LIERARY

FUEL CELLS: /3

EFFECT OF CURRENT ON THE M Limma RN
GAS-SOLUTION-ELECTRODE

INTERFACE CONTACT ANGLE
by

XAVIER L. SIMON © > Ve 2

Submitted in Partiael Fulfillment
of the Requirements for the

Degree of Bachelor of Science
et the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

June, 1962

Author: ., .

el o /o o s * ¢

ot Chemical Engineering, May

17, 1962

'D;p%H£A§n§

Certified by: .,

TheslgSupervisor: Prof. H. P, Melssner

Acceptedby:............-.. . e o o ¢
Head of Department: Prof.

E. Re G111iland



Department of Chemical Engineering
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

May, 1962

Professor Phllip Franklin

Secretary of the Faculty
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

Dear Sir:

A thesis entitled "Fuel Cells: Effect of Current
on the Gas-Solution-Electrode Contact Angle" is
herewith submitted in partial fulfillment of the

requirements for the degree of Bachelor of Science in
Chemical Engineering.

Respectfully submitted,

Xavier L, Simon



TABLE OF CONTANTS:
Ic Smma-r;! .....l.....'..0.0..........'..0...0.'

II. Introduction

2e1, The FUel Cell cuv.vsnecnscncesocococonsos
2.2. Operation S R X T N S A,
2.3. Performance vesesvsceesrsacrertensocnennnae
2+4. Transport Process &m Porous Electrodes,..
2¢5+ The Nature of the ProbleMes.eescecescos..
2,6. The Purpose of the Thesis ceectcsvncssens
III. State Of the AIr't seeceseccsscssccoccconcnnonss
IV. Erocedure and Apparatue .. .
4e1. INLrOAUCLION seseescoecconconncocsnennns.
4.2, Wilhelmy S11de Method seeecesecocoonsnsss.
4.3. Experimental Procedure cevessscecsnsscene
4,4, Procedure Discussion Cecesccrcnsosirennne
4.5, Sensitivity ®eesvsvessesssrncserrtesnesees
4.6, The S511d€S5 seecevecoccconceosasncccncnsen
V. Results
Sele PlatinU seveseevesssasooncccconnsnsennes
D5e2¢ CODPDOr cevseocnccsccrosconcocococcnnoness
5¢3+ Nickel T AU
Selte Graphite s.ueeceecesoenconnnccccoccnonense
VI. Discusiéion of Results
6.1. Concentration Gradients secessesccssscsoas
6e2. P1latiNUM cevevervecccsceconconncosonnenne
6.3. Copper and N1CKel soeesoesosccccocosonsss

6.4. Graphite 0-0.0'...O..I..I.tl‘......"....

@ v o~ W

11
13
15

17
17
19
22
24
24

26
26
28
28

37
38
38
39



VII. Conclusions and Recommendations cceoscsssccssoses

VIII. Appendix

A. Summary of Data and Calculated Values ¢cescnsse

B. Sample Calculations L O

Ce Bibliography LA R R R R N R I N S

TABLES:
Sel.
8.1.
8.2.
8.3,
8.4.
8.5,
8.6,
BeTe

GRAPHS:

Percent Pores Flooded by 1N H2304 Cesoecsescenes 3

Platinum Slide Data *ecsccecsntcrctsttcncnnssncet
Change in Welight of the Copper Slidé cecssvrencee
Change in Welght of the Nickel Slide tecscencans
Gréphite Cathode Slide in 1IN HQSO4 ®sesvsersccns

Graphite Cathode Slide in 1IN HoSOp eevenceseeees 5

G'I‘aphite AnOde Slide 1n 1N H2304 ®eoemos0eevs s

Penetration of 1IN H2SOA into Graphite cecevevsne

1. IN H2504 ~ Penetration ve, Time Sevsasessennseses e

2. IN KOH - Penetration v, Time C9eo0encvssesecsons e

FIGURES:
2.1,
2.2,
2.3
2.4,
3.1,
41,
4,2,

The Hydrogen-Oxygen Fuel Cell *rescsvcsscccscncs
Performance Parameters of ﬁnion Carbide Cells ,,
Model of Porous Electrode *eccessrencecsssesccsy
Gas=solution Iﬁterface in Capiliaries sessssensne
The Contact Angle ........................;.....

Wllhelmy Slide Method *Sosvocsocsvsesssncsesetese

43

45
57

4
7
8
9

15
17

Circuit for Current Flow in Wilhelmy Slide ,.... 20




I. SUMMARY,

The object of this thesis was to study the effect
that current density has on the contact angle assoclated
with the gas-1iquld-solid reaction zone interface found
withln a porous electrode of a fuel cell. Knowledge of
this effect should permit better control of electrolyte
penetration into porous eléctrodes; Concentration
polarizations and the "drowning" of electrodes after long
perlods of operation can be avoided'with proper contfol
of electrolyte penetration.

The contact angle dependance on current was studied
malnly by the Wilhelmy slide method, which permits direct

measurement of the liquid surface tension and the cosine

of the contact angle. This particular method provided
extreme sensitivity to any changes in the angle,

In graphite surfaces, prepared on 20% porous graphite,
two'dlfferent phenomena were observed. When the graphite
slide was the cathode, in 1IN stoa, application of
currents up to 0.91 ma/cmz, for one minute, falled to
change the angle. However, shorting the cell to discharge
the back emf bullt up during this minute brought about a
definite change in the contact angle of 2-120, to a final
angle of‘67-72°. No penetration of electrolyte into the
porous graphite was observed with the cathode,

When the porous graphite slide was the anode,

application of currents of 0.5-2,0 ma/cm2 caused the




contact angle to decreasg«from 75-85° to 45-600, with both
acldic and basic electrolyte, Furthermore, flooding takes
place with 40-50% of the pores belng filled when acidic
electrolyte is used, and 15-25% when basic electrolyte

1s used.

The results obtained with copper and nickel failed
to show any definite dependence of the contact angle on
current density. The only other surface studied was
platinum and here it was found that the contact angle
1s not a function of current density.

Finally, 1t was found that the changes in graphite
surfaces were irreversible, However, the surface could
be made ljophobic again by polishing or heating,

It is suggested that the changes in the anodic
graphite surfaces are due to an oxidatlion of the outside
layers followed by adsorptioh of the CO, and CO produced.
For cathodic surfaces it is suggested that the changes

are due to hydrogen adsorption during the discharging,



II. INTRODUCTION,

2.1, The Fuel Cell, A fuel cell may be defined as
an electrochemical device 1n which the chemical energy of

a fuel 1s converted directly and usefully into low-voltage

"direct-current electrical energy. In the traditional sense,

the fuel cell 1s a power plant in that it consumes fuel,
combines the fuel with an oxidant, and converts the
resultant energy of combustion into a useful form of
electrical power. The main attractiveness of the fuel
cell is the directness with which it converts chemical
energy into electrical energy; In the conventional heat
engine the chemical energy of combustion is first degraded
into heat with the consequence that the theoretical
efficlency 18 1limited to the Barnot-cycle efficiency. On
the other hand, in the fuel cell, when functioning
perfectly, the chemical energy is converted isothérmally
to electrical energy. Thus théoretical efficiencles of
100% afe possible. With some experimental cells efficiencies
of 80% have been reached.

