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Surfaces/Interfaces

» E (= Vg, drift)

ionic defect D/\ [ = (attice site
() = ionic defect (e.g., oxygen
electron @ A vacancy, lithium ion vacancy...)
Reaction: _
concerted ion & ) Vyu (diffusion)

electron incorporation

lon motion: drift + diffusion
(similar to electrons/holes in semiconductor physics)
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Macroscopic picture of ion transport:
® \What are the governing equation of diffusion and drift of ionic/electronic defects?
® How to solve the case of ion transport when both diffusion and drift occur simultaneously?

Electrochemical potential:

® What is the difference and relationship between chemical potential, electrostatic potential and
electrochemical potential?

® How to express the open-circuit-potential of an electrochemical system by using electrochemical
potential of electrons?

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



Ejj &# k<4 A review (hopefully?) on thermodynamics
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Gibbs free energy G=U+PV-TS
G=H-TS H: enthalpy

the maximum reversible work that may be performed by a thermodynamic system at a constant
temperature (T) and pressure (P)

The differential Gibbs free energy

Chemical potential y; is the

dG = =SdT +VdP + 2 pidn; partial molar Gibbs free
energy of species i at constant

At constant T and P, we define chemical potential of species i (i;)as: Tand P
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ﬁjj ¥ <4 Chemical potential difference = driving force for diffusio

How to link chemical potential of species i (i;) with its concentration c;? C

diffusion
flux

U; = ,u? + RTIna; = ,u? + RTIn(y;c;)

u?: chemical potential at standard condition

At dilute limit, y; = 1, therefore u; = u + RTIng;

v

X
Diffusion: Fick’s first law ]diff = _/D a \
Jairr Net flux D for diffusivity ? Concentration gradient
(unit: mol/L-cm/s = mol/(cm?- s)) (unit: cm?/s) (chnit: M/cm, M = mol/L)
substance per area per second '




@ ¥ <4 Chemical potential difference = driving force for diffusio
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At dilute limit, y; = 1, therefore u; = u} + RTInc; M1
diffusion
p p flux
d 1dc C c du
L RS — Jays = D= <D
0x c 0x 0x RT 0x
X
dc
Diffusion: Fick's first law ]dlff — _/D Ox \

Jairr Net flux D for diffusivity % Concentration gradient

iy ot (unit: cm?/s) (unit: Mjcm, M = mol/L)

substance per area per second '
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. 0¢
E:_a_¢ Drift: Ohm’s law Jarift = oF = _O-a
y / / \

: ) -
drift Jarire Net flux of charge o Conductivity B == £ Electric field
flux (unit: C/(cm?18)) (unit: Sfcm, i.e. (A/V)/cm) (unit: V/cm)

charge per area per second
X

If the charge carriers are ions (or electrons) with ze

¢: Electrostatic potential charge, then:

E: Electric field, i.e. gradient of electrostatic potential

Jarift = Jarife /2F
— W
F: Faraday constant, ~96500 C/mol Net flux of matter Net flux of charge
the chargeof 1mole F = eNy (unit: mol/(cm? - s)) (unit: C/(cm?-s))




The concept of electrochemical potential and equilibrium

U] &1~ 4%
W) Z7028% condition of charged species

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

O O—

+

O O O Open-circuit condition: no concentration gradient

TR O Li*
+ @ i w/ an applied voltage: concentration gradient forms

o © I _Jarise _0E 0 0¢
- O > drift zF zF zF 0x
O O Li* B Dac_ Dcaﬂ -
Jairs = P BT 9x (u=pu n c)



The concept of electrochemical potential and equilibrium

m——
W 22225 condition of charged species (cont'd)

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

N @ ) w/ an applied voltage: concentration gradient forms
O N3 . _Jarire _0E 0 09
O o O drift = yF T zF zF 0x
= o = Dac— Dcau O + RTI
Jairp = Do ==Domar = nc)
At equilibrium condition, we have: Jtot = Jarire ¥ Jairg =0
Expression of conductivity: o=n-ze-M=cNy-ze-M = czFM

o : Conductivity

¢ : Charge carrier concentration; N,: Avogadro constant

ze : Electric charge, for Li*t, z = 1

M: Mobility (usually denoted as 1, but not to be confused with chem. potential)



The concept of electrochemical potential and equilibrium

m——
W 22225 condition of charged species (cont'd)

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

N @ ) w/ an applied voltage: concentration gradient forms
O O Jarift ~OE o ¢ c zF Mog
O O Jarise = ZzF  zF  zFox  zF o0x
O :
O O Lir dc c ou
Jairp = D 5y = P Rpgy WS W HRTING)

We need to have a way to connect diffusivity D and mobility M

RT
I (L I . - _ czFMog c ou
D M e ernst-Einstein equation Jiot = ]drift +]diff = — F oy — D BT 9%
czFMap  RT c op  cMd(u+zF¢)

