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INTRODUCTION AND THEORY

The olassical investigations of Nernst(l) led to the
development of his well known osmotic theory of electrode
potentials and to his concentration cell formula; and also
made possible the definition of the normal electrode potential.
Electromotive forces at the electrodes are commonly called
electrode potentials. The electrode potential of a half
cell in which all substances involved are at unit activity*
is known as the normal electrode potential of the half cell.

The conception,that electromotive forces are due to
~ electrolytic solution pressure, can be attributed to Nernst,
He assumed that when a metal is placed in water or in a
solution, there is a tendency for the metal to pass from
the atomic state to the ionic state; and that the equilibrium
resulting between a metal and a gsolution of its ions 1s
between the constituent and the metal lons,

Let us assume that a metal possesses a definite lon
solubility, S, and that this metal is placed in an aqueous
gsolution containing ions at a concentration, C, where c
equals the concentration of the metal ions in the solution,
There are three possibilities:

1. S>¢

If S is greater than C, metal ions dissolve, the metal
* The activity of a chemical substance is that quantity which
when substituted in the Law of Mags Action expression and in

other thermo-dynamic equations expresses the actual mass action
effect.



is left negatively charged and the solution possesses excess
positive charges. Therefore it is charged positively. The
now negatively charged metal attracts positive charges and a
potential*,\u’, is set up at the interface. Both the negative
charge on the metal and the positive charge in solution tend
to prevent positive ions from going into solution. The
metal ions continue to dissolve and the electric field, due
to the positive and negative charges, increases in strength
until equilibrium is reached, i.e.,, a potential exists at
the surface of the electrode and the electric field balances
the tendency of ions to dissolve.

3. s<c¢

If S is less than C there is an electric field set up
at the interface and again a potential exists.

3. §8=6C

If S equals C there is equilibrium and hence no electric
field,

The equation due to Nernst, developed from the above
ideas, which expresses the single electrode potential E,
in terms of the electrolytic solution pressure P and osmotio
pressure p, is as follows:

=RL,, 2
E nF lnp

* Potential is defined as the work done against inter-ionic
forces by a unit charge in passing the interface from a point
within the metal to a point in solution, Potential will be
designated by]¥ .
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where; F = Faraday = 26,500 coulonbs

R = gas constant = 8,316 joules per degree
T = absolute temperature

n = valence of ion

The difference of the single electrode potentials gives

the electromotive force of a voltaic cell, that is,

ES< El - Ez
where E = electromotive foroe of the cell and E; and Ey
are electrode potentials of half ocells,

Thus when measured by the potentiometer method the
electromotive force of a cell is equal to the algebraic
difference of the contact differences of potential., In
the determination of single electrode potentlals, Ej is
the electrode potential of the reference cell and it is
arbitrarily given the value of zero if the reference ocell
is the half ocell, Hy (g, 1 atwos.), H' (&* = 1) molal, In
actual practise, however, a half cell of known reproducible
value is used, usually a calomel or mercurous sulphate
half cell, this cell being referred in turn to the hydrogen
half cell.,

Compilations of tables of standard normal potentials
were made in 1900 by Wilsmore{3) and in 1911 by Abegg,
Auerbach and Luther(s)

By using more exact theoretical methods and attaining

(4)
greater experimental precision, G. N. Lewis and his

* g = activity



colleagues have increased the accuracy of the values of
standard potentials t0 a very great extent. The intro-
duction of the activity function by Lewis, has placed
the thermo-dynamics of solutions on a more exact basis. and
has made possible a more exact treatment of the galvanic
cell and electrode potentials,
Consider the general electrode reaction:
a mols A (at a,)+Db wols B (at ag)+.....+ne —>
e mols E (at aE)-l-f mols F (at ap)
where a = activity
-AF = EnF
where,
-AF = decrease in free energy
E = electrode potential of half cell as written
n = valence

F

Faraday = 96,500 couloumbs

Consider the following process:

l. Transfer a mols A from activity a, to a =1, an
infinite quantity of solution being understood, then,

-AFy = aRnn_# = RTlna}

3. Transfer b mols B from ag to a = 1
- - b
-AFy = bRT1n ap = RTln ap

1




3. Bring about a change in state from ay at ay =1
and by at aB‘-'-lto ek at ap = 1 and £F at ap = 1 by

means of normal electrode reactions,

aA(aA= 1)+bB(aB: 1)+....no->eE(a,E= 1) +£F(ag= 1)
- 0
where
E° = normal electrode potential,

4, Transfer e mols E at ap =1 to ap = ag

-AFy = eRTln 1 = -RTln
ap

5. Transfer f mols F from aF =1 to

-AFg = fRTIn )} = -RTln
ap

oo

o by

The net result:

-AF = Z(-AF) = E°n F+RTln a.i' iﬁb - RTln ag jal.f

3 1,2 4,5
= E°1 F - RTIn i 352
&, ap

-AF = EnF where E = electrode potential when activities

are a»A, aB sev e ¢

.. EnF = E°n F - RT1n & af

-t
&

R
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e T
E = E° = RT 1n 8E 8F
nF agag

The electrode of the half cell whose potential is to be
measured must be both reversible and reproducible,

A reversible process may be defined as a process of
which every state is in a condition of stable equilibrium,
Similarly, a reversible cell may be defined as a cell
every state of which is in a condition of equilibrium,

In reversible cells all substances must be in their most
stabl? state.

