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Abstract

In this work, almost pure Na,CoO, (x=0.71) sample has been prepared via a solid-state route. The stoichiometric composition has been
estimated by ICP-AES analysis and the Rietveld refinement performed on the respective XRD pattern led to an orthorhombic structure in the
Cmcem space group with a=2.83218(3) A, b=4.89983(4) A, and ¢=10.92334(14) A. The insertion/deinsertion of sodium into the well-
crystallized particles leads to capacities as high as 70.4 mAhg ™' with an initial Coulombic efficiency of 90%, and excellent capacity retention of
almost ~100% after the 90th cycle between a 2.0 and 3.5 V voltage window for a 0.08 C—rate. The insertion ratio (x) varied between 0.592 and
0.673 during the deinsertion/insertion process within Na,CoO,. The voltage profile shows numerous voltage steps being mainly associated to the
slight ordering of the Na ions within the layers. By coupling the electrochemical process with an in-sifu X-ray diffraction experiment, the c-axis
and a-axis peak positions such as (002), (004) and (100) are shifted with the accompanying deintercalation/intercalation of sodium, suggesting
that the extracted sodium has been reversibly occupied with a small variation in sodium composition ranges due to peculiar Na™/vacancy

ordering.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, the demands for lithium-ion batteries (LIBs) have
been increasing due to their wide applications to power sources
for cell phones, laptop computers, digital cameras, power tools
and many consumer products; however, it is still a challenge to
extend the applications of LIBs into electrical vehicles (EV) and
hybrid electrical vehicles (HEV) as they require higher energy
density, higher rate capability and longer life cycles [1,2]. In this
context, it is important to note that large scale batteries may
become more popular for electric vehicles/energy storage devices
in the next few years. Although widely distributed in the earth’s
crust, lithium is not regarded as an abundant element. Also, the
data ensures that the cost of lithium raw materials has increased
since its first practical application in 1991, and it may drastically
increase as the demand increases through commercialization of
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large-scale lithium-ion accumulators for automotive applications
in the near future. It is therefore essential to explore new ion
sources that can be used or satisfy expected future demands.

In contrast to lithium, sodium resources are unlimited, and
sodium is the second-lightest and smallest alkali metal next to
lithium. Additionally, sodium-ion batteries also have some attrac-
tive features such as good economic efficiency, lower materials
costs, low toxicity, improved safety characteristics and the ability
to utilize electrolytes of low decompositional potential [3]. On the
other hand, the electrochemical equivalent and standard potential
of sodium are the most advantageous for aprotic battery applica-
tions after lithium. In fact, recent research is aimed at exploring
potential candidates as both negative and positive electrodes of
sodium-ion batteries. Recently, some electrodes such as Na,
Ti6013, NaFePO4, NaCoPO4, Nale(P 04)3, NaFeF3, and NaCI'Oz
were shown to demonstrate reversible insertion/deinsertion of
sodium ions in sodium-ion batteries [4—8].

Non-stoichiometric compounds that can reversibly incorpo-
rate foreign atoms in their lattice without any modification in the
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local configuration of the host atoms or crystallographic
structure remain significant for battery applications. In this
context, layer-structured materials serve as promising hosts for
guest-ions in solid-state batteries and hence layer-type dichalco-
genides electrodes such as Na,CoO,, Li,CoO, and Lig 43Nag 36-
Co0 96 have been investigated for sodium-ion batteries. More
importantly, the system Na,MO, (where M=Ti, V, Cr, Mn, Fe,
Co, Ni), in which the alkali and transition metals have stronger
tendencies to form layered structures due to the larger difference
of ionic radii have been extensively studied [8—18]. Furthermore,
several sodium compounds with mixed transition metals, having
either tunnel or layered structures, such as Na,Nij¢Cog40,,
Na,Ni,Mn; _,0,, have also been studied as positive electrode
materials [19-23]. Therefore, it will be interesting to investigate
the sodium insertion regarding these materials. From the above
discussion, sodium batteries may offer significant merits but not
yet still much worked out when compared with lithium. This
may be due to the reason that the fascinating discovery of
lithium ion batteries has suppressed this important area for
many years.

