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Fig. 1. Computational domain including the space charge
layer and bulk area, and boundary conditions used in the

present study.

2.1 Poisson-Boltzmann 77 7%
HAoENAT TS AR E T BT 5k
2% (6] HL Ay J2 N 2 A S e HE LU PB 7R, 1%
JrRER ] Poisson J R HL 5 5
F Z CiZ;
14 i

VoL
€0Er €0Er

K, o W, p HHEMEE, ¢ 5 e, M HE
25 AN HLUE R, 2 R AT R, PO
WL, ¢ MM FWREE, Thr « R AR L0
T. KA Maxwell-Boltzmann J7 #2557 2R i
T

068801-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 70, No. 6 (2021) 068801

fii = 1 + RT In¢; + 2 Fo, (2)
Krf, ph g O hbniEfb =3, R AiE
SREE T OIREE . BRI AT b2 T
MR (Vi = 0)Bl, SCL N3 Pk B oA m]
TN
ziF (¢ — )

RT

Hodr, B b FR A, (3) i Fr =z Boltz-
mann 7347, ¥ (3) LA (1) =K, RIRTI52140F PB
i

ci = cexp

; (3)

4iF (9 — ¢°)
RT

Vi = — ! FZzicgexp . (4)

€0Er

AP, PB 75 e R A W O TS e
B, R fRAL T RER i A

2.2 Poisson-HiR FRETIEMEHIE
PB /R Vi = 0 LIE 45 2800 ik

() Boltzmann 43 Afi, {H i T #0178 AL 2= # kb
FEUR SN N RS SIE IR, %% 3 PB R CIE
6T AR L A G O (BP0 2
AEMIz3N). B R P s E B
PB 5 A A E Boltzmann 4345, #4238 FH 0
Y Poisson-Zi + B S EFR G . AR T
PR E R 1S

Oc;

ot
K, SR s N FERIRI (FEA S ),
N RERFEERE R, 1 RRHN

C’L-Di _
A
RT (6)

Hr, DAY IR 456 R (5) M5 (6), W]
DAAS BN T B SR O R R
dc; 2 F'D;
o = DVt Tpr
WS R (1) 55 (7) BN 1533 Poisson-#i%
JR SR A R B RS Bl AL A R i R T
RN

:_V'Ni+sia (5)

V- (ciVo). (7)

F222¢,D;
e, )
A, S A A — U BB B S B L
BPE dgsy, B IR FE R B R BT R L
Y S e

’ii = 7FZZD1V61 -

b

S
=

¥

i= FZZiNi. (9)

ARICHFER R M05 878 1) A0, E ALY,
e S v 757 RN

M>05 22 201, + Vi) + 308, (10)

S, M5 A 4ERIREE SOFC H R b 2
FHE Y 55 Gd S E =48 . Ce 5 Zr SIEMH 4
B, VR as i, 05 IR MR B2k M0, 5
) AO, 1 WA T L4 PR T2 5 S . (4
B FAR 2 55 V 205), B GRS I I T2 0k
(AR AR T A SR80 1, T A S 8 3 i
BT (R A TR ) B 7 SR 1
HRE T R TR 22 W B T2 P B A 1L
(Vea = 0), RAIEAZ R, 36T SUM A
PRI 0 () = & = 265

SCL HBH AR A T 3145 18]

1 oo 1 o 1
Ry = dr — —dz|, (11
: Across {/0 ov (17) v /0 U'\J/ m] ( )

N, Agoss BRI, ov AHFHRHoy =
Z%FQC\/D\//(RT) .

2.3 TENDH

AT AR &, X PB AERIFT Poisson-
o T B s R A AR B R AT T I WAk A
PR, IF 45 T 4 ] O 1% o AR A OC B C &
WBEL. BRI E g AR EE oy, S TTAL
(z = 0) HILE L 4. BTt 70 0 0 R AE K
JE AR BE | RROE FRLUI BE DL SRR IS R], B o =
i0xoRT /(23 F2eyoDy) W AFAE ML 3. Al 1% DL Jo i
X PB i F2:

V3¢t = [1—exp(=Q%¢")], (12)

_
(A5)°Q
K, B RN TCmNEL, My A TGN Debye
B, QTG .

12X Poisson-Z i 1 B ~FIEANG TN

1
Vit = (I-cy), (13)
(A5)”
86{‘, *v72 Lk * )k * *
at*:DVCV+DQV~(CVV¢). (14)
TC N L 2
= —LVC{‘,* —cyVo™. (15)

Q*

068801-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 70, No. 6 (2021) 068801

JohE4 SCL HLFH

1
R* = RR;L :/0 [Cv(lx) - 1] da*. (16)
B T A SO 9 B AR N 00 AR AL ke
P, (14) KT — 2w feh
V2 + Q*V - (¢4 V™) = 0. (17)
I, SCL N 2 A8 i 7252 LI AN T 2
SR

2vF oo
RT °’

P Ap 2B Debye KB, W RmR N

o RT
Ap = 4| Py (19)
Y Vo

To i 4 Debye K (A = A\p/x) FAE SCL
JERE 5 8 SRR BN RN, TRABEH (Q =
wFoo/(RT)) FRAEHK B 4 25 o7 A% iy 1) 2ok Fi, 35 5 4
PR E R ER T S LR B AR AR
A5 fF SCL WA B, mirh (8) 205 (15) =0
A1 R U H A S R B A B K Bl BTLJZIKTC‘

* A *
Asz—];, Q* = (18)

(0,0),
Co = { (cosB,,sinb,) c, 0o

V2 (cosby,sinb,)c, 0,

FLRREL w, TR N
4/9, a=0
we = 4 1/9, a=1—4. (22)
1/36, a=5—9
XA TS B (20) FEAS [ A IR IT P-4 73 A1 bR
R Rk 0T (R 1 irg))) #5475 Chap-
man-Enskog 2 R @I, 7EF28 T w430k i
Joi 4N PB K& . JoiE 4 Poisson /75 Joi N

(o —1)m/2,

PL 2 07 el B 2% AR AL 2 0 B9 BAE R X 4
PRAIFT SCL Ay UK E SCL JEEE.

