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Abstract 

 

In an attempt to overcome the problems associated with LiNiO2, the solid solution series of lithium 

nickel-metal oxides, Li[Ni1-xMx]O2 (with M = Co, Mn, Al, Ti, Mg, etc.), have been investigated as 

favorable cathode materials for high-energy and high-power lithium-ion batteries. However, along 

with the improvement in the electrochemical properties in Ni-based cathode materials, the thermal 

stability has been a great concern, and thus violent reaction of the cathode with the electrolyte needs 

to be avoided.  

Firstly, we report a heterostructured Li[Ni0.54Co0.12Mn0.34]O2 cathode material which has a high 

energy and safety. The core part of the particle consist of Li[Ni0.54Co0.12Mn0.34]O2 with a layered phase 

(R3-m) and shell part with a thickness of < 0.5 µm consists of highly stable Li1+x[CoNixMn2-x]2O4 

spinel phase (Fd-3m). The material demonstrates reversible capacity of 200 mAh g-1 and retains 95% 

capacity retention at the most severe test condition of 60 °C. In addition, amount of oxygen evolution 

from the lattice in the cathode with two heterostructures is reduced by 70%, compared to the reference 

sample. All these results suggest that the bulk Li[Ni0.54Co0.12Mn0.34]O2 consisting of two 

heterostructures satisfy the requirements for hybrid electric vehicles, power tools, and mobile 

electronics.  

Secondly, solid solution series of lithium nickel metal oxides, Li[Ni1-xMx]O2 (with M = Co, Mn, and 

Al) have been investigated intensively to enhance the inherent structural instability of LiNiO2. 

However, when a voltage range of Ni-based cathode materials was increased up to > 4.5 V, phase 

transitions occurring above 4.3 V resulted in accelerated formation of trigonal phase (P-3m1) and NiO 

phases, leading to and pulverization of the cathode during cycling at 60 °C.  In an attempt to 

overcome these problems, LiNi0.62Co0.14Mn0.24O2 cathode material with pillar layers in which Ni2+ ions 

were resided in Li slabs near the surface having a thickness of ~10 nm was prepared using a PVP-

functionalized Mn precursor coating on Ni0.7Co0.15Mn0.15(OH)2. We confirmed the formation of a 

pillar layer via various analysis methods (XPS, HRTEM, and STEM). This material showed excellent 

structural stability due to a pillar layer, corresponding to 85 % capacity retention between 3.0 to 4.5 V 

at 60 °C after 100 cycles. In addition, amount of heat generation was decreased by 40 %, compared to 

LiNi0.70Co0.15Mn0.15O2. 
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I. Introduction 

 
The origin of the lithium-ion battery lies in the discovery, made by John B. Goodenough at Oxford 

University in the UK in the late 1970s, that lithium ions can be intercalated (absorbed) into the crystal 

lattice of trivalent cobalt or nickel oxides to give the compounds LiCoO2, and LiNiO2, respectively. 

When these oxide electrodes were used as positives against metallic lithium negatives in an organic 

electrolyte, a 4 V cell resulted. This discovery was followed up by workers at the Sony Corporation in 

Japan who realized that with such a high cell voltage it would be possible to employ two intercalation 

electrodes, one positive and one negative, with lithium ions shuttling back and forth between the two. 

This cell, the ‘lithium-ion cell’, contains no metallic lithium and is therefore much safer on recharge 

than the earlier, lithium-metal design of cell. The use of an intercalation compound as the negative 

electrode will inevitably result in a cell voltage which is lower by an amount that corresponds to the 

free energy of dissolution of lithium in the electrode. Nevertheless, one could afford to lose up to a 

volt at the negative electrode and still have a very respectable 3 V cell. This opened up the possibility 

of a practical 3V lithium-ion cell. In effect, there is a trade-off between a lower cell voltage and a far 

simpler system with no lithium metal present. It was soon found that the preferred host for the 

negative electrode was carbon, in the form of either graphite or an amorphous material with a high 

surface-area such as coke. The intercalation of chemicals between the carbon planes of graphite had 

long been known. Experiments showed that graphite was capable of hosting lithium up to a 

composition of LiC. The voltage, with respect to a lithium reference electrode, varied from zero for 

the fully intercalated LiC, to about l.0 V for graphite from which all the lithium has been removed. 

The use of carbon was ideal on two counts. First, carbon is a readily available and cheap material of 

low mass. Second, carbon takes up a respectable quantity of lithium with a voltage in just the right 

range so that, when paired with a transition metal oxide as the positive electrode, it gives a cell with a 

voltage which starts at 4 V in the fully charged state and declines to 3 V during discharge. The 

electrode reaction may be represented by: 

 

xLi++ 6C + xe- ↔ LixC6 where; 0 < x < 1 

 

Carbon can be obtained from many different sources, e.g. graphite, petroleum coke, carbon blacks, 

pyrolysed polymers. The different sources of carbon vary in their ability to intercalate lithium ions. 

Early work established that carbons from petroleum coke were only able to take up half as much 

lithium as graphite (corresponding to Li0.5C6). The first intercalation cycle of graphite, the measured 

capacity is greater than that corresponding to LiC, and greater than that obtained in subsequent cycles. 
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 During intercalation, the electrolyte undergoes partial decomposition which is associated with 

expansion and exfoliation of the graphite. The decomposition products are adsorbed on the graphite to 

form a passivating surface layer which inhibits further decomposition. Coke electrodes, although 

having lower capacity than graphite, have the advantage of being less sensitive to the nature of the 

electrolyte employed and permit the use of electrolytes of higher conductivity. Nevertheless, most 

lithium ion cells presently employ graphite electrodes as they give a flatter discharge curve. 

Lightweight metal alloys are being investigated as possible alternatives to carbon for use as negative 

intercalation electrodes. 

 The concept of the lithium-ion cell is illustrated schematically in Figure 1. The lithium ions ‘swing’ 

or ‘rock’ backwards and forwards between one electrode and the other as the battery charges and 

discharges. Accordingly, these cells have also been known as ‘swing cells’ and ‘rocking chair cells’. 

Now, however, ‘lithium-ion cell’ is the preferred name.  

 The majority of commercial lithium-ion cells employ positive electrodes of cobalt oxide. These 

prove to be the most satisfactory technically, although also the most expensive. The positive electrode 

reaction is: 

 

Li1-xCoO2 + xLi+ + xe- ↔ LiCoO2 where; 0 < x < 0.55 

 

where 0.55Li+ is the maximum amount of lithium ions that can be de-intercalated from LiCoO2.  

The cheaper positive electrode based on nickel oxide, used by some manufacturers, has a somewhat 

more complex intercalation-de-intercalation process which involves subtle structural rearrangements. 

Nevertheless, it behaves satisfactorily. In this case, the positive electrode reaction is: 

 

Li1-xNiO2 + xLi+ + xe- ↔ LiNiO2 where; 0 < x < 0.65 

 

When either of the above positive electrodes is combined with a LiC, negative electrode, a cell with a 

nominal voltage of 3.6V is obtained. Thus, in terms of voltage alone, one lithium-ion cell is equivalent 

to three nickel-cadmium or three nickel-metal-hydride cells. 

Other possible positive electrodes are based on manganese oxide, namely, LiMnO2, and LiMn2O4. 

The latter compound has a spinel structure Li[Mn2]O4. When lithium ions are de-intercalated from it, 

corresponding to the oxidation of Mn3+ to Mn4+, a 4V cell is obtained versus lithium metal.  

When, however, lithium ions are inserted into LiMn2O4 moving in the direction of LiMnO2, a 3V cell 

results. This transfer of lithium into and out of the structure causes subtle and complex shifts in the 

detailed crystallographic structure. It is therefore difficult to prepare the manganese compounds in 

reproducible form; a situation which is considerably more complex than with LiCoO2, or LiNiO2.  
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On the other hand, manganese is widely available, is much cheaper than nickel or cobalt, and is non-

toxic - three good reasons why it is used in consumer primary batteries. Accordingly, much research is 

being directed towards developing a fully satisfactory, manganese-based, positive electrode for use in 

lithium-ion cells. 

Lithium-ion batteries were first introduced commercially in 1991 by the Sony Corporation in Japan. 

Today, lithium-ion cells are being manufactured in many different countries (Korea, China, etc.). 

World-wide production is estimated at 3 billion units per year. 
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Figure 1. Schematic presentation of the most commonly used Li-ion battery based on graphite anodes 

and LiMO2 cathodes. 
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II. Theory and Literature survey 

 

2.1. Electrode Thermodynamics 

 

All electrochemical reactions in batteries are governed by (1) Faraday’s first law, which states that 

the amount of chemical change that occurs in a battery is directly related to the current and the time 

for which the current flows, i.e., the charge passed, Q = zFn; (2) Faraday’s second law, which states 

that the amount of a given material produced and converted is directly proportional to the equivalent 

weight of the material. These laws apply to charge and discharge of a battery. There are no known 

exceptions to these laws in the principal potential determining charge transfer reaction at the electrode, 

whereas collateral mass transfer processes may be nonfaradaic. 

 The amount of an electrode material required for a given amount of electrical constant current output 

is given by 

 

m = MIt / zF                                   [1] 

 

where m is the mass of material transformed (kg); I is the current flow (A); t is the time of current 

flow (s); k is the electrochemical equivalent (kg C-1), k = m/(zF); M is the molar mass of material (kg 

mol-1); n is the amount of substance (mol), n = m/M; Q is the electric charge (C = As), Q = � �	���
�  ; z 

is the number of electrons involved in the electrode reaction; and F is the Faraday constant (96485C 

mol-1 = 26.802 Ah mol-1). 

All electrode reactions follow the laws of thermodynamics given in eqns [2] and [3]: 

The Gibbs free energy 

 

∆G0 = ∆H0 – T∆S0                               [2] 

 

where ∆H0 and ∆S0 are, respectively, the standard changes in the enthalpy and the entropy. 

The Van’t Hoff isotherm 

 

∆G0 = RT ln K                                 [3] 

 

where K, the equilibrium constant, is the product of the activity ai of the products and reactants 

raised to the appropriate power depending on the stoichiometry of the electrode reaction involved. For 

instance, for a cell reaction aA + bB ↔ cC + dD, K in eqn [3] would be products/reducts = (aCc aDd) 

/ (aAa aBb). When a battery delivers energy, the electrode reactions must occur spontaneously: 
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∆G0 = -zF∆E0 < 0 and ∆E0 = E0cathode – E0anode > 0              [4a] 

 

and at ambient conditions different from T0 = 25 °C = 298.15 K and p0 = 101 325 Pa: 

 

∆G0 = -zF∆E0 < 0 and ∆E0 = E0cathode – E0anode > 0             [4b] 

 

The free energy for a reaction is the maximum amount of work available from a given reaction to do 

useful work, such as power a mobile phone, and it can be calculated from the chemical reaction that 

occurs in the battery as follows: 

 

∆G0(J mol-1) = ∆E × z × 96484 C mol-1                  [5] 

 

The standard cell voltage (∆E0), i.e., the reversible cell voltage at standard temperature and pressure, 

can be calculated from tables of thermodynamic data. The standard free energy change of a lead–acid 

battery, ∆G0, can be calculated from thermodynamic data as follows: 

 

Pb + PbO2 + 2H2SO4 ⇌ 2PbSO4 + 2H2O 
∆G0 (kJ mol-1) values: 

0, -218.99, 2(-744.63), 2(-813.83), 2(-237.18) 

 

The free energy for each of the reactants and products in (units of RJ) is shown below the reactants 

and products for the reaction in a lead–acid battery, 

 

∆G0 = ∆G0product - ∆G0reactants 

= 2(-813.83) + 2(-237.18) – 0 – (-218.99) – 2(-744.63) = -393.77 kJ mol-1         [6] 

 

Then, as the reaction involves a two-electron transfer, and using the value of the Faraday in units of J, 

 

∆E0 = -∆G0 / zF = 393.77 kJ mol-1 / (2 × 96484 C mol-1) ≈ 2.04 V           [7] 

 

The cell voltage arising from the electrode reactions is a thermodynamic quantity and is influenced by 

temperature, as expressed by 

 
∆G = ∆H – T∆S                                 [8] 
∆S = zF(d∆E/dt)                                [9] 
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2.2 Electrode Reaction Kinetics 

 

Thermodynamics deals with the fundamental energy content of a given system and assumes perfect 

reversibility in the cell reactions. It does not yield information on individual reaction steps that occur 

at the electrode–solution interface or on how systems respond to demands made during the operation 

of the system. When a battery discharges, the negative electrode reactions deliver current (electrons) 

to the external circuit and the positive electrode accepts electrons. The kinetics of electrode reactions 

determines the ability to produce usable amounts of energy. When a battery delivers current to power 

a device, it departs from reversibility so that the useful work performed by the battery is less than the 

maximum (thermodynamic) value. The consequent departure from the reversible cell voltage is called 

‘overpotential’, Z, as defined by eqn [10] in which Uocv is the open-circuit voltage(reversible rest 

potential) of the cell and U(I) is the terminal voltage. In the operation of a battery, the release of heat 

required by the thermodynamics of the reaction and the change in voltage is expressed by eqns [11] 

and [12], where Q is the heat (in joules) and Q˙ the heat output (in watts) released/absorbed when a 

cell is charged or discharged with current I: 

 

η = U(I) – Uocv = | ηcathode| + ηanode                                   [10] 

Qreversible = ∆G – ∆H = – T∆S                         [11] 

Q˙ = U(I)I = | Q˙reversible| + |I η| + I2Rel                     [12] 

 

There are three sources of hindrances related to (1) charge transfer processes at the electrode 

surface (activation overvoltage η ct), (2) concentration changes because of depletion of reactants 

in the vicinity of the electrode (concentration overvoltage η c), and (3) resistance because of the 

electrical resistance Rel of the electrolyte and other components of the battery (resistance 

overvoltage). Each of these hindrances has a specific effect on the operation of a rechargeable 

cell. 