Here, our main interest has been focused on layered sodium
cobalt oxide (NaCoOQ,). In this layered structure, the lattice is
built up by sheets of edge-sharing CoOg octahedra between
which the Na-ions are inserted with trigonal prismatic (P) or
octahedral (O) coordination to oxygen atoms. More impor-
tantly, there are four distinctive structural forms of Na,CoO,
viz., a-, a'-, p- and y- phases; they differ in the stacking
sequence of the close-packed oxygen layers which are
perpendicular to the c-axis [24]. The most prominent y-phase
(P2 type) permits sodium insertion within the composition
range of 0.5 <x<0.75 and is characterized by a stacking
sequence of close-packed oxygen atoms...ABBAABBA...
with the oxygen atoms on each side of the Na layers being
identical so that prismatic coordination is provided for the
Na™ ions. In addition, a study by Delmas et.al on different
compositions of sodium cobalt oxides reveals that
Nay,Co0, o6 presents the largest theoretical energy density
(260 Whkg ~") when incorporated into electrochemical cells
[11]. However, it is quite difficult to precisely determine the
sodium content, and discrepancies remain in the literature for
some reported superstructures.

In the light of the above discussion, the present study reports a
systematic and detailed study on the synthesis, characterization
and electrochemical performances of Na,CoO, layered material
for sodium-ion battery applications. Moreover, the sodium
content plays the main role in the structure and clearly drives
the system properties. To further confirm the exact sodium
content, the structure of Na,CoO, was verified by Rietveld
refinement of the XRD pattern. In addition, we are providing a
detailed structural characterization by X-ray diffraction (XRD),
field-emission scanning electron microscopy (FE-SEM) and a
complete electrochemical survey focused on the deinsertion/
insertion mechanism of sodium in the Na,CoO, structure.
Moreover, in-situ diffraction studies of c-axis and a-axis were
also carried out during the initial electrochemical deintercalation/
intercalation to confirm the reversibility of sodium ion during
electrochemical experiments.

2. Experimental

The material was prepared by a solid-state reaction with the
stoichiometric amounts of sodium oxide (Na,O, 80%, Aldrich)
and cobalt oxide (Co304, 99.8%, Aldrich). The precursors
(equivalent to metal ions) were intimately mixed and ball
milled in acetone for 24 h at a rate of 100 rpm. The resulting
mixture was washed by acetone before filtering using ceramic
membrane funnels and vacuum drying at 120 °C for 12 h. The
obtained sample was ground into a powder using a mortar and
pestle and heated at 800 °C for 8 h with 5 °C/min in air
atmosphere and followed by natural cooling. Due to unavoid-
able evaporation of some sodium at elevated temperatures, the
final Na:Co ratio is always lower than that weighed out and
may appear as a separate phase [25]. To obtain the accurate
chemical composition of the product, chemical analysis of the
synthesized materials was performed with an inductively
coupled plasma atomic emission spectrometer (ICP-AES) on
a Perkin-Elmer Optima 4300 DV model. To investigate
further, the synchrotron X-ray powder diffraction data was
collected at the 9B high resolution powder diffraction beamline
of the Pohang Light Source. Data were collected over the
angular 26 range of 10-130.5° with a 0.01° step. The incident
X-rays were monochromatized to the wavelength of 1.5476 A
by a double-bounce Si(111) monochromator. The detector arm
of diffractometer had soller slits with an angular resolution of
2° a flat Ge{111} crystal analyzer, an anti-scatter baffle, and a
scintillation detector. The particles morphology and size were
observed by field emission-scanning electron microscopy (FE—
SEM, S-4700 Hitachi). The electrochemical property of the
Na,CoO, sample was evaluated with sodium metal as the
reference electrode. The charge/discharge properties of the
sample were measured by assembling half cells in a glove box
filled with Ar-gas. The working electrode was prepared by
mixing active material (Na,CoO,), ketjen black (KB) and
Teflonized Acethylene Black (TAB) in the weight ratio 7:3:5
respectively. The mixture was pressed onto a stainless steel
mesh and vacuum dried at 120 °C for 12 h. A 2032 coin-type
cell consisting of the cathode and sodium metal anode
separated by a polymer membrane together with a glass fiber
was fabricated in a glove box and kept for 12 h before the
electrochemical measurements. The electrolyte employed was
a 1 M solution of NaClO, dissolved in propylene carbonate
(PC). The discharge/charge measurements (BTS-2004H,
Nagano, Japan) were performed at room temperature over a
potential range of 2.0-3.5 V vs. Na®/Na at different current
rates. Cyclic voltammetric measurement of the electrode was
performed on an AUTOLAB potentiostat (PGSTAT302N)
with a scan rate of 0.1 mV s~ ! between 2.0 and 3.5 V (vs. Na
*/Na). The in-situ XRD measurements were conducted on 1D
XRS KIST-PAL beam line from the Pohang Accelerator
Laboratory (PAL) using a MAR345 image plate detector ope-
rating at 2.5 GeV with a maximum storage current of 200 mA.
The X-ray beam was focused by a toroidal mirror and
monochromatized to 12.4016 keV (0.9997 A) by a double-
bounce Si (111) monochromator. The double-bounce Si (111)
monochromator and a Si (111) analyzer crystal were used to
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provide a high-resolution configuration in reciprocal space.
During the preparation of the in-situ cell, the electrode active
material mixed with ketjen black and a TAB binder was cast
on stainless steel mesh and assembled in a spectro-electro-
chemical cell. A loading of 7 mg active material was used. The
cell was cycled to a fully charged/discharged state by a
portable potentiostat at constant rate of 0.08 C in the voltage
range 3.5-2.0 V. Kapton tape was applied on the apertures of
the outer cases of the test cells. To focus on the ¢ and a
parameter evolution, only three 26 narrow regions were
defined (10-11°, 20.3-21.2°and 22.8-23.7°) to respectively
follow the (002), (004) and (100) diffraction line displace-
ments.

