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ABSTRACT

Electrochemical reactions involving insertion/extraction in lithium-ion batteries occur at
the interface between the electrode and electrolyte. Surface modification is an effective
method for improving the electrochemical properties. Regarding surface fluorination,
highly reactive fluorine gases such as F, and NF; have been reported to enhance the
charge/discharge capacity of cathode active materials. However, controlling the fluorine
content in the surface layer of cathode active materials is difficult, and excess fluorine
leads to the formation of a fluoride layer that causes resistance and degrades the
electrode performance of the material. Previous studies have revealed that CeF,
obtained from the reaction between CeF; and F, exists in two forms: stable CeF, and
metastable CeF,. In particular, metastable CeF, (=CeFs+x) is useful as a fluorinating
agent capable of releasing low-activity fluorine at room temperature. In this study, we
aimed to optimize the surface fluorination conditions of cathode materials using
metastable CeFs+x to improve the electrochemical properties of cathode active materials
(LiNio.sC00.2Mno.3) for lithium-ion batteries. The cathode active material treated with
CeF;+x exhibited better cycle performance (rate: 0.5 C, 50 cycles) than the cathode
active material treated with fluorine gas.

1. INTRODUCTION

Electrochemical reactions involving insertion/extraction in lithium-ion batteries
occur at the interface between the electrode and electrolyte. Surface modification is an
effective method for improving electrochemical properties. Regarding surface fluorination,
highly reactive fluorine gases such as F, and NF; have been reported to enhance the
charge/discharge capacity of cathode active materials. However, controlling the fluorine
content in the surface layer of cathode active materials is difficult, and excess fluorine
leads to the formation of a fluoride layer that causes resistance and degrades the
electrode performance. Previous studies [1] have revealed that CeF, obtained from the
reaction between CeF; and F, exists in two forms: stable CeF, and metastable CeF,. In
particular, metastable CeF, (=CeFs+x) is useful as a fluorinating agent capable of
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releasing fluorine at room temperature. This study aims to optimize the surface
fluorination conditions of cathode materials using CeFs+x to improve the electrochemical
properties of cathode active materials (LiNio.sC00.2Mno.30,) for lithium-ion batteries.

2. Experimental method

2.1 Fluorination of CeF3s
To synthesize the fluorination agent (CeF3.+x), a CeF; sample (KCE-OF-014,Shin-Etsu

Chemical Co. Ltd.. Net 100 g) was reacted with fluorine gas under vacuum. As shown in
Figure 2-1-1, CeF; was placed in a reaction vessel and connected to the fluorination
apparatus; after reducing the pressure in the apparatus and the reaction vessel to less
than 1.0 Pa, the reaction was carried out under different fluorination conditions ((1) 0.5

9,300 °C,101.3 kPa,10 min,
(2 0.3 g,300 °C,93.3 kPa,60 min, (3) 0.5 g,300 °C,101.3 kPa,60 min, (4) 0.5
9,250 °C,101.3 kPa,300 min ) to produce CeF3:x.

Table 1. Sample names and reaction conditions of CeFs treated with F2gas

Sample Sample F, pressure . . .
Time/ min Temperature/ °C
name mass/ g / kPa
CeF;(; (D) 0.5 101.3 10 300
CeF;4, (2) 0.3 93.3 60 300
CeF;;(®) 0.5 101.3 60 300
CeF;0(®) 0.5 101.3 300 250

Fig 1. Fluorination apparatus and reaction vessel
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2.2 Fluorination of cathode active material with prepared CeF3+x

The prepared CeFsix and the ternary (Ni, Mn, Co) cathode active material
(LiNio.sC00.2Mno302, Tanaka Chemical Co., Ltd.) were placed separately in a reaction
vessel, and surface fluorination treatment was carried out at room temperature for 10
min to 24 h. Additionally, for comparison with F2 gas, fluorination of the cathode active
material was performed for using F2 gas (0.67 kPa-1h)

Table 2. Surface Fluorination Conditions for cathode active material
(LiNi0o.5C00.2Mno.302) using CeF3+x

Sample Fluorinating .
Time
nhame agent
@ @ 1h
@ @ 1h
3-10 min ® 10 min
®-1h ® 1h
®-24 h ® 24 h
@ @ 1lh
F, 0.67 kPa F, gas 1h

CeFi4x Nig5C002Mno 302

Fig 2. Fluorination method using CeF3+x.

2.3 Characterizations of samples

The structural and electronic properties of the samples were investigated using X-
ray diffraction (XRD;D8 ADVANCE, Bruker AXS) and XRD(X-ray diffraction,XRD-
6100,Shimadzu Corporation) and XPS (X-ray photoelectron spectroscopy (XPS; JPS-
9010MC, JEOL, Ltd.). For CeFs+x, temperature-programmed desorption-mass
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spectrometry (TPD-MS,TPD typeR 200amu, Rigaku Corporation) was used to
investigate the strength of the bonds with fluorine introduced by the surface fluorination
treatment. Field emission scanning electron microscopy (FE-SEM; ULTRA plus, ZEISS)
was used to characterize the surface state of the surface-fluorinated cathode active
material.

