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@ ## <4 Diffusion & Reactions of ions/ionic defects in solids
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- E (= Vg, drift)

Surfaces/Interfaces

o ‘/\l . = lattice site
. = jons (e.g., Li*,
electron @ N, H+, O02..)
Reaction:
concerted ion & v (d'ff sibd)
< U (diffusi

electron incorporation

lon motion: drift + diffusion
® Similar to electrons/holes in semiconductor physics;

Goal- ® |on mobility is much slower - totally different temp. and time scales.

By the end of the semester, you will have a clear physical picture on the diffusion & reactions related
with ions in solid state and have the tools to analyze the fundamental physical chemistry process.



Ejj #&#M<4 Diffusion & Reactions in Solid Oxide Cells (SOCs)
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Example:
Mixed ionic and electronic conducting oxides at high temperature
(Electrodes for Solid Oxide Fuel/Electrolysis Cells) O
Grain
O29) boundary  bulk
.0

o5 vs | Vs
Surface ® O T O .
o — ¢
)% NIV E
Surface reaction Bulk diffusion Trahsferacros.s Sellesiic .
grain boundaries electrochemistry

Jo = _ksurfcsurf Jo = —DVc
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Review of course content

Defect chemical equilibrium

Brouwer diagram:
[def] ~ [na;

[ = charge neutral species (e.g., O2,
Li)

Space charge layers (SCLs)

¢ (x1) = ¢ (x3)
.

a; (xq) # a; (x3)

® Gouy-Chapman case
“frozen”

® Mott-Schottky case) defects

\

O _

0x Solid State lonics:

’

J

<——Transport and Reaction of ——

lonic defects

i
—*0
0x

fi; = p) + RTlna; + z;F¢

/ lonic defect transport

® Diffusion: Vu # 0 (Vc # 0)
® Drift: Vgp # 0
® Coupled drift-diffusion:

O-l
Ji = _ZZFZ

Concerted ion-electron transport
Chemical diffusivity:
8
s _ RT 90
O " 4F2 co

~

Solid-state electrochemistry

\_ ® OCP:E = (7 — ' .)/F
® Kinetics: Butler-Volmer egn.
Marcus(-Hush-Chidsey)
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log 0 ~ log pO, plot of acceptor-doped SrTiO,
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= [R'] < py 1/4 pO,/bar  deSouzaetal., PRB, 2014
2

= [e'] < po, ~*/*

Otor = Nele + pelp +V(ZVe):uV

At ~g73 K for SrTiO;;:

Ue, Up ~ 0.2.cM?[(V-S) VS. Uy ~ 4 X 1074 cm?[(V-s)

Ohlyetal., J. Am. Ceram. Soc., 89(9) 2845-2852 (2006)



Ejj ## A4 HW |, Problem |: Defect chemistry of SrTiO;

WESTLAKE UNIVERSITY

L t pointin the | ~log pO, plots
log 0 ~ log pO, plot of acceptor-doped SrTiO, owest pointinthefog o ~1og pt, p
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Ohlyetal., J. Am. Ceram. Soc., 89(9) 2845-2852 (2006)
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log 0 ~ log pO, plot of acceptor-doped SrTiO, Shaded area in the log o ~ log pO, plots
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Ohlyetal., J. Am. Ceram. Soc., 89(9) 2845-2852 (2006)



HW |, Problem Il:“p-n junction” in yittria-stablized

W ERZZ Zirconia (YSZ)

1000°C | OS = VO + 26’ + 1/202

lon {don)

For (Y,0,),.08(Zr0,), 4 (so-called 8YSZ), [V, | is fixed by Y dopants

A = [e'] « po, /4
P 5 lonic conductivit
£ Otor = Nele +pepp + Vo |(Zyse)uy; —— dominates Y
!
g i
Electronic current density:  Jo- = —F J,- = %Vﬂe— (Zo- = —1)
O,+
jwr = Flps = === Vil (@ = 1)
. . . Te= - Op+ O~ + Op+ _
P S Jeon = Je= T Jn+ = VHew = = Vilp+ = ————— Vile-
0 -2 -4 -6 -8 -10 12 _14 _16

log po, (atm) (ﬁe_ = _ﬁh"')

Park et al., J. Electrochem. Soc., 136(10) 2867 (1989)



