TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



A

3.2

L e

UCRL-1759k4

UNIVERSITY OF CALIFORNIA

Teawrence Radiatilon Laboratory
Berkeley, Californla

VAEC Contract No. W-Th405-eng-L48

THE EFFECT OF PERIODIC MENISCUS DISPLACEMENTS

-ON. THE PERFCRMANCE OF POROUS GAS ELECTRODES

Jean-Plerre Rousslllon

(Me.sters Thesis)

August 1967



IT.

IIT.

TABLE OF CONTENTS

INTRODUCTION €& ® 0O 69 SO PE L OO T S e do-u-u’o--oum;oan-.n,--.‘li- l .

A.

B.

E.

{

Development of the Film Theory of Porous Gas Electrodes... 2
The Film Model for Electrodes wlth a Single Pore Size..... 5

Transport Limitatlons and Possible Influence of

InterfaCe Mbvement 846 80 00 450800909880 BB EENDPEE0SEENYEES 8

. Previous Investigatlions Involving Perturbation of

Gas-Electrolyte Interface +.ocieesceioresonerecrassmeneesns 11

Scope of Present Work ,..............,.;....._............ 13

DESIGN OF THE EXPERIMENT 4asveovunsonnossnonesnceascasannosnnes Lb

As

‘B.

Form of the Test ELECETOAE seovosacrnnsoorsnssnsonsesennss 1h
Choice of the Reaction SYSHem e.ee.cieevessescesconoaseans 15

Design of the Cell c.ceeciicvesnscaccronsosnnsnaranns erane 17

 Displacement of the Gas-Electrolyte Interface .......i.nas 18

 Measurements of Electrode Operatlon cceeceiesecesssnssoses 19

Experimental Conditions and Varisbles e..veveeeeceeocscssscss 20

EXPERIMENTAL EQUIPMENT ‘qo-e.n'n.aq-ucc}no-;oou-e;A{un-n.o‘o.‘l 22

A'

B.

Cell and Electrodes seiacecesrosconcconsnrssscnssssoscnnss 22
lo 'The CathOde ;CGOOIOl.ID.l'JJH;t‘i&.l"ﬂl'.Jlﬂ;lJ‘IBUC. 28

2, The Anode and the Reference ElechYOde eece.coesececoses 28

‘MGChanical Drive System &5 508 P E RO IDETSESD TS ES P RO SRS 50

External Electrlcal Clrcult ..eiciciicveiareciicnscnnensss 35

© Systems for Filling the Cell with Electrolyte and

fOr GaS Supply ‘uttoof-ooooﬂitbba-cnounltlahbaa-u.-.;ﬁaltt 58



TABLE OF CONTENTS (continued)

IVO EXPERIMENTAL PROCEDURE ﬂ“.;ll‘rl....’l.“l#ll..'lll.‘.l’...!‘; 2"'].

" A. Preparatlion of the Electrolyte seissecsccccoenneonssssenas UL

1. Titration of the Eléctrolyte cesisenenan e I §
2. Degasificatlon of the Solutlon ....eivusinerisnncnan.. b2
" B.  F111INg Of the CeLL suvvevnvsrsnnessoncenonnnnnnonness, eeos U3
l. Evacuation of the Cell-Reference Electrode System._.,.VMB

2.

2N

Procedure for Fllling the Cell .vieevereccsncancaseess U3

Gaﬂ_supply Q.bt.lo‘..‘.".A".J'.‘Q’U‘.o.'olk.l‘u..;.n hs

C. PTe—EleCtTOLYSiS BE DS 00 0000 RV LrsbPP0s0sasetrseEEtsrrtabs h6

D. Conduct of the Measurements sse.eceeotcscnssoonssosoassnsss LT

1.

5,

V.  RESULTS

Electrode Polarization Characterlstics seieiescesenses 48

Investligation of the Frequency and Amplitude of

the Menlscus MOVEMENT cesesesenessorsonscccnsnceocases 48

AND DISCUSSION #8400 00 58050000400 PIBLERILEPILIAST 0 50

A. Effects of the Menlscus Movement .....;_.................. 50

B. Existence of an Electrolyte Short Circuit Path ..e.ev.e... 63

C.  Overpotential Measurements with Teflon Cathode Block ..... 68

D" Summary OQ‘.O‘.O..'.I’l&'.b.‘II.."‘C'.U'J-Q‘.;..l‘.'...l' 5

: VI. CONCLUSIONS T..’ﬂ."’u.'.‘&"““'..&‘Jt’,..’t’.‘.“"’.&.-l!II 75

ACKNOWLEDGEMENTS 0"".&1.’00'...’...[..&‘.‘60‘l.l"..i.t“;blu 76

REF‘ERENCES sesssbbanne ’ﬂ..’&-“‘;‘.’).ll.0"....'Q..."l“l"..l—. 77

APPENDTX A
APPENDIX Bt
APPENDIX C1
APPENDIX D:

APPENDIX E:

 APPENDIX F1

Reaction at the Counter Electrode eiseesssscscessssasss 80

Estimation of Mass Transport Time Constants ..eeeeesess 02

Determination of the Current Range to be Investigated.. 84

Piston Displacement Amplitudes e.eeeeeveseeersrosoness 80

Resistance of Electrolyte within the Capillary Tube

ElectrOde IS SO AP SR S AR S EE A SRR S R AE A S A WA B L 2 AR I N BE BN BN BN A 3R A B ¥ 87

Oscillographic Recorder Traces for Experimental Runs... 88

..



. THE EFFECT OF PERIODIC MENISCUS DISPIACEMENTS
ON THE PERFORMANCE OF POROUS GAS ELECTRODES

Jean-Plerre Roussillon
Inorganic Materials Research Division, Lawrence Radlation Laboratory,

Department of Chemlcal Engineering, University of Californis
. Berkeley, Callfornla

August 1967

ABSTRACT

Thé influence qf periodic movement of the gas-electrolyte ihterface
in a fi1lm type porous gas électrodé was studled experimentally for the
oxygen cathode in 2N potasslum hydroxlde electrolyte. A single silver
capillary tube of 150u ingilde dismeter was used as & cathode. The inber-
face motion was obtalned by displacement of the electrolyte in a closed-
compartment by a.small plston driven mechanilcally at controlled frequency
and amplitude. Measurements of the response of the cathode potentlal
relatife to the mercury/mercuric oxide reference electrode were made
under galvanostatlc donditions., The'fesults obtalned could not be quan--
titatively inﬁerpreted becauge of the deviatlon of cbnditions in the
caplllary electfode from design conditlions. These included the resist-
ance df extraneous ionic current paths‘and variations iﬁ local electrode
“kinetic behavior along the pore wall. Nevertheless, qualitative effects |
of the méniscus movement were observed; they were characterized by &
periodlc response of’the cathode potential of a few millivolts aemplitude.
. These effects indlcate a decrease In overpotentlal during the advance of
the menlscus toward the gas filled portion of the caplllary, and an in-
crease dufing motlon in the opposité direction, as might be expected on

+the basis 6f film electrode models.



I. INTRODUCTION

Porous gas eleétfodes have found a wide application in fuel cells
and have been an important'subject ofiresearch during this4last decade.
At present, although fuel cells are largely still in the researéh and
the developmental‘stage, some of them can already produce power for
long periods of time Withoﬁt attention. Most of the proposed reéctants
are gases, and hydrogen-éxygen fuel cells have already emerged for func-
tional applicdﬁion in space programse

Reactions of gaseous fuels and oxidants are usually conducted at
porous gas(electrodes which serve tq separate the gas énd the liQuid
electrolyte and which provide extended electrode surface areas. These
electrodes conslst of electrically conducting solid matrices inter-
spersed with a syétem of connected pores. The pores are partlally gas
f1lled and partially flooded with electrolyte, the portion flooded being
controlled through caplllary actlon by the pore slze distribution and
the pfessure differential across the electrode. The structure of thev'
electrode is usually complex and mey involve pores in more than one slze
range, as in the case ?f black platinum, carbon, and Rdney alloy electrodes.
.?or the case where the pores arefalllessentiall& the same size, electrodes
can be éffecﬁive,only.when the electrolyte wets the matrix and forms a
film- on the walls of the gas filled parfs of the pore system, extending
some distance beyond the eléctrode meniscus in the pore. The electrode
reactlon takes place p?imarily on the film covered pore walls. The
behavior pfASuch electrodes‘is,strongly“ influenced by the diffusion of
gas through the filmbof electrolyte, and by the transport of loniec

species in the film, as well as by the kinetlcs of the electrochemlecal



reaction taking place at the electrode-electrolyte Interface. Mass
transport is thus a vefy important factor determining the performance

of a gas electrode. Thérefore,.any phenomenoﬁ which would facilitate the
gas and loniec species transport to or from the reaction sites éhould
improve the electrode perfofmance. The purpose of this investigation

was to study the‘effecﬁs of perilodic displacements of the gas electrolyte
interface in a porous electrode with straight'cylindrical pores upon

the overpotential/current relationship of such an electrode.’

A. Development of the Film Theory of Porous Gas Electrodes

As early as 1839, Grovel’2 in his experiments Involving 2 gas-
electrolytefelectrode system discovered that a net increase of current.
occurs when bart of a platinum éponge electrode i1s exﬁosed to hydrogen
ges above the level of the electrolyte. However, the importance of this
experimental fact has been recognized only recently.

In 1957, Carl Wagner? considering an oxygen cathode ln molten salt
electrolyte,propoéed several models for the gas electrode. In one of
them; he considered‘thé existence of an adherent electrolyte film on the
interibf walls of gaé filled portions of the pores of the electrode.

He examined the different steps of thé cathodic process: gas dissolution
In the electrélyte, diffusion to the electrode surface, and reduction

at the surface. Making several simplifying assumptions, Wagner developed
methematical ?analygis.,of_his models and compared their predictions.

A.surface diffusion mechanism also discussed by Wagner had already

'been propéséd 5y Juétilet al.u;in 1956, In the surface diffusion theory,
the electrolyte forms a sharp circu;ar three-phase boundary along the

pore wall. Atoms of gas are adsorbed on the dry electrode surface and
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diffuse aléng the walls to the eléctrolyte fl1lled part of the pore where
they react. The equations derlved for this théory were later claimed to

be applicable to the film model by Justi.5

In 1963, Will6’7 studied the electrochemical reaction of hydrogen
at the exteridr of cylindrical platinum elgdtrodes in sulfurié acid
solutions. For a glven potential, he measured the current as a function
of the électrode position. The reactlon was found to take place almost
exclusively In a rerrow reglon above the upper edge of the intrinsic
meniscus. Gas diffusion through a film appeared to be the éontrolling
step, and Will explained the limitationg of the reacfion region by a |
large ohmilc voltage drop along the filmvparalleled with the electrode
surface, assoclated with the'migration of hydrogen lons, He also found
that the diffuslion of hydrogen molecules through the bulk of the electro-

lyte below the top of the meniscus represents only a very small contri-

bution to the overall current. Will developed e model for the film theory

assumiﬁg an equillbrium reaction and a film of uniform composition.
Using data obtained .for the oxidatlon of hydrogen on a nickel

electrode with sodium hydroxlde electrolyte, Iczkowski8 later developed

~a numerilcal solution for a film model of a gas electrode at high and low

currents. He also sol&ed numerlcally Justi*s.equations. Comparing the

results obtained for the surface diffusion mechanism and for the film

electrolyte mechanism, he concluded that the film theory offers the most

- likely explanation for the observed behavior of the électrode. With the

aséumption that hydrogen diffusion is the rate Linmiting factor, the
theoretically calculated currents are In agreement wlth the experimental
studies done by Will, For a pore of 5u, it was found that the reactlon

takes place egsentially within 0.002 cm above the menlscus.
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Both Will and Teczkowskl limited their study to the cases where
gas diffuslon through the electrolyte film\is the only rate-detérmining
process. However, since the limiting diffusion currents may have a
greater order of magnitude than the exchange curreﬁt denslties for

many gas reactlons, Grens et al,9 devéloped a model in which the effects

of kinetic limitations for the reaction, as well as varlations in electro-

lyte composition in the film, were also considered. Tt was found that,
under many circumstances, the reaction occurs ovér a length equal to
thousands of film thicknesses above the meniscus and that diffusion of
dissolved gas is often not the controlling process. Such conclusions
could be expected to hold for the oxygen cathode and other gas reagtions
with low to moderate exchange current densities. This last model is in
agreement with the experimental results obtained by Katan et al.lo for
an oxygen cathode forméd of a bedvof véry small silver spheres and
operéted in concentrated potassium hydroxide solutibns.
Star%ing ﬁith a model similar to the one used above which invol%es

a single porevwhése gas_filled part 1ls coated by a thin filﬁ of electro-
lyte, Rockett11 Independently develéped an analysis incorporating
electrode kilnetic limitations and variations in electrolyte compositioh.
Heé found that thé reglon Where the reaction takes place is polarlzation
4dependent and that water 1s transported in the gas phase. Froﬁ his
exéerimental results, Rockett conciuded that the performance of a gas

electrode would not be limited by one effect but by an interplay of

gseveral.

