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Abstract

The high-rate performance is limited by several factors, such as polarization generation, low electrical conductivity, low sur-
face energy, and low electrolyte permeability of CFx, which is widely used as a cathode active material in the lithium primary
battery. Therefore, in this study, we aimed to improve the battery performance by using carbon fluoride modified by surface
treatment using oxygen plasma as a cathode for lithium primary batteries. Through XPS and XRD analysis, changes in the
surface chemical characteristics and crystal structure of CFx modified by oxygen plasma treatment were analyzed, and accord-
ingly, the electrochemical characteristics of lithium-ion primary batteries were analyzed and discussed. As a result, the highest
number of semi-ionic C-F bonds were formed under the oxygen plasma treatment condition (7.5 minutes) with the lowest
fluorine to carbon (F/C) ratio. In addition, the primary cell prepared under this condition using carbon fluoride as the active
material of the cathode showed the highest 3 C rate-performance and maintained a relatively high capacity (550 mAh/g) even
at high rates. In this study, it was possible to produce lithium primary batteries with high-rate performance by adjusting the
fluorine contents of carbon fluoride and the type of carbon-fluorine bonding through oxygen plasma treatment.
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Figure 1. XRD patterm of ARC1000, OP(2.5)-ARC, OP(5)-ARC,
OP(7.5)-ARC, and OP(10)-ARC.
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Table 1. Elemental Contents of ARC1000, OP(2.5)-ARC, OP(5)-ARC,
OP(7.5)-ARC, OP(10)-ARC

Elemental content (at%)

Samples F/C ratio
C (0)
ARC1000 45.14 1.86 53.00 1.17
OP(2.5)-ARC 46.15 2.63 51.21 1.11
OP(5)-ARC 48.36 3.81 47.83 0.99
OP(7.5)-ARC 51.01 5.35 43.64 0.86
OP(10)-ARC 47.00 2.86 50.14 1.07
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Figure 2. XPS peaks of (a) ARC1000, (b) OP(2.5)-ARC, (¢) OP(5)-ARC, (d) OP(7.5)-ARC and (¢) OP(10)-ARC.

Table 2. Deconvolution Results Showing the Peak Parameters of ARC1000, OP(2.5)-ARC, OP(5)-ARC, OP(7.5)-ARC and OP(10)-ARC

Components Concentration (%)
Cls ARC1000 OP(2.5)-ARC OP(5)-ARC OP(7.5)-ARC OP(10)-ARC
284.8 (C=C) 7.78 9.99 10.36 12.43 8.22
2854 (C-C) 5.22 5.86 11.13 15.19 6.67
286 (C-0) 1.53 2.02 4.50 4.80 3.15
288 (C=0) 0.57 1.84 1.87 1.94 1.79
289.2 (semi-ionic C-F) 0.12 1.41 2.70 3.57 1.81
290.2 (Covalent C-F) 72.67 69.79 61.51 57.42 67.57
291.2 (C-Fy) 7.48 5.71 4.98 341 6.19
292.0 (C-F3) 4.60 3.38 2.95 1.23 4.61
Fls
687.8 (Semi-ionic C-F) 0.10 2.66 293 4.39 2.62
688.8 (Covalent C-F) 86.70 85.80 86.77 85.67 86.67
689.9 (Perfluorinated -CF,/-CF;) 12.30 11.54 10.30 9.93 10.71
& saetgion] 1 A2 Figure 301 UERIGITE Abs Zek=vul ) ke ARCI0009] H]a) A2 Erlo] HRIFGIT) o EB3leia

Eﬂl
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Figure 3. SEM image of (a) ARC1000 and (b) OP(7.5)-ARC.
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Figure 4. The galvanostatic discharge of specific capacities at different discharge rates of (a) ARC1000, (b) OP(2.5)-ARC, (¢) OP(5)-ARC, (d)

OP(7.5)-ARC and (¢) OP(10)-ARC.
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Figure 5. Impedance spectra of ARC1000, OP(2.5)-ARC, OP(5)-ARC,
OP(7.5)-ARC and OP(10)-ARC.

o 1 Co A "Uimofa] B A= F/C H]&9] 1.179] ARC1000°]
7 sk e LS e S I 4 IQITE ARC10001K.T S
2 F/IC vlgolA % o] &2 B85S 7H 5 e A2 Ak E
Zut M2 g B4t ¥hgo] XIgE I, E3lekae] Ax/do] J)
A7) wFEel Zoz ALRE Tk ARCI000S 1 C o] &&oA
WA 4 QISIAIRE Ak E8k=ek A2 E 5, 7.5 min 33 OP(5)-
ARcsﬂr OP(7.5)-ARC= 2 C &0l 610 2 622 mAh/ge] W85

