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On behalf of the board of CBMM, | would like to thank you for participating in the 5th Edition
of the International Conference on Niobium Based Batteries, held in hybrid mode on
September 15th, in Nanning, China.

On this year’s conference, we've brought together guest speakers from all over the world
to contribute to developing niobium technology in electrochemical energy storage related
to lithium-ion batteries. In the first session, our guest speakers will approach the next
generation of applications of niobiumindoping and coating for active cathode materials. The
second session will introduce the development of niobium’s role in active anode materials
to evidence application for high-power technologies for industrial, commercial, and heavy-
duty applications. And this year, CBMM and CITIC Metal introduced the Excellent Paper
Award, a recognition for researchers on niobium batteries in China. This initiative aims to
recognize the excellence of the production of knowledge and scientific contribution from
the Chinese researchers and academics of the future in thisimportant area of advancement
in niobium based batteries and to speed up the technical development in this field.

This event is happening thanks to the strong alliance between CITIC Metal and CBMM. It’'s a
long-term partnership, and our friends from CITIC Metal make us happy to be able to share
this additional activity with them. We're very proud to have such a relevant and important

partner in this event and new initiative. Furthermore, on behalf of Ricardo Lima, president of
CBMM, and Dr. Aimin Guo, vice president of CITIC Metal in China, we would like to express
our sincere appreciation to all the speakers, attendees, and organizers for being here and
for sharing with us some more fresh and new information on the advanced battery materials

using niobium.
Yours sincerely,

Joao Fernando
Board Member, CBMM

https:/niobium.tech/cn
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The rapid development of electric vehicles and energy storage technologies has fast-tracked the urgent

requirements for high-performance batteries. The 2022 International Conference on Niobium Based Batteries

will present the significant advantages of niobium technology in lithium-ion batteries, including heavy-duty vehicle

applications, which have attracted extensive attention from the global market and academia. This year’s conference

specially invited experts from the United States, the UK, Brazil, Korea, Japan and China to exchange insights on the

market development and application of advanced energy storage.

08:30 - 08:35

08:35 - 08:50

08:50 - 09:00

2022 International Conference on
Nioibum Based Batteries Programme

Opening Session and Excellent Paper Award Ceremony

VIP Introduction

Opening Address

Excellent Paper Award Ceremony

Dr. Zhongzhu Liu, CITIC Metal Co., Ltd

« Prof. Dr. Jodo Fernando,

CBMM Board Member

» Mr. Debing Duan, Vice President of China
Nonferrous Metals Industry Association

» Mr Yanlong Liu, Generay Secretary
of China Industrial Association of
Power Sources

« Dr. Aimin Guo, VP CITIC Metal Co., Ltd

Session 01: Next Generation of Niobium Containing Cathode Materials

09:00 - 09:25

09:25 - 09:50

09:50 - 10:15

10:15 - 10:25
10:25 - 10:45

10:45 - 11:10

11:10 - 11:35

1:35 - 12:00

12:00 -12:10

Role of Niobium in Nickel-rich Layered Oxide
Cathodes for Lithium-ion Batteries

Reducing the Surface Reactivity of
High-nickel Cathodes with Niobium

High Cycling Stability and Mechanism Analysis of
High-nickel Ternary Cathode Materials Modified by Nb

Q&A Session

Prof. Stanley Whittingham,
2019 Nobel Prize in Chemistry Laureate
and 2022 Charles Hatchett Award Winner

Prof. Arumugam Manthiram,
The University of Texas at Austin

Prof. Dr. Xuejie Huang,
Songshan Lake Materials Lab

Group Photo and Tea Break

Development of Cobalt-free or Cobalt-less
Li[NixCoyMnzNb1-x-y-z]O2

The Role of Nb in Single Crystal Spinel-structure
Lithium Manganese Oxides (LMO & LNMO)

Niobium-doped Layered Cathode Material for High-
power and Low-temperature Sodium-ion Batteries

Q&A Session

http://www.metal.citic.com

Prof. Yang-Kook Sun,
Hanyang University

Prof. Dr. Yongyao Xia,
Fudan University

Prof. Dr. Yufeng Zhao,
Shanghai University

13:30 - 13:65

13:65 - 14:20

14:20 - 14:45

14:45 - 15:10

16:10 - 15:35

156:35 - 15:50
16:50 - 16:00

16:00 - 16:20

16:20 - 16:40

16:40 - 17:00

17:00 - 17:10

1710 - 17:15

Session 02: High-power Battery Technologies for Industrial,

Commercial and Heavy-duty Applications

Role of Niobium for High Power, Fast Charging and
Long Life Li-ion Batteries

Defect and Wire Modulated Nb-Based Oxide Anodes
for Durable and Fast-Charging Li-ion Batteries

High Power Energy Storage Applications and
Requirements

Current Status of Niobium Titanium Oxide (NTO)
Cell Development for Commercialization

Commercialization of Next-gen Batteries Based
on Niobium Based Chemistries

Q&A Session

Tea Break

Dr. Kent Giriffith,
CBMM Consultant

Prof. Dr. Chilin Li,
Shanghai Institute of Ceramics,

Chinese Academy of Sciences

Dr. Sebastian Pohlmann,
Skeleton Technologies

Dr. Yasuhiro Harada,
Toshiba Corporation

Dr. Rahul Fotedar,
Morrow Batteries

Session 03: Excellent Paper Award -
Recognition for Research on Niobium Based Batteries

Winning Paper Presentation

Ultrafast and Stable Li-(De)intercalation in a Large
Single Crystal H-NbyOg Anode via Optimizing the
Homogeneity of Electron and lon Transport

2nd Place Paper Presentation

Engineering the Conductive Network of Metal
Oxide-Based Sulfur Cathode Toward Efficient and
Longevous Lithium-Sulfur Batteries

3rd Place Paper Presentation

Rational Design and Synthesis of Nickel Niobium
Oxide with High-Rate Capability and Cycling
Stability in a Wide Temperature Range

Q&A Session

Closing Speech

Zihan Song,

Hui Li,

Wei Liu,
Hongzhang Zhang,
Jingwang Yan,
Yongfu Tang,
Jianyu Huang,
Huamin Zhang,
Xianfeng Li

Jiayi Wang,
Gaoran Li,

Dan Luo,
Yonggang Zhang,
Yan Zhao,

Guofu Zhou,
Lingling Shui,

Xin Wang,
Zhongwei Chen

Changpeng Lv
Chunfu Lin
S.Zhao

Mr. Jefferson Vieira,
CBMM
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Next Generation of Niobium

Containing Cathode Materials
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M. STANLEY WHITTINGHAMER — ALMII KR, 20194 1% U/RILF LB E 120202 /R « MAT4SFREE

Prof. Stanley Whittingham - State University of New York, 2019 Nobel Prize in Chemistry

Laureate and 2022 Charles Hatchett Award Winner
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Prof. Arumugam Manthiram - The University of Texas at Austin
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Prof. Dr. Xuejie Huang - Songshan Lake Materials Lab
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Prof. Yang-Kook Sun - Hanyang University
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Bokk #Hig - EBEXF
Prof. Dr. Yongyao Xia - Fudan University
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Prof. Dr. Yufeng Zhao - Shanghai University
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High-power Battery Technologies for Industrial,
Commercial and Heavy-duty Applications

TAEAIR., REFKFHES T RMPER

KENT GRIFFITHIE L - BEFIEAR ARG
Dr. Kent Griffith - CBMM Consultant
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FEE ARR - PERFER LSER MR
Prof. Dr. Chilin Li - Shanghai Institute of Ceramics - Chinese Academy of Sciences
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Dr. Sebastian Pohlmann - Skeleton Technologies

NbTiOFE;th BYFF & Fnray Al 1k [z FR i R

YASUHIRO HARADA tE+ - HEARAMEFRLEREMARR

Dr. Yasuhiro Harada - Toshiba Corporation

ETREASYR T —R BRI

RAHUL FOTEDAR {8+ - #FBEIMORROW BATTERIESZF
Dr. Rahul Fotedar - Morrow Batteries AS

PerE AT RIMFIE R
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FRS Chemistry Department - Binghamton
University

M. STANLEY WHITTINGHAM AL I KFEXBHA/KUZFMBRRIEETRERG
HI%, 2019FIENRUFRREBE. REFZEXFREUFFZIAELZN, 242
HERBREMRR. BI9TIFEUR, h—EFRTEBMSE, HREEAEL-Fik
BAHENIERETHEALFESHEEERE. 1972F, fIMATExonq, XIT
ERERMENPHER, X4 TExxon AR SIS E— It RE T FEBE B, 1988
F, ERETAANIKFECHEMSRKNFARR, FRTHEMELFEIE. 20184,
iFIE AN ERTIEMRPR T, FH3XE TTURNBULLE ., fH2E%R¥<. MRS, ECS. ISEFM
|CODEYFR R R -

M. Stanley Whittingham is a SUNY distinguished Professor of Chemistry and Materials Science
and Engineering at Binghamton, and the 2019 Chemistry Nobel Laureate. He received his BA
and D Phil degrees in chemistry from Oxford University, where he is an honorary Fellow of New
College. He has been active in Li-batteries since 1971, when he won the Young Author Award
of the Electrochemical Society for his work on beta-alumina. In 1972, he joined Exxon and
discovered the role of intercalation in battery reactions, which resulted in the first commercial
lithium rechargeable batteries that were built by Exxon Enterprises. In 1988, he returned to
academia at SUNY Binghamton to initiate a program in materials chemistry. In 2018, he was
elected a member of the National Academy of Engineering and received the Turnbull Award
from MRS. He is a Fellow of the Royal Society, of MRS, ECS, ISE and ICDD.

http:/www.metal.citic.com

Binghamton University,
Binghamton, NY 13902-6000, USA

There is an exponentially increasing demand for lithium batteries to enable the electric economy
andtocombatclimate change. Atthe sametime,end-users are demandinghigher energy densities
and longer lifetimes. This is leading to the use of ever higher nickel layered oxide cathodes, LiNil-
y-zMnyCozO2. This change is also being driven by the cost of cobalt and its political challenges.
However, as the nickel content increases, so does its reactivity with the electrolyte. This limits its
lifetime, so approaches have to be found to reduce this reactivity, which may be associated with
loss of oxygen and perhaps some dissolution of the transition metals.

Two approaches are being used to minimize reactivity. First, reduce the surface area of the
cathode material by switching from the present meatball morphology to small single crystals,
around 3 m. This switch also eliminated the interparticle cracking observed on deep cycling of
the meatballs. Second, modify the material by either coatings or substitution in the bulk. Such
modification might also reduce the 1Ist cycle loss, that can amount to as much as 15% of the
theoretical capacity. Aluminum has been used to stabilize the lattice, such as in NCA.

Our results on using small amounts of niobium to both reduce the 1st cycle loss and to close to
eliminating capacity loss on extended cycling will be presented. We used two different approaches
to niobium treat the NMGC; treatment of commercial meatballs and addition of niobium with the
lithium to the hydroxide precursors. The results are strongly dependent on the conditions used.

This work was supported by the US Department of Energy through the Battery500 consortium.

https:/niobium.tech/cn
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1. Fengxia Xin, Hui Zhou, Xiaobo Chen, Mateusz Zuba, Natasha Chernova, Guangwen Zhou,
and M. Stanley Whittingham, “Li—Nb—O Coating/Substitution Enhances the Electrochemical
Performance of the LiNi0O.8Mn01C00.102 (NMC 811) Cathode”, ACS Applied Mater &
Interfaces, 2019, 11: 34889-34894. DOI: 10.1021/acsami.9b09696.

2. Fengxia Xin, Hui Zhou, Yanxu Zong, Mateusz Zuba, Yan Chen, Natasha A. Chernova,
Jianming Bai, Ben Pei, Anshika Goel, Jatinkumar Rana, Feng Wang, Ke An, Louis F. J. Piper,
Guangwen Zhou, and M. Stanley Whittingham, “What is the Role of Nb in Nickel-Rich Layered
Oxide Cathodes for Lithium-lon Batteries?”, ACS Energy Letters, 2021, 6: 1377-1382. DOI:
101021/acsenergylett.1c00190.

3. Fengxia Xin, Anshika Goel, Xiaobo Chen, Hui Zhou, Jianming Bai, Sizhan Liu, Feng Wang,
Guangwen Zhou, and M. Stanley Whittingham, “Electrochemical Characterization and
Microstructure Evolution of Ni-Rich Layered Cathode Materials by Niobium Coating/
Substitution”, Chemistry of Materials, 2022. DOI: 10.1021/acs.chemmater.2c01461.

http://www.metal.citic.com
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The University of Texas at Austin

ARUMUGAM MANTHIRAM BRI RHETERFEHAZR e ERREEESIREREFMNE
SEM R RETATC. IRE T810EEATIXE, SIRXEA6HIT R, hig%A130
o fA260ZFEFELTEMRARE THREII, SiF622FLEF26ZMLERIEE
A, fB4X3 JOHN GOODENOUGH #iZ7EHT{ESI/REEA TR T 2019F1E N/RILFEHH .

Arumugam Manthiram is currently the Cockrell Family Regents Chair in Engineering and
Director of the Texas Materials Institute at the University of Texas at Austin. He has authored
810 journal articles, with 69,000 citations and an H-index of 130. He has provided research
training to 260 students and postdoctoral fellows, including the graduation of 62 Ph.D.

students and 26 M.S. students. He delivered the 2019 Chemistry Nobel Prize Lecture on behalf
of Professor John Goodenough in Stockholm.

http:/www.metal.citic.com

Reducing Surface Reactivity of High-nickel Cathodes with Niobium

o

Cell cost breakdown (%)

Arumugam Manthiram
Walker Department of Mechanical Engineering
McKetta Department of Chemical Engineering
The University of Texas at Austin
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Cost Considerations
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W. Li, E. M. Erickson, and A. Manthiram, Nature Energy 5, 26 (2020)

UNIVERSITY OF TEXAS AT AUSTIN 2
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Effect of Co, Ni, and Mn in Layered LiMO, Cathodes
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| + M3*4+ jon characteristics/behavior are determined by
- position of metal:3d band relative to that of 0%:2p band
- stability of metal ions in octahedral vs. tetrahedral sites
* High-Ni oxides:
- high capacity, tap density, volumetric energy, and rate
- cycle, thermal, air instabilities: involves bulk and surface
of both electrodes (cathode and anode) and elecltrolyte

A. Manthiram, Nature Communications 11, 1550 (2020)

Challenges with Increasing Ni Content

Chemical stability:
Mn = Ni > Co

Structural Stability:
Co > Ni > Mn

Conductivity:

Co = Ni=>Mn
Dissolution Stability:
Co > Ni>Mn
Abundance:

Mn = Ni > Co

Incorporation of Niobium into High-nickel Layered Oxide Cathodes

* Solution-mediated mixing of high-nickel metal hydroxide precursors with
ammonium niobium oxalate (ANO)

Ni(OH),, Nig oMng 05C 0 05(OH)5, Nig 6oMng 65Alg 05(OH),

* Calcination of ANO-coated precursor with LiIOH under oxygen atmophere at an
optimum temperature to yield niobium-incorporated high-nickel layered oxide
cathodes

Affordability (low cost)

Mn = Ni > Co

Environmental:
Mn = Ni > Co

700°C 750°C 760°C

UNIVERSITY OF TEXAS AT AUSTIN
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Niobium Source Selection

» Various niobium precursors exhibit excellent stability and are low cost

&

" e — N
High o _I- Q3 p% 0 j/O
R o] O=Nb
NH, i
H / g % ?’on \
2 L}
3 o *3 H0 O Nb*o 2
N "‘P.M' &(} 2 : .IE‘ Yoo /
* O—=Nb", s S O—Nb
— i . 4
O OH; 0 ) 0
Low o -
2 5 o e s s
Ammonium niobium oxalate Niobium phosphate Niobium Oxide
NH,[NbO(C;04),(H0),]*H,0 Nb;(PO,) Nb,0s

content (0 — 100%)

coprecipitation

« XPS, TOF-SIMS, SEM, TEM, NMR,

+ 10 kg per batch of hydroxide precursor with any Ni

* Incorporation of hard-to-dope ions like Al, Mg, etc. during

..... synchrotron

* Nb introduction by dry mixing and solution-mediated coating methods
- Incorporation in hydroxide precursors vs. layered oxides after lithiation

