s

ELSE

E Journal of Power Sources 84 (1999) 87—-106

JOURNAL OF

www.elsevier.com /locate,/jpowsour
A computational ssimulation of an akaline fuel cell
Jang-Ho Jo, Sung-Chul Yi *
Department of Chemical Engineering, Hanyang University, Seoul 133-791, South Korea
Received 22 April 1999; received in revised form 25 May 1999; accepted 16 June 1999
Abstract

An advanced one-dimensional, isothermal mathematical model for a single cell of an alkaine fuel cell (AFC) is presented. Advances
in an expression for the volume average velocity and in correlations and parameters are achieved. The parameters and operating
conditions of the model are based on the Obiter Fuel Cell, which is employed as a power source for NASA space shuttles. A stimulated
result is obtained that shows a close agreement with some of the experimental data. Profiles of variables, local overpotential and local
current density are also obtained as a function of cell voltage. An investigation of the influence of initial electrolyte concentration shows
that the performance of the AFC is maximized at a concentration of 3.5 M. Finaly, it is found that increasing the operating pressure
steadily enhances cell performance. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The akaline fuel cell (AFC) has outstanding perfor-
mance, efficiency and reliability among the various types
of fuel-cell system and, thus, is till used by NASA to
power spacecrafts. Moreover, Suljak [1] has recently re-
ported a 12-fold enhancement in the performance of the
AFC. It is expected that the most ideal type of fud cell
may be the anion (alkaline) exchange membrane fuel cell
[2]. Hence, the future of the AFC till holds promise.

A mathematical model of a fuel cell provides a better
understanding of the very complex phenomena that occur
in such a system, as well as useful information. It also
enables performance to be predicted as a function of
design parameters and operating conditions. Nevertheless,
the use of mathematical modelling of a gas-diffusion elec-
trode is not pertinent to the detailed performance predic-
tion of a single cell, since interactions between layers exist
within the single cell. Hence, the need for mathematical
modeling of the single cell is inevitable.

Mathematical models of an AFC single cell have been
reported [3,4], but have some questionable aspects in the
formulation of the equations, or are found to use invalid
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correlations and parameter values. Such deficiencies are
corrected as much as possible in this study.

The single cell considered in this study consists of five
layers and six boundaries. The model is composed of 11
variables, 25 governing equations and 38 boundary condi-
tions to predict the following variables; partial pressure of
hydrogen P, partial pressure of oxygen P, partia pres-
sure of water vapour in the anode PZ, partial pressure of
water vapour in the cathode P, concentration of dissolved
hydrogen C,,, concentration of dissolved oxygen C,, con-
centration of electrolyte C,, solution phase potential @,
volume average velocity v™, electrical potential of anode
E,, and electrical potential of cathode E_. Additionally, the
published specifications, such as catalyst loading, thick-
ness of separator layer and operating conditions, of the
Orbiter Fuel Cell (PC-17C) made by the International Fuel
Cell (IFC) and which is employed as a power source for
NASA space shuttles, are used as values of the base-case
parameters for the prediction.

2. Description of system

The AFC single cell considered in this study consists of
five layers, viz., are anode gas-diffusion layer, anode
catalyst layer, separator layer, cathode catalyst layer, cath-
ode gas-diffusion layer. A schematic diagram of the cell is

0378-7753,/99/$ - see front matter © 1999 Elsevier Science S.A. All rights reserved.

Pll: S0378-7753(99)00309-2



88 J.-H. Jo, S-C. Vi / Journal of Power Sources 84 (1999) 87-106

Catalyst
Layer

_ .
Cathode Cathode
Separator Gas- Gas
Diffusion
Chamber

Layer

Fig. 1. Schematic diagram of AFC single cell.

shown in Fig. 1. In the gas-diffusion layers, it is assumed
that the layers are electrically conductive and no liquid
phase exists, since the major role of the layer is to prevent
a leakage of electrolyte in general. On the other hand, in
the separator layer, it is assumed that the layer is only
ionically conductive, i.e., electrically non-conductive, and
no gas phase exists in the layer.

The gaseous hydrogen supplied to the anode gas cham-
ber diffuses across the anode gas-diffusion layer and the
anode catalyst layer through macropores formed by PTFE
and the inter-particle space. The hydrogen consequently
dissolves in the electrolyte in the anode catalyst layer.
After the dissolved hydrogen diffuses through the elec-
trolyte film covering the catalyst surface of the anode, it
reacts on the catalyst surface electrochemicaly with hy-
droxide ions which have moved through the micropores
formed within the catalyst particle, i.e.,

H,+ 20H - 2H,0 + 2e" (1)

The electrons generated by the above reaction move across
the anode catalyst layer and the anode gas-diffusion layer
toward the anode current-collector. The electrons which
reach the current-collector leave the cell for the cathode.

Similarly, the gaseous oxygen supplied to the cathode
gas chamber, after passing through the same process as the
hydrogen, reacts electrochemically with water in the cath-
ode catalyst layer, as follows:

0,+2H,0 + 4e™— 40H" (2)
After the hydroxide ions generated by reaction (2) pass
through the micropore of the cathode catalyst layer, the ion
moves across the separator to the anode catalyst layer.

According to reactions (1) and (2), the overall reaction
in the AFC is given by:

1
H,+ EOZ_)HZO (3)

Each layer of the cell is assumed to be a homogeneous
continuum. This assumption is based on the macroscopic

model of Newman and Tiedemann [5]. It is also assumed
that the micropores are occupied only by liquid phase and
the macropores only by gas phase. Hence, in this study, the
microporosity denotes the volume fraction of the liquid
phase in a layer whereas the macroporosity denotes that of
the gas phase.

3. Mathematical modelling
3.1. Governing equations

3.1.1. General equations
The equation of continuity for species i can be written
for a porous medium in the genera form:

0eC,
ot

where: ¢ is porosity; t istime; C, and N refer to the
concentration and molar flux of species i, respectively; R?
and R} indicate the mass transfer rate across a phase
boundary and electrochemical reaction rate of species i per
unit volume of the electrode, respectively.

The flux expression, N, depends on whether species i
exists within a gas or a liquid phase. In the gas phase, the
Stefan—Maxwell equation can be employed:

— —VN+R+R (4)

RT

Vy, = ;@(yi Njg_yj Ng) (5)
where: R is the gas constant; T is the temperature; P is
the total pressure; superscript g denotes the gas phase; v,
and 9 refer to the gas phase mole fraction of species i
and the gas phase effective diffusivity of species i in j,
respectively.

In the liquid phase, the Nernst—Plank equation can be
employed:

N'= —2/VC, — z,4,FCNd — C,v™ (6)
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where: F is the Faraday constant; @ is the solution phase
potential; 2/, z and «, indicate liquid phase effective
diffusivity, charge number and effective mobility of species
i, respectively. The superscript | refers to the liquid phase.
The effective diffusivity &; is related to the free stream

diffusivity D;, porosity ¢ and tortuosity 7 as follows:

&b,
Zi=— (7)

T

Similarly, the effective mobility «; can be expressed as:

“p = T (8)

If an equilibrium is assumed at the gas-electrolyte inter-
face, the mass-transfer rate across the phase boundary RP,
can be described approximately as follows:

RP = —a%{(#) (9)

where: a? is the specific area of the gas-electrolyte inter-
face; H; isthe Henry’s law constant of species i; & is the
thickness of the electrolyte film. The minus sign before a?
indicates that species i goes out across a phase boundary
from the current phase. Hence, when species i come into
the current phase from the other, this sign is converted into
plus.

