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Overvoltage of hydrogen, as considered by
Caspari,lis the difference in potential betweon a
Platinised Platinum electrode saturated with hydrogen
~gas and the electrode in question,while hydrogen is
beinz liberated upon it by electrolysis. His data
was obtained by the use of thé apparatus in Fig,l.

E. is a battery, used as a source of current for
generating hydrogen and ox ygen on the electrodes 4.
and B.. The electrodes »,B, and C, are connected by
lmm. tubing and the electrolyte , when 20t otherwise
stated, is normal sulfuric acid. G, is a Platinised
Platinum electrode, partlally immersed in the electrolyte
qnd kept saturated with throwea gas at atmOSpherlc
pressure, and serves as a standard electrode. B. is
another Platinised Platihum electrode and serves as anode
,while A is the electrode to be studied. D, is a
burette 11Ke tube connected to the apparatus by means
roz a rubber tube, and is used for filling and emptying
the apparatus. By means of the bridge G. the curr- -
ent is‘regulated‘so that bybbles of gas just begin
to anpear on the electrode 4. ihen this occurs
the potential Detween 4. and C, is measured by means

.

1, Zeit. Phys, Chem. 30, 89.






of the potentiocmeter IF. ' Caspari noted +that in
oider to obtain ooncordant results, the gas must be
evolved on A, until the the electrode is well sat-
urated, before the voltage is read. Also that
the readinss must be taken on raising and not on
lowerinz the current from the battery ?.,which
 generates the gases on the electrodes, The results
obtained by Caspari are given in Table 1.

LeBlanc g considers over-voltage as the
excess back electromotive force generated at an
electrode, over that of a Platinised slatinum electrode.
This is also the view held by Newberyy & who obtained
some data similiar to that of Caspari, but who used
a commutator which closed and opened the circuit
£500 times per minute. He thus obtained the volﬁage
of the cell after the charging circuit was broken.
Bennette and Johnson also have this view in mind in
their theory advanced to explain- overvoltage4.

Amony the most importaht theories advanced
to éxplain,overvoltage are probably those of lioller
lermst, Tafel and Bennette and Johnson.

Moller“says that before any bubblss of
gas ‘can come off from an electrode there must be a
layer of gas over the electrode of a certain thickness.

Z.Yext book. 3, Jr. Chem.3oc. Vol. 105-106

4, Jr. Phys. Chem. Vol.80, 303-321. Zeit.’hy.Cjem. 65
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for hydrogen he has estimated thié layer to be
abéut 10“70m. in thickness. f ~The overvoltage 1is a
measure of the energy necegsary to maintain this
layer of gas of a difinite thickness on the electrode.
Foerster6 ~is of the opinion +that there
is an infermediate compound formed on the electrode.
This intermediste compound}produces a high resistance
and hence a high overvoltage. For Anodic ovérvoltage
oxides of the type Ni0., PtO, and Pd0y - would be the
intermediate compounds formed. | In the case the
oxides are Stable the overvoltage is high and when
they are unstable the overvoltage is low. In the
case of hydrogen overvoltage a complex hydride
would be the intermediate product formed.
lernst and Tafel have similiar views.
iernst believes that before the gas can be liberated
the ions must be . driven into the electrode and that
enéégy is needed to drive them in. Iletals which
have no tendency to occlude gases require more energy
to force the ions in and hence they have a high
overvoltage. - This idea of the ions penetrating
the electrodes is strengthened by the work of

Newberry, who made some Microphotographs‘of metal

]

6,%2eit Phys. Chem. 69. 2. 27
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nlates of copper, Zine and Platinum:both before and
after béing n;n‘ as cathode in electrolysis; with a
current density of one ampefe pPer Sg. CHl. - These
show'extremely minute pittings in the metal.  Some
of these, when exsmined under a microscope with
oblique illumination, chow a ﬁeculiar crgter-like
form, suggesting +that the metal had been blow out
by an internal expiosion. These pittings are very
likely caused by the escape of the gaseous hydrogen
formed in the electrode by the union of +the un-
ionised atoms of hydrogen. The Platinum and
Palladium electrodes used in this work darkencd
somewhat, s0 1t is very likely that this pitting
Was‘the cause.

Tafel thinks that the gas which accuhulates
on the’electrode is the cause of the back electro-
motive force. He'however, goes further in the
case of hydrogen and assumes that there ié ain
intermediate stage between the ionic hydrogen
end the:. hydrogen gas. This intermediate ﬁrdduct
forms gaseous'hydrogen more or less readily, depending

on the catalytic effect of the material of the electrode.

5.



