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Research Progress on Electrode Materials
for Lithium Ion Capacitor

LI Yao, SONG Jiawang, LIU Qinglei, GU Jiajun, ZHU Shenmin, ZHANG Wang, ZHANG Di

(State Key Laboratory of Metal Matrix Composite, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: With battery type anode and capacitive cathode, lithium ion capacitor combines advantages of lithium ion bat-
teries and electrochemical capacitors and shows nice performance in terms of high energy density, power density and lifespan.
It is regarded as one of the most promising energy-storage devices for new energy vehicles. However, in addition to the forma-
tion of solid electrolyte interface and high irreversible capacity loss in the first cycle, lithium ion capacitor also suffers from
kinetic and capacity mismatch between anode and cathode, which hinders its further development. To enhance its energy
storage performance, researchers have been committed to develop novel electrode materials. Depending on the
electrochemical reactions, anode materials are roughly divided into three types, which are insertion type, conversion type
and alloying type, respectively. Here, besides anode materials, several research focuses on carbonous cathode materials for
lithium ion capacitor are also briefly summarized. A perspective concerning further research and application of lithium ion ca-
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pacitor is presented in the end.

Key words . electrode materials; lithium ion capacitor; electrochemistry; energy storage device

KfmEH. 2017-12-31

EL£WE.: HEKAARRFESEITHE (51572169, 51672173) ;
TR R AR TR T H (16QA1402400) ;5 i
iR B H (17JC1400700)

F—1EH. & 38, B, 1983 44, DR A
REHE, 5B, 1995 44, BiLwsL

BRAEE. K BE, 5, 1981 4F4:, BIF5 R, Email:
wangzhang@ sjtu. edu. cn
gk gk, B, 1957 4FEA, #HUR, A0, Email:
zhangdi@ sjtu. edu. cn

DOI; 10.7502/j. issn. 1674—3962. 2018. 06. 04

=

1 H B

B AT AR ORAP R0 T A B 5T bR ik i R
TEAE IS AR RE & 18 H 2 A T 58 B AT T 400, # B 1
EE, ¥ ( lithium ion battery, LIB) BA# &AL =% E (130~
200 Wh/kg) , & HATE IR, A28 550U 1 FZAERERS1F,
SR H: T % A% (< 1000 Wokg ) | i FH A7 i 4
(<1000 ¥R) FFAFAEAAAR 2N 7 A BIASE il il O ) 22 4 ]
M TFE P, B2z A48 (electrochemical capac-
itor, EC)EAT BRI RE L (>10 kW/kg) A
Az i (10° ~ 107 ¥k ), 4K T HC B IR B0 R 4 %5 % (5 ~
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10 Wh/kg) ™ S BHLAS T 3k — B0 > 0 dE 1Al
SHfEEL PR 1 F L 1 B R R R R H A 2 v R A i )R
SRR A RE SR R DI AR R RN, B
FN 53R AR AR SR A R 20 R A F S 28 2R AT TR
LMoy, H 8B 7 i 25 4% (lithium ion capacitor, LIC)
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Fig. 1 Ragone plot of various energy storage devices!’]
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2.1.1 #ARMHE

