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Abstract
The Ni-based cathode materials have attracted a lot of attentions for the higher practical capacity than other
cathode materials, but suffer from several inherent problems such as thermal instabilities and severe capacity
fading. In order to overcome those problems, a lot of attempts such as surface coating or doping, were tried.
However the intrinsic problems of Ni-based cathode materials are still not perfectly solved. Herein, to overcome
the structural instability problem of the LiNi 0.8 Co0.1 Mn 0.1 O 2 , we suggest a surface modification method that
could reduce and delay the heat generation and also improve the electrochemical performances at 60℃. The
magnesium phosphate, Mg 3 (PO 4 ) 2 , was coated on the surface of the LiNi 0.8 Co0.1 Mn 0.1 O 2 in purpose to enhance
the structural stability at high temperatures. This method could remove the surface lithium residues by forming
olivine Li x MgPO 4 using the residual lithium ions with a nanoscale range. Since the olivine structure shows
remarkable thermal stability due to the strong bonding of the phosphorous and oxygen atoms, thermal
degradation of the material could be delayed. After the surface treatment, cyclability at high temperature (at
60℃) was improved up to 20% and the thermal stability is secured at the same time.
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I.

Introduction

Recently, as a lot of problems are arising from the use of the fossil fuels, the electrochemical
energy storage system such as Li-ion batteries (LIBs), are coming into the spotlight due to its reusable
and eco-friendly properties. Especially for the portable and small electronic devices, electric vehicles
(EVs) and hybrid electric vehicles (HEVs) industries, and also in energy storage systems (ESS), the
LIB is one of the most actively studied and applied area.
The initial rechargeable lithium battery was commercialized at the early 1990s but the lithium
metal which was used as an anode material and caused fatal unsafety problems. The dendrites which
grow on the surface of the lithium metal during the charging and discharging process penetrates the
separator and leads to the heat generation and explosion of the battery.
Because the LIBs have been researched for decades, there are a lot of materials that can be used in
LIBs. However, not any materials can be used for the actual applications on mobile devices or the
EVs. Especially for the cathode materials, to meet the demands of those fields, it is inevitable to find a
material which has high capacity, high power and high energy density.
As a solution, the lithium-ion battery was firstly commercialized in 1991 by SONY. It was
consisted of LiCoO 2 as the cathode material and carbonaceous materials as the anode material, for
example, graphite. It removed the lithium metal which was used as an anode material before, and thus
was much safer than the previous secondary lithium battery. Also, due to its superior lifespan, high
specific energy density and power density and higher working voltage compared to other secondary
batteries as shown in Figure1 made the lithium-ion battery able to be commercialized.
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Figure 1 Comparison of the different battery technologies in terms of volumetric and gravimetric energy density

1.1 Introduction to Li-ion batteries
The lithium-ion battery is an electrochemical device which generates the electrical energy from
the chemical energy. It is consisted of 4 important parts, the cathode, anode, separator and the
electrolyte. A secondary battery must maintain the initial structure during the repeated charging and
discharging process. The structure of the active materials must be retained stably and the electrolyte
should facilitate the delivery of the ions. Figure 2 shows the lithium-ion battery system schematically.
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Figure 2 Working principles of the commercial lithium-ion battery

A lithium-ion battery is in a discharge state, where lithium ions exist within the cathode crystal
structure, when it is first assembled. In the charging process, lithium ions migrate through the
electrolyte toward the anode side, generating electrons on the cathode electrode in a meanwhile. This
electron moves through the external circuit which is connected to the anode electrode, and finally
meets with the lithium ions which moved through the electrolyte from the cathode. In this charging
process, due to the difference of the Gibbs free energy, the cell voltage increases which is determined
by the difference of the amount of lithium ions within each electrode. During the discharge process,
the total reactions are reversed. The electrochemical reactions during the charging process in case of
when the LiCoO 2 and graphite is used are followed:
Cathode electrode ( In charge process): LiCoO2 → Li1-xCoO2 + xLi+ + xeAnode electrode ( In charge process): 6C → xLi+ + xe- + 6C Lix
Overall charge reaction: LiCoO2 + 6C →Li1-xCoO2 + LixC6
14