In addition to its high efficiency, the fuel cell
has other potential advantages. In theory it can operate
on cheap hydrocarbon fuels, and 1t appears to promise high
power per unit weight and volume, low capital inveptment
and upkeep, and long life, Presently, these and many more_
potentially attalnable characteristics are being sought
and in some cases have heen achleved, However, the need

for more research 1s imperative if the fuel cell is to
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operate at its theoretical Optimum.(6)(7)(13)

2.2, Operation, The fuel cell does not differ
fundamentally 1n its operation from the conventional
battery. The dlfference lies 1n that the battery stores
the energy that 1t converts while the fuel cell is a
continuously feed device,

Depending on the projected applications, fuel cells
have been designed to operate at low and medium tempera-
tures using aqueous electrolytes, and at high tempera-
tures using molten salt eleétrolytes. Cells of other types
~have also been designed.(13)

To 1llustrate how a fuel cell operates let us consider
e hydrogen-oxygen fuel cell. It 1s the simplest type and
comblnes all the basic characteristics. In addition it
serves to lllustrate some of the main varlables and
bottlenecks in present fuel cell technology.

In this cell, hydfogen (fuel) is fed to the anode,

and oxygen (or alr) to the cathode (Figure 2.1),

[o) “/'(11(A“()

H. \ ue;:gws .-@_- w::\,,r

CATHODE

He + 208" =2H.0+22 Oz+ H0 +2€= HO, +OH~
HOL = OH™ + /20,

Flgure 2.1. The Hydrogen-Oxygen Fuel Cell.
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At the anode, hydrogen combines with a hydroxyl ion
to produce water and release electrons to the circuit.
These electrons do work on the way to the cathode, where
they combine with oxygen and water_to produce hydroxide
lons and undesirable peroxides. The circuit is completed
through the electrolyte where hydroxyl ions are the main
transport medium.

Since the reaction takes place at the surface of the
electrode, it is desirable to have a high surface area to
obtain high current densities. This is accomplished by use
of porous electrodes,

The electrolytes usually employed are basic. Thermo-
dynamically, it would be desirable to have acid electro-
lytes since the theoretical energy released would be
higher, However, many irreversibilitles have been
encountered in the use of acidic mediums. Until these
irreversibilities are overcome, basic electrolytes will
contlinue to give better performance,

In the case of basic electrolytes, with the use of
the proper peroxide decomposing catalyst at the cathode,
the peroxide-forming reaction can be kept low enough to

be neglected. In practice this has been achleved.

2.3. Performance. The open circuilt potential is
gilven by the Nernst equation and it is found to be 1.10
to 1.13 (depending on pH) volts, for low peroxide

concentration.
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In practice, however, the open circuit potential is
not attained. This 1s due mainly to the nature of the
electrode mechanism. Basically, three main types of
polarization limit the efficiency of the cell. They are,
activation polarization, concentration polarization, and
ohmic resistance polarization.

Activation polarization can be divided into two main
types, reaction activation polarization and activation
polarization of chemisorption. The first has to do with
the energy barrier that has to be overcohe if the cell
reactions are to proceed. A minimum activation energy has
to be provided to the reactants before they combine,

If we consider the reaction taking place at the anode,
we have,

Hy, + 2 actlive sites = 2(H) chemisorbed

(H) + OH= = HyO + e + active site.
In other words, hydrogen is first chemisorbed into active
gsites of the electrode. If the chemisorption is slow
during current flow, as could he the case for high currents,
the electrochemical reaction comes into balance with the
chemisorption and an additional polarization is intro-
duced due to the free energy of chemisorption.(14)

Concentration polarization occurs when the areas
near the reaction zone are depleted of reactant. This is
noticeable especlally at high current densities because

reactants are consumed faster than they can be supplied

to the reaction zone. This is particularly significant
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when we consider that transport to the reaction zone must
take place within the pores of the electrodes. The
transport process in the porous electrodes will be
considered in more detall in the next section.

Ohmic polarization 1s due to an internal loss of poten-
tlal due to the electrical resistance of the electrolyte.

These three types of polarization are by no means the
only factors that lower the efficlency of the fuel cell.
However, they are among the more important and present a
plcture of the problems yet to be solved by fuel cell
technology.

Figure 2.2 illustrates some performance parameters
obtained by Unlon Carbide fuel cells operating with
basic electrolyte.(IS)

t.e r
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Figure 2.2, Performance parameters of Union Carbide cells,
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2.%4. Transport Process in Porous Electrodes. The need

for large surface area of reaction to obtain high current
densities has made the use of porous electrodes necessary.
Sintered porous metal electrodes and porous carbon elec-
trodes are the most widely used. They consist of macro-
pores (10'3 to 1072 cm.), where the transport processes
take place, and smaller pores or mlcrocapillasries which
provlide extensive reaction ares,

The reaction zone is usually wihtin the electrode.
Furthermore, since the diffueion of ions in 1iquid is much
slower than diffusion in gas, then, assuming that trans-
port of reactants and products takes place mainly by
diffusion, it is desired to keep the reaction zone close
to the electrolyte side; otherwise electrolyte concentra-
tion polarization would be encountered at low current

densities. (Figure 2.3).

ZonNE OF
ELECTROcHCEM (CAL
REACT (o
SOLUTION GAS
%c;u:_réow
LLED
PoRes et GAS FILLeD PoRES

Figure 2.3, Model of porous electrode.

To avoid penetration of electrol&te into the electrode
pores, the wetting properties of the electrolyte and
electrode must be of such nature that low wetting prevails

(1lyophobic). If the electrode surface allows good wetting‘
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(lyophilic), a high pressure has to be mantained on the
gas side of the electrode if penetration is to be kept at
a minimum. (Figure 2.4).

LQuip :%’P;//ZI pe' P?_ GAS LYOPHORIC

7o 7/ 1
beie 2B P [ sas  LYOPHIL(C

Figure 2.4. Gas-solution interface in capillaries,

Of the elctrodes used presently, it appears that
metallic electrodes are lyophilic, while carbon electrodes
are lyophoblic. For either case the pressure difference
between the gas phase and the liquid phase can be derived

2
directly from Laplace's relationship( ), and is given by,

* 2&.:«

where “\is the 1liquid gas interfacial tension, r is the

cos © (1)

radius of the capillary, and © 1s the contact angle
assoclated with the gas-liquid-solid interface. For
lyophobic surfaces, © 1is between 90° and 1800, so that
cos® 18 negative and the pressure in the gas phase 1a less
than in the 1liquid phase. For the lyophilic case, clearly,
the pressure would be higher in the gas phase,

Gas transport within the electrodes of the type
described above can occur through the following mechanisms:

1) Viscous flow under a pressure gradient in the gas

filled pores.

A e T T,
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2) Bulk diffusion,

3) Knudsen diffusion fdirrusion of molecules through
pores smaller in dlameter than the mean free path of the
gas molecules).

4) Surface migration.,

5) Diffusion of dissolved oxygen through the filled
pores,
| Viscous flow may be assumed non-functional, since it
has been shown that, even for the purest gas fuels,some
inerts accumulate within the electrode pores.

