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  1. Introduction 

 Since Sony announced the fi rst version of commercialized 
lithium (Li)-ion battery (LIB) in 1991, LIB has rapidly penetrated 
into everyday life. [  1–4  ]  Compared to other types of rechargeable 
battery systems, LIB exhibits superb performances in terms of 
energy density. [  4–8  ]  Small and light battery packages have ena-
bled the worldwide uses of portable electronics (e.g., laptop, cel-
lular phone, MP3 players) for the past decades. In recent years, 
driven by the increased desire for ‘green’ technologies, the use 

of LIB has expanded from portable elec-
tronics to large scale applications, in par-
ticular, electric vehicles (EVs). [  4  ,  5  ]  

 There has also been recent concern that 
the amount of the Li resources that are 
buried in the earth would not be suffi cient 
to satisfy the increased demands on LIB. [  9  ]  
While there is ample evidence that this is 
no cause for immediate concern, [  10  ]  very 
large market share of electric vehicles can 
put a strain on Li production capability. 
According to a Japanese report published in 
2010, [  9  ]  about 7.9 million tons of metallic Li 
will be required when 50% of the oil-driven 
cars in the world are replaced by XEVs 
(including hybrid EVs (HEVs) and plug-
in HEVs (PHEVs)) as shown in  Figure    1  . 
Although the prediction in reference  [  9  ]  
involves signifi cant assumption and, for 
example, overestimates the amount of Li 
required per kWh of stored energy, it indi-
cates that in the long term the cost of Li 
may increase as demand increases. There-
fore, making provision beyond the LIB is 
important and alternatives with different 
chemistries have to be suggested. [  11–14  ]   

 Sodium (Na) is located below Li in the periodic table and 
they share similar chemical properties in many aspects. The 
fundamental principles of the NIB and LIB are identical; 
the chemical potential difference of the alkali-ion (Li or Na) 
between two electrodes (anode and cathode) creates a voltage 
on the cell. In charge and discharge the alkali ions shuttle 
back and forth between the two electrodes. There are several 
reasons to investigate Na-ion batteries. As battery applications 
extend to large-scale storage such as electric buses or stationary 
storage connected to renewable energy production, high energy 
density becomes less critical. Moreover, the abundance and 
low cost of Na in the earth can become an advantage when a 
large amount of alkali is demanded for large-scale applications, 
though at this point, the cost of Li is not a large contribution to 
the cost of LIBs. But most importantly, there may be signifi cant 
unexplored opportunity in Na-based systems, Na-intercalation 
chemistry has been explored considerably less than Li-interca-
lation, and early evidence seems to indicate that structures that 
do not function well as Li-intercalation compounds may work 
well with Na. [  15  ]  Hence, there may be opportunity to fi nd novel 
electrode materials for NIB. 

 Important battery performance characteristics such as spe-
cifi c capacity and operation voltage are mainly determined by the 
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 2. Negative Electrode Materials 

  2.1. Carbon Compounds 

 Graphite is the most common negative electrode material used 
in current LIB technologies. [  3  ]  Li readily forms intercalated 
compounds with graphite in which Li is located at the graphene 
inter-layer until the C:Li ratio reaches 6:1 (LiC 6 ). 

[  23  ,  24  ]  The inter-
calation kinetics of Li ion in LIB is reasonably fast, hence the 
practical capacity ( > 360 mAh g  − 1 ) of the graphite electrode 
almost approaches the theoretical capacity (372 mAh g  − 1 ). [  25  ]  
However, only a limited amount of Na can be stored in 
graphite. [  26  ,  27  ]  Early fi rst principles calculations indicated that 
it is hard for Na to form the intercalated graphite compounds 
compared to other alkali metals. [  24  ]  

 In late 1970s and early 1980s, electrochemical alkali metal 
intercalation into graphite was studied with organic electrolytes. 
However, solvent cointercalation was problematic. [  27  ,  28  ]  Hence, 
research on electrochemical Na insertion into carbon com-
pounds was done by using solid electrolytes. [  29  ]  In 1993, Doeff 
 et al . surveyed Na insertion properties of various carbon com-
pounds (graphite, petroleum coke, and Shawinigan black) in 

electrochemical properties of the electrode materials. Therefore, 
the major challenge in advancing NIB technology lies in fi nding 
good electrode materials. An obvious place to look for good Na 
electrode materials is by starting at structures and chemistries 
that function well for Li intercalation. This is because the open 
crystal structure that allows Li intercalation is often suitable for 
Na intercalation. Furthermore, recently various Na compounds 
have been mimicked to investigate LIB electrode materials (i.e., 
Na 2 FePO 4 F). [  16  ]  This indicates that one can discover new elec-
trode materials for NIB learning from LIB or vice versa. How-
ever, it is also clear that this strategy will not be suffi cient as 
clear differences in behavior have been observed for the Na and 
Li equivalent of a compound. Specifi cally, layered NaMO 2  (M  =  
V, Cr, Mn, Fe) showed more than half of the theoretical capacity 
reversibly, while their Li equivalents, LiMO 2 , showed nearly no 
discharge capacity after fi rst charge. [  15  ,  17–22  ]  In this article, we 
briefl y review some of the electrode materials that have been 
tested for NIB, especially focusing on recent developments. 
For the anode materials we distinguish carbonaceous and non-
carbonaceous materials. For the cathode side we discuss sepa-
rately oxide compounds, polyanion compounds, and other posi-
tive electrode compounds. The practical specifi c capacity and 
operation voltage of these materials are summarized in  Figure    2  .    
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     Figure  2 .     Electrode materials and corresponding electrochemical per-
formances in current NIB technologies. Reproduced with permission. [  46  ]  
Copyright 2011, American Chemical Society.  

