WnivERSIT E
DICAMERING

Electrochemical properties of minerals:
XAS/XRD characterization of mineral analogs
used in Li-ion batteries

Gabriele Giuli

Scuola di Scienze e Tecnologie - Divisione Geologia
Universita’ di Camerino



1. The ‘early days’ of battery research

> Cell chemistries and working principles

2. The transition to ‘host structure’ batteries

- The “charge carrier concept”

3. Classifying 'state-of-the-art’ electrode

materials
a) Insertion/Intercalation-type electrode materials

b) Alloying vs. conversion vs. conversion/alloying materials

5. X-ray Absorption Spectroscopy

- information on local structure and oxidation state

6. The case of doped LiFePO,, ZnO, SnO,



- The very beginning: Volta develops the voltaic pile...

Note:
Zn can be replaced by, e.g., Sn
Cu can be replaced by, e.g., Ag

. | < |
working principle
Electrolyte
C og‘;g? }1 Element
(Ep
Anode: Zn® — Zn%*+2e"

Cathode: Cu?*+2e — Cu°

... see also the Daniell cell
(addition of CuSO, to the electrolyte)



- Why does this work? - What happens to the electrodes?

Anode: Zn® — Zn?*+2e-

Cathode: Cu?*+2e- — Cu®

= Electrodes are “actively” involved

= Cu is more noble than Zn, i.e., - )
and Zn is continuously consumed

has a higher redox potential.




- The next leap forward: Planté develops the lead-acid battery...

working principle

Anode: Pb? + SO,> — PbSO,+2e"
Cathode: Pb*VO,+ S0O,> +4 H,0*+2e"

|
Pb*I1SO, + 6 H,0

9-cell battery: 26 March 1860



- Once again... What happens to the electrodes?

= Electrodes and electrolyte are “actively” involved and in this
case both — Pb and PbO, — are continuously consumed



- One more famous battery technology of the ‘early days’...

Leclanché
(1866)

working principle

—

Carbon Rod

Ammonium Chloride
Solution

Powdered Carbon and
Manganese Oxide
Glass Jar

Anode: Zn® — Zn?*+2e-

Cathode: 2 MnO,+2H*+2e — 2 MnO(OH)

= Also for the Leclanché cell the electrodes (and electrolyte)
are “actively” involved and continuously consumed



2> 1975: The 15t step — nickel-metal hydride batteries...

& I-— Load - _w %)

Alkaline electrolyte e
M xv H:O HO
MH OH™ OHW
Negative electrode Positive electrode
(Hydrogen storage alloy) (Nicke! hydroxide)

Anode: M? + H,O + e- & M*'H + OH-
Cathode: Ni3*O(OH) + H,0 + e- —~ Ni?*(OH), + OH-
= Net transfer (i.e., ‘charge carrier’): @

= Electrodes are “solely” acting as ‘host structure’ for the charge carrier



- 1991: The 2" step — lithium-ion batteries...

... replacing the H* as charge carrier by Li*:

Negative Electrolyte/ Positive
separator

e Liion e Transition metal © Oxygen @ Carbon

Anode: Ce+Li"+e — LiCq

Cathode: LiM3*O, «—~ M?*Q, + Li* + e-

K. Xu, Encyclopedia of Power Sources



- 1991: The 2" step — lithium-ion batteries...

. replacing the H* as charge carrier by Li*:

based on a combination of

prelithiated WO, as anode
and TiS, as cathode.

Negative Electrolyte/ Positive
separator

e Liion e Transition metal © Oxygen @ Carbon

Anode: Cs+Li"+e « LiCq

Cathode: LiM3*O, «—~ M?*Q, + Li* + e-

K. Xu, Encyclopedia of Power Sources
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- 3rd step — replacing Li*, for instance, by ...

Discharge o Charge r
I discharg _Charge ﬁ
e :

R
30 P

Hard Carbon

... each of them with its own advantages and challenges.

Discharge
= -

TiH, + xe- — TiH,  + xH"

Ti+ xH- — TiH, + xe-

Keller et al., ChemElectroChem 2016 (3) 1124-1132; Chihara et al., Chem. Commun. 2017 (53) 5208-5211; Kobayashi et al., Science
2016 (351) 1314-1317; Gschwind, Habilitation Presentation, Univ. Ulm, Germany, 2017.



- Three main classes are known today:

“ALLOYING”

“INSERTION"

“INTERCALATION” “CONVERSION”

Bresser et al., Energy Environ. Sci. 2016 (9) 3348-3367.




