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PART 1
THE DISTRIBUTION OF THE POTENTIAL IN A UNIFORM
COLUMN OF ELECTROLYTE DURING ELECTROLYSIS

AND

PART I1
THE ANALYSIS OF ACTIVATION OVERPOTENTLAL INTO
EXPONENTIALLY DECAYING COMPONENTS

GENERAL INTRODUCTION

The observation of the similarity in the proposéd mechanisms ef
electrical conduction through electrolytes and through ionized gases sug-
gested to Professor William Schriever that space charge, known to exist
in gases, might also exist, though small in magnitude, in electrolytes
undergoing electrolysis. Several investigations, beginning in 1923 and
culminating in the work of Reea! in 1948, yielded results in conformity
with the foregoing hypothesis. Since this was in contradiction to the
assumptions of electrical neutrality found in many places in electiro-
chemical literature, there were serious objections raised after the pub=-
lication of these results. Part I will deal in detail with additional
investigations of these effects and the conclusions derived therefromn.

During these investigations an eramination of what hagpens to

1
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the "space charge® immediately after electrolysis ceases led eventually

to the discovery of an apparently new and interesting relation concerning
the decay of overpotential with time; in Part 1 will be mentioned the way
that this came about. Part II will deal separately with this decay phe-

nomenon; an explanation will be given.



PART I
CHAPTER 1
INTRODUCTION
History of Lecal Work

In earlier researchss at the University of Oklahcma it was found
that during electrolysis the potential gradient along the center of a uni-
form column of electrolyte between plane parallel electrodes, was not
constant. The cause of this non-uniformity had been interpreted as mac-
roscopic space charge, the density of this charge being constant over any
cross section of the column. Since the present investigation lends evie
dence that factors other than space charge were instrumental in producing
these observed variations in the potential gradient, it seems proper to

review the basic assumptions which led to the space charge interpretation.

These may be stated as follows:

(a) The cross sectional area of the column of electrolyte is wniform
throughout its entire length between the electrodes.

(b) There is no variation in concentration in the measurable portion
of the column during 15 minutes of electrolysis.

(¢) The electric field is then everywhere in a direction normal to the

electrodes which are situated at the ends of the column of electrolyte.

W



L
(It is seen that this requires that the current density be uniform over

the electrode surface as well as over any transverse cross section of the
column.) Since the probe (exploring electrods), by means of which the po-
tential difference was measured, is very small compared with the cross
sectional area of the column, this third assumption should be true every-
where except in a small volume about the axis of the colum which includes
the probe.

The horizontal plate glass trough which coutained the electrolyte
was 8.0 cm wide and the sclution was 8.0 cm deep; the plane electrodes
were 40.0 cm apart with faces parallel to each other and perpendicular to
the sides of the trough. If we consider the origin of coordinates at the
cathode surface and the x-axis along the long axis of the trough, then we
may consider the horizontal and vertical directions to be the y- and z-
axes respectively.

Poisson's equation, under these conditions takes the form,

&V . _dE_ 4w — _ = =
1. dx* _CT;é— c P :3-\:—2_——0

where V is the potential at a point whose perpendicular distance from the
cathode is x, P 1is the space charge (net charge per unit volume), € is
the dielectric constant of the solution, and Ex, Ey, and E; are the rec~
tangular components of the electric field strength. Thus, any change in
the electric field between two points at distances, x; and xp, from the
cathode is due to a net charge in the interlying region. Thie is illus=-
trated for beth positive and negative charges in Figure l. The positive
charges act as "sources™ and the negative charges act as ™sinksm,

Every criticism of a space charge interpretation must ultimately

fall back on one or more of these three assumptions. (This, however, does
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FIGURE |. EFFECT OF SPACE CHARGE ON THE ELECTRIC FIELD.

requirs one further supposition, that the method of determining the poten=
tial at a point in the solution leads to correct results.)

That the first assumption listed (concerning cross sectional
area) is important was realized early in the work. BReed in 1929°(p.28)
was able to detect non-uniformities in the walls cf a porcelain trough
that was used to contain the electrolyte. Since that time glass troughs
with accurately plane walls and bottoms have been employed. The width
and depth of the solution have been held constant to within one tenth of
one mmimeter in 80 throughout the entire length of the column. Varia-
tions in width of this order do not affect the potential gradient to a
measurable extent.

Much of the adverse criticiam of the space charge explanation
has arisen because of the second assumption which concerns concentration.
However, even long before the publication of Reed!s results in 1949,

Hartin3 in 1938 had carried out an investigation to ascertain whether
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concentration changes did occur which would account for the variation in
the potential gradient as observed still earlier by Brooking“* and others.
Martin found nc such changes in concentration. Then again, after Reed
and Schriever?ts publication5, Pickett6 repeated the investigation for
concentration changes with improved apparatus and found evidence of such
variations only very near the current electrodes, but these changes were
less than one per cent, much too small to account for the potential gra-
dients observed.

At the time the present research was begun (Spring 1953) there
was planned a third simultaneous investigation to determine the magnitude
of the concentration changes during DC electrolysis by still more refined
methodse Though this was not carried out as planned, the work to be de~
scribed in Part I of this thesis will demonstrate the validity of the re-
sults obtained by Martin and Pickett.

Very little reportedly has been done to check the accuracy of the
third assumption (Ey = E; = 0); indeed in only the first thesis by Roller'
(p.39) is there any mention of an sttempt to verify this supposition.
Professor William Schriever stated that both Brooking#(1933) and Reed
(1948) made measurements laterally in the trough and found no significant
changes in the potential at points not close to the elecirodes; no records
17,23,24

of such measurements were made. Furthermore, criticisms of Reea
and Schrieverts pnblication5 have in no wise touched on the validity of
this assumption.

The following is Rollerts statement of the assumption, and of his

attempt to check it.
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It is assumed that the electric field in the electrolyte was uni-

directional and nommal to the electrodes in the region of the lig-

uid invaded by the platinum pointers. This assumption seems justi-

fied when it is considered that the dielectric constant of the

liquid is high and that the region explored by the pointers was

close to the longitudinal axis of the liquid. Indeed it was found

experimentally that raising and lowering the pointers to different

levels in the electrolyte seemed tc have no apprecigble effect on

the electrometer readings. iThe underscorings have been added.)
Roller measured the potential difference between two platinum probes, set
a fixed distance apart, which could be moved axially along the trough.

In addition to the researches already cited, concerning the three

agswptions, there are other thesese’9’lo in which are discussed improve-
ments of measuring technique, reproducibility, and calculation of space

charge in accord with these three hypotheses.

Present Work

This present ressarch initially was planned to be an investiga-
tion of the potential gradient in a conducting electrolyte between “‘re-
versible" Ag/Agll electrodes. Essentially the same procedure outlined
by Reed” was followed and, for a 0,002, N KC1 solution with the Ag/AgCl
current electrodes (described later), there occurred significant devia=-
tions in the potential gradient after 20 minutes of electrelysis as far
out as 10 em from the cathode (see Figure 6).

While this experimental work was being carried out there arose
the following fundsmental consideration, which is vitally connected with
the third assumption: If net positive or negative charge densities exist
out in the interior of the solution as suggested in the space charge in-
terpretation, and there ars no lateral components of the electric field,

then the charges would move toward the sides of the column, to a minimum

energy coniiguration.
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At first it was believed that these charges (supposedly ioms),

due to their low mobilities, might not move far in the 15 minutes during
which the electrolysis took place. This idea proved untenable because
meagurements of the decay of the potential at various points in the so=-
lution after the curre .t ceased, showed that the charge did disappear
rapidly. (See Part II.) This work revealed that the potential of all
points throughout the column of electrolyte, excluding regions very near
the electrodes, were at the same potential very shortly after the current
was turned off, that is, in two to three minutes; in fact throughout most
of the trough the potential was constant in less than thirty seconds. If
then the charges are annulled so rapidly when electrolysis ceases, it is
reasonable that they must also somehow be discharged or removed as quickly
even while electrolysis occurs.

It was this consideration which stimulated a thorough investiga-
tion of lateral and vertical potential distributions at various distances
from the electrodes. Subsequently it will be showm that the resulting
data led to causes, other than space charge, for the non-uniform potential
gradients which had been observed by previous researchers. Observations,
such as significant fractions of the current geing to the backs of the
electrodes, diving toward the lower edges of the electrodes, going to
certain spots on the electrode surface, and even rising upward toward the
top sdges of the anode, will be discussed. If the current diverges from
or converges toward soame region of the electrode surface, then lateral
camponents of the electric field must exist and assumption three must be
invalid.
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The Purpose of Part I of the Present Investigation
It can be seen from the preceding discussion that the original
plan for the research had to be altered. The purpose then became, pri-
marily, to establish what, and how, effects other than space charge could
produce the non-uniform potential gradients which have been reported by

previous researchers.



CHAPTER Il
APPARATUS

The apparatus used throughout this work was essentially the same
as that employed by Reedl(p.Zh) except for same changes in the electrical
circuit, the construction of & new type of probe for work in CuSOA, the
device for moving the probe laterally, and a few other minor alterations.

The use of a vertical cell was new.

The Cells
The horizontal trough was the same as that used by Reedl(p.%).
The vertical cell was constructed similarly of slabs of plate glass with
the same tolerance of O.,1 mm in width throughout its length. The four
sides and one end were enclosed, the inside dimensions being 65 em tall x
9 cm x 9 cme The column of electrolyte between the current electrodes
was made to be a rectangular parallelepiped 35 cm x ¢ cm x 9 ca except for
the space occupied by the Lucite rods and the glass tube for supporting

the probe; these will be described later.

The Electrodes
The probe for work in chloride solutions was of much the same
construction as that used by Reedl(p.26). (A complete description is

given in Appendix I.) The bare metal-tipped probes, such as those used

10



1l
by Reedl, FergusonS, and others, fluctuated in self potential considerably

even though the maximum electrometer current was only sbout 10~10 amp/cm?,
This difficulty was corrected by constructing a probe of a new design
shown in Figure 2(B). The bare wire was inserted into the finished hollow
probe to within a short distance fram the tip. The electrolyte could then
enter the tip and cover the exposed wire. This accomplished two important
results; first, the area exposed to the solution was greater and thus %he
current density was reduced, and second, the probe-to=solution e.mef. was
not disturbed when the electrolyte was stirred. In some cases the end of
the bare wire was ceiled, see Figure 2(B), in order to increase even more
the area in contact with the electrolyte while in another case a piece of
copper, from the same stock as the current electrode, was useds The elec~
trolyte rose inside the tube of the probe to the height of the solution
on the outside.

The Ag/AgCl current electrodes, used in the horizontal trough,
were made from 99.9 percent pure silver, 0.063 inch thick. The 10 cm long
silver plates were machined to fit freely inside the trough, and were, at
the top edge, silver-soldered into a machined slot in a brass holder.

(The procedure for plating the chloride on the silver surfacss is descxibed
in Appendix I.) The electrolytic copper electrodes, made from a copper
sheet 1/8 inch thick, were mounted in the same manner. (The preparation
of the copper surfaces is discussed in Appendix I). The platinum elec-

trodes were those used by Fergusons(p.lz).

Supports for the Pointer, the Irough,
and the Current Electrodes
The optical bench, the rider used for positioning the probe along
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the axis of the trough, the twrn table for orienting the probe, and the
supports for the trough and current electrodes, werse the same as those
used by Reed™.

To permit moving the pointer laterally in the horizontal trough
a bar of one inch square steel, six inches in length, was mounted hori-
zontally, corner up, upon & specially constructed optical bench rider,
with the axis of the bar perpendicular to thzt of the bench. This per-
mitted the second rider, which carried the probe, to move laterally across
the trough. Vertically on this second rider was mounted a screw drive
which permitted the raising and lowering of the pointer above and below
the axis of the trough. This device did not permit adjustments of suf=
ficlent precision to maintain the probe at a fixed distance from the elec~
trode surface. Thus each time an off-axis setting of the probe was made
a new zero reading was determined with the probe tip just touching the
electrodse This device permitted the probe to be positioned at practi-

cally any point in the electrolyte.

The Electrode Assembly for
The Vertical Cell

In Figure 3 the three Lucite rods L, each carefully machined to
& length of 350.0 mm, acted as separators' for the electrodes E. Holes
were drilled and threaded into the ends of the rods to admit copper plated
cap screws, which clamped three of the corners of each electrode onto the
ends of the rodse In the remaining corner of each electrode a hole was
drilled large enough to permit a 3/8 inch diameter glass tube T, to pass

through freely. This tube was about 70 cm long and closed at the bottom,
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The tube extended in each direction fram the two probes [s'ee Figure 3(B)7

go that it would remain in the holes while the probes were positioned at
any point between the current electrodes. (This length of T necessitated
the 65 em long tank.) The stems of the two probes P, with their points
16 em apart and oriented in opposite directions, were passed through holes
in the walls oi_‘ T and each bent upward inside at right angles as sho@ in
Figure 3(C). Next two small tubes t, of such bore that they would Jjust
slip over the probe stems were inserted at the top of T and lowered until
they slipped over the ends of the probe tubes. A copper wire of size
20 Be&S. gange, with the insulation removed for several centimeters near
the end, was inserted into each of the tubes t down to within approxi-
mately one centimeter of each probe tipe. The tube T was then filled with
sealing wax to a few cm above the top probe. This served to insulate the
two probe systems. The probes were of such a length that they could be
moved vertically along the axis of the cell; also they could be rotated
any place along an arc, the radius of which was the same as the distance
of the axis from the center of T When the electrode system was lowered
into the vertical tank, the electrolyte could then enter the probe tips
and make contact with the bare copper wires. (The electrolyte rose in
each of the probe systems to the height of the electrolyte in the cell.)
Either of the probes could be positioned to within *0.0Ll em in
the vertlical cell by means of a vertical cathetometer. The cathetometer
crosghair was focused on the probe tip. Any off axis measurements could
be made by rotating tube T holding the probes and alsc correspondingly
rotating and refocusing the cathetometer. Since the electrode assembly

and cathetometer gcale wers not mounted rigidly together, it was necessary
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repeatedly to check for any relative shift. This was done simply by tak-

ing a new zero position on the cathetometer scale when the crosshair was
focused on one of the probe tips resting against the surface of the cor-
responding current electrode. To permit the removal of the system fram
the tank, a Lucite handle H was attached as shown.

The current leads L were made of size 10 B&Se gauge copper wires
threaded on the lower ends. The existing plastic insulation was pulled
back near the threaded ends which would be in the electrolyte, and several
coats of "Krylon", an acrylic plastic, were sprayed on, each coat being
allowed to dry independently. The insulation was then pulled back down
over the dried plastic and two spray coats of plastic were applied over
this insulation on each lead.

The electrodes for the vertical cell were made fram a 1/4 inch
thick electrolytic copper plate. They were cut in the form of a square
of such size that they fit the inside of the vertical tank closely yet so
they could be moved easily without binding. In addition to the holes
drilled in the current electrodes to admit the bolts and the tube T one
hole was drilled and threaded 3/16 inch decp on the top side of each elec-
trode to receive the threaded ends of the copper leads. Another hole was
made in the top electrode to permit the lead from the lower electrode to
pass through. The backs and edges of the electrodes were covered with
four coats of "Krylon®. The faces had previously bszen carefully flattened
on a belt sander and rubbed and polished to¢ a smooth finish with progres-
sively finer grades of emery paper. For a description of the final clean-
ing of the copper electrodes see Appendix I.
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The Aligmment of the Electrodes

A rapid aligmment of the electrodes in the horizontal trough was
accomplished by the use of an inverted T-beam. The beam was constructed
of two strips of aluminum 1/%4 inch thick and 400.0 mm long, the edge of
one being held firmly to the center (lengthwise) of the other by screws.
The ends were machined accurately perpendicular to the sides of the in-
verted T-béam. Three legs one centimeter high held the beam up off the
floer of the horizontal trough.

To align the electrodes the T~beam was placed ingide the horizon-
tal trough which in turn was placed in position upon its support. The
electrodes were then placed inside the trough at the ends of the beam and
clamped to their holders. With the sides of the inverted T-beam parailel
to the sides of the trough, the electrodes were adjusted flush with the
ends of the bsam. The electrodes were then accurately parallel to each
other, perpendicular to the axis of the trough, and the proper distance
apart.

The Ag/AgCl electrodes were prevented from coming in contact
with the aluminum beam by inserting thin sheets of #Saran" plastic. Al~-
though this changed slightly the distance of separation of the electrodes,
this change could be easily corrected for by use of the probe and its ver-

nier scale after the beam was removed.

The Electrical Circuits
A schematic diagram of the electrical circuits is shown in

Figure 4.
The entire system is that described by Reed except for the addition



FIGURE 4.

SCHEMATIC DIAGRAM OF THE ELECTRICAL CIRCUITS.
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of five reversing switches, S, S55 Sgs Sps and Sg, which serve to change
quickly the ground connection from the cathode to anode with simultaneous
reversals in the other circuits. The standard cell polarity was also
necessarily reversed with each reversal of these switches. The reversing
switch Sy determines which electrode will be the cathode.

