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| ABSTRACT
The geometry of stable electrolyte fllms has been established on

- nlckel and 51lver surfaces partlally immersed in aqueous caustlc solu- L

Such films, whlch are very sens1t1ve to factors affectlng 1n- f'

tlons._



" porous gas diffusion electrodes by Rockett8 and Grens

I . ‘ o

The charge transfer at gas~-consuming electrodes has long been

" assumed to occur at the top of the liquid meniscus where the gas,

solid and liquid phases, are in contact with each other. Although

' the concept of such a "line of reaction" leads one to postulate very
,Hlargé lﬁcal current densities, and early observations by'Grovel had
‘indicated coﬁtributions of a finite electrode area, it was only re- - . R fﬁ
 cently that Wagner and Will called attention to the fact that neither o

" gas diffusion through the bulk liquid near the meniscus nor surface

diffusion of adsorbed gaseous species to the liquid phase, where re-

3

action would take place as suggested by Schmid” and Justiu, could

_accounﬁ for many experimental results. Will2 demonstrated that a

i

- relatively large electrode area participated in the electrode reaction,

Similar conclusions can be drawn from computations by Iczkowski.5 The

current distributions determined by Bennion and Tobias and later by

. Maget aﬁd Roethlein7 directly showed the spacial distribution of the

electroehemical: charge transfer reaction. Theoretical analysis of

9

and experiments

by Katan et_allo have supportéd the concept of electrolyte films inside

. pores of some gas electrodes which are of practical interest.
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- metal surface as much as possible.

. of dlfferent optical techniques, light 1nterference was finally chosen

" because of the poss1b11ty of making contlnuous observatlons with a

o Purposeof ‘this Study ,
The flnlte current‘den31tdes observed awayvfromvthe apparent electro-fiof:'
-‘lyte meniscus suggested the ex1stence of an electrolyte coverlng on the |
;.apparentLy dry metal surface and It has been the purpose of this. work to Q°":
:“f_determlne the extent of . this- electrolyte fllm on veritcally orlented
‘ uiglectrodes~of simple geometry. Inepartlcular, the film thickness, whldn_f,ﬁi;f
is'an'important-parameter for the quantitative description'of nass trans4f:qpt
- fer on film-bearing,gas électrodes;-and.the factors which affect it.were:}'?”
ilto be studled The rectangular and cylindrical'electrodes‘enployed may
. be regarded as hlghly idealized models of the caplllarles in a porous‘
.;body The study was limited to mechanlcally-pollshed nickel and s;lver.

A electrode surfaces for reasons of optical reflection. Only cathodic

': polarization was employed in order to maintain the properties of the

Film Interference

‘Several technlques have been cons1dered for “the measurement of elec~ i1

'trolyte film thlckness as a functlon of p031tlon and txme' Mechanlcal

techniques, although 1ndependent of electrolyte and electrode materlals,

: result in dlscontlnuous, p01nt-to-p01nt.measurements whlch may not be -
'; sensitive enough and also disturb the film. Electrical measurements . -
“could be made'continouslyj howeveri they depend on the electrolyte con- }_-

'ductivity which is not well known and is a function of position. Elec- .

trlcal conductivity measurements also presuppose a unlform film over the

v;'test-dlstance and suffer from disturbance of the object by the probes.
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minumum of distrubance %0 the obaect little requlrement for uniform

o

?;:f‘--;- ,film geometry, and good sensitlvlty for the dlmen51ons involved A

disadvantage of this technlque is that it requlres a knowledge of the L
7/

::refractlve index of the fllm The uncertalnty of th1s quantlty due to:

concentration variatlons, not a pr10r1 known, amounts, however, only to
..a few percent. nght 1nterference for the study of supported llquld

films has recently,been used by Bascom et alll and Deryagin et a.l.12

Film interference, well known from the appearance of soap bubbles | ‘.
“or oil spoets on weter,'is.due to partial reflection‘of an incident lightﬂ 7;

. wave on front and back sides of the film. The interference causes a

"itapered film to show, under monochromatlc 1llum1natlon, alternatlng bright:d:*?ﬁ

and dark fringes which 1ndlcate contour llnes spaced at dlstances corre-

v:sponding to one wavelength opticel path increment, The optical path

'.‘difference AS in the film between interfering reflections depends on Py
refractive index n, film thickness d and angle of refraction ¢' as shown
””f;fi f:[' in Eq (1). It can also be expressed ds a delay in phase, - 8., im, given

‘1n Eq. (2) in radians. where A is the light wavelength in vacuum.