"Polarization is an influencing factor in the experimental
determination of the reversible electromotive force., It
involves certain time factors such as velocities. Electrodes
are generally considered satisfactory if a current of the
order 10‘8 or 10"9 amperes produces no sensible polarization,
The measured electromotive is then independent of the
direction of the small current used in the measurements, and
may be taken as equal to the reversible electromotive force.

To this class belong most electrodes of the common metals
in solutions of their salts, except solutions in which we
meet the gtill mysterious phenomenon of passivity, which may
ultimately prove to be a phenomenon of polarization, The
phenomena which occur at boundary surfaces influence contact
potentials. These phenomena, which include overvoltage and
passivity, are for the most part obscure, " (%)

The potentials of metals depend to a very large extent
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on the physical structure and state of the metal, It is

well known that the physical state of metals deposited
electrolytically is influenced by various factors such as the
acldity of the plating solutions and the current density
employed during deposition; and that their potentials with
respeot to their ions vary accordingly.

Two plates of the same metal, immersed in a solution of
the same salt of that metal, give a difference of potential
which amounts in extreme cases to tenths of a volt. If the
metal is pure éuoh a difference can hardly be asoribed to any
other cause than a variation in the physical state of the
metal, or at least of its surface. Any treatment such as
produces surface strain has a marked effect on the electrode
potential,

It has been found experimentally(s) that the softer
metals have less surface strain and the alkali metals form
electrodes of a higher constancy and reproducibility than have
been attained with any other solid metals.

Finely divided metal seems to give satisfactory results,
to possess a constancy and reproducibllity, and presumably
gives the potential which is characteristic of the metal in
1ts most stable state.(6)
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HISTORICAL

In the compilation of normal electrode potentials made
by Wilsmore(7) in 1900, cobalt is given the value of
+0.233 volte* with reference to the normal electrode

potential of hydrogen taken as zero. This value was caloulatdd

from the work of Neumansa) who used the oell Co/ CoSOdKCl/Hg,
and employed as the electrode, electrolytic cobalt deposited
from a cobalt ammqnium chloride boric acid solution, He
emphasized the importance of using nickel free salts.

In 1904, Labendzinski(8) obtained E® for cobalt, 0,263
volts. Cofetti and Foersterslo) in 1905, published the
results of their experiments and fixed the value for E°
equal to+0.393 volts for cobalt.

Kistiakowakysll) using Wilsmore's table,caloulated
gome potentials, one of which was based on the experimental
results of LeBlancSlz) LeBlanc found the potential of cobalt
to be+0.45 volts using cobalt against a normal ocobalt
sulphate solution.

Schildbach(13) found the value+0,393 volts for the
difference of potential between cobalt and a normal solution
of the chloride, measured in an atmosphere of nitrogen, and
+0.339 volts for O.1 N, cobalt chloride solution. TFor the
sulphates the corresponding values were+4 0,318 volts and

+40.339 volts as compared with the normal hydrogen electrode,

These values were obtained with cobalt powder; the massive

* The American Convention will be used throughout this paper.
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metal gave less positive values, 0,388 volts in normal
ocobalt sulphate, for example, Cobalt powder charged with
hydrogen gave considerably more positive values at first
which gradually changed until the equilibrium potential was
reached, The value given in the International Critical
Tables$14) caloulated with reference to the normal hydrogen
electrode is E° =+0.307 volts.

Stubhlman(15) also asoribes the variations in contact
difference of potential of a specific metal primarily to
the kind and concentration of the ocoluded gas. He found
that ozone, oxygen, air, ocarbon dioxide, nitrogen, hydrogen,
and ammonia, if occluded by a metal, shifts the position of
the metal in the Volta series to a more electro-positive
value, in the order in which they are named., Successive
inoreases in the concentration of the gas occluded in the
metal produces successive decreases in the electro-negative
magnitude of the contact potential difference,

From another table published by Abegg, Auerbach, and
Luther(16) the value+0.29 volts is listed as the normal
potential of cobalt.