 

Activation Overvoltage 

 

The kinetics of a given electrode reaction controls the ability of the electrode to deliver current. 

The lead electrode reaction during the discharge of the battery is 

 

Pb  ⇌	Pb2+ + 2e- 
 

followed by 
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Pb2+ + HSO4 ⇌ PbSO4 + H+ 
 

The dissolution of lead is the rate-determining step in the overall reaction. During discharge, the 

reaction at the lead electrode at current ia and the overpotential η is related to the exchange current io 

and the reaction coefficient a (usually 0.5) as follows:  

 

	 
 	� ��� � �����
�� � � �� � ��1 � �� ���

�� ��                   [13] 
 

The departure from equilibrium voltage of activation overvoltage ηa is given by eqn [14], where z is 

the number of electrons in the reaction. For an overpotential greater than 200mV, eqn [13] can be 

rewritten as 

 

�� 
 � ��
����  ! � "

"#
�                              [14] 

 

There are two key elements, the exchange current, io, or the reaction rate at equilibrium and the rate 

constants for the reaction, which are related to the time constant for the reaction. 

 

Concentration Overpotential 

 

The concentration, or the availability, of the reactants in the electrolyte at the surface is controlled by 

their diffusion in the cell electrolyte. Diffusion processes have relatively slow buildup and decay of 

the order of seconds. The concentration overpotential Zc is given by 

 

�$ 
 ���
� �  ! � $

$#
�                               [15] 

 

where co and c are the concentrations of the reactant in the bulk of the solution and at the surface of 

the electrode, respectively. As a general rule, reactions in high performance batteries are not diffusion 

controlled. 

 

Resistance Losses (IR Drop) 

 

The internal resistance of the cell originates from the terminals, current collectors, and electrolyte, as 

well as from the active masses of the electrodes. These resistive elements are essentially constant 

during discharge, except for the resistivity of the active mass. The ohmic resistance has a rise time in 
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the order of 10-6 s. The ohmic loss in voltage, is given by the total departure from reversible operation 

is the combination of the two types of overpotential and the IR drop. 

 

�$ �	�� � �%&'                                [16] 

 

To understand and improve the operation of a battery, it is necessary to know and understand the 

influence of each of the components. To a first approximation, the kinetic hindrances to the electrode 

reactions can be separated by the time constant characteristic for each component1. 

Thermodynamic studies on batteries have also been carried out to determine the entropy and/or the 

enthalpy component of free energy2. Computer modeling and simulation have been extensively used 

and have proved very helpful in understanding and predicting the thermal behavior of lithium-ion 

cells3. Other theoretical studies based on first-principles methods are being increasingly applied in the 

field of lithium-ion batteries, in particular, for computing thermodynamic functions associated with 

lithiation and delithiation processes4. Specific thermodynamics studies of anodes5, cathodes6, and 

electrolytes7 for lithium-ion batteries have been the focus of recent studies to assign contributions of 

each of the active materials to the thermal behavior of the cell. It has been recognized that 

composition-induced phase transformations occurring in electrode materials bear a thermodynamics 

signature, particularly in the OCV profile curve8. Cation ordering9 and cation mixing10 are among 

typical phenomena in lithium transition metal oxide based cathode materials that affect their 

thermodynamics. 
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Figure 2. Cell polarization as a function of operating current. From Ref. 1c  
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2.3 Cathode materials for Lithium ion batteries 

 

2.3.1 Layered cathode materials 

 

2.3.1.1 LiCoO2 

 

LiCoO2 is easy to synthesize and exhibits good rate capability along with low self-discharge and 

stable cycling properties11. According to the synthesis procedures, two forms of LiCoO2, the so-called 

high-temperature LiCoO2 (HT-LiCoO2) and the low-temperature LiCoO2 (LT-LiCoO2), can be 

obtained. The most commonly used material for positive electrodes in rechargeable lithium batteries is 

HT-LiCoO2 synthesized at temperatures 800 °C and above. This material belongs to the group of 

layered oxides LiMO2 with R-3m symmetry12. It has a trigonal or rhombohedral structure where 

lithium and cobalt occupy alternate layers in octahedral sites between the cubic close-packed oxygen 

planes13. Upon complete removal of lithium the oxygen layers rearrange in a cubic close-packed 

structure and form CoO2 with a hexagonal single-layered phase (O1)14. This phase converts 

immediately back to O3 three-layered delithiated LiCoO2 phase on lithium reinsertion. This structure 

is called O3-structure, and in this structure Li ions occupy the octahedral interstitial sites. At low-

temperature synthesis conditions of about 400 °C, LiCoO2 forms a cubic spinel phase LT-LiCoO2 with 

Fd-3m space group. LT-LiCoO2 has the oxygen lattice identical to HT-LiCoO2, but with a different 

cation lattice. Gummow et al.15 showed that LT-LiCoO2 has 6% of the cobalt ions in the lithium layer. 

For battery use, the trigonal layered structure (O3 phase) is favorable because HT-LiCoO2 phase 

demonstrates its capacity to produce about 0.5 V higher than the LT-LiCoO2 phase in lithium batteries. 

Most of researchers use a solid-state reaction route using various precursors16. A heat treatment at 

900 °C for several hours is required in this route to overcome inherent insufficient mixing and low 

reactivity of starting materials. However, a prolonged annealing at high temperature causes inevitable 

coarsening of the powder and evaporation of lithium, which significantly affects the electrochemical 

performance of the cathode material. Thus, solid-state reaction technique consists of several 

consequently repeated high-temperature firing stages with intermediate grinding to ensure the 

homogeneous mixing and reacting of the precursor materials. Therefore, it is a low-efficient, energy- 

and time-consuming technology. Along with the mentioned disadvantages, the solid-state reaction 

product exhibits wide range particle size distribution, which could prevent the preparation of a high-

performance cathode.  

LiCoO2 cathode has a high operating voltage about 4.1 V and reversible capacity of about 140 mAh 

g-1 when cycled to 4.2 V cut-off voltage, which corresponds to the extraction and insertion of less than 

0.5 Li per mol of the material. Increasing a higher upper (charge) cutoff voltage allows achieving the 
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reversible capacity of more than 0.5 Li per LiCoO217. However, LiCoO2 cathode is not as stable as 

other alternative cathode materials, and its performance degrades drastically when overcharged .  

There are several possible reasons for the cell degradation during cycling. It was reported that 

cobalt is dissolved in the electrolyte during charging stage, thus less lithium can be intercalated during 

discharging. The electrolyte reaction with cathode during long cycling forms a surface layer, which 

leads to the increase in the charge-transfer resistance with the consequent capacity fading18. Another 

reason of failure during cycling could be the sharp change of lattice constants of LiCoO2 with charge, 

leading to the formation of stresses and microcracking of the cathode particles19. Extraction of more 

than 0.5 Li from LiCoO2 causes the lattice distortion and the partial transformation of O3 phase to a 

new phase, as reported by Ohzuku et al.20. It was shown that this transformation is multiple staged and 

could be reversible at the cutoff voltages up to 4.7 V. The electrochemical performance of the material 

was enhanced by the surface coating. Cho et al.21 reported that the various oxide coatings improve the 

material performance; especially the coating with the high-fracture-toughness oxides could increase 

the capacity up to 170 mAh g-1. 

The electrode density directly affects the energy density of the cell. The 40 µm particles of LiCoO2 

were prepared hydrothermally by packing the 100-nm-sized LiCoO2 in a crucible22. These aggregates 

of submicron particles demonstrated a high power density and excellent cycling stability even at 7 C 

in Li-ion cells achieving the initial discharge capacity of 165 mAh g-1 and 93% capacity retention 

after 290 cycles under these severe cycling conditions. 

The first lithium-ion battery reported in the literature had LiCoO2 cathode. This cathode material is 

still the main cathode material in lithium battery industry and currently about 70% of the mobile 

electronics are powered by batteries with this cathode. LiCoO2 suffers from the disadvantages of the 

toxicity of cobalt and its high cost. Therefore, there is an extensive research for the alternative cathode 

materials for lithium-ion batteries. 
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Figure 3. Crystal structure of LiMO2 (M = Co, Ni), R-3m 
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2.3.1.2 LiNiO2 

 

As it was mentioned above, LiCoO2 is easy to prepare, however, it suffers from the disadvantages 

of high cost and toxicity. LiNiO2 is a more attractive member of the LiMO2 compounds than the Co-

based one in terms of economics and environmental pollution. LiNiO2 shows larger reversible capac-

ity than LiCoO2, but it has a lower operating voltage from 3.7 to 3.8 V. It has a 2-D layered structure 

that endows it with better lithium ionic and electronic conductivities than the 3-D spinel LiMn2O4. 

However, compared with the isostructural LiCoO2, it is difficult to obtain pure phase and stoichiomet-

ric LiNiO2 due to the reduction of Ni3+ to Ni2+ and its appearance at the Li and Ni3+ sites, which 

results in the nonstoichiometric composition Li1–xNi1+xO2–z. 

The electrochemical performance of LiNiO2 is strongly dependent on the stoichiometry, crystal 

structure, and cation disorder23. Temperature above 600 °C is needed to fully oxidize Ni2+ to Ni3+ and 

increase the material crystallinity. The possibility of the coexistence of several phases makes the 

material composition and structure depend on the synthesis conditions. The high vapor pressure of 

lithium oxide at elevated temperatures results in the lithium evaporation and content decrease.  

The lower degree of ordering in LiNiO2 leads to the presence of nickel ions in the lithium plane and 

makes it difficult to obtain desired composition and reduces intercalation and extraction of lithium. 

This also reduces the electrical conductivity of the oxide. The optimization of the preparation 

procedures of solid-state reaction method revealed that heating an excess of lithium precursor with a 

nickel compound between 600 °C and 800 °C in oxygen could suppress the formation of non-

stoichiometric compounds and decrease the decomposition level of LiNiO2 at the higher preparation 

temperatures. Selection of starting materials to synthesize LiNiO2 could affect the electrochemical 

performance of the cathode. LiOH and Ni(OH)2 were found to be appropriate raw materials to prepare 

LiNiO2 at 750 °C in oxygen, and this cathode exhibited 190 mAh g-1 discharge capacity. Besides the 

optimization of the preparation procedures, partial substitution of Ni with other metals has been 

considered to enhance the material ordering and its electrochemical performance. It was shown that 

the partial substitution of Ni with Mg24, Al25, Fe26, and Mn27 in different ratios, depending on the 

substituting cation, prevents phase transition during charge, that is, retains hexagonal structure all 

over the charging process. 

LiNiO2 and LiCoO2 form a solid solution [69], therefore, the LiNi1–xCoxO2 compounds were studied 

extensively. The precise details of the structure of these compounds are complex, and the 

“superstructure” might be observed in the XRD pattern. Similarly, as it was noted above for LiCoO2, 

there is some nickel in the lithium layer and a corresponding amount of lithium in the transition metal 

layer. There is an increased ordering as the cobalt concentration increases in the mixed Li 
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nickel/cobalt compounds28. Cobalt doping to LiNiO2 is also considered as a way to suppress the 

migration of nickel to the lithium site in these compounds. This also minimizes the volume change 

upon lithium deintercalation and increases the 2-D character of the structure with enhanced 

performance.  

Ohzuku et al.29 showed that when increasing x in LiNi1–xCoxO2 the unit cell dimensions a and c in 

hexagonal setting decreased almost linearly as a function of x. In these series, LiCoO2 exhibited the 

highest working voltage among the materials with different x ratio; however, its rechargeable capacity 

was low. LiNiO2 had a lower working voltage of 3.5 V but its discharge capacity 150 mAh g-1 was the 

highest and the cell performed without irreversible loss of the rechargeable capacity, and the 

intermediate compounds with x = 0.5 were the best combination of advantages of the high operating 

voltage and stable cycling. This allowed using the advantages of the lower cost and higher capacity 

LiNi1–xCoxO2 cathode material30 and it was shown that an increase in the amount of cobalt decreases 

the nonstoichiometry of LiNi1–xCoxO2 and increases the amount of lithium.  

The same group reported31 the improvement of electrochemical performance of LiNi1–xCoxO2 

material by coating LiCoO2 at both high C rate and elevated temperature operations. An issue with all 

these layered oxides is their electronic conductivity, which is not uniformly high across the lithium 

composition range or nickel substitution. The cobalt substitution for Ni in LiNiO2 affects the 

compound ordering and consequently influences the conductivity32. The amount of Ni ions in the Li 

layer is found to play a significant role in determining the properties of the LiNi1–xCoxO2 cathode 

material.  