The electrameter needle was charged to a potential of 135 volts
ather then the 112.5 as used by Reed™. This produced a sensitivity of
approximately 1.55 mv/mm but this was not constant over the entire length
of the ground glass scale. Consequently a calibration table was made
which, for the entire range of the electrometer scale, remained very ac-
curate when the electrometer system was kept at a temperature of 30 *1°C,
the calibration temperaturs.

The vertical cell and cathetometer were housed in the same heat-
ingulated cabinet and the same electrical circuits were used, as for the

horizontal trough apparatuse



CHAPTER III

PROCEDURE AND RESULTS

The deviations fram a linear rise in potential between the cath=-

ode and the anode were determined in the following 0.0024 N solutions;

Solution Cell Electrodes Total Potential
Difference

1. KCl Horizontal Ag/AzCl (unbacked) 8000 mv

2. HCl " Ag/4gCL (unbacked) 2600 mv

3. HCl n Ag/begCl (backed) 3200 mv

he CusO, n Cu (old) 8000 mv

5. CusOy n Ca (backed) 8000 mv

6. CuS0, Vertical Cu (backed) 7000 mv

The designation "backed" refers to the coating of the backs and edges of
the current electrodes with an acrylic plastic (Krylon) which prevented
electrical condgction to these parts. "0ld" refers to a pair of unbacked
copper electrodes used by previous workers. The total potentisl dif-
ferences were chosen such that the current density in each case was ap-
proximately 5 x 10~ amp/cm.

Measurements of the potential distributions in cross sectien
planes were carried out for each .of the above cases except the first, KCl.

Two methods were used for the determination of the deviations

from a linear rise in potenmt:ial. The first method was essentially the
2
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same as the "Standard Curve Method with constant potential differencen
described by Reedl. This method was used only in the first and second
casese The second method was designed to correct for certain types of
changes at the current electrodes for which the ®"standard curve method"
could not correct. It, too, was carried out with a constant potential
differences In both cases the apparatus fs: measuring the potentials was
the same. The probe, placed at a desired position in the trough, was used
to determine the variation with time of the potential at that point. The
current was passed through the electrolyte and the potential across the
cell was maintained at the value listed under Total Potential Difference.
The devi ations were measured, as was done by Reedl(p.37) , at one minute
intervals over a pericg of fifteen minutes (20 minutes in the case of KCl).
The solution» was then stirred, the probes moved to a new position, and the
system allowed to rest for 15 minutes (20 minutes). The procedure was

then repeated. Such a series of measurements is designated a ®run®.

The Standard Gurve Method

Repeated observations of the potential at a given point in the

trough did not duplicate; there was a progressive change. This lack of

duplication was caused by unavoidable changes in the electrode-solution

interfaces. Reedl(p.lg.l) claimed that good reproduction of data could be
obtained by compensating for this change in the following manner:

When observations were being made in say, the anode half of the
trough, a certain point in that region was selected as a standard
reference point. Runs were mede, first at this standard point,
then at a desired point, and then back at the standard point.

The pointer was then moved to another point, where a run was made.
Then another run was made at the standard point, etc. For obser-
vations in the anode half of the trough the 36 em point (fram the
cathode) was used as the standard point. In the cathode half of
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the trough, the 20 cm point was used.
To obtain the first datum for the standard curve, the deviations
existing at the end of the first minute, for all of the runs that
were made at the 36 cm point, before and after runs were made at
other points, were averageds This gave the standard value of the
deviation at the end of the first minute. To obtain the second
datum, the deviations at the end of two minutes were averaged.
This procedure was repeated until standard values of deviation
were found for all of the 15 times of current flow from one to 15
minutes. These wsre plotted to obtain the standard curves By
the same method, the standard curve at 20 cm was obtained.
The deviation-time curves for the different points of observation
were standardized by means of the standard curve, in the following
manner. The two runs a* the standard point, taken before and aft-
er the run at another puint, say at 32 em, were averaged, point
by point, in the same way the standard curve was obtained. Then
a set of differences was obtained by subtracting each datum for
this average curve from the corresponding datum for the standard
~curve. Each of these differences applied as a correction to the
corresponding datum of the curve at 32 cm served to standardize
that curve.

This has previously beean referred to as the Standard Curve Method.

In this investigation, for KCl the points 8 cm and 36 cm from the
cathode were chosen as standard points in the cathode and anode sections
respectively. Two points near the center of the trough were corrected by
both the 8 em standard point and the 36 cm standard point and the averages
of a few runs in each case were found to agree within two millivolts. Six
runs at a point within one centimeter of the cathode, after correction by
this method, ylelded values having an Average Deviation of the order of
five millivolts.

Fhe Second Correction Method
A careful study of the Standard Curve Method revealed that it
would properly correct for changes occuring simultaneously at both elec-
trodes only if an increase in the potential drop between cathode and so-

lution were accompanied by a corresponding decrease in the magnitude of
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the potential drop between anode and solution. In some cases this condi-

tion was approximated because, with an increase in the cathode drop, the
current decreased and consequently the ancde drop decreaseds This type
of change can be seen in the 5, 10, and 15 minute curves for CuSO, ob-
tained by Reedi(p.82). The cathode drop increased with time and corre-
spondingly the anode drop decreased, hence the deviation-distance curve
moved upward remaining approximately parallel to its initial pesition.
To make a prediction as to whether this would occur would be impossible
without knowing all the factors causing the drops at both electrodes.

In the case of HCL between Ag/AgCl electrodes the above condition
did not existe The cathode drop increased over a series of runs extend-
ing for several days and alsc the anode drop gradually increased in magni-
tude. This caused a rotation in the deviation-digtance curve rather than
a shift of the curve up or down. The points near the center of the trough,
about which the rotation occurred, varied little while the standard points
varied considerably in opposite directions. In applying a standard curve
correction to the points near the point of rotation, one would be allow-
ing for a change which did not occur,

To correct for these simultanecus changes at both electrodes
properly the following simpler and faster procedure was deviseds All
points at which the potential was desired were determined beforehand and
then, beginning with the one nearest the cathode, the runs were carried
out at every second point progressively from the cathods to the anode, and
then from anode to cathode at the points which were skippede This series
had to be carried out as one unit in order to preserve the progressive

change in each electrode. The entire series required a full day. The
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next series was carried out on the same points except in the reverse or—
der; then two similar series were done beginning at the anode and progres-
sing toward the cathode and back again on the points first chosen. If the
progressive change of the electrodes proceeded at a constant rate during
all four series of runs, it can be seen that the average of the four po-
tentials for gach point would correspond to the potential at that point
at a time half way through a complete series of eight traversals of the
troughe For each series of runs in the horizontal trough it would have
been ideal to include all points on each traversal of the trough but the
time required would have been tooc great. In the vertical cell, when only
a portion of the column was mapped, this was done. The above procedure
for determining the deviations from a linear rise ir potential gave dupli=-

cable results.

Correction Applied to Potential Measured by Probe

The “chemical e.m.f.!* correction applied by Reedl(p.39) leads to
incorrect results. He assumed the potential difference measured between
a current electrode and the probe at a distance x from the electrode,
(after the correction for the orientation of the probe was applied), was
the algebraic sum of the fall of potential from electrode to probe and
the electrode-probe f'chemical e.mef "; the latter was measured pricr to
electrolysis. When such corrections were applied to measurements made at
a point in the solution, first with respect to the cathode and then with
respect to the anode, see Figure 2(4), it was found that the difference
between the two determinations of the potential at the point was equal to

the sun of the two observed “chemical e«m.fe?s"s This is true since the
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potential indicated by potentiumeter P, will equal to 8000 mv minus the

potential indicated by P;.

Figure 5 shows graphically how the "chemical e.m.f." correction
would affect the measured distribution of potential between the electrodes.
The cathede and ancde chemical e.m.f. corrections, for several systems
used by Reedl(p.109) were of the same order of magnitude; thus he must
have applied the anode correction in the wrong direction and obtained ap-
parent consistency. However, it is difficult to see how this could ac-
count for his deviation-distance curve for Nisohl(p.loo) unless the anode
distribution was arbitrarily adjusted to fit the cathode distribution. It
is significant that, even if this were done, the space charges calculated
from his curves would be the same as though there were no chemical e.m.f.
correction since the curvatures of the curve were not changed.

For the various probes used throughout the work, the correcti.ons.
for the orientation of the probe were approximately equal to those found
by Reed (between 5 and 10 mv).

Method for Off-Axis Measurements of Potential

For making off-axis measurements of potential the previously de-
scribed apparatus for adjusting the probe off the axis of the column of
electrolyte was employeds It was important in these measurements that the
probe tip be the same distance from the electrode surface for every pair
of runs which were to be campared. To accomplish this, for each off-axig=
setting of the probe, the zero reading (with the pointer against the elec-
trode surface) was taken and then the probe was moved the desired distance
from this position. In certain cases it was found that the lateral set-
tings could be made by merely sliding the rider carrying the pfobe laterally
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the desired distances without determining a new zero position for each

setting. However, since parallelism between the rider way and the elec-
trode surface could not always be obtained this procedure was not always
permissible.

To compensate for over-all changes which might occur at the elec~
trode surface the following procedure was ivlloweds The potential was
measured at one minute intervals during 15 minutes of electrolysis at a
given distance from the electrode surface along the axis of the column.
The solution was stirred, the probe was moved to an off-axis position such
that the probe was the same distance from the electrode surface as it was
for the previcus setting, and the system was allowed to rest. 15 minutes.
Then a #run" was carried out to determine the potential each minute at
this off-axis position during 15 minutes of electrolysis. Next the probe
was moved back to its former position on the axis and a second run taken
there. The averages of the data for the two runs taken on the axis were
then compared with the correspending potentials for the off-axis rune.

When a more complete mapping of the potentials in a cross section
plane was desired, the procedure just described was carried out for several
points over the section. All the runs on the axis were then averaged to
form a "standard" run. The average of the two runs, taken on the axis be-
fore and after a given run off the axis, was subtracted from the standard
run and this difference was applied as a correction to the run taken off
the axis in order to "standardizem it.

Usually the potential at a given position varied so little between
runs that two or more off-axis runs could be made before making another run

on the axis. Indeed, when the diffsrences in potential over a cross
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section plane were significant, they were larger than the variations be=-

tween runs due to electrode changes.,

Experimental Results
The first part of this investigation was carried out in accord

with the procedure described by Reed: in order to determine whether "space
charge" existed in a chloride solution between "reversible® Ag/AgCl elec-
trodes. The first two sets of deviation-distance curves are similar to
those obtained by Reed for other types of electrodes and solutions. The
previously described Standard Curve Method was employed to obtain devia~
tion~-time curves for a horizontal column of KCl solution between unbacked
Az/AzC) electrodes. These curves are shown in Figure 6. In the same fig-
ure is shown the deviation, after both 3 and 20 minutes of electrolysis,
as a function of the distance from the cathode. The average of five runs
was used to determine each point on the deviation-time curves. The total
number of runs for all the curves was 119.

The standard curve procedure was also employed to obtain data for
a horizontal column of HCl solution between unbacked Az/AcCl electrodes.
The data are shown in the form of curves in Figure 7. The average of six
runs was used to determine each point l.0 cm or less from an electrode.
The points at 16, 20, and 24 cm from the cathode were not standardized;
they are respectively the means of six, nine, and six runs. Each of the
remaining points was determined by the average of five runs. The total
number of runs was 125.

When measurements were made laterally across a section of the
trough to determine whether the "space charge" was apparently drifting to-

ward the sides, potential distributions Were obtained which led to an
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entirely different interpretation of the first iwo sets of data. This
third set of data and the measurements which ensued are discussed below.

The lateral distributions of the potential in the same HCl so-
lution between unbacked Ag/AgCl electrodes is showm in Figure 8. The
data for the three curves were obtained as previously described at 0.5,
2,0, and 4.0 cm from the cathode. The ordinates represent the potential
differences between a point at the center of the section and the points
to the right and left of center.

These lateral distributions of potential with unbacked Ag/AgCl
electrodes were interpreted as being caused by a fraction of the current
passing around the edge of the electrode to the back side of the cathode,

To test what effect covering the back and edges of the cathode
with a non-conductor would have, lateral (also vertical) distributions of
the potential were determined. These lateral and vertical distributions
of the potential in the horizontal column: of HCl solution between backed
Ag/AzCl electrodes are shown respectively by the lower and upper curves
in Figures 9(4) and 9(B). The data were obtained at 0.2 cm from the
cathode and O.1 cm from the anode. The ordinates represent the potential
differences between a peint at the center of the section and the other
points represented by the abcissase

To determmine the effect of backing the electrodes on the poten-
tial gradient along the axis of the column of electrolyte the previously
described "gecond Correction Method" was employede The deviation-time
data for this HCl solution between backed Ag/AgCl electrodes are shown
in Figure 10. Each point was determined by the average of six runse The

total number of runs was 126.

The data depicted by Figure 10 indicate that the non-uniform
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potential gradients observed by previous workers were caused by non-uni-
form current density distributions over a section of the trough. Since
much work had been done with copper électrodes in Cus0,, solubion in previ=-
ous investigations, it was decided to make further tests with this system.
A particular copper cathode used by Reed and others was on hand.

Reedl

had employed the Standard Curve Method to obtain deviation
data with this "old® copper cathode in CuSO,. To determine whether a non-
uniform distribution of current density over the cathede surface could
have produced the non~uniform potential gradients which he observed at
this electrode, lateral distributions of the potential wers determined.
After the cleaning procedure described by Reedl(p.119) was carried out,
certain areas of the cathode remained lighter colored as the electrolysis
progressed. These areas are indicated in Figure 11(A). In Figure 11(B)
are shown the lateral distributions of the potential along a horizontal
line passing through the axis and 0.3 cm from the cathode, and also along
a line 2 cm above this line. The ordinates of the points represent the
potential difference between a point on the axis of the column and the
points indicated by their abcissas. These data lead to a simple interpre-
tation of the potential gradients near this electrode as described by Reed.

This cathode had a thick deposit of copper near the edges on the
back of the electrode; the dotted line around the sides and bottom in Fig-
ure 11(A) indicates the extent of the deposit. This strengthened the be-
lief that a significant fraction of current was going to the back of the
electrode.

If the non-uniform deposits on the cathode surface were produced

because of regions of different crystal structure then annealing should
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remove them. New copper electrodes were prepared by annealing, flattening

the surfaces, and covering the backs and edges of copper sheets with

"Krylon® as described in Appendix I. The lateral and yertical distribu-

tions of potential after 15 minutes of electrolysis at 0.5 cm from the
electrodes are shown in Figure 12(4) for the new copper cathode and in
12(B) for the new copper anode in a CuS0, solution. In Figure 13(4) are
shown the deviation~time data for a point 0.5 cm from the cathede at six
different depths in the column. Similar data for a point 0.5 cm from the
anode are shown in Figure 13(C).

A correlation between the vertical distributions of the potential
at the electrodes and the potential gradients at different depths was ob-
tained by determining deviation-distance curves after 15 minutes of elec-
trolysis for several depths. The results are shown in Figure 13(B). Each
point along the axis of the trough represents the mean of four runs. The
total number of runs was 76. For the other deviation-distance curves in
this figure each point represents the average of two runs.

Even with backed electrodes the potential was not the same at all
points in a vertical section of the column of electrolyte. It was con-
sidered possible that scme contamination from the atmosphere was changing
the conductivity of the solution or perhaps accelerating or changing the
electrode reaction near this surface. To test this possibility the tep
surface of the electrolyte was covered with a glass plate which fit nicely
into the trough between the elecirodes, and which had two small aperatures
to permit insertion of the probe. With freshly cleaned copper electrodes
in CuSOy solution, it was found that at a fixed distance from the anode

the potential was the same at all levels in the colum (compare with
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Figure 12(B) for data without the glass cover). However, the vertical

distribution of the potential near the cathode was not improved by the
glass cover.

To test whether the non-uniformity at the anode was a condition
of the electrode itself near the top, two examinations were carried out.
First, it was found that this effect was exhibited by both electrodes
when used as anodes, and second, the potentials read at 1 cm below the
surface and 1 cm from the bottom were exactly the same for a full trough
as with the trough half full.

In copper coulametric work, where it is important that the anode
reaction be the transfer of copper fram the electrode into the solution
and the cathode reaction be the deposit of copper onto the electrode, acid
golutions of Cusoh are used. For this reason stoh wasg added to the
0.002}4 N CuSO, solution between backed copper electrodes; this made the
acid concentration approximately 0.0024 Ne This produced a vertical dis-
tribution of potential at the anode which was almost uniform but it did
nct improve the vertical distribution of polential near the cathode.
Similar results were obtained for a CuCl, solution when HCl was added.

Since the procedures just outlined produced no improvement in the
vertical distribution of potential at the cathode, it must have a different
cause. Natural convection, due to a change in the density of the electro-
lyte in the immediate vicinity of the cathode, seemed to be the most rea-
sonable explanation for this non-uniformity. To test this hypothesis the
vertical cell arrangement, already described, was constructed; such an

apparatus would minimize convection effectse In Figures 14(4), (B), and

(C) are shown results obtained in the 35 cm tall vertical column of Cus0,,



400

300 60—

S

M3
PO
S —

BOT TO
ToPg
T

S

n

T
DEVIATION IN MV

---—ANODE AT TOP, ——ANODE AT BOTTOM OF
VERTICAL COLUMN

O ANODE AT ©
!

