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Abstract

Ni-rich layered oxide is considered as a promising cathode 

materials, owing to its high practical capacity. As the content of 

nickel increases, the capacity of these materials increases but 

structural stability decreases at the same time. 

Structural instability of such oxygen-containing cathodes can lead 

to release of the cathode lattice oxygen in form of O2•. Oxygen 

release leads to severe degradation of the cathode performance and 

deteriorates the safety of the battery by triggering a thermal 

runaway.

In this paper, to improve thermal stability, PBA-coated NCA is 

introduced to suppress the evolution of oxygen radicals because the 

radical- scavenging coating layer captures oxygen radicals evolved 

from cathode lattice structure.

Radical - scavenging coating layer is obtained through surface 

engineering using phosphono benzoic acid, containing phosphorus 

which is known to scavenge free radicals. These surface 

modifications lead to improved thermal stability and diminished 

electrolyte decomposition and gas evolution, exhibiting similar 

electrochemical performance.
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Chapter 1. Introduction

1.1. Study Background

Recently, Lithium-ion batteries have been required for higher 

energy density. [1-5] Ni-rich layered oxides, LiNixCoyMnzO2 

(NCM) and LiNixCoyAlzO2 (NCA) with x + y + z = 1 and x >= 0.8, 

have recently been investigated as cathode materials for high 

energy density Li-ion batteries due to their comprehensive 

advantages in terms of theoretical capacity, working potential and 

manufacture cost. [6-9] The demand for higher energy density 

makes Ni content higher, which increases specific capacity but 

decreases thermal stability. [10-15] For this reason, research 

about thermal stability of cathode should be accompanied with 

energy density. [16-19]

This is attributed that the lattice oxygen becomes vulnerable with 

increasing the lithium extraction from the crystalline structure. 

Structural instability of such oxygen-containing cathodes can lead 

to release of the cathode lattice oxygen in form of O2•. [20-23] 

Oxygen release leads not to severe degradation of the cathode 

performance and deteriorates the safety of the battery by triggering 
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a thermal runaway and generating flammable gas. [24-26]

For this reason, many studies were focused on the development of 

cathode materials for LIBs. For example, cation doping for 

stabilization of lattice structure, nonflammable electrolytes and 

oxygen scavenging additives for preventing the propagation of 

oxygen radicals has been investigated. [27-35]
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1.2. Purpose of Research

To improve thermal stability, scavenging oxygen radicals is 

essential for Ni-rich cathode materials. For this reason, we 

obtained surface-modified Ni-rich cathode materials to scavenge 

oxygen radicals released from charged cathode. We chose 

phosphono benzoic acid, containing phosphono functional group that 

is widely known to scavenge free radicals. PBA-coated 

LiNi0.945Co0.04Al0.015O2 suppressed the evolution of oxygen radicals

from charged cathode, resulting in a reduced gas generation and 

improved thermal stability without sacrificing electrochemical 

performance compared to the bare LiNi0.945Co0.04Al0.015O2. 
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Figure 1. Fundamental characteristics of NCM materials. Schematic 

correlation of performance and safety with Ni content
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Figure 2. Schematic illustration of Oxygen evolution and resultant gas 

generation and layered-spinel-rock salt phase transition
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Figure 3. Schematic concept of radical-scavenging coating layer
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Chapter 2. Experimental section

2.1. Synthesis

To obtain PBA-coated NCA, LiNi0.945Co0.04Al0.015O2 (Samsung SDI, 

Korea) and Phosphono benzoic acid were immersed into acetonitrile 

(anhydrous, 99.8%, Sigma-aldrich). Citric acid was added to the 

mixture as a catalyst and mixed at 80℃. The product was obtained 

and dried in vacuum at room temperature.
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2.2. Material characterization

