solvent-based electrolyte composed 
of 0.45 (EC):0.45(PC):0.1(PC), in which the Na3V2(PO4)2F3//
hard carbon full cell presented stable voltage profiles, good 
capacity retention and Coulombic efficiency (Figure 32d).[370]

Ether-based electrolytes have been also studied in SIBs 
because of their low viscosity and melting point. It is worth 
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Figure 32. a) Variation in reversible capacities for hard-carbon electrodes in EC, PC, and BC solution containing 1 mol dm−3 NaClO4 tested at 
25 mA g−1 in beaker-type cells.[368] b) Electrochemical potential window stability (black bars and upper y axis) and thermal range (green bars and lower 
y axis) values of electrolytes based on 1 m NaClO4 dissolved in various solvents and solvent mixtures and c) DSC heating curves of fully sodiated 
hard carbon in various electrolyte formulations.[369] d) Voltage versus capacity profiles for Na3V2(PO4)2F3/HC full Na-ion cells cycled in 1 m NaPF6 or 
1 m NaClO4 in EC0.45:PC0.45:DMC0.1 recorded at C/5 (the inset displays the charge capacity and Coulombic efficiency versus cycle number (C/5; 1 m 
NaClO4 in EC0.45:PC0.45:DMC0.1).[370] Panel (a) reproduced with permission.[368] Copyright 2011, Wiley-VCH. Panels (b,c) reproduced with permis-
sion.[369] Copyright 2012, Royal Society of Chemistry. Panel (d) reproduced with permission.[370] Copyright 2013, Royal Society of Chemistry.
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noting that these electrolytes are not commercially practical 
due to their high vapor pressure and narrow potential window. 
Recently, Jache et al. reported that graphite could be served 
as SIB anode by using ether-based electrolytes of 1 m NaOTf 
salt in diglyme (Figure 33a).[371] The sodium insertion into the 
graphite occurs via the formation of ternary graphite inter-
calation compounds (t-GIC) instead of binary GICs. In this 
electrolyte system, graphite could deliver 100 mA h g−1 for 
1000 cycles at C/10 (Figure 33b). This result has stimulated 
the research of ether-based electrolytes in SIBs.[372–375] The pro-
posed mechanism of sodium ether intercalation in diglyme 
was confirmed by Kim et al., who studied tetraethylene glycol 
dimethyl ether (TEGDME), diethylene glycol dimethyl ether 
(DEGDME), and DME containing 1 m NaPF6 by in situ XRD 
and DFT calculations (Figure 33c).[372,373] The authors found 
that during Na intercalation, multi-stage reactions happen with 
Na/C atomic ratio between 1/28 and 1/21. Their DFT calcula-
tion indicated that Na ions and ether solvents are intercalated 
into the graphite in the form of [Na–ether]+ complexes double 
stacked in parallel with graphene layers. Recently, impressive 
cycling performance was reported by Zhu et al. for graphite 
anode and 1 m NaCF3SO3/tetraglyme electrolyte.[374] More 
than 100 mA h g−1 as a reversible capacity was sustained after 

6000 cycles under a 0.2 A g−1 current. The authors pointed out 
that the good electrochemical performance arises from the con-
tribution of the capacitance in the total capacity, as revealed in 
cyclic voltammetry scans with graphite. This explanation was 
also proposed by Kim et al. during their investigation of Na 
insertion in hard carbon using NaPF6 in ether-based electro-
lyte.[372] Jache et al. also conducted a systematic study on the 
insertion of sodium with different glymes and their deriva-
tives containing 1 m sodium triflate into the graphite.[375] The 
redox potentials of this insertion shift depend on the ether 
chain length, which allows the tuning of the redox behavior by 
selecting and mixing appropriate ether solvents. The obtained 
capacity for monoglyme, diglyme, and tetraglyme solvent with 
the basic structural composition CH3(OCH2)nOCH3 
with n = 1, 2, and 4 was about ≈80–100 mA h g−1. The infe-
rior behavior of triglyme, only 50 mA h g−1 reversible capacity, 
was attributed by the authors, in part, to the geometrically unfa-
vorable coordination of the sodium ion by the solvent mole-
cules. Sulfonate-based solvents were also explored for SIBs. 
For example, 1 m NaClO4 in methyl ethyl methane sulfonate 
(CH3SO2OC2H5) with 2 vol% FEC shows higher electro-
chemical voltage stability than the same salt in PC containing 
the same amount of FEC additive (Figure 33d).[376] The cycling 
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Figure 33. a) Specific capacities and charge/discharge characteristics of sodium/graphite cells cycled at i = 37.2 mA g−1 in 1 m M+(OTf) in diglyme and 
b) Coulombic efficiency of the sodium/graphite cell in 1 m NaOTf in diglyme over 1000 cycles at 0.1 C.[371] c) Operando synchrotron XRD analysis of the 
structural evolution of the ternary Na–ether–graphite system observed during electrochemical solvated-Na-ion intercalation and de-intercalation into/
out of graphite in Na|1 m NaPF6 in a DEGDME|graphite cell.[373] d) Schematic of C-Fe3O4/NaClO4-EMS+2 vol% FEC/Na[Ni0.25Fe0.5Mn0.25]O2 full Na-ion 
battery, where EMS = ethyl methane sulfonate.[376] Panels (a,b) reproduced with permission.[371] Copyright 2014, Wiley-VCH. Panel (c) reproduced with 
permission.[373] Copyright 2015, Royal Society of Chemistry. Panel (d) reproduced with permission.[376] Copyright 2014, American Chemical Society.
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performance of a Na[Ni0.25Fe0.5Mn0.25]O2//Fe3O4 full cell can 
deliver ≈100 mA h g−1 with an average working voltage of  
≈2.4 V and stable cycle life up to 150 cycles at C/2.

Appropriate electrolyte salts stable toward oxidation/decom-
position in SIBs are being sought. The conductivity of PC-
based electrolytes with different salts are in an order of, NaPF6 
(7.98 mS cm−1) > NaClO4 (6.5 mS cm−1) > NaTFSI (6.2 mS cm−1), 
while the viscosities are basically the same (Figure 34a).[369] 
This conductivity dependence on anion are similar with that 
observed in LIBs, which was because the PF6

− anion can sup-
press the salt dissociation and enhance ionic mobility.[377] Bhide 
et al. investigated the effect of salts on the electrochemical 
window and cathode cycling stability in SIBs.[378] They studied 
the suitability of NaPF6, NaClO4 and NaCF3SO3 in an EC/DMC 
mixture and found that the best ionic conductivity for a sodium 
electrolyte was obtained for 0.6 m NaPF6 with ≈7 ms cm−1 and 
1.0 m NaClO4 with ≈5 ms cm−1 (Figure 34b,c). Of these mixtures, 

the NaPF6-based electrolyte showed a better reversibility of the 
Na0.7CoO2 cathode material with less electrolyte decomposition. 
On the basis of impedance measurements, the authors con-
cluded that a protective passivation layer with less resistivity is 
formed on the cathode material in the case of electrolyte con-
taining NaPF6 salt. In addition, Komaba et al. reported that 
better cycling performance in a hard carbon/NaNi0.5Mn0.5O2 
cell was obtained in NaPF6-based electrolyte than NaClO4- and 
NaTFSA-based electrolyte (Figure 34d).[368] Other salts such as 
sodium bis(fluorosulfonyl) imide (NaFSI), sodium bis[oxalate]-
borate (NaBOB), and sodium-difluoro(oxalato)borate (NaDFOB) 
were explored for SIBs. For example, NaFSI in methyltetrahy-
drofuran (Me-THF) was found to exhibit the best electrochem-
ical performance for imine-based anode materials containing 
Schiff bases and terephthalic groups.[379] The reported perfor-
mance was attributed to better stability of organic anode mate-
rials and their low solubility in the NaFSI-(Me-THF) electrolyte. 
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Figure 34. a) Conductivity (black bars) and viscosity (green bars) of PC-based electrolytes with 1 m of various Na salts.[369] b) Ionic conductivity of 
electrolytes containing NaPF6, NaOTf, and NaClO4 salts in EC:DMC (30:70 wt%) as a function of composition and c) ionic conductivity of liquid 
electrolytes with concentrations of 0.6 m NaPF6, 0.8 m NaOTf, and 1 m NaClO4 in EC:DMC as a function of temperature.[378] d) Variation in discharge 
capacities of hard-carbon/NaNi0.5Mn0.5O2 cell galvanostatically tested at 300 mA (g of hard-carbon)−1 in PC solution containing 1 mol dm−3 (a) NaTFSA, 
(b) NaPF6, and (c) NaClO4.[368] e) Cyclic voltammograms of the cells with electrolytes of 1.0 m NaX (X = DFOB, ClO4, and PF6) in EC:DMC at room 
temperature at a scan rate of 1 mV s−1. The inset shows the voltammograms of the cells with electrolytes of NaDFOB in PC, EC:DEC, and EC:DMC.[382] 
Panel (a) reproduced with permission.[369] Copyright 2012, Royal Society of Chemistry. Panels (b,c) reproduced with permission.[378] Copyright 2014, 
Royal Society of Chemistry. Panel (d) reproduced with permission.[368] Copyright 2011, Wiley-VCH. Panel (e) reproduced with permission.[382] Copyright 
2015, Royal Society of Chemistry.
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The good electrochemical performance could also result from 
the high resistivity of the Me-THF solvent to reduction. The 
same NaFSI salt also shows better electrochemical perfor-
mance than NaClO4 in the PC solvent when it is used in Na/
NaFe0.2Ni0.4Ti0.4O2 and Na/NaFe0.4Ni0.3Ti0.3O2 half-cells.[380] 
The authors suggest that better compatibility between the elec-
trolyte and the electrodes is responsible for the improved elec-
trochemical performance. In addition, NaBOB shows better 
thermal stability with decomposition starting around ≈350 °C, 
as revealed by thermogravimetric analysis under nitrogen.[381] 
Unfortunately, this salt cannot be used alone in SIBs due to 
its poor solubility in carbonate solvents. To improve the Cou-
lombic efficiency of the current SIBs, NaDFOB salt was tested 
with EC/DMC solvent.[382] The salt was prepared from the reac-
tion of sodium oxalate (Na2C2O4) with boron trifluoride diethyl 
etherate in acetonitrile. The NaDFOB in EC/DMC electrolyte 
provides a stable electrochemical window of 5.5 V and was 
tested in a Na/Na0.44MnO2 half-cell (Figure 34e). In this test, 
the NaDFOB-based electrolyte exhibited a high Coulombic 
efficiency (close to 100%) and long cycle life with low capacity 
fade. The reported performance was higher than that obtained 
by using NaClO4- and NaPF6-based electrolytes for the same 
system. This finding was explained as being due to the lower 
viscosities of the NaDFOB salt compared with the NaClO4 and 
NaPF6 salts.

