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This is the Fourth Quarterly Report (Final Report) of a
research program conducted by ASEA under contract with
the National Aeronautics and Space Administration,
Washington D.C. Tyé objective of this program is an
experimental investigation of mass transport polarization
and activation polarization in porous oxygen electrodes.
Four Quarterly Reports have been issued. The Research
summary refers to the total program while the rest of this
report refers to work performed during the last quarter.

The research has been directed towards an understanding of
the complex processes occuring in porous oxygen cathodes.
Such an understanding can result in the identification of
rate-limiting processes and ultimately to a rational evolu-~
tion of electrode structures.

The sequence of steps occuring in a hydrophilic porcus oxygen
electrode comprise:

a) mess transport of oxygen in gaseous phase
b) mass transport of oxygen molecules through a liquid film
c) mass transport of water to the reaction zone

d) electrosorption of oxygen and electrochemical reaction
on the catalyst surface, most likely either as a 2
electron process followed by peroxide decomposition or
as a 4 electron process

e) mass transport of OH -ions from the reaction zone

The experimental results show, that the polarization curves
can be divided into three regions with different rate-limiting
steps.

The first region occurs at low polarization where the surface
reaction is rate-limiting. This region is characterized by a
high activation energy, experimentally determined to around

8 kcal/mole, and a deep effective reaction zone, more than

1600 microns. Silver gives a lower polarization than palladium
and platinum, presumably due to a difference in electrosorption
or faster decomposition of hydrogen peroxide. The polarization
vs reversible oxygen electrode in same solution is lower in
strong KOH than in weak KOH solutions.

The second region ogcurs at medium polarization. A combination
ol mass transport of oxygen by diffusion through liquid films
and mass transport of OH along the liquid films is rate -

- limiting in this region. The polarization is approximatively
the same for Ag, Pd and Pt electrocatalysts. The activation
energy is lower, around 5 kcal/mole, and the effective reaction
zone is thin, around 400 microns. The inverse slope of the
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polarization curve at medium polarization & is proportional
to a mass transport function VS DA when t%p oxygen solubility
S, oxygen diffusivity D and electrolyte conductivitydl , are
varied by changing KOH-concentration or temperature. -

The exchange current densities for Pd and Pt calculated from
our porous electrodes using BET catalyst surface are in
agreement with literature values from plane electrodes, The
shape of our experimental polarization curves for the first
and second region are similar to calculated curves for the
thin-film theory when all forms of polarization including
the surface reaction with an experimentally determined
exchange current density are taken into account.

The third region occurs at very high current densities. The
polarization is similar for differing KOH-concentrations,
and the current density can be higher than the calculated
limiting current density for oxygen diffusivity through the
liquid film, even if the rise in electrode temperature is
taken into account. Oxygen transport through the liquid film
is speeded up by convection in this high-current region.

Experiments with the mixed-gas technique show, that the mass
transport of oxygen in gaseous phase increases in importance
with increasing current densities. The polarization is lower
for an Op/He-mixture than for a Op/Ar-mixture of the same
composition, showing the influence of the difference in
diffusivity for the binary gas mixtures. The mathematical
treatment on the "Thin-Film Theory" made by Srinivasan and
Hurwitz has been extemded to include mass transport in mixed
gases. The equations can be used to optimize pore diameter ox
film thickness for different gas mixtures,
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The objective of this investigation is to study mass
transport in gas phase and polarization due to it in
porous oxygen electrodes. The mixed gas-technique for
determination of diffusion effects has been applied.
Two inert gases with different binary oxygen/gas
diffusivity, argon and helium, have been used.

The polarization has been measured as a function of
current density, with varying oxygen conversion and
varying oxygen content. The experiments were performed

in 4 M KOH at 50°C. The "Thin-Film Model" of Srinivasan
and Hurwitz has been extended to include polarization due
to mass transport in gas phase for mixed gases.

The current density and current distribution as well as
concentration of oxygen at different distances were
calculated on a GE 625 computer for different polarization
of the oxygen electrode using the modified thin film model.

All polarization data refer to the reversible oxygen
electrode in the same solution.

Polarization curves with pure oxygen have been measured
up to 1500 mA/cm?. These data are compared with the cal-
culated limiting current for diffusion of oxygen through a
thin liquid film.
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A large number of investigations have been ocarried out ¢n
the reaction mechanism in the oxygen clectrode for various
electrocatalysts in acid and in alkaline solution (1-7).
Howevel the mass transport in gas phase is in most cases
neglected.

Mass transport in oxygen electrodes is often the primary
cause of the polarization. This inhibition of reaction may
be due to: diffusion of oxygen molecules in the gas phase,
diffusion of oxygen in the liquid phase, diffusion or
migration of hydroxyl ions in the liquid phase and diffusion
of reactant product in liquid or gas phase.

The thin film model derived takes in account diffusion of
oxygen in gas phase, diffusion of oxygen in liquid phase,
diffusion or migration of hydroxyl ions along the liquid
film and activation polarization.

