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Abstract

Nowadays, we can enjoy the internet and call anywhere we want with electrical devices including
mobile phone and laptop computer. These electrical devices needs power to supply their services. So,
the importance of batteries as power sources for these is getting larger and larger. Up to now, lithium
ion batteries(LIBs) have been in charge of power sources for these devices. Therefore, the lithium ion
battery market enlarged for the last decades.
At this moment in time, Sodium-ion batteries (NIBs) deserve greater attention for replacing the LIBs
as energy storage system. The NIBs have the merit for cost. Sodium resources are distributed
everywhere, and sodium is one of the most rich elements in the Earth’s crust. It leads to low cost for
sodium sources. Additionally, sodium do not alloy with aluminum at low voltage in contrast to lithium.
It means that aluminum current collector can replace the copper current collector. So, Sodium
batteries have lower price than current lithium ion batteries. However, there are limitations for
commercializing NIBs just now. On the cathode materials, the cathode materials for NIBs have
relatively low operating voltage and low specific capacity. So, developing large specific capacity &
high voltage cathode materials for NIB(sodium ion battery) is required for commercializing the Naion battery technology for large scale and low cost energy storage system.
In this situation, layered NaxNCMO2, a sodium nickel cobalt manganese oxide, a ternary system, was
adopted as a promising cathode material for NIBs. Because, regarding that the layered
LiNixCoyMnzO2 cathode materials are already commercialized, it will be easier to apply layered
sodium cathode materials than other kinds of materials when commercializing NIBs. But the
NaxNCMO2 has lower specific capacity than that I expected. We try to get higher specific capacity by
controlling temperature and sodium ratio.
Therefore, to improve specific capacity for NaxNi0.2Co0.1Mn0.7O2 material, high crystalline
NaxNi0.2Co0.1Mn0.7O2 material is synthesized at different temperature condition and with different
sodium ratio. Firstly, a NaxNCMO2 material is used as a cathode material for NIBs. The compound is
heated at 800℃ for 10h, but it has low crystallinity and low specific capacity. We changed the
synthesis temperature at 600℃ for 6h, 25℃ and 900℃ 10h. Crystallinity is improved and specific
capacity also increase. Additionally, good cycle retention is achieved at the same time. Hence,
optimizing temperature for higher crystallinity, larger specific capacity and good cycle retention can
be achieved. Secondly, sodium ratio is used as a factor that can affect a specific capacity. When
ICP(inductively coupled plasma) analysis is conducted, sodium ratio to transition metals is just about
0.55. So, 0.8 and 0.9 sodium ratios to transition metals is used to optimize. However, when 0.8 and
0.9 sodium ratio is added, impurity XRD(X-ray Diffraction) peaks are detected. Also, a compound of

0.9 sodium ratio shows lower specific capacity than other compounds. Therefore, sodium ratio V.S.
transition metals above 0.7 can affect a decline of specific capacity.
When optimized NaxNi0.2Co0.1Mn0.7O2 was ball milled, this material showed amorphous and
crystalline characteristics at the same time in the XRD pattern. And, SEM image showed crushed
particle. For electrochemical test, amorphous NaxNi0.2Co0.1Mn0.7O2 showed larger specific reversible
capacity than crystalline NaxNi0.2Co0.1Mn0.7O2. It is not sure but we can explain that Na stored in grain
boundary affected the additional reversible capacity by acting capacitor.
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1. Introduction