» Comparative study of niobium sources on NMC 90:05:05

http://www.metal.citic.com
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XRD of Samples Obtained with 1% Nb Incorporation in NMC 900505

+ ANO-NMC and Nb,Oz-NMC show similar XRD patterns
* Nb3(PO,)s yields heterogeneous phase formation even at a small concentration

Dr‘y-mixing Nb + Hydroxide Precursor Dry-mixing with Calcined NMC
NMC 900505 + Nby(PO, ).
Fm-3m (NiO} - NIMC 900505 + Nb,O,
NMC 900505 + ANO
e L0, 143 wipvo]
! JL‘J’:UL'—“"“ ] i
W e e | N U W VO Y
10 20 30 40 50 60 70 8010 20 30 40 50 60 70 80
26(%) 26(%)

UNIVERSITY OF TEXAS AT AUSTIN 7

XRD of Samples Obtained with 10% Nb with Nb;(PO,);in NMC 900505

¥ LisPO,
® LiNbO,
* Li;NbO, Stoichiometric excess for
1y re LisNbQ,4 and LisPO, formation
: % b=l t
NMC 90:05:05 + ; o = A ==
Nb3(PO,)s : s T . ] Lithium
| !* f__, . Stoichiometry
_..d-u—d-—%-J
NMcooos:os L U G 0 v AA N _ & A » _ INoexcess
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

26 (%)

* Nb4(PO,)s precursor yields various heterogeneous phases in NMC 90:05:05
* Type and extent of phase formation depends on lithium stoichiometry

- Excess Li is required for formation of Li,NbO, Li,PO, without delithiation of layered phase

UNIVERSITY OF TEXAS AT AUSTIN 8
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Specific Capacity (mAh g7)

Methods of Nb Introduction

5% Nb

"« Solution-mediated coating of hydroxide precursor with ANO
- Addition of ANO after calcination, followed by annealing step
* Dry-mixing ANO with hydroxide precursor

UNIVERSITY OF TEXAS AT AUSTIN g

Electrochemical Performance of Nb-NMC 900505
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4
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* Nb incorporation into precursor yields optimal electrochemical performance
= Nb incorporation after calcination does not improve stability
« Possibly due to reduced Li inventory caused by Li;NbO, phase formation

UNIVERSITY OF TEXAS AT AUSTIN 10
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XRD of Various 1 % Nb-incorporated Samples

NMC 90:05:05
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UNIVERSITY OF TEXAS AT AUSTIN 11

Effect of 1 % Nb incorporation on Crystal Chemistry

« Slight changes in structural features on 1% Nb incorporation
- Reduced crystallite size
- Increased structural disordering
- Slight lattice expansion in 90% Ni materials

* Nb forms surface phase in intergranular space: Li,NbO,
- Slight bulk doping effect at high synthesis temperatures

Composition a(A) c(A) Li/Ni Mixing Domain Size
LNO 2.874 14.187 1.89 0.733
Nb-LNO 2.875 14.183 3.50 0.437

12
UNIVERSITY OF TEXAS AT AUSTIN —=12

http:/www.metal.citic.com

Effect of 10% Nb incorporation on Crystal Chemistry

* Li,NbO, phase forms primarily as Li;NbO,
* Increasing Nb content forms excessive NiO rock salt-like phase
* Liz;NbO, phase formation causes delithiation in LiNiO, to form rock salt phase

LNO ® NiO (F[l'l—31n) NMC 90'05'05

* Li;NbO, (14-3m)

|‘ ‘l ,* |I ﬂ .:I " 1||.|| * * n = }
- '“.‘““"“'-".—““”lb'ﬁ*"u A k.‘"’J A i - : I~A. : e
» 20 = A 5 80 10 810 20 30 40 50 60 70 8

26 (%) 20 (°

UNIVERSITY OF TEXAS AT AUSTIN 13
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Electrochemical Performance Various High-nickel Cathodes: Half Cells
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+ Nb incorporation improves the electrochemical stability of various high-nickel
cathode materials

+ Consistent differences in the ‘activation’ period suggest different structural
impacts during cycling

UNIVERSITY OF TEXAS AT AUSTIN 14
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Electrochemical Performance of Nb-LiNiO,: Pouch Full Cells Acknowledgements
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+ Nb incorporation enhances cycling stability

o e Qiicicy 2TVEND  Q@iiisisy ) il o e
+ Voltage curves indicate improved structural stability in Nb-LNO BES EEREVTO  EERE-VTO @;‘ SAMSONG D T
UNIVERSITY OF TEXAS AT AUSTIN 15

UNIVERSITY OF TEXAS AT AUSTIN 17

Conclusions

Nb incorporation improves the electrochemical performance of various High-nickel cathodes
* Nb forms LisNbO, phase as a coating during heat treatment

- Reduced primary particle size, intergranular Li;NbO, phase
- Bulk doping effects may also contribute to stability and Li* mobility

= Method of Nb introduction significantly impacts Nb distribution and performance characteristics

UNIVERSITY OF TEXAS AT AUSTIN 16
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Songshan Lake Materials Lab

HERNEL, RNEFERZRYEMARR, HLESIN, RERLHHEE =R
EE TMPRBRIVRAMRRES TN R T ZHRARZFEMRS T8 EE.
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Dr. Xuejie Huang, a Professor at the Institute of Physics, Chinese Academy of Sciences
(IOP/CAS), Deputy Director of Songshan Lake Laboratory for Materials, Director of
Research/Development/Service Platform of Manufacturing Arts and Machining Technology,
Guangzhou-CAS Institute of Industry, and Vice President of China Battery Industrial
Association. Since 1996, he chairs the group of Solid-State lonics at IOP/CAS and works on
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n Background

1.1 Energy Security and Environmental Issues Drive Global Electrification
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1.2 Development History of Electric Vehicles and Power Batteries
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The current mainstream power batteries are LFP and NCM/NCA, the market share of LFP battery increased obviously in the past two years.
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2.3 Preparation of Doped NCM811 ‘ﬁmx

Mixed salt

solutions Precursors » Final products

Co-precipitation method:
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2.4 Doped NCM811---Morphology S

» The size and morphology of the secondary
particles are similar, and they all maintain a
spherical shape with a size of 8-10 pm;

# For the size and morphology of primary
particles, doping with different ions shows
different effects:

» After doping with Mg?*, AP** and Ti**, the primary
particles show no obvious change, and they
maintain original shapes with a size of about
500 nm;

- After Nb* doping, the primary particles size is
obviously reduced, only about 200 nm, and the
overall edges and corners are tend to be
"rounded”;

» After the doping of Ta®*, Mo® and W¥-, the size
of the primary particles decreases, and the
shape are becoming elongated;

14
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2.4 Doped NCM811---Crystal Structure vy
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2.4 Doped NCM811---RT and ET Cycling g s

MaTHRIALY LimaRAICAT
LA e

3 mol% dopant ions:

- Li-TM-0
W-NCM
= = : P + All samples maintained the standard
I — layered a-NaFeQ, crystal structure, and no
. ~ change of the original crystal structure can
be observed;
- ; 4 Ta-NCM
£l = = Doping with high valent ions will cause the
Lt x . A_J Nb-NCM weakening of the (006)/(012) and
=y A A (108)/(110) peak splitting, which may relate
g — o the broadening of the peaks after the
E iy 4 - grain size decreases;
for— k) “ ACH + In addition, high-valent ions doping will
cause the formation of the second phase of
o i Li-TM-O, which is related to the fact that
doping reach the solid solution limit.
\ Bare-NCM
i "

Capacity :

«  With 3 mol% dopants, the discharge
capacity of the NCM cathode decreases
regardless of RT or ET cycling, and the

capacity decrease caused by the doping of
el YT high-valent ions is more serious.

4 AINCM dno
¥ TNCM @ WNEM

e Retention:
Cysling number - All cathodes have relatively good cycling
stability at room temperature; At elavated
temperature, the performance of the
pristine NCM cathode decays rapidly; while
Nb®*, Mo®+ and W¢* doping helps
significantly to improve the cycle
performance.

|- s
it

[] 10

B Nb-NCM has the best comprehensive
electrochemical performance.

2 Theta(*)
15
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2.4 Doped NCM811--Li/Ni Anti-site Defect el
] T 22
T o ! y oy A b
N wenew TN '
20 -
_ [ ] Ta-NEM 1 [ . ._./
=5 [ ) i 1 =T
lﬂ.- 1 1 Mo-NCM 1 1 g‘m .
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% : | TiNCM ; . BYUT LareNcM s NbNCM
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: H : Bare-NCM : e : 12+
1 = -|s u- == 45 1
2 Theta(®) Different sample

+  With 3 mol% dopants, the |(003)/1(104) value decreases significantly with doping with high-valent
ions, indicating an increase in the degree of Li/Ni anti-site defect.

* In addition, the enlarged XRD patterns can clearly show the broadening of XRD lines with the
doping of high-valent elements, indicating that grain size changes in these samples;

16
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2.5 Cycling Performances of Bare and Nb®* Doped NCM811 at 55°C o
(@).s (b)
275-4.3V 1C 55C | —~ 0| 2.75-4.3V 1C 65
o
E 220+ g
24.0- Vzoo_ 50 100"

g -g 180+

8 u 8 160+

- 8 140}

1201

30l — Bare-NCM 'g 100F « Bare-NCM
— 3%Nb-NCM O 80F * 3%Nb-NCM
80+
0 50 100 150 200 250 0 50 100 150 200 250
Specific Capacity (mAh g") Cycling number
» The pristine NCM811 material decays rapidly at 55 °C, while the addition of Nb%* greatly improves the
cycling performance at 55°C .
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2.6 Conclusions for the Doping into NCM811 lﬁ‘u"’."'ﬁ‘“’“u‘““
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Conclusions of Part 2:

» Doping with high-valent ions will significantly change the morphology of the primary particles, significantly
reduce the size of the primary particles (Nb%*), and significantly affect the particle morphology (Ta% , Mo®*
and W6+);

« Under 3 mol% doping, low-valent ions have no obvious effect on the layered crystal structure, while doping
with high-valent ions will lead to an increase in cation mixing and the generation of Li-TM-O second phase,
which will play a role in the cycling capacity. cause varying degrees of impact;

= All cathode materials show good electrochemical stability at room temperature, but at high temperature
cycling, the electrochemical performance of high-nickel cathode materials decays rapidly, and high-valent
Nb**, Mo®* and W¥®* ions doping can significantly improve the material's cycling stability.

» Comprehensive consideration of the electrochemical performance, it is clear that the NCM material doped

with Nb®* can significantly improve the material stability, especially the high temperature cycling stability,
with a small loss of reversible capacity.

| CONTENTS

B Doping of Nb on the electrochemical performance

38 | http://www.metal.citic.com
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3.1 Wide Application of Nb Element in Battery Materials ’6‘;;{;&;‘;;&}
> IFETHPKBIEND,O TR IR T4 > FFLNb,Os/B SEFHEEH Na Insertion
FEE—FhE R ESHIND,O; Anode Materials Materials

* Nano Energy (2015) 16, 62-70

+ Nat, Mater, (2022): dovorg/10.1038/541563-022-01242-0 LiBs in

Batteries > AEEND,OSEKER, &M LBIRER/Nb,Os/5
E&Cathode Materials for Li-5 Batteries
(MCM/Nb,0,/5)

h‘Lﬂ_
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e S —
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> FHIAER Solid Electrolytelisla;M,0,, (M =
Nb, Ta) {LisLa:Nb,Oy, BIA{ESEE 106 S/cm
(25°C) , BITFESAIERE(<300°C) 5043 eV}

Table (L Sratdess Condinoss sud Comparion of Lascr Furssseters of Gurmet Type
Lkl 8,M 0,5 (M = Nb, Ta)

F— [ Fotues pamstes (A1

SOOI b BEPCIT
BOOC b REPCUTT b and

= J Am Ceram Soc.. 86 [3] 43740 (2003) +  Energy Environ. Sci, 2016, 9, 3230 21
3.2 Modification of NCM811 with Nb oo e
i i Crystal Struct
+ High Nb-O bonding enel rys ructure
Nb-O Ni-O Co-0 Mn-O
ERESRRAS
(KJ mol-1) 753 391.6 368 402

» Solid State Tonics, 2021, 359: 9,
* Electrochimica Acta, 2016, 188: 48-56.

= High resistance to HF Surface stability

Al,0, Ti; N,y Ta;0y
==

* ACS Applied Energy Matenals, 2018: 5589-5593.

« Effectively modifies particle morphology Particle mechanical stability
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3.3 Nb%* doped NCM811---Crystal Structure & sy
EEUTE EE R oot
(a) Bare and Nb* doped NCM811 (b) Bare and Nb*'daped NCM811
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+ All cathodes have a standard layered LiNIO, structure with clear (006)/(012) and (108)/(110) peak splits;

« With the gradual addition of Nb5*, a slight shift of the peak position to a low angle can be seen, indicating that Nb%* enters
the layered lattice;

+ When the doping content is 2 mol%, the second phase of LiNbO, begins to appear, which means that the solid solution
limit is reached at this time, and the residual Nb** does not enter the lattice and reacts with the Li source to form the
LiINbO, phase;

23
3.3 Nb** doped NCM811---Structure Refinement R
(a) (B wSmare NE doped NOVIELL{NLY
; v | 3 i Phase% Lattice Parameter (A?) Cell Valume NiLi
g bt 4 -‘r:.'m
H i, ; , B NCMSIL  LiNbOs a e @) Mixing%
- B "—‘-"‘-“"—“ e - N 100% 0% 2.8706(2) 14.1969(4) 101,312 4.26
R e P R e S e e W N2 100% 0% 28724(1)  1420323) 101486 1.92
Theta {degree) T heta (degrec)
R R ey N1 99.94%  0O06%  28743(2)  14.2104(1) 101.679 231
| T N N2 9931%  0.69%  287172)  14.2106(1) 101,491 4.43
| w | i s
H W | § ‘ = + Rwp and Rp: NO (4.59%, 3.64%) N1/2 (4.73%, 3.81%) N1 (4.43%, 3.41%)
l L - LAl ke o ] N2 (3.56%, 3.71%)
w20 3 ?‘":.'m' A | n @ 3 ?Il“l(::gn‘:] L R
» The refinement results show that the N1/2 and N1 samples hardly contain the second phase of LiNbO,,
while the second phase of LiNbO, appears obviously in the N2 sample (~0.69 wt%), indicating that the
solid solution limit is reached at this time;
+ The degree of Li/Ni mixing decreased from 4.26% of NO to 1.92% of N1/2 and 2.31% of N1, but
increased to 4.43% in N2 cathode, indicating the increase of mixing caused by excessive doping.
24
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3.3 Nb5* doped NCM811---Morphology

BLBREHTRE

+ The primary particle size in the pristine NCM811 cathode is 300-500 nm, while the primary particle size is
reduced to about 200 nm under Nb doping.

3.3 Nb5* doped NCM811---Cycling Performances
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Excessive Nb®* doping will lead to a large
capacity degradation;

The lower content of Nb5* doping can
significantly improve the cycle stability of
the material under the premise of less
impact on the capacity;

N1 has the best electrochemical
performance, with a capacity retention rate
of 96.9% after 300 cycles at 1 C at room
temperature;

The addition of Nb%* also improves the rate
performance of the material.
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3.3 Nb5* doped NCM811---Structure Evolution Rl

BlEY TR

B3
=

s N

<

oo

.

s

[
" & B E &R EEGEEREG
Test time (h)
= - = =
= -

144 143 1421

(1] H
145 144 143 K42 141
Lattice c{.l)

17 18 19 20 | Lattice ¢ (A) |
xf ) = 0 N
:.\: {wn ',J
% | o - P
i - §|54<
E | 2w | H
' i - (inc LT
= - w0l et i
2 Thees (degree) Potential (V) E Thets (degree) " Potentisl (V) A = \
ih -
18 1

17

-
[
=

* In situ XRD analysis shows that Nb5* doping can alleviate the change of the unit cell parameter ¢ during cycling,
which is helpful to improve the stability of the crystal structure.