3. Results and discussion

A major drawback towards the use of Na,CoO, for energy
devices is the volatility of sodium at elevated temperatures.
Recently, it has been suggested that the sodium-volatility may
be somewhat exaggerated, and some of the sodium lost from
the bulk phase may still be present within the sample [25].
To know the exact composition of sodium in Na,CoO,, the
ICP-AES analysis was performed and the results indicate that
the stoichiometric composition of the prepared sample corre-
sponds to Nag74C00,. For further confirmation of sodium
content, Rietveld refinement was performed using FULLPROF
package [26] on the synchrotron XRD data of Na,CoO,. In the
refinement, a pseudo-Voigt function and a linear interpolation
between the set background points with refinable height were
used to define the profile shape and the background, respec-
tively. The occupancy parameters of the Co and O ions was
fixed at their nominal composition while the occupancy
parameter of the Na ion was varied (in order to estimate the
exact composition), all other parameters, such as scale factor,
zero correction, background, half-width parameters, the mixing
parameters, lattice parameters, positional coordinates and
thermal parameters, were varied in the course of refinement.

Structure refinement was first carried out using the well
known hexagonal structure in the P6s/mmc space group
[24,27,28]. This structural model however, could not account
for the peak splitting in the higher 20 region. For instance, the
peak corresponding to the 260~ 66.3° appears to be doublet in
the XRD pattern while it is indexed as a singlet in the
structural model using P6s/mmc space group. A similar
condition exists for other higher angle peaks. In order to
account for these discrepancies we carried out Rietveld
refinement using orthorhombic structure in the Cmcm space,
as proposed by Zhou et al. [25]. The splitting nature of the
peaks in the higher 20 was completely accounted using this
structural model. The content of Na ion was estimated to be
0.708(4) keeping the occupancy parameters of Co and O ions
at its nominal compositions of 1 and 2, respectively, in the
formula unit. Fig. 1 depicts the Rietveld fit between the
observed and calculated profile for Naj,;CoO, using the
orthorhombic structure in the Cmcm space group. The impu-
rity phase corresponding to monoclinic sodium carbonate
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Fig. 1. Observed (black dots), calculated (red line) and difference (blue line)
profiles obtained after full pattern Rietveld refinement using orthorhombic
structure in the Cmcm space group for Nag7;CoO,. Bragg lines for the
Naj 7;C00, and Na,COj3 are also provided. Inset show the zoomed portions of
the peaks in the 26 range 65-70° showing the splitting nature (shown by two
vertical tick marks at the bottom) of the peaks. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

(Na,CO3) belonging to the C2/m space group in the XRD
pattern was also taken into account during the Rietveld
refinement. The vertical tick marks above the difference profile
in the first and second lines from the top respectively, indicates
the position of Bragg reflections for Naj7;CoO, and Na,COj3
phases. A nearly flat difference profile indicates good quality
of fitting between the observed and the calculated pattern. The
refined structural parameters and R factors are summarized in
Table 1.

