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This project aims to develop high-performance redox capacitor electrodes
consisting of MXene nanosheets. From 2015 to 2017, we have evaluated the electrochemical properties
of MXene electrodes with various aqueous/nonaqueous electrolytes. Notably, we discovered that Ti2CTx

MXene gives a large capacitance/capacity in nonaqueous Li+ and Nat+ electrolytes, leading to
realizing Li-ion/Na-ion hybrid capacitors with high energy density. The balanced high energy and
high power densities of MXene capacitors successfully achieved the target performance of this
project.



MXene

Na/Na*

Ti2C

MXene

MXene

MAX

4248.

Ti, Vv, Cr, Zr,
(Til-xvx)2C

(i)

MXene

Ti-C

MXene
MXene

MXene

MXene

Mn+1AXn
2011
Ti2C, Ti3C2, vaC
Ti2C, Ti3C2 MXene
MXene
Nb, Mo X
Ti2(C1-xNx)

10

(iii)

Mn+1AXr‘I

MXene Na*

MXene

MXene,

C

Mn+

Mn+1Xn
M. Naguib, et al., Adv. Mater. (2011) 23,

MXene

MXene
N

MXene

(i)

()
(ii)
(iii)
MXene
MAX
1Xn
0.1-25V vs.

180 200 mAh/g

MXene

Drexel

MAX



XRD IR/Raman SEM/TEM

(1) MXene
Ti2C MXene Li+
Na+
K+ Mg2+ Ca2+
1
MXene
MXene
(i) MXene
IR/Raman/XPS ex situ MXene
XRD
EXAFS
X X
MXene K, L, M
X X

Phys. Chem. Chem. Phys. (2014) 16, 7031. J. Mater. Chem. A (2013)
1, 13055. J. Phys. Chem. C (2012) 116, 24896.

H27-(ii) H27-(iii) MXene
MXene
MXene
MXene
MXene
MXene
MXene
MXene H27-(1) XRD SEM/TEM
H27-(1) MXene
MXene H27-(i 1)
MXene Mn2AX, MAX , A: Al, Si, S, etc.
A
) A Mn2Xn Tx -F, -CI, -OH,
-0 MXene M XnTx Ti,AIC
40° C 15 Ti,C(OH)0.300.7F0.6Clo.4
MXene
Mn+anTX
MXene
MXene
2
Ti,CTy
MXene Cv
cv

MXene



40 F/g 150 F/g

MXene ex situ X
12.7 Re13.2 &
8.74 44
0.9 &
MXene
MXene Ag
MXene
A
A@ - -
MXene MXene
TiCTy
MXene cv
300 F/g
150 F/g
ex situ X
9.4-9.8 4
8.74
MXene—
MXene
Md Ti.CTy Ti 3d X XANES
Ti K XANES
Ti 3d MXene
UCLA  Bruce Dunn
2013 intercalation pseudocapacitance
MXene
A@ MXene
MXene
MXene
TiCTx MXene 300 F/g 0-3.0V
vs. Li/Li+
Ti,CTy
Li Ti,CTy
SEI 70 SEI
260 mAh/g
1.2V
TiCTy
0.1C
16 mAh/g 2.0V 32 Wh/kg
10C
MXene
MXene
4

“ MXene as a Charge Storage Host” , Masashi Okubo, Akira Sugahara, Satoshi Kajiyama, Atsuo
Yamada, Acc. Chem. Res., 51, 591-599 (2018).

“ Enhanced Li-lon Accessibility in MXene Titanium Carbide by Steric Chloride
Termination” , Satoshi Kajiyama, Lucie Szabova, Hiroki linuma, Akira Sugahara, Kazuma



Gotoh, Keitaro Sodeyama, Yoshitaka Tateyama, Masashi Okubo, Atsuo Yamada, Adv. Energy
Mater., 7 (9), 1601873 (2017).

“ Sodium-lon Intercalation Mechanism in MXene Nanosheets” , Satoshi Kajiyama, Lucie
Szabova, Keitaro Sodeyama, Hiroki linuma, Ryohei Morita, Kazuma Gotoh, Yoshitaka Tateyama,
Masashi Okubo, Atsuo Yamada, ACS Nano, 10, 3334-3341 (2016).

“ Pseudocapacitance of MXene nanosheets for high-power sodium-ion hybrid capacitors” ,
Xianfen Wang, Satoshi Kajiyama, Hiroki linuma, Eiji Hosono, Shinji Oro, Isamu Moriguchi,
Masashi Okubo, Atsuo Yamada, Nature Comm., 6, 6544 (2015).

22
“ Lithium Intercalation into MXene with Hydrate Melt Electrolyte” , Kijae Kim, Seongjae
Ko, Akira Sugahara, Yuki Yamada, Masashi Okubo, Atsuo Yamada, The 19th International
Meeting on Lithium Batteries (IMLB 2018), P110, Kyoto (Kyoto International Conference
Center), Japan, 6/19 (2018).
“ High-voltage aqueous MXene supercapacitors” , Kijae Kim, Seongjae Ko, Akira Sugahara,
Yuki Yamada, Masashi Okubo, Atsuo Yamada, 59 , 2H09,

, 11/28 (2018).

