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1. Intro@uetion

The published work concerning the electro-
motive force of nickel shows a multiplieclity of vary-
ing values, rangeing from -0.90 volts to ~0,466 volta,
compared with the normal calomel electrode as zero,
Host of this work has been carried out in concentrated
solutions, with little consern towards accuracy. The
values recorded are the observed values, without any
corrections; in only one c¢ase has any attempt been made
to caleuwlate & value for the normal eleotrode potential

from the me&sured valune,

Some recent work at the Bureau of Standards
(1) seems to indicate that the true potential of nickel
lies somewhat higher than the present accepted value of
~-0,4800 volts, referred to the normal calomel electrode
as zero, rurthermore Gerke (2) in his "Summary of Electrode
Potentials" does noi accept the present value for nickel
as reliable in that he does not include it in his table

of standard reference electrodes,

Since nickel is such an imporitant metal,

especially in the plating industries, an aceurate and



careful re#determination ol the true equilibrium
value was deemed highly advisable,
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2. Review of Literature

Heumann (3), using nickel amalgam for hisg
electrode, reports the following values Tor three
different solubions:

Normal nickel Bulfat@,.es..=~0,538 volts™

Hormal nickel chloridﬂ.....-0.540 volts

Formal nickel nitrate......=0.500 volis
He prepared his electrode by plating nickel from a
nickel chloride-boric aclid solution, then rubbing it
with mercury and again plating from a boric acid-
ammonium sulfate-nickel mulfate solution until a

thick amalgam was obtained.

Kister (4), in his work on the electrolytic
separation of iron and nickel from solutlons of their
sulfates, found niockel %o be deposited from neutral
normal nickel sulfate solubtion at -0,80 velts. He
believed therefore that this was the true value Tor the

potential of nickel.

* These values, as well as those which will follow iu
the review, are referred to the normal calomel electrode,
The cenvenbion'which will be used throughout with regards
o sien will be that adopted by the American Eleciro~
chemical 3cociety. That 43, the sign of the charge on
the métal will be placed befora tha value for the
electrode potential (28).
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Siémens (5) used nickel which was polarized
alternately anodically and cathodically, and found
the value of -0,504 volis,

Euler {6) suggests that rough nickel will
give a more nearly reproiucible value than nickel
sheet, He used Kehlbaum's nickel, treated it with
sulfuric acid, then placed it in normal nickel
sulfate and made it alternately anode and cathode,
using a small current density., He allowed his
metal to stand for a few days previous to us, He
obtained the value of ~0.466 volts for N-HiSO, and
-0,472 volts for N/5-NiS0,, He assumes normal nickel
sulfate to be 0,11 normal in nickel ions and cal-
sulates the value of Eo for nickel in contact with
a normal solution of its ions to be ~0.460 volts,
With Mond nickel he obtained the potential of
-0,466 volta, Euler advises the expulsion of air
but he took no particular precagtions to exclude it
from his electrolyte., He does not mention having
neutralized his solution or having worked at a
constant acidity.,

Muthmarm and FPraunberger (7) report the
velue of ~0,883 volts., They believed that the true
potential of nickel is obtained only when vassivizing
influences are excluded. They therefore polarized
their nickel with hydrogen in distilled water and



quickly transferred it to e normal nicksl sulfste

golution,.

Schweitzer (8) using pure powdered nickel
and nickel sheet i& normal nickel sulfate, working in
an atmosphere of hydrogen, found the values of ~0,513
and ~0,590 volta, With powdered nickel and normal
nickel ehloride he obtained -0,596 volts,

Pfanhauser (9) gives the value of -0,519

volta, using normal nickel sulfate,

Schoeh (10) working in vacuo in order to
remove oxygen and air, uaing‘varying grades of nickel
including sheet nickel, Kahlbaum's and his own
electrolytic preparation, obtained valuss varying
from -0,465 to -0,487 volts. He bellovesm -0.480
volts to be the true value though with powdered
nickel he obtainsd the value of -0,522 volts. This
powdered nickel he obtained by reducing nickel oxide
(prepared by heating Kahlbaum's nickel nitrate) in a
current of hydrogen, This nickel, laden with hydrogen
gave a potential of -0,580 volts after 36 hours. On
boiling out, to expel the hydrogen, the value of ~0,522
volts was atialned. In another experiment Schoch
alsoc showed the effect of hydrogen on the potential
of nickel, He holled & piece of nickel sheet in
concentrated sodium hydroxide and then placed it in



normal nickel sulfate, The potential attained

in this case was -0,875 volts, With nickel treated
with hydrochloric acid and in conbtact with hydrogen
a potential of ~0,62 volts was obtained. After
boiling out the potential of this same nickel dropped
to ~0.48 volts, Schoch found the potential of mnickel,
in contact with normal nickel chloride, to be ~0.42

volts,

Smits and de Bruyn (11), (12), on the basis
of the theory of electromotive equilibrium developed
by Smits (13), believe that when the potential of
nickel is measured in an acid solution, in an
atmosphere of hydrogen, the result will be dependent
on the hydrogen ion concentration of the solution and
will be equal to the potential of the hydrogen electrode,
They measured the potential of a selutiun saturated
with hy#®rogen and found that the potentials of nickel
and hydrogen electrodes in this solution both became
constant at -0.,640 volis, They then measured the
potential of a normal nickel sulfate solution, working
in vacuo, using a nickel wire as clectrode, and found
the value of ~0,480 volts, agreeing with that of
Schoch, The present work has shown that nickel of
this form, even with careful evacuation and bolling,
becomes coated with & black oxlde after standing for
a short while., It 18 probable then that the value
measured by both Schoch and Smits and deBruyn may



have been effected by this oxide,

Various other confllieting values and
opinions may bde fbﬁhﬁ. W. Bonsdorff (14) reports
thet he was ﬁnable‘to obtain a reproducible electmode.
Coffettd and Foerster (15), finding that nickel was
deposited from normal nickel sulfate colution with a
cathode potential of -0,903 volts, support the value
found by Mubthmenn and Frawnmberger. Schildback (16)

in his work on cobalt, assumes the value of Schoch.