Most of the cathode materials are metal oxides which contains lithium ion in the crystal structure
such as LiCoO 2 (layered structure), LiMn 2 O 4 (spinel structure) and LiFePO 4 (olivine structure). The
most commonly used cathode material will be the LiCoO 2 but is hard to be expected as an
outstanding cathode material due to its high cost and low practical capacity. In case of the anode side,
natural graphite is usually used in commercial lithium-ion batteries due to its structural stability. The
electrolyte, which is consisted of organic solvent and lithium salts, acts as an ionic conductor
delivering the lithium ions between cathode and anode electrodes. Finally, the separator separates the
cathode and anode electrodes physically to prevent the contact of the two electrodes. Figure 3 shows
the shape and components of various Li-ion battery configurations schematically.
The most important properties of the lithium-ion batteries are the capacity of the battery, working
voltage and power/energy density and they are closely related to the properties of cathode materials.
So, Since LiCoO 2 was discovered and commercialized, a lot of mater ials which the lithiu m
ion could b e int er calated wit hin the cr ystal str uctur e was discover ed; it is categorized
by its structure such as layered (LiMO2, M= Co, Al, Mn and Ni, etc.), spinel (LiMn 2 O 4 , M=Mn)
and olivine (LiMPO 4 , M= Fe, Mn and Co, etc.) structure (Figure 4).

Figure 3 Schematic drawing showing the shape and components of various Li-ion battery configurations. a, Cylindrical; b,
coin; c, prismatic; and d, thin and flat. Note the unique flexibility of the thin and flat plastic LiION configuration; in contrast
to the other configurations, the PLiION technology does not contain free electrolyte
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Figure 4 Voltage versus capacity for positive- and negative-electrode materials presently used or under serious
considerations for the next generation of rechargeable Li-based cells. The

output voltage values for Li-ion cells or Li-

metal cells are represented

1.2 Layered cathode materials
Cathode is one of the most important parts of the lithium-ion battery and generally it has a metal
oxide crystal framework and contains lithium ions within the crystal structure. The structure is in form
of layer or tunnel for the lithium ion to intercalate and de-intercalate through the pass way. Typically,
layered oxides such as LiCoO 2 , LiNiO 2 , spinel structured LiMn 2 O 4 , and olivine LiFePO 4 are well
known as cathode materials. Schematic illustrations show the various crystallographic structures of
layered, spinel and olivine structure in Figure 5.
The layered cathode materials such as LiMO 2 is consisted of lithium ions and transition metal
ions (M= Co, Ni, Mn etc). It has α-NaFeO 2 crystal structure and belongs to the R-3m space group with
ABC-ABC type stacking of the oxygen ions. The transition metal, M3+ ion is coordinated by six O2ions and the MO 6 form a layer along x and y directions. The lithium ions and transition metal ions are
located at octahedral sites and makes alternate planes, where transition metal layers are called as a
TM slab (transition metal slab) and lithium ions can intercalate and de-intercalate between TM slabs
thus also forms lithium ion layer which is called as a L i layer. (Figure 6)
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Figure 5 The crystal structures of (a) α-NaFeO2

type layered structure, (b) spinel structure, and olivine structure

represented by MO6 polyhedral
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1.2.1 LiNiO 2

The LiNiO 2 was first reported by Dyer group and are promising candidate for cathode materials as
alternatives to LiCoO 2 . Especially, LiNiO 2 has a higher specific capacity and low cost than LiCoO 2
due to different to oxygen configuration. However, LiNiO 2 is unstable at elevated temperatures
because the Ni ion prefer Ni3+ to and results in the formation of a non-stoichiometric composition
such as [Li 1-x Ni x ]NiO 2 within high temperature environments. Owing to Ni ion prefer to 2+ than 3+,
but also easily reduced of Ni ion at high temperature from Ni2+ to Ni3+. Where Ni2+ ion is exited
lithium layer owing to similar ion radius between Ni2+ and Li+. These non-stoichiometry like [Li 1x Ni x ]NiO 2

is well-known for represented and shown poor electrochemical property.