Extending performance up to several thousand cycles in 
a full SIB is needed before possible deployment of this tech-
nology. This will require the use of electrolyte additives, as 
was the case for LIBs. The FEC additive is used to inhibit a 
continuous degradation of the SEI on the graphite anode for 
LIBs. So far, FEC has been the most common additive used in 
SIBs as shown by improved electrochemical performance with 
extended cycling.[383–385] The effect of the FEC additive is to 
form a stable SEI on the anode surface. This SEI should be thin 
in order to allow sodium-ion transport. A thick SEI could form, 
however, due to the continuous reaction of electrolyte with the 
electrode material surface. A systematic study was performed 
by Komaba et al. on the use of FEC, VC, trans-difluoroethylene 
carbonate (DFEC), and ethylene sulfite (ES) in the presence of 
1 m NaClO4 in a PC-based electrolyte (Figure 35a).[383,386] The 
results indicated that FEC is the only efficient electrolyte addi-
tive for both the cathode and the anode. Better cycling perfor-
mance was obtained with 2 vol% FEC because of the formation 
of thin and stable organic-rich SEI. In addition, FEC was used 
by Wang et al. to extend the cycling life of a half-cell based on 
reduced graphene oxide.[387] In this work, the presence of 5% 
FEC in 1 m NaClO4/EC+DEC electrolyte improved the capacity 
retention of reduced graphene oxide anode material by 20%. 
Choi and co-workers reported that a combination additive of 
FEC and tris(trimethylsilyl)phosphite (TMSP) could further 
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Figure 35. Initial reduction/oxidation curves for hard-carbon electrodes in 1 mol dm−3 NaClO4 PC solution a) without and with b) 2 vol% and c) 10 vol% 
FEC at a rate of −25 and +25 mA g−1 in coin-type Na cells. Inset shows variation in reversible oxidative capacities for hard carbon during successive 
cycle tests.[383] b) Na extraction capacity of the Sn4P3 anodes at a rate of C/10 and c) schematic showing the function of the NaF-based SEI layer 
formed during sodiation.[388] d) Discharge capacity versus cycle number for hard carbon electrodes cycled (C/10) in 1 m NaClO4 in EC:PC or without 
FEC addition.[389] Panel (a) reproduced with permission.[383] Copyright 2011, American chemical Society. Panels (b,c) reproduced with permission.[388] 
Copyright 2015, Royal Society of Chemistry. Panel (d) reproduced with permission.[389] Copyright 2013, Elsevier.
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extend the cycle stability of Sn4P3 anode (Figure 35b).[388] This 
is possible because the hybrid SEI layer formed by the decom-
position of the binary additive (FEC+TMSP) exhibited relatively 
high interfacial resistive NaF compared to a baseline elec-
trolyte. As a result, the migration of Na ions into the anode 
was suppressed, which can prevent the formation of Na15Sn4 
phase that would induce large volume expansion during sodia-
tion (Figure 35c). However, a few studies report no improve-
ment in hard carbon cycling when FEC is used in the half-cell 
configuration (Figure 35d).[389] This finding is attributed to 
an increased polarization during discharge and an inefficient 
plating or stripping at the sodium metal anode. Moreover, VC 
showed some electrochemical performance improvements on 
the cycling of a black phosphorus anode[390] and Na2MnSiO4 
cathode materials.[391]

4.2. Solid-State Electrolytes

Compared to nonaqueous organic electrolytes, solid-state elec-
trolytes have excellent mechanical properties, high thermal 
stability, a wide electrochemical window, and separator-free pro-
cesses. These properties suggest that solid-state SIBs will prob-
ably become the ultimate choice for a higher energy and safer 
battery system.[361] For the solid-state electrolytes, inorganic 
solid materials such as glass–ceramic, solid polymers, and 
hybrids mixed with polymer and ceramic have been studied in 
SIBs, basically focusing on the room-temperature ionic conduc-
tivity and interfacial resistance.

Sulfide solid electrolyte has superionic conductivity 
(≥ 10−4 S cm−1) as well as excellent mechanical properties. A 
glass–ceramic Na3PS4 electrolyte was developed by Hayashi et al. 
through a high-temperature crystallization treatment (270 °C) 
after a planetary ball mill.[392] It has a high ambient-temperature 
conductivity of 2 × 10−4 S cm−1 (Figure 36a) and a wide elec-
trochemical window of 5 V (Figure 36b) and was first used in 
a Na–Sn/Na3PS4/TiS2 solid-state cell for room-temperature 
operation. The cell can maintain 90 mA h g−1 for 10 cycles. 
Later on, Hayaski et al. optimized the synthesis condition with 
high-purity crystalline Na2S and increased the ionic conduc-
tivity of the Na3PS4 glass–ceramics to 4 × 10−4 S cm−1.[393] Fur-
thermore, they reported on a (100 − x)Na3PS4·xNa4SiS4 glass–
ceramic electrolyte with even higher ionic conductivity. When 
increasing the amount of Na4SiS4 to 6 mol%, the conductivity 
reached 7.4 × 10−4 S cm−1 at room temperature.[394] The effect of 
aliovalent doping of M4+, such as Si4+ for P5+ in cubic Na3PO4, 
being able to increase Na+ conductivity was confirmed with the 
first-principles investigation of Ong and and co-workers.[395] 
Another sodium superionic conductor, Na3SbS4, with an ionic 
conductivity of 1.1 × 10−3 S cm−1 at 25 °C, was successfully 
demonstrated in the NaCrO2/Na–Sn cell (Figure 36c–e).[396] 
In addition, this sulfide electrolyte was prepared by scalable 
solution processes using methanol or water to provide inti-
mate ionic contact between NaCrO2 and Na3SbS4. Besides the 
cation substitutions aforementioned, anion substitutions was 
also reported to improve the rate of ion diffusion.[397] The cubic 
Na3PSe4, in which S sites were substituted by the selenide 
(Se2−), had a high ionic conductivity of 1.16 × 10−3 S cm−1. The 
high ionic conductivity of Na3PSe4 was attributed to the large 

atomic radius of Se, which leads to lattice expansion and faster 
Na diffusion. Also, the high polarizability of Se2− could lower 
the barrier between Na+ and the anion framework.[398]

Another attractive Na+ ionic conductor is based on the 
NASICON compounds. Using a solution-assisted solid-state 
reaction method, Guillon and co-workers synthesized a series 
of scandium-substituted Na3Zr2(SiO4)2(PO4) in the form of 
Na3+xScxZr2–x(SiO4)2(PO4)(0 ≤ x ≤ 0.6).[399] In this case, when 
x = 0.4, an ionic conductivity of 4.0 × 10−3 S cm−1 at 25 °C 
was achieved with a high electrochemical stability window 
of up to 6 V (vs Na+/Na). Recently, Hu and co-workers devel-
oped a new sodium composite electrolyte by introducing 
La3+ in the NASICON system, Na3+xLaxZr2−xSi2PO12. They 
obtained an ultrahigh ionic conductivity of 3.4 × 10−3 S cm−1 
at 25 °C and 1.4 × 10−2 S cm−1 at 80 °C when x was 0.3.[400] 
They also assembled a solid-state cell based on Na3V2(PO4)3/
IL/Na3.3La0.3Zr1.7Si2PO12(SE)/Na (where IL is an ionic 
liquid, N-methyl-N-propyl-piperidinium-bis(fluorosulfonyl)
imide) and found excellent cycling and rate performance, 
as shown in Figure 37. A novel NASICON material, 
Na3+xSc2(SiO4)x(PO4)3(0.05 ≤ x ≤ 0.8), was also investigated 
as a solid electrolyte for SIBs. Due to the ionic radius of  
Sc (0.745 Å), which is similar to Zr (0.72 Å), and the trivalence 
of Sc, Na3.4Sc2(SiO4)0.4(PO4)3 obtained a high ion conductivity 
(6.9 × 10−4 S cm−1) at 25 °C.[401]

Although the inorganic solid electrolyte solves the safety 
issues, the high resistance at the solid–solid interface limits 
the electrochemical performance of these batteries. Moreover, 
the inorganic solid materials lack flexibility and are not easy to 
manufacture. To overcome these limitations, a highly flexible 
and light polymer electrolyte was introduced to form a hybrid 
solid electrolyte (HSE), which could combine both advantages 
of an inorganic (glass) ceramic and polymer. A homogeneous 
HSE based on NASICON ceramic powder (Na3Zr2SiPO12), poly-
vinylidene fluoride-co-hexafluoropropene polymer, and ether-
based electrolyte was designed by Kim et al. (Figure 38a)[402] This 
HSE displayed a high ionic conductivity of 3.6 × 10−4 S cm−1 at 
room temperature (Figure 38b) and a good compatibility with 
both hard carbon anode and NaFePO4 cathode. Furthermore, a 
pouch, flexible solid-state SIB composed of hard carbon/HSE/
NaFePO4 exhibited good cycling performance and high spe-
cific capacity (Figure 38c). In addition, the HSE showed good 
thermal stability against shrinkage, whereas a commercial 
membrane experiences shrinkage at above 100 °C (Figure 38d). 
Similarly, Hu and co-workers studied a solvent-free hybrid solid 
electrolytes, and the best reported formula is 40 wt% Na3.4Zr1.8

Mg0.2Si2PO12 ceramic, polyethylene oxide (PEO12) polymer, 
and NaFSI sodium salt (ratio of ester oxygen of PEO to Na+ is 
12:1).[403] This composite solid electrolyte showed high ionic 
conductivity of 2.4 × 10−3 S cm−1 at 80 °C and good thermal 
stability up to 150 °C and was successfully used in solid-state 
batteries composed of Na3V2(PO4)3/HSE/Na. Besides polymers, 
Goodenough and co-workers very recently developed a new 
method through introducing a plastic–crystal electrolyte inter-
phase into the solid cathode particles (Na3V2(PO4)3) and solid 
electrolyte (Na3Zr2(Si2PO12)) that effectively reduced the inter-
facial resistance (Figure 39).[404] Specifically, a plastic–crystal 
phase was obtained after 65 °C by heat treatment of a mixture of 
succinonitrile and NaClO4 with a molar ratio of 20:1. With the  
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addition of the plastic–crystal electrolyte, the discharge capacity 
of the cathode sharply increased from 8 to 112 mA h g−1.