@)

-0

-100 -201—

-30-

20 25 30
DISTANCE FROM CATHODE IN CM
P e O~ o —0---03406- ~0- - 0--0
-0
o,/"’/Q,—p“‘"""‘-o~—o__a._n__0345q__q_ﬁ_,o
":’, - "0 TOTTO—0 4 b _0_—03890—-—0-—0-~0

-

o

(oY)
o]

DEVIATION IN WY

o o

'
(2]

o«

POTENTIAL RELATIVE TO CENTER IN MV
=]

(]
0

o ® 7

TN ANCDE AT
BOTTOM

|- 400

- ANODE AT TOP b

-_—

—— 4
8 10 18 20 28 30 38
DISTANCE FAOM CATHODE IN CM

OVER-ALL EFFECT OF
INVERTING CELL

(C)

0.l CM FROM ANOCDE
AT TOP OF CELL

| T T
DISTANCE FROM CENTER IN CM

0.1 CM FROM ANODE
L AT BOTTOM OF CELL

|- FRONT BACK |
LEFT RIGHT

LATERAL DISTRIBUTIONS OF
THE POTENTIAL

FIGURE 14. DEVIATION DATA & LATERAL POTENTIAL DISTRIBUTIONS FOR BACKED COPPER ELECTRODES
IN A 00024 N CUSO, SOLUTION IN THE VERTICAL CELL.

4l



L3
between backed copper electrodes. The deviation-distance data after 15

minutes of electrolysis for the ancde half of the cclumn, are represented
by the two straight lines of Figure 14(4A); the two ccrresponding sets of
deviation~time curves are also shown. ﬁhese deviation-distance curves
are shown drawn to the same scale in Figure 14(B)./ Each of the points
represents the average of four runs and a total of 48 runs was required
for the two curves.

The potential distributions across a horizontal section of the
column were made at O.1 cm from the anode. These data are shown in Fig-
ure 14(C). The probe moved along the arc of a circle whose radius was
the length of the probe arm and whose center was at the center of the
glass tube which supported the probe.

When the cell was tipped from the vertical by slightly less than
three degrees (this would aid natural convection), the potential drop near
the higher edge of the cathode at the top of the column was very nearly
the same as the potential drop an equal distance from the electrode before
tipping. However, near the lower edge of the cathode surface the poten-
tial drop was over 200 mv less. Larger tipping angles were not feasible.

In Figure 15 are shown examples of the deviation-time data for
gseveral cathodes and solutions at points 0.l cm from the electrode.

For convenience in picturing the current distributions near the
electrodes the "cmss;sectional. distribution of potential" curves may be
considered to be exaggerated equipotential surfaces near the particular
electrode, For the figures showing the distribution near the anode the
current lines should be considered as approaching the electrode from the |

top of the figure; for figures depicting distributions near the cathode
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the current lines should be considered as approaching the electrode from

the bottom of the figure.

E.M,Fets Associated with Probes
The potential difference between the Ag/AgCl probe and the cur—

rent electrode immersed in KCl was observed both with and without current
passing through the column of electrolyte. The same observations were
made for this same current electrode and a platinum probe (used by
Fergusons) placed at the same position. The e«m.f. of the two probes to-
gether immersed in the electrolyte with the current off was also observed.

It was found that the potential of the platinum probe with re-
spect to the solution fluctuated considerably but that, if these fluctua-
tions were accounted for, two relations were observed to hold: (a) The
relation ey, + e23 = e33 holds for the three electrodes 1, 2, and 3 in q
single solution. (b) The difference in potenticl between the Ag/AgClL
probe and the platinum probe is the same whether or not current is passinfg
through the electrolyte. There was virtually no fluctuation in the poteﬁ-
tial of the Ag/AgCl probe; this was also true for the new type of copper
probes already described.

Changes in Ag/AsCl Electredes with Electrolysis
The freshly prepared Ag/AgCl electrodes described in Appendix I .

were used as current electrodes in the 0.0024 N KC1 solution. It was on
served that after several hours of electrolysis the potential measured at
0.2 em from the cathode began to increase considerably as is shown in |
Figure 16. Attending the relatively rapid increase in potential after

about 1C hours of electrolysis was a change in the appearance of the
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cathode from the characteristic graylsh-black to a creamy-white; the anode

remained graylsh-black in color. However, the potential measured at 0.l em
from the anode increased in magnitude evidently because of the increase in
the thickness of the AgCl layer.

The KC1 curve of Figure 16 does not represent a continuous elec-
trolysis but does represent the total time the electrode served as a catl;-
ode while a long series of "runs" was made. Each datum represents the
measured potential of the probe with respect to the cathode during the
last second of electrolysis of a 20 minute run at a point 0.5 cm fram thé
cathode surface. The electrodes had 15 minute intervals of rest between
runs, and they also rested in the electrolyte during the nights. The so-
lution in the trough was repia.ced with freshly prepared solutions severa.]:.
times over the period of 120 hours. |

A very similar situation occurred when 0.0024 N HCl solution wa.s
electrolyzed with the Ag/AgCl electrodes. The data are shown by the Hc1}

curve in Figure 1.

Potential Distributions After Electrolysis Ceases

During the work described earlier in this chapter it was found
that even 20 minutes after electrolysis ceased there was still conaiderabfle
potential difference between the probe and the Ag/AgCl cathode. Also it
was observed that this potential difference varied with time. i

It was believed that this variation in potential might be asso-
ciated with the drift of a space charge from the electrolyte. For this .
reason a distribution of the potential along the axis of the trough, after

electrolysis ceased, was deemed important. For each point along the mds
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the potential between the probe and the cathode decayed in such a manner
that the potential appeared to be an exponential function of the time.
Typical curves depicting the build-up of this potential during electroly-

sis and its decay after electrolysis ceased, are shown in Figure 17.
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FIGURE 17. A TYPICAL BUILD-UP AND DECAY GURVE OF THE DEVIATION VERY NEAR A CATHODE
There was evident during the first two wiauies arter electrolysis ceased
a slight difference in the decay curves at points along the aikis within
approximately 4 cm of the cathode. However, since these differences were
very small compared to the large changes in the probe to cathode potential
during this same time, no conclusions could be drawn from them. To over-
come this difficulty the potential at various points along the axis after
electrolysis ceased, was measured with respect to the anods. Again only
within about 4 cm of the cathode did szignificant differences in the decay
curves occur. A set of these curves is shown in Figure 18, These tests
were carried out with unbacked electrodes.

With backed electrodes potential variations like those shown in
Figure 18 did not occur. Slight fluctuations did occur at points very

close to the cathode. These data again indicate that the current went
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around the edge ot, and to the back of, the electrode, thus causing a
non-uniform current distribution in the column of electrolyte. This in

turn caused the type of curves shown in Figure 18.



CHAPTER IV
DISCUSSION AND INTERPRETATION OF RESULTS

Factors such as reproducibility of the data obtained from the
apparatus, evaporation of solution from the open trough, etc., have been
adequately treated by ﬁrevious workersl-lo who used essentially the same
equipment., Such changes in the apparatus as were made did not affect the
reproducibility.

The results will be discussed under four topics which are the
effects that produce non-uniform current densities over the electrode
surface.

(a) Effect of Coating Backs and Edges of Electrodes with a Non-
Conductor.

(b) Non-uniform Deposits on Electrodes after Long Periods of
Electrolysise.

(e) Effect of Atmosphere in Contact with Electrode~Electrolyte
Junction.

(d) Convection Effects at Electrodes During Electrolysis.
Even though the second topic refers to an effect observed at only a single
electrode, it may represent an effect that is very general in nature.
Preceding the discussion and interpretation of convection there will be a
short review of recent discussions of convection effects. This will aid

in the interpretation of the results of this work.
50
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Effect of Coating Backs and Edges of Electrodes
With a Non-Conductor

The cross sectional distribution of potential curves of Figure 8
and Figure 9(A) should be compared. It is seen in Figure 8 that the equi-
potential surfaces are by no means planes as required by the third assump-
tion listed in the Introduction. The average potential gradient in this
electrolyte was 6.5 mv/mm which means that the point 3.5 cm to the left
of center and 0.5 cm out from the cathode, should correspond very closely
in potential to a point at the center against the cathode. In other words
the equipotential surface deviates 0.5 cm from a plane at a point 3.5 cm
to the left of the axis. In Figure 9(A) it is evident from the lateral
distribution, thal the prevention of the current irom reaching the backs
of the electrodes, did improve very much the lateral potential distribu=-
tion in front of the elezctrode. In both instances a greater current den-
sity on the left side of the electrode is indicated.

Of paramount significance is the concomitant change of the poten-
tial distribution along the axis of the troughe Whereas before backing
the electrodes the deviation of the potential, at O.1 ecm from the cathode
(from an extrapolation of the linear portion of the deviation-distance
curve in Figure 7), was of the c;rder of 4O mv; the deviation after backing
was only 3 mve Thus the current diverged laterally upon approaching the
unbacked electrode. Surprisingly this divergence was large enough to af-
fect the potential gradient measurably even along the axis of the column.

Prior to this study with backed electrodes, the concave upward
curvature of the deviation-distance curve would have been interpreted as

a region of negative space charge. To see more clearly how these two
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effects at the cathode, a negative space charge and a diverging current,
can be confused, consider Figure 19(B) which shows the current distribu-

tion in a horizontal plane near the cathode. If Figure 19(B) is compared
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FIGURE 19, EQUIPOTENTIAL SURFACES FOR CONVERGING AND
DIVERGING CURRENT FLOW-LINES

to Figure 1(B), it is seen that this current distribution would produce
the same potential gradient along the axis of the trough as would a nega-
tive space charge in the same region. Thus we see that if the lateral
camponents of the current or field are ignored, this non-uniform potential
gradient would reasonably be interpreted as negative space charge.
Therefore near the gathode, a concave wpward deviation~-distance
curve may be caused by a current diverging as it approaches the electrode
and a concave downward curve may be interpreted as a current converging
as it approaches the cathode. Similarly in approaching the anode, a con-
cave downward deviation-distance curve may imply that the current lines

are diverginz, and a concave upward curve may imply that the current lines
are sonverging toward the electrode.
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These results indicate that the non-uniform potential gradients

cbserved by several workers in the past were, in all probability, due vo
uneven current distributions rather than to space charge.

‘ Perguson's electrodes were backed and yet he observed curved
deviation-distance curves. This suggests that yet other effects may pro-

duce non-wniform current distributions.

Non-Uniform Deposits on Electrode After

Long Periods of Electrolysis
Much of the work on space charge was carried out in 0.0024 N

solutions of CuSO;, between copper electrodes. Therefore it was decided
to examine cross sectional distributions of potential near such copper
electrodes rather than to return to the relatively unexplored deviations
observed in KCl between Ag/AgCl electrodes.

As mentioned previously it was believed that the copper elec-
trodes, which were on hand, were those used by Reed; the cathode was recog-
nized by the thick deposit of copper on its face. This electrode (this
particular piece of copper metal) was of particular importance because it
was here that Reed observed not only a concavity upward in the deviation-
distance curve but also a bending downward of this curve as this cathode
was approached from as far out in the solution of CuSOA as 2 cme Provicus
workers, Rice? and Brookingl*, had not observed this bending down. Carsonts

work, as reported in Dalke's thesis'®

does give the same type of phenamenon
but ONLY AFTER LONG PERIODS OF ELECTROLYSIS (between 6 and 12 hours). It
is therefore important to note that Reedl, for hig work in Cus0,, always

aged the electrodes by passing a current for 12 to 14 hours before the
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potential distributions were determined. Rice? and Brookingl’ each pre-

pared their electrodes by plating them and then aging them a maximum of
only 4 or 5 hours. Fer his work in a CuCl, solution Reed plated the cop-
per electrodes.

From the lateral distributions of the potential at two levels
shown in Figure 11(B), it is seen that the potential was greatest immedi-
ately in front of the regions where the copper deposit was very thin [;ee
white areas in Figure 11(4)/. These distributions show that the current
diverged from the light colored regions toward the surrounding dark col-
ored regions. These light colored regions were so situated that the cur-
rent would converge toward the axis near the cathode. Such a converging
current would cause Reed?s deviation-distance curve to bend downward at
points close to the cathode.

When the electrodes were polished with emery paper and cleaned
very thoroughly as Reed had done the effects shown in Figure 11 were still
present, therefore it is possible that the actual structure of the crystal
faces of the copper may have affected the rate of depositionll; also it
is known that metals under stress have different electrode potentials38
from those of unstressed metals. Since Reed!s electrodes were unbacked,
the current diverged as it approached the caﬁhode and an appreciable frac-
tion of it entered the back of the electrode. This fact, together with
the ‘converging of the current toward the axis near the electrode because
of the location of the light colored regions, make it possible to explain
at least most of the curvature of his deviation-distance curves in CuSO,

in terms of non-uniform current distributions.
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Effect of Atmosphere in Contact with

The psculiar effect of the current rising toward the top of the
horizontal column near the anode was observed in Cus0,, between copper
electrodes. This effect, if it had been due to convection, would have
been in the wrong direction since the ﬁom dense solutions near the anode
would have moved downward and consequently decreased the resistance in
the lower part of the column. The vertical distribution in Figure 12(B)
indicates that there was some diving downward of the current at the anode.
However the phenomenon occurring at the top of the anode evidently greatly
reduced the result of convection and even caused the current flow lines to
rise near the anode. Heat liberated in the anode reaction would also tsad
to annul the result of convection.

Figure 13(G) shows that the difference in potential between the
bottam and the top occurred very shertly after the current was turmed on.
Two possible effects of the atmosphere were suggested (umder experimental
results) to account for this phenamenon, a change in the conductivity near
the anode at the surface and a change in the anodic reaction near the sur—
face. Since the solution was stirred between runs and allowed to rest for
15 minutes, it seems unlikely that the atmosphere would change the cenduc-
tivity at the anode and not throughout the entire column of electrolyte
(an inverse effect was observed at the cathode).

The results obtained when acid was added, when a glass plate cov-
ered the surface, and when the level of the surface of the electrolyte was
lowered, all suggest either an acceleration of, or a change in, the anodic

reaction at the top of the electrode. (A similar though less pronounced
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effect was observed near the backed Ag/AgCl anode in HCl as is shown in

Figure 9(B).

Near the anode the deviation-distance curve of Figure 13(B) for
points 3.7 cm above the axis of the column of electrolyte, should be con-
cave upward since the current lines are converging toward this region. It
is seen that this curve remains straight over a greater portion of the an-
ode half of the column than do the lower deviation-distance curves; how-
ever it is concave downward near the anode.

The deviation-distance curve in the vertical cell with the anode
at the top of the column of electrolyte [s-ee Figure lh(Aﬂ is very much
like this curve. On the other hand with the anode at the bottom, the
curve /see Figure 14(4)/ remains linear near the anode. Since the reac-
tion at the anode produces a more concentrated solution which has a greater
density than that of the bulk solution, this more concentrated solution
near the anode at the top, will mix by convection with the bulk solution
to some extent and decrease the resistivity near the anode. This would
decrease the potential gradient in this region and the deviation-distance
curve would be concave downward. In the last case with the anode at the
bottom the solution of greater density produced by the reaction would re-
main very close to the surface of the electrodes The diffusion upward
during the 15 minutes of electrolysis would be negligible; thus the devia-
- tion=distance curve is linear in the measurable portion of the column near
the anode.

Picketté'(p.l.;z) observed small increases in concentration near
the anode in a horizontal column but concluded that they were too small

to account for the deviations observed by Reedl and Brooking“. It must
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be remembered, however, that the electrodes used by these workers were
not backed. This and the fact that the current lines were converging
toward the top of the anode caused the downward concavity of the devia-
tion-distance curve near the anode. An increase in concentration (as in-

dicated in Pickett's®

work) which is due to convection near the anode will
also augment this downward concavity of the deviation-distance curve. A

more complete discussion of convection will follow in the next section.

Convection Effects at Electrodes During Electrolysis
In a recent theoretical review of convection and diffusion,
Tobias et a:l.l2 describe the modern approach to these topics by making the
following statement:
It is unfortunate that the theory of Prandtl's boundary layer,
patterns of velocity distribution, and other aspects of hydrody-
namic theory have not been introduced into the field of electro~
chemistry wntil recently. Mass, heat, and momentum transfer
analogies, and dimensional analysis are valuable tools in the
development of modern theories of electrolysis.

It is not the purpose here to detail the theory but to show the factors

which produce convection and to correlate this information with the re-

sults observed in this work.