LiNiO 2 exhibits the various structural transformations difference from LiCoO 2

during

electrochemical processes. Figure 10 shows the structural changes during electrochemical processes.
The Li 1-x NiO 2 exhibited of phase transition at around x=0.25, 0.55 and 0.75 on charge step,
which transforms from hexagonal 1/monoclinic, monoclinic/hexagonal 2 and hexagonal 2/hexagonal
3, respectively. At the final phase transition, at the range of x=0.75 the phase transition into H2 to H3
is irreversible reaction and cause is distortion of the crystal lattice structure. Therefore phase transition
is leading to poor capacity retention. So now, the LiNiO 2 is used in the range 0<x<0.7 about 200
mAhg-1. However, LiNiO2 is not commercialized for cathode material up to now due to thermal stability,
difficult of synthesis process and electrochemical stability. In order to improve the electrochemical
stability and thermal stability of LiNiO 2 , partial metal substitution is into the transition metal layers
such as Al, Ti and Mg. The substitution LiNi 1-x M x O 2 shown effective reduced the heat generation
reaction by DSC, but other problem is the discharge capacity. For example, LiNi 1-x Al x O 2 showed
the effective improvement of thermal stability, however the specific capacity is smaller with LiCoO 2 at
4.3-3.0 V.
The layered LiMnO2 is metastable because a Mn3+ (d4) ions due to Jahn-Teller, therefore two mol of
Mn3+ ion disproportionate into Mn2+ and Mn4+. Which leads to a phase transition from layered to
spinel during electrochemical process.
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Figure 6 Structure of [Li1-xNix](3a)[Ni1-xLix](3b)O2 with the layered rock salt structure. The disorder at the Li and Ni
sites is indicated

Figure 7 The typical CV response of thin composition LiNiO2 electrodes
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Figure 8 The cycling behavior of LiCoO2, LiNiO2 and LiMnO2 at 0.5 mAcm

-2 between 3.0-4.2V

1.2.2 LiNi 1-y-zMn y Co zO 2
The ideal compound for this binary transition metal oxide is LiNi 0.5 Mn 0.5 O 2 which is located in the
middle of the center in the LiCoO 2 -LiNiO 2 –LiMnO 2 mixed phase. The greatest problem for
commercial Li-ion cells above a 4.3V, is the electrochemical stability during electrochemical process
which the cathode is the most important cause of the thermal instability.
The three transitions layered for cathode materials to get the advantageous of each LiMO 2 led to the
discovery of LiNi 1-x-y Co x Mn y O 2 which were first published in 1999 by Liu group and in 2000 by
Yoshio group. That the addition of cobalt to LiMn 1-y Ni y O 2 would stabilize the structure in a strictly
two-dimensional fashion by blocking the nickel atoms from entering the lithium layer while Mn and Ni
content would provide increased structural stability and high capacities respectively. This symmetric
compound shows great power characteristics, which is due to the maximum lithium slab spacing and
20

minimum number of anti-site defects. Mixing these three cations at optimum levels is very important
since too much of Co would lead to decrease in capacity, too much of Ni will result in cation mixing
and too much of Mn can lead to a transformation to the spinel structure.
Since 2001s, a mixed metal system of LiCoO 2 , LiNiO 2 , and LiMnO 2 such as LiNi 1/3 Co 1/3 Mn 1/3 O 2 ,
was reported to T. Ohzuku group. The LiNi 1/3 Co 1/3 Mn 1/3 O 2 ternary mixed phase of LiCoO 2 , LiNiO 2 ,
LiMnO 2 has α-NaFeO 2 structure and overwhelms the disadvantages of LiCoO 2 and LiNiO 2 thermal
instability and LiMnO 2 spinel-like phase transformation through less atomic movements, leading to
an ultimate degradation of the electrode performance. In addition, the initial discharge capacity of
LiNi 1/3 Co 1/3 Mn 1/3 O 2 is similar to that of LiCoO 2 , showing 154mAh/g at 4.3V, which these material
has been great interest in the middle of triangular as phase diagram in Fig. 2(b). The
LiNi 1/3 Co 1/3 Mn 1/3 O 2 has the layered structure and showed capacity higher than 160mAhg-1 with
perfect cycleability with no phase transition to spinel phase throughout the electrochemical cycling.
These systems are considered that the oxidation states are Ni2+, Co3+ and Mn4+, respectively, and the
electrochemical process was shown in the range 2.5-4.4V the two electron transfer reaction as Ni2+/
Ni4+ in addition to Co3+/Co4+. Li-stoichiometric ternary transition metal oxide, LiNi 1-x-y Co x Mn y O 2 ,
has the advantages of the good rate performance of LiCoO 2 , the high discharge capacity of LiNiO 2 ,
and the structural stability affected by the presence of Mn4+ion. LiNi1/3 Co 1/3 Mn 1/3 O 2 containing
Co3+, Ni2+, and Mn4+ also known to show great cycle life and high capacity. Because, these
system is different from a mixed material of LiCoO 2 -LiNiO 2 –LiMnO 2 mixed phase, because of the
different oxidation numbers of transition metals in LiMO 2 (M = Ni3+, Co3+, Mn3+) system.
The structure and performance of LiNi y Mn y Co 1-2y O 2 with several compositions have been studied.
While the Li ions are extracted from the electrode, the Ni2+ ions oxidizes into Ni4+ ion, which means
that the oxidation of Ni2+ needs two electrons thr ou gh the process. Therefore the LiNi y Mn y Co 12y O 2