The potentials of six cobalt ammines were measured in
3,27 N. ammonium hydroxide by Laub and Larson{l?) They
prepared a number of cobalt electrodes by electroplating
on platinum and carbon from solutions of cobalt chloride

in water, in boric acid solution, and in ammoniacal solution,
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Using the cell Co(B)ICoCIZ soan/NKGI/HgCI(s)/Hg(l), they
obtained E° = + 0,355 volts. Although they obtained potentials
which remained constant within a millivolt over many hours,
or even many days, they specifissally state that the electrodes

usually exhibited individual variation,

Recently Heymann and Je11inck(18) investigated the
equilibrium Ni+0C0 == Ni"+ Co. The equilibrium was
investigated in aqueous nitrate solutions at 35° O. At
equilibrium %‘{’; = 8 * 5% which, combined with the normal
electrode potential of Ni*7 gave+0.368 volts for E° Co™"
at 35° C,

For convenience the following table lists the values

found for the normal potential of cobalt together with the

investigators.
TABLE I
Normal
Investigator Potgntial Remarks
E
in volts
1. Neuman + 0,333 Salt bridge, double cobalt salt
used for plating, eleotrolyte
CoSO%.
3. LeBlano + 0.450 Electrolyte N, CoSO4
3. Labendzinski + 0,363 Cobalt electrcde deposited from

Cobalt Chloride soln., HgO|Hg
reference cell electrolyte CoSO4
4, Cofetti & Foerster +0.293 Measurements at 20° N, CoSO4

electrolyte,
5. Schildbach +0,307 Measured in atmosphere of
nitrogen.
6. Abegg, Auerbach,
Luther +0,390
7. Lamb & Larson #0.355  Cell OofCoClg/N.KC1/HgC1/Hg
soln,

8, Heymann & Jellinck +0.368 Co** equilibrium in aqueous
nitrate solution.
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Various reference electrodes have been used. This, however,
is a minor factor, for as long as the reference electrodes
are reversible and reproducible they may readily be
referred to the arbitrary standard, the hydrogen electrode,

Liquid junctions exist in all of the cells; and sinoce
the junction potentials have not been taken into account,
the accuracy of the values is not of the highest order.

Hydrogen has not been avoided always, thus tending to
give too negative results,

The methods of preparing the electrodes also vary,

In the majority of cases electrolytic metal has been used;

but even then the composition of plating baths, current den-
sities, temperature, etc., were not uniform. As the state

and structure of the metal is perhaps the most inportant factor
in determining the potential of the metal, the method of
preparation of the electrodes in all probability accounts for
the variance of the values given in the above table for the
normal potential of cobalt.

Considering the other members of the ®"Iron Group®, we
find that the best value for nickel seems to be that given
by Haring and Boecheslg) namely +0,831 volts, but values
varying from+0,138 to+0.621 are given in the literature.,
Newberr§30) working with nickel found that impurities in
the metdl had no marked influence on the potential of the
metal also that oxygen is an unimportant impurity, contrary
to opinion of most investigators, He explained the wide



~15-

variation in values by a theory of allotropy and hydration
of nickel ions,

The value for the potential of iron given in the
International Critical Tables ig+0.4410 volts., Recently,
Randall and Frandsen(al) have re-determined the single
potential of iron and they give as a better value +0,.4403
volts,

Thus with respect to the "Iron Group" ocobalt occupies

a position between iron and nickel.
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OBJECT

The object of this investigation was to make a
detailed study of the factors affecting the electrode
potential of cobalt.
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EXPERIMENTAL

Materiagls
1l, Wagter

Conductivity water was used in the preparation of
all solutions, This was the best product of a Precision
electric still and was found to have a specifio
conductivity of 1.74 x 106 reciprooal ohms,

3. Cobalt Sulphate

Kahlbaum'!s nickel-free cobalt sulphate was used
for all solutions, both for the electrolyte of the
cells and for the plating solutions,

3. Cobalt
(a) Reduced metallic cobalt

The metallic cobalt was obtained by reduction of
the oxide according to Kalmussaz) the experimental details
of the prevaration of the oxide being based on the
method of Chaudrongas)

The cobalt oxide was placed in an alundum boat,
which in turn was placed in a pyrex tube, This tube
was fitted with one-hole stoppers at each end through
which two 5 cm., lengths of 4 mm, glass tubing were passed
to provide an inlet and outlet for the hydrogen.

The hydrogen used was purified by passing the gas
from a cylinder, through sulphuric acid, an alkaline

solution of potassium permanganate, then over hot reduced



copper, thence into the tube containing the charge of
oxide. The excess hydrogen was burned after leaving the
pyrex tubs,

The oxide was heated at 500°C. for seven hours and
gave a product analyzing 99% cobalt. This cobalt was
used to cover the plated electrode.

(b) Plated Cobalt

The cobalt for the electrode proper was prepared by
electrolytic deposition from various plating baths,
using various plating surfaces and current densities.

(1) Kalmus, Harper and save11(34) investigated
various plating baths anq suggested the following for
the most successful results for thin deposits.

(a) 300 gms. cobalt ammonium sulphate,
CoS0, (NH,),S04.6H30, equivalent to
145 gms. of anhydrous salt in one
liter of water,

(b) 319 gms. cobalt sulphate
19,6 gms, sodium chloride
Boric acid nearly to saturation in one
liter of water,

(2) Winklersas) who prepared a specimen of pure

cobalt for atomic weight determinations found the following

' solution successful.
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100 co. cobalt sulphate solution contalning 11.62

gms, of cobalt per liter.