&f

3.3 Nb%* doped NCM811---Morphology after cycling y

BUBHAERE

NO

N1

+ After 300 cycles at room temperature, the NO material exhibited severe particle cracking and pulverization;
+ However, thank to the doping with Nb element, the cracking situation in N1 material is obviously alleviated;

28
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3.4 Conclusions of Nb5 Doping on the Structure and Cycling performances &wmm
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Bl CONTENTS

Conclusions of Part 3:

+ Through the study of Nb doping with different contents, it is determined that 1 mol% Nb®* doping is the
optimal doping content, which can significantly improve the cycle stability under the premise of effectively
minimizing the sacrificed capacity;

= An appropriate amount of Nb%* doping can effectively reduce the cation mixing and alleviate the change of
unit cell parameters during the cycle, thereby helping to improve the stability of the crystal structure of
high-nickel materials;

« In addition, the cycle cracking problem of high-nickel cathode particles is solved after Nb element doping.

B Doping of Nb>* on the microstructure

https://niobium.tech/cn

43



44

4.1 High-Ni NCA/NCM ‘.4.‘.;;:,3.‘:

- s Cehade @ The instability of the crystal structure
] o Microcrack ses Bectuse and the atomic structure of the
- surface interface brings about the
attenuation of material properties;

2
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Thermal Sohilty /5

z

y Retention | %

The problem of cracking and
pulverization is a more critical factor
to cause the performance

unj | abuey Buinug
L ]

Capacil

- L s - s "
sm;;&;: S = ey o oe— degradation of high-nickel cathodes
¥ map Service life | year
+ ACS Enegy Letiers, 2019, 4(12); 2995-3001. + ACS Energy Letters, 2019, 4(5): 1042-1044.

¥ Advanced Energy Materials, 2021, 11(25). » Energy & Environmental Science, 2021, 14(12): 6616-6626.
® Alarge number of cracks were observed in the electrode after cycling, resulting in severe performance
degradation. 31
4.2 Particle Structure Engineering works LI

BlEYRXER

» Daoping ions to build a special secondary particle microstructure, improve the

» Design concentration gradient cathode, build external
mechanical strength of the secondary particle, and inhibit the growth of cracks;

needle-like radial arrangement microstructure, inhibit
crack propagation;
® Build acicular primary particle radial arrangement;

=y g

4
£ o amwe
0 BINGASST)
g W RCWRT
o (T )

Lilsapan

Nature Energy, 2020, doi:10,1038/641560-020-00693-6
®  Reduca primary particle size to achieve "fine grain strengthening’

a TF00 #C 750 °C so0°C

+  Advanced Energy Materials, 2019, 9(15).
*  ACS Energy Letters. 2021, 6(1) 216-223.

http:/www.metal.citic.com

4.3 Nb%* doping on the Microstructure of NCM811---Nano-CT Analysis g I
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o ~ Limitations of traditional 2D topography
¥ Considering the effect of Nb element

! characterization;
doping on particle morphology ! e N0 ((2) 2 "“?};I.'Z
I« Particle damage caused by _,.( _
| mechanical polishing; 5
Bare-NCM I+ Incomplete topographic
I information brought by 2D slicing;
I
I, Wide application of X-ray CT » The continuous development
I Technology. of deep learning methods in
1 the field of computer vision.
1 : s
1
I
|
1
I
[
I
Particle mechanical structure stabilization :
1 * Sciemce, 2022, 3T6(6592) 517-521, © PMEME, AR RN R
| i, 2000, hBERARHLS. 3
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4.4 Nano-CT image and Quantification Analysis [ﬁ&-&;‘;;&;

> Anon-destructive and efficient three-dimensional visualization and quantitative analyses scheme were proposed
for the study of the microstructure of high Ni cathode particles;

. Image segmentation and
Sample preparation -|- Image reconstruction -|- quantification
Ethos-NX5000 Xradia-800 Ultra Deep learning
focused ion beam Nano-CT U-NET

n—

[ B ™

3D Cracks and Voids Distribution

» The three-dimensional visualization and quantitative analyses of the internal pores and cracks of the quasi-in-situ secondary particles
under different electrochemical states are realized. 3
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4.4 Nano-CT image and Quantification Analysis---Experimental Details p e 4.4 Nano-CT image and Quantification Analysis---U-net Image Segmentation mﬂxﬁ
l'___—_--_______________—_--_______a _____________________ 1 T e oo e K e o S e b i b B o e
I 2 1 ;
: a) Sample Preparation with FIB cutting / ! / : ./
1 1
! . N e ! H‘ ‘- '
! Catnode particle | N : i |
: transfer ! ' : : 1 [ A ot Swmriation
: 450 FIB cuting of cathode pariiclos .k - : : Fully Convolutional Networks Encoder Decoder Based Models :
_____________________________________________ _ e e L e e e ey
b) Nano-CT Image Acquisition [ d Enables excellent image segmentation model \ 1
| |
|
I
I

¢) Image Processing by Deep Learning  © Reconstructed i Voids and Cracks
i s 3 Distrbution \

.\‘

* U-net image segmentation algorithm based on fully convolutional neural network and encoder-decoder

35 architecture are introduced to achieve efficient image segmentation. * arXivIS0S.(4597v1 [csCV] 18 May 2015 97
= v arXiv-2001.08566v5 [cs.CV] 15 Nov 2020

4.4 Nano-CT image and Quantification Abalysis---Particle Selection ‘ibimfﬁﬁiﬁ 4.4 Nano-CT image and Quantification Analysis—-U-net Deep Learning m‘:ﬂ";ﬁ
Initial voids
Deep learning to train machine to distinguish between Electrochemically induced open cracks

Electrochemically induced closed cracks
» Deep learning image segmentation based on gray

L i T R D i > Distinguish open and closed cracks by whether

Spopriy: they.are connected to the outside of the
FREAELEFIG particle.
5-1056E0 &S i)
N

Closed cracks

»  \oids

+ Through the FIB-SEM combined system, the observation-selection-extraction of particles are realized.
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4.4 Nano-CT image and Deep Learning Reliability Analysis § U
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(@ Original CT slices
v After 100 cycles

Segmentation Results

Bare-NCM
after 100 cycles
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4.5 3D Reconstruction of Particles before Cycling ’a e
Bare-NCM | e a b
PR 3D Pore
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* The addition of Nb can significantly reduce the pore size, reduce the overall pore volume, and promote the closer
packing of particles 41
4.3 3D Reconstruction of Particles after 50 Cycles 5 ’;mﬂi‘:

3g
4.4 Nano-CT image and Deep Learning Reliability Analysis . T
@ 2D SEM images
0 cycle 50 cycles 100 cycles 250 cycles
=T e % ! .
Increasing Cycles
« The comparison results show that the deep learning model has good reliability and can accurately obtain
the hole and crack phases. i
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4.5 3D Reconstruction of Particles after 250 Cycles il L S s
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4.6 Results of Nb®* doping on the Secondary Particles ‘! b ,;;;;;,;;l'f%:
ok w1z B Gpon Cracis 4 The results of quantification of the circulation
10 I Veiae. Tk microstructure show that
81 Bare-NCM 3% Nb-NCM » The generation of a large number of open cracks is the key

material at high temperature;

Veluma percent (%)
o
L

» The addition of Nb greatly inhibits the generation of open cracks,

i

I

1

i

i factor that causes the performance degradation of NCM8&11
i

1

i

1 thereby significantly improving the cycling stability.

“om 50" 100° 2507 0* 50" 100" 250"
Increasing cycling Increasing cycling . Eﬁect Of Nb Elernent on MICI'OSH'UC'.UI‘E
(b) Bare-NCM Doping Niabium 3%NB-NCM
a % s ¥» By reducing the size of the primary particles, it ?mmotes closer
primary Barticles - packing between the primary particles, thereby improving the

After Cyeling inherent mechanical strength of the positive electrode particles;

¥ In addition, the accumulation of small-sized primary particles

V2 Open Cracks y forms a large number of grain boundaries, which can effectively
/= Glosed Cracks release the strain energy and hinder the propagation of cracks,
© voids thereby greatly inhibiting the formation of open cracks.
Fa:ililatsi':‘;rl‘;;pmlo;l?::ﬁtumn ||mn::ruﬂ‘litﬁlﬁ ﬁ{:’g‘:ﬂl:lp 45
4.7 Conclusions of Nb%* doping on the Secondary Particles R

e
Open Cracks Closed Cracks Initial Viaid volume

Conclusions of Part 4:

« Through the combination of X-ray Nano-CT and deep learning method, the non-destructive 3D
visualization and quantitative analysis of the internal microstructure (holes, open cracks and closed
cracks) of secondary particles under different cycle states were successfully achieved;

+ The quantitative results show that the growth of open cracks more mainly contributes to the
degradation of cycle performance;

= After doping with Nb%* ions, by reducing the size of the primary particles, a more stable secondary
particle microstructure is constructed, which improves the mechanical stability of the cathode
particles, effectively inhibits the growth of open cracks, and thus significantly improves the cycle
performance of high-nickel materials.
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E Atomic-scale analysis of cracks

5.1 Further Analyses of Cracks on Performance @ g P

5.2 STEM Analysis---Atomic-Structure in Open Crack Region

" SONGSHAN LAKE
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HUE T TR ALY

3 V
Distamca v

> Through 3D visualization and quantitative analysis, it is found

that high temperature cycling will induce a large number of

cracks, and the rapid growth of open cracks is the key factor

causing high temperature performance degradation.
12
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Open Cracks Closed Cracks

L

® Further combining STEM and EELS, direct evidence of the effects of
open cracks and closed cracks on material properties is given from
the perspectives of atomic structure, elemental composition
distribution and transition metal ion oxidation state;

Extraction-cut-thinning of the particles of Bare-NCM cathode
material after 100 cycles of high temperature for subsequent analysis.

o
JEOL ARM200 Scanning
transmission electron microscopy

48

Ethos-NX5000 focused ion
beam for sample preparation

5.2 STEM Analysis---Atomic-Structure in Open Crack Region

® The inner region of the primary particle
has a standard layered transition metal
arrangement, and there is no structural
distortion caused by the migration of the
transition metal to the Li layer;

® In the surface area of the primary particle
near the open crack, there is obvious
severe structural distortion caused by the
migration of transition metal to the Li
layer, and this area is about 5 nm.
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@ Both the interior and surface area of
primary particles have standard
layered transition metal arrangement,
and no structural distortion caused by
the migration of transition metal to Li
layer is observed.
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5.3 EELS Analysis---Element Concentration and Oxidation Distribution
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AL 5.4 Element Distribution in Open Crack Region s e
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5.4 Element Distribution in Open Crack Region

(b) 5659, ——Open crack region

Intensity (a.u.)

450 500 550 600 650 700 750 800 850 900 950
Energy (eV)
+ At the open crack position, obvious transition metal dissolution was found, and there was an obvious signal of F element;
+ This shows that the electrolyte will indeed enter the interior of the secondary particles through the open crack channel, resulting
in the migration and dissolution of transition metals;
The dissclved transition metal ions react with the electrolyte, resulting in the accumulation of insulating fluoride (Ni,Co,Mn,)F;
and rock-salt phase (Ni,Co,Mn,)O at open crack sites, and resulting in uneven distribution of elements within the lattice.

51

BUAHRERE

5.4 Ni*/Ni** Oxidation Distribution in Open Crack Region

QOpen crack region

= The distribution of Ni, Co and Mn elements is uneven in the open crack area, and the transition metal
elements are missing in the primary particles, especially the Mn element.

54 | http//www.metal.citic.com

(di) Nizt © (d)) Nis* (@) Ni2/Nist

+ Ni?* has a higher concentration at the edge of the primary particle, especially near the edge of the
open crack, which is consistent with the results observed in the atomic structure analysis, indicating
that severe interfacial side reactions occur at the open crack;

+ In contrast, the content of Ni** is relatively uniform in the whole primary particle.

3
B

https://niobium.tech/cn
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5.5 Element Distribution in Closed Crack Region

_ SOMNGSHAN LAKE
BLUBHHTRE

5.4 Ni2*/Ni** Oxidation Distribution in Open Crack Region
Ni2* 25.4% Tt NiZ* 68.1%
K Ni%* 74.6% - Ni**31.9% b) = Closed crack region

-

Intensity (a.u.)

i

L L SO O, S, SO, B SN SR S
450 500 550 600 650 700 750 800 B850 900 950

Energy (eV)

———

At the closed crack position, there is no obvious F element signal, only a small amount of Ni and Mn elements

are distributed, and there is no serious transition metal dissolution phenomenon.
It shows that although the closed crack is close to the outer surface of the particle (about 500 nm), the infiltration

of electrolyte into the closed crack will not occur, and it will not cause serious interfacial side reactions inside the

+ Near the open crack, both the overall area (marked by the red box) and the specific crack position (marked
by the white dotted line) show high Ni** content;
particle, which is consistent with the results of atomic structure analysis.
55 57
5.5 Element Distribution in Closed Crack Region p 5.5 Ni?*/Ni** Oxidation State Distribution in Closed Crack Region T
-d orac (dy) Ni+ (d3) Niz*/Nie+

[

w

[

[
4
' 1 -
.
o
= The Ni?* content at the closed crack is obviously reduced, and only a small amount is observed at the

edge of the primary particle;;
« And Ni** is relatively uniformly distributed in the whole primary particle.

+ All transition metal elements have uniform distribution throughout the primary particles.

https://niobium.tech/cn
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5.5 Ni2*/Ni3* Oxidation State Distribution in Open Crack Region lﬂﬂ;‘i’f 5.7 Conclusions of Atomic-Scale Structure Analysis .

At
glaREXEE

Conclusions of Part 5:

* At the open crack, serious interfacial side reactions occur inside the particles due to

a the immersion of the electrolyte, resulting in the loss of lattice oxygen, the distortion of
A the lattice structure, the dissolution of transition metal ions and the generation of a
large number of Ni2*ions, resulting in the destruction of the lattice structure and the

'+ Nearthe closed crack, the proportion of Ni?*in IR0 MvRrE e Copacih!

the whole area is only 9.5%, which is much = Atthe closed crack, although there is a small amount of oxygen loss and Niz*
lower than the Ni®* content in the open crack. generation, there is no obvious lattice distortion and element dissolution, and the
internal erystal structure can be better maintained, thus making no significant
contribution to the performance degradation.

= Combined with the three-dimensional analysis results of the particle microstructure = : %:.;.E:?ﬁﬁ.
and further considering the doping of Nb%, the addition of Nb5* greatly reduces the =4
generation of cycle-induced open cracks, thereby avoiding more serious internal §
particle side reactions caused by electrolyte immersion, effectively maintaining the 2 | No-NGM
positive electrode. The integrity of the particle crystal structure and elemental § S

composition results in excellent material stability.

on 50" 100" 254"
Incraasing cycling

59 61

5.6 O Element Distribution in Open and Closed Crack Regions i oo

hl CONTENTS

Open crack region Closed crack region

Conclusions and future perspectives

» Compared with the oxygen content distribution at the open crack, the closed crack has a smaller lattice
oxygen loss.
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Conclusions &“’"‘“" LK
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1. By systematically synthesizing high-nickel materials doped with different elements, it is determined
that Nb element doping can improve the cycling stability of high-nickel ternary cathode materials,
especially the improvement of high-temperature cycling stability.