A$4= 2-n d cos¢' o e N (1)_

C Bpyqg = A8 2m/A | e (?)
'”u . :‘ - o " ) v . - ‘ - . ’. ) . -\"'1‘.; ’.....‘ :

. The use of white light results in interference colors which are often

},ff h . more sensitive to small film thickness variations than the corresponding
monochrometic intensity variations, and which admit an eesy-distinction
1-&:{_,¢/'i::fbetween the'first few orders of interference., The colors can be calibrated'i;'

s 1 by comparison with monochromatic patterns in a continuously tapered film{

thus, the characteristics of the photographic color material do not affect



-Hf.glven by Barakat

e

the. fesuits. The observatlons on cylindrlcal electrodes are more dlffi-

>ﬂ, cult but not ‘basically different. A dlscu831on of curved fllms has been

13

As had been noted by Blodgett and LangmulrllL 15

to use llnearly.polalrzed light to 51mp11fy the analysis of film inter-
ference. These authors also describe the improved contrast of an inter-. . =
' ference pattern when observed at a grazing angle of incidence. Similar -~

.observations are reported by Gaudin.l6 A detailed analysis of inter-

ference in a transparent £ilm on an absorbing substrate, which takes

"‘multipie‘reflections into account,l7 shows that with light polarized
parallel and normal to- the plane of incidence (p and s polarization)

- - "optimum angles of incidence" can be found for which the amplitudes of 1

the interfering waves are equal, thus resulting in optimum interference

contrast. = The optimum angle of incidence is larger for p than for s

f'polarization, it increases with increasing reflectivity of the metal

substrate and decreases with increasing refractive index of the film.

" For many metal-film combinations 75° angle of incidence has been found. .

'tc‘be a good intermediate value for observation with both s and p

polarization. '

 For the quantitatlve 1nterpretatlon of 1nterference patterns in

.. terms of film’ thlckness, the‘phase change suffered by the light upon
"reflectlon at the two fllm boundarles has to be taken into account as
pointed out e.g., by Mayer 18 and discussed in a different context by

| 'Lindberg.19~ The total phase difference & Dbetween the interfering

reflections is composed of a part Sf 1m due to the optical path in the"'

film (taken negatlve as. 8 relatlve delay in tlme) and the combined effect :

, it is advantageous ..~
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“'L*E; SRR S;éfi' of the reflections4as ekpressed in Eq. (3)."The latter qnantity'“'

" in turn represents the dlfference between the phase changes in- dlelectric kN

i

and metalllc reflections at the two film boundaries with respect to the .

incident wave (Eq. (L) ).

o
1

= Bpiqm * 5refl ~ - - 0G)

s

e Prer1 T Baiel T Pnetal: ()

h; The'bhese-changes in reflection affeoththe'position'of the‘origin of 2 ‘
iﬂthe film thickness soeie deduced ffom the'interference fringes; and‘ftt
'become partlcularly gignificant for film thlcknesses of a wavelength
x.;;of llght or less. If only the flrst two of the multuple reflectlons

hfln the fllm are con51dered for a moment \(R and R, in Flg l), the

1
::phase relatlonshlps can be v1suallzed in a vector diagram illustrated.
iin Fig.‘2. This representation.shows'phgse and amplitude as angular

and radlal coordinates, respectlvely, and takes ‘the tlme-lndependent
'ttlphase of the incident wave E at the gas-film 1nterface as a reference

. For an aqueous 3. L N KOH film (n'= 1. 365) on a nlckel substrate and 75° )

angle Of incidence ¢ on the film, for 1nstance, (angle of 1nc1dence on ..l

" .the metal ¢ = b5° ) phase Shlfts Smetal for the metalllc reflection of

g ll2f_and 4L8° in the sense of 'a phase advance have been computed for s

7-and‘p'poiarization,'respectiveiy, from the optical constants of the

ﬂ'interface measured by éllipsometry.eo These values are indicated by the . a

- positions of the vectors Rl in Figs. 28 and b, The vectors RO show a |

©7180° or 0° phase change, with s and p polarization, respectively, char-

- acteristic of the dieiectric reflection at the gas-film interfdce under

zfgjangles'of incidence larger than Brewster's angle. Since & film of in-




.