The parameters used in the modified thin film model has been
determined in earlier reports and will be used for the calcu-~
lations.

The mass transport in gas phase is based on the assumption
that no convection takes place. At high current density at

the same time as the flow is high this assumption is pre-
sumably not valid. However the values can be corrected by
replacing the diffusivity constant with the "eddy diffusivity".
This correction has not been done in this report, since these
conetants are not known.

The error introduced by the numerical solution is 10 mV,
This error can be reduced by an increase in computer run
Sime.,
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3.1
Physical properties
Electrodes with an active layer of 5 wt% silver were prepared
and tested. The thickness of the active layer was 1600 microns.

The total thickness including a fine active layer was about
1800 microns.

The BET surface area of the active layer of silver is about
200 cm2/cm2 geometric area. The film surface area at a diffe-

/ rential pressure of 0.8 atm is 285 cm?/cm? geometric area.
The porosity of the active layer is 43.6 %.

:} Other measured parameters are solubility of oxygen 2.5 ‘!O-7
mol/cm3n specific conductance 0.75 ohm™] cm‘1, diffusivity
of oxygen in 4 M KOH 1.9 10-D,

The electrode temperature was maintained at 50°C.

Diffusivity of oxygen in i rgon and in helium was calculated .
using the Chapman-Enskog formula.

]
The.film thickness was measured by means of a gas porosimeter,
and the value 1+10-4 cm was obtained.

.The pore radius was estimated to 2+46 1074 cm by means of
microscopephotos, surfece tension and dilatometer measurements.

The ex¢hange current density was estimated from wnasurements
at low current densities to approximately 10~7 L. /em?.,

3.2
Arrangement for testing of electrodes

:) The gas pressure was measured with a precision manometer and
at the same time recorded with a pressure gauge in order to
see any fluctiation of the pressure during the run.

Preheating was arranged by letting the gas mixture pass a coil

:) of aluminium immersed in the bath before the entrance in the
electrode holder. To keep a constant conversion a high vacuum
valve was used for flow regulation of the gas mixture. Before
the entrance to the gas chromatograph the gas mixture was dried
with magnesium perchlorate. The flow was measured at atmospheric
pressure with a soap bubble tube. The conversion was recorded

s with a Perkin-Elmer gaschromatograph F6/3T. The following

conditions were used:

kim0

i Column: DMolecular sieve 2 micron

’ Column tomp.: 50°C

Reference gas: Argon or helium as the case may be
Reference gas flow: 50 ml/min.

Bridge voltage: 5.25 Vol!

Gas pressure: 2.5 bar
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Electrochemical Measurements on Electrodes

4
EXPERTMENTAL RESULTS

4.1

Electrochemical tests

Investigation of polarizaticn curves of varying oxygen
content in argon as well as in helium were made at 50°C

in 4 M KOH at optimum differential pressure. The measur =~
ments were done with porous electrodes of nickel with
silver us electrocatalyst in a coari's, porous layer and
nickel in a fine, porous layer facing the electrolyte side.

The electrocatalytic activity was measured in half-cells
with # %5 mm porous discs as oxygen electrodes in a holder.

I-v curves are measured stvepwise with an interval of 3

minutes. The mV-meter has an internal resistance of 1014.n. e
The duration of the measurements was one day. Bach solution e
was titrated to ¥ 0.05 mol/l. The half cell used for current
potential measurements is shown in fig. 1. The cell is

heated by a water bath. Potential were measured with a

WV-meter (Radiometer PHM 22) by means of a Iuggin capillary

with tip placed in the centre of the electrodes 1 mm from

the surface.

Current is supplied by an ASEA-galvanostat, fig. 1. The
reference electrode is a hydrogen electrode with nickel-
boride electrocatalyst in 7 M KOH at 50°C with a pressure
of 2.6 bar. The RI-drop, between the tip of the reference
capillary and the electrode surface, is measured by rapid
breaking of current with a Hg-relay, trigged to a storage
oscilloscope (Tektronix 564). This purely ohmic voltege
drop decays faster than 1 microsecond and can easily be
distinguished from ether slower decay. All measured values
have been corrected this way. All instrument used has been
checked by comparison with references. Optimum differential
pressure was obtained by increasing the pressure at - 350
mV polarization until the current reaches & maximum.

Fig. 3 shows experimental polarization curves for oxygen -
- argon mixtures at a low conversion of oxygen. It is
apparent that the polarization is much larger at higher
current densities with a low oxygen content in the gas
mixture.

3

with the mixed-gas technique §
";—s

5
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Fig. 4 shows experimental polarization curves for oxygen -
- helium mixtures at a low conversion of oxygen. The shape
of the curves are similar to the oxygen - argon curves.




Fig. 5 shows a comparison of the polarization for different
oxygen - argon and oxygen - hellum mixtures at a relatively
high current density, 300 mA/cm?. Oxygen - helium mixtures
have less polarization than oxygen ~ argon mixtures especially
at low oxygen contents. As the oxygen diffusivity is 4 - 5
times lower in the argon mixtures it can be concluded that

the mass transport in the gas phase 'in the pores has a rate
limiting influence.