Under normal circumstances it can be assumed that
diffusion 1s the primary transport mechanism. Bulk diffu-
slon in particular is believed to be the principal mean of
transport to within a few microns of the reaction zone, It
1s aleo belleved to be the rate controlling mechanism for
gas transport. |

As the reaction proceeds, at the cathode, oxygen 1is
consumed and a concentration gradient will be set up 80
that oxygen will diffuse from outside the electrode into
the reaction zone. The oxygen will diffuse through the
atmosphere of inerts that slowly accumulates within the
pores, If oxygen can be suppliéd as fast as 1b is consumed
there will be no change in the oxygen partial pressure at
the reaction zone, and this pressure will be equal to the
outside partial pressure, Po; = P02 (Fig. 2.4). However,
if the current density is increased enough, the oxygen will

be consumed faster than it can be supplied by the concen-




tration gradient and the pressure of the oxygen at the
reaction zone, P02, will fall. When this happens, the emf
of the cell drops due to what is called "gas transport
concentration polarization”, occureing. This emf drop,

or concentration polarization, is given by the Nernst

equation,

m.= K 10 ¥ (2)
c nF Po"
The reversible potential of the cell is for a pressure P02
and thus if this pressure falls to P ' , the reverslble emf

O2
wikl drop by Me. Therefore, increasing the current drain

too much will give concentration polarization.

2.2+ The Nature of the Problem. With this background
on fuel cells and the transport process in porous electrodes,
it 18 now possible to present the problem that was studied
in thils thesis.

From the previous discussion two things are clear:
one, that the reaction zone has to be mantained near the
electrolyte side of the electrode; and, two, that the gas
pressure required to do this is a function of the contact
angle that the electrolyte makes with the walls of the
caplllaries (equation 1), It 18 also apparent that if the
gas pressure is not sufficlent the electrolyte may flood
the electrode, while if the pressure is to high the mas
will go through the pores and into the electrolyte.
Control of the gas pressure is not simple and it can
become extremely difficult if the contact angle changes

during the operation of the fuel cell.
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In actual practice, flooding of electrodes during
operation has been encountered in at least one laboratory.
Flooding has also been mentioned repeatedly, and jJust as
often, it has been ascribed to contact angle changes.

Yeager(12)

states that with high current densitles in
carbon electrodes, "chemical modifications will occur in
the nature of the electrode surface and these modifica-
tions will result in contact angle changes which lead to
penetration of the electrolytic solution further into the
electrode systems." Yeager, however, gives no experimental
data to support this statement.

(9)

In his worx with hydrogen electrodes, Hunger has
encountered electrolyte penetration during operation. In
experiments with electrodes wetproofed with paraffin, he
found that the zas transportation pressure depends on the
lenght of time that the electrodes have been operating. In
his own words, "...the polarization of the hydrogen
electrode increaees while operating under constant loads

(8 ma/cma), the gas pressure being kept constant, After
some time (50 to 100 hours), the initial hydrogen pressure
i3 no longer sufficlent, and in order to avoid a total
breﬁkdown of the hydrogen electrode potential, the pressure
has to be ralsed to a considerably higher value. This pre-
ssure effect seems to be due to a change in the contact
angle which may be caused by a reduction of the hydrophobic
layers. Although increasing the pressure causes an increase

in the hydrogen potential, we have been unable to
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to overcome the continuous drop-off of the hydrogen
electrode potential."”

This problem has been one of the more important ones
encountered in the design of reliable, long lasting, fuel

cells. In this thesis the problem was studied further.,

2.6. The Purpose of this Thesis. The purpose of this

thesis was to study the effect that current density has on
the contact angle associated with the gas-liquid-solid
interface within the electrode of a fuel cell. Although it
ha 8 been stated that the contact angle increases with
current density, no specific experimental data has been
presented to gupport this statement. It was the object of
this project to obtain the experimental daka to prove, or
disprove, the statements made in the literature,

There are various reasons for wanting to study this
effect. First, as we have seen in previous sections, it 1is
desired to keep the reaction zone close to the electrolyte
for optimum operation. Penetration of electrolyte, then,
has to be kept at a minimum. An increase in the contact
angle would lead to further penetration. This would cause
electrolyte transport concentration polarization,

| Secondly, the 1ife of the cell and the thickness of
the electrode depend_on the rate of penetration of the
electrolyte into the electrode. "Drowning" of electrodes
has been a source of many headaches;

Finally, if it is found that the current changes the
contact angle, it will be of interest to know whether this
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change 1is reversible or irreversible, If a change in the
wetting properties leads to electrolyte penetration and
the change is irreversible, once the electrolyte solution
has penetrated into a given region of the electrode,

there will be little tendency for the solution to withdraw
from this region when the current is released, since the-
region to the rear of the interface (i.e., within the
section filled with electrolyte) has become substantially
more lyophilic. If the change is reversible, however, when
the current 1s decreased the pressure on the gas side

will tend to push the solution to ibs original position.
Hunger(g) apparently found this difficult to do.
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No evidence has been found in the literature of
studies made of the effect of current on the contact angle
or surface tensions. Surface tensions are mentioned
because they are directly related to the.contact angle

through Young's equation,

Ysn - Jsc

Yin (3)
where Y54 18 the solid-air interfacial tension, Y, the

cos ©

interfacial tension between solid and liquid, and AQAthat
of air and liquid. (Figure 3.1),

Yea
A\R
Leuo
Y e a CLPlP 777777 77 77772
-t —1 ¢ »
a’tl.. sSoL\D JISA

Figure 3.1. The contact angle,

Therefore, any effect that current has on surface tensions
willl be directly reflected on the contact angle,

Although no evidence was found of studies of the
current effect, experimental data has been coilected for
the effect that potentilal, or enf, has on the solid-liquid
interfacial tension of polarizable solid surfaces. This
work has been done in connection with electrocapillarity.
The electrocapillary curves obtained of interfacial
tensions versus potentlal, in volts, are well known and

(1)(3)(5)

can be found in any surface chemistry text.
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Plaksin and Kosukgdva(g), according to the Chemical
Abstracts, have studied the change in cosine of the contact
angle and the time of wetting in the electroamalgamation
of gold. They have noted that the changes of the contact
angle with voltage between -0.2v and -6.5v are large, and
that the cosine reaches a maximum at -2.0v,

The results obtalned from studies of voltage dependence
of interfaclal tensions are not of any significance to
thls thesis because they were obtained on polarizable

surfaces, 1i,e,, mercury; this thesis is céncerned with

non-polarizable surfaces. The original paper of Plaksin
and Kosukhova could not be obtained and thus the exact
nature of their work could not be determined, However, the

fact that they were amalgamating would indicate that they

were dealing with polarizable surfaces, Of work done on

non-polarizable surfaces, no evidence was found,
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IV. PROCEDURE AND APPARATUS.

4.1, Introductian, It was seen in previous pages
that the contact angle is a function of the interfacial
tensions. The interfacial tensions and the contact angle
were studied by the Wilhelmy Slide method. This method
1s very commonly used to measure the surface tension of
liquids and it is treated in detail in most surface\chgm-
1stry texts.

In addition to the Wilhelmy method, some contact
angles were measured directly. This was done by looking
at the angle that a drop or two of a liquid made with
the surface on which it rested., A magnifying glass and a

well marked protractor was all that was required,

4,2, Wilhelmy Slide Method, This method was chosen
because of its flexibility and simplicity in operation.,
It allows direct measurements of the changes in the contact
angle, and 1t is extremely sensitive to any change.

