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“Top-Down” Method Derived Few-Layer Graphite as
Cathode Material for High-Capacity Aluminum-Ion Battery

LIU Dong-Hai*'? WANG Jun-Ming? FAN Wei-Chao'?
FANG Jin-Gang? ZHU Xiao-Jun* MENG Chui-Zhou™'*’
('State Key Laboratory of Coal-Based Low-Carbon Energy, Langfang, Hebei 065001, China)
(CENN Research & Development Co., Ltd, Langfang, Hebei 065001, China)
(School of Mechanical Engineering, Hebei University of Technology, Tianjin 300130, China)

Abstract: A novel easily-scalable “top-down” method was used to prepare graphite cathode materials with chara-
cteristics of few layers, small size and defect-free, which further increases the embedding sites of ions and breaks
the inherent capacity limitation of graphite, so as to improve the electrochemical performance of aluminum ion
batteries. Scanning electron microscope (SEM), transmission electron microscope (TEM) and X-ray diffraction
(XRD) were used to characterize the properties of graphite materials, indicating that the proposed “top-down”
method is able to realize the stripping of graphite without destroying the structure and achieve effective control of
the thickness and size of graphite layer by adjusting the ball milling time. Electrochemical test results showed
that the discharge capacities of G-48 reached 93 mAh -g™' under a current density of 3C and still retained 68
mAh g™ under a high current density of 10C with excellent cycling performance. In addition, the preparation
process is simple and low cost, which provides a good foundation for promoting the commercial application of the

high-capacity and long-life aluminum ion batteries.

Keywords: electrochemistry; aluminum ion battery; graphite; cathode materials; ball-milling; top-down

WA H 3% . 2019-04-01, W& EcRE H 3K . 2019-05-29
A6 AU R TR H (No.18394405D) il 1 58 & ST 5 & 1411 (973 3141)(No.2014CB249200) % 1
SEEKR AN, E-mail :liudonghaic@enn.cn,2018108@hebut.edu.cn



1412 Jd Hl fk

#o% 4R %35 %

0 35l

W 5 BB R W 2D | S aE2x 1 T g O A
i A S 2 e Ak A1 18 U5 T B 26 ) LAY 33k AT P2 g
PRIV S i S E R o e W o 0 N TR IR e A e
REVR AR R R rp ) ST BB TR 19 25 B R AR
VE i R IR i A 3 K PR AR | XURE 55 1l 1A= fE A
19 5 e A T AR S B8 JRUA A7 6 8 1 it BB A 1 19
JRARAFIC N HE . AER A RE Ty 2 B Ak At g
s A LUH I A 1) 205 P A A% AR AR | v 2805 A0 i
I ELUR W Ty, Ho RS - H b DL H: Y e
JEEFEA A 1 i, B S5 EL N T A0 1Y 30 ) g
U5 4% Tz N T A BOR L gl iR A, B
S P XTHERASAE AR N T TR B R AR A R 2 1R 1 4
N TR U 32 R e | kg B B R RO R
JAE R TR PR, P BEF AR R H O
] T F A& AR AR ELA i T i oAb on R, il an
BB BE RS IFXT AT AT T2
bﬂ:%[z&]o

FITR et AEAF S IR 2 (BN 8.2%)1)
EJEICE H TR ITER (F B4 0.0029% 1
23%), FETHICRIF A F W 80 A
B 2 1B 3 il ek 28 R R P T A A R D 40 Y BT L
54 (2.98 Ah-g ) FIHE(3.86 Ah-g™)AEH AL, SR M40
PR FR L 25 4 (8.04 Ah-emd)HIEEL(2.06 Ah-cm™)
3%, B SR B B AR P e AR
PR R PR 245 ml R AF B IR 47 22 &
J& BT BE TR A RE AR FC10 ) 2015 4F | 36 FT AR KA
(3 2 A P2 B2 B 1 DL = 2 o B IR AE Ol IE
W B TR AAAE g v A BR TV S SR 4 S T
a5 A 4 A-g! B HLI A EE R IRIE 7 500 B,
R FUE AFETE 60 mAh-g M, 78 HL B S A SE
XA BT I 2 ROV AT TR Ik, 8
HLAT 56 36 A0 BR S5 R 1) R AR A A8 SR AR B 7 L Tt O
e A Aok 1) T L2 10