If the electrode material is a poor catalyzer, the

rete of transformation is slow and consequently

its concentration high , and therefore a high over-

vdltége would résult. If the metal were & good

catalyzer, just the opposite would be the result.
Newberry7 attributes.overvbltage to three

factors,

1, Superssturation of the metal surface
with non-electrified gas under very high pressure,
dué to the permeability of the metal to the ionised
gas, but non- permeability to the molecular gas..

| 2, Deficiency or excess of‘non-hydrated
ions in the immediate neighborhcod of the electrodes.

3, Induetive action of fhe escaping
ionised gas on the electrodes.

| Aécqrding to Bénnette and Johnsonb overvoltage

is the excess back electromotive force of the system
during electrolysis over the revefsible electromotive
force of the éystem, consisting of the final products
and is due to the accumulation, during such electro-
lysis ofbunstable intermediate products above
equilibrium cancentration. . These intermediate
products are assumed +o be the substances in the
monatomic state, H 0, etc, for gases and M, for

1

metals, . . -
7 Jr. Chem. Soc. Yol.10b P.R242~843,
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.Their reasoning is based on the irreversibility
of chemical equations that take place in morevthan
one step, and the high activity of thé‘intermediate
products. Hydrogen, in going = from the ionic
staete to the molecular state gives nascent hydrogen, aé»
an intermediate product. Hascent hydrogen is
much more active than either ionic hydrogen or molecular
hydrogen, as it will bring about,feductions which
neither of the other varieties Wiil, as for example,
the reduction of zinc oxide and cadmium sulfate at
ordinary temperatures.

ﬂhen molecular'hydrogén dissolves in

water the concentration of the monstomic hydrogen
“must eoﬁe from zero up to equilibrium concentration
and can go no further, as there is no energy supplied
from without. In the reverse direction hydrogen
ion goes to monatomic hydrogen ahd then to molecular
hydrogen. | The same équilibrium concentration
must be resched here as before, and the molecular
hydrogen is formed only after this concentration has
been reached. In this latter case the concentretion
of monatomic hydrogen will depend on the conditions

of electrolysis, and the kind of electrodes,etc. and

8, Jr. Phy. Chem. Vo0l.20. b, 321,



the difference between this value ani the eqguilibrium
concentration is a messure ‘of the irreversibility
of the reaction. This excess of monatumic hydrogen
over = the equilibrium value, is looked upon by
bennette and Johnson as'fhe cause of overvoltage.

| The object of this research was to obtain
some overv¥oltage values for differeat metals inm
liquid ammonia, Oonsiderable‘trouble with the
electrodes was encountered on the start, so some
data using'sulfuric acid as the electrolyte was
taken, to serve as a check on the method outlined
to be used. - However, in this case concordant
results conld not be obtained until after the
sulfuric acid hed been electrolised for some time.
The acid used, was very 1ike1y lead chamber acid
and contained a trace of lead, which had to be
removed othérwise,it was deposibed'on the electrode
thus giving an alloysdkelectrode, ahd hence
concordant results could not bé obtained. aAfter
“this difficulty had been overcome the overvoltage

()

for bright Platinum and bright Palladium ageinst

Platinised Platinun ,given in the tables that follow

were obatined. - this data is for room temperature



when not otherwise noted in the tables.

It will be noted from the curves on Plate 1.
~ that both in aqﬁeous sulfuric acid and in liquid
vammonia solution; the overvoltsge increases as the
current density'increases, and that the increase -is

? found that

about of the same order. \ Hewberry the
overvoltage of hydrogen on Platinum increased

With an increase of current density up to 300
ﬁilli-amperes per éq. Chl. Uifh higher current
density the overvultage decreased, failing‘ to

- -.03 volts at 20C0 milli—amperes Per SG. Cm.
Bennette and Johnson explain thié in the following
manner, fThe decrease o0f overvoliaze at high
current density is to‘be'explained in part by the
rise in temperature Which we have seen lowers the
overvoltage, but largely on account of the fact
that the concentration 'of,Hl and 07 becomes sb
great that they are vforced to break down =8 soon

as formed, namely at the strface of the electrode.
The highest current density used, it may be seen

is 200 eamperes per sc. decimeter, which means that the
eleétrddes will all.but be covered by a f£ilm of gas.

In such concentrations it may be seen that the

9, Jr. Yhem. »oc. Vol.105-106.
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that the intermediate products would be so unstable
that they would form molecular gas immediately."
This explanation does not seem very

plausible és fheyassume that‘dvervoltage is
due to a high concentration of Hy . In order
to obtain and also maintain a high enough concentration
- of Hy %o cause rapid decomposition, it secms
evident that this high concentration of Hy would
give rise to a higher ~overvoltage.

