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[Gj &M <4 Things we will discuss in this lecture
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Type of electrodes and Stoichiometry polarization:
® \What are the different types of electrodes used for measuring conductivity?

® How to understand the stoichiometry polarization with ion-blocking electrodes?

Electron-blocking electrodes and the Hebb-Wagner method:
® How to understand the intercalation process of ions & electrons?

® What is the Hebb-Wagner method for measuring conductivity?

Goal of this lecture: you should be able to answer the questions above by the end of this lecture : )
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Ejj @## 4% Problem set-up: MIEC + partially blocking electrodes

Electrode 1 Electrode 2
: Electrodes can be:
O ot ' ® reversible (jon+eon)
j —> —_— ® /on blocking
(current density) Q electron ———p ® eon blocking
> X
0 L
v

Mixed ionic and electronic conductor (e.g., Ag,Te, SrTiO,, LiCoO,, H,NdNiO,, MAPbDI....)

We want to know:
® Concentration of charge neutral species (chemical composition) as a function of lateral position (x) and time (t);

® Chemical potential of charge-neutral species and the potential between two electrodes as a function of x and t.

Yokota, J. Phys. Soc. Jpn., 1961
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Electrode 1 Electrode 2
: Electrodes can be:
Q© ion ' ® reversible (jon+eon)
j —> —_— ® jon blocking
(current density) Q electron ———p ® eon blocking
> X
0 L
v

Mixed ionic and electronic conductor (e.g., Ag,Te, SrTiO,, LiCoO,, H,NdNiO,, MAPbDI....)

JOURNAL oF THE PHYSICAL SOCIETY OF jaPAN, Vol. 16, No. 11, NovEMBER, 1061

i e T WY
On the Theory of Mixed Conduction with Special Reference to This is a solved problem (kEEHﬁ&{E*\k’ & E ’%j(?_’ 1961)
the Conduction in Silver Sulfide Group Semiconductors

By Isaaki YOKOTA However, this does not mean that the solution is easy to understand.
Department of Physics, Faculty of Seience, University of Niigata
(Received July 12, 1961)

Yokota, J. Phys. Soc. Jpn., 1961




(Gj #&#~<4 MIECs should be charge neutral except at interfaces
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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




W) &A% Master equations: potentials, transport equations
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Electrode 1 Electrode 2
Pt Pt

je — —— je
(current density) O e —_—

Both electrodes are ion-blocking

> X
0 1 L
HXNdNiO3 (as an example)
dii whe
Transport equations: jo =jo- = —FJ, = % a‘;e Tt 2 e = 18l = _%£

U =py = fl, +[; | — Potential difference between electrode 1&2 | U = (ji,(x = L) — ji,(x = 0))/F




W) &A% Master equations: potentials, transport equations
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Electrode 1

Pt

je_>

(current density)

What happens at steady state?

Electrode 2
Pt

—_— e

Both electrodes are ion-blocking

HXNdNiO3 (as an example)

o; Ofl;

F ox

i
> =0
0x

U= (fle(x=L)—f.(x=0))/F

U= (ukx=L)—ukx=0))/F

> i

i.e., the measured voltage is
Nernstian (stoichiometry polarization).



@ &#M <4 Master equations: Fick’s second law
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Electrode 1
Pt

je —
(current density)

Electrode 2
Pt

—_— e

Both electrodes are ion-blocking

> X
0 L
Since charge neutral is met, then the process can be described as chemical diffusion
2 dc(x,t Fj o i
Fick's 2" law: HBE5E) = D‘SM Boundary condition: 5t — O -1 > = QC_O
ot , dx? 0x _ g, 0c o, RT
i x=0,L e
chemical diffusivity Dilute limit

Small current




ﬁjj & # <4 Solution to the partial differential equation
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Electrode 1 Electrode 2
Pt Pt
je — — je

(current density)

Both electrodes are ion-blocking

> X
Solution to the PDE:

Fjc x t 2
c(xt)—c0+—]—0L[z——+(D(— —)] T6=il’_

4 1
(5,5) = — 2 G el m 1)25] cos[(2m + 1)7¢]
=0

Yokota, J. Phys. Soc. Jpn., 1961



@ & # <4 Solution to the partial differential equation
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Electrode 1 Electrode 2
Pt Pt
je — — je