     Figure  1 .     Predicted demand for metallic Li according to the portion of 
EV, HV, and PHV in the world market. Reproduced with permission. [  9  ]  
Copyright 2011, National Institute of Science and Technology Policy.  
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with in-situ scattering study. [  23  ,  39  ]  They revealed that the plateau 
region (II) corresponded to the fi lling of pores in the carbons. 
The Na chemical potential in the pore fi lling is close to that of 
the elemental Na metal, resulting in a voltage near 0 V. On the 
other hand, the sloping voltage in (I) originates from Na inter-
calation into graphene inter-layers. In the carbon compounds, 
disordered graphene layers are randomly distributed, thus, Na 
chemical potentials intercalating into graphene inter-layers vary 
continuously resulting in sloping voltage region. Na intercala-
tion was identifi ed by detecting the inter-layer distance of the 
graphene stacking. The inter-layer distance increased when 
discharged and decreased when charged, indicating that Na 
reversibly intercalated and deintercalated during the reaction. 
A nuclear magnetron resonance (NMR) study has also revealed 
the reversible insertion of Na in the carbon compounds. [  34  ]   

 Since 2000, many researchers have continuously proposed 
high-capacity carbon compounds for NIB. [  23  ,  31–35  ,  38  ,  40  ,  41  ]  For 
examples, pyrolized glucose and carbon microspheres showed 
high reversible capacities of 300 and 285 mAh g  − 1  in a Na-cell, 
respectively. [  34  ,  36  ]  Carbon black delivered 200 mAh g  − 1  in a full 
cell with Na 0.7 CoO 2  counterpart. [  37  ]  However, these studies were 
performed with relatively low current rates and, sometimes, 
at elevated temperatures. Recently, high rate-capable carbon 
electrode was reported using a templated carbon. [  41  ]  The tem-
plated carbon was prepared  via  infi ltrating mesophase-pitch 
into a porous silica template. The templated carbon has a hier-
archical micro-structure with interconnected pores as shown 
in  Figure    4  a. The templated carbon showed a high specifi c 
capacity (130 mAh g  − 1 , NaC 17 ) at relatively high current rate 
of 74.4 mA g  − 1  as shown in Figure  4 b. At even higher current 
rates (744 and 1860 mA g  − 1 ), more than 100 mAh g  − 1  capacity 
could still be obtained. The authors stated that the kinetics of 
Na insertion into carbon electrodes was improved due to the 
structure of the templated carbon, where the interconnected 
pore structure minimized the diffusion lengths and the carbon 
microstructure enhanced electronic conductivity. However, 
a clear understanding of the relationship between the revers-
ible capacity and carbon microstructure (including porosity) is 
not yet established. Nevertheless, it is worth noting that con-
trol of the carbon microstructure is a viable strategy to improve 
the performance of carbon negative electrodes. More recently, 
Komaba et al. reported high rate performance of hard carbon in 
a full-cell with NaNi 0.5 Mn 0.5 O 2  positive electrode. [  38  ]  The specifi c 
capacity at the fi rst cycle was about 250 mAh g  − 1  at a high cur-
rent rate of 300 mA g  − 1  (based on weight of hard carbon). After 
50 cycles, the specifi c capacity was still above 150 mAh g  − 1 .  

 Given that battery safety is in part determined by the elec-
trode materials, Xia et al. compared the thermal stabilities of 
sodiated hard carbon and lithiated mesocarbon microbeads 
(MCMB) in various organic solvents with and without NaPF 6  
(or LiPF 6 ) salt. [  35  ]  The onset temperatures of self-heating 
of the lithiated MCMB and the sodiated hard carbon were 
comparable in the salt-free ethylene carbonate:diethyl car-
bonate (EC:DEC) solvent. However, dissolving NaPF 6  salt 
increased the reactivity of the sodiated hard carbon, resulting 
in a decrease in the onset temperature and increase in the 
heating rate. Dissolving LiPF 6  salt into EC:DEC signifi cantly 
reduced the reactivity of the lithiated MCMB due to the 
formation of stable LiF phases in the passivation layers at 

Na-cells with the solid electrolyte. [  29  ]  Only a small amount of Na 
ions could be inserted into a graphite electrode ( ∼ NaC 70 ), but 
much more Na could be inserted into petroleum coke (NaC 30 ) 
and Shawinigan black (NaC 15 ). The inserted Na ions were also 
reversibly extracted from the carbon electrode. In addition, a 
NIB full-cell was demonstrated using petroleum coke as a nega-
tive electrode and Na 0.6 CoO 2  as a positive electrode. Although 
only half the capability of the positive electrode was achieved in 
that study, it is noteworthy that it demonstrated the feasibility 
of NIB system. 

 Thomas et al. investigated the electrochemical properties 
of graphite and carbon fi bers in a carbonate-based liquid elec-
trolyte (NaClO 4  in ethylene carbonate), with which the solvent 
cointercalation did not occur. [  30  ]  This study demonstrated that 
electrochemical insertion of Na into carbonaceous materials 
can reversibly take place in liquid electrolytes. All of the elec-
trode materials showed large irreversible capacities at the fi rst 
discharge. Signifi cant portions of the irreversible capacities 
were associated with formation of passivation layers on the 
carbon surface. Elastic energy loss spectroscopy study identifi ed 
that the layers were composed of Na 2 CO 3  (formed near 0.8–1 V) 
and Na alkylcarbonates, ROCO 2 Na (formed below 0.8 V). The 
irreversible capacity of graphite was larger than that of the 
carbon fi bers due to the higher specifi c area. Reversible capaci-
ties of carbon fi bers and graphite were low (55 and 14 mAh g  − 1 , 
respectively). After grinding the carbon fi bers, the reversible 
capacity was increased to 83 mAh g  − 1  (NaC 26 ). 

 Na showed better reactivity with other types of carbon com-
pounds such as cokes and carbon blacks. As a result, a variety 
of non-graphitic carbon compounds were investigated as nega-
tive electrode materials. [  23  ,  29  ,  31–38  ]  The Na reaction voltage with 
non-graphitic carbon compounds typically shows two distinct 
voltage regions as shown in  Figure    3  . Initial reaction with Na 
gives a sloping voltage profi le (region I) which is followed by 
a low voltage plateau region (II) near 0 V. [  23  ,  38  ,  39  ]  Steven et al. 
investigated the Na storage mechanism of carbon compounds 

     Figure  3 .     Typical charge-discharge profi les of carbon electrodes in organic 
electrolytes: hard carbon electrodes cycle in (a) ethylene carbonate elec-
trolyte, (b) propylene carbonate electrolyte, and (c) butyl carbonate elec-
trolyte. Reproduced with permission. [  38  ]   
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elevated temperature. After the thermal test of the sodiated 
hard carbon, Na methyl carbonate with minor NaF phase was 
detected at the surface. Since NaPF 6  has higher thermal sta-
bility than LiPF 6 , only a small amount of NaPF 6  was decom-
posed to NaF. Thermal stability of the sodiated hard carbon 
was also affected by types of organic solvents, implying that 
fi nding an adequate Na salt and suitable solvent composition 
is important for the stability of NIB.   