X AT R AR, FE R R, AR Y
PR R AL R AR R, anE 2, AR HL AR
MRAE GRS, SESEALY . BHETFE, Tk
W4,

A1 BRI — PP R R AR, BT s AR T
BERERH B AR A R, A SR ARG, S ik
AN SR, 2 R HE S Y 20 As 2 (7] A) A 2 s f
R, WA BRI GY ., B FiRA A S S EE
CHLOTBYER NG, U A A S R A AR A A R I
BT L R, ARRENEAR N 372 mAh/g, ffi
FHA B A b v B T P A1 R0 7 5 BT Yoshio 257 4
RSk, B EA A B R AT T o — A A
FIARAE"S > (A B8 1 A B % BE 2 1 Sk T AR 16
3.8~4.0 V(us. AC) L, HAKEMEERZE, SRl
T R ) A P 2 R e A S A A I A e i I
(solid electrolyte interphase, SEI), 5ZMi e Z&28tEfe, 5
Gh, MTEBAG IR, 75200 A 8 AR 1T IR
FARER T R AR (G AS AR R AR ) 1 T LA AR B
FE, WO T AL AR A AR b i g 4 JE A R
PO AR IR S R A Y o U 4 R R 1 S
PRI Jemowski 25 H ] Liy ReO, ( LReO) A A 33 1,
PR R AN, AR TE IE AR TG PE AR R AR I LReO 1E A
YEM B ERI DG PR oot A S8 S AT P R, % LA
BT WAL 3R, IR T %2k, Sennu N
FAPURAR 0 A BB T, T PEARAE IEM, Al e+
AR RER Bl 1k 162. 3 Whkg, BA BIFmITEHia
FEVE (FEHCR 7000 IRAEAREF 79%) o AATTIA K A3 BE A 44
KL AR B R T A A, A LIC B R4
FR b ERE  RTAH L T gia &, RZHIF ARt
WAL, A B A 0K 09 R 0] 30 25 1 B FE (irreversible
capacity loss, ICL) . /b i) 8 T REURIT B, fif VR 70 e 55 T A
SPERE, DI 2 RIS # R E SR A ) L

B-FeOOH J&—F 8L 7 {1y S0 S AL P 2 s i A1 BE . 2
B-FeOOH AU J5 AH, PIEBIHEA 5K 1 £L 1 v] HEAH 2 ik
A, FISAEZ) 300 mAh/g, Cheng 25" 3@ 3 {48 i 7K #4
P45 B-FeOOH 4K, A AR TE 1.5~4.2 V Hil
1.5~3.3 V(us. Li) FHAFEFR I LL 0. 5 mA/em’ i HL 3 3
FURCHL, WIHA 25 53 5 O 237 mAh/g Fl1 200 mAh/g,
DA I 67 b 20 26 PR AR 8 F 2 0 R L A P A0 A R e
R I RE %, 10C 3R TGP 70k B 800 WK 4 it
1845 96% , fEHRBEEE N 45 Whkg, Liu 21 R HIUTIE R
DR IT R4 TEE TR FeOOH 42 7 O H B e 7E A
BRI H FeOOH/ £ 884 A itk B A

AR ECE S A = A

&R . BRERAE (lithium titanate oxide, LTO) %2
LM E S R ALY, AR Z R E R R
(Bisk™, M, S, k%), JURR R IR IE I
FUAAIE RS L2 (335 mAh/g) o I T4 T2
o EARERE . SEEALE, ARARER EA B TR

FEIUFP IR LS, Blak s A — AR Bk VR i 4 vl
WIS 22 . BUEKH 0 — SR Ak Aok v A i 480 2 97 ML 4
N2, Wi 2, B ERL (2 3.7%) . B
i F 1 mol —FALEKATLIHRA 1 mol #R BT, HSZPR E7T
WA R KR 0.5 mol! '™ Oh 1 i v H AT e 2
WFSE 3 7E R T RE B &5 79 (001 ) 187 (0. 9 J/m?) b itFATitk
B, Chen 25" HE I T —Fil 1 [ 41234 i 45 (001 ) A7 L4
I8 100% 19 B ER BT — A AL B 98 K Fr 19 5 55 Nguyen
ZEE 200 b — L 30 1o 2 R 9t 0TI S 1Ry SR 3 1 B (001 ) T
AR S T LA ] 0. 65 mol, A T fftk —Fibsk A H S
H PR 22 1 R) A, F 5 TR 9 T B Ak B S e 4 oK A
(carbon nanotube, CNT) . it JF 45 1k A 88 4% (reduced gra-
phene oxide, rGO) & &ET15, Kim & 38 i i 4l Bl
Tl T 2148 Tio,+GO KR E G40 EE, FHFLUE & AC
RIERARE T LIC, %A # i BE =% % ) 50 Whykg,
It BA B MG PERE . Wang 25120 46t 324 1 B4R
YK s O AR ROR (A8 3) , 9K O AR
ASURT DAZR fife b B ST 7 7= A 9 g A8, 38 T LA o e £ A B
HBE, LA GO 4L A E A LIC BAT 72 Why'kg
MIRERZE, AI7E 1 min W52 TR, ELIEH 75 i
i 1000 K%,