The apparatus for the Wilhelmy method consists of a
thin plate, or slide, suspended from one arm of a chaine-
matic balance and dipping into the liquid whose surface

tension is to be measured. (Figure 4.1).

v,
AN N8 A AN, NG W]

FoLV TION

Figure 4,1, Wilhelmy Slide Method.
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The welght of the slide hanging freely in the
atmosphere is compared to the weight of the slide while
immersed 1in the»solution. The difference in welght will
account for the liquid-air interfacial tension and its

magnitude can be obtained from,

v&i =Wy + 2)’M(t+v;)cose - B (4)

whebpe wi is the weight of the immersed slide; W_, the

s’
weight of the sllde when free; t and w, the thickness and
width of the slide respectively; and B, a correction for
the bouyancy effect. With this method the product Yea €3 o
can be measured directly.
The e‘rfect of current on the Y,,cosd factor was
measured directly by letting the slide be one electrode.
A second electrode was immersed in the liquid near the
slide, a current was then applied and changes in b’uc‘ose.
when they occurred, were read directly from the balance.,
This information can be used in the following

manner. It will be recalled that the contact angle is

given by Young's equation,
fia cos B = ysh - ¥su (3)

Since no current will be flowing across the solid-air

and liquid-air interfaees, it will be assumed that Y.,
and.XlA'remain congtant vwhen current 1s applied. Therefore,
if any changes in the balance readings are observed when
current is applied, they will be caused solely by the
llquid-solid interfaclal tension changing. Furthermore,
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since the balance measures Ya cos® , and Y18 assumed
congtant, any change in the balance readling will give the
contact angle change directly.

How g0od 1s the assumption that Y, and §sx will not
be affected by current? While Butler(B) and Adamson(g)
claim that a voltage change will not affect ym and %A
— while &LS willl change if the electrode surface is
polarizable —m no mention is made of the effect of current,
Nevertheless, I feel that it can safely be assumed that
they will not be affected for there will be no current
flowing across these interfaces. The validity of this as-~
sumption can be verified very slimply. The ring method of
measuring surface tensions could be used while s current
is flowing through the solution; the current can be
applied with two independent electrodes., In this thesis
this was not done because it was felt that the nature of
the results did not make it necessary to test the assump-
tion. It will, however, be discussed further in a later

section.

4.3. Experimental Procedure. The Wilhelmy method was
used throughout most of the work. Four surfaces were
used, platinum, copper, nickel, and graphite, For all
four materials slides were prepared., These slides were
small and thin, with average thickness of 0.01 to 0.06 cms.
The width of the immersed section was about 4 cms. This
provided an 8 cms. so0lid=liquid-asir interface and

minimum bouyancy.




These slides were hanged from one of the arms of
the'chainomatic balance. A specially designed hook was
used for this purpose. The depht of slide immersion was
controlled with a little jack on which the solution
rested, and whose height could be varied at will,

Figure 4,2 shows the circuit used to apply the
current to the Wilhelmy slide, It should be self expla-
natory. The sensitivity of the balance was not affected

in any way.

P s 2,

7/
’/l 7.,

zZ /

Figure 4,2, Circuit for current flow in Wilhelmy slide.

For a typical run the slide was cleaned and etched
properly, it was then immersed to g depth of about 0.5 cm,
and the balance released., The current density through the
lmmersed surface of the slide was then varied over a
range usually between 0.5 and 50-100 ma/cm®. Each new
current, within the mentioned range, was applied for 10
to 20 seconds at least. For each run 10 to 20 different
currents were used. Since the surfaces of the slides are
not polerizable, there was no voltage drop across the
liquld-solid interfaee; the current Tlowing through the
interface was read directly on the ammeter shown in Fig,

4.2. Since the balance was at all times released,>any
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change in the contact angle, occurring with current,
would have caused an immediate and observable movement of
the balance's needle pointer. The sensitivity of the
system will be discussed in a later section, Eye estimates
of the contact angle were made throughout, Bubbling, or
gasing, was avoided. This limited the meximum current
densities to those at which bubbling began., The reason for
this is clear, bubbling would have made readings on the
highly sensitive balance very difficult and inaccurate,

In addition to the Wilhelmy slide method, data was
obtained by other means in later runs,

The rest of the measurements were of simple nature.
It was observed that in graphite the contact angle
changed with current, and, furthermore, that the pores
of the graphite (30% porous) being used were absérbing the
electrolyte. It was then desired to try to determine the
rate of electrolyte penetration with time at a constant
current. This was done by preparing a number of slides
which were totally immersed in electrolyte while current
was being applied., The current was applied for a determined
period of time, then the slide wes removed from the
solution and after its outer surface had been carefully
dried, the slide was weighted. After welighting, the slide
was re-immersed and the procedure repeated at the same
current. For runs at different currents new slides were
used in most cases,

Finally, the contact angle on the outside surface
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of the slides was determined. This was done by the simple
technique of allowing a drop of electrolyte to rest on
the surface of the treated slide and determining the

angle with the aid of a magnifying glass and a protractor,

4,4, Procedure Discussion. Two important points

merit further discussion at this roint,

First. A very important precaution wvas taken
throughout the use of the Wilhelmy method; this was to
keep the slide in the exact same position at all times
during an entire run while the current was beling varied.
The need for this is dictated by the histerisis of the
contact angle, Usually the advancing angle is far from
being the same as the receding angle., If the slide had Been
allowed to move up and down, the angle could have changed
within the receding and advancing limits, resulting in
false measurements of angle changes, With a steady slide
any change in angle with current can be maasured regard-
less of the particular initial angle,

Keeplng the slide fixed could be accomplished by
keeping the balance needle pointer in the exact same
position, by fast and proper control of Balancing weights,
when there was a change in the pull on the slide.

During the early runs it was difficult keeping up with
the changes; however, in time sufficient ability was
developed to accomplish keeping the slide fixed,

Second., There is an important difference between
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the contact angle changes measured by the Wilhelmy method
ond those measured by the "drop method". The difference
1s important and it will become apparent in the discus-
sion of results; however, it must be emphasized here so
that no doubts arise later,

In the Wilhelmy method the contact change 1s being
meaaured at the interface between the treated surface of
the electrode (immersed portion) and the untreated surface.
If the current decreases the contact angle, and the slide
remains fixed, the tip of the electrolyte (formed by the
contact angle) will advance towards the untreated surface.
Therefore, 1f the angle change 18 due to a surface
change (as appears to be the case in graphite), the fact
that the angle advances to a non-treated surface will
caase the angle decrease being measured to be smaller
than 1t would otherwise be if it had been measured on
the fully treated surface., When the drop method was used
on the slides which had been treated while fully immefsed,
the angle was being formed on a surface which had been
treated in its entirety. This means that the contact
angle changes measured by the drop method, or Wilhelmy
method on a fully treated surface, can be expected to be
larger decreases than those measured by the regular

Wilhelmy method.
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4,5, Sensitivity, The balance used was the so-
called chalnomatic balance., This type of balance permits
measuring weights with an acctiracy of one or two tenths
of a miligram. As all two-pan balanceé, the chainomatic
balance has a2 needle pointer. i change in weight of one
/ or two tenths of a milligram can be registered instantly
by the needle pointer. Therefore a change in pull on the
Wilhelmy slide of one or two tenths of g milligrem can be
measured. How big a change in weiRht Qill.a one or two
degree angle change cause?

» . We 'can find the weight change caused by an angle
change if we put numbers into equation (4), All the slides
used made a solid-liquid interface of about 8 cms. (2t +
2w = 8). The surface tensions of the liquids were all
within 2-3 dynes/cm. of 72 dynes/cm., the surface tension
of water at 25°C. Using these numbers the following 1is

found:
From 80 to 79° 1is equivalent to 0.0159 gms,
" 45 to 440 v " " 0.0072 "
" 10 to 90 " " ] 0.0023 1]

It can be seen that a nne degree angle change canbe

measured with no difficulty.