Sony company commercialized the Lithium ion batteries (LIBs) first in 1991. Nowadays, we can enjoy
the internet and call anywhere, we want, with electrical devices including mobile phone and laptop
computer. These electrical devices needs power to supply their services. So, the importance of batteries
as power sources for these is getting larger and larger. Up to now, lithium ion batteries have been in
charge of power sources for these devices. Therefore, the lithium ion battery market enlarged for the
last decades (Figure 1). In the future, electric motors are used as a next energy source for existing
combustion engines with gas tank, it can reduce the energy dependence on fossil fuels and atmospheric
pollution by using electric motors. Furthermore , electrical energy storage (EES) and smart grid system
are developed for energy saving. So, huge batteries will be necessary in order to apply the smart grid
system and EES. As a result, the energy of a battery module must be increased to KWh or MWh scale.
Such MWh scale batteries are also used to store electric energy from solar energy and wind momentum
as green and renewable energy alternative. From this chart, we can see that the scale of global lithium
demand has been grown steadily. But the relative abundance of lithium in the Earth’s crust is only 20
ppm (Figure 2). So, by the law of supply and demand, the lithium price will be increased. This chart
shows that actually the price of lithium has been increased about 3 times higher for the last 10 years.
The cost of lithium batteries is too expensive to satisfy the MWh scale batteries.
Sodium is near anybody, and sodium is fifth abundant element in the crust. It leads to low cost for
sodium sources. In contrast to lithium, sodium do not alloy with aluminum at low voltage. It means that
aluminum current collector can replace the copper current collector. So, Sodium batteries have lower
price than current lithium ion batteries. Actually, sodium is lighter than any other metals and smaller
than any other metals, only lithium is lighter and smaller than sodium. Furthermore, Structures and
components of cathode materials, battery systems and charge storage mechanisms of NIBs are almost
the same as LIBs exclude that lithium ions are substituted for sodium ions as shown in picture.
Consequently, sodium battery is the tomorrow substitution to LIBs. And as you can see the right picture,
many anode materials for NIB are developed. So, Developing cathode materials corresponding to the
anode materials is required.
In this research, sodium nickel, cobalt, manganese oxide (Na2/3NixCoyMnzO2) is studied for cathode
material of NIBs. Regarding that the layered lithium nickel, cobalt, manganese oxide (LiNixCoyMnzO2)
cathode materials are already commercialized, it will be easier to apply layered sodium cathode
materials than other kinds of materials when commercializing NIBs. P2 type Na2/3NixCoyMnzO2 is
1

synthesized by using conventional solid state method. Subsequently, optimizing processes are
experimented for observing tendency.
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Figure 1. Total lithium carbonate demand (2002y ~ 2020): Lithium carbonate

Figure 2. The percentage of lithium amount in the crust.
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1.1 Li-ion batteries

Cathode and anode materials which can electrochemically intercalate/deintercalate lithium ion,
electrolyte that can conduct lithium ion and separator, these fours are key point composing the Li-ion
battery. The early lithium secondary batteries were used lithium cobalt oxide (LiCoO2) for cathode
materials. LiCoO2, first commercialized as a cathode material, put out the lithium ions during charging
process and lithium ions are solvated in electrolyte. When discharge, lithium ions are inserted into
LixCoO2 from the electrolyte. The graphite was first commercialized as an anode material for Li-ion
battery. In contrast to cathode, graphite, an anode material, accept lithium ions during charging process
from electrolyte. When discharge, lithium ions are extracted from graphite. Electrolytes are composed
by lithium ion salts and non-aqueous aprotic solvent.1 2 3 4
In the battery systems, voltage increases when battery is charged, lithium ions are deintercalated from
cathode materials and are intercalated into anode materials. When the battery is discharged, cathode
materials put out the lithium ions and anode materials accept the lithium ions, then voltage decreases.
There is a simple scheme of battery displayed in Figure 3, undergoing discharge. 5 6 7
LiNixCoyMnzO2, lithium nickel cobalt manganese oxide, was commercialized lately. These threecomponent systems have an advantage that merits of Ni, Co and Mn can be used simultaneously. Nickel
shows high capacity from oxidation state Ni2+ to Ni4+. Cobalt prevents the cation disordering between
nickel and lithium. Manganese gives thermal stability of a structure. Cobalt is toxic and expensive
material. So, the trend of LiNixCoyMnzO2 is low cobalt and high nickel component to get high capacity
and save the costs.8 9

4

Figure 3. Simple schematic of LIBs: The anode material is a graphene like carbon and the cathode
material is layered transition metal oxide with non-aqueous aprotic electrolyte.
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1.2 Sodium ion batteries