In general, three mass transfer processes may occur during elec-
trolysise. They are migration, convection, and diffusion. Migration re-
fers to the transfer of mass through the motion of ions under the influ-
ence of an electric field; convection and diffusion are used as cammonly
defineds A simultaneous treatment of all of these is a difficult problem,
Delal'ua.yl3 (pe46) suggests means of studying diffusion alone:

Migration need not be considered, since the electrolysis is con-

ducted in the presence of a large excess of supporting eiectrolytse
which carries virtually the totality of the current. Convective
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transfer is avoided under the following conditions: (1) the so-

lution is not stirred, (2) the duration of electrolysis is short,

say, less than one minute, (3) the solution contains a large ex-

cess of supporting electrolyte and consequently the consumption

of the substance reacting at the electrode does not cause an ap-

preciable variation in the density of the solution. These condi-

tions can be fulfilled experimentallye o o« »
In another place Delahale(p.l2) describes the supporting electrolyte.

Salts of alkali metals, which are difficult to reduce or oxidize,

are often used as supporting electrolytes. Since all the ions

in the solution carry the current, the contribution of the re-

ducible (oxidizable) ion is negligible in comparison with that

of the supporting electrolyte, and migration of the reacting

species becomes negligible.
Glasstonel,"', assuming the absence of convection and migration through
such experimental procedures, determines the limiting current density in
electro~deposition. In one case he says,

e o o the value for the limiting current density was inferred

from the point at which the cathode potential rose rapidly. The

sudden rise indicated that an alternative cathode process, namely,

the evolution of hydrogen, was commencing and that the metal

could no longer be deposited at 100 percent current efficiency.
The current which is 'equiva.lent to the diffusive rate of a given ion spe-
cies is called the "limiting diffusion® current for that species. (The
"cathode potential® for the purposes of this discussion is the same as
the deviation measured at 0.1 cm from the electrode.) It should be noticed
that if the initial current density is above the limiting current density
then there will be some interval of time before the sharp rise of the de-
viation takes place; this time interval is dependent upon how much the
current density is above the limiting current densityi&(p.192).

Several theoretical derivations? in which are used the hydrody-

namical camcepts for natural convective transfer and Ficks! Law for dif-

fusion, arrive at similar expressions for the limiting current density as
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a function of the distance from the lower edge of a vertical electrode.
In all the theories the limiting current density varies as the one-fourth
power of this distance. Some of the theories take migration into account.

Tobiasl7, in a criticism of the space charge assumption, says,

", . « the current density applied in Schriever'é experiments was
by no means low; in fact, it was far above the limiting *diffu-
sion~-current? density."

The foregoing remarks, while somewhat lacking in continuity,
form the basis for the discussion of scme of the experimental resultse.
The following consgideration may well introduce the discussion of these
results: If the current densities used in both horizontal and vertical
columns were far above the limiting current demsities (as stated by
Tobias), the potential deviations near the cathode {cathode potentials)
should rise sharply (as suggested by Glasstone) when the easily reducible
ions were removed from the region adjacent to the electrode.

Let us consider the horizontal cell with vertical copper elec-
trodes in CuSOh. At the cathode, Cutt ions would be reduced and deposi-
ted whiie the SO,~ ~ ions would migrate away from the electrode, thus
leaving a layer less dense than the bulk solution. A diffusion of cutt
and S04~ ~ ions from the bulk solution into this less concentrated layer
would ensue. It is possible that the lower demsity near the cathode may
have caused a convection, the more dense bulk solution forcing the less
dense solution upward along the surface of the electrode. Here, immedi-
ately, is a descriptiocn which is in agreement with the proposed considera-
tion. Convection may have occurred and replenished the easily reducible
ion, CutT , at the cathode. Thus the potential deviations near the
cathode would remain small and an appreciable amount of hydrogen would

not be reduced.
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If such a convective effect does occur, then, since the less
dense solution has less conductivity, the potential measured at a given
distance from the electrode near the top of the horizontal column should
be greater than the potential at the same distance from the cathode but
near the bottom of the column. The potentials measured after 15 minutes
of electrolysis at these positions /see Figure 12(4)/ are in complete
qualitative agreement with this picture. Furthermore Figure 13(4A) shows
that this effect is not present after the first minute of electrolysis
but builds up during the first six to eight minutes and remains approxi-
mately constant during the remaining time. This, too, is consistent with
the convection interpretation.

As suggested in the experimental results, a vertical cell appara-
tus was constructed in which this convection effect should be eliminated
at the cathode if it is placed at the top of the column of electrolyte.
With the copper cathode in this position, it is seen fram Figure 15 that
the potential deviation at O.l em from the cathode is roughly eight to
nine times asg large as it is when the cathode is at the bottom of the ver-
tical column of electrolyte or is in a vertical position in the horizontal
trough. It is further noted that the buildup of the deviation in the first
four minutes is nearly the same in all three of these cases (for clean
copper cathodes). After four minutes a rapid increase occurs when the
cathede is at the top of the vertical column. This may be explained by
the fact that the electrolyte next to this cathode is less dense and con-
vection cannot replenish the Cutt ions. For the current to pass the po-
tential must rise until another reduction can occur; in this case it is

undoubtedly that of the H * ion as suggested by Glasstoneu". Further
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evidence will be presented in the discussion of the experimental results

in Part II concerning this large deviation near the cathode at the top of
the vertical cell.

The data obtained when the vertical cell was tilted through only
3° constitute additional evidence that convection did occur. The signifi-
cantly increased deviation near the higher part of the cathode surface in-
dicates that the less dense higher resistance layer moved up along the
under surface of this electrode.

Delahale (p.350) suggests that investigations by Laitinen and
Kolthoff on plane electrodes of varied design have shown that a; horizon-
tal platinum disc surrounded by a cylindrical glass mantle and expdsed to
the solution on the lower side, is the best electirode arrangement to pre-
vent "convection". The glass mantle limits the "diffusion field®.
Ot.hersl9 have reported on copper deposition in a Mconvection free' system;
the cathode was placed at the top of a vertical column of electrolyte.

It is difficult to believe that such a convection effect can oc-
cur in so dilute a solution. The maximum difference in density that could
occur in a 0.0024 N solution if all the Cu T+ and SOA_‘ = ions were swept

out of a region adjacent to the electrode surface, has been estimated:’

to be less than two parts in 10,000, Wa.gner16 has treated this combinsg~
tion of diffusive and convective effects and suggests that his theory,
while suitable for a solution of O.1 M CuSO, with 1.0 M Hp30,, does not
have good experimental verification for a solution of 0,02 M CusS0, ﬁm
l.0M stoh. He suggests that this lack of verification may exist because

the density differences are not great enough to produce & pronounced con-

vective effecte The Cusoh concentration in this latter solution is still
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10 times that used in the "space charge" work. However it should be noted
that in the work of Wagner the supporting electrolyte, 1.0 M H50,, should
lessen the convective effect according to Delahay's third suggestion for
eliminating convection.

Wagner tacitly disregards the possibility of a temperature dif=-
ference between the bulk of the solution and the layer against the elec~
trodes. A temperature rise alone would produce a similar convection ef-
fect, The heat of the electrode reaction may cause such a temperature
rise. Also since the resistivity of the ion depleted layer is greater,
there would be greater electrical heating and, therefore, a further de-
crease in density. Butlerle(p.l%) suggests that Agar and Bowden have
shown that the resistance of the diffusion layer gives rise to such an
ohmic potential difference.

A comparison of the vertical potential distributions at the
Ag/2gCl and copper cathodes in HC1l and CuSO, respectively, indicate that
convection was greater in Cusoh than in HCl. This would be the case if
most of the convection was caused by concentration changes in the layer
of solution next to the cathode, since the density change in CuSOh would
be greater than that in HCl. Tests were not conclusive in detemmining
whether a concentration change or a temperature change was the more im-
portant factor.

The mathematical study of current distributions in electrolytic
cells has been pioneered by Ka.sper20 who solved LaPlace's equation with
g propriate boundary conditions. His work was concerned principally with
the geometry of the cell. Similar more recent theoretical investigations

2
have been reported.zl’ 2



63
It is evident that to maintain a uniform lateral distribution of

potential across the cathode surface is very difficult in the vertical
celle Even such a small tilt as 3° of the vertical tank produced a dif-
ference of potential of 200 mv between the high and low sides of an 8 cm
wide cathode. Because of this it was impossible to obtain reproducible
mapping data in the cathode region when it was at the top of the vertical
column, With the cathods at the lower end of the column of electrolyte
the rising of the less dense solution produced equally unstable conditions.
For these reasons the deviation-distance curves in Figure 14 were not ex-

tended intc the cathode region in the vertical cell.

Criticisms of the Space Charge Inieggretation

Some of the criticisms of the space charge interpretation have
been helpful; some, it is bellieved, are tinjuste The criticisms were di-~
rected principally in three letters-to-the-editor by MacInnes, Shedlovsky
and Longsworth®>, Gordon??, and Tobias'’. In each of the thres letters
it was inferred that concentration changes must have occurred out as far
as there were significant curvatures in the deviation-distance curves. In
two independent measurements of the conductivities by Martin® and Picketté,
the concentrations in CuSOh after 15 minutes of electrolysis were found to
be constant throughout the measurable portion of the electrolyte within
the precision of their data. Concentration changes which would have pro-
duced the observed curvatures in the deviation-distance curves would have

been detected easily in their work. Tobia.sl7

said of these measurements:
#The conductivity measurements on which this statement was based must have
been rather wunreliableM. The experimental results in this present investi~

gation are in accord with the results of Martin and Pickett. It has been
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shown that at least the greater part of the observed curvature of the

deviation-time curves was caused by the diverging of the current flow
lines behind the electrodes and by a diving down or a rising of the flow
lines near the electrodes. Evidence was given that significant variations
in concentration do occur only in a thin layer next to each electrods
surface.

The criticism concerning the M"erratic behavior® of the electrecdes
has been shown to be justified. The results of Reedl on copper electrodes
in CuSO; did not duplicate those of Rice’? and Brookingl’. Also the cathode
used by Reed was shown to have regions on its surface which prevented a
uniform current density over the electrode. It is, of course, true that
Reed could reproduce results with his electrodes. However, it is believed
that had he used geveral copper cathodes and compared the distributions at
each with the one he reported he would then undoubtedly have found an %“er-
ratic behaviorh,

Although some of the procedures employed by Reed have been shown
to be incorrect, the deviation-distance curve for copper electrodes in
CuSO4 has been shown to measure effects which were actually present. It
is believed that his curves for other metals and electrolytes also depict
the electrical conditions correctly. The real error has been shown to be
his assumption of a uniform current density over the electrode, which led
to an incorrect interpretation.

A few references should be cited concerning the assumption, or
rather the lack of the assumption, that space charge exists. They in part
substantiate the results of this work. The "principle of electroneutral-

ity", which states that macroscopic space charges do not exist is commonly
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used in several of the theories of electrochemistny of which are theories
dealing with electrolytic conductance3!(p.53), convection and diffusioni®
(pe164), activity coefficients (Debeye-Huckel Theory)25(p.158), 37(po147)
etc. Also Maclnnes et a123 say that the space charge interpretation of
Reed and Schriever "if substantiated, would invalidate all work on the

transference numbers of electrolytes by the moving boundary method « « « M.

Suggestions for Future Work

More conclusive tests should be designed to determine the cause
of convective effects which occur close to the electrodes. Interfero-
metric and Schlieren studiesls(pp.108-112) are suggested as being most
appropriate,

in investigation employing thermocouples might produce signifi-
cant information as to whether there is a temperature increase close to
each electrode.

It should be determined which components of the air, if any,
catalyze the anodic reaction near the surface of the electrolyte and to
what extent they do so. This study should reveal how the anode-electro-
lyte junction at the surface differs from that down lower on the anode
and whether the capillary action or evaporation at the surface affects
the anode reaction in that region.

Answers to these questions are of interest and should be sought
in future investigations. Cells which can be easily tipped at arbitrary
angles and solutions of different kinds and concentrations should be em-

ployed in these studies.



CHAPTER V

SUMMARY AND CONGLUSIONS
(PART I)

In comparing the similarity between the proposed mechanisms for
conduction in gases and in electrolytes, Professor William Schriever be-
gan investigations in 1924 to test the hypothesis that macroscopic space
charges might exist in electrolytes as they were known to exist in gases.

Since then but prior to the present investigation, work was done
at the University of Oklahoma at different times, in the following order,
by Roller, Cameron, Mitchell, Reed, Brooking, Rice, Carson, Martin, Dalke,
Reed (Ph.D), and Ferguson. Each of these observers interpreted the data
which he obtained as supporting the view that space charges exist well a-
way from the electirode in conducting electrolytes. This required the as-
sumption that no changes in conductivity occurred and that the electric
field was everywhere parallel to the axis of the cell,

In the present investigation it was conceived that if the last
assunption were valid and "space charges' did exist, then tne charges
should migrate to the sides of the trough in order to achieve a minimum
energy configuration.

This was tested by checking the potential distributions normal

to the axis of the trough. These were found not to be constant and to be
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of such a form as would result if the current densities were greatest near
the edges of the electirodes. This led to the supposition that the current
was going around the edges and entering the backs of ths electrodes. WwWhen
the current was prevented from going to the backs of the electrodes, the
cross section potential distribution became practically uniform and the
potential gradient along the measurable portion of the column on the axis
simultaneously became uniform to within the precision of the data. It
was then shown that diverging and converging currents could produce the
same potential distributions as those that might arise because of space
charges in the column.

Next, it was observed that the deviation-distance curve obtained
by Reed, curved downward very near the copper cathode whereas earlier work-
ers had shown it continuing upward. A careful determmination of the lateral
potential distributions close to this cathode showed that certain regions
of the cathode used by Reed, did not conduct as well as other regions
(after considerable electrolysis) even though this electrode was scrupu-
lously cleaned after the manner used by Reed. These regions were observed
visually by noting areas where the cathode deposit was much lighter in
color. Furthermore, the regions were arranged such that the current would
converge toward the axis upon approaching the cathcde surface. Thus Reedts
deviation-distance curve was concave downward near the cathode and this
was interpreted as a positive space charge by Reed.

A third effect was observed at the copper-air-electrolyte junc-
tion at the anode. The current was found to rise to the top of the anode
where it was believed that the air may have catalyzed the anode reaction

(lowsring the effective interface resistance). This was believed true
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for three reasons., First, under certain circumstances this effect was
suppressed entirely by placing a glass cover on the electrolyte surface
and in contact with the electrode; second, it was suppressed by making
the electrolyte slightly acid; and third, the effect was not noticed in
the vertical cell when the cell was tilted slightly (air was not in con~
tact with the solution near the electrode surface).

A fourth effect, convection, was observed very close to the cop-
per cathodes This effect was revealed by the shapes of the equipotential
surfaces near the electrode. Its existence was quite well established by
observations in both the horizontal and the vertical column of electrolyte.
There also appeared some evidence for convection at a copper anode.

These four observations were sufficient to explain almost the
entire observed curvatures in the deviation-distance curve for copper re-
ported by Reed, without resorting to the M"space charge™ explanation.

A few brief suggestions for future work were included.

CONCLUSIONS

The non-uniform potential distributions, more than 1 mm from the
electrodes, in uniform columns of electrolytes during electrolysis, as re-
ported by Reed, by Ferguson, and by earlier workers, were found to be
caused by non-uniform current distributions over the surfaces of the elec-
trodes; these non-uniform distributions also extended out into the columns
of electrolytes at both ends of the columns,.

The chief cause of the non-uniform distribution was the passing
of an appreciable fraction of the current around the vertical and bottom

edges of the electrodes and then entering (or leaving) the backs of the
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electrodes. This caused the current flow-lines in front of each electrode
to diverge toward that electrode. This divergence affects the results of
Reed and all earlier workers at the University of Oklahoma, but not those
of Ferguson.

The second important cause of the non-uniform current distribu-
tions was the convection of a thin layer of solution in front of the cath-
ode after a few minutes of electrolysis. This caused the current deasity
to increase with depth near the cathode.

The third cause of the non-uniform current distribution over a
copper cathode was the development of a surface layer which offered a
non-uniform resistance per unit area to the current. This caused the cur-
rent densities tc be less over those parts of the surface that developed
the higher resistances per unit area.

A fourth cause for the non-uniform current distributions was ob-
served at a copper ancde. The current density was greatest just below
the surface of the CuSOh solution. It is possible that the "atmospheret
in some way affected the surface of the ancde near the top of the electro-
lyte so as to lower its resistance per unit area, or the atmosphere in
some way catalized the anode reaction near the surface of the horizontal
column,

It is believed that the convection had two causes, First, the
solution next to the cathode became less concentrated during electrolysis,
and thus became less dense. Second, this less concentrated solution had
less conductivity and thus had increased Joule heating; the resultant
rise in temperature caused the solution to become less dense. The second

effect possibly was augmented by the additional heat liberated by the
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reaction at the cathode surface. At the anode it is believed that the in~

crease in density because of electrolysis did cause the more concentrated
(more conductive) solution to sink toward the bottam of the anode, but
this effect may have been partially nullified by the expansion caused by
the heat of reaction at the electrode surface.

The formation of areas of the copper cathode surface having dif-
ferent resistances per unit area, may have been caused by differences in
the crystal structure of different areas of the copper surface.

