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Introduction (Why sodium?)

ml Vast reserves of lithium carbonate salts in Bolivia and South America

LITHIUM
4.11-4.49 euro kg

SODIUM

0.07-0.37 euro kg?

Total Lithium Carbonate Demand 2002 - 2020

Source: TRU Group - Lithium Supply & Markets Conferonce, Chike

310,000 Lithium Price ($USK)
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Introduction

m Characteristics of sodium-ion batteries

v Higher availability{ @ Na in the Earth: 103 ppm
Of precursors @® Nainthe Sea : 10° ppm

Li Na
L ower performance [ Electrode potential (V) -3.04 2.71
than Lithium-ion

Electrode capacity mAh/g 3860 1166

Potentially cheaper than
Lithium chemistry

Price
(€/kwh)

Courtesy of J.-M. Tarascon
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Introduction

® Typical Approaches /> Low tap density ™
» Hard carbon anode . .
: Pr05|6m> > Low volumetric energy density
» Nano-sized cathode (tap density: hard carbon: 1.8 g cm3, Fe;O,: 5.17 g cm3)
» Modified carbonate electrolyte \> Limited operating voltage window -

*» Approaches

v Synthesis of micro-sized NFM cathode to increase tap density via co-precipitation method

v Enhancement of cycle performance and volumetric energy density using C-Fe,O, anode

v~ Improvement of high potential stability using the 1M NaClO, in ethyl methanesulfonate
(EMS) + 2vol% fluoroethylene carbonate (FEC) electrolyte
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Current / mA

Properties of EMS based electrolyte

Linear sweep voltammetry Arrhenius prlot of conductivity
15 (LSV) g 60 50 40 30 20 10 0 -10 -20 -30
. ' 1 ¥ 1 ' 1 v 1 ' T T Y T T T T T Y T Y T
—— 1M NaCIO, in PC + 2 vol% FEC -
— 1M NaCIO4 in EMS + 2 vol% FEC 1 g 7
0p)
1.0} -
c 6
EMS —
1 >
O 0O = 95
0.5 | \\Sf? - ;
~ \O/\ %
" . . 17T 4
Cathodic sweep Anodic sweep g —m— IMNaCIO, in PC + 2 vol%FEC
0.0 p————r 10 —@— 1M NaClO, in EMS + 2 vol% FEC
N ] 2 ] M ] M 1 M ] M 3 | M | M | M ] M ] M ]
0 1 2 3 4 5 6 3.0 3.2 34 36 38 4.0
+ 1 -1
Potential / V vs.Na/Na 1000T"/K

» The anodic stability of the electrolyte can be further increased to 5.6 V versus Na/Na* by
replacing the PC with EMS.
> lonic conductivity of the EMS based electrolyte is slightly higher than PC electrolyte.
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Synthesis of Na[Ni, ,:Fe,:Mn, ,:]0, via Co-precipitation method

M(SO,)-xH,O Particle Size and Tap Density
(M=Ni,Fe,Mn) NH,OH
1 r . pH
= Temperature
NaOH ———s CSTR <« = Conc. of the solution
' Formation of ' s
M(OH),"xH,0

Drying v

M(OH),
................................................................. =
. . <— N troll
Sodiation \/ a,CO, controllep
Ni,Fe,Mn T:\'aDHsul"n
. _ sol’n
N a[N lastngM no‘zg] 02 NH,OH so l’w
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SEM & XRD results of Na[Ni, ,:Fe, :Mn, ,:]O, cathode material
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Lattice parameters a (A) c (A)
Na[Nig ,sFeq My 50, 2.9907(1) | 15.9889(5)
NaFeO, 3.03 16.11
Na[Ni, :sMn, £]O, 2.9901(1) 15.9329

2 um
» NFM oxide shows approximately 8 um particle size with spherical morphology
(Tap density: 2.1 g cc?)
» NFM powders show O3-type layer structue with a space group of R-3m
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XANES results of pristine Na[Ni, ,:Fe, :Mn, ,:]O, cathode material

As prepared Na[Ni, ,sFe,:Mn; ,:]O,
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» Average oxidation state of Ni, Fe, and Mn are 2+, 3+, and 4+, respectively.