In 196L, Bennioﬁ12 measured the current density distribution for

an oxygen cathode consisting of the exterior surfaces of nickel and

154
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silver coylinders partially immersed in potassium hydroxide solutilons.
His experimental results showed that the reaction ione extends well
above the apparent meniscus under the elecfrolyte film., His theoretlcal
analysis based upon.the measurements indicated that the current density _
distribution 1ls controlled 5y a bélance between klnetic overpotential
and ohmic voltage drop in the film. The results also éuggest‘a water
transport effect in the gas phése.

An experimental demonstration of the presenée‘of g film of electro-
lyte and a determination of its thickness were given by Pshenichnikov,l.5

who investlgeted the process taklng place on- smooth nickel hydrogen

electrodes partially Immersed in potassium hydroxide solution. Assuming

- that the diffusion of hydrogen molecules through the film 1s not the

slow step, Pshenichnikov obtained a good colncidence between hils theoretical

and experimental results,
The exlstence of a thin electrolyte flilm above the meniscus wa.s
14,15

also observed experimentally by Muller who used interferometric

techniques during the reduction of oxygen on nickel and sllver surfaces .

partlally immersed 1n potassium hydroxlde solutions.

B. The Film Model for Electrodes with a Single Pore Size

The developments cited above lead to the fllm model for porous gas

electrodes whose pores are all of much the 'same slize. Other models are

required to represent electrodes wifh wlde pore size dlstributlons or
wilth pores rendered partially lyophobic. In ite simplest form, this
model reduces to a éingle pore of wnlform sectlon partly filled with
electrolyte. In mostzstudies, ﬁhe Interface has been consideréd.to‘be

a plane surface. The wall of the gas fllled portlon of the pore is
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covered by a thin fllm of electrolyte extending>far beyond the intrinsic

meniscus. The thickness of this film is of the order of 0.0l - 1lu and

is usually assumed to be constant. One possible mechanism of forﬁation

of such stable supermeniscus films was glven recently by Lightfoot,l6 - o

who tried to explain thelr exlstence. |
As represented in Fig. 1, a pore can be divided into fhiee reglons

| for which different effects must be considered. In the first reglon, where

the gas filled portion of the pore is well rémoved from the meniscus, the

ges phase. transport 1s thé principal phenomenon occurring; the role of this

région is more iﬁportant in the case of a gas mixture than of a pure re-

actant. The second region consists of the reaction zone, extending from

siightly«in the liquid side of the menlscus to a distance perhaps equal

to thousands ofifilm thicknesses into the gas filied part of the pore.

Here the gas dissolvés in the electrolyfe and diffuses across the film to

the electfode surface.where the electrochemical reaction takes place. The

tonic épecies produced or consumed by the reaction move along the film

to the flooded part of ﬁhe pore by diffusion and migration. The local

reaction rate is goVerned.byAthe kinetic relatiénship involving local

electrode potential and dissolved gas and ionic épecies concentrations.

The electrpns_involved in the process are carried by the electrode matrix.

Finally, in the elecfrolyte‘flooded part of the pore, there is transport

of lonic species movinglaxially, driven by concentration and potential

4

gradients.w‘

For most electfodes, the processes.determining the overpotential/current
density relationship'for the electrode are those in the second, or reaction,
zone, Thus, it is here we must augment the transport phenomena if we are

‘to affect the electrode pérformance.
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. Fig. 1 Representation of film type gas electrode. :



" C. Transport Limitatlons and Possible Tnfluence

‘of Interface Movement

As can be seen from the film model just descfibed, mass transfer,
which is characterized by migration and diffuéionbof lonic specleg along
the eiectrolyte £ilm énd by gas diffusion across the electrolyte film, is
certainly one of fhe Important factors in the determination of the pef—
 formance of gas electrodes. One main factor'limiting-the electrochemical
feaction taking place uhder the eléctfolyte film is the transport of lonic
species‘along the film, The potential drop associlated with this transport
reduces the overpotential, and thus the reactlon rate, at sites well re-

- moved from_the meniscus. The cohcentration gradient established in |
absence of convection also creates concentration overpotential-opposing
theireaétioh; This is the case for the reaction zbne BC represented in
Fig. 2a. In this figure,.the gas (G) dissolves at the electrolyte surface
énd‘diffuses fhrough the elécﬁroiyte to reaction sites at the pore wall,
both under the film and in fhé fiooded part of the pore just below the =
meniscﬁs. Thé dissolved gas reécts at the electrode surface, forming or
consWhing ionic specles (8). Beyond point C, the potentlal in the film
1s fbo low for the reaction to take place at a significant rete, In the
electrolyte fillgd part, zone .AB, transport of lonlc species 1s much -
easier, and thé poteﬁtial is almost uniform. Hoﬁevef, here the reaction
1s liﬁited byvdiffusion of gas to the electrgde surfacé,~which now must -
occur over a distanée many times greatéf than the thickness of the film,
Thus, one pbésible approach to improvement of the pérforﬁance of this
film type g&éaelecfrode is to inqreaée transport of elther lonlc specles.

- in the eiectfolyte film or the dlssolved gas below the meniscus.
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Electrode matrix

Flg. 2a

Fig. 2b
- XBL 676-4116

Flgs. 2 . Representation of effect of meniscus dlsplacement
‘of fllm electrode model,
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It might appeér to be advantageous to create or lncrease convection
in fﬁe film. However, the exlstence of convection that results in mixing
in the electrolyte film has different effects for reactlons in which ibns
are consumed and for those in which ions are @roducédg In the first cass,
the convection serves to overcome thé-depletion of ions in the film at
positions distant from the meniscus and thus facilitates transport of
cﬁrrent in the film; this effect, together wlth elimination of concenfra-_
tion overpotential, results in an improvement in electrode.performance
(higher currenfs‘at a glven overpotential). 'In the second case, the con-

vection eliminates the accumulation of lons in the film and thus adversely

affects current transport; here thls effect is partly balanced by elimina -

tion of the concentration 6verpotential. A theoretical analysis derlved
by Lightfoot17 confirms thaﬁ aﬂy;in;rease of convection in the'film
‘should not improve.the perfofmance of & film ﬁype porous gas eieCtrode
in which ions are produced during the reaction. Another possible effect
of convectionbin the film is improved dissolved gas transport through the
film, ﬁoweVer,'for the .very fhin films encountéred in gas eleétrodes'
this effect ' canhot ‘be very large.

Another possibilityvfor Improvement of the performance of & film.
type gas electrode'is‘to increase the gas concentratlion at the electrolyte-
electrode interface in the flooded part of the pore. One way of accom-
piishing this is to move the men;scus toward thé gas filled part of the
pore, as shown in Fig. 2b.  This brings dissolved gas at the
electrode surface to'7tﬁé flooded part ‘of the bore where the
potentlal  is: mofeiafa#orablen for the reactlon, . Before the "7 ..

gas—electrolyte»7iﬁterfaée"displacement,f the surface 7represented-

i
2
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between tﬁe points C and D was covered wifh electrolyte in equillbrium
with the gaé partial pressure while the concentration 5etWeen B and C
where the reactlon was taking place was somewhat iower. (DuringAthe
displacement of the meniscus, 1t may be assumed that the part of fhe
electrolyté film nearest the wall 1s essentlally statlonary because of
the drag of the wall of the pore;) .Therefore, after displﬁcement of
the interface, the gas concentration at the electrode surface below the
meniscﬁs should be sufficient for the reaction toltake place 1in this

part of the pore -where transport‘of ionic specles 1s easy. Moreover,

~ the reaction zone above the meniscus will still extend over the same

- length, and more favorable dissolved gas concentration now also exlists

here as a result of the displacement. This sltuation only exists so
long as movement of the meniscus continues. 'Once 1t stops, the dissolved

gas in the flooded part of the pore 1s soon used up. The effect to be

expected during a dlsplacement of the meniscus toward the electrolyte

filled part of the pore is not entirely clear but.can be expected to be

. in an opposite‘direction, It is difficult to predlct the global effect

of a periodic movement of the gas-electrolyte interface for a film type
porous gas eléctrqde,'butiit 15 possible thet the.average overpotential of
the electrode will be affected. An Investigatlon.of the influence of such

movement appears to be justified.

D. Previous Investigations Involving Perturbation

of Gas-Electrolyte Interface

The only reported study of moving the gas-electrolyte interface
was by Kordesch and Kronenberg18 who thought that, besldes having an

influence on mass transfer, the perturbation of the interface could also
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decrease the actlvation overpotential in-the case of a poor catalyst or
reduce the deterioration of catalyst activity with usage. Such phenomenon
may effectively exist with a catalyst surface tha£ can be reactlvated
during the interface displacement as 1n the example, given by Kronenberg,
of an oxide'opefating in a reducing atmosphere.

The experimenﬁal study of the poésible effeét of the gas-electroiyte_
intefface modification was‘carried out by Kordescﬁ in 1963. Working with
hydrophoblc and hydrophilic. electrodes, he disfurbed the interface by
electrolyte pressure pulses over a wlde range of frequenciés. ﬁxperi— :
ments involving éuch mechanical pulsing of the eléctrolyte were con- -
ducted on carbon, metal, and thin composite electrodes in the range of
0 to 450 cycles/minute“ Different gaseslinéluding hydfogéﬁ, oxygen, and
air were used with potassium hydroxide eiectrolyte, Pressure pulses of

9 to 24 psia were applled to the electrolyte and caused modiflcation of

lthe interface throughout the electrodes, which were O. 045 inch and O. 25 inch

thicky Taking polarization curves before, during, and after pulsing,

Kordesch never observed a change of the cell voltage greater than a few

millivolts and concluded that the maln effect. was an accelerated "breaking

in'" phenomenon. In general, 1t was foand that thelmost‘significant change
in fhe electrode performance Was-taking pléce ﬁetwéen the prepulsing aﬁd
the first pulsing‘fun,_no specilal effeét'being noted at ény particular
pulsing frequency. Other expériments complétéd at soniq frequenciés glso
showed'no significant‘effeét on the cell performance,

Experiments involving:the mechanlical vibration of the eiectrode'wefe

investigated but did not reveal any significant results. Four different

.modes of electrlcal disturbance, namely interrupted direct current,
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alternatigg current superimpoéed on direct current, chargé—discharge
cycling, and heavy discharge pulsing were also studled. Significant
effects were mentioned only with heavy dlscharge pulsing, but results
were not completely reported.

Mbst of the experiments done by Xordesch were conducted on carbon
end thin composité electrodes, and did not permit him to control the
movement of the gas-electrolyte Interface. Therefore, no relation

between the different parameﬁers gould be derlved from hig results.

E. Scope of Present Work

The purpése of this investigation.is to determiné the effect of the
fiequency and‘amplitude of the periédic displacement éf the gas-electrolyte
“interface in a film type porous gas electrode. The expefiments were con-
ducted on an oxygen cathode with potasslium hydroxlde electrolyte. The
Aeiectrode used was a single silver capillary tubeiof .15 mm inside
diameter. Sinusoldal dlsplacement of the menlscus with controlled fre-
qﬁency and amplitude was obtalned by use of a micropiston moving in the
electrolyﬁe compartment of the experimental ceil. Measurements of
the response of the electrode potential were made under galvanostatic
conditions over a range of currents. Unfortunately, severe deviations_ :
from design gondiﬂions were éncountered'during the experiments, whlch

~ have precluded any quantitative Interpretatlion of the data.
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II. DESIGN OF THE EXPERIMENT

In order to study éxperimentally the effects of the displaéement
- of the éas-electrolyte.interface in a film type porous ga54eleétrode,
certain requirements must be met. TFirst, the electrode reaction must
be well behaved and well enough described to permit analysis of the
effects. Second, the mehiscus position must be subjected to a move—,
- ment that can bé eagily characterlzed and controllea. Flnally, the
electrode performance and the meniscus poéition'mustvbe continually
measured during the displacement. The manner in which these require-

ments are to be satisfled 1s discussed in the following section.