Pouillerie et al.33 using comparative Rietveld refinements of the X-ray diffraction data demonstrated 

that for Mg-doped LiNi1–xCoxO2 positive electrode, the irreversible migration of Mg2+ ions from slabs 

to the interslab spaces occurs upon cycling, which led to the smaller variation of the cell parameters 

during lithium intercalation-deintercalation, and, consequently, to the reduced mechanical constraints. 

This was suggested to be a reason of an improvement of the cycling properties of the Mg-doped 

LiNi1–xCoxO2 cathode. The inert cation incorporation prevents the complete removal of lithium and 

thus minimizes the possibility of formation of thermodynamically unstable NiO2, which has the 

equilibrium oxygen pressure exceeding 1 atm. Broussely et al.34 suggested that strong improvement of 

the cycling ability probably originates in the suppression of the phase transitions usually observed for 

LiNiO2 that disappear with magnesium substitution. The surface coating was shown to further 

improve the electrode performance. 

The “true” formula of lithium nickelate, Li1–zNi1+zO2, illustrates better the structure of this 

compound, indicating that z Ni atoms are situated on the lithium layer35. At temperatures above 

850 °C the rhombohedral LiNiO2 decomposes to the cubic Fm-3m. Therefore, the cathode prepared at 

this temperature has a poor reversibility due to the cation disordering.  
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2.3.1.3 LiCo1/3Ni1/3Mn1/3O2 

 

The consideration of advantages and disadvantages of LiCoO2, LiMnO2, and LiNiO2 cathode 

materials has logically lead to the proposition of the mixed transition metal oxides as the alternative of 

LiCoO2. Lithium cobalt nickel manganese oxides LiCoxMnyNi1–x–yO2 were proposed as possible 

candidates to replace LiCoO2 cathode36. This material adopts the rhombohedral structure of LiCoO2 

and LiNiO2. The composition of LiCo1/3Ni1/3Mn1/3O2, referred in the literature as the 333 material31, 

contains equal amounts of the transition metals Co, Mn, and Ni; it has high capacity and good rate 

capability. The lithium removal from the cathode materials leads to the structural changes 

accompanied by the cell volume change. This volume change could cause the mechanical fracture 

upon cycling. It was reported that the change in the cell volume for the 333 material LiCoxMnyNi1–x–

yO2 is about 2%, which is much less than 5% for LiCoxNi1–xO237, and this small volume change is 

associated with compensating changes in the a and c parameters, that is, when the c parameter 

increases, the a parameter contracts and vice versa. This may play an important role in the cycle 

performance improvement of the cathode material. Along with the advantages mentioned above, in its 

oxidized state LiNi1/3Co1/3Mn1/3O2 is less oxidative toward the electrolyte than LiCoO2 or LiNiO2. 

This material has better thermal stability than LiNiO2 and shows about 150 and 200 mAh g-1 of 

rechargeable capacity when cycled between 2.5 and 4.3 and 2.5 and 4.6 V, respectively, which makes 

this cathode more attractive than LiMn2O4. In LiCo1/3Ni1/3Mn1/3O2 the transition metals are in the 

following oxidation states: Co (III), Ni (II), and Mn (IV). The preparation of an overlithiated material 

Li1+xCo1/3Ni1/3Mn1/3O2 was shown to improve the structure ordering and enhance the cathode cycling 

and rate capability. Thus, LiNi1/3Co1/3Mn1/3O2 is considered as a promising next-generation cathode 

material38. 

 LiCo1/3Ni1/3Mn1/3O2 is usually synthesized via the reaction of the mixtures of hydroxides or 

respective salts of lithium, cobalt, nickel, and manganese taken in the stoichiometric ratio at wide 

range of temperatures from 650 °C to 1000 °C by solid-state reaction. The cathode prepared by this 

route36c exhibited discharge capacities of 205 mAh g-1 at 30 °C and 225 mAh g-1 at 75 °C at cycling 

between 2.5 - 4.6 V at 0.3 mAh cm-2. As it was mentioned above, solid-state reaction technique is a 

multistep, prolonged, and energy-consuming technology. The cathode materials formation in solid-

state reactions requires heating at high temperatures. This leads to the severe agglomeration of the 

particles, nonstoichiometry, and structural defects due to the lithium evaporation. This encouraged the 

development of various low-temperature and solution-based synthetic techniques to prepare 

LiCo1/3Ni1/3Mn1/3O2 as a promising cathode for lithium batteries. 
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2.1.1.4 Spinel LiMn2O4 

 

The cathode is a key component in lithium-ion batteries. LiCoO2 is currently the most used cathode 

material for lithium-ion batteries. However, this material is expensive and toxic, and is reported to be 

unsafe under uncontrolled conditions of overcharge. Among the other cathode materials, spinel 

lithium manganese oxide LiMn2O4 is an attractive one from the economic and environmental point of 

view, due to abundant precursors, nontoxicity, and extensive investigation39.  

Tarascon et al.39a, 39d, 40 noted that among other findings the use of the second Li intercalation plateau 

of the spinel as a Li reservoir allowed bringing lithium-ion batteries from concept to realization.  

Lithium is reversibly extracted/inserted into spinel structure and this process is accompanied by a 

reversible Mn3+/Mn4+ redox reaction. However, the electrochemical performance of this cathode 

material is strongly affected by its quality, that is, stoichiometry and oxygen deficiency, grain size, 

and morphology. 

The spinel LiMn2O4 with space group Fd-3m contains lithium ions at the tetrahedral (8a) site and 

manganese cation occupies the octahedral (16d) sites. Figure 4 illustrates the spinel structure of 

lithium manganese oxide LiMn2O4. The 8a and 16c sites form a 3-D pathway for lithium insertion and 

extraction. This material can intercalate one Li per formula unit at room temperature. The theoretical 

value of specific capacity in this case is 148 mAh g-1. One can clearly see two distinctive plateaus 

attributed to reversible lithium extraction/intercalation from/into spinel tetrahedral sites around 4 and 

4.1 V. The two-step process is associated with a reversible intercalation reaction when lithium ions 

occupy the tetrahedral 8a sites in spinel LiMn2O4 in two steps. 

However, LiMn2O4 has problems related to drastic capacity fading upon prolonged cycling in 4 V 

(vs. Li/Li+) region. The capacity of Li/LiMn2O4 cell fades faster at elevated temperatures due the 

dissolution of Mn3+. The Mn3+ at the electrode surface may disproportionate as followed the equation : 

 

2Mn3+ → Mn4+solid + Mn2+solution 

 

and Mn2+ dissolves into the electrolyte. 

Other factors influencing the LiMn2O4 capacity retention are the Jahn-Teller distortion41 and 

decomposition of the electrolyte at high-voltage regions. Another possible reason of the initial 

capacity decay is the oxygen loss during charge42. Amatucci et al.39c reported a correlation between 

the structural changes indicated in the XRD patterns of spinel cathode and the capacity loss of the 

materials upon cycling, which could be attributed to an irreversible structural conversion during Li 

deintercalation around 4 V versus Li/Li+. Levi et al.43 suggested that the electrochemical behavior of 
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this cathode material is connected with the existence of a layered component in this material. 

Therefore, the complex consideration of various effects should be taken to improve the lithium 

manganese spinel performance. Much research efforts have been devoted to improve the 

electrochemical performance of the LiMn2O4 spinel. At elevated temperatures the surface phenomena 

of the electrolyte decomposition occurs more intensively and higher electrode impedance may be 

developed. Therefore, the surface stability of the material may be considered as a key issue for the 

LiMn2O4 performance enhancement. The appropriate method to reduce capacity fade of LiMn2O4 is 

surface coating of the spinel to avoid the Mn dissolution.  

To prevent the dissolution of Mn2+, a thin layer of the inorganic Li2O·2B2O3 glass was coated on the 

surface of LiMn2O439d. AlF3 coating was found to substantially improve capacity retention and rate 

capability of spinel cathode44. Gnanaraj et al. have applied the surface modification of LiMn2O4 with 

Al2O3 by a melting impregnation method, and the capacity retention of the spinel material was 

improved by nano-Al2O3 particle coating. MgO has been coated on LiMn2O4 by a chemical 

processing followed by a heat treatment at 300 - 800 °C. The coated samples have shown much better 

performance compared with uncoated LiMn2O4 electrode at ambient and elevated temperatures.  

Surface modification effects of the spinel LiMn2O4 cathode by a LiCoO2 precursor solution have 

been studied45. The LiCoO2-modified LiMn2O4 cathode shows superior capacity retention to the as-

received LiMn2O4 after the storage at 55 °C. Similarly, the LiNi1–xCoxO2 coating of LiMn2O4 led to a 

remarkable improvement in capacity retention46.  

Park et al.47 reported the rate capability improvement of the LiCoO2 coated LiMn2O4. From AC 

impedance spectroscopy (AIS), the first and second semicircles of coated LiMn2O4 were reduced; 

therefore, the improvement of rate capability is attributed to a decrease of passivation film that acts as 

an electronic insulating layer and a reduced interparticle contact resistance. The AlPO4-coated cathode 

materials exhibited superior electrochemical performance and thermal stability compared with bare 

material and Al2O3-coated cathodes.  

Cho et al.48 reported that AlPO4 coating of cathode noticeably diminished its violent exothermic 

reaction with the electrolyte, without sacrificing the specific capacity. 

To stabilize the structure of LiMn2O4 and to improve its capacity retention, the Mn was substituted 

for other cations. The dopant ions occupy the 16d sites of the Mn ions in the spinel lattice and 

stabilize the structure. The manganese substitution leads to a considerable decrease in the Jahn–Teller 

effect due to decrease of the Mn3+ concentration, which is Jahn–Teller distortion active cation. 

The manganese substitution by Co, Cr, and Ni, which showed good cycle performance compared 

with a standard LiMn2O4 spinel49.  
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Figure 4. Crystal structure of (a) LiMn2O4 and (b) Li1+xMn2-xO4 (Fd-3m) 
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2.1.1.5 Olivine LiFePO4 

 

Since Radhi et al.50 first introduced LiFePO4 olivine as a cathode for rechargeable lithium batteries, 

olivine structured transition metal phosphates LiMPO4 (M = Co, Fe, Mn) have attracted tremendous 

attention of worldwide researchers, due to low-cost, nontoxic, and environmentally friendly nature of 

these materials. LiFePO4 operates at a very flat voltage of about 3.4 V versus Li+ /Li, yielding a 

theoretical capacity of 170 mAh g-1. The triphylite LiFePO4 belongs to the olivine structured lithium 

ortho-phosphates in the space group Pnma. In the LiFePO4 structure (Figure 2.15), the oxide ions 

form a hexagonal close packing (hcp) arrangement. The iron ions form zigzag chains of octahedra in 

alternate basal planes bridged by the tetrahedral phosphate groups (PO4). Each FeO4 octahedron 

shares corners with six PO4 tetrahedra, and each PO4 tetrahedron, in turn, shares its corners with four 

FeO4 octahedra, thus forming a 3-D framework. The lithium atoms occupy octahedral sites, located in 

the remaining basal planes.51 

In phospho-olivines, all of the oxygen ions form strong covalent bonds with P+5 to form the PO43– 

tetrahedral polyanions, which allows for greater stabilization of the structure compared to layered 

oxides, for example, LiCoO2 where the oxide layers are more weakly bound. It stabilizes the entire 3-

D framework, which provides improved stability and extreme safety under abusive conditions. 

LiFePO4 is stable up to 400 °C, while LiCoO2 starts to decompose at 250 °C. However, because the 

oxygen atoms are strongly bonded with both Fe and P, this structure restricts the electrochemical 

reaction kinetics in phospho-olivines due to the insulation effect of the polyanions, leading to a very 

low Li-ion diffusivity and a very low electronic conductivity, ~10–9 S cm-1 at room temperature. The 

lithium diffusion in LiFePO4 is 1-D along the b-axis52. Both electronic conduction and ion diffusion 

problems lead to a poor performance of LiFePO4 cathode in lithium-ion batteries. 