In early day, sodium sulfur battery (Na/S) and malted sodium battery that uses molten Na and nickel
chloride (NiCl2) were commercialized. However, there is severe problem. These batteries need high
temperature (~300℃) to maintain molten sulfur and sodium state. So, these batteries have a safety
problem from using high temperature. While sodium sulfur and zebra battery suffer from safety problem,
sodium ion batteries (NIBs) can be operated at ambient temperature.10 11
Now a day, NIBs are rising as alternative energy storage system with LIBs. NIBs work like LIBs. It
means that LIB’s materials are appliable for NIB’s materials. Sodium sources are infinite and
everywhere, and sodium is fifth abundant elements in the crust of Earth. It leads to lower cost for sodium
sources. In contrast to LIBs, aluminum current collector can be used at anode in NIBs. Because
aluminum do not alloy with sodium at low voltage. So, we can use the aluminum foil as current collector
instead of copper paper, used as a flow of electricity collector. It also cause a drop in prices of batteries
when NIBs are used as an alternative to LIBs. The sodium is kind of alkali metal like lithium. So, the
sodium represents similar chemical properties with lithium. It means that the materials which are based
on lithium chemistry can apply the materials which are based on sodium chemistry. Also, it will be
easier to commercialize sodium ion battery than other next generation batteries because LIBs are
already commercialized now.12 13 14 15
Like LIBs, NIBs are made up of four elements that are cathode, anode, electrolyte and separator
(Figure 4). NIBs almost resemble the LIBs except replacing lithium ions with sodium ions as shown in
picture. So, the cathode and the anode materials must intercalate/deintercalate the sodium ions. Like a
LIBs, when charging process, sodium ions are extracted from cathode materials. On the other hand,
sodium ions are inserted into anode materials during charge process. And, electrolyte are needed to
conduct the sodium ions from cathode/anode to anode/cathode. So, electrolyte is made up of sodium
salts and non-aqueous aprotic solvent. At the end, separator, usually porous polymer, is ion conductive
and insulator.16 17 18 19
Although some materials that are made of LIB’s do not work on NIB, the reverse cases also appear
occasionally. These phenomena are induced by different size of between lithium ion and sodium ion.
The sodium ion is bigger than lithium ion. This feature can cause cases of various materials that cannot
be synthesized on lithium based materials. For example, sodium iron oxide and pure sodium nickel
oxide are exist. But lithium iron oxide and pure lithium nickel oxide are not because of small size of
6

lithium ion. Therefore, there are many materials that research more.20
However, the poor kinetic property is observed at NIBs. It is because of large size of sodium ion. Also,
large size of sodium ion affect the phase transition. Severe phase transition can occur during
intercalation/deintercalation of sodium ion in materials of NIBs In addition, the heavier sodium ion and
the higher standard reduction potential of sodium ion lead to the lower energy density than the lithium
ion.21 22
Thus, NIBs system needs further developments and investigations about cathode/anode materials and
mechanism.

7

Figure 4. Simple schematic of NIBs: The anode material is a hard carbon like material and the cathode
material is layered transition metal oxide with non-aqueous aprotic electrolyte.

8

1.2.1 Cathode materials
Up to date, numerous cathode materials for NIBs have been investigated based on intercalation
chemistry. The cathode materials are categorized by four classifications. There are transition metals
layered oxides, other sodium intercalate-able transition metals oxides, polyanionic compounds, and the
others sodium intercalate-able materials.23
In the transition metals layered oxides, Delmas figured out the phenomenon that sodium ion can
intercalate/deintercalate in the transition metal layered oxides in the early 1980’s. Despite the
intercalate-able sodium/lithium transition layered materials were figured out around the same time, only
LIBs were in the spotlight early. But recently, researchers have had an interest about sodium cathode
materials because of possibility of NIBs as an alternative to LIBs.24 25 26 27
Li+ ion size is similar with Fe3+ ion size, so LiFeO2 is not synthesized directly. However, Na+ ion size
is bigger than Fe3+ ion size, so NaFeO2 is synthesized directly. It is because of difference between
sodium and lithium. Although Na is similar with Li, Na represents different electrochemical properties
and thermodynamic properties. In addition, only NaCrO2 is electrochemically active among the LiCrO2
and NaCrO2. For the Li system, Cr3+ is oxidized into Cr6+ and small Cr6+ migrates into and stabilized at
the tetrahedral sites in the lithium layers. But in the Na system, small Cr6+ is difficult to migrate into
the relatively large tetrahedral sites in Na layers, and instead of formation of Cr6+, Cr4+ could be
energetically stabilized in NaxCrO2. Synthesis of stoichiometric LiNiO2 has never been achieved.
Instead, off-stoichiometric phase is easily obtained with a trace of Ni2+ in the lithium site. Moreover,
the electrode performance is declined by the presence of Ni2+ in the lithium layers. In contrast,
stoichiometric NaNiO2 can be prepared. Ni2+ cannot be located in Na sites for NaNiO2 because of the
large size gap. And polyanion compounds, other type compounds, usually belong to phosphate based
materials as used to LIBs. Na2FeP2O7 material is the representative illustration.28 29 28 30
Consequently, dissimilarity between Na and Li case must be considered in designing the fresh
materials as a sodium cathode material. To overcome the low energy density of NIBs, new material that
have a higher energy density must be found.31 28 32 33 34
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1.2.2 Layered sodium oxides

