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Impurity-doped rutile TiO2 as novel anode materials for next-generation
rechargeable battery
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As an anode material of Na-ion batteries, rutile-type TiO2 has a
one-dimensional diffusion path in the c-axis direction and a low electronic conductivity. We tried
to extract its potential performance based on a unique material chemistry methodology. We found that

the introduction of oxygen vacancies into Nb-doped TiO2 prepared by hydrothermal synthesis improved
the long-term cycling performance. In the case of Ta doping, the electron charge density in the
diffusion path was decreased, and the high-rate performance were successfully improved. We also
found that shortening the particle length of In-doped Ti02 improves the utilization rate. The above
results indicate that rutile-type Ti02, which has been devised in terms of material chemistry, will
be a promising candidate for the anode material of Na-ion batteries.



NIB LIB

NIB LIB
Li Na
NaCrO, <— Al ><— MR —><FE—>
NaFeO- VFoLAF> 5%
NIB @itz (LIB) QLi* Q
®E
Naz/3Ni1sMna 3« TixO:2 NazFez(SO4)3 EWYE
FhYHalt C
> @it (NIB)
Ti
LIB LisTisO12
NIB TiO, TiO; NaTiO;
Na TizO7 NazxTisO13 Nages[Lio22Tio7s]O2 Naos[CrosTios]O2
TiO, Na
ACS Appl. Mater. Interfaces, 7 (2015) 6567
TiO,
NIB
TiO, P4,/mnm c
ab Ti02
TiO,
TiO,  LigTisOn2 LIB
NIB
TiO;
LIB
Nb TiO;
6364323
Li* TiO;
15 GSC
NIB
TiO,
Titanium tetraisopropoxide 2-propanol Niobium
ethoxide Tantalum ethoxide Tin butoxide Indium isopropoxide
200 6
100 12 Nb Ta
TiO; Acetylene black 15 wt%  Carboxymethyl
cellulose 10wt.%  Styrene-butadiene rubber 5wt.% Cu
1.0mgcm2
Na ( ) NaFSA /
PC
303K 50mA gt 0.005-3.000 V vs. Na*/Na

TiO;



Nb-doped TiO;

400
ACS Sustainable Chem. Eng., 4 (2016) 6695. Nb-doped TiO;
6 at.% Nb TiO;
<110>
TiO,
400
TiO, ACS Appl. Nano Mater., 2 (2019) 5360. TiO2 Nb
Na+
TiOy— X 0.24
0.7 V vs. Na*/Na Na
Nb-doped TiO;
800 200mA h gt Na
10C
100 mA h g
Nb-doped TiO; 30
Nb
Na+
TiO,
Na+ 3
Ta Tas+
Ti4*  Nbs*
Ta>  Nb%
Shannon 65 pm
c Na+
TiO, 200 Nb
Effective (b)
Ta nuclear charge uoo)mNa‘ diffusion path
v v
Jek JO
ATA @ A A
Bader Ta [No-dopeaTo,
© Effective Charge density Attracted 3 O » a
nuclear iqi charge }
proiomed O?glr;al Cak(:;ljted (Do-DJ) ‘—-
Ti%* 10.1 +4 +1.9 21 $ Electron charge density
7 at%  Ta-doped Nb* 141 +5 +4.5 05 S>b  Low BN W High
TiO; Ta* 205 +5 +2.6 2.4
@) TiO: Ti4+
Nbs+ Tas+ (b) 200
Na* ¢ (c)
Na*

Ta-doped TiO;



290mAhgt Nb-doped TiO, 60mAhg!
100
800 200mAhg
Na+ TiO,
T, 300 . T . : T
i Ta-doped rutile TiO, Nb-doped rutile TiO,
Ta- E i
doped TiO; 10C £
130 mA h § R A——
gt o 100E " Nb-doped anatase Ti0; 4
Mo-doped anatase o AN
100 mA h gt at 5C g Anatase TiO; (0.1 C)
Co-doped anatase 8 &§ lueeemy \ , : ;
mA hg-at6C 0 200 400 600 800 1000 1200
Charge-discharge cycle number
TiO, Ta Nb TiO: .
Nb TiO2
ACS Appl. Energy Mater., 2 (2019) 3056.
TiO, 110 011
c
J. Phys. Chem. C, 111 (2007) 9060. TiO,
TiO;
Sodium
dodecyl sulfate, SDS 0.1M SDS In-doped TiO;
10% (@) SDS
TiO, (b)
In-doped TiO; TiO;
0.8at% In TiO; Ta-doped TiO,
In-doped TiO; Na*
Ta
In Nb
In-doped TiO; 3 SDS
o In-doped (@) (b)
102 o 300 . .
I In 0.8 at.%
240 mA h g-l 'Lt:’::::»: D (Reduced particle-length) |
200 - =

ACS Omega, 5 (2020) 15495.