» Electric conductivity

-6.6x 107 Scmt for Na[Ni, ,sFe, sMn, ,:]O,
-1.6x107Scm? for Na[Ni,:Mn, :]O,
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Structural changes of Na[Ni, ,:Fe, :Mn; »:]O,
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> The electrode delivers a high capacity of 140 mAh g with an efficiency of 93%

» On charge O3-type layer structure is transformed to the P3-type monoclinic structure and
transformed back into the O3-type structure on discharge.
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XANES results of charge and discharge end electrode

Charge & discharge end state of Na,_ [Nig ,sFe,:Mn, ,:]O, (x=0 or 0.62)
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» Average oxidation state of Ni, Fe varies as the desodiation proceeds with Ni?* to Ni** and Fe3* to
Fe** at the end of charge, while Mn ions keeps its original oxidation state of Mn#*
» On discharge, the average oxidation states of the transition metals are recovered to their

original values
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Electrochemical Properties of Na[Ni, ,cF€&;Mn; »:]O,
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» Na-NFM cathod shows good capacity retention: 90.4% at 25°C (1C), 86% at 55°C (1C), 80%
at 0°C (0.5C), and 80% at 0°C (1C) after 50th cycles.

» High rate capability was attributed to the weak electrostatic interaction of the NFM cathode
that favors an easy Na* diffusion across its structure.
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Synthesis of C-Fe;O, composite via hydrothermal

Sodium acetate, Feed Stoichiometric ratio of FeCl3.6H-0,

PEG400 also sucrose dissolved into ethylene glycol
dissolved into

solution

stirring

v

Hydrothermal treatment
(200°C-48h)

DI wat d . . . Dried in an oven at
water an Washing, filtering Gﬂ 80°C-24h
ethanol washing

Calcination & grinding __ 29 Fe,0, + 0.2g pitch

Ar atmosphere \ )
Temperature : 700°C-1h in NMP solution

C-Fe;O, composite
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XRD patterns & SEM, TEM images of prepared C-Fe;O, particles
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Electronic conductivity: 2.3 x 102 S cm!

» C-Fe;O, consists of agglomerates of primary particles having a size of about 50-70nm with
uniformly distributed and coated by carbon layer.

» XRD patterns shows a crystalline Fe;O, inverse spinel structure with Fd3m space group.
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Electrochemical Properties of presodiated C-Na,Fe,;O,

charge/discharge profiles — Electrolyte

Cut-off: 0-2.0V (20 mA g*) : 1M NaClO, in EMS + 2vol% FEC
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» C-Na,Fe;O, electrode show a very stable capacity delivery over 50 cycles at each rates.

> In tests to rates as high as 10 C-rate (2,000 mA g1), the anode still exhibited a high capacity of
157 mAh g, which is much better compared to that of hard carbon.
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TEM images of C-Fe;O, with charge and discharge end state

After 50t cycle
As prepared C-Fe;0, Charging to OV discharge end

» The presence of Fe metal nanoparticles at the end of the charge state indicated the conversion
process.

» The cycled electrode didn‘t show such a morphological change, assuring electrode stability.
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Scheme image of Na[Ni, ,:Fe,:Mn, ,:]O0, / C-Fe,0, full cell

Charge

Na[Nig ;5Feq sMng 55]O, + Fez0, NasFe;0, + Nay g[Nig osFeq sMng 5] O,

Discharge

C-Na,Fe 0, Na[Nig ,sFe4 sMng 5] O,

Conversion Intercalation

Na[Nig 25FeosMny 5] 0, 1Na,Fe;0, S Nay 5[Nig 55Fep sMng 25]O0,+Na,, Fe;0,(Na,O+Fe+Fe;0,)
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Electrochemical Properties of Na[Ni, ,sFe, :Mn, ,:]0,/C-Na,Fe;O, full cell
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» The full cell shows a good capacity retention for extensive cycling with high Coulombic
efficiency approaching almost 100% ; 76.1% at the 150 cycle
> The full cell also show an excellent rate capability (130 mAh gt at 0.1C, 72 mAh g* at 10C-rate)
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Conclusions

® EMS based electrolyte show a higher voltage window and ionic conductivity compared with PC
based electrolyte

" O3-type layered Na[Ni,,:Fe,sMn,,:]O, cathode with spherical morphology were successfully
synthesized via co-precipitation method.

