| ecture

Type
Chemical Di

Icients

a8 3

%

I of Engineering,Westlake University

- 0
LJ @ﬁﬁl% k- FaII2023 Ms‘7 SS' Lab

IESTLAKE UNIVERSITY So|ld State mlcs

1 ' S . . (__._._.

" Prof. Qiyang Lu
|d State lonics (SSI) Laboratory

WESTLAKE UNIVERSITY



[Gj &M <4 Things we will discuss in this lecture
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Type of diffusivities:
® \What are the different types of diffusivities?

® \What physical mechanism and concept does each diffusivity describe?

Chemical diffusivity:
® \What physical process does the chemical diffusion describe?

® \What are the key factors that govern the chemical diffusivity?
Goal of this lecture: you should be able to answer the questions above by the end of this lecture : )

A test on your intuition: Is the diffusion coefficient dependent on the concentration of ionic defects?
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We can measure phenomenological diffusivity by using the three different experiments:

Tracer experiment Stationary conductivity experiment Chemical diffusion experiment
= +
—e o — I I
| 1 . —_— — ‘
: °o— |
220,(p0.) J 0,(p0,) | 0,(p0,>p0,) |
VR0 el Self-diffusivity Chemical diffusivity
DOZ_ Dgz— Dg
1\ J
v~ l
No compositional (stoichiometric) change Composition (stoichiometry ) changes
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Tracer experiment
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® 57Feisotope profile measured by using secondary-ion mass spectrometry (SIMS)
® Concentration profile modeled by solving semi-infinite diffusion equation

X
4D*t))

c(x,t) = co(1—erf(

Hebert, Krishnamoorthy, Yildiz et al., PCCP, 2015



W

Tracer experiment

Fick’s 2" Law:

dc(x,t) . 0%c(x,t)

- ] dt dx?
180_(pO,) oxygensurface @ —= @
— = ° ) exchange b
l rate constant k*
Tracer diffusivity
k*: unit cm/s
D2

Metlenko, de Souza et al., PCCP, 2016

D*: unit cm?/s

Critical length [ = D*/ k*

n*. [180]

&#M k<4 Tracer diffusivity: isotope exchange profile
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ﬁ'jj &M <4 Self-diffusivity: steady-state conductivity measurement

. L . D RT
Stationary conductivity experiment Consider Nernst-Einstein relation Vil
— + - - zF  z°F?
o=cCZ =czFD—=c
I l RT ~ RT
! !
: o — : Therefore, we can get diffusivity by measuring ionic conductivity.
| ! RT o
We have: = —
LOZ(pOZ) 72 F2 c

- 1

Confusing question: which concentration should we plug in here?
Self-diffusivity

D yz- . _ RT ope-

0%~ 4F2 Cpz-——> Oxide ion (0%7) concentration
(NOT defect concentration)

q: charge transport
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Dq RT 0-02—
Stationary conductivity experiment 02~ 7 4JF2 Coz-— Oxide ion (02™) concentration
_ + g: charge transport (NOT defect concentration)
: :
i I In reality, the 0%~ conductivity is contributed by defects (either oxygen
I . —_— I q oc o Ong 17
! : vacancies V,; or oxygen interstitials 0;").
1 1
0,(p0,) If we assume that oxygen interstitials ;" are the major oxygen ionic defects,
2 2
‘ we have: 0p2—- = O = ZFCO-"MO-”
l l l
e Oy C C
Self-diffusivity pi. RT gg2- _ RT 90" “o/’ D, o'
0%~ 4F?2 Coz2- 4F? Co!" Co2- L Coz2-
q l
Doz— . Cor
— | —
Doz— — DOL-” Cor = xloi”DOi”
v

Fraction of oxygen interstitials O;’
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Co!
D(C)IZ— = DO-” — = xO-”DO-”
Stationary conductivity experiment b Co2- (v
é Y *
_ + Fraction of oxygen interstitials 0;’
I I
! : Since X1 = Cou/Co2- is far lessthan 1—| Dy >> Dy,
: e
! ! The self-diffusivity of defect species is much higher than that of ionic species.
| 0.(p0,) |
Contain information on |, Dgz_ = %Dy
‘ both ion migration and > 1 8
e . defect formation / \
Self-diffusivity
- Related to defect formation Reflect the “true” mechanism of ion
D .- < AHf) migration
0 - _ 2
exp
kgT