Fig. 6 shows polarization curves for 20 % oxygen and 80 %
argon at varying conversion of oxygen. High conversion of
oxygen when the gas mixture passes the electrode gives a
higher polarization due to the lower content of oxygen in
gas phase near the electrode. There is also a limiting
current density depending on mass transport in gaseous phase.

Comparison of experimental data with numerical calculations

Fig. 7 and 8 shows a comparison between experimental
polarization curves and calculated polarization curves
for gas mixtures. The calculations are based on the
"Thin film model"” and include mass transport in gaseous
phase. The technique used ig discussed in the Appendix.
The calculated data have higher polarization than the
experimental, and a limiting current density at a lower
value than the experimental curves.
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It is of course very difficult to carry out numerical calcu-
lations on the total process in a porous electrode. The
exchange current density, i,, in only an approximation of
the rate constant for the surface reaction as the mechanism
for this may change with the potential. The pore system in
a real electrode contains an uneven film with a very curved
surface which is difficult to take into account in the "Thin
film theory"; although tortuosity factors were measured in
the Third Quarterly Report (ref. 10). The lower polarization
in the experimental curves could be caused by convection in
gaseous phase, so-called "eddy diffusivity". :

4

Concentration profiles for oxygen concentration, current
distribution and surface concentration of oxygen at the
bottom of the pore have been calculated for 20 % oxygen -
- 80 % hellum _mixture, and are shown in tables 1-3.

At a low current density there is no 31gnif1cant difference
between helium and argon, but helium gives a lower polarization
than argon at a certain current <“ensity: About 20 mA/em2 for

10 % 05, 60 mA/cm? for 20 % O and 150 mA/om2 for 40 % Op.
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The theoretical model shows that oxygen in helium has a lower
polarization than oxygen in argon due to the difference in
diffusion constants in gaseous phase, D_ = 0.56 cm?/s for
oxygen - helium and 0.12 cm2/s for oxygen - argon.

At lower current densities, the oxygen diffusion in gaseous
phase will cause less polarigzation than the surface reection.
At ° sher current densities the length of the active reaction
zone will depend on the transport properties of the mixed
gases.

The mass transport in liquid phase along the film limits the
film thickness to relatively thick films., The mass transport
in gaseous phase for mixed gases is more when the open volume
is larger in the pore system. This means that there exists an
opbimum pore radius for a given film thickness. This optimum
radius gives rapid oxygen transport in gaseous phase as well
as ionic transport along vhe film and mass transport of oxygen
molecules through the liquid film,

The numerical solution was obtained using steps of 1/20th of

pore length. This results in uncertain values at low and high

current densities. The error limit for voltage drop introduced
in ‘the numerical calculation is less than 10 mV. Further
reduction in this error is only a matter of more computer
time.

T e A
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= 1.9 ¢ 1077 cm2/s Sboy, = 2.5 - 1077 mole/cm? + atm
1.80 atm ip = 1.5 » 10=7 A/cm2
0.750 " ew™!  m + F =4 + 96500 As

X
1
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" CALCULATED CONCENTRATTON PROFTLES OF OAYGEN IN A MIXPURE OF 20 % Table 1
COXYGEN AND 80 % NEL1UM .
| | .
¢ + 107 mol 0,/ca’ ;
y '7 1 3
| Z/L O o1 .2 -3 04 05 06 07 .8 .9 100 v
93 93 93 9% 9% 93 93 93 93 93 93
2 93 92 91 80 30 9.1 7.8 7.6 7.6 T.6 | 7.6
4 93 88 65 1.3 0.7 0.6 0.6 0.6 0.6 0.6 | 0.6
.6 93 38 0.07 | 0.05 | 0.0 0,0 0.0 0.0 0.0 0.0 | 0.0
, & 93 0 0.0 0.01 | 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
: 1.0 9% 0 0.0 0.0 0.0 | 0.0 0.0 0.0 0.0 0.0 { 0.0
:
b Parameters are: b
i , 4 4 2, 2
2 R2 = 2.46 « 10 " cm R1 =1.46 « 100" em L = 0.16 cm Af = 285 cm“/cm .
%r Dg = 0.56 cm2/s 35%'

N

X02 = 0.164 ’ Po
T = 323°K &
Voltage error 20 mV
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SALCULATED CURRENT DISPRIBUTION IN A MIXTURE OF
20 % OXYGEN AND 80 % HEL1UM

I = 10{ A/pore

Table 2

0 0 0.1 0.5 3.2 18 81 190 250 260 260 260
2 0 0.1 0.5 3.2 16 21 21 22 22 22 22
4 0 0.1 0.5 1.8 2 2 2 2 2 2 .2
06 O Oa1 001 001 001 Ot1 Oo1 001 001 001 001
.8 0 0 0 0 0 0 0 0 0 0 0
1.0 0 0 0 0 0 0 0 0 0 0

C 0.8 31 15.2 6 61 293 356 366 366 366

Parameters are the same as in table 1
Table 3

R (L, rg)

0 9.27 - 1078
0.2 8.8 + 10"
0.4 1.5 « 10712
0.6 3.4 - 10714
0.8 9.4 - 1071
1.0 2.5 « 10"V

»Parameters are the same a& in table 1

'CALCULATED SURFACE CONCENTRATION OF OXYGEN AT BOTTOM OF PORE
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LIMITING CURRENT DENSITY, DPURIS OXYGEN A

The exporimental eguipment for oloctceochomical. measurcments §

L witti bhe oime noo in cartier measurements (8, 9, 10) but a thin :
{ thormocouple wis allached to the pas side of the electrodes. i i
'he high curreut wnu gupplied from a 12 7V battery in series .