- Some classic examples for insertion-type materials:

LiFePO,

olivine structure

spec. capacity e 170 mAh g

L
@Fe
[ 1
45 M S S o S S e
ra
e aof :
o |
8 35k
S :
30+ H 2+ PEN 3+ Frs _ B .
| LiFe"PO, o Fe™PO, +Li" + e flat dis-/charge plateau at ca. 3.4 V
25} ] ey »
e 1 (2-phase equilibrium; 15t order phase transition)

0 50 100 150
Specific capacity / mAh g’

Bresser et al., Energy Environ. Sci. 2016 (9) 3348-3367; Molenda & Molenda, doi: 10.5772/21635; Oh et al., Adv. Mater. 2010 (22) 4842-4845..



- Some classic examples for insertion-type materials:

Li
(%
a
2.0 - .
> Li,Tis*O,, + 3Li*+3 e
5 1.8 < LizTig0y,
m
-
¢ 167 A c/10
-
14
By 1 S P Ty PO TRDPIUIR, SYTTReN .
0 20 40 60 80 100 120 140 160 180

Specific Capacity / mAh g'l

4
[ —

Li,Ti,O,,

spinel structure

spec. capacity yeon: 175 mAh g

flat dis-/charge plateau at ca. 1.5V
(2-phase equilibrium;)

Bresser et al., Energy Environ. Sci. 2016 (9) 3348-3367; Bresser et al., J. Power Sources 2012 (219) 217-222.



- Some classic examples for intercalation-type materials:

MO43
octahedra

® Li‘ions

LiCoO,

the 1st LIB cathode material

spec. capacity yqq,): 274 mAh g’

LiCo*0, - x Li* - x &
> Li(1Co%4+0,

continuously sloped profile

80 o 120 0
Capactty (mAhg )

Bresser et al., Energy Environ. Sci. 2016 (9) 3348-3367; Kamya et al., Nature Mater. 2011 (10) 682-686.



- Some classic examples for intercalation-type materials:

\ g

Li
[
4.5
Z a0-
]
2
b ] Discharge
@ 3.5
> . .
LiTMO, - x Li* - x e
3.0- <> L|(1_X)TM02
0 20 40 60 80 100 120 140 160

Bresser et al.,

Capacity / mAh g'l

MO43
octahedra

continuously sloped profile

Energy Environ. Sci. 2016 (9) 3348-3367; Carvalho et al., Membranes 2015 (5) 632-645.



= Synergetic combination of the two de-/lithiation mechanisms

TM®

(+) e conduction

(+) limited volume ALLOYING CONVERSION (+) increased

expansion capacities

(+) reduced voltage
hysteresis

(+) hindered particle
aggregation
(+) lower de-/lithiation
potential

CONVERSION/ALLOYING

Bresser et al., Energy Environ. Sci. 2016 (9) 3348.



=> Confirmation of the general reaction mechanism by means of
in situ XRD and XAS (ESRF):

/iZn
Zn0 e @

~Li,0

2

™
dopmg

iZn

—TM°
' V«
—L1.0

= Realization of an e~-conducting network within the single particle

= Hindered aggregation of the alloying element nanograins
(kinetics, confinement)

Ma et al., in preparation; Giuli et al., in preparation; Mueller et al., ChemElectroChem 2016 (3) 1311; Bresser et al. Energy Environ. Sci. 2016 (9) 3348.
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A look
from a different perspective:
XAS vs. XRD



overview

OXIDATION STATE information from the edge energy
OXIDATION STATE information from the pre-edge peak
LOCAL GEOMETRY theoretical XANES

Local geometry of substituents EexaFs-xaNes

Layer silicate and a garnet

STRUCTURAL RELAXATION

AMORPHOUS SAMPLES EXAFs-XANES
peptides



XAS (X-ray Absorption Spectroscopy)
XANES (X-ray Absorption Near Edge Spectroscopy)

EXAFS (Extended X-ray Absorption Fine Structure)
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SAMPLE

Transmitted X-rays

g

Incident X-rays

hv

Fluorescence X-rays
TEY

XAFS spectrum

X-ray el;ergy
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L..L,.L, edges H—Hg
BT _ H—Hg—Hp

H—Hg— Hp = Hyp
H—Hg— Hpi— Mo~ Hig

100

-
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7Z=57 Lanthanum

0.01

Mass Absorption Coefiicient [¢ (cm?/g) -—

1 e S
Energy [keV]

0.001

When the photons reach an energy equal to an absorption edge. p increases abruptly
because the photons are suddenly able to remove some more electrons.