Solid polymer electrolytes (SPE) possess the general prop-
erties of the solid-state electrolyte and also have special char-
acteristics such as flexibility, easy processability, and light 
weight, but still suffer from low ionic conductivity at room 
temperature (≤10−5 S cm−1). The most promising polymer 
matrix, PEO, has been intensively studied in LIBs due to 
ether oxygen atoms with a strong donor character.[405] A PEO-
based solid polymer electrolyte for SIB and the influence of 
the content of sodium salt and other inorganic nanopowders 

in SPE on ionic conductivity were investigated by Hwang and 
co-workers[406] They found that a polymer electrolyte with 
EO/Na+(NaClO4) = 20 exhibits a maximum ionic conductivity of 
1.35 × 10−4 S cm−1 and even higher value of 2.62 × 10−4 S cm−1  
after addition of 5 wt% TiO2 at 60 °C. This ionic conductivity 
increase was due to more defects and higher amorphicity in 
the PEO matrix. However, a Na2/3Co2/3Mn1/3O2 half-cell based 
on TiO2-blended SPE had a first discharge capacity of only  
49.2 mA h g−1 (0.1 C and 60 °C), which is much lower than 
that of the cell in a liquid electrolyte because of large polariza-
tion (high interfacial resistance).
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Figure 36. a) Conductivity of Na3PS4 glass and glass–ceramic electrolytes. Temperature dependences of the conductivities of the Na3PS4 glass (open 
circles) and the glass–ceramic prepared at 270 °C (solid circles). Conductivities of several Na+ conductors reported so far are also shown as a com-
parison.[392] b) Cyclic voltammogram of the Na3PS4 glass–ceramic electrolyte. The glass–ceramic was prepared at 270 °C. A stainless-steel disk, as 
the working electrode, and a sodium foil, as the counter/reference electrode, were used. The potential sweep was performed with a scanning rate of 
5 mV s−1 at 25 °C.[392] c) Conductivity of Na3SbS4 prepared by solid-state reaction at 550 °C. Data after exposure to dry air for 24 h are also compared. 
d) Initial charge/discharge voltage profiles (50 µA cm−2, 30 °C).[396] e) Nyquist plots of NCO/Na-Sn all-solid-state cells. Results of the mixed electrode 
and the Na3SbS4-coated NCO electrode are compared. The cells were fabricated by pressing at 370 MPa. The NCO:Na3SbS4 weight ratio is 87:13.[396] 
Reproduced with permission.[392,396] Panels (a,b) reproduced with permission.[392] Copyright 2012, Nature Publishing Group. Panels (c–e) reproduced 
with permission.[396] Copyright 2016, Wiley-VCH.



www.advenergymat.de

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1702403 (42 of 63)Adv. Energy Mater. 2018, 1702403

A cellulose-based hybrid polymer electrolyte is another 
effective method to optimize the electrolyte/electrode inter-
face. Gerbaldi and co-workers explored this kind of SPE using 
sodium caroxymethyl cellulose (Na-CMC) which could not only 
improve the mechanical strength but also reduce the interfa-
cial resistance.[407] Furthermore, biocompatibility, solubility in 
water, and low cost of Na-CMC are beneficial for large-scale 
application. The optimized electrolyte (PEO/NaClO4/Na-CMC 
with 82/9/9 ratio) was studied in Na/SPE/TiO2 and Na/SPE/
NaFePO4 cells at 60 °C. Both cells showed good cycling sta-
bility and well-defined voltage plateaus. The same research 
group introduced an ultraviolet-induced polymerization pro-
cess in preparing polymer electrolytes for SIBs.[408] This prepa-
ration technology is efficient, ecofriendly, and economical for 
large-scale application. The photopolymer electrolyte with the 
best properties was synthesized by ultraviolet treatment using 
a mixture of bisphenol A ethoylate dimethacrylate (BEMA) 
and poly(ethylene glycol) methyl ether methacrylate (PEGMA) 
in a ratio of 35:65. The BEMA offered a 3D network, and the 
PEGMA co-monomer was used to reduce the glass transition 
temperature and enhance the mobility of Na+. After swelling 
in NaClO4/PC, the polymer electrolyte maintained the 
mechanical strength of SPE and was easy to manage. Also, the 
active photopolymer electrolyte showed a high ionic conduc-
tivity of about 5 × 10−3 S cm−1 at 20 °C, with an electrochem-
ical window of up to 4.6 V and good thermal stability over 
100 °C. Furthermore, favorable performance of the TiO2/Na  

cell with photopolymer electrolyte led to more research on 
these membranes.

5. Operando Diagnostics

5.1. Operando Characterization on the Synthesis of SIBs 
Materials

Electrode materials are key components in rechargeable bat-
teries. The crystal structures and morphologies of electrodes 
can significantly affect their reversible capacities, cycle stability, 
and rate capability. So far, numerous methods have been used 
to prepare battery electrodes, including high temperature cal-
cination,[409] co-precipitation,[410] sol–gel,[411] hydrothermal reac-
tion,[412] microwave reaction,[413] chemical vapor deposition,[414] 
electro-deposition,[415] electrospinning,[416] and ball milling.[417] 
In these methods, different starting materials, reaction tem-
perature, time, and atmosphere can lead to completely different 
morphologies and phase structures. Operando real-time experi-
ments enable direct observation of the sample under dynamic 
conditions showing the effects that normally are not discernible 
during ex situ post-synthesis measurements; thus, applying 
operando techniques is deemed indispensable to electrode syn-
thesis improvement.

XRD is a primary technique for characterization of crystalline 
materials and has been widely used to analyze battery materials 

Figure 37. The electrochemical performance of solid-state batteries. a) The cycling performance of the NVP/SE/Na all-solid-state battery operated at 
80 °C; the inset displays the charge/discharge curves of the 1st and 10th cycles at a current rate of 0.1 C. b) The cycling performance of the NVP/LE/
SE/Na hybrid battery operated under a current of 0.2 C at room temperature; the inset shows the charge/discharge curve of the first cycle. c) Rate 
performance of the NVP/IL/SE/Na solid-state battery at room temperature with current rates of 0.2 C, 0.5 C, 1 C, 2 C, 4 C, 6 C, 8 C, 10 C; the inset 
exhibits the charge/discharge curves of the 1st and 10th cycle at a current rate of 0.2 C for the NVP/IL/SE/Na solid-state battery at room tempera-
ture. d) Cycling performance and Coulombic efficiency of the NVP/IL/SE/Na solid-state battery at room temperature with a current rate of 10 C for 
10 000 cycles. Panels (a–d) reproduced with permission.[400] Copyright 2017, Wiley-VCH.
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for phase-identification studies.[418] Operando HEXRD has 
been extensively used to guide the synthesis of advanced elec-
trode materials for LIBs. Chen et al. have investigated the phase 
evolution and crystal structure transition during solid-state 
synthesis of LiFePO4.[33] They found that the solid state reac-
tion forming LiFePO4 started at a very low temperature, and 
LiFePO4 was clearly observed when the reaction temperature 
was increased to above 173 °C. Several impurities including 
Li3PO4, Fe2P, and Fe3P that can improve the electrochemical 
performance of LiFePO4 cathode material emerged when the 
reaction temperature was increased to above 400 °C. Chen 
and co-workers have further explored the development of full 
concentration gradient Ni-rich layered cathode for high energy 
LIBs.[419] By using in operando HEXRD, they found that both 
the pre-heating step and the sintering temperature play a critical 

role in controlling phase separation of the transition metal 
oxides and minimizing the content of Li2CO3 and NiO, both of 
which will deteriorate the electrochemical performance of the 
final material. In the case of SIBs, especially cathode materials, 
some crystal structures are actually metal-stable phases, while 
some are very sensitive to moisture.[82,116,420] Significant efforts 
have been devoted to study the synthetic condition to achieve 
optimal electrochemical performance.[122,421] However, most 
studies have applied trial-and-error approaches, which not only 
are time consuming but also may miss some critical informa-
tion. Accordingly, operando techniques should provide a better 
understanding on the solid-state synthesis of SIBs cathode 
materials. Ma et al. employed operando synchrotron high-
energy X-ray diffraction (HEXRD) to explore the formation of 
P2-type Na2/3MnO2.[422] To the best of our knowledge, this is the 

Figure 38. a) HSE hybrid preparation process involving NASICON powder, PVdF–HFP, and 1 m NaCF3SO3/TEGDME. b) Ionic conductivity versus 
temperature for composite solid film (SM), HSE, and ether-based liquid electrolyte (LE). c) Cycle performances and Coulombic efficiency of a flexible 
full cell for HC/HSE/NaFePO4 batteries. d) Shrinkage of commercial membrane (Celgard) and HSE at 120 °C. Panels (a–d) reproduced with permis-
sion.[402] Copyright 2015, Royal Society of Chemistry.
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first case using operando HEXRD to investigate the solid-state 
synthesis of cathode materials for SIBs. Figure 40a shows the 
contour plot of HEXRD patterns during the solid-state synthesis 
of P2-type Na2/3MnO2, in which the red means high intensity 
and blue represents low intensity. Covariance analysis[423] indi-
cated that that the solid-state reaction mainly occurs at two tem-
perature ranges: 270–300 °C and 550–710 °C. The representa-
tive HEXRD patterns in Figure 40b show the peak evolution of 
the starting material, intermediates, and final products. They 
indicate that a P3 type layered structure is formed at a rela-
tively low temperature, 276 °C, and is then transformed into 
P3-type Na2/3MnO2 with an intermediated intergrown structure 
of P3 and P′3 at temperatures ranging from 559 to 596 °C. O′3 
NaMnO2 appears from 600 °C through 900 °C, while Na3MnO4 
starts to form at about 704 °C. At 900 °C, a combination of 
Na3MnO4 and O′3 NaMnO2 is obtained (Figure 40c). Based 
on this understanding, the composition of the products can 
be precisely controlled to systematically study the effect of dif-
ferent compositions. Xu et al. also investigated the solid-state 
synthesis of layered NaNi1/3Co1/3Mn1/3O2 cathode by using 
operando HEXRD.[123] They found that an intergrowth P2/
O3/O1 structure formed at high temperature but disappeared 
during the cooling process, indicating that this structure needs 
to be obtained by a quenching process. Indeed, the intergrowth 
P2/O3/O1 structure showed significantly improved cycle per-
formance compared with P2/O3 and P2/P3 structures during 
high-voltage cycling. Besides solid state synthesis, in oper-
ando HEXRD is also able to monitor the material synthesis by 

using microwave,[424] solvothermal,[425] hydrothermal,[426] and 
mechnochemical milling,[427] which can provide new insights 
and opportunities for the development of advanced battery 
materials.