, with a resistor. Iolnrization curves were measured at optimum

differential preusure for electrodes with 100 and 400 microns

active layer containing a silver electrocatalyst. 100 % oxygen
was usced in these measurements.

Fig, 10 shows a polarization curve for an electrode with 400
microns aative layer containing silver electrocatalyst (com-
pared with an electrode without electrocatalyst). The optimum
differential pressure oxygen-electrolyte was 1.0 atm. The
shape of this curve is the same as measured earlier up to

400 mA/cmz. There is an increase in polarization up to 900
mA/cm? and a slow decrease in polarization at higher current
densities. This decrease was unexpected as the earlier tests
up to 400 mA/cm® did not show & decrease in polarization for
4 M KOH.

baew

The influence of local temperature must be taken into account
in reaction kinetic measurements at high current densities.
This temperature increases from SOOC up to 69°C at 1500 mA/cm2
causing an increase in oxygen diffusivity in KOH from 1.9 -« 10=2
i cm/s to 3.5 + 10~2 cm2/s and an increase in electrolyte

- conductivity from 0.75 ohm=1 cm~! to 0.96 ohm™' om~'. These

o changes are probably not large enough to cause a decrease in
polarization if the total reaction cycle remains unchanged.

The interesting decrease in polarizetion at high curreat
densities stimulated further experiments with a thinner active
layer in order to study the mechanism.

T T

——r

The electrode of nickel without electrocatalyst gives & low
current density even at high polarization. It is evident that
the silver surface is invalved in the majority of the reaction.

Fig. 11 shows a comparison of polarization curves for an
electrode with only 100 microns active layer thickness in
4 M KOE, 7T M KOH and 10 M KOH electrolyte. The optimum
differential pressure oxygen-electrolyte was 1.4 atm at all
KOH-concentrations,

AL PR 0 LTSGR e e

These polarization curves can be devided into three regions.

In region 1, low polarization up to about = 350 mV vs & 1

‘ reversible oxygen electrode there is only a small difference
between the curves with & higher polarization in weak 4 M KOH
electrolyte. :

In region II, medium polarization from - 350 mV to about

- 600 mV there are approximatively linear polarization curves.
The slopa is steepest in strong 10 M KOH giving the highest
‘polarization in strong KOH-eleotrolyte.
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These two regions nave veen treated in detail in our
Quarterly Report No 2. The rate-determining step in region
I is the reaction on the surface. The rate-~determining

step in region II is a combination of mass transport of OH
by migration and diffusion along the liquid film by a diffu-
sion mechanism. Ordinary fuel cells operate mainly in this
region.

In region III, high polarization, more than - 600 mV vs
reversible oxygen, there is a difference in the shape of
the curves, The curves for 7 M KOH and 10 M KOH gets less
steep and the slope of the three curves are almost the
same at high current densities. There is a tendency to get
almost the same polarization in 4 M KOH and 7 M KOH, in
spite of the large difference in oxygen solubility and
diffusivity, which are considerably lower in 7 M KOH. The
OH- concentration in the liquid films is increased during
the reaction dvue to formation of OH -ions. This would cause

a further decrease‘in oxygen solubility and diffusivity at
hlgh current densitles and a steeper polarization curve at
high currcnt densitie while the experimental curves are
almost horisontal at gh current. This suggests, that a
new mechanism for mass transfer is operating.
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The limiting current densities for gas diffusion through a
liquid film can be calculated from the formula

Dn
0

2_8-D-4A
dt W

The film surface A and film thickness W have been determined
by gas porosimeter experiments (Quarterly Report 3, ref. 10).
Oxygen solubility S and diffusivity D for the bulk solution k-
were used in our calculations (these values are smaller in
the fllm) Limiting current den51t1es were calculated both -
for bulk solution temperature 50 C and electrode temperature
70°C and are shown in table 4.

It is evident, that the measured current density is much
higher than the calculated value for 10 M KOH.