AHpig
xXexp|— ﬁ
B
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Tracer experiment Stationary conductivity experiment
— == Tracer diffusivity and self-diffusivity are
® ® : : u.suaIIy on the same qrder of magnitude,
: ! since they both describe the process
: ®— i without compositional changes.
I i
®o— —O0 3 i
| *°0,(pO,) ) | 0,(p0,) ) : 7
DOZ— — H02—D02_
Tracer diffusivity Self-diffusivity Haven ratio
DZZ— Dgz_ ® Haven ratio mainly describes the
G 5 correlations between each hops.
v~
No compositional (stoichiometric) change ® H - is usually of the order of 1
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Chemical diffusion experiment Very different from tracer diffusivity and self-diffusivity, chemical diffusion

( IS ] describe the process that involves compositional or stoichiometric changes.
2 4+6
o — v 2@ e.qg., NdzNiO4+5 +A6/20, 2> NdzNiO4+5+A5
—® ¢ 06— In order to change oxygen stoichiometry (Ad), oxide ions O* and electrons e’
0,(p0,’>p0.,) must diffuse to opposite directions, to maintain charge neutrality.
Therefore, chemical diffusivity is called ambipolar diffusivity, meaning that
.’ chemical diffusion involves the motion of two charged species.

Chemical diffusivity

Dg In Nd,NiO,, s the change of oxygen stoichiometry can be expressed by
l the defect chemical reaction below:
Composition (stoichiometry 6) changes %02 = 0% =20+ 2k
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Chemical diffusion experiment

7

\

Nd,NiO, s

®— —@©0
—@ ¢ @ —

0,(p0,’>p0,)

N\

Composition (stoichiometry ) changes

D

Chemical diffusivity

Dy

l

—0, =05 = 0{ +2h

2h
o/

l

=

: :

E 02_> 05

Our goal: find the expression of chemical diffusivity based on properties of
defects (0;" & h’) so that we can use Fick’s law to predict the concentration
profile, i.e.:

0
Jo = —D§Vcyor Jo = — g%(lD)
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Poisson’s equation: connecting (net) charge with potential

0%¢ _ P F= _ 0¢1— Electrostatic potential
dx? E0&r i 0x
Electric field
Let’s say if an MIEC contains 0.1 mol/L of net charge, then:
N . 96500C y 0.1mol
c
vialn et _ _ mOl]_()—lzp L —01x10%v/m?
N i, ¥V e WP x 10
m
AV
AE = — =1 x 108 V/m2Ax £x &V Ur
Ax 1nm 1V ~10°)J
For a sample with area of 1 cm? 1 pm 106V ~103)J
1mm 1012V ~10*J

1TNT equivalent: [IRg. T
4.184 X 109 oL 4 .

> e
il P 8 \‘i ity
KRR W

(c = 1mol/Lorc = 6.02 x 10%cm™3)

Electric potential energy
Ug = p AV
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Chemical diffusion experiment 1 y " .
. < =0, =0, = 0; +2h
2
Nd,NiO,. s
. . Ool" _ Ool
®o— ® Flux of oxygen interstitials: Jorr = — AF2 V-“ol-”z — 172 (V,uol_u — 2FV¢o)
—® ¢ 00— Flux of holes: ——£V” =l Vup + FV
e = rz VHR= — (Vup: ®)
0,(p0O,>p0,)
.v To satisfy the local electro-neutral condition (we will discuss why it holds):
Chemical diffusivity 1
]Oi” = E]h
6
Do
l i (Vigy — 2FVe) = - (uy + FV9) 00 1o — 2
Ho!" — Hn — of' T Hpz2 VHN
Composition (stoichiometry ) changes 4F2 \ 0 ZFZ 4F020” + 0y, 2F*
= 1 Y
2F 4
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Chemical diffusion experiment