4.6, The Slides., The platinum, copper, and nickel
slides were cut from regular metal sheet., They were
cleaned by etching,

The graphite slides were cut from stock 0.75 1n.
cylindrical electrodes, The slide was then polished with
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very fine sandpaper until all the rough spots were
removed and the surface appeared smooth. The porosity of
the graphite used was reported as 30%., To check this,
some slides were weighed and their volume determined to
obtain their density. Comparing this density to that of

pure homogeneous graphite, the porosity obtained was 30%,
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V. RESULTS,

Four different surfaces were used. These were plati-
num, copper, nickel, and graphite. The Wilhelmy slide
method was used on all four. On graphite, the drop method
and penetration measurements were also made. In every
case where the Wilhelmy method was used bubbling was
avoided. For all runs the second electrode was of the

same material as the first, or slide.

2:1. Platinum., Measurements were made by the Wilhelmy
method on both the advancing and receding angles (80-90°
and 30-45° respectively, by eye observation). The
electrolytes used were a one normal solution of ferpous-
ferric sulfate; and a one normal solution of ferrous-
ferric chloride. Currents were varied between one and
40-45 ma/cme. In 21l runs the final conclusion was that
the current di1d not have an effect on the contact angle
within the ranges of current used and the sensitivity of
the equipment. The balance needle pointer did not move at
any time during any of the runs. See table 8.1 in the
Appendix.

2.2, Copper. For the copper slide two different
electrolytes were used. Both contained one normal copper
sulfate, but one of them was made one normal in sulfuric
acid as well, The sulfuric acid allowed greater current
densities, and since the hydrogen overpotential is high

on copper electrodes, bubbling was not a problem, All



- 27 -

copper measurements were made for receding angles (5-20°,
by eye estimate). The slide was made both anode and
cathode for both electrolytes, In the copper sulfate
electrolyte current densities were varied between 1.5 and
33 ma/cm2. In the acidic electrolyte, current densities
went from 2 to 100 ma/cma.

With copper we have g system in which electroplating,
or corrosion, depending on polarity, will take place; thus,
changes in weight can be expected. This changes can be
estimated using Faraday's law. In the experiments 1t was
found that for the cathode the welght increased and for
the anode 1t decreased as expected. In table 8.2 (Appendix)
1t can be seen that for four out of 81X runs the changes
were within those expected. For the two runs where the
change in weiRht was greater than could be accounted for
by plating, or corrosion, the excess change could be
explained by a contact angle change of about 2-4°, This
angle change could be due to the change in the nature of
the surface that occurs with plating, or corrosion.
However, as will be seen in the Discussion of Results,
these changes in the pull on the slide could also be
accounted for by concentration gradients near the electrode
surface, Fihally, 1t was noted that the rate of change of
welight was higher at the higher currents.

The accuracy of the calculated angle changes is in
the order of one degree; the accuracy 1s limited by the

estimate of total coulombs passed during each run.
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5.3. Nickel. With the nickel slide, one normal nickel
sulfate electrolyte was used, Again in some runs the
nickel sulfate was made acldlc, to unit normality, with
sulfuric acid. Only three runs were performed on the nickel
surface and all for receding angles. With the pure nickel
sulfate solution only one run was made and in this run
- the slide was the cathode. Current densities ranged from
0.9 to 7.5 ma/cmz. In this run no change of weight was
noticed at all. (Table 8.3 in Appendix).

In the two runs for which acidic electrolyte was
used, the slide was the anode both times. Current densities
as high as 48,5 ma/cm2 were used, For both runs the changes
in welght were larger than could be accounted for by
corrosion (Table 8,.3). If contact angle changes were
responsible, contact angle increases of 2-3°% would have
‘been necessary. It 1s possible that corrosion caused the
surface to increase in roughness, which in turn caused
an increase in the contact angle.,As'in the case for
copper, however, concentration gradients affecting the
liwuid surface tension could also be responsible for the

excess change.

5.4, Graphite, In graphite it was found that the
contact angle changed with current. When the graphite was
the cathode the anzle would not change when the current
was applled for one minute, However when the cell was
shorted, after current had been applied for one minute,

the angle would decrease with no evidence of electrolyte
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penetration into the pores of the porous graphlte slide,
When the graphite was the anode the angle would decrease
and the pores would drown upon application of current. It
'was not possible to determine with quantitative conclusi-
veness whether the rate of drowning increased with
increasing current density. However, eye observation

of big bubbles formed on the supface of the slide due to
drowning was possible; this qualitative observation

seemed to indicate that drowning was much faster the higher

the current density. Graph # 2 also seems to indicate this.

A variety of measurements were made with the porous
graphite, These can be summarized as follows:

Cathode: 1IN HsSO4

Wilhelmy method.

Anode: IN Hs504 Wilhelmy method.

IN HpS04 =~ Penetration & Angle by Wilhelmy.
1IN HpoSO4 - Penetration vs, Time.

1N stoa - Penetratlion & Angle by Drop.

1N KOH - Penetration vs. Time & Angle by

Drop Method.
Each of these willl be treated separately and briefly,
Note that all the angle measurements were for advancing

angles, No receding angles were used,

Cathode: 1N H,S0, - Wilhelmy method,
For these runs currents of 0,5-0.9 ma/cm2 were used.

Upon aplication of current and while current was flowing

in no case was there a change in contact angle. Current




was applied for one minute in all cases. During this minute
the cell became charged and upon shorting the cell a
definite contact angle change took place., The change took
place suddenly and rapidly two or theee seconds after
initial shorting. In two cases (Run 23 B & K, Table 8,5)
the changes were observed visually, as well as through the
balance.

There was no evidence of flooding, or penetration,
by the-acidlc electrolyte. This was checked by weight
difference of the free slide before and after the runs.,

To check if the slide was capable of absorbing electrolyte,
after the final run it was made ancdic and current was
applied: the slide was flooded by the 1N H2504 electro=-
lyte.

The cell was shorted and allowed to discharge until
no further changes with time took place, In this period
the angle changed from about 1-2° in some runs to as much
as 11=12° in two (Eables 8.4 & 8.5). The angle would
change the most when the initial angle was largest.
Interestingly, the final angle was always between 68 and
720. The accuracy can be summarized as follows: for
absolute angles it 1s good to about 2-3°; for relative
angles between runs about 1-20; and for the angle changes
much better than one degree.

Finally, it was noted that if the slide was allowed
to dry for a few minutes between runs, after a few runs

it was not possible to reproduce the original large
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contact angle (Run 22, Table 8.4). However, if the slide
was left overnight or the surface rubbed with soft paper
between each run, the original large contact angle could
be partly reproduced (Run 23, Table 8.5). Heatingthe
surface between runs made it possible to totally repro-
duce the original large contact angle. Heating was done

in an 80°C oven,

Anode: 1N H,S04 - Wilhelmy method. For this series of
runs (Table 8.6) current densities of 0.9-1,2 ma/cm2

were used in all cases. It was found that the contact
angle decreased with current and that the pores of the
slide were flooded. The changes occurred suddenly and
rapidly two or three seconds after the current was
1nitially applied., All ﬁhese changes were instantaneously
registered by the balance pointer and there is no doubt
of their occurrense.