) Table Y. shows us that if the curvent
density is decreased after it has been increased
the overvoltage also falls off rapidly to the value
corresponding to that particular current density.

The effect of fime is brought out by the

curves on Plates 111, and iV., the values béing low
on the étart and finally increasing to a constant
value., This is what one might expect , as it
reaguires some time to obtain equilibrium concentrations
of the substances on the electrodeé, that are the
causes for over;voltage. 1t till aiso be noted
that the increase to a constanﬁ value is much more

rapid in sulfuric acid than in liquid ammonia,
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Palladium rrquirss a loanger +time to reach a
constant valuey eve, in acid solution, This
may be attributed to the fact that the Platinum
electrodes were very thin, thus requiring e short
time for the substances on the electrode , to come
into equilibrium with it, whileithe Palledium was
much thicker and hence required a longer time.

- The effect of temperature on overvoltage
With Palladium and Platinised Platinum electrodes’is
illustrated by the curves 0; and Og. It Wili be noted
that the increase of temperature from that of the
room, to that of boiling water, was followed! by an
increase in the overvoltage from .03 to .06
volts. This seems 1o be contradictory to the results
shown by Bennette and Johnson, of Pring and
Curzon, in which the‘overVoltage using a cooper
cathode, féll‘from D0 td b voits on & rise
or the temperature from. 11.5° to 60° . #rom
the results obtained with Palladium and Platinised
Plétinum électrodes,Ait‘seems evident that overvoltage
- cannot be due to the difficulty of hydrogen léaving
the electrode, as at the higher temperature it would
be‘easier for the hydrogen to leave, since it would

be aided by the high vapor of the solution.
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If we were to accept the view of Bennette
and Johnson the increase in overvoltage with
rise in temperature would seem to imply a lower

rate of transformation of Hy to Hp at high temperature

2]

than at low. ince with rising temperature
the rate of reaction is almost invariably increased
it‘would'seem that these experiments are in better
accord with the theory of lernst than that of
Bennette and Johnson.

It will be noted that the overvoltage
of hydrogen on Platinum and Pallsdium in liquid_
ammonia is much larger’ and that the temperature
Cis =33 ° However, this is at the boiliﬁg
point of liguid ammonia,Aand therefore the high
vanor pressure of the ammonia, as above,‘ Wduld aid
the hydrogen .iﬁ escaring from the elecﬁrode,
thus‘again éliminating the view, that the overvoltage
is due to the difficulty of the hydrogen leaving
the electrode. For this remson the high over
voltage must be attributed to another cause which
is probably as stated later.

The felation between the évervoltage on
Platinum and Falledium in sulfuric acid and in

liquid ammonis is also brought out.
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ihile the overvoltage values for Palladium and
2latinum in liquid ammonia are much larger than the
correspomding values in sulfuric acid, yet the
ratio between Falladium and Piaﬁinum in acid and .
Palladium énd Platihum in 1iqﬁid ammdnia are practically
the same, being .70 in acid and .65 in liguid ammonia.
Just why the values in 1iquid ammohia ‘are so much higher
is hard to say. If we believe, as ilernst, that the
ions pénetrate‘the glectrode ; which requires energy, we
would very likely conelude that , since the ammonium
ion from the ammonium nitréte‘in the liguid ammonisa,
is so muech larger than the hydrogen ion from the acid,
it reQuires’more energy to drive it intd the electrode.
and hencé & high overvoltage results. . The wvalues
given for Palladium canuot be entirely relied upon
as the electrodes werelgiving trouble at the time and
they were not at exactly zero potential at the start.
However, these values are very close and a very good
comparisoh vaPlatinum and Palladium caﬁ be gotten.

| A sketch of the apparatus‘for,carrying out the

work is shown in rig.ll. A, is a large Dewar tube con-

taining liguid ammonia. for surrounding B. to Xkeep the
temperature constant and to prevent rapid evaporation.

~B.is a tubuler flask five cm. in diameter and thirty

six em. long. It is fitted with a large rubber
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stopper. Thru two small holes are fitted the
tubes b and b'. These are one centimeter
in diameter and thirty centimeters long. The lower

ends arc drawn down to one mm. openings. Into these
openings are inserted the drawn down eénds of the
tubes 4 and d', thru which the hydrqgen gas enters
the cell. Into the top of the tubes b and b'
are Titted two holed stoppers. Thru one of
these holes in the stoppers are fitted the stems
cof tﬁe electrodes g and g' and thru the other the
exit tibes e and e', the ends of which extend below
the surfece of some 0il in a flask. c, is an
‘electrode similiear to g and is used as anode to the
electrode to be studied.