The layered structures consist of octahedral transition metal oxide generally. The stacking sequence
can induce the polymorph layered structures. Layered sodium oxides are classified into two different
types. O and P type, O means that the sodium ion is included at octahedral sites and P means that there
are sodium ion between oxides forming prismatic structure. Figure 5. shows scheme of O and P type
layered oxides.35 36 37 38
O2 and P2, 2 means that structures are composed of ‘two’ different transition metal oxide layers. O3
and P3, 3 means that structures are composed of ‘three’ different transition metal oxide layers. Generally,
O3 type and P2 type are observed. In O3 type, there are sodium transition metal oxides of fully filled
sodium like a NaNi1/3Co1/3Mn1/3O2. In P2 type, there are sodium transition metal oxides of partially
filled sodium like a Na0.7MnO2.05. O3 types can be converted into P3 types when sodium is taken out in
sodium layer. It is because P type is stale in sodium deficient phase. However, P3 or O3 cannot be
converted into P2 type. It needs high energy that breaks the bond between transition metal and oxygen
for O3 type to convert into P2 type.39 40 29
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Figure 5. Simple schemes of P and O type of sodium layered oxides.
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2. Experimental

2.1 Synthesis

A nickel-cobalt-manganese carbonate precursor was made by co-precipitating method. Three solutions,
one made of Co(SO4)2·7H2O, Ni(SO4)2·6H2O and Mn(SO4)2·H2O (two mole/l of the transition metal
ions with the selected composition), and another solution made of Na2CO3 (one mole/l), and the other
one made of NH4OH (0.1 mole/l) were individually dropped into a tank with distilled water by using
pumps with a flow of 100ml/min, with stirring at 1000rpm and keeping at 30 ℃. pH was controlled by
using Na2CO3. And then the products were washed with clean water 4~5 times, and we dry the powder
at 80 ℃ for three days. Na2CO3 was mixed with dried precursor of various Ni, Co and Mn ratio, after
mixing, powders were synthesized at 800 ℃. The dried Ni0.2Co0.1Mn0.7CO3 precipitate was mixed with
Na2CO3, after mixing, powders were heated at various temperature conditions. One was heated at 800 ℃
for 10 hour, and the other was heated at 600 ℃ for 6 hour after cooling at 25 ℃ and reheated at 900 ℃
for 10 hour. Other variable is sodium amount. The sodium carbonate, 0.7, 0.8 and 0.9 ratio of sodium /
transition metals, was mixed with a nickel-cobalt-manganese carbonate precursor. These mixtures were
heated at 600 ℃ for 6 hour after cooling at 25 ℃ and reheated at 900 ℃ for 10 hour simultaneously.
The amorphized powder was synthesized by using ball milling with NaxNi0.2Co0.1Mn0.7O2 powder
heated at 800 ℃ for 10 hour. Ball milling was performed in Ar condition, with milling at 500 rpm for 6
hour.
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2.2 Characterization.

