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DISTRIBUTION OF CURRENT CONVERSION IN POROUS
GAS ELECTRODES

Karl Joachim Euler

VARTA
Frankfurt/Main, Germany

§ 1 Introduction, Probleu:

During the past yeers, the phenomenn of currcnt corversicn

f

in porous ges elecirodes of finite thickness have been

investigated veory thorouzhly by a grent number of authors

[LLES

(2, 3 4, 5, 6, 7, 8, 9). The mein attention in recunt

S

the current con-—

Fh

papers was pzid to the investigation o
version in the nesrcst neignbeourhiood of thiriphase zones,
i,e, nearest to the liquid - gos meniscus in a singie nore
of the'working clectrode, sce balow & 5, However, this

is only ore of several important factors, responsilble for
the distribution of current conversion inside electrodes
of finite thickness, In the following paper, pléine porous ,
gas electrodes consisting of at least twe layers, having 7
different pore diameters, are examineld. To this kind of

electrodes, the gas is fed through one surface, and the

/
liquid electrolyte adheres the other electrode surface. r
Thickness 1s svpposed to be finite but small with regard ,
to the lateral dimensions, and the use of electrolyte . 4
. x
repellent agents nay be generally excluded ). 5
[
§ 2 General Theory
In most cases, the complicated tnsory of iri-phzse J
electrodes can be reduced to the betiter known ( 9, 12) ’

*) Please sece § 7
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theory of porcus two-phase electrodss. Pigure 1 shows

the geomztry cof a semi-infinite porous double layew
oxygen elecirode, made of metal powder, The electrenic
conductivity of ths electirode matrix is supvozed to te
nigh, to such a degrec, that the volizge drop in the
electron path czn be neglectied, in trc covexr layer,

the narrow pores are filled completely with elecirolyte,
andno elecirical conversion of ions to electrons proceeds
therein. Thus, the cover layer acts as simple resistor_
in the electric znalogue, having no influence on the

spatiel distribution of current conversion inside the

working layer,

When we regard, for instance, a hydrogen anode in alka-
line electroiyte, the eleétrochemical gross rcaction
may be written .

Hy, + 2 dH_ — 2 Hy0 + 2 e,
Since "metzbolism waste" wuter is formed, which must
be removed from the working layer, either migrating in
the liquid phase, or diffusing, as stéam, into the
hydrozen supply system, Because the water lovers the
ionic.conductivity inside the electrode, its effect
approximatively can be taken into consideration, under
steady state conditions, by introduction of a somewhat

elevated ionic resistivity @, , see § 8.
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Conseguently, orly wvwo trensport phenormena remsin to be
considered, tre ion resistivity, and the fas friction in-
side ihe nerrow pores, hereaftor callcd "gus resistivity".
Two-phase electrodes, up to now have been ircated a2s an

. N , .. - D . i
electrical networiz, Dligmelinical characleristics, like dif-
fusion constant D of gases, pressure drQp, and channel

geonetry must be transferred into adequate electrical

magnitudes.

Using the Einstein equation D = b kT/e, inmediately a

gas resistivity.y g can be defined:

1/ = 0N b e =DnN e/t

N [cm_3J carrier density D [cmz/él diffusion constant
n number of elem- kT/ex25 mV at room'temperature
entary charges
per carrier f== 4 geometrical factor, ,
> : . 1including porosity,
b [pm /V4 "physicalmobility tortuosity, etc. (
e = 1,601°10719 s !

To be exact, the Einstein equation applies only +to conductors
having equal mobilities b, and b_ of carriers of both signs.
Here, H and OH ions are involved, the mobilities of which

differ considerably. However, only an estizate is necessary L
in the framework of this investigation, as become evident
here below. /
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‘ alid
| 0,1 <D< 1 e /s val