HW |, Problem |1:*p-n junction” in yittria-stablized

W) 271255 zirconia (YSZ)

Cathode YSZ Electrolyte Anode
fie-(a)
pO.,(c) =1 atm Note:
€, _ fip2- ® At open-circuit condition, ji,z- is
“ uniform across the electrolyte;
| ® 0CV = —1/F (fi-(c) = fi-(a))
O.(a) =10® atm
w,@

10,(0) + 2fie-(c) = fige-(lyte) o2 (lyte) = buo, (@) + 2~ (a)




HW |, Problem |1:*p-n junction” in yittria-stablized

W) 271255 zirconia (YSZ)

Cathode YSZ Electrolyte Anode
ﬁe_(a) A
pO.,(c) =1 atm 0 p2-
' o \/
(@)]
O
_ Oc— + Op+
A’ | log pO
, O,(a) =107 atm 2
Ko@) T | . |
Jem= = TJo2- = Jo
. . ~ Op2- > Op,— + 0p+
Jeon = Je~ Vile- o o ¢ h
F Constant inside the l
0p2- _ _ YSZ electrolyte Ofi,- 0fi2-

2F 0x > ox




HW |, Problem |1:*p-n junction” in yittria-stablized

W) 271255 zirconia (YSZ)

Cathode YSZ Electrolyte Anode
ﬁe_(a) A
pO.,(c) =1 atm 0 p2-
' o \/
(@)]
O
_ Oc— + Op+
A’ | log pO
, O,(a) =107 atm 2
Ko@) T | . |
Jem= = TJo2- = Jo
. . ~ Op2- > Op,— + 0p+
Jeon = Je~ Vile- o o ¢ h
F Constant inside the l
0p2- _ _ YSZ electrolyte Ofi,- 0fi2-

2F 0x > ox




HW 1|, Problem |1:"“p-n junction” in yittria-stablized

W ERZZ Zirconia (YSZ)

E 0'02_
@)
I
x o
- g
e o Oe= T+ Op+
5
o n-type p-type
D- o
log pO,
Je- = —Jo2- = Jo
. On2— > O,— + Op+
Jeon = Je~ He- o 0 ¢ h
F Constant inside the 1
. 0p2- _ _ YSZ electrolyte Ofi,- Ofi2-
Jion = Jo2— = Viig2- - 9
2F 0x 0x

Courtesy: Kaichuang Yang (TA)
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Mixed ionic & electronic O~ _ _ Og-
-=——+Vji,-= —— (Vu,- — FV
conductor (MIEC) Je F2 'He F2 (Vi ¢)

Chemical diffusion

TFZou,t o, (Vipg+ + Vire-) —  Dilutelimit: Vi, = (RT/c;)Vc;

RT O-e_O-Ag-I- 1

1
- + Vc
F2 O'Ag+ + Oc- (CAg'l' Ce_) Ag
\ J \ )
Y Y

5 5
. 1/R 1/C

J

6
D4,
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"Job-sharing” ionic
conductors
a phase
. —> lon (Ag*)
® Electron (e")
B phase
Y
electronic
conductor

]Xg+
JE-

/ conductor  Jagq =]ffg+ =]f—

]Ag ==

HW |1, Problem |:“Job-sharing” mass transport

GXng ~a thg
2 Vilyg+ = (VMAg+ + FVop%)
Oc- : B =~ o,,B
_—Fvﬁ — =5 (Vue- — FV§F)

—— Agflux =lonicfluxin a phase
= electronic flux in B phase

Ueﬁ- Ggg B
=4 1
aAg++0_ aAg++0_
B
1 0,- O'A
~ g TGy + Vg + FY(¢° = ¢F)
aAg++0_
B
RT 0,-0 1 1 F 0(¢p% —oF
—— Agﬁ( + . + (¢ d) ))VCAg
F O'Ag++0' Ag+ Co- RT  dcyg
\ \ v
\ 1/R5 1/C° )
Ya
DAg
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[Gj ##M<4 HW ||, Problem |:“Job-sharing” mass transport