%%b Z& A 5 Ylrh o= tﬂ 2 gl C-F A9
TS ZH= OP(7.5)-ARCY] M4 52 A0 R sl &2 HF
Uzof A Qg ARl W] 7Fs3t7] HHT,_FL' oJAZItL. OP(7.5)-ARC
=3 C9 &50lM 550 mAh/ge] WAlgeko] AT OP(5)-
ARCS 7% Hd] 2 C &4 WEgon, o Fato] & ¥
aba Fepznt AlzelA oP(. 5)—ARC7]- 2% ?J_iWXl o] %
Yo7 Axd Al IEE] A7) Aes 7H F )5S ERIE 5 9l
=1

)

lo

32

|

\o

ax 33
i A
o olu H7|sket YI|HA FFH(electrochemical impedance spec-
troscopy, EIS)ell &$t 22419] A¥= Figure 5° YERYISITE EIS +

A2 100 kHz~10 mHz8] 3k H2]el4] 0.01 Vo] F o7 S35}
St} BIS 42 A=) dalld o] Adela sk 13t ols A
st 4= glom, B3lehho] AL WIlE 1A oR & 4= Qi)
ARC1000, OP(2.5)-ARC, OP(5)-ARC, OP(7.5)-ARC 2! OP(10)-ARC
o] 3} o]§ *(charge transfer Impedance, Ry 212} 178.1, 89.6,
88.4, 73.9 18|31 177.8 Qo|t}. o] Ha} A A7k Figure 52 ®F
Qo] A7)15 onsl OP(7.5)-ARC7} 7FF Z-& WS 2= RS
& 4= Qltk o]l OP(7.5)-ARC= A3l A A &4k ARC10007} H]
wato] 58.5% HAaGS G 7 vk F7he vo] &4 C-F A3

Hl-T0 &2

TS

W Bekavle AeE RERAT oF QR
Jol A7 LilCFy W87 2 olgsle] 4815
1=

s/
o
ol FiO

|

vy
ol

d

Sy} BEAQ B Basle At AY AFS 1A Baiehal
AEEE A= AR oAt AbA Eet=nt A& o] 88t
2 854315 W33 OP(7.5)-ARCE B354 0] BA4sle Ul ehh B
A 7He] A 139 240l Qal &5 54 dak A A A
507 Ak Zak=et 287} LiCF, Y% 4= 5491
Eolehro] WS G5 £ s WY T oshude Eelsit:

F AaA e Az 9 A7) sed 54 539
4. 4 E

g 9 A HEs ST Ao ks ~

YAl F7Egtel wet 11 B4 I vlEo] AAskgich e A

A Fek=rk A2lE 7.5 min B9t AT F9- wkol2A ¢

EO] ﬁEHO] 2 &1e 5= SiTh vk, Sek=nf AejAlzte] 7.5
e]

XA FAAt FFE ol E3leA 1o A4 ke A
= 2 P
=
zZ

=9 OP(7.5)-ARCO|
& ARC10000] # o} 1 Co] &% 4d54 01] HeRdA) Z35t Ao
3 CollA 550 mAh/ge] WA B8-S FAIFORA TP et
E4E 7HTh ol B2 ARE Al o AbA Fukzat A
o Babebro] 29 B4 AEE Fste] 958 &5 2 ouA
A% 548 Ad LICFx ARAAE AxE F Us i“ﬂ A3k

Z Al

AT AR e daARR ik
“*P‘?j(ﬂ}ﬂti ol Z9 8 XS 83 %%ZH% e itz
A =3 Ak 20006777)00 elste] FEA om ofe] ZAEE
k.

References

1. M. A. Reddy and M. Fichtner, Batteries based on fluoride shuttle,
J. Mater. Chem., 21, 17059-17062 (2011).

2. A. Hamwi, K. Guérin, and M. Dubois, Fluorine-intercalated graphite
for lithium batteries, Fluorinated Materials for Energy Conversion,
1* ed., 369-395, Elsevier, Amsterdam, Netherlands (2005).

3. R. Hagiwara, M. Lerner, N. Bartlett, and T. Nakajima, A lithium/
C, F primary battery, J. Electrochem. Soc., 135, 2393 (1988).
4. N. Sharma, M. Dubois, K. Guerin, V. Pischedda, and S. Radescu,
Fluorinated (nano)carbons: CFx electrodes and CFx-based batteries,

Energy Technol., 9, 2000605 (2020).