"ﬂ..creaéing thickness.inqreasingly»delays geflection Rl.indicated.by thé_'
v‘qdﬁblé arrows iﬁ.Figs. Eavand'b,.the sﬁm of tﬁe fwo compiek amplitudes'
3oléqd Rl’ a méasure,pf‘the §bsérved interference'intehSity, as a functién '}
‘of film’fhipkness goes first through a minimum for s - polarization (Fig..2c)'
but almaximum for p polarization (Fig. 2d). Thus, the interference patterns
‘lWifh the two polarizations are appfoxinately complementary to each other.

. Beéause the charactéristic iﬁterference fPinges which can be used for é
quantitativetinterpretafion correspond to different film thicknesses in
fﬁéifwo polarizations, the simultaneous uée of both yieldsgtwiée the.numbef

. of measured contour lires.

. Experimental

- The electrolytic celis employed.contained optically polishgd mefal

| electrodes of rectangular (1.5 X 3vcm high) or cylindrical (2 ¥ 13 cm high)
geometry made of nickel or silver and inert counter eléctrodes of large |
surface area in separate cell campartments. 'Opehings‘were provided to con-
trol the electrolyte level ;nd maintain atmospheres of known cﬁmposition in

the cell‘volume not occupied by the liquid. The nitrogen or oxygen gas wés»_

_ kept ' water-saturated with éolution of the bulk concentration. After

careful mechanical degreasing, the elecﬁrodes were electrolytically cleaned

by hydrogen evolution. .It is important that every trace of grease be ex-
cluded from the cell, particularly in working with'dilute solutions, wherel

" even deposits from.the laboratory atmosﬁhere have been found to spread from

" the outside of the cell tﬁrough open ports onto thé electrode surface. Most ‘
.iexperimenﬁs were initiated by rapidly lowering the liquid level in the cell 

i
to 5 mm above the lower electrode edge and observing the subsequent drainaée .

of the film as a function of time.
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"k“The optical arrangement used for this observation is given in Fig. 5

-ffas =1 plan view diagram.‘ Two collimated llght beams A-F polarized

parallel'and normal to the plane oflinc1dence are directed toward the
Nfilm;comered surface G under an;angle of incidencel¢. The respective -
.i;reflections are collected bj'two_objectives L and placed‘by a set of
"Pfirst surface minors M side"by side.on the frame N of a 16 mm movie

S cemera.geared for single frame'exposure; The imege of & clock K was
f‘also:placed on each frame b& the objective 1 and the two mirors H in -
order to record'elapsed time; An automatic intertal'timer activated
h%the camera'shutter~and turned the illumination'off between exposures:
]'inforder_to,avoid heating by light absorption." |

'-fijesults

The evaluation of interference pictures from typical experiments

fffalong the vertical center line of the electrode results in £ilm proflles

:;glven in Figs. ha ‘and b. After the 1n1t1al drainage, a stationary film
Jljgeometry is reached after a period in the order of ten hours. This period a
:jls shorter and the resulting stationary film is thicker for an oxygen-
feconsuming electrode as compared to the same metal-solution system not

'telectrochemically polarized.. The stationary film geometry has been

‘i}.asserted not to change in selected experiments over periods of several

‘:‘._thinning of the electrolyte film Eq. (5) can ‘De derived21 for the -

;~weeks. . o I

-If viscous and gravitation&l forces only are considered for the .

s

-53dependence -of film thickness 4 on vertical coordinate z (measured from-

f the upper electrode edge down) gnd time t - . 8 .:ﬁﬁi

d = (u/pg)l/2 /? '1/2 o .‘:' ()
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,_where K= v1sc051ty, p .= dens1ty, g = éravitational accelaration.j Under

these assumptions, a plot of film thickness vs 1nverse square root of
1time would result in a straight line through the origin for a given elece'
.trolyte comnosition and electrode position. Such an analysis of the |
‘previously'shown film profiles (Fig; k) 1 cmabove the liquid level re-

A'isults in the curves of Fig. 5. It can be seen that the expected reletion-u::”'

;e.lshlp holds down to about one micron film thickness. With no electrochemical s

j;}polarizatlon of the electrode (Flg 5a), the rate of film thinning graduallyfl L
.dev1etes from that of a free-flow1ng liquid due to the effect of 1nterfac1ali
- forces until a steady state value of 0.31 microns is reached after 20 hours.»"ﬁ