The electrochemical reaction rate per unit volume R,
can be represented by:

. sali
Ri=-——F (10)

where a' is the specific area of the catalyst-electrolyte
interface, and n is the number of electrons transferred. The

stoichiometric coefficient of species i, s, is given by
expressing an electrochemical reaction in the form:

Z sM# - ne” (11)

The local current density i is described by the Butler—
Volmer electrochemical reaction rate expression:

R

cr RT

am(—“§?)] (12)

where: i, is the exchange current density; C/ is the
concentration of species i at a reference condition, g; is

i=iol |

qj

G
cr

-1

j

the reaction order of species i; «, and « are the apparent
anodic and cathodic transfer coefficient, respectively. The
local overpotential 7 is given by:

n=E—-®-U (13)

where: E is the electrical potential at an electrically con-
ductive solid phase; U is the theoretical open-circuit poten-
tial at a given concentrations. U is given by:

RT C
u=u"—ﬁi2sﬁln(c—ig) (14)

where U? is the theoretical open-circuit potential evaluated
at standard concentrations C/ and temperature T.

These general equations presented above will be em-
ployed to describe the respective layers.

3.1.2. Gas-diffusion layers

All of the water which is electrochemically produced in
Obiter Fuel Cellsis eliminated in the form of vapour from
the anode by circulated hydrogen [6]. Hence:

Ng = — N (15)

By contrast, oxygen is not circulated at the cathode side [6]
and, thus, there is no déimination of water from this
electrode. Therefore, at the cathode

Ny =0 (16)

If Egs. (15) and (16) are respectively inserted into the
Stefan—Maxwell equation, the gaseous hydrogen and oxy-
gen molar flux expression at each gas-diffusion layer can
be obtained as follows:

P28, VP
NS _ _ a=“ Hw H (17)
RT P2+P,
N§= _ chgw VPO (18)
RT  P¢

where P, and P, are the total pressure of the anode and
the cathode gas-diffusion layers, respectively. P, P, and
P, refer to the partia pressure of hydrogen, oxygen and
water vapour, respectively. The total pressures within each
gas-diffusion layer are associated with the reactant gases
and P, as follows:

P,=P,+ P2 (19)
P, =P, +P¢ (20)

Since there is neither mass transfer across a phase bound-
ary nor electrochemical reactions at the gas-diffusion lay-
ers, RP and R’ are zero in these layers. Thus, inserting
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Egs. (17) and (18) into continuity equation, respectively,
gives expressions for the gaseous hydrogen and oxygen at
the steady state, as follows.

Pa
V| ——VP,| =0 21
(PV’;‘+PH ”) (21)
PC
\Y EVPO =0 (22)
w

In a porous electricaly conductive medium such as a

gas-diffusion layer, the ohmic drop can be described by

Ohm’s law.

VE= — l (23)
g

where E isthe electrical potential of the electrode, | is the

current density of the single cell. The effective electrical

conductivity, o, isrelated to the bulk electrical conductiv-

ity, «, the volume fraction of electrically conductive solid

phase, °, and the tortuosity of the phase, 75, by:

ek

o= = (24)
£ is associated with 9, &' and the volume fraction of
PTFE, ¢, by:

9+ +e5+F=1 (25)

Since no electrochemical reactions exist in the gas-diffu-
sion layers, | is constant. By differentiating Eq. (23), the
ohmic drop within the anode and cathode gas-diffusion
layers can be expressed as.

V2E,=0 (26)
V2E,=0 (27)

In summary, there are three governing equations in the
anode gas-diffusion layer, namely, Egs. (19), (21) and
(26). Similarly, the governing equations for the cathode
gas-diffusion layer are given by Egs. (20), (22) and (27).

3.1.3. Catalyst layers

There are no electrochemical reactions in the gas phase
of the catalyst layers, while dissolution of the reactant
gases occurs in the eectrolyte. The same gaseous molar
flux expressions as those for the gas-diffusion layers can
be employed to each catalyst layer. For gaseous hydrogen
and oxygen, if these facts are applied to the continuity
equation for each catalyst layer at steady state, the follow-
ing equations can be obtained.

gﬂw Hy Py — Cy
\Y VP,| —aiDl| —— | =0 28
( RT H a;Dy 5, (28)
28, Pv3+POVP _ 0D HoPo — Co 0
RT  PS © © 8,
(29)

If an equilibrium is assumed at the gas-electrolyte interface
for water, then the partial pressure of water vapour can be
related to the electrolyte concentration C,, by [7]:

Pu =2, +b,Cc (30)

where a,, and b, refer to the vapour pressure of pure
water.

In the liquid phase, the molar expressions for the dis-
solved reactant gases can be written by using the Nernst—
Plank eguation. Since the dissolved gases do not have any
charge, the second term on the right hand side of Eq. (6)
vanishes. The dissolution of reactant gases occurs across
the gas-electrolyte interface into the electrolyte, and then
the gases react electrochemically at the catalyst-electrolyte
interface. From these facts, the following equations are
obtained at steady state, for anode and cathode catalyst
layers.

| - gn| HHPH_CH
V(QHVCH)—V(U CH)+aaDH T
syali,
-~ :a; =0 (31)
a
HoPo — C
V(2WC,) — V(v"Cy) + adD| =22
( o) o) (U o) a: o( 5,
ali
_% CC=0 (32)
n.F

The loca current density at the anode i, Eqg. (31) is
described by applying the Butler—VVolmer equation to the
hydrogen oxidation reaction, i.e.,

. :a CH o Ce @ ( a:Fna)
a= lo|| =/ — | €XP
c,) \ct RT
C )™ agFn, 2
C_\fv exp RT (33)
Similarly, i, Eq. (32) is given by:
O [ R
© o\ c P RT

& el =] e
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If the concentrations of dissolved hydrogen and oxygen are
neglected, the concentration of water in the electrolyte
solution can be obtained from the following relationship.

CV,+C,V, =1 (35)
The local overpotential of the anode n, and that of the
cathode 7, is given, respectively, by:

nL=E—-?-U, (36)
n=E—-2-U (37)
The open-circuit potential U can be obtained via the
Nernst equation. Thus, for the hydrogen oxidation reac-
tion:

U U RT I C, SH C. s3 C, siv | -
= —_ n —_— [— —_—
= M) L) e (38)
Similarly, for the oxygen reduction reaction
RT [(Co\®(C\¥(Cy )]
U=Ul— —In|| =] | =] | > (39)
n.F (034 Ce C,,

In Egs. (38) and (39), the standard open-circuit potential
of the anode U and that of the cathode U/ are —0.87398
V vs. SHE and 0.30859 V vs. SHE at 80°C, respectively.

