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B OE: LGREN RG], RIS R A BT RIStk o 8 B AR 2T MG (FTIR) 4 # 45
TR, MBS A ERE—OH fl C=C 14k, —COO HEM = . ML MEaENERLE REY, &0
PR R THAS M (1 AR A SRR PE RE R A SR M B S 2132 . 28 3 mol/L HaSO, A EE 12 h IR A SR(NGS;)£E 0.5C
20 KIEH R AR R 320.5 mAYg; ARG R BRI A BWNG)TEAH FSAT N ML A =400 299.9
mAhg. KA BB A A7 S AT B ) 5T, A5 R0, Rl B MBI SR v 55 b F BH (R ) 11 FEL
fif 3 7% FUBEL(R) BT/ s LS Cp) B HLJZ R (Copp)¥ N, 2 MGG Repn TRFFAGE , NG NG LRE(E,) N 87.7
kJ/mol, NGS; 1) E, ) 77.2 kl/mol, FEH H,SO,BMAHF T-HE T LW AR Mg, IFAHR T8 it e i EH
A HLf# JFUS 1T (Solid electrolyte interface, SEI).
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Electrochemical performance and kinetics on lithium ion
insertion/deinsertion of sulfuric acid surface-modified natural graphite
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(1. School of Metallurgy and Environment, Central South University, Changsha 410083, China;
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Abstract: The natural graphite was modified by impregnation method with sulfuric acid as surface modification agent.
FTIR results show that —OH and C=C bonds on the surface of natural graphite disappear while the number of
—COO  increases after sulfuric acid surface-modification. The electrochemical performance reveals that the cycle
performance and ratio performance are improved. The lithium-deinsertion capacities of natural graphite impregnated by 3
mol/L H,SO4 for 12 h (NGS;) and unmodified natural graphite (NG) are respectively 320.5 and 299.9 mA-h/g after 20
cycles at 0.5C. AC impedance was used to investigate kinetics on lithium ion insertion/ deinsertion. It is found that the
membrane resistance (Rsg;) and charge transfer resistance (R.;) decrease, while the membrane capacitance (Csg) and
extracted capacitance (Ccpg) increase. Moreover, Rggkeeps constant after several cycles. The activation energies of NG
and NGS; are 87.7 and 77.2 kJ/mol, respectively, which indicates that sulfuric acid treatment is beneficial to the
improvement of the desolvation of lithium ion from solvent molecules and the formation of a stable solid electrolyte
interface (SEI).
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1.1 #H&EEE

IV 25 g BROERARAT 26 8 Ty A v e [ln b i i —
BRI, 20BN 100 mL 1. 2 A1 3 mol/L f) H,SO4
VW, AEANEIRE (0. 60 F1100 “C) F/K¥ 12 h J&
g, PR kB PRI E UG R IR T,
T UESE P AE 100 'C AT 12 h, 13 20FF0, HoSO,
RIMMBHRIRAT SR AL 1.

1.2 #HRRYRAE

FIH Nicolet Magna A ] 42 ] AVATAR-360 1Y
AR HL I AR 2T AR R (FTIR) R AEAT: i 2 T 1) 1b 2%
oy, FHETEHE A 4000~600 cm ™, 23 HEER A 4 ecm

1.3 EthAYLA S R BB AL M BRI

L 94:2.5:3.5 FREURIRATABFEN . T A
(LB FIRE S5 FI(PVDF), NN 5 1) N— RN ot
Mi(NMP) 78 73R 5 I RORY, W9 2 h, WRBEAE)E

R 1 HSO, RIMEMIRIRAT 8 1 S W A& A

Tablel Reaction conditions of natural graphite surface-

modification with H,SO,
Sample Concentration/
Time/h 4 Temperature/ 'C
No. (mol-L)
NG - - -
NGS, 12 1 0
NGS, 12 2 0
NGS; 12 3 0
NGS5, 12 3 60
NGS;, 12 3 100