Absorption (arb. units)

Kr T = 300 K
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Normalised Absorption (arb. units)

lpre-edge

XANES region
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Single scattering



Oxidation state - Edge Energy

SG‘/\ | BaSO,
- Na_SO,
s
po | FeS,
O - |
whed
- g4+
(o]
(7))
o]
3 > \‘\/KN\
©
Q
2
E /\
=
| -
5 |
= /J \/\v’\_—\
| | v | ¥ | U | L |
2470 2480 2490 2500 2510

Energy (eV)
From Mori et al., 2009. Anal. Chem., 81, 6516-6525



Oxidation state - Edge Energy

1

1

Normalised Absorption (a.u.)

T v T y T ’ T v 1
2465 2475 2485 2495 2505

Energy (eV)

From Mori et al., 2009. Anal. Chem., 81, 6516-6525
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Oxidation state - Edge Energy
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Oxidation state - Edge Energy
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From Giuli et al., 2000. Am. Min, 85, 1172-1174



Oxidation state - Edge Energy

Fe2* - Fe3* .
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Oxidation state - pre edge peak
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Oxidation state - pre edge peak

Normalised Absorption (arb. units)
o o o
w = o

o
)

0.1

7
s
e,

", .l......'.:: STiaeees

0.5

-
.

- “eag
T -
L iy

Olph 14a

7110

7112

7114 7116
Energy (eV)

7110

From Giuli et al., 2011, Am. Mineral., 96, 631-636
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Oxidation state - pre edge peak

Integrated area (arb. units)
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Oxidation state - pre edge peak
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Oxidation state - pre edge peak

Normalised Absorption (arb. units)
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Oxidation state - pre edge peak
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Site location- XANES
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Site location- XANES
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Local Geometry- EXAFS
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EXAFSE and residua

Local Geometry- EXAFS
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Corundum a-Al,O,

A|203 <AI-O>: 1.912 A
Cr,0; <«Cr-O>= 1.985 A
Fe,O; <Fe-O>= 2.031 A
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Fig. 8 Mean Cr-O distances (A) from EXAFS analysis on
Cr,Al,_,0; powders. Black dots are experimental points deduced
from this study. Triangles are XRD data from Finger and Hazen
(1980) and from Pearson (1962)




Corundum a.-Al,O,

Cr,0;

Fe,O;

EXAFS signal

Fe K-edge

6 a
K(A")
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<Cr-0O»>=
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LLJH[\V[-:{\};!'I; AT [4]Fe3+ - O diS'anCC
in synthetic kimzeyite
garnet

Cas(Zr,Ti),[Fe,Al,Si]504,

*Milton C., Ingram B.L., Blade L.V. (1961),’Am. Mineral., 46, 533-548

*Ito J., and Frondel C. (1967), Am. Mineral., 52, 773-781

*Munno r., Rossi 6., Tadini C. (1980), Am Mineral, 65, 188-191

*Schingaro E., Scordari F., Capitanio F., Parogi 6., Smith D.C., Mottana A. (2001), Eur. J. Mineral., 13,
749-759



[4]JFe3+-O distances

Rodolicoite FePO, <Fe-0>= 1.825 A

Arnold, 1986 Zeit. Krist., 177, 139-142

Tetra-Ferriphlogopite <Fe-o0>

Giuli et al., 2001, Eur. J. Min., 13, 1099-1108

Quartz (Fes + Fe*?) <Fe-0>
Di Benedetto et al., 2010, Phys. Chem. Min., 37,283-289

Phonolitic glass <Fe-0>
Giuli et al,, 2011, Amer. Miner., 96,

Rhyolitic glass <Fe-0>
Giuli et al., 2011, Amer. Miner. (in press)

1.86 +0.01 A4

1.78 + 0.02 A

1.85+0.01 A4

1.84+001A4



10000

Intensity (arb. units)

PXRD
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2436 A
Ca-0O
2594 A

<Ca-0> = 2.515 A

<Zr-O> = 2.093 A

<T-O0> =1.774 A




Normalised Absorption (arb. units)
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XANES pre-edge
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EXAFS signal 'y (arb. units)
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2436 A
Ca-0
2594 A

<Ca-0O> = 2.515 A

 <Zr-0> = 2.093 &

Fe-O 1845 A

Si-O 1640 A (?)