In KOH solution, the ions are K™ and OH ™. For the
ions, there is no dissolution across a phase boundary. Also,
K* ions do not react electrochemically. Thus, by using
continuity at steady state, Nernst—Plank and Butler—V olmer
equations, for the anode:

V(2',VC,)+2,FV(«,C,V®) —V(v"C,)=0

(40)
V(2'VC_)+z FV(«_C V&) -V(v"C_)
st ali,
Y =0 (41)

According to electroneutrality:
C,=C,.=C_ (42)

Hence, by using Eq. (42), Egs. (40) and (41) are converted
to

V(2',VC,) +2,FV(« ,CND) —V(v"C,) =0 (43)
V(2'.VC,) +2_FV(« _C¥P) — V(2" C,)

s ali,
B n,F =0 (44)

Similarly, for the cathode:
V(2'.VC,) +2,FV(« CND) —V(v™C,)=0 (45)
V(2.VC,) +2 FV(« _CY®)—-V(v™C,)

s ali
2L, (46)
n.F

As shown in the Nernst—Planck equation, convection
has to be taken into account in order to describe the molar
flux in the liquid phase. First, if the partial molar volume

V, is multiplied by the continuity equation, then:

_¥'c _
V= Y(-TN 4R+ R) (47)

This equation is applied to all species within the elec-
trolyte of the anode catalyst layer and if these equations
are summed, then:
deler (CuVi + C,V, + C_V_+CY,)

ot

= = V[NV + NV, + NV + NV |
+ RV, + RV, +RPV_+RPV,

+RV,+RV,+REV_+ RV, (48)

There is no mass transfer of the ions across a phase
boundary, and the K™ ions do not participate in the
electrochemical reactions. Also, for the anode catalyst

layer:
C,V,+C,V,+C_ V_+C,V, =1 (49)

By definition, the volume average velocity v™ is written
as [8]:

v® = Zcivivi = ZNil\_/i (50)

Thus, Eg. (48) can be reduced to:

e, — —
a""t“ — —Vo" + (RAV, + ROV,
+(ReVy +REV_+ RV, | (51)
If Eq. (15) is taken into account, then:
H,P,—C
%=—%=—ﬁmiilg—ﬂ) (52)
a

If Egs. (9), (10) and (52) are inserted into Eq. (51), then
for the anode catalyst layer at steady state:

H,P,—C
_ | HTH Hlig _ o
vo® _agDH(—Sa )(VH Vw)
_ .
—|syVy +82V_+ sV, 53
(SH TSIV SNW)naF (53)
Similarly, for the cathode catalyst layer at steady state:
HoPo — Co | —
Vu'=agD'o(—° = O)vo
8()
|.
_ _ _ [
— (Vo +s°V_+ sCNvW)a° : (54)

n.F
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As shown in Egs. (53) and (54), the volume average
velocity is caused by the volume change before and after
the reaction.

The total current density | obtained from the single cell
must be equal to the integration of local current density i
with respect to z in a catalyst layer. Thus:

I = — ["didz (55)
0

where L, is the thickness of the catalyst layer and z is
the spatial coordinate. As in the gas-diffusion layers, the
ohmic drop in electricaly conductive solid phase of the
catalyst layers can be described by Ohm’s law. Differenti-
ating Eqg. (55) and combining with Ohm’s law give expres-
sions for the potential drop in the anode and cathode
catalyst layers at steady state, as follows

i
V2E, a;a (56)
A
ViE = — (57)

In summary, there are seven governing equations in the
anode catalyst layer, namely, Egs. (28), (30), (31), (43),
(44), (53) and (56). Similarly, the governing equations for
the cathode catalyst layer are Egs. (29), (30), (32), (45),
(46), (54) and (57).

3.1.4. Separator layer

In this layer, there are no electrochemical reactions and
no mass transfer across a phase boundary. There is no gas
phase and no electrically conductive solid phase, also,
since the layer consists of only electrolyte and electrically
insulating porous solid material. Hence, five species exist
in this layer, viz., dissolved hydrogen, dissolved oxygen,
liquid water, and two ions, K* and OH ™. If the continuity
equation at steady state and the Nernst—Plank equation are
employed to these species except water, then:

V(21VC,) — V(v®C,) =0 (58)
V(2VCo) = V(v™Co) =0 (59)
V(2'VC,) +2,FV(« CNP) -V(v™C,)=0 (60)
V(2'VC,)+2 FV(« CY¥®)-V(v™"C,)=0 (61)

As mentioned above, since neither electrochemical reac-
tions and nor mass transfer across a phase boundary occur
in this layer, then:

Vo =0 (62)

In summary, there are five governing equations in the
separator layer: Eqgs. (58)—(62).

3.2. Boundary conditions

3.2.1. Anode gas chamber / anode gas-diffusion layer in-
terface

At this interface, the partial pressure of water vapour
P2 varies with the total current density I, i.e,

Pa=1(1) (63)

Since the anode total pressure P, is fixed at the refer-
ence condition, the partial pressure of hydrogen P, at this
boundary is given by:

P,=P/—P2 (64)
The anode electrical potential E, can be arbitrarily fixed at

this boundary. Hence, the value is set a zero at this
boundary.

E,=0 (65)

3.2.2. Anode gas-diffusion layer / anode catalyst layer in-
terface

The molar flux of gaseous hydrogen is continuous at
this boundary. Thus:

DIVPylaeoL =Z8VPylacL (66)

Also, the anode total pressure P, must be equal to that
of the reference condition. Hence, the following condition
must be satisfied at this boundary.

P/ =P, +P2 (67)
P2 at this boundary is determined by
Pi=a, +b,C, (68)

The total current density | is continuous at this boundary,
thus:

0 VE,|aoL = 0 VE,|act (69)

Since the gas-diffusion layer prevents the electrolyte
from leaking, it could be assumed that the fluxes for
dissolved hydrogen and the ions are zero at this boundary.
Thus:

0=VCylacL (70)
0=VC,lacL (71)
0= VP, (72)
v® =0 (73)

3.2.3. Anode catalyst layer / separator layer interface
Since the separator layer prevents the gaseous reactant

gases from overflowing toward the opposite electrode, the

flux of gaseous hydrogen is zero at this interface. Hence:

VPylacL =0 (74)
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P2 at this boundary is determined by:

I:)v?}:aw_‘_bwce

Since the separator is an electrical insulator, at this
interface the current density in the electrically conductive
phase is zero. Thus:

VE,lscL =0

(75)

(76)

The fluxes of dissolved hydrogen and the ions are
continuous at this interface, thus:

DIVCylacL =2\ VCylsep (77)
~2', VCylacL — 2,4 ,FCY®| oL

= -2 VC,lsep — 2,4 , FCYD|sep (78)
—2' VClacL — 24 _FCY®| oL

= —9' VC,lsep — 2« FCY®|sp (79)

Also, the gradient of volume average velocity is continu-
ous at this boundary. Hence:

(80)

Unreacted dissolved oxygen within the cathode catalyst
layer will diffuse towards the anode catalyst layer through
the separator, and it will be quickly and completely con-
sumed by chemical and electrochemica reactions at the
anode. At this interface, thus it can be assumed that:

Co=0

Vo® |aCL =Vo" |SEP

(81)

3.2.4. Separator layer / cathode catalyst layer interface

The conditions at this interface are analogous to those at
the anode catalyst-layer /separator-layer interface. Hence,
the same boundary conditions as at the anode catalyst
layer /separator layer interface can be employed at this
interface.

3.2.5. Cathode catalyst layer / cathode gas-diffusion layer
interface

Since the conditions at this boundary are similar to
those at the anode catalyst layer /anode gas-diffusion layer
interface, the same boundary conditions are used.

Table 1

3.2.6. Cathode gas-diffusion layer / cathode gas chamber
interface

For P, and P, the same conditions as the anode gas
chamber /anode gas-diffusion layer interface can be used,
as in previous cases. Since E, at the opposite interface is
set to zero, E, at this interface can be written as:

E. = El
where E, is the cell voltage.

(82)

4. Model parameters and correlations

Because using unreasonable parameter values will lead
to physically impossible results, the reasonable choice of
the parameter values is as important, if not more impor-
tant, than mathematical modeling. Hence, the selection has
been carefully accomplished to be as redistic as possible.

4.1. Thermodynamic properties

4.1.1. Partial molar volumes and charge numbers

It is assumed that partial molar volumes are constant.
The partial molar volumes of H,0 and KOH can be
determined if the relation of electrolyte density with the
molar concentration of the electrolyte is known, as given
by Newman [9]. The density of KOH solution as a function
of the molar concentration has been reported [10].