XAS is a synchrotron-related characterization technique 
that includes XANES and EXAFS.[428] A significant difference 
between XRD and XAS is that XAS is sensitive to both crys-
talline and amorphous sample. In the X-ray absorption pro-
cess, a core electron is excited to an empty state, and the X-ray 
probes the unoccupied part of the electronic structure of the 
system. The great power of XANES derives from its elemental 
specificity, so it can be used to determine the average oxida-
tion state of an element in the sample, especially in the case of 
3d-transition-metal compounds. EXAFS is a local probe for the 
unoccupied density of states around the ionization potential, 
and it is most often explained by scattering of photoelectrons 
at neighboring atoms revealing structural information.[429–432] 
To further understand the formation mechanism of NaxMnO2, 
Ma et al. used operando XAS to monitor changes in the chem-
ical environment of Mn during solid-state synthesis.[422] As far 
as we know, this is the first use of operando XAS to study bat-
tery material synthesis. Figure 40d shows the contour plot of 
operando XANES spectra during the solid-state synthesis of 
P2-type Na2/3MnO2. As shown, from 271 to 305 °C, a significant 
edge shift occurs in the XANES spectra to higher energy com-
pared with the Mn2O3 reference spectrum, suggesting that the 
valence of Mn in P3 NaxMnO2 is far more than 3+, yet not very 
close to 4+. As the temperature continuously increases to the 

Figure 39. Illustrations of solid-state sodium batteries: a) Conventional solid-state sodium battery with solid electrolyte particles in the cathode. 
b) Solid-state sodium battery with plastic–crystal electrolyte in the cathode. Carbon black particles in the electrodes are omitted in the illustration for 
clarity. Panels (a,b) reproduced with permission.[404] Copyright 2017, Wiley-VCH.
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point of the formation of intergrowth P3/P′3, the edge of the 
spectra shifted back to a lower energy. The decreased average 
valence for Mn is presumably a result of increasing the x value 
in NaxMnO2. As the Na insertion continues with rising tem-
perature, the average valence of Mn further drops to almost 3+, 
presenting an edge position close to Mn2O3. Finally, the mean 
oxidative state of Mn does not change much as O′3 NaxMnO2 
is formed and P′3 type NaxMnO2 disappears, indicating that 
the x value in this P′3 phase is very close to the actual x value 
in O′3 phase. These findings are consistent with the results 
obtained by operando HEXRD. Wang et al. has recently used 
in operando XAS to study the synthesis of nickel-rich layered 
transition metal oxides cathode, LiNi0.7Mn0.15Co0.15O2, during 
solid-state synthesis process.[433] Through synthetic control of 
the kinetic reaction pathway, a layered LiNi0.7Mn0.15Co0.15O2 
with low cationic disordering and high reversible capacity 
is prepared in air. The findings may help to pave the way for 
designing high-Ni layered oxide cathodes for LIBs.

In addition to the crystal structure, the final shapes and 
sizes of crystals that govern their electrochemical performance 

are critically affected by the kinetic pathway of the phase trans-
formation. The importance of in situ studies is that they can 
provide direct information on the structural and morphological 
evolution of the material during its synthesis, which, in turn, 
illustrates optimal synthesis conditions and improves the effi-
ciency of the process. In situ TEM studies, where simultaneous 
imaging, spectroscopic, and diffraction measurements can be 
conducted with high spatial resolution, often at the nanoscale, 
are ideal tools for monitoring the time-dependent morpho-
logical and structural response of a material to the altera-
tion of process conditions. So far, few research groups have 
investigated the crystallization of SIB materials using in situ 
TEM. However, in situ analysis of the annealing of LiFePO4 
using in situ TEM has been widely reported.[434–436] Chung  
et al. for the first time showed the presence of metastable tran-
sient phases at an atomic scale during the crystallization of 
an olivine-type metal phosphate.[437] They further found that 
the initial crystallites after nucleation during crystallization 
have a very high degree of ordering, significant local cation 
disordering is induced by rapid crystal growth in LiFePO4 

Figure 40. a) Contour plot of in situ HEXRD patterns.[422] b) In situ HEXRD patterns.[422] c) Phase evolution during the solid-state synthesis.[422]  
d) Contour plot of in situ Mn K-edge XANES spectrum collected during the solid-state synthesis.[422] e) Parallel in situ TEM and XRD heating experi-
ments of LiFePO4 precursors obtained by sol–gel method.[439] Panels (a–d) reproduced with permission.[422] Copyright 2017, Elsevier. Panel (e) repro-
duced with permission.[439] Copyright 2016, American Chemical Society.
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nanocrystals.[438] The findings indicated that in order to obtain 
a high degree of cation ordering, subsequent control of crystal 
growth during coarsening is very important. Ziolkowska et al. 
also used in situ TEM to investigate the growth of LiFePO4.[439] 
As shown in Figure 40e, the precursor was fully amorphous 
at the beginning of the annealing process, and mesoporosity 
(with the average pore size of about 2 nm) was visible in the 
particles. During further annealing, these grains arranged into 
bigger crystals (at 800 °C) despite the randomness of their 
initial nucleation and the presence of polycrystallites at lower 
temperatures. Based on the TEM images, with increasing 
annealing temperature, the morphology of the particles 
became more porous, and their surfaces and shapes changed 
slightly. By using in situ TEM, Zaghib and co-workers further 
found that 700 °C is the optimum synthesis temperature for 
LiFePO4, while LiFePO4 tend to decompose at temperatures 
higher than 800 °C.[435] And the results also indicated that the 
homogeneous deposit of the carbon deposit at 700 °C is the 
result of the annealing that cures the disorder of the surface 
layer of bare LiFePO4. Thus, in situ TEM is a very effective way 
to study the synthesis process and better understand the rela-
tionships between the structure and the electrochemical prop-
erties of electrode materials. These encouraging results will 
stimulate the study of SIB materials using in situ TEM and 
facilitate the design and synthesis of high-performance elec-
trode materials.

5.2. Operando Characterization on Charging/Discharging  
of SIBs Materials

Battery operation is usually accompanied by numerous struc-
tural changes in the bulk electrode materials and at the elec-
trode/electrolyte interfaces, and these changes are highly 
related to the material’s electrochemical behavior.[16] Of key 
importance is the nature of the structure evolution such as 
phase transition and reaction kinetics as well as morphological 
changes, which can give valuable information for future design 
and optimization of the battery performance. However, such 
information cannot be obtained by ex situ characterizations as 
the batteries usually work in a well-sealed environment and the 
reaction intermediates/products are sensitive to air and mois-
ture. Thus, applying operando characterization is indispen-
sable to elucidate the evolution of the electrode structure and 
the complicated chemical processes within it during battery 
operation.

5.2.1. Operando Characterization on Morphology Changes during 
Cycling

Most of the cathode materials are based on Na+ intercala-
tion/de-intercalation, and they usually undergo many atomic 
structure changes rather than morphological changes during 
charging/discharging. However, many anode materials (espe-
cially high capacity alloy-based anodes such as Na metal and 
Sn- and P-based materials) undergo huge volume changes 
during sodiation/de-sodiation, which pose a great challenge 
for attaining stable cycle life.[13,20,39,440–442] Therefore, it is vital 

to visualize the detailed volume expansion/contraction process 
and understand the failure mechanism of the battery.

Optical microscopy has a relatively low resolution due to 
the diffraction limit of visible light, thus limiting the detection 
of nanostructures.[443] However, when combined with elec-
trochemical devices, in situ optical microscopy may allow the 
observation of the microstructure evolution or color changes 
during charge/discharge processes.[444–448] Using in situ light 
microscopy, Nakamura and co-workers observed cross-sections 
of the surface of sodium electrodes during the electrochemical 
sodium deposition/dissolution process and obtained video of 
sodium growth for in situ observation.[449] Figure 41a,b shows 
in situ light microscopy images of electrochemical sodium dep-
osition and dissolution on a sodium electrode with 1 m NaPF6/
PC electrolyte. Nakamura and co-workers found that the electro-
chemical sodium deposition and dissolution were almost inde-
pendent from the type of electrode materials, such as sodium or 
copper. Granular sodium was deposited at pits on an electrode. 
Then, the sodium particles grew linearly from the electrode 
surface, becoming needle-like in shape, which is different from 
the Li deposition process. This result may be due to different 
ionic mobility at the interface of the electrode and electrolyte 
solution. At the same time, the sodium was dissolved near the 
base of the needles and became “dead sodium”. This would 
cause low Coulombic efficiency with respect to sodium depo-
sition/dissolution. Such a low irreversibility would cause large 
amounts of sodium to be stored in the electrochemical cell. 
Very recently, Rodriguez et al. have further used in situ optical 
imaging to study the effects of FEC on sodium deposition.[450] It 
was found that sodium deposition in EC, DEC, and PC gener-
ated large volumes of gas and fragile, porous dendrites, while 
the use of FEC greatly reduced gassing during deposition and 
thus illustrate superior cycling performance, impedance, and 
cycling efficiency when it was used as a cosolvent with DEC 
(1:1 vol); however, porous depositions persisted. Coupled with 
time of flight secondary-ion mass spectrometry, they further 
revealed that the solid–electrolyte interphase formed in FEC/
DEC, in contrast with the EC/DEC electrolyte, is thicker, richer 
in NaF, and forms a less dense polymer organic layer. However, 
there are still very few reports on electrochemical sodium depo-
sition/dissolution. It is important to understand factors such as 
shape change during cycling and its effect on electrochemical 
reversibility and Coulombic efficiency to advance the develop-
ment of SIBs.