30 gms, NH,OH (specific gravity 0.905)

500 co. water.
The metal obtained in this way containe a small quantity
of the oxide but this may be reduced by heating in a
current of hydrogen.

(3) Neutral solutions of cobalt sulphate 2,5 N,

(4) Ammoniacal solutions of cobalt sulphate 3.5 N.
4, Mercury

The mercury used was purified by Kowalewskigzs)
Mercury in dilute nitric acid was stirred continuously
for a week or longer. This method was shown to be
superior to the usual method of merely dropping mercury
through a column of dilute nitric acid - mercurous nitrate
mixture and to distillation,
5, Mercurous Sulvhgte

The mercurous sulphate was prepared according to the
method of'Hulett$27) Pure mercury and sulphuric acid
(density 1.15) were electrolyzed between a mercury anode
and a platinum cathode. Mercurous sulphate is formed and
goes into solution at the anode but when the acid is saturated
(2 gms. HggyS0, /Liter) solid mercurous sulphate appears
and covers the anode. At the cathode, hydrogen is liberated
and a small amount of mercury. The efficiency is very

great, howsver, about nine grams of the salt being formed
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per ampere hour, If the mercurous sulphate is allowed
to collect on the anode to any great extent, a secondary
reaction may take place. This is to be avoided and an
elsctrical stirrer was used to keep the mercurous
sulphate in suspension while the ocurrent was passi '528)

Preparation of Solutions

All solutions were prepared from nickel-free cobalt
sulphate (Kahlbaum) and conductivity water. The |
preparation of these two materials have been described
above,

A fresh solution was prepared for each determination,
The concentration of the solutions were determined by

analysis of solutions from the half cells.

C, Analytical Method

Volumes of solutions containing 0,15 gms. to 0.35 gnms,
of cobalt, that could be analyzed conveniently by the
elsctrolytic méthod, were electrolyzed according to the
method of Lindell and Hoffman'32) modified by Payne({30)

For the more dilute solutions, the analyses were
made by density determinations. The detalls of determining
the densities of the solutions together with a formula

for ocalculating normalities are given by Payne$31)

D, Experimental Method

1, Apparatus
(a) For the measurements of the potentials exclusive
of the series measurements a Leeds and Northrup student

potentiometer was used with a portable galvanomster,
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For the series measurements, a Leeds and Nbrthrupcsz)
Type K potentiometer, telescope and scale galvanometer
(sensitivity 300 meg.) and standard cell were used.

(b) Half cells of the conventional design were
employed.

(c¢) Several electrodes were tried.

1., Platinum rod plated with cobalt.
3. Platinum rod plated with cobalt and
surrounded with finely divided cobalt metal,
3. Platinum rod plated with cobalt and completely
covered with finely divided cobalt metal.
4. Platinum gauze (very fine) plated with cobalt.

The last electrodes mentioned gave the most satis-
factory results., These electrodes were flat pleces of
fine platinum gauze about 1.5 oms, in diameter, they
were welded to pleces of platinum wire, then sealed into
the ends of 18 cms, lengths of 4 mms, glass tubing,
Contact was made by filling these glass tubes with-
mercury.

(d) The cells were kept in a water thermostat which
was maintained at a temperature of 35°C.. 0,03° by means
of a toluene-bulb-mercury gas thermo-regulator, which
operated a micro gas burner, the bath being stirred by
a low spesd motor. Cooling water was run through a
copper coil.

(e) A1l volumetric apparatus was calibrated at 35°C.



E,
Elec- Current
trode Used
(amperes)
1 0.1
3 0.1
3 0.8
4 0.1
5 0.04
6 0.05
7 0.10
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Factorg Affecting Electrode Potentialg

1, Nature of Electrode

Cobalt was plated on a rod of platinum approximately

1.5 oms. long and 0,1 oms, in diameter from the various

gsolutions mentioned under materials.,

In order to determine the most satisfactory bath,

current, and time of plating, experiments were performed.

The results of these experiments appear in Table II,

TABLE I
Plating
Solution

Winklexr's soln.

CoS04 (approx,

0.5 gms) 100 cc
soln, (40 cc H,SO
320 NH,O0H) Soln

Soln. 1

Soln+ NaHSOs

I

Time
(hrs)

i

3

4

4

3
3
3
3

Nature of Deposit

Rough gray deposit,
blackened after 3 hours
crystalline growths
appeared at end of rod

very crystalline deposit

Fine smooth deposit.,

After 3 hours corystalline
growths started to

eposit on end of rod
Smooth deposit

No satisfactory deposit
Smooth gray deposit

Smooth deposit

From the results shown in Table II satisfactory plates

of cobalt may be obtained on platinum rod using 50 to 100

milliamperes for a period of 3 hours, and an ammoniacal

solution of cobalt sulphate.



Cell
No.

