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Cathode materials for next generation high energy batteries:
influence of non-stoichiometry and aliovalent doping

high-voltage cathode materials:

strategies for next-generation lithium-ion batteries

S
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T (3D framework structure)
& = voltage: 5V
= capacity: 140 mAg?!
capacity
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high-capacity cathode materials:
® Li,MnO; — Li(Ni;/3Co,/,3Mn, 5)0,
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possible structures

ordered spinel disordered spinel

P4,32 thermally induced Fd-3m
order - disorder
transition between
700 and 730 °C

Mn#* and Ni%* Mn#* and Ni%*
ordered on octahedral sites randomly distributed on octahedral sites
oxygen deficiency above 712 °C; occurrence of Mn3*
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ordered LiNi, :Mn, O, ¢

50— e
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Discharge capacity/mAh g™

— The poor ionic conductivity leads to loss
of capacity at high discharge currents
(Zhong, G. B., et al. (2011))

— Small particle size compensates the poor
ionic conductivity of the ordered TEM of ordered LiNig ;Mn, O,
LiNi, sMn, :O, because of the shorter
diffusion ways
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dis)ordered LiNi, -Mn, .O
(dis) 05715748 — Post-treatment temperatures above 730 °C

lead to disordered spinel and bigger lattice
(850-2,730-3d) (850-24,775-34)

4.5 RO 1d constant
e . . .
R'""'".'f E" 850-2d — Bigger lattice constant is related to better
5.0+ (H00-14d, - — ..
| 700-thy ﬂ" T conductivity
; HI'.H:I-Eﬂ T60-2d . . . .
£ 654 moade 4 Lo " — Disordered spinel has an oxygen deficiency
o~ | I L et iy W1 . . .
B g PO g T which leads to Mn3* in the lattice
E | e T > The electron-hopping mechanism proposed by
2 6.5 r@ e S Hunter (1981) for LiMn,0O, leads to increased
f=1] i 2 4
<] 1 ., " . . .
- -7.04 1’ (FO- 17002 [*  almost fully ordered | eIeCtron CondUCtIVIty
A4 (T2 *= - fully orderad -
+ 4+ = 3+
7.5 .
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Mn-he-O Mn OLi Mn Mechanism for Mn
Conductivities of LiNiy sMn; ;O, pellets vs. O-hL Mn oL Mn“* o reduction at the surface of

their conductivities. (Samples named after Mn~ O € ;‘i* LiMn,0,
their post-treatment (temp-time)) - 3o (Hunter, J. C. (1981))
(Kunduraci et al. 2006)

L
Mn2t into solution
into solution
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1250 2+/a¢ electrochemistry (discharge reaction):
1000 Ni = 4.7 V region can be attributed to a two-electron process
i involving the Ni2*/4*-redox couple
250 Li;_,,Nigs_,Ni,Mn; :O0, + 2xLi* + 2xe~ — LiNi, sMn; :O,
= capacity released around 4.0 V is owing to a one-
500 L electron process involving the Mn3*/4*-redox couple
,.'.; i Li;_,NigsMn; s Mn, O, + yLi* + ye~ — LiNiy sMn, 5O,
T 50k 3+/4+ .
f Mn3+/ k’ processing:
E = critical impact of calcination temperature on defect
3 structure [A. Bhaskar et al., J. Electrochem. Soc. 157
S [ (2010) A689]
S 250 : .
— formation of oxygen vacancies, charge-
compensated by Mn3*
-500 |
— Jahn-Teller ion Mn3* causes severe structural
o instability
scan rate: 0.1 mV st - disgzoportiongtion 2Mn3 & Mn*" + Mn?*, where
N Mn?4* leaches into the electrolyte, leading to a

capacity fading mechanism through structural

350 375 400 425 450 475 5.00 _ :
degradation of the parent spinel

potential [V vs. Li/Li*]
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disordered spinel-type structure (cubic spacegroup Fd-3m):

= random distribution of transition metal ions on
the 16d-sites

= diffusion pathway for lithium ions along
tetrahedral 8a- and octahedral 16c-sites

electrochemistry:

= LiNi, sMn, :O, is a promising candidate cathode
material

= high capacity of ~140 mAhg!
= high-voltage plateau in the 5-V range

= improved cyclic performance at modest current
rates

Li (8a) Ni, Mn (16d) 0 (32e)
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— improved electronic and ionic conductivity

improving the electronic conductivity: improving the ionic conductivity:
= donor doping increases number of = donor doping additionally impacts
conduction electrons concentration of lattice vacancies along the Li-

pathway by two mechanisms:

(1) oxygen vacancies: reduced activation barrier
for Li-hopping process

(2) nickel-vacancies: statistically increased Li-
hopping rate

c.b.
C—O0—0 .
_____________________________ EF Li react|on
[V“ ] ® ® I'|8a I"16c 83 coordinate
_— Ni
v.b. géo V”Nv u/\