 2.2. Non-Carbon Compounds 

 Non-carbonaceous negative electrode materials have also been 
pursued as possible negative electrode materials. Various inter-
calation compounds, conversion compounds, and alloying com-
pounds have been suggested as anode materials for NIB. [  19  ,  42–48  ]  
The reaction mechanism of these compounds are similar to 
those of LIB negative electrode materials and are briefl y illus-
trated in  Figure    5  . [  7  ]   

 Recently, Ti-based intercalation com-
pounds were investigated due to the rela-
tively low redox potentials of Ti 3 + /4 +  . Several 
Ti-based Na compounds have been shown 
to reversibly intercalate Na. [  46  ,  49  ,  50  ]  Layered 
NaTiO 2  electrode is electrochemically active 
with 0.3–0.5 Na transfer (depending on cut-
off voltage) around 1 V. [  49  ]  Recently, revers-
ible reaction in Na 2 Ti 3 O 7  has been reported 
at signifi cantly lower voltage. [  46  ]  Two Na ions 
could be inserted into Na 2 Ti 3 O 7  (0.67 Na per 
Ti, 200 mAh g  − 1 ). A reversible phase transi-
tion is found to occur between Na 2 Ti 3 O 7  and 
a Na 12 Ti 10 O 28 -like Na 4 Ti 3 O 7  phase during 
the electrochemical reaction with a voltage 
of approximately 0.3 V, which is the lowest 

voltage ever reported for an oxide electrode in NIB. NaTi 2 (PO 4 ) 3  
was investigated as the negative electrode in aqueous NIB. [  50  ]  It 
showed a specifi c capacity of 130 mAh g  − 1  with a 2.1 V plateau 
in a Na-cell with an organic electrolyte. 

 Conversion compounds such as CoO, Co 3 O 4 , CuO, and 
Cr 2 O 3  have been extensively studied in LIB due to their high 
specifi c capacities. [  5  ,  7  ,  51  ,  52  ]  The conversion reaction in LIB is 
expressed by the following equation: 

nLi
+

+ ne
−

+ M
n+

X = LinX + M
0

  (1)   

where M is a transition metal, X is an anion, and  n  is the oxida-
tion number of the transition metal ion in MX. A multiple elec-
tron reaction is possible per transition metal, leading to high 
theoretical specifi c capacity. In 2002, Alcátara et al. indicated 
that Na can also induce conversion reactions of a transition 
metal oxide. [  42  ]  The electrochemical properties of spinel NiCo 2 O 4  
electrodes were examined in Na-cell and Li-cells. [  42  ,  53  ]  The theo-
retical capacity of NiCo 2 O 4  is approximately 890 mAh g  − 1  based 
on the assumption that 8 Na react with NiCo 2 O 4  to form Ni, 2 

     Figure  4 .     (a) Microstructure of templated carbon and (b) capacity retention of various carbon 
compounds at 74.4 mA g  − 1  in Na-cell. Reproduced with permission. [  41  ]  Copyright 2011, Royal 
Society of Chemistry.  

     Figure  5 .     Schematic illustration of the reaction mechanisms of electrode materials with Li ions in LIB. Reproduced with permission. [  7  ]  Copyright 2009, 
Royal Society of Chemistry.  
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Co, and 4 Na 2 O via the conversion reaction. However, NiCo 2 O 4  
in a Na-cell delivered lower reversible capacity of  ∼ 200 mAh g  − 1  
and showed abnormally large capacity at the fi rst discharge due 
to the electrolyte degradation at low voltage. Nevertheless, the 
electrochemical property obtained from a full-cell (NiCo 2 O 4 //
Na 0.7 CoO 2 ) seemed more promising ( ∼ 250 mAh g  − 1  based on 
the weight of NiCo 2 O 4  electrode, higher than the carbon nega-
tive electrode). Sulfi de compounds, such as FeS 2  and Ni 3 S 2 , 
have also been investigated as negative electrodes for NIB [  54–57  ]  
and form Na 2 S and nanosized metal particles as a result of 
the conversion reaction. On the contrary, FeO, CoO, and NiO 
showed almost no electrochemical activity with Na, while 
they exhibited excellent performances via the conversion reac-
tion in Li-cells. [  47  ,  58  ]  The reason why the same material shows 
different electrochemical activity with Li and Na is not clearly 
understood yet. 

 Metals, which form alloys with Na, can electrochemically 
store Na ions by alloying (M  +   n Na  +    +   n e  −    =  Na  n  M) in NIB. [  43  ]  
The alloying reaction of Pb to form Na 3.75 Pb in a Na-cell was 
reported in reference  [  59  ]  Electrochemical alloying of Sn-Na 
was also reported in a study on Sb 2 O 4  thin fi lm. [  47  ]  Sodiation 
of Sb 2 O 4  leads to conversion followed by alloying. Sb 2 O 4  has a 
high specifi c capacity (theoretical capacity  =  1227 mAh g  − 1 ) as a 
total of 14 Na ions can be stored per formula unit of Sb 2 O 4  by 
the following reactions: 

Sb2O4 + 8Na
+

+ 8e
−

= 2Sb + 4Na2O  (2)   

 2Sb + 6Na
+

+ 6e
−

= 2Na3Sb  
(3) 

   

 The reversible capacity of the Sb 2 O 4  thin fi lm electrode 
was approximately 896 mAh g  − 1 , which is the highest capacity 
among various negative electrode candidates achieved so far. 