D=

03 0OUM K

10

11
13
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The plated eleoctrodes were surrounded by a small

amount of metallic cobalt and readings were taken of the
cell Co(g) ,C0804(4) » HgaS04(g) # Hg(1).
Readings were also taken with half cells containing

plated slectrodes which were entirely covered with the

metallic ocobalt.

Solutions used in all the cells were 0.5 normal.

Condition Plat- Conc,

Electrode 1ing
Soln.

plated Neu-
electrode tral
Soln,

" ammo-
niacal

surrounded
by small "
amt,cobalt

plated "
electrode
entirely
gurrounded
with cobalt

TABLE III
Days

COSO4 1 3
0.5N0.895 0,903
0.937 0.935
" 0,904 0,908
0.910 0.909
0.951 0,948
*  0.944 0,963
0,934 0.935
*  0.955 0,935
" 0,931 0,939
0.945 0,933
" 0,987 0,987
0,949 0.945

0.903
0.940

0.915
0.917

0.948
0.959

0.933
0.935

0. 930
0.9230

0.983
0.871

0.905

0,933
0.935

0.948
0.960

0.933

0.939
0.930

0.881
0.860

0.938
0.940

0.948
0.958

0.932

0.933 0,933
0.930 0,931

0.933

0.934 0,937 0,930
0.934 0,933 0,934

0.980-0.,980 0,980
0.880 0.860 0,859

The results tabulated in Table III indicated that the

plated electrodes (plated from ammoniacal solution) surrounded

by a small amount of cobalt gave the best results.
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The gauze electrodes were next employed, These electrodes
were plated with cobalt from both neutral and ammoniacal
plating solutions. Again the electrodes plated from
ammoniacal solution gave the most satisfactory results.
Because the plated cobalt on the gauze was not subject to
strain, as is the case of plates on rod electrodes and
because with the gauze electrodes the presence of the
reduced metallic cobalt was not necessary, it was found
more desirable and convenient to use gauze elsctrodes in
the following measureﬁents.

The concentration of the solutions used in the cells

was 0,5 N, and 0,1 N,

TABLE IV
Cell Nature of Plating Conc, Days
No. Elec¢trode Soln, 00304 -1 2 3 4 5
1G  plated Neutral 0,5N 0.901 0.915
3G gauze 0.895 0,903
3G " " " 0,804 0.900 0.921 0.917 0,936
4G 0.884 0,901 0.937 0,918 0,935
5G " Amm, " 0,985 0.984 0,985
8G 0.981 0,984 0,985
7G " " "  0.975 0.954
8G electrode broke after plating
oG " " " 0.978 0,975 0.975

10G 0.977 0.976 0,977
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2. Nature of Plating Solution

The conclusion drawn from the above results was that
the ammoniacal plating baths were the most satisfactory.
3. Effect of Current Density

From the results listed in Table II, the best
deposits seem to be obtained using 0.1l ampers. Payne(ss)
observed that 0.05 to 0.1 ampere gave the most desirable
plate using the same electrodes.

Amperage in excess of the amperages mentioned resulted
in large crystalline deposits, especially at the end of the
electrodes. A low amperage employed for a longer period
of time gave the best results especlally with the gauze
electrodes.

For the two series of measurements .05 amperes over
a period of 18 hours were used.

4, Effect of Cell Electrolyte Solution

In some of the first measurements 0,001 molal sulphuric
acid was introduced to prevent hydrolysis of the cobalt sulphate
after the method of MurataSS4) However, no perceptible change
was noticed in the E.M,F. measurements when the acid was
eliminated from the cell electrolyte.

Consequently the cobalt sulphate solutions alone were
used for the cell electrolyte in the later measurements,

5. Effect of Time
Experiments with the first cells indicated that after
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three days the E.,M,F, did not change with marked degree.
Consequently in the subsequent measurements the cells were
measured over a period of at least three days. From the
data obtained it was decided that in three days the cells
- had reached the equilibrium state for there was no marked
change in the E,M.F., measurement after that time.

In the second series lack of time prevented measurements
being made after three days had elapsed. Consequently the
tables were compiled for both series using measurements
extending over a period of three days.

6. Effect of Air

The experiments of Randall and stone(35) prove that the
effect of air on the potential of the mercurous sulphate,
mercury, electrode is negligible.

In order to determine the effect of air upon the
electrode potential of cobalt, two series of cells were
measured.

In the one series the solutions used to f£ill the cobalt,
cobalt sulphate, half cell were exposed to air and the cells
filled in the usual way. There was no precaution taken to
exclude air from the solutions.