; I 5,3'1019 e {
preszure 2 Xp/cui

e =1,601"10" 12 As
X KT/e = 25,3 uV

ve get 0,01< < 0,1 onm'cn,
Se

On the other hand, the ionic resistivity inside the working

layer can be esvimated easily, and, in addition, has been
measured by jiclthusen (11), Porosity is around 50 pct., and
i about 15 pct, thereof are filled with electrolyte, 6 n KCH
) .at 60 °c. Teking into consideration a tortuositj factor
of 1,5 , the final ionic resistivity can be calcuiated to
i G 4= 20 ohm"crz. This result agrees well with Holthusens

measureuents,

Vhen comparing gas and ionic resistivities, we find, that 9g'<:?i'

o -3 . s N . - . N
l Thus, beneath electronic r951st1v1ty'ge, alsc)?g can be ne;lectad,
Out of tne theory of two-phase electrodes, we take

.y — @ cosh [exSz*) +.¢ cosh [xS{1-2%)]
0(zx) = (a+c) Sinnl=5] *5. (eq.1)

SN
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n =04/ c = ¢,/h; «? = (gite les &= 1i/v;

A [anJ area; [mV] border overvoltege; i [mA/cm2]current

density.

Since equation 1 implies diffusion constant D and ion
mobility b, we call © the "Special Transport Function”

of this type of porous gas electrode., Because ¢ > ¢g OF

a > ¢, the eabove written equation 1 can be simplified

‘cosh Vo g s z]*
sinn [Vg5€ 5]

or, intfoducing C = Veig S -

c

0;(z*) = cosh [C z*], ' (eq. 2b)

‘sinh C

the shape of this function being given in figure 2., . 9; (z%)

is analogous to 0(z*) the approximative special transport

function, neglecting gas resistance.

To let 0(z2*) or Oi(z*) become effective and evaluable,
.we have to introduce adeqﬁate values of boundary over-
voltage”? ,» Or overvoltage parameter g, respectively.
Under steady state conditions, i.e., a constant current
density i flowing to or from the eleétrode} there may
exist a factor of 10.or 100 betﬁeen gas concentration

(or activity) in the gas phase and electrolyte. Thus,
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Lot onloens

proxiizztion simply the
devove the
we have to expect 15 to0 60 1V in o

120 wV in %;dro;eJ electrodes, Tes;

; . 2 ; - .
density i between 10 and 100 ni/en®, the range of poscible

. - . . " . P
valuec, 1n wilch g = 1/y1must be comprised, is 0,2< g < 10,
Pigure 2 exhibits z set of specizl transport funcilon, eguatiocn
2b, using as paremeters ¢ ;= 20 onu’cu, 0,1 < g < 10, and

electrode thickness S = 1 nmm.

"§ 4 Statistical Distribution of Active Sites

With the special transport function €(z*), the porous
electrode has been described as homogeneous and isotropic
continuun, The active sites, or, in other words, working
grains of incorporated catalyst are supposed to be evenly
distributed, and its activity shall not depend on z*,

From observations made at a great number of electfodes,

we know, that there exists a certain statistic distribution
Y(z*) of active sites, depending on grain density statistics,
grain size statistics, spatial distribution of active
procedure, flooeding of pores and on poisoning after a

rolon;ed reriod of work, However, in generzl Y(z*) mzy
[ b L (] o
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be regarded as even, Yo(z‘) = 1. This approximation
holds fairly well during the first year-of use under
rated load., Iater on, exvressions like Yt(z*):: 1 -
(mz¥)%, therein.m depending on time, O < m < 1, and

q 7.1, fit better, To avoid unadequate mathematical
difficulties, we limit the study here to the behaviour
of electrodes having active sites evenly distributed;

Y(z*) = YO(Z*)=3 1.

. § 5 Current Distribution in a Single Pore

More tﬁan 100 years ago, already Sir Grove (1), had

some insight into fhe import role of tﬁe trifphase

boundary as‘current generating zone of gas electodes,

However, not earlier than during the past years, several

authors tried to solve -the problem of current convérsion‘
spatial distribution in these tri-phase zones, seé for

instance (3,4,5 and 6)., The resulting distribution

fﬁnctions @ (v) are with respect to a éb—ordinate v

along the single pore, or perpendicular to a single

conversion zone.”) The origin vhas to be imagined in

the top of the meniscus, or aimply'ceﬁtergd to each

individual conversion zone. z. ( or z) and v include ' .
an angley depending-on the geometrical situation of V o

each site, see figure 3.