The total flooding and the change in angles were
measured in three runs. The changes, after correcting
for flooding, were between 2 and 13° (Table 8.6). For all
three the final angle was between 75 and 80°, The
accuracy again 1s about 2-3° for absolute angles, about
1-2° for relative angles between runs, and much better
than one degree for angle changes,

Percent of flooded pores was not calculated since
there was no way of telling how much of the portion not
immersed was also drowned. Héwever, results of experiments

focusing on penetration follow,
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Anode: 1N H,50, - Penetration and Angle by Wilhelmy,

In thils run the slide was totally immersed and
current was then applied for three minutes. The percent
of pores flooded, based on 30% porous graphite, was
determined by weight difference. Finally, the angle on
the treated surface was measured by Wilhelmy method.
Current densities of about 0.56~0.80 ma/cm® were used.
It was found that 45-55% of the pores were flooded and
that the contact angle changed from 85-90o on the new
surface to 40-50° on the surface of the flooded slides.
Increasing the current density to 62.8 ma/cm2 did not
cause the flooded slide to take up additional electro-
lyte. (Table 8.7 in Appendix). |

Anode: 1N H,S50, - Penetration vs. time,

For this series of runs the graphite slide was
totally immersed in the elctrolyte and current was applied,
Graph 1 shows the percentage of pores filled with time
for various currents. To check for penetration without .
current, the slide was immersed in the electrolyte without
applying current (broken lines in graph) at various times

during each run. There was no flooding without current.
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Anode: 1N §250“ - Penetraﬁion and Apgle by Drop Method.
In these runs three new slides were subjected to a
constant current for a period of time to determine

penetration. The results are shown in Table 5.1.

Iable 5.1, Percent poresilooded by 1N H,S0,.

S1ide Gurrénf_ﬁénaity Time % Pores Filled

A 0.31 ma/cm? 30 min. 47
B 0.28 " 5 40
c 0.10 " 5 38

The contact angles on the new surfaces — determined
by drop resting on the surface — were 75-85°, The
angles on the surface of the flooded slides were 40-500°,

At this point in the work a check was made to
determine the penetration of electrolyte into the graphite
without current flowing, A new slide was immersed in
electrolyte for 20 hours. In this 20 hours 24% of the
pores were filled. The first few minutes of immersion,
however, showed no evidence of flooding. A further check
was made to determine if polishing the surfaces of the
Blides had changed the flooding characteristics. Four
"chinks" of graphite broken from the main body of the
graphite were immersed for 30 to 60 minutes in the
electrolyte. During this time only 1-3% of the pores
were filled,
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Anode: IN KOH - Penetration vs. Time & Angle by Drop.

These were the only runs for wh;ch basic electrolyte
was used. Current was applied while the slide was totally
immersed. Penetration was determined by weight difference.
For each run a’new sllde was used. The results are
shown in Graph 2, Unlike Graph 1, Graph 2 shows only the
time during which current was applied. The three dotted
lines departing from two of the curves show time during
which the slide was immersed without current flowing; in
all three it was found that no further penetration would
oevcur without current. In addition, at time zero in the
graph, the slide had already been immersed without
current for five minutes.

The penetration rate at 2.0 ma./cm2 appears to be
greater than at 0.5 ma/cmz. More data, however, would be
necessary to conclude that penetration is in effect
higher at 2.0 ma/cm<.

The contact angle that a drop of solution made on
the new surface of the slides was 70-80°. The angle on the
surface of the flooded slides was 49-50°,

To conclude, it will be noted that the maximum of
pores filled by basic electrolyte (based on 30% porous
graphite) was 15-25%, while 1t has been seen that with
acldic electrolyte 40-55% of the pores were flooded,
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VI. DISCUSSION OF RESULTS.

621, Concentration Gradients, The question of
concentration'gradients will be discussed first, When
current is applied there will be a depletion, or increase,
of some of the ions near the electrode surface. This can

have an effect on the surface tension and thus on the pull

on the slide since the pull is due to XQACDSG directly.

To determine the effect that the possible changes of
surfaée tension may have it is only necessary to substitute
numbers into equation (4). When the surface tensions of

the various electrolytes are looked Up in the litergure

1t is found that the maximum tension changes that can

be expected are not small, For the KOH and H2504 electro-
lytes the maximum changes that can be expected are about
0.5 dynes/cm. For the rest of the electrolytes the
maximum is about 1.5 dynes/cm. These maximums are determined
by considering how far from the surface tension of water
the surface tensions of the various electrolytes are,
Equation (4) ie now used to calculate the effect on the
8lide pull. For a 1.5 dyne/cm change (using 2t+2w=8 cm,,
and )QA = 72 dynes/cm, as reference), the difference in
pull will be 0.0043 gms. when the absolute angle is 80°,
and ©.0240 gms. when the absolute angle is 10°%, 1t can be
seen that the effect becomes considerable at the smaller
angles.‘Note that the effect of a change in ){A is much
bigger, on the pull on the slide ,directly, than 1t would
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be through the angle itself. This, then, could also
account for the excess welight changes that were observed
with the copper and nickel slides. On the other hand, the
concentration effect is far to small to explain the
results obtalned with the graphite slides in acidic and
basic electrolytes., In any case, some 0f the data
obtained for graphite was independent of concentration
gradients, It can be concluded that the effect is
important 1in the nickel and copper cases but negligible
in the case of graphite.

6.2. Platinum, With the platinum slide absolutely
no changes in the a&nc&se.factor were observed. Enough
runs were made with sufficlent precautions taken to
permit as a final conclusion that the contact angle is
not a function of current density. This conclusion is
limited to the current densities and systems used, It is
interesting to note that concentratlion gradients, if
they occurred, had no effect. This would seem to indicate
that the concentration effect 1s probably not even as

blg as was suggested,

égza Copper and Nickel. For these two metals it
will be recelled that in some of the runs the welght
changes were greater than could be accounted for by
corrosion or plating. In these cases the excess change
was equivalent to an angle change of two or three degrees,

However, the changes can also be accounted for by a
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change 1in liquid surface tension of one dyne per centi-
meter. The change in liquid surface tension of course will
also affect the contact angle, However;'Young's equation
tells that a change of one dyne per centimeter would only
change the angle about half a degree. On the other hand
the change in the surface tension itself has a big effect
on the pull of the slide, since the pull is given by Yo 52 -
If the concentration gradients do not explain the changes,
then it is possible that they were due to a change in the
nature of ﬁhe surface due to plating or corrosion. This
could have increased the roughness and at the same time
the contact angle, Thus, two equally plausible
explanations present themselves to explain the excess
change in the pull on the slide: electrolyte concentration
gradients ,and/or changes in the physical nature of the

metal surfaces due to Plating or corrosion.

6.4, Graphite, It 1s with this system that the most
striking and interesting results were obtained. Two
different phenomena were observed, When the graphlite slide
1s the cathode, upon application of the current the angle
did not change during the minute that the current was
flowing; however, upon shorting the cell, two or three
seconds after shorting the angle decreases suddenly and
rapidly. This decrease in angle is not enough to cause
flooding of the graphlite pores, On the other hand, when
the graphite is the anode, upon application of current

the angle decreases from 75-85° to 45-55° with both
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acldic and basic electrolyte., Furthermore, flooding takes
place, with 40-50% of the pores filleq with acidic
electrolyte, and 15-25% with basic electolyte. The only
case reported of a similar phenomena was diecussgd in the
chapter on the State of the Art. It will be recalled that
(9)

Dr. Hunger Oobserved that hydrogen electrodes were
flooded with time, at constant current; this tipe usually
being in the order of 50 to 100 hours.