<T-O0> =1774 A
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T-0 = 1.845 A

Zr-0 = 2.060 A

<Ca-O> = 2.473 A T-O0 = 1.606 A
Zr-0 = 2.179 A
<Ca-0> = 2.637 A



[“IFe3*in garnet

[“IFe3+-O distance
1.845 + 0.015 A in kimzeyite garnet

Possible splitting of the O position ?

- More accurate PXRD data collection
or

- Single-crystal synthesis

How do these different structural units coexhist?
- TEM work



AMORPHOUS SAMPLES



Cu-peptides

|
ii\['>

)_/

1. cyclo(Lys-His-BAla-His) 2. cyclo(Lys-DHis BAl -His) y clo(Gly-BAla-Gly-Lys)
Cu OXIDATION STATE
Cu SITE GEOMETRY

Amorphous samples

Stability under the beam?



Cu-peptides

Normalised Absorption (arb. units)

Normalised Absorption (arb. units)

" CuPeptides

Cu K-edge -
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EXAFS and residual (arb. units)

e e —

EXAFS DK13
theo
......... residual

EXAFS GK13
theo

--------- residual

bestfit

exper

Normalised Absorption (arb. units)

Cu K-edge
. 3 5l o 5OF!elative Energ13()(eV) s 0
4 6 8 10 12

K (A"
<Cu-N> = 1.90 & cu™* XANES<Cu-N> = EXAFS<Cu-N>
<Cu-C> = 2.88 A
<«Cu-N> = 1.79 A Cyt Also hints on local geometry
<Cu-C> = 2.78 A (sq. coord. Non centrosymmetric)



Structure of silicate glasses

v Viscosity
,,,,,,,,,,,,,,,,,,,,,,,,, o
10 + ‘e
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s
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8 I i "
Fe role?: L g ‘
Polimerisation? T
-Bondlng? o ) —
*To which units is Fe %W
bonded? 4 05 O.GFG“F(:Z‘ XASO.B 09 1

From Dingwell et a. et al., in preparation



Structure of silicate glasses
Fe2r Fes3*

[4] [4]
<Fe-0>~2.00 A <Fe-0>~1.85 A

[5] [5]
<Fe-0>~2.07 A <Fe-0>~194 A
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Structure of silicate glasses

Integrated area (arb. units)
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The case of doped LiFePO,, ZnO, SnO,
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Effect of V doping in LiFePO,
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Core-shell model




_In_tenslty (arb. units)
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Normalired Absorption (arb units)
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(1)
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K-edge XAS LiFePO,
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Fe K-edge XAS LiFePO,
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*V successfully inserted in the M2 site;
V3+* significantly affects cell size, crystallinity and strain;
V3* imply Li vacancy at M1;

*V do not participates to reduction/oxidation, but greatly
enhances efficiency of Fe oxidation/reduction.

Moretti et al., 2013, J. Electrochem. Soc., 160(6), A940-A949



Structure of Fe- and Co- doped
ZnO as anode material for Li-ion
batteries
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Synthesis

1) Dissolving (Zn, +Co + Fe) gluconate in ultra pure water.
2) the 0.2M solution was added to 1.2M solution of sucrose
3) heated at 160° C for 15' (drying)

4) T increased up to 300 °C (decomposition of sucrose)

5) Held at 450 °C for 3 hours




XRD results
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Intensity (arb. un its)

FWHM (deg)

80 100
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XRD results

1) No impurities
2) No dopants in the interstitial sites
3) Effect on crystallinity and strain

120 140
ZnO0  Zny9C0010 ZnosFeo 10 Zng oFeq 0/C

ao (A) 3.2511(3) 3.2523(1) 3.2552(2) 3.2547(1)

co (A) 5.2098 (1) 5.2095(1) 5.2043(4) 5.2045)2)

Vo (&) 47687 (1) 47721(1)  47.760(5) 47.746(2)
Rg2 3.49 3.69 419 409

R 192 187 2.30 2.22
Crystaliite 42 29 13 15

size (nm)



XANES results
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1) Zn local environment does not change
2) Fe is mostly trivalent [4]
3) Co is divalent [4]
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EXAFS results

k?y(k) / A2

8 |Zn K-edge |
Co K-edge A Zn K-edge
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1) <Zn-0>=1.98 A in all samples;

2) <Co-0>=197 &;