FEN 10 pm AOAISE B, T 120 CEAS T 4 h 5Pk
BCEAEHA 10 mm KB AAE D TAE R, FARim e,
0.785 cm®, L4 @4 A KX A%, 1 molL
LiPF¢/(EC+DMC+EMC) (Fist bt 1:1:1) 8 HLfF
Celgard 2400 A FEE, fEmsl Ar (R T ERCKIT
B0 b 45 B 28 7] MIKROUNA Super(1220/750) %)
A5 R CR2025 AU 4115 it o

FIFH CT2001A 7R H F sl it ASo0 gt 1464 T 78
TR M B 0~2 Vv, A AT R 0
J0.1Cy 0.2C F10.5C, MBEE N 25 C.

K B R w] A= () CHI660B Y Hi Ak T
VRS AT AT BTN . AZ SR BA BT SR
FIHI AT 0.01~100000 Hz, &I A 0.005 Vo A
TUFEEAGRE, R I T SRR SE I A (i
¥ GDW/LX-100)"", Z35l7E 0. 15 25 Fi135 C F ik
F7AE P BT o

2 FHR51R

2.1 FTIR 247

1 JioR 4 H,SO4 RIHMEMIHT (NG)JE(NGSs)
FARATERIMLLAMERE . 3516 F1 1643 cm™ KRR U4
43 1% R NG 2 [ 3L (—OH)! VR R 2R WU (C—=C)
P, 1697 A1 1732 em™ ARWR OIS SIKE R NG Al
NGS; F [ R (—COoO0 )" 21, IE 1 Ar4,
NGS; 7 3500 F1 1640 cm ™' B I 2k, —COO i
Ko, XYW HSO, RIHMEM{E—COO HE A 4
B,

22 HBEiFtge
28 HoSO, 3 THMB AT J5 R AR A 58 1 1 ik B A
BEWZ 2. HHEE 2 W40, H,SO, RIMBIHI S T KR
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Fig. 1 FTIR spectra of natural graphite samples before (NG)
and after (NGS;) H,SO, surface-modification

A RO A, IR A E M 345.6 mA-h/g
BN 365.0 mA-h/g, AT AT OS8R BT
WAL,

2 Fiom I RAR AT SRAIZE H,SO, 2 B R R AR
A SEAEANRME RN R At g, nTL, £ H,SO,
FAE R IR AT RGN BERE HoSO, % 52 1 14 i Al

T2 H,SO, R IHMEMRET G RARA 8 1 Kk IR PERE(0.10)

S5 R BT 2 e e 48 HoSO, RS R
RATERFES NGS,+ NGS; FIl NGS5, 7 0.5C 5%
FEER 20 IR ) I 2E L 25 55300 R 313.1.320.5 F11316.8
mA-h/g, FERFERDHN 90.4%. 87.8%F1 88.6%.
ARG R AEHRIRRA S NG £ 0.5C 5% PR
20 o B AR LE 28 299.9 mAh/g, AEAREFR
) 86.8%. HZ HySO4 KB RINAT S5 £ R 45
WA FIHE R, NGS; 7 0.2C F10.5C Nt B Hb 75 543
5124 339.5 1 333.8 mA-h/g, 5 Wi {75 (R R 40 ) A
93.0%7FH 91.5%, 1M NG 7EAH RISAT T B EE LE 25 5 55
Sk 311.9 Fi1 294.6 mA-h/g, Xf I [11 75 B AR FFR 70 51 K
90.2%#11 85.2%.

