ACTA PHYSICOCHIMICA U.R.S.S. VOIL,, XVIII. No. 1

1\; Tk . /D) ;s { &7
792, 17 &) —J ¢

"‘ontnbutlon to the Theory of the Discharge

of Hydrogen Ions
I. Mereury

By 4. Frumkin

ore the presenl war broke out we had accumulated in our
atory a greal amount of unpublished material concerning the
eess of the discharge of hydrogen ions. Since in the present con-
tions it is impossible to publish this material fully I considered
asonable to give the most essential results in the form of a sur-
y. In this survey there are included investigations of other authors
ished before the end of 1941 and also several of our previous
=(ts which, it seems to me, are worthy of a repeated discussion.
fortunately, more recent literature without a few exceptions
s unavailable.

A. Experimental method

1. The role of impurities

- In many respects the data obtained for mercury even now con-
- siderably surpass the results of measurements for other metals
in so far as reliability and reproducibility are concerned. How-
wver, such data can be obtained only if surface active impurities
are carefully removed from the solution; the danger of impurities

lead. The desorption of neutral molecules from the surface of the
ercury takes place only if the cathodic polarization is large. This
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potential’. In more diluted solutions of electrolytes the range |
adsorption becomes still wider. Capillary active cations are ng
removed by cathodic polarization at all. Thus we should watch o
for the influence of impurities which can be adsorbed in the whg]
range in which the overvoltage on mercury can be measured; whe
the carrent density is low (in comparison with the limiting currey
of diffusion of dissolved traces of oxygen and other oxidants), the
is a danger of the experimental data being vitiated by depolariz
tion effects, i. e. by foreign electrode reactions. The danger of adsor
tion of impurities may be decreased by using a dropping cathod
although by doing so we meet new difficulties which we shall spea
of further. The contradictions between various data on overvoltag
on mercury which exists in literature till now? is caused to a gres
extent by the lack of sufficient attention to this circumstanc
especially in the case when the measurements are performed nea j
the electrocapillary maximum, when the conditions for the adsorps
tion of foreign substances on the surface of the metal are especi
favourable. In our investigation we used several devices for
suring the overvoltage v in which precautions were taken agains
impurities in the electrolyte, penetration of oxygen from '—f
air and contamination of the cathode surface by platinlin€é
In one type of apparatus a resting mercury drop with a surfae
area of about 0.12 cm.® was used as a cathode; in another type us
was made of a plane surface of mercury with an area of 10 cm.®
The agreement of the results obtained with the aid of various dev:
ces at different time by various observers is the best proof of thel
correctness. As an example let us compare the data obtained b
Jofa for 0.1 N HClI* with those of Levina and Sarin
s k y? for the same electrolyte. The data of Jofa at 20° within th

lGorodetzkaya and Frumkin, C. R. Acad. Sci. URI
18, 639 (1938); Ksenofontov, Proskurnin and Gorodet
k aya, Acta Physicochimica URSS, ¢, 39 (1938).

2 See, in particular, the comparison of data in the papers by J ofaZ
Kabanov, Kuchinsky and Chistyakov, Acta PhysicochimiC:Mey
URSS, 10, 325 (1939) and Levina and Sarinsky, ibid., 6, 491 (19378

®Levina and Silberfarb, Acta Physicochimica URSS, 4, 27/
(1936); Levina and Sarinsky, tbid., 6, 49 (1937); Jofa and
others, ibid., 10, 319 (1939). )

* Jofa and others, Acta Physicochimica URSS. 10, 325 (1939); J o fa;
ibid., 10, 906 (1939) and also unpublished measurements of J o fa (Electro:
chemical Laboratory of the Moscow State University).