(We will discuss how to derive Nernst-Einstein Jeop = — _
equation in the next lecture.) zF 0x zF RT 0x zF d0x




The concept of electrochemical potential and equilibrium

m——
W 22225 condition of charged species (cont'd)

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

N @ ) w/ an applied voltage: concentration gradient forms
L€ © O _ MO(u+zFg) o Ou+zF$) o I
O O X tot zF 0x Z2F2 0x z2F? ox
O O Li (o = czFM)
U= u-+zF At equilibrium: Jtot =0 *@ =0
f=ut+zFo q : tot ~y
/ 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 (such asLiorO,), i is
eV/mol) eV/mol) F: ~96500 C/mol reduced to p
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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 al - where conventional current enters
oxidation reaction
ol . Proton-Exchange Membrane . .
Lithium-ion battery s (PEMI?C) Solid Oxide Fuel Cell(SOFC)
> o > e > e
D) ) D)
\_/ NG \_/

A

A 4
I
A 4

0, H, -0,
Lit AT~ H < > 0 7|
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Ejj &H <4 A test on your knowledge

Lithium-ion battery (LIB, 2019 Nobel Chemistry Prize)

Left is the typical structure of a LIB with graphite anode and

;| LiCoO, cathode. A voltage of 4V was measured by using a
cgm : multimeter between the anode and the cathode. This 4 V voltage
/ L represents:
e
|
& o0,

A. Difference of electrochemical potential of Li* ions (fi;;+) between
the anode and the cathode

B. Difference of electrostatic potential (¢p) between the anode and

the cathode
% P C. Difference of chemical potential of Li (1 ;) between the anode
t Collector h d

LIMO lnyer and the cathode

structure
L A B\ SNEges e X, Chem. Rev., 2004 If you don’t know the answer (or even do not understand the meaning
JohnB. Goodenough M. Stanley Akira Yoshino of these terminologies), you should know better at the end of this
Prize share: 1/3 Whittingham Prize share: 1/3 [ t

Prize share: 1/3 ec Ure.
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Question: what determines the open-circuit voltage of a

battery!?

Open-Circuit Voltage (OCV): voltage
measured without any current loading

anode

&
cathode \VJ
Li*
electrolyte
Li, CoO,

Li Cc (graphite)

Question: What is the physical origin of measure OCV?

Related question: What does a voltameter measure?

SOLID
STATE

Solid State Ionics 95 (1997) 327-328

Short communication
What does a voltmeter measure?
I. Riess

Physics Department, Technion-Israel Institute of Technology, Haifa 32000, Israel
Received 23 October 1996; accepted 23 October 1996

Abstract

A simple example shows that the difference in the electrochemical potential should not be equated to the difference in the
Galvani potential.

Keywords: Vohage: EMF: Chemical potential; Electrochemical potential

Short answers:
1. Avoltameter measure the difference of electrochemical potential of

electrons (fi.-) ;
2. OCV = (fi,-(anode) — fi,-(cathode))/F Why?
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~

For electrons: Ue— = Ue— T Ze—ng = Up— — ng

(Ze-=—1)
energy energy
[ [
0 0
-y E
Evac ﬁa F¢ —]x vac B A LA_ B
I A S
F e Ef-—————- doolm oo -
| Ey jt
i
metal | vacuum semiconductor | vacuum

Fig. 7.3: The relationship between the parameters work function (w), Galvani
potential (¢), Volta potential (/) and surface potential (x) and work function,
fis- fis- electron affinity (A) and ionization energy (I} for metal (left) and semiconductor
(right). Ey,c is the energy of the electron in vacuum immediately in front of the

Maier, Physical Chemistry of lonic Materials

A voltameter measure the difference of  Aka., ji,- is the same concept as the “Fermi level” or “Fermi
—fle-/F1(NOT @) Energy” (potentially with different units)



A translation guide for discussing electron energy
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Translation guide for discussing electron energy concepts

Physicists and electrochemists talk about some of the same concepts using different terminology. This is a translation guide, specialized for one specific group of related concepts:

Label|Concept What electrochemists call it What solid-state physicists call it |[What semiconductor physicists call it

A Total chemical potential of electrons eiii:;ii?,?m'cal potential (of "Electrochemical potential"t "Fermi level” or "Fermi energy”

B Internal chemical potential of electrons "Chemical potential (of electrons)” Chemical potential™ etcerml evel relative t0 vacuum®, or "rFermi level relative to the conduction-band-minimum”,
C Electric potential "Galvani potential” "Electric potential”, or "Voltage" "Electric potential”, "Voltage”, "Band-bending” (sort of), "Difference in vacuum level” (sort of)
D Izr:re(‘}rnal chemical potential of electrons at absolute N/A (;eerTI energy” (common), "Fermi level *Fermi level at absolute zero" or something like that

EXAMPLE 1: A voltmeter measures the difference in "A" between its two leads.