.. The film thinning with concurrent cathodic oxygen consumption under con-

f,_-stant current (Fig. 5b). exhlblts an abnormally rapid thinning rate Before

4'_.reach1ng a steady state value of 0. 39 microns after 6 hrs. The rapid film

f~th1nn1ng may be due to electro-osmotic effects, the establishment of a
~concentration profile end the nonauniformity of electro-chemical polariza-
~tion. Tuo steady state film profiles measured on the same electrodes

"under different load are shown in Fig. 6a. The response of film thlckness i

- toy changes in cathodic polarizatlon'occurs with a trans1tion time in the
order of 10 hrs. The same steady state profiles are attained from pre;

‘tiously higher or'lower polarizstion. Such changes can be expected to
take place in fuel cell electrodes under variable load. |
_ Stationary filmlprofiles_of KOH solution on nickel and silver, two

| electrode materials of practical interest, are compared in Fig, 6b. They :-'  ;;

reflect the different .surface propertieS'of the two metals. :

The dependence of the steady state film thickness on the liquid compo~ :

‘#a. N
()

_sition has been investigated w1th dlfferent potassium hydroxide concentra-

tions; the film thickness has been found to increase with:ifcreasing’ concentnﬂﬁnn



:.Eor‘this_reason; a 3.5N KOH film could be grown upward on a vertical

'finickél.suffaCE-previouslj in égﬁilibrium with distiiled'water, which

* forms a coyerage'just bdrely measurable by the.inferférence methdd.
' Such & film gréwth{ measured 1 cm above the liquid level, is illustrated .
*  in Fig. 7. It can be seen that the transition, again, takes in the order 1}“;1

.}‘of lO'hours. S o . - : _ f&g?fr

'  electrolyte films on polished nickel and silver surfaces paftialiy im. ©
{"mersed.in aqueous caustic solutions. The film éeometry reflects a -
:_balanéénof interfacial forces and therefore depends on the propertieé

';.of the 1iquid, those of the solid and the electrical potential éﬁplied"

- between the two phases. A satisfactory theory of film behavior will

f:havé to take into consideration that. stablé configurations are reached

‘<:its geometfy but these do not seem to be the principal cause of film
'-stability. The nature of the.inferfacial forces at play cannot be de—.}

- fined at present; however, it can be speculated on thermodynamic grounds o
=100 ergs/ém2 for metals in water, considerable energy is available for
: “film”formation, practically all of which is used.for establishing the

'“ film-gas interface that typicaily.requires 5 ergs/cm2.

' than those presumably existing inside certain porous gas diffusion elec-

‘ —tfodes, where the preserce of capillary and pressure forces may lead to.

%
;,_r

’
=

B N A |
ot . A . L I
R , A

VA

’

" Discussion

. +

. The experiments conducted have established the geometry of "stable .

{both with and without reaction occurring in the film. Gradients of

concentration and other properties in-the film can be expected to affect

for an equilibrium situation that with a typical heat of immersion:of

 While the electrolyte films studied are of a much simpler nature.ﬁ-_f




"fiyéifferentvfilm,geometrles,;the‘results obtained suggest:fﬁrther studies
';b;in thlsiarea;_’These inclnde the:practical Signiflcance of the unexpectedly:;:
filong tran31t10n tlmes to steady state, the effects of electrode surface d

jpre-treatments and the complex 1nterrelat10n of fllm geometry with the B
spatlal dlstrlbutlon of current potentlal, concentratlon and temperaturer.’

4

'lln the fllm Resultlng changes Ain contact angle of the liquid meniscus
22

cllnslde.caplllary electrodes have been reported:by Bonnemay et al. and"t't“ »

'oscillating phenomena suggested for'this'area.e5 have recently been re-

~w‘ported by Bockris et al.zh ‘ o ' ' ' .'_f-.ﬁ

The accuracy of the technique employed greatly depends on the optical . ;j'wf’.

';:"properties of the substrate which determine the phase change in metallic e

J;reflection. These properties'were computed from the complex refractive
jjllndex of the solutlon-metal 1nterface measured before and after each
. experiment. Various poss1b111t1es explored to check the phase relatlon-A4:'
i;”ships used in the evaluation of the interference fringes 1nd1cate a
-Jmax1mum error in film thlckness of O. lu The flrst such check is based
i.on the dependence of the optlcal path AS in the film on the angle of
refraction ¢' expressed in Eq. (1). This dependence should extrapolate
!to zero for a glven £ilm v1ewed .under different angles, and thus ascertaln “”,
h:the origin of the film thickness scale, According to:Snell's law, there
" is only & llmited range of values whlch the angle'of‘refrection can assune:;a'
Ah:for the maximuni variation in anglezof incidence. Therefore, this test re-fjh
' quires a long extrapolation and can.detect only gross errors in phase

(Fig. 8). It is, however, sensitive enough to reveal an error of a full

1nterference order possible by a mlslnterpretatlon of fr1nges in the data be‘ N

~evaluation. Another test can be based on the wavelength dependence of the?