H,SO, F A W25 P iy T R ARAT sl 1 Ak 2
A&, TIRAEE T HoSO, 3 I E M J5 2E e K & 11
RO—COO ™!, RO—COO 45 Li"Jx W’k RO—
COOLi™** ™1, H4 SEI i EE RSy, felsfieidt SEI
FELPRI PRI TR, AT 505 R AR A S (AR R e A 4

PEfE

R
SEIBAE 1 U R AR % s 2 T Ho SO,
RIS R K1 SEL B B S IB n s

2.3

Table 2 First insertion/deinsertion performance of natural graphite before and after H,SO, surface-modification (0.1C)

Sample Ist lithium-insertion capacity/ Ist lithium-deinsertion capacity/ Irreversible capacity/ )
O 4 4 Efficiency/%

No. (mAh-g) (mAh-g ) (mA‘hg )

NG 413.1 345.6 67.5 83.66
NGS, 393.7 346.2 47.5 87.93
NGS, 437.7 364.1 73.6 83.18
NGS; 435.8 365.0 70.8 83.75
NGS5, 419.1 357.5 61.6 85.30
NGS;, 415.7 351.7 64.0 84.60
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Fig. 2 Cycle performance and rate capacity of natural graphite surface-modified under different conditions: (a) Reaction

concentration; (b) Reaction temperature
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Fig. 3 Electrochemical impedance spectroscopy Nyquist plots and fitted curves of natural graphite samples before and after

surface-modification at various potentials (0.7, 0.5, 0.2, 0.1 V) for the first cycle: (a) NG lithium-insertion; (b) NG

lithium-deinsertion; (c) NGS; lithium-insertion; (d) NGS; lithium-deinsertion (Insets in top right corner mean enlarged Nyquist plots

at high and medium frequencies)
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Fig. 4 Equivalent circuit used to fit AC impedance Nyquist
plots



%24 B 3 WA, 55

H,SO AR IR A7 S8 9 AL 271k i R ok B )y 2

783

14
(@ «—NG
12 +—NGS;
10f
o ¥ Ry
= k/A\n—‘
or Ry
4 L
o /RSEI
20— | T
s «— R
0 I 1 | 1 1 L I
07 06 05 04 03 02 0.1 0
Voltage/V
60
© *—NG
50+ 4—NGS;
= Cere
3
C% 30_
5 Cepe
&
&
O 20F
10r —+—— Gy
.\- o
0 1 1 1 1 CSEI

1 1 1
07 06 05 04 03 02 01 0
Voltage/V

30
25k +—NGS;
Ry
20
@]
= 15F
10f
S — R,
- —o Ry
0 T/Ti 1 ! 1 4l‘RSEI
0.1 02 03 04 05 06 07 08
Voltage/V
60
@ «—NG
50+ 4+—NGS;
= 40
3 \
<
S 30r .
Q
§‘20 \CCPE
3 L
Cepe c
1or ‘&g\_‘
0 T; ] 1 | TﬁCSEI
0.1 02 03 04 05 06 07 08
Voltage/V

5 AR R A MET(NG)JE(NGSs) RARAT S Al B O B B I R b i A2 T B 2 5
Fig. 5 AC impedance parameters of natural graphite samples before (NG) and after (NGS;) surface-modification at different

voltages during first lithium insertion/de-insertion process: (a) Rsg; and R, during lithium insertion process; (b) Rsg and R, during

lithium deinsertion process; (¢) Csg; and Cepg during lithium insertion process; (d) Csg; and Cepg during lithium deinsertion process

Q; (EMCEIEFET Rogy A1 Re 35 I INESS, HY Regy
i 2.544 Q W% 3.918 Q, R, 14.610 Q ¥ jn%
22.440 Q. 1M NGS; fEHR B kR b 1) Repr A1 R L
A E AR, R EFFAE 1.468 Q /i A, Ry HEFFAE 5.783
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HckE e 1) SEI .
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uF $9 % 28.57 uF; M BT Cop M Copp ¥
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1 8.581 uF J/N % 4.252 pFo NGS; ZE A FEH Cypy
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R 7342 Q, REWHNE 5848 Q, L]
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2.4 JELEESIR
TR TSI H A B E R AR AT S8 AR H
G AL i (0 30 1 2 B0 B B 1 R 4 1 R 25 )
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