Mixed ionic & electronic *Job-sharing”

ionic
conductor (MIEC) conductors / conductor
a phase
O —— Jon(Ag"
o Electron (e°)
B phase
~
Chemical diffusion electronic
conductor
f _«a
1/R® To=0pg+ Oc-Oygt
Opgt T Og- Ofg*‘ + Ueﬁ—
of o
e”"Ag* o7, a phase RbAg, |, o + = 0.27 S/cm, o5~ = 3 x 107°S /em
~rA
0fg+ T Ueﬁ_ 7 B phase graphite, af_ = 1250 S5/cm
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[Gj ##M<4 HW ||, Problem |:“Job-sharing” mass transport

Mixed ionic & electronic “Job-sharing” el
conductor (MIEC) conductors / conductor
a phase
O —— Jon(Ag"
o Electron (e°)
B phase
. . \
Chemical diffusion electronic
conductor
a _ 4B
1/68 1 1 1 £ 1 1 F a(¢ g[) )
+ a B .
Cagt Co- Cagt ct_ |RT~ 0csg | —> electrostatic term
1 1 o phase RbAg, I, c¢¥ + ~ 10%2 ¢m™3
g K 3 P Iilsr Cagt
Cag*  C,- B phase graphite, cf_ ~ 101% ¢m™3
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WUJ &#44% HW 11, Problem I:“Job-sharing” mass transport

Gauss’s Law:

_ Qenc 7> “enclosed charge”

Electric field <=t E

At position x = 0:
® ————clectrone
B phase

0 P L i 7 CagFs

dx =0 S €0y

F 0(¢p*—¢F) F Fs?

3
RT 0Cag RT gy¢,

~10"17 em

~ o« aphaseRbAg I, ¢, + ~ 1022 cm™

C,- B phase graphite, /- ~ 101° cm™3



HW I, Problem |l: The exact solution of the potential

——
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et Profile in Gouy-Chapman case

Let’s consider the Gouy-Chapman case with +ze/[-ze defects:

C; 4 Space charge region

I
P

p(x) = 2zec; sinh(—

zed(x)
kpT

)

1 Poisson’s equation

d?¢ p(x) B 2zeC; o

2
dx E0 &y Eo &,

Sin

zedp(x)

B

)

!

d¢. - 2kgT . zep(x)

EocrkpT
AD ==
2z%¢c; . e?
1 L0

g = 5 TV 2k,T )
tanh(ze¢(x)/4kpT) X
tanh(ze¢,/4kzT) o Ap

d(x)~x

(universal form)




HW |1, Problem |l: The exact solution of the potential

U] &1~ 4%
3 Bt e profile in Gouy-Chapman case

e

If zepy K kgT, we can
e (o)) S5 ) = exp(—i ¢(3_C)~x Iinearige theBequation by_> ¢(x) = poexp(—x/4p)
tanh(ze¢,/4kgT) Ap (universal form) Ve i e = 55

~O— ¢ = 100 mV % ~O— c¢=10%cm™3
0.8 —O— ¢o = 1000 mV 0.8 i —O— ¢=10%?cm™3
,0.6 506
=g Ay
~ <
0.4 0.4
0.2 c 0.2
O . O . O . O 1 ‘(=
0 20 40 60 80 0 5 10 15 20
x (A) X/A

Courtesy: Kaichuang Yang (TA)
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HWV lll, Problem |: The Nernst term in the Butler-Volmer

e - jl"i.
W) &A% Equation

k.
O+e =R EV =0V

0 =

. Non-equilibrium | = F,f(fz’ —R) =FAK® lexp (— “ZiE) [0],—0—exD ((1_Z;FAE) [R]x=O]
Electrode surface area
R
, aF(E — E%) (1—a)F(E —E%) Butler-Volmer Equation
> X

© "Sanity check”: at which potential £, i = 0?

F(E —EY 1—a)F(E —EY ,  RT [0],=
exp (— af( 7T )> [O],=0= exp <( @) Rg“ )> [R],=0 » Eeq = E% + 3 ln([R]xzz)

Nernst Equation!