The difference in mechanism is probably that convection

occurs in the liquid film causing rupid transport of O,

molecules through the film. This can either be caused by

the large heat evolved in the sc¢lid-liquid intexrphase or 2
by the gradient in liquid tension, the Marangoni effect, ol
as suggested hy Will ?11) and Keenshek (12) for model g
electrodes. 3

Table 4 also shows that the current density calculated on ;5.
real electrocatalyst surface area can be very hlgh nore - ¥
than 100 mA/ecm2 on silver.
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CONCLUSIONS

I .
RECOMMENDATIONS

11

The experimental mass transport test with mixed-gas technique
shows that there is a significant difference between oxygen
in helium and oxygen in argon, especially for low oxygen
contents. This proves that the difference in polarization -

- lower in oxygen - helium mixtures with a high oxygen diffu-
sivity - is due to differences in mass transport in the
gaseous phase.

It can therefore be concluded that at low oxygen contents, there
18 a limiting current due to mass transport in the gaseous
phase.

For mixed gases and a given film thickness, there is an optimum
pore structure where the mass transport in both gaseous phase
and liquid phase are rapid. This structure is different from
an optimum structure for pure oxygen. L
Calculations according to the "Thin film theory" show that the
current is evenly distributed along the pore for a low polari-
zation., At a high polarization, most of the current comes from
the part near the gas side when the electrode is supplied with
an oxygen - inert gas mixture, and the concentration of oxygen
is very small in the pores near the electrolyte side. This
current distribution profile is very different from operation
on pure oxygen at high polarization, where most of the current
is generated in the bottom of the coarse layer pores near the
fine layer and free electrolyte.

Experiments with pure oxygen indicate that convection in liquid
films increases the rate of mass transport of oxygen molecules
through these films at high current densities. Current densities
of 1500 mA/cm® have been reached with a 100 micron thin active
layer. These data correspond to a "real current density" of

100 mA/cm® on the silver electrocatalyst surface area.

These experiments demonstrate: the possibility to get more rapid
mass transport of oxygen through the liquid films than
calculated from diffusion. An electrode with a modified struc-
ture to give less resistance along the liquid films and more
electrocatalyst surface area would give less polarization at
these high current densities. This is a promising approach to
achieve higher energy density fuel cells.

In order to arrive at improved 6xygen electrode systems further

research in the following areas is indicated.

a) Investigation of the reaction kinetics in the high current
density region including determination of the electrolyte
concentration in the liquid films.
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b) Direcl measuremenls ol oxygen electrosorption on varying

electrocatalysts with varying KOH~-concentration and
electrode potential,

. ¢c) Manufacture electrodes with varying pore structure and 3
’ electrocatalyst surface area. The film area and film by
resistance for each structure are measured and compared 5
with the corresponding current density - differential +
pressure and polarization curves. i3
%

i N BT T T TR S




8
BIBLIOGRAPHY

1e
2.

3.

10.

11.

12,

13.

g S W i s

15

Hoare, J.P.: J. Electrochem. Soc. 112 (1965), p. 602
Hoare, J.P.: J. Electrochem. Soc. 112 (1965), p. 1129

Ye&ger, Jo, D&V’leB, M -Do’ Clark Mo’ HOVOI‘k&, Foo
J. Electrochem. Soc. 106 (1956), p. 56

Vielstich, W.: Z. Physik. Chem. 15 (1958), p. 409
Sawyer, D.T., Day, R.J.: Electrochemica Acta 8 (1963), p. :

Bockris, J.0.M., Srinivasan, S.: Journées Internationales
d'BEtude des piles & Combustibles, Brussels, June 21-24, 19¢

Lingane, R.: J. Electrochem, Soc. 110 (1961), p. 269

Lindholm, I., Edwardsson, I.:
NASW-1536. First Quarterly Report April 1 - June 30, 1967

Lindholm, I., Edwardsson, I.:
NASW-1536. Second Quarterly Report July 1 - Sept 30, 1967

Lindholm, I., Edwardsson, I.:
NASW-1536. Third Quarterly Report Oct 1 - Dac 31, 1967

Wll.a., F:u.:
Deurieme Journdes Internationales d'Etude des Piles &
Ccibustibles. Bruxelles June 1967. oy

Ksenshek, 0.S.:
Deuxieme Journées Internatlonales d'Btude des Piles &
Combustibles. Bruxelles June 1967

Srinivaesan, S, Hurwitz, H D:
Electrochimica Acta 12 495 1967

cona e
'ﬂ*ﬁ*i'ﬁ%‘? fo A S L

PR sl g Y Fis




ONILSHE TTOYLOETE

VIHMHOS MOTd OTHLOATH

LN~ AW

HAOELOETR _
*IHY NADOUAXH _

dAOHLOTTE HHINNOD

JTOULIATT
NEDXXO

“SSv3

TR SN e e Sy o

CAHON VI Y

NOTE SV DILVIEHOS

HdV4901 VWONHD

Sv9

ONILV3H

“SYM
L O] inc

“3d

300819313
‘43

37dN0J0NY3HL ]

'

NI
IANIXIN SV

L€ /94 BANTA-NTYUAS
IIVED0LVHOYEDS S50

WHINOD
3MNSSR |

3MUXIn

S8

INFMINSYIN

QO O o =
© %0 gooo @

E

——

Eane

B e e e o S o
R

R T e

SERFEY:




PH-METER
9]

ARRANGEMENT FOh CURRENT - VOLTAGE CURVES

ASEA POTENTIOSTAT
P 99

)

[] COUNTER

Q

ERES . " TR e &%ﬁff?.&: .

ool b A Bt R T T N N




’ IALISNIQ LNIWYND

JT/Va 00Y 00§ 002 \ 0oL 0
{

O B . . ’

-
.

