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@ &M <4 Things we will discuss in this lecture

WESTLAKE UNIVERSITY

Solid-State Electrochemistry:
® \What determines the open-circuit potential of an electrochemical system?
® How to build a model to predict the open-circuit potential for Li-ion battery cathode materials?

® \What are the basic assumptions for the lattice gas model?

Goal of this lecture: you should be able to answer the questions above by the end of this lecture : )




The concept of electrochemical potential and equilibrium

TELEY:
WU Z7028% condition of charged particles

Thought experiment: what happens when a voltage is applied between to parallel electrodes?

N @ ] w/ an applied voltage: concentration gradient forms
O O O __cMa(u+zF¢):_ o 6(u+qub)=_ o 0(fi)
O O X tot zF 0x z2F2 0x z2F2 0x
O O Li (o = czFM)
i=u-+zF At equilibrium: Jeor =.0 228 = g
I'.l — ,Ll\ VA ¢ qu um: tot ~
/ For charged species, the equilibrium condition is

Electrochemical Chemical Electrostatic that the gradient of electrochemical potential [i is
potential potential potential o
Unit: Jjmol (or Unit: Jfmol (or  Unit:V For charge neutral species (suchas LiorO,), i is
eV/mol) eV/mol) ER——— reduced to u




Ejj & #M <4 Applications to Electrochemical Energy Systems
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Electrochemical energy systems are based on concerted motion (transport) of ions + electrons

> €
(£ ) |
al -/ cathode
ion cathode: where conventional current leaves
> reduction reaction
electrolyte ar - where conventional current enters
oxidation reaction
ol : Proton-Exchange Membrane . .
Lithium-ion battery = E(PEMIgC) Solid Oxide Fuel Cell(SOFC)
» e > e > €
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Question: how to understand the open circuit voltage

— . "
WJ Z3725% (ocvy

We already know:

N 1. Avoltameter measure the difference of electrochemical potential of
V4 ~ y .
cathode \/ anode electrons (fi.-) ;
2. OCV = (fi,-(anode) — fi,- (cathode))/F
Li*
eIectronte: Following question:
What parameters are ji,- (anode) and fi,- (cathode) related to?
Li,CoO, Li,C¢ (graphite)
electrolyte
cathode — electrolyte | Li*+e > Li (in Li,C0O,) anode Li(inLi,GCg) > Li*+e
1 €
[t fio-(c) + [+ (lyte) = pg;(c) Lit upi(@) = fie-(a) + [+ (lyte)
«— T e
|
\ A /) *
Li.CoO, Overall: ("rocking-chair”) Li, Ce (graphite)

Li (in C¢) = Li(in Li,Co0,)




Question: how to understand the open circuit voltage

— . "
WJ Z3725% (ocvy

electrolyte
cathodee _ electrolyte | Li*+e = Li(in Li,C0oO,) anode Li(inLi,Ce) > Li*+ e
|
Lt fio-(c) + fiy;+(lyte) = py;(c) Li* ui(@) = fie-(a) + [+ (lyte)
1 T e
|
_ ¥
Li,CoO, Li,Cq (graphite)

Overall: ("*rocking-chair”)

Li (in Li,Ce) = Li (in Li,CoO,)

Since the electrolyte can conduct Li* (but not e°), at equilibrium electrochemical potential of Li* i, ;+(Lyte) is
o, ;+(lyte)
=0
0x

Then, we have: 11(@) = fie- (@) + fi(iyte)
fie-(0) + fp+klyte) = py(c)

uniform in the electrolyte, i.e.,

1
OCV = == (fe-(€) = fle-(a)

1
= - F(.U'Li(c) — pi(a))




Question: how to understand the open circuit voltage

— . "
WJ Z3725% (ocvy

Overall reaction: (“rocking-

N chair battery”)
cathode \VJ anode

Li (in Li,C¢) = Li (in Li,CoO,)

_ _ - Gibbs free energy (per mole) of the reaction:
L, LoO, LIVCE‘ (9ragte) AGron(x,y) = ppi(c,LiyCo0y) — upi(a, Lin6)

If we know how y;;(c) changes as a function of composition x

1 1 . ¥
oCV = — — (.uLi(C) — .ULi(a)) = — = AGn(x,7) and how p;;(c) changes as a function of composition y, then we
i i can predict the OCV.

AGy.n(x,y) hasto be negative to make the OCV positive;

In other words, the overall reaction must be spontaneous to be used in an electrochemical cell for energy
extraction.
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W) ## A4 Brouwer diagram for lithium storage materials

For a lithium-storage material LiX that can tolerate both Li-excess and

Li-deficiency, we consider four point defects: Li;, V;;, e', b Li-deficient Intrinsic Li-excess
Frenkel pair null s Li; +V);,  Kr = [Lij][Vy]
“Band-to-band” null se' + h Ko = [e'][h] ‘
i
g
[Li'-][e'] o
Liintercalation Li < Li; +e’ K = l y -
ari ko)
ULi = pi; + RTlnay,

We assume K,; > K (small bandgap)




Ejj &# <4 What can we get from such a Brouwer diagram?
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For Li-ion battery materials, we have:
Charge stored: Q o |[Li;] — [V;] |
Open-circuit potential: Eg¢ o p;; o< Inay; Li-deficient Intrinsic Li-excess

A

! ‘

[ =

@

------------ - 0 =
2

(@)

fe

Capacity (in linear scale)

v

Eoc o« logay;

Simulated battery charge/discharge curves (!)