The other series, however, were filled by a process
according to Haring and Bosche(ss) where the alir is excluded
from the solutions f£filling the cells.
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(a) Procedure

The half cells were carefully cleaned and dried. The
mercurous sulphate, merocury, half cell was then prepared.
The platinum electrode was amalgamated by electrolyzing a
mercurous nitrate solution, then covered with pure mercury,

An amount of the prepared mercurous sulphate, sufficient
to form a very thin layer over the mercury wés then
introduced, and the half cell filled in the usual manner
with the ocobalt éulphate solutibn. The half cell with the
exception of the side arm was painted black to prevent the
light from affecting the mercurous sulphate, The side arm
of the mercurous sulphate, mercury, half cell was then
introduced into a bridge containing the same concentration
of cobalt sulphate solution,

For the first series of measurements the cobalt, oobélt
gulphate, half cell was prepared in the following manner;
the platinum gauze electrode was plated from an ammoniacal
solution of cobalt sulphate using 50 milllamperes of current
over a period of 18 hours. The plated electrode was then
washed with a solution of cobalt sulphate and then placed in
a half cell contsining a solution of cobalt sulphate of the
gsame concentration as the wash solution., The side arm of
the filled cobalt, cobalt sulphate, half cell was then also
introduced into the bridge containing the cobalt sulphate
solution of the same concentration,

In the second series of measurements the procedure was
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identical except in that the filling of the ocobalt, cobalt
gsulphate, half cells waes accomplished with the exclusion

(37) method was used,

of air. Haring's
The completed cells were then placed in the thermostat

and the leads to the two-way switch (which was connected

to the potentiometer ocircuit) were inserted in the mercury

filled tubes. The cells were allowed to remain in the

bath for at 1eaét thirty minutes, in order to come to the

temperatﬁre of the bath, The switch was then .closed and

readings taken daily for at least three days (time required

for cells to reach equilibrium).

Table V 1ists the measurements of the two series.



(b) Results

Cell Concentration

No.

33
34

35
36

31
33

37
38

41
43

43
44

45
46

47
48

49
50

51
53

53
54

Approximate
Normality

0.1
0.05
0.02
0.C1
0.01
0.005
0,003
0.001
0,0005

0.0003

0.0001

3G =

TABLE V

Series I

0.8470

0.9404
0.9331

0.9600
0.9443

0.8757
0.9513

0.9537
0.9015

0.9468
0.92385

0.8963
0.8899

0.8753

© 0.83908

0.8511
0.8933

0.,9321
0.9159

0.8436
0, 8000

0.9503
0.8087

0.9478
0.9386

0.8521

0.8791
0.9560

0.8887
0.9114

0.9387
0.9184

0.9000
0.9000

0.8936
0.8845

0.8073
0.9181

0.9375
1,0019

0.,9000
0.8000

Days
3

0.9508
0.9161

0.9484
0.9504

0.8532 0,.8532
0.8452 0,94523

Digocon-
tinued

0.89023 0.8910
0.8140 0,9110

0.9357 0.9315
0.8175 .0.9310

0.8000
0.9007

0.8836 0.8883
0.88223 0,8881

0.8713
0.9588

0.9189
0.8834

*0.9000
0.8330

0.8200
0.9098



Cell Concentration
Approximate
Normality

No.

55
56

57
58

59
60

81

63

683
84

65
66

e7
68

69
70

71
73

73
74

0.1

0.05

0.03

0.01

0.005

0.002

0.001

0.0005

0.0003

0,0001

-30=-

TABLE V
(continued)

Series II

0.9450
0.9103

0.9316
0.,8670

0.9240
0.9486

0.9445
0.9164

0.94238
0.9860

0.9650
0.,9742

0,9736
0.8310

0.9876
0.9336

0.9690
0.9674

1.0374
0.96837

0.9308
0.9139

0.9341
0.9280

0.9631
0.9633

0.9370
0.9438

0.9438
0.9925

0.9435

0.8531

0.9677
0.9183

0.9430
0.2390

0.9670
0.9635

0.9345
0.9535

Days
3

0.9325
0.9109

0.8335
0.9382

0.9483
0.9435

0.9190
0.9197

0.8362
00,9913

0.9653
0.9580

0.9855
0,9068

0.,9000
0.8385

0.9156
0.9710

0.9350
0.8378

0.9300
0.9100



Cell Noxr-
No, mality

33
34

35
36

31
33

41
43

43
44

45
46

47
48

51
53

approXe.

0.1

0.05

0.023

0.01

0.005

0,003

0.001

0.0002

Density Nor-

1.00;9
1,0016
0.9986
0.9980

0.9977

0.9973
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TABLE VI

Series I

mality
exact)
calc.
from
density)
0.1021 0,0513
0.0588 0,0295
0.0186 0.00985
0.0118 0.0058°
0.00785 0.00394
0.,0036823 0,00131
0.001

0,0003 0.0001

Molality 1logm E

2,7095 0.9335

2.4703 0.949%4
-lo 5898

33,9934 0,9493
-3,0068

3,7703 0,9176
-2.2297

3,5955 0,9388
-2,8045

3,1179 0.9000
-2.8831

0.000501 4.7001 0.8864

-3.2999
4,0000 0,9013

76§§I§t)

E N

Vi

log m

14.78 0.2044 0.4521

14.53 0.1180 0,3436
14.11 0.0393 0,1983
13.29 0.0236 0,1537
13.35 0,0157 0,1353
13.34 0.0053 0,0733
11,69 0.0030 0,0447

11.34 0.0004 0,0200



Cell Nor-
No, mality

approx.