EXAMPLE 2: When electrons can flow, they will always flow from higher "A" to lower "A". They will usually keep flowing until "A" is the same everywhere.

EXAMPLE 3: The equation "A = B + Cx(charge of an electron)” is always true by definition.

EXAMPLE 4: You contact a piece of platinum (work function = 5V) to a piece of aluminium (work function = 4V). After a very short time, the two are in equilibrium. At that point, Ap; = Ap. However, there is a significant electric field at the junction,
even though it has no measureable effect. Because of that field, Cp; - C4 = 1V and By - Bpy = 1eV.

EXAMPLE 5: "A" is always the vertical axis on semiconductor band diagrams. (A band diagram should not be confused with a band structure. In a band structure, the vertical axis can be thought of as either "A” or "B”, it doesn’t matter,)

Ref: http://sjbyrnes.com/fermiterminology.html p_type n-type p_type n_type

logc,,+ -

He~
He- = Ue- — F

fe = i oge.-
(Ue-)




Question: how to understand the open circuit voltage

e ; A
W 2442 Ocv)y

We already know:
A voltameter measure the difference of electrochemical potential of

ah *
cathode \VJ anode electrons (fi.-) ;
2. OCV=(ji,-(anode) — fi,-(cathode))/F
Lit
Sec trolyte= Following question:
What parameters are ji,- (anode) and fi,-(cathode) related to?
Li,CoO, Li, C¢ (graphite)
electrolyte
cathodee_ electrolyte Li*+ e => Li(in Li Co0,) anode Li (in Li, Co) - Lit+e
|
L fio-(c) + fi i+ (lyte) = pg;(c) Li* upi(a) = fie-(a) + fi +(lyte)
1 T ¢
|
A\Y A A/ +
Li.CoO, Overall: (“rocking-chair”) Li, C¢ (graphite)

Li (in C¢) = Li(in Li,CoO,)




Question: how to understand the open circuit voltage

e ; A
W 2442 Ocv)y

electrolyte
cathodee_ electrolyte Li*+e" = Li (in Li, Co0O,) anode Li (in Li,Cg) > Li*+ e
|
I flo-(c) + [+ (lyte) = pupi(c) Li* ui(a) = fie-(a) + fi+(lyte)
SV 1 o
|
Li.CoO Li, C * hit
L Overall: (“*rocking-chair”) 46 (gfaphite)

Li (in Li, C.) =2 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: u1i(@) = flo- (@) + fyprCiyte)
fi.-(c) + M= i (c)

uniform in the electrolyte, i.e.,

1
OCV = _F(ﬁe‘(c) - .ae_(a))

1
=T F (ri(c) — ui(a))




Question: how to understand the open circuit voltage

e ; A
W 2442 Ocv)y

Let’s go back to the full cell:

Overall reaction: (“rocking-

N chair battery”)
cathode \VJ anode

Li (in Li,Cg) = Li (in Li,CoO,)

_ _ _ Gibbs free energy (per mole) of the reaction:
HLC00, LiyCe (graphite) = AGp,(x,¥) = puyi(c, LixC005) ~ pyi(a,Liy, Ce)

“Gibbs free energy is the maximum reversible work that may be

oCV = — e (i () — pri(a)) = — lAern(x, ) performed by a thermodynamic system at a constant
F F temperature (T) and pressure (P)"

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.



What factors influence the chemical potential of Li in

W) Z7R5 electrodes?

LiFePO,

=)

Li*

LisCo,Ni,

Mn,O,

0) Phase transition induced by s| Solid solution (no

38 k LiFePO, lithiation \/ phase transition)
4F .
V| LAk G |
30r } 2} ] .
Fixed u;; (governed by Continuously

26 L L ! L l Gibbs phase rule) resulted in 1} LiCo,3Ni;sMn430, { varying piz; and
0 0.2 0.4 06 08 1.0 fixed OCV T e e
. LVUFGPO‘ 0(] 50 1(2‘[)) , mAh':;? 200 250
Huang, Nazar et al., Electrochem. and Solid-state Lett., 2001 Yabuuchi et al., Journal of Power Sources, 2013

We are going to discuss this with more details in the future lectures on electrochemistry.
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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 al - where conventional current enters
oxidation reaction
ol . Proton-Exchange Membrane . .
Lithium-ion battery s (PEMI?C) Solid Oxide Fuel Cell(SOFC)
> o > e > e
D) ) D)
\_/ NG \_/