" The Na[Ni,Fe,sMn,,:]O, cathode shows the high capacity (140 mAh g?), good cycle
retention, and rate capability.

" C-Fe;0, nano composite anode was synthesized via hydrothermal process.
" The C-Na,Fe;0, anode exhibits stable capacity of 200 mAh g-! with an excellent rate capability

" Na[Ni, ,sFe, sMn, ,5]0,/NaClO, in EMS/C-Na, Fe,O, full cell delivered a rechargeable capacity
of 130 mAh g1 with good cycle retention and outstanding rate capability.
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FCG NalNi; 0C0, osMn; 55]O, as a cathode material
for high energy density sodium-ion batteries

Nat. Commun., 2015, 7865
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Schematic diagram of the FCG Na|Ni, Co, ,:Mn; 5:]O,

Average composition:
Na[Ni, (Co, osMn, ;] O,

. Conventional particle New concept design
Center: Ni-rich Y s , A4 i . \
Na|[Ni, ,sCo; (;Mn, ,;]0, - el g %
- ]

Excellent Electrochemical
Performance
Surface: Mn-Rich y

Na[Nij 53Co0 osMny 35] O,

Advantages

v Reduction of surface area of secondary micron particles by rod-shaped primary particles
v" Increase of Li* or Na* diffusion rate along with the direction of nano-rod

v" Increase of tap density of micron spherical morphology (energy density)

v" Increase of discharge capacity through the inner high Ni composition

v" Increase of thermal stability and cycle retention through the outer high Mn composition

m Hanyang University
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Cross-sectional TEM and EPMA Results

Atomic ratio / %

' Hydroxide Precursor

-Mn |
0,99999@

2 4
Distance / um

*7 Hanyang

Atomic ratio / %

80 |-

B Sodiated Oxide |

o}
Cl- EE m. o. a. . - i
‘B0

N AAAAALL ]
I —O- Cod
| -A-wn,
10.00-0-00-00-0-00-9

0 2 4 6

Distance/um

Hydroxide Precursor

University

Sodiated Oxide

Energy Storage & Conversion Material Laboratory



XPS spectra of Ni for FCG Na[Ni, ;Co, sMn, 5:]O, particle
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Electrochemical Performances of the FCG & C.C.

4l
3|
> 2 FCG
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o 0.1 C-rate | O | O FCG
g4t ]
= i
2t L
CC. 145mAhg'1<_i
0 40 80 120 160 0 10 20 30 40 50 60 70 80 90 100
Specific capacity / mAh (g-oxide)™ Specific capacity / mAh (g-oxide)™

C.C.: Conventional Cathode
with same composition
Na[NiysC0y 05MnNg 5510,
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DSC, TGA, and In-situ XRD of FCG & C.C.
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Long-term cycling behavior & rate capability of C/Na[Ni, ,C0q ;sMN; 35]O,
FCG & C.C.
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Conclusions

» The FCG spheres with long rod-shaped primary particles was
successfully synthesized via a coprecipitation process.

» The FCG cathode material delivered very high reversible capacity,
157 mAh g, 80% capacity retention after 300 cycles and
outstanding safety.

» The high capacity mainly derived from the Ni2*/3+/4* redox
reaction. Additionally, the lower surface area provided by the
nanorod-shaped morphology iIs beneficial for reducing the contact
area with the electrolyte.

» These excellent properties were not ever achieved in previous
sodium related papers, especially high-Ni systems.

» These batteries should be able to compete with lithium batteries In
terms of cost, battery performance, and safety.
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Thank you or your attention !
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