® Loc. cit. and also Sarinsky, «Overvoltage of Hydrogen on
Mercury Cathode and {-Potential» (Russ.), Mdscow, 1938, p. 41,
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of dissolved oxygen. It is also noted that in these potential range
the precision of overvoltage measurements is considerably lowerag
due to the slowness of the process of establishing the equilibrium
Therefore, in order to be thoroughly convinced of the reliability
of Lhese data, Jofa performed measurements of the volume of hydrg
gen liberated on mercury during cathode polarization . This me tho
has already been used previously while studying the mechanism
of the liberation of hydrogen on lead® and nickel® and in the case
of lead, the volumelric measurements showed the necessaity g
introducing essentia changes in the overvoltage curve taken in th
ordinary way.
In the case of mercury the measuring of the volume of hydrogey
liberated is complicated by the fact that, when using an electrode
with a small surface, the adhesion of the bubbles of gas to the sur
face of the electrode and the supersaturation of the liquid by the'
gas can not be avoided. Therefore while measuring every point ofy
the curve we must become convinced by a sufficiently long obser
vation of the fact that the rate o the liberation of hydrogen a
a given polential is constant. Measuring the volume of the hydre
ger with a precision of 10* ¢m.?, Jofa succeeded, using this me t{ﬁ
in reaching a current density of 10°° Ajem.?, the area of the elect ine
being 10 ¢m.2. In such a way Lhe rate of discharge of hydrogen jons
was measured in 3N HCl, in 2.2V HBr and in 3V K] -+ 0.1N HBr.
Alter recalculating the volume of liberated H, into electric unit;
the overvoltage curves in all cases coincided well with the curves
obtained by the direct measurement of lhe current. The data for
the last solution mentioned are given in Fig. 1. The full curve
is obtained in the usual way the circles—by measuring the volume;

the concentrations were in this case calculated not per litre bub
per kilogram H,0. |

3. Measurements with high current densities

The question of the dependence of overvoltage upon Igi at higl{gh
current densities is of special interest from the theoretical view-!
point, since on definite premises we could expect

“J ofa, Unpublished data.

SFrumkin and Kol otyrkin,
14, 469 (1941).

Kolotyrkin
446 (1941).

the appearance

Acta Physicochimica URSS»
and Frumkin, C. R. Acad. Sci. URSS,
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Therefore in the absence of foreign ions:
oa=2T 1p <
LC n G e

where ¢, is the fall of the potential in the diffusion layer“

¢—the concentration of the electrolyte in the bulk of the solution_
¢,—the same at the surface of the cathode, n, — the valency of the
anion.

It we designate by i, the limiting

current of concentratiog
polarization, we evidently obtain: )

cpd_—_;%—; In Z,l[—Lz . (2)

From equation (2) it is seen that in the case of an electroiyte
with n, =2, as' H,80,, ¢4 reaches the value of 0.01V only a
=0.457; and the value of 0.03V when =0.9;,. Since in Kaba-
noV’s experiments he failed to observe the appearance of a limiting]
current of concentration polarization, even if the current density
was increased several times, it follows from the above that the

quantity ¢, could be neglected in
these experiments., The purpase

Table 1
8 5N H,S0,

| of these experiments was to sline

Igi 1396 +0.1161g;| Kabanov . s
| (interpolated) the applicability of the equation
e of Tafel M=a+blgi for high'
3 ( ;?:‘f‘ ; I'-g‘) current densities and as far as
) .16/ L1 S 3 5 i
= e s the conditions of kee ing up the

i 1.280) .28 ping up

0| 1.395 ' ;fg’ purity of the solution and of mer-
! 51 .5 4
el 1.512 | cury are concerned, they cannot
claim a high degree of precision.
However it is of cerlain interest to tompare this data with the .

results of the extrapolation of exact Measurements of Jofas,
For 5§ H,S0, the Dieasurements of Jofa in (1

e range of values
of 1g7 from —7 '

lo —1 are expressed by the equation:
1=1.396+0.116 1g .
Taking into consideration the fact that
points in Kabanov's experiments reached
the agreement, satisfactory,
Becently a considerable number of measurements

