
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim6928 wileyonlinelibrary.com

C
O

M
M

U
N

I
C
A
T
I
O

N  Prototype Sodium-Ion Batteries Using an Air-Stable 
and Co/Ni-Free O3-Layered Metal Oxide Cathode 

   Linqin    Mu     ,        Shuyin    Xu     ,        Yunming    Li     ,        Yong-Sheng    Hu     ,   *        Hong    Li     ,        Liquan    Chen     ,       

and        Xuejie    Huang   

  L. Q. Mu, S. Y. Xu, Y. M. Li, Prof. Y.-S. Hu, 
Prof. H. Li, Prof. L. Q. Chen, Prof. X. J. Huang 
 Key Laboratory for Renewable Energy 
 Beijing Key Laboratory for 
New Energy Materials and Devices 
 National Laboratory for Condensed Matter Physics 
 Institute of Physics 
 Chinese Academy of Sciences 
  Beijing    100190  ,   China   
E-mail:  yshu@aphy.iphy.ac.cn   

DOI: 10.1002/adma.201502449

sodium-ion batteries and it is essential to explore Ni/Co-free 
layered oxides with superior performance. Aiming to address 
these two problems, here we report an air-stable and Co/Ni-
free layered metal oxide of O3-Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2 . This 
material is able to store a reversible capacity of ≈100 mAh g −1  
at an average storage voltage of 3.2 V with long cycle life. When 
coupled with hard carbon anode, a prototype rechargeable 
sodium-ion battery offers an energy density of 210 Wh kg −1 , a 
round-trip energy effi ciency of 90%, high rate capability, and 
excellent cycling stability. These desired performances make 
this system to be closer to the level of practical applications. 

 The Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  (Na 0.9 [Cu II  0.22 Fe III  0.30 

 Mn III  0.16 Mn IV  0.32 ]O 2 ) material was synthesized by a simple 
solid-state reaction at 850 °C in air atmosphere using precur-
sors of Na 2 CO 3 , CuO, Fe 2 O 3 , and Mn 2 O 3 . The crystal structure 
of the as-synthesized material was determined by X-ray dif-
fraction (XRD) as shown in  Figure    1  a together with its refi ne-
ment results by the Rietveld method (see Table S1, Supporting 
Information). It can be seen that all the Bragg diffraction 
peaks are in excellent agreement with the JC DS No. 01-082-
1495 (O3-type α-NaFeO 2 ) and can be indexed to a hexagonal 
layered structure with a space group of 3R m− , indicative of a 
typical O3-type layered structure (note that the letter “O” refers 
to the Na coordination environment of octahedral site whereas 
the number “3” refers to the number of MO 2  slab according 
to Delmas’ notation. [ 13 ]  A schematic illustration of the O3-type 
structure is also shown in Figure  1 b. The structure refi nement 
gives the lattice parameters  a  = 2.9587(7) Å,  c  = 16.3742(6) Å. 
The lattice parameter of  c -axis is slightly larger than that of 
other O3-type materials [ 5f–h   ,   6b   ,   8a ]  because the Na content is less 
than 1. The inductively coupled plasma (ICP) result confi rms 
the composition of Na 0.89 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  (see Table S2, 
Supporting Information). The morphology of the resulting 
sample is shown in Figure  1 c. The distribution of the particle 
size is in the range of 10–30 µm with about 3 µm sized pri-
mary particle agglomerations together (Figure  1 d). Most impor-
tantly, unlike other O3-type materials, [ 4–9,12 ]  this material is very 
stable against water. In order to confi rm this, we intentionally 
design an accelerated aging experiment as described in the 
Experimental Section which was verifi ed by LiMO 2  as shown 
in Figure S1 (Supporting Information). We placed the as-syn-
thesized material in deionized water for 3 d and then dried the 
material at 100 °C for overnight. The obtained material was 
checked by XRD again. It can be seen that the XRD pattern is 
nearly identical to that of the as-synthesized material, which 
is very different from other O3-type materials as shown in 
Figure S2 (Supporting Information). These results suggest that 
the O3-Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  is very stable against water. 
Furthermore, after the material was stored in air for one month 