Pieces of insulated wire lead from
the electrodes g and g’ and ¢, from ¢ to the source
of current, g to the potentiometer, and g' to a
commutator which was connected to the source of current
and also to the potentiometer. By means of the
commnutator , current for half a revolution , went thru
¢ and g generating hydrogen on g and for +the other
half revolution connection was made thru the potentiometer

between the standard elecirode g:and the electrode g'



2l

and thus the potential between tre standard electrode
g ,which is saturasted with hydrogen gas and the
unknown electrode g' 1is measured. The curreﬁt used
for generating the hydrogen on the‘electrode g‘

was regulated by the use‘of‘ & lamp Dboard and

the smount of current going thru the solution
measured by means of‘an ammeter place in the

circuit.

The electrodes used were made in the
following manner, - & piece  of four mm. tubing six
cm.~1oﬁg;was sealed on one end and blown out to
uniform size. The other end Wasldrawn dovn to
about one mm. in diemeter and sealed on to a piece

of one mm. tubing thirty cm. long. ‘ A Bmall
piece of Platinum wire ,fused on to a long piece of
insulated copper wire , was sealed thru the buld of
this electrode, a small amount of lead glass being
used to meke sure there would be no leak. ‘The
bulb of the electrode was then given several coats
of "Pletin Glanz': . each coat being burned in
thoroughly before another was added. By this.
method a brighﬁ Platinum electrode was obtained.

However, before using it was first cleaned thoroughly



by soaking in chromic acid, after which it was

fun as anode to remove any metals that might

happen to Dbe present as impurities. To

make Frlatinised Platinum electrodes two electrodes
prepared and cleaned és above, were placed in an

acid solution of Plaetinic chloride and rund alternately
as anode and cathode for one minute intervels uhtil

b black velvety woat of Platinum blackvwas secured

on the electrodes. Iﬁ case only one electrode is
desired to be piated, it is run as cathode, a small .
Platinum Wire being used as anode. Thgisoufoe‘of
current used was two ILdison cells, . The current

should be regulated so that there is a moderate

)

evolution of bubbles on the electrode; If a
stréng current isused the ZFlatinum black does -
not adhere well $0 the electrode'and.' recipitates
from the solution. o

In cafrying out thé experiment enough
sulfuric acid or ammonia solutiod ,as the case
mey be, was placed in A, so that the electrodes
were half immersed in the Liguid. The hydrogen
generator was then started, électfoiytic hydrogen

being used. “he hydrogen, when ammonia solution

22.



was used, was dried by passing thru sulfuric acid

and then thru shaving of metallic sodium. Zhe

gas entered the cell thru the tubes d and 4" and
bubbled up around the electrodes g-and g', g being
the standard clectrode and g' the one.to‘be studied.
The exéess of hydrogen passed out thru the exit tubes
é and e', éscaping finally into the air. The

gas was passéd over the electirodes for several nours
to make sare‘ﬁga*'they were thbroughiy'saturated
before any readings were taken. The potential
between the two electrodes g and g' on the start
should bé zero eand in sll cases hydrogen was passed
over until there was zero potential between them,
before the experiment was begun.> ‘The motor
which gave about twenty five hundred revolutions per
minute and to which the commutator was attached, waé

then startéd, the current thru the solution turned on

and regulated to the desired current density, so that

a moderate evolution of hydrogen resulted on the
electrode. Readings were taken at regular

intervals as is shown on the data sheets that follow.
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DATA

by
CASPARI.

Metél. Cathode excess. Anode excess.
Pt. (Platinised) .005 .36
Au. - : .02 .56
Fe.(in HaOH.) .08 . -
Pt. (Polished) .09 .59
g, | .15 -
Hi. . .21 ~=
Cu. : ; ) -
Pd. ' .46 : .36
Cd. .48 -
Sile « 53 -
Pb. .64 -
Zn.(in acid with Zn.) 70 | R
Hz. .78 | e
Cu. (amalgameted) .51 -
Pb. - °© .54 ' | _—
Cd. i .68 -

Table 1.



DATA.

Bright Platinum against Platinised FPlatinum.

Blectrolyte, 10j% solution of sulfuric acid.

Table A.

.0C6 amps

037
035
.035
03856
036
056
038
0356
036
.035
034
086
035
.655
.035

]

6

per sSg. Cm.

min.

n

n

> N

n

Table Bs

0063 amps per sg. cm.