2. Through experiments with different doping contents, 1 mol% Nb5* doping was determined as the best
doping scheme;

3. Using different advanced characterization methods, including in-situ XRD, Nano-CT/DL, and
STEM/EELS, it was determined that Nb element doping, on the one hand, has an effect on the
stability of crystal structure by reducing cation mixing and alleviating cyclic lattice distortion to a certain
extent. On the other hand, by adjusting the morphology of the primary particles, a more stable
secondary particle microstructure is constructed, which effectively inhibits the generation of open
cracks, and finally realizes the synthesis of high-stability and high-nickel ternary materials at high
temperatures.

Future perspectives iﬂ i

Future perspectives p T
800C 1h 2h 8h 15h
(a)
=
3]
z
]
w |
< * Under the doping of Nb element, the
o crystal growth and morphology were
- observed during sintering at 800 °C.
(b)
=
3]
Z 5
n )
=z |

(2) The modification of the particle microstructure by Nb element doping is essentially the regulation of the
primary particle size by Nb element doping. How does Nb affect the crystal growth of the high nickel layered
cathode and how to reduce the primary particle size? Further studies are needed to better understand the

regulation mechanism of elemental doping on morphology and microstructure. 65
Future perspectives Z?L“:L"".i‘:i"i
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*  Science, 2022, 376(6592): 517-521.

(1) In the future, it is hoped to further optimize the experimental acquisition and analysis methods, to achieve
simultaneous acquisition and efficient analysis of a sufficient number of particles through a single experiment,
and to give experimental conclusions from a statistical point of view, which can better promote the
development of materials research and have more Strong generalizability.,

http:/www.metal.citic.com

« The sluggish kinetics in single-crystal high-nickel cathodes lead to the
coexistence of multiple phases with significantly different unit cell parameters
in the same single erystal, which further hinders Li-ion transport and causes
stress unevenness and thus intragranular cracks.

* ACS Epergy Leniers, 2021, &(8): 2726-2734,

¢ Distance from the surface /a. u.

(3) Large-size single-crystal high-nickel materials have always been considered to be a better choice for
next-generation cathode materials, especially favored by the industry, and single-crystal materials for high
voltage can make up for the lack of energy density, but the kinetic performance is not good. The high
synthesis cost still limits the further promotion of single-crystal high-nickel materials. Considering the
excellent modification effect of Nb3* on polycrystalline high-nickel cathodes, this opens up new possibilities
for the future development of polycrystalline materials.

(s3]
(s3]
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Professor Yang-Kook Sun of Hanyang University, Seoul, South Korea, is a leading materials
chemistry and chemical engineering scientist. He succeeded in design, synthesis and
structural analysis of advanced energy storage and conversion materials for application in
electrochemical devices, lithium-ion, lithium-sulfur, lithium-air, and sodium-ion batteries.
Among the relevant achievements, the concentration-gradient lithium-nickel-cobalt-
manganese oxide cathode designed by himself has been licensed by battery companies,
undergone production for use in EV batteries and recently received continuous industrial
attention.

http:/www.metal.citic.com

Lithium-ion batteries (LIBs) have become the main power sources for electric vehicles (EVs) because of
their high energy density and long service life. However, currently available state-of-the-art LIBs are still
inadequate for EVs that will appeal to a wider consumer base, mainly because of the short drive range per
charge. Hence, improvements in the energy density and cycling stability of LIBs, as well as cost reduction,
are prerequisites for envisioned general electromobility. The overall performance and cost of LIBs are
largely determined by the cathode material because of its relatively low capacity and poor cycling stability
compared to those of graphite. Hence, recent research on LIBs has concentrated mainly on identifying
and optimizing high-capacity cathodes; the primary candidate materials are Ni-rich layered LIMO2 (M =
Ni, Co, Mn, called NCM or Al called NCA). To increase the capacity of current NCM and NCA cathodes, the
fraction of Ni in the cathodes has been progressively increased. However, this approach is limited by the
deterioration of capacity retention and thermal stability resulting from excessive Ni enrichment due to the
anisotropic volume change caused by the phase transition (H2-H3) at approximately 4.2 V. This volume
variation generates internal microcracks that propagate to the particle surface, facilitating electrolyte
penetration along the grain boundary into the particle interior. This accelerates the surface degradation
of internal primary particles by reacting the exposed, reactive, and unstable Ni4+ with a deleterious
electrolyte to form a NiO-like impurity layer.

In this presentation, to overcome the tradeoff relationship between reversible capacity and cycling stability,
one approach is introduced. The concept of radially aligned primary particles with crystallographic texture
was successfully confirmed by Nb-doped Ni-rich layered cathodes. Nb plays a vital role in producing highly
oriented and elongated primary particles, which can effectively dissipate the internal strain resulting from
H2-H3 phase transitions, realizing a significant improvement in cycling stability. As such, 1-Nb-doped NCA85

cathode demonstrated 90% of its initial capacity after 1000 cycles while an undoped cathode retains 57.3%.

https:/niobium.tech/cn
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Dr. Yongyao Xia, Distinguished Professor of Fudan University. Fellow of International
Electrochemical Society (ISE), editor of J. Power Sources magazine, Director of China
Electrochemical Society.

He graduated from the Department of Chemistry of Zhejiang Normal University in 1987 and
received a Master of Science degree in electrochemistry from the Department of Chemistry
of Jilin University in 1990. He worked at Changchun Institute of Applied Chemistry from 1990
to 1994. He received a doctorate engineering degree in energy and material Science from
Saga University, Japan, in 1997. In 1998, he went to the Department of Chemical Engineering,
South Carolina, USA, as a postdoctoral researcher. From 1999 to 2001, he was a postdoctoral
researcher at the Osaka Institute of Industrial Technology. From 2001 to 2002, he worked in the
Battery Development Center of Hitachi Maxell. He returned to work in the Chemistry Department
of Fudan University in 2003. Since 1990, he has been researching new energy storage materials
and technologies, including lithium (sodium) ion batteries, electrochemical capacitors, and new
battery systems. He has published 399 SCI papers, has more than 30,000 citations, H-index 91,
and was selected as the highly cited author of Clarivate Analytics from 2017 to 2021, and has
more than 30 authorized patents.
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The roles of Nb in single crystal spinel-structure

lithium manganese oxides (LMO & LNMO)
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Yongyao Xia

Department of Chemistry

Institute of New Energy Research, Fudan University

E-mail: yyxia@fudan.edu.cn

(Research Group UR): http://www.electrochem.fudan.edu.cn

E"!apaéll'ﬁr"J" & Energy of Different Cathode Materials
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» Cathode materials have different discharge
voltages and capacities
(thermodynamics/kinetics).

» The density of material is another

important parameter.
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Lithium-rich spinel exhibits better cycling stability with one-phase transition
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Yongyao Xia and Masaki Yoshio, "An investigation on the lithium ions insertion into the spinel structure Li-Mn-O compounds". J.

Electrochem. Soc., 143, 825-833 (1996).
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I angsol u!noln of LiMn,O, during cycling

LiMn 0,

“copty vy Y
E g
(o]
B
I

L]
'Y 1 LoMn:0.5~08

M L6 ~40 o 8.5~40

" Two-phase
i Q structure |
o *
B
Cycle number .....“ «I.z nl.q ul.o ul.s 1:0 Li ,M.Tn,. :..,M.Ts. LiMu0y  LiMu,0,
b . .

1. Two-phase structure before cycling
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Defect spinel (lithium-rich spinel)

LiMn,O,- xMnO = LiMn, O,
LiMn,0,- xXMnOMn,0, = LiMn, .0, .
Mn** (LiMn,0,) = Mn** (Li,Mn,0,) + Mn** (MnO)

Yongyao Xia, Yunhong Zhou, and Masaki Yoshio, “Capacity fading on cycling in 4V Li/LiMn,0, cells”, J. Electrochem. Soc.. 144, 2593-2600 (1997).
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3d electronic number

Cr¥*, Ni2*,\/#*,Cu?* occupy on 16d octahedral sites
Ti**, Mn?*, Zn?* can occupy on 8a tetrahedral sites
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L] s L] x L] ~ L
[ x=0.1 3+
02 Co*,Cr**

P

PR RN DR P BN .

Metal-ion valence

Optimal range of M/Mn will be at 0.05/1.95 ~ 1/9

- mnx e w - 3o0Mk -
i I Dais 3 Sup 2000

Wos 49 mm e 1esex

le — triple rotational symmetry morphology

The step-like faces shows obvious triple rotational symmetry, which strongly
implies the co-existence of (111), (110) and (100) plane species. And this co-
existence seems like the only choice.
plane

No ridge
here

{111)+#{110)+{113) =
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‘Niobium Distribution

Mn Kol Nb Lal

'Sum

'Spm'

300 nm

Cross section of Nb doped LMO primary particle

Niobium mainly distributes on the surface of LMO in form of LiNbO;

XRD Data analysis

Non Nb added LMO Nb added LMO

Li,CO, +[Nb,0, 500/700 °C

Non Nb added LMO

u i [
30 40 50 60 70

Intansity

¢ ” 2-theta ()
5 Nb added LMO
]
g I
| ! | Li—»*—i—*— Nb added LMO was identified as LINbO3 in the surface of LMO

a0 =
2theta (1)
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'E'ectrocﬂemical properties (Half-cell)

g

c o~ 150
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E ol 1%, 1C E ol e
vithout Nb E‘ 9ol '''''""-------'---------...~| E il |
capaity: 115.4 mAhig §. W ﬁ
lE ¢ FD-LMOZ# § sor - Commelti_alized LMo
3 € ol inem
Bt F ... . |}
Capacity (mAhlg) 0 100 200 . 300 400 500 05 T 7Y R
Cycling Cycling
44
42 RI, 0.2C
; 40
g’ 36+
capacity: 115.1 mAhlg
D124 Ak ikLMO 109.1 78.1 1129 44.6
z i FD-LMO1# 1103 90.3 1135 73.3
28 FD-LMO2# 1105 89.6 1134 721

0 20 40 60 B0 100 120

Capacity (mAh/g)

Ma"'ﬁganese dissolution

(R 2 ARV o) 226 492
FD-LMO1# 7.2 185
FD-LMO2# 78 19.7
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‘at various temperature
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Fd3m: Mn** and Ni?* distribute randomily among the 16d oclahedral sites
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Ordered P4,32

P4,32: Mn** and Ni** occupy different sites
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5.0 —— Disordered Fo'3m
—— Ordered P432

454

Voltage (V)

404

354

0 25 s 75 100 125 150
Specific Capactty (mAh g”)
v" The working voltage of LiMn, (Ni, O, is
~47V.
v" The large differences in the charges and
ionic radii of Mn*" and Ni** lead to the
cation ordering.

v' The cation ordering affects the voltage
profiles

SywsfEl  Dule dlev XM
Bags BOAX Tmedlew

Conclusion

1 various morphologies

P
o

B
S

Voltage / V vs. Li/ Li*
w .
(=] _?‘

L
Y

—— Sample #1
——— Sample #2

L
]

o

30 40 60 80 100 120 140 160

Capacity / mAhg™

> Nb can be used as additives to stabilize the crystal structure, and as well as coating

buffer layer to improve/stabilize electrode/electrolyte interface.

»  The existence of little amount of Nb in LMO & LNMO can change crystal shape.

The round shape of LMO was observed under various calcinating temperature and

time, indicates that the forming process of round shape under these synthesis

conditions doesn’t face up any kinetical bottleneck.
»  Nb added LMO was identified as LiNbO; in the surface of LMO. The Nb added
LMO & LNMO show better cycling stability, especially at the elevated

temperatures.

Nb is NB
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Dr. Yufeng ZHAO, Professor, and Doctoral Supervisor of School of Science/Institute of
Sustainable Energy of Shanghai University, Vice President of Institute of Sustainable Energy,
and member of the Royal Society of Chemistry (FRSC). From 1996 to 2003, she studied at
Tianjin University and obtained a bachelor’s degree and a master’s degree, respectively. In
2006, she received a doctor’s degree from Nanyang Technological University in Singapore.
Subsequently, she engaged in scientific research at Deakin University in Australia and Marburg
University in Germany. She returned to Yanshan University in 2010 and joined Shanghai
University in 2019. Her research fields cover new energy materials and devices, including
sodium-ion batteries, preparation and application of hydrogen energy, metal-air batteries,
etc. She has published more than 150 papers included in SCI in international journals such as
Nature Comm, ADV Mater, Angel Chem, Energy Environment SCI, ADV Function Mater, etc.,
has been cited more than 8000 times, and applied for more than 30 national invention patents.
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Institute for Sustainable Energy, College of Sciences,
Shanghai University, Shanghai 200444, P. R. China

Application of sodium ion batteries in grid-scale energy storage demands electrode materials
that facilitate fast and stable charge storage from room-temperature to sub-zero temperature
range. The key issues that hinder P2-type layered oxides from achieving such goals are their
unsatisfied charge transfer kinetics and unavoidable surface fading. Herein, we report a
P2-type NaO.78Ni0.31IMn0.67Nb0.0202, whereby the trace Nb substitution simultaneously
reduces the electronic band gap and ionic diffusion energy barrier, thus enables fast electron
and Na+ mobility (~10-9 cm s-1 at -40° C). While the Nb induced atomic-scale surface pre-
construction efficiently prevents the electrolyte penetration and surface metal dissolution. The
material demonstrates a record high rate capability (50° C), unprecedented low temperature
performance and ultrahigh cycling stability (98% capacity retention at -40 °C with 76% capacity
remaining after 1800 cycles). Different from literatures, this work shows that complete solid-

solution is not always critical for high rate performance.
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Dr. Kent Griffith is a Technical Consultant for CBMM and an expert in battery materials with
experience translating advanced materials to commercial applications. He received his PhD
from the University of Cambridge for working with Professor Clare Grey on the discovery and
development of new fast-charging and high-power electrodes for electrochemical energy
storage.