Thompson and Sage (17), using spongy nickel
made by elecirolyzing & half normal nickel chloride
gsolution at 90°, with 12.5 volts, obtained the value
of ~0.,672 volés with an electrolyte of neutral molal
nickel sulfate, With a solution containing 60 gms,
Hi804.6H50, 20 gms (MHg),80, and 40ce NH,OH per liter,
electrolyzed at 20° with 8 volte, they obiained a
nickel whose electrode potential was ~0.577 volts.
They took no special precautions to expel air or %o

get rid of hydrogen.

The valunes discussed above are grouped
together in Table I, so that they may he compared at
a glance. The values as given in the literature are
not corrected, When corrected to a solution normal
in nickel ions the values would be about 0.015 volts less,
(This value is obtained by assuming H-NiSO4 to be ionigzed
to the extent of 31%, as are other salis of this type.



Table I.
- Electrode Potentlal of Hickel as Recorded in Literature.

Worker Solution Potential
Reumann H«EiSO -0,538 v,
K~ﬁi$l =0, 540
li~N4 (18 5)s 0,500
Kuster N-N1504 -0,803
Siemens Hnﬁiﬁﬁé =0 o 504
Buler H-131350 -(,466
H 5~§i§0¢ ~-0,472
Kuthmann and
Fraunberger H=-H1504 -0,883
Schweitzer N-H1504 ~0,613
Ekﬂiclz -0, 596
Pfanhauser K-Hiso4 ~0,519
Schoch E~Ni304 ~(,480
N-N1C1lp ~0.420
Smits and
de Bruyn N—ﬁise% -0,480
Thompson and
Sage m~§1304 -0,672
-0, 577

In the case of nickel and other inert
metals the equilibrium potential is only established
under very definite conditions, If the solution is in
contact with agr the metal is attacked ani the corrosion
leads to a change in the potential in the direetion of

greater nebility. Some of the above values, therefore,



when the work was carried out with no particular

care for the exclusion of air, are too low, On the
other hand the results of Muthmamm and Fraunberger

and Kuster are too high, for they are even higher

than the potential at which nickel can be plated rfrom -~
its solution, Hydrogen effects the potential, as was |
shown by 3choch and also by Smits and de Bruyn, and

it seems pogsible that the values of Schweltgzer were
thus effected. However, Jjust as Foerster assumed

that a small amount of hydrogen was necessary to

attain the equilibrium of the iron electrode, so
Schweltzer suggests that a small amount of this gas

may aseist in attaining equilibrium in the reaction

51 -2(-)em®t

The pregence of an acid will cause a lowering
of the potential, for nickel will dlsplace hydrogen
from acids and the electrode would then act as a

hydrogen electrode,

Because of the unknown activity of metallie
ions in concentrated solutions it 1s imposmible %o
correctly caleulate a value for the normal electrode
potential from the above work, ®mince all of it was

carried out in concentrated molutions.

Liguid potentials were not eldminated in any
of the older work and since it is well known that there

i sometimes considerable potential between electrolytes

another source of uncertainty is added to the above resuls,



3. Experimental Details
a, Preliminary Work

For the prelininary measurements, electrodes
of the type described by Smits (13) were used and
£illed according to his procedure. One of the elec-
trodes of the cells measured was the normal calomel
electrpde, The other electrode consisted of nickel
from different sources, immersed in various sclutions,
all normal with respect to nickel sultfate., Connection
between the two electrcdes was mddes by using the device
suggested by H, E, Haring (18). & 10 om plece of glass
tubing, drawnm out to a capillary was filled with
saturated KC1 solution and connected to the side arm
of the calomel electrode vessel by means of s plece
of rubber tubing., The capillary end was then dlpped
into another tube, algo drawn out, which was filled
with some of the solution whose electrode potential
wag being determined., Connection could now be made
with the nickel eleotrode. By use of this device
econtact potential at tThe liguid Junction is practically

eliminated and the &iffusion of X681 is docreased.

The results are btabulated in Table 2, The
values ziven are referred to the normal calomel

electrode.

The electrodes of cells Fo. 1, No, 2, No, 3



TABLY IX

Freliminary !.easurements

Time In
Deys? 1 2 3 4 6 8 10 12 15 18 20 22 24 30 35 48
Gell Ko, 1l .‘%51 457 .%5 : 0465

2] .452 f.457 ].460 [ b .451
3f .244 [.245 [.458 | «460
4] .453 [.468 [.471 | ATE |e475 . 470
5[ .492 [.516 [.517 [ 512 [.510 3 .502
6f .493 [.517 [.521 | .523 [.522 | <492
7 [ .400 | [ +457 o463 452 LATL L4685

8 .435 [.452 i «452 [ 4468 469 JATO| 472

o .445 [.158 [ o467 468 469 <ATO{ 472

10f 460 [.470 | f 2472 .468] .47 271,472

11 o545 i 857 [ 555 +555 1.556 .5u8] W552 [ L8652 ) L8550

12 .539 ] .542 E [ o555 532 {530 524 .518 | .523 | 44500

13] .525 .528 [ [ 1.532 o532
14] .523 523 [ [ #531

15 571 [.877 | 577 [ [ 577 57T {4576 574

16 « 587 [4589 [ «591 [.501 +586 576

17 +520 520 544 | | 546 | 4550 «550] 4551

18 «530 L 542 543 | [ 542 | J544 .542] 544

19 540 L 541 .545 | [ o545 | abaT <547] 547

20 553 «550 [ 552 | 555 .555] 4557 |

21 +565 563 501 .5H60 .556] 556 | 557 | 556

22 565 563 , 561 . 560 556} J554 | .586 | 4650

(3 "E -
‘o



and No. 4 consisted of nickel wire, obtained from
A, H, Thomas, inserted through the rubber stopper
of the electrode, The electirolyte was a N-NiS04
solution, which was shaken with Fi(OH), previous to