AHECEEBR R — Stk , 7 20— AU B A s g
PR (1.55 Vous. Li), ROMHUEIRIAS > EksEics
ICL H/)N, Byeon 25558 T 24 B A A bk &
WIS, EIAE 500 CEAAE T 4 h, ZAfRER
YKL B 2 B T 30%, fiE % LA T FE, Tang
SISO AR SR BIFIY 35 B X TiO, A g fb b A A 1 5 1
' HIC PR A Pl 5 3R AR S [ R gl i R 3 i, 0
INFOREL RS I PRAL R (R 42, BT B4R T S R
PASCAE SRR S A B AV 28 0, ok 3 b LR 45 A il
K, B EA R = AR S5 I A AL TiO, 0K TR R ik
N/ BARERRANRAE = UMK, % LA AT 396 50 i F 2 A 3
213 mAh/g, PIHCHIARL . AC NIFMRZHEER LIC ok fik i
W) Ry 9 R 31,3 Wh/kg F 4 kW/kg, Naoi
A0S TR AR O FUK PR S Ak, il T L
JEE R 0 R A R S Ak AN K i RNl 9 K A A B b I
Z, 1B 1C HEF T AR N 275 mAh/g, 7E 300C HK T %
AL 235 mAh/g, FFRPERENAE,
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B3 BERALRTR AR SEM BEH (a~b), Z1L Ti0, 25 D MERE) TEM BEH (), A SBMA0K 1 SEM I A (d), A A5
IEAK T TiO, R MY TEM BE A (e) 3 JCEMERE(F), $kITE (g), EILE(h), BITE(i)!?
Fig.3 SEM images of the polymer matrix before gelling (a~b), TEM image of the porous TiO, hollow microspheres (¢), SEM image of

the graphene nanosheets (d), TEM image of the porous TiO, hollow microspheres wrapped with graphene nanosheets (e) ; the re-

lated elemental mapping images (f) , titanium (g) , oxygen (h), carbon (i)!?*

X EARMALG . 55 AB,0, 45895 (Li, Ti; 0,
A5 R Li(Li , Ti ;) 0,)) BRI REAERZ, LTO
FE AN 175 mAh/g, H B T HEAF/ AR 8 SEI
R B AR P AR R AL ICL AR, WA, A%
fEE AR, P MRE RIS M LIC A EL, Amatucci
BB SR T ) R T P A DR A R DA KA B 2R
faA Li,Ti,0,, A RE, 4l LTO 1E R il A1k K )
[P RAE T4 B 1 R BORT L R AR, X 3L LIC
Ui AR, R 2 # i EGE T 40k 4k LT . 5k
MBHE G 5 28 Hofh o R 19 7 U Peix — M R, Ye
AT K R IR AR AL 5 T AR LTO/C & A A
BE, DA Rl . 270 A0 A SR A I AR 4 25 1Y) FR R AR A
650 W/ kg I3 BN RE % 0 72 Wh/kg, 7E 10 A/g
TEFRFEACHL 1000 RS EAREF 60% , o T A R
TR,

HoA i 5 AE LIC Bk Ak A UM BHE A L, Ti, -
0,7 a-Mn0,”*  vO ¥ | LiCrTio,” | TiNb,-
0, | LiTi,(PO,),"™ ¥4
2.1.2 #HAR A

AR ot e R S R R L& (MX
X=P, S, 0, F, C14), HAEFRHH 2 & A w] iy
HLAL2E N, R R PR R A JE (M°) , L R
T A BRI IR RS (MX)) , Bl 2, TR 2 H
FROV, XIS AL AT LB b ik A 2 G b B e A T
WA, SR S A AR, R R A AR
YR SR HL 25 M 2 F AR VR 4 0 A A 08 P b ) 3R T O ok

SEI MRS, 233 BRI ICL, B R A7 7E FE L
R RRATRAR AR . RN L | TR RRE AN,
Wbl fh ™ B S ), R RE M, S RARE A s H R
HEAT T T LAk 2 ]