Powder XRD patterns were recorded on a powder diffractometer (Bruker) The measurement was
carried out from 10° to 80° with steps of 0.02°. Morphological images were observed on a Hitachi S4800 field-emission scanning electron microscope (SEM). Platinum coating was implemented before
the observations. Ex-situ XRD patterns were recorded on a Rigaku D/MAN2500V/PC powder
diffractometer using Cu-Kα radiation (λ= 1.5405 Å) operated from 10° to 80°.
The electrochemical performances were measured in two electrodes configuration using metallic
sodium as the counter electrode in coin type cells. The positive electrodes were made from slurries
containing 80 wt% of the active material, 10 wt% of super P as electronic conductor and 10 wt% of
polyvinylidene fluoride (PVDF) binder, the latter was dissolved in N-methyl-2-pyrrolidone(NMP), on
Al foil. The slurries were homogenized. Two electrodes were separated by a sheet of glass fiber disk,
which were wetted with a 1 M solution of NaClO4 in an ethylene carbonate (EC)/propyle-ne carbonate
(PC) mixure (1/1 v/v). Cells were cycled galvanostatically at different constant current rates (theoretical
capacity = 150 mAh g-1, 1C = 150 mAh g-1) between 4.2 V and 2.0 V (vs. Na/Na+) at 30 ℃ using
Wonatech battery tester.
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3. Results and discussion

3.1 NaxNiaCobMncO2

3.1.1 Material synthesis and characterization

Although sodium shows similar reaction with lithium, there are different things comes from
thermodynamical difference between lithium and sodium. As mentioned above, NaFeO2 and LiFeO2
are an example showing difference between lithium and sodium. Therefore, tests for applying sodium
system is needed. You can see the powder X-ray diffractions (XRD) of Na0.7NixCoyMnzO2 in Figure 6.
In lithium system, all components are synthesized well. However, in sodium system, NiO is detected in
all X-ray diffraction (XRD) apart from NaxNi0.2Co0.1Mn0.7O2. This phenomenon is explained by Delmas.
Delmas said that Ni3+ don’t coexist with Mn3+, when coexist Ni3+ and Mn3+, Ni3+ is reduced to Ni2+ and
Mn3+ is oxidized to Mn4+. And, Co4+ is unstable when Ni2+ is exist. The existence of Ni3+ makes NiO.
The ratio of three- component system is optimized as 217. So, we chose the NaxNi0.2Co0.1Mn0.7O2 as
the cathode material for sodium ion battery.41
The optimization experiment was executed by controlling temperature. First, we synthesized this
powder in air condition at 800 ℃ for 10 h. Another powder is obtained to optimize in air condition at
600 ℃ for 6 h, cooling room temperature and 900 ℃ for 10 h. The X-ray diffraction pattern of two
materials are displayed in Figure 7. XRD patterns of two powders are conformed to Na0.7MnO2.05 that
has P2 phase. They just have different sharpness and different peak intensity. It shows that powder
synthesis at 600 ℃ for 6 h, cooling ambient temperature and 900 ℃ for 10 h is more crystallized than
powder synthesis at 800 ℃. And Figure 8. shows that synthesized powders maintain spherical precursor
morphology with size about 12 ㎛. The spherical morphology have an advantage that can stack much
particles.
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Figure 6. XRD patterns of Na0.7NixCoyMnzO2 of the various Ni / Co / Mn compositions: Ni : Co : Mn
(2:1:7), Ni : Co : Mn (1:1:1), Ni : Co : Mn (4:2:4), Ni : Co : Mn (5:2:3).
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Figure 7. XRD patterns of the NaxNi0.2Co0.1Mn0.7O2 powder synthesized at heat-treat conditions at 800
o
C for 10 hour (black-line), at 600 oC for 6 hour, cooling room temperature and at 900 oC for 10 hour
(red-line).

(a)

(b)

10 μ

10 μ

Figure 8. SEM images of the NaxNi0.21Co0.12Mn0.67O2 powder, heat-treat of (a) at 800 oC for 10 hour,
(b) at 600 oC for 6 hour, cooling room temperature and at 900 oC for 10 hour.
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3.1.2 Electrochemical Characterization