exhibited large capacities of 160 and 150mAhg-1. And that material also shows are better thermal

stabilities than LiCoO 2 by the DSC results. When the Ni and Mn contents are increased, which is
indicates that the Mn4+ contributes to the thermal stability. Jiang et al. investigated the reactivity of
charged LiNi y Mn y Co 1-2y O 2 systematically with non-aqueous electrolyte with accelerating rate
calorimetry (ARC) in Figure 6. From their results, the LiNi y Mn y Co 1-2y O 2 (y = ¼ 0.2, 0.35, 0.45, 0.5)
charged to 4.2 / 4.4 V showed significantly improved thermal stability compared to Li 0.5 CoO 2 . The Mn
ion and Ni ion substitution for Co ion, increases capacity and also improves the thermal stability.
However, the capacity of LiNi y Mn y Co 1-2y O 2 is still lower than LiNiO 2 . Therefore, Ni-rich
material has attracted much more attention such as LiNi 0.6 Co 0.2 Mn 0.2 O 2 , LiNi 0.8 Co 0.1 Mn 0.1 O 2 . But
Ni- rich sill seems to generate relatively more cation mixing between Li+ and Ni2+ and poor thermal
stability, which are strongly dependent on the transition metal content.
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As representative example, LiNi 0.8 Co 0.1 Mn 0.1 O 2 exhibit the largest reversible capacity with 200
mAhg- 1, however show the poor capacity retention because of the structural transition. In short, the Ni
content provided a large specific capacity as increase simultaneously deteriorates of thermal stability,
attributed to the decrease of Mn ion content.
In summary, the Ni-rich cathode materials exhibit the high specific and volumetric energy density.
Therefore, Ni-rich are the best promising cathode material for LIB. However, high capacity and thermal
stability are contradictory in Ni-rich system. Until now, many researcher studies on Ni-rich have been
focused on improving the thermal and structural stability.

Figure 9 . Performance of (a) compositional phase diagram of layered LiCo1/3Ni1/3Mn1/3O2
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Figure 60 a) DSC scans of anode (negative) graphite and cathode (positive) LixCoO2 after 100% charging[14] and b)
accelerating rate calorimetry of various cathodes after 100% charging

23

Figure 71 Thermal stability, discharge capacity and capacity retention of Ni-rich material as function of Ni contents

II.

Experimental

2.1 Introduction

The most commonly used cathode material will be the LiCoO 2 but is hard to be expected as an
outstanding cathode material due to its high cost and low practical capacity. Another candidate, the
LiMn 2 O 4 , is also insufficient to satisfy the demands even though it has excellent thermal and
structural stability, because its capacity is much lower even than LiCoO 2 . For the high capacity, the
Ni-rich cathode materials such as LiNi 0.8 Co 0.1 Mn 0.1 O 2 are arising as the promising materials. They
have a hexagonal close packed structure which is called as a layered structure, same as the LiCoO 2 ,
and the energy is generated during the lithium ion intercalation process into the layer. Due to the
nickel ions, the Ni-rich materials have higher capacity than other materials, but their critical problems
are usually also caused by the nickel ions. The biggest problem is that their layered structure is
unstable at higher temperature due to the weak binding energy of the nickel ions with the oxygen
24