usie,

Electrodes of Ho. 5 and Ho, 6 comsisted of
electrolytic sheet nickel, obiained from the Bureau
of Standards, which had been allowed to stand in the
air for a long period of time. ZXPrevious to use the
netal was polished with pumice powder and thmwoughly
washed, Strips of it were inserted beiween the
rubber stopper and the wall of the electrode veasel.
The electrolyte was standard plating solution (see

preparation of materials), normal in KiS50,, to which

&l
gufficient NaOH had been added to bring the pH up to

608, i. e, the pl‘ecipitation pein‘b of Iqi(ﬂﬁ)gn

The electrode of No. 7 was made by sealing
a plece of the above gheet nickel Into a piece of glass
tubing and inserting this into the rubber stopper.
The electrolyte was normal Hi30, previously ireated

with NaCH,

Electrodes of No., 8, FHo, © and No. 10 con-
sisted of nickel amalgam, prepared by electrolyzing
N-li30, solution, for 1 hour at 1.6 amps., using a
cathode of pure mercury and & platinum anode, HNo. 8

was the liquld portion, No. 9 was the putty-like portion



and Ho. 10 was the top portion, consisting of
almost pure nickel, finely divided, The above
amalgamg were washed with water and kept under water

for four days before use, The electrolyte was U-Hi50,.

Electrodes of cells Ko, 11, Fo, 12, Fo. 13,
and No. 14 consigted of a platinum foil plated with
a thin coating of nickel from plating solution, using
a eurrent of about 1.5 amperes. INo., 11 and Bo. 12
were washed and boiled in water, then were allowed
to stand in K-Ni304 for two days previous to use,
They were then £illed with KhNiSO4 whiech had been
ahaken with Hi(GH}z. After 30 days No. 11 was
electrolyrzed so that oxygen was discharged on the
nickel and Fo. 12 eslectrolyzed so that hyfrogen was
discharged. Oxygen did not effect the potential bub
hyérogen caused a lowering for Jjust a short while to
0,515 volts, INo. 13 and Fo. 14 were allowed to stand
in distilled water, exposed to the air, for several

days previous to use,

After 30 days No, 14 was opened for just an
ingtent, Its potential immediately dropped to 0.450
volts, showing the effeot of alr., Vhen opened for Jjust

a second or two longer it dropped to 0.350 volis,

The electrodes of Fo, 156 and Bo, 16 consisted

of a "tree" of nickel plated on a small platinum wire



from plating solution. No., 10 was washed andi used
at once, while Fo, 16 was kept in water for 2 weeks
previous to use, Both were immersed in E-ﬂisoé
treated with Ni(OH),.

Electrodes of cells Nos. 17 te 22 congisted
of & small Pt wire, plated with nickel, in contact with
the fine nickel obtained when nickel 1s plated with a
high current density from heated plating solution,
using as cathode a small platimum point. No. 17,
No.l1l8 and o, 19 were allowed to stand in contact with
N-Ni30, for four days before filling the electrode
vessels, Io, 20 was filled with N-NiS0, at once
after plating, No., 21 and No, 22 were allowed to
stand in contact with.ﬁ~ﬁi$04 for two days previous
to filling., After 28 days No, 22 was emphtied and
refilled with new N-NiS0, solution,

The oells show different potentials, depending
on the method of preparation of the nickel, its
previous exposure, treatment of nickel surface,
rresense of alr or hydrogen, etc., DBy reference to
the table it can be seen that the value found by Schoch
was duplicated and even a gomewhat higher result
attained with cells Fo. 5 and Ho, 6, It should be
remarked that with cells FNo. 1l to No. 22, where the
nickel used was electrolytic, gquite ﬁoticeably higher

values were obbtained, With cells where the nickel was



uged immediately after plating,the potential given
mnay hgge baen effected, to some extent, by hydrogen;
but it is highly improbable that nickel, which has
been exposed to the air, or which has been allowed to
stand in contact with water or nickel sulfate solution,
would still conbain hydrogen in sufficlent amount to
account for such consistently high values, With
amalgam electrodes it is probable that air waes not
entirely excluded, for it took a long time to reach
oguilibrium., Equilibrium seemed to be reached more
rapldly with electrolytic nickel and for that reason
it was decided to use it in the final measurements,

be Preparation of Materialg

Water. ~ The water used was obtained by
distillation from a Barnstead stille It was sufficiently
pure for the work, having a pH of about 6,9.

Hickel Sulfate, - Hickel sulfabte of the
Indugtrial Nickel Produnets Co., obtained from the
Bureau of Standacds, was re-crystallized three times
at room temperature. This salt whs then dissolved
in water and shaken with Hi(aﬁ)z for a 4ay in order to
neutralige the H2804 fypmed by hydrolysis. By this
means the pH of the solution was brought to about 6.8%
This solution was then used to make the more dilute

E1304 golutions,



K1304 wag also prepared by electrolyzing

dilute 3230 using an ancde of Mond Nickel, The salt

80 ebtained%was further purified by recrystallization
and shaking with N1(OH),.

A 2§-N130, solution, prepared from t.e
s Industrial Iickel Products salt was electrolyzed for
200 hre. &t the "preak"™ in the nickel curve, using a
platimum~black catholde saturated with hydrogen. The
purpose and theory of this electrolysis will be
discumssed later,

Hickel Hydrogide. -~ A solution of the
recrystallized NiSO, was treated with NaOH solution
until precipitation was complete. The pre#ipicate s0
obtained was washed by decantation until the washings
were neubral and then filtered through & Buechner funnel,

Mercury. ~ The mercury used was purified
according to the method of Hulett and Minchin(19).
Ordinary laboratory mercury was passed several times
through a long column of HHO; and Hgh0, in the form of
a8 fine spray. This washed meroury was then distilled
several times in a current of air under reduced pressure,
in an appEwatus which was one continuous piece of Pyrex
glasgs,

Mercurous Sulfate. - This salt was prepared
according to the method described by Hulett (20},

2
per &mg, uging as cathode & piece of platinum foil and

Normal H 304 was electrolyzed with a current of 0,9 amps.