Since the inception of in situ TEM techniques for battery 
research in 2010,[451] they have been used to study the morpho-
logical structure changes during cycling for many sodium-ion 
battery systems, such as expanded graphite,[23] metal oxide,[452] 
alloying-based metals,[453] and phosphorene.[353] For example, 
Chevrier and Ceder have calculated that both silicon (Si) and 
germanium (Ge) should alloy with Na at room temperature to 
form NaSi and NaGe.[454] However, crystalline Si and Ge, which 
have been shown to be promising high energy density anodes 
for Li-ion batteries,[455,456] have not worked in Na-ion batteries, 
apparently because of a high diffusion barrier for Na ions in 
the Si and Ge lattices.[457] To gain better understanding on this 
phenomenon, Korgel and co-workers conducted real-time, 
in situ TEM studies of Ge nanowires undergoing sodiation 
and de-sodiation.[458] The in situ TEM experiments confirmed 
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that crystalline Ge nanowires do not sodiate (Figure 41c). An 
applied potential can induce Na diffusion along the surface of 
the crystalline Ge nanowires, but Na insertion does not occur. 
Amorphization of the nanowires with an initial lithiation/ 
de-lithiation cycle, however, makes them effective sodiation 
electrodes. The volume of amorphous Ge nanowires expands 
by more than 300%, which is significantly higher than expected 
based on a final sodiated phase of NaGe, and close to Na1.6Ge 
(Figure 41d). Such understanding is important for future 
design of high performance Ge-based anode materials for SIBs. 

However, although the in situ TEM technique is a powerful tool 
for monitoring the morphology change of electrode materials 
during the electrochemical reaction, it still has some limita-
tions.[459–461] A nonvolatile ionic liquid or Li2O (Na2O in the 
case of SIBs) is usually used in the high-vacuum TEM chamber, 
which makes the electrochemical process different from real 
batteries based on traditional organic liquid electrolytes. There 
are also some restrictions for the samples; nanostructures such 
as nanowires are preferred. Further technology innovation is 
still required to enable in situ TEM characterization on real  

Figure 41. a) Light microscopy images of electrochemical sodium deposition on the sodium electrode in 1 m NaPF6/PC. The images were taken at 
sodium deposition of (1) 44.17 µA h (at 53 min), (2) 100 µA h (at 120 min), (3) 137.5 µA h (at 165 min), (4) 187.5 µA h (at 225 min), and (5) 237.5 µA h 
(at 285 min).[449] b) Light microscopy images of electrochemical sodium dissolution on the sodium electrode in 1 m NaPF6/PC. The images were taken 
at sodium dissolution of (1) 29.2 µA h (at 35 min), (2) 34.2 µA h (at 41 min), (3) 40.8 µA h (at 49 min), (4) 51.7 µAh (at 62 min), and (5) 59.2 µA h 
(at 71 min).[449] c) Sodium diffusion along the surface of a crystalline Ge nanowire. (Left) Sodium diffusion along the surface of crystalline Ge nanowires 
was observed when a voltage of −2 V was applied. The diameter and crystalline structure of the Ge nanowire do not change during this process. (Right) 
Application of a positive voltage bias led to the removal of sodium from the surface after a few minutes. The crystalline Ge nanowire was unaffected 
by the sodium diffusion along the surface of the nanowire.[458] d) Structural evolution during sodiation/desodiation cycles. (1) The de-lithiated/amor-
phorized Ge nanowire. (2) Sodiated Ge nanowire. (3) A huge pore was created by applying high desodiation bias. (4) Porous structure was recovered 
from second sodiation. (5) Small pores, instead of huge one, reformed during second desodiation upon milder desodiation. (6) Those small pores 
could also be recovered from sodiation.[458] e) Na-ion experimental cell and f) its electrochemical cycle performance and g) volume and surface area 
change during electrochemical cycles. h) 3D view of microstructural equilibrium in SIB: (i) Microstructural reversibility during 10 sodiation–desodia-
tion cycles; the overlapped images of (ii) pristine/second de-sodiated, (iii) pristine/tenth sodiated, and (iv) second sodiated/tenth de-sodiated.[473] 
Panels (a,b) reproduced with permission.[449] Copyright 2016, Nature Publishing Group. Panels (c,d) reproduced with permission.[458] Copyright 2016, 
American Chemical Society. Panels (e–h) reproduced with permission.[473] Copyright 2015, Nature Publishing Group.
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battery systems. Another challenge for battery materials study 
using TEM is the sample damage from high electron dose rates 
necessary for high resolution imaging. Over the past decades, 
the detailed nanostructure and crystallography of Li dendrite 
and chemical composition of SEI have not been explored on 
single-particle level. For the first time, Cui et al. used cryo-
electron microscopy (EM) techniques to unravel the detailed 
structure of Li metal and its SEI,[462] showing that atomic-
resolution imaging of individual lithium metal atoms and 
their interface with the SEI in their native state is possible at 
cryogenic conditions.[462] They found that lithium dendrites in 
carbonate-based electrolytes grow along the <111> (preferred), 
<110>, or <211> directions as faceted, single-crystalline nano-
wires.[462] These growth directions can change at kinks with no 
observable crystallographic defect.[462] This finding can lead to 
a more complete understanding of the failure mechanisms in 
high-energy batteries, and will stimulate numerous study of 
using cryo-TEM to investigate beam-senstive materials such as 
lithiated silicon or sulfur.

Synchrotron transmission X-ray microscopy has been exten-
sively applied in the battery research as it is nondestructive, 
elementally sensitive, and highly penetrative.[463] The energy 
resolution of TXM can cover most of transition metals such as 
Fe, Co, Ni, Mn, etc., which, which is critical for batteries,[464] cat-
alysts,[465,466] and other energy materials studies.[467–469] Wang’s 
group at Brookhaven National Laboratory has recently made 
significant advances in use of in situ TXM to study the morpho-
logical changes of electrode materials during cycling.[470–472] In 
situ 2D TXM experiments can be performed in the typical coin 
cells with Kapton windows. However, the signal obtained in 2D 
TXM is usually spatially integrated along the depth direction. 
For these studies, Wang et al. reported a mini Na-ion battery 
that was fabricated in a quartz capillary (1 mm diameter) with 
two gold rods (0.5 mm diameter) connected with the two elec-
trodes of the external potentiostat (Figure 41e), and applied a 
3D full-field X-ray tomography technique to better monitor the 
sodiation/de-sodiation process of a Sn anode during the ini-
tial 10 electrochemical cycles (Figure 41f).[473] By employing a 
detailed 3D quantitative analysis and correlating it to discharge/
charge performance, they found that unlike the conventional 
large volume expansion for Sn anode during lithiation, Sn 
has a better structural stability during the initial 10 sodiation/ 
de-sodiation process (Figure 41g,h), which may make it a suit-
able anode of SIB.

Very recently, Hwang and co-workers have for the first time 
reported in situ visualization of lithium plating and stripping 
dynamics on Cu surface through a versatile and facile experi-
mental cell by using in operando TXM.[474] This is a significant 
breakthrough for battery study using TXM since lithium is a 
very light element compared to other anode/cathode mate-
rials and gives a small contrast under X-ray imaging. It was 
found that the height of mossy lithium grows/shrinks more 
than its width during the plating/stripping process. They also 
observed a current density-dependence on the lithium shape, 
where mossy and dendritic lithium tend to grow under lower 
and higher current densities, respectively. And the growth of 
dendritic lithium under high current density contributes more 
than the mossy structure to form a dead lithium structure. The 
understanding of the growth mechanism from TXM can be 

beneficial for the development of safe lithium ion and lithium 
metal batteries.

5.2.2. Operando Characterization on Crystal Structures Evolution 
during Cycling

The HEXRD technique has been widely used to determine 
the phase composition of crystalline materials based on X-ray 
scattering. So far, many SIB materials have been studied 
by operando HEXRD, including layered NaTMO2 cathode 
family,[51,62,101,107,120,475] Polyanion cathode family,[476–478] Ti-
based anodes,[261,479] and alloy-based anodes.[31,480] The capacity 
fading mechanism, doping effects, surface modification 
effects, and nanostructure effects on SIB electrode materials 
have been determined by this technique. For example, Wang 
et al. reported that Ti-substituted O3-type NaNi0.5Mn0.5–xTixO2 
cathodes demonstrate much better cycling performance com-
pared to Ti-free samples.[115] Operando HEXRD study revealed 
that the O3-type phase can transform reversibly into a P3-type 
phase upon Na+ de-intercalation/intercalation. The substitu-
tion of Ti for Mn enlarges interslab distance and could restrain 
the unfavorable and irreversible multiphase transformation in 
the high voltage regions that is usually observed in O3-type 
NaNi0.5Mn0.5O2, resulting in improved Na cell performance. 
Nevertheless, most of these studies have been focused on the 
phase transitions of electrode materials during battery cycling. 
Many electrode materials, especially cathode materials, are 
based on Na+ ion intercalation compounds, and the structural 
instability from internal stresses is thought to be closely related 
to their electrochemical performance. Intergrowth structures 
were found to significantly improve the cycle performance, 
especially for high-voltage cycling, but the mechanism was 
not initially understood. Accordingly, in an operando HEXRD 
study, Xu et al. found that the intergrowth P2/O1/O3 undergo 
a highly reversible structure transformation during charge/
discharge (Figure 42a).[123] They further conducted microstrain 
analysis and found that even at deep charged state, the inter-
facial microstrain existed in the electrode is not significantly 
increased, which confirms that the intergrowth structures can 
minimize the internal stress that may generated during the 
multiple phase transitions. Therefore, operando HEXRD char-
acterization has provided clues on the mechanisms and related 
kinetics within SIBs. These clues will open new strategies for 
the design of electrode materials for high-energy-density SIBs. 
However, the phase changes within amorphous electrode mate-
rials cannot be determined by operando XRD techniques.