HWV lll, Problem |: The Nernst term in the Butler-Volmer

e - jl"i.
W) &A% Equation

ke
O+e =R EY =0V
0 =
- We define overpotential as extra driving force compared with E,, Overpotentialn = E — E,,

jo = F k°([0],20) " %([R],=0)% I, : Exchange current

R
. F(E-E" 1-a)F(E-E"'
j = FAK |exp (— 2 [0]xm0—exp (=) [R]y—o

> X ‘
0

de Donder relation

. . _ C(F(E - Eeq) (1 _ C()F(E - Eeq)
J = o fexp (- ) - emp ()

. Fn
]a/]c = —exp (ﬁ)




HWV lll, Problem |: The Nernst term in the Butler-Volmer

e - jl"i.
W) &A% Equation

F(E—EY 1—a)F(E—-EY
j = FKC [exp (—“ e )> [0]x=o—exp<( 2L )> [R]x=o]

100 100
e —— Cp=1 mol/L
—— ¢p=0.1 mol/L

1071, 1071
\\ / —— Cp=0.01 mol/L

R 1074 \ - 1072

Cr = 0.1 mol/L
EY =0V

fepes N7 1073
£ 5
. < 10+ < 10
o)
1075 105

—— k%°=10-%cm/s
—6 | -6
10 —— k%=10"°cm/s 10

—— k%=10-"%cm/s

1077 . - . ' - 1077 - ; . - .
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

E (V) E (V)

Courtesy: Kaichuang Yang (TA)
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HW lll, Problem Il: Phase separation in electrochemical

WESTLAKE UNIVERSITY ion ic Syn apses

1 dG X
Source Drain u(x) = —- = RTIn(—) (X = 0/0max)
Omax 0X 1—x
Oeon(9)
5max
:
] 150 At equilibrium:
|
.o ,
o [li ¢ IS P 1) = u(xy)
|
) 501
v V¥ > .
WO3 52 g 0
3 01 = 03 = Omax/2

_50_

Gate —100-

—150+

00 02 04 06 08 1.0
X

et

Volatile
(61 # &5 is not stable)

Kim et al., Adv. Electron. Mater. 2022, 2200958
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Electrochemical driving force:

lonic synapses

= 1 ) — 1(1/2) = by Tin
n =z Wxz) —u(1/2)) = kgTin(z—)
Current density:
S | ( aF) (1 —a)Fn
_Kx)—Jopr BT ~ €% 2T
_ | —a_ 1-a
= | AN
, A-l-2e
Charge—> dQ = j(x) A dt = (6max dX) 7
1/2 1 teq V
(x) dx = dt
sz j) o Omax - 26

Kim et al., Adv. Electron. Mater. 2022, 2200958

HW lll, Problem Il: Phase separation in electrochemical

ux) =

1

Omax 0X

oG
— = RTIn(

X

) (x = 6/0max)

1—x

M (meV)

—501 |
~1001 |

~1501 !

150 !
1001 |

50-§

04 06 08 10

X

00 0.2



.L-Gj ek HW I, Problem |l: Phase separation in electrochemical
PH IS 5

WESTLAKE UNIVERSITY ion ic Syn apses

Electrochemical driving force: teq increases when further deviates from equilibrium (x = ¥%)

1 RT X 0.201
N = ulxz) —pu(1/2)) = —=kpTin(z—2)
Current density: _ 0.15;
S | aFn (1 —a)Fn L‘Z
10 = o (<22 - xp (U5
—_ i [ a — 44 L 1-a :-(\Dl
=jo| = =" g
0.05-
ch dQ = j(x) A dt = (8, dx) o2
G Q =Jx 1_ ( max x) v 0.00.
jl/z'( yar= [V | | X
X X =
v a1 2e

Kim et al., Adv. Electron. Mater. 2022, 2200958



HW lll, Problem Il: Phase separation in electrochemical

W EZEZ ionic synapses

1 0G X
Source Drain p(x) = Bs O = ho (1 -2x) + RTth(1 — x) (x = 68/6max)
6=20 0 = Omax/2 0 = Omax
30 i i i
] i
' 601 | b
E B | Phase At equilibrium:
VO i e’ YSZ i i separated /E 'u(xl) = H(xz)
! _. 207 ! ' ‘\ !
i > 1 I
3-62 ! ! !
Hee) fl L) a % VN8 # 85 # Sax/2
~401 |
; I
Non-volatile
~801 | | I | i (61 # 0, is stable)
0.0 0.2 0.4 0.6 0.8 1.0
X

Kim et al., Adv. Electron. Mater. 2022, 2200958
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End of Lecture
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