A1 55 25 B SR BRES  HLT 0 L AR A R B R
AR E UL S G IR RE M RR TR g A A
REA L2 M40, ART AICL 3 74 2 J s
i, DR RS F HL T ) A S AR ME R % 60 mAh-g,
an e 5 T+ A7 B 28 TE AP R 25 i BT R LA AR
SRR I AR S, B I Y RS 3
AR, /D 2 A SR AR A R BIE 5 R 3 — M R A i e d
AT ARG Y L A 4R DAk A 2 A T v

][/

w5 B F 5 FLBREE R 0 0 2 AR kL 8 N
JH T B i i B8 0 H 25 2 L SR 7K IR 1 ik 33 4
J5 M IF B T AR 2 SRR TR 2 )
U2 A BN LAAR 2“7 3 25 1) S8 AL A S5 b RLPE i 1 IE
W AF k4 5+ BT R e R R 4 i 7 =X R AR
HEAT A J5t F A 2 R R BB 52 D05 bR S 55 8
TR IE R AR, A AT LA E] 100 mAh-g!
DA b, JF HAZp R4 5 %5 4 T LA 37 DA T
R S B AR ERE 200 A SRR
BEA A FE 53R R b 3R T AR . S L R
P 5N ES T A W RRESZ 5 T TR0 R S T b A
i (HUE, ROITIE R A AR EORAR v, R
2 000 CHY =i ifit BE 25 FNH Ry 52 A= i il £ T FE24 AR
R A KA BE T A S BV i S5 1 B BE TR
BRES F F L DA B A R A BR R A 2 v
e IT K il 26 T2 By B AN AR B B0 e A I
WA ok i T 20 R 4 B 1 R S A R R
i () E T ]

A TE LR A Bl Ak A S5 1R A% 0 4
T Al F AR R A AR O R R A A AR 1Y
TR H B R By A58 G % 88  R)
A7 BEBR I R B 1 07 30 7R AR A S5 61 N AR =
AREEF P RTEE T S £ B 28 bRk 2 40 R
LN iR A g T B R )2 NG
AER A SRt R LA D BR 8 i Tt A IE AR R L
AE % A 3 52 T IE R B RE N BB 7 5 L T 0 e e
BE AR B SR H I oA R Y BN AR B ) A kT i T
HL Y 9 L A S B RE PR RE | S8 IR BT 7 3C (150
mA g )H1 10C (500 mA - g™ HY HL I 25 BE T, HL Y
L 43 5 P LA B 93 Fil 68 mAh-g!, JFHH
W AE ARG PRI 35 25 8 DR TE 909% L) | R IiZ
A RME S B8 B FL L 0 AR A R LA A B R
Wi,

1 SLIGERS

1.1 R 5i&E

A8 (GY, VLV 5 R RHECA PR A, FHE B (5
Braf, PUB R A BRA A, 88620 wm , 1 4 )8 14
B BRA A, GO wm, FEIE 4 JE AR R
Al), B AR (99% , FE B4 IR EAME S 1-4
BE-3-FEEwk M Eh R AR | BT AL L 1.3:1, B ALEEAL
A RA ),

BREEHL (QXQM-4, KD RAIHARFEARARA



%8

RUARIG A < | 00RO ik o A SR A0 8 TR A i B 8 Tt e A 1413

Ay, FEHM (Universal, KIFZIE) . & X4 (OTF-
1200X, &5 BERF &b RN AR A BR 2 A | H ] A
(BTS-4000, I B8 B A7 FRZA By 23 S FE AL
(MSK-SFM-16, RIINTH B E kR A BRA | 8
7R HL(MSK-800, &5 AERH A BB AR AT BR A ) |
B HLMSK-140 , RN T B G2 A BHE A PR A |
e AU HL(MSK-180L , WY i B iy B ik B 2 47 PR
Ay,
1.2 MHEEK