A. Torm of the Test Electrode

The structuxé of a porous gas electrode 1s so complex that the
matrix, a conducting solid with an arrangement of tortﬁous pores, éan-‘ '
not be well descriﬁed, and the movement of the gas-iiquid'interface
within it cannot be characterlzed. As previously stated, models for
a film-type electrode often assume a regular dlstribution of parallel,
stralght, cylindrilcal pores of edual dlameter, Each of these pores is
partly filledeitﬁ_electrolyte and.each céntributes the same incremenf
to the total.electrode'current. Thereforé, to use a cathode made by
‘the assembly of parallel capilllary tubes 1s an attractive idea. How-
ever, because of inevitable variation$ in diemeter and wall surface
for real-gapillaries of small dlameter, 1t would be impossible to
provide identical, or even similar, meniscus movements in a collectlon
of such tﬁbes in any concelvable manner. Consequently, it was declded
to use a single capillary tube electrode, 1n spite of the iimitation

this places on the current levels used in the investlgatlon. The
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diameter of this tube should be as small as possible to provide a model'
close to a feal'pore of.perhaps .li— Su. However, 1t 1s difficult to
obtain metel capillary tubes with an inside diemeter smaller than 100 -~
l50p.t Also,‘the use of a smaller tube'nould create a problem for the

" motion of the gas»eiectrolytelinterface. Therefore, a capillery tube
of.the smallest eize available (150p specified inside diameter) |
was chosen, This tube must te long enouéh to permit‘diSplacements of
the meniscus but also small enough to permit its mounting in the cell.

An electrode of 2 cm length.was chosene.

B. Choice of the Reactlon System

It ie of special interest to étudy the effect of the perturbation .
of the gas-eiectrolyte interface on thelperformance‘of gas electrodes |
of practical imnortanee; Moreover, the electrochemical behavior of
the system used in this lnvestigation must be well understood to allow
analysis of the expeiimental results. .This led to the restfiction of
the chqice~of reactants to oxygen and hydrogen. |

The reaction zene, described in the previous chapter, extends
further.above tne gas-electrolyte Iinterface for smaller.exchange cur -
rent densities, as shown by Grens et al.9 The effect of the dlsplace-

- ment of the gas-electrolyte interface might be expected to be of more
significance for an electrode wilth a relatively large reaction zone.
Therefore, the.oxygeﬁ electrode was preferred to the hydrogen elec~-

- c ' S SR %
"trode whHich has a much higher exchange current density.

*  The exchange current density for an oxygen electrode on-a sllver
catho%e with a 6,8N " golution. of potassium hydroxide has been glven as

. 210~ A/cm while the exchange éurrent density for an hydrogen
electrode on smooth platinum 1s reported to be 10- A cm2 for a 2N

solution of sulfuric acid, or 10-2 A/em for a 1N solution of hydrochlorle

acid.l9
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Mixiﬁg flows in the electrolyte film reduées\the concentration
gradients bullt up 1n absence of.cbnvection._ In the case of an elec-
trochemical reaction in which ionic specles are consuﬁéd, the effect of
cbnvection.is to lmprove the performance of the electrode, as dils-
cussed in the previous chapter. Therefore, experimental results ob-
tained for a reaction that consumes ionic specles would be diffilcult to
 interpretn‘since the pefformance of the eléctrode'might be affected by
E;ﬁ increase of convection in the film as well aS'by the movement of the
gas-electrolyte Interface. Consequently, 5it”was necegsary thét this in-
vestigation‘bé concerned with & reaction producing lonlc specles. Since
oxygen was chosen as,the.gaseouS“reacfant,»a‘stréng base was nécesSariLy
used as the‘éléctrolyte.;-Many experimental wérks.realiZéd~Withian
» oxygen electrode were conducted,with potassium hydroxlde electrolyte..

_ Sélutions of potéssium hydroxide have a high surface tenslon which
allows & thin isothermal film WithAonly a very small éoncentratidn
gradient, és éhown by Lightfoot.l6 Moreover, the solubllity and -
diffusion coefficients of'oxygén 1n potasslium hydroxide solutlions are

well kndwnogo Therefore, a solutlon of potassium hydroxide has been

chosen as electrolyte. Thus, the reactlon consldered is:

0, + 2H,0 +.L?-e = hon™
This reactlon is important in low temperature fuel cells. It also
presents.the'ad#antégef of'taking place on certaln metal surfaces
without use of special catalysts. One metal which satisfiles this
property 1s silver. Also, data are avallable for oxygen reductlon

on silver in potasslum hydroxide solutlon, such as the kinetlc data

2
of Katan,el and those recently obtained by Beer 2 for current/voltage.
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' chéracteristiCS; Since 1t was possible to ﬁurehase silver capillary

tubes, these experiments were conducted with the system oxygen/silver/

potassium hydroxide,

C. Deslgn of the Cell

A gaS—electrolyte'interface ingide the caplllary tube can be ob-:'f

tained only if one end of the caplllary is immersed in the electrolyte

while fhe other side gives freé access to the reactant gas. Therefore,

the cathode wasset in a support which separates the inside of the cell

into twovcompartments, one for the potassium hydroxlde solutlon and the

other one for oxygen. To study the cathode under condltions of'impbsed

current, a counter-electrode had to be provided to complete the cell

clrcult. Since the electrolyte'was a solution of potassium hydroxide,'

the counter—eiectrode mist not react epontaneously'with a strong base.
Moreover, the reactlon taklng place at the counter-electrode must not
involve ienic specles not already present'in the electrolyte. This
feduirementviled' to use'of a metal/metal oxlde electrode; nickel

was - chosen. Then, the overall reactlon can be writtent
Ni + 20H o Ni(OH), + 2e

However, in alkaline solution, the followlng reaction that would evolve

oxygen bubble g may &also be expeéted}

UoH™ - o2 + 2 H,0 + Le

By consldering the equllibrium potentials of both reactions, 1%

1s shown in Appendlx A that the first reactlon 1s most llkely the only

one taking place in such conditions. Since'Ni(OH)2 is practically
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_insdluble ih potassium hydfoxide,25 the conéeﬁtration of nickel lons
in the electrolyte éhbuld.sﬁay very smail durihg the experiments;

The cathode voltage 1s measured relativeifo.a reference electrode,
which must be highly reproducible and cbmpatible_with the electrolyte.
A mercury/merguric'qxidé reference electrode satlsfles these require-
ments. Also, its equilibriﬁm potential 1s independent of the férm of

the mercuric oxide used and of the concentration of the solution of

potassium hy'dz'oxj_de.glL

D. " Displacement of the Gas-Electrolyte Interface

Both frequency and amplitude of the movement of the gas-electrolyte
interface should be known. Por thls reason & poslitive dlsplacement of |
electrolyte is necessary; rather than preésure perturbations, whilch
would not permit any control of the meniscus movement amplitude. If
the. solution 1s assumed to be incompressible, the change of volume
-iof electrolyte inside the capillary.tube necessary for the dlsplacement
of the'meniécus requifes an equivalent changé in volume of the electro-
lyte compartment. One method of achleving thls is by use of a small
_piston moving into a fixedrvolume of electrolyte.

The movement Qf'the gas—electroiyte'inﬁerface that would be the
simplest tb analyze is the cagse of constant velocity. However, it is
not possible tO'erp moving the meniscus in one dlrection inside =
tube of finite length. Therefore, the meniscus must be displaced in
both directions, and a periodic movement will be studied, Since 1t is
difficult to obtain a dlsplacement of the meniscus with sudden changes
in veiocity, a slne movement, whilch does ﬁot'involve any hlgh derivatives
~and 1ls coﬁ#éniénﬁ for theoretical.analysié and generation, .was

chosen. A range of amplitudes and frequencles of the menlscus move-
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ment should be available to permit é comprehensive study of the phen-
omenon. Since the change of.volume of the electrolyte compartment
required to move the gas-eledtrolyte,intgrfade in the capillary tube

is very small, the plston diameter should be aé sﬁall as possible.
However, the smallest piston that could be obtained was . 152mm diameter,
which is the same size as the inslde dlemeter of the cathode. Conse-
quently, the amplitude of the pistoﬁ movement must be equal to the
amplitude of the menlscus displacement iﬁ the electrode. This requires
a flexible d?ive system for the piston mechénism. Moreover, the effect
of the meniscus movement can be studied only if the different'frequencieé
Investigated are constant. This requirement implied a controlled speed

drive s'ystem.

E. Measurements of Electrode Operation

The effects of meniscus perturbations are of interest under both
galvanostatic and potentlostatic conditions. The avallabllity of
supporting electronic equipment has dletated the galvanostatic method

for thesé experiments, Under these conditions, the electrode overpoten=’. .

‘t1lal was the important performance characteristic. Consequenﬁly, the

-cathode voltage relative to the reference electrode was studied as a

function of the gas-electrolyte interface movement for a constant current

provided by a power supply driving the cell. In any evaluation of such

results, consideration should be given to varlations of voltage drop
»whiﬁﬁ are due to the change of reslstance of_thé electrolyte fillled
lpart of the capiilary tube dﬁring.the_displacement of the meniscus.
.In fact, as the gas-electrolyte interface 1s moved toward the gas end

" of the capillary'tube, the electrode overpotentlal may be expected to

decrease while the ohmic drop increases, and when the meniscus 1s moved
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toward the electrolyte side of the tﬁbe,the overpotential may increase
while the ohmic'drop decreaées. This effect Will'alﬁays be in phase wlth
the movement of the gas-elecfrolyte interface but its exact magnitude
will depend on the-reaction distribution in the vicinity of the meniscus.
| Since it is necessary to measure currents without interference of any
other currents Involved in spurioﬁs reactlons at metal parts in contact
with the electrolyte,.the plston should be maintained at the counter elec-
trode potential; This dictates grounding the counter electrode, as well as
the piston,_and operating the cafhode at a - potential negative with respect
.to ground..
The cathode respoﬁée to the periodic‘displacemént of the gds-
| eiectrélyte interface can be quantitatlvely investigated only if the
.piston mo&ement is known, Moreover, the study of phase lags, which |
'may be:interesting, requires a determination of the meniscus movement.
,Therefdre, in order to relate the eiectrical response to‘the meﬁiscus
displacement, both the cathode potentlal relative ts the reference

electrode and the piston movement must be continuously recorded.

F. Experiméntal Conditions and Variables

Although the temperature and concentration of the eléctrolyﬁe
determiné the cathode péténtial, the influence of these two parameters
is not an object of this investigation. Accordingly, all experiments
were canducted at room temperature in order to simplify temperature
cbntrol. The SOLubility and diffusién coefficient of oxygen in a
solution of potassium hydroxide decreaéé‘with increasing concentration,
- while the conductivity increases with increasing concentration; Con-
sequently, a moderately concentrated solution is indicated and a 2N

potassium hydroxide solution was selected.

Dy
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The smallest gas-electrolyte interface displacement of interest is
of'the_order of the pore diameter. Moreover, it'is practically 4iffi-
cult to move the meniscus with an eamplitude less than .lmm. As for
the upper limit»of the displacement amplitude, 1t simply has to be .
small compared to.the_total length of the electrode. Interesting
effects should be encountered for amplitudes.of the meniscus movement
equal to at-least’the length of the reaction zone, Therefore, measure-
ments were made for amplitudes ranging from ,lmm t012.6 mn.

~The range of frequencies to be investigated 1s determined by
mechanical limlitatlons and by the response of the electrode potential.'
As a first approximation, the mass transport time constant for the |
electrode may be of the order of a small fractlon of a second up to a
few seconds, as shown in Appendix B. This Indicates & frequency range
of interest.of about .05 - lOOO Hz. The lowest frequency that can be
reached with a convenient mechanical drive system is approximately
.1 cycles/sec;-and the highest about perhaps 20 cycles/sec. This
investigation, at least initially, must be confined to this range.