T

R ——
W

2z .

; 0% ¢*°2h— +

09%6°LL —o

3 NODYV NI INAINOD NMDAXO ONIXNVA LY
TYASSHU TVILNIYIIITIC WAWILIO IV STAMND NOILVZI¥VIOL ¢ °DIL

POTENTIAL V.S. REVERSIBLE OXYGEN ELECTRODE (SAME ELECTROLYTE)




0

- T -~ o ‘.. i u .:
’ WU THEEEOD
| 00¥ ABISHHT Y 02 002 Q0L >
'-EO\‘««S ‘[ ﬂ H 1) S R 4 T L] T L 8 1,‘1 T ¥ T R — 1 A o < b ] O
<
ﬁ I
002
|
207
2
. 0% 666 —— o
0% L6g —— +
N L ] w
0%9°02 —— X 009 g
%0 ¥ G0 —— o
. 7 008
1
: 1 000L
“ -4 oozt
¥ am
WOTTHHE NI INEINOD NEDAYO HNILAEVA
. DLV HUNSSHEd TVILNHUAIITC WOWILJO IV SEAYND NOILVZINVIOL ¥ "SI



¢

2, "
001 06 08 oL 09 0¢ oY 0 02 ot 0
- ¥ T T T T ] T ; T T 0 =
&
0,06 ‘EOX W ¥ ] 3
B
|
. 1 00z H
. =
4 00V
——— a
~— =
J (o
;
. 4 009 . f
g
: 9
2 1
- @ )
0 4008 2
v -3 — x 7
4 m
7 000L
< &
T 3
<
. 4 oozl M
B
P e - ‘ AT m
\ Nso\é 00¢ IV NOILVZINVIOd G °*HId
H - s ﬂ




AITSNAQ LETHEND
oov 00¢ 002 001

0
NEO\ﬁAm ] I I T T ™ T [ Y —-Y T T 1 - T T ' % T | i Y v . 0
ISATVIVOOULOETE YIATIS ‘HOX W ¥ ‘0,06 ]
-1 oo0e
00¥
009
0 Ie3u o
% oL ©
cos
¢ 0z x
Yof <+
. i -1 000t
0 o
% 09 / |
. N w -
NOISUAANOD
- 002l

NEDXY0 J0 NOISYHANOD DNIXHVA IV NODHV NI NADAXO
¢ 02 HOd HUNSSHUI TVIINIHAIITC WOWIIIO &V SEAYAD NOILVZIMVIOL 9 °“DId

2 TN o HY o W o

POTENTTAL V.S.

2 RTLRCTROT,YTR)

TRODE, ( SAMY

C

IMSTBLE OXYGEN F

A



——— S S e - iy e e s = it ol 7 480 At B T TS UV DR - R . -

XIISNAQ TACEHND |
(0]0)% 00% 002 , - 0]0) | 0
W \ yu -t T 7 T T T T T L T 1 T T Y T T T T v v T
2 I | |

o

Wr

: ' 22
i
A !
) . \
R PN aTPe 2
R S G R U RN R
o G ) o
.

A

1CTROL

gl i Ay
s Lt le e

GAMIE

- @LVIADTVO

\l
Ll

¢ 00l

LTCTROD

'
)

POTENITAL V.S. REVERSIBLE OXYGEN K

VIVQD TVLNETITEIIE === = | : §oe
VIVE @7 IA0TVE  ——me— |

NOOYV NI NZDXXO ¥OI SEAHOD TVINIWINAINH NV CHIVINOTY) NEHMIZG NOSIUVL0D L *HId




T S A st e
AN Lo B T N e

R s e ek et

00¢

CIIvInoTYD % 00l

o e T T

00V

0% ool X

— —
——
o

009

% 0y

008

.1 OGOt

= 0021

VIV TVIAEHTHH YT —— = ~ v AT
YIVQd QIIVINOTYD ——

WATTHH NI NIDAXO0 ¥Od SHAMND TVINTATHAIYE NV CHLVIAOTV) NIAMIST NOSTHVINOD 8 *OId




FIG. 9 PORE MODEL

5

L ik

GAS STREAM
—_—
METAL A -
| U
r___

;

;

N
s
o)
¥

i

.




; \\\\ ‘ ; ﬂw ! R S T ot o T

ALISNEA LNAYH00

0061 0001 005 0
LA L — - ‘

-«

002-
STUNL VYAIWED FAO¥LOTTH ~— 00~
\ 0,59
0,69
o 9,29 I
¥ % L 009~
;
SNO¥OTW 00F HIdEA@ WHAXVI HAILOV
‘ISXIVIYOOUILOTTANAATIS
9 8@!