*) This treatoment is not restricted to "pore" geometry,
but cen be easily applied to every geoumetry, just

inserting as d the characteristic distance.



sical asswsptions, e.s5, pore or

o

The diétribution.é (v) depends consideradly on
geomctrical and phy :

film geometry, gas diffusion across liquid or éolid
phase, surface migration of gas atoms, creeping of
electrolyte; electrochcmical reaction, ratec devermining
step, nature of wastes formed etc, However, as global
ciiaracteristics, the sinple rule can he regarded as
generally valid in nearly all cases, that §-(v) differs
from zero only in a small interveal t'A{’v on both sides
of the co-ordinate origin, and b;v being comparable

to the éharacteristic "pore diameter" d. Conseguently,
each individual conversion sife can abproximately be
treated as a small differential volume, perhaps as

small cube or sphere, the diameter s of which is a
little bit larger than the pore diameter d. In our
special case, d .is of the order of magnitude of 30 '/um;
and therefore suall when compared with elecxrode ‘

thickness S.

§ 6 Combination of ©, Y and é

Combining the aforementioned distributions, we get
for gﬁg_ single conversion site

a3/3 = o(z*) ¥(z*) § (v) av. . (eq.3)
Therein, é (v) is‘the distribution inside a single

.. * A ; - i
site, Y(z ) represents the probability, that sites are
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located in a certain depth iﬁterval from z* to z*+dz*,

and O(z*) indicates the fraction dJ of the overall
current J converted in the zone z* to z*+ dz*. "Since

the problem, in‘fact, is to indicate the conversion
profile inside the whole working layer , we have to inte-
grate equation 3, taking into consideration the angle ¥
between the co-ordinates v and z*. However, we restricted
ourselves to Y = Yo(z*)a: 1 and to'éuch electrodes, whose
thickness S > d allows to approximate the individual
sites as smell point-like spheres. Then tne influence

" of Q‘é.nd 04 degenerates simply tb a factor, which 'i‘ﬁrther-l
more can be taken into account by normalizing the dis-
tribution with respect to the current J of the entire
electrode, Thus, we get finally the spatial distribution
of current conversion in the working layer of a éemi—

1nfinite, porous gas diffusion electrode

——————

sinh C
Expression 4 do not depend on electrode area A, there-

az(z*)/3 = Oi(z') az* = C cosh [C z*] dz”; (eq.4)

fore 4&J/J can be taken, at will, as current, or current
density. In most praétical cases, the columetric current
load of the eletrode will be the favourized, because

mostly obvious magnitﬁde

ai(z") = as(z") C cosh [C zf} (eqa.5)
. ids* J daz"* sinh C : ‘

to be measured in mA/cmB.
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Since the currant cceaversion irn the clseiredcs wn
considernvion is describsli by monotonous funciions

withoutd pousi it may b2 useoiul, to define

As easily event, this exvression loses 1ts sense, if

cosh ©~ C<e . Therefore, we let rise the electrode

thickness § to very high values, than we are able to

replace cosh [z>> 1]::-; __1__ exp z, and we get T= ~1/V§-iE.
2 .

Table 1 contains caleculated penetration depths in the

ranges of g and Qs here of interest.

Table 1 Penelration depth UV of conversion current in
the working layer of a semi-infinite porous gas
diffusion electrode, as function of boundary over-

voltage parameter g and ionic resistivity ?i'
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speciiic ion resistivityg}i( chni“ci )
20 30 40 50 60 80
g
-1 -3 )
(ohm cm ) penetration deoth T  (mz)
0,1 7,02 5’73 4,95 4,45 'ilo4 31':_)1
0,2 5,00 4,08 3,53 3,17 2,89 2,2Q
0,5 3,15 2,57 2,22 2,00 1,82 1,58
1 2,25 | 1,84 1,59 | 1,42 | 1,30 1,13
2 1,58 1,2 1,12 1,00 0,91 0,79
5 1,00 0,82 0,71 0,63 0,58 0,50
10 0,70 0,57 0,50 0,44 0,40 0,35
26 0,50 0,41 0,35 0,3%2 0,29 0,25