BRI A R R A
SRS THERL LT R L 7:3 SETIR A R, REH
LRSI )G, o3 S BR BOTT S AH W] (9 VR A 4 A 2]
JLHGER BEFE DY, A TC K O BEAE N BRI 5 591, % H:
HEATERIE | BRI 5 3 350 remin™, BRI I [A] 75 24~
48 h Z R SRJG  FEEREE SE 55 K A BB o
i A5 2R A kL 7E 70 °CHY B 28 JERS D9 2R 47 T4
24 h, IBRZIERToK OB, a4 TH R RS 1
R A 2 N R AT I B DR IR A AR
A, b R EE R 500 °C, AL PR ] R 6 h, L
TRAUERE 26 MR B B Gt 4 3 25 B | I FR R A
ERRAA FIHAT, WARIE L 56 % 4 B b 1 Tt
TR 5 °Comin™t, AL I A5 2 9 £ 580 kR
kAT A BRI B L I AR A R

iRl R K BRI 24 T 48 h 5 RS
HIFE AT IR G-24 5 G-48, KL EKEN A
SBAMBRICA G, RIS T X B ma sk s i 250 R
K AR INBL i 7 3 oo Bk s £y Bk RE 48 b HET
J&i B AR AS A BHEAE G-48 without S,
1.3 IERIE

SEM FE ALY £ 5 2 FEG X130 2 49 4 B ¥
W, BB TAEEE 10 nm, fIEEHE & 25 kV,
TEM EAFXEF ALy JEM-2100F, i #4200
kV, S4B 0.19 nm, XRD 7 HrfL &% A5y
Bruker D2 Phaser 77 954 , TAE# A 30 kv, T1E
HLUEA 10 mA, FRHHIEN Cu ¥ Ko 38595, KA
0.154 06 nm, FAH 76 R 10°~80°, Raman 73 H1 {4+
#1524 Thermo Fisher Scientific 23 &) i Nicolet DXR
WOLHL 2 B AOETEAL 532 nm B2 S S EOE
R ERER S 1 000~2 000 em™, AL B -
I8 B U AN 28 O BEL-mini, $ANELIR R 200 °C,
ToAb BREF ] 4 12 h AFM AX #5528 H A HES A
() SPM 9600, i H &4 ¥ B2 4 0.001~0.005 mg-
mL™ (AR 2 BV W B = B b fl 7 R Al

JR M I AT I
1.4 EBAZNHR

SCHR T R H Ak A R G SR R T R
AR FR AT 20 Y, LS I TG A KT AT PR BRI I

AL A (1) A A R E R R S S
HL 7 Super PR 45 ¥ PVDF (R 5 £ 0 LA i B
8:1:1 #HATIR A, IREWE R IREAEMBEERAE L,
JFTE 80 CHE AP Pt T 12 h, 5 TR )5 BEE
BRI IE AR R TR A R AT RR E AT LR
PEY R M R S PR R T 6 28 AE 2.0
mg-cm, (2) LA aiga i o bk, 3555 45 4 B b
FEE, B R AH R/ B T S R T AR B R S
W 1F TR B I S e IR — o ML AT 8 P 45 A | 2 %
FLYHL P OES , (3) K PR AR T AR BB R A T 3 e B
AR T-ERM NI W, H RO oK E AR A 1-
B -3- F BE R e 6 R £R TR B LAY B AR | B S R
FL U 24 h LA R AR AE R R e b TR AR