 In spite of high specifi c capacity of the conversion com-
pounds and alloying compounds, their utilizations are still 
challenging due to their signifi cant volume change upon 
charge and discharge. Chevrier et al. evaluated a relationship 
between volumetric energy density and volume expansion in 
the alloying compounds using fi rst principles calculations as 
shown in  Figure    6  . [  43  ]  The Na alloying compounds possess 
about two-fold lower capacity density compared to Li alloying 
compounds at the same volume expansion rate. This is 
because the ionic radius of Na is considerably larger than that 
of Li. Note that in order to reach the capacity of conventional 
graphite in LIB, the Na alloying compounds should experience 
about 150% of volume expansion. This indicates the challenges 
in utilizing conversion or alloying compounds as the negative 
electrode.     

 3. Positive Electrode Materials  

 3.1. Oxide Compounds 

 Layered LiMO 2  compounds have been extensively investigated 
as Li-intercalation materials. Hence, it is no surprise that similar 
NaMO 2  compounds have been targeted as Na-intercalation elec-
trodes. [  19  ,  60–63  ]  Layered Na  x  MO 2  possesses various crystal struc-
tures. In the notation of Delmas et al., [  64  ]  O n  ( n   =  1, 2, 3, etc.) 
refers to structures in which Na is octahedrally coordinated by 

oxygen, and  n  refers to the repeat period of the transition metal 
stacking. Na atoms can also occupy trigonal prismatic sites and 
these structures are noted as P n . [  65  ]  Phase transitions between 
P n  and O n  occur via the gliding of MO 2  sheets. Such gliding of 
oxygen layers with respect to each other has been observed at 
room temperature. For example, O3-NaCoO 2  can transform into 
a P’3 structure during electrochemical desodiation. [  60  ]  However, 
phase transitions between P n  and O m  ( m   ≠   n ) need to break 
M-O bonds, and are only possible at high temperatures. [  66  ]  Due 
to this competition between P and O type arrangements the 
desodiation behavior of layered Na-compounds is in many cases 
not fully topotactic. Very little is understood how these gliding 
transitions occur and what their effect on the kinetics of sodia-
tion/desodiation is. As Li atoms usually do not occupy trigonal 
prismatic sites, these gliding transitions are not an issue in 
layered Li-intercalation compounds. But Na-compounds may 
also have advantages. In layered Li  x  MO 2  compounds the com-
petition usually exists with structures in which the Li ion is tet-
rahedrally coordinated leading to the formation of spinel-like 
structures with accompanying loss in capacity. [  18  ,  67–69  ]  Such a 
driving force towards spinel formation will less likely be present 
for Na-intercalation compounds, making it possible that they 
are stable over a larger concentration range of alkali. 

 In 1981 Delmas et al. showed that the phase transition of 
various Na  x  CoO 2  structures occurred reversibly in electro-
chemical Na-cells, demonstrating the feasibility of Na  x  CoO 2  
as a positive electrode material. [  60  ]  Various crystal structures 
of Na  x  CoO 2  compounds are illustrated in  Figure    7  a–c. Among 
those, P2-Na 0.70 CoO 2  showed the largest energy density 
( ∼ 260 Wh kg  − 1 ) in NIB. Recently, P2-Na  x  CoO 2  has been rein-
vestigated, [  70  ,  71  ]  and found to reversibly operate between 0.45 ≤ 
 x  ≤ 0.90, when Na 0.74 CoO 2  was used as the starting material. 
The existence of several well defi ned steps in the voltage pro-
fi le indicated that various structures were formed during the 
cycling ( Figure    8  a). The formation of Na-vacancy ordered layer-
structures was confi rmed via in-situ X-ray diffraction study. [  70  ,  72  ]  
The feasibility of using P2-Na  x  CoO 2  as the positive electrode in 
an all solid-state NIB was also recently demonstrated. [  71  ]    

     Figure  6 .     Universal expansion curves for Li and Na alloys. Voltage of posi-
tive electrode was assumed to be 3.75 V to calculate the energy density. 
Reproduced with permission. [  43  ]  Copyright 2011, The Electrochemical 
Society.  
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 Analogues of P2-Na  x  CoO 2  were suggested including Mn-
substituted P2-Na 2/3 Co 2/3 Mn 1/3 O 2 , in which Co 3 +   and Mn 4 +   
coexist. [  73  ]  While P2-Na 2/3 CoO 2  showed several voltage steps in 
discharge, the Mn-substituted P2-Na 2/3 Co 2/3 Mn 1/3 O 2  electrode 
showed only one step at Na 1/2 Co 2/3 Mn 1/3 O 2  composition 
(Figure  8 a). Similar to P2-Na 2/3 CoO 2 , P2-Na 0.6 MnO 2 , exhibited 
several voltage steps upon cycling. [  74  ]  These P2-Na 2/3 Co 1− x  Mn  x  O 2  
compounds all retained the P2 framework upon the cycling. 
On the other hand, P2-Na 2/3 Ni 1/3 Mn 2/3 O 2  undergoes different 
phase transition. [  75  ]  During Na extraction, O2-type stack-
ings form in the P2-Na  x  Ni 1/3 Mn 2/3 O 2  when  x  reaches  ∼ 1/3. 
P2-Na 1/3 Ni 1/3 Mn 2/3 O 2  (with some O2-type stackings) and 
O2-Ni 1/3 Mn 2/3 O 2  phases coexist when  x  is lower than 1/3. The 
original P2 phase was reversibly recovered after the discharge. 
All of these P2 compounds could deliver about 0.5 Na ions, 
resulting in a specifi c capacity of 120–150 mAh g  − 1 . 

 Layered materials with composition NaMO 2  seem to be more 
promising. NaMO 2  compounds generally form an O3 structure 
as illustrated in Figure  7 b. [  21  ,  61  ,  76  ]  Early work on NaMO 2  reported 
that only a small amount of Na ions ( ∼ 0.2) participated in the 

     Figure  7 .     Crystal structures of various Na  x  MO  y  : (a) P2-Na  x  CoO 2 , 
(b) O3-Na  x  CoO 2 , (c) P3-Na  x  CoO 2 , (d) Na 0.44 MnO 2 , and (e) Na 0.33 V 2 O 5  
(Na: yellow, Co/Mn/V: blue, O: red).  