The ionic radii of the ions have been published [11].
Thus, assuming that the ions are a spheres, the volume
ratio of the ions can be calculated. Then, the partial molar
volumes of respective ions are determined by employing
the calculated ratio to partial molar volume of KOH.

Partial molar volumes of dissolved gases in the elec-
trolyte are not readily available. Hence, the same volume
reduction ratio of water to pure water in the electrolyte has
been applied to the gases. Partial molar volumes of dis-
solved hydrogen and oxygen in pure water have been
reported [12].

The partiad molar volumes and charge numbers are
listed in Table 1.

Thermodynamic and transport properties of various species in KOH solution at 80°C

x? Keex (cm® mol 1) V, (cm® mol~1) p2 t; ANem? 0 tegd
H, 1.322x10°° 129.0 25.8804
0, 1.440x 10~ ° 155.0 30.8574
H,0 17.9858
KOH 18.8694
K* 5.9346 +1 0.298 163.6
OH~ 13.1822 -1 0.702 385.2
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4.1.2. Solubilities of gases
It is assumed that the solubilities of the gases obey
Henry’s law. Hence:

C =HP (83)

Henry’s constant is given by
X
H, = T)(i(cw+zce) (84)

where x; is mole fraction of gas i in the electrolyte. x; is
determined by:

x0
IOg(_I) :ksche (85)
X
where x? refers to mole fraction of gas i in pure water. x?°
values and the salting-out coefficient kg, of hydrogen and
oxygen in KOH solutions have been reported [13]. x? and
ke Vvalues a 80°C are listed in Table 1.

4.2. Transport properties

By using the diffusivity equation for a binary gas
mixture at low pressure [8], the gaseous diffusivities of
hydrogen and oxygen in water vapour can be expressed as
follows.

2.1410 X 1076T23%

Pw = 5
4.2076 x 107 7T 233
DY, = 5 (87)

The diffusivities of dissolved hydrogen and oxygen in
the electrolyte can be obtained by fitting an Arrenhius type
equation to the experimental data of Tham et al. [14], i.e.,

D}, = 3.5166 X 107° + 9.7553 X 10~ ° exp( — 225.0C,)
(83)

(86)

D5 = 0.9188 X 107° + 5.3940 X 10~° exp( —262.6C,)
(89)
For a 1:1 strong binary electrolyte such as KOH solu-
tion, the bulk diffusivity of electrolyte can be expressed
by:
2D,D_

D.=—— 90
T (90)

The transference numbers of the cation t, and the anion
t_ can be represented, respectively by:

D
ty= = (91)
D,+D_
D_
t=— 92
~ D.+D_ (92)

Hence, combining Eq. (90) with Egs. (91) and (92) gives
expressions for the diffusivities of the ions as follows.

De
D,=——
2(1-t,)
o __ D
2(1-t)

(93)

(94)

The bulk diffusivity of KOH solution D, at 80°C is not
readily available. Thus, D, at 80°C at various C, have
been extrapolated from the diffusivity data at 25, 45 and
65°C given by Gubbinset al. [15], then by using a 4th-order
regression with respect to C2*° the following correlation
was obtained.

D, = 8.2263 x 105 — 1.2271 X 1073C25 + 4.2714
X 10"2C, — 4.6387 X 10" *C1® + 1.66C2  (95)

Since the dependency of the transference number on
electrolyte concentration is generally known to be very
small, it could be assumed that t; is equal to that at infinite
KOH solution. The transference number in an infinite
solution is given by:

A

0 _

b A0+ A0 (%)
where A? is the limiting ionic equivalent conductance of
ion i. Hence, t; at 80°C can be determined from Eqg. (96)
and the A9 values of K* and OH™ at 80°C. A? values of
K" and OH~ at 80°C have been obtained by interpolating
the data reported in the literature [16], and those are listed
in Table 1, with calculated t; values.

The mobility, u;, of an ion i can be expressed by

a 97
ui - |Z|| F2 ( )
A; is given by:

A=t A, (98)

where A, refers to the equivalent conductance of KOH
solution. A, is given by:

A= — (99)

where k. is the ionic conductivity of KOH solution. A
relisble k, as a function of the electrolyte concentration
(wt.%) is given in the literature [16] and if the function is
converted to a function of C,, the following correlation is
obtained at 80°C:

5.6106C,(79.931 — 3673.9C,)
© (1.0016 + 37.205C,)>

(100)

Ke

Electrical conductivities of the catalyst and gas-diffu-
sion layers are determined according to the used material.
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In Obiter Fuel Cells, nickel is used as the main material of
the gas-diffusion layer, platinum as that of the anode
catalyst layer, and gold as that of the cathode catalyst layer
[2]. The base-case values of the electrical conductivities
are listed in Table 2.

4.3. Electrochemical kinetic parameters

Since the electrochemical reactions within the anode
and cathode are considered to be elementary reactions, the
same absolute vaues as the stoichiometric coefficients are
used as reaction orders of the reactants and products.

Apparent anodic and cathodic transfer coefficients, «,
and «, in a reactions are associated with number of
electron transferred as follows [17].

n
+a,=— (101)

o Cc
v

a
where v refers to the number of times the rate-determining
step occurs for the overall reaction to occur once. The
value is assumed to be unity in this work, since the
electrochemical reactions are considered to be elementary
reactions. If one of the transfer coefficients is known, then
the other can be calculated via Eq. (101). For the hydrogen
oxidation reaction on platinum in KOH solution, «, and
a, have not been reported. The Tafel slope for the hydro-
gen evolution reaction is reported to be about 0.12 V
dec ! [18]. Thus, a, can be obtained by using Eg. (101)
and the value of « is about 0.5 to the reported Tafel
slope. For the oxygen reduction reaction on gold in KOH
solution, the cathodic transfer coefficient is available [19]
as aform of Tafel slope. The reported Tafel slope is 0.047
V dec ! and corresponds to «, of 1.5.

The exchange current density, i,, iS assumed to be
congtant. It is estimated that i, is the order of 10°* A
cm~?2 for the hydrogen reaction [18] and about 108 for
the oxygen reaction [19]. Hence, an exchange current
density of 5.0 X 10~* A cm~2 has been used as the anode
value and 5.0 X 10" A cm~2 as the cathode value. The
base-case kinetic parameters are listed in Table 3.

4.4. Sructural parameters

Most values of the structural parameters for Obiter Fuel
Célls are unknown, thus, assumptions must be made. The

Table 2
Base-case electrica conductivities of electrode layers

Main material k (Sem™1)
Gas-diffusion layers Ni 1.0112% 10°
Anode catalyst layer Pt 0.9434% 10°
Cathode catalyst layer Au 48780 10°

Table 3

Base-case electrochemical kinetic parameters of anode and cathode
Parameter Anode Cathode

n 2 4

Sy 1

S -1

Sw -2 -2

S_ 2 4

n 1

Yo 1

O 2 2

q_ 2 4

a, 15 25

a; 05 15

io (Acm™2) 5.0%x10"* 5.0x10"8

thickness of the catalyst layer L, is proportional to the
catalyst loading d.,;. Hence,

Lo = Voo dew (102)

where V, is the specific volume of the catalyst layer.
When metal black is used as a catalyst, it appears that V.
is of the order of 10~* cm® mg-cat™* [20]. Thus, a V_ of
5.0 10" cm® mg-cat~! has been used for both catalyst
layers. In Obiter Fuel Cells, the catalyst loading for the
anode is 10 mg-cat cm~2 and for cathode 20 mg-cat cm™?2
[21]. Hence, L, is 0.05 mm for the anode and 0.10 mm
for the cathode.