In the woiking layer of ﬁanufactured sintered nickel
elect;odes penetration depth has been found between 0,6

and 0,9 mm. These results refer .to electrodes of different
design, both oxysen cathodes and hydrogen znodes, cént-
aining fine divided silver metal, and Raney niciel aé
catalysts, respectively; Having in mind, that under

steady load the mean ion resistivity ?i apéears somewhat
elevated above 20 ohm'cm*), the measured penetration depths
agree fairly well with the results given in table 1.
Consequently, the experimentzl range of g, has to be

assumed to about 5<g < 10, i.e. the upper limit of the

*) see § 9.
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rangzge ingicuted in § 3. ‘“the vrob: )
that the torier overvoliugey reclliy Io o«

n of tiae szcond teorm within uae

quovient znd on the i

braxes in e stroight forusnrd equation indiented also by

Hernst:
+ -— N
kT 2 - S -
Y = - mmTr e oo (i Fot n(ViZ'- V11) . (eq.n)
+ 1
vherein b+-an6 b are the moblitiecs of positive und
negative ions, f1 and f2 are hydrozcn activities in the
gas phase and thne electrolyte, and B is a constant, the
marnitude and sign of which depend on ihe muituzl inter-
action of ion strength, activity factors, and electrophoresis,
R 2z "4 l.. . —4 v2 t - S5 %
Assuming b, = 33°107" and b_= 18°10 " cm /Vs, the mobility
quotient equuls== 0,3 . ¥Wnen we approximate Bs== 0, thcn

. . . . S
we finzlly find nwaerical velues of g up %o 50 chm cm 5.

§ 8 Carbon Zlectrodes

A . .
Instead of multinle hydropnlic layer

[

having diffcrent
porse size, gas phase and electrolyte can be throughout
separated By impregnating uniforii porous electrodes with
electrolyte repellent azents, inls is eilected, preferatly

on carbon slecircdus, by addin:s solid hydrocarvons, niiro-

benzene, syniueiic rubier, silicones, polveinylens (21)
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or even polytetrafluoro-ethylene -(PIF3). Schumsccher and
Heise (13) showed &lready, that "hydroghovie" nonolayer
electrodes czn be wanufaciured only eithex ﬂot cormpletely
eleétrolyte repelient but correctly workins, or, on the
other side,'completeiy hydrovhobic but not properiy suited

to their electrochemical duties.

Duriﬁg the past &ears, very thin triple layer carbon
electrodes have been developed by Xordesch (14). These
electrodes consiét oi a sintered nickel foil as substrate,
about 6,18 mm in thickness, and completely water rebellent
by>additiqn of some PIFE. On this supporting sheet, a
coarse carbon layer is sprayed; composed of 50'pct of
carbon powder and 50 pct PIFE and PE. This inner, so-
.called "backing" carbon layer indorportes no catalyst,

Its fhickness is about 0,25 mm., Finzlly, the electrode
is covered by a third layer, consisting of 75 pct of
carbon énd 25 pct ;%55 having also about 2-mg/cm2 of
platinum biack as catalyst, The thickness of this upper,

so-called "active" carbon layer is about 0,13 um,

The large amounts of electrolyte repellent agents in-
corporated in the two under layers, holds them free of
electrolyte.. However, in the upper layér, the PTFS acts
"preferably as binding aéent and, therefore, this active

layer is partly filled with electrolyte. This kxind of
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electrodes are designed for a very low gus pressure,
. 2 ;

less than o,l kp/cm” gage. ‘'Therefore, already the

very thin film of electrolyte, adher ent to the outer

surface of the  electrode avoid gas losses.

In prineiple, nultilayer, partly hydrophobic electrodes

obey the sawe theory as hydrophilic two-layer arrangements. -
Only a thorough study of the parameters is required in

those cases. .