     Figure  8 .     Charge-discharge profi les of various oxide compounds: (a) (black) P2-Na  x  CoO 2  and (blue) P2-Na  x  Co 2/3 Mn 1/3 O 2 , (Reproduced with per-
mission. [  73  ]  Copyright 2011, Royal Society of Chemistry.), (b) NaCrO 2 , (c) LiCrO 2  (Reproduced with permission. [  18  ]  Copyright 2010, Elsevier.) 
(d) Na 1.0 Li 0.2 Ni 0.25 Mn 0.75 O 2.35  (Reproduced with permission. [  80  ] ), (e) Na 0.44 MnO 2  (Reproduced with permission. [  62  ]  Copyright 2007, American Chemical 
Society.), (f) NaMnO 2 , (Reproduced with permission. [  15  ]  Copyright 2011, The Electrochemical Society.) (g) NaVO 2 , (h) Na 0.7 VO 2  (Reproduced with 
permission. [  44  ]  Copyright 2011, Elsevier.) and (i) Na 0.33 V 2 O 5  (Reproduced with permission. [  96  ]  Copyright 2010, Elsevier).  
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electrochemical reaction for NaCrO 2  and NaNiO 2  electrodes 
resulting in low specifi c capacities. [  61  ]  However, when NaCrO 2  
was recently revisited,  ∼ 120 mAh g  − 1  ( ∼ 0.5 Na) of capacity near 
3 V was obtained (Figure  8 b). [  18  ,  63  ]  It is interesting that NaCrO 2  
shows much better performance than LiCrO 2  in ( < 10 mAh g  − 1 ) 
as shown in Figure  8 b-c. The authors of Ref [18] speculate that 
bonding distances strongly affect the reactivity of the two com-
pounds. The size of the inter-slab interstitial tetrahedral sites 
in LiCrO 2  lattice is well matched to the stable confi guration of 
Cr 4 +  O 4  

2 −   tetrahedral, hence Cr 4 +  , formed during charge, easily 
migrates and gets trapped in the tetrahedral sites. However, the 
interstitial sites in NaCrO 2  lattice cannot stabilize the Cr 4 +   due 
to large inter-slab distance and oxygen-oxygen bonding length 
preventing the migration of Cr 4 +  . 

 In Li-cells, LiNi 0.5 Mn 0.5 O 2  can deliver over 200 mAh g  − 1  at 
low rate, [  77  ,  78  ]  and high rate LiNi 0.5 Mn 0.5 O 2  can be made by ion-
exchange from NaNi 0.5 Mn 0.5 O 2 . 

[  79  ]  When directly testing in Na 
cells, the layered NaNi 0.5 Mn 0.5 O 2  delivered 130 mAh g  − 1 . [  38  ,  63  ]  
Almost no alkali-Ni disordering occurs in the Na version of the 
compound, in contrast to Ni-containing layered Li compounds 
which have considerable disorder. The better ordering of the 
Na compound is due to its larger ionic size. [  79  ]  Electrochemical 
desodiation and subsequent lithiation of NaFeO 2  was observed 
in a hybrid Li-cell. [  21  ]  The reaction was reversible until charged 
to Na 0.5 FeO 2 , but irreversible reaction occurred with further 
electrochemical oxidation. 

 Recently, Kim et al. suggested Li-substituted 
Na 1.0 Li 0.2 Ni 0.25 Mn 0.75 O 2.35  (or Na 0.85 Li 0.17 Ni 0.21 Mn 0.64 O 2 ) as 
the positive electrode material. [  80  ]  In this composition, the 
(Ni + Mn)/(Na + Li) ratio was 1/1.2, and thus, this compound 
can be regarded in the family of alkali-excess materials like 
Li 1.2 Ni 0.2 Mn 0.6 O 2 . 

[  67  ,  81  ,  82  ]  Due to the difference in ionic radius of 
Na and Li, Na ions are located in the inter-slab spaces, while the 
excess-Li ions are located in the transition metal layers. The elec-
trochemical reaction in these materials is fully supported by the 
two-electron reaction of the Ni 2 + /4 +   redox couple with the oxida-
tion state of Mn ions ( + 4) remaining unchanged which imparts 
stability to these materials. This behavior is frequently observed 
in Ni 2 +  -Mn 4 +   containing compounds such as LiNi 0.5 Mn 0.5 O 2  and 
Li 1.2 Ni 0.2 Mn 0.6 O 2  electrodes in LIB. [  79  ,  83  ,  84  ]  The specifi c capacity 
and average voltage was approximately 100 mAh g  − 1  and 3.4 V, 
respectively (Figure  8 d). It was claimed that the excess Li ions 
stabilize the crystal structure upon cycling. 

 There exists a variety of stable manganese-based oxides, which 
are composed of one-, two-, or three-dimensionally connected 
sites for alkali metal intercalations. [  85  ]  Tarascon et al. reported 
electrochemical Na intercalation into spinel  λ -MnO 2 . 

[  86  ]  When 
Na ions were inserted into  λ -MnO 2  at the fi rst discharge, the 
spinel phase transformed to a new layered structure. After this 
irreversible phase transition, almost 0.6 Na ions could reversibly 
cycle. Co-substituted Mn 2.2 Co 0.27 O 4  also showed electrochem-
ical activity with up to one Na ion transfer. [  87  ]  Orthorhombic 
Na 0.44 MnO 2  (or Na 4 Mn 9 O 18 ) possesses a 3D tunnel structure as 
illustrated in Figure  7 d. [  62  ,  88–90  ]  Figure  8 e shows that reversible 
Na storage reaction takes place for 0.18 ≤  x  ≤ 0.64 ( ∼ 140 mAh g  − 1 ) 
in Na  x  MnO 2 . 