X-ray diffraction(XRD) patterns of powders were acquired using a 

D2 phaser with Cu-Kα radiation (λ=1.5148Å) operated in the 2θ

range of 10°-80°. Thermogravimetric analysis was carried out 

with a simultaneous DTA/TGA analyzer (TA instrument, DTA) 

under an air atmosphere with a heating rate of 10℃/min. Fourier-

transform infrared spectroscopy (FT-IR) was performed using a 

FT-IR spectrometer (Bruker, TENSOR27). Scanning electron 

microscopy (SEM) analysis was carried out using a field emission 

scanning electronic microscope (Carl Zeiss, Auriga). Transmission 

electron microscopy (TEM) images were obtained using a Cs-

corrected scanning transmission electron microscope (JEOL Ltd., 

JEM-ARM200F). Cross-sectional TEM specimens were prepared 

with a FIB system after samples were coated with carbon and 

platinum. Electron Paramagnetic Resonance (EPR) analysis was 

carried out at room temperature on a Bruker EMX Micro 

spectrometer. The thermal stability of the charge cathodes was 

conducted by DSC (TA instrument, DSC25) measurements.
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2.3. Differential electrochemical mass spectrometry

Differential electrochemical mass spectrometry was conducted 

using an HPR-20 R&D benchtop gas analysis system (Hiden 

analyrical, UK) and a WBCS-3000 (WonA Tech. Korea). 

Electrochemical cells were assembled using airtight home-made 

Swagelok cells under Ar atmosphere. The diameters of the working 

electrode (LiNi0.945Co0.04Al0.015O2) and the counter electrode (Li 

metal) were 9mm and 11mm, respectively. An excess amount of 

electrolyte (100μL), which was 1M LiPF6 in ethylene carbonate 

(EC) : diethyl carbonate (DEC) (1:1 volume ratio, Soulbrain 

Co.Ltd.) owing to its much lower volatility, was used to prevent the 

cells from drying out until the end of the experiment. The cell 

connected to the battery cycler was continuously purged with He 

gas at a constant flow rate of 14.3mL min-1. Exhaust gas from the 

cell was fed to the inlet of the gas analyzer. To sufficiently remove 

O2 leaked in during the cell connection, a charging current (20mA 

g-1) was applied after 24 hours of He purging.
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2.4. Electrochemical characterization

LiNi0.945Co0.04Al0.015O2 powders were mixed with carbon black 

(Super P) and polyvinylidene fluoride (PVDF) in a weight ratio of 

8:1:1. The slurry was casted onto an Al foil current collector. The 

electrodes were dried at 120℃ for overnight in a vacuum oven. The 

mass loading of active materials was 2.3-2.5 mg cm-2. The 

electrochemical performance of LiNi0.945Co0.04Al0.015O2 was 

evaluated in a voltage range 2.7-4.3 V vs. Li/Li+ at a 0.5 C rate 

(100 mA g-1) after a formation cycle at 0.1 C rate. Galvanostatic 

experiments were carried out using 2032 coin cells with a Li metal 

and 1.3M LiPF6 in ethylene carbonate (EC) : ethylmethyl carbonate 

(EMC) : dimethyl carbonate (DMC) (3:4:3 volume ratio, Soulbrain 

Co. Ltd.) at 30℃.
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Chapter 3. Results and discussion

3.1. PBA coating on NCA

The XRD patterns of LiNi0.945Co0.04Al0.015O2 powders show that 

LiNi0.945Co0.04Al0.015O2 has the O3-type hexagonal α-NaFeO2 

structure (space group: R3m) (Figure 4a). Figure 4b shows the 

Thermogravimetric analysis (TGA) profiles in the temperature 

range between 30℃ and 600℃. This indicates a significant weight 

loss of around 0.5 wt% and 1 wt%. The IR spectra of bare and 0.5 

wt% PBA-coated LiNi0.945Co0.04Al0.015O2 reveals that the 

characteristic IR bands of PBA were observed in the IR spectrum of 

4 wt% PBA-coated LiNi0.945Co0.04Al0.015O2, which was coated with 

excessive PBA to confirm the functional group clearly (Figure 5).