Galvanostatic charge/discharge curves of NaxNi0.2Co0.1Mn0.7O2 samples with various heat-treat
conditions are illustrated in Figure 9a and 9b. Both materials show the similar voltage profile with three
plateaus. The plateaus above 4.0 V are attributed to decomposition of electrolyte in first and second
charge profiles. Figure 10a. illustrate the comparison of the discharge capacity. It indicates that the
capacity retention of the electrode material synthesized at 600 ℃ for 6 hour, cooling ambient
temperature and 900 ℃ for 10 hour is higher than the other electrode material. This capacity retention
effect comes from higher crystallinity of a material. The rate performance of NaxNi0.2Co0.1Mn0.7O2
electrodes tested in the 2.0 V ~ 4.0 V range are covered in Figure 10b. The electrode synthesized at
600 ℃ for 6 hour, cooling ambient temperature and 900 ℃ for 10 hour offer better performance at
higher current rates. The temperature condition of 600 ℃ for 6 hour, cooling ambient temperature and
900 ℃ for 10 hour is concluded to optimize the temperature.
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(a)

(b)

Figure 9. Comparison of galvanostatic charge/discharge curves of NaxNi0.2Co0.1Mn0.7O2 samples with
various heat-treat conditions (a) at 800 oC for 10 hour (b) at 600 oC for 6 hour, cooling room temperature
and at 900 oC for 10 hour.
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(a)

(b)

Figure 10. (a) Comparison of
the specific discharge capacities measured on cycling of
NaxNi0.2Co0.1Mn0.7O2 at 0.1C (15 mA g-1) with various heat-treat conditions at 800 oC for 10 hour (black),
at 600 oC for 6 hour, cooling room temperature and 900 oC for 10 hour (red). Cut-off limits: 4.2 V -2.0
V (vs. Na/Na+). (b) Comparison of the rate capability at various current of 0.1C, 0.2C, 0.5C, 1C, 2C,
5C, 7C, 10C, 0.1C with various heat-treat conditions at 800 oC for 10 hour (black), at 600 oC for 6 hour,
cooling room temperature and at 900 oC for 10hour (red). Cut-off limits: 4.2 V -2.0 V (vs. Na/Na+).
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3.2 NaxNi0.2Co0.1Mn0.7O2

3.2.1 Material synthesis and Characterization

When Inductively Coupled Plasma (ICP) analysis was conducted, a lower amount of sodium than we
inputted is detected (table 1.). So, to optimize the amount of sodium is needed. The sodium ratios of
0.7, 0.8 and 0.9 were tested for optimizing. These powders were synthesized at 600 ℃ for 6 hour,
cooling ambient temperature and 900 ℃ for 10 hour. The X-ray diffraction patterns of the different
sodium ratio are covered in Figure 11. The black line shows XRD pattern of powder of 0.7 sodium
content, the red line shows XRD pattern of powder of 0.8 sodium content and the blue line shows XRD
pattern of powder of 0.9 sodium content. Three powders indicate nearly the similar XRD patterns and
the different three diffraction patterns seems like similarly to their originated P2-Na2/3MnO2 and
Na2/3[Mn1-xNix]O2 compounds. Impurity peaks were found in the 0.8 and 0.9 of sodium content
NaxNi0.2Co0.1Mn0.7O2 at about 20o and 33o. It may be attributed to additional sodium amount. These
peaks do not match NaxMeO2 (Me = transition metal) of other types. But in the FT-IR spectrum, there
is much sodium carbonate over 0.8 of sodium ratio.
Figure 12. indicates the morphology of the NaxNi0.2Co0.1Mn0.7O2 samples. In Figure 7a, b and c, this
materials appear as spherical particles having a size about 10㎛.
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Figure 11. XRD patterns of NaxNi0.2Co0.1Mn0.7O2 powder of the various sodium proportion of Na0.7
ratio (vs TM) (black), Na0.8 ratio (vs TM) (red) and Na0.9 ratio (vs TM) (blue).
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(a)

(b)

10μm

10μm

(c)

10μm
Figure 12. SEM images of the various sodium proportion of (a) Na0.7 ratio (vs TM), (b) Na0.8 ratio (vs
TM), (c) Na0.9 ratio (vs TM).