Battery materials, especially anode materials such as hard 
carbon, metals, metal oxides and so forth are commonly amor-
phous or nanocrystalline and cannot be characterized by con-
ventional methods. Moreover, owing to the strong XRD signal 
from the necessary Cu current collector and Na metal in SIBs, 
it is difficult to obtain a good signal by operando HEXRD. Yet, 
since these materials have a complex or disordered structure, 
information on the local structure is critical in understanding 
their physical properties. One advanced technique for inves-
tigating these materials is PDF analysis. This technique uses 
Bragg scattering and diffuse scattering in parallel, meaning 
that while any long-range order that is present in the material 
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is taken into account, it is also possible to characterize struc-
tures with deviations from long range order or phases that 
lack long-range order altogether.[481] The method has recently 
found application in characterization of battery electrodes both 
ex situ and operando.[482–487] Operando measurements, where 
scattering data are captured during battery operation, have 

particular advantages over ex situ analysis as they increase 
the consistency between data sets and circumvent issues of 
air contamination for most air-sensitive battery materials. In 
addition, operando measurements can capture the formation 
of metastable species that may form in the battery but may 
relax before postmortem analysis is carried out.[485] PDF data 

Figure 42. a) Operando synchrotron HEXRD patterns of the P2/O1/O3 cathode material during the first charge/discharge cycle within 2.0–4.4 V at 
0.1 C.[123] b) Discharge/charge curves obtained for Sb during operando PDF measurements and selected PDFs obtained during the first discharge, 
first charge, and second discharge cycles by Fourier transforming the total scattering X-ray data.[483] c) Charge/discharge curve (left), 31P in situ NMR 
spectra of Na3V2(PO4)2F3/Na cell (middle), and slices of the 2D NMR contour plot at the horizontally marked (red dashed lines) states of charge at the 
right.[517] d) In situ XAS analysis of Na0.78Ni0.23Mn0.69O2 electrodes at different states of charge during the first electrochemical cycle: XANES spectra 
at Ni K-edge.[525] e) Ni XAS L-edge spectra of the fully charged electrode using AEY (purple), TEY (yellow), and FY (red) modes.[525] f) 2D chemical 
phase mapping during the first charge and discharge process. Scale bar: 10 µm.[93] Panel (a) reproduced with permission.[123] Copyright 2017, Royal 
Society of Chemistry. Panel (b) reproduced with permission.[483] Copyright 2016, American Chemical Society. Panel (c) reproduced with permission.[517] 
Copyright 2016, Elsevier. Panels (d,e) reproduced with permission.[525] Copyright 2017, American Chemical Society. Panel (f) reproduced with permis-
sion.[93] Copyright 2017, Elsevier.
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can be obtained from powder diffraction data, synchrotron-
based X-ray sources, and pulsed neutron sources, which allow 
both local and average structural information to be extracted. 
Using operando PDF analysis, Grey and co-workers studied the 
alloying mechanism of Sb anodes, and found that crystalline Sb 
was converted to crystalline Na3Sb via a a-Na3−xSb (x ≈ 0.4–0.5) 
intermediate in the initial discharge process, while the main 
product at the end of initial charge process is composed of 
amorphous/crystalline Sb (Figure 42b).[483] Grey et al. showed 
that these connectivities react at distinct voltages via different 
sodiation pathways; the sequential manner of these transfor-
mations enhances the cyclability of the electrode by having an 
“inactive” component capable of buffering the strain associated 
with multiple phase transitions. Very recently, Clare et al. have 
further used operando PDF coupled with DFT and ex situ solid-
state NMR to investigate the sodium storage mechanism of 
Sn anode.[488] They found the first electrochemical process of 
sodium insertion into tin results in the conversion of crystalline 
tin into a layered structure consisting of mixed Na/Sn occu-
pancy sites intercalated between planar hexagonal layers of Sn 
atoms (NaSn3).[488] After that, NaSn2 that has similar hexagonal 
structure as NaSn3 but without tin atoms between the layers 
formed.[488] Further reaction with sodium results in the for-
mation of structures containing Sn–Sn dumbbells (Na5–xSn2), 
which interconvert through a solid–solution mechanism.[488] 
The final product, Na15Sn4, can store additional sodium atoms 
as an off-stoichiometry compound (Na15+xSn4). [488]

Nuclear magnetic resonance (NMR) spectroscopy can pro-
vide detailed structural information for a given material based 
on the corresponding responses of quadrupole moments and 
nuclear spins, as well as their resonances at characteristic 
frequencies.[34,489] The local structural and dynamics can be 
obtained through the interactions of the nuclear spin with its 
local environment, including chemical shift and dipolar and 
quadrupolar interactions.[490–493] Together with electrochemical 
devices, solid-state NMR spectroscopy can track dynamic pro-
cesses for both crystalline and amorphous electrode materials 
during the electrochemical process.[485,494–512] Atoms with a 
nuclear spin I ≠ 0 possess a magnetic moment and are, in prin-
ciple, detectable by NMR spectroscopy. Although Na[23] NMR 
is usually conducted in SIBs systems, many other nuclei (e.g.,  
I = 1/2 isotopes like 1H, 13C, 19F, 29Si, 31P, and 119Sn as well as 
quadrupolar nuclei with I > 1/2 like 2H, 17O,[25] Mg, 27Al, 33S, 
39K, 43Ca, 51V, and 67Zn) can also provide useful insights.[513] In 
situ NMR experiments are of considerable interest because they 
enable monitoring of structural and electronic changes of the 
materials while the electrochemical processes are happening. 
The real-time investigations are highly beneficial since they 
minimize self-relaxation processes, offering a high chemical 
specificity to both crystalline and amorphous species, and ena-
bling the monitoring of dynamic processes and the tracking of 
metastable and short-lived phases.[513]

Ex situ 23Na measurements are often conducted in many 
electrode materials for SIBs.[47,514–516] However, there are only 
few in situ NMR studies on SIBs reported so far. Grey’s group 
developed a new automatic tuning matching cycler (ATMC) in 
situ 31P NMR probe to study the Na3V2(PO4)2F3 cathode mate-
rial for SIBs (Figure 42c).[517] They also applied ATMC 23Na in 
situ NMR on symmetrical Na–Na cells during galvanostatic 

plating.[518] Although in situ NMR spectroscopy provides 
detailed information with respect to the phase evolution during 
battery operation, significantly different resonance frequencies, 
changing sample conditions, signal broadening, and interfer-
ences of the NMR and electrical conductivity circuit can impair 
the experiments. Besides, most measurements have been 
conducted with solid-state NMR, and that technique is time- 
consuming.[489,513,519] Thus, expanded applications of in situ 
NMR on SIBs materials are needed.

As introduced in the last section, synchrotron XAS 
(including hard and soft X-ray) is a powerful technique for 
probing the electronic and oxidation states changes of all the 
atoms of the target type in the bulk and surface of the sam-
ples, including crystalline and amorphous phases.[520–523] 
Thus, operando XAS is very suitable to analyze the electronic 
and structural dynamics of electrode materials during battery 
operation. Xu et al. employed operando hard XAS to perform 
a comparative study on the lithiation and sodiation kinetics of 
the Co3O4 anode.[524] Meng and co-workers recently used oper-
ando hard and soft XAS to explore the oxygen activity of P2-type 
Na0.78Ni0.23Mn0.69O2 cathode material for SIBs.[525] As shown 
in Figure 42d and the inset, they found that the main changes 
for Ni K-edge mainly occurred from open circuit voltage to 
4.1 V, which has an energy shift of about 4 eV, indicating that 
the valence state of Ni is oxidized to Ni4+ from Ni2+. However, 
in the voltage region of 4.1–4.5 V, the Ni K-edge has minimal 
energy shift. They indicated that the electrochemical reaction 
above 4.1 V may involve surface oxygen activity, which has been 
frequently reported in the case of Li-rich cathode materials. 
To confirm this hypothesis, Meng et al. further performed a 
soft XAS study to detect the surface depth chemical informa-
tion using different acquisition mode. The depth resolution for 
Auger electron yield (AEY), total electron yield (TEY), and fluo-
rescence yield (FY) are 1–2, 2–5, 5–50 nm, respectively.[520,526] 
This technique has been widely used to characterize LIBs 
cathode materials especially those with the participation of 
oxygen anions during high voltage charge.[527] As shown in 
Figure 42e, there is a Ni valence state gradient from bulk to the 
surface in the charged NaxNi0.23Mn0.69O2, which was attributed 
to the surface structure changes and redistribution of transi-
tion metal cations.[525] Coupled with O EELS spectra, they for 
the first time concluded that oxygen anions took place in the 
layered cathodes of SIBs. Using Mn L-edge soft XAS, Qiao et al. 
has investigated the impact of surface Mn2+ formation on the 
capacity fade of Mn-based cathode materials (Na0.44MnO2).[528] 
They have found that the amount of Mn2+ on the electrode sur-
face increased after extended cycles, which is detrimental to 
the battery performance due to the dissolution and shuffling 
of Mn2+ in the electrolytes. The soft XAS further revealed that 
the formation of the detrimental surface Mn2+ could be sup-
pressed by limiting the discharge cut-off voltage higher than 
2.6 V, which could improve the battery capacity retention over 
extended cycles.