which generates oxygen gas at around 200 degrees Celsius. This gas evolution is the reason of the
heat generation of the material which is further related to the safety issues of the LIBs. Additionally,
the size of Ni2+ ions (0.7Å) is similar to that of the Li+ ions (0.78Å) so causing the cation disorder and
lithium residues on the surface of the material. These residues on the surface reacts with moisture in
the air or with the carbon dioxides and this makes by-products on the surface which further goes
through a side reaction with the electrolyte during electrochemical charging and discharging, and
accordingly leads to a degradation of the cell. 1,2
In this study, to overcome the structural instability problem of the LiNi 0.8 Co 0.1 Mn 0.1 O 2 , we
suggest a surface modification method that could reduce and delay the heat generation and also
improve the electrochemical performances at 60℃. The magnesium phosphate, Mg3 (PO 4 ) 2 , was
coated on the surface of the LiNi 0.8 Co 0.1 Mn 0.1 O 2 in purpose to enhance the structural stability at high
temperatures. This method could remove the surface lithium residues by forming olivine Li x MgPO 4
using the residual lithium ions with a nanoscale range. Since the olivine structure shows remarkable
thermal stability due to the strong bonding of the phosphorous and oxygen atoms, thermal degradation
of the material could be delayed. After the surface treatment, cyclability at high temperature (at 60℃)
was improved up to 20% and the thermal stability is secured at the same time.

2.2 Experimental
Synthesis of Bare and Li-Mg-PO 4 Coated Samples: Ni 0.8 Co 0.1 Mn 0.1 (OH) 2 was prepared by
coprecipitation from a solution containing stoichiometric amounts of nickel/cobalt/manganese nitrates
(2.0 M , Ni: Co: Mn = 8:1:1 in molar ration) with the addition of NaOH solution (4.0 M ) and a proper
amount of NH 3 -H 2 O solution. The precipitation was take place in a 7 L continuously stirred tank
reactor (CSTR) under N 2 atmosphere and 50 °C, and the pH value was controlled around 10.5. The
obtained particles with 8–10 µm in diameter were fi ltered, washed with distilled water, and then dried
at 120 °C for 12 h. The precursor and LiOH·H 2 O (Li: M = 1.442: 1 in molar ratio) were mixed and
calcination at 900 °C for 10 h. To prepare surface coated LiNi 0.8 Co 0.1 Mn 0.1 O 2 powder, 0.0878 g
Mg(NO 3 ) 2 ·6H 2 O was first dissolved in 20 mL deionized water, in which 1 g of polyvinyl pyrrolidone
(PVP) had been previously dissolved at room temperature for 2 h, then corresponding amount of Lirich powder (2 g) and ammonium dihydrogen phosphate (NH 4 H 2 PO 4 , 0.0263 g) were added and
stirred at 60 °C for another 6 h. The surface treated powder was fi ltered and dried at 120 °C, and then
mixed with stoichiometric amount lithium acetate (0.0256 g) and recalcinated at 450 °C for 5 h.

25

2.3 Electrochemical measurement
Electrochemical properties: The electrochemical performances were performed using coin- type
half-cell (2016R type) which contained a cathode and lithium metal anode separated by porous
polypropylene. The electrolyte was 1.1M LiPF6 with ethylene carbonate/diethylene carbonate
(EC/DEC=1:1) (PANAX ETC, Korea). The cathode electrode was consisted of 95wt% active
material, 2.5wt% Super P carbon black, and 2.5wt% poly(vinylidene fluoride) (PVDF) binder. After
being blended in N-methyl-2-pyrrolidone (NMP) used as solvent, the mixed slurry was coated on
Al foil and the electrode was dried at 120℃ for 1h. The dried electrode was roll-pressed. The
loading density of active material was 9.1 mg cm-2. The entire cells were assembled in a dry argonfilled glove box.

2.4 Instrumental analysis

Structural analysis: The crystalline phase of samples was identified by powder X-raydiffractometer (XRD, D/Max2000, Rigaku) using Cu- Kα radiation. XRD patterns of cathode
electrodes, which were fully discharged to 3V before and after cycling at 60℃, were analyzed
to observe the structural changes of samples after cycling at 60℃. The morphology and atomic-scale
observation of powders was examined by scanning electron microscopy (SEM, S-4800,
HITACHI) and high resolution-transmission electron microscopy (HR-TEM, JEM-2100F, JEOL).
TEM samples were prepared by focused ion beam (FIB, JEM-2100F, JEOL).
Electrochemical Impedance spectra of coin-type half-cells were recorded on electrochemical
interface system (IVIUM) by applying an AC voltage of 5 mV over the frequency range from
250 kHz to 0.01Hz. For the EIS analysis, the cells were charged to 4.3V via constant current (CC)
mode and then maintained the voltage of 4.3V until current decreases to 0.01C-rate (1.3mA g-1)
(constant voltage (CV) mode) at 60℃ or room temperature. The cells after cycling at 60℃ were
equilibrated for 1 h before the EIS measurements were taken. The impedance data were analyzed
using ZView software. The four-probe AC method was employed for electrical conductivity
measurements at 25℃. And the pellets pressed under the pressure of 6 t cm-2 were shaped into circle
samples with a diameter of 12 mm.
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III.