Kent has more than 50 peer-reviewed scientific publications, patents, and book chapters on
lithium-ion batteries and future-generation energy technologies. He has also written dozens of
articles for industry-leading battery magazines. His work has been recognized with a number of
national (US and UK) and international awards including the Churchill Scholarship - awarded to
the top 14 science, math, and engineering university graduates from across the US each year;
the Sheelagh Campbell Electrochemistry Award from the Royal Society of Chemistry; the
Charles Hatchett Award from the Institute of Materials, Minerals, and Mining (IOM3); the STFC
Futures Early Career Award from the UK Science and Technology Facilities Council; and the
Barry M. Goldwater Scholarship established by the United States Congress to recognize merit in
the natural sciences, engineering and mathematics.
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Role of Niobium for High
Power, Fast Charging and
Long Life Li-ion Batteries

Dr. Kent Griffith
CBMM Technical Consultant

Niobium
for lithium-ion
batteries

Niobium is addressing the
major challenges in materials
chemistry to meet demands of
higher performance, longer-
life and safer batteries

Gathode

Structural Chemistry
Doping
Coating

Gnode

Structural Chemistry

Doping

r—
( Solid-state

Electrolyte chemistry

Interface coating

https:/niobium.tech/cn

89



90

Modern battery technology

— Materials chemistry — -

Chemical energy into electricity { )
e

@ Lithium Cobalt Oxide
vy (1 )

Anode: Cathede:
e.g., graphite eg. LiNig gCog 15815 0502

Silicon Lithium Nickel Manga
t Aluminum O
Silicon-Graphite
Composites
= rVYe | © ' ithium-rich Disordered
Li metal ; ; y ; ; : t Oxid
Li,Co—xlit+xe-+Cs  Liy MOz+xLi* +xe-—LiMO; i

Cu eurrent collector
Al current collector

Cathode chemistry C

Challenges with Ni-rich layered oxides

Cation migration: Li*/Ni°* antisite mixing during synthesis or cycling

Phase transformation: layered (LiIMO,) - spinel (LiM,O,_, or M;O,_,) = rocksalt (MO)
Loss of lithium and/or loss of oxygen
May be surface reconstruction or bulk transformation

Particle fracture and disconnection from the current collector (loss of active material)

Primary or secondary particles
. : X : Transition
Interfacial side reactions and impedance growth Layered = spinel/rocksal . metal
e ) ] transformation dissolution
Transition metal dissolution

Current collector corrosion

Electrolyte
decomposition
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Cathode chemistry

Challenges with Ni-rich layered oxides
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Li, Dahn et al. . Ele
Li, Dahn et al. Solid St
Marker, Griffith, Grey et al. Chemn. Mater. 2019, 37, 2545-2554.
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Specific Capacity (mAh/g)

Cathode chemistry Q)
Challenges with Ni-rich layered oxides

layered (LiIMO,) = spinel (LiM,O,_, or M;0,_,) = rocksalt (MO)
Layered = spinel does not require
oxygen loss but still associated
with oxygen evolution so suggests
oxygen-deficient spinel

Rocksalt is least desirable,
iasaRs “electrochemically dead”,

S ERETTL L though often amorphous
200N
R EE L A" SN

CLEARRN Similar process occurs thermally

(> 200 °C, delithiated) and
electrochemically (> 4.2 V)

Zhang, Liu, Piper, Whittingham, Zhou Chem. Rev. 2022, 122, 5641 - 568
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Cathode chemistry

Enhancing cycle life

Nb** doping and LiINbO; coating of Ni-rich cathodes

3.04.2V,08C/1M1C,25°C

—(O—P-NCA85 :57.3%
—(—1-Nb NCAB85 : 90.0%

i

0 00
Number of cycles

Cathode chemistry

4

2.7-43V, 0.5C at 60 °C

e
]

-o- P-NCABS  :52.9%
@ 1-Nb NCABS : 88.3%

Discharge capacity / mAh g
EBEzz s

50 100 150
Num ber of cycles

2021, 11, 27

[ef

Suppressing impedance growth

Nb** doping and LiNbO; coating of Ni-rich cathodes Retais maximin power atall stites of chiarge

Retains high charge rate over lifetime

8

—— g
L1* cycle

| -@-P-nCaSS
-@-1:-Nb NCABS

883 8 8
DCIR/

a
3

L 100" cycles

Normalized rate capability | %

DCIR /€2

| -@-P-Ncass
-@-1-Nb NCASS

88388

0.1C 0.5C
Charge rate
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-m- 1% P-NCA85

a -m- 500" P-NCAS8SE
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State of Charge / %

-@- 1%t 1-Nb NCAS8S6
-®- 500" 1-Nb NCASS

$33-35-59oF o
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State of Charge / %

Kim et al. Adv. Energy Mater. 2021, 17, 2100884,

D

Cathode chemistry

Mechanisms of favorable performance

Nb** doping and LiINbO; coating of Ni-rich cathodes
Doping stabilizes the layered cathode structure

Nb grain boundary preferential enrichment leads to
oriented, rod shaped primary particles

LiNbO; is a good ionic conductor, electronic insulator
100x higher g;;+than LIiAIO, or Li,ZrO;

LINbO; coating prevents side reactions with the
electrolyte and transition metal dissolution

LiNbO; has ultra low lithium vapor pressure

Particle count / arb, unit
- s S

Cathode chemistry

Log P(Pa)

LiNbO,

(] 0
T (x10°5/K)

5

Enhancing energy, lifetime, and safety

Doping stabilizes the layered cathode structure
Lower interior porosity = Higher electrode density
Alignment and doping mitigate particle cracking

Nb** doping and LINbO; coating of Ni-rich cathodes

Sun et al. Adv Energy Mater 2021, 71, 2100884

Without niobium

With niobium

intraparticle cracking

T, N ———
phase

icrocracks propagate
to the particla surface

0

https:/niobium.tech/cn

93



94

Cathode chemisrry
Improving
capactty
retention

Primary doping
Nb (0.5 wt.%)

Secondary doping
Nb/Zr (0.5 wt.%/0.5 wt.%)

NMC622 Bigovery
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High-Voltage Cathode Coating

- — Full cell performance stabilization —

Optimized, high-voltage
LNMO || GRAPHITE
0.8 wt.% LiNbO, coating
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Gabrielliet al. C em 2016, 9, 1670

Cathode chemistry

Increasing energy density: Li- & Mn-rich

Cobalt-free LisNbO, rock-salt structure High Li content induces the formation of

cation-disordered rock-salt structure (DR):

tructure and novel
(charge compensati

Increased Li in disordered structure
Li, ,Nb, ;Mn, O,

Li; sNbg 30(Mn,Fe)s 4,0:
>300 mAh-g™’

uopippe |7+

B =tbandmn [l = Oxygen

Cathode chemistry
Increasing energy density

=

DR Cathode Capacity Improvement
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R
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Cathode Level

DR Cathode Energy Density (Wh/kg)

Mn-rich Chemistry
Development T 13%
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Cathode chemistry

Increasing energy density

>40% drop of $/Wh
from NMCA to DR2

DR Cathode
Mn-rich Chemistry
Development

Challenges:
Cycle Life

Electronic Conductivity

® H"gh Power & Fast charging

Nb-Os as a new class of anode meterials

szOs o XLi* + Xe™ Libezos

Fast Li* motion

3 [*3 d' (conducting) .__ =

|

NIOBIUM (V) OXIDES:
Safe potential window 0.8 to 2.0 Li per Nb
+1.0to +2.0V vs. Li*/Li Nb**/Nb3* redox pairs

High Rate High Capacity
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Wildcat
Discovery
Technologias

Niobium (V) Oxides Polymorphs

Griffith, Grey et al. L Am. Chem. Soc. 2016,

H-Nb,0;

Titanium Niobium
Oxides - TNO

MNew mixed metal anode meterials

Ti-Nb-O Ternary Family

TiNb,0,

& Fast charging

Theoretical Energy Density:
380 mAh-g™'

Ti#+/Ti** and Nb5*/Nb?* redox couples (~5

Li per formula unit in TiN

Comparison of

Energy Density

NTO is a promising solution, however
high anode voltage negatively impacts
cell-level energy density (as with LTO)

‘ Safety margin against
Li metal dendrite
(short circuit)

Cell Voltage
Anode Capacity (Ah/g)

Anode Energy Density (Wh/cm?3)

Mass Energy Density

Conventional
Graphite

Capacity (mAh/g)

finished wth difierent time
o C-DTNO Discharge at foed 2C
o

L L L I
0 20 » a0

Cycle Number

Safe working voltage (>0.6 V vs. Li*/Li)

Griffith, Goodenough et al. Chern, Mater. 2021, 33,

Volume Energy Density

Conventional
Graphite

mAh/cm?

NTO
LoW

HIGH

HIGH

Courtesy of TOSHIBA Corporation
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® High Powel‘ & Fast charging

Nb;sW5055
Monoclinic,
crystallographic shear
ReO;-like structure

Conventional All-Solid-

Battery State Battery

_ Flammable electrolyte Non-flammable electrolyte

Nb1BW16093 'y P _- 2 Organic SEI formation No organic SEl formation

Orthorhombic, P Heavier (steel case) Lighter and smaller
tetragonal tungsten
bronze superstructure

mhjoszdep3

Room-temperature operation High (low) temperature operation

Electrolytic Solution | ComplexBMS Simpler BMS
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Griffith, Grey et al. Nature 2018, *
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Improves capacity and cycle life of optimized
single-crystal NMC811 in all-solid-state batteries

Liu, Yang et a

Liu,

7)) Lithium Niobate in Solid-state Batteries
Single-crystal NMC811 // LGPS Solid Electrolyte
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Shanghai Institute of Ceramics, Chinese
Academy of Sciences

ik, PERFR EBHEBRIEARAARA, BXESIH, EEERK, NELET
MEFAREXAN. LBEHTEBRRAAITX. dRBEABEAAITR, AEEHEM. &
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Dr. Chilin Li, researcher of Shanghai Institute of Silicate, Chinese Academy of Sciences and
project leader. He was selected as Shanghai’s excellent academic leader, Shanghai high-level
talent plan, and Chinese Academy of Sciences outstanding talent plan and made a series of
achievements in fluorine-based batteries, solid-state batteries, lithium/magnesium metal
batteries, and fast charging batteries field. He has published more than 110 journal papers in
SCI Adv,, Nat. Commun., J. Am. Chem. Soc., Angew. Chem., Adv. Mater and Energy Environ. Sci.
Prof. Chilin Li also authorized and applied for more than 20 PCT international invention patents
and Chinese invention patents.
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2022 International Conference on 2022 International Conference on
Niobium Based Batteries Niobium Based Batteries
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VP Automotive and Business Development -
Skeleton Technologies

SEBASTIAN POHLMANN{E 4 ZSKELETON TECHNOLOGIES}SZEFMEF 4B, BiHiS:A
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Dr. Sebastian Pohimann is Vice President Automotive & Business Development at Skeleton
Technologies, where he leads automotive commercial activities and brings next generation
ultracapacitors into future applications. During his 5 years at Skeleton, he also led the
development team for 2 years, bringing Skeleton’s “Curved Graphene” technology closer to
application. Dr. Pohlmann obtained his PhD in Physical Chemistry in 2014 at the University of
Miunster and has authored and co-authored over 12 publications and patents.

http:/www.metal.citic.com

High power energy storage:
Requirements and applications

International Conference on Niobium Based Batileries 2022

f Sy O |
= L
==& zzl :

© SCA3200 @ |

Dr. Sebastian Pohimann

SKELE-+ON

TECHNOLOGIES

Challenge

Electrification
and zero-
emissions
technologies
are the only ways to

combat an increasingly
alarming climate crisis

https:/niobium.tech/cn
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SKELE+ON

TECHNOLOGIES

The Key Enabler

Energy storage
beyond Lithium-
lon batteries

Lithium-ion batteries do not
fit all solutions perfectly

Global Reach from the Heart of Europe SKELE+ON

TECHNOLODGIES

The largest and most modern
supercapacitor factory in Europe

™= Grofiréhrsdorf, Germany

Industrial scale, highly d ion facility
p Sitor h & center
Main production location from cells to systems

B Bitterfeld-Wolfen, Germany & Tallinn, Estonia

t Software development
y  Electronics engineering
Module & systern development

Gurved Graphene synthesis and production
Material pilot & development plant
Solid-state material research

http:/www.metal.citic.com

From Single Cells to Full Energy Storage Systems

©
]
(=]
M
L2}
<
U
n
L]

Raw Material Single Cells
Curved Graphene 300-5000F

Industrial Modules
From low to high voltage needs

SKELE+ON

TECHNOLOGIES

Systems
MWs of immediate power

Industrial supercapacitors Supercapacitor modules with smart Meodular, supercapacitor-based
balancing and management systems enargy storage systams
Technological Advantage Through Superior Carbon Raw Material SKELE+ON

Li-ion Batteries

use a chemical reaction to store energy

‘“ Slow e 8 5

Limited power density (0.5 kW/kg)
< High energy density (205 Whikg)
Limited cycle life (<3000)
Slow charge rate (1.5 C)
Safety concerns
Hard to recycle
_— Contains Cobalt, Nickel, Copper

=
(=
un
c
>
ry

ULTRACAPACITOR

SCX5000 ©

0

- High power density (up to 60 kW/kg)
+ Limited energy density (11.1 Whikg, 16 WhiL}
+ Extreme cycle Iife (>1 million)

+ Extremely fast charge rate (2000 C)

« High inherent safety

+ Easily recycled

« Only metal content is Aluminum

TECHNOLOGIES

https:/niobium.tech/cn
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Key Enabling Technology to Power Electrification Across Industries

Transportation &
Heavy Equipment

o) appCHiOns

Grid &
Renewables

Selected appicans

SKELE+ON

TECHNOLOGIES

o i

& SCAZ200

Technology Advantage Throughout the Entire Energy Storage Industry SKELE+ON

TECHNOLOGIES

z
o
F:

SuperBatteries

High enargy density
{65 Whikg)

Fuel cell power support solutions KERS for light rail ‘Wind turbine pitch control Peak load shaving to cover short- Graphene supercapacitors 50,000+ lifecycles
48V active suspension Engine start Virtual inertia | Grid forming in I peak ilienicod {Gen2) Fast charging times (<60s)
: g STATCOMs KERS for port cranes, forklifts, and SkelCap supercapacitors +72% Increase in energy Extremely comaefiive
S o MR TaRIC T ooy siomen s ol ehvabors (Gen 1) density (16 WhiL), while coct bace compared to
R : T, _ , -base oo s
12V board ret stabiiization & ;T;SLPWH:!"SUDM_ solutions for qu'ggyg Poe P Fast-charging for warehouse 4y powet deraity comparad maintaining high power similar energy storage
back-up soluians e Nanapotton AGVs and shutties to competitors 1,000,000+ lifecycles technologies
High power (up to 60x compared Ultrafast charging times (<1 s} High safety
to batteries) Increased efficiency & lower
o o~ ; - - 1,000,000+ lifecycles foatprint
Wrrranaties ) Brissh Traztion (S " “@sa achl En i
@ Ritomation M € @ 8 i B MEDLLL a2l Simon wRaNT Ultrafast charging times (<1 s}
Low Energy density (9.3 WhiL}
Technology Advantage Throughout the Entire Energy Storage Industry SKELE+ON Current Energy Storage Technology Has Clear Shortcomings SKELE+ON
TECHMNOLOGIES TECHMNOLOGIES
Energy Energy Energy
Scale <_[:: G Pawir scale Q Pawer Seale Q Bawer
Resources Salaty Resources Safety Resaurces Safety
° SUPERCAPACITORS: e HIGH POWER BATTERIES: ° HIGH ENERGY BATTERIES:
SkelCap supercapacitors
(Gen 1) Ueap Power, LSMtron, SECH, AVX, CRRC Microvast, Toshiba, Varta AG LG Chem, Panasonic, Sa
- = : , 5 . ; \ , , Samsung SDI, Tesla
ik o s i Material research for higher
to competitors — F " - A
> energy density is at the core of Energy throughput (kW eycle) Medium energy density Low energy cost (<3120KWh)
:—i:%:t?mner {up to 60x compared % Efficiency (cost per kW) ¢ Medium efficiency +  High energy density
nise) Skeleton Technologies g Wit Rt sk el onie
B ! Il
Uttrafast charging times (=1 s) Hon ¥ salaty
Low Energy density {9.3 WhiL)
Low energy density - High initial cost (S600/KWH) - Verylow cydles

CONs

Veery high initial cost (3/kWh) Not at full Gigafactory scale Long charging fimes

122 | http://www.metal.citic.com https:/niobium.tech/cn | 123
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Where is high power required? SKELE+ON

TECHNOLOGIES

Critical requirements in the application’s power profile

E+j® Fast charging:

A High power discharge: Pack size dependent on power density

;\[ High RMS current:

Critical requirements independent of power profile

‘A Safety:

High utilization, no dedicated charging storage

Lifetime dependent on power density and low ESR

Less overhead, wider application field

c’} Sustainability: Emission footprint, end-of-life costs
L Supply chain security: Price stability
How does the classic Li-ion battery compare? SKELE+ON

TECHMNOLOGIES

Competition in power
EG Fast charging:

A High power discharge:
W High RMS current:

LIB are challenged on safety, sustainability and supply chain

‘A Safety:

C'; Sustainability:

Oversizing vs cost advantage

A LIB with 400 kwWh @ 100 EUR/KWh is a cheaper solution
than a high power battery with 100 kWh @ 500 EUR/kWh

Price per kWh determines required “oversizing gap”

i'.-i? Supply chain security:

http:/www.metal.citic.com

Industrial grid solutions| Data centre UPS

Mining Solutions | Surface Full Electric Haul Trucks

o

‘A
&
{8

SKELE+ON

TECHNOLOGIES

BACKGROUND
Data centers have extreme reliability, availability and maintainability requirements
= Uncontrolled power loss can mean losing the work of millions of euros in data loss.
High power discharge Uni ptable Power Supplies (UFS) needed to prevent shut down of mission critical

loads in case of grid issues
UPS aim to provide 15— 30min of power before gensets or fusl cells

KEY CHALLENGES
Low lifetime in lead acid requires constant system substitution,
Very high safety and reliability requirements incompatible with standard Li-ion
Safety - Only options are high priced (LTO) or oversized (NMGILFP)

Sustainability BENEFITS
Increased lifetime and high power capabilities
Extended system energy storage lifespan up to 8 times and reduce maintenance cost,
Increased intrinsically safety of the systemn at cell, module and system level.