[  62  ]  By nanosizing Na 0.44 MnO 2 , promising electro-
chemical properties were obtained in both a Na-cell and full-
cell with pyrolyzed carbon as a negative electrode. [  80  ]  Stable 
electrochemical reaction in an aqueous electrolyte has also been 

demonstrated for this material. [  91  ]  Recent results showed that 
O3-NaMnO 2  exhibits 185 mAh g  − 1  discharge capacity for the 
fi rst cycle at C/10 rate with 132 mAh g  − 1  remaining after 20 
cycles (Figure  8 f). [  15  ]  O3-NaMnO 2  shows remarkably different 
electrochemical properties from O3-LiMnO 2 , which transforms 
into a spinel-like structure with a rapid capacity decay during 
cycling. [  17  ,  92  ]  

 O3-NaVO 2  electrodes could deliver a specifi c capacity of ca. 
120 mAh g  − 1  ( ∼ 0.5 Na) reversibly at 1.4–2.5 V. [  19  ]  When approx-
imately 0.9 Na was extracted with higher voltage ( ∼ 3 V), irre-
versible phase transition occurred and only a small amount of 
Na ( ∼ 0.4 Na) was re-inserted at subsequent discharge. Hamani 
et al. reported that Na 0.7 VO 2  showed much less polarization 
than NaVO 2  as shown in Figure  8 g and h. [  44  ]  The original struc-
ture of P2-Na 0.7 VO 2  electrode was well retained during cycling 
without drastic structural change. High electronic conductivity 
of P2-Na 0.7 VO 2  is believed as the origin of the reduced polariza-
tion while O3-NaVO 2  is electronically insulating. Na  x  VO 2  with 
low redox potential ( < 2.5 V) is sensitive to air exposure. NaVO 2  
readily decomposes to Na  x  VO 2  and Na 2 O when exposed to air. 
However, V compounds with higher oxidation state (V 4 + /5 +  ) such 
as V 2 O 5 , Na  x  V 2 O 5 , and Na 1 +  x  V 3 O 8  are stable in air and can be 
operated above 3 V. [  93–96  ]  Among those, Na 0.33 V 2 O 5  (in Figure  7 e) 
nanorods showed good electrochemical behavior with 142 mAh 
g  − 1  discharge capacity at 1.5–4.0 V range (Figure  8 i). [  96  ]    

 3.2. Polyanion Compounds 

 In the past decade, extensive research efforts have been focused 
on polyanion compounds for positive electrode materials in 
LIB. [  4  ,  97  ]  Polyanion compounds provide some advantages. [  97  ]  
Various crystal structures with open channels for Na and Li 
ions are available. [  97  ]  Since the operation voltage is infl uenced 
by local environments of polyanions, the operation voltage of 
a specifi c redox couple can be tailored. [  98  ]  In addition, the poly-
anion compounds are believed to have high thermal stabilities 
due to strong covalent bonding of oxygen atom in the poly-
anion polyhedra, though this may not be universally true. [  99  ,  100  ]  
A recent high-throughput computational study evaluated on a 
large scale the properties of phosphate compounds for LIB. [  101  ]  
Some Na compounds with the polyanion frameworks have been 
studied to be used as structural motifs and starting materials 
for hybrid Li-cells, or to compare the electrochemical properties 
with isostructural Li compounds. Crystal structures of various 
polyanion compounds are described in  Figure    9  .  

 NASICON, Na super-ionic conductor, whose general formula 
is A  x  MM’(XO 4 ) 3 , was originally studied as a solid electrolytes 
that allows fast Na ion conduction through the empty space in its 
crystal structure. [  102–104  ]  Corner-shared MO 6  (or M’O 6 ) and XO 4  
polyhedra form a framework with large Na diffusion channels. 
NASICON compounds were studied as solid electrolytes in Na-S 
batteries for a long time. In 1987 and 1988, Delmas et al. dem-
onstrated that NASICON-type compounds, NaTi 2 (PO 4 ) 3 , can be 
electrochemically active with Na in a reversible manner. [  102  ,  104  ]  
Since then, NASICON-type compounds (transition metal  =  
V, Fe, Ti, and etc) were investigated for both LIB and NIB, 
however, most work was focused on LIB due to poor cell per-
formance in NIB. [  105–107  ]  Recently, carbon-coated Na 3 V 2 (PO 4 ) 3  
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     Figure  10 .     Electrochemical profi les of various polyanion compounds in Na-cells: (a) Na 3 V 2 (PO 4 ) 3  at high voltage region, (b) Na 3 V 2 (PO 4 ) 3  at low voltage 
region (Reproduced with permission. [  141  ]  Copyright 2011, Elsevier.), (c) NaFePO 4  (Reproduced with permission. [  116  ]  Copyright 2010, American Chemical 
Society.), (d) NaMn 0.5 Fe 0.5 PO 4  (Reproduced with permission. [  118  ]  Copyright 2011, American Chemical Society.), (e) Na 2 FePO 4 F, (Reproduced with per-
mission. [  126  ]  Copyright 2011, Elsevier.), and (f) NaFeSO 4 F. (Reproduced with permission. [  123  ]  Copyright 2010, American Chemical Society.)  

(structure illustrated in Figure  9 a) was investigated and showed 
promising performance as a NIB electrode material. In the elec-
trochemical profi les of Na 3 V 2 (PO 4 ) 3  shown in  Figure    10  a-b, two 
distinct plateaus near 1.63 and 3.40 V were identifi ed, which are 
related to the V 2 + /3 +   and V 3 + /4 +   redox couple, respectively. Using 
a voltage range of 2.7–3.8 V, a reversible capacity of 93 mAh g  − 1  

     Figure  9 .     Crystal structures of various polyanion compounds: 
(a) Na 3 V 2 (PO 4 ) 3 , (b) NaFePO 4 , (c) Na 2 FePO 4 F, and (d) NaFeSO 4 F (Na: 
yellow, V/Fe: blue, O: red, F: gray).  

was obtained with excellent cyclability. The lower voltage region 
(1.0–3.0 V) delivered about 59 mAh g  − 1  capacity with good 
cycle performance. Taking advantage of the big voltage differ-
ence between the plateaus, a symmetric cell using Na 3 V 2 (PO 4 ) 3  
as both negative and positive electrodes was designed with an 
ionic liquid electrolyte. [  108  ]  The symmetric cell reversibly deliv-
ered 64 mAh g  − 1 . F-containing V-based polyanion compounds 
such as NaVPO 4 F, Na 3 V 2 (PO 4 ) 2 F 3 , and Na 1.5 VOPO 4 F 0.5  have 
also been investigated in NIB. The crystal structures of F-
containing compounds are comparable to those of the NASICON 
structure. [  109–111  ]  Na 1.5 VOPO 4 F 0.5  delivered about 0.56 Na in Na-
cells with two voltage plateaus near 3.6 and 4.0 V. [  111  ]  A full-cell 
composed of hard carbon and NaVPO 4 F exhibited reversible 
capacity about 80 mAh g  − 1  with 3.7 V average voltage. [  109  ]   