  Large-scale electrical energy storage systems are one of the core 
technologies in renewable energies and smart grid, among 
which sodium-ion batteries show great promise due to the 
abundant sodium resources. Layered metal oxides (of general 
formula: A  x  MO 2 , where A = Li, Na; M = Co, Ni, Mn, Cr, Fe, etc.) 
with alternating alkali metal layer and transition metal layer 
have long been of particular interest since the early 1980s as an 
important class of cathode materials for rechargeable batteries 
due to their easy synthesis and high energy density. [ 1 ]  One of 
the most successful examples is LiCoO 2 , [ 1a ]  which is commonly 
used as a cathode in lithium-ion batteries with the highest volu-
metric energy density for portable electronic devices. Its metal 
substituted materials (LiCo 1−   x   −   y   −   z  Ni  x  Mn  y  Al  z  O 2 ) are being used 
in power batteries for electric vehicles. In the case of sodium-
ion batteries operated at room temperature which are proposed 
for large-scale electrical energy storage owing to the naturally 
abundant sodium resources in recent years. [ 2,3 ]  Na  x  CoO 2  that 
can electrochemically and reversibly intercalate Na is the fi rst 
example, [ 1b ]  then a large number of layered metal oxides have 
been extensively exploited. [ 4–12 ]  However, the practical applica-
tions have been hindered by two major challenges. First, unlike 
LiMO 2 , almost all the Na  x  MO 2  are not stable against moisture 
(either they can be oxidized by water or water/carbon dioxide 
molecules can be intercalated into alkali metal layer). [ 4–9,11,12 ]  
This will not only increase the substantial cost for material 
storage, transportation, and battery production but also lead to 
the inconsistency of the battery performance. Therefore, it is 
extremely important to explore air-stable layered oxides in the 
viewpoint of practical applications. Second, although signifi -
cant progress has been made in new layered metal oxides with 
abundant elements such as Fe and Mn to form Na  x  Fe 1−   y  Mn  y  O 2 , 
their Na storage performance is not satisfactory. [ 7 ]  It is neces-
sary to incorporate toxic Ni or Co into transition metal layer to 
achieve better performance. [ 4–6,8,9 ]  However, as noted above, Ni 
or Co is widely used in lithium-ion batteries, particularly, with 
the growing market of electric vehicles, the cost of Ni or Co 
will defi nitely increase. Therefore, this is not a good choice for 
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to exclude the effect of CO 2  as a recent work shows that some 
O3-type oxides are sensitive to CO 2  in moisture, [ 12 ]  neither the 
crystal structure nor the morphology changes signifi cantly 
(Figure S3, Supporting Information).  

 The electrochemical performance of the 
O3-Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  electrode was fi rst evaluated in 
sodium half cells at room temperature.  Figure    2  a shows the 
galvanostatic charge (Na deintercalation)/discharge (Na inter-
calation) curves in a voltage range of 2.5–4.05 V versus Na + /
Na at a current rate of 0.1C (10 mA g −1 ). A reversible storage 
capacity of around 100 mAh g −1  is achieved with an initial Cou-
lombic effi ciency of 90.4%, corresponding to 0.4 e −  transfer. 
The average storage voltage is 3.2 V. A short voltage plateau at 
3.05 V was observed in the charge and discharge process, sug-
gesting a phase transition occurring in this O3-type material as 
discussed later. When comparing the fi rst two charge curves, 
the initial polarization at the beginning change is relatively 
large, leading to a low energy conversion effi ciency of 85%. 
From the galvanostatic intermittent titration technique (GITT) 
result as shown in Figure S4 (Supporting Information), the 
OCV curve is overlapped with the second charge curve, indi-
cating that this polarization is due to the slow Na +  ion diffu-
sion kinetics in the fi rst charge process. However, after the 
fi rst cycle, this polarization disappears and a higher energy 
conversion effi ciency of 90% is demonstrated. The rate capa-
bility of the Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  electrode was also tested 
at different current rates from  C /10 to 5 C. In Figure  2 b, the 
reversible capacities are 98, 94, 88, 78, 72, and 59 mAh g −1  at 