What factors influence the chemical potential of Li in

W) Z725 electrodes?

LiFePO, LiFePO,

-0 @
I\'e_\u+

6
4.2 . .
b) Solid solution (no

Phase transition induced by ;| ] n
3.8 k LiFePO, ithiatiemn ‘\/ phase transition)
| WRSTLAK] Gl |
30 r N } 2t ]

Fixed p;; (governed by

Continuously

LisCo,Ni,

Mn,O,

2.6 L L 1 L l Gibbs phase rule) resulted in 17 LiCo4aNis~Mn.,-O { varying p; and
= . . 1/3"¥11/3 1/3~2 |
0 0.2 0.4 0.6 0.8 1.0 fixed OCV | ‘ OocCV
X LV”FEPO‘ 00 50 1(2‘()) /e :;50 200 250

Huang, Nazar et al., Electrochem. and Solid-state Lett., 2001 Yabuuchi et al., Journal of Power Sources, 2013




'LUj ##M <4+ How to model the chemical potential of Li in electrode!?
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Ideal Lattice Gas Model
Key assumptions:
. = lattice site * Model intercalated Li as non-interacting gas
‘ [ molecules occupying the lattice sites;

* Concentrated system (i.e., model activity correction);

We use N to denote # of total sites and n to denote Li-occupied sites, then:

G(x) = H—TS (where x = n/N, and we use x = 0 as a reference state)

I
~—~
= 3

N!
non-interacting > H = 0 5= Scrg = kplnld Q ) By (N —n)!

(or H = hyx, the same conclusion)



— . . . .
W) K5 Calculate configurational entropy and chemical potential
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Ideal Lattice Gas Model ] ]
Configurational entropy

N

Scrg = kplnQ = kgln( )
l |
. = lattice site nt (N —n)!
®-L Stirling Approximation: InN! ~ N [nN — N, then:
Scrg

= kg(N InN =N —nlnn +n
— (N —n)In(N — n) + (N<n))
x=n/N

n kTN —— — xIn—"
= —kp (nl_x—xn

G(x) =—TS = —kgT (Nln

)

1—x

190G Expression of chemical
G(x) =kgT N(xInx+ (1—-x)In(1—-x)) | — |ukx) = Nox kBTln( x) potential using the

lattice gas model




— . . . .
W) K5 Calculate configurational entropy and chemical potential
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Ideal Lattice Gas Model

X Expression of chemical potential
1-— x) using the lattice gas model

u(x) = kgTin(

. Another way to look at this:
. = [attice site

‘ =Li u = kgTln(yx) —— activity coefficienty = p 1

1-x

l

Correction for concentrated solution

If we assume that y;; of anode stays constant, then we have OCV expression:

1 3.50- In the plot on the left, we have:
OCV = — o (.uLi(x» cathode) — /"Li,anode) 3.45 |
kgT X S E° =34V
= E0 — In( > 3.40
- 1—-x ©335 1 0
Whenx =-=,0CV = F
kgT 3.301 2
At room temperature, = 26 mV

00 02 04 06 08 10
X



(Gj #&#M <4 Compare predicted OCV~x curve with the real case
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350- L ;0:1150'“—-—__________________
391 = 100 R
— — A h)
3.451 3 | E 50 —c man !
S £ 99| ST o
> 3.40 -« IR T Wy
@) = I
o £ 33;
3.351 =
3: |
3.30- | (ot
00 02 04 06 08 1.0 U @ EINNILTA T A

xin LixFeP0y4

Tarascon, J.-M., and M. Armand. "Issues and challenges facing rechargeable
lithium batteries." Nature 414 (2001): 359-367

* Not too bad for such a simple theory with A LOT of assumptions;
* How to explain the plateau in the charge-discharge curves?
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@ ##M <4+ How to model the chemical potential of Li in electrode!?