Result and discussions

3.1. Morphology and Surface Composition

The morphology and surface composition of these materials was first characterized by field emission
scanning electron microscopy (FESEM), X-ray photo electronic spectra (XPS), and high resolution
transmission electron microscopy (HRTEM). All of the secondary spherical particles consist of
densely aggregated primary particles with diameter in the range of 8-10um, whereas a few mesopores
can be clearly observed in the cross sectional image.

Figure 12 SEM image of the NCM and NCM-M
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Figure 13 Powder XRD patterns of NCM and NCM-M

Table 1 Powder XRD characterization of NCM and NCM-M

It is anticipated that the porous structure can contribute to electrolyte percolation and benefit for high
current performance. Elements in LiNi 0.8 Co 0.1 Mn 0.1 O 2 , including O, Mn, Co, and Ni are uniformly
distributed across the as-prepared spherical particles. In contrast, distributions of element Mg and P
are mainly aggregated on the surface of the particles, and segregation can be observed that more
enrichment of element P over Mg on the surface. As showed in Figure 18, the distribution of coating
material among particle is not consistent, for the content of Mg is higher than P inside the particle but
less than P near the surface.
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Figure 14 XPS result of NCM and NCM-M (P2p and Mg1s)

Figure 15 EDS line mapping of NCM-M surface
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3.2. Electrochemical results
The first charge and discharge curves of NCM electrode exhibit a relatively high discharge capacity
of 211 mAh g-1 with a coulombic efficiency of 90.5 % between 3.0 and 4.5 V at 0.1 C rate (= 21 mA
g-1) at 24 °C (Figure 2.2.9). In contrast, NCM showed a slightly lower capacity of 207 mAh g- 1 with
a coulombic efficiency of 88.5 %. The loading levels of both NCM and NCM-M in the electrodes were
7 mg cm-2 (3.2 g cc-1). The decrease in the initial irreversible capacity of the NCM is believed to be
due to the decreased amount of LiOH and Li2CO3 impurities. Fast charging capability is of paramount
importance for fast-charging flexible batteries. The voltage profile of the NCM shows a lower IR drop
than that of the BNCM above 3 C rate during the charge cycle, which leads to a higher rate capability
(Figure 20). It is speculated that NCM has a lower charge-transfer resistance, which facilitates
faster Li+ intercalation/deintercalation reactions at the surface layer between the cathode and the
electrolyte. In order to confirm the fast charge rate capability of this electrode, a 5 C rate (= 1050 mA
g-1) charging test was carried out using both samples for a discharge rate fixed at 0.5 C (Figure 21).
The first charge capacity of the NCM (144 mAh g-1) is much higher than that of the BNCM, and the
capacity retention gap between the two electrodes after 200 cycles is even more pronounced: the
capacity retention is 83% and 56 % for the NCM-M and NCM, respectively. It should be noted that the
lower amounts of lithium impurities on the NCM surface due to the coating layers also lead to
improved rate capability.
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Figure 16 Voltage profile of NCM and NCM-M

Table 2 Initial charge and discharge capacity of NCM and NCM-M with coulombic efficiency

Figure17 Cycle retention of NCM and NCM-M at 60℃
Table 3 Discharge capacities of NCM and NCM-M at each cycle with cycle retention

31

Figure 18 Voltage profile of NCM and NCM-M at each cycles

3.3. Structural analysis

Randomly selected HR-TEM images of NCM and NCM-M particles cross-sectioned along the
[110] zone axis and FFT images of those rectangular regions are shown in Figure 25. In an ideal
layered phase with a space group of R m, the lithium slab (3a sites) cannot be observed as white dots in
the HRTEM image, unlike the transition metal (Ni, Mn, and Co) slabs (3b sites). However,
because Ni2+ ions have similar ionic radii (0.69 Å ) with those of Li+ (0.76 Å ), they can also reside
in the 3a sites, and white spots can be observed for such materials. This phenomenon is called cation
mixing and is generally observed in the Ni-rich phase In the FFT image, this effect can be
identified as a hexagonal pattern of white spots with the [200] and [111] planes at the surface that
indicates formation of the rock salt NiO phase with the Fm m space group. The region 1 area

also

shows the presence of this rock salt phase, as indicated by the small dotted white rings within in the
layered phase with the R m space group.