A

A 4
I
A 4

o, |H, -0,
Lit AT~ H < > 0 7|

H.0 | H,0

2




The OCV of solid oxide fuel cells: continuous supply of
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cathode \VJ anode Different from a battery, in a fuel cell, the reactants at cathode and
anode are continuously supplied (“an opened battery”).
o~ ™ 02 ~T™No Let’s first consider something very simple (so-called concentration cell)
> pO,(a otal reaction: V2 c), cathode 2 a), anode
pO,(c) O,(a) . Total ion: ¥4 0_ (pO._(c), cathode) > ¥4 0, (pO,(a), anode)
cathodeI . elactrolife electrolyte  anode
Ozﬁ\l‘ Oz 1/20,+ 2e- > O (electrolyte) O{\ 0, O (electrolyte) 21/20,+ 2e-
pO,(c) 1
1 ~ o~ | Poz(a) 7 l —1 20—
FHo,(€) + 2fi.-(c) = fiy2-(lyte) | fip2-(lyte) = spo,(a) + 2fi.-(a)

e



The OCV of solid oxide fuel cells: continuous supply of
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cathode \VJ anode Different from a battery, in a fuel cell, the reactants at cathode and
OZA\ H, anode are continuously supplied (“an opened battery”).
O
/S Total reaction: H,+ %20, > H,O
H,O

h

o odel e electrolyte electrolyte  anode
l H2 H 2- =

_ ). 0 -3 O>(electrolvt ,+O2(electrolyte) 2 2e" +

O, \__(3 1/20,+ 2e (electrolyte) 0> < H.O
—_—
Y0, (€) + 210 (c) = fige-(lyte) = HO g (te)s wy, (@) =
e Zﬁe_(a) + nu'Hzo(a)



The OCV of solid oxide fuel cells: continuous supply of

e - jl"i.
W) ER52 reactants

cathodeI . electrolyte electrolyte  anode
H2 2- -
OZ"‘\{ ok 1/20,+ 2e” = O>(electrolyte) - < Ezgo (electrolyte) > 2e" +
Yio,(€) + 20, (¢) = fige-(Iyte) ' HO g (yte)s i, (@) =
e 2fie-(a) + pp,o(a)
Overall n: H, (a)+ %0, (c)> H,0(a) brxn = Hi,0(@) — iy, (@) = 3110, (€)
Mo, () + 2fi-(c) = fiyz-(lyte) } 0CV = — 1/F (fi,-(c) — fi,-(a))
foz-(lyte)+ uy, (a) = 2fi.-(a) + py,o(a) =—1/2F (,uHZO(a) — ug, (@) — S, (c))
= —1/2F Urxn

=

=

RT 2
We have: uy,o(a) = ,ugzo + RTlnpy, o ‘ ocV = — 1/2F<H$xn + RTIn PH,0 ) _ FO 4 lanzPOz

= 2F
N PH,Po,> e
“Standard condition”




——
uu@%ﬁ%

WESTLAKE UNIVERSITY reactants

cathode U anode
sz\\ H, Overall rxn:
Oz I
< Hz(a)+ 15 02 (C)% Hzo(a) Urxn = Hrxn == RTln
H,O
1
RT 2
oCcV =—-1/2F l“tgxn + RTlanol — EO + lanzpoz
5 2F PH,0
PH,Po,

Ue-

What about chemical & electrochemical potential distribution?

~ Local equilibrium: 1/20,+ 2e” = O*

o, + 2fe- = [ip2-

The OCV of solid oxide fuel cells: continuous supply of

PH,0
1

PH, 2902E




.., o The OCV of solid oxide fuel cells: continuous supply of
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WESTLAKE UNIVERSITY reactants

cathode \VJ anode
Overall rxn: O, (pO,(c), cathode) > O, (pO,(a), anode)
o, | o= ~T™No
: RT = po,(a)
pO,(c) 0,(a) OCV =E°+ —In—2
g 4F " o, (©)
What is this useful for?
If we fix pg, (a), we can determine p, (c)
by measuring OCV. = Oxygen sensor
Hoz- Local equilibrium: 1/20,+ 2e” > O* Lambda sensor
fle- Yo, (Or o) Mo, * 2Mle= = flp2-

H,(a)+ %20, (a) €= H,0(a)
If we change anode to H_/H,O, the same set of equations still apply by D o(a)
recognizing the chemical equilibrium between H,, O, and H,O K(T) = 2

P, (@)Po, (a)?
I ——————T



[Gj &M <4 Things we have discussed in this lecture
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Macroscopic picture of ion transport:
® \What are the governing equation of diffusion and drift of ionic/electronic defects?
® How to solve the case of ion transport when both diffusion and drift occur simultaneously?

Electrochemical potential:

® What is the difference and relationship between chemical potential, electrostatic potential and
electrochemical potential?

® How to express the open-circuit-potential of an electrochemical system by using electrochemical
potential of electrons?

Goal of this lecture: you should be able to answer the questions above now (hopefully) :)
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End of Lecture 3
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