(current density)

Both electrodes are ion-blocking

> X
0 )
The voltage measured between two electrodes: iL o 0 ) t
U@ =C-— exp[—(2m + 1)2—])
_RT c(L,t)\ RTAc RTc(L,t)—c(0,t) / o, n? Ly (2m+1) .
_FnC(O,t)~FCO_F Co .
J e e .
U(t)| _Ju | Ifwe Ivvalt infinitely long time...
too  O¢ Ohm'’s law (!)

Yokota, J. Phys. Soc. Jpn., 1961
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@ & # <4 Solution to the partial differential equation

Electrode 1 Electrode 2
Pt Pt
je — — je

(current density)

Both electrodes are ion-blocking

> X
0 L
The voltage measured between two electrodes: iL o o ) t
u)=—~ ——Zz ~exp[—(2m + 1) —=])
_ RTl c(L,t) RTAc _RT c(L,t) —c(0,t) / Oe me e 2m+1) T
“F "N\ct) Fe F o
jL 8 t 5 t

Yokota, J. Phys. Soc. Jpn., 1961
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Potential measured across the sample as a function of

time

L
o-Ea- 43 s

>exp[—(2m + 1)? T%])

U =211 - — e (- )
=—[1 ——ex
O, 72 CP\T 78
10% '. Long-term
I.\
o
.‘.
‘l
.\.\.
‘l
1071 %e
LY
[ ]
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5 ha
(t >» 19) .y
L
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@ &#M <4 Master equations: Fick’s second law
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Electrode 2
Pt

Electrode 1
Pt

Je = —_— e

(current density)

Both electrodes are ion-blocking

> X
0 L
Since charge neutral is met, then the process can be described as chemical diffusion
. dc(x,t d0%c(x,t
Fick’s 2" law: () = D5¥ Steady state > de(x,t) = 0 [—> c(x, ) must be linear
ot . dx? ot |
i —00

chemical diffusivity Assumption: D? is constant (which means small Au)




@ &#M k<4 Mystery: steady-state diffusion and Fick’s law
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Approach 1: Approach 2:
At steady state, we h T At steady state, we h o L ps 2t

steady state, we have: Fie steady state, we have: Pyl Py

o 2
- _| 2" » ushould be linear ?_C = (0 | —> cshould be linear
z2F2 0x 0x?2
_ ~ |du OJdlnc
If we assume dilute limit = = const
0x 0x
X

Which approach is correct?




@ &#M <4 Mystery: steady-state diffusion and Fick’s law
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o ou c du
z2F29x _ RT dx

= ) =

® |n principle, D should be a function of chemical potential (or
concentration), i.e., D(u) or D(c)

® |n both approaches, we have assumed a constant diffusivity D,
which means small variation in driving forces;

c(x,t = ) ® |nreality, D is probably more strongly affected by a varying in u
(In c) rather than c.
‘0 co + Ac Ac
Small flux: | Au = RT In( ) = RT —
Co T Co
|
x Ac & ¢

“first-order approximation”
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Electrode 1 @
Naﬁ on . Electrode 2
ion-blocking Py
A € | eon-blocking
OT— +«—O
Ji = —_— e

/

reversible counter

electrode > X
0 L
- dc(x,t t.j
Fick’s 29 law: oTixt) = D‘SM Boundary conditions: cxt) - (z=1)
ot : 0x? ox | _ FD°
‘ x=0
chemical diffusivit
sty 0 t)|  _ Y
ox | _, ~ FDS “ o, to

Preis and Sitte, J. Chem. Soc., Faraday Trans., 1996



Asymmetric blocking electrodes: the effect of

W) Z2XZ transference number

Ofpr+—0
A (v B
1 ; ]
® o |ty =0.001 — oo
“D 0B — 0 26
< 5 S TR\ 0.20
-g g- g ; 0.6 — 0.30
S| 2 T | T a
o B 3N | B 04| O 82 |
g| ® 3 = |
€ z+ .g ), y
3| M 94> <t
bt ey
7 0 0.5 1
0 L x/L
dc(x,t 1 —t: )i
Boundary conditions: (x,£) _ ion)J
0x zF DY
x=0
dc(x,t) _ tion)
ox | . zFDS®
x=L