3) <Fe-0>=1.93 and 1.94 A (much larger than 1.85-1.86 found in silicates*);
4) Fe oscillations are damped (possibly due to vacancies)



‘Fe and Co successfully inserted in the Zn sites
Co?* only slightly affects cell size, crystallinity and strain
‘Fe3* greatly affects strain and crystallinity:
w=> *Possibly introducing %'V or interstitial oxygens;
1 vacancy (or interstitial oxygen) compensates 2 Fe sites
w=) *Possible formation of FeO, dimers or oligomers

Zn K-edge

Co K-edg

Fe K-ch

0 4 8 12

Giuli et al., 2015, Inorg. Chem., 54, 9393-9400



In-situ (operando) experiments

XAS on a working pouch cell
(BMO08)

battery
cycler

T (/’f &

X-ray
beam
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Trapananti et al., 2018, in prep.

9700

30 s 1.0
i *- i
'\ Zn Fex (O-C » ZnO il
5 ",_ 9.9 891_10- ¢ Zn+LiZn |
. 20wt % carbon eoating includaed / . 08
L i ’ ;e
Saofl : o [
+_ i -'./'/ 406
= S 4 S
=15 *
. : I| [t ,/ s
2 v S Jo4
m “ 0 ._ by \.‘.\ .'.‘. "‘._/ ".4 ".
I \\;_\_ ':,'{ K 0- 0.2
C5F e _/" . ’
-_ "I ":. '\\ ./’
L ' o :‘\:\ . ’
C0 L L il ‘\*"“‘-ﬁw 1 N : 00
0 500 7000 1500 2000 2500

Capsgity (mAh g )

phase fraction



Effect of varying the Fe content
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Normalised Absorption (arb. units)
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‘Fe3* content greatly affects crystallinity introducing “"V;
1 vacancy compensates 2 Fe sites;

*Possible formation of FeO, dimers or oligomers;

During initial litiation, Li enters vacant sites:

‘When vacancies are filled, conversion starts.

Giuli et al., 2018, Materials., 11(1), 49



Fe- Co- and Mn-doped SnO, as
anode material for Li-ion batteries
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SnOz Sn(u)(‘()a.lol Sno_ql"‘cﬂJOz Sno.qbin&]ol T T T T T
l(obs)
aA) 4.7399(1) 4.7403(1) 4.7392(1) 4.7367(1) 12000 - Obs-Cale|
ca(A) 31870 (1) 3.1856(1) 3.1853(1) 3.1836(1) 1
)
Vo (A) 71.601 (2) 71.582(1) 71.503(1) 71.428(1) § 8000+ 1
£
M-O (2x) 2.0279 20199 2.0037 2.029 ; 1
€ 4000} |
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2-theta (deg)
Ry .44 1.14 2.03 1.02
colay 0.6724 0.6720 0.6721 0.6721
W.H. intercept’ 0.0047 0.0124 0.0094 0.0090
W.H. slope’ 0.0017 0.0018 0.0014 0.0025
Crystallite size 30 T 5 16

(nm)

Work in progress

‘Varying decreasing rate of crystallite size

suggest different oxidation states of Co, Fe, Mn
Consistent with XPS data
*XAS data acquisition in progress



=> Can we generalize the findings for TM-doped ZnO and SnO,?
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=> Improved cycling stability by using Co as dopant also in case of ZnO
=» Higher electronic conductivity (1.8 vs. 1.2 x10 s m) as reason for this enhanced cycling?
... though it is relatively low for Mn (0.07 x10” s m") ...
=> Besides, the diffusivity appears to play an important role ...
... to be further investigated.

Bresser et al., Chem. Mater. 2013 (25) 4977; Bresser et al. Energy Environ. Sci. 2016 (9) 3348.



*The introduction of the ‘charge carrier concept’ has enabled the
rapid evolution of portable electronic devices in the recent past;

consequently, opened up a continuously increasing interest in
enhancing the existing technologies and realizing hew ones;

‘New materials have been developed based on the continuously
increasing fundamental understanding;

« As such “battery research” is a truly interdisciplinary field,
including electrochemistry, physical chemistry, in-/organic chemistry,
materials science, physics, and potentially also Mineralogy (in addition
to engineering).



In depth study of crystal chemical
behaviour

Both average/local structure and Oxidation state

‘Defect chemistry can profoundly affect
physical/chemical properties

*Apparently simple phases (ZnO) can reveal
complex behaviour

*Important to combine results from
different techniques



Thank you for your attention