Na/TM in ICP
Na : TM = 0.7 : 1

0.50

Na : TM = 0.8 : 1

0.60

Na : TM = 0.9 : 1

0.69

Table 1. Sodium ratio of sodium versus transition metal in ICP
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3.2.2 Electrochemical Characterization

The electrochemical effect of the sodium contents has been also investigated. As shown in Figure 8a,
8b and 8c, indicate 0.7, 0.8 and 0.9 mole ratio of sodium to transition metals, respectively. Galvanostatic
charge/discharge curves, Figure 13, show almost the similar overall voltage profile plateaus except first
charge. In first charge, when sodium ratio is increased, charge capacity shows larger capacity than the
lower sodium ratio material. It is corresponding to the expectation. However, in discharge, when sodium
ratio is increased, discharge capacity shows similar or lower capacity than the lower sodium ratio
material. It is indicated in Figure 14. The discharge capacity of 0.7 of sodium ratio is almost same with
discharge capacity of 0.8 of sodium ratio but the discharge capacity of 0.9 of sodium ratio indicates
lower discharge capacity than others. This result is not explained yet. But we can see that material of
sodium ratio of 0.7 shows best performance.
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(a)

Na0.7

(b)

Na0.8

(c)

Na0.9

Figure 13. Comparison of galvanostatic charge/discharge curves of NaxCo0.2Ni0.1Mn0.7O2 samples with
various sodium proportion of (a) Na0.7 ratio (vs TM), (b) Na0.8 ratio (vs TM), (c) Na0.9 ratio (vs TM).
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Figure 14. Comparison of the specific discharge capacities measured on cycling of NaxNi0.2Co0.1Mn0.7O2
at 0.1C (15 mA g-1) with various sodium proportion of (a) Na0.7 ratio (vs TM), (b) Na0.8 ratio (vs TM),
(c) Na0.9 ratio (vs TM).
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3.3 Reaction mechanism

We applied the three-component system to sodium system. Furthermore, mechanism analysis was
conducted. First, we tested Ex-situ XRD analysis. Figure 15. indicates point of Ex-situ XRD. When
discharged, (002) and (004) peaks shift to higher angle in Figure 16. This is attributed to shortening the
interval of layers. When charged, (002) and (004) peaks shift to lower angle. This is attributed to
widening the interval of layers. No other peaks appear during discharge and charge. The dramatic phase
transition is not occurred during discharge and charge. Therefore, there is one phase reaction that
intercalate/deintercalate the sodium.42 32 43 44
XANES analysis was also conducted for explaining lower specific capacity than we expect. The
reference materials which selected to show the oxidation states of transition metals have the different
surrounding environments. The material with different surrounding environments display the different
XANES results. So, by comparing XANES peak of a target material and a reference material, we can
roughly induce the oxidation state of a target material. Figure 17a. shows nickel XANES. The red line
is pristine electrode, the blue line is 4.2 V charged electrode and the green line is 4.2 V charged and
then 2.0 V discharged electrode. The peak point is shifted when electrode is charged and discharged. It
means that nickel affect the specific capacity. So, the initial charge capacity of 70 mAh g-1 is attributed
to oxidation of Ni2+ to Ni4+. Figure 17b. shows cobalt XANES. The red line is pristine electrode, the
blue line is 4.2 V charged electrode and the green line is 4.2 V charged and then 2.0 V discharged
electrode. The peak point is shifted when electrode is discharged. It is the reason why the first discharge
capacity is larger than the first charge capacity. So, the initial additional discharge capacity of 15 mAh
g-1 is attributed to reduction of Co4+ to Co3+. The cobalt reacted below 2.5V. Figure 17c. shows
manganese XANES. The red line is pristine electrode, the blue line is 4.2 V charged electrode and the
green line is 4.2 V charged and then 2.0 V discharged electrode. No change of XANES is detected. So,
we can infer that low specific capacity comes from redox reaction of nickel and cobalt. The absence of
redox reaction of manganese produces lower specific capacity than we expect.45 46 47 48 49 50
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Figure 15. The point of Ex-situ XRD, between 1st charged state and 2nd charged state.