Usiskin and Maier, PCCP, 2018
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Electrode 2

Pt

—_— e

Electrode 1
reversible
O H —>
Jie =
O € =——p
0
2
Fick's 2" law: Icx,t) — 1)5a (% t)
ot | dx?
v
chemical diffusivity

Boundary conditions:

v
=

c(x, t)|x=0 =co | (Why?)

dc(x,t)
d0x

x=L

_ Fjc
~ 0,RT




[Gj #&#~4 Reversible electrode: Hebb-VWagner measurement
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Electrode 1 Electrode 2
porous Pt Pt (dense)
reversible
O o= —>
ji,e —_— —_— e
O €& =
Ho, (Poz)
(La,Sr)FeO3_5
> X
0 L
Reversible means the chemical potential must Boundary conditions: | ¢(x, t)| _=co | at pg,(x =0)
beequalatx =0 x=0
(similar to the use of a reference electrode)
dc(x,t) _Fjc
0x | _, 0cRT
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Electrode 1 Electrode 2
reversible Pt
—~
. ////////// .
Jie = — —> Je
=
‘/¢;?// ‘.
| . x
0 L
, dc(x, t) d%c(x,t) "
Fick’s 2nd [aw: L pé__'~7 Boundary conditions: | c(x.t = C Why?
at . 0x? Y & )|x=0 o | (Why?)
v
chemical diffusivit
ff 4 dc(x,t) B Fj ¢
Notice that the concentration profile is the right half of the case Ox . o, RT

with two blocking electrodes.




Ejj & # <4 Reversible electrode: Hebb-Wagner measurement
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Electrode 1 Electrode 2

porous Pt Pt (dense) ) ’
reversible 2[Vo] = [Yz,]

ﬁ ﬁ

ref
U
oz YSZ

v
=

log [defect]

0 L
If we define U = Afi,-/F Afiyz- =0

20fig2- — 4A[i- = Apg, = o, — ,ngif —» U = Afi,-/F =—-1/4 (Ho, — ,ugif)/F

In this experiment, we control applied U, then measure current response joon = je + Jn log pO,
Po, - FU Po FU Uo
O, = o-eref(r_ezf) 1/4_— O':efeXp(ﬁ) oy = O.;l”ef(r_;f)l/ztz ;;efexp(— ﬁ) , ——




Ejj #&#~4 Reversible electrode: Hebb-VWagner measurement
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Electrode 1 Electrode 2
porous Pt Pt (dense)
reversible [Vo ] [er]
O o —»
— —
O € —p .
ref 8
.Uoz "'q—)
YSZ 10
> X ;
S

0 L

Po, . _ FU Po FU
0o = 0, (G =g exp() | |on= 7 (g rep) 1= o exp(= =)
Po, Po,
o 1juoz(L) 0, (x) - 1ju02(L) 1 yef Ho, (X) —,ugif . log pO,
Je T 1) res aF 02T L) rer Tap% P aRT %o, no, —
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Ejj #&#~4 Reversible electrode: Hebb-VWagner measurement

Electrode 1 Electrode 2
porous Pt Pt (dense)
reversible [Vo] [er]
O o —»
— —
O € —p .
ref 8
.Uoz "'q—)
YSZ 10
> X ;
S

0 L

Hebb-Wagner relation:

RT  ref FU FU
]eon = ]e +]h - ﬁ (0 (exp (RT) 1) + Uh (1 — exp (_ ﬁ))) |Og p02

Ho, —
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Hebb-Wagner relation:

| RT  vos FU - FU
jon = e +n = g 5 (29 () = 1) +ob” (1~ e ()

ForYSZ: (Remember, alarge U means reducing potential)

Small U - linearized behavior | jeon = Jje +Jjn = — (UTef + hef)

log [defect] ——

1 transition region

linearized /\‘
o, dominate

]eon

log pO,
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