Since the active layer exhibit a thickness of no more
than 0.13 mm, we are led to the conclusion, that, in

- hydrophobic carbon electrodes¢ ; and/or g must be higher,

than in hydrophilic niciiel sintered electrodes, In fact,
both assumptions are reasonable. ZElectrolyte films on

a partly repellent substraten often will be interrupted.
Therefore, the wain ion resitivity of the electirolyte .
network becomes substantizlly higher, than on hydrophilic
materials., In carbon electrodes, the reactiion gases are
fed to the convertlng sites through very narrow slits and

_channels in the solid material rather than dissusion

across liquid filwms, Thus, the activity between gas phase
and electrolyte, in this type of electrode differs certainly
less, than in hydrophilic ones. Consequently, the over-
volta , as caused by this difference must be lower,

g~ 1§w must be higher,

Thus, it seems likely, fhdigas restivityg'»g and electron re-
sistivityge remain small as compared to ion resisﬁivity

Qi 1 Pe<< 9i and Pg < @.. ©Since exact values of

" porosity, pore diameter, and fraction of pores filled

have not been published,Aa quantitative cémparisoh with

the theory cannot yet be accomplished.
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§ 9 Non-uniform Ion Resistivity

*)

In a recent paper (15), it has been shown, that "strange"
types of current distributions occur in porous electrodes,
if ion and electron resistivities do not remain homozeneous,
but devend on thickxness co-ordinate z* . Under steady
state conditions, in hydrogen anodes water is formed, and
in oxygen cathodes water is consumed. Thus, concentration:
profiles K(z*) occur, which influences ion conductivity.
The "zero current" electrolyte exhibit nearly the ion re-
sistivity minimum, and any -change .in concentratidn X will,‘
therefore, cause an increase of ion resistance fi’ How-
ever, the exact concentrétion -and therefore also resisti-~

vity- profile is so far not yet known,

i . *
However, the influence of resistance profilesf’i(z.) can
be studied without exact khowledge of their magnitudé,
simply by putting differeat oblique profiles into the
electrical analogues, As a first series, we took linear
concentration profiles K(z*):

* .

K(z) = X, - K2(1—z*) s 2t = z/S (equ. 6a)
having different constants K5. 1In figure 4, the influence
of three linear conceniration profiles on current distribution
is given.

*)

i.e, distributions exhibiting a maximum inside
the electrode, instead of a broad
minizunm 2s in "common" distributions
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Tokle 2
Concen’:
curve llo in pet.of welght
in Tis, 4 ot 25 = 1
(1) Consi. 27 2
(2) lingar 15,5 21
(3) linesr 4,5 217
(4) Iineny 0,27 : 27

In genorel the influsncs oven of very steep concsniration
profiles is not very imporlznt, Therciore, figure 4 to

6 are given in a logarithmic scale., Indicated is the
relative fraction of currest coaverted in a thin sheet

A z = 0,1 mn of the electrode, given in pet. of the

entire electrode‘current. As become evident, tne concen-~
tration profile lowers the current distribution near fhe
gas side of the electrode, i.e¢., near z= 0 . In other words,

the peneiration depth has veen deccreased,

In order to verify this result, as a second series, we-
also tooX some othner ion resistivity profiles into the
analogue, The reéult indicated in figure 5 does not

differ considerably from the influence of linear concentration

profiles, zs is evident when comparin: fig. 4 and 5,
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3 of figure 5

Table 3

Concentration nrofile

curve Ho tyne of KOH cencentration K(x*) in net.of
in fig.5 | profile at z = 0 7 =
(1) const, 27 27
(2) linear 4,5 27
(3) exp. 4,5 27
(4) tgh 0,5 26
Exponential and tgh profiles are given by
x*, - *
K(Z ) = K1 expl_—Kz(‘l—z )J (equ. 6 b)
and K1 ’ .
* o % .
K(z ) = 7~ + K5 tgh [K4( % -z ﬂ . {(equ. 6 ¢)

As main result, we can state, that concentration profiles

in the electrolyte do not cause unusual distributions of

the current conversion in porous triphase electrodes,

Especially, "strange" distributions do not occur here,

§ 10 Non-uniform Overvoltege

In order to replenisn the resulis, in figure 6 the

influence of overvcltage profiles on current distribution

in porous triphase electrodes is shown, eiiher having
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uniform ion resistiviiy (curve 27), either in cowdin-

ation with exponsntial conceatration profiles (curve 3).
Already in (14) it was explainad, that overvolicze
profiles influences the distribution of éurrent‘conversion
much less, than resistivity profiles do. %he profile
chosen here is very steep; a ninc—fold increase of over-

voltage over a distance of only 1 mnm, is completely out

of the range to be ever expected in manufactured electrodes.
Therefore, it can be affirned, that also in porous tripnase

electrodes, the influence of realistic overvoltage profiles

remains swmall. ZEven taking steep overvoliasze profiles

those triphase electrodes under consideration.