SKELE-+ON

TECHNOLOGIES

BACKGROUND
All-slectric mines require electrified hauling
Electrification should have mo impact on the haul cycle
Battery-electric haul trucks require up to 400 kWh capacity per roundtrip

KEY CHALLENGES
Trolley solutions require a calenary - resalting in high CAPEX with frequent interruptions for
extensions as the mine grows

+  Battery-electric trucks require long charging times and large battery capacities when charged

+  Battery swap not possible due to large battery size

Fast charging

Sustainability SOLUTION
Fast charging high powar battery system on board
Charging in <2 min depending on power connection

Supply chain security
+  Charging station supported by SuperBattery for high power availability

Charging firme per Energy storage cost
day in hours* per bruck in EUR*
6.5 “calculated for a 30 min
B SuperBattery chargs luri.re:m 5000
eycies, including overnaad
1,000,000 W Libon for additonal trucks to
0.8 400,000 compansale for charging
= tirne
— ]

https:/niobium.tech/cn
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Utility machines and Trucks | Ultra-fast Charging SKELE+ON

TECHNOLOGIES

BENEFITS

with high power batteries

Fast charging as a default option
Increased efficiency from full electrification

Lower peak demand on the grid
Solution applicable to all machines dependent on high utilization

Where is high power required? SKELE+ON

TECHMNOLOGIES

RMS
Power

Electric ferry

1 min 5 min 10 min 20 min 30 min Application time

http:/www.metal.citic.com

Conclusion SKELE+ON

TECHNOLOGIES

REQUIREMENTS
Power density alone is not enough for all applications

High safety, sustainability and supply chain stability as emerging
requirements

All energy storage competes with the price pressure from classical
Lithium-ion batteries

OUTLOOK AND APPLICATIONS

Energy density of most high power batteries is not high enough for classic
BEV traction batteries

Hybrid and low voltage solutions are optimal use cases
High power batteries need to offer high utilization (long lifetime)

Thank you! s

HELP

. . TO SAVE
For more information ENERGY

contact us:
www.skeletontech.com

https:/niobium.tech/cn
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Senior Fellow - Nano Materials & Frontier
Research Laboratories Corporate Research &
Development Center, Toshiba Corporation,
Japan

YASUHIRO HARADABRI—HZ N RAIMIATLHESEMRR. 2001 FHRFIERIAF
T FENREELFL, FT2002FEMAEE. tNEHEHBHMRIBAREF19
F, F2020F#H B AR FEIRTFRFRAR., BN IEESEALATNE
A

Yasuhiro Harada is currently a Senior Fellow at Toshiba corporate R&D center. He received
his Ph.D. in inorganic chemistry from Tokyo University of Science in 2001. He joined Toshiba
in 2002. He has been working on new battery materials for 19 years. He was awarded the
Commendation for Science and Technology by Japan Minister of Education, Culture, Sports,
Science and Technology, 2020. His current work is focused on the development of new battery
technologies.

http:/www.metal.citic.com
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2022 International Conference on Niobium Based Batteries 15th ‘\*._%

Current Status of Niobium Titanium Oxide (NTO)
Cell Development for Commercialization

Yasuhiro Harada (Ph.D.)
Senior Fellow

Cooperate Research & Development Center
Toshiba Corporation

15t September, 2022

© 2022 Toskiba Corporation

Contents

01 Back Ground
02 Promising Anode Material NTO *for Batteries
03 What is the best cell format for NTO*?

04 Summary

*Niobium Titanium Oxide

© 2022 Toshiba Camporation 2
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Back Ground

© 2022 Toshita Corporation 3

The Challenge of Carbon Neutrality by 2050
Reducing CO, gas from industry and transportation is key

Next generation batteries are required for the electrified society
» Private vehicle

Industrial :z_'qte, Energy
e ONvVersion & % i -
Process og ; TR ¥ Parking time is relatively long
) rivale vehicigs . e
“—_6200 v" Mainly short range diving
1 o '-\ rAw ] . "
N Bus/Taxl.5 4 't‘-a, \ = Li-ion battenes_ with h:gh_
o 700 S \ energy and long time charging
2 \
Emissions CO, Emissions | | Less usability, Short-life of battery |
Breakdown Company in transport. |
: ; vehicle, ¥ : i
A Japan N e (g o) ...« Commercial vehicle
% by Sector 3500
Commercial W 2018 v ngh operation rate
y - v" Heavy duty.”Long range
Track = Next generation batteries
7700 with high power & durability
How to achieve safety & fast-
Refe i
htl.u::e':vfenw.unv goip/earth/ondanka/ghemry/ emissions,/ results/ matenal/yein 2018 2 1 pdf (harge ope:auon Faen 4

http:/www.metal.citic.com

Current Challenges and Future Trends in Battery Technology
M Challenges for electrified society
+Global resource depletion (Co, Li and so on) due to demand growing
*Long charging time = Less convenient
*Short cycle life and low level of safety = Low reliability and low salvage value
B Future Trend
*Long cycle life for environmental conservation = Higher salvage value for reuse

*Electrification of heavy duty cars by using high durability and reliability battery
*Improvement of usability for electrified society with ultra-fast charging

100% f
3 Battery reuse model
» New carfor used vehicle for  staticonary usage for
i el 15 umer nd user 3rd user
<F | <P

o
o oo 200 W00 0 W00 w000
cvele

Strong requirement for ultra-fast chargeable and high reliability battery

© 2022 Toshika Corporation 5

Features of Toshiba’s Li-ion Battery SCiB™

SCIB

LTO Lithium Titanium Oxide
Li-ion

Anodee ~ Separator e Cathode
i

o0 =0~ 0000
e |
00 4+o—h oo

Electrode

oy
D00 4=0=p 000 =
— —

Conventional LIBs

Carbon / Graphite
SCiB™ is characterized by LTO* anode.

e
Safety E Long life E:::‘;ins IEI

Low risk of fire or Rapidly charges to about
explosion 80% of the capacity in
6 minutes

Cycle life of 20,000 times

or more

e High input/ \? Wide effective

temperature * output = SOG* range

performance I-I

#LTO: Lithium Titanium Oxide

Large current for both Available SOC* range of
0 to 100%

input and output

Usable even at ~30° C
© 2022 Toshibs Comoraion
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Target Market Segment for SCiB™ Target Energy Density for Next Generation Battery

Focus on heavy-duty areas where SCiB™ can be useful,

rather than simple energy storage applications

Capacitor & Te
SCiB™ Characteristics Target Markets
Chargi:ftime . Lead-acid . LiB . SCiB™focus areas -

imin

SCiB™ Mild-HEV Li-ion battery for
m (12v/48V)

mol:ule devices
Industrial
- Ni-MH
=
mobility hmen;

30min|assssssssasinsse R annnnnnany
: Energy der-usnt\ffr Wh kgt

ﬂ
4 :  Smart phone

. H W Available for CO, Lack of sufficient energy density is the biggest weakness of Toshiba’s battery.
TPh r—— ot gas reduction

Power density / W kg?

atures realized by t

of lithium

titanium ox

Lead-acid
 p— - Toshiba’s challenge is to enhance the energy density which is mainly determined by
S i . .__"“2};“’ capacity and electrode potential of the anode material.
3,150 3, 500 15,000 cyces

© 2022 Toshita Corporation T

© 2022 Tothiba Corporation 9

Candidates for High-capacity Oxide Anode Material

Table. Titanium-based oxide anode materials and Graphite

Anode materials LTO#* TiO.(B) NTO* Graphite
Crystal structure Spinel monoclinic monoclinic  Hexagonal
& &S
Bet 66, =
- v & &>
Promising Anode Material Redoxcouples  Ti*/Ti* TiTiee  Tiv/Tiee Cy/Ce
. . - . . 5+ 3+
Niobium Titanium Oxide _ WOSAR
Density (g/cm?) 341 3.73 434 225
Capacity* (mAh/g) 170 335 387 372
Capacity* (mAh/cm3) 580 1250 1680 — o7
Potential (V vs. Li) 1.55 1.6 1.6 0.2

#LTO: Lithium Titanium Oxide

* Theoretical capacity *Niobium Titanium Oxide

NTO* would be the only material that can deriver high capacity with the same redox potential as LTO*,

NTO* has unique redox couples such as not only Ti but also Nb, which enables to react 3 electrons.

10 2022 Teshiba Corparation 3

© 2022 Tothika Corporstion 10
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Comparison of Energy Density on Anode Materials

Mass energy density Volume energy density Battery voltage
LT0" i LTO 2.3 V
NTO'2.25V

mAh/g mAh/cm3 Output Voltage

Battery Energy (Wh) = Capacity (Ah) X Battery Voltage (V)

#LTO: Lithium Titanium Oxide  *Niobium Titanium Oxide

© 2022 Toshiba Corpovaion 11

Why Niobium Titanium Oxide can deriver ultra-quick chargeability?
R

Cathade

1. Safety margin for Li* dendrites

v

v Stable even under quick charging
v Lower safety risk at end of life
v No damage at low temperature

Safety margin
for Li dendrite

21 ]

2. Lower strain during charging

v Rigid framework of NTO*
v Almost no structural change

5~15%

Volume change Lower Strain 1/3

*Nicbiumn Titanium Oxide © 2022 Toshika Carporasion 12

http:/www.metal.citic.com

Comparison of Charge-discharge Curves on Toshiba’s Anodes

N
n

P

[y

Electrode potential / V vs. Li/Li*
=
wn

o
n

o

- | Temperature:25°C i LTO*
Charge.2C CC-CVfor 10 h
Nischarge:0.2C ta 3.0V cut

TiO,(B)*
(563mAH/cc)

i

- 15t cycle
* Y. Harada, etal., Electrochimica Acta, 112 (2013)3710

NTO®
(1493 mAh/cc)

0 50 100 150 200 250 300

Capacity / mAh g!

350 400 450

The reversible volume capacity of NTO* showed twice that of LTO%

#LTO: Lithium Titanium Oxide

*Niobium Titanium Oxide

Li Storage Reactions in Niobium Titanium Oxide Electrode

© 2022 Teshiba Corporation 13

%in NTO=
o 1 2 3 4 5
3 : — T a0,
300
— 25
5 (a) 200
= Cme-phase reaction =
v ;3 o 400
22 N Two-pluse reaction %
I Cne-phase reaction E o
E— T B - — T — —.
|
Sas b —— E i
s TRy, ¢
5 200
1 34ImANg 8 N, Gha
Termperature:25'C 1480mAhicm®
0.5 400
1] 50 100 150 200 250 300 350 400 [}

Single-phase and two-phase reaction

Capacity (mah g!-TNO)

18 2
Potential (V vs, LiLi)

reactions

Five lithium insertion/extraction

Fig. Open-circuit potential plots of NTO electrode during lithium insertion (@) and
extraction (O)at 15 mA g between 0.7 and 3.0V (a) and cyclic voltammogram of NTO*
electrode at 0.1 mV s (b)

*Niobium Titanium Oxide

© 2022 Teshiba Cosporation 14
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AS and Rp on Li Insertion into Niobium Titanium Oxide Electrodes

24

22

(v vs. Li/Li*)

Potential
ha

@ s
‘e -10
5 =
e -4
=20 _D
iy eneten E
n: o -25 5
an W

—

s 1 15 2 25 3 35 4 45 5
xin Li;TiND; Oy

AS during lithium insertion indicates
exothermal heat effect

Rp ()
F-
&
- %
& d!!gx
z

aaaaaaa

Q 0.5 1 1.5 2 25 3 35 4 45 5
X in Li TiND,O,

Interface resistance varied
as lithium insertion proceeded

Fig. Galvanostatic potential curve with open-circuit potential and AS (a) , impedance
spectra (b) , and Rp (c) of the NTO* electrodes during lithium insertion at 25°C.

*Niobium Titanium Oxide

© 2022 Teshiba Corporasion 15

Cell Thickness Change During Charge-Discharge

35

Charge
3.0

2.5
2.0
15

1.0

Thickness change (%)

0.5

! Discharge

NTO*/NCM

0.0

100 50 0
SOC (%)

Fig.  Change in thickness of NTO¥NCM (@) and graphite/NCM (a) battery
during charge and discharge at 0.2 C rate.

*Niobium Titanium Oxide

http:/www.metal.citic.com

© 2022 Toshiba Comporasion 16
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What is the best cell format for
Niobium Titanium Oxide

Specifications of 32 Ah Prototype Prismatic Cell

*Niobium Titanium Oxide

© 2022 Tothiba Corporation 17

TENTATIVE

Cathode
Anode

Case
Dimension (mm)
Weight (g)

Max. charge voltage

Min. discharge voltage
Nominal voltage (V)

Designed Capacity (Ah)
Operating temperature

AC impedance (m)

DC impedance for 0.2 sec (mS2)

Energy density
10 s output power density
10 s input power density

NCM
NTO*

Aluminum prismatic
W116 x D22.3 x H106 mm
Approx. 570

3.0

1.5

2.25

31.6
-30to 60°C
0.54

0.98

| Prototype 32Ah Cell

260 Wh/Il, 124 Whykg -
2.8 kW/l, 1.28 kW/kg (SOC50%) B i
6.0 kW/I, 2.76 kW/kg (SOC50%)

*Niobium Titanium Oxide

0 2022 Teshiba Cosparation 18
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Performances of Prismatic Cell Format

32Ah Prismatic Format High capacity High input power

=

\ " . = X % = g = % =
Capacity / Ah 0 i * su:f
High rate discharge Super-quick charge Low temp. performance
— fj S —— L S0C 80% in 10 min,__ . g j f/,/__di
$ . R .
_; " l é ;' Ll ey »
2 s D s e —— S S U D ”
© 2022 Toshiba Corporation 19
Found Issue for Prismatic Cell Preparation TENTATIVE

Valtage terminal (+) Voltage terminal (—)

(a)w/o Clamping (b) Clamping

Current
terminal (+)
Clamping
plate

Fig. X-ray CT images for (a) non-clamped and (b)clamped cell. Fig. Appearance of test cell with clamping zig.