24 HEHE

CA R E KT Boltzmann (LB) Fikn] LA
ARGl S0 TS S A A H B e e 2324, B A
PR BT i o R 5 VB A A R R A AL P 42
TR, AR LB ok BB, (20) X8
KA Poisson AT I ~FAE 5 AR A LB
AL T

fol® + €odi, t +01) — fo(x,t)

= L (falmt) 2@ D) waRed (20)
K, £, o0 B ZI S 2 AR e, 53T PRER,
6y AP w, IALREL,  NREHEI ], R, Hy
JEAE Gy B P R IR, A TS WME TR A SRR
Jr B AR KL 5 B A, SR ] =4k LB BOALK A
B 1 FrR a8, X X R I AR A A
M AR RN B 2 1 D2QY A4
IR A ITRR (20) HRRL TS

a=0
a=1-4 (21)

(¢ =5)mn/2+n/4, a=5—9

\
Ui BRI AR AR SO ATE B 40 3 1 B f S
{5 5 R R4 A Chapman-Enskog & $ K
R O AR A ey (20) A py a2
] | 5340 BRAACSIRITS | AL 2 R T

O = KOy + K*Oho, (23)
V= nVl, (24)
fa =IO +rfW+ 7P+, (25)

1 AR (20) ISR Ry R B K B~ AT SR, TRIURR s 3R 150

Table 1.  Equilibrium distribution function, source term and variable expression in the evolution Eq. (20) for obtaining diffe-

rent governing equations.
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Fig. 2. Comparison of the results predicted by the coupled Poisson and charge carrier mass conservation equation (Present model)

and the PB equation. (a) The net current density is 0. Results predicted by the PB equation from Ref. [18] is also presented for the
comparison purpose. Here, « = F/(RT) and lyg = [¢(0)ee,/(Feyg)]®?. (b), (c) Results of the case that the net current density is not 0.
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Fig. 3. Effects of dimensionless current density at the interface (i3/4) on (a) the potential and oxygen vacancy concentration at the

interface, and (b) the resistance and thickness of SCL. Distributions of (¢) potential, (d) oxygen vacancy concentration, (e) charge

density and (f) current density within the conductor when iz/4 = 2, 4 and 6, respectively.
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Fig. 4. Effects of dimensionless Debye length (Ap/1y) on the (a) potential and oxygen vacancy concentration at the interface, and
(b) the resistance and thickness of SCL. Distributions of (c¢) potential, (d) oxygen vacancy concentration, (e) charge density and

(f) current density within the conductor when Ap/z, = 0.01, 0.05 and 0.1, respectively.
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Fig. 5. Effects of dimensionless potential (zyF¢y/(RT)) on (a) the potential and oxygen vacancy concentration at the interface, and

(b) the resistance and thickness of SCL. Distributions of (c) potential, (d) oxygen vacancy concentration, (e) charge density and

(f) current density within the conductor when zyFg,/(RT) = 107, 1 and 10, respectively.
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Abstract

Space charge layer (SCL) effect induced by interfaces, e.g., grain boundaries in the polycrystals or
heterointerfaces in the composites, may make the characteristics of the charge carrier transport near the
interfaces significantly different from those in the bulk area. In previous studies, the Poisson-Boltzmann (PB)
equation was widely used to model the SCL effect, in which all the charge carriers were assumed to be in
electrochemical equilibrium. However, the assumption of the electrochemical equilibrium is no longer valid when
the charge carriers exhibit macroscopic motion. In this paper, we develop a model to simulate the charge carrier
transport within the oxygen-ion conductor, particularly in the SCL, in which the charge carrier mass
conservation equation is coupled to the Poisson equation. Our present coupled model, in which the assumption
of the electrochemical equilibrium is not employed, is therefore able to simulate charge carrier transport with
macroscopic motion. Two key dimensionless parameters governing the SCL effect are deduced, i.e. the
dimensionless Debye length characterizing the ratio of Debye length to the thickness of oxygen-ion conductor,
and the dimensionless potential representing the relative importance of the overpotential to the thermal
potential. Taking AO,-M,04 oxide for example, the conventional model with using PB equation and our present
coupled model are compared for predicting the SCL effect. Furthermore, the mechanism of the oxygen vacancy
transport in the oxygen-ion conductor with considering the SCL effect is thoroughly discussed. In a brief
summary, with increasing the current density at the interface, the SCL resistance shows a non-monotonical
tendency, i.e., it firstly decreases and then increases. Besides, enlarging the dimensionless Debye length
significantly increases the SCL resistance. The influence of increasing the dimensionless potential on the oxygen
vacancy transport is obvious when the overpotential is comparable to the thermal potential, but it becomes
negligible when the overpotential is far less than the thermal potential. These results may offer helpful guidance
for enhancing the performance of oxygen-ion conductors by rationally designing the grain boundaries and
heterointerfaces.
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