By assuming perfect wetting of the whole catalyst
surface, the specific catalyst—electrolyte interface area a
can be calculated from:

| Ager

a= (103)
VCL

where Agg; refersto the BET surface area of the catalyst.
The BET surface area of the cathode catalyst of Obiter
Fuel Cellsis 12.0 m? g~ ! [22]. Hence, if it is assumed that
the BET surfaces of the catalysts of both electrodes are
equal, since the same type of metal black electrocatalysts
are used for both electrodes in Obiter Fuel Cells, the a' of
both catalyst layers is 2.4 X 10° cm? cm ™3,

Table 4
Base-case values of structural parameters and thicknesses of electrode
layers

Parameter Gas-diffusion Catalyst Separator

(unit) layer layer layer

L (cm) 0.025 0.005 (anode) 0.005
0.010 (cathode)

&9 0.7 0.1

& 0.6 0.8

EN 0.2 0.2

T 12 12 1.0

a%(cm™?1) 7.0x 108

a em™Y 2.4x10°

5 (cm) 50x10°°
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Table 5

Base-case operating conditions

Parameter Value (unit)
Ci 7.0(M)

T 80 (°C)

Pl 4.1 (atm)
P! 4.1 (atm)

Specific gas—electrolyte interface areas a® of the cata-
lyst layers of Obiter Fuel Cells have not been reported,
thus a value of 7.0 X 10° cm? cm™2 has been assumed for
both catalyst layers. The value seems to be reasonable,
because several researchers have used a value of 10° cm?
cm™2 for a% [7,23,24], which corresponds to the limiting
current density of severa A cm~2. The thickness of the
electrolyte film & has been reported to be about 107 wm
[7,23,24]. Thus, 0.5 wm was assumed for both catalyst
layers.

The thickness of the separator layer has been reported
as 50 wm [21]. Although, the porosity of the layer has not
been disclosed, it has been assumed to be 0.8.

The base-case values of the structural parameters and
the thicknesses used in this work are listed in Table 4.

4.5. Operating conditions

Orbiter Fuel Cells operated typically at 80°C and a gas
pressure of 4.1 atm with 7 M KOH solution. Hence, these
have been considered as the base-case operating conditions
in this study. The operating condition is listed in Table 5.

During prediction of operating pressure effects, the total
pressures of the anode and the cathode gas-diffusion layers
were set at the operating pressure to avoid overflow of the
gases across the separator layer.

5. Method of solution

The model developed in this study consists of 11 vari-
ables, 25 governing equations and 38 internal and outer
boundary conditions. The model equations are highly cou-
pled and non-linear and thus a numerical solution is re-
quired. The governing equations and boundary conditions
have been discretized through the use of second-order and
first-order finite difference schemes, respectively. The re-
sulting finite difference approximations have a banded
matrix structure and have been solved by use of the BAND
algorithm developed by Newman [25].

6. Results and discussion

6.1. Comparison of model with experimental data

A comparison of the model prediction with some exper-
imental data is given in Fig. 2. The open circles indicate

1.1

Orbiter Fuel Cell(IFC) i
_ T=80°C, C',=7M, P'=4.1atm ]
S L 1
_ 09 .
g L
w | |
0.8~  BzA4(Siemens AG) .
| T=80°C, C',=6M, P'=2.0bar
o
07 L. . . . 1 N . 1 . . .
0.0 0.5 1.0 15

I (Alem?)

Fig. 2. Comparison of model predictions with experimental data Solid
lines are model predictions and open dots are experimental data.

the experimental polarization of the Orbiter Fuel Cell [26]
which is considered as the base-case model in this study.
The open sguares indicate the experimental data of BZA4
system of Siemens [27]. The solid lines are the model
predictions. In order to predict the polarization of BZA4,
another parameter set was used and is listed in Table 6.
Some unknown values of the parameters for BZA4 were
adjusted within a reasonable range in order to fit the model
prediction to the polarization data, and the values of some
parameters were assumed to be equa to that of the base-
case (Table 6). Good agreement with the experimental
data, as shown in Fig. 2, suggests that the present model
provides a good prediction of the polarization character-
istics of AFCs.

6.2. Polarization curve and Tafel plot for base-case

The polarization curve for the base-case displays a
typical shape and includes all types of polarization, (activa-
tion, ohmic and concentration polarization) in fuel cellsis
given in Fig. 3. The single cell has an open-circuit voltage
of 1.136 V, a limiting current density I, of about 2.2 A
cm~2, and a slope in the linear region (ohmic polarization

Table 6
Parameter values used for BZA4 (Siemens)

Parameter (unit)  Value

Operating condition ~ C{ (M) 6.0
Py (bar) 20
P! (bar) 20
Catalyst layer L (cm) 0.06 (anode)
0.03 (cathode)
sl 0.1%
i, (Acm™2) 1.5x10™* (anode)®
1.5x 1078 (cathode)®
kg (Sem™1)  1.0112X10° (anode, Ni)
5.2477 105 (cathode, Ag)
Separator layer Lgep (cm) 0.05°

| ndicates assumed value.
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Fig. 3. Predicted polarization curve for base-case.

region) R,,, of 0.081 Q cm? As shown in Fig. 3, the
range of the cell voltage E., from 0.7 to 0.6 V corre-
spondsto I, . Additionally, the maximum power density of
the cell is about 1.63 W cm™2 at an E_, of 0.77 V.

The Tafel plot for the base-case is shown in Fig. 4. The
Tafel slope is 47.3 mV dec™! and the apparent exchange
current density is 1.19 X 10~* A cm~2. According to our
analysis, it is found that these values corresponded to those
of the cathode. Hence, it seems that electrochemical ki-
netic parameters such as the exchange current density and
the Tafel slope obtained from a Tafel plot of an AFC
single cell are those of the cathode. Conversely, it appears
that electrochemical kinetic parameters of the anode can-
not be determined from the Tafel plot of an AFC single
cell.

6.3. Distribution of the variables
The distribution of the partial pressure of gaseous hy-
drogen P, as a function of E,, is givenin Fig. 5. It is

found that decreasing E_, or increasing | results in less
uniform distribution of P,,. The pressure drop throughout

Appa[ent Exchange Current Density = 1.189 X 10 A/lcm?

12 e
0.CV.=1.136V
1.1 |
[ L Tafel Slope = 47.3 mV/dec.
activation ]
1.0 polarization —
[ region 1
S r h 1
< L ohmic 1
3 0.9 C polarization 7
uf - region .
08} ]
[ concentration
0.7 polarization .
[ region
06 L vt i i e g
10 104 108 102 107 100 10!
I (Alem?)

Fig. 4. Predicted Tafel plot for base-case.
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Gas-Diffusion  Catalyst
Layer Layer

207 0.7

Fig. 5. Profile of partial pressure of hydrogen in anode as a function of
cell voltage.

the gas-diffusion layer and the catalyst layer of the anode,
however, is very small, i.e., ~0.05atm, even at | . Thus,
the gas-phase diffusiona resistance of gaseous hydrogen
can be considered to be insignificant. Additionally, the fact
that P, converges to a constant value a E_,, correspond-
ing to |, implies that the gas phase diffusion of hydrogen
is not the rate-determining step at |, .