Current

/ terminal (—)

Winding coil requires sufficient clamping during 15t cell formation

© 2022 Teshiba Comoration 20
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Target Specification of Niobium Titanium Oxide Cell

Good valance between energy and power can be expected by using pouch cell with stacking electrode

3#LTO: Lithium Titanium Oxide *Niobium Titanium Oxide

Large Pouch

Capacity 23Ah 31.6Ah 100Ah 55Ah
Anode/Cathode LTO.”NCM NTO./NCM C/LFP NTO./NCM
Electrode/Shell Winding/Can Winding/Can Winding./Can Stacking/Pouch

Input power Hkk 5 kW/L “H % 6.0 kW/L A 0.7 kW/L %% A 6.5-7.4 kw/L¥1
Output power Yook 4.0 kW/L Yook 2.8 kw/L * 0.4 kW/L skl 3.0-3.8 kw/L¥1
Energy density % 202 Wh/L oy 260 Wh/L ok 280 Wh/L %% % 300-340 Wh/L*2

Initial cost * * kK TBD
#1 : Depending on tab structure %2 : Volume w/o sealing and tabs © 2022 Teshiba Corporation 21
Specification of Large Pouch Cell

55Ah Large pouch cell using Niobium Titanium Oxide can be successfully produced

Cell Specification 55Ah class pouch cell
Capacity 55 Ah

Input power 7,400wh/L (Designed value)

Output power 3,900Wh/L (Designed value)

Energy density® 348 Wh/L* (133 Wh/kg)

# Volume calculated without tab and sealing area.

Cell appearance of after capacity check process

© 2022 Teshiba Cosporation 22
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55Ah Large Pouch Cell Charge-Discharge Curve Rate Capability

Fist Charge-Discharge 90% capacity retention is available even at 5C (275A) rate @25°C

3.3
3.0
110 Discharge [g& 110 Charge 120
2.8
100 100 100 = 100
2.5 m 5 - 5
S 90 80 O _ 90 80 D
g 232 : ; & T £ 4
o Discharge capacity (Ah) 56.8 58.3 - o 2 | B = -
= g g | B P
320 2 g 2 3
& 5 2 6§ | %n © §
1.8 1st Discharge = &
1.5 58.3 Ah 60 20 60 20
1.3 50 0 50 0
0 1 2 3 4 5 5 0 1 2 3 4 5 6
1.0 C-rate(-) C-rate(-)

] 5 10 15 20 25 30 35 40 45 50 55 60
Capacity(Ah)

© 2022 Tothiba Corporation 23 © 2022 Tothiba Corporation 25

Power Capability Safety Test Results

Trial produced pouch cell showed higher 10 sec power than prismatic

Output 2983 W/L* (Prismatic x1.23) , Input 6605 W/L* (x1.13) N'°b'“ et ox'e pRfrCal

FYI: LFP Cell

Discharge Power Characteristics +25deg.C Charge Power Characteristics

Anode appearance

Cross-

18000 sectional CT
Lower limit voltage : 1.50V upper limit voltage : 3.00V e Laeadl I “Lidendrite

7000 14000 \ = . B

g 6000 [[1Vimt see iV bt w 2dnC | | =e=s0s0c | 12000 3Imm® Nail tortion at call centir
iy e 1

2 s00 & 5000 penetration
g - g Sahup. before lest Setup, after fest L BGATESR
a a L
& 3000 & 6000
a 2
2 2000 © 4000

1000 2000

0 0 Lithium dendrite risk
0% 10% 20% 30% 40% S0% 60% TO%  80%  90% % 10% 20% 30% 40% S50% BO0% T0% B0%  8O% § ’ i
P 02 (%) after long cycling

40% Bar crash No smoke, No Fire
# Volume calculated without tab and sealing area

Satup, balons st Setup, after st

© 2002 Toshiba Corporation 24 © 2022 Teshiba Comparation 26
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Summary

O ] NTO *anode material has double the volumetric capacity of graphite,
which is a promising candidate for alternative anode to LTOx.

02 The best scenario of NTO * cell design seems to be pouch cell format
with stacking electrode. However, reliability and durability of pouch
cell format for long term usage should be tested.

03 This new high energy density battery containing Nb makes it possible
to expand the cruising range of EVs comparable to LFP chemistry
battery with a short charging time within 10 minutes, and is expected
to improve the usability of commercial EVs.

#LTO: Lithium Titanium Oxide  *Niobium Titanium Oxide

© 2022 Teshiba Corporation 27

TOSHIBA

“No Nb, No NB, then No NB ! “

Ne Nichivm, No New Bottery, then No New Business

Thank you for your attention!!

e-mail: yasuhiro3.harada@toshiba.co.jp

144 | http://www.metal.citic.com https:/niobium.tech/cn | 145



146 | http:/www.metal.citic.com https:/niobium.tech/cn | 147



148

RAHUL FOTEDAR{E 1 ZMORROW BATTERIES ASEYEEHR K EFELSEIIAAZ—. RAHUL
HEBEMRRKXFUFMEFAMARSE KB EWIE L FA. S ERETER
BERF A RAAIEFEIRARIFEER, EREMFFE THNEZ X EHTIHEIFZR. 2013
F, ARG TAEAEHFEBLAE, XE—XRKEITTHAELAETEATEESCER B
REJHFIEI AT . FEIIAMORROWZ BT, f7EHILTI CORPORATION{E{E S HIAM R ER L
F, MES MBI AREFF LI EESD.

Dr. Rahul Fotedar is the Chief Technology Officer and one of the co-founders of Morrow
Batteries AS. Rahul holds a Masters degree in Chemistry from TU Miinchen and a PhD degree
specializing on battery materials from ETH Zirich. He has previously worked as staff scientist
in Institute of Energy Technology near Oslo where he pioneered their research activities in the
field of secondary batteries. In 2013, he co-founded Graphene Batteries AS, a startup focused
on developing technologies primarily for heavy metal free batteries. Prior to joining Morrow
he was working for many years as an expert in advanced cell technology in Hilti Corporation
leading activities on developing and industrializing differentiated cell technologies.

http:/www.metal.citic.com

Morrow Batteries, through close collaboration with industrial partners, including Echion
Technologies, Haldor Topsoe, Arkema and others, has developed a cell design utilizing a niobium-
based anode material with an ultralong cycle life (projected to reach well over 10 000 cycles in
the final cell). Coupled with a high voltage LNMO cathode, this cell not only offers superior cycle
life and highly competitive energy density, but also excellent safety and sustainability. Morrow has
previously demonstrated these features in lab-produced cells, whereas the focus has now shifted
to upscaling - making larger cells using industrial equipment. The final product has the potential

to revolutionize existing applications and open completely new application areas.

https:/niobium.tech/cn
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Optimizing the homogeneity of electron and ion
transport in H-Nb,O; crystal particles towards fast
energy storage

Ultrafast and Stable Li-(De)intercalationin a Large Zihan Song (EFi%)
Single Crystal H-Nb,O5 Anode via Optimizing M Pk inetie S Gl ant aacs (o
the Homogeneity of Electron and lon Transport E-mail: Zihan.Song@mpikg,mpg.de
Advanced Materials, 2020, 32 (22): e2001001. DOI: 101002/ 15.09.2022
adma.20200100t1
Zihan Song
Hui Li
Wei Liu
Hongzhang Zhang
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Jianyu Huang 1. Research background ; .
Huamin Zhang 2. Research contents _--"”Ni_obium-based OXIde .
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4. Summary R 4dess!
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1. Research background ---- Anode materials for fast chargeable LIBs

300

200

Spcific power (W kg ')

100

o 50 100 150 200
Specific ensrgy (W h kg
Dunn B, Kamath H , Tarascon J M.
Science, 2011, 324(6058).928-935,
O Graphite

Low Li (de)intercalation potential of < 0.2 V vs Li*/Li
Particle fracture and the risk of Li dendrite formation;
Leading to short circuits and potentially fires and explosions;

O LiTisO,4, (Lithium titanate, LTO)
An average potential of 1.55 V vs Li*/Li
High-rate Li (de)intercalation without the risk of Li dendrites;
Low specific capacity (theoretically 175 mAh g-)

o

® e
w0 i
electronics  pattery )

Energy
storage

| R

Ideal high-rate anode materials:

# Good electronic conductivity

# Fast Li-ion diffusion kinetics

% Safe (de)intercalation potential range
% High specific capacity

1. Research background ---- Niobium-based anode materials

O Nb,O,

Various modifications with different heating conditions
and preparation procedures:

T‘szOa, M'szOs, H‘szOﬁ, efc.

Intensily {au }

» T-Nb,O;

* “Intercalation pseudocapacitive” material

—— fast Li storage kinetics;
» Low electronic conductivity;
« Limited specific capacity (~200 mAh g').

o] — 1RO
» H-Nb,O4
= Higher specific capacity (> 250 mAh g-'); g 20
= Safe operation potential (~1.6 V vs Li*/Li); 1572
- Fast Li storage kinetics; 10

Griffith K J, et al. J. Am. Chem. Soc. 2016, 138, 8888-8899

4
20 [cepreah Capacity (ma-heg ')

« Poor cycling stability.

http://www.metal.citic.com

SunH., et al Science. 2017, 356, 590604

2. Research contents ---- H-Nb, O for fast and stable Li storage

Micron single crystal H-Nb,O, Covered by amorphous N-doped carbon
(MSC-Nb,0,) (N-C@MSC-Nb,0,)

O Characteristics of synthesized
micrometer single crystal H-Nb,O,
(MSC-Nb,Oy);

B b
" o L Sitesin channels,
- & g it B as

O Understanding on the electrochemical
Li storage behaviors of MSC-Nb,Oj;

O Investigating the Li storage mechanism
of MSC-Nb,O; via operando/in-situ
characterization methods;

O Interfacial modification with amorphous
N-doped carbon shell (N-C@MSC-
Nb,QOg) and the improvement in fast Li
storage performance.

-]

MSC-Nb.0. o

100 1000 1
Cumenl Density (mA g ')

3. Results & discussion ---- Characteristics of MSC-Nb,O.

* Lithium ions = Sohvest molecule

Hetb_0, framework

el Asaming

Electralyte

i

7 8E1 leper

|, Unifarm carbon shell
T

» Improving electronic
cenductivity

* Optimizing homogo-
nep:yoﬂ.lgidu_img.
calalon

Zihan Song, ef al. Adv. Mater., 2020, 2001001.

O Structural and morphological features of micrometer single-crystal H-Nb,O; (MSC-Nb,0;)

XRD Wadsley-Roth phase H-Nb,O,
T L S o
) : Lot pet
z &Y,
3 L | MSC-NbO, ¥ &%
& 'J“JLUJJM"JM_-M % o2

PO=E00-063-014%
0 20 30 A0 50 -] 0 8O
2 Theta {degrea)

Raman

o

Unit cell

= Vapo.ol

Raman Intensity (a.u.)

| |58

Vi

: Nb-0r, 02

o 200 400 600 800 1000 1200
Raman Shift (om”)

» MSC-Nb,Og has continuous and fast Li* diffusion channels parallel to b axis.

e
XY

Litg
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3. Results & discussion ---- Electrochemical analysis

O Electrochemical Li storage behavior of MSC-Nb,Og

N = ;:cyclle ------- 2 cycle gz - AP2
S L [ 37 cycle 6F
S: zi y = 04l AP4 Decreasing
27\ o E o2} AP1
> 201 N\ = oof
[ = Vel i
£ 16} 3 -04L CP4 o — 1% cycle
L - 2™ cycle
o 12¢ T bl ¥ 3" cycle
CP2
S ; . Decreasmq ¢— 08F : 3 - -
005 ""50 100 150 200 250 300 10 15 20 25 30

Specific Capacity (mAh g")

» High initial capacity of approximately 250 mAh g and low polarization voltage of about 0.03V ;
» Rapid fading of capacity in the first 3 cycles, as well as that of

Potential (V, vs Li*/Li)

response peak currents in CV.

3. Results & discussion ---- Investigation of Li storage mechanism

O Operandolin-situ characterizations of MSC-Nb,O; during lithiation/de-lithiation processes

& brevarsiole prase  « Curiend oolecks

Intensily (a.u.)

Ir'SF Nib,C,

rmgruu

# Irreversible phases are observed during delithiation process
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= = — wlusumon
: - = 3 2= -|»r|=u
| % = : = wnprun /\
> TRE TR TR T 5 : " ; 0 1575202530 -
Potential (W, vs. LML) =
» The orientation of Li* diffusion in H-Nb,O; is parallel with crystal expansion vector; ;

3. Results & discussion ---- Characteristics of N-C@MSC-Nb,O,

O Interfacial modification with amorphous N-doped carbon shell (N-C@MSC-Nb,O;)

a b
XRD
L N-CEMSC-Mb_0 = o G )
_ ) B — 1585 o
= J*LLLJ._)HJ_.,.-.-«J Lo 3| A J\’J L k‘
A 2|’
z ] it
MSC-Nb,O, E
8 Ml \Aonnmn]  §
E £ —— NLC@MSC-RBQ,
J“ PDF#00-068-0149 & — MSCNL0,
il l.._.Jth._L_...IJ_..nl_._IJ.n._._n__...n_.....
T e N PN T N

2

% S0 e W 80
2 Theta (degree)

1000 1500 2000 2500
Raman Shift (cm ")

3. Results & discussion ---- Electrochemical analysis

O Electrochemical Li storage behavior of N-C@MSC-Nb,O4

32r
28

i
=
T

—_
[=2]

Potential (V, vs Li*/Li)
0 5

— 1® cycle

3" cycle

2™ cycle

f=1
[=]
A

0 50 100

150 200 250
Specific Capacity (mAh g ')

—— 1=tcycle
2™ cycle
3% cycle

300 1.0

15
Potential (V, vs Li*/Li)

2’.5 3.0

» The charge/discharge curves show improved cycling stability with smooth and slopy plateaus;
> An increased overpotential in the first lithiation process due to the modification of interfacial charge

transport feature by introduced an amorphous N-doped carbon shell.

https:/niobium.tech/cn
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3. Results & discussion ---- Investigation of Li storage mechanism

O Operandol/in-situ characterizations of N-C@MSC-Nb,O; during lithiation/de-lithiation processes

Intensity {a.u.)

L . ; . i [T P
22 23 M 22 M ZH 0B 20 25 0 35 40 10 .520 2530
2 Theta 2 Theta Potential (V, vs. LiviLi)

» Reversible phase transition without the formation of irreversible phases;
» Optimized homogeneity of Li-(de)intercalation in both interface and bulk phase.

3. Results & discussion ---- Investigation of Li storage mechanism

O Ex-situ TEM images of lithiated samples

a = r il
i) | e o, v o N7 ) s
| \ C i - 4 Py =l . ~~
- .ﬂ‘ -
\ =) g Ao < ||| el .l -'."_ =y \
b | R Al —
! Ly ! |
W Lihiated prasa
Umated phase |, & \ \ :
i ' f LYY L - Dee-lithiated phass = H
Pyatine phase - . - I e
H / Ay [] De-dthiated phase
t o« Lianium kens AR \ \ \
i — Soivent molecule Al Pristine phase I orsitie phase \ [rpap— \

Initial state = Lithiation process = De-lthiation process === De-lithiation state

i ] V
£ / —
s CanscHe.0. IS SSRGS 1
: Electrolyte — X
H ‘carbon MI-
| HNBD, Yamenork— \
Pristne phase L
© . Lithium iens. \

i = Savent molecule o

Initial state —=  Lithiation process —  De-Mhiation process —  De-lithiation stale

» The uniform amorphous carbon shell removes the anisotropy of charge transport of H-Nb,Oj; in the interfacial
region and facilitate the delivery of desolvated Li* between electrolyte and active facets of H-Nb,O;.

http:/www.metal.citic.com

3. Results & discussion ---- Electrochemical reaction kinetics

O Investigation of electrochemical reaction kinetics of MSC-Nb,O; and N-C@MSC-Nb,0;

= 4D — a0
g as Ll Y] 8 N-CEMSC-Nb.O,
= 30 j‘ ‘L g 30] — Liniaton i
= o2sb | " a5l —— De-lithiation
2 gl =
3 20 L B ; 32 h.\\
B W 1
E 10 § 1.0
o - s conie g v Il e . - ot cac |
o5y 7000 7006 3000 w000 5000 000 057% 000 2000 3000 000 5000 50
Tirme: {min) Time {min)
0 100
o 1" cycla '—14,06, . 2 cycle —J.“ i 1 cycle
o o [ » ﬂzclgé"‘ %ol o / : :
AL sl 10
571°% [ O\ /| IR 21 37IRE (W] ™ b
‘:_“ou L4 \; 1 % | i'd T 4 g, Y
a b
o Lithiation Lithiation 10 —~ Lithiatio
" Devitthiation "> Delithiation S o < Belitnation
10 1o

10 12 14 18 1.8 20 22 24 26 10 12 14 18 18 20 22 24 28

Patential (V, vs LiYLi)

Potential (V, vs LiLi)

10 12 14 16 18 20 22 24 26 10 12 14 16 18 20 22 24 26

Potential (V, vs Li*Li)

Potential (V. vs Li‘iLi)

» The Li* chemical diffusion coefficients of H-Nb,O; are in the range of 10-12~10-1 cm? s°1;
> The Li storage kinetics of H-Nb,O; are improved due to unfirm phase transitions in bulk particles.