As the lithium extraction from LiFePO4 (triphylite) proceeds, a new phase FePO4 (heterosite) is 

formed. Both phases are isostructural (space group Pnma) with slight difference in the unit cell 

parameters (<7%). The two-phase character of the reaction seems to provoke low rate capability of 

this compound due to the hindered lithium diffusion through the LiFePO4/FePO4 interface, and there 

is a miscibility gap between these two phases at the temperatures below 60 °C except the close to the 

end-composition. In fact the solid solution LixFePO4 does not exist under “normal” conditions in par-

ticles that are large enough so that size effects are negligible53. Upon the delithiation, electrode 

material particle contains both the LiFePO4 and FePO4 phases, and the phase transition mechanism 

model during lithium deintercalation consists of the “frontal movement” of a new FePO4 phase 

through the “original” lithiated phase, that is, upon lithium removal a new phase is developed along 

the lithium ions diffusion direction. These observations suggest that the motions of neighboring Li 

ions are correlated. Also, the loss of capacity of LiFePO4 with increasing current density is associated 
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with diffusion-controlled kinetics of the electrochemical process. As it was mentioned above, these 

discussions correlate with the experimental data for the large enough particles of LiFePO4. Due to the 

use of nanosized particles of this material to improve the lithium diffusion conditions, in this case the 

phase transformation processes could be affected by the change in the reactivity of the material due to 

the large portion of the surface molecules and the effect of high interface energies. 
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Figure 5. Crystal structure of LiFePO4(Pnma) 
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Table 1. Comparison of various cathode materials for Li-ion batteries 

 

 

 

 

 

 

  

 
LiCoO2 LiNi1-x-yCoxMnyO2 LiMn2O4 LiFePO4 

Available Capacity 

(mAh g
-1
) 

150 150~180 100-130 ~140 - 160 

Operating Voltage 

(V vs. Li/Li
+
) 

3.8 3.7 4.1 3.4 

Electrode density 

(g cc
-1
) 

3.7 3.3 2.5-3.0 1.8 – 2.4 

Electrical 

conductivity (S cm
-1
) 

10-4 10-5 10-6 10-9 

Li ion diffusivity 

Dli(cm
2 
s
-1
) 

10-8 ~ 10-10 10-7 ~ 10-10 10-9 ~ 10-11 10-14 ~ 10-15 

Cycle life Long Moderate short Long 

Safety Fair Moderate Good Good 

Advantage 

High 

conductivity 

Easy synthesis 

High power 
Good thermal 

stability 

Good thermal 

stability 

Disadvantage 
High cost 

Toxic 

Low density 

(compared to 

LCO) 

Mn dissolution 

Poor Cycle life 

(at high temp) 

Low capacity 

Low 

conductivity 
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2.4 Role of surface chemistry for cathode material 

 

Generally, surface coating has proven to be effective for improving the capacity retention, rate 

capability, and even thermal stability of cathode materials for lithium-ion batteries. Many kinds of 

coating materials, such as carbon54, metal oxides55, metal carbonates56, metal aluminates57, metal 

phosphates58, metal fluorides59 are intensively investigated. 

 The key role of surface coating on the performance of cathode materials includes the following:  

 

(1) Electronic and ionic conducting media that facilitates the charge transfer at the surface of 

particles 

(2) A physical protection layer that prevent the side reactions between cathode materials and 

non-aqueous electrolytes. 
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2.4.1 Surface coating as electronic and ionic conducting media 

 

Carbon coating on the cathode surface has been investigated to increase electron conductivity, 

particularly for phosphate- based materials like LiFePO4. 

The practical discharge capacity of LiFePO4 electrodes, however, is often much lower than the 

theoretical value, especially when high current densities are used. This has been attributed to low 

mobility of Li ions across the FePO4 /LiFePO4 interface and a low electronic conductivity of ~10-9 S 

cm-2. Several approaches have been used to address the rate limitations of LiFePO4 electrodes. The 

most promising of these involves producing very small particles and coating them with conductive 

carbon. For example, Yamada et al.51, 60 investigated the influence of particle size, and found a strong 

correlation between particle size and performance; the best performing materials were synthesized 

below 600ºC, where particle growth is inhibited.4 Capacities of 120 mAh g-1 at 5C rate were recently 

reported for carbon-coated LiFePO4 with particle sizes ranging from 100-200 nm.5 Ravet 61 et al. 

reported a capacity of 160 mAh g-1 at C rate during cycling at 80 °C for a sample with 1 wt.% carbon 

coating. 

R. dominko et al.62 reported the impact of carbon coating thickness and its distribution on the 

electrochemical properties and phase purity of LiFePO4 /C composites prepared by a sol-gel 

technique based on iron citrate. The role of carbon during thermal decomposition is twofold: it helps 

in reduction of Fe3+ to Fe2+ and the remaining content forms thin carbon film on the surface of 

LiFePO4 crystalline phase. The amount of remaining carbon after reduction depends on the 

atmosphere in which thermal decomposition takes place and, of course, is strongly correlated with the 

amount of carbon source in the starting xerogel (zerogel).  

Additional carbon sources added to the citrate gel do not improve the electrochemical performance 

of LiFePO4 /C composites. The amorphous carbon resulting from the citrate anion makes a thin, well-

distributed coating over the whole surface of the porous LiFePO4 particles, which appears to be 

sufficient for supply of electrons to the sites of electrochemical surface reaction. On the other hand, 

the carbon from the additional source does not improve significantly the electron conductivity. Rather 

than that, it introduces an additional barrier for lithium and electrolyte penetration. Finally, a higher 

amount of carbon in the LiFePO4 /C composites leads to a higher amount of Fe3+ Impurities in the 

final composites which results in additional decrease of electrochemical performance. 

Coating highly conductive carbon material on the surface can improve the electron transfer through 

the interface of the cathode material particles and hence accelerate the heterogeneous charge transfer 

process on the cathode surface and provide extra electron-conducting pathways among the cathode 

material particles and between the cathode material particles and the current collector. 
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Lee et. al.63 reported primary particles in spinel LiMn2O4 nanoclusters (Figure 7) could be coated 

with a thin carbon layer using sucrose as the carbon source. Sucrose carbonization on the single-

crystal particle surface resulted in the formation of an electrical network within the secondary particle. 

The material exhibits a gravimetric energy of 300 Wh kg-1 of active material while delivering a power 

of 45 kW kg-1 and a volumetric energy of 440 Wh l-1 while delivering 68 kW l-1 of power. 

The performance is attributed to: 1) fast electrochemical reaction owing to the nanosize effect; 2) 

fast ion pathways to reach primary particles, such as grain boundary and particle surface; and 3) high 

electron conductivity in secondary particles as a result of the carbon coating of the constituent primary 

nanoparticles. 
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Figure 6. a) Reversible capacity as a function of current normalized per mass unit (C-rates) for the 

LiFePO4/C composites with different carbon coating thickness. Solid squares correspond to 1-2 nm 

thick carbon layer, open circuits to 2-3 nm thick carbon layer and open triangles to 5-10 nm thick 

carbon layer. Solid lines serve only as eye guidance. b) Discharge curves for all three above 

mentioned composites at C/5 and 5C rate. Solid line represents a composite with 1-2 nm thick carbon 

layer, dashed line a composite with 2-3 nm thick carbon layer and dotted line a composite with 5-10 

nm thick carbon layer. From ref .61 
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Figure 7. Carbon-coated single-crystal LiMn2O4 nanoparticle cluster (CSC-NPs). (A) Schematic view. 

Single-crystal LiMn2O4 is covered with thin carbon layer that forms an electrical network in the 

nanoparticle cluster. Cross-section and electric circuit configuration in nanoparticle cluster. (B and C) 

SEM images showed highly aggregated nanoparticles. (D, E, F) HRTEM images of CSC-NPs 

showing the thin carbon layer on single-crystal nanoparticle. (G) Fast Fourier transformed images of F. 

From Ref. 62 
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Figure 8. Electrochemical analysis. a) Nyquist plot showing electrochemical impedance (Z) 

spectroscopy (EIS) data for the CSC-NPs at different temperatures. Inset of a) shows proposed 

equivalent circuit comprising of resistors (R), constant phase elements (CPE) and a Warburg 

element(W) .b) Arrhenius plots of the charge-transfer reaction for CSC-NPs (red square), QSC-NPs 

(blue circle), and PC-MPs (black triangle). Red line: Ea=0.46eV, R=0.99; blue line: Ea=0.43eV, 

R=0.99; black line: Ea=0.54eV, R=0.99. Temperature versus 1/Rct plot was fitted from electrochemical 

test data (EIS; (a) and Figure S8). c, d) A plot of polarizations, which are calculated from 

galvanostatic intermittent titration technique (GITT) curves in Figure S9, applying a 1C intermittent 

current, during charge (c) and discharge (d). QSC-NPs (blue circle) showed higher polarization than 

CSC-NPs (red square). Ea=activation energy, Rct=charge-transfer resistance, Rs=surface resistance, 

R1=solution resistance. From Ref. 62 
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The kinetics of cathode materials for Li-ion batteries depend critically on the rate at which the Li+ 

ions and electrons can migrate through the electrolyte and composite electrode structure into the 

active electrode material. 

Appapillai et al.58a reported microstructure of LiCoO2 with AlPO4 nanoparticle coating. They 

suggested mechanism of coating structure and composition on LiCoO2 surface after application of 

AlPO4 nanoparticles. “AlPO4”-coated LiCoO2 have shown that (1) AlPO4 is absent on the coated 

particle surface; (2) Al-rich LiAlyCo1-yO2 (y is close to 1) and P-rich Li3PO4 regions are present on the 

surface; and (3) surface coverage of Al-rich regions ( ~ 10 nm) is high but the thickness is small 

relative to P-rich regions ( ~ 100 nm). Li3PO4 is a lithium ion conductor which would allow lithium 

diffusion through the coating during charge and discharge of “AlPO4”-coated LiCoO2. Therefore, the 

presence of Li3PO4 in the particle surface of “AlPO4”-coated LiCoO2 can lower resistance of lithium 

diffusion through the particle surface and reduce electrode polarization relative to bare LiCoO2, which 

would lead to the improvement in rate capability.  

Kang et. al.64 reported lithium phosphate coating on the surface of nanoscale LiFePO4. In particular, 

glassy lithium phosphates are well known to be good, stable Li+ conductors and can be doped with 

transition metals to achieve electronic conduction. They suggested the limiting factor for charge/ 

discharge is the delivery of Li+ and electrons to the surface rather than bulk diffusion. This may 

explain the success of their strategy to facilitate transport across the surface by creating a poorly 

crystallized layer with high Li+ mobility. The amorphous nature of the coating removes the anisotropy 

of the surface properties and enhances delivery of Li+ to the (010) facet of LiFePO4 where it can be 

inserted. It is also plausible that the disordered nature of the coating material modifies the surface 

potential of lithium to facilitate the adsorption of Li+ from the electrolyte by providing different 

lithium sites with a wide range of energies that can be matched to the energy of lithium in the 

electrolyte. 
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Figure 9. Proposed mechanism of coating structure and composition on LiCoO2 surface after 

application of AlPO4 nanoparticles and firing at 700 °C. From Ref. 57a 
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Figure 10. Discharge capability at very high rate for LiFe0.9P0.95O4-δ synthesized at 600 °C. Full 

charge–discharge cycles at constant 197 C and 397 C current rates without holding the voltage. The 

loading density of the electrode is 2.96 mg cm-2. The first, fiftieth and hundredth discharges are shown 

for each rate. The electrode formulation is active material (30 wt%), carbon black (65 wt%) and 

binder (5 wt%). 
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2.4.2 Physical protection layer 

 

In general, capacity fading of positive active material can originate from three basic principles: 

 

(1) Structural changes during cycling; 

(2) Chemical decomposition/dissolution reactions; 

(3) Surface film modification, both within the particle and on surface of it. 

 

Surface coating for cathode materials is introduced to overcome these problems. The chemical 

instability of the Li-poor phase of Li1-xCoO2 (1 - x < 0.5) is more emphasized when it is in contact 

with electrolytes. Due to the overlap of the redox active Co3+/4+: t2g band with the top of the O2-:2p 

band, Li1-xCoO2 (1 - x < 0.5) shows oxygen loss and hydrogen incorporation, forming [Li1- xHy]- 

CoO2-δ. Hydrogen is generated from the organic solvent of the electrolytes. Also, it is noticeable that 

electrolytes decomposition easily occurs on the surface of LixCoO2 due to the highly oxidized Co4+ 

ions, resulting in substantial amounts of gas and heat generation with high polarization. The 

pioneering work was carried out by Cho et. al. who shows MOx-coated LiCoO2 (M = Zr, Al, Ti, B) 

samples that demonstrate improved cycleability, even though the charging voltage of LiCoO2 

increased to 4.4 V. They suggested that the coated oxide layer reacts with LiCoO2 during the heating 

process and forms a LiMxCo1-xO2 solid solution thin layer. The improvement of cycleability was 

considered to be attributable to the suppressing of the c-axis expansion of LixCoO2 and the cobalt 

dissolution in the electrolyte during cycling between 2.75 and 4.4 V65. 

 

  



４４ 

 

 

Figure 11. (a) The formation of a monoclinic phase with nonuniform lattice constant expansion (2.6%) 

in bare LiCoO2 during charging, and (b) the suppression of phase transition from hexagonal to 

monoclinic phase by a fracture-toughened thin-film metal-oxide coating. From Ref. 21 
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The surface coating can also act as a physical protection layer to prevent or suppress the chemical 

reactions between cathode materials and non-aqueous electrolytes; these reactions include oxidation 

of solvents by transition metal oxides such as delithiated cathode materials and the evolution of 

oxygen at high potential. It is believed that these reactions either occur at the cathode surface or 

involve mass transfer through the surface layer66. 

 Lee et. al.65 reported role of surface chemistry on safety and electrochemistry in Li-ion batteries. 