&8 anode pure mercury, with which contact was made
by means of a platinmum wire, completely covered with
mercury. As the sulfate was formed at the anole a
suirrer, with double paddle, just swept The surface
of the mercury and scraped off the salt., The H@2304
so prepared was laden with mercury but this is useful
in preventing oxi@a%ion of the salt. It was kept in
a glass atoypareﬁgﬁcttlﬁ in the dark, covered with

normal KESQ Before usge it was thoroughly washed,

until free irom the acid,

Mercurous Chloride. - This sal# was pre~
pared by electrolysis acsording to the method of
Lipscomb and Hulett (21) using the same apparatus
whieh was used in the preparation of ngsoé, except
that normel HCl was used as the electrolyte, The
calomel obtained was washed repeatedly with water,
until it was free from HCl and kept In a glass stoppered
bottle in the dark, The calomel was heavily laden
with mercury. Thig is advantageous in making reproducible
calomel electrodes.

Fickel Chloride, ~ This salt was made by
electrolyzing dilute HCL using & cathode of platinum
and anode of Mond Hickel, The solution so obtained was
evaporated to dryness to get rid of the HB1l, The solid
salt was then dissolved and recrystallized three times
at room temperature, diseamding the mother liguor after
each recrystallization, The pure salt was then dimsolved



and shaken with §1(0ﬁ32 prepared as above, but from
HiCly rather than 31564.

Plating Solution., - The plating solution used
was the ordinary "Standard"™ nickel solution used in the
plating industry. It was N in Fi30,, N/4 in 1H,01 and
Y/4 in H B0z,

Fine Hiekel. - The nickel used for measuring
electrode potentlals in the final results was prepared
by plating from the above "SBandard™ solution, The
solution was previously boiled, under reduced pressure,
to expel alr, It was electrolyzed, at a temperature of
about 70°, with a current of about 1.6 to 2 amperes. A
platinum wire about 8 mm long served as cathode, with
snother platimum wire as anode, The nickel was removed
from the platinum wire, from time to time, by touching
it with a stirring rod., The nickel ocbtained by this
means was finely divided., It was thoroughly washed with
some of the solution whose electrode potential was going
t0 be measured, previously boiled out, and was then
allowed %o stand in the same solubion for two days before
being introduced into the electrode vessel,

At no time was the nickel exposed to the afr,
except when it was quiekly transferred from one vessel
to another, and then only when moistened with solution,

it was at first attempted to prepare fine
apongy nickel by electrolyzing pure normal nickel sulfate
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soclution, at about 1.6 amps., with electrodes
of platinum wire. But the nickel s0 obtained
had mixed with it a green deposit, probably of
Ni(OH)z. Sueh impure nickel could not have been
uged for electrodes and the above described method
was then developed.,

Hydrogen. - The hydrogen used in the
electrolysis of the K1804_aolutioﬁ was prepared
by the electrolysis of Nall solution., An electrolytic
hydrogen generator, of the type described by Clark
(22) was used. The gas was purified from oxygen by
passing through a tungsten filament lamp.

¢. Apparatus and Method.

The type of electrode vessel used and
the arrangement of the apparatus for £illing are
shown in Figure I. This is a modification of the
apparatus used by Smits (13). The upper vortion
shows the electrode vessel, E, A piece of platinum
wire was sealed into the bottom of the vessel at S
so that external contact could be made with the
nickel, Mercury filled the tube M,

Some of the solution, previously boiled out,
wag poured into the flask F and into the electrode
vessel E, The fine nickel, carefully washed, was
introduced into the electrode vessel in a sufficient
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Figure 1.

To Suction

Apparatus for Filling Electrode Vessel
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quantity so that the platinum wire was completely
covered. A solld rubber stopper R was then

sealed in place with de Khotinsky cement, Counnection
was then made between the electrode vessel and the
flagk F by means of a pieee of heavy pressure

tubing C. The flask was an ordinary 200 cc¢ dis-
tilling Tlask, of Pyrex glass, with an inner seal

at D, The solution in the flask and water in the
beaker 3 were then heabed and suctlon applied at A.
When solutions in both E and F had bolled vigorously
for some time the water pump was disconnected and
liquid immediately rushed into E, completely filling
the vessel, By this means all traces of oxygen and

hydrogen were completely removed,

After ccaling the vessel was disconnected
at C and the end was placed immedlidtely in a small
beaker containing some of the same solution, with
pure mercury in the bottom, The side arm dipped
under the surface of the mercury. This served as a
seal For the exclution of air and was broken only

when measurements were being made,

The vessel for the mercurous sulfate
electrode, which was used as the standard half-cell,
wag of exactly the same type as that of the nickel
electrode, OSufficient mercury was placed in the
bottom to cover the platinum wire and over this a

layer of Hg2504, carefully washed with the solution



to be used. The vessel was then filled with some
of the H1304 solution whose potential was to be
measured, though in this case saturated with lgpS0,
by shaking with someé of the washed salt,

The cells were placed in a darkened air
bath kept at 25° *+0,5, NMeasurements of the potential
were made with a leeds and Northrup Studeni Potentio-

neter,

Since boiling effected the concentration of
the solution in the electrode vessel, it was necessary
to determine the nickel concentration in each electrode
vessel after the equilibrium potential had been
measured. This was done by the electrolytic method
deacribed by Treadwell and Hall (23). To a quantity
-of solution containing about 0.2 to 0.3 gms. nickel,
and 35 ce concentrated Kﬂéoﬂ were

4
added, together with sufficient water to bring the

8 gms, (§34)230

total volume up to 150 ee¢, Thig solution was
electrolyged with a current of 0.6 amps,, using as
cathode a weighed platimum gauze. Electrolysis was
contimed until the solution showed ne further pre-
eipitation with dimethyl glyoxime, The melarity of
the solution could tims be easily calculated,

d. Data on Hickel Sulfate.
Table VII gives the density of nickel
sulafte solutions of varying normality. It is
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negegsary Lo kuow the density of a solution in order
to caloulate its molakity (mols of salt %o 1000 gms
water) from the molarity. Some of the values given
are taken from Landolt-Rornstein (24) and the others
were determinsd at 35°G, using & 50cc sp. g. bobtle,
in the course of this investigation., A curve was made
by plotting normality against density and then the
densities of the solutions which filled the electrode
vessels could be sasglily read with sufficient pre-

cigion.