constant rates of 0.1C, 0.2C, 0.5C, 1C, 2C, and 5C, respectively. 
The capacity retention at 5C is 60% of the initial capacity in this 
micro-sized sample without optimization. The other appealing 
property is the long cycle life. As shown in Figure  2 c, the cell is 
highly reversible; after 100 cycles, the capacity retention is 97% 
of its initial capacity, showing very stable cycling performance. 
Most importantly, the as-synthesized samples after soaked in 
water or stored in air were also tested in sodium half cells, 
whose electrochemical result is shown in Figures S3 and S5 
(Supporting Information). It can be seen that there is almost no 
decay in the performance, although the Na content is slightly 
less than that of the as-synthesized sample (see Table S2, Sup-
porting Information), indicating that the resulting material is 
stable against water and in air. For comparison, the as-synthe-
sized O3-NaFe 1/2 Mn 1/2 O 2  sample is not stable against water 
(Figure S2, Supporting Information) and shows relatively large 
polarization in the charge and discharge curves (Figure S6, 
Supporting Information). All these results combined with elec-
trochemical data demonstrate that the incorporation of Cu into 
the Fe/Mn transition metal layer not only enhances the stability 
but also improves the reversibility and kinetics (see Figure S6, 
Supporting Information). The reason might be that the incor-
poration of Cu into layered oxides either improves the average 
storage voltage which can avoid to be oxidized by water/oxygen/
CO 2  or forms the different surface structures and compositions 
which protect the bulk material from direct contact with air 
(note that a thin layer of Na 2 CO 3  is usually formed when most 
of the as-synthesized sodium layered oxides are exposed in air, 
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 Figure 1.    Structure of O3-Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2 . X-ray diffraction pattern and Rietveld refi nement of the a) as-prepared Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  
sample and b) after soaked into water. The black (red) line represents the experimental (calculated) data. The residual discrepancy is shown in blue. 
The inset tables are the lattice parameters obtained from Rietveld refi nement. c) Schematic illustration of the O3-Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  projected 
in  a–c  plane (left down is projected in  a–c  plane). Symbols A, B, and C refer to the different oxygen layers. The blue layer represents the MO 2  layer and 
yellow bullets refer to Na +  ions. d) The typical scanning electron image of as-prepared sample (scale bar is 10 µm).
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which is similar to lithium layered oxides where a thin layer of 
Li 2 CO 3  is always there. The problem is that Na 2 CO 3  is soluble 
in water whereas Li 2 CO 3  is not.)  

 The outstanding Na storage performance of the O3-Na 0.9 
[Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  cathode material paves the way for con-
structing a prototype rechargeable sodium-ion battery using 
hard carbon as the anode [ 14 ]  (see Figure S7, Supporting Infor-
mation) and 0.8  M  NaPF 6 /EC:DMC (1:1 in volume; EC: eth-
ylene carbonate; DMC: dimethyl carbonate) as the electrolyte in 
standard coin cells. The preliminary electrochemical results of 
the full cell in Figure  2 d–f show that the reversible capacity is 
around 300 mAh g −1  (based on the mass of the anode) at a cur-
rent rate of 0.5C. A high average operation voltage of 3.2 V was 
achieved in this system. The Coulombic effi ciency and round-
trip energy effi ciency of the fi rst cycle are 85% and 80% and can 
be increased to 99% and 90% after initial cycles (note that the 
round-trip energy effi ciency of this system is much higher than 
that of commercialized high-temperature Na S battery which 
is now used in stationary energy storage (75%–85%) [ 2a ] . The 
energy density of this system is calculated to be 210 Wh kg −1  
based on the total mass of cathode and anode. The other impor-
tant feature of this system is the excellent cycling performance. 
As shown in Figure  2 e, after 100 cycles, the full cell shows no 
capacity decay. In Figure  2 f, the reversible capacities are 301, 
299, 284, 270, 255, and 222 mAh g −1  at the same charge–dis-
charge rates of 0.5C, 1C, 2C, 3C, 4C, and 6C, respectively. 
When the full cell was charged at a 0.5C rate and discharged at 
various rates, much higher capacity retentions of 99% and 65% 
are achieved at 6C and 12C rates (10 and 5 min discharging) 

(see Figure S8, Supporting Information). These indicate that 
the battery is capable of discharging at a very high rate. The 
cost of this system could be much lower than other systems 
because inexpensive elements were used in the cathode mate-
rial (note that the cost of copper oxide is only half of that of 
nickel oxide and one quarter of cobalt oxide). The other point 
is that the cheaper Al foil current collector was used for both 
cathode and anode in these full cells and an environmentally 
benign aqueous sodium alginate binder was used for the anode 
preparation, which leads to a further reduction in cost. These 
desired characteristics of this system that potentially meet the 
requirements for stationary energy storage are indeed closer to 
the level of practical applications. 