At thie point it may be recalled that one of the
purposes of this thesis was to determine whether the
angle change was irreversible. From the results obtained
it appears that the angle change is irreversible. In the
case of the cathode the changes were permanent. The pull
on the Wilhelmy slide remained constant after initially
changing. With the anode again the angle changes
appeared permanent. However, this'permanency' or irrever-
sible change only appeared to be effective over short
periods of time and it appearently could be removed by
polishing oe heating. Between runs 22 and 23, 1t will be
recallei:i;gzgvered‘its lyophobic character after standing
two nights, and in run 23 after pollshing and heating,

The specific causes of the changes of angle and the
flooding of the anodic slide are not yet clear. However,
some hypotheses are possible,

When the graphite is the anode it is very likely that
oxidation of the graphite surface layers to CO and CO2
occurred. Sihnoven(11), who has done extensive work in

this area, has found that the electrolytic oxidation of

& carbon anode in NaOH solution at high current densities
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density yields 02, 002, and a little CO., In H2864 solution
at low current densities, Sihnoven continues to say, the
marginal atom chains are attacked and an equimolar

mixture of CO and CO2 1s produced; further action resulting
from use of higher currents or polished surfaces wiil

yield more COs5.

It 18 possible that what Sihnoven discusses occurred
and that there remained in the graphite surface an
adsorbed layer of CO and CO, that caused the contact angle
to change. Sihnoven's work also points to this adsorption,
He found that polishing the surface would allow more CO2
to be evolved. It will be reeaalled that it was also found
that penetration, or flooding, was larger with H2504 than
with KOH. Sihnoven found that oxidation with Hesoa,as
opposed to NaOH, was possible at lower current densities,

Therefore, in the case of the graphite anode 1t
is very possible that oxidation coupled with adsorption
of the CO and COy produced, occurred. This may explain the
contact angle decrease.

In the case of the cathode the following could have
occurred. Upon application of the current some hydrogen
was formed which remained absorbed within the pores of the
graphite. Upon shorting the cell this hydrogen, which
reacted to produce the back emf, was first chemically

adsorbed to the outside surface. Thils chemisorbed

hydrogen could have caused a decrease in the contact angle,
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These are presented as posible explanations of the
phenomena observed. Other hypotheses are possible and
further work would be necessary before a final explanation
can be gilven,

Finelly, one may wonder if the angle changes observed
in the outside surface are large enough to cause’the
flooding observed with anodic graphite. In the introduction

the equation,

Pl-sz-&_cose
& 3
was glven for the pressure difference on the liquid surface

within a caplllary., The impobtant factor is the inverse
proportionality of the pressure gradient with pore radius.
The pore radius of the porous graphite is in the micron
range and thepefore in the case of the smaller pores not
much of an angle change would be necessary to cause g
considerable pressure gradient. This pressure gradlent
could cause electrolyte penetration.

To conclude, it is recommended that further work be
done to determine the reasoms behind the observed
phenomena., Determination of the causes of angle changes
may permit steps towards avoiding the chamges, This would

permit design of more reliable fuel cells,
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VII. CONCLUSIONS AND RECOMMENDATIONS.

The most strikling results were those obtained for
graphite surfaces. Two different phenomens were observed,
When the slide is the cathode, in 1IN HpB30, electrolyte,
upon application of the current the angle did not change
during the minute that the current was flowing; however,
upon shorting the cell and allowing the back emf to discharge,
two or three seconds after shorting, the angle decreases
5-10° suddenly and rapldly. The decrease in angle was not
sufficlent to cause flooding of the graphite pores.

When the slide 1s the anode, upon application of
currents of about one milliampere per square centimeter,
the angle decreases from 75-85° to 45-55° with both acidic
and baslic electrolyte.

In addition, 1t appears that the angle changes 1in
graphite are irreversible, The flooded surfaces lose their
lyophoblic nature. The slide, hoﬁever, can be made lyophobic
again by allowing it to dry and letting it stand a few
days, or by polishing and/or heating to 60-100°¢C,

The results obtained with copper and nickel failed to
show any dependence offi the contact angle on current, In
the few runs where changes of the pull on the Wilhelmy
slide were observed, the maximum angle change that could
account for this would have been about three degrees. But
the change in pull on the slide, it was seen, could be
explalned Just as well by electrolyte concentration

gradients,
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The only other surface used was platinum. Here it
was found that the contact angle is not affected by
current density.

It 1s recommended that further work be undertaken
to determine the causes of the phenomena observed in
graphite surfaces, This méy permit steps towards avoiding'
contact angle changes, Control of cohtact angle changes
on graphite surfaces would meke possible the construction
of more reliable fuel cells.

Data on flooding and angle changes with current
applied for long periods of time should prove 1n£erest1ng.
It is recommended that this data be obtained.
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VIII, APPENDIX A: SUMMARY OF DATA A CALCULATED VALUES,

e— ——

In this appendix results already mentioned will be
presénted in more detall. A brief discussion of how the
numbers were obtained will be given with each table,
Each run will be referred to with the same number, or

letter, used in the notebook of original data.

Iable 8.1. Platinum slide data.(next page).

Runs 3 to 6 were with 1IN Fe**, Fe***, s0,~.

Runs 7 to 12 were with 1IN Fe*?, Fe***, c1-.

Slide dimensions:llenght = 4,44 cm.

thickness = 0.0109 cm,

In all runs slide was lmmersed 0.5 + 0.05 cm.

The weighte in column 5 are not absolute welights;
only difference in weight of significance,

The voltage drop in the cell ranged from about 0.1v
at 2 ma/cmz, to about 1.8v at 45 ma/cme.

The cwrent density at which voltage drifts begin was
usually around 12 to 20 ma/cm2 (0.50 to 0.85 voltage drop).
This current is mentioned because it might indicate when
concentration gradients began to develop.

In the table only the minimum end maximam currents
are presented. Between these limits measurements were
made at 10 to 20 different currents, For each measurement
the current was applied a minimum of 10 seconds,

The balance was at all times free during each
entire run., Any change would have been registered by the

balance needle pointer.
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Table 8.2, Change in Weight of Copper Slide.,

All runs wereé done using IN GuSOA.

Runs 15 to 18 were done with acidic electrolyte,:
(1N HoS04) .

All angles were receding and estimated with the eye,

Slide dimensions: lenght = 4.28 cm.

thickness = 0,0127 cm.

Slide was lmmersed 6.5 + 0,05 cm.

Agaln, as for the Pt case, between the lkmiting
currents 10 to 20 different currents were used for at
least 10 seconds. The balance was free at all times.

The expected change in weight due to plating or
corroslon 1s given in column eight and it was calculated
using Faraday's law. The coulombs passed were estimated
by multiplying the number of different currents used for
each run by tens seconds, this was then multiplied by the
average current for each run. It is estimated that the
accuracy is about 25%. When calculating the angle cahnge
that would account for the excess welght change, this
25% mérgin would make a difference of about one degree,
Therefore, conclusion that angle could have changed is
not affected at all.

The rate of change inweight of the slide was

conslderably larger at the higher currents.
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TB.EI_Q 8.3. Chanse E Weigl!t O_f Nickel Slide,

All runs were done ugling 1N NiSO4.
Runs 20 and 21 were done with acidic electrolyte,
(1N H,50,).

All angles were receding and estimated with the eye.

The slide dimensions were: lenght = 4,02 cm,
thickness = 0.0272 cu,

Slide was immersed 0.5 + 0.05 cm.

The number of coulombs passed was calculated ag

expdained for copper case (Table 8.2).

Tables 3.4 and 8.5. (next two pages). Graphite

cethede slide in IN HpSOy.