2.4 Battery production

For electrochemical measurements, each cathode active material sample, conductive
material (acetylene black), and binding agent (polyvinylidene fluoride:W#7200 KUREHA
CORPORATION) were mixed at a weight ratio of 8:1:1, and a quantity of NMP (N-methyl-
2-pyrrolidinone:25337-05 KANTO CHEMICAL CO.,INC; min 99.0 purity) was added as
a coating solution. After standing in a dryer at 120°C for at least 90 min and pressing with
a roll press, the electrode plates were cut into circles and vacuum-dried for at least 12 h.

2.5 Charging and Discharging Tests

Charge-discharge tests were conducted using the prepared electrode plates at a charge
rate of 0.1C and a discharge rate of 0.1C for five cycles at a termination potential of 4.5V
and a starting potential of 3.0V. The cycle test was then conducted at a charge rate of
0.5C and a discharge rate of 0.5C for 50 cycles at a termination potential of 4.5V and a
starting potential of 3.0V.

3. RESULTS and DISCUSSION

3.1 XRD results of CeF3+x samples

Fig. 3 shows the XRD patterns of the produced CeFs:«x samples under different
fluorination conditions. A slight change in the crystal structure from CeF ; to CeF , was
observed when synthesizing CeF3 + x by varying the temperature, fluorine pressure, and
reaction duration. Furthermore, this change in the crystal structure became more
pronounced as the reaction temperature, reaction time, and pressure increased.
Comparing (3) and (3), it was found that (3) showed greater changes, indicating that
increasing the reaction temperature led to a greater change in the crystal structure than
increasing the reaction time. The value of x in CeFs+« was obtained using Rietveld

analysis. The results are (DCeF3.07 ,2CeF3.10, @CeF3.17, and (DCeF3.0.
Fig.4 shows the XRD results of the CeF3s+x sample after the fluorination treatment of the

cathode active material. Compared to the fluorination of the cathode active material, the
X value decreased slightly owing to the release of fluorine. The results were (1)

CeF3.05,(2) CeF3.07,(3)-10min CeF3.16,3-1h CeF3.15,3)-24h CeF3.13,4) CeF3.06.



The 2026 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM26)
23-25, August, 2026, Convensia, Incheon, Korea

IlOkcounm
oo, INL dine S, A Souie, o

’UT IL l A A A A ~ CeF4
2 )

g e l_l l A A ek ’e —@
S

=2 @)

)

g —o
£ | ——CeFs
A ﬂ Al l A AR, A re

Y l Ak A a N
20 30 40 50 60 70 80 90

20 (deg) CuKa

Fig. 3 XRD patterns of untreated (CeF3, CeF4) and the produced CeF:.x((D),2),3),)).
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Fig.4 XRD patterns of untreated (CeFs, CeF4) and CeFs.x after fluorination of
cathode active material.
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3.2 Charging and Discharging test
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Fig.5 shows the charge curves for the 3rd cycle of the untreated and fluorinated
samples. Fig.6 shows the discharge curves for the 3rd cycle of the untreated and
fluorinated samples. Charging and Discharging tests were conducted under the following

conditions. (charge rate, discharge rate : 0.1 C. Cut off:3.0 V~4.5 V) Table 4 shows the

results Charge and Discharge capacities in the 3rd cycle. The cathode active material
with a fluorinated surface exhibited improved charge and discharge capacities compared
to that of the untreated sample. Sample (3)-10 min (Fluorination with CeF3.17 for 10 min)
exhibited the highest charge and discharge capacities. The discharge capacity was 11%
higher than that of an untreated sample.
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Fig.5 Charge curve for the 3rd Cycle of untreated and fluorinated samples.
[Charge rate: 0.1 C]
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Fig.6 Discharge curve for the 3rd Cycle of untreated and fluorinated samples.
[Discharge rate: 0.1 C]

Table 4 Charge and Discharge capacity of 3rd Cycle
@ TO10 [o]. F

-10min | -1h -24 h 0.67kPa

Sample name untreated @® ®
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Charge Capacity
3rd cycle(mAhg)
Discharge
Capacity 3rd 174.3 185.3 | 187.9 194.9 190.1 | 186.4 | 184.1 190.8
cycle(mAhg)

178.5 186.7 | 190.7 196.5 191.3 | 188.6 | 186.9 193.3

4. CONCLUSIONS

It was confirmed that the fluorination of cathode active materials (LiNio.5C00.2Mno.302)
is possible using CeF3+x, a sample of CeF; that has undergone surface fluorination with
fluorine gas. The value of x was confirmed to vary depending on the conditions under
which CeF3+x was prepared. Furthermore, the amount of fluorine released can be varied
by changing the value of x in CeFs+x or by altering the preparation conditions. The
cathode active material that underwent 10 min of surface fluorination using (3)(CeFs3.17)
exhibited the highest charge and discharge capacities. Therefore, the surface fluorination
of cathode-active materials using CeF3+x is highly effective.
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