Chemical diffusivity: stoichiometric changes

1 1
502 =05 =0/ +2h

Nd,NiO, s
O'OH o-h. ol + oy,
O'OH (0PN O'OH
0,(p0,>pO,) Jo = Jop = =75z (Voy ~ 2FV$) = 4sz“o”*'zp'V¢
= y O'OH oAl 0'0//
= Vu,m + l Vv —V
8- TaFz ol T gt gy Gz VHot! 2F2 i)
Chemical diffusivity |
DS - L W% gty fwe d 2
Composition (stoichiometry ) changes 1 On0yl 1 s0ug 5 Op 0!
Jo= — > Vo = — 200 Veg |«— |0p =
4F O'O[l + Op: 4F aCO O'Ol_// + Op-
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Chemical diffusion experiment 1 T 5 On0pl
r 1 ] = — 0-6 VCO Op =
0 4F2 g aCO 0-0.” + Op
Nd,NiO — ~. C
2 4+6
N
D6
e — +—Q0 0]

ouo oy + 20

Ho = {o + RTlnay | —

—® ¢ 00— l 6C0 aCO
O,(p0O,>p0,) activity, dilute limit = ¢,
Chemical diffusivity DS = L s Olo _ RTOn 9o 1 4
0 500 > —+—)
Dg S — e——

1
(aCO = aCOiII = EaCh') . o L
l electrical jonic

Composition (stoichiometry ) changes
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Chemical diffusion experiment Do 1 dup 1 Op0y)’ 1 4 )
é Y — O- — +
NELING O 4F27° 9c,  4F? Oo" + 0 Cor Cpy
>INI 4+8 \ L\ ]
(valid at dilute limit) v _ _Y _
o — — @ “electrical”  "“fonic”
N © . “electrical”: harmonic mean conductivity 16 = 1 + 1
0,(p0,">p0,) 5 _ RT a5 % o n
) ’ 0 = 4F2 8
o il I . |11 22
“jonic”: harmonic mean concentration o3 ol + —
C Ch
Chemical diffusivity 0
') — —
o, = 2C,nFM, 1 = —5c,nD
Composition (stoichiometry ) changes __ % Transference
O, =CunFM, = —cCi+-D;- th'—
o Tz 0o/" + On | number
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Chemical diffusion experiment
DS = ty:Dyr + tyrDy:
7~ D O — ‘h Oi Oi h
Nd,NiO, s
Onp: O'O_H
th = t o = 4 Transference number
l

—@ ¢ o —

0,(p0,'>p0,) If 7,0 > To!") then t,-= 1 and if Dy is not too large — Dg ~ D,

l
.v Note:

® In this scenario, Dg ~ Do > D

q
0%~

q

(recall A

Chemical diffusivity = XDy, while
usually x,r < 1)

Dg ® [f the system deviate from the dilute limit, then:

l

Composition (stoichiometry ) changes

8 j— . . . . i
Do = Tty Dorr + Tyt Dy I': thermodynamic factor
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Question: how does Li-intercalation happen microscopically?

e Li=Li* +e”
8 LI+ g / . N + X
Cathode [ e (in electrolyte) or | Li+ VLi + COCO il LlLi
Electrolyte @ .
, e
> 23\ N
=o= [ “‘.’

‘ -.. - \ , LIXC002
4 XJ) electrode
Collector T l} f‘:?:""h % glaﬁ:g::“
e - LMO, lyer Carbon current
Xu, Chem. Rev. 2004 collector

Li CoO,/carbon/electrolyte
interface
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Three decisive mechanistic steps of a Li-ion battery

lon transport

4
e Electrolyte (through electrolyte)

g T~Nns

Lithium

Li* lon transfer
.__. Electrode (at electrolyte/electrode interface)
T ~ UUS

o
C

N Chemical diffusion
Lit  Electrode (in electrode bulk)

‘_, T ~ min, hr, yr
Depend on the size of electrodes!