(TSATVLYO0HLOTTA IAOHIIM)
TEDIDIN SAO¥0d

OOOm ALXIOWLOTIE XIfd
HOX K ¥ t

AT

KLV 0° | JENSSTUd TVILNHHIAITC WAWIIJO LV SEAYND NOILVZIYVIOL Ol °*DId

POTENTIAL VS REVERSIBLE OXYGEN ELECTRODE (SAME ELECTROLYTE)




ALISNIQ INFWAND

0061 0001t 006 0
S0 VA L p— . ; .

0
002-
- oo~
1 009~
X:
| - 006-
mwll\ﬂﬂu
HOX H L v
— * 0,LS
9,59 ~ \\ 0005 ELKIOBLOFTE ¥IE |
AT
STENIVHAIWE] AQORLIFII

SNOCYOIW OOl HIJAd HIAVI
FATLOV ‘ISITVIVOORLOFIN WAATIS NOIIVAINAONOD HIXTOMIOFIA HMIXUVA
HEIA WIV 7° | TUOSSHYI TVIINTEZAITGC WAWIIGO IV STAUAD NOILVZIVVIOL LI *DId

POTENTIAL VS REVERSIBLE OXYGEN ELECTRODE (SAME ELECTROLYTE)




Nos o Be
£ 2 A S ARG

9
CALCULATIONS

9.1
Theoretical Model

[ ]
y

9.2
Solution of equations

In this thin film model, it is assumed that a thin film
with constant thickness exists above the meniscus and is
in contact with the solid phase in the pore. The following
steps are incorporated.

(1) Diffusion of reactant gas, O, in inert gases, from
outer end of the pore with a gas pressure P, to
gas/electrolyte interface

(ii) Radial diffusion of O, from gas/electrolyte interface
r = rq through a thin liquid film to r = r, for
0s2°%1L rd '

(iii) Electrosorption and charge transfer of adsorbed
oxygen.

(iv) Mags transport of ions along the liquid film.

Srinivasan and Hurwitz (13) have treated mathematically the
"Thin-Film Model" for a combination of mass transport pola-
rization. This treatment extends their solution to include

mass transport in gaseous phase of mixed gases.

Axiel flow in through diffusion
2
= -Dg dcdgz,o).j',‘. ry (1)

Z

0
sz

Axial flow out through diffusion

o) - 2
N m <D » (4C(z,0) + &°C(z,0) L2
0| .0 =6 (423 =5 az) g/ =" (2)

Radial flow out through diffusion

- -Dv * dC('Z‘_I‘_) « 2 cho r (5)

N
02 z,R dr

; ‘
Reaction rate

IC;o ' - %I“F | | (4)

2| z,r

g o 41 A oty < S < B
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Mages bhaance.

Addiva o uOW il

~azx 4l Llow out

. ( B 2
-Dg dCd: o) &T- r12 - L__Dg . (dC(z,o) + G C(z,o». dz G

/ dz dze
/
- Radial flow out = 0O;
-4 =0 (5)
nep
Polarization
- . . . i Q'F = nJF
dIuQSTrz dz 1o{gzr)eaRT-e 2RT} (6)
* dp =1I dz (7)
rL Har- (1'22 - 19€)
Concentration of oxygen
i
B - Number of pores/cmz- Af . (9)
% 2.'}T. r1 e I,

Current density

I . Af
2-,1i e:°r1 - L

i =

Combining 3 and 4 we get

nsf

integration with B.C.

To
lni--_@_t__--n‘F-
dz
1’1; )

'(10>

QL _ w2 +G] + Dy - dz - dc

dr
o

C(z,r) = C(z,r2? ¢(z,r) = ¢(z,0)

T = Io r=r,
C(zlrg)
2 ﬂ_- Dy C Rearvanging
Lves
¢(z,0) &

)




. ey "1’.‘1
0(z,0) = C(uymp) + @m0 (3a)

24in + F + Dy

2

Eqv. 5 gives Dg d°C(z,0)+ az i+ r,* = &I (5a)
dz? ne
- n.p
aI . 2 1T
Eqv. 6 gives C(z,rg) = C(z,o) dz « 249y 1o * 19 °
®© 2RI
(62)
Combining 3a and 6a gives
-RF
4T o C(z,0) (1 -e RT) 2 -G +n+F Dy
dz =
n T2/r + B° F «Dy » C(z,0) « e JTXKI
r2 ’ io
é
- nF
If 1n T2/51® o - F « Dy, - C(z,0) + & 2RI we get
1‘2 10
-hr
4l = C(z,0) (1 - e RT) « 29T+ 0 « P « Dy (3b)
dz ln To/T4
A /T —"‘_E‘
<< n = F . D . . m
If 1n “2/71 v ¢(z,0) «+ e 2 RI ve get
1’2 . lo
g . LY
al=(1-e RI) -2 9 -T2 +30.¢e 2RI (3¢)
dz
Using 3b together with 5a gives
2 n
dc(z,0) _C(z,0) = O K=2+Dy* (1-e RT)
dz? K :r12 « Dg + 1n T2/r,