The distribution of the partial pressure of gaseous oxy-
gen P, is presented in Fig. 6. The behaviour is similar to
that of P,,. Note that, the pressure drop across the layersis
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Catalyst Gas-Diffusion
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Fig. 6. Profile of partial pressure of oxygen in cathode as a function of
cell voltage.
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smaller than that of P,. Two reasons that may be respon-
sible for this phenomenon are: (i) the consumption rate of
oxygen is slower than that of hydrogen, thus a smaller
pressure gradient is needed for P, a the same I; (ii)
gaseous hydrogen must diffuse against the flux of anode
water vapour, but, gaseous oxygen does not experience a
resistance due to the flux of water vapour, since removal
of water vapour was not employed at the cathode side as
mentioned earlier. Also, a rise in average P, as E,
decreases is observed, see Fig. 6. This phenomenon results
from a decrease of partial pressure of water vapour P,
within the cathode caused by increasing the electrolyte
concentration in the cathode catalyst layer, as will be seen
later (see also Eq. (30)).

Asfor Py, it can be considered that gas-phase diffusion
of oxygen is not a rate-determining step at |, .

Profiles of the concentration of the dissolved hydrogen
C, and oxygen C, are shown in Figs. 7 and 8, respec-
tively. The profiles displays similar behaviour, the concen-
tration decreases with decrease in E,, C, remains con-
stant at 1, , while Cy converges to zero. This prediction is
consistent with that of Kimble and White [4] and suggest
that the cathode suffers from lack of dissolved oxygen and
I, is caused by the lack of the oxygen due to a large
liquid-phase diffusional resistance. Also, note that the
gas-electrolyte interface area per apparent electrode area of
the cathode is twice as large as that of the anode, because
the thickness of the cathode catalyst layer L, istwice as
thick as that of the anode catalyst layer L, while still
having the same specific gas-electrolyte interface area a“.
Moreover, the cathode consumes less reactant gas than the
anode. The fact that the lack of dissolved reactant gas

Anode
Catalyst  separator
Layer Layer
4e-7 Y ;‘;’;’;’;“\“

Fig. 7. Profile of concentration of dissolved hydrogen in anode and
separator as a function of cell voltage.
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Fig. 8. Profile of concentration of dissolved oxygen in separator and
cathode as a function of cell voltage.

occurs at the cathode suggests that cathodes in AFCs are
suffer more from the lack of dissolved oxygen than an-
odes. In order to reduce the liquid-phase diffusiona resis-
tance of oxygen or to increase |, more sites for oxygen
dissolution are required.

The profile of the concentration of KOH solution, C, is
given in Fig. 9. Because C, affects most properties, such
as liquid phase diffusivity, solubility and reaction rate, the

Anode Cathode
Catalyst Separator Catalyst
Layer Layer  Layer
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Fig. 9. Profile of electrolyte concentration in anode, separator and cathode
as a function of cell voltage.
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profile of C, isvery important, especially in understanding
the phenomena that take place in an AFC. As shown, C,
decreases within the anode and increases within the cath-
ode as E_, decreases. If the reactions at each electrode are
taken into account, this phenomenon is sufficiently pre-
dictable. Since the concentration drop across the layers is
estimated to be about 1.4 M, however, the non-uniform
distribution of C, is quite serious. Therefore, it is consid-
ered that the assumption of uniform distribution of the
electrolyte, which has been used in most mathematical
models, is not valid, especially at high |. Hence, it can be
concluded that a model which assumes uniform C, cannot
represent a high-performance electrode or single cell. The
datain Fig. 9 also reved that the lack of dissolved oxygen
within the cathode is partly due to this variation in C..
Note that, an increase in C, leads to a decrease in gas
solubility.

The solution phase potential, @, is shown in Fig. 10.
The value of @ at the anode is obviously higher than that
a the cathode. This fact indicates that OH™ ions are
attracted to the anode side, as expected. Also, as with C,
the variation in @ increases with decrease in E,. The
variation across the separator layer corresponds to the
ohmic drop between the electrodes. The ohmic drop within
the separator layer is 7.6 mV at a cell voltage of 0.7 V.
This vaue accounts for only 1.74% of the total cell
polarization. Hence, the ohmic drop due to the electrolyte
resistance in the base-case model appears to be insignifi-
cant.

The profiles of electrical potential at the anode E, and
the cathode E, have been also investigated. The ohmic
drop throughout each electrode was predicted to be of the
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Fig. 10. Profile of solution phase potential in anode, separator and
cathode as a function of cell voltage.
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Fig. 11. Profile of volume average velocity in anode, separator and
cathode as a function of cell voltage.

order of wV, even a I, . Thisis due to the high electrica
conductivities of the electrode materials, as shown in Table
2. If a material that has a lower conductivity such as
carbon is employed, however, the ohmic drop in the
electrode becomes significant.

The distribution of the volume average velocity v ™ is
given in Fig. 11. The value of v™ within the separator is
only —0.94 um s %, even at I,_. Also, the minus sign in
the value implies that the solution moves from the cathode
to the anode, and this corresponds to the direction of OH™
flux. Thus, it can be concluded that the convection in the
solution phase occurs in a direction which helps the trans-
port of OH~, but the magnitude of v™ istoo small.

In order to investigate which term is important in the
mass transfer of OH ™, the values of the respective termsin
Nernst—Planck equation, which are classified as the diffu-
sion, migration and convection terms, are calculated within
the separator layer a 1 =1.0 A cm™2. The results are
listed in Table 7. Most of the transport depends on diffu-
sion and migration. By contrasts, the convection occupies
only 2.9% of the total molar flux and thus appears to be

Table 7
Anaysis of mass transfer of hydroxide ion in separator layer (at | =1.0
A cm™2)

Term Molar flux (mol cm=2 s~ 1) Percentage (%)
Diffusion —4.632x107° 4.7
Migration —5.431x10°° 52.4
Convection —0.301x 1078 2.9
Total —10.364x 107 100.0
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Anode Catalyst Layer

Fig. 12. Profile of anode loca overpotential in anode catalyst layer as a
function of cell voltage.

negligible. Hence, the assumption of no convection, which
has been employed in many mathematical models, seems
to be valid.

The local overpotential at the anode 7, and the cathode
7, 1S shown in Figs. 12 and 13, respectively. n, increases
up to about 45 mV with decrease in E,,. While, =,
increases up to about 300 mV. As for other fuedl cells, it is
confirmed that in the base-case cell most of the polariza-
tion is caused by the cathode. As is well known, this
phenomenon results from the low exchange current density
i, of the oxygen reduction reaction at low | and the lack of
dissolved oxygen at high |, as shown in Fig. 8. Addition-
aly, it is observed that m, is constant at | , while 7,

Cathode Catalyst Layer
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Fig. 13. Profile of cathode local overpotential in cathode catalyst layer as
afunction of cell voltage.
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Fig. 14. Profile of apparent local current density in anode catalyst layer as
a function of cell voltage.

continuously increases, even at |, . This implies that the
limiting factor for |, exists at the cathode. This fact isin
good agreement with the analysisin Fig. 8.

The distribution of apparent local current density a'i of
the anode and the cathode is shown in Figs. 14 and 15,
respectively. Note that a'i means the electrochemical reac-
tion rate. Comparison of the two sets of data shows that
a'i of the anode is approximately twice as the large as that
of the cathode at |, . This phenomenon is associated with
the fact that L., is twice as large as L, . It is also
observed that the distribution of the anode a'i is relatively
uniform, while that of the cathode is not. Within the
cathode catalyst layer, the a'i on the separator layer sideis

Cathode Catalyst Layer

-300

Fig. 15. Profile of apparent local current density of cathode catalyst layer
as a function of cell voltage.
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larger than that on the gas-diffusion layer side. This is
considered to be due to the lower C, on the separator layer
side, as shown in Fig. 9. Note that, the lower C, at the
cathode is favourable for the oxygen reduction reaction.