Cells of the following type were measured:

§i | BisO, (aq) | HgpSO, | Hg

They contained no liguid Jjunction. In Table IIIX ére
glven the results using the Cleveland HNickel FProducts
Co. recrystallized salt at concentrations of approxi-
mately 0.05, 0.10, andi 0,15 molar., In Table 1V are

given the measurements with the NiSO, prepared from

4
lMond Nickel at concentration of (.05 molar and in
Table V are given the measurements with the eleotrolyzed

HiSO4 at the same concentration.

Table VI shows the change of potential with
time. The cells hecame constant after about 4 or 6
days and maintained a constant value for about 15 days.
These results are representative of all the measure-~
ments given in Tables III to V, and were not cheosen

because of any particular consistancy.



Recryatallized ﬁiﬁaé as Electrolyte.

Table III

L5 ol
i -

Uell Zo. lolarity Holality L.li.Z. 5 Eo
Calec. Measured Cale.
26 0.0507 9.0508 0,968 0.215 | =0.852
&7 0.0510 0.0511 0.968 0.214 | =0,882
28 0.0503 0.0504 0,967 0.216 | 0,852
29 0.0505 0.0506 0.968 0.215 | -0.8528
&0 0.0518 0.0016 0,968 0.213 | -0.852
1 0.1016 0.1018 0.9L8 00107 | =0.855
& 0.1050 0.1058 0.953 0.154 | -0,c82
&5 0.1015 0.1017 0.958 0.157 | -0.852
&4 0.1018 0.102 0,958 0,157 | -0,052
54 0.1082 0.1024 0.958 0.156 | -0.802
36 0.1501 0,1504 0.954 0.129 | -0.853
37 0.1613 0,167 0,904 0.120 | -0.853
38 0.1545 0.1548 0.955 0.127 | -0.852
39 0,1540 0.1543 0.952 0.127 | -0.851
40 0.1516 0.1519% 0.9¢3 0.128 | -0,85&
41 0.1500 0.1503 0,905 0.129 | =0.802




Table IV,
H1304 from Mond Nickel as Electrolyte.
Cell No. Holarity Molality EJM.F, Y Eo
Cale, Measured Calc,
42 0.,0511 0.0512 0.967 0.214 -0, 851
43 0,0508 0.0509 0.967 0,815 -0.881
44 0.0510 0,0511 0.967 0.214 -0,851
45 0.0503 0.0504 0.967 0.2156 ~-0,851
46 0.0805 0.05606 0.967 0.215 -0,851
Table V.
Elsoctrolyzed E1804 ag ILlecirolyte.
Cell No, Holarity Molality E.M.F. Y Eo
Calc. Heasured Cale.
47 0.0514 0.,0615 0,970 0.213 ~-0,854
48 0,0514 0.0515 0,968 0,213 | ~0.852
49 0.0503 00,0504 0.969 0.215 | -0.853
51 0,0524 0.,0525 0.971 0.2812 | ~0.854




Table VI.

Change of Potential with Time.

.lwmlw

Pime in Days 1 2 4 6 12 18
Cell No. 36 | 0,952 |0,954|0.,953|0.953 | 0,963 | 0,952
37| 0,951 | 0.953]|0.954]|0.954 | 0.954 | 0,952
38| 0.952 |0,953/0.953|0.953 | 0,952 | 0,951
39| 0.947 |0,952(0.952/0.953 | 0.952 | 0,951
40| 0.950 | 0,953 0.953|0.953 | 0.953 | 0,952
41| 0,952 | 0.953| 0.953| 0,953 | 0,953 | 0,953
Table VII,
Denaity of mwmo@ Selutions,
‘Formality D 25/4 Source
0.850 1.0010 | Experimental
0.100 1.0051 Experimental
0,125 1.0087 Taniolt-Bornstein
0.175 1,0109 mxwﬁn»aanapw
0.200 1.0132 _ Experimental
0,250 1,0188 Lendolt-Bornstein
0.500 1.0360 Isndolt~Bornstein
1,000 1.0741 Landoli~Bornstein
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4, Discusgion

2. Theoretical,

e

when twoe Paradays of electricliiy pass

throuzh the cell

the Tfollowing reaction takes place

B+ Hg B0, > Fis0 + &g @
A 4. -

According to Vartt Hoff (81), the maximum work which
can be derived from Hhe reaction at consiant temperature

T iz given by the expression

=R} -1k —Rf: 1n (15504] (8 ®
(01T (g 450,

vihere K is the equilibrium consbtant, R the gas constant

and the values in brackets represeni the concentra~-
tions of the respective subsbances. If the maximun

work is expressed in terms of eleotrical energy we have
= ufs @,

in which n is the mumber of unit chargzes transferred,

I is the faraday and I is the electromolive farce of

the cell, On substituting we have
, e g {zis0 " R T \
PE S RYelmi - Afe 1n WWES0.3[Hg]) G
(F1][Hzq80 )
4
RE[aF1nK - 27/al 1n (35“'35-?3%] ()

{m1] [»*3@130

®

but 87/nP.ln X is a constant which is called Lo, the



normal electrode potential of the metal, so that we

have

E I Eo - R/ureln P150.](ET )
(m1) (g 230 %-J

According to Lewis (25), when the ratio
of the effective lon coancentrations, C,/Cy, of two
solutions of an electrolyte is calculated from the
electromotive foree of a concentration cell and from
conductivety measurements, the values do not agrees.
That is Gz/cl i not egual to G/ezlwfaﬁ, where ¢ is
the concentration of the slectrolyte and 7 ig the
degree of dissociation, The ratio of the effective
ion consentrations CpfCy = azlal is called the
activity coefllcient, represented by the symbol V.