The influence ‘of the frequency and amplitude of the gas- electrolyte
interface movement should be experimentally studied for different
electrode currents, Assuming that the results obtained by Grens9 hold
~for this particular'electrode, currents of interest for a caplllary
" tube electrode of .l50mm diameter range from approximately 5x10~ 8
j;u.p to',5><lO-6 A, as shown in Appendix C. Initial experiments were

run with currents of this magnitude.
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ITI. EXPERIMENTAL EQUIPMENT

The equipment used in this investigation was constructed according
to the concepts déveloped in the previous chapter. It can be divided,
according to function, into four components: the cell, the mechanical
drive system,.the‘electrical circuit, and the auxiliary system used for .
fillihg the cell with electrolyte and used for gas supply. The éell and.

assoclated equipment are shown in Fig. 3.

A, Cell and Electrodes

The cell used for these experiments 1s shown in Figs. L4 and 5.
Tt consists of two‘compértments, one for the reactant gas and one for
the electroiyte, Jjoined by the caplllary tube éathode. The gas com-
partment has approximaﬁely the shape of a cylinder of 26 mm diametér
-and 50 mm length. On the other s1de, the electrolyte cbmpartment is in
the shape of two cylinders of different diameters stacked with the same
axls; thelr dimensions are respectively 50 mm diameter by 15 mm length
and 15 mm dlameter by 25.mm length. The body of the cell is about '
96 % 964x 90 mm. Iﬁ has approximately the shapeiof'a cube with two
cylindrical ends of 15 mm thickness whose diameter is about-equél to
the cube diagondl. A arawing of the central pért of.fhé cell with thé
main dimensions is fepfesented in Fig. 6. Two flat circular end plates
of 11 mm thickness and 120 mm diameter close the gas and eléctrolyte
compartments. The cell 1is made. of lﬁcite”because this-material is
.transparent, easy to machine, and has fair thermal insulating propertiles.
- The external surfaces qf the main body ére polished to permit observa-

tions of the electrodes. ©
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XBB 675-2735

Fig. L Cell (gas side to right).
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Certaln cell accessories are also shown.in Fig. 5. The piston
assembly for electrolyte displacemenf'is screwed into the top wall of
.the electrolyte compartment. The cathode terminal (8) is also screwed
into the top wall of the main block while the counter electrode terminal
(9) is on the electrolyte compartment end plate. The two other accesses
through this end plate, which can be seen in Fig. L4, are for the Iuggin
'capillary (M)'and a glass valve used for filling the cell. A device
used'for the adjustmen£ of the gas-electrolyte interface position in-
the capillary is alsgo mounted in this_énd plate. It consists of a
screw, Whose ?itch is 40 threads per inch, ended by a small cylindrical
piston of 3.175 ym diameter. Movement‘of thls piston into or out of
the electrolyte compartment changes the volume of the éompartment and
thus displaces ﬁhe meén location of the meniscus in the capillary tube..
O-ring seals are-used‘at the clrcle of contact of the two end plates
with the cell aﬁd around the piston assembly, the Luggin capillary
tube, the meniscus.positioning device, the cathode and counter electrode
terminals, and the hose connections shown in Fig. 4. All metal parts
in contact with the electrolyte, exéept the electrode and the plstonm,
are type 304 stainless steel.

The thermal capaclty of the cell 1s large eﬁough to Inhibit any
éignificanf temperature changes énd therefore, no additional thérmal
insulation is required. However,\the’reference cell has turned out
to.be very sensltive to short‘term.temperature variatioﬁs and, con-
sequently, 1s insulated witﬂ an épproximately 5 cm thick layer of

Fibeffrax ceramic fiber insulation.
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1. The Cathode

The oxygen cathode consists of & thick-walled silver éapillary
.tube of .15 mm inside diameter, 1.27 mm outside diameter, and 20 mm
length*.i This tube is cemented in a cylindrical lucite block (2) of
12 mm diameter which is assembled in the cell by the cathode support (10),
aé shown in Fig. 5f Two O-rings are lnstalled to avoid leakage.around
either the cathode suppdrt or the cathode block. The cathode support
is ﬁeld in position by the end plate of the gas compartment. Electrical
contact to the cathode 1s made by a screw (8) passing through a small

" spring so as to avoild demage to the caplllary tube.

N

2. The Anode and the Reference Electrode

The anode, or counter-electrode, isja simple dlsk of porous nickel
of 50 mm'diameter'dnd 2 mm thi;kness. A h&le in its center is provided
for the passage of the Luggin capillary of the reference electrode, as
" shown in‘Fig. 5. Thelcounter electrode 1s supported by a stainless
stéel rod that- flts through the electrolyte compartment end plate. The
.. other end of ﬁhe rod provlides the electrical contact to the anode.
Leakage where the rod passes through the end plate 1s prevented by an
O-ring seal.

The reference electrode, shown in Fig. 7, 1s mounted outside the
end platé on the electrolyte side of the cell. It is a vertlcal glass

cylinder of 25 mm diameter and 110 mm height, with a platinum contact

k- Purchased from: The Wilkinson Co;,ll66o -9th St., Santa Monica, Callf.



~5-

XBB 675-2734

Fig. 7 Reference electrode cell.



-30-

wire in“the sealed ldwer.eﬁd connected through a tﬁngsten-uranium glass

seal toAan”éxtérhal,eléctriéal terminal;‘vThe platinﬁm wire 1s sudbmerged . .
in a pool of méfcuryll.5 cm deep, which is in turn covered by a thin
leyer of mercuric oxlde . An opening, closed by a 12 o standard taper
glass“joint; is provided aboﬁt haif—way up the side Oflthe reference cell
for inﬁroductién of mercuric oxide. A Delmar needle iélve stopcqck of

9 ﬁm diameter.is'fitted at thé upper part of the reference cell to'permit.
the eyacuation of the cell and its filling with electrolyte. A Luggin

" capillary leads from the refefenéé electrode°through ﬁhe main cell end

plate and electrolyte compartment, ending about 1.5 mm from the end of

the cathode.

B.'_Meéhanical Driﬁé Systéﬁ

The,mechanicai drive'system for perturbation'ofbthe gas—elecﬁrolyte
vintérfacé consists of the pigton assembly in the wall_of the electrolyte i
compartment actuated by a lefer—egcentric cem mechaniém, which Ls driven
v.by'a variaﬁle épeed‘motqr thfough a train of‘gears. Thé entire’éyétem,
shovn in Fig. 8, is set on a heavy stainleés steel basé of B5530x25 cm.

The’piéton assembly.is shown'in.Figs. 9 and 5,"The plston itself
and its surréunding cylinder consist of the plunger and needle of a

o

‘microliter syringe; The plunger, which 1s individually fitted with . o .

e#acting precisioh in the stainless steel needle, 1ls a tungsten wire of -
0152 mm dlameter. The needle ls mounted in a stainless steel cylinder

of 20 mm diameter which is'écrewed into the cell wall. The piston is

. % Baker and Adamson Reagent: Code 1969.

%% Hamilton No. TOOL-N,
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Mechanical drive system.

Fig. 8
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Fig. 9 Piston assembly.



-3% .-

rigidly attached through a screwed fltting to the pistén carrier assembly
(11), which links it to the lever.

The cam, lever, and piston carrler are represented in Fig., 10. The
cam (1) provides a sinusoidal displacement of the driven end of the
lever (2). Two different cams haveAbeen used. Both are circular with
a diameter of 90 mm, and the eccentricities of theilr axls are respect-
ively, .66 mm and .2 mm, The lever pivots on a pin (5) mounted intc the
base. It drives the piston carrier (3) through a pin (9) firmly fixed
in the lever and slliding on a polished surface in the carrier. The lever .
.pin can be set at 8 positions to obtain various amplitudes of the piston
displacement; and thus of the gas-electrolyte interface; the different
amplitudes that can be obtaiﬁed are given in Appendix 4., The piston
carrier (3) which slides vertically into the base (4) is essentially a
stéinless'steel<cylinderuof 25 mm dlameter. Its upper part is cut away
to accommodate the end of the lever. It has been made as light as possible
by removal of excess metal to reduce the inertia of the gystem. The piston
carrier moves downward under action of the lever and 1s returned by a
spring (7), which thus maintaing contact of the lever-wheel (6) with the
cam. This spring must provide enough force to maintain contact with thek
cam gt iﬁertial loads encountered at felaﬁivély high frequencles but must
elso avold placing excessive préssure on the cam. A spring of 18 mm
diameter made of a 1.2 mm steel wlre was finally used after several
trials; it has’a force constant of about l8><lO5 dynes/em. A friction
“break device 1s provided on the shaft éarrying the cam to reduce backlash

In the gears and obtain a more uniform movement.
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The driver f&r the plston mechanlism is an FElectro-Craft E 600-L
speed controlled DC electric motor which can provide up to & in./lb.
borque at sﬁeeds ranging from 5 to 3,000 rpm. The controller, which
includes a speed sensor and complete feedback amplifler, can maintain
rotation ‘speed constant to within 3% and thus give a uniform sine move-
ment to the plston. The rotational movement of the motor shaft is trans-
mitted to the eccentric cam through a train of fow Boston gears which
provide a toﬁal reduction factor of 15/72. This allows a range of fre-
quencies of the piston from 1 stroke every 8 seconds up to about 10
strokes per second. Alternative gear arrangements provide various

ratios ranging up to 12/i,

C. FExternal Electrical Circuit

The.elecfrical circuit used during conduct of ﬁheSe experimeﬁts is
| represehted in Fig. 11. It employs a constant current power supply that
provides the éurrent flowlng through the cell between thg gilver cathode
and the nickel counfer~eledtrode. The current 1s measured with high-
accﬁragy by the voltage drop 1t creates across a resistor placed in
serles with the cell.

A Keithley plcoampere source - Model 261 - is used as a power supply

4

for this circult. Tts output ranges from lO"lh 0 Lo1x10" A in 8 decades.

The current measuring reslstor is inserted beﬁween the power supply and
the cathode, as dlscussed in the previous chapter. A film type resistor
has been chosen for its non-inductive property, and isAshielded by an
aluminum " box; a 4.75 K@ resilstor permits measurements of all currents
in the fange considered. The plston is electrically connected to the

counter electrode and both are held at ground potential by connectlon to
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the powér sﬁppLy ground terminal (power common ground). Disturbances
-due to any electrical fleld are minimized by use of shielded cables
with BNC connectors. Shielding of the circuit is comnected to power
common ground at the power supply.

The mechanical displacement of the piston is converted by a position
transducer into én electric output signal which can be recorded. The -
traﬁsducer used is of the linear varlable capacltance type.* It employs
a cylindrical dilelectric sleeve, whiéh 1s attached to the piston carrier,
moving in.-the annular space between fixed capacltor electrodes. The
capacitance change aséoci&ted wlth the plston movement 1s detected by a
1.3 MHz bridge type driver unit whilich provides *10 volts DC oﬁtput
linearly related to the transducer sleeve position.

The potentlal drop across the current measuring resistor, the
cathode-reference electrode potential difference, and the position
transducer system outputvare simultaneously recorded on a Brush Mark 200
multichannel oscillographic recorder.*** The first two of tﬁese slgnals
are in the millivolt range and, therefore, enter through Brush high gain
_bC pfeamplifiers Model 4215 - 10. These have calilbrated zero suppression
which permits use of the tface zero posltion to fepresent bperation in
the absence of menlscus movement and a maximum sensitiyity of 100 pv
‘ per'chart line. The plston position output signal from the transducer

unit enters through a Brush DC preamplifier Model 4215 - T0.

* Lion Research Corp., C-Llne Linear Variable Capacitance Transducer
Model LVC 301, . - :

*¥Lion Resgearch Corp., C-Line Driver Unit - Model 202.

*¥$%Brush Mark 200 Recorder Model RF 1783-60/5 336L.
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D. Systems for Filling the Cell With Electrolyte
' and for Gas Supply

The systems us;d for filling the cell with electrolyte, and for
gas supply are represented In Fige. 12. The two different circuilts are. .
obtained by change of the connection (b) of valve (4) as shown on the
diagram, All lines arevof Tygon tubing.