6.4. Influence of operating condition

6.4.1. Influence of initial electrolyte concentration

Since most thermodynamic, transport and el ectrochemi-
cal properties of the reactants are functions of the elec-
trolyte concentration C,, a variation in the initial elec-
trolyte concentration C; could have a large effect on cell
performance. For instance, increasing C, decreases the gas
solubility and the partial pressure of water vapour. It also
enhances the hydrogen oxidation kinetics but diminishes
the oxygen reduction rate as expected from Egs. (33) and
(34). Hence, the variation in C. will lead to very compli-
cated phenomena.

The influence of C; on cell polarization is presented in
Fig. 16. By lowering C{, the performance is enhanced in
the ohmic and concentration polarization region, except in
the case of 1 M. On the other hand, | in the active
polarization region steadily increases with the lowering of
C.. This behaviour can be seen clearly in Fig. 17, namely,
dilution of C] from 6 to 4 M dramatically increases | at
low cell voltage, but dilution below 3 M reduces | to a
large extent. The optimum value of C! is between 3.0 and
35 M, except when E,, is 1.0 V. These values are
considerably different from the concentration between 6
and 7 M, which is commonly used in AFC systems. KOH
solution with a concentration between 6 and 7 M is used
due to the fact that the electrolyte has maximum ionic
conductivity at this concentration [28], as shown in Fig. 18.
In the later, the ionic conductivity «, was calculated from
Eqg. (100). The experimental data on the effects of C[ on
the performance of an AFC single cell are not readily
available, but it has been reported [23] that the electrolyte

Ecell V)

- L 1
3.0 4.0 5.0 6.0 7.0
I (Alem?)
Fig. 16. Influence of initia electrolyte concentration on polarization of
AFC.
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Fig. 17. Effect of initia electrolyte concentration on current density as a
function of cell voltage.

concentration at the highest performance of a Raney nickel
hydrogen electrode is approximately 4 M. Although the
different electrodes and operating pressure were used, this
value is similar to that of the present study. Thus it is
considered that the concentration of 6 and 7 M, which is
commonly used in most AFC systems, may not be an
optimum value. Simultaneoudly, it should be noted that
low electrolyte concentration could yield some problems
such as flooding of the catalyst layer or difficulty in water
management due to an increase in the partial pressure of

1'5"'I"“I"'l"'{"'l“'
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Fig. 18. lonic conductivity of KOH solution as a function of concentra-
tion.
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water vapour. These problems are, however, beyond the
scope of this work.

Distinct influences of dilution C, beyond 4 M on the
polarization curves are an increase in the value of |, and a
reduction in the slope in the ohmic polarization region
R,nm- The increase of |, is due to an increase in Henry’'s
constant of oxygen Hg, which results in an increase in
oxygen solubility Hy P and in the liquid phase diffusivity
D] of oxygen but not hydrogen. Note that in the present
AFC model, the rate, determining step at |, is present in
the cathode, not in the anode, as shown earlier. The
solubility at a constant partial pressure and D] of oxygen
increase exponentially with decrease in C, [13,14,29,30].
Thus, | increases exponentially with decreasing in C..

In influence of C{ on R, is presented in Fig. 19. It
can be seen that R,,,, decreases on reducing C/ at high
concentration. The decrease in R, in the range of 4to 7
M, however, is not readily understandable because «.
decreases with lowering of C, in this range, as shown in
Fig. 18.

In order to investigate whether there is a decease in the
ionic resistance within the cell as C] decreases in spite of
the decrease in k., the potential drops in the electrolyte,
A, throughout the catalyst layers and the separator layer
were calculated at a current density of 1.0 A cm™2. The
value of A® was 132 mV and 11.4 mV at 4 and 7 M,
respectively. Obvioudly, increasing C. reduces A®, as
predicted in Fig. 18. Therefore, the decrease in R, is not
considered to be due to ionic resistance. Additionally, the
decrease in R, is not due to the electrical resistance in
the cell since this resistance is independent of C..

As mentioned above, lowering C{ leads to an increase
in I . This implies that a decrease in the liquid-phase
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Fig. 19. Slope of ohmic polarization region as a function of electrolyte
concentration.
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Fig. 20. Distribution of dissolved gases as a function of electrolyte
concentration.

diffusional resistance of the dissolved gases occurs as C{
decreases. The former can yield a decrease in R,,,, since
the diffusional resistance is known to contribute to R, to
a certain extent [31]. In Fig. 20, it can be seen that
reducing C{ from 7 to 4 M makes the concentration of the
dissolved hydrogen, C,,, and that of dissolved oxygen, Cg,
about three times higher. Such large increases in C, and
C, clearly indicate a decrease of the liquid phase diffu-
sional resistance. Therefore, the decrease in R, appears
to be affected by a decrease in the liquid phase diffusiona
resistances of the dissolved gases.

Another possible reason for the decrease in R, is the
influence of C, on the electrochemical reaction rates, since
the charge transfer resistance of the electrode is known to
contributeto R, [31]. As expected from Egs. (1) and (2),
a lowering of C, enhances the charge-transfer rate of
oxygen reduction, but decreases that of hydrogen oxida-
tion. This fact implies that the charge-transfer resistance of
the cathode decreases, and that of the anode increases, as
C{ is diluted. For E,, =10 V in Fig. 17, it can be
confirmed that the charge-transfer resistance of the cathode
is reduced with lowering of C{. Note that, this cell voltage
corresponds to the activation polarization region where the
charge-transfer resistance of the cathode is dominant.
Hence, the decrease in R, is partly due to the decrease
in the charge-transfer resistance of the cathode.

Consequently, the decrease in R, with decreasing C{
in the range 4 to 7 M is considered to result from the
decreases in the liquid-phase diffusional resistances of the
dissolved gases and from the decrease in the charge-trans-
fer resistance of the cathode.

A decrease in the performance due to the lowering of
C{ at below 4 M can be observed in Figs. 17 and 19, in
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spite of the increase of C,; and C, as shown in Fig. 20.
Two factors can explain such a phenomenon. First, as
shown in Fig. 18, diluting C, to below 4 M diminishes «,.
Hence, diluting C{ will increase the ionic resistance of the
cell. According to our calculations, A throughout the
catalyst layers and separator layer is 13.2 and 34.2 mV at
C! of 4 and 1 M, respectively, when | is 1.0 A cm™2.
Thus, the increase in the ionic resistance is considered to
decrease the cell performance. The second factor to cause
decrease in the performance is the use of the electrolyte
with low concentration, which has an unfavourable effect
on the hydrogen oxidation at the anode. The distribution of
the open-circuit potential of the anode U, and that of the
cathode U, as a function of C[ is shown in Fig. 21.
Despite the increase in C; and C, with decreasing C/, as
shown in Fig. 20, an increase in U,, which is unfavourable
to the hydrogen oxidation, is observed in Fig. 21. If the
increase of C,, and the Nernst equation of the anode Eq.
(38) are taken into account, it is evident that the rise of U,
is due to the extremely low C{. Hence, it seems a that
lower C] creates greater charge-transfer resistance of the
anode, and the greater resistance contributes to the increase
of Rym-

Consequently, it is concluded that the increase of R,
with the decreasing of C. at below 4 M is caused by an
increase in the ionic resistance, of the cell and by an
increase in the charge-transfer resistance of the anode.