The presence of Na,COs; impurity may be due to the
reaction between unreacted sodium and oxygen to form
Na,O. When exposed to air, Na,O is easily converted to
Na,COs. It is highly possible that the presence of Na,COj
impurity may be the reason for the difference in the Na content
estimated from the ICP-AES (0.74) and the Rietveld refine-
ment (0.71) analyses. The higher Na content calculated from
the ICP-AES study may correspond to the overall sodium
content since the Na present in the main and the impurity
phases cannot be distinguished by ICP analysis. On the other
hand, the Rietveld analysis considers the Na content specific to
the main phase (Na,Co0O,) and hence may yield comparatively
lower sodium content than that estimated from ICP analysis.
However, it may be reasonable to conclude that the stoichio-
metric composition obtained by the Rietveld analysis (x=0.71)
is more dependable and hence the formation of Naj 7;CoO, in
the present case may be realized according to the following
chemical reaction:

3Na,0 +2C0304 +0.9350, — 6Nag 71 CoO, +0.87Na, O1
(M

Fig. 2 exhibits the FE-SEM image of Nag 7;CoO, after heat
treatment at 800 °C for 8 h. The sample was composed of plate
like crystals with a lateral dimension of micrometers and the
plate-size is observed not to be uniform. From the FE-SEM
image, it is clear that the average size of the Nag;,CoO,
plate is approximately of 2-5 pum diameters and 1 pm thick.
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Table 1

Refined structural parameters of Naj7;Co0O,.

Atom Wyckoff site xla /b 7l U (A% Occ.

Co 4a 0.00000 0.00000 0.50000 0.0006(3) 1.0

Nal 8g —0.083(6) —0.019(3) 0.25000 0.019(4) 0.116(2)
Na2 8g —0.057(6) 0.623(3) 0.25000 0.019(4) 0.238(2)
(0] 8f 0.00000 0.66667 0.5889(3) 0.0007(13) 1.0

a=2.83218(3), b=4.89983(4), c=10.92334(14), a=p=y=90°, space group Cmcm, R,=4.44, Ry,=5.78, R.,,=4.85, =142

Fig. 2. FE-SEM micrograph of Na, 7;CoO, particles synthesized by solid-state
reaction.

The result thus clearly indicates that it is difficult to obtain
Nay71Co0, in nanometer scales with desired morphologies
under the traditional high temperature solid-state method.
The electrochemical performance of Naj7,CoO, was exam-
ined through galvanostatic charge/discharge cycling at 0.08 C
in the potential range from 2.0V to 3.5V vs. the Na*/Na
reference electrode and the results are shown in Fig. 3. Fig. 3
(a) shows the charge/discharge voltage profiles of a Nag7;
Co0O»/Na cell at room temperature for the 1st, 2nd, Sth, 10th
and 20th cycles. The almost consistent electrochemical beha-
vior from the 2nd to the 20th cycle, plotted in Fig. 3(a), of the
Nag71C00O, cathode indicates the stable cycle performance of
the present electrode. Moreover, several short voltage plateaus
attributed to various structural transitions in the crystal lattice
of Nay 7;Co0, during electrochemical Na ion insertion and de-
insertion are observed in the charge/discharge profiles. Re-
cently, Delmas et al. published detailed studies on P2-Na,Co
O, in 2011, observing single-phase or two-phase domains
during sodium ion intercalation/de-intercalation [27]. They
suggested that, the existence of biphasic domains, character-
istic of first-order transitions, on intercalation and deintercala-
tion, leads to a voltage plateau. Potential drops are related to
stable single-phase domains in a narrow sodium content range
and the sloping curves are the signature of solid-solution beha-
vior [27]. In the present case, irreversible capacity loss can be
observed from the first charge/discharge profiles of the Nag 7,
Co0, cathode. Approximately, 0.25 mol of Na, corresponding

to an initial charge capacity of 63.1 mAhg ', can be deinter-
calated from Nag7;CoO, when the cell is charged up to 3.5V
vs. Na/Na®. Upon discharge to 2.0V, ~0.28 mol of Na
(corresponding to an initial discharge capacity of
69.7 mAhg ") can be reversibly intercalated back and the
Coulombic efficiency corresponds to 90%. The charge curves
at the first cycle are obviously different from the curves at the
2nd, 5th, 10th and 20th cycles, which are almost reversible
without capacity fading. A reversible charge capacity of
75.2 mAhg ~' was achieved in the 2nd cycle, which is close
to 74.1, 76.8, 76.8 and 76.1 mAhg*1 after the 5th, 10th, 15th
and 20th cycles, respectively, whereas the Coulombic effi-
ciency reached values higher than 83%.