Ascordinzly a=3%c.

The activity of a substance in its #tandard
state is chosen as unity. Hence squation (6) above,
where Hg, N1 and Egzsoé are in their normal states,
simplifies to the form

and we are concerned only with the activity of ILi:30 4"
But the aetlvity of a salt is the product of the
activity of its ions, so that for N130, we have

exis0, = (841) (agg,)

or, since a=- »¢ and the values of > and ¢ are

++ = t
the same for both Ni and S0, lons, we have
E = Eo - RT/uF - 1n(m >)?, @



where m is the conceniratlion expressed as molality.
Introducing the valuwes for R, 7, n and I', and
changing from Haperian to Briggsian logarithms, we
arrive at the eqguatiocn

E = o - 0.05912 lgg(m )o

It was at first believed that the low value
for the electrode potential of niekel might be due, in
part, %o the presence in the elecirolyte of ions of
metals below nickel in the displacement series. Should
an electrode of nickel be placed in such a solution,

nickel would Gisplace the metal ion and the electrode
would then function as an elecirode of the metal against
its ions, In order to prevent this a 8E~K1804 solution
was electrolyzed as described under the preparation of
materials., The cathode of platimum black was kept
saturated with hydrogen during the electrolysis., The
theory of the procedure was this:- Vhen hydrogen g
digcharged in the process of electrolysis {as is always
the case with metals above hydrogen) the pressure of

the as may be less than one Atmosphere. Hence the
potential of the hydrogen would be more positive and
current would be utilized in its removal from solution.
This means that the effieiency of removal of metals
below nickel would be diminished. Keeping the electrode
gaturated with hydrogen would refuce the tendency of
hydrogen to leave the solution and so increase the

¢
efficienty of removal of the other metallic impurities,



Metals showlng high hydrogzen overvoltage should also
be useful in this direction, Therefore as another
experiment a solution was electrolyzed, dsing am
¢athode a layer of pure mercury in the bottom of the

container, But, since (¥i(CH)_,6 was kept in the

2
solution in order {o maintain a constant acidity, it
gettled to the botiom and covered the mercury.

Consegquently this method was not feasible,

b. Cholce of Results

The meagsurements given represent only a
part of the total number made., Thus 5 other cells
were measurel, using 00,0625 molar Eisaé solution as
electrolyte. These gave a value of 0,966 volts * 0,001,
Other cells were measured with 0,15 molar solutions,
bub their values also fell within the average value
of the cells given for this concentration, i. e ¥ 0.001
volts., OStill other cells containing 0.1 molar solution
were studied in which the nickel was prepared just
before filling the vessels, through washed. The
potential of these was around 0,970 volis at first,
but it began o drop, showlng the effect of occluded
hydrogen. ¥With 0,05 molar EiSO4 electrolyzed, 1% other
cells were measured, bubt all valnes fell between the
limits of those given in Table 1II. However, none of
these were calculated to Lo since the nickel concentra-
tion was not determined after the electirode poteuntial

was measured.



¢, Calculation of Results

As there are no available data from which

the activity coefficlents of iSO, can he calculated,

4
the values for Cu504 were taken at corresponding
concentrations, The Justification for doing this

arises from the fact that bivalent salts, as a class,
behave very similarly., Thus Hampton(26), in his
measurements of the potential of the lron slectvods,
aggumed the activity coefficients of FeCly to be the
same as the values for Baclz. Also Lewls and Randall
glve values for several salte of the type ﬁ9504 and
these are found to be practically the same, especially
for the more dilute solubions, such as were used in
this research, Furthermore the constansy of the results
of this work, when caloulated to EBo, is perhaps the

best evidence that salts of the type Me30, would have

the sanme acbtivity coefficient,

In column 5, of Tables III, IV and V are
given the activity coefficients, for the concentrations
indicated, obtained by plotting the values which have
been calculabed by Lewls and Randall.

As an exanmple for calculation let us take
the first measurement glven under Table III. Substitutb-
ing in eguation (9) we have
0.968 = Eo = 0,05912 log(040508)(0,215)
or Ko < 0,852 volts.



Then, accepbing the sign conventlon adopted by the
American Llectrochemical Soclety, we siunply put down

our value for Eo in column 6 as -0,852 volts,

., The Normal Electrode FPotential.

The values ag ziven in Table III, column 6,
reprosent the normsl electrode potential of nickel asg
referred to the Hg, ngseé(e), 534 electrode. ZXewis
and Randall give for this elecirode the value of
0.6213 volts, Adding this to the average value for
Eo in column 6, Table 2, we arrive at the value for
the normsl potential of nickel, with X, I teken as
zero, Then by suhtracting 0,283 from this latter
value we obtaln the normal electrode potential re-
ferred to the normal calomel electrode. We tlms get
~0,514 volts ¥ 0,002 as the true value for the normal

electrode potential of nickel.

Calculated on the old basis of arriving at
the electrode potential this value would be about
-0,58 volts. We can thus see thal the electrode
potential of nickel has been raised about 0,1 volis

above the present accepted value,.

¢, Brrors.
The ptandard c¢ell vawé in connection with

the potentiometer was an Eppley Cell which was calibrated



sgainst & Bureau of Standards cell and found Ho be
accurate within the limits that could be read on the
instrument (0,0001 volts),

In each case, when cells were made from a
solution of a given sirength, several reference
electrodes were always set up and checked among
themselves, They were found to be constant and re-

profiucible vo within 0,0001 wvolts,

The air bath was regulated at 25° T 0.5°,
This was sufficlently accurate for the work, since a
change of 0.50 will produce a change of only 0,0001
volts in the elestrode potential, as caloulated from

equation (9).

Al) of the volumetric apparatus ani the set
of welghts were calibrated previous to doing any of the
anslytical work, The thermometer used was a Bureaun of

Standards calibrated thermometer.

