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Fig. 2 Several typical structures of electrochemical energy storage devices
A. Symmetrical electrical double layer capacitor; B. Lithium ion battery; C. Lithium ion capacitor; D. Lithium ion bat-

tery-type supercapacitor
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Fig. 3 Schematic diagrams showing electrode potential changes during the charging process

A. Electrical double layer capacitor; B. Lithium ion capacitor; C-D. Lithium ion battery-type supercapacitor
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Fig. 9 A. Discharge curves of LIC cell at C-rate varying from 0.5C to 250C; B. Ragone plots; C. Cycling performance of the LIC
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cell
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Tab. 1 Structure and performance of lithium ion battery-type supercapacitor with different hybrid systems

Positive electrode Negative electrode Voltage/V Enc(e% d;gnls)l &/ Ref.
40%LiMn,0,+60%AC Li,Ti;0y, 1.2~2.8 16.5 [42]
80%LiFePO,+20%AC Li,TisOy, 1.0~2.6 22 [43]
50%LiMn,0,+50%AC 50%Li,Ti;0,,+50%AC 0.7~3.0 18 [4]
94% LiMn,0,+6% AC 94% Li,T1;0,,+6% AC 1.5~2.7 60 [44]
75%NCM+25%AC Graphite 2.5~4.0 36.2 [45]
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Tab. 2 Novel electrode materials and the structural designs of lithium ion hybrid capacitors
A% ki HLE/V RESLASE /(Wh-kg!)  Ref.
AC Hard carbon + stabilized Li 2.0~3.9 31.5 [8]
AC LiCrTiO, 1.0~3.0 23 [47]
AC Li,Ti;0,, + CNF 1.5~3.0 55 [48, 49]
AC Fe;O, + Graphene 1.0~4.0 120° [50]
Li;V,(PO,); + CNF Li* 2.5~43 NA [51]
Li;V 3Al5(PO,); + MWCNT Li° 2.5~4.3 NA [52]
LiMng ,Feq106MgooPOs+ SWCNT  Li° 2.5~4.5 NA [53]
LiFePO, + Graphic carbon Li° 2.0~4.2 NA [54, 55]
TiOyB) + CNT Li° 1.0~3.0 NA [56]
Li;VO,+ MWCNT Li 2.5~0.76 NA [57]
N-doped graphene NbN 2.0~4.0 122.7 [58]
Mn;0,-PCR Porous carbon rods (PCR) 0~4.0 174* [59]
PCR VN-RGO 0~4.0 162 [60]
N-doped carbon MnO + Graphene 1.0~4.0 127 [61, 62]
F 3 TR TR A B A AR RV B T R T A PR A R
Tab. 3 Selected electrolyte systems for lithium ion hybrid capacitor and lithium ion battery
Positive electrode Negative electrode Lithium salt Solvent Ref.
AC Hard carbon + Stabilized Li 1 mol-L" LiPF, EC+DMC 1:1(w/w) [67]
AC Hard carbon 1.2 mol-L" LiPF EC+DEC 1:1 (v/v) [68]
AC Graphite 1 mol-L" LiPF, EC+DMC 1:1 (w/w) [34]
AC Hard carbon 1 mol- L' LiPF, EC+DMC+EMC 1:1:1 (w/v/v) [36]
AC Soft carbon 1 mol-L" LiPF, PC+2wt% VC [64]
Nitrogen-doped .
. . Fe,0;@C 1 mol-L" LiPF, EC+DEC 1:1(v/v) [69]
hierarchical porous
25wt% LiMn,0O, + . 0.2 mol-L" Et,;NBF,+
Li,TisOp, . EC+DMC+EMC 1:1:1 (w/w/w)  [63]
75wt% AC 0.8 mol-L" LiPF,
75wt% LiNi;5C04,Mng;0, + . .
Graphite 1 mol-L" LiPF, EC+DMCH+EMC 1:1:1 (v/v/v) [45]
25wt% AC
o . . EC+EMC 3:7 (w/w) + 2wt%
LiNi,;Co,3Mn,;0, Li 1 mol-L"! LiPF, [65]
VC/FEC/ESH2wt%
LiNi,¢C0y,Mn,,0, Graphite 1 mol- L, LiPF, EC+EMC 3:7 (v/v)+ 2wt% PS [66]
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Lithium Ion Hybrid Capacitor with High Energy Density

SUN Xian-zhong'?, ZHANG Xiong'2, WANG Kai'?, MA Yan-wei'”
(1. Institute of Electrical Engineering, Chinese Academy of Sciences, Beijing 100190, P. R. China;
2. University of Chinese Academy of Sciences, Beijing 100049, P. R. China)

Abstract: Lithium ion hybrid capacitors are electrochemical energy storage devices combining the advantages of both Li-ion
battery and electrochemical capacitor. They can be extensively used in many fields. However, the commercialization of lithium ion
hybrid capacitor has been encountered several problems, e.g., the device structure design, the screening of materials, the pre-lithia-
tion process, and the interface between electrolyte and electrode, etc. This review summarizes the recent research advances in lithi-
um ion hybrid capacitor with high energy density, including the selection of the active materials in cathode/anode and the separator,
the pre-lithiation method using the three-electrode structure, the high- and low-temperature performances, the capacity fading be
haviors, the charge storage mechanisms and the device fabrication of lithium ion hybrid capacitor (including lithium ion capacitor and
lithium battery-type supercapacitor). Finally, the perspectives and future developments of lithium ion hybrid capacitor are highlight-
ed.

Key words: lithium ion capacitor; lithium ion battery-type supercapacitor; pre-lithiation process; energy storage mechanism;

capacity fading behavior; high- and low-temperature performances
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