They mentioned that modification with metal oxide coating is noticeable in the spinel LiMn2O4 

material. LiMn2O4 offers excellent safety and high power capability, but shows severe capacity fading 

at elevated temperature ( >50 °C). The poor cycleability is attributed to several problems such as (i) 

Jahn-Teller distortion of Mn3+, (ii) formation of oxygen deficient LiMn2O4 upon cycling, (iii) 

microstrain caused by lattice mismatch between the two distinct cubic phases formed on cycling, and 

(iv) the dissolution of LiMn2O4 in HF-containing acidic electrolytes formed by the hydrolysis of 

LiPF6 in electrolytes. Mn dissolution happens in two ways: (i) the formation of soluble Mn2+ through 

the disproportionation reaction of LiMn2O4 (Mn3+ → Mn2+ + Mn4+) and (ii) acid dissolution by HF 

(Li1-xMn2O4 + HF → λ-Mn2O4 + LiF + Mn2+ + H2O). Between these, it is considered that capacity 

fading is mostly affected by Mn dissolution, because the dissolved Mn ions are reprecipitated on the 

surface of LiMn2O4 or diffuse into the anode surface, accompanied by a reduction of Mn ions and 

irreversible deintercalation of Li+ ions (Figure 12). Therefore, this method would be the most efficient 

way to prevent the formation of HF in electrolytes for the enhancement of cycleability, but it is not 

possible to perfectly control moisture content in this industry. An alternative is to coat MOx on 

LiMn2O4, which plays a role of HF scavenger. MOx can be reacted with HF to form MFy and H2O. 

Recently, various MOx (M = Mg, Zr, V, Zn, Al, Co) were examined as a coating layer, and MOx-

coated LiMn2O4 samples showed much improved cycle performance at elevated temperature. 
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Figure 12. Role of Mn dissolution in LiMn2O4 spinel on the capacity fading. (a) Schematic 

mechanisms of the Mn3þ dissolution and electrolyte decomposition. (b) Schematic presentation the 

irreversible Li ion loss byMnreduction at anode surface.Mn2þ ions are diffused from LiMn2O4 

cathode due to Mn dissolution. From Ref. 64 
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III. Experiment 

3.1 Spinel-Layered Core-Shell Cathode Materials for Li-ion Batteries 

3.1.1. Introduction 

 
LiNiO2 appears to be one candidate as a cathode material, due to the high-specific capacity and low 

cost. However, this material has a poor cycle life and thermal instability.67 Accordingly, there have 

been many trails to find stabilized Ni-cathode materials by decreasing the amount of Ni content below 

60%,68  but still have two critical problems to be solved. One is related to structural instability above 

60 °C. It has been reported that Ni and active metal ions dissolve into the electrolytes upon storage 

above 60 °C, with concurrent formation of NiO on the particle surface.69 The other problem is the 

substantial amount of oxygen evolved from the cathode above 200 °C, which eventually leads to 

thermal runaway of the Li-ion cells.70 In general, oxygen evolution is accompanied by structural 

transformation, such as spinel and NiO-type rock salt structures.  

On the other hand, coating or core-shell materials have been also intensively studied, but these 

methods should be accompanied by annealing process to the coating or shell metal hydroxide so as to 

react with the core materials. Eventually, the coating elements have been claimed to be distributed 

mainly on surface regions, i.e., concentration gradient. The first study of cathode material with 

concentration gradient element was LiCoO2 coated with SnO2.71 Sn elements were mainly confined 

near the surfaces at lower temperatures, but were uniformly distributed at 700 °C. Recently, core-shell 

structured Li[Ni0.64Co0.18Mn0.18]O2 with concentration gradient of Ni, Mn and Co toward the inward 

the particle with a depth of ~3 µm was reported using electron probe micro analyzer (EPMA), which 

has a spatial resolution of ~ 0.3 µm.72  This material was obtained from annealing at 780 °C for 20h 

It should be noted that violent exothermic reactions of the delithiated cathodes with the electrolytes 

initiate at the cathode surfaces and propagates inward the particle, and therefore, it is very important 

to introduce the highly stable phase near the surface. Here, we report a novel and high capacity and 

safe cathode material with average composition of Li[Ni0.54Co0.12Mn0.34]O2, in which the shell and 

core consist of spinel and layered phases (two heterostructure), respectively (Figure 13a). A spinel 

region was limited within 0.5µm from the surface. The core part of the particle with a layered phase 

(R3-m) and shell part with a thickness of < 0.5 µm consists of highly stable Lix[CoNixMn2-x]2O4 spinel 

phase (Fd-3m). The material demonstrates reversible capacity of 200 mAh g-1 and retains 95% 

capacity retention at the most severe test condition of 60 °C. In addition, amount of oxygen evolution 

from the lattice in the cathode with the core-shell is reduced by 70%, compared to the reference 

sample.  
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3.1.2 Experiment 
 

0.2 mol of Ni0.7Co0.15Mn0.15(OH)2 precursors (L&F, Korea) were mixed with 0.055 mol of 

Mn(CH3COO)2·4H2O in deionized water (100 g) in which 5 g of polyvinyl pyrrolidone was 

previously dissolved at 50 °C for 12hr and then the mixed solution was dried at 120 °C for 12hr. The 

obtained material was annealed to get MnO2 coated Ni0.7Co0.15Mn0.15O2 at 450 °C for 3hr. Finally, 

LiOH·H2O and MnO2 coated Ni0.7Co0.15Mn0.15O2 with a molar ratio of 1:1.03 in  were mixed in a 

homogenizer with a speed of 200 rpm, followed by annealing at 800 °C for 18 h in air.  

Powder X-ray diffract meter (XRD, D/Max2000, Rigaku) measurements using Cu Kα radiation at 2θ 

= 10 ° - 80 ° were used to identify the phase. X-ray photoelectron spectroscopy (XPS) analyses were 

performed with a Thermo fisher, K-Alpha spectrometer using a monochromatic Al Kα radiation of an 

energy beam (1486.6 eV). Spectra were recorded in the constant pass energy mode at 200.0 eV using 

a 200 µm diameter analysis area. For the depth profile, Ar-ion etching were used for 0–900 s. The 

morphology of the samples was observed using a scanning electron microscope (SEM, JSM 6400, 

JEOL). High resolution transmission electron microscopy (HRTEM) samples were prepared by the 

evaporation of the dispersed cathode particles in acetone or hexane on carbon-coated copper grids. 

The field-emission electron microscope was a JEOL, JEM-2100F operating at 200 kV. In this 

experiment, Nano SIMS instrument was used to evaluate element distribution. SIMS analysis was 

carried out in the CAMECA Nano SIMS 50 instrument. A 16 kV Cs+ primary ions are focused to less 

than 100nm and rastered over 10 µm*10 µm on the surface of the sample, at normal incidence. The 

samples were polished until the mid-section with SiC paper. The surface of the samples was coated 

with gold thin film to avoid sample charging problems. A pre-sputtering of the surface was performed 

for 30min before measurement in order to eliminate gold film and the surface contamination. Images 

were obtained by collecting the three different ions simultaneously. The ion species analyzed were 
7Li16O-, 55Mn16O-, and 58Ni16O-, respectively. 

The electrochemical properties were tested in a coin-type 2016R cell with a lithium metal as an 

anode and full cells (Al pouch type) which have a standard capacity of 90 mAh (thickness, 1 mm; 

width, 35 mm; length, 50 mm) with mesocarbon microbead graphite (Osaka Gas) as an anode. The 

cathode electrode consisted of 90 wt % active material, 5 wt % Super P carbon black, and 5 wt % poly 

vinylidene fluoride binder. The electrolyte for the half-cells and the full cells was 1.15 M LiPF6 with 

ethylene carbonate / diethylene carbonate / ethyl methyl carbonate (30:30:40 vol %) (Techno 

Semichem, Korea). The capacity and capacity retention were measured between 3 and 4.5 V at a rate 

of 0.1, 0.2, 0.5, 0.1, and 2 C (1 C = 185 mAg-1) Specific capacities of the cathodes were calculated by 

using active material only. The cycling tests of half cells were performed between 3 and 4.5 V at 0.5 

C-rate at 60 °C. The full cells were cycled between 3.0 and 4.4 V at 0.5 C-rate at 60 °C. 

Differential scanning calorimetry (DSC) samples of the cathodes were prepared by charging the coin 
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cells to 4.5 V at a 0.1 C rate, followed by holding them at that potential for 2 h. The soaked electrodes 

with the electrolytes was extracted in the dry-room (moisture content was below 100 ppm) and 

transferred to aluminum pan. The aluminum pan was sealed with no additional electrolyte or solvent 

added. X-ray diffraction patterns of the samples were recorded in situ upon increasing temperature by 

using a high temperature furnace on High Power X-Ray Diffract meter (Rigaku, D/MAZX 2500V/PC) 

with Cu Kα radiation. The cells were charged to 4.5V and then dissemble electrodes were prepared in 

the dry-room. The dissembled electrodes were washed with dimethyl carbonate (DMC) solvent for 

several times and dried in the dry-room and then attached to the sample holder of the furnace. Each 

pattern was recorded at every 25 °C from 150 to 325 °C with a step of 4 °min-1 in the 15 – 70 °(2θ) 

range. The temperature was maintained while the patterns were recorded. The electrode was heat at a 

rate of 5 °C min-1. 
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3.1.3 Results and discussion 

 

Figure 13b shows the schematic of sample preparation method, and Ni0.7Co0.15Mn0.15(OH)2 particles 

was first coated with polyvinyl pyrrolidone (PVP) in water and mixed with previously dissolved Mn 

acetate in water. Dissolved Mn ions were then complexed with the entire PVP backbone.73 The dried 

Ni0.7Co0.15Mn0.15(OH)2 particles was then mixed with LiOH·H2O and fired at 800 °C for 18h in air. 

Final average composition after annealing was Li[Ni0.54Co0.12Mn0.34]O2 based upon ICP-AES 

(Inductively Coupled Plasma – Atomic Emission Spectroscopy) analysis (TabIe 2) (from now on, we 

call Li[Ni0.54Co0.12Mn0.34]O2 sample core-shell cathode). As shown in the Figure 13c, a primary 

particle consists of densely aggregated submicron-sized particles with a particle size of < 12µm. 

During drying at 120oC, MnOx complexed with PVP was formed on the precursor, and upon annealing 

at 800oC, low melting point of LiOH lends easy migration of MnOx into the particles. However, due 

to very high melting temperature of MnOx particles (Mn2O3 or Mn3O4), Mn may have different 

concentration gradient in the particle. Also, it is possible that Mn elements are evenly distributed 

throughout the particle and thus no concentration change exists across the particle.   
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Figure 13. a) Schematic view of a core-shell particle with heterostructures b) Schematic diagrams for 

preparation of HS-LiNi0.54Co0.12Mn0.34O2 c) SEM images of HS-LiNi0.54Co0.12Mn0.34O2 corresponding 

to Figure 13b. 
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In order to prove these hypotheses, Nano-SIMS analysis with a spatial resolution of < 50nm was 

carried out, and Figure. 14a and b exhibit the element mapping of normalized Mn in relative to Ni of 

the cross-sectioned pristine LiNi0.7Co0.15Mn0.15O2 and core-shell particles. Mapping of Mn elements 

across the white arrow lines in the core-shell particle shows that relative intensity of Mn elements in 

relative to Ni has higher concentration near the surface although the reference sample shows a quite 

uniform distribution of Mn. This result indicates the possible formation of Mn-rich phase along the 

surface in contrast to a previous report on concentration gradient Li[Ni0.64Co0.18Mn0.18]O2, which 

proposed completely separated two regions consisting of  Ni-deficient shell with a thickness of 4 µm 

and Ni-rich pristine phase based on EPMA analysis.72 

In order to investigate the oxidation states of the Co, Ni, and Mn in the HS-Li[Ni0.54Co0.12Mn0.34]O2 

cathode, X-ray Photoelectron Spectroscopy (XPS) measurements were carried out before etching 

(Figure 15a) and after 5, 30, 60, and 90 nm depth etching (Figure 15b). Oxidation state of Ni before 

etching is mixed with +2 and +3, and those of Co and Mn are +3 and +4, respectively. However, 

deconvoluted spectra show that Ni3+ is slightly dominant over Ni2+. A quantitative analysis of the HS-

Li[Ni0.54Co0.12Mn0.34]O2 sample of Ni and Co and Mn after etching 5, 30, 60, and 90 nm (Table 3) 

shows the averaged composition of Li[Ni0.31Co0.11Mn0.58]O2, in which Mn concentration is higher than 

the average composition Li[Ni0.54Co0.12Mn0.34]O2 (Table 2). Although XPS and Nano-SIMS results 

suggests the possible Lix[Ni0.31Co0.11Mn0.58]O2 phase near the surface, no detailed microstructure was 

provided. Accordingly, randomly selected one particle was sliced using FIB (focused-ion beam) so as 

to conduct high resolution TEM analysis (Figure 16a). Digitalized Fourier transformed images 

(Figure 4b) shows plane directions (e.g. [440], [400], and [311]) that are well matched with those of 

spinel phase (Fd-3m), confirming the formation of the Lix[Ni0.31Co0.11Mn0.58]2O4-like spinel phase near 

the surface. 
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Figure 14. Nano-SIMS Images of the cross-sectioned LiNi0.7Co0.15Mn0.15O2 and HS-

LiNi0.54Co0.12Mn0.34O2 particles. a) Mn ions mapping image of LiNi0.7Co0.15Mn0.15O2 particle b) Mn 

ions mapping image of HS-LiNi0.54Co0.12Mn0.34O2 particle c) Line scanning profile of normalized Mn 

ions in relative to Ni ions of HS-LiNi0.54Co0.12Mn0.34O2 particle. 
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Figure 15. X-ray Photoelectron Spectroscopy (XPS) profiles of HS-LiNi0.54Co0.12Mn0.34O2 particle a) 

before etching b) after 5, 30, 60 and 90 nm depth etching. 
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Table 2. Element composition of the bulk particles by ICP-AES. 