“ Enhanced Li-lon Accessibility in MXene Titanium Carbide by Steric Chloride
Termination” , Masashi Okubo, Satoshi Kajiyama, Lucie Szabova, Hiroki linuma, Akira
Sugahara, Keitaro Sodeyama, Yoshitaka Tateyama, Atsuo Yamada, International Battery
Association 2017 (IBA 2017), Nara, Japan, 3/9 (2017).

“ MXene Ti2C ", s ,
s , Lucie Szabova, , , , 84 ,
, 3/25 (2017).

“ Two-Dimensional MXene for Nonaqueous Hybrid Supercapacitors” , Masashi Okubo, Satoshi
Kajiyama, Hiroki linuma, Akira Sugahara, Lucie Szabova, Keitaro Sodeyama, Yoshitaka
Tateyama, Atsuo Yamada, 21st International Conference on Solid State lonics (SSI1-21),
Padova, Italy, 6/23 (2017).

“ MXene Ti3C2Tx
", , , , , , 58
, 1EO08, , 11714 (2017).

“ Pseudocapacitive Negative Electrodes Based on Mxene Ti2CTx for High-Power Li-lon
Batteries” , Satoshi Kajiyama, Hiroki linuma, S. Lucie, Keitaro Sodeyama, Akira Sugahara,
K. Gotoh, Yoshitaka Tateyama, Masashi Okubo, Atsuo Yamada, 18th International Meeting
on Lithium Batteries (IMLB 2016), P1-0220, Chicago, Illinois, USA, 6/20 (2016).

“ Mxene: Novel Negative Electrode Materials for Sodium-lon Batteries” , Masashi Okubo,
Xianfen Wang, Satoshi Kajiyama, Hiroki linuma, E. Hosono, S. Oro, I. Moriguchi, Atsuo
Yamada, 18th International Meeting on Lithium Batteries (IMLB 2016), P1-0350, Chicago,
I1linois, USA, 6/20 (2016).

“ MXene Ti2C ", s ,
) , Lucie Szabova, , , , 57 ,
, 11/29 (2016).

“ MXene Ti2C ", s
, , , , , , , 82 ,
PBTO5, , 3/15, (2015).
“ MXene Ti3C2 - , ,
, , 82 , PS50, , 3/15, (2015).
“ MXene Ti3C2 Li+ Na+
", s , , , , 17

, , 6/16, (2015).



“ Electrochemical Properties for MXene Ti3C2Tx as Negative Electrode in a Non-Aqueous
Sodium-lon Electrolyte” , Satoshi Kajiyama, Hiroki linuma, Masashi Okubo and Atsuo Yamada,
20th International Conference on Solid State lonics (SS1-20),C11.04, Keystone, USA, 6/18,
(2015).

“ MXene Nanosheets for Negative Electrode Materials of Sodium-lon Batteries” , Masashi
Okubo, Lithium Battery Discussions(LiBD-7),Arcachon, France, 6/24, (2015).

“ MXene Ti3C2Tx Li ",
, , , s , , 2C06,
, 9/12, (2015).

“ Flexible MXene Nanosheets: Negative Electrode Materials for Lithium-lon and Sodium-1lon
Batteries” , Masashi Okubo, Satoshi Kajiyama, Xianfen Wang, Hiroki Iinuma, Ryohei Morita,
Kazuma Gotoh, Atsuo Yamada, 66th Annual Meeting of the International Society of
Electrochemistry, Taipei, Taiwan, 10/6, (2015).

“ MXene Ti3C2Tx . , Lucie
Szabova, ,
56 , 2E13,

, 11712, (2015).

“ Pseudocapacitance of MXene Ti2CTx nanosheets for high power sodium-ion hybrid
capacitors” , Masashi Okubo, Satoshi Kajiyama, Xianfen Wang, Hiroki linuma, Atsuo Yamada,
Pacifichem 2015, Honolulu, USA, 12/16, (2015).

“ Reaction mechanism of electrochemical ion intercalation into MXene nanosheets” ,
Hiroki linuma, Satoshi Kajiyama, Ryohei Morita, Kazuma Gotoh, Masashi Okubo, Atsuo Ymada,
Pacifichem 2015, Honolulu, USA, 12/16, (2015).

“ MXene " ( ), , 101
) , 10/23 (2017).

“ Development of MXene nanosheets for negative electrode materials of sodium-ion
battery” , Masashi Okubo (Invited), Atsuo Yamada, 40th International Conference and
Exposition on Advanced Ceramics and Compsites (ICACC2016), Florida, USA, 1/25 (2016).

“ Sodium-ion hybrid capacitor with Alluaudite cathode and Mxene anode” , Atsuo Yamada,
Masashi Okubo (Invited), IUPAC-2015, Busan, Korea, 8/11 (2015).

¢y

@