This implies that PBA layer was coated on the 

LiNi0.945Co0.04Al0.015O2 surfaces. This is also supported by the SEM 

images of 0.5 wt% and 1 wt% PBA-coated LiNi0.945Co0.04Al0.015O2

particles (Figure 6), unlike bare LiNi0.945Co0.04Al0.015O2 that has 

clean surfaces. This is also supported by the cross-sectional 

STEM and EDS mapping images of 0.5 wt% PBA-coated 



１２

LiNi0.945Co0.04Al0.015O2. Figure 7a shows the cross-sectional 

scanning transmission electron microscopy (STEM) and the 

corresponding energy dispersive X-ray spectroscopy (EDS) 

mapping images of 0.5 wt% PBA-coated LiNi0.945Co0.04Al0.015O2. 

Cross-sectional STEM specimens were obtained using a focused 

ion beam (FIB) system. The STEM image show that a thin layer 

was uniformly coated on the LiNi0.945Co0.04Al0.015O2 surface. P atoms 

were observed in the thin coating layer, as shown in the 

corresponding EDS mapping image. This implies that the thin 

coating layer is PBA because PBA contains P atoms. In addition, 

Figure 7b displays the EDS line profiles of Ni and P atoms near the 

LiNi0.945Co0.04Al0.015O2 surface to estimate the thickness of PBA 

coating layers were approximately 20nm for 0.5 wt% PBA-coated 

LiNi0.945Co0.04Al0.015O2 particles. 
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Figure 4. (a) XRD patterns and (b) TGA profiles
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Figure 5. FT-IR spectra of bare NCA and 4 wt% PBA-coated NCA and 

Phosphono benzoic acid
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Figure 6. SEM images of (a) bare, (b) 0.5 wt% PBA-coated and (c) 1 wt% 

PBA-coated NCA powders
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Figure 7. (a) Cross-sectional STEM and EDS mapping images of 1 wt% 

PBA-coated NCA. (b) EDS line profiles of 1 wt% PBA-coated NCA 

powders
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3.2. Effect of scavenging radicals

EPR was employed to investigate the free radicals generated 

between the fully charged LiNi0.945Co0.04Al0.015O2 cathode and the 

electrolyte solvent.

Figure 8a shows that EPR spectra of electrolyte in which charged 

cathode after 1 cycle was immersed. It can be seen that there is a 

peak of bare electrode. This suggests that reactive oxygen radicals 

released at the charged cathode surface attack electrolyte 

molecules and generate organic radicals. In the case of 0.5 wt% 

PBA-coated LiNi0.945Co0.04Al0.015O2, however, there is no signal of 

radicals in PBA-electrolyte. This implies that the amount of free 

radicals of PBA-electrolyte was significantly small compared to the 

bare-electrolyte. Figure 8b shows that EPR spectra of electrolyte 

in which charge cathode after 100 cycle was immersed. It can be 

also seen that there is a peak of bare electrode, more strongly. This 

suggests that lattice structure of cycled electrode was more 

unstable, which released more oxygen radicals when immersed in 

electrolyte. In the case of PBA-coated LiNi0.945Co0.04Al0.015O2, EPR 

signals become weaker with increased amount of PBA in coated 

NCA, which shows the radical-scavenging effect of PBA. This 

suggests that evolved oxygen radicals were captured by the PBA on 
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the cathode surface and the side reactions at the cathode-

electrolyte interface were suppressed.

The differential scanning calorimetry (DSC) analysis was 

performed to evaluate the ability to scavenge oxygen radicals and 

to evaluate the thermal decomposition behavior of 

LiNi0.945Co0.04Al0.015O2 in the presence of an electrolyte. The heat 

flow of the cathode material charged to 4.3V with electrolyte is 

shown in Figure 9. Each exothermic peak in the DSC curves was 

observed during the heating process. It showed that the exothermic 

peak of bare LiNi0.945Co0.04Al0.015O2 appears at 208℃, which is due 

to the electrolyte combustion caused by oxygen release from the 

active cathode material.