Combined with XANES spectroscopy, TXM can track the 
oxidation evolution and elemental distribution of electrode 
materials during charging/discharging. Wang et al. recently 
used operando TXM to unravel the origin of irreversible 
capacity loss in O3 NaNiO2 for high-voltage SIBs.[93] The 
recorded TXM data were processed and fitted with the selected 
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standard reference spectra to obtain the chemical phase map-
ping during the charge and discharge process. As shown in 
Figure 42f, three consecutive phases from the de-intercala-
tion of NaNiO2 were investigated during the first charge. The 
results indicated that the phase transformation occurs at all 
directions, and a “core–shell” reaction mechanism is suggested 
by the operando quantitative chemical mapping. However, the 
phase mapping of the fully discharged particles after the first 
cycle is not the same as the one for pristine particles, exhib-
iting some mixed color pixels in the middle of the particles, 
which suggest an irreversible phase conversion in the first 
charge and discharge cycle. Therefore, the operando TXM–
XANES experiment reveals that the partly irreversible phase 
transformation predominately occurs in the first charge and 
discharge process. By conducting further quantitative anal-
ysis, Wang et al. found that at high voltage of above 4.0 V, the 
XANES spectra exhibit a slight shape change with little absorp-
tion edge shift, a finding that is in agreement with the case 
of P2-NaxNi0.23Mn0.69O2 reported by Meng and co-workers.[525] 
However, they attributed this phenomenon to partial Ni migra-
tion from octahedral sites to the interslab space, which would 
lead to irreversible capacity loss when NaNiO2 is charged to 
above 4.0 V. Therefore, the quantitative phase composition 
analysis by operando TXM clearly illustrates the “core–shell” 
reaction model and the origin of irreversible capacity loss 
during the intercalation and de-intercalation process. Xie 
et al. further used operando TXM to verify the presence of 
a nonequilibrium solid solution of Na1–δNi1/3Fe1/3Mn1/3O2 
during charge.[529] The result clearly confirmed the existence 
of a substitutional solid solution of Na-poor Na1–δNi1/3Fe1/3M
n1/3O2, with compositions that span the entire composition 
between two thermodynamic phases, NaNi1/3Fe1/3Mn1/3O2 and 
Ni1/3Fe1/3Mn1/3O2. However, a limitation of this technique is 
that it can only provide chemical phase mapping information 
with the spatial resolution of sub-30 nm for 2D and sub-50 nm 
for 3D. In the case of operando battery cycling experiments, 
the spatial resolution should be hundreds of nanometers to 
micrometers for the purpose of a good signal.

5.3. Operando Characterization on Thermal Stability of SIBs 
Materials

The thermal stability of battery materials is related to the abuse 
tolerance of SIBs, which should be the first priority before com-
mercialization of this technology.[530] The reactions between 
sodiated or de-sodiated electrodes and electrolytes could be used 
as indicator of thermal stability of battery materials.[531,532] In 
recent years, the thermal stability of de-sodiated cathodes such 
as P2-NaxCoO2,[533] O3-NaCrO2

[86,87,534], and O3-NaNi0.6Co0.05

Mn0.35O2
[91] has been reported. However, most of these efforts 

employed thermal analysis techniques such as differential 
scanning calorimetry (DSC), which are useful for determining 
the thermal effect of chemical or physical changes, but not as 
useful for understanding the chemical details of the reactions 
and morphological changes occurring inside the cell.[535] To 
overcome this technical barrier, novel characterization tech-
niques are needed to unravel the detailed failure mechanism of 
overcharged SIBs.

Chang and co-workers used in situ TEM to investigate the 
thermal stability of P2-type NaxCoO2 cathode materials.[533] With 
an increase in temperature, the surface of NaxCoO2 became 
porous due to the thermal decomposition to Co3O4, CoO, and 
Co with the reduction of Co (Figure 43a,b). The degree of the 
thermal decomposition increased at higher cutoff voltages at 
the same temperature. At the harshest condition of 4.3 V cutoff 
voltage and 400 °C, significant changes were observed in the 
morphology as well as the crystallographic and the electronic 
structures as a result of the reduction of Co to the metallic state 
and the loss of oxygen, which are serious safety threats to the 
life of the battery system. This study demonstrated the insta-
bility of charged P2-type layered cathode materials at high tem-
peratures. The thermal stability of electrode materials should 
be considerably improved to guarantee the safe operation of 
SIBs, and this work provides an excellent methodology to verify 
the thermal stability of newly developed cathode materials. 
Using the same technique, Sharifi-Asl et al. have investigated 
the thermal stability of LiCoO2.[536] They found that oxygen 
release from LixCoO2 cathode crystals is occurring at the sur-
face of particles, and the oxygen release is highly dependent on 
LixCoO2 facet orientation. The [001] facets are stable at 300 °C, 
and the oxygen release is observed from the [012] and [104] 
facets, where under-coordinated oxygen atoms from the delithi-
ated structures can combine and eventually evolve as O2.

Chen et al. developed operando HEXRD technique as an 
alternative to DSC and used it to investigate the chemical reac-
tions between the electrode material and the electrolyte during 
thermal ramping.[33] The in situ heating setup and in situ DSC 
cell are shown in Figure 43c. A high energy X-ray source at 
about 0.1 A° was selected for its excellent penetration capability 
to detect structural changes in the bulk part of the sample. The 
high flux of the X-ray beam is a major advantage to carry out fast 
experiments at one spectrum per minute. Chen and co-workers 
used this technique to investigate the thermal stability of many 
LiNiCoMnO cathode materials.[423,530,537–544] Recently, 
they further investigated the thermal stability of the intergrowth 
P2/O1/O3 NaNi1/3Co1/3Mn1/3O2 cathode (Figure 43d).[123] 
The results suggest that a proper optimization of the electro-
lyte component can alter the decomposition pathway of de-
sodiated cathodes, leading to improved safety of SIBs. And the 
intergrowth structure can also improve the thermal stability 
of layered cathode materials with an order of P2/O1/O3>P2/
O3>P2/P3. The morphology effect on the thermal stability of 
layered cathode materials for sodium-ion battery has also been 
reported by Hwang et al. using in operando XRD technique.[91] 
They have found that both charged radially aligned hierar-
chical columnar (RAHC) Na0.36[Ni0.60Co0.05Mn0.35]O2 and bulk 
Na0.44[Ni0.60Co0.05Mn0.35]O2 show a monoclinic P3 phase at room 
temperature. However, in the case of charged RACH electrode, 
P3 structure is retained up to 400 °C and phase transformation 
to the spinel phase is completed at around 500 °C. In contrast, 
the advent of the spinel phase is observed at 240 °C for the bulk 
electrode, and the P3 phase has been drastically transformed to 
the spinel phase at 280 °C. Yu et al. further reported the effect 
of surface coating on the thermal stability of cathode mate-
rials for sodium-ion battery using the same technique.[87] They 
found that the carbon coating layer on the surface of Na0.5CrO2 
can prevent the thermal damage of the crystal structure  
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and thus retard the exothermic decomposition reaction at 
higher temperatures with less generation of heat. Therefore, in 
order to develop a safer sodium-ion battery, electrode compo-
sition, electrode structure, surface protection and electrolytes 
optimization are several critical issues need to be considered.

6. Sodium-Ion Full-Cell Systems

In 2014, Aquion Energy has announced a commercially avail-
able SIB with cost/kWh capacity similar to a lead acid battery 
for use as a backup power source for electricity microgrids. In 
2015, a team of researchers in France have further reported 
a protype SIB in 18 650 cells. The reported SIB can achieve 
an energy density of ≈90 Wh kg−1 and a long cycle life span 
of over 2000 cycles, a performance comparable to lithium ion 
phosphate battery. In the past few years, because of the rapid 
development of SIB technology on the cathode, anode and 
electrolytes, the energy density of SIB has been dramatically 
increased. Deng et al. has recently reported a review article, 
in which they have discussed the design and development 
trends that are needed for SIBs to meet the requirements of 
practical application in large-scale energy storage.[545] They 
have identified the factors that are hindering the commer-
cialization of SIB, and also evaluated the reported electrode 

materials and sodium-ion full-cell systems, including the 
aqueous full-cell system, nonaqueous symmetric full-cell 
system, and nonaqueous asymmetric full-cell system. Among 
them, aqueous full-cell systems can only offer an energy den-
sity of lower than 50 Wh kg−1, which cannot meet the demand 
for large scale energy storage application. Figure 44 has shown 
that most of the reported nonaqueous SIBs have an energy 
density of 90–260 Wh kg−1 depending on the cathode mate-
rials and anode materials utilized in the full cells. Various 
full cell systems have been reported, such as Sn-C//NaFePO4 
(150 Wh kg−1), Fe3O4//Na2FeP2O7 (203 Wh kg−1), hard carbon//
Na0.9Cu0.22Fe0.30Mn0.48O2 (210 Wh kg−1), hard carbon//
NaNi0.5Mn0.5O2 (240 Wh kg−1), Sb/C//Na3V2(PO4)3@rGO 
(242 Wh kg−1), and hard carbon//Na3V2(PO4)3 (258 Wh kg−1). 
However, the energy densities of these cells are still far below 
than that of state-of-the-art lithium-ion battery. Therefore, in 
this report, we have pointed out the promising strategy from 
the materials selection to achieve a theoretical energy density of 
over 400 Wh kg−1 on the cell level for SIBs.

So far, phosphorus-based anode materials are the most 
promising anodes for high energy SIBs, which could deliver 
a reversible capacity up to 2000 mA h g−1 on the material 
level and an appropriate working voltage of 0.7 V (vs Na+/
Na). With significant material development in the past few 
years, the huge volume change during long-term cycling has 

Figure 43. a) Schematic for the structure evolution for de-sodiated P2-NaxCoO2 cathode at different states of charge along with temperature.[533] 
b) Real-time bright-field images of the surface of NCO cathode materials charged up to (top) 3.5 V, (middle) 4.1 V, and (bottom) 4.3 V during 
heating.[533] c) Images of operando HEXRD experimental setup.[33] d) HEXRD patterns upon heating of de-sodiated P2/O1/O3 electrode with the 
presence of 2 µL electrolytes.[123] Panels (a,b) reproduced with permission.[533] Copyright 2017, American Chemical Society. Panel (c) reproduced with 
permission.[33] Copyright 2011, Royal Society of Chemistry. Panel (d) reproduced with permission.[123] Copyright 2017, Royal Society of Chemistry.
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been remarkably mitigated through nanotechnology coupled 
with advanced binder; and high reversible capacity with thou-
sands of cycles has been achieved. When coupled with the 
previous reported cathode materials with ultrahigh energy 
density including O3-Na0.78Li0.18Ni0.25Mn0.583Ow,[104] P2+O3 
Na0.66Li0.18Mn0.71Ni0.21Co0.08O2+d,[475] Na3(VO0.8)2(PO4)2F1.4

[217], 
and Na1.5VPO4.8F0.7,[219] the estimated energy densities for these 
cells can be over 400 Wh kg−1 on the cell level (see Figure 44). 
However, the stability of cathode materials in air atmosphere, 
cost of materials fabrication, environmental friendless, and 
industrial feasibility should be carefully considered. When 
replacing phosphorus/carbon anode with sodium metal anode, 
the energy density of SIBs can be further increased to over 
500 Wh kg−1 on the cell level. However, research on room-
temperature sodium metal battery remains sparse. The sodium 
dendrite problem is even more complicated than lithium den-
drite as sodium metal is less stable with carbonate electrolytes 
than lithium metal and undergoes larger volume expansion 
during sodium plating/striping. Advanced electrolytes, efficient 
Na host materials and Na nucleation mechanism are one of 
the biggest challenges prior to really enable this technology to 
achieve high energy density.