It is improbable that macroscopic space charges more than 0.5 mm
from an electrode, as reported by Reed and Ferguson, do exist; if they do
they must be relatively small in magnitude. It is extremely difficult to
attain the sufficiently uniform current distribution that would permit the
determination of sufficiently precise potential distributions for the space
charge calculations. Space charges undoubtedly exist in double layers very
close to the electrode surfaces during electrolysis but such space charges

are not directly observable by the methods used by Reed and Fergusone.



PART 11

THE ANALYSIS OF ACTIVATION OVERPOTENTIAL INTO
EXPONENTIALLY DECAYING COMPONLENTS

CHAPTER VI
INTRODUCTION

When a metal is introduced into an electrolyte, the potential
difference which arises across the electrode-solution interface is not
measurable by an sxternally applied potential measuring device because in
making contacts with both the electrode and the solution, two new junc-
tions are produced, each of which also contributes a potential difference.
In practice the potential difference at a single metal-solution interface
is studied by measuring the potential difference of the terminals of a
complete electrochemical cell camposed of a metal, Mi, in a solution, S5,
a metal, M,, in solution, Sp, and the two solutions in contact through a
KCl bridge, The metal of which the potential difference measuring appara~
tus is composed does not contribute to the net e.m.f. of the cells, It is
assumed that the 515, liquid junction potential can be reduced to a negli-
gible value by the KCl bridge between the two solutions. The normal hy-
drogen electrode is chosen as one of the half-cells (one metal in contact

with a solution), and by convention it is postulated that the contribution
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of this hydrogen half-cell to the total ee.mef. of the cell is zero at all

temperatures. The measured value of the e.m.f. of this complete cell is
referred to as "the electrode potential' of the other metal-solution junc-
tione If this measurement is carried out with no current crossing the
interface, the processes occuring at the interface then are considered to
be thermodynamically reversible and the single Melectrode potential® is
er, the net esm.f. of this special cell.

When a current exists across this electrode-solution interface,
normally it is found that the electrode potential changes from this re-
versible value, and the complex phenomenon associated with it is temmed
upolari.zation®. (To prevent the confusion of this with polarization of
dielectrics the term polarization should be preceded by "electrolytic! or
ndielectrict® as determined by the case in question).zs

The more specific term, overpotential (overvoltags), is used to
describe this change in the electrode potential. When a current density
i exists at this interface and the electrode potential is measured to be

ej, then the overpotential, \\i’ is defined to be,

2. Ni = - °r.
Some authors permit this term to include changes in the electrode poten-
tial due to all causes while other authors prefer to include only depar-
tures from the reversible potential, e,, which are due to electrochemical
reactions occuring at tihe electrode interface.22»13,18 1y the following
discussion Y\i will be used to represent deviations from the reversible
potential due to all causes; the specific possible causes will be itemized.

Since in this work reference electrodes other than the hydrogen electrode
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were used, it should be noted that the overpotential can be determined by

any reference electrode, the electrode~solution potential of which does
not vary under the conditicns of measurement.

Three types of overpotential have been described. (a) In some
electrode processes oxide or other films may form on the electrode sur-
face and give rise to a resistance. If this resistance is of magnitude r,
then the value of the overpotential due to this cause will be Ir where I
is the current at the electrode. Overpotential due to this cause is called
ohmic overpotential. During electrolysis a pseudo-overpotential may arise
if a Luggin capillary tip, used for the measurement, is placed at some
distance from the electrode surface since the ohmic potential drop in the
solution will be included in the measured value. Kortum and Bockris sug-
gest that this overpotential is appreciable only for high current densities
or low concentrations.<® Ohmic overpotential is represented by W
(b) According to the Hittorf scheme of conduction in electrolytes it is to
be expected that concentration changes will occur in the immediate vicinity
of an electrode during electreclysis. If, for example, one considers the
processes at a cathode where positive ions are being deposited, it is clear
that the solution immediately adjacent the electrode will become less con-
centrated. If the concentration in this region is ¢. and that in the bulk
of the solution is ¢y, and if only small departures from equilibrium ocecur,
the thermodynamic equations are still approximately applicable. Then the
overpotential caused by these concentrations changes is given by,

3. N = (BT/zF) 1n (ce/ep)
for a system in which the ions, to which the electrodes are reversible,

have a valency z, R is the gas constant per mole, T the temperature in
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degrees K, and F is the value of the Faraday. This kind of overpotential
is called concentration overpotential and it occurs when electrolysis pro-
ceeds at an appreciable rate. It is represented by Y\c. (c) The third
type of overpotential arises because of action occuring during electro-
lytic deposition of ions with the evolution of gasese It can usually be
calculated fram the observed total overpotential by making allowance for
the ohmic and concentration overpotentials. It is especially large in
electrolytic processes associated with the evolution of hydrogen and oxy-
gene Bockrisls(p.l%) states,

e o« o this cverpotential appears to have its origin in some slow

process along the reactions involved in the deposition of ions

and formation of the final product.
This slow process may be accelerated by a change in the electrode overpo-
tential. Because of the association of a slow process with a high energy
of activation or a high energy barrier, in reaction kinetics the temm
activation overpotential has become associated with it and it is repre-
sented by }\ ae Sometimes this overpotential is subdivided into two
categories, "transition overpotential® and "reaction (chemical) overpoten-
tial"; the former is used if the rate controlling step is the crossing of
an energy barrier between the solution and the electrode, and the latter
if it is a chemical reaction such as the combination of two hydrogen atoms
tc form a hydrogen molecule.25

The measured total overpotential in general is thus the sum of

these three types. FHKortum and Bockris25 have described ways of differen=-
tiating them experimentally.

To examine the ohmic, concentration, or activation overpotential

separately it is necessary to reduce the other types of overpoten-
tial to negligible values. True ohmic overpotential can generally
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be recognized easily, since it is usually very much larger (par-
ticularly at high current densities) than other types of overpo-
tential. Concentration overpotential can be studied if the ab=
sence of resistive films upon the electrode is ensured and an
electrode is chosen at which the activation overpotential is neg-
ligible (eg., & mercury electrode in an aqueous mercurous nitrate
solution). The activation overpotential can be examined in the
abgence of resistive films, if the concentration overpotentisl is
diminished to negligible proportions by rapid agitation of the
electrolyte in the vicinity of the elecirode so that the diffusion
of ions to the electrode surface is increased and ¢, becomes prac-
tically equal to cpe

Kortum and Bockris state that an immediate distinction between
these three types of overpotential can be made experimentally by observing
their rates of decay. Ohmic overpotential decays instantaneously, concen=-
tration overpotential decays slowly and in a complex way, whereas activa-
tion overpotential decays exponentially. These characteristics are of
particular importance in the present work.

Bockrisla(p.l%) suggests that activation overpotential "presents
problems of the greatest mcdern interest®™ and that the overpotential as-
gsociated with the evolution of hydrogen at the cathode has become the
most commonly observed case of activation overpotential for modern inves-
tigators; it will be the main topic in this discussion.

Bockrisls(p.159) indicates geveral approaches to the study of
activation overpotential. These are itemized as follows:

(2) The measurement of the dependence of the reaction rate (i.e., the
current) upon overpotential.

(b) The measurement of the capacitance of the electrode-solution in-
terface at various frequencies.

(¢) The measurement of the relation between the electric charge and

the overpotential during the charging of the double layer.
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(d) The measurement of the decay of overpotential after electrolysis
ceases.

(e) The measurement of the effect of light (photochemical effect) on
overpotential.
The following factors have significant effects on the reaction rate: The
temperature, the concentration of hydrogen ions (pH), the concentration
of Mmeutral salts", the nature of the solvent, the nature of the electrode,
and the pressure. The "neutral salts" do not participate in the electrode
reaction though they may carry an appreciable fraction of the current.

The ultimate goals of the analysis of overpotential are to de-
termine the successive intermediate reactions that are involved in the
over-all process &t an slectrode, and to determine which of these inter-
mediate reactions is the rate-determining reaction. 4s an example we may
congider the liberation of hydrogen at a cathode and the resulting ®hydro-
gen overpotential". The over-all process may be represented by the
equation:

be H* 4+ 20 —H,

The most commonly suggested intermediate reactions involved in
this process are given by the equations:

5. (a) 330'* + e — M~H + H0 (discharge)

(b) M=H+M-H — M -F-HZ (desorption)

() H0" + M-H +e —=M + Hy + HO (desorption)
where M -~ H represents an electrically neutral hydrogen atom adsorbed on
the metal of the electrodes The hydrogen gas would be liberated by either

of the two pairs of successive reactions (a) and (b), or (a) and (c).
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Observers are divided primarily on the question as to which of the

above reactions is the rate-determining reaction in the over-all process.
The two principal choices are the "slow discharge" process, 5(a), and the
"glow cambination® process, 5(b). A few observers choose a combination of
(a) and (b) or a combination of (b) and (c) as the rate-determining reac-
tion. Bockxi526(p.133) is of the opinion that "there seems no need to
consider that more than one of the stages governs overpotential « « o« s
The supporters of the slow-discharge theories of overpotential

generally make the basic assumption that the relation between overpotential
and the current density is accurately given by the relation,

6o N =a-blogi
where W\ is the overpotential and i the current density (a and b are
constants).27 This relation was discovered empirically by Tafel in 1905.
It can be derived!®(p.167) from the following assumptions:

(a) The velocity of the rate-determining reaction in the foreward di-
rection is much greater than in the reverse direction.

(b) The particles undergoing this reaction have some minimum (activa=
tion) energy.

(¢) A1l such particles have a Maxwellian distribution of energies.

(d) The energy of activation of the reaction is affected by the field
at the cathode-solution interface by an amount proportional to the metal~
solution potential difference (the overpotential).
Then the current, which is a measure of the rate of the reaction, can be

expressed as,

Te iszdexp (_ U _+&MF )
RT



78
where U is the thermal part of the energy of activation and &« is the
constant of proportionality. A is a "collision factor" characteristic of
the mechanism of the reaction. This equation can be changed readily to
the form of equation 6. Several variations, some with additicns, have
been applied to this derivation in attempts to make it fit the experimen-
tal data better.

Studies in the decay of overpotential after electrolysis ceases
have been somewhat fruitful in leading to explanations of the processes
which occur at the cathode in the production of this hydrogen overpoten-
tial, Bowden and Rideal?®, Amstrong and Butler?’, Hickling and Sa1t3°,
Ferguson et 3131, Schuldiner and Whit632, and Bryant and Coates33, among
others, have sought to gain information on these processes through the
study of the decay of overpotentiale The general conclusion of these
groups is that no theory, so far proposed, is adequate to explain the re-
sults for all the systems of electrodes and electrolytes which produce
hydrogen overpotential.

Gurney was able to obtain the Tafel relation by assuming it to
be a result of the transfer of electrons from the electrode to the hydro-
gen ions in solution. Extending these concepts to conditions immediately
after the interruption of the current Armstrong and Butler29 arrived at
the relation,

8e }\ =at' + bt logt
which should describe the variation of overpotential with time, t, after

electrolysis ceasess They arrive at this relation by integrating the

equation,

9e dn/dt = i/B
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where i is the time rate of transfer of electrons across the double layer
and B is its capacitance. The assumptions are that this current discharges
the double layer and that the potential difference across the layer can
still (even during decay) be expressed in terms of the overpotential by
the relation (6). In their work with mercury surfaces, the relation (8)
was shown to hold quite well. However on platinum a mors complicated
behavior was observed. Apparently, because of its success in explaining
the decay of overpotential on mercury, the relation (8) has gained accept-
ance; at least many recent observers choose to plot Yl as a function of
log t in displaying their data.

Of considerable interest to this present work is the statement
by several authors that, during the decay, there appears to be more than
one process occuring in connection with hydrogen overpotential. Hickling
and Sa.ltBo conclude that: "Two processes proceed in the decay independent
of one anotherh. Fergusonsl(c) states the following after many observa-
tions of the decay of overpotential.

A1l hydrogen decay curves are divided into two sectiocns; the first
part decays exceedingly rapidly and its magnitude is a function of
both current density and electrode material; the second part de-
cays relatively slowly and its magnitude is not a function of
current density.
Bryant and Coates3 in summarizing their study of concentration polari-
zation (overpotential) in dilute (0.1 N) HCl say,
The curves showing the time decay of polarization on interruption
of the polarizing current indicate a rather sharp transition between
two types of electrode processes « « « o

Bowden and Ridealzs, using current densities of from 10~8 o

10~3 amp/cmz, did not observe the initial rapid drop of potemtial that

some of the other workers found at higher current dengities. From this
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Ferguson3l(d) concluded that, with an increase in current density, there
may become operative a new process in the discharge of hydrogen ions at
the cathode. He and most of the other workers usually used current den=-
sities greater than those of Bowden and Rideal.

Schuldiner and White 2 attempted a separation of the electrcde
potential associated with the Helmholtz double layer froa that associated
with the diffuse (Guoy) section of the Stern double layer. In this sepa~-
ration they claim to have measured the capacitance of the Helmholtz double

layer.

The Problem

During the determination of the Deviation-Time data described in
Part I it was believed advisable to study the decay of the potential dif=-
ference between each electrode and the probe after the electrolysis ceased
in order to ascertain whether or not such data would reveal the rate of
disappearance of the space charge which was then believed to exist. These
decay data, when plotted on ordinary coordinate paper, yielded curves
which looked suspiciously like the decay curve for a mixture of a long-
lived and a relatively short-lived radio-active substance. A study of the
data plotted on semi~log paper showed that, after the first two minutes,
the first curve could be represented accurately by twe straight lines have
ing radically different slopes. Thus it appeared that this decay process,
after the first two minutes, was in reality two processes each decaying as
an exponential function of the time.

Since the deviations measured in Part I are actually %“overpoten-

tials", from each of which has been subtracted the ohmic-overpotential
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caused by the rI drop through the solution, it was evident that the pro-
cedure described in the preceding paragraph was a new and improved method
for studying overpotential phenomena.
It was believed that a study, in which the new method was em~

ployed, would assist in finding answers to the three questions:

(a) what is the form of the function which represents the ' scay of an
overpotential after electrolysis ceases?

(b) What intermediate reactions are ﬁnVOIVed in hydrogen overpotential?

(¢) Which intermediate reaction is the rate-~determining reaction dur- |

ing the liberation of hydrogen?



CHAPTER VII
APPARATUS

Little need be said conceming the apparatus for it was the same
as that used in Part I.

The electrometer would not indicate accurately the rapid fall of
overpotential during the first few seconds (this time varied with the
magnitude of the overpotential) of decay since the period of vibration of
the needle was approximately 30 seconds. It appeared that during the
first half-minute, in the cases where the overpoteantial was high (say
500 mv or more) and decaying very rapidly, the deflections of the elec~
trometer might lag behind the actual potential difference by as much as
50 mv. This inaccuracy proved to cause little difficulty, however, be-
cause of the method used to interpret the data.

The electrodes were those described in Part I. The decay curves

were observed for several conditions of the various electrode surfaces.
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CHAPTER VIII
PROCEDURE AND RESULTS

The decay of overpotential was first studied at the unbacked
Ag/AgCl cathode that is deseribed in Part I after it had participated in
approximately 30 hours of electrolysis of KCl. After an overnight inter-
val of no electrolysis, if electrolysis of KCl was carried out for a 15
minute period and then the current tumed off, the overpotential of this
cathode was found to decay very rapidly at first and then to decay rela-
tively very slowly. Even after 20 minutes of decay there was considerable
potential difference between the probe and tiais elecirode in addition to
that which existed before the electrolysis began, i.e., the overpotential
had not disappsared. The manner in which this decay took place was in-
vestigated and it seemed natural to ascertain whether the decay was an
exponential function of the time such as,

10. n = Y\o exp(-ict)

where Y\o is the overpotential just after electrolysis ceases and k is
a constant that measures the rate of decay. (The writer was then unaware
of the relation, equation 8, W\ = a' + b* log t.) When the logarithm
of the overpotential was plotted as a function of the time, (see Curve A
of Figure 20), the decay became linear for times greater than approxi-

mately 10 minutes, and it remained linear for times as long as 60 minutes,

&
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If one assumes that this straight portion represents a single

reaction which began to decay as soon as the electrolysis ceased, then

one may extrapolate this straight part of the curve back to zero time, as
is shown by Curve B. If one then subtracts the potential at various times
along this line from the corresponding potential on Curve A, these dif-
ferences, when similarly plotted, yield the Curve C. This curve was linear
between spproximately two minutes and ten minutes, i.e., down to M\ =

1 mv, This indicated that a second exponentially decaying reaction also
took place after the second minute.

After the Ag/AgCl electrodes were backed with Krylon, as des-
cribed in Part I, the decay of the overpotential of the cathode in KCl was
again observed in exactly the same manner as before. The data are shown
by Curve A of Figure 21.(A). This curve remained linear after times greater
than approximately 10 minutes; this portion, extrapolated back to zero time
is shown by Curve (1). The differences between the ordinates of Curve A
and the corresponding ones of Curve (1) are shown as a function of the time
by Curve (2). The linear portion of Curve (2) was extrapolated back to
zero time, as shown. Then the differences between ordinates of the non-
linear part of (2) and the extrapolated linear part of (2) are shown &s a
function of the time by Curve (3). Thus the overpotential of this backed
electrode was resolved into three exponentially decaying components.