[metal]/[Ni+Co+Mn] 
mol% 

LiNi0.7Co0.15Mn0.15O2 HS-LiNi0.54Co0.12Mn0.34O2 

 [Ni] [Co] [Mn] [Ni] [Co] [Mn] 

Calculated 70 15 15 55 12 33 

Measured 69 16 15 54 12 34 
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Table 3. Element composition on the surface of LiNi0.7Co0.15Mn0.15O2 and HS-LiNi0.54Co0.12Mn0.34O2 

by using XPS depth profile. 

[metal]/[Ni+Co+Mn] 
atomic% 

LiNi0.7Co0.15Mn0.15O2 HS-LiNi0.54Co0.12Mn0.34O2 

Depth 
[nm] 

[Ni] [Co] [Mn] [Ni] [Co] [Mn] 

5 68 17 15 30 12 59 

30 66 15 19 32 9 59 

60 69 15 17 30 12 58 

90 66 16 19 31 11 58 
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Figure 16. High resolution TEM image of cross sectioned HS-LiNi0.54Co0.12Mn0.34O2 particles by 

using focused-ion beam a) TEM image of cross sectioned particle b) Digitalized Fourier transformed 

images at each region 
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Figure 17 exhibits the powdery XRD patterns of the pristine Li[Ni0.7Co0.15Mn0.15]O2 and HS-

Li[Ni0.54Co0.12Mn0.34]O2 materials. Both materials are indexed to layered R-3m phase and lattice 

constants a and c values of HS-Li[Ni0.54Co0.12Mn0.34]O2 materials are a = 2.873(4) and c = 14.233(3), 

with values higher than those of the pristine (a = 2.872(2) Å and c = 14.215(3) Å). This result is due 

to that smaller Ni3+ (0.60 Å) ions is reduced to Ni2+ ions (0.69 Å) to make a charge balance when 

Mn4+ ions (0.53 Å) were substituted for either  Ni3+ (0.60 Å) or Ni2+ ions (0.69 Å).74 Although we 

expect that the spinel phase was formed in the range of < 0.5 µm, based upon TEM and Nano-SIMS 

results, it is difficult to detect from XRD pattern due to that the main diffraction peaks of the spinel 

phase are superimposed with those of layered phase. However, it should be noted that the XRD 

patterns of HS-Li[Ni0.54Co0.12Mn0.34]O2 shows more peak broadening compared with the pristine 

cathode. Such peak broadening may be associated with the spinel phase formation, which should lead 

to non-uniform distribution of local strains due to the formation of completely different phase in one 

particle as a core-shell (layered-spinel). To qualitatively estimate the local strain factor, ∆k (full width 

at half maximum) was fitted to each peak (003),(101) and (104) with the scattering vector k = 

(4π/λ)sinθ.75 The peak width of the pristine Li[Ni0.7Co0.15Mn0.15]O2 is ∆k =0.004 ± 0.002 nm-1 but its 

width increases to 0.008 ± 0.002 nm-1 in the cathode consisting of two heterostructures. 
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Figure 17. XRD patterns of the pristine Li[Ni0.7Co0.15Mn0.15]O2 and HS-Li[Ni0.54Co0.12Mn0.34]O2 

materials. 
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In consequence, combined Nano-SIMS, XPS and TEM results shows that the 

Lix[Ni0.31Co0.11Mn0.58]2O4-like spinel phase in the surface region. As far as we know, there have been 

no reports on a particle with two heterostructures, and spinel shell layer due to its high chemical and 

thermal stability is expected to significantly improve electrochemical performance above 50 °C and 

thermal stability at 4.5 V.  

In order to investigate the electrochemical properties of the samples, we adopted 60 °C-cycling to 

see the structural stability at the most harsh testing environments for the cathode materials for cycling. 

Figure 18 shows the voltage profiles of pristine and core-shell cathode ( HS-Li[Ni0.54Co0.12Mn0.34]O2), 

and reference Li[Ni0.5Co0.2Mn0.3]O2 electrodes cycled 3 and 4.5V at 60 °C under different C rates (0.1, 

0.2, 0.5, 1, and 2C, 1C = 185 mAg-1) using lithium half cells (2016R type). Electrode density of the 

tested cathodes was 3.3 g cc-1 upon using respective 5 wt% carbon black and binder. However, its 

density decreased to 3 g cc-1 upon using respective 10 wt% carbon black and binder, and previous Ni-

rich cathodes were normally used 10wt% carbon.76 First discharge capacities of the pristine and 

reference electrodes are 212 and 190 mAh g-1, respectively, while that of the core-shell sample is 200 

mAh g-1, which is higher than reference sample. This means that Mn elements confine near the 

surface area and shell composition may consist of Ni-rich phase like the pristine composition.  In 

addition,  first charge capacity of the core-shell sample is 234 mAh g-1 , which is slightly lower than 

the pristine with 237 mAh g-1.  Increased irreversible capacity ratio of the core-shell is 85%, which is  

4% lower than the pristine is due to the spinel shell.  

Figure 18b shows the differential curves of pristine, reference, and core-shell samples for the three 

cycles at a 0.1C rate, and hexagonal1 (H1) and monoclinic (M) phase transition at ~ 3.7 V and 

hexagonal 2 (H2) and hexagonal 3 (H3) phase transition at ~ 4.3V are observed.77 However, reference 

sample shows only H1 and M phase transition, and therefore the stoichiometry of the core-shell 

sample resembles to that of the pristine. However, the doublet peaks at ~ 3.7V for the first charge in 

the pristine sample merge into a single peak faster 2nd and 3rd cycles, while the peak at ~ 3.7V shows 

only single peaks during three cycles. Although more detail work for such a difference of the core-

shell sample is necessary, the shell layer is eventually believed to be suppressed the phase transition. 

Figure 18c shows a plot of working voltages (voltage corresponding to a half of discharge capacity) 

in the three samples at different C rates, and the core-shell sample shows highest working voltages 

among the samples, showing 3.82 and 3.75V at 0.1 and 2C rates. The improvements in performance 

of cathodes with coating or core-shell at elevated temperatures have been attributed to a suppression 

of the decomposition of the electrolyte,78 suppression of solid electrolyte interphase (SEI) formation47, 

79 and scavenging of HF from the electrolyte.80 
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Figure 18. a) Initial charge-discharge profiles at each C-rate of 0.1, 0.2, 0.5, 1 and 2C between 3.0 

and 4.5 V at 60 °C (1C-rate corresponds to 185 mA g-1) b) Differential curves of pristine, reference 

and core-shell samples for the three cycles at a 0.1C rate c) Plot of working voltages (voltage 

corresponding to a half of discharge capacity) in the three samples at different C rates. 
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Figure 19a shows rate capability test of the three samples at 60 °C with increasing C rates from 0.1, 

0.2, 0.5, 1, and 2C in lithium half-cell (2016R), and the core-shell sample shows excellent capacity 

retention each rate steps. For instance, Li[Ni0.75Co0.15Mn0.15]O2 and Li[Ni0.5Co0.2Mn0.3]O2 shows 20 

and 108 mAh g-1 after 15 cycles, while HS-Li[Ni0.54Co0.12Mn0.34]O2 shows 142 mAh g-1. Cycling tests 

of three samples above were also performed using lithium half cells (Figure 19b) and full cells at a 

rate of 0.5C at 60 °C, and the core-shell demonstrates much improved structural stability, compared to 

pristine and reference samples that show discharge capacities are 80 and 135 mAh g-1, respectively 

after 40 cycles, corresponding to capacity retentions of 40 and 75%. On the other hand, the core-shell 

shows 95% capacity retention. Moreover, such a capacity tendency is also observed in full cell tests 

(anode was natural graphite) between 3 and 4.4V (Figure 19c), and both capacity retention and initial 

voltage drop, working voltage is superior to pristine and reference samples.  

It has been reported that a main cause of the structure instability of the Ni-based cathode at elevated 

temperatures is associated with formation of Ni2+ species from side reactions with the electrolytes and 

spontaneous reduction.81 Figure 20 shows relative area ratio of Ni2+ and Ni3+ in the 

Li[Ni0.7Co0.15Mn0.15]O2, and reference Li[Ni0.5Co0.2Mn0.3]O2 and the core-shell before and after cycling 

at 60oC for 40 cycles using XPS analysis (Figure 21). The pristine sample shows substantially 

increase of Ni2+ ions after 60 °C cycling and the reference sample shows slight increase, indicating 

that even 50% Ni amount is not enough for ensure the cycling stability at 60 °C. However, the core-

shell cathode exhibits no change of relative area ratio of Ni2+, supporting the cycling results at 60 °C. 
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Figure 19. a) Discharge capacity from 0.1, 0.2, 0.5, 1 and 2C-rate between 3.0 and 4.5 V at 60 °C b) 

Cycle performance of half cells at 0.5C for 40cycles at 60 °C c) Discharge profile of full cells 

between 3 and 4.4V at 1st, 20th, and 40th. 
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Figure 20. a) Plot of the relative area of Ni2+ and Ni3+ peaks of XPS spectra Ni2p3/2 for 

LiNi0.7Co0.15Mn0.15O2, LiNi0.5Co0.2Mn0.3O2, and HS-LiNi0.54Co0.12Mn0.34O2 before and after 40cycles at 

60 °C 
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Figure 21. Deconvoluted XPS spectra of the particles for LiNi0.7Co0.15Mn0.15O2, LiNi0.5Co0.2Mn0.3O2, 

and HS-LiNi0.54Co0.12Mn0.34O2 before a cycle test and after 40 cycles at 60 °C.  
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The greatest concern with Ni-rich cathodes is the rapid capacity fading that occurs at higher 

voltages due to Ni dissolution or reactions with the electrolytes associated with structure distortion 

and thermal runaway under thermal abuse at the overcharged states, such as 12 V overcharge and nail 

penetration.82 The triggering mechanism that induces thermal runaway is directly related to the extent 

of cathode thermal instability at the charged states, and more lithium deintercalation results in 

increased oxygen generation from the cathodes. In consequence, thermal stability test needs to be 

done at more delithiated states, and our three samples were run Differential scanning calorimetry 

(DSC) using soaked electrodes with electrolytes after charging to 4.5V (Figure 22). Pristine 

Li0.1[Ni0.7Co0.15Mn0.15]O2 sample shows an onset temperature, which is indicative of starting 

temperature of oxygen evolution from the lattice, is 227 °C, but its temperature of the reference 

Li0.1[Ni0.5Co0.2Mn0.3]O2  sample is 232 °C. Similar the onset temperature of these samples indicates 

that Ni contents in the samples do not play an important role in suppressing oxygen evolution from 

the lattice. A total generated heat (amounts of oxygen liberating from the lattice) of these samples 

were estimated to 1230 J g-1 and 980 J g-1. However, the core-shell sample shows an onset 

temperature of 238 °C with a total generated heat of 310 J g-1 of which value is almost 3-4 times 

lower than those two samples. The R-3m hexagonal phase to the spinel phase occurs via the overall 

migration of 25% of the Ni4+ cations from the slab to the interlayer space, as well as through the 

displacement of the lithium ions from the octahedral to tetrahedral sites in the interlayer space.23 This 

type of phase transition evolves an oxygen loss. This indicates that spinel-like shell layer significantly 

suppress the exothermic reaction with the electrolytes even at highly delithiated states. Also note that 

physical blending of Li[Ni0.7Co0.15Mn0.15]O2 and LiMn2O4 spinel (70:30 wt%) do not suppress such an 

exothermic reaction, showing high peak height (a total generated heat was estimated to 825 J g-1).  