Regular Solution Model
G(x)=H-TS

. = lattice site l

_ * Intheideal lattice gas model, we assume that there is
@ - no interactions between Li=> H = 0

* We can relax this assumption by defining an enthalpy
term (regular solution) > H = hy N x (1 — x)

G(x) =hygNx (1 —x)+kgT N(xInx + (1 —x) In(1 — x))

n

()—1aG—h(1 2%) + kpTln(— OCV—E0+hO(2 1) L.
X “ Nox < °v x) + kg n(l—x) B e x e n(l—x)

Note: h, can be positive (repulsion) or negative (attraction), but the former is more common




The effect of enthalpic and entropic terms in regular

W) Z723 solution model

gx) =hox (1 —x) + kgT (xInx + (1 — x)In(1 — x)) ‘ u(x) = hy (1 —2x) + kgTIn( a )

1—x
101 W Mogaal | . 1501
\ (Repulsionjinteraction)
5- 100 -
— 0- 50 -
v ()
E £ o
o - —
_50_
_10_
—100 1
—15- ho - 0 . —150-
(non-interacting)
0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 04 06 08 0

X




e . .
## k4 Phase separation and voltage plateau in charge curves
¥) P g€ P 8
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4_
S At equilibrium, any overall composition
Q2 ho > O . .
E . . between x; and x, will be decomposed into
> | X1 X2 (Repulsion interaction) .
N a mixed phase of x; and x,
\ l 1
501 |
E P i ,/ _0dg Therefore, if there is no kinetic effect
= B e p(x) = E% (charge/discharge at very slow rate), then u
~50{ will be a flat line when x; < x < x,
3.45] 1 1
>
g =) oCV = E° — u(x) A constant OCV in the charge curve is then
335/ indicative of phase transitions in battery
electrodes

0.0 0.2 0.4 0.6 0.8 1.0
X



[Gj & # k<4 Spinodal decomposition
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100

Let’s look at the Gibbs free energy curve again
gx) =hox (1 —x) +kgT (xInx + (1 —x)In(1 — x)) > , ,
: x X1 X2 du d%g 0
S 0 = =
n S ox  0x?
3] ~50-
s In this case, we set
i i X1 X5 ho = 3.5 kgT %% 02 o4 ) 06 08 10
1_
b 0 : - S— .
O\Jy \j u(x) = a_i Chemical potential 1 is the derivative of Gibbs free energy g
—11
| 0 < x < x5: phase separation
501 ) needs to overcome a barrier;
% T T~ / %
g0 T £ x; < x < x5: phase separation is
S ° spontaneous;
—9| so-called spinodal decomposition

0.0 0.2 0.4 0.6 0.8 1.0




Spinodal decomposition: small or large fluctuation in

W) s composition

0 < x < x1: phase separation needs to overcome a barrier >
needs a large fluctuation in composition

A A
nucleation growth
a ~
.I X1 X1
X > =

x1 < x < x,: phase separation is spontaneous; so-called spinodal decomposition

A A

x2 xz

=)

v

v




#&#M <4+ Coming back to the charge/discharge curves
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Further reading:
Peng Bai and Martin Z. Bazant, Nano Lett., 2011, 11,
11, 48904896
> S by U perdston  mocales 345 !&M """"""
:g_' jé: Cﬁ;rr‘;':gis % 34 % I'=0.01 ’_: _______ QUGSI./\
o o %” ™ \\_."-}}’_'—_7:_’_7 ---------- FoRd Bchien
ak) ;335\ \:: ............ . .'71“\
5 " el \S\o“i E‘:golugorl"\“‘\\‘
-4 .'\_.‘-\\'
ofz) Joo v ‘ { 325 s "._"-'.
FeOj sheet A Lithium  FeOs sheet ; e A "'.ll
"~ XinLiFePOo,
X .
50 /‘
. = o
The shape of the charge/discharge 2  ©
curves can be affected by: B
_50<
* Charging rate (kinetics);
* Direction (charglpg ordischarging); . o——5 07 o6 o8 Lo
* Boundary condition (“bounce at X |
. Prof. Martin Z. Bazant Prof. Peng Bai
walls”); ,
(MIT) (Washington

Who taught my echem course :)  University in St. Loiuis)



Ejj ## <4 Multiple phase separations: the case of lithiated graphite
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‘ xinLiC,
xLi+C, DLiC, rf
_l
05 I 1 1 1 I 1 1 1 1 h-
-
(0.08) (0.17) (0.38)  (0.50) S
041 - C
o
(Vv (i) — [+ (i1) 1) L%
03 —
>
moz—akéTw -
""; .. ik 2 Harris et al., Chem. Phys. Lett., 2010
o1 L NEK 'u-rrrab-ql"h 85 mV » -
E&f% S ] ® 6 ¢ ® 06 0 O 0 O
0 1 |I 1 I | I 1 1 1 ‘ ‘ ‘
0 05 L0 i c ® 6 o ® 06 O
X1 Li14xCq ‘ . ‘ ‘ ‘ .
The Reversible Potential of The Lithium-Graphite . . ‘ . ‘ ‘
Intercalation Compounds vs. The Composition x in Li,Cs Plots L ‘ . .

<
I
[

X=1/2 xX=1/[3



@ &M <4% Things we have discussed in this lecture

WESTLAKE UNIVERSITY

Solid-State Electrochemistry:
® \What determines the open-circuit potential of an electrochemical system?

® How to build a model to predict the open-circuit potential for Li-ion battery cathode materials?

® \What are the basic assumptions for the lattice gas model?

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