For some of the systems studied the potential did not retum to
the same value that existed before electrolysis. Sometimes the potential
became constant at a value somewhat higher and on other occasiong it fell
below the former value. It was necessary to find rather accurately the

assymptote of the decay curve in order to obtain an exact separation of
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the three processes. Two methods were used to accamplish this. First,
the decay curve could be plotted for a considerable length of time (ap-
proximately 30 minutes) until an assymptote corresponding to this constant
value of potential was indicatede Second, the logarithm of the overpo-
tential could be plotted by use of semi~-log paper as a function of the
time and, if the straight portion began to curve for large velues of the
time, a few millivolts could be added to or subiracted from all values
of Y\ until the curve was linear after 10 to 12 minutes. In most cases
- such a correction was not necessary, that is, the measured potential dif-
ference returned to its value prior to the electrolysis.
As well as can be determined from the data of Curve A, Figure 21(4)
Gurves (1), (2), and (3) together represent these data during the entire
process 92 decay. The fact that these observed decay data can be so well
represented by the three straight lines indicates that the whole process
of decay of this overpotential is, in reality, a combination of three ex~
" ponentially decaying processes.
For convenience in discussing these three exponentially decaying

processes let us label the corresponding overpotentials }\l’ “2: and

W 3 in the order in which they are obtained by the method of analysis.

The total overpotential at anytime t during the decay will then be:

Nz i+ M2+ M3

and in view of sguation 10 we can write,
1. \r\: Nox ex(-k3t)t+ Yoz exp(-kzt)+ Vo3 exp(-k3t).

To aid in visualizing the relative magnitudes of the three over-

potentials, \(\ 1s Y\ 2, and “3, they are shown plcitied on ordinary
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coordinate paper in Figure 21(B). These are the same data shown by the
straight liner in Figure 21(A). In this case the ratio of the decay con-
stants kj:kp:k3 is equal to 1:32:230.

Apparently these same three processes as determined by the decay
constants were observed for various current densities, for various dura-
tions of electrolysis, for several electrode materials, for several solu~
tions, and for the various ages of electrodes. The results will be pre=-

sented, and later an interpretation of them will be made.

Effect of Current Density

Only the Ag/AgCl (backed) cathode in KCl was studied under a va-
riety of current densities. The values of M3, W2, and W3, after 15
seconds of decay, are shown as a function of electrolysis current density
in Figure 22. It is seen that the component \‘\3 increased rapidly at
current densities above 2 x 1077 amp/c:m2 and quickly comprised the major
part of the total overpotential. The component \'\ 2 varied comparatively
little, and Y\ was virtually independent of the current density.

For each of the current densities the overpotential during elec-
trolysis was observeds In Figure 23 the curve for KCl shows the data for
the backed Ag/AgCl cathode after 15 minutes of electrolysise. A4t 2 x 10>
a\m}')/cm2 the overpotential began to rise rapidly and it increased to an ap~-
parent saturation value at approximately 4 x 102 amp/cm?. ‘

Decay curves at Ag/AgCl electrodes in HCl were not obtained.
However, the striking similarity between the curves for HCl and KCl in both
Figure 16, Part I, and Figure 23 indicates that similar relations would
have been founc for HCl. Also data obtained with other electrodss and so-

lutions reveal the whole process of decay to be made up of three exponen-

tially decaying reactions.
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Effect of Duration of Electrolysis

It is seen in Table I that the values of the decay constants k),
ko, and k3; show no consistent variation with the duration of the elec-
trolysis preceding the decay. At current densities near 5 x 1072 amp/cm?
the values of kp and k3 for all electrode materials and solutions, vary
by less than a factor of two. The table includes data for a variety of
times for the duration of electrolysis.

In Figure 24 and in Table I are shown the decay of the three com-
ponents of cathode overpotential at the top of a vertical column of
0.0024 N CusSO), solution. Whereas after 5, 10, and 15 minutes of elec-
trolysis Y|3 and W , each increase in the approximate ratio l:2:4, N3
rises in the ratio 1:3:9. (Only the data which are important to the ex~

trapolations of the linear portions are included in Figure 24.)

Effects of Age of Electrodes

A few decay curves were obtained for the unbacked Ag/AgCl cathode
before it made the change from a grayish-black to the creamy-white, i.e.,
before the steep potential‘rise shown in Figure 16, Part I, had occurred
for both solutions of XC1 and HCl. Only two decay processes were observed
which, from their rates, were identified as the kp and k3 processes.

A second instance for which only two decay processes were observed
was for a copper cathode that had been used for several hours and also
left exposed to the air for two weekse It had become covered with a heavy
reddish-brown coat characteristic of cuprous oxide. 1In this instance the
more rapid decay was in accord with a k3 process whereas the other decay

constant was slightly less than the values found for ko for various other

electrodes.



TABLE I

OVERPOTENTI AL COMPONENTS AND DECAY CONSTANTS

Electrodss Solution Current Duration No. of Decay Constants Overpotential Overpotential
Density of Elec- Runs Components During Last Sec
trolysis Avgtld. of Electrolysis
K-cathode 0,0024 N amp/cu® minutes minuces—l millivolts millivolts
A-anode x 10° ky kg k3 W Yo N
Ag/AgCl K KC1 0.28 15.0 1 0.039 0.35 1.5 54 % 3L % 16 * 153
n n 1.56 1 1 0.023 0.40 2.0 51 % L7 ¥ 25 % 207
" " 2.86 w 1 0,014 Qo455 343 56 # 105 % 350 % 665
1 " 4.08 " 1l 0.006 Ouhh 2.7 54 % 120 ®* 639 * 1133
" " 5455 n 1 0.004 0.63 3.0 61 * 180 #* 560 * 1170
Ag/AgCl K HCL 5 15.0 ) 0.027 0.53 2.9 80 ¥#* 180 # 280 # 630
Pt K KC1 5.0 1.0 1 0.015 0.38 3.7 115 58 180 400
" 1 Le5 15,0 1 0,021 0.38 2.8 208 53 850 1130
Pt K HCL 5.9 0.5 1 0.071 0e32 246 57 59 175 350
1 n 5,2 5.0 1 0.070 0.37 2.3 93 98 340 586

26



TABLE I (cont.)

Electrodes Solution Current Duration No. of Decgy Constants Overpotential Overpotential

Density of Elec- Runs Components During Last Sec

trolysis  Avg'd. of Electrolysis

K-cathode 0,002} N amp/gmz minutes minutes™t millivolts millivolts
A-anode x 10 ky kKo Mo W3 n
Cu K Cus0,, 649 540 1 0.055 0.50 3.8 12 12 170 140
2 " 6ol 10.0 1 0.053 040 2.5 23 25 230 788
" " 6.2 15.0 1 0,052 0.40 2.6 45 49 600 904,
cuk Cus0,, 50 15.0 2 em——= 0.9 2.5 -— 72 280 840
Ag/AgCl X 2 KC1 5 15.0 6 =  0s37 15 -=— 83 470 730
Ag/AeCl K ° HGL 5 15.0 1 mmm—= 0433 2.0 == 37 140 —
Pt A2 HCL 7.0 10.0 1 ——=— 030 34 — =70 =400 470

Pt AL " 5.5 10.0 1 mmme— 0427 2.9 — =310 =520 -1090

3 15 seconds after electrolysis ceased.

1 Cu exposed to air for about 2 weeks after considerable electrolysis as cathode.
Ag/AgCl cathode before large potential increase noted in Figure 16, Part I.

3 Pt acted as anode 10,0 minutes after several hours as cathodes.
Pt acted as anode 20.0 minutes after several hours as cathode.

€6
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Effect of Agitating the Solution

When the solution was stirred near the Ag/AgCl cathode in solu~

tions of KC1 throughout the 15 minute period of electrolysis only the

N 1 and Y|, processes were cbserved during the decay and their magni-
tudes were much reduced.

When electrolysis was performed without agitaticn, and the cath~
ode surface was quickiy wiped with a glass wool swab immediately after the
15 minutes of electrolysis ceassd, again only the W\; and Y\, processes
were observed in the decay. On the other hand, if the entire body (ap-
proximately 2.5 liter) of the solution was stirred immediately after elec—
trolysis ceased, the decay of the potential was erratic, evidently due to
the continued motion of the solution. In the former case when the cathode
was swabbed immediately after electrolysis ceases, Y\ 1 and T\ 2 were
reduced roughly by 5 and 50 per cent respectively, and W\ 3 was removed
completely.

The data upon which these results are based were obtained with
the following procedure., Five runs were made, runs 1, 3, and 5 without
stirring, and runs 2 and 4 with the stirring. Each of the two sets of
runs was averaged point by point and then comparisons of the two sets of

averages were made.

Effect of Concentration
The three decay processes were observed at Ag/AgCl cathodes in
various concentrations of HCl as shown in Table II. It is seen that no
consistent variations in the decay constants occurred. However, there
was a pronounced effect on the overpotentials, \'\ 1 and T\ 35 these de-

creased with increasing concentration.
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TABLE IX

=0T OF CONCENTHATIONS ON THE COMPONENTS OF OVE{POT=NTIAL

. -t
{A8/7gCL Electrode;Current Densily =~ 5.0 x 1077 a:np/cmz; Duration of Electrolysis~ 5 min,)

>

Normality and Number of Zecay Constants Overpotential Components Overpotential
Solution Runs During Last Sec
averaged of Electrolysis
sdnutes™ mi1livolts © millivolts
1 fa K3 R 2 s n
CLO024 N OHCL z 2,091 0.49 2.8 89 80 600 620
Cu01 N HC 2 0,110 O.46 2.6 88 110 L4L0 540
Yol S HOL 1 0,090 0.2 2.4 18 97 240 450
Ses o oHD 2 0.090  ©0.32 2.7 17 75 180 365
2 2,298 00 2.9 L 7 200 395
- €20 MV
-— 3540 MV
\Q ’ 0.01 N HoL
¥ 1 i
o] S5 30 0 5 30
5 MIN. OF ELECTROLYSIS, 28 MIN. DECAY.
> -— 550 MV
=z ~-— 365 MV
z 0.l N HOCL \:n cL
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- 385 MV
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FIGURE 25. BUILD-UP & DECAY OF OVERPOTENTIAL AT AN AG/AG CL
CATHODE FOR SEVERAL CCHNCENTRATIONS OF HCL
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A peculiar effect was noted with regard to the relatively con-

stant value which the overpotential in the higher concentrations of HCl
approached as the decay proceeded (see Figure 25)e When this value was
subtracted from the observed overpotentials in the decay, the curve of
these differences was resolvable into the same three decay processes ob=-
served in less concentrated solutions. It Es seen in the figure that this
constant value increased with concentration, and it was observed that
stirring did not remove it. This apparently constant overpotential was
not produced by a change of the probe-to-solution e.m.f.; two observations
showed thise. First, when the concentration was increased to 0.5 N, the
level of the solution was raised to a region on the cathode surface where
extensive electrolysis had not taken places The potential between the
probe and cathode was then'very near zero, Just as it was at the lower
concentrations. When the solution level was lowered, the probe to cathode
potential jumped immediately to approximately 50 mve Second, when left to
decay overnight, this apparently constant potential difference, even in
the 0.5 N HCl, dropped to zero, but when electrolysis was resumed, the
tconstant® potential difference again began {0 appear in the decays and it
inereased again to approximately 50 mv.

The last build-up and decay curve of Figure 25 was taken after
L5 minutes of electrolysis in a 0.001 N HCL solution. It is seen that
even with this longer electrolysis the constant potential found in the de-
cay curves at the higher concentrations was again absent just as was pre-

viously found t¢ be the case at the lower concentrations.
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Decay Phenomena at the Ancde

The decay of anode overpotential was measured only at platinum
in HC1l; the data are shown in Figure 26. The electrode had previcusly
been used as a cathode for several hours. After 10 minutes of electroly-
sis with this electrode as an anode its overpotential decayed to zero

within 20 minutes. An analysis of the decay curve yielded two processes;
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FIGURE 26. BUILD-UP B DECAY OF OVERPOTENTIAL AT A PLATINUM
ANODE IN HCL.

the overpotential and the decay constants are given in Table I. The solu-
tion was stirred and allowed to stand undisturbed for 15 minutes. Then
during an additional 10 minutes of electrolysis with this same electrode
as an anode the overpotential attained a much greater value than in the
previous run and it decayed, not to zero, but to a steady value of

n250 ﬁv": this curve is also shown in Figure 26. When this 250 mv was
subtracted from the observed overpotentials, the resulting curve was ana-
lyzed into the same two processes (essentially same k's) that were found
for the previous run. The overpotentials and the decéy constants are

given in Table I.



CHAPTER IX
DISCUSSION AND INTERPRETATION OF RESULTS

The fact that the decay of overpotential can be represented as
the sum of three exponential functions of the time suggests that some type
of capacitor analogy would better describe the observed decay than does
the "log t" relation suggested by Armstrong and Butler<y. Schuldiner and
White3? do consider that the Helmholtz and the diffuse double layers act
as capacitors in series, each with a resistance in parallel through which
it discharges after electrolysis ceasese.

Bowden and Ridea128 arrive at the following conclusion from their
previously mentioned work on the decay of overpotential.

e o o the electrode potential is due to the presence of electrical
doublets on its surface, the electric moment of these doublets
being given by a proton and an electron separated from each other
by a distance equal to the diameter of the hydrogen atom.

After Frumkin, Agar34, in an interpretation of overvotential
measurements, describes the total metal-solution potential difference
" ¢ ", as made up of two parts, " ¢h" across the Helmholtz double layer
and " ¢ g" across the Guoy diffuse double layer. These three qualitative
descriptions, among similar ones, suggest the build-up and decay of double
layers.

It appears certain that the cathode phenomena discussed in the

last chapter are caused by (hydrogen) activation overpotential. This is

99
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believed true for three reasons. First, results were obtained in all cases,
that were very similar to those obgserved in HCl. where hydrogen was the only
ion which would react at the cathodes. Second, during the decay any ohmic
overpotential would have disappeared immediately. And third, since the de-
cay was neither ferratic™ nor *complex!" concentration overpotential was

not indicateds These reasons, in addition to the fact that many of thess
data compare favorably with those reported in electrochemical literature
concerning hydrogen overpotential, led to the assumption that the observed
data already described are the result of hydrogen overpotential. 4s an
example, a particular decay curve reported by Ferguson31°(p.231) was trans-
ferred to a plot of the potential as a function of the time and the curve
was extended somewhat in order to determine the potential with which the
decay curve was assymptotice. Then when the logarithm of the potential

was plotted as a function of the time and the analyzing procedure of the
previous chapter was applied, two exponentially decaying processes were
observed.

If the hydrogen icn alone was responsible for the overpotential
during electrolysis, then the three (probably four at greater concentra-
tions) distinet processes should somehow be associated with hydrogen in
different adsorbed states on the electrode surface. The fact that three
distinct processes occurred during the decay suggests the possibility that
the same processes also occurred during electrolysis.

In the General Discussions of the Faraday Society, Butler35(p.130)

made the following relevant statement:

I should like to advocate, as I have been doing for the last fif=-
teen years, that there is not just one mechanism of overvoltage,
but several . » o I think the modes of adsorption need better
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definition . « « I should also like to see a study of the adsorp-

tion of hydrogen in a second layer i.e. when the first layer is
completed; and the properties of hydrogen held in this way.

Very recently Becker®? in a study of adsorbed atoms, ions, and
molecules (abbreviated adatoms, adions, and admols, respectively) has made
the following distinction between adsorbed states. If the valence elec-
tron of the atom in question is still associated with its nucleus when the
atam is adsorbed it is called an adatom, whereas if the valence electron
is attracted more strongly by the atoms of the electrode, it is termed an
adion. He suggests further that these may be distinguished by the elec-
trical fields or potentials they produce. An admol is defined as an ag-
gregate of two or more atoms adsorbed on a metal surface in such a way
that the attractive forces of the atoms for each other are greater than
the attractive forces of the atoms for the metal. He also states that
electric fields associated with a layer of adions will be larger than that
for a layer of adatoms.

In view of these suggestions, let us consider what types eof ad-
sorptions we may expect for the hydrogen ions and atoms associated with
hydrogen overpotential. It is commonly believed that the hydrogen ion in
solution is hydrated with one molecule of water; the formula is written
as H30+ + On the electrode the state of hydrogen most often suggested
is that of the chemadsorbed atom. Also the hydrogen molecule may be
lightly adsorbed before leaving the electrode as a gas. Though a general
distinction is made between physical and chemical adsorption, still, as
implied in the statement by Butler, there may be different modes of ad-
sorption of hydrogen atoms, ions, or molecules even within the general

classification of say, chemadsorption. The degree of association of the
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valence electron with the metal of the electrode, as suggested by Beckerl"z,
appears to be a convenient way of describing different modes of adsorption.
For example, a hydrogen atom sharing its electron with two metal atoms
would represent a different adsorption state from that of a hydrogen atom
sharing its electron with only one metal atom.