Fig. 3(b) shows the charge/discharge capacity profile vs. the
cycle number of the Naj7;CoO, electrode at a rate of 0.08 C.
It can be clearly observed that the present Nag 7;CoO, cathode
showed long and stable cycle life under 0.08 C current rates.
Most importantly, the capacity does not have a tendency to
decline until the 90th cycle, which further indicates that
Columbic efficiencies of almost 100% can be achieved on
extended cycling. Precisely, after 90 cycles, specific capacities
of approximately 70.4 mAhg ' and almost 100% Coulombic
efficiency was maintained by the Naj;,CoO, cathode.
The outstanding electrochemical performance of the present
cathode makes it reliable application of sodium-ion battery
applications. It is also reasonable to suggest that the excellent
cycling performance of Naj71CoO, is possibly as a result of
the formation of highly crystalline structures and suitable
particle size, leading to a reversible phase transition.

Moreover, the C-rate behavior of Nagy;,CoO, cathode
ranging from 0.008 C to 5.2 C is shown in Fig. 3(c). For each
step, 3 cycles are measured in order to evaluate the capacity
and capacity retention at different charge/discharge current
conditions. The cell is first cycled at a low current rate of
0.008 C for 3 cycles, wherein stable average charge and
discharge capacities of 91.5 mAhg ™' and 76.3 mAhg ™' are
obtained, respectively. Furthermore, it can be seen that the
discharge capacities are slightly reduced to 77.4, 73.8, 70.9,
68.7 and 62.3 mAhg_1 at rates of 0.02, 0.04, 0.08, 0.16, and
0.32 C, respectively. Even at a rate as high as 2.6 C, the
electrode can deliver a discharge capacity of 28.8 mAhg ™',
which corresponds to a capacity retention of 38% compared to
that obtained for the initial cycle. When the Nag 7;CoO, cell is
operated at a high current rate, the capacity is decreased to an
extremely low level. At the rate of 5.2 C, the capacity is only
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Fig. 3. Electrochemical performances of the Naj7;CoO, electrode. (a) Charge/discharge voltage profiles between 2.0 and 3.5 V at the current rate of 0.08 C. (b)
Capacity retention and coulombic efficiency plots under the current rate of 0.08 C. (c) The charge/discharge capacity at various C-rate is plotted. (d) Cyclic

voltammograms at a scan rate of 0.1 mV s~ .

12.7 mAhg ~'. The author believes that this is a result of the
sluggish kinetics involved in the phase transition and the Na-
ion diffusion in the solid state material, which can result in a
significant loss of capacity at high current rates. In addition,
when the testing current is regularly returned to a low current
rate of 0.008 C, charge/discharge capacities comparable to that
observed under similar current rate conditions during previous
cycles are recovered.

The redox behavior of the present cathode is revealed further
by the cyclic voltammograms (CV) curves. The CV curves of the
first two cycles for the Nay;,CoO, electrode are displayed in
Fig. 3(d) in the voltage range of 2.0-3.5V vs. Na*/Na at a
scanning rate of 0.1 mVs~'. This can be seen from Fig. 3(d),
whereby Na,,7;CoO, electrodes have eight pairs of oxidation and
reduction peaks between low voltages to high voltages in the
initial scan. It is reported that the initial irreversible phenomenon
likely originates from the initial multi-atomic transition processes
to accommodate the structural strain for Na ion insertion and
extraction and from the surface reaction between the electrolyte
and the electrode [29-30]. After the first scan, the second CV
curves exhibit exactly the same number of redox peaks (eight)
with the same intensities, shapes, and areas of the peaks, implying
a complex multiphase transition mechanism during the Na-ion

insertion and extraction processes [30]. However, in-situ XRD
measurements, reported by Sauvage et al., suggested that it is
difficult to distinguish the appearance of a new phase during Na
ion insertion and extraction with only the shifts and splitting of a
few peaks observed, indicating that the different structures during
complex phase transitions are very closely related [30]. The
observed result is also in good agreement with the reported
galvanostatic cycling profiles and indicates a reversible and
complex electrochemical reaction mechanism of the Nay7;CoO,
electrode vs. sodium.