5. S. Ha, C. Lim, and Y. S. Lee, Fluorination methods and the prop-
erties of fluorinated carbon materials for use as lithium primary
battery cathode materials, J. Ind. Eng. Chem., 111, 1-17 (2022).

6. P. Lam and R. Yazami, Physical characteristics and rate perform-
ance of (CFx), (0.33<x<0.66) in lithium batteries, J. Power
Sources, 153, 354-359 (2006).

7. G. Zhong, H. Chen, Y. Cheng, L. Meng, H. Liu, Z. Liu, G. Zheng,
Y. Xiang, X. Liu, Q. Li, Q. Zhang, H. Yue, C. Lu, and Y. Yang,
Insights into the lithiation mechanism of CFx by a joint high-reso-
lution "’F NMR, in situ TEM and 'Li NMR approach, J. Mater.
Chem. A, 7, 19793-19799 (2019).

8. Z. Luo, X. Wang, D. Chen, Q. Chang, S. Xie, Z. Ma, W. Lei, J.
Pan, Y. Pan, and J. Huang, Ultrafast Li/fluorinated graphene pri-
mary batteries with high energy density and power density, ACS
Appl. Mater. Interfaces, 13, 18809-18820 (2021).

Appl. Chem. Eng., Vol. 34, No. 5, 2023



540 ARG - s - AAE -

9. Q. Li, W. Xue, X. Sun, X. Yu, H. Li, and L. Chen, Gaseous elec-
trolyte additive BF; for high-power Li/CFx primary batteries,
Energy Storage Mater., 38, 482-488 (2021).

10. G. Zhong, H. Chen, X. Huang, H. Yue, and C. Lu, High-power-
density, high-energy-density fluorinated graphene for primary lithium
batteries, Front. Chem., 6, 50 (2018).

11. S. S. Zhang, D. Foster, J. Wolfenstine, and J. Read, Electrochemical
characteristic and discharge mechanism of a primary Li/CFx cell,
J. Power Sources, 187, 233-237 (2009).

12. Y. Peng, Y. Liu, R. Ali, J. Ma, J. Hou, X. Yang, and X. Jian, Air
plasma-induced carbon fluoride enabling active CF bonds for dou-
ble-high energy/power densities of Li/CFx primary battery, J.
Alloys Compd., 905, 164151 (2022).

13. G. Chen, H. Zhou, S. Zhang, Z. Zhang, T. Feng, Z. Xu, and M.
Wu, Surface De-fluorination and bond modification of CFx by
high-density hydrogen plasma processing, ACS Appl. Energy Mater-.,
4, 8615-8620 (2021).

14. B. Sayahpour, H. Hirsh, S. Bai, N. B. Schorr, T. N. Lambert, M.
Mayer, W. Bao, D. Cheng, M. Zhang, and K. Leung, Revisiting
discharge mechanism of CFx as a high energy density cathode ma-
terial for lithium primary battery, Adv. Energy Mater., 12, 2103196
(2022).

15. Y. Ahmad, M. Dubois, K. Guerin, A. Hamwi, and E. Flahaut,
High energy density of primary lithium batteries working with
sub-fluorinated few walled carbon nanotubes cathode, J. Alloys
Compd., 726, 852-859 (2017).

16. E. V. Astrova, V. P. Ulin, A. V. Parfeneva, A. M. Rumyantsev,
V. B. Voronkov, A. V. Nashchekin, V. N. Nevedomskiy, Y. M.
Koshtyal, and M. V. Tomkovich, Silicon—carbon nanocomposites
produced by reduction of carbon monofluoride by silicon, J. Alloys
Compd., 826, 154242 (2020).

17. J. Wang, M. Sun, Y. Liu, J. Lin, L. Wang, Z. Xu, W. Wang, Z.
Yuan, J. Liu, and X. Bai, Unraveling nanoscale electrochemical
dynamics of graphite fluoride by in situ electron microscopy: Key
difference between lithiation and sodiation, J. Mater. Chem. A, 8,
6105-6111 (2020).

18. Y. Liu, L. Jiang, H. Wang, H. Wang, W. Jiao, G. Chen, P. Zhang,
D. Hui, and X. Jian, A brief review for fluorinated carbon:
Synthesis, properties, and applications, Nanotechnol. Rev., 8, 573-
586 (2019).

19. Y. Zhu, L. Zhang, H. Zhao, and Y. Fu, Significantly improved
electrochemical performance of CFx promoted by SiO, mod-
ification for primary lithium batteries, J. Mater. Chem. A, S, 796-
803 (2017).