In the case of PBA-coated LiNi0.945Co0.04Al0.015O2, the exothermic 

peak temperature becomes higher with drastically reduced heat 

release. The peak temperature of the exothermic reaction was 

224℃ for the 0.5 wt% PBA-coated LiNi0.945Co0.04Al0.015O2 and 231℃

for the 1 wt% PBA-coated LiNi0.945Co0.04Al0.015O2. This is attributed 

that PBA at the cathode surface acted as a radical scavenger during 

thermal decomposition of LiNi0.945Co0.04Al0.015O2 in the presence of 

an electrolyte. This implies that the release of oxygen is inhibited 
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by the surface modification of PBA.  

The scavenging property of PBA-coated LiNi0.945Co0.04Al0.015O2

could be further confirmed by Differential Electrochemical Mass 

Spectrometry (DEMS). DEMS was performed to monitor the gas 

evolution during charging process, using a low volatility electrolyte 

in order to obtain accurate gas evolution data. Figure 10 shows that 

the O2 and CO2 gas evolution was monitored in the DEMS 

measurement during the first charging process up to 4.8V of the 

bare LiNi0.945Co0.04Al0.015O2 electrode and 1 wt% PBA-coated 

LiNi0.945Co0.04Al0.015O2 electrode, respectively. O2 gas evolution is 

hardly observed in both bare NCA electrode and 1 wt% PBA-

coated LiNi0.945Co0.04Al0.015O2 electrode. However, CO2 gas evolution 

is significantly lower in 1 wt% PBA-coated LiNi0.945Co0.04Al0.015O2

electrode. The CO2 evolution was resulted from the chemical 

oxidization of the electrolyte by the oxygen radicals that were 

released from the LiNi0.945Co0.04Al0.015O2. Therefore, this suggests 

that chemical oxidization of the electrolyte by the oxygen radicals 

decreased in 1 wt% PBA-coated LiNi0.945Co0.04Al0.015O2 electrode. 

This implies that PBA coated on LiNi0.945Co0.04Al0.015O2 cathode

suppressed the decomposition of electrolyte effectively. 



２０

To support the DEMS results, we performed XPS analysis to

examine the components of organic CEI, which can be triggered by 

reaction with oxygen radicals. The Figure 11 shows the O 1s and F 

1s spectra for the bare LiNi0.945Co0.04Al0.015O2 and PBA-coated 

LiNi0.945Co0.04Al0.015O2. The lattice oxygen peak at 529.5 eV is 

higher in intensity for the cycled PBA-coated LiNi0.945Co0.04Al0.015O2

electrode compared to the cycled bare LiNi0.945Co0.04Al0.015O2

electrode. This indicates that the cycled PBA-coated electrode has 

a thinner CEI on the cathode, as compared to cycled bare 

LiNi0.945Co0.04Al0.015O2 electrode. This implies that carbonate 

electrolyte decomposition by oxygen radicals decreased at the 

PBA-coated LiNi0.945Co0.04Al0.015O2 electrode. Therefore, the XPS 

result revealed that the reduction in gas evolution is due to the 

radical scavenging ability of PBA.
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Figure 8. EPR spectra of electrolyte after storage with cathode at a charged 

state subjected to 4.3V
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Figure 9. DSC profiles of NCA cathode charged to 4.3V
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Figure 10. Differential electrochemical mass spectrometry (DEMS) spectra 

of a) Bare NCA and b) 1 wt% PBA-coated NCA electrodes when charged to 

4.8V at 0.1C current density.
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Figure 11. O 1s XPS surface component analysis of bare and 1 wt% PBA -

coated NCA electrode after first charging.
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3.3. Electrochemical performances

We compared the electrochemical performances of bare and 0.5 

wt% PBA-coated LiNi0.945Co0.04Al0.015O2 electrodes at 30℃. Figure 

12 shows the voltage profiles and cycle performance of bare and 

0.5 wt% PBA-coated LiNi0.945Co0.04Al0.015O2 electrodes. The bare 

NCA electrode delivered a reversible capacity of 208mAh/g and 0.5 

wt% PBA-coated LiNi0.945Co0.04Al0.015O2 electrode delivered a 

reversible capacity of 204mAh/g, which is reduced initial reversible 

capacity. This is attributed to the fact that PBA coating layer 

increased cell impedance during cycling.