Structural stability of the charged electrodes (pristine and core-shell) was investigated using in situ 

XRD analysis under argon atmosphere up to 325 °C (Figure 23). A layered structure is observed in 

two samples until 175 °C, after which depending on the sample, the peak shape and diffraction angle 

becomes different. The pristine sample show the merged two (108) and (110) diffraction peaks at 

200 °C, indicating that the layered phase (Li1-zNiO2 (R-3m)) decomposed to a cubic spinel phase 

LizNi2O4 (Fd-3m).83 However, the core-shell cathode shows the merged peak at 250 °C, and therefore 

structural stability of the core phase is much improved by the spinel shell. 
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Figure 22. Differential scanning calorimetry profiles of LiNi0.7Co0.15Mn0.15O2, LiNi0.5Co0.2Mn0.3O2, 

HS-LiNi0.54Co0.12Mn0.34O2 and a physically blended material consisting of LiNi0.7Co0.15Mn0.15O2 

(70wt%) and LiMn2O4(30wt%) after charging at 4.5V. 
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Figure 23. In situ X-ray diffraction patterns of LiNi0.7Co0.15Mn0.15O2 and HS-LiNi0.54Co0.12Mn0.34O2 

after charging at 4.5V. 
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3.1.4 Conclusion 

 

High energy Li[Ni0.54Co0.12Mn0.34]O2 cathode material with two heterostructures, consisting of core 

layered phase and shell spinel phase, was developed by using PVP-functionalized coating of Mn 

precursor on Li[Ni0.7Co0.15Mn0.15]O2. This material demonstrated reversible capacity of 200 mAh g-1 

and excellent cycling and rate capability at 60 °C. Most importantly, breakthrough was made in the 

thermal instability of the Ni-rich phase (> 50 mol%) and this material with two heterostructures 

demonstrated substantially reduced heat generation, compared to Li[Ni0.5Co0.2Mn0.3]O2. We believe 

that two heterostrucrures in a particle can be prepared by using our scheme, and meets the critical 

requirements for the battery performance both EV and mobile electronics. 
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3.2 New Protective Surface Layer for High Capacity Ni-based Cathode Materials: Nano-scaled  

Surface Pillaring Layer 

 

3.2.1 Introduction 

 

Recently, Ni-based cathode materials (Ni content <60%) for Li ion batteries have been successfully 

commercialized as a result of intensive R & D efforts. Moreover, it is one of the most widely used 

cathode materials due to its high specific capacity and low cost. However, it still demands necessities 

of higher energy density and more improved thermal stability to compete with requirements of smart 

mobile applications and x-EVs (extended electric vehicles). Accordingly, further researches to 

increase both Ni content to above 65% and the cutoff voltage more than 4.5 V is being carried out to 

increase energy density of Li-ion cells.84 However, two critical problems (structural instability both at 

>60 °C-cycling and fast exothermic oxygen evolution at > 200 °C) occurring such a Ni content should 

be solved. Among them, the electrochemical performance of cathode materials at elevated 

temperature (< 60 °C) is much more important than those at room temperature because the catalytic 

side reactions between the electrode surface and the electrolytes can lead to an increased formation of 

a non-conducting solid electrolyte interface (SEI) layer or accelerate the deterioration of cathode 

materials, resulting in a rapid decrease in capacity85. It has been reported that the degradation of 

LiMO2 (M = Co, Ni, and Mn) cathode materials was strongly related to their surface chemistry. 

Among the proposed degradation mechanisms, the irreversible formation of inactive Ni2+ or Ni3+ 

species, particularly those localized in surface regions, are the products of such reactions69b, 69c, 86. In 

other words, when Li1-xNi1-yMyO2-based cathode materials (M = transition metals) are charged above 

4.3 V, corresponding to x > 0.75, the cathodes could be partially transformed into an 

electrochemically inactive NiO-like phase or spinel structure with volumetric changes due to the 

migration of the Ni cations from the original transition metal (TM) layers to the Li slabs, so called 

cation mixing.87 The increased formation of NiO phase leads to capacity fading, and moreover, 

repeated volumetric changes could result in the pulverization of the original active materials. The 

pulverized particles were detached from the secondary particles and do not contribute electrochemical 

reactions, leading to the increase in cell impedance88. 

Many researches have been carried out to improve such structural stability of Ni-based cathode 

materials via surface coating (Al2O3, ZrO2, AlPO4)55a, 82b, 89 and core-shell structure.72, 90 These 

methods are a sort of surface modification of the cathode and depending on the amount of coating 

material the coating thickness can be controlled. On the other hand, the structural stability also can be 

improved by doping cations (Mg2+, Zr4+, Ti4+)77b, 91. Interestingly Delmas et al proposed that structural 
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stability of lithium Ni-based cathode could be significantly improved when the dopant ions with 

similar ionic radius of Li+ (0.76Ǻ) was substituted into the Li sites.24a, 33 For instance, when Mg2+ ions 

(0.72 Ǻ) occupied in the Li sites in LiNi0.86Co0.09Mg0.05O2, cycling stability was enhanced by 70% 

after 200 cycles between 3.4 and 4.3V at 60oC. Pillar ions, such as Mg2+ plays in a role in screening 

the O2- - O2- repulsions during the charge, thus preventing the interslab collapse. Note that pillar ions 

were uniformly distributed throughout the bulk cathode. This pillaring effect led to decreased volume 

change of the cathode material, and this method is the most effective way to minimize the volume 

change of the cathode. One drawback of this method is that large amount of pillar ions resulted 

insignificantly increased irreversible capacity.  

 We report novel LiNi0.70Co0.15Mn0.15O2 cathode materials with nano-scaled pillar layer at the surface. 

When the nano-scaled pillar layer was introduced in cathode, structural stability in a charging cutoff 

voltage of 4.5 V are significantly improved at 60 °C, compared to the bare LiNi0.70Co0.15Mn0.15O2 and 

reference LiNi0.6Co0.2Mn0.2O2 samples. In addition, amount of heat generation was decreased by 40%, 

compared to LiNi0.70Co0.15Mn0.15O2. 
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3.2.2 Experiment 

 

0.2 mol of Ni0.7Co0.15Mn0.15(OH)2 precursors (L&F Co., Ltd, Korea) were mixed with 0.023 mol of 

Mn(CH3COO)2·4H2O in deionized water (100 g) in which 5 g of polyvinyl pyrrolidone was 

previously dissolved at 50 °C for 12hr and then the mixed solution was dried at 120 °C for 12 hr. The 

obtained material was annealed to get MnO2 coated Ni0.7Co0.15Mn0.15O2 at 450 °C for 3 hr. Finally, 

LiOH·H2O and MnO2 coated Ni0.7Co0.15Mn0.15O2 or Ni0.7Co0.15Mn0.15(OH)2 with a molar ratio of 1:1.00 

in were mixed in a homogenizer with a speed of 1200 rpm, followed by annealing at 800 °C for 18 h 

in air. LiNi0.6Co0.2Mn0.2O2 material was commercially available product.  

The electrochemical properties were tested in a coin-type 2016R cell with a lithium metal as an anode. 

The cathode electrode consisted of 94 wt % active material, 3 wt % Super-P carbon black, and 3 wt % 

poly vinylidene fluoride binder and capacity per cm2 was 1.5 mAhcm-2. The electrolyte for the half-

cells and the full cells was 1.15 M LiPF6 with ethylene carbonate / diethylene carbonate / ethyl methyl 

carbonate (30:30:40 vol %) + FEC 5 % (Panax etec Co., Ltd, Korea). 

Powder X-ray diffract meter (XRD, D/Max2000, Rigaku) measurements using Cu Kα radiation at 2θ 

= 10 ° - 70 ° were used to identify the phase. X-ray photoelectron spectroscopy (XPS) analyses were 

performed with a Thermo fisher, K-Alpha spectrometer using a monochromatic Al Kα radiation of an 

energy beam (1486.6 eV). Spectra were recorded in the constant pass energy mode at 200.0 eV using 

a 100 µm diameter analysis area. For the depth profile, Ar-ion etching was used for 0–900 s. The 

morphology of the samples was observed using a scanning electron microscope (SEM, Nano230 FE-

SEM, FEI). Transmission electron microscopy samples were prepared by epoxy embedding, followed 

by mechanical grinding and ion milling. The field-emission electron microscope was a JEOL, JEM-

2100F operating at 200 kV. 

Electrochemical impedance spectroscopy (EIS) of cycled samples at 60 °C was measured in the 

charged state of 4.5 V at certain cycles (1st, 50th, and 100th). The Nyquist plot data was obtained with a 

frequency range from 105 to 10-3 Hz and amplitude of 10 mV by an Ivium impedance analyzer. All 

the fittings were carried out with Solatron software “Zview”. Differential scanning calorimetry (DSC) 

samples of the cathodes were prepared by charging the coin cells to 4.5 V at a 0.1 C rate, followed by 

holding them at that potential for 2 h. The soaked electrodes with the electrolytes was extracted in the 

dry-room (moisture content was below 100 ppm) and transferred to aluminum pan. The aluminum pan 

was sealed with no additional electrolyte or solvent added. 
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3.2.3 Results and Discussion 

 

Figure 24 shows the schematic view of the layered cathode material with a pillar layer. Pillar layer 

was formed via Mn element doping at the surface and According to our previous study, when 20 mol% 

Mn precursor was coated on the Ni0.7Co0.15Mn0.15(OH)2 precursor, the final cathode was turned into 

LiNi0.54Co0.12Mn0.34O2 cathode with the spinel LixNi0.31Co0.11Mn0.58O2 shell layer of a thickness 

<0.5µm90b. In this study, we have newly observed that nano-scaled pillar layer could be introduced in 

the bare LiNi0.7Co0.15Mn0.15O2 (denoted as BC) when the amount of Mn precursor was reduced by 10 

mol%. Finally, after heat-treatment, LiNi0.62Co0.14Mn0.24O2 consisting of a nano-scale pillar layer with 

a thickness of ~ 10 nm on the surface is obtained (denoted as PC) and does not form a spinel phase at 

the surface. When Mn ions are substituted in the Ni-cathode materials, Ni3+ ions are reduced to Ni2+ 

ions due to charge compensation of Mn4+ ions81b, 92. Simultaneously, Ni2+ ions partially tend to 

migrate to Li site in the R-3m space group, thus pillaring the Li slabs. These pillared slabs are formed 

as a rock salt NiO phase with a Fm-3m space group93. Accordingly, we expect that the structural 

stability of the Ni-based cathode materials could be improved by the pillaring effect. 

The SEM images of BC and PC particles showed that both materials have a spherical morphology in 

which secondary particles consisted of densely aggregated sub-micron-sized primary particles with 

average particle size around 10 µm (Figure 25). 
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Figure 24. Schematic view of the layered cathode material with a pillar layer at the surface. 
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Figure 25. SEM images of (a) Ni0.7Co0.15Mn0.15(OH)2 and (b) MnOx - coated Ni0.7Co0.15Mn0.15(OH)2. 

(c) and (d) magnified SEM image of (a) and (b). (e) LiNi0.7Co0.15Mn0.15O2 cathode material. (f) 

LiNi0.62Co0.14Mn0.24O2 cathode material with a nano-scaled pillaring. 
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We examined inductively coupled-plasma atomic-emission spectroscopy (ICP-AES) and X-ray 

Photoelectron Spectroscopy (XPS) to investigate a chemical composition of the BC and PC after 

etching to 5, 30, and 60 nm (Figure 26). Although average chemical composition of PC materials was 

found to be LiNi0.62Co0.14Mn0.24O2, (Table 4), higher Mn concentration near the surface suggests that 

the chemical composition of the core part may be similar to that of BC (Table 5). Figure 27 shows 

the XPS spectra of Ni 2p3/2 for BC and PC materials after 5 nm-etching. The Ni 2p3/2 peak of PC 

observed at 854.4 eV is lower than BC (854.8 eV), which can be attributed to the more presence of 

Ni2+ ions at the surface. Therefore, we can assume that the substituted Mn ions at the surface make Ni 

ions reduce Ni3+ to Ni2+, so that it would induce migration of Ni2+ from transition metal slabs (TM 

slabs) to Li slabs (Figure 24).  
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Figure 26. X-ray photoelectron spectroscopy (XPS) profiles of (a) Ni 2p3/2, (b) Co 2p3/2, and (c) Mn 

2p3/2 in LiNi0.7Co0.15Mn0.15O2 (BC) material and (d) Ni 2p3/2, (e) Co 2p3/2, and (f) Mn 2p3/2 in 

LiNi0.62Co0.14Mn0.24O2 (PC) material after etching to 5, 30, and 60 nm. 
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Table 4. Element composition of the bulk particles by ICP-AES. 

 LiNi0.7Co0.15Mn0.15O2 LiNi0.62Co0.14Mn0.24O2 

[metal]/[Ni+Co+Mn] 
mol% 

[Ni] [Co] [Mn] [Ni] [Co] [Mn] 

Calculated 70 15 15 63 13 24 

Measured 69 16 15 62 14 24 

 

 

 

 

 

 

 

 

Table 5. Element composition of LiNi0.7Co0.15Mn0.15O2 and LiNi0.62Co0.14Mn0.24O2 at the surface by 
XPS. 
[metal]/[Ni+Co+Mn] 

atomic% 
LiNi0.7Co0.15Mn0.15O2 LiNi0.62Co0.14Mn0.24O2 

Depth 
[nm] 

[Ni] [Co] [Mn] [Ni] [Co] [Mn] 

5 68 17 15 48 15 37 

30 66 15 19 46 18 36 

60 69 15 17 47 14 39 
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Figure 27. XPS profiles of Ni 2p3/2 for (a) LiNi0.7Co0.15Mn0.15O2 (BC) and (b) LiNi0.62Co0.14Mn0.24O2 

(PC) after etching to 5 nm. 
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In order to prove this phenomenon further, we investigated a crystal structure of PC. XRD patterns 

of BC and PC materials exhibit the formation of layered R-3m phase (Figure 28). Lattice constants a 

and c values of BC are a = 2.869 Å and c = 14.206 Å but those values of PC changes to a = 2.871 Å 

and c = 14.220 Å, respectively. Especially, c value of PC is larger than its LiNi0.7Co0.15Mn0.15O2 

because smaller Ni3+ (0.60 Å) ions is reduced to Ni2+ ions (0.69 Å) for charge compensation when 

Mn4+ ions (0.53 Å) were substituted94. 