200 In 0.8 at.%

Nb-doped TiO;

Na*

N

Undoped

Discharge capacity / mAh g™

SDS 100 4 B
':s =
ynthesis
Ti02 c with SDS
i 015C(50mAg")
0 1 1 1
0 100 200
Cycle number
(a) SDS In-doped TiO>
(b) In-doped TiO:2
LIB TiO;
LIB
ACS Materials Lett., 3 (2021) 372.
ACS Appl. Eng. Mater., 1 (2023) 994. TiO,
Li+ Na* LIB NIB

TiO;

ACS Appl. Energy Mater., 2 (2019) 636.



TiO;

Nb | | | |
Na* Na*
Tas*
|
TiO; Na*
TiO;
c c
| |
TiO2 |

TiO;

ACS Appl. Energy Mater., 6 (2023) 4089.

(wamsl —  (®atssu-—xmrmm)

TpTROF—T

—

NaZRE T riwrasooass
ERVES

Na/ AN
fERALT BE&NT
// é +772019-006814
= i 2010173178 | | 7 Na%7“ﬂ: ,'l i ,"l
\ BARBOZA ) \_ oBY )
1717141618 57 h
Na* / Na*
L — @
F/RTFILESAHE ¢ RICEHRD
100 nm BEMEOHME REPRGIEK

TiO2



17 17 0 5

H. Usui, Y. Domi, S. Ohnishi, N. Takamori, S. lzaki, N. Morimoto, K. Yamanaka, K. Kobayashi, 3

and H. Sakaguchi

Spindle Single-Crystalline Rutile TiO2 with Excellent Cyclability for Low-Cost Li-Storage 2021

Materials

ACS Materials Lett. 372-378
DOl

10.1021/acsmaterialslett.1c00135

H. Usui, H. Kojima, Y. Domi, and H. Sakaguchi 4

Regeneration of Nicotinamide Adenine Dinucleotide Phosphate by a Chlorophyll a-Coated Ti02 Film 2021

Electrode

ACS Appl. Bio Mater. 5975-5980
DOl

10.1021/acsabm.1c00649

H. Usui, Y. Domi, E. Iwama, H. Kurokawa, and H. Sakaguchi 272

a -Fe203 Conversion Anodes with Improved Na-Storage Properties by Sb Addition 2021

Mater. Chem. Phys. 125023-1-7
DOl

10.1016/j -matchemphys.2021.125023

H. Usui, S. Toriu, Y. Domi, T. Tanaka, and H. Sakaguchi 44

Material Design Based on Impurity Element Doping for Photoelectrochemical Capacitor Composite 2021

Electrodes Using Metal Oxides

J. Energy Storage 103497-1-8

DOl
10.1016/j .est.2021.103497




H. Usui, Y. Domi, Y. Itoda, and H. Sakaguchi

35

Solid Solution Strengthening of Bismuth Antimonide as a Sodium Storage Material

2021

Energy & Fuels

18833-18838

DOl
10.1021/acs.energyfuels.1c02987

H. Usui, Y. Domi, T. H. Nguyen. S. lzaki, K. Nishikawa, T. Tanaka, and H. Sakaguchi 90

Effects of Phase Change and Cu Doping on the Li Storage Properties of Rutile Ti02 2022

Electrochemistry 037002-1-9
DOl

10.5796/electrochemistry.22-00004

H. Usui, S. Suzuki, Y. Domi, and H. Sakaguchi 8

Impacts of MnO2 Crystal Structures and Fe Doping in Those on Photoelectrochemical Charge- 2020

Discharge Properties of Ti02/Mn02 Composite Electrodes

ACS Sustainable Chem. Eng. 9165-9173
DOl

10.1021/acssuschemeng.0c02964

H. Usui, Y. Domi, T. H. Nguyen, Y. Tanaka, and H. Sakaguchi 5

Indium-Doped Rutile Titanium Oxide with Reduced Particle-Length and Its Sodium Storage 2020