The equipment used for filling the cell conslsts of a vacuum system
and electrolyte supply vessel (1). Thé vacﬁum system, which includes
two cold traps (5,6) and a mercuiy manometer (7), is connected to a
Weleh Duo Seal vacuum pump that can provide a ﬁressure as low as
5&10-5 torr. Change in the position of the three-way stopcock (U4) permits
the degassing of the solution, the evacuvation of the cell, or both at
the same time. The other stopcocks represented on the right side of the
round bottom flasgk are used for detectlon of any léakage. ASince'the
electrolyte flows through the tubg,(})‘f to valves -(8,9,10) during the
filliné of the cell, the contemination of the solution with grease is
avolded by use of Teflon stopcocks.

The system is.copverted_from electrolyte fllling to gas sﬁpply by
connection of the Tygon line (g) to the positioh.(b) of valve (L) and by
disconnection of valve (10). -In this configuration, it includes a press-
~ure limiting device (12), two water bubblers (13,14), a surge chamber (15), i
and a water manometer (16). Oxygen drawn through a standard pressure
regulator from a cylinder ls sparged tﬂrough the water bubblers in order
to saturate the gas goiné into the cell and thus to mainbain a constant

partial pressure of water vapor in the gas phase. The valve (17) permits

regulation of the'gas flow, and the pressure limiting device, which
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1. Electrolyte flask T. Mercury manometer

2. Thermometer 12, Pressure limiting device
3. Electrolyte £111ing tube 13,14. Water bubblers
4,8-11,17. Valves {stopcocks) 15. Surge chamber

5,6. Cold traps 16. Water manometer

Oxygen
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consists of.a'tube'immersed 2 cm déep In mercury, keeps the gas pressure
less than 78 cm‘of_mercury absolute. The flask (15), of 1000 cm? volume
aﬂd partly f41led with eiectrolyte, is placed in the eilrcuit to reduce
the effect of small surges in gas supply pressure arlsing in the water

bubblers. Any such variatlons of pressure can be bbserved by use of the |

water manometer.,
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IV. EXPERIMENTAL PROCEDURE

The nature of the experiments of this investigafion allowed +the
examination of a wlde range of displacement amplitudes and frequéncies,
and of currents, during a'éingle experimental‘run:df-many_hours-
duration.. Howevef, extensive and careful preparations were required for
each such experiment. The experimental procedure can be subdivided into
the preparation of the electrolyte, the filling of the cell, the pre-
electrolysis, and'thé conduct of the measurements. These steps are

described in the followlng sectionse.

A. Preparation of the Electrolyte

An approximately 2N potassium hydroxide solutlon was prepared by
, ’ ' *
dissolution of 56g of potassium hydroxide pellets in 500 cm§ of dls-
tllled water whose conductlvity was about 10_6'Qcm; The dissolutilodn-.

being exothermic, the :solution was cooled before degassificatlion and

titrationc :

- l. - Titratlon of the Electrolyte

3

The coﬁcentration of the solutlon of potassium hydfoxide wa.g
determined by titratlon before and after each exﬁeriment. The titra-
tion could have been donevby potentlometry, but a standard volumetric
method.ggve reéults of gocd accuracy. Since potassium hydroxide 1s a
strong bage, the titration was made with hydrochlorlc acld, and the
end-péint was iﬁdicated by.the change'of‘color‘of methyl yellow or

bromophenol blue at pH between 3.0 and 4.5.,5

¥ Baker and Adamson Reagent ACS Code 2118,
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The effect of dissolved carbon dioxide should be considéred. In
fact, carbon dioxlde is always present in the atmosphere and an’equil—
ibrium concentration can be expected in the solution. Moreover, pellets
of potassium hydroxlide even with the purest grade contain carbonate
because of Superficial abgorption of molsture and carbon dioxilde.
However, since the solution of potassium hydroxide was degassed at low
pressure before the experiment, it wés aséumed that carbon dioxide was

removed to a sultably low level before the titration.

2. Degasification of the Solution

The solution was degassed during the preparatlion of the cell. The
procedure deéscribed below refers to the Fig. 12.

Three hundred cﬁ? of potassium hydroxide solution were placed in
the flask (1). The cell was isolated by the closing of the valves
(8,9,10) and the switching of the thréé-way stopcock (4) into the posi-
tion (a-b). The preésure over the solution was thén reduced to about
the elecﬁrolyte vapor pressure by the vacuum pump while cqhstént agltatlion
was.maintaingd by use of a magnetic stirref. To prevent damdge to the
vacuum pump from water vapor condénsation, the two cold traps (5,6) were
filled with liquld nitrogen. The temperature of the solution could be
-observed on the-thermdmetef (2). If the temperature was too ciose té the
bolling point under the reduced pressure, ebullition waé avolded by the
closing’of‘valve.(h). The temperature of the solution usually decreased
~ from 23°C to 8°C durlng the first hour of degasification. After a period

of three hours, when almost no more gas bubbles were evolved from the

solution, the cell was Inserted in the vacuum circuit.



N

~43.

B, Tllling of the Cell

The cell was filled after evacuation of the cell-reference electrode

system. The electrolyte was then permitted to flow Into the cell driven

by higher external pressure.

L. Evacuation of the Cell-Reference Electrode System

After the electrolyte was degassed, the vacuum system represented

in Fig. 12 was evacuated to a pressure equal to the electrolyté vapor

pressure. At this point, all the valves were open and the ﬁhree#way

stopcock (L) was in position (a-b-c). The stirring of the potassium
hydroxide solution in flask (1) was continued throughout. During this
oﬁer&tion, some gas bﬁbbles could usually be seen to come out of the
mercury used in the reference elegtrode. They frequently ejected'a few
small droplets of mercury with them. To.avoid the risk of plugging the
capilla?y tube with mercury or mercﬁric éxide from such droplets, a
layer of about 1 cm thickneSs of water was kept above the mercufic oxldes
this water evaporated almost completély under the vacuum. The entire
system was hgld at'eiectrolyte vepor pressure and for about six hours
before the‘cell was filled. At that fime, the electrolyte temperatufe

was between 8°C and 12°C.

2,  Procedure for Filling the Cell

To fill the electrolyte compartment of the cell with the potassium

_hydroxide solution, valve (11) was closed and valve (4) was turned into

the position (béc); then, the circult was dlsconnected between these two
valves. The glass tube (3) was immersed into the electrolyte solution

and the three valves (6,7,8) in connection with the cell-reference electrode
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system wére closed. When valve.(ll) was slowly opened; the éressure in
 the flask was increésed so that the electrolyte flowed through the tube
.(5) up to the closed valves, The presgure In thevflask could not be -
higher than a few centimeters of mercury or else excessive turbulence
might be created durlng the filling of the reference electrode that
would disturb the mercuric oxlde layer. Next, valve (8) wés opened
carefully to fill half of the reference electrode. If some mercuric
oxlde fldated at the surface of the electrolyte, 1t could be removed
by creation bf mild turbulence in the solutlion, This could be done
elther by further opening of velve (8) or by an increase in the pressure
in the‘flask, To avold the risk of mercuric oxlde fiowing witﬁ.fhe
electrolyte through.the Luggin capilléry inté—the electfolyte compart-
ment of the céll, the solution in the half-filled reference cell was
left 1dlé for ten minuteé.' Meanwhile, the electrolyte compartment was
partly filled through valve (9). Then, the reference electrode was
compietely filled, followed by the electrolyte compartment of the cell.
With the two valves (8,9) open, the electrolyte was allowed to flow
through the siiverdcapillary tube.into the gas cémpartment. After thls
flow was established, valve (4) was closed and valve (10) was opened

£§ i1l the gaé compartment with electrolyte. Finally, when the cell
wa.s compietely fiiled, and with the three valves (8;9,10) open, &
pressure of one atmosphere was inbroduced in the flask.(l) by opening
oflvalve (11).

During the filling bf the cell, the temperature of the electrolyte

was 10-12°C. Because of the water evaporation that occurred during

evacuation, the reference electrode and the cell body were also at a
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relatively low temperature. Therefore, the température of the system
had to be allowed to reach thermal equilibrium with the laboratory.am-
bient temperature. TFor this purpose, the cell was kept filled with
electrolyte overnight with the three valves (8;9;10) open before pro-

ceeding with the prepafation.

3. Gas_Supply

After the cell had ﬁhermaliy equilibrated with 1ts surroundings,
the valves (8,10) were closed and the tygon tube going from the cell to
| valve (10) disconnecfed, valve (4) veing closed. Then, the oxygen cir-
cuit was connected at the opening (b) of valve (4) as shown in Fig. 12.
The oxygen flow was adjusted by valve’(l?), with the supply pressure
limited to below 78 cm of mercury absolute by the mercﬁry column (12).
When the oxygen pressure in the circuit reached about 15 cm of water above
the atmospheric pressﬁre, valve (17) was closed and the oxygen flow stopped.

Then valve (4) was opened, and the electrolyte that was in the gas com-

i  'partmeﬁt flowed slowly out of the cell. During this last operation, the

oxygen pressure in the clrcuit decreased by about'BO em of water, at
which time flow ceased until valvé (i7) was opened again. Oxygen was
sparged through the water bubblers at'a flow of about 1.5 cmB/sec.

Any changé of pressufe in the gas campartment can have a small
effect on the O-ring séal such as the oﬁe around the cathode, and thus
produce a change of volume of thé electrolyte compartment. Consequently,
there was a risk of a gas bubble belng drawn through the cathode capillary
tube into the electrolyte compartmenf. This was avoided by valve (9) being
kept open during the manipulations described and being closed only after

the gas compartment was empty of electrolyte,
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Tﬂe finql step.in £illing the cell was the positioning of the gas-
electrolyte interface by use of the adjustment screw.' Thls screw was
édvanced to flood the base c;mpletely and then backed off between 12
andA15° to adjué£ the meniscus appfoximately in the middle of the tube.*
A constant current of 50 pA was immedlately imposed between the cathoée
and the counter—eleé%rode to minimize saturation with éxygen of the celi

electrolyte,

C. Pre-Electrolysls

Impuritles even at extremely small concentrations can 'Influence the
polarization characterlstic of'the.oxygen electrode, particularly at
very small currents. -Thus, such impurities prevent reproducible measure-
ments and. should be avoided. Since itvié difficuit to prepare a solution
Wi%h.a'COnéentration of 1mpurities lower:than.10—6'mole/liter, and “since

impurifieé shoild be reduced to.a concentration of'IO-lQ;molé/litef,26;the

electrolyte is’purified:by'a pre-electrolysis as suégeﬁﬁd.by Azzamgluﬁf&aganeg
In thié work, the pre-electrolysls was conducted in the experimental
éell at the silver céthéde. The constant pre-electrolysis current was.
“passed through the cell until the difference in voltage between the

cathode and the reference‘electrode showed no further change wlth time,

For a current of 50 pA, which was equal toifhe largest value used during

e *.. To displace the gas~electrolyte interface of 10 mm, from one end to
the middle of the caplllary tube, the rotation of the screw 1s:

: . 2
° 40 .15 o 120
I‘=36O Xm){(m) xlO-lB.
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.the measurements, it usuwally took 5 to 6 hours to reach aisteady_over-
potentiai. However, the pre;electfolysie was conducted for about 20
hours. With such a pre—electrolysis, polaiization meaeurements were
reproducible within #10 mv. |

If the piston'assembly were connected to the counter—electroae
during pre-electrolysis, 1t would act as an anode and, since.the plunger
is made of tungsten, Wouldndissolve to.giﬁe tungstaﬁe ions.29 In fact,
like molybdenum, tungsten 1s rapidly anodically attacked in alkali
solutlons at low current densities.*, Therefofe, the pisfon was con-

nected to the cathode (both were grounded) during pre-electrolysis.

D. Conduct of the Measurements

The infiuence of the frequency ani'amplifude of the displacement .
of the gas-electrolyte interface was investigated undef galvanostatic
conditions at different electrode currents. The silver capillary tube
was cleaned between each experiment With'a dilute solution of nitric
aclid and then rinsed'with distilied wafer, However? as shown by
Bonnemay50 who tooklpictures of'a silver plate wlth an electron mlcro-
scope; the intergranular reglions are particnlariy attacked after ex-
posure of 48 hours in a concentrated solution of potassium hydroxide.
Therefore, the silver cathode was stabilized before’ each experiment by
being immersed for two days.in a 2N potassium hydroxidelsolution and

then rinsed with distilled water.