The foregoing considerations permit us to make an interpretation
of the observed decay curves in terms of transitions between the following
proposed adsorption states:

12. Mion ———> (e"—+M) - - = B0

Adion ——w ("4 M) - - HY

Adatom ~——— M - H
(Audubertl‘L3 and others have studied the transitions between the first two
in interpreting hydrogen overpotential.) The electron e~ is written spe-
cifically in order to emphasize the double-iayer nature of the adsorption;
the different designations of bonds imply different adsorption energies
as well as different separations of the charges in the various double
layers. These states are illustrated schematically in Figure 28(D).

After Auwdubert, if we compare the potential energies of the gt
and H30+ ions as independent functions of the perpendicular distance from
the electrode, they should appear something like the curves in Figure 27.
This gives us a picture of the relative positions of these ions in these
adsorbed states but there is no attempt to represent the actual potentials
and distances quantitatively.

Although in some solutions positive ions other than H3O+ and g
were present, still these two alone are believed important in this inter-

pretation principally because the same three processes occurred in HCl
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where these were supposedly the only positive ions [ﬁnless we postulate
doubly hydrated ions which are noct generally accepted, though they more
likely occur in dilute solutions37(p.9h)_7. Other adatom states, it is

believed, would not produce the large overpotentials, Y\ o and “3-
If these three states of adsorption exist simultaneously thers

would exist in the steady state before electrolysis, transitions back and
forth between these states, the net transfer being zero between any two
of the adsorbed states. During electrolysis the transitions would cccur

primarily in the forward direction as follows:

3. (3) (HW---H0 e (T4 - - H HP

(2) ("+M) --5T e u-§
W
(1) M-H+ M-H .._2_>2M+H2

where w3, wp, and w; are the energies of activation of the three respective
processes. (The reactions are numbered to correspond to the three observed
decay processes.) These three reactions are illustrated in Figure 28(4).

If M ; represents the potential due to the i% of these layers

we can express it as

e NizGW/ €)(a/k) $5=07/€) 0y 5
where qi is the total charge in the ith layer determined by the number of
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ions in that layer, § ; is the thickness of the layer, A; is the area of

the ith layer, 6 i is the charge density for the ith jayer, and € is
the dielectric constant.
The foregoing descriptions will facilitate the interpretation of

the experimental results.

Effect of Current Density

The distinet manner in which the three components of the overpo-
tential vary with current density is of particular interest because of
the reports of the four groups, Hickling and Sa.lt3o, Ferguson et a.131,
Bryant and Coa.te333, and Schuldiner and White32; each group mentions two
types of decay and calls attention to the way that the two types vary with
current density. Although Bryant and Coates presumably were measuring

concentration cverpotential they questioned whether the new process that

FREE ADMOL ADATOM  ADION ADION
MOL

FIGURE Z8. SUCUESTED PRUCESSER IN 7 Y [ fUm T 17U GEN

OVEFRPOTENTIAL
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appeared was true concentration overpotential. They showed that the effect
was associated with the condition of the electrode.

Though FergusonBlc(p.ZBB) gives tables of values for the “initial"
and "residual® components in the decay of overpotential with several elec-
trodes it was not possible to determine from his publications how he ob=
tained these values. It is of particular interest at this point toc note
that the "initial" overpotential, for all the cases reported, increased
with current density while the "residual® overpotential showed little
variation.

In Figure 23 it is seen that at a current density of about
2.5 x 10™5 amp/cm? the overpotential, measured during electrolysis, began
to rise very rapidly and at this same current density, Figure 22, Yla
became the predominant component in the decaying overpotential. As re-
ported by the observers cited above, here is a component of the overpo-
tential which varies considerably with current density. The other two
components, ‘Y\l and Y{z of Figure 22, are seen to be relatively in-
sensitive to changes in the current density.

It is inferred that, during slectrolysis at this "transition cur-
rent density", the layers of adatoms, H, and of adions, gt s are practi-
cally filled, and that the current is supplying adatoms and adions res-
pectively as fast as they leave these layers by way of reactions (1) and
(2) of equation 13. Then when the current density is increased, the layer
of H30+ adions begins to fill and the potential rises sharply. (Notice
the quotation from Butler? on the second page of this chapter.) It will
be shown that thé indicaticns are that b 3, the distance the H30+' layer

is from the cathode, is large; thus the potential difference \13 will be
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larger than V\z and \'\l for a given charge per unit area, 0 , and,
in fact, \/( 3 could be larger even for a smaller O S

It is important to observe in Figure 22 that at the smaller cur-
rent densities the V\ 3 process does not cease but does become relatively
small. In accord with the proposed reaction scheme it appears reasonable
to suppose that, even st low current densities, the icns must pass through
this adsorption state. Thus when electrolysis ceases, some will be present
in this state and the subsequent observable decay of “‘3 will occur.

In addition this may account for the fact that the decay curves of Bowden
and Rideal did not show the initial rapid decay reported by cthers at
higher current densities, since V\B could have been present but would
have been very small and therefore undetectable by their methods.

The approach to a saturation value illustrated particularly well
in Figure 23 for HCl, indicates that the three layers of adsorbed particles
are all practically filled to their steady-state densities. Thus no fur-
ther rise in overpotential should be expected. Other observers26 have

noted this saturation on varicus electrode surfaces.

Effect of Duration of Electrolysis
If this hydrogen overpotential is actually caused by the three
adsorbed layers, then electrolysis for short intervals of time should not
result in large overpotentials until the H+ and H30+ layers begin to
fill appreciably. This idea is borne out nicely in the case of a platinum
cathode in KCl. After one minute of electrolysis Y\ o was observed to be
58 mv and after 15 minutes of electrolysis )\ o remained 53 mv (see

Table I)s This indicates that an early saturation of the second layer
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took place. The potential difference across the first layer doubled in

this 14 minute period, possibly because of the increase in the number of
adsorption sites, whereas h3 of the third layer increased by a factor
five,

If we assume that the current is supplying H+ ions to the second
layer at a rate greater than that at which they leave this layer, then if
given sufficient time all of the HY agion sites would be taken. Conse-
quently the ions would be held in the HBO"' adion layer and the overpo-
tential associated with this layer would increase.

In the vertical cell with the copper cathode at the top, the re-
duction of hydrogen took place although the selution was CuSO;, because
the current density was greater than the limiting diffusion current den-
sity for the Cu v1 ions (See Part I). The decay of the three components
of the overpotential after 5, 10, and 15 minutes of electrolysis, shown in
Figure 24, bore this out. Again after longer times of electrolysis, when
the layers closer to the electrodes were more nearly full, the third layer

filled and the potential rose sharplye.

Effects of Electrode Material and Solution

B<:onhoe3‘3'fcs~r36 has shown experimentally that the combination of hy-
drogen atams adsorbed on metals that exhibit large overpotentials, occurs
much more slowly than when adsorbed on metals exhibiting small overpoten-
tials. This has been one of the reasons most commonly held for choosing
process (1) Equation 13, ("slow combination®) as the rate determining step
in the over-all reaction at the cathode,

The data of Table I suggest an answer as to which is the rate de-

termining reaction and whether it is the same for metals exhibiting both
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high and low overpotentials at all current densities. It is to be noted
that, for the Ag/AgClL cathode in solutions of HCI and KCl, kj(HCL) > kj(KCl)
and concomitantly that Tl3(HCl) 'Y “B(KCJ.). Also consider the fol-

lowing observed experimented facts:
ky(Pt;KC1) < ky(CusCuso,) < ky(Pb;HCL)
and N3(Ptskel) > W3(CuiCus0,) > W3(PEiHCL).

It is inferred from these data that, when the decay constant kj is small,
more ions are held in the H30+ adion layer and consequently the total
overpotential Y\ , predominately made up of }\3, is large. It appears
consistent then to interpret process (1) as the rate-determining step.
This may be true for current densities up to those which cause the layers
to be full of adsorbed ions or atomse Thus the results of Bonhoeffer36,
that reaction (1) is catalized by the electrode metal, and that other
positive ions in the solution affect this rate, are of interest.

In a suwmary of one of his papers describing the decay of over-
potential Ferguson’l® observed.

The rate of transition from one type of overvoltage to the other

varies greatly between different electrode materials and also be-
tween anode and cathode for the same material.

As mentioned previously Ferguson3 le

refers Lo an "initial® and a "residuall
overpotential in the decay. If his method of separation of these compo-
nents distinguishes only twe suchh cumponents thmsn the variations of the

T\ » overpotential (omitted by him) with electrode material, solution,
etc., observed in this present work, would appear as a variation in the

rate of transition from the Minitial® ( T\ 3) overpotential to the “resi-

Gual® ( Y\ ;) overpotential.
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Effects of Aging the Electrodes

if the cathode surface were coated with an oxide which would re-
act with the hydrogen rather than permit adatoms of hydrogen to form on
the electrode, it is of intereét whether the corresponding process (1)
equation 13 would be alisent in the decay and whether the rates of the other
processes would be affected.

As described in conjunction with Figure 16, Part I, the Ag/AgCl
electrodes were grayish-black bsfore the large potential build-up occurred
in both HCl and KCl. This color is more characteristic of silver oxide or
peroxide than of AgCle. After the large build-up occurred, the electrodes
became white and this white material remaining on the silver electrode was
insoluble, which is indicative of AgCl. A comparison of these phenomena
with a well-known processla(p.2l3) suggests that the darker deposit may be
an oxidee The method of measuring the amount of oxide present on a metal
surface involves cathodic reduction of the oxide; the reduction is complete
when the rapid rise of the potential at the metal cathode cccurse Before
the Ag/AgCl electrode turned white only two decay processes, M2 and

7\3, were observedd Instead of forming an adatom double layer the
"oxide" was reduced by the following reaction:
15. 4g0 + 2= + 2A' — 2, + HQO.

A similar phenomenon occurred at a Cu electrode which had a heavy
coat of oxide on its surface. Here, too, process (1) was not observed.
These facts give strong evidence that decay process (1) is the combination
of adsorbed hydrogen atoms to form molecules. Although there may have been

very small amounts of oxide on the well-cleaned cathodes, this would have

been removed quickly by the electrolysis.
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As mentioned in the Introduction of Part II a commonly suggested

reaction between the adion H30+ and the adatom H is the following:

16. HOV & M-H + e —= U +H, +Ho.

If this were the mechanism, or even partially so, for the removal of the
H3O+ adions from their second ionic layer; then in the foregoing cases
in which the adatom layer was removed, the above reaction could not occur
and the rate k3 should be changed éonsiderably. On the other hand if the
reaction time is determined by the energy for the removal of a water of
hydration, then k3 should be altered much less by the removal of the adatom
layer. It was observed that neither k3 nor k, was affected appreciably
by the oxide coat.,

When the oxide was present the adatom layer was not formed and
the rate determining reactvion was a different cne. Therefore, it would be
expected that the total overpotential would be changed also. This was

obaerved:

Effect of Agitating the Solution

According to the over~all reaction scheme already proposed and
the description of the adsorbed layers, the H30+ adion layer decays most
rapidly, the Ht adion layer decgys at the intermediate rate, and the ad-
atom layer dscays at the slowest rate. The distances of these layers from
the cathode decrease in the order mentioned. The layer with the greatest
separation might be removed by stirring:

Shortly after the discovery of the three processes but before any
structure for the adsorbed lavers had been assigned, agitation of the so-

lution and swabbing the cathode both during and immediately after elec-

trolysis were carried out. As outlined in the resulis, consistently the
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most rapidly decaying process ( Y\ 3) was removed.

~ In swabbing the Ag/AgCl cathode immediately after electrolysis
ceased all of W3, and about 50 percent of W, but very little of W
were removed. These facts are consistent with the proposed description
of the three layers at the cathode surface.

It has been the practicez5(p.399) to stir the solution near the
cathode while making overpotential measurements in order to remove the
concentration overpotential and thus %o measure only the activation over—
potential. The results described above demonstrate the reduction of the
activation overpotential with stirring during electrolysis, and this raises
a serious question as to the advisibility of stirring in order to remove

concentration overpotential.

Effect of Concentration

According to Kortum and Bockrisz5(p.tp23) the activation overpo-
tential should decrease with increasing concentration. Both this and the
predicted ranges of concentration at which the changes should occur, agree
very well with the data presented in this worke. We see in Table II that
between 0.0024 N and 0,01 N HCl there is a definite regular decrease in
the overpotential with increasing concentration. The data show that h 3
decreases most, that Y\ 1 decreases considerably, and that ]\ 2 varies
relatively little.

Attending this decrease in the magnitude of the total overpoten-
tial is the occurrence of a fourth decay process, a fourth component of
the overpotentia.l: Apparently another very strongly adsorbed layer exists

(manother mode of adsorption®" in Butlert's words) since the assoclated



112
potential was completely unaffected by stirring and the potential took
eight to ten hours to decay. Exact measurements of the decay constant for
this process may be difficult since it is not easy to keep all the factors
constant over the long time intervalse.

Two additional reaction schemes are suggested in Figures 28(B)
and 28(C) to account for this fourth component of the overpotential.
Figure 28(B) divides reaction (1) into two consecutive reactions and sug-
gests that another potential might be observed, which is associated with
adsorbed molecules of hydrogen {admols). Figure 28(C) indicates another
type of adatom adsorption (M-H') and permits two possible side reactions
21 and 1'*. After the manner of Becker#? we could possibly distinguish
M-H and M-H! by assuming the hydrogen atom for the first case is associated
with only one metal atom whereas the hydrogen atom for the latter case is
associated with two atoms of the metal.

The decrease of the total overpotential with an increase in con-
centration and the observed attendant increase in the potential associated
with a fourth reaction, suggests that this new process is a side reaction
rather than a consecutive reaction. If this extremely slow fourth reac-
tion were congecutive, as shown in Figure 28(B), there would cccur a fill-
ing of the adion and adatom states and the overpotential would increase.
On the other hand if increasing the concentration provides another gide
route for the discharge of the adatom and adion layers, the overpotential
would be less. The latier was observed and therefore this fourth process
must be a side reaction.

It should be observed further from the data in Table II and in

Figure 25 that for the lewest concentration (0.1 N HCl) at which the fourth
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slow decay process occurred, the initial value of T\l dropped signifi-
cantly. It appears reasonable that many of the adsorption sites on the
electrode surface, originally occupied by the adatom (M-H), may now be
occupied by atoms existing in another type of adsorption (M-H!) which is
stronger.

It is possible that this fourth component of the overpotential
exists even at the lower concentrations since its magnitude may be so small
that it cannot be distinguished with certainty. However it appears from
the few available data that a certain minimum concentration is required

before this fourth component comes into being.

dnode Overpotential
Though it is difficult to say whether or not the overpotential

observed at the anode was oxygen overpotential there is certainly evident
a remarkable similarity between the curves observed at the cathode and at
the anode; simiiarities have been observed elsewhere between oxygen and
hydrogen overpotentiall®(p.185).

The anode curves of Figure 26 may be given the following tentativs
explaration. During the first 10 minutes all the hydrogen on the Pt anode
surface, placed there by considerable cathodic polarization, was not used
up. Therefore only two processes, undoubtedly very similar to (2) and (3)
at the cathode, occurreds This electrolysis produced no adsorbed atoms
of oxygen or chlorine on the platinum. However, during the next 10 minutes
of electrolysis the hydrogen was used up, oxygen or chlorine atoms were
adsorbed, the over-all rate of the anode reaction was decreased, more ions

appeared in the two adion states, and therefore the anode overpotential
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increased to a much greater value. In addition during the decay, there
appeared a third process which could not be stirred out and the overpoten-
tial of which was apparently constant. This would be characteristic of

adsorbed oxygen atoms for they are held very tenaciously by platinumt8(p.187).

General Discussion and Interpretation

The tri-double layer hypothesis for hydrogen overpotential has
been shown consistent with several experimental results in the foregoing
discussions. However, most generally three apparently independently de-
caying potentials would not be observed since, according to this proposed
decay scheme, the discharging of some of the layers charges other layers.
The following discussion demonstrates how these processes may appear to

be independent.

It is seen in equation 14 that the greater the thickness S , of
a layer, the greater the potential for a given 0. Therefore, as suggested
earlier, the adion layer H30+ may produce the largest potential even though
its charge density may be the same or even very much smaller than the others.
The adatom layer, in particular, may fellow closely the microscop-
ic irregularities of the electrode surface while in addition many of the

dipoles that make up this layer may be oriented at angles other than 90°

to the general plane of the electrode surface. These two possibilities
would permit a much greater total charge, qj, for a given cbserved poten-
tial \\ 1« For the second and third layers these effects should be some-
what smaller.
The experimental results indicate that the inequality,
17. 0, P> &, > &,

is true, while in addition it has just been suggested that:
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18 h D> K S 4
Thus the inequalities,

19. q P> R >> 9

may be so great that the discharge of the H30+ layer into the HT

layer
does not appreciably affect the overpotential of the latter. A similar
condition could exist for the inequality q, << G

The number of ions leaving the H3O+ adion layer in a given time
may be considerably fewer than the number leaving the H+ adion layer dur—
ing the same interval. Still the fall of the overpotential, [\ 3 may be,
as was observed, greater than the fall of Y| , during the same interval
of time. In such a case the decays would appear to proceed independently.