In the NCM sample, the outermost amorphous coating

regions cannot be observed, but region 3 exhibits an identical FFT image to region 1 of the NCM
sample. Region 2 contains mixed NiO and layered phases, as indicated by the white circles, while region
4 contains the layered phase only.
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Figure 19 Cross-sectional FIB images of NCM and NCM-M

Figure 20 Cross-sectional TEM images of NCM and NCM-M
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Figure 21 HR-TEM images of NCM and NCM-M before cycle
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Figure 22 HR-TEM images of NCM and NCM-M after 200 cycles at 60℃

Because the intermittent high rate discharge is also a critical condition for EVs, pulse rate
measurements of the NCM and NCM-M cathodes were carried out in a lithium half-cell at 60 °C
(Figure 27). Every 20 cycles, a 5 C rate discharge current was applied, maintaining the charge rate at
0.5 C over 100 cycles. Notably, the sudden capacity drop upon pulse cycle was larger for the BNCA
sample than for the NCM sample. The NCM sample maintained a 10 mAh g-1 capacity drop
throughout the pulse test, whereas the capacity drop for the NCM sample kept increasing from 80 to
120 mAh g-1. This difference in performance is associated with the decreased amounts of lithium
impurities and the hardened bulk surface layer formation in the case of the NCM sample.
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Figure 23 Rate capability test of NCM and NCM-M

Table 4 Discharge capacities at each C-rate and its retention

Figure 24 Voltage profile of NCM and NCM-M at each C-rates
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The thermal instability of the cathode material during delithiation is an important concern for
commercialization and it is directly related to phase transition due to oxygen evolution from the lattice.
The thermal characteristics of the cathode materials were evaluated by high temperature (HT), XRD,
and differential scanning calorimetry (DSC) analyses after the samples were charged to 4.3 V (Figure
28), with the latter being a powerful technique for investigating the structure stability. The total
amount of heat generated for the NCM sample was ~803 Jg-1, a significantly lower value than the one
measured for the NCM sample, ~1450 Jg-1. Such heat generation is a result of continuous structural
changes due to oxygen losses from their lattices). This result agrees well with the HR-XRD findings
(Figure 2.3.13b and c). The initial XRD patterns of the NCM and NCM-M samples at 100 °C show
(003), (107), and (113) peaks, indicating rhombohedral phase formation (R-3m). However, this phase
transformed into a disordered spinel (Fd-3m), beginning at ~155 °C, then into rock salt (Fd-3m) phase
at ~215 °C, and finally into Fm-3m at ~230 °C (Figure 29). The NCM sample showed a different
phase transition behavior, with a transformation from the R-3m phase to the Fd-3m phase at ~175 °C,
a higher temperature than the one required for the NCM sample. When the NCM-M samples are
heated above 220 °C, the Fd-3m and Fm-3m phases coexist and are present in the sample until 300 °C.
Because the continuous phase change from the layered to the cubic phase leads to oxygen evolution
from the lattice, the deferred formation of spinel and rock salt phases indicates that the hardened bulk
surface layer of the NCM sample is quite effective in resisting structural instability.
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Figure 25 Differential scanning calorimetry of NCM and NCM-M charged at 4.3 V

Table 5 Onset temperature, peak temperature and total heat flow of NCM and NCM-M
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Figure 26 In-situ XRD pattern of NCM and NCM-M
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IV.

Conclusion

In summary, to overcome the structural instability problem of the LiNi 0.8 Co 0.1 Mn 0.1 O 2 , we suggest a
surface modification method that could reduce and delay the heat generation and also improve the
electrochemical performances at 60℃. The magnesium phosphate, Mg 3 (PO 4 ) 2 , was coated on the
surface of the LiNi 0.8 Co 0.1 Mn 0.1 O 2 in purpose to enhance the structural stability at high temperatures.
This method could remove the surface lithium residues by forming olivine Li x MgPO 4 using the
residual lithium ions with a nanoscale range. Since the olivine structure shows remarkable thermal
stability due to the strong bonding of the phosphorous and oxygen atoms, thermal degradation of the
material could be delayed. After the surface treatment, cyclability at high temperature (at 60℃) was
improved up to 20% and the thermal stability is secured at the same time.
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