 LiMPO 4  (M  =  Fe, Mn, Co, Ni) is the most common polyanion 
electrode in LIB. [  112–114  ]  Conversely, only a few reports were 
published for electrochemical characterization of NaMPO 4  for 
NIB because maricite NaMPO 4 , which is thermodynamically 
more stable than olivine NaMPO 4 , is almost inactive with Na 
deintercalation due to the absence of adequate Na diffusion 
channel. [  115–117  ]  Meta-stable olivine NaFePO 4  phase (Figure  9 b) 
could be obtained by delithiation and subsequent sodiation of 
the olivine LiFePO 4 . 

[  116  ,  118  ]  NaMn 1− x  M  x  PO 4  (M  =  Fe, Ca, Mg) 
can be synthesized via topochemical synthesis starting from 
NH 4 Mn 1− x  M  x  PO 4  · H 2 O. [  118  ]  It is well-known that de/intercala-
tion of Li in olivine compounds occurs via two-phase reaction 
between Li-defi cient Li  x  MPO 4  and Li-rich Li 1− x  MPO 4  ( x  ∼ 0), 

Adv. Energy Mater. 2012, 2, 710–721



718

www.MaterialsViews.com
www.advenergymat.de

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com

R
E
V
I
E
W

except for some special cases. [  98  ,  119–121  ]  Interestingly, de/inter-
calation of Na in olivine NaFePO 4  and NaMn 0.5 Fe 0.5 PO 4  did not 
follow the conventional behavior (Figure  10 c-d). [  116  ,  118  ]  When 
discharging olivine FePO 4 , a distinct step in the discharge pro-
fi le was observed near 2.95 V, which corresponds to the for-
mation of a Na 0.7 FePO 4  intermediate phase (Figure  10 c). [  116  ]  
The intermediate phase was also identifi ed after chemical 
desodiation of NaFePO 4 . 

[  118  ]  Approximately 0.9 Na ions were 
seen to reversibly react with an average voltage near 2.92 V 
in NaFePO 4 . NaMn 0.5 Fe 0.5 PO 4 , on the other hand, showed a 
single-phase reaction for all Na compositions [  118  ]  and displayed 
a sloping discharge profi le without any voltage plateau ( ∼ 0.6 Na 
ion reaction). Strain energy between the Na-rich and Na-defi -
cient phases due to the large size of Na ion was speculated to 
be the origin of this behavior. Shiratsuchi et al. investigated 
electrochemical activity of FePO 4  electrodes with an amor-
phous or trigonal structure. [  122  ]  Amorphous FePO 4  electrodes 
( ∼ 120 mAh g  − 1 ) showed better performance compared to the 
one with trigonal structure. 

 Recently, various (PO 4 F) 4 −   and (SO 4 F) 3 −   based Na com-
pounds have been investigated in searching for new positive 
electrode materials in LIB. [  123–130  ]  While these Na compounds 
were mostly considered as structural motifs for Li compounds, 
some can be used as active electrodes for NIB. Na 2 FePO 4 F pos-
sesses a layered-like two-dimensional framework of Fe 2 O 7 F 2  
bioctahedra connected by PO 4  tetrahedra with Na ions located 
in the inter-layer space as illustrated in Figure  9 c. Ellis et al. 
confi rmed that desodiation from Na 2 FePO 4 F to NaFePO 4 F did 
take place successfully  via  chemical oxidation, however, electro-
chemical properties in Na-cell were not shown in this study. [  16  ]  
Recham et al. further investigated Na 2 Fe 1− x  Mn  x  PO 4 F (0 ≤ x ≤ 
1) in Na-cell. [  131  ]  While Na 2 FePO 4 F showed fair electrochemical 
activity to Na ( ∼ 100 mAh g  − 1  with 3 V operation), Na 2 MnPO 4 F 
was almost inactive. Furthermore, the electrochemical activity 
of Na 2 Fe 1− x  Mn  x  PO 4 F electrodes drastically decreased with 
increasing Mn content. This is coincident with a crystal struc-
ture change in Na 2 Fe 1− x  Mn  x  PO 4 F depending on the Mn con-
tent. At ∼ 25% of Mn, the crystal structure of Na 2 Fe 1− x  Mn  x  PO 4 F 
changes to a Na 2 MnPO 4 F-like structure, which is believed to 
be disadvantageous for Na ion conduction. [  124  ,  131  ]  A Na 2 FePO 4 F 
electrode could deliver 110 mAh g  − 1  at 6.2 mA g  − 1 , but the 
capacity decayed drastically with an increase in the current 
density (60 mAh g  − 1  at 124 mA g  − 1 ) as shown in Figure  10 e. 
Recently, electrochemically active Na 2 MnPO 4 F was reported 
by size reduction and conductive carbon coating, however, 
this work was performed in a hybrid Li-cell. [  132  ]  Most work on 
Na 2 MPO 4 F has been done with hybrid Li-cells to show the pos-
sibilities of Li 2 MPO 4 F electrodes, hence, a clear understanding 
of the electrochemical activity of sodiation and desodiation in 
these materials is still missing. 