0.1

0.05

0.03

0,01

0,005

0.002

0.001

0.0005

0.0003

0,0001

Derigsity Nor-

1.00860

1.0018

0.9989

0.9981

0.9975

0.9973

—-23<

TABLE VI

Series II

mality

(calc.
from

density)

0.1165 0.05843
0,0615 0,03084
0.02368 0,01181
0.0131 0,00856
0.00534

0.00361
0.00131

0.000656
0.001 0,000503
0.0005 0.000351

0.0002 0,000100

Molality 1logm

2,7665
-1,3335

2.4892
-105108

2.,0733
-1.9377

3.8172
-3.1828

3.4172
-3.5839

4,8173
-3,1838

4,7003
-3,3997

43,3992
-3.6008

43,0013
‘3'9987

0.0001 0.0000503 5, 7003

0.9317

0.9359

0.945¢S

0.9184

0.9638

0.9617

0.9463

0.9193

0.9364

E-, N

.05915

log m

14,35
14.14
14.08
13.38
13.71
13,08
13,70

11,93

11.53

J

0.333
0.123
0.0471
0.0363
0.0105
0.00262
0.002

0.001

0.,0003

0

0,4837
0.3508
0.3171
0.1618
0.1034
0.0513
0.0447

0.0316

0.0141



33

Cells number 10 to number 33 inclusive were not
included in this series of measurements for the factors
in their preparation were not comparable to the cells
given in Tables V and VI,

The values of the two cells for each concentration
were averaged and plotted as a funotion of the logarithm
of the molalities. The molalities were caloulated from
the densities of the cell solutions,
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From the above curve the following smoothed values

were obtained.

TABLE VII
m EMUF,
. mols, C0S0,/1000 gms. H30  Series I Series II
(with air) (without air)

0.05 0.9331 0.9213
.03 . 9501 .9378
<01 .9480 .9485
005 .9325 9591
.003 . 9095 .9656
001 9000 .9645
.0005 . 8989 .9538
.0003 . 8995 .9197
.0001 9000 +9371

The values obtained with the more concentrated solutions
are experimentally more certain,

As in the case of the density determinations the results
obtained below the concentration of 0,003 molal were unsatis-
factory,

In Series II in which air was excluded from the cell
gsolutions the E.M,F., increased with dilution as it normally
should while Series I did not behave in any regular manner.,
However below the concentration of 0.003 it seems that the
E.M,F, values of Series I reached a constant value while in
Series II the E.M.F, steadily decreased. The values of

Series II at these low concentrations gave higher values
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than those of Series I,

A visible change in the appearance of the electrode
iteelf was also noted., In the first series the electrodes
usually became discolored, attaining a brownish color,
after a few days. The eleoctrodss of Series II retained
their original color throughout the series of measure-
ments,

For the cell,

Co(s), CoSO4(m), HgzsO,(s) + Hg(1)
the anode reaction is
Co(s) + 2@ —>Co”” (£ m)

and

while at the cathode;
3Hg(1) + 80, (£*m)+ 3 & —>Hg,50, (s)

En = E9 = RT 1n _1°°
3 8 3F° Trum

Now
E=E -5
and

E was determined experimentally, and substituting values

of E; and Ez we have;
E=E° ~«EQ-RT In £f#m+ RT 1In _ 1°

1 3 3F 2F f*an

RS R« (o}
Let Eo = El - Ea
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E = E - RT 1n(£#m)?
°© 3F

E=El-3_'1:ln£tm
F

i
=1

]
!

RT x 3.303 log £t m
F

= EL - 05915 log £* - ,05915 log m
E :E}°—log£t-logm
.05915 .05915
or
log £+ - _E log m 1
.Oggl [05915 * ] ( )
g + log m was plotted as a function of r(ionic strength)
.05 15

The average straight line was extrapolated to r 0
Let this value be y (the intercept)
For v =0 i,e. m = 0 and equation (1) becomes

.0581
whence Eg' = 05915y
But EX = Ef - Ej = 0.05915y

8o that
o _ 0
EY = ,05915y + E3
where E represents the electrode potential of ocobalt.
o - 0
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here y = 14
E§ = -0.6313
Eg = 0.8381 - 0,68213
=+4+0.,3088 volts for cobalt.