 To unravel the electrochemical Na deintercalation/intercala-
tion mechanism in this O3-Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  material, 
we performed the electrochemical in situ XRD and ex situ X-ray 
absorption spectroscopy (XAS) experiments.  Figure    3   shows the 
XRD pattern evolution of the electrode cycled at 0.1 C rate in 
the voltage range of 2.5–4.1 V along with the in situ fi rst charge 
and discharge curves. The peaks marked with asterisks at 38.4° 
and 44.7° belong to Al foil which was used as both current col-
lector and X-ray window. Upon initial Na deintercalation, the 
(00 l ) peaks of the O3 phase fi rst shift to lower angle and then 
a new peak which can be assigned to a hexagonal P3 phase 
appears at a lower angle, [ 5g ]  indicating a two-phase reaction with 
the coexistence of O3 and P3 phases in the voltage range of 
3.2–3.3 V, corresponding to 0.10–0.15 Na deintercalation. Once 
the formation of P3 phase, the peaks for P3 phase show con-
tinuous shift until charged to 3.98 V without the appearance of 
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 Figure 2.    Na storage performance of the O3-Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  electrode (a–c). a) The fi rst and second galvanostatic charge and discharge 
curves of the Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  electrode cycled between 2.5 and 4.05 V at a current rate of 0.1C (10 mA g −1 ). b) Long-term cycling perfor-
mance. The capacity, Coulombic effi ciency, and energy conversion effi ciency versus cycle number at a 0.1C rate. c) Rate capability. Capacity versus cycle 
number at various current rates from 0.1C to 5C. Na storage performance of the O3-Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2 //hard carbon full cells (d-f). d) The 
fi rst, second, and fi fth charge and discharge curves of the full cell cycled between 1 and 4.05 V at a 0.5C rate. e) Long-term cycling performance, the 
Coulombic effi ciency, and the energy conversion effi ciency versus cycle number at the 0.5C rate and f) rate capability. Discharge curves of the full cell 
cycled at constant charge/discharge rates from 0.5C to 6C (one charge curve at 0.5C rate is also shown). The specifi c capacities were calculated based 
on the mass of cathode material in (a–c) and based on the mass of anode material in (d–f). 
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new peaks, indicating a solid–solution reaction in this region, 
which is consistent with the sloping changing curve. When fur-
ther charged to the end, the P3 phase transforms to another 
new hexagonal O3 phase denoted as O′3 phase as the (00 l ) 
peaks shift back toward higher angle. The whole structure evo-
lution is also illustrated in Figure  3 . During discharge, the XRD 
pattern experiences an exact opposite evolution compared with 
charge process, indicating that the phase transition processes 
in the O3 material are highly reversible during the electrochem-
ical Na deintercalation and intercalation in the initial cycle.  

  Figure    4   displays the normalized X-ray absorption near-edge 
spectroscopy (XANES) spectra at the Cu, Fe, and Mn K-edges 
of the O3-Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  electrode with different 
charge and discharge states. The Cu K-edge spectrum shifts 
slightly to higher energy region upon charged to 4.1 V and 
shifts back after discharged to 2.5 V (Figure  4 a,b), suggesting 
that Cu 2+  is oxidized to a higher valence. An even more pro-
nounced change in the peak located at 8995 eV implies that the 
Cu–O local environment is signifi cantly changed upon Na dein-
tercalation and intercalation. Both reversible changes confi rm 
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 Figure 4.    Charge compensation mechanism upon Na deintercalation/intercalation in O3-Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2 . a) Ex situ XANES spectra at Cu 
K-edge collected at different charge/discharge states, and b) the magnifi ed region indicated by the rectangle in (a). c) Ex situ XANES spectra at Fe 
K-edge collected at different charge/discharge states, and d) ex situ XANES spectra at Mn K-edge collected at different charge/discharge states. 

 Figure 3.    Structure evolution during electrochemical charge/discharge process. In situ XRD patterns collected during the fi rst charge/discharge pro-
cess of the O3-Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  electrode cycled between 2.5 and 4.1 V under a current rate of 0.1 C. Black asterisks represent peaks from 
Al window. 
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that copper is involved in the charge compensation during the 
electrochemical process. Furthermore, the Fe K-edge spectrum 
clearly shifts toward higher energy values with Na deinter-
calation, manifesting the oxidation of iron from Fe 3+  to Fe 4+ , 
which is consistent with other iron-containing layered oxides. [ 7 ]  
In contrast, the change of Mn K-edge spectrum (Figure  4 d) is 
not obvious during electrochemical cycling. Therefore, above 
results reveal that copper and iron are both electrochemically 
active and the redox couples of Cu 2+ /Cu 3+  and Fe 3+ /Fe 4+  are 
mainly responsible for the charge compensation mechanism, [ 10 ]  
which is consistent with the observed 0.4 e −  transfer in the elec-
trochemical process.  

 In conclusion, a highly effi cient prototype sodium-ion 
battery was realized by using an air-stable and Co/Ni-free 
O3-Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2  cathode and hard carbon anode. 
This 3.2 V class battery shows an energy density of 210 Wh kg −1 , 
a high round-trip energy effi ciency of 90%, and excellent cycling 
stability. The battery is able to deliver 74% of initial capacity at 
a high charging/discharging current rate of 6C (i.e., 10 min). 
We believe that such outstanding performance of this prototype 
battery that is constructed from environmentally friendly and 
low-cost elements will pave the way for practical application in 
large-scale electrical energy storage.  

  Supporting Information 

 Supporting Information is available from the Wiley Online Library or 
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