Rt 0 R FH R I 2R A= 7 1 e s ) 3K
XoF B b AR I 7 R I I L R X Ry 0.5~
2.45 V MR A CRUERK 22 18] 08 78 4 12 fi |, FL
SR AT — 7 T B IR A AR 27 AT ol %) r,
AT 32 U BB (EIS) 5 7 PR 22 th 2 (Cv)ill ik | i
FAAES S i OURH R A2 7™ 1 €S350 B, RIS 4 1)
ESZ P S R AE N 5 mV, I 9 00 305 [
0.1~10° Hz, G PR 2 i Ze D i 48598 LR 0.5~
245V, H# K 2 mV-s,

2 HRFIE

IR BRI A T2 1 R A
ERIBHLA A1 88 7 )2 2 5 B Bk AR TR 24 4
G5 SUREE S W R A DA LR DA BPO R AR - D W =pis
FrRLEE At | 22200 ik TR RS UKL Y A7 75 | RE A8 1k
— 2 B BRI R A 8 R B T B BRI
T AN WAL | B2 K UKL 23 32 iz B0 28 A S5 4
B JZ TE] JF 5l B BRI T2 2E— B SN A 8 1
JZ B R el A (IR ] A R i AR R A AR R R B
Y RN R E DR B SR AR A B AR
TEJF 2219 500 CHAAL BT rh 23 A 2 TR 1 Bl BR
F AR B BRI IS H SR IEARA KL G-24 5 G-48,
2.1 HEHRMERSH

Oy B A T A UL M TR A A T A R 1B
WRCR 6 e A AT RGERIE, B2 8 G,
G-48 without S .G-24 } G-48 ] SEM ¥ 1 [#] 2(a,b)



1414

%535 %

0 Zircon ball

1

R,
%ﬁ Graphite

IH, RGN A BME G A EZHERE 2
B HCIRZE R | H v E R, RSP HITE 10 um PL L
M3t 24 h BREE 2 )5 A SR G-24 A2
WY AR A5 2 RGN HEUR T S um /Y
NFE R WA BRI I ) A 328 WG 0, A 5 Y
LS E— 2B/ | 3K AR TR F v A T
R AICL 76 A 88 2 R AR 2 o 1, B e A 55
J2 (] £ 4 2 00, DT 056 40 B Tt Y L e S
FAER O s Syl B R A TR e BROES i i
3 B R VD A N ) 2R T R AT BRES
7 G-48 without S LIAEXT H (B 2(c,d)), i1t 547 b
MR G BXTE AT LU BRI 0 3K i B A —
R DX AR RA —E MR B A2 T3R5
MR £ 238 R 2 R/ IBR R BE 1 G-48 ZE R, A
HR 2R AR R 550 i A GE 6% & 2] 4 B
BRES IR T A 85 B )2 RS RO ER

R T k20 O S5 A AT SR X L AT
TEM EAE(El 3), B & 3(a) T AL FEROIES T ,G B
AR URE RUST | T B8 A 3K B 1 1) 6 38 A A

I pm
—

K2

Heat treatment
under 500 C

N

N mum——
N

\\

W Sulfur

TR BARH 45 % R

Fig.1 Schematic of preparation of few-layer graphite
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Fig.2 SEM images of (a, b) G, (¢, d) G-48 without S, (e, f) G-24 and (g, h) G-48
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Fig.3 TEM and AFM images of (a, d, g) G, (b, e, h) G-24 and (c, f, i) G-48
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Fig.4 (a) XRD patterns, (b) Raman spectra, (¢) N, adsorption-desorption curves and (d) photograph
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(a) EIS of G, G-24 and G-48; (b) CV curve of G-48 under 1 mV-s™
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Fig.6 (a) Detailed charge and discharge curves of G, G-24 and G-48; (b) XRD patterns of G-48 before and after cycling;
(c) Cycling performance of G, G-24, G-48 and G-48 without S at 3C rate; (d) Rate performance; (e) Long cycling

performance of G-48 at 10C rate, and the inset shows the photograph of the pouch cell
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