Maier, Journal of Power Sources 174 (2007) 569-574



Ambipolar diffusion: diffusion process involving both ions

W) 271255 and electrons

Usually, the diffusivity (mobility) of electronic species

D;.+ LKD,-
(defects) is much faster than that of ionic species Li* °

Li=2Lit+e”

it
o
Li,CoO, Li,CoO, Li.CoO,
electrode electrode electrode
| X
Li,CoO,/carbon/electrolyte Intermediate state Final stat
i T . ) Inal state
interface Initial state (imaginary)
Local charge neutral Local charge # o Local charge neutral

The electric field slows down the fast-diffusing species and speeds up the slow diffusing species.
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[Gj #&#M<4 Note: the bulk of the sample must be charge neutral

This picture on the left is an exaggeration to help you to understand the role of
accelerating/decelerating electric field;

Li,CoO, In a real world, the charge neutrality still holds (except for the interfaces)

electrode =

We can do a simple back-on-envelope calculation:

} f - d_ _ 91— Electrostatic potential[0F _ 0°¢ _ __P—— Chargedensityp =c - F
| Jx 0x__ 0x? €0&r1— £y: vacuum permittivity
IntSemediate state &1 relative permittivity
(imaginary) Electric field Poisson’s equation: connecting charge with potential
Local charge # 0 AE p Fc  96500C/mol x 1mol/L o
Ax &5 B g ~ 88X 10712F /m x 10 = 1x 107V /m (c=1M)

AE = i 1x 108 V/m2Ax IfAx =1nm — AV =1V (1) — Unrealistic
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Fick’s first law

Jairf, i = —DriVey,

|

How to express D; ; as a function of
D;;+ and D,-?

Li CoO,
electrode

Li=2Lit+e”

Key equation: local equilibrium | i = fle— + [+

Fluxe  Ji =~ 553 Vi Nernst-Einstein relation:
l Dic; o;
O-Ll+ - =
lonic flow: Jrit = — F2 Vil i+ W EE -
O-e_ >
Electronic flow:  Je- = —Fvﬂe-

At steady state:  Jii = Jpi+ = Je-

Hii = fle= + fy+ — Vi = Vle- + Viiy+

Jur =Jem —— 04+ Viiy+= To-Vil,- 0+

O-_
V= (1+—

) V/je_
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Fick’s first law Vig; = (1 + - Vi, -
OLi
. =D . , Op— _ _ 1 o,-0p;+
Jairf, 11 Z=DuiVer Jii = Jo= = =y Vil = — =V,
e Lt
l _ 1 o.,-0p;+ op
How to express D; ; as a function of Jii = — 2 Vi Compare: Ji=— Y va;
D,;+ and D,-? Og= T Opj+ i

O-e_O-Li-I- . 1
Op— + O+ B 1/0,- +1/0;+

Li CoO, OLi
electrode
Chemical diffusivity is limited by the species that
move more slowly

If 0,- > o;+,then"oy;" = 0+




[Gj &# k4 How to solve for chemical diffusivity?

WESTLAKE UNIVERSITY

1 o0.-0,:+
Fick’s first law L Out oo oo o
.f ]Ll F2 O_e_ + O_Li_l_( Me ‘uLl+) e Ll+ Li
v A RT o.-0,+ 1 1
]diff' Li = =DuiVew = — £ + Ve,:  (Dilute limi
F20,- + o1+ (Ce— CLi"') cri (Dilute limit)

. D5. 0 means it describes the change of non-stoichiomet
How to express D; ; as a function of [ 9 4

D;;+ and D,-?
Lt ¢ s RT op-ays 1

1
Li +——) So-called “chemical diffusivity”

EF20,- + 01j+ Co- — Cpi+

| J \ J
"l W
) For D% =10"°cm?/s
; 1/R® 1/C /
Li CoO, "Chemical "“Chemical
electrode Resistance” Capacitance”
10 mm 300 years
8 _ psrs o L
Relaxation time t° = R°(C° « — 10 pm 2 hours
s
‘ - 10 M 0.015




@ &M <4% Things we have discussed in this lecture
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Type of diffusivities:
® \What are the different types of diffusivities?

® \What physical mechanism and concept does each diffusivity describe?

Chemical diffusivity:
® \What physical process does the chemical diffusion describe?

® \What are the key factors that govern the chemical diffusivity?

Goal of this lecture: you should be able to answer the questions above now (hopefully) :)
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