TR oA AL AR N T kL, BIS 2 B RS
1008 mAh/g, HIHANMARAREE . IR AAF, WERT™ Fe, 0, M3
AN 926 mAh/g, AT LLE T Fe™ I Fe' [A] 3547 H T 58
e, HRRROET a- ek, SR P e AR A ) L 3
PSR4, HLELZA 28 SO AR b A K, A7 e Rk
AEAR AR, AR E P4 22 %5 M8, Brande 45 B S50
Fe,0, M5 LIC tft, i Fe, 0, R BEA TR, %M
HLABRTE 0. 12 A/g T EA 90 Wh/kg HUER B, HF%E
FEHCREGE N, AR IR E, MR, 5%H
P (I FHRBEY | RAKRE ) B AT LIARL
WEEA R Ak RE . b AR T AR
RE AR E T, B R — R B AR A R AR, Kim
S S S B TR R A T 25 A 40K Fe, O, UKL
B GO, DICAT . AC HIEM AL LIC e E A
F| 114 Wh/kg, FEFR T 2000 K5 AE = 25 B - EFE 70% .,
Zhang %381 350 °C NIRRT B4 2Ry
Fe,0,-graphene B Z, LI AC IEMAHZER) LIC e =iHE
W IR 120 Whkg, dim D56 % B ik 5] 45.4 kW/kg,
10 000UKIEIN G 25t 81. 4%, TEREILSE

AU, IREAL, R, BIRA
756 mAh/g, AL FEBENN(~0.5 Vs Li), KTFH
b4 I8 AL LA AR 55 MnO 28481, Mn,O, th H.
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A AR AL I S5 B, B 25 B 1018 mAh/g, Liu
AT S Ao AR v A R 6 JREBE T MinO 44
KFEIREE, LB R, 2 DYUKFEIREE SO S5 F 1
MnO HL LA B 1 A i RG PR R s M . Zhao 256 LU
ARABEF ey J5okE, 38 4 R iy 20 R 20 2% otk hy
MnO/C. IEMRERZIK B (carbon nanosheet, CNS) [ LIC,
1 83 Wrkg 11 Ty % % FE N 6B &t % & o4 100 Wh/kg, 7F
20 KW/ kg MR T M 30 Whkg, T BEURSRIE) 2,
DA I HAT B4 1 B AT 5L, Yang 251 46 T 49Kk MnO/
O EBIHAKF (graphene nanosheet, GNS) Z &K R, LIt

Deposition

K2804/KMn04
MnO © - \
KOH ¢ \ s

Fk ., 48 A& Bk S IE B %€ Y LIC
127 Wh/kg, 7€ 25 kW/kg 09 D) % & F e & % B 4
83.25 Wh/kg, Ulaganathan 25" i 1 /K $ i 4 HH Mn 0,/
graphene AR, I LI AC M IEARASE AL LIC, f% 5 fiE
W EIAF142 Wh/kg, I HAEH 9000 K5 75 5 /EF 80%
HA B R TSR, Wang 267" 313 S8 JFEHE MnO
[ E7E = AR B AR i EAE R Sl AR, IEARCR I CNS,
2% LIC fe e it % LA 5] 184 Whykg (83 W/ kg LI
BN, TEREE N 15 kW/kg I A B % 35
90 Wh/kg, ¥ 5000 IR 75 f AR HE 76% , TEREHIAR

%

fiE % 2 1k 7
I

\N?“\%
"
i Carbon \‘
OH activation

R

nanosheet

Li-ion
. [+
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Fig. 4 Illustration of the process of synthesizing electrodes and assembling LIC*!

RARB =Bk 4H (MoS, ) JZ R EEER (0. 62 nm) , #
WA N 669 mAh/g, FERCHL R, SREE 2 A 0N Al
A BT 5 A 1 R A S PRI A PR 22 (75 F A A R P i
FEH R EMEAH: . Wang 257 3 15 /K #4245 HE MoS, -
C1GO BEAARZR, DT . AC R IEMR A %R LIC 78
200 W/ kg T2 B R HAT 188 Wh/kg MIRER B, 7E
40 kW/kg N REFR 25K 45. 3 Wh/kg, f5RVERERLF, H
AT E MM TS (FEHCER 10 000 IR AR 80% ) .