037 & min.

.038
.038

6

116

"

n

1

1"

n

‘u

n



DATA.

Bright Platinum against Pletinised Platinum.

Electrolyte, 10 % solution of Sulfuric acid.

Table C.

0068 amps per sg. cm.

Table D.

0183 amps per sq. cm.

=

9 min.

6 "

15 1"
18 143
g1 "

24 "

Amps reduce to 0068

.040 121 min.

.040 18 min. 051
.040 22 ™ .05%
.040 25 " .055
.040 28 .055
.040 31 ¢ .056
.040 34 " .054
.040 37 M .053
2040 41 .054
.040 44 ¢ .05%
040 47 " 051
.040 50 " .052
.041 53 .05%
.040° 56 " .052
.0%39 59 " .052
,040 62 " .052
.040 65 " .051
.039 68 "

.039 71

L0539 n7a M

040 140 "

6.



DATA,
Bright Palladium against Platinised Platinum.

Rlectrolyte, 10% solution of Sulfuric acid.

Table My Table Iy
'.0067 amps per Sg. Ch. .0067 amps pexr sSg. CM,.
;016 5 min. .016 5 min.
084 10 7 - .019 10 "
.028 16 " | 021 15 "
089 20 ™ 021 20 "
.050 25 " 025 25 "
030 30 " 085 30 M
.030 35 " 087 85 "
.030 40 " .089 40 "
.030 45 " 029 45 7
.030 506 " 027 50 7"
.029 65 "
029 6G "



Bright

Electrolyte, 10%

Table 09

.0065 amps

.01z
.015
.019
.02z

3
6
g
1z
15
18

21

DATA .

Palladium against Platinised Platinum.

solution of Sulfuric acid.

per sq. cm.

min.
1"
044
"
11
31

"

1

"

i N

87

117

132 °

Table Oy

085
089
.050
.030

.0065 aps per sg. cm.

15 min.
30 "
45 "
60 "

In boiling water.

045
.056
071

75 min.
go "
g5 "
9 "
95 "
106 *
110 "
115 "
120 "
128 *
136 "



DADA.
Bright Platinum against Platinised Platinum.

Blectrolyte, dmmonium nitrate in liguid ammonia.

Table X7 Table X,

.006 amps per sg. cm. .0038 amps per sd. cm.
1.180 © min. 1.176 6 min.
l.222 12 " 1.200 18
1.249 18 " 1215 18
1.300 21 1.220 g4 "
1.250 30 " . L.246 B0 ™
1.260 36 " 1.245 36 "
1.887 4% 1.842 42 "
1.381 48 @ 1,840 48 - "
1.351 54 " 1.858 54 "
1.340 60 " 1.261 66 "
1.882 66 " 1.851 66 ™
1.330 72 " 1.261 72 "
1.360 78 " 1.251 78 "

.1.260 84 O 1.251 84 "
1.360 90 " 1.250 90 "

1.256 96 ™
1.250 102 "
1.256 108 "
1.250 114 "
1.250 120

1.260 126 B



DATA .,

Bright Platinum against Platinised Platinum.

Electrolyte, Ammonium nitrate in liguid ammonia.

Table X5

.C0b7 amps. per Sqg. Ch.

1.162
1.199

30.

Palladium against Platinised
Platinum.

18 min. . 656G

24
30
36
4z
48
54
60
66
72
78

I
"
T
n
1L
”
"
"
"
1
n
"

"

722
722
. 800
.834

« 834

005 amps per sqg.cm.

10 min,.
15 "
oo M
35 "
50 "
65 ™
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SULMIARY.

Overvoltage values for hydrogen on Platinum
and Palladium in ggueous sulfuric acid and in a liquid
emmonia solubtion of ammonium nitrate, have Dbeen
obtained with the féllowing results.

Overvoltage,after a certain time,_approaches
a constant value.

The time required to obtain constant values
for dverﬁoltage in sulfuric acid is shorter for
Platinum than for Palladium

The time reguired to obtain constant wvalues
for Palladium and Platinum is much longer in liquid
ammonia than in suifu:ic acid.

Overvoltage on Palladium ilncreases with
increase of temperatﬁre.

Overvoltege increases with the increase of
current &ehsity,both.in 1iquid ammonia and slufuriec
acid. v

Overvoltage values are higher in liguid
ammonia than in sulfuric‘aéid)v

The ratio of the overvoltage values of
Pélladium and Platinum in sulfuric scid and Palladium
and Platinum in liquid ammonia are prectically the same.

The data obtained seems to be in accord

with Hernst's theory of overvoltage.