7. Conclusions and Perspectives

This review summarizes the main achievements in the devel-
opment of high-performance SIB materials and the advanced 
diagnostic techniques used to understand Na+ intercalation 
chemistry.

In the cathode part of the paper, we reviewed recent research 
progress on layered transition metal oxide cathodes. We found 
that, although most of the cathode materials for SIBs are imi-
tated or duplicated from their lithium analogues, there are 
distinctive differences in the intercalation chemisties between 
sodiation and lithiation. The electrochemical performance of 
layered cathode materials is very sensitive to their phase struc-
tures. O-type cathode materials usually present high capacities 
but low rate capability, while P-type cathode mateirals show 
lower capacities but better rate performance. This difference is 
owing to the amount of Na in the pristine material, the stability 
of each layer, and the kinetics being affected by the Na envi-
ronment. Nevertheless, both individual P- and O-type cathode 
materials suffer from poor cycle stability when charged to high 
voltage. Oxygen activity, transition metal migration, stacking 
faults, and electrolyte decomposition are the main causes for 
the capacity fade. Fortunately, many smart structure design 
stratagies have been reported to overcome this issue. For-
eign atom doping on transiton metal sites such as Li+, Mg2+, 
Cu2+, Zn2+, Al3+, and Ti4+ have proven to  improve the struc-
ture stability of P-type and O-type cathode materials during 
high voltage cycling. Moreover, formation of a P/O intergrowth 
structure by Li+ substitution or controlled synthetic condition 
is another way to stabilize the cathode crystal structure and 
decrease the interfacial microstrain and thus enhance the elec-
trochemical performance. Surface coating seems more related 
to prevent electrode/electrolyte side reaction than stabilizing 
the crystal structure.

We also reviewed recent progress of polyanion cath-
odes for SIBs, including NaFePO4, Na3V2(PO4)3, NaVPO4F, 

Figure 44. The energy density and average operating voltage of reported and projected sodium-ion battery. The data represented by circles are from 
ref. [545]. The energy density of full cells using phosphorus/carbon (P/C) composite as anode are calculated based on the mass of cathode and anode. 
The overall energy density and the average working voltage of P/C anode are estimated to be 1500 mA h g−1 and 0.7 V.
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Na3V2(PO4)2F3, and Na4Co3(PO4)2P2O7, because of their struc-
tural stability and better safety. Low electronic conductivity is 
one of their main drawbacks in enabling long-term cycle sta-
bility. Foreign atom substitution and carbon modification 
such as coating, embedding, and supporting have been widely 
reported to increase the reversible capacity and extend the cycle 
life. It should be noted that oxygen doping on the F or P sites 
could enable additional Na+ insertion/extraction for fluorophos-
phates cathodes. With these approaches, stable cycle life up to 
1000 cycles and high energy density up to 600 Wh kg−1 can be 
achieved for polyanion cathodes.

In the anode part of the paper, we summarize recent devel-
opment of carbon-, titanium-, and phosphorus-based anode 
materials. We found that graphite is not suitable for efficient 
Na+ insertion/extraction due to the large radius of Na+, while 
the low working voltage of hard carbon also brings huge chal-
lenge for practical application. Titanium-based anode mate-
rials, including Li4Ti5O12, Na2Ti3O7, and TiO2, exhibit moderate 
working voltage, long-term cycle life up to tens of thousands 
cycles, and excellent rate capability, making them promising 
for use in high-power SIBs. However, the reversible capacities 
are generally limited to about 100–200 mA h g−1, which dra-
matically decreases their energy densities. In addition, the low 
initial Coulombic efficiency in these materials is a concern. 
For alloy-based anode materials, black phosphorus and phos-
phorene show high electronic conductivity and very high revers-
ible capacity. However, their cost makes them inappropriate for 
practical use in SIBs for larger-scale energy storage applications. 
Red phosphorus and metal phosphides are the most promi-
sing anode materials for the SIBs owing to their high revers-
ible capacity of up to 2000 mA h g−1 and appropriate working 
voltage (0.7 V vs Na+/Na). We also discuss various anode syn-
thesis methods, including ball milling, vaporization–condensa-
tion, carbothermic reduction, and wet-chemical synthesis, and 
different structure design approaches to accommodate the huge 
volume expansion and increase in electronic conductivity. With 
these strategies, reasonable reversible capacity of ≈500 mA h g−1 
with long cycle life up to 2000 cycles at high rate of charge/
discharge (5 A g−1) has been demonstrated, offering a great 
opportunity for commercialization of SIBs.

In the electrolytes part of the paper, we discuss the role of 
different salts and solvents in terms of ionic conductivity, vis-
cosity, electrochemical window, and thermal stability, as well 
as electrode/electrolyte compatibility. Carbonate-based electro-
lytes, especially NaPF6 in PC-based electrolytes, are mostly used 
in current SIB studies owing to their higher ionic conductivity 
and better thermal stability. Also discussed is the function of 
electrolyte additives such as FEC, VC, and TMSP, which are 
mainly used to stabilize the SEI layer. We also summarize 
recent achievements on solid-state electrolytes for SIBs owing 
to their excellent mechanical properties, high thermal stability, 
and wide electrochemical voltage window. The goal is to enable 
sodium metal batteries that can provide higher energy density. 
However, the ionic conductivity and interfacial resistance are 
two challenging problems in this system.

We also reported the application of operando and in situ diag-
nostic tools (including XRD, XAS, TEM, TXM, NMR, and PDF) 
in the exploration of high-performance battery materials for 
SIBs. These tools enable the investigation of the morphological 

and crystal structure evolution of battery materials during 
charging/discharging, which can provide an in-depth under-
standing on the interplay between electrodes, electrolytes, and 
interfaces and the relationship between structure and perfor-
mance. We also cover the application of newly developed diag-
nostic tools to investigate the synthesis and thermal stability of 
battery materials, which can provide guidelines to design battery 
materials with better electrochemical performance and safety.

In spite of many achievements in the past few years, the 
energy density of SIBs still cannot compete with state-of-the-
art LIBs. To develop competitive high-energy SIBs, there is a 
need of further development of advanced cathodes, anodes, and 
electrolytes. In addition, advanced diagnostic tools coupled with 
computational modeling are necessary. The following are some 
directions for advancing and enabling SIBs:

(1) High Energy Cathodes: Cathode materials largely determine 
the energy density of SIBs. Therefore, future studies on the 
cathode materials should focus on those systems with high 
theoretical or practical energy density. Figure 45 shows the 
reported cathode systems with energy density higher than 
600 Wh kg−1, which is comparable to that of LIBs. For the lay-
ered cathode materials, Li doping and intergrowth structures 
should be the main focus to increase the energy density and 
enhance the cycle stability. Morphology optimization, such as 
full concentration gradient and core–shell structures, and the 
examination of different transition metal should be further 
explored to enable high voltage and thus high energy density. 
In addition, novel strategies to increase the structural stabil-
ity of cathode materials toward moisture should be devised.

(2) High Capacity Anodes: High capacity anodes also play a criti-
cal role in the attainment of high-energy-density SIBs. More 
work should focus on mitigating the issue of large volume ex-
pansion and lesson learned from the Si anode in LIBs should 
be explored also with phosphorus and phosphides anode. In 
addition, we also need to explore advanced binders and car-
bon matrix use to prevent particle isolation and enable the 
use of a microsized phosphorous anode.

(3) Advanced Electrolytes: Functional electrolytes to prevent elec-
trode/electrolyte side reactions and stabilize the electrode/
electrolyte interface are critical and more work should fo-
cus on developing novel additives to enable long life SIBs. 
In particular, optimal electrolytes for high-voltage cathode 
materials of SIBs still need to be identified. Exploring fluo-
rine or sulfone based electrolytes may help enable expending 
the voltage window in SIBs. A fundamental understanding 
of the SEI formation mechanism, structure, and component 
with organic electrolytes is still inadequate. Rational design 
of multifunctional groups (including solvent, salt, and addi-
tives) to improve the electrochemical performance is needed. 
Solid state electrolyte offers a great opportunity in extending 
life and improving safety of SIBs. However, the high inter-
facial contact resistance between solid-state electrolyte and 
electrode is a challenging barrier for their practical applica-
tion. In addition, their low ionic conductivity and the instabil-
ity toward Na metal are a concern, and little is known about 
the Na metal plating/stripping mechanism. Another alterna-
tive could be super high concentration electrolytes, which 
needed to be explored further.
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(4) Diagnostics and Computational Modeling: The application of in 
situ/operando diagnostic techniques has yielded insights into 
the fundamental dynamic processes during the operation of 
SIBs. These techniques have also helped to track phases, cat-
ion ordering, and interfacial microstrain development in the 
intermediate phases and thereby quantify the thermodynam-
ic and kinetic parameters governing synthesis of SIB materi-
als. Such information can help identify the reaction pathways 
for making electrode materials of desired phases and proper-
ties. These techniques can also monitor the thermal stability 
of electrode materials, providing guidelines to design safer 
SIBs. However, each technique has its limitation in terms of 
time resolution, spatial resolution, energy resolution, crys-
tallinity and so forth. Thus, a combination of multiple tech-
niques is necessary to advance the development of SIBs. In 
addition, computational modeling such as DFT-based first 
principles methods can predict relevant properties of battery 
materials, including voltage, structure stability, and electronic 
property, which can provide useful insights and understand-
ing toward design and discovery of advanced SIBs.
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