oAt 5 Ak B G B BLE A Cu0™ ™ | Co0,
FeS' 7 4 | ITAF AR A N HFSE
2.1.3 AaRMH

B G YA A A T R 2o AR R R A B A AR RN
mE 2, KRN S R s E BB Wbz Ar T,
P LA AR T RS L TR R A 4 R 10 4 7
HEARRNASIF RS8O ) XA R AR T/ER
AL, WEITAREIIRE MKTE, —& oo = Iei 4
JEEALY), 0 Zn0 ., SnO, S5 7E 7o L i AR T AN R A A
SR, RN, RSt E,

RER—FMREZ M VTR, HTERSRIL,

S LA i = (9786 mAh/em’ ), Sl EL R, SRTAI1E N
AR, RESLAT B AEAE — e[l B, HAE 70 R i 7R
R AR b o K (TR E T B 434%, 45 B RE R

399%) ", S TR AR b I A R 2 B I B R N
MM AR, Mo AR, RERAF 7R 3

RAE, BHIRAKE SEL ™ | BH K AR ICL 8 K%
[, RESE R AR AL S AR R (I S H PR B . 28
AR ) B A AT 5% R0 70 i A i AR P A iR AL AR Ak,
BEAh, 5 T P 3 2 i A 70 R n 790 R
B SET B4R FH IR PR AEL™ @ 0 Chan 265 il % ) — Fif
TC T R B e T SRR A KRR KR ZR, REK
LR IR TT LIRS TR fE A nT AR R B R D 3R
Rk, Magasinski %5 it [ T 1 _L B9 5 95 76 ¢ SR A
RGO RE BRI KA £, X AN ELRAE C/20 T LLEE
HIEF] 3670 mAh/g, 43UT A A BRI 25 B (4200 mAh/g) ,
Si-C AR AN AR WIAT 1950 mAh/g, 7E 1C Fl 8C
T35 1590 Fi1 870 mAh/g, Wos R AF B9 R IR fE,
Yi % B IR R A B Y Si/Si0,/C 2 AR RHA R,
TE0.6 A/g MM B FIEM LA 100 K5, ZHEH
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BHEZ RIS 1279 mAh/g(RFER R 92.7%) , TEHFE
HRAE, DAtk . ZFLBRGER N IEAR 4 255 AR 58 7
RARTE 1229 W/ kg (TR % BT BB % 80 128 Wh/kg,
9704 W/ kg HITNH% T R &% B =35 89 Whike, Tf
IR 6000 K5 A EARSE 70%, THREIER .

B BN L ARAR (0. 3V ws. Li), PRI L AS A
(993 mAh/g), AERMELIRT, GE5HMEA R LUK
R, ns(2)

Sn+4.4 Li"+4.4 ¢ < Li, ,Sn (2)
K(2) 5rEZML, 1N AR A 8 A E R U b it
KEEIE S HF 305%, Z45abASHR 259% ) FIE AT &
SET R IR > K85 5 ik 3 b4 R 2 4 mT AAT R T Fi
WA BHIE AR E tE R i R AE, B —1NEAER
Sn-Co-Ti-C T\ 48 Sony A FI R Ak, Wang %17 3 i3 4%

QAR (2~5 nm) 5 ONS RS MR =49k 2 &
450, ZEAIR R BA 795 mAh/g B AR, TR 100
NS LA ERE N 508 mAh/g, IT, Sennu ST 7
VEEEEEA B R K, WA UTTE R A A IR B9 SnO, 4k
¥, DA R ml (T el ) . WPk o IER 36 LIC B
BRI E L, TEER 10 000 KA R Y 80%, 7k
3.7 kW/kg MTIREE T, REREIE R 90 Whikg, X%
R SnO, V50 bl 4 R B A B0 B9 A5 . Sun 457 il 4 1
SwCEARR (WA S) , %Ik R h B 98 K Bk 5 5 AUk
FERL X% 45 &, DLk b B, 2 FL IS #E % ( porous
activated carbon, PAC) AIEMZH %) LIC 7E 731 W/kg BY
iR T RE % 1A 5 195.7 Whikg, TR E N
24.375 kW/kg I gt % BEA A 84. 6 Wh/kg, TRFRREME
WHMFE, 7£0.2 A/g TR 100 K5 HRIRFE 92%