C/ \J \.) . . reactlon

I'|8a_> I"16c I"8a coordinate
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— defect chemistry: enhanced mixed electronic-ionic conductivity

undoped LiNi; sMn, ;0,5

* undoped LiNi, ;Mn, O, ;:

/ / — exchange-coupled Mn-O-Ni-chains
/ \/ — small amount of [Ni ‘]

" RuO,-doped LiNi, :Mn, O, s:

T e e e — aliovalent Ru**-doping on Ni%*-sites, acting as donor

— isovalent substitution for Mn** suppressed by non-

RuO,-doped LiNi, ;Mn, ;0,5 stoichiometry

/A\ — charge compensation by acceptor-type [V "], [Ni ],

\;m " \/
\/mo'% \/

P. Jakes, H. Wang, Y. Feng, L. Li, K. Nikolowski, H. Ehrenberg, R.-A. Eichel, submitted

= defect chemistry:
2[Rutg] ~ 2[Vi] + [Nipg] + [Mnyy,,] + [€]
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— defect chemistry: enhanced mixed electronic-ionic conductivity

Z| @) i defect chemistry:
0 I - [ T . ; r )
S| e | exrinsi 2ARuRS] = 2V + [Nit] + Mg, + [
E regime : regime
= I
I 1}*%} ——> improved ionic conduction by
| r#’% increased Li-jump rate
&
I Q“ “\ ——> improved electronic conduction by
(V] | N\ increased number of conduction electrons
1 &
\Q\%" (and polarons)
f 1 ) Ty
[V3®] N
I
-\ |
\;X’}\ A \\, /{"*‘I
Q‘: &/ ’ %
N l ——> vanishing impact of increased activation
log [Ruy] barrier for Li-hopping process

P. Jakes, H. Wang, Y. Feng, L. Li, K. Nikolowski, H. Ehrenberg, R.-A. Eichel, submitted
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LiNi, ;Mn, :O,_s cathode materials

Ru-doped LiNi, :Mn, O,

Ru-doping leads to the disordered spinel
structure with a random distribution of
transition metal ions on the 16d-sites

L.OE.SJ ”m

TEM of disordered Ru-doped
LiNig sMn; 0,
Li {&a) i, Mn | 16d) D (3Ze)

- TEM diffraction pattern of Ru-doped
Structure of Ru-doped LiNi, :Mn, :O, (Fd-3m .
P 05Mn1 504 ( ) LiNi, sMn, <O, (Fd-3m)
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LiNi, ;Mn, :O,_s cathode materials

Li-mobility in RuO,-doped LNMO — MAS-NMR
(’Li-NMR @ 400 MHz, 67 kHz MAS)

NMR for Ru-doped LiNiy sMn, :O, s LiNig 44RU5 03MNy 50,6

Li-distribution on different lattice sites

— additional Li pathways over 16c position
leading to increased ionic conductivity

: 1 . L L L : L
2500 2000 1500 1000 500 0 500
ppm
A >T
o
: /\ /\ /\
C
(O]
. . . reaEtion
> >
I'|8a LI16C Llsa coordinate
Li{Ba)  Ni, Mn |16d) O{32e) &%
ED Vll . V..
Structure of Ru-doped LiNiy ;Mn, :0, (Fd-3m) : /\ /N\"O/\
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Li-mobility in RuO,-doped LNMO — MAS-NMR
(’Li-NMR @ 400 MHz, 67 kHz MAS)

LiNig sMn, ;0, 5 LiNig 44RU 03MnN; 50,5

2500 2000 1500 1000 500 0 -500 2500 2000 1500 1000 500 0 -500
ppm

as function of defect structure:
» modified Li-distribution on lattice sites

® increased Li-mobility

TES] Mi, Min [ 16d) 0{3le
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= Sgé_
< T — “perfect” spinel
=4 (undoped, stoichiometric)
S
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3
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° 5
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P. Jakes, H. Wang, Y. Feng, L. Li, K. Nikolowski, H. Ehrenberg, R.-A. Eichel, submitted
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pros:

= increased amount of conduction
electrons
(i.e. electronic conductivity)

= jincreased amount of cation vacancies:
enhanced Lit-diffusion rates
(i.e. ionic conductivity)

cons:

= oxygen non-stoichiometry,
i.e. Mn3*-oxydation states responsible
for capacity fading
(= developing co-doping strategies)
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enhanced capacity retention with co-doped Li[Ni, ;Mn, ,Fe, ,]1[O; ¢F, ]

capacity retention ,in-operando’ EPR
300 F ' . - — : . —
35-50V 20-50V
250 + -
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g 150+ :

Q

@ R Gk

£ 100F 1 i

= discharge

(@] 23°C
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i Il electrolyte: 1M LiPFs, EC/DMC 1:1
| anode: Li metal
Swagelok cell
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P. Jakes, S. Glatthar, J. Binder, R.-A. Eichel, in preparation
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