We observed reduced initial reversible capacity and a little poorer 

cycle performance of PBA-coated LiNi0.945Co0.04Al0.015O2 electrode. 

However, at that time, PBA coating layer is beneficial for 

suppressing the irreversible electrolyte decomposition at high 

voltages, resulting in similar electrochemical performances

compared with bare LiNi0.945Co0.04Al0.015O2.
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Figure 12. (a) Voltage profiles of bare and 0.5 wt% PBA- coated 

LiNi0.945Co0.04Al0.01.5O2 electrodes. (b) Cycle performances of bare and 0.5 

wt% PBA-coated LiNi0.945Co0.04Al0.01.5O2 electrodes at a 0.5 C rate (100 

mA g−1).
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Chapter 4. Conclusion

In this research, we introduced radical – scavenging Ni-rich 

cathode for Li ion batteries. We obtained radical – scavenging Ni-

rich cathode using phosphono benzoic acid, known as an effective 

radical scavenger. By means of TGA, FT-IR, STEM and EDS, we 

demonstrated that PBA was coated on the LiNi0.945Co0.04Al0.015O2

surface through Fisher-esterification. Characterization using EPR 

analysis confirmed that the PBA-coated LiNi0.945Co0.04Al0.015O2

suppressed oxygen radical evolution from cathode and prevented 

the propagation of oxygen radicals. The DEMS analysis showed

reduced CO2 gas evolution at high voltages for the PBA-coated 

LiNi0.945Co0.04Al0.015O2 electrode, demonstrating radical – scavenging 

effects of PBA coating layer. We also demonstrated, by means of 

XPS, the role of PBA coating layer in the DEMS analysis was 

scavenging oxygen radicals. DSC analysis also revealed that PBA-

coated LiNi0.945Co0.04Al0.015O2 exhibits improved thermal stability

compared to bare LiNi0.945Co0.04Al0.015O2 electrode, which suggests 

the improved safety of cathode. Finally, electrochemical 

performances maintain similar capacity and cycle performances. 

These data allow us to conclude that the improved thermal stability 

and similar electrochemical performances, These findings provide 
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surface engineering insights into strategies to improve thermal 

stability of Ni-rich cathode for Li-ion batteries.
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국문 초록

고안정성 리튬이온전지를 위한 포스포노 화합물을

이용한 LiNi0.945Co0.04Al0.015O2의 표면 개질

정해민

서울대학교 대학원

화학생물공학부

고-니켈계 리튬 전이금속 산화물 양극재는 높은 가역 용량으로 인해 차

세대 양극재로 주목받고 있다. 이때 양극재의 가역 용량은 니켈의 함량

이 증가함에 따라 증가하는데, 동시에 구조적 안정성도 감소한다. 리튬

전이금속 산화물 양극재의 구조적 불안정성은 양극재 격자 구조의 산소

가 산소 라디칼의 형태로 방출되게 한다. 산소의 방출은 양극 성능의 저

하를 가져올 뿐 아니라, 열폭주 현상을 유발하여 배터리의 안정성을 악

화시킨다.

본 연구에서, 라디칼을 포획하는 고-니켈계 양극재의 표면을 PBA를 통

한 표면개질을 통해 양극재로부터 방출되는 산소 라디칼의 방출을 막아

양극재의 열안정성을 높이는 방법을 제시하였다. 이를 위해 라디칼을 포

획하는 코팅층은 자유 라디칼을 포획하는 특성이 있는 인을 포함하는 포

스포노 벤조익 액시드를 이용한 표면 공정을 통해 도입하였다. 이 공정

을 통해 열안정성을 개선하고 전해질 분해와 가스 생성을 줄이고, 코팅

을 하지 않은 것과 비교해 비슷한 전기화학 특성을 유지했다.
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