Table 4

Concentration and overvpltage profiles in figure

curve KOH concentration K(z*) overvoltage (z*)
Yo (pct. of weight) (relative units)
in tyve of |, * *_ type of *_ _ *

fig.6 |[profile at z= 0 jat z =1 profile at z = 0f at z
(1) const, 27 27 const, 1 1
(2) const, 27 27 linear 9 . 1

*
(3) exp, 4,5 ) 27 linear g - 1

*) the same concentration profile as curve (3) in figure 5
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Corclusion

Ihe trecatment of current conversion and ils distribution
inside the working layer of porous gas electrodes -tri-
onase electrodes- can be substantially simplified by
reducfing the problem to the nmuch better known theory

r

of porous electrodes. The only condition ist, that

electron resistivity can be neglected, as it is the cése
for instance in all pracfical fuel cell electrodes. To
rezlize tris theory, gas supply can be characterized by

a "gas resistivity" to be measured in electrical units,

The disfribution of current conversion can be found out

as the product of three wain factors, the special transport

function 6, the current distribution in a single current
generﬁting site, and the site statistics. The fifst of
these factors governs the conversion behaviour at least
of sintered metal electrodes., As a principal result

o{ the worx reported here, following the rules mentioned

[\

bove, moriotonous distribution curves can be given. A
penetration denth can be defined, having the order of
several tenth of a millimeter., The results agrees with
practical experienéc. By introducing concentration

and/or overvoltage osrofiles, the theory cah be further

developed. As special result, no "strange® distributions

occur under tnese conditions,
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working layer

cover layer

: 2 N\N\\ -
— // | \\ - OH
— -—OH"
\\\ —
gas —» -— OH
supply —» \ -—O0H"
: . / <« OH-
HoO-—"] A& ———metabolism
- waste H20
Az
& ' z _ thickness
z=0] z=S ~ co-ordinate

Figure 1

Geometry of th2 semi- infinite porcus doulble lazyer elecireds

investigzated here.
(&)
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1,6
™
Y 1.5 :
c ¢i = 20 ohm-cm
o S=1mm
g 14
2
8
o 13
c
o g=10
5 g=5
§ 1'2 g-= 2
1)
g= 1
1.1 90,
1.0 \
.—-—°/
- P
0.9 /,,
——" )
0.8 /
0.7

0 0,2 04 06 0.8 1,0 mm
—— thickness co-ordinate z

Figure 2

‘Shape of special trensport functions Gi(z") in'working
layers of porous gas electrodes, equation 2 a or 2 b.

/i



199

~——working layer ——=__ over layer

o 4

;grr:\;el'/?/on <«— electrolyte

gasf // B
7.

Figure 3

Relations between electrode co-ordinate 2z znd individuel site

co~ordinate v. 2* = z/S,.
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Figure 4

Influence of lineer concentration profiles K(z) on currenf
distribution in porous triphase electrodes. Thickness of working
layer S = 1 mm, overvoltage paremeter g = 10 ohm-1cm-3.
Concentration profile parameters are given in table 2.
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Figure 5

Influence of different chape of the corcentration prolile X(z)

on current distribution in porous triphese electrodes. Thickness
of working layer S5 = 1 nm, overvolteze psz
Concentration profiles are given in table 3.

rarmcter £ = 10 ohm

/l

o



202

percent current/Az = 0,1 mm

@ 50 ‘

E 30 7

0

>

= 20 ‘1—0j = const. %/ (1)
) g =const. \ : —_(2)
g 10 - ——— (3)
5 %/ / ,(

@ —1_ -1 7/

2 3 ’,—’ - uniform __|

S Y distribution of

= 2 7 current conversion

Y ”

5 1

(8]

0.5
gas — | ' -— ions
' 0 02 04 06 08 1.0 mm
thickness co-ordinate z

Figure 6

Influence of 2 linear overvoltage profile V(Z) on current
distribution in porous triphase electrodes. Thickness of vorking
layer S = 1 pn, peraceters indicated in table 4.