Boiling changes the concentration of the
solution and for this reason the nickel concentrations
of the solutions were determined after the equilibrium
potential had been reached, These concentrations, as
given in column 2 of the E.M.F. tables, are acocurate to
within + 0,0005 M. But this change in concentration

would not effect the valme of the potential as

measured, The density determinations are accurate 0



within +0,1%, but this would not change the calculated
molality sufficiently to appear in the final measured

ralue,

The atudent potentiometer is accurabte to
within 0,0000 volts, DBut no attenpt was mde Ho measure
the values of the BE.XM,I", further than the third place.
The true equilibrium potentlal as reported in ithis work
is therefore grobably accurate to I 0,002 volts,

Though but little difference was found betwsen
the electrode potential of elscotrolyzed and non;.
electrolyged salt, spectroscopic analysis revealed an
interesting fact, The two samples, through the kindness
of the Bureau of Standards, were tested by means ol arc
spectra, portions of the samples being burned on
graphite electrodes and photographed. XNeither sam:le
contained copper. Sample HNo., 1, the non-elecirolyszed
salt, was found to contain a considerable amount of
cobalt. Sanple No, 2, was entirely free from cobalt,
but contained slight trancea of aluminum, manganese and
godiwn., The sodium had been added in the form of the
hydroxide in order to keep the solution at pH €.8. 7The
source of the alwmdfium and manganese was probably from
the Pyrex dish in which the electrolysis was carried out,
The difference in cobalt content would show that the
electrode potential of nickel/%%bbably above that of
cobilt, which is contrary to the present accepted



~37=-

values for these two metals. Otherwise the electrolysis,
using a ourrent whose valne was just at the "Break" in
the I/E curve of niekel, would not have removed a more
negative metal., This point is now under investigation in

this lhboratory.

The lowering of the electrode potentisl of
nickel is more readily effected by oxysen than by any
other impurity. In the preliminary work, before the
apparatus shown in Figure I was used, 1t was impossible
to completely remove air, the potentials always varied
and seldom were duplicate results obtained. On the
other hand, with the more careful boiling and evacuation
alr could be so thoroughly removed that it did not
effect the potential., The nickel used in the preliminary
work was always found to contsin black oxide on the
surface when removed from the electrode vessel, But
with the more careful bolling no oxide was visible on
the nickel amd it slways retained its grey metallic

ApPearance.,

When a metal is deposited at a high current
density; such as was uged in plating the nickel for this
work, hydrogen is always plated out. The effect of
hydrogen has been shwwn to raise the poﬁential. However,
with careful washing of the nickel, allowing it to stand
for some time in contact with the solution to be tested,
and finally therough boiling and evacuation of the

apparaine before filling the electrode vessel, it is



almost certain that all of the hydrogen has been
completely removed. The best proof for this is
perhaps found in the fact that the electrodes pre-~
pared act a3 truly reversibvle electrodes, According
to Imther (27) the most important oriteria of
irreversibility is a change in electromotive force
which 18 not proportional to the logarithm of the
concentration of ths lona. A glance at the values
in Table III will reveal that for the c¢ells measured
the elsotrode potential varied with the nickel ion
concentration just as it should according to the
Rernat equation. Had the electrode funetioned as
& hydrogen elecirode such variations would not have
been poasible, TFurthermore, when Cells No. 11 and Fo.
12 were polarized anodically and cathodically so
that hydrogen and oxygen were dlscharged on the
nickel, after a short while they returned to their
former value, showing that the electrode is a reversible

one.,

Variations in the physical state of the
netal or at least of 1ts surface, will often itimes
produce considerable variability in the electrode
potential. Schoch (10) found a differemce of 0,03
volt welween gheet nickel and finely divided nickel.
Hampton{26) found that the potential of ammealed iron
is muach lower than the potential of finely divided iron
and accepts the potential of the finely divided iron



as the best equilibrium value, Allmand and
Ellingham (29) state that a metal which ia
deposited electralytically at a high current
density, giving a loose deposit, may be practically
free from strain, Lewis and Lacey (30) suggest
that electrodes of fine mefal seem to be free

from the surface strains which characterize
electrodes plated with a coherent film, These
electrodes give mich more exposed surface and on
standing in contact with solution rapid local
action will remove any portion of the metal

which might still have a high potential. ILewils
and Lacey used finely divided metal in determining
the potential of bhoth gilver and copper.

The nickel uged in this work was of a
very fine form and contained no oxide such as the

reduced oxide of Schoch must have contained,

5, The Potential of Hickel Against Nickel Chloride

Cells of the Tollowing type were measured:
B | 161, (.05m), ngc:t.a' He.
These cells contained no liquid potential, The

results are given in Table VIII,

The nickel chlorids and mercurous chloride

electrode vessels were filled according to the same
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method used in filling the sulfate cells. The
nickel used was the fine electrolytic nickel. The
potential was measured unier the same conditions

as previously.

Fickel chloride in such dilute solutions
was found to hydrolyze very readily. In the
electrodes of cells No. 52, Fo. 55 and Ho., 5 &
precipitation of Ei(GE)g covered the nickel, This
undoubtedly had the effect of lowering the electrode
potential., In order to prevent hydrolysis a very
gmall amount of dilute HC1l (about 3ce per liter of
golution) was added to the electrolyte. The pH
of the solution was 4,9, Electrodes of cells No.
55, Ho. 56, Ho., 57, No., 58 and No. 59 were filled
with this solution. Electrodes of cells Ko, 60,
Ho. 61, Ho. 6&, Ho, 63 and Ho. 64 were filled with
Ei&lg to which a somewhat larger amount of acid had
been added (about 6ce per liter of solution). The

P of this solution was about 2,8.

In the last five cells there was a visible
evolution of hydrogen, with gas rising to the top of
the vessel, The potential measured was therefore below the
true equilibrium potential of nickel, for, as previously
stated, the electrode was in this case functiouning as a
hydrogen electrode against hydrogen ious. On the other
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hand in the other electrodes, to which acid had
been added in Just sufficient amount to clear the

precipitate of Ni(OH)_, there was no evolution of

2,
hydrogen and the measurements of these cells
represent a value nearer to the true equilidbrium

value.