(a] (], ]
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5 Sn-C//PAC 3 LIC B TAEMLEI S5 i b2E17 0 . (a) TAENLGIRER, (b) AREMEEFOEARZMEL, (¢) AFEH
MEE TR MZ, (d) Ragone B, (e) 2 A/g T HEF e 22

Fig. 5 Mechanism and electrochemical performance of Sn-C//PAC LIC: (a) schematic illustration of work mechanism, (b) cyclic volta-

mmograms ( CVs) within the range of 2. 0~4.5 V at various scan rates, (c) galvanostatic charge-discharge curves at various cur-

rent densities, (d) Ragone plot in comparison with literature, (e) cycling performance at 2 A/g?!

& BRI AL AR R AR —JT 6 R AT
DASR R R L e A R AR AR I, X S A B AT e
BRI B, MR G4 BN, H WA ZoFe, 0, |
ZnMn,0,'™ | ZnCo, 0, ™ %5 LA ZnFe,0, N, T H
H O AT E R, HIEHAE 1000 mAh/g* ™,
2.2 IEWR#H

5 F AT AR R BETEA L, 0 EAR AR L 1 F
FURUD  BRES TR S IR R EEOR R A R AR
TR BREEAT R, o SR I SRR s AT HLAE 2k
FEBE A B R AR (A G, AT P I, A TESE

R SRR BRI ER , AT DS A B A AR TP o A R Y
WHES RS (10 Li,Mo0,"™ ™) | LiMn,0,7" """ | LiFe-
PO, VAR AR HRIE . Ping S5 A 7RIS M A T
JA 30%H#9 LiFePO,, FFLANL R IEM: . RAGER N R 4
PERUEE T A, M EmMERBE AR, BRN
LIC f5 R MERE A rBRAR, (i A A 24 5, A=
15 34% .,
2.2.1 B BH A

AR TREBR, FRE, AR E ML R
JE R AR 2 B e, RO E S T R AR
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WdE LIC IEM MR, TR IS, A BGIEME KL
WA, kxR R I AR B RE AR R R B
USSR A A A R Y R R F AR b i AR
Wang %1 18 7K #k il 55 40 BB IR K BE, 0.5 A/g 1Y
HLIH R N W LA 52 mAh/g, 7E 10 A/g F,
HEREF75%, T7£10 A/g THRA T 1000 K5 A&
IR 4%, Fan %250 10 75 I e B A kil 46 BB A
A BRI B IE , LER TR 1608 m’/g, 21 Ha il i %
WIZHAE 0.1 A/g FIEA TN 76 mAh/g, 7E0.1 A/g T
fEFR 1000 R 2447 93% Ajuria S8 D) 25 3ok B ik A
AL FRAY 1GO R IEM | B A 94K S AL 8 ORI GO
KRB LIC 75 142 W/ kg IR, RER %
4186 Wh/kg, ZHAELRIE 5000 K52 A RF 70%, B
ARG AR AT . Sun 255 DLRBERRANK A /A BRI R
B APEME Sy b (TR ) FIE AR MR, A% LIC £E
410 W/ kgl Iy 5% BN g i %5 B Ry 222 Wh'kg, SR TG
WiaE e, FEH0R 1000 A ERIEE 75%,
2.2.2 &RAVAERBEAMA

SSH AR PERRTE . NI 0 A JE A HILAE 22 4
#}( metal-organic framework, MOF) i ¥ 32 2| 1 55 & 111 #4)
Kk, BT RLEAT ZLHEAL RS, MOF 7E6f
REMP BT A TS . A/ h AR B i MOF il #5 2
A PR FLAR M B R, Xu 25 5@ 1 B Ak Zn-MOF 75
R AL, LIl A 0.2 A/g N AR
H269.9 F/g, £ 6 A/g FARMFEHH 2000 R 2 &R FF
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Fig. 6 Sustainable use of natural resources with olive pit case as ex-
ample ; the sun provides the energy to grow the olives, which
are used for culinary purposes, generating tons of biowaste
that once recycled and converted into carbons are used to store

the energy coming from the sun!®
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