As the second series measurements gave the most‘ satis-
factory electromotive force measurements, the results of
this series was used for the calculation of the cobalt
potential, The electromotive force values in the more
dilute solutions were manifestly too low for purposes of

calculating the cobalt potential,

TABLE VIII
(date for curve '6'.'5%’9“%5_- + 1og m vs VF)
folality log m Serfes I 5'.'52_9—15783::533 II '6,_61'5%3_'5? VN_
. ‘ log m log m
0.05 23,6990 0.9331 14.47 0.9313 14,37 0.4472
03 33010 .os01 14.36  .9578 14,15  .3829
-1,6990
.01 2,000 .9480 14,03  ,9485 14,03 ,3000
005 3,699 .9335 13.46 ,9591 13,91 .1414
.003 ﬁ%:ggio .9095 13.88  ,9658 13,62 ,0895
001 -5:000  .8000 12.33  .9645 13,30 .0833
.0005 4,899 .8989 11,89 .9538 13,83  .0447
.0003 ﬁ%:gégo .8995 11,51 9197 11.84 .0383

.0001 -4.000 .9000 11.22 «9371 11,67 .0200
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7. Effect of Concentration on Potential of Cobalt

The electrode potentials listed in Table I have been
determined using in the majority of cases normal cobalt
sulphate solutions as the electrolyte., In order to
determine the effect of concentration, especially in
dilute solution, measureménts were made with solutions
ranging from 0,05 molal to 0,00005 molal.

The exact concentrations were obtained by determining
the densities and calculating the normalities using the
formula of Paynesss) This formula was-found applicable to
a oconcentration of 0,001 molal. The more dilute solutions
were prepared by accurately weighing the required amounts
of cobalt sulphate.

The electrodes were prepared and measurements made as
noted under (a) Procedure.

The results of these measurements are also listed in
Table VII, Measurements of the second series were most
satigfactory, the electromotive force values increased
with dilution.

The change of the electromotive force with the concen-
tration of the solution may be checked by calculating the
difference between the electromotive forces of the cells,
The following calculations were made assuming that the
substances were completely ionized and their ions were

perfect solutes.
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Co(s),CoS0,(0.03m),Hg,S0, (s) Hg(l)’Hg(l) Hg,50,(s), CoS0,(0.05m),Co(s)
- AF = EnF = NRT 1n a; @

a3
Electrode reactions:
Co(s) + 36 —0o™*(0, 03m) 3Hg (1)+50, (0. 05m)+ 2 E~Hg,504 ()
Hg,S0, (s) = 3Hg(1)+80," (0.03%2® o™ (0.05m) —#Co(s) + 26
(a) Co(s)+ HggsSO,(s) —> (v) 2Hg(1)+Co™ S0, (0.05m) —
2Hg(1)+co”802~(0. 03m) Co(s) + HgBSO4(s)

(a) Cp(s) +Hg/?ﬁ)4(s)—*3H l)+Co#SOZ_(0.08m)
(v) 2Eg(1) + Co ™50, (0,05m) —+Co{3)+ Hgg80,(s)

+  —- - ——
Co S04 (0.05m) —>Co 80, (0.02m)

+t_ -
Net result is transfer of 1 Co 80_4 as ions from 0,05 molal
CoS04 to 0,03 molal CoSO4.

(1) - AF = NRT 1n (a% )y = 0,05 = 3,5
' ax )y 0.03
= 3x8,316x298x3,303x1log 3.5
= 4580
(3) ~AF = EnF
4560 = AEx3x96,500
AE = 0,0336

TABLE IX Series II

Molality - EM,F. AE AE
(obgerved) (caloulated)
0.05 0.8313
.03 <9378 0.017 0.034
.01 9485 0.011 0.018
«005 <9591 0,011 0,018

.003 +9656 0.007 0.034



42~

SUMMARY AND CONCLUSIONS

The following factors affecting the electrode potential
of cobalt have been studied; the nature of the electrode,
the nature of the plating solution, the effect of current
density, the effect of the cell electrolyte solution, thé
effect of time, the effect of air and the effect of
concentration.

It has been shown that the platinum gauze plated with
cobalt was the most convenient and reproduceable electrode,

It has been shown that ammoniacal solutions of cobalt
gsulphate approximately 2.5 normal gave the most satisfactory
plate of cobalt,

It has been shown that 0.05 to 0.10 ampere deposited
the most satisfactory plate of cobalt.

It has been shown that the introduction of 0.001 molal
sulphuric acid into the cell solution had no noticeable effect
upon the electromotive force. It has been suggested that
hydrolysis has not had time to occur within the time the
cells were measured.

It has been shown that the cells came to equilibrium
within thiee days.
| The electromotive force of the cell Co(s), CoSO4(m),
Hg,SO4 + Hg at concentrations,0512 molal to .0001 molal
have been measured at 35°C. both in the presence of air and

with the exclusion of air.
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It has been shown that alr has a very marked effect on
the electromotive force. The cell solutions from which
air was excluded gave the moast satisfactory results.

The electrode potential of cobalt has been determined

by the extrapolation of the ocurve, E 4+ log m
0.05915

rlotted as a function of Vﬁ-. The value was found to be
+0.3068 volts.

It has been shown that the change of the electromotive
force with the concentration of the solutions is of the
same order as the ocalculated values in the case where air

has been excluded from the cell solutions,
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