6.4.2. Influence of operating pressure

Polarization curves as a function of the operating gas
pressure P" as shown in Fig. 22. Increasing P' is well
known to have a positive effect on the performance of
AFCs[28]. The datain Fig. 22 are consistent with this fact.
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Fig. 21. Distribution of open-circuit potential as a function of electrolyte
concentration.
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Fig. 22. Influence of operating pressure on polarization of AFC.

Increasein | in all polarization regions with increasing P’
can be observed in Fig. 22. In particular, an increase in |
and a decrease in R, are noticeable.

The I can be increased by an increase in the liquid-
phase diffusivity or the solubility of the reactant gases. The
solubility H; P, is composed of Henry's constant H;, and
partial pressure of the gas P;; H; and P, are functions of
C.. According to our analysis, there is no change in C,
distribution throughout the cell with increasing P’ at
constant |. Thus, H; and D! of the gases remain constant
with increasing P'. Moreover, since it is assumed that
these are no changes in the electrode structure which could
affect I, during the varying pressure, any influences by
the structural parameter are absent. Therefore, it is con-
cluded that the increase in |, is caused solely by the
increases of P, and P, due to the increasing P".
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Fig. 23. Slope of ohmic polarization region as a function of operating
pressure.
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Fig. 24. Effect of operating pressure on current density as a function of
cell voltage.

R, asafunction of P' ispresented in Fig. 23. At low
P’, a small increase in P" considerably decreases R,
while at high pressure even a large increase in P" causes
only a small variation in Ry,,.

As mentioned in the previous section, R, can be
affected by ionic or eectrical resistance, charge-transfer
resistance and liquid-phase diffusional resistance [31].
Hence, all these factors can be considered as reasons for
the decrease of R, Wwith increasing P'. In order to
investigate the influence of the ionic resistance, A® values
throughout the catalyst layers and separator layer were
calculated in the P" range of 1 to 10 atm at constant |.
According to calculation, A® does not varied at all with
varying P'. Additionally, it should be noted that the
electrical resistance is not a function of the operating
pressure. Hence, neither the ionic nor the electrical resis-
tance is not responsible for the decrease in R, with
increasing P'. An increase in P" alows faster charge-
transfer rate, and such an effect can be confirm from the
case of 1.0 V in Fig. 24. It should be also noted that R,
decreases with increase in |, as mentioned in the previous
Section. Therefore, the decrease of R, is considered to
be caused by the decrease in the charge-transfer resistances
and by the increase in the gas solubilities due to increasing
P, of the reactant gases.

7. Conclusions

An advanced mathematical model has been developed
for a AFC single cell. In particular, the model describes
liquid-phase convection in detail and has reliable correla-
tions and parameter values. The model predicts well the
polarization characteristics of some AFCs. It is found that

the kinetic parameters obtained from the Tafel plot of the
single cell are very close to that of the cathode.

From the profiles of dissolved gases as a function of the
cell voltage, it is considered that the liquid-phase diffusion
of dissolved oxygen is the rate-determining step at limiting
current density. Cathodes in AFCs are aso found to suffer
more from a lack of dissolved oxygen than anodes. The
non-uniformity of the spatial distribution of the KOH
concentration is shown to be serious, especially at high
current density.

The resistances by the gaseous diffusion of the gases,
the electron conduction in the solid phase and the convec-
tion in the liquid phase are considered to be negligible,
even at high current density.

Influences of the operating condition in the AFC are
also investigated. It is shown that the initial electrolyte
concentration has an optimum of 3.0 to 3.5 M when the
cell voltage is between 0.6 and 0.9 V. The current density
at 1.0 V increases steadily as the electrolyte concentration
is decreased. The increase in the limiting current density
with dilution of the electrolyte is found to be due to an
increase in Henry's constant and the liquid-phase diffusiv-
ity of the dissolved gases. It is also considered that the
major factors which affect the slope of the ohmic polariza-
tion region for an electrolyte concentration of 4to 7 M are
the charge-transfer resistance of the cathode and the
liquid-phase diffusional resistance of the dissolved gases.
On the other hand, in for an electrolyte concentration
below 4 M, the slope is considered to be affected mainly
by the charge-transfer resistance of the anode and the ionic
resistance of the electrolyte.

The partial pressures of reactant gases are found to be
the only cause for the increase in the limiting current
density with increasing operating pressure. The decrease in
the dlope in the ohmic polarization region with increasing
pressure is considered to be caused by an enhancement of
the charge-transfer rate at both electrodes and by increases
in the gas solubilities.

8. List of symbols

Italic

Ager BET surface area of catalyst (cm? mg-cat™ 1)

al specific area of gas-electrolyte interface (cm?
cm™3)

a specific area of catalyst-electrolyte interface
(cm? cm™3)

C concentration of species i (mol cm™3)

D, free stream diffusivity of species i (cm? s™1)

9, effective diffusivity of species i (cm? s 1)

Aot catalyst loading (mg-cat cm™2)

E electrical potential of electrode (V)

E.an applied single cell voltage (V)

F Faraday constant (= 96485.309 C mol ~1)
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Henry’'s constant of species (mol cm™3

am™1)

total current density of single cell (A cm™2)
limiting current density of single cell (A
cm™2)

local current density (A cm™2)

exchange current density (A cm~2)

salting out coefficient (cm® mol ~ 1)
thickness of layer (cm)

molecular weight of species i (mg mol 1)
molar flux of species i (mol cm™2 s™ 1)
number of electron transferred

partial pressure of species i (atm)

reaction order of species i

ideal gas constant (= 8.31451 Jmol " K1)
electrochemical reaction rate of species i
(mol cm™2 s71)

mass-transfer rate of species i across phase
boundary (mol cm~3 s™1)

dope of polarization curve in ohmic polar-
ization region (2 cm?)

stoichiometric coefficient of species i
temperature (K)

time (s)

transferrence number of species i
open-circuit potential (V vs. SHE)

mobility of species i (mol cm? J"* s 1)
effective mobility of species i (mol cm? J~*
s 1)

specific volume of layer (cm® mg-cat—1)
partial molar volume of species i (cm?®
mol 1)

volume average velocity (cm s™1)

velocity of species i (cms™1)

liquid phase mole fraction of species i
liquid phase mole fraction of species i in
pure water

vapour phase mole fraction of species i
spatial coordinate (cm)

charge number of species i

apparent anodic transfer coefficient

apparent cathodic transfer coefficient
thickness of eectrolyte film (cm)

porosity

dimensionless spatial coordinate

local overpotential (V)

electrical conductivity (S cm™1)

ionic conductivity of electrolyte (Scm™1)
equivalent conductance (cm? Q! eq™?1)
limiting equivalent conductance (cm? Q™!
eq )

ionic equivalent conductance of ion i (cm?
Qfl eqf 1)

A9 limiting ionic equivalent conductance of ion
i(cm? Q teg™ )

v number of times of the rate determining step
occur for overall reaction occur once

12 number of cations or anions produced by the
dissociating electrolyte

o effective electrical conductivity (Scm™1)

T tortuosity

& solution phase potential (V)

Superscripts

a anode

c cathode

g gas phase

I liquid phase

e electrochemical reaction

r reference condition

p mass transfer across a phase boundary

TF PTFE

S electrically conductive solid phase

0 standard condition

Subscripts

a anode

c cathode

CL catalyst layer

aCL anode catalyst layer

cCL cathode catalyst layer

e electrolyte

GDL gas-diffusion layer

aGDL anode gas-diffusion layer

cGDL cathode gas-diffusion layer

H H,

i Species i

i species |

o 0,

SEP separator layer

w H,0

+ cation (K*)

- anion (OH™)
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