Generally, the intensity ratio of (003) to (104) peak (I(003)/I(104)) is indicative of showing the degree of 

cation mixing in the layered structure with a R-3m space group. Ni2+ ions (0.69 Å) which have similar 

ionic radius to Li+ (0.76 Å) tend to migrate to Li slabs. According to Ohzuku et al., the presence of 

NiO phase, in which Ni2+ ions occupy the octahedral Li sites, weakens the intensity of the (003) peak, 

while the intensity of (104) peak is unchanged. Thus, as the integrated intensity ratio I(003)/I(104) is 

decreased, the NiO phase in the R-3m structure is increased87b. Its ratio of BC and PC is 1.37 and 1.23 

respectively showing that the degree of cation mixing in PC is higher than BC. It could be assumed 

that this cation mixing may be related to the pillar formation in the Li slabs. However, XRD analysis 

could not provide direct evidence of pillar formation in the Li slab, and therefore we examined the 

surface structure whether Ni ion pillars are formed by using HRTEM and STEM.  

Figure 29 shows HR (high resolution) TEM and FFT (Fast Fourier Transformed) images of BC and 

PC materials and scans the surface and the core part. As shown Figure 29a, surface region of BC near 

~ 5 nm (region 1) consists of the mixed phases of NiO phase (Fm-3m) and layered phase (R-3m) 

(indicated as red circles), while regions 2 and 3 show a R-3m phase only. On the other hand, images 

of PC show (Fig. 29c) that same phases are observed in three regions identical to BC. However, it 

should be noted that a region consisting of pure NiO phase with a thickness of ~ 10 nm is observed in 

contrast to BC. 
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Figure 28. XRD patterns of LiNi0.7Co0.15Mn0.15O2 (black line) and LiNi0.62Co0.14Mn0.24O2 (red line). 
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Figure 29. HR (high resolution) TEM and FFT (Fast Fourier Transformed) images of 

LiNi0.7Co0.15Mn0.15O2 (BC) and LiNi0.62Co0.14Mn0.24O2 (PC) and scans from the surface to the core part. 

(a) and (c) HRTEM images of BC and PC at the surface. (b) and (d) digitalized Fourier transformed 

images at the regions indicated as red rectangles in Fig. 29a and Fig. 29c. 
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In order to analyze a microstructure with an atomic scale, high resolution STEM was performed and 

Figure 30 shows STEM images of a grain boundary at the surfaces of BC and PC. Figure 30c and 

30d are magnified images of regions A and B (BC sample) in Figure 30b, and Li and TM slabs along 

the [003] axis alternatively are clearly observed. Red arrow and green arrows indicate a Li slabs and 

TM slabs, respectively. Li slabs are invisible because it is a light element, while transition metals have 

strong contrast in the images. In Figure 30c, a thickness of transition metals in Li and TM slabs 

showing a clear white contrast are about 3 nm. In region B (Fig. 30d), no NiO phase was observed.  

This result indicates a bright contrast of Li slabs at the surface has resulted from migration of some 

Ni2+ ions from original TM slabs to Li slabs. Generally, Ni-based cathode materials inherently have 

partially disordered cation distribution in Li slabs and we believe that 3nm-thickness of NiO layer of 

BC is naturally formed during the synthesis. On the contrary, as shown Figure 30g, PC shows 

significantly extended region of Li slabs (~ 10 nm) which have a bright contrast, compared to BC. 

Consequently, Mn elements doping in BC lead to be increased pillaring region at the surface, which 

means Ni3+ ions in the surfaces effectively reduced to Ni2+ and, in turn some portion of Ni2+ ions took 

in Li slabs as pillars. 
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Figure 30. STEM images of a grain boundary at the surface of LiNi0.7Co0.15Mn0.15O2 (BC) and 

LiNi0.62Co0.14Mn0.24O2 (PC). (a) and (e) STEM images of a primary particle at the surface of BC and 

PC. (b) and (g) magnified STEM images of red frame region in Fig. 30a and Fig 30e. (c) and (d) a 

high magnification STEM images of regions A and B in Fig. 30b. (g) and (h) a high magnification 

STEM images of region A and B in Fig. 30f. 
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Generally, LiMO2 (M = Co, Ni, etc.) cathode materials which have layered structure, R-3m space 

group, undergo various phase transition during charging87b, 95. As Li+ ions in LiMO2 are deintercalated 

from Li slabs, the lattice is expanded along the c-axis due to increasing a repulsive force between inter 

slab of MO2. On removal of more than a critical fraction of lithium from Li1-xMO2 phase (x > 0.75), 

the lattice is rapidly shrunk along the c-axis. Therefore, we could predict the structural stability of 

cathode materials in the fully charging process. From the differential curves of the samples during the 

first cycle between 3.0 and 5.0 V at 0.1 C (1C = 190 mA g-1), in coin-type lithium cell at 21 °C 

(Figure 31a) phase transitions occurred in the samples can be predicted; rhombohedral1 (R1) to 

monoclinic (M) phase transition at ~ 3.7 V, and monoclinic (M) to rhombohedral2 (R2) phase 

transition at ~ 4.0 V, and rhombohedral2 (R2) to rhombohedral3 (R3) phase transition at ~ 4.3 V, and 

rhombohedral3 (R3) to trigonal or monoclinic (T or M) phase transition at ~ 4.7 V are observed 

(Figure 31b). Particularly, notable difference for phase transitions from R3 to T or M phases is 

observed in the samples, and PC shows much depressed such phase transitions in contrast to BC and 

RC. We will discuss on this phenomenon with structural stability later.  

The extended electrochemical tests of the samples to study the pillaring effect were performed at 

60 °C. Figure 32 show the charge and discharge profiles of BC, RC, and PC between 3.0 and 4.5 V 

after 1st, 25th, 50th, 75th, and 100th cycles at 0.5 C rate in coin-type lithium cells at 60 °C (The first 

cycle was cycled at 0.1 C rate). The first discharge capacity of PC is 204 mAh g-1, which is lower than 

BC and RC, showing 212 and 207 mAh g-1, respectively. However, the cycle performance of PC is 

significantly improved, showing 166 mAh g-1 (85% capacity retention) after 100 cycles. On the other 

hand, BC and RC sample shows the discharge capacities of 88 and 123 mAh g-1 after 100 cycles, 

corresponding to capacity retention of 45 and 63 %, respectively. Concomitant to this, it should be 

noted that the average working voltages of PC decreases more slowly than RC and BC upon 

increasing cycle number. This result clearly indicates the nano-scaled pillar layer is very effective to 

block the side reactions with the electrolytes.  
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Figure 31. (a) Initial charge and discharge profiles of BC (black), RC (red), and PC (blue) between 

3.0 and 5.0 V at 0.1 C (1C = 190 mA g-1), in coin-type lithium cell at 21 °C. (b) Differential capacity 

versus cell voltage, dQ/dV, of the initial charge and discharge profiles of BC (black), RC (red), and 

PC (blue). 
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Figure 32. Charge and discharge voltage profiles of (a) BC, (b) RC, and (c) PC between 3.0 and 4.5 V 

after 1st, 25th, 50th, 75th, and 100th cycles in coin-type lithium half cells at 60 °C, (d) plot of 

discharge capacity vs. cycle numbers of BC, PC, and RC samples(The first cycle (blue lines) was 

cycled at a 0.1 C rate (1C = 190 mA g-1)). 
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We further examined the improved cycling stability at 60 °C through EIS, XRD, and SEM. The 

electrochemical impedance of cycled samples at 60 °C was measured in the charged state of 4.5 V 

after 1st, 50th, and 100th cycles (Figure 33). The Nyquist plots with a frequency range from 105 to 10-3 

Hz have two-semicircles. The first circle in the high frequency is related with the resistance for Li+ 

ion migration through the surface film (Rf) and film capacitance, while the second one in the low 

frequency with charge transfer resistance (Rct). The Rct values in the bare and the reference electrode 

are sharply increased from 14.3 Ω to 911 Ω and 26.5 Ω to 484.2 Ω during the cycling, respectively 

(Table 6). However, PC showed substantially decreased its value, showing 46.0 Ω from 8.8 Ω after 

100 cycles. Aurbach et al. reported that Ni-based cathodes are reported to be occurred the rapid 

capacity fading at higher voltages due to side reactions with the electrolytes associated with structural 

distortion81e, 85a. Transition metals at high oxidation states can oxidize alkyl carbonates, thus forming 

CO2 and transition metal ions at lower oxidation states. Consequently, the decrease of active transition 

metal by forming the pillar contributed to maintaining structural stability of the PC. 

XRD patterns of BC and RC electrodes show the presence of two dominant phases consisting of R-

3m and P-3m1 whereas PC has only R-3m phase after 100 cycles at 60 °C. (Figure 34) The I(003)/I(104) 

ratio of BC and RC in R-3m phase was decreased from 1.37 to 0.82 and 1.36 to 0.80 after 100 cycles. 

This result indicates that cation mixing is repeatedly occurred in the structure during the cycling, 

resulting in formation of NiO phase. Moreover, trigonal phase (P-3m1) was observed in BC and RC. 

On the other hand, the I(003)/I(104) ratio of PC is reduced from 1.23 to 0.96, showing a much decreased 

gap, compare to those of BC and RC. Furthermore, XRD pattern after cycling shows no trigonal phase 

formation. This result shows the direct evidence for the improved capacity retention due to the 

formation of the pillar layer.  
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Figure 33. (a) Equivalent circuit for the electrochemical impedance of three samples, and  Nyquist 

plot for (b) BC, (c) RC, and (d) PC with a frequency range from 105 to 10-3 Hz at 1st, 50th, and 

100th cycle in the charged state of 4.5 V. 
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Table 6. The electrochemical impedance (Rf and Rct) of cycled samples at 60 °C was measured in the 

charged state of 4.5 V after 1st, 50th, and 100th cycles. 

Cycle number BC RC PC  

Rf Rct  Rf  Rct  Rf Rct   / Ω 

1st 4.5 14.3 9.3 26.5 15.6 8.8  

50th 10.0 470.6 15.1 300.6 29.4 35.2  

100th 13.5 911 19.2 484.2 32.8 46.0  
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Figure 34. XRD patterns of (a) BC, (b) RC, and (c) PC electrodes after 100 cycles between 3.0 and 

4.5 V at 0.5 C and 60 °C. 
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In addition, dQ/dV results clearly support the pillar effect (Figure 35c), and phase transitions of PC 

occurred above 3.6V are decreased considerably, compared to BC and RC. During the phase 

transition, the lattice parameter c expands or shrinks significantly, thus inducing a differential stress 

within the particle and causes a fracture in the material. Figure 36 shows SEM images of cross-

sectioned samples before and after 100 cycles at 60 °C. The randomly selected particles were sliced 

using a focused-ion beam (FIB). All of the particles before cycling consist of densely aggregated 

primary particles, whereas the morphology of primary particles was extremely changed after 100 

cycles. As shown Figure 36g, the aggregated primary particle of BC sample was pulverized, resulting 

in losing the electric pathway. The fracture of the primary particles was also found in RC sample.   

However, the increase of fracture in the particle during the cycling was considerably suppressed in 

PC sample (Figure 36i). This result indicates the pillar in Li slabs prevent the pulverization of the 

primary particle upon cycling due to suppression of volume expansion of lattice. 

As described in the introduction, another problem of the Ni-rich cathodes is substantial amount of 

oxygen generation during heating at charged states, and more lithium deintercalation results in 

increased oxygen generation from the cathodes at higher temperatures.96 In consequence, thermal 

stability test needs to be carried out at more delithiated states. BC and PC samples were used soaked 

electrodes with electrolytes after charging to 4.5V for DSC measurements (Figure 37). Although BC 

and PC sample shows a similar onset temperature, which is indicative of starting temperature of 

oxygen evolution from the lattice, is 227 °C, amount of heat generation is completely different. A total 

generated heat (amounts of oxygen liberating from the lattice) of BC from 220 to 270 °C were 

estimated to 277 J g-1. However, PC shows 167 J g-1 of which value is ~40 % lower than BC. This 

result shows the pillar layer also contributes to improved structural stability of the layered phase. 
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Figure 35. dQ/dV profiles of charge and discharge profiles for (a) BC, (b) RC, and (c) PC at 1st, 25th, 

50th, 75th, and 100th cycle at 60 °C (Fig. 6d.). 
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Figure 36. SEM images of cross sectioned BC, RC, and PC particles before and after cycling at 60 °C, 

SEM images of a pristine particle of (a) BC, (b) RC, and (c) PC, and cross sectioned pristine particles 

of (d) BC, (e) RC, and (f) PC, and SEM images of cross sectioned particles of (g) BC, (h) RC, and (i) 

PC after 100 cycles between 3.0 and 4.5 V at 60 °C. 

 

  



９５ 

 

 

 

Figure 37. DSC profiles of BC and PC after charging at 4.5 V. 
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3.3.4 Conclusion 

 

LiNi0.62Co0.14Mn0.24O2 cathode material with a pillar layer at the surface with a thickness of ~10 nm 

was prepared using a PVP-functionalized Mn precursor coating on Ni0.7Co0.15Mn0.15(OH)2. The 

pillaring layer in the layered cathode materials, R-3m space group, suppresses the interslab collapse 

during cycling and prevented the particle pulverization upon cycling. This layer led to structural 

stability during cycling at 60 °C and heating at charged state. We believe the pillar formation at the 

surface also could be used in other layered cathode materials, and other coating precursors as pillaring 

ions, such as Zr4+, Ti4+ or Mg2+ instead of Mn4+ could be used. 
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