R '
Assuming that the exposed surface of the plunger is a cylinder of 152
diameter and 5mm height, and that all the current flows from the cathode

to the plunger, the current density 1s found to be approximately 2 mA/ch
which is too low a value to meke tungsten passive,29
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1. Electrode Polarization Characteristics

Experimental polarization curves were obsained“by measuring the
potential of the silver cathsde relatlve to a reference electrode while
a constsnt current was flowing through the cell. The ohmlc potential
drop in the electfqute was reduced by placlng the tlp of the Luggin
caplllary close"to the cathode; however, ‘it wag gset at a distance
equal to approximately four times the outside dlameter of the Iuggin
caplllary so as not to disturb the current flow in ‘the electrolyte.
-'Measurements were made for cell currents ranging from 1pA to B5OpA.’

' Polarization data were taken before, during, and after each series of

megsurements to check the validity of the results.

2. Investigation of the Fregquency and Amplitude of the Meniscus Movement

For a given current, the influence of'the'freéuency of the movement
of the gas-elecsrolyte interface was investigated for varlous amplitudes
of the displacement. Vafiations of the cathode'voitage relatlve to the
referénce.slectrode wsre recorded simultaneouslj with the pistoﬁ mévement
and the curfeﬁt flowing through the cell.

The cathode Voltage was studisd for frequénsies of the meniscus
movement'rangihg from about .25 cycles/sec to about 5 cycles/sec'fof a
giveh current and displacement«amplitude. This was done by control of
the motor speed, Measurements were made.for flve or six different frs—
quencies, starting at the lowest value and increasing to the hilghest;

then, as a check, anothsr measurement was made 8t a low frequency of

about .5 cycles/secs
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Therinfluence of the frequency was investlgated for at least four
amplitudeé of the meniscué dlsplacement ranging from .35 mm to 5.5‘mm.
This involved changing the positlon of the lever pin as discussed in
the previous chapt;r. For a glven cﬁrrent, measurements were made from
thevsmallést amplitude to the largest one. Amplitudes ranging between
.limm and .351mm were obtained In a separate‘series of measurements by
use of the cam with smaller eccentricilty. '

The effecfs of the frequency and amplitude of the menlscus move-
ment weré investigated for éurrents ranging from‘5QA to 50uA. Since
' polarizat;on data were taken during experiments for currents between
1pA and 50u8, the sequence 1n which the currents were Investigated
should not matter. In most cases, measurements were made for currents
: increasing from the lowest value to the highest one.

The record of an experimental run consists of an annotaeted os-
clllographic recorder chart which has t?aces of the cathode voltage, plston
fransducer output, and voltage drop acrosé the current measuring reslstor.

It also includes timing marks at one second intervals.
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V. RESULTS AND DISCUSSION

The intent éf these experiments was to investigate the effects of
:the periodic disp;acement>of the gas-electrolyte interfaqe of a film = .
type §Orous gas electrode. Four experimental serles measuring these .
effects ﬁere compléted and are reported in the next sectlon of this |
chapter. Ho%ever, the in£erpretation of the results of these experi-
ﬁents indicates that the conditions existing in the caplllary gas elec~-
trode of the experiment deviated significantly ffom the design conditions
and the.results must be viewed with this in mind. Nevertheless, these
results can givé a qualitative indication éf effects to be found with
meniscus movementvand-provide'a partial verification of the expectations
discussed in the introduction of this work. A further series of ex-
periments involving the caplllary gas electrodes without meniscﬁs move -
ment was undertakén to &etermine thelsource of problems found in the
éxpefiménts with meniscus displacements. These are also dlscussed at

length in this chapter.

A, Effects'of the Meniscus Movement

A totai of four'e#perimental sepiés are reported in this sectlon.
All were condueted generally according to the procedure described in
the.previous chapter, although in detail it represents thé most recent
experimental procedure. The conditions of the different experiments
differedlessentiallylby the length of pre-electrolysis of the potassium
hydroxide solution. The four experiments Qere conducted at room tem-
perature équal to.25.5°c, with an electrolyte concentration about 2N
(vetween 1.80N and 2.05N). In these experiﬁents, expected meniécus dis-

placements from .08mm to 2.64mm were investigated at frequencles ranging
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from about ,2Hz to USHz and currents from about SpA to 4SuA.. The con-

ditions for each:expéfiméntal series are summarized iﬁ Table 1.

. Table 1

‘Lisummary:of Experimental Condiltions

Experiment ' Electrolyte Mm@hof' ' Currents
"~ Number Concentration pre-electrolysis Investigated
' (mole/liter) = =~ “(wours) T LA
1 . 2,03 6 L 204 - 29.3
2 2,05 c 6 | 9.6 - 28.7
3 o 1.92 | o 9.8 - 29.5
4 . 1.80 - 20 - 5.1-9.7-20.5-28,9-46.8

The pbtential/cﬁrreht relationship for the cathode (vs the:reference
electrode)_ih absence of meniscus displacement wés determined before,
during, and after each measurement‘as dlscussed 1n the previous chapter.
These dverpotential curves wére found to be‘repréducible within a good
afproximation for a.given,ekperiment,,as shown 1n Flg. 21. Accordling
to the procedure described, the meniscﬁé was edjusted in én'attempt to_
keep 1t approximatély in the middle of ﬁhe caplllary tube. ‘The cathode
potentialvrelative to the mercury/mercuric oxide reference electrode at
Vefy low curreﬁts,is gbout - 30mV while the calculatéd reveréible-po— |
tential is 4305mV on this scale. However, the reversible potential is
almost never obsérved‘for the oxygen céthode and the former value
corresponds to the results obtained by Bennion12 who wdrked with the

same system oxygen-silver-potasslum hydroxide, as well -as those by

many other investigators.
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The periodlc response of the cathode.potential.relative to the
reference electrode was recorded simultaneously with the piston move-
'ment and the current, as shown in Fig. 13. The left side of tﬂe trace
recorded for the pilston movement corrésponds to the lowest position of
the blunéer into the electrolyte compartment, and thus to the ﬁeniscus
positlon nearest the éas glde of the cabillary tube. For thé over-
potential curve, increasing overpotentialslare reﬁresented by trace
displacement to the right. The respbnse reéorded for the cathode po-
fential relative to the réferénce:eleétrode 1s a periodic signal of
same frequency as the pistoﬁ movement. However, the potential responsé
wag not sinusoldel and a phase lag, depending on the pistoﬁ frequency,
was usually observedf‘vThe amplitude.of the electrode potentiél response
was found to deciease with increasing frequenciés and increase with
dincreasing meniécus displacemenﬁé fof a givenAcurrent, as shown 1n Figs.
lh-l9.. In all these experiments, durihg thé periodic moﬁement;of the
gas-eiectrblyte interface the cathode average Qvérpotential (mean value
. of periodié response) never veried more than a few milliyolts'(maximuﬁ
of lOmV) fromthe value obtained in absence of meniscus movement.

During the first experimental serles reported in thils sectlon, ﬁhé
signal recorded for the cathode potential response presented a peculiarity
as shown 1n Fig. Fl in.Appendix F. - On the baslc perilodic résﬁonse cﬁrve
of the cathode pbtential relativevto the reference electrode was super-
imposed a second peak always in phase>with e smell irregularity in the
piston movement. The effect was much greater at low frequencles and
disap?éared at higher frequenciles, as shown in Fig, Fl., Thls suggested
that the electrode overpotential was sensltive to a vefy small displacé-

ment of the meniscus when at a posltion corresponding to a reversal in

N
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displacement direction, It was found that this irregularity in plston
movement was cause@ by a roughness on the surface of the plston carrier
where the piston carrler pin slides. Correctlon of this condition (by
polishing the surface of contact and use of grease in order to reduce
the friction) led to a very nearly.sinusoidal plston movement and to a
more regular cathode potential response, as shown in Fig. 13.

During the second experimental serles, the signaliobtained for the
cathode potential relatlve to the reference electrode eppeared always in
phase with the piston movement at'any frequency -and amplitude. Moreover,
the potential response curve wes much more sharply peaked than in mostv
other experiments. In view of the conditions actually exlsting in the
electrode as determined later, thils apparently was the result of the
nature of the meniscus shape located at the extreme ‘gas end of the electrode.

Thé results obtained in the other eXperimental serles can be consideredi
 characteristic of the effects of the perlodic movement of the meniscus In the
equipment as-used. The emplitude of the:cathode potential response was found
to decreaée>as the ffequency Increased for‘a glven amplitude at a fixed cur-
rent. dreater effects were observed at hilgher meniscué ampllitude dlsplace-
ments: The reéults obtained for piston displacements ranging from .26mm to
2.64mm for five currents ranging from 5.1pA to 46.8uA are shown in Figs. 1h-
'19; During the last experiment, the amplitude of the cathode potential
responée was also investigated at different currents for a glven frequency
'and piston‘displacement; the record of a run for a small plston displace-
ment of .O8m is shown ip Fig. F8 1in Appendix F and the results obtained‘
are plotted in Filg. 20. Finally,‘it was also found that the phase

lag: between the plston movement and the cathode potentlal response In-
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» Experiment 4 - KOH 1.80 N I = 46.8 paA _
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Fig. 14 Amplitude of the cathode potential response
vs frequency for a current of 46.8uA.
Experimental Serles No. L.
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Experiment 4 - XOH 1.80 N I = 28.9 uA

Piston displacement:

O 2.64mm
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Fig. 15 Amplitude of the cathode potential response
vs frequency for a current of 28. 9uA.
Experimental Series No. L.
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Fig. 16 Amplitude of the cathode potential response vs
frequency for currents of 28.TpA and 29.5uA.
Experlimental Series Nos., 2 and 3,
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Experiment 4 - KOH 1.80 N I = 20.5 wa
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Fig. 17 Amplitude of the cathode potential response vs
' frequency for & current of 20.5pA.

Experimental Series No. k4.
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Amplitude of the cathode potential response ve frequency
for currents of 9.6pA, 9.8u4, and 9.TuA.

Experimental Seriles Nos. 2, 3, and b,
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Fig. 19 Amplitude of the cathode potentlal response

vs frequency for a current of 5,1pA.
Experimental Series No. L. '
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Fig. 20 Amplitude of the cathéde potentlal response
ve current for a frequency of .66 Hz and
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creased with: iﬁcreasing frequencies of the movement, as shown in
Figs. F2-T7 in Appendix F. |

All the curves shown in Figs. 14-19 present about the same shapeQ
However; it can be seen in Figs. 15 and 16 that measurements were not
reproducible'betﬁeen experiments 2, 3, and 4. Figures 18a-18b also
show thisoharacteristic. All the results seem to be more coherent at
frequencies higﬁer‘than'E'hZ.'%Hbre the~am§litude%of the. cathode po- o
tential response does not vary much with the amplitude of the plston
displacement at a given'current. o |

During most of the experiments 1t was.“foﬁnd that at low frequencies,
and in most cases for piston displacements greater than .78 mm, the sigf
nal recorded for the cathode potential response could be different from
~the one Shown‘in Fig.ri§. In fact, a'second'peak could be observed
during each cycle, as shown in Fig. F9, in.Aopendix F. The amplitude of
'phis_second peak was found’to decreaseiwith increasing frequenoies. -Moving
the meniecus toward the electrolyte end of the.capillary tube by use of
the meﬁiscus positioning device had the effect of temporarily suppressing
this_irregularity in the signal; 1t usuvally returned after a short £ime.
The amplitude of such a signal for the cathode potentlal re sponse was
always smaller thean in the case of & response closely approximating a
gine curve. This phenomenon suggested the posslble locatlon of the
menlscus at the ektreme gas end of the capiilerj tube, u

‘In all these experiments, currents larger than any expected values
. (perhaps SuA as shoﬁn in Appendix C}Awere pessed through the cell in order
to obtain measurable effects of the meniscus movement (no significant
perlodic response was obtained.for 8, currenf of 1pA). Especlally the

’

maximun currents used were considerably larger than a pore of thls size
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should be able to support, Mofeover, the polarizatlon data represented

in Fig. 21 (for experiment 4) show a quite low cathode potential relative
to the referenée electrode. for such high curreﬁts. In fact, for a current
of UOuA, the ohmic voltage drop through e flooded caplllary tube of 150u
is 1.3 volt, as calculated in Appendix E, while the differeﬁce of voltage
between the cathede and the reference electrede wes only .3 volt. This
suggests a much lower resistance of the electrolyte path than should be
expected. The irreproducibility of the measurements of the cathode
potential response, the necessity for high currents, and the low ohmic
voltage drop indicated that the electrode was not performing in the manner
expected. Therefore, further experiments were conducted In which the

electrode'everpotential was lInvestigated without meniscus movement.