Properties

ACS Omega

15495-15501

DOl
10.1021/acsomega.0c01623




H. Usui, Y. Domi, N. Takada, and H. Sakaguchi 21

Reaction Mechanism of Indium Antimonide as a Sodium Storage Material 2021

Cryst. Growth Des. 218-226
DOl

10.1021/acs.cgd.0c01045

H. Usui, Y. Domi, K. Takama, Y. Tanaka, H. Sakaguchi 2

Tantalum-Doped Titanium Oxide with Rutile Structure as a Novel Anode Material for Sodium-lon 2019

Battery

ACS Appl. Energy Mater. 3056-3060
DOl

10.1021/acsaem.9b00585

H. Usui, S. Nonaka, S. Suzuki, Y. Domi, H. Sakaguchi 1

Photosynthesis-Inspired Electrolyte Additives Enhancing Photoelectrochemical Charge-Discharge 2019

Property of Ti02/Mn02 Composite Electrode

ACS Appl. Electron. Mater. 823-827
DOl

10.1021/acsaelm.9b00192

H. Usui, Y. Domi, S. Ohnishi, H. Sakaguchi 2

Single-Crystalline Nb-Doped Rutile TiO2 Nanoparticles as Anode Materials for Na-lon Batteries 2019

ACS Appl. Nano Mater. 5360-5364

Dol
10.1021/acsanm.9b01521




H. Usui, Y. Domi, S. lzaki, A. Nasu, A. Sakuda, A. Hayashi, and H. Sakaguchi

126

Room-Temperature Preparation of All-Solid-State Lithium Batteries Using Ti0O2 Anodes and Oxide
Electrolytes

2022

J. Phys. Chem. C

10320-10326

DOl
10.1021/acs. jpcc.2c02497

H. Usui, Y. Domi, I. Uehara, Y. ltoda, E. Iwama, N. Oishi, N. Nitta, and H. Sakaguchi

48

Cyclability Enhancement of Ce02/Sb203 Composite Electrode via Ternary Na-Storage Reactions

2022

Ceram. Int.

35593-35598

DOl
10.1016/j -ceramint.2022.08.268

T. Hirono, H. Usui, Y. Domi, W. Irie, T. Nishida, T. Sawada, and H. Sakaguchi 91

Effect of Sn Addition on Anode Properties of SiOx in Sodium-lon Batteries 2023

Electrochemistry 017001-1-5
DOI

10.5796/electrochemistry.22-00123

H. Usui, Y. Domi, T. H. Nguyen, Y. Sadamori, T. Tanaka, and H. Sakaguchi 1

Fe-Nb co-doped Rutile Ti02 for Anode Materials of Li-lon Batteries 2023

ACS Appl. Eng. Mater. 994-1000

Dol
10.1021/acsaenm.2c00262




H. Usui, Y. Domi, and H. Sakaguchi

Rutile TiO2 Creates Advanced Na-Storage Materials

2023

ACS Appl. Energy Mater.

4089-4102

Dol
10.1021/acsaem.3c00266

19 5

Ti102/Mn02

2021 1J05

2021

Ti02

2021 1621

2021

Zn-doped Ti02 Mn02

62 1H13

2021




Ti02

62 1E14

2021

Ti02

62 1B14

2021

405

2021

Ti02

2020 3

2020




2020 3
2020
In-doped Ti02
61
2020
In-doped Ti02
10 CSJ 2020
2020

Thi Hay Nguyen, Hiroyuki Usui, Yasuhiro Domi, and Hiroki Sakaguchi

Indium-Doped Rutile Titanium Oxides as Anode Materials for Na-ion Batteries

Pacific Rim Meeting on Electrochemical and Solid-State Science (PRIME) 2020

2020




9 JACI/GSC
2020
100
2020
Nb-doped Ti02 Na
87
2020

Hiroyuki Usui

Nb-Doped Rutile Ti02: a Novel Anode Material for Next-Generation Rechargeable Battery

16th Annual German-Japanese Colloquium

2019




Hiroyuki Usui, Yasuhiro Domi, Kunihiko Takama, Hiroki Sakaguchi

Single-Crystalline Nanoparticles of Impurity-Element-Doped Rutile TiO2 as Novel Anode Materials for Na-lon Batteries

The 36th International Japan-Korea Seminar on Ceramics (JK-Ceramics 36)

2019

Ti02

60

2019

Nb Ti02 Na

2019 80

2019

2019 80

2019




2022

2023

2019-173176 2019
2019-096813 2019
2019-096814 2019
2022-137209 2022

7250324

2023




(Sakaguchi Hiroki)

(00202086) (15101)
(Domi Yasuhiro)

(50576717) (15101)
(Kobiro Kazuya)

(60170370) (26402)
(Tanaka Toshiyuki)

(30713771) (85104)