In his book, Electrode Processes, Btrblerle(p.ISE) states the fol-
lowing concerning the present (1951) state of hydrogen overpotential
theory.

It appears to be established that upon metals of high overpoten~
tial, such as Hg, Pb, etc., the mechanism in aqueous acid solu-
tion consists in the slow discharge of protons onto adsorption
sites on the cathode surface. On metals of low overpotential,
such as platinum, the rate determining reaction appears to be the
combination of hydrogen atoms, at least at low c.d.?s.

The present work illustrates how the above conclusions could be
drawn, possibly erroneously. For example, at metals of high overpotential,
or in the cases of high current densities, the rate determining reaction
could still be the slow combination of adatoms even though the overpoten=
tial component 7\3 here is very large. In other words, while the large
overpotential is produced primarily because of a large 7\3, the over-all

rate of the reaction is still controlled by the rate of combination of
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adsorbed hydrogen atoms on the electrode surface. A detailed study of the

many experimental and theoretical results upon which Butlerts conclusions
were based would have to be made before the foregoing suggestion could be

established.

Reproducibilit
Exact reproducibility of the individual overpotentials and of

some of the decay constants was not achieved. For example, kj for the
Ag/AgCl cathode in HCl as recorded in Table II, is considerably different
from the value in Table I. This is illustrative c¢f the variation of the
ttrate determining reaction™ even under apparently the same conditions.
The two cathodes were prepared by the same procedure and, visually, they
appeared identical.

The sum of the extrapolated values of W3, W2, and W3 at
zero time did not always agree with the value of the overpotential at the
end of the electrolysis. When the sum of the three components was smaller,
the difference could be explained by the loss of the ohmic overpotential
as soon as the current ceased. However, when Ag/AgCl electrodes were used,
the sum of the components extrapolated to zero time was always greater than
the overpotential at the end of the electrolysis. The overpotential after
electrolysis ceased seemed to remain constant for a short time before the
rapid decagy began. As mentioned earlier the quadrant electrometer could
not follow these changes during the first 15 seconds and thus the exact
variation of potential during the first 15 seconds of the decay was unknown.
Also it is observed in Figure 21(4) that the value of W5 immediately

after electrolysis ceased (determined by extrapolation) is very sensitive
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to changes in the slope, k3s A Very small change in kg will cause T\o3
to change greatly. Since the total oferpoten‘bial after 15 minutes of
electrolysis is predominately composed of \\3 this inaccuracy could pro-
duce a large mistake in the total overpotential if it is determined by
adding the values of the three components obtained by extrapolation to
zero time. For these reasons, in Table I, the values of W3, W\, and

W\3 for Ag/AgCl electrodes at t = 15 sec were recorded.

Suggestions for Future Work
J. It will be of interest to determine the relation between the

decay rates determined here experimentally and those calculated from the

equation of Eyringjg’l‘"0 for the "activated complex™,

23. k = (RT/Nh) exp/{As,/R) - (AHa/RT)/

where R, N, and h are Boltsman's constant, Avogadro's number and Plankt's
congtant, respectively, T is the absolute temperature, and DS, and OH,
are respectively the entropy and the heat of activation. In the theory

he assumes that the reacting components spend a time (which is determined
statistically) in an activated state prior to the formation of the product.
The variation with temperature and the value of the heat of activation
should be of interest; the latter would be of particular value in arriving
at a more certain determination of the process that is cccuring.

II. Instrumentation was a handicap in the present work. 4An elec=-
trometer with a much more rapid response is needed for future work. This
would permit the determination of the overpotential accurately in the first
few seconds of decay. Several observers have recorded the decay potential

as early as 10~ sec after electrolysis ceases.



118
The cell for polarizing the electrode should be sc designed as to

prevent convection as well as other phenomena which might produce a non-
uniform current density.

III. Better designed methods of stirring the electirolyte and
swabbing the electrode should be devised and these should be used in the
study of overpotentials at various surfaces.

IV. Electrical circuitry should be arranged so that a known
constant current can be supplied to the cell. With such an apparatus a
careful check of the variation of each ccmponent of the overpotential with
current density should be mades This would test the Tafel relation for
each component providing the entire current passes through each double
layer,

V. Many interpretations of overpotential measurements have been
made on the basis of studies of the total overpotential under different
conditions. A study should be made of the effect of light on the total
overpotential25 (pes19) and also its effect on the magnitudes and the rates
of decay of the components W3, Y\ 2, and W 3. (The suggested study
of the effect of light is merely an example.)

VIi. A more precise investigation of the effect of the removal
of the adatom layer by use of oxidized cathodes, on the decay rates, ko
and k3, would make it possible to determine how dependent or independent
these processes actually are,

VII. The foregoing analysis of the decay of overpotential showld
be applied for metals having both high and low overpotentials.

VIII. Additional measurements of the decay of anode overpoten-

tial are necessary; it is important to use some solution such as KOH which
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would produce "Moxygen overpotential',

IX. The information obtained concerning anode overpotential in-
dicates that it would be possible to determine at what potential oxygen
begins to be adsorbed in anodic polarization. This would be evidenced by
the appearance of a very slowly decaying process.

X. The use of a solvent other than water should help determine
whether the most rapid decay represents the decay of a hydronium layer.

This might provide a simple means of determining solvation energiecs.



CHAPTER X

SUMMARY AND CONCLUSIONS
(PART II)

During the determination of the Deviation~Time data described in
Part I it was believed advisable to study the decay of the potential dif=-
ference between each electrode and the probe after electrolysis ceased,
in order to ascertain whether or not such data would reveal the rate of
disappearance of space charge which was then believed to exist. An exami-
nation of these decay curves showed that each could be analyzed into three
exponentially decaying potential differences. Since the potential dif-
ferences near the electrodes were in reaiity overpotentials, this was thus
a new and improved method for studying overpotential phenomena.

Investigations were carried out in solutions of HCL and KCl at
Pt and Ag/AgCl cathodes and in solutions of CuS0,, at a Cu cathode placed
at the top of the vertical column of electrolyte.

This study, in which a new method for analyzing the decay of
overpotential into exponentially decaying compenents was employed, made
possible the determination of answers to the three questions:

1. What is the form of the function which represents the decay of
overvotential after electrolysis ceases?
2. What intermediate reactions are ‘involved in hydrogen overpotential?

120
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3. Which intermediate reaction is the rate determining reaction dur-
ing the liberation of hydrogen?
The total overpotential T\ at any time t after electrolysis ceased

it was found could be expressed as,

)\ = Nor exp(-kyt) + Nz exp(-kot)+ M3 exp(-kst),
where WNo1, WNo02, and Y\ o3 represent the initial values of the com-
ponents and kj, ko, and k3 represent the respective decay constants.

Observations of these three processes for various current densi-
ties, for various durations of electreclysis, for several electrode mate-
rials, for several solutions, and for various ages of electrodes, indicaied
that the intermediate reactions involved in the reduction of hydrogen and
associated with hydrogen overpotential were as follows:

(em+ M) = =~ - B0t —= (e"+ M) --E" + HYO

(e"+Y4) -~-HY —> M-H

M-H+M-H - 2 t+H,
where (e~ +M) = = = Hz0", (e~+¥) - - ", and M - H represent adsorbed
hydronium (adion), adsorbed hydrogen ion (adion) and adsorbed hydrogen
atom (adatom) states, respectively. The electron e~ is written specifi-
cally in order to emphasize the double-layer nature of the adsorption; the
different bonds imply different adsorption energies as well as different
separations of the charges in the various double layers. The observed po-
tentials Tl 3s nz, and 7\1 were associated respectively with the
three double-layers, H3O+ - electrode, H+- electrode, and H - electrode.

Swabbing the cathode immediately after electrolysis ceased removed

all of the hydronium layer, about fifty percent of the hydrogen ion layer,
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and very little of the adsorbed hydrogen atom layer. As the current den-

sity was increased more ions were cbserved in the two adion layers. When
the cathode had a heavy oxide coat the adatom layer did not forme The hy-
dronium adion layer which had a relatively small charge per unit area after
short periods of electrolysis ( < 1 minute), apparently reached satura-
tion after longer intervels (5 to 10 minutes) of electrolysis. These and
other experimental results were found consistent with the proposed inter-
mediate reactions.

A fourth process, believed to be associated with another more
strongly adsorbed state of the hydrogen atom, was observed in relatively

concentrated solutions of HCl at an Ag/AgCl cathode.

CONCLUSIONS

The cathode overpotentials which existed after 15 minutes of
electrolysis of dilute HCL and KCl solutions between "Ag/AgCl electrodes,
of HCl between bright Pt electrodes, and of Cu30, solution in a vertical
column between Cu electrodes with the cathode at the top, are hydrogen
(activation) overpotentials; there is no significant ohmic or concentra-
tion overpotential.

It was found possible to analyze each of these cathode activation
overpotentials into three exponentially decaying components that disappear
respectively in approximately 2.5, 11, and 20 or more minutes.

The causes of these overpotentials, at least after zlectrolysis
ceases, are the adsorbed states of the kydronium ion, the hydrogen ion,

and the hydrogen atom. The total overpotential is a hydrogen activation

overpotential.
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The fastest decaying component of the overpotential disappears
as the H30+ adion layer becuues a layer of gt adions.

The component that disappears next does so when the layer of gt
adions becomes a layer of H adatoms.

The last component disappears slowly by the passage of the H ad-
atoms into Hp molecules.

0f these three processes the last determines the current density,
i.e. the rate at which the charge can pass to the electrode; thus the
H-adatoms —# Ho-molecules is the rate determining process.

The layer of H30 + adions is weakly adsorbed and exists farthest
from the electrode surfaces The layer of H adatoms is most strongly ad-
sorbed and exists closest to the electrode surface. The layer of Y as-
ions has an intermediate degree of adsorption and exists between the other
two adsorbed layers. |

The decay of anods overpotential is also composed of three expo-
nentially decaying componentse

Vigorous stirring of the solution next to the cathode removes a
part of the activation overpotential. Thus the practice of stirring to

remove concentration overpotentials is unwise.
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APPENDIX I

PREPARATION OF ELECTRODES AND SOLUTIONS

The Ag/AsCl Exploring Electrode (or Probe)

The exploring electrode, or probe, for use in chloride solutions,
see Figure 2(C), was prepared by sealing a size 28 B.&S. gauge silver wire
into a glass tube of small bore. The tube, having been previously tapered
near one end and the silver wire inserted, was sealed off at the narrowest
place by fusing the wire in two. (Only a short length of silver wire was
used; a similar gauge copper wire was soldered to it for a lead up through
the probe to the outside.) Next at about 1 em from the tip the tube was
bent through 90°. The tip was then ground carefully with fine emery paper
until the end of the exposed silver wire was flush with the end of the
surrounding glass tube. After washing the tip in dilute HNO3 and rinsing,
it was ready for the plating of the chioride which was accomplished by
placing the tip in 2 chloride solution as an anode. Neither the current
density nor the type of chloride solution seemed critical. With a nearly
saturated KC1 solution the deposit was dark as viewed under a low power
microscope whereas with HCl the deposit was white. The self potentials
of the probes, prepared in these two soiutions, appeared to be the same
within about a millivolt as indicated by measuring the potential difference
between each and one of the current electrodes. The potential of this
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probe remained remarkably constant, as expected, since the maximum current
drawn by the electrameter was about 1010 amp/cm® and the reaction at the

plated tip should be nearly reversible at this current density.

The Ag/AzCl Current Electrodes

The procedures found in electrochemical literature for preparing
Ag/AgCl electrodes varied considerably. Thus a series of tests at several
current densities was made in order to determine which would produce the
best adhering surface of AgCl on Age A nearly saturated solution of KCl
was chosen because this was found to be commonly used. A piece of silver
foil 2 inch by 2 inch was cemented to a lucite surface 8 cm by 12 crme
Next a window opening slightly less than 2 inch by 2 inch was cut in a lu-
cite block, € cm by 8 cm square and 1 inch in thickness. This was placed
over the foil and sealed to the lucite back around the edges of the foil.
The silver foil was exposed only through the window. Previocusly a small
strip of silver had been spot welded at the top edge of the silver foil
and was led out between the two pieces of lucite. When this was placed
in the plating solution opposite a large platinum sheet, it was supposed
that the current density was nearly uniform over the silver foil. After
three trials where current densities of 1.0, 0.5, and 0.1 ma./cm2 were used,
it was found that the last of the three had produced a wniformm deposit
which adhered well. The other two deposits were spotted and flaky.

After this information had been obtained the silver electrodes
described in the text were prepared for plating at a current density of
0.1 ma/em? by the following procedure.

(a) The electrodes were cleaned with nzphtha to remove oil, grease,
etce
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(b) Each electrode was scoured with repeated applications of a cleans-
ing powder until the entire surface would wet with water.

(c) The electrodes were then washed in dilute HNO3 and rinsed with
distilled water.

(d) After a second washing in HNO3 and a thorough rinsing in doubly
distilled water, the electrodes were placed immediately into a dijute so-
lution of NHBOH and electrolyzed as cathodes for a few minutes.

(e) The electrodes were thoroughly rinsed and lowered intc the plating
bath, a nearly saturated solution of KCl. For the cases where these two
electrodes were to be used respectively as cathode and anode over a period
of time long encugh to get sufficient daba for plotting a potential dis-
tribution, the electrodes ware plated as anodes for approximately 90 hours
at the chosen current density of 0.1 ma/em?. During these long runs a
slimy deposit formed on the platinum cathodes; this was removed and cleaned
two or three times. The solution became basic with the evolution of hy-
drogen at the platinum cathodes; therefore at two or three intervals the
plating solution was neutralized with HCl.

Electrcdes prepared in the foregoing manner received a dark

grayish-black fine-textured surface which adhered well to the silver plate.

The Copper Electrodes
{2) For the Horizontal Trough

The copper electrode surfaces, flattened as much as possible on
a belt sander, were then ground down to within 0.002 ine. of being plane
by using coarse emery paper. The copper sheets were then annealed and
soldered into the brass holders. Next with emery as fine as #0600 grit the
surfaces were polished.

The wnfirished back surface and the edgss of each electrode were
sprayed with four separate applications oi acrylic plastic (Krylon); each
application was allowed to dry independently.

The polished surfaces were rubbed thoroughly with very fine grain
emery paper along with applications of cleansing powder. This procedure

was continued until each entire surface would remain wet. They were then
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rinsed in distilled water and placed immediately (without being allowed
to dry) into a copper piating solution. The solutiocn consisted of 125
grams of crystallized copper sulphate (CuSOy * 5 Hy0), 50 grams of con-
centrated sulphuric acid and sufficient distilled water to make one liter.
The electrodes were plated for five hours with a current density of
1 ma./cmz. A reduction in current during the last hour gave the surface a
finer texture. The plated electrodes were rinsed in distilled water and
quickly transferred to the horizontal trough.

It was found that equally good results were obtained without
plating; thus for most of the investigation the electrodes were cleaned
with scouring powder, rinsed and placed in the trough. When any copper

oxide streaks appeared during cleaning, they were removed with dilute HNOs.

(b} For the Vertical Cell

Since the lucite separators for these electrodes prewvented an
even cleaning after assembly, the electrodes were cleaned very thoroughly
before the assembly of the apparatus. It was found that if the excess
water was blown off the elecirode face by a jet of air immediately after
cleaning as above, a visible oxide coating would not be formed during as—
sembly of the apparatus. Such a slight coating as was found was removed
with dilute HNO3 and rinsed away after the assembly, and the apparatus
was impediately placed into the vertical tank.

The backs and edges of these electrodes and the copper plated cap

screws were coated with Krylon.

Ihe Solutiony

For each elecirolyte a 0.24 N stock solution was prepared and
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this solution was diluted to make the 0.0024 N solution for the trough by

taking 10 ml of the concentrated solution and adding doubly distilled water
to make a liter of dilute solution. It required about 2600 ml for the
horizontal trough and approximately 5100 ml for the vertical tanke. Each
time the cells were filled, three and six liters, respectively, of dilute
solution were made.

For the 0.24 N CusSQ,, 29,966 grams of crystalized copper sulphate
(Cus0, * 5 Hy0) were added to doubly distilled water to make one liter.
Since drying in an oven showed practically no loss of weight (0.03% for
a sample of KCl crystals) 17.89 gm of Baker?s reagent grade KCl were added
to water to make one liter of 0.24 N solution. The stock solution of
0.24 N HC1 was prepared by diluting 19.9 ml or 36-38% reagent grade HCL
(spegres, 1.18) with doubly distilled water to one liter of solution.

The value 0.0024 may not describe the normality to as many sig-
nificant figures as recorded particularly in the case of HCl where the
percentage is uncertain. However since each preparation of the 0.0024 N
solution was prepared from the same 0.24 N stock soluticn (for a given
electrolyte) the normalities are reproducible to as many figures as re-
cordeds Furthermore the results of this work have been shown not to be

critically dependent upon the concentration of the electrolytc.