B; Existence' of an Electrolyte Shorf Cireuit PAth

To investigqte the low resistive compqnent of the cathode overpo-
tential, observed cleariy'at high currents, measurements of the cathode
voltage relatlve to the mercury/mercuric oxlde reference electrode were
mede for the meniscus located at the extreme ends of the capillary tube,
This involved moving the meniscus adjusting screw in erder to displace the
location'of the gas—electrolyte'interface from one'end of the tube to the
other between eech measurement;l fhe difference betﬁeen the two electrode
potentials obtained in’thie way for'a given current éives an-apﬁroximate
experimental value of the ohmic voltage drop through the electrolyte
filled part of the capillary tube. Results of tﬁese measurements are
| repofted in Table 2. Comparison of the cathode polarization characteristlcs |
represented in Fig. 21 and those given 1n fable 2 show that all the re-
sulte obtained during the four experimental series deseribed previaisly

- correspond to the meniscus located at the extreme gas end of the
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Fig. 21 Cathode potential/current characteristics
for luclte and teflon cathode block.
(Cathode potential measured relative to the
Hg/HgO reference electrode.)
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Table 2

! Oxygen Cathode Potential/Current Behavior
S for Lucite Cathode Block

. Meniscus Current 2 5 8 11 20.5 27 L5
. end .
Cathode
Potential ‘ - .
vs Hg/HgO0 =30 -80 -105 =120 -170 -220° 320
Reference o
Electrode
(mv)
Meniscus = Current 5 10 6 26 Ll
Electro-
lyte ‘
end " Cathode -
Potential . : . : :
vs Hg/Hg0 kb . -56 -106 -156 -228
Reference
Electrode
(mv)

cepillary tuﬁe. vTheée results also confirm & iower resistance.fbr the
lonic current path that should be Exbected (2.9;ijinstead of 32 k@ ),
~which suggests’the exlstence of aisecbnd-électrical,path in parailel
with the one ’chroﬁgh fhe eIectrolﬁe filled part of the capillary tube.
This could be the case of a"thin fllm of electrolyte covering the cathode
block and passing under, or.over, the O ring seal, as shown in Flg. 22a.
" In fact, the external dlameter of thls block 1s so much greater than the
Ingide diametér of thé capi}lary tube tha£ even a very thin film bypassing
the O ring seal would offer a lower resistance. This gpurlous path for

“ionic specles would explain the small ohmic drop measured across the
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:éiéctrol&te_filled paré of the ceplllary tubé, ﬁhich 1s about 10 times
smaller than the vélue calculated In Appendix E. Such a parallel path
should lead to an ohmic voltage drop that would flrst Increase and then
decrease aé the meniscus is moved from fhe gas end to the electrolyte
end of the capilléry'tube; The current‘should flow primarily through
the spurious path until its resistance would become larger than the
resistance of the electrolyte filled part of the electrode, then largely
through the eleéfrolyte'in the capillary tube. The resistance of this
spurious electrolyte circult should Increase répidly as the meniscug is
mbved'away from the extreme gas end.of the caplllary tube because of the
small thickness of the elegtrolyte.film above the menlscus that would
constitute a part of this path. .Thué, the total resistance of the tﬁo
.parallel paths would increase ﬁhder initial displacement of thé gas-
" electrolyte interféce from the gas end. As the Interface would apprbach
- the electrolyte comparfment end of the pore, the:resistance of the circuitb
" through the'elecfrélyté'in the.capiliary tube would become qulte low and
the effectlve resistancg,'and;thﬁs the overpotential, would again de-
cfease. However, the record of:the cathode potentlal relatlve to the
reference electrode,:during‘aisélacemént of the g;s—electrolyte interfade'
from the gas end to the electrblyte‘end of the caplllary tube shows |
continuous decrease iﬂ overpoﬁential.

The behavior‘ho£ed above could mean that the reactlon was taklng
~ place at two places: uhdet the electrolyte filmvabove the menlscus in
' the pore as expected,'and under a film coveripg the external surface 6f
the silver tﬁbe that Wés exposed'atithe gas end ‘of the lucite block,
The relaﬁive importance of these reactlons would depend on the réspec-
-tive resistance of the two compefitive circuits wlth the spurious re-

‘action at the end of the tube adding a sizeable increment of current to
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| :ﬁh&t due to the deslred reactioh in the pore. Since 1t is likely that
the reslstance of the electrolyte short circuit path was different from
one experiment to another, the current, passing through the eiectrpiyte
filled part of the capiliary tube for tﬁe same Imposed currént, and thus
the effects of the periodic movement of the meniscus could also vary fﬁom
one experiment to gnother. This WouldAexpldin the irreproducibility of
the measurements and why such high currents céuid be'used,'and, in. fact,
had to be té observe a periodié response for the cathode overpotential. -
It was also found that 1t is vefy diffiecult to measure the cathode
potential relatlve to the referencerelecﬁrode wlth the interface just.
at the end of the caplllary tube in the electrolyte compartment. In fact,
each time a gas& bubble'éppeared éﬁ.thevtube end auring such measurements,A
elther it separa’ced qﬁickly into thé electrolyte compartment or retre&ted.
' insidé the caplllary tube. _Wheﬁ-a bubble could be stopped for longer
than a,minufe; changing the current_usuélly.madé:it separate from the
capiliary tube and go into the elecﬁrélyte compartment. This might be -
éxplained by a change bf interfécial tensiop at the electrolyte-metal
-‘interface. Thé feéord of the cathode voiﬁage relative to the reference
electrodé.glso Shdﬁed that'the‘méniscus was not remaining at the elec-
trolyte end éf the éapillary tﬁbe, since the electfode potentilal was
~ Increasing regularly uﬁtil_it reéched a Vélue corresponding to the
meniscus lécated at the gas end of the tube. Thls observation l1s in
accord with the fact thatfsbmetihes-it.was difficult to draw a bubble
through the capilllary tube;’even by moving the menlscus adjusting screw
:enough to displace & volume of 1iquia lO'times greater that the insilde
volume of the caplllary tube, One pbésible explanafion of this effect

was the exlstence of a certaln amount of electrolyte adjacent to the
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" cathode bloék in ﬁhe-gas compartment as shown in Fig; 22a, In that
case, attempts to adjust the meniscus away from the gaé énd had no other
ultimate efféct than drawiﬁg gome potassiumihydroxide solution from |
| this source at the end of the cépillary tube. The exlstence of such
a volﬁme of electroiyte wa.s actually‘ébserved later. It also explains
why a fast dlsplacement of the meniscus adjusting screw could draw an
oxygen bubble through the capillary tube while a slow rotation could
not, and why the meniécus could move from the electrolyte end to the
gas end of the caplllary tube by itself. | |

The hypothesis suggested above céuld 5e verified.éxperimehtally
by suppression sf the spurlous ilonic current path. In such éasé, the
current would flow entirely through the electrolyte in the pore as
expected in the ;xperimental design. The way selected to avoid the
spurious path for‘ionic specles was to uge a cathode block made of &
meterial, teflon, that would not be wetted by the electrolyte. Also,
1t was'necessarj to modify the shape of the cathode support to avold
the exlstence of é volume of potassium hydroxide solution retalned by~

capiilary forces. ,This,waé'donelas shown in Fig. 22b,

C. Overpotentlal Measurements with Teflon Cathode Block

Experiments wlth the cathode 1x¢.in'a teflon block were Timited to
overpotential/current.meaqu;ements taken wlthout menlscus displacement
‘because such datafwéré sufficient to Justify the hypothesié dlscussed
pfeviously and becaﬁsé they revealed other faétors'that stlll pfeventéd
achievement of the design éonditions‘for.the elecérode. Thls investi-
gatioﬁ was concerned wifh the ohmic voitaée dro§ in the electroiyte
fill'edvpart of the caplllary tuﬁe and with the _overpo‘bential character- .

1stics of the electr‘ode.
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Fig. 228  Diagram 1llustrating electrolyte
. - ghort clrcuit path.
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Flg. 22b Modifications to the cathode mountiﬁg »
and cathode carrier.
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' The polarizafion date for thé mehiﬁeﬁs located at the gas end of the
capillar& tube taken durlng two experiments which gave about the same
results are plotted in Fig; 2l. The cathode voltage relatlve to the
referéncé eiectrdde»was found to be much larger with the teflon block
thannwith the lucite block, Other measurements were made for the
menlscus located‘at_the electrolyte end; results are shown In Fig. 23.
Experimental values of ohmle voltage drop across the electrolyte filled '
" part of the caplllary tube deterﬁined from thege results are of the order
of magnitude'expected.' For a high current of 20pA, the difference between
the polarilzation measuremeﬁt, for the meniscus located aﬂ both ends .is
920 mV, which correspénds to.a resistahce of 46 kQ. However, the poten-
fial'measﬁrements obtained at vanlshing currents vafy from the results
previously obtained for'the luclte cathode bloCk (-280mV instead of -5omv)»
Since near zero current coﬁditibﬁs the cathdde potentlal relative to the
reference electrode should have about the same value 1in all cases, and
- since this value shouid be of ﬁhe same order as that normaily found fér
oxygen on.silver-(abﬁut-50 mVlQ);'it appeared that'thé electrode reactlon
characterlstics differed for the two enés'of the capillary tube; To in- |
vestigaté'this; the electrode was instalied in thé cell wiﬁh the former
gas end now serving as the 1liquid end and e further series of overp§ten-
tial measurements was conducted, Thé overpotential curves obtalned for
this arrangement, both for the meniscus at the "new™" gas end and the
""new" liquid end of the eiectrode, are glven. alongkwith those for the
"o1d" configuration. in Table 3 and are plotted in Fig. 23, |

They show entirely differeht eleétrode kinetle behavior for the
two ends of the sllver caplllary tubes.. This indlcates differences in

the form or surface condition of the inner surface of the capillary tube
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Table 3

Oxygen Cathode Potential/Current Behavior for Teflon Cathode Block

Eleétrode Normal Poéiﬁion f

(mv)

Meniscus Current ~ .5 1 2 L 7 11,5 19 34,5
end .
Cathode
Potential.
vs Hg/Hg0 =290 -310--350 -W15 -520 - -725 -1060 -1300
Reference .
FElectrode .
(mv)
Meniscus Current .5 1 2 9 7 10 15 20 @ 25
at (ha) -
electro- ~ ——
iffie Cathode -
Potential _
vs Hg/Hg0 =~10 -20 -34 50 60 -80 -100 -125 -150
Reference ' :
Elef%ﬁjde
Eleéfrodé‘Révefsequositioh
. Meniscus Cwrremt ,5 "1 2 3 4 7 10 16 20 30
- at gas (pra) _
" end
Cathode
Potential
vs Hg/Hg0 =30 =52 ~90 . =120 -370 -800 -960 -1150 -1250 -13%0
Reference .
‘Electrod
e
Meniscus Current L5 1 2 3 L 7 10 1 20 30
at (MA) A RS A o 5
Electro~
lgzg', - "Cathode -
"~ Potential C o : , _
' vs Hg/HgO +50 +L0 +20 45 15 =70 -120 -190 -280 -570
Reference
- Electrode




Potential (mV)

-T2

-1k00

-1200 |

-1000

-800

-600

-400

-200

- +200

. .
: |
oy
oo -
Y [
o : A
d Electrode normal position
o8 ‘ [0 Meniscus at gas side
- - 4 O Meniscus at electrolyte side
() ] Flectrode reversed
p / O Meniscus at gas side
- () - A\ Meniscus at electrolyte side
A
[ ]
[
p— J -
Y
[
- A
= U & I
A Ae 0 I'e ]
S : ‘A.él‘ ~
O
. OO LS -
. AQ
YA
-
= 1 ! ! ! ! L !
0 5 10 15 20 25 30 35

Current (pA)

XBL 678-4383

~

Fige 23 ~ Cathode potential/current characterilstics
. with meniscus at gas and electrolyte ends
of the electrode for both normal and re-

versed electrode conflgurations.
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at 1ts two’ends, differences that severe cleaning and etching precedures
were not able to eliminate.* These local varilations in oxygen reduction
performaﬁce have precluded revlsion of the electrodes, using avallable
caplllary tubes, to approach desired deslgn conditions closely enough to
obtain quantitatively significant resﬁlts. It appears that caeplllaries
with more uniform inner surface must be obtained.