Be

Figure 16. Ex-situ XRD patterns measured during the first discharge and the second charge of the
crystalline NaxNi0.2Co0.1Mn0.7O2, corresponding the voltage curve above the XRD patterns.
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(a)

(b)

(c)

Figure 17. XANES spectra of various oxidation state of (a) Ni K-edge (b) Co K-edge and (c) Mn preedge of NaxNi0.2Co0.1Mn0.7O2.
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3.4 Amorphous

3.4.1 Material synthesis and Characterization

When LiNixCoyMnzO2 powder was ball milled for 6 hour at 500 RPM, XRD pattern of almost the
same with before ball milling was shown. But, when NaxNi0.2Co0.1Mn0.7O2 powder were ball milled for
6 hour at 500 RPM. The product shows crystalline and amorphous like XRD pattern at the same time
(Figure 18). The amorphous feature was appeared in Figure 18. And we can see the SEM image burst
into fragments (Figure 19).
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Na0.7NCM217O2 800℃
Ball milled Na0.7NCM217O2 800℃

Figure 18. XRD patterns of NaxNi0.2Co0.1Mn0.7O2 powder of heat-treat at 800 ℃ for 10 hour and
powder ball milling for 6 hour at 500RPM.

(a)

(b)

20μ

50μ

Figure 19. SEM images of (a) powder of heat-treat at 800 ℃ for 10 hour and (b) powder of (ball
milling for 6 hour at 500 RPM.
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3.4.2 Electrochemical Characterization

The electrochemical effect of ball milling has been also investigated. Galvanostatic charge/discharge
curves, Figure 20, show definitely different voltage profile. This slope like voltage profile is also a
feature of amorphous. In Figure 21, a ball milled material shows higher reversible capacity than as
prepared material. It may be attributed to residual sodium in grain boundary. The residual sodium in
grain boundary can react like a capacitor and these sodium contribute to larger reversible capacitor.

31

(a)

(b)

Figure 20. Comparison of galvanostatic charge/discharge curves of (a) as prepared material of heattreat at 800 ℃ for 10 hour and (b) ball milled material.
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Ball milled

As prepared

Figure 21. Comparison of the specific discharge capacities measured on cycling of as prepared material
(blue) of heat-treat at 800 ℃ for 10 hour and ball milled material (red) at 0.1C (15 mA g-1).
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3.4.3 Mechanism analysis

To check the change of a material, Ex-situ XRD analysis are conducted. During charge and discharged,
amorphous like XRD patterns were maintained and other peaks were not appeared (Figure 22). And the
crystalline part shows one phase reaction.
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Be

Figure 22. Ex-situ XRD patterns measured during the first discharge and the second charge of the ball
milled material NaxNi0.2Co0.1Mn0.7O2, corresponding the voltage cure above the XRD patterns.
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4. Conclusions
In summary, we hoped to apply the nickel, cobalt and manganese three-component system to sodium
system. But, we should optimize the synthesis conditions comes from the difference of sodium and
lithium system. We synthesized various nickel, cobalt and manganese component Na0.7NCMO2.
However, nickel oxide is detected in the powders except NaxNi0.2Co0.1Mn0.7O2. So, 217 of nickel cobalt
and manganese component was optimized. In comparison with annealing conditions, the
electrochemical investigations showed that the layered NaxNi0.2Co0.1Mn0.7O2 material synthesized at
600 ℃ for 6 hour, cooling ambient temperature and 900 ℃ for 10 hour shows larger discharge
capacity than the layered NaxNi0.2Co0.1Mn0.7O2 material synthesized at 800 ℃ for 10 hour. It may be
because of higher crystallinity of a material synthesized at 600 ℃ for 6 hour, cooling ambient
temperature and 900 ℃ for 10 hour comes from XRD analysis. In comparison with sodium ratio,
NaxNi0.2Co0.1Mn0.7O2 powder showed the best performance. We cannot say about this phenomenon
definitely, we can infer this is because Na2CO3, NaOH like residue influence electrochemical
performance. Furthermore Ex-situ XRD and XANES analyses were conducted. By Ex-situ XRD, we
could know that one phase reaction was occurred in NaxNi0.2Co0.1Mn0.7O2. By XANES analysis, we
could know that nickel and cobalt react as redox center. The lower specific capacity than we expected
were because manganese did not take part in reaction.
When LiNixCoyMnzO2 powder was ball milled for 6 hour at 500 RPM, XRD pattern of almost the
same with before ball milling was shown. But, when NaxNi0.2Co0.1Mn0.7O2 powder were ball milled for
6 hour at 500 RPM. The product shows almost amorphous like XRD pattern. The amorphous feature
was appeared in voltage profile. Furthermore, we could see that amorphous like XRD peak was
remained after charge/discharge.
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