Tables 8.4 and 8.5 were obtained using a graphite
slide, made of 30% porous gbaphite, in 1IN H580,. The
siide was the cathode, Same slide used in both runs:
Slide dimensions: lemght = 3.86 cm.

thickness = 0.0516 cm.

Slide was immersed 0.6 + 0.05 cm.

Current was applied for one minute. During this
minute no change in weight occurred, However, a back enmf
was bullt up by the cell and upon shorting the eell to
discharge it, the weight did change. It is this weight
change that 18 recorded in column six. Changes began
suddenly and rapidly two or three seconds after shorting.

The cell was allowed to discharge until no more changes

in weight occurred with time.




-5 -

10T 10T,69 gT00*0  uTITPus, 0STT"'T 102,69 91°0 I
102,2 16,69 §2z0'0 £*o §560°T 162514 9#°0  H
10242 10Ty39 6T20°0 - 6€0T°T 106,04 79°0  ©
102,52 1017509 02200 90 20601 02 23°0 A
102,52 10T 04 61200 L0 T480°T 106,24 2g*0 q
15T,C 151,04 00 - 81740°T 10€,C4 68°0 a
10€,5 165,04 ¢z50"0 9%0 0440°T 152494 g9*0 D
- - - - 9630°T o2l #8°0 d
‘ WA - w31 8*0 £€g6*o (TS 48 T6°0 v
FUTQIOUS a0712 oT3um mzﬂwmmmw * Juo pwwmwwm aT3ur
PBIINDO0 4B TEUT]  JuSteM uf 9B posaeumt TeTqTuy  @UY/FW g
aT3ue ut agdury) P24BINOTED 28BoJIOUT 189USTH Qy3Tem pPe3BINOTBYD

*IT99 JO JuTlagoys £q peMOTTOJ S3NUTH auo partTdde sBm quaadan)d
“poys st OPTTS AWTSYTIM Jutsn gg unad JI0J Bleq

*eg34T0a400Te ¥08%H NT UT 9PTLS 9poysso sjtyded)

78 °TABL




1017,0T 10T 560 £460°0 ¢"0 goeyto 106 86 16%0 b
10T,9 10258 7540%0 80 V026°0 10€488 2g8*0 Iy
1501 16569 G0T0*0 3"0 9960°1T 10T,04 28%0 I
10€,9 105,69 0290°C 8%0 #4€0°T 102,94 840 H
1 GT ol 156549 2696°0 A T250°T . 105,174 G40 D
1059 152514 - £990°0 g0 - 49TOT 16T 84 99°"0 a
161166 1017569 635800 %0 9400°T 168,64 €40 9]
10475 TT 101752l 0GTIT"0 90 T366°0 102,48 G40 q
n 2T - n T G0 7E€L6T0 106,28 T6°0 v
dutaaoys AUDIIND
Futqaoys JaeqJ® aTdu® J997J8 Jue 8a0Je( oTdue 2o/ BU uny
PaIINDO0 q8Y, TBUTLI AUy3ien Ul 3oBq posJawuT TBTATUT
oTdur utr odusy) ne1BTNOTED 28BoJIOUL 18931 1U3ToM pe38InoI8d
*TIT99 9yjg Jurqaoys £q PeMOTTOJ 8qnuTw sUO0 pPITTdds SBM qUadan)
‘poyssw opTTs AUTHYTTIH JUTSn (g und JI0J €jleq
*97£70a909T9 YOS¥H NI UT opTTS opouqed 83tydeap TG g OLdel




- 53 -

The absolute angles given in columns three and seven

were calculated using equation (4), based on the surface
tenslion of 1N H,S50, at 25°¢C, 72.2 dynes/cm. All the angles
are advancing angles.

For the entire run 22 the slide surface remained
untouched. Between each sub-run it was allowed to dry
for a few minutes in the atmosphere. Between run 22 and
run 23 (Tables 8.4 and 8.5 respectively), the slide was
left to dry for two days. Between runs 23=A and 23=I
the slide was dried by rubbing with soft paper. Before
runs 23-J and 23-K the slide was dried by placing it in
a 60°C oven for five minutes,

Finally, no evidence of pore flooding was found
during any of these runs., Apparently the angle changes
were not great gnough to cause flooding of the pores. To
check if the slide was capable of being flooded it was
made anodic and a current was gpplied. The slide did
flood upon application of the current.

In runs 23-B and 23-K the change in the contact
angle was observed visually as well as through the balance's

needle polnter!
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Table 8.6, Graphite anode slide in IN Hp80,.

All angles are advancing angles,

The angles given were calculated using equation (4)
after having substracted from the total weight change the
welght due to electrolyte in pores, Again the surface
tension used was 72.2 dynes/cm.

The slide used for thése runs was 3,86 cm, long and
0.0588 cm. thick. It was immersed to a depth of 0.5 + 0,05

centimeters.

Table 8.7. Penetration of electrolyte into graphite,

Data for Run 25. Slide was anode in 1IN H2SO4.

ma/cmz Additional  Additional Percent » Calculated
time electrolyte pores final
applied take up flooded angle
- - - - 8°
0.56 3 min, 0.0603 49 - 54°
0.59 3 " 0.0019 so  25°
0.83 3 0 50 47°
0.79 3 0.0059 55 48°
62.8 3 " -0.0025 52 44°

In this run the slide was totally immersed in the one
normal sulfuric acid electrolyte. The slide was the anode
and current was applied for three minutes. The increase
in welght due to electrolyte flooding was determined and
the contact angle on the flooded surface determined by the
Wilhelmy method. The percent of pores flooded 1s calculated

based on 30% porous graphite, After each seqhence of steps,
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the flooded slide was re-immersed in the electrolyte and
current was applled for three more minutes to seevif any
further flooding occurred. Finelly, an extremely high
current was applied with no further effect. The angles
were calculated using equation (4) based on a surface
tension of 72.2 dynes/cn.

The accuracy of the angles, absolute angle and relative
between runs, is limited to the accuracy with which the
8lide could be re-immersed to the same depth for each
measurement. This was usuelly done with an accuracy of
about + 0.05 cm. The lmportant numbers to note is that
initially the ahgle was about 90O and it decreased to

35-55° approximately.




- 57 =

VIII. APPENDIX B: SAMPLE CALCULATIONS.
1. Calculation of contact angle by Wilhelmy equation:
8G = gW + 2Y (t + w)cose - ghetw (4)

Run No. 23%-B:

Weilght free slide W

1.0236 + 0.0002 gnms,
Welght immersed slide G = 0.9581 £ 0.0002 gnms,

Surface tension of acid xa= 72.2 # 0.1 dynes/cm.,

Depth slide immersed h = 0,6 + 0.05 cm,

Width slide w= 3,86 + 0,01 cm.
Thickness slide t = 0.0516 & 0.0003 cnm.
Density of acid © = 1.023 + 0.002 gms/cc.,
Gravitational constant & = 980 cm/sec”.

g(G = W +@htw)

cos® =
2(t + W))Q‘
cosd = 80{(095%1 £0.0m2) - 1.9236%0.0002)4 (1.013 2 0o} (0.6t o..s)é.oswge.mz\fl.%tom)
- 2 [(0.0SIS‘.".O.M?.) t(s86teol)) (72,2 + o_m
cose = 980(-0.0655 + 0.4% + 0.1220 + 8%)

2(3.911 £ 0.3%)(72.2 + 0.2%)

cose = _980(0.0567 & 17.5%) = 0.0983 + 17.5%

© = 84%20' 4 1°
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