20. N. Ha, S. G. Jeong, C. Lim, and Y. S. Lee, Preparation, and elec-
trochemical characteristics of waste-tire char-based CFx for lith-
ium-ion primary batteries, Carbon Lett., 33, 1013-1018 (2023).

21. T. L. Jeon, J. H. Son, K. H. An, Y. H. Lee, and Y. S. Lee,
Terahertz absorption and dispersion of fluorine-doped sin-
gle-walled carbon nanotube., J. Appl. Phys., 98, 3 (2005).

22. K. H. An, K. A. Park, J. G. Heo, J. Y. Lee, K. K Jeon, S. C. Lim,
C. W. Yang, Y. S. Lee, and Y. H. Lee, Structural transformation
of fluorinated carbon nanotubes induced by in situ electron-beam
irradiation, J. Am. Chem. Soc., 125, 10 (2003).

st Hl 34 H A 5 =, 2023

A - o]l - 0]

23. J. Ma, Y. Liu, Y. Peng, X. Yang, J. Hou, C. Liu, Z. Fang, and
X. Jian, UV-radiation inducing strategy to tune fluorinated carbon
bonds delivering the high-rate Li/CFx primary batteries, Compos.
Part B Eng, 230, 109494 (2022).

24. Z. Fang, Y. Peng, X. Zhou, L. Zhu, Y. Wang, X. Dong, and Y.
Xia, Fluorinated carbon materials and the applications in energy
storage systems, ACS Appl. Energy Mater., S, 3966-3978 (2022).

25. S. S. Zhang, D. Foster, J. Wolfenstine, and J. Read, Electrochemical
characteristic and discharge mechanism of a primary Li/CFx cell,
J. Power Sources, 187, 233-237 (2009).

26. C. Lim, S. Ha, N. Ha, S. G. Jeong, and Y. S. Lee., Plasma treat-
ment of CFx: the effect of surface chemical modification coupled
with surface etching, Carbon Lett., Doi: 10.1007/s42823-023-
00597-x.2023.09.05.

27. C. Lim, C. H. Kwak, S. G. Jeong, and Y. S. Lee., Enhanced CO,
adsorption of activated carbon with simultaneous surface etching
and functionalization by nitrogen plasma treatment., Carbon Lett.,
33, 139-145 (2023).

28. S. Myeong, C. Lim, S. Kim, and Y. S. Lee, High-efficiency
oil/water separation of hydrophobic stainless steel Mesh filter
through carbon and fluorine surface treatment, Korean J. Chem.
Eng., 40, 1418-1424 (2023).

29. S. H. So, S. Ha, C. G. Min, and Y. S. Lee, Effects of nitrogen
plasma treatments on hydrogen storage capacity of microporous
carbon at room temperature and its feasibility as a hydrogen stor-
age material, Carbon Lett., 33, 1027-1034 (2023).

30. R. Lee, C. Lim, H. Lee, S. Kim, and Y. S. Lee, Visible light pho-
tocatalytic activity of TiO, with carbon-fluorine heteroatoms simul-
taneously introduced by CF4 plasma., Korean J. Chem. Eng., 39,
3334-3342 (2022).

31. J. S. Im, S. J. Park, and Y. S. Lee, The metal-carbon—fluorine sys-
tem for improving hydrogen storage by using metal and fluorine
with different levels of electronegativity, Int. J. Hydrog. Energy,
34, 1423-1428 (2009).

Authors

Seoyeong Cheon; Undergraduate Student, Department of Chemical
Engineering and Applied Chemistry, Chungnam National University,
Daejeon 34134, Republic of Korea; syc9096@o.cnu.ac.kr

Naeun Ha; B.Sc., Master Course, Department of Chemical Engineering
and Applied Chemistry, Chungnam National University, Daejeon
34134, Republic of Korea; naen0216@o.cnu.ac.kr

Chaehun Lim; M.Sc., Ph.D. Course, Department of Chemical Engineering
and Applied Chemistry, Chungnam National University, Daejeon
34134, Republic of Korea; 201502629@o.cnu.ac.kr

Seongjae Myeong; B.Sc., Master Course, Department of Chemical
Engineering and Applied Chemistry, Chungnam National University,
Daejeon 34134, Republic of Korea; seongj99@o.cnu.ac.kr

In Woo Lee; Undergraduate Student, Department of Chemical Engineering
and Applied Chemistry, Chungnam National University, Daejeon
34134, Republic of Korea; In530u@o.cnu.ac.kr

Young-Seak Lee; Ph.D., Professor, Department of Chemical Engineering
and Applied Chemistry, Chungnam National University, Daejeon
34134, Republic of Korea; youngslee@cnu.ac.kr