.

s [
_film interference seen 1n-Eq. (2) and requires observation of the same film -
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under a given angle of incidence with monochromatic light of different

wavelengths. This presupposes'a.knOWledge_of’the dispersion of the op=-

tical constants ofvmetal and film, A third poséibility consists in observe

ing the sequence of interference colors as a film of a low solute content

lls rapldly evaporated to dryness by the introduction of a water-free gas

phase. . The variable refractlve index of the film whlch represents another,

'although minor, source of error could possibly be determined by measuring
' uBrewSter's angle of incidence at which:the‘interference pattern completely .
'disappears in p polarization.l7» Finally,,ellipsometry offers the possibilill'

1ty of simultaneously determining refractive 1ndex and thickness of the fllm'"'v B

prov1ded that the -optical constants of the fllm-metal interface and the

”lrapproximate value of the film thickness are known. This check will have

'vlto be performed at a later time.

Experiments are in proéress with larger flat electrodes in order to

approach the behavior of an infinitely extended surface suitable for the

'analyéis of surface forces and the derivation of interfacial thermodynamic

.data Aﬂdetailed understanding of electrolyte films on.polarized electrodes

may permlt one to derive the electrocapillarity of solid electrodes.

/
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Fig. 1

7: substrate E 1nc1dent Wave, R = reflected Waves, ¢ = angle of

FIGURE CAPPIONS b

Multlple beam 1nterference from a transparent film on a metal ”‘1”"4 y’?v“

- iﬁcidence‘oﬁ the film, ¢’ ='angle of refraction in the film,

Fig. 2‘1‘

. tion of phase relatlonshlps between 1nterferr1ng waves R0 and .

Effect of phase changes in dlelectrlc and metalllc reflection . s

“.on double beam-fllm-lnterference. (a), (b) vector representa-

31 shown in Fig. l, (c), (d) predicted interference intensity ' t.jt‘p'fz

" distribution in a wedge shaped. film, . ' e L

U Pig. 3.

Optical arrangement for slow'motion movies photography of film

'E;f formation: A = lamp, B = condenser, C é'iris diaphragm, D=

... neutral density and color correction filters, E = collimator
7 lems, F = polaroid filters with transmitted electric vector in

. and normal to the plane of the-drawing, G = film covered surface,

“'M = mirrors, N = photographlc film,

Ju‘vertlcal dimension of electrode, d = fllm.thlckness, LL = p051tlon :rl,*ﬂ

:Formatlon of electrolyte films on flat: nlckel plates after partlal

. withdrawal from 3.4y KOH solutlon, selected film profiles, h = =f§;

. of liquid level (a) cathodically polarized electrode (65uA/cm), ST
.5, oxygen atmosphere, (b) unpolarized-electrode,-nitrogeﬁ atmosphere.-"‘

. Fig. .5

H= m1rrors, I-= obaectlve, K = face of clock = obaectlves,'

Deviations from purely gravitation drainage of 3.4N KOH film on B ?f'

'wpolished nickel surface at small,film thickness observed 1 cm:

"~ above the liquid level. (a) unpolarized electrode, nitrogen - 'lge' ‘

. atomosphere (b) cathodically polarized electrode (65pA/cm), oxygen-j%?._-”

' . atmosphere. - _ o #

: B
PN
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~". "Fig. 6 "(a) Stationary film profiles on flat (o) and cylindrical ()

.

" nickel electrod‘es' a.:bA ‘different current dénsities. 3.5N XOH, 02'., '

- (v) Stationary film profiles on different metals . 3.5N KOH, O,,

~ 50pA/cm,

’

"Fig. T Film growth of 3.5N KOH on a vertical, unpolarized hi‘ckel surface

_previously covered with a stationary distilled water film, ob-

served 1 cm above the liquid le.vel. ,

':‘Fig."_‘BI Interference in the sa;me £ilm under different angles of inci- .

dence.. Extrapolation of optical path length at different £ilm " '

. levels h to check phase’ changes.used in evalustion. o
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