- D. éﬁﬁﬁar&

The results obtained In measurements of effects of meniscus.dis- v
ﬁlécements in the capillar& oxygen electrode cénnot be interprefed guan-
tiltatively because of the deviétions in cathode operating conditions from
design conditions.' In fact, there was a spurlous electrolyte path offering
a lower resistance to the transfer of lonle specles dufing the experimentsl
serles. reported in this chapter, Moreover, it was also found that the
.meﬁiscus was iééatgd at the gasg end of the caplllary tube. These devia-
+tions from design'conditioﬁs led to certaln anomalles In measurements and
signals obtalned, and also to the requirement of'excessively‘high‘curreﬁts.
: The existence of the electrolyte short cirﬁuit path ﬁas later suppressed
and determinatlon of the cathode overpotential characteristics for both
ends of the electrdde were made, Which showed differences in Inner surface
conditions of the caplllary tube. | |

‘Nevertheless, qualitative effectS'éf the movement ofAthe‘gas—electro;
lyte Interface weré observed and a perilodic response of the cathode poten-
tlal relative to the‘referenée electrode was recorded. The cathode over- -
pétential wes found to decrease as the meniscus was moved toward the gas
A ¥7TEE—EEEﬁing of the ends of the capillary tube was conducted With;a current

density of..EA/cmg for 5-20 sec In a solutlon of potassium ferrocyanlde and
sodium cyanide (60 g of each per liter of gsolution).
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end side of the capillary tube, and to Increase as the meniscus was
moved toward the electrolyte side. The emplitude.of this response,

which was not in phase with the plston movement, was found to de-

crease wlth increasing frequencles and to increase with increasing

-

plston dlsplacements.
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VI. CONCLUSIONS

The effects of perlodlc displacements of the gas-electrolyte inter-
face In a porous gas electrode were not measured quantitatively in +his
study, as Intended, because of extensive deviatibnsAof the conditlons in
the electrode from experimental design conditions. “However,‘qualitative
effects of the meniscus movement ﬁere observed and a periodic reéponse of
~the cathodé potential (vs the mercury/mercuric oxlde reference electrode)
>was recorded. It shows a decrease in overpotential”during the advance of
the menlscus toward the gas.filled part of the caplllary and an increase
during displacement in the opposite direction. |

- These results are in agreement with what could be expected on the
basis of a film electrode model, and indicate the desirability of con-
ducting further experiments uéing a capillary tube of uniform surface
ﬁropertieé mounted in the mannér developed for the final measurements
of this wérk. ‘Also; additional pfovisioﬁs mﬁst be made to allow locatlon
‘of the meniscus at é position in the caplllary tube well removed from
either end. With these Improvements, measurements of the type described '
herg;should serve to provide valﬁable information on the behavior of

mass transport processes in film type gas electrodes.
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APPENDIX A

Reaction at the Counter Eleéfrode

Two principal'electrochemical reactlions may take place on a nickel.
anode In potasslum hydroxide. Since one of these reactions would evolve
oxygen, 1t 1s impdrtant‘to determine that 1t does not occur. The two

regctions considered are:

Ni + 20H - Ni(0H), + 2~ Y

YOH 50, + 200 + be” (2)

By consideration of the change of free energy.of both'reactions, it can'
be shown that the normal equilibriﬁm potentlials Qf'the two systems are
respectively

. !
+ JT1T volt ‘and =~ .h00 volt

Nernst's equation applied to the Eq.‘(l)_yiéldsz

. a
E, = .T17 - RT Tog Ni(OH)Q
Ni NYOH”

| With the assumption, as a first approximation of unit actlvity coefficlent’

of the hydroxyl ions and unit activity for nickel hydroxide, the above
expression reduces o1

B, = LTL.7 - g% Log 5
' . [OH™]

E, = .17 + 0.0591 1log [OH ]



S
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Nernst's equatlion applled to the second reaction yilelds:

RT. oy (aHe )5'

0
Log
, _ N
| (20g~)

E2 = ‘-.Aoo - T

For 1deal behavior of the gas, 1t reduces to:

P

Q
EQ = - L’-OO 9:—9154"9-]': lOg E——g:-]—z
OH

The reaction (2) would take place if E, were greater than El' For

[OH™] = 2, this would imply:

P
| o
~hoo - 2820 14, -(-—)%- > .17 + 0.0591 log 2
2 : .
or
B < 2.6 x 107 atm

2

‘This oxygen pressure would correspond to an extremely small con-

_centration of dlssolved gas in the electfolyte, much smaller than the

concentration of most Impurities. Therefore, Eg. (2) should not take

place at a slgnificant rate and the hydroxyl lons will react at the

counter electrode to form nickel hydroxide.
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' APPENDIX B

Estimation of Mass Transport Time Congtants

The mass transport time constant for the electrochemical syétem
investigated may be estiﬁated elther for the diffusion of oxygeﬁ through
the electrolyte £1lm, for-the re-establishment of & gradient of ilonic
species in the film along the pore wall, or for the consumption by re-
action of dissolved oxygen molecules overrun by the menlscus during
its mévement.

The time constant for diffusion qf gas through a liquid is pro-'

portional to the square of the liquid thickness  and inversely pro-

- portional to the gas diffuslion coefflclent. Therefore, assuming the

film thickness to range between .lu and 1y, the time constant to re-

establish the gas concentration on the electrode surface can be expected

to bey

_ (10'5 to 107" )2
1 1077

= lO-5 to ZLO-'3 sec

.

The time constant for re-establishment of the gradient of lonic species

- along the. pore wall after any mixing of the film 1s also proportional to the

square of the iiquid length and inversely proportional to the diffusion co-
effliclent of the lons considefed. Under the assumption that the reactlon

takes place over a length equal to between hundreds and thousands film

.thicknesses, this time constant 1is:

4 : 2
A+ A3 -1 \ ' '
Ty = (lO t?5lO = 2.5 % 1072 4o 2.5 % 102 gee.
k.10 '
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Finally, the time‘constaht for tﬁe ges dlssolved in the electrolyte
film in the absence of meniscus movement to react st the electrode sur-
face behind the meniscus after its displgcement toward the gas filled

part of the caplllary tube 1s glven very approximately by the following

expresslont
e FCl el e eqd.
T = : g .
3 i
Where: C; = dissolved gas concentration
1 = amplitude of the meniscus displacement
e = film thickness
4 = pore dlameter
i = current
Fori - C; = kx107 g mole/cm3 )
1 = Jlcm
-2
d = l.5>(lO cm
1 = 107 A.
This ylelds

T5' z 6 x lO-"3 sec.’

Therefore, the mass transport time conétant.for the electrode may be of
the order of a small fractlon of a second ﬁp to many seconds. .However,
éince it is doubtful that the gradlent of ionic~species 1ls re-established
between two displacements ofvthe gag-electrolyte interface in thesge eiperi~

- ments, frequencles ranging from ,05 to 1000 Hz may be investlgated.
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APPENDIX C

Determination of the Current. Range to be Investigated
According to the analysis derived by Grens9 for a model of f£1lm
porous gas electrode, the superfilclal current denslty In the cylindrical

pore with a‘reaction glven by

Z

G + neyp H2O + v Si

1

can be expressed In terms of a dimensionléss current density in the f1ilm,

°
2p F z, D, CJ
' 17171 o ,, 2
J = - > I Afem
Wheret J = éurrent density
p = electrode‘porosiﬁy
F = TFaraday's constant
Zy = charge number of specles 1
Di = diffusion coefflclent of specles 1
: Cg = reference concentration of specles 1

r = pore radlus

1° is.develoﬁednas a function of electrode potential for the oxygen

electrode in the cited reference,

Applied to the case of the present caplllary tube electrode, the
above expression can be transformed to glve the total current passing

through the electrode:
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p, ¢ 1° A,

For the system consldered 1n these expériments, the folloﬁing values

are utilized:

_ Zl = =1

Ci = 5% ZLO-5 g mole/cm:
Dy = 4 1077 cm?/sec

r = T5% 10_u om

F = 96,500 C/equiv.

This ylelds:

12 107 1°

Since the value of 1° ranges from sabout 5 X 10-5.at,2mv overpotential

to about 5 X '_LO_3 at 100 mV overpotential, the currents to be investi-

gated should range between 5 X 10—8,A and 5 x ZI.O-6 A,
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APPENDIX D

Piston Displacement Amplitudes

The mechanical‘drive system described in Chapter'varovides various .
plston disﬁlacement amplitudes. If O, P, and W- represénﬁ'respectively
the axis'éf»the level pin, the piston carrier, and the level wheel, the
ratio piston displacément/cam éccentricity is equal to 2”OP/OW. The
amplitudeg thet can be obtained wlth the two eccentric cams for the eight

possible positions of the lever pin are glven in the following table.

s , ' Table L

Piston Displacement Amplitudes

o 30 43 55  67.2 80 98 - 110.8 = 120

Cam 1 . piston
3 displace=~ o
sccs . 66mn ment .26 L1 .58 .78  1.06 1.58  2.11 2,64
- |
. Cam 2 plston
' displace- ' .
ecc=,2m ment .08 L,13 ,15 .2 .32 .hg N .80

mm
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-APPENDIX E

Resigtance of Electrolyte Within the Capillary Tube Electrode

Since ‘the reaction takes place essentially under the electrolyte
film above the meniscus, the ohmic voltage drop ingide the capillary tube
1s proportlonal to the current and to the resistance of the electrolyte
filled part of the electrode. The maximum chmic drop occﬁrs for. the

meniscus located at the gas end of the caplllary tube. ' The equlvalent

conductance of a 2N solution of potassium hydromide 1s 180 ot cm2/mole.32
Since the reslstivity p is glven by the relation p = 1829 (where C 1s the

electrolyte concentration in mole/liter), 1t is equal to 2.8 Q em, This

yields'a reglgtance of the flooded caplllary tube of:

2
R=p -
2/
where | £ = tube length
d =

tube dliameter

For / = 2, cm and 4 = l_5><lO-3 cn
R ~32KQ

This high resistance of the electrolyte within the c&pillary tube
should give an ohmlc voltage drop of 1.3 volt for a current of hOuA

when the meniscus ls located at the gas end of the electrode.
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APPENDIX F

Oscillographic Recorder Traces for Experimental Runs

Characteristic records of the phenomena cobsgerved at varioué.fre-_‘
quencieé, piston amplitudes, and currents are shown in the following a
pages. Traces‘on’each flgure aré respectiveiy from the left to the
right for the piston position, the caﬁhode potential variétion and the
current.' For the pofential.and current records, zero suppression has
been used to Shift the mean valﬁe approximately to the center of the .=
reéord band. The amplitude of the plston ﬁovément, the mean value of
the cathode potentiai relative to the mercury-mercuric oxide'reférence_
electrode, and the mean value of the current are indicated under each
record, together with appropriate scale callbrations given as sensitivities
in units per chart line. Timing marks at one second intervals are also
shown. The left side of the trace recorded for the pistonldisplacement
corresponds to‘the lowest posltion ofvthe plunger into the electrolyte
compartment and thus to the meniscus location nearest the gas slde of fhe ’
capillary tube., For the catﬁode‘péteﬁtial curve, lncreasing overpotentialé

 are represented by trace dlsplacement to the right.
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Fig. F1  Osclllographlc records for Experimental Series No. l.
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piston poéition cathode potentlal ecathode current
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cathode current

plston position cathode potential
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piston position cathode potentlal cathode current
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plston position cathode potential cathode current
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piston'positiOn cathode potential cathode current
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piston position cathode potential cathode current
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This report was prepared as an account of Government

sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-

mission,

or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