To clearly evaluate the structural evolution of the entitled
material during the insertion/de-insertion process, initial in-situ
XRD measurements using specific cells comprising a stainless
steel window as the current collector was undertaken and the
results are shown in Fig. 4. Owing to the complex mechanism
observed in the electrochemical profiles and the composition
domains of the different phases involved, the in-situ measure-
ment was performed at a rate of 0.08 C. In order to confirm the
reaction mechanism, the evolution for the main intense c-axis
and a-axis diffraction peaks such as (002), (004) and (100)
respectively, which are very sensitive to the sodium content,
was closely monitored. From the as-de-intercalated/intercalated
materials of the initial charge/discharge between 3.5 and 2.0 V
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Fig. 4. In-situ evolution of the XRD pattern recorded at a 0.08 C during the initial charge/discharge of Na,CoO, vs. Na cell (a) (002) diffraction, (b) (004)
diffraction and (c) (100) diffraction peaks. Corresponding voltage-composition profile is given on the right side (d).

vs. Na™t/Na, clear shifts in the diffraction peaks corresponding
to c-axis (002 and 004) toward lower and higher angles during
charge and discharge, respectively, are observed. Whereas, the
shifting trend is vice-versa for the diffraction peak correspond-
ing to a-axis, i.e., the (100) diffraction peak shifts toward
higher and lower angles during charge and discharge, respec-
tively. This phenomenon is commonly observed in layered
oxide materials [27,30]. It is worth mentioning here that during
charge and discharge, the decrease and increase of the para-
meter is usually related to the oxidation and reduction of the
transition metals in the metallic layer leading to a decrease and
increase of their ionic radii, respectively. Moreover, the slight
increase and decrease of the parameters is due to the removal
and insertion of sodium in between the metallic layer, which
decreases and increases the screening effect between the
oxygen layers, respectively. As a result of the evolution of
the XRD patterns in relation to the electrochemical curve, the
formation of reversible sodium composition ranges (0.673
< x<0.710) due to peculiar Na™/vacancy ordering during
de-insertion/insertion in Na,CoQO, and the closely-related struc-
tures are clearly demonstrated. It can be clearly observed that
the existence of phases with obtained compositions is also
reproducible. Further, it has also been reported that the
observed sodium insertion domain 0.673 < x < 0.710 displays
a complex behavior with the formation of two consecutive
adjacent biphasic domains not completely resolved at room
temperature [27]. Moreover, the charge/discharge cycling
curves exhibit potential plateaus, which are associated with
(002), (004) and (100) diffraction peaks, as shown in Fig. 4(d).
The slight shift in its 26 position means that the single-phase

domain adopts slight solid-solution behavior. On the contrary,
a strictly fixed 26 position during the potential drop proves
the existence of a single phase with a well-defined compo-
sition [27].

4. Conclusions

In summary, a Na,CoO, cathode was successfully synthesized
by a solid-state reaction and was structurally characterized. The
prepared sample was confirmed to the stoichiometry of Nag 7,CoO,
by Rietveld refinement of the XRD pattern with orthorhombic
symmetry (Cmcm, a=2.83218(3) A, b=4.89983(4) A, and c¢=
10.92334(14) A) in addition to Na,CO5 impurity phases. The study
clearly revealed that some sodium ions are lost from the bulk
Na,CoO, phase. A driving force for this is presumably associated
with a reduction in the Na—Na repulsions, and this effect may only
be prevalent in samples with high Na compositions. The results of
galvanostatic testing showed specific capacities as high as 70.4
mAhg ! with an initial Coulombic efficiency of 90%, and an
excellent capacity retention with ~100% Coulombic efficiency
until the 90th cycle between a 2.0 and 3.5 V voltage window for a
0.08 C-rate. Cyclic voltammogram of the prepared Nay;;CoO,
showed eight couples of peaks in cathodic and anodic sweeps with
close similarity to the voltages corresponding to the potential
plateaus in the cycling profile of Nag;;CoO,. The cycling stability,
reversibility, Coulombic efficiency, and rate capability make these
Na-ion batteries attractive for possible low cost energy storage
applications where modest energy density is required. By coupling
the electrochemical process with an in-situ X-ray diffraction
experiment, the c-axis and a-axis peak positions such as (002),
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(004) and (100) are shifted with the accompanying deintercalation/
intercalation of sodium, suggesting that the extracted sodium is
reversibly occupied with a small variation in sodium composition
ranges due to peculiar Na ™ /vacancy ordering.
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