Laplace transformation gives

82 . C(s,o) -8 °© C(o,o) ~ de(o,0) - C(8,0) = O

dz K

\




7

¢(s,0) = ¢c(o,0) 1 + C(o,0) = &
dz S.'2

=i-
o
I
==

iz = .
3(z,0) gi;- (0,0) . JE  ginh z JT;Z' + C(0,0) * cosh z - H{-

B.C. (dc¢(z,0) = o

C(z,0) = P, + Xy, * Sb gives
P ’ o = 207 0

z w1 z =0

-

-ng

| C(z,o) = Py o x02 . Sb02 cosh z +7\[2 * Dy(1-e RT)

r,2 « Dg + 1n r2/r1

]
. —EE \
—Po + X, * Sb, -« tanh L 7|j2 Dy (1-e__RT) .
2 2 r12 * Dg + 1n ro/r1
. ginh z Dy(1-e RT
- eink z i.{"fbe.l)r/ (5b)
1 &8 n ta/Tq
Using 5b in 3b we get
| - nr
GI = dz + (1-e RT) - C(z,0) *+ 2 +9T +n « F « Dy C(11)
Sol"\x‘ring 3c we get after Laplace transformation
-2
S* » C(8,0) - s' . c(o,0) - _d_C_'(o,o) - _I§1 - 0
dz 8
K' a2+ 15+ iy + (1-e RT)
c 2 . N -_D-.F_
ry " Dg* e ap

(/,; .

C(s,0) = C(o,0) = 1 N dc(o,0) 1 + _Ig1 = 0
8 dz 82 ) v

C(z,0) = C{o,0) + z + dC(o,0) + 3{_1_ . 2®

g dz' l

With boundary condition

&
i



ae(z,0) < 0 0(5,0) = By * Xg, * Sbg,
dw
v o= I Y ow O
‘ C(z,0) = Py * XOQ . b'bOg - %+ 21+ io(1-e RT) %
I‘2'D oe-.—n-.l_". (L-'é')(5c
1 g oRT

Using 5b in 3¢ gives

- -
O dI = dz + (1~e BT) + 2T « rp » i, + e RT (12)

11 and 12 can be solved numerical by a computer.
3 <:> Eqv. 7 is introduced as a loop in the program.

L is divided into sections. By adding the current in the
sections we can calculate i as a function of .
L'}

Calculation of diffusivity of oxygen in argon and in helium.

V 3 (o * e ) | ’
Do, _, = 0.001858 Y T7 \Mop  Mx " (Chapman-Enskog)

3».‘§ : 2

Py Go,x° * S ooy

a

Mo, = 32.000 &0, = 3.433 % & a 113% '
: ;“'. = § = o
0 M, 39.944 &, = 3.418 8 &= 124%

Mge = 4.003 dpe = 2.576 & &2 10.2%k

dop-hr = 3 (3.418 + 3.433) = 3.426 &

R}

€020 A\[i24 « 113 = 118.5% KD 2323w 2.727
K g0,-Ar  118.5

in tables we get Ar0p = 0.974

Y I O B B 2 | utn
Po,-ar = 0'001858\[ 523.15 (5 + 55om) 0.224 &8
1+ 3.426° + 0.974

P, = 1.8 atm D, - Ar = 0.124 cm?/s
0 « 02 v




0.001858 \[ 323.15 (55 + —4=)
7855’*\! 525.15° (35 * L003) - 1.0168 en’ - atm

L - e 3.004% - 06231 , 8.

Po = 1.8 ath D He - 02 = 0.h65 cm2/s
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Nomenclature

%
i

Electrode temperature
Inner pore radius
Outer pore radius
IMilmthickness

Pore depth

Total pressure

Solubility of oxygen

Diffusivity of oxygen in argon

Diffusivity of oxygen in helium

Mole fraction of oxygen

Film surface at 1.8 at

Diffusivity of oxygen in 4 M KOH

Ges constant
Concentration of O2 at
Tonic conductivity in
Molar flow of 0, at z,
Exchange current
Current

Current density
Polarization

Faradays numbef

N ) A A BT S Y
WP R A D2 AT e s L LS S € E TR

m

ZyT
4 M KOH

r

31

om
cm

em

cm

atm
mol/cm2fatm
cm2/s

cm2/s

2 2
cn/em” geom. area

cmz/secﬂ

I/mole.deg.
3

mole/cm

1 1

ohm 'cm
mol/cms' sec.
Ao

A/pore

A/cm2 geom. area

Volt

As
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ALGOL-progranm

It is not possible to obtain analytical solutiong for current
density/ovorpotential and current distribution. Numerical
calculation were therefore carried out with a computer.

The calculation involved current distribution, gurrent density
and concentration profiles. By setting D, to 10“ or higher the

equation correspond to Srinivasan and Hurwitz solution for
thin film model.

The input parameters are R1, Rp, L, Ap, Dy, Dg, Sb0ss X0o+
Pyy i0, T, df , n all as a functior of varying polarization.
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