 Tavorite LiFeSO 4 F was reported to be a promising positive 
electrode material for LIB due to the multi-channel Li ion con-
duction. [  125  ]  NaFeSO 4 F is composed of almost same polyanion 
framework with LiFeSO 4 F, but with slight difference in Li 
and Na positions. [  123  ,  129  ]  While there are two distinguishable 
Li ion sites in LiFeSO 4 F, only one Na ion site is available for 
NaFeSO 4 F (Figure  9 d). Hence, NaFeSO 4 F ( P 2 1 / c ) has higher 
symmetry compared to LiFeSO 4 F ( P -1). Barpanda et al. argued 
that NaFeSO 4 F ( ∼ 7.14  ×  10  − 7  S · m 2 ) had higher ionic mobility 

compared to LiFeSO 4 F ( ∼ 7.0  ×  10  − 11  S · m 2 ) through imped-
ance spectroscopy on pellets. [  123  ]  A NaFeSO 4 F electrode was 
electrochemically active in a hybrid Li-cell, but showed little 
electrochemical activity ( ∼ 0.08 Na ion transfer) in a Na-cell 
up to 4.2 V (Figure  10 f). [  123  ,  125  ]  Electrochemical Na intercala-
tion into delithiated FeSO 4 F was not successful either. It was 
claimed that limited electronic conduction and large volume 
difference between NaFeSO 4 F and FeSO 4 F phases ( ∼ 16%) 
might be the reason for poor electrochemical activity. A com-
putational study on ionic diffusivity in both phases by Trip-
athi et al. suggested that LiFeSO 4 F has lower activation energy 
for the diffusion ( ∼ 400 meV) in three-dimensional diffusion 
paths. [  125  ]  In contrast, only one-dimensional zigzag path for 
Na diffusion was possible for NaFeSO 4 F with relatively high 
activation energy of 600 meV. First principles calculations on 
LiFeSO 4 F indicate that the structure has a one-dimensional 
diffusion path for Li with very low activation barrier, but that 
diffusion in large particles may require access to a defect 
cross over mechanism between these one-dimensional paths, 
resulting in a higher activation energy. [  130  ]  This is similar to 
the situation in LiFePO 4 . [  133  ]    

 3.3. Other Compounds 

 Early studies in chalcogenide compounds showed that Na can 
also be intercalated in compounds such as TiS 2 , TaS 2 , MoSe 2 , 
and SnSe y S 2−y . 

[  134–136  ]  Na ions can occupy the inter-slab vacant 
sites in these materials. However, no extensive studies have 
been performed on these materials due to their poor electro-
chemical characteristics. Recently, Yamaki et al. suggested 
NaMF 3  as the positive electrode in NIB. [  137–139  ]  It was claimed 
that NaMF 3  can provide high safety as there is no risk of oxygen 
release during battery operation. [  137  ]  Various Na-free MF 3  (M  =  
Fe, Ti, Co, Mn) compounds were electrochemically character-
ized. [  138  ]  Mössbauer spectroscopy before and after the discharge 
revealed that the Fe 2 + /3 +   redox couple was active in FeF 3 -C elec-
trodes giving a specifi c capacity of 150 mAh g  − 1  in NIB. Na-
intercalated MF 3  compounds, NaMF 3  (M  =  Fe, Mn, Ni), was 
also directly synthesized via mechanochemical reaction and 
liquid-based synthesis. [  137  ,  139  ]  Nanosized NaFeF 3  electrode could 
deliver 180 mAh g  − 1  at 1.5–4.5 V.    

 4. Challenges and Perspectives 

 Various classes of electrode materials for NIB were briefl y intro-
duced here. Overall, the performance of NIB still lags behind 
that of LIB at this moment. In a recent systematic fi rst principles 
study comparing the properties of Li and Na intercalation com-
pounds, [  43  ,  117  ]  it was discussed that for anodes, the large ionic 
size of Na compared to Li can be disadvantageous in terms of 
volumetric energy density and cycling stability, in particular, for 
alloying compounds. [  43  ]  In addition, in the same crystal frame-
works, Na compounds generally show a lower voltage compared 
to Li compounds as shown in  Figure    11   resulting in a reduc-
tion in energy density. [  117  ]  However, one interesting feature is 
that Na migration in layered frameworks (ACoO 2 ) can be more 
facile than Li migration. This is against the conventional belief 
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that Na diffuses slower in the identical host structures due to 
larger ionic size. Larger inter-slab distance in this structure was 
believed to reduce the diffusion barrier in NaCoO 2 . This anal-
ysis does, however, not take into account the possible kinetic 
problems which may arise from gliding transitions between the 
oxygen layers, as discussed in this review.  

 Besides comparing the electrochemical performance of same 
crystal frameworks in LIB and NIB, there exist stable Na com-
pounds whose Li analogues are not stable. For example, NaFeF 3  
positive electrode is a new material whose Li analogue does not 
exist. [  137  ,  139  ]  

 Commonly, Na compounds and their Li analogues form sim-
ilar crystal structures with small differences in lattice parame-
ters, distortion, and local environment, but in some cases, they 
form completely different structures. [  117  ,  124  ,  129  ]  The difference in 
structural competition for Li and Na compounds does present 
opportunity for interesting new Na-intercalation materials. In 
the case of layered AMO 2  (M  =  V, Cr, Fe, Mn) materials, NaMO 2  
shows good electrochemical activity whereas LiMO 2  has little or 
no capacity or loses its initial capacity rapidly. [  15  ,  18–21  ,  24  ]  A com-
putational analysis of Li  x  MnO 2  shows that Li in tetrahedral sites 
can stabilize Mn in tetrahedral sites, resulting a stable Li/Mn 
dumbbell confi guration which serves as nucleus for the layered 
to spinel phase transformation. [  140  ]  In Na  x  MnO 2 , however, Na is 
unlikely to move to tetrahedral site and therefore can not stabi-
lize Mn in a tetrahedral site, resulting better structural stability 
and hence better cyclability. [  15  ]  The above argument can pos-
sibly apply to V, Cr, Fe systems. 

 The comparison of layered Li  x  MO 2  and Na  x  MO 2  indicates 
that the effects of the difference in crystal structures on elec-
trochemical properties should be case-by-case. Therefore, there 
may be superior NIB electrode materials which have not been 
discovered yet. About twice as many Na compounds than Li 

     Figure  11 .     Calculated voltages of various compounds in vs. Na and vs. 
Li. Reproduced with permission. [  117  ]  Copyright 2011, Royal Society of 
Chemistry.  

compounds are present in ICSD (inorganic crystallographic 
structure database). In addition, the examples in this review 
show that in many cases the Na-reaction behavior of a material 
is not trivially related to its behavior in a Li-cell. This implies 
that more potential candidates can be suggested for the NIB 
electrode materials, and that signifi cant opportunity exists to 
explore high capacity Na electrode materials.  
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