The potentials given were attained after
about 16 days. With cells Ho, 52 to No., 59 the
valuea started at from -0.640 to -0.620 volts and
dropped to the values given. Cells o, 60 to 64 attained
their potentials very rapidly, though the values given

repressnt the measurements after 16 days.

According to equation (7) the electromotive
force of these ¢ells is givem by the e xpression:

E = Eo =-RT/nF ln(amclg)' @
where aﬁigl is the activity of HiCla and is equal to
4 (m)/)s, since the activity of a salt is the product
of the activities of its ions, (Thus aﬂiclg - (ag{)
(s.g—l)2 = (m7) (2m7)?, m being concentration expressed
as molality)., Substuting the proper velues, the above
equation simpliflies to the form:

E = Eo -0.03 logd(m)® @

As there are no available data on the sctivity
coefficient of NiCl,, the value of ) was assumed to be
the same as that for BaCla, which was taken from lLewis
and Randall (25),
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Ho attempt was made (o determine the
nickel concentrations o¢f the solutions after the
EJiFe was nmeasured since the precision of the
potential arrived at would not warrant it. The
value for the molality consequently represents the
concentration of the solution beféra boiling, assuming
molarity to be the same as molality for such a dilute

solution,

The wvalue glven for Lo 1s referred to the
standard calomel electrode as gero. Since the potential
of the standard calomel 1s -0.270 referxred to the
hydrogen electrods and that of the normal calomel is
~-0.283 referred to hydrogen, the average valnes, as
glven in the table, would be -0.460, -0,490, -0.440
volts respectively, referred to the normal calomel

electrode.
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Table VIII
Electrolyte of 0,05 Molal Eiclz
Qell llc, o B4 F. Eo Remarks
Heasured Calc.,
52 0.568 0.567 -0.447 ﬁi(aﬂ)a over Nickel
53 0.568 0.568 -0,448 n " "
54 0.568 0.565 ~-0,445 " " n

~0.447 Average

55 0,568 0,596 -0.476  HC1 added. No H,
56 0.568 0,595 -0.475 " nowow
57 0.568 0,599 ~0.479 " nomon
58 0.568  0.599 ~0,479 " n onow
59 0,568 0,599 -0.479 " nomom

-0,478 Average

60 0.568 0.563 ~0.443 H, Escaped
61 0,568 0.545 ~0.425 " "
62 0.568 0,545 ~0.425 i "
63 0.568 0.540 ~-0.420 " "
64 0,568 0.540 -0.420 " v

~0,427 Average



6. Sunmary

1, The normal electrode potential hag
been carefully re~determined ami found to be -0.514
volts *+ 0.002 volts, referred to the normal calomel

electrode ag gero,

2. The finely divided electrolytic iickel
was found to reach equilibrium most rapidly and £ave

the most reproducible resulis.

3. Oxygen has been shown to be the cause
of the apperently low potentials,

4, It has been shown that cobalt and nickel
are migplagced in our present accepted electrode
potential series., Nickel should be above cobalt in

the series, rather than immediately below it,

5, Hickel chloride gave the approximate
value of -0,48 valta. Though this is not the trus
equilibrium potential, it serves as a check on the

value determined with nickel sulfate.



1.

3.
4,
D
6,
7e

7. Heferences.

H. E., Haring. Private Communication.

R. H, Gerke, Chem. Rev., 1, 377 (1925),

leumann, Zeit. physik. Chem., 14, 215 (1894).

Fister, Z, Elektrochem., 7, 257 (1%00),

Siemens, Z. anorg, Chem.,jg%, 249 (1904),

Zuler, Z. anorg. Chem,, 41, 93 (1904).

Muthmann and Fraunbergeft—Sitz. G. Bayer., Akad. 4.
Wiss., 94, 201,

Schweitzer, Z. ﬁzgktrechem., &5, 607 {1909),

1, 698 {(1901)

——

Schoch, Am, Chem. J., 41, 208 (1909),

Pfanhmiser, Z. Elektrochem.,

Smits and deBruyn, Froe, Acad. Sei. Amst., 20,394 (1918).
Smits and deSruym, C. A., 12, 1142 (1918).

Smita, "Theory of Allotroﬁgz, P.325, Longmens,Green and Ca
W. Bonsdorff, Akad, Abhendl. Hesingfors, sl7 (1904),
Cofretti and Foerster, Ber. &. chem, ges.,ugg, 2934,
Schildbaech, Z, Elektrochem., 16, 977 (1910{:‘

a————

Thompson and Sage. J, Am. Chem. Soc., 30, 714 (1908).

St

H.%.Haring, Trans, Am, Dlectrochem, Soc., 49, 417 (1926).
Tulett and Minchin, Phys. Kev., 21, 388 (1;55).

Hulett, Phys. Rev., 32, 257 (1911).

Lipscomb and Mulett, J. Am. Chem. Soc., 38, 21 (1916).

Clark, "The Determination of Hydrogen Ions", p. 228,
Williams and Vilkins Co,

Ireadwell and Hall, "Analytical Chemistry", vol 2,
p 138, John Wiley and Sons, Inc.



25.
26,
274
28,

29,

30,
3l.

-46-

Landolt-Bornstein, Fhysik.Chem. Tabellen, 5th Zd.,
P, 410

Lewis and Randall, "Thermodynanics”, MeGraw-Hill ahd Co,
W, H, Hampton, J. Phys. Chem., 30, 980 (1926),

Iuther, Z. Elektrochem., 13, 239 (1207).

Creighton and Pink, "Eleetrochemistry™, vol., 1, p, 174,
John Wiley and Sons, Inc.

Allmand and Ell am, "Applied Electrochemiastry",
p. 126, Znd Ed., Ed. Arnold and Co.

Lewis and Iacey, J. Am, Chem. Soc., 36, 804 (191%).

Getman, "Outlines of Theoretieal Chemistry®, 3rd Ed.,
John Wiley and Sons, Inc.