3. Results & discussion ---- Improved Li storage performance

O The comparison of rate and cycling perfermances between MSC-Nb,O; and N-C@MSC-Nb,0;

;cn::z 0.005_1 Current density (Ag') o %gg : *_*‘*,:45,@( 45,0, (This o)
F oz 1 04 gzoo s e
E.260 --.1 2, 4 2-¢_ Z 450 G A '
200 8 3 -
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S50 s 7T L kS ;
[&] ‘w [i] ! ]
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= - bt &€ sof Lo am
g 50[ceMSC-ND,O, :% e a4 o o .
0 g[OONCEMSCNLD, .. Sl sk S AR W
0 10 20 30 40 50 60 7O 80 390 100 10 100 1000 10000
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- 3 2, 19 cycle 500™ cycle 10007 cyde
o 350F 3 28 | | /
%24 J
[ 233 = ; ; : e
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€ The parallel orientations of ion diffusion and crystal expansion vectors of single crystal H-Nb,Og

ensures an instinct feature of fast Li storage even in micrometer-sized particles;

4 The anisotropy of charge transport of H-Nb,O; in the interfacial regions leads to nonuniform Li* flux

and phase transition during electrochemical process, causing a degradation of practical performance;

€ Interfacial modification with conductive amarphous phase not only optimizes the electronic
conductivity, but also performs as a media to minimize the barrier of solvation/desolvation and
improves the electrochemical reaction kinetics via facilitating the delivery of desolvated Li* between

electrolyte and active facets of H-Nb,Os.
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1. Background 2. Experiment design

High specific capacity
(1675 mAh g)

Abundant reserves, low cost e
High safety, environmentally friendly
Low conductivity
Severe volume changes Dis
advantage
Anode: .16L|—>16I__+| +1 61_3' _ Shuttle effect &
Cathode: Sg+16Li*+16e~—8Li,S PMMA/Precursor/CNTs Nb,05,/CNTs S-Nb,Os., /CNTs
3
1. Background =000 e g g 3. Results and discussion

NbCly & Urea g :
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Hydrothermal ¥ Ha/Ar

+Arfreatment E_J@ _} treatment

» The ordered macropores
and the connected
channels favor the uniform
sulfur distribution as well
as facile electrolyte
infiltration for fast ion/mass
transfers.

» A certain number of CNTs
can be detected in 3DOM
Nb.O;,/CNTs

Carbon 172 (2021) 260-271; Small, 15 (2019) 1902363; Chem. Eng. J. 417 (2021) 128172
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» Excellent cyclability and rate capability

4. Conclusions

» We have developed a unique long-range consecutive and oxygen deficient 3DOM Nb,Og /CNT as advanced
sulfur host material in Li-S batteries.

» The successful implement of defect engineering and CNT embedment renders enhanced conductivity as well
as strengthened sulfur adsorpability and catalytic activity, contributing to potent sulfur immobilization and fast
reaction kinetics.

» The construction of the open and 3DOM architecture benefits the facile ion/mass transfer as well as further

intensifying the host-guest interactions due to the sufficiently exposed active interfaces.

Sulfur electrodes based on Nb,O,,/CNTs realized outstanding cyclability over 500 cycles and superb rate

performance up to 5 C, as well as impressive areal capacities under raised sulfur loading and limited electrolyte.

w

168 | http:/www.metal.citic.com https:/niobium.tech/cn | 169



2022 International Conference on Niobium Based Batteries

Design and Synthesis of Nickel Niobium Oxide
with High-Rate Capability and Cycling Stability
in @ Wide Temperature Range

De_sign a_nd S_ynthesis of Nick_e_l Niobium _ - Changpeng LV (E4£15), Chunfu LIN (HFEE)*, X. S. ZHAO (RXEH)*
Oxide with High-Rate Capability and Cycling Stability
in a Wide Temperature Range Institute of Materials for Energy and Environment
Qingdao University
Advanced Energy Materials, 2022,12(3): e2102550. 15 Sep 2022

https:/doi.org/101002/aenm. 202102550 1

Changpeng Lv
Chunfu Lin

X-S. £hao _

Introduction of Chunfu LIN

#Chunfu LIN received his B.E. and M.E. degrees in Materials Science and
Engineering from Tsinghua University in 2005 and 2007, respectively. He
received his Ph.D. degree from National University of Singapore in 2014. He is
currently a full professor in Qingdao University. Before joining Qingdao
University, he was a full professor in Hainan University. He has published more
than 80 papers in peer-reviewing journals, including Advanced Energy
Materials, Advanced Functional Materials, Advanced Science, ACS Nano, and
Energy Storage Materials. He has taken charge of two research programs
Email: funded by National Natural Science Foundation of China. His scientific research
linchunfu@ includes energy storage and conversion materials, especially concentrating on
qdu.edu.cn Niobium-based anode materials for high-performance lithium-ion batteries.
OHEFEE, FLFEEHFELRE, HHRERELSHANM R AR, QREHNFEME
S T R A i R A A E A E AR ERER AR . HEKEEL it
s BB E R, M. FENERBFESEEME (R RERMERRM B
BIBE ST, LASS — (F & ol i (F & & 7 £ Advanced Energy Materials. Advanced
Functional Materials. Advanced Science. ACS NanoflEnergy Storage Materials
FHT ERESCIIR X>705, #EPUXEF-FMALLEPIH—F. EFEREXRA
MBI SR T R BRI

170 | http:/www.metal.citic.com https:/niobium.tech/cn | 171



172

Lithium-ion batteries

electric vehicle

shuttle bus

@ high operating voltage
@ high energy density
& low self-discharge
& no memory effects

&

harg e

power supply

A

‘ Requirements of electrode materials:
discharge

#high safety (proper operating potential)
— 4 high energy-conversion efficiency
€ high energy density (large reversible capacity)
#high power density (high rate capability)
#good cyclic stability (good structural stability)

¢ broad temperature adaptability

Photos from internet

Anode materials intercalation-type: graphite
. F070% 0% 2 high (theoretical) capacity
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‘H‘i owo 1
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HEL poor safety
o o0 low tap density

alloying-type & conversion-type
2 huge (theoretical) capacity
& poor cyclic stability

intercalation-type: Li,TisO,,
9 excellent cyclic stability
good rate capability after modified

@ small (theoretical) capacity
(175 mAh g1)
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(7.22% for TiNb,O, at 1.0 V)
@ limited Ti-Nb-O were developed

Our M-Nb-0 studies (since 2014)

1.Review 2.New Ti-Nb-O materials 3. Modlf'ed Ti-Nb-0O matenals

TiNbz2Osz (TNO)  Partially reduced TiNbaOs2 (PR-TNO)

# Partially reduced TiNb,,0g, (Adv. Sci., 2021)

@ Ru“* doped TiNb,O; (JMCA, 2015)

& Cu?+-Nbs+ co-doped TiNb,O; (JPS, 2016)

# Cr3*-Nb5+ co-doped Ti,Nb,,0,4 (JPS, 2017)

@ Ti,Nb,,0,5_, mesoporous microspheres (JPS, 2017]

@ Ti;Nb,,055 (Small, 2017)
¢ TND, Os.s & TiN,,0;; (Nanoscale, 2016) ¢ TiNb,0,/CNTs nanocomposite (EA, 2018)

(JMCA, 2018) 4 Tinp,0,, (CC, 2015) ® TiCrg sNb, o s0,4/CNTs nanocomposite (JAC, 2018)
¢ M-Nb-O . . o _ @ Ti,Nb,,0,, hollow nanofibers (Matter. Lett., 2018)
(manuscript preparing, invited review) @ Ti;Nb;30,9_, (Sci. Rep., 2015)

+ TiNbi(.'Ji nanorods (Funct. Mater. Lett., 2016)
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e
Our M-Nb-0 studies (since 2014)

4.New and modified M- Nb 0 materlals
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» LaCert-,(.‘J13 (Adv. Energy Mater., 2022)

» Ni;Nbs,04, (Adv. Energy. Mater., 2021)

» Cu;Nb5,0Og; (Adv. Energy. Mater., 2019)

» Cry sNb,, 5045 Nn@anowires (ACS Nano, 2017)

» VsNb,;05, (Energy Storage Mater,, 2020)
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€ Mg,Nb;,04; porous microspheres (ACS AMI, 2018

® GaNb,,0,4 nanowebs (ACS ANM, 2018)

4 Mo;Nb,,0,, (Energy Environ. Mater., 2020)
% CrNb,,0,4 nanorods (JPS, 2018)

& HfNb,,0., (CC, 2020)

» Mo,Nb,g0-7 (JMCA, 2022, Emerging Investigators)® inverse opal Cu,Nb,,0g, (CC, 2020)
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» MoNb,,035 porous microspheres (JMCA, 2018) % Cr3* doped FeNb,;054 (EA, 2017)

» ZrNb,,0O¢, porous nanofibers (JMCA, 2017) # FeNb,;0,,_, (ChemElectroChem, 2017)

» AINb"Oii nanowires (ACS AMI, 2019) % GaNb,;0,,, (Ceram. Int., 2019)
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Comparisons of M-Nb-O microparticles we explored

M-Nb-O
TiNbgO,;
Ti,Nb, 4055
TIND,, 0,
ZrNb,404;
HfND 4062
Galb,;0,5
AlNb, ;0,9
Alg sNby4, 5062
Mg;Nb3,Og;
CriNb;104
CrosNb24.50g;
Nb25sOs2
ZnyNbsyOgy
CuaND5Osr
VsNb;0s
MoNb,;0s5
Mo;Nb, 044
NaNby50s;
Ni;Nb34Og7
LaCeNbgO,g

reversible capacity
328 mAh gt at 0.1C
302 mAh gt at 0.1C
322 mAh g-! at 0.1C
280 mAh gt at 0.1C
272 mAh gt at 0.1C
255 mAh g-! at 0.1C
267 mAh g-! at 0.1C
300 mAh g at 0.1C
290 mAh gt at 0.1C
286 mAh gt at 0.1C
322 mAh g-! at 0.1C
289 mAh g at 0.1C
284 mAh g at 0.1C
341 mAh gt at 0.1C
207 mAh gt at 0.1C
294 mAh gt at 0.1C
323 mAh gt at 0.1C
225 mAh gt at 0.1C
339 mAh gt at 0.1C
165 mAh gt at 0.1C

rate capability

178 mAh g-* at 5C

104 mAh g-1 at 40C
145 mAh g-* at 30C
108 mAh g-* at 30C
105 mAh g-1 at 30C
121 mAh g-* at 10C
131 mAh g-! at 10C
144 mAh g at 30C
149 mAh g at 10C
150 mAh g-t at 10C
145 mAh g-1 at 30C
133 mAh g-* at 10C
162 mAh g-* at 10C
184 maAh g-1 at 10C
68 mAh g-! at 10C

138 mAh g-1 at 10C
123 mAh g-1 at 10C
116 mAh g-* at 10C
154 mAh g- at 10C
135 mAh g-* at 10C

cyclic stability
95.6% retention at 5C over 100 cycles
83.5% retention at 10C over 200 cycles
82.4% retention at 10C over 1k cycles
81.4% retention at 10C over 1.5k cycles
87.1% retention at 10C over 500 cycles
66.9% retention at 10C over 1k cycles
93.2% retention at 10C over 500 cycles
86.4% retention at 10C over 1k cycles
93.5% retention at 10C over 400 cycles
90.2% retention at 10C over 400 cycles
82.4% retention at 10C over 1k cycles
99.7% retention at 10C over 1k cycles
86.8% retention at 10C over 1k cycles
88.5% retention at 10C over 1k cycles
90.0% retention at 10C over 2k cycles
78.8% retention at 10C over 1k cycles
71.8% retention at 10C over 1k cycles
87.9% retention at 10C over 5k cycles
101.7% retention at 10C over 1k cycles
94.0% retention at 10C over 5k cycles

highlights

firstly reported by us

highly stable

highly stable

highly stable

high e- conductivity

high e conductivity

H, reduction of Mb5O;

high Li* conductivity

high e & Li* conductivity

low strain, low sintering temp.
MoB++Mo*+, low sintering temp.
MoB+«Mo%+, low sintering temp.
ultra-good cyclic stability

high conductivity, low V change
deficient perovskite structure

crystal structure and morphology

g experimental
. ; refined
f error
! bragg-position
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A FeNb,,0,4-type crystal with an
orthorhombic 3 x 4 shear ReO5-
type blocks.

Changpeng Lv, Chunfu Lin*, X. S. Zhao*,

Ni2* and Nb>* ions with a ratio of 1:2
occupy one type of Bfoctahedral sites,
while the other five types of octahedral
sites are fully occupied by Nb5+ ions.

Adv. Energy Mater., 10.1002/aenm.202102550
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Ni,Nb;,0g- crystal structure and morphology
sample a(A) b(A) c(A) B() V(A3
Ni,Nb3,Og; 28.69691 3.84015 20.66244 90 2277.011
Cu,Nb,Og; 15.50868 3.83115 20.64336 113.063 1135.059
Zn,Nb3,05,-N 15.61179 3.83217 20.66574 113.089 1137.327
Mg,Nb,,O,, 15.60459 3.83071 20.64403 113.096 1135.119
Ti;NboOsg 15.52369 3.81104 20.54769 113.058 1118.512
CrNb,, 0, 15.6085 3.8335 20.6481 113.067 1136.69
AINb,,0,, 15.55789 3.81126 20.53599 113.303 1118.354
Zn,Nby,0g,-B 28.71489 3.82780 20.65497 90 2270.295
GaNb,,0,, 28.63126 3.80931 20.57555 90 2244078
FeNb,,0,, 28.6862 3.82465 20.6120 90 2261.43
TiNb,,0,, 29.79212 3.81751 21.09986 95.018 2390.526
ZrNb,,O;, 29.87123 3.82209 21.16379 95.078 2406.798
HIND,,O, 29.92508 3.82525 21.21133 95.068 2418.588
Cro sNb,, 6062 29.91514 3.82628 21.15166 94,944 2412.092
Al sNb,, <06, 29.9005 3.8228 21.1950 95.079 2413.20

TiNb,O, 20.36708 3.79885 11.89108 127.227 794.945
W;Nb,Oss 29.657 3.8225 23.106 126.50 550.8
WNb,,0;5 22.2474 3.8201 17.7290 unrevealed unrevealed
MoNb, 0., 2.27931 3.82094 17.72972 123.3 1261.021

Changpeng Lv, Chunfu Lin*, X. 5. Zhao*, Adv. Energy Mater., 10.1002/aenm.20210255(

Ni;Nb340g- crystal structure and morphology
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Ni,Nb;,0g; charge transport kinetics
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Conclusion

®Ni,Nb;,05;, microparticles, prepared through conventional solid-state reaction, show
an orthorhombic 3x4 shear ReO; crystal structure with a large A-B-A mterlayer
spacing of 3.84 ﬁ which is among the largest values in shear ReO; crystal structures.
Therefore, Ni Nb340 g7 exhibits fast Li* diffusivity and small unit-cell-volume expansion
of only 6.71% after lithiation (at 0.8 V).

#The 3d electrons in Ni2* enables a high electronic conductivity of Ni,Nb;,04-.

®Ni,Nb;,04, exhibits comprehensively good electrochemical properties, including a
high reversible capacity, high initial Coulombic efficiency, safe operating potential,
high rate capability, and excellent cyclic stability, even when the Ni;Nb;,045 is large
and the Ni,Nb5,0g; particle sizes are on the order of micrometers.

#®The low- and high-temperature electrochemical properties of Ni,Nb;4Og; are still
good, demonstrating that Ni,Nb;,05, is an all-climate anode materials.

®The material design strategy demonstrated in this work opens a new approach to
the exploration of high-performance electrode materials.
Changpeng Lv, Chunfu Lin*, X. S. Zhao*, Adv. Energy Mater., 10.1002/aenm.202102550
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