SN
'* Unpublished qa ta.

the scattering of thes
0.04, we can consider

for high cup-
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P - Salt™
densities were performed by Hickling and
t

L : 1algamat-
" them measurements with mercury (apparently, amalg

A 2
among

According to these authors the ohm.iq drop of» poter}t%al
ed coppef)- ‘ sults 0{} the measurements for high currenl; denSI’[l(f
P lhel‘relal.ion of a correction, according to Ohm s law, is
- the“f;'al lbu ﬁnce it does not take into consideration ?he .falvl
i?fﬁrn;)l(:f;r)lti’al‘iu the diffusion laver. In particular, from this view-
0 e

- / Iready
. ; s 5 incorrect. It was a \
~ point they consider Kabanov’s results in

1 i 1 iticism. In order
hown above that they are mistaken in L%ns CI’lll(‘tl. o onler
o id the necessity of making the ohmic correc lon, pr.\;'

ol o A ial, as it was pre-
tod Salt perform the ineasurement of the polerl]lla],' ikt
. usly done in earlier work on overvoltage, a short inte
viously ¢

= I) i ; h n ll‘rd‘
fter tl nb 0 f 02 lh ] 0]3 1zaiign curren 5 an e
alt NG SW 1[( hl g I ! e 1 { Iy t d l e

late the curve of the drop of potential with time on dthf; sz;?d
" the inLerruption' of the current. The values Iieaigiia o:ce gﬂer
o intervals of time equal to b x107? 7'?>‘1.0 d, .in SUChd .
the switching-off. Overvoltage curves, obtaine L dependen;e
show for several metals Considerab.le de\’lat.lﬁons 0' Paht st L
of m on lgi from the Tafel equation for high uf(r, .v__f P
me cases (Pb, Pt)a maximumnwas‘ observed at zI,L :m;ease s
, Cu, Cd, Sn, C) only a great slowing do.wn of tdl’e e
and the approaching of a limit. We shall.confme om;jl 1Ss 1b“r0r =
case of Hg. In Table 2 the data of Hickling an.. aleaAsuremz,emS
N HCI arev compared with the results of the premlsble(‘ii 14—_—1.“1—%
of Jofa. According to the data of the latter for’N 01111';}) et
=+ 0.1181g: for 1gi >—6; the measurements were brough g

Table 2
N HCl

Hickling and

Sait (corrected)

Hickling and
lg i 1.411 4+ 0.1181g i Salt

04 |

| [l §
3 1.057 1 1 i e
1 e | }'1T 1.297
293 i 2 1.2¢
(l) ‘ ;'?.11 l 1.24 1,421

i . is satisfactory; how-
For lower current densities the agreement is ba(lbfailory{ic -
ever when the current density increases we (ibserve a systema 8
o .
I the values obtained by Hickling and Salt.
&
& Hickling and Salt,
87, 294, 310, 333, 450 (1941)

Trans. Faraday Soc., 86, 1226 (1940);
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¢ =5 x10—2, and substitute in equation (3) the values

We can suppose that it is caused by the unreliability of ti ording 1 * s and b=0.118 we obtain

determination of the stationary potential when extrapolating

3 5w 10-91 3a
curve of the decay for high current densities as it was done by Higk 0, = 1. +0.1181g (1 4+1.07x10° X 59X 10-72,) (32)
ling and Salt. For an electrode with a constant capacity C, suppg ’ L (3b)
sing that the current of spontaneous discharge i; obeys Tafe and a=1,—0:118 1g (141.07%x10° &y).

equation with the usual value of b, the curve of the overvolta
decay after the switching-off of the polarization current ¢, is obta
ed from the equation

(3a) and {3b) do not con-
given in Table 2

ed», are ca leulated

{ bear in mind that equalions .
rhitrary constants. The values of 7,
weading of «Hickling and Salt, cort ect

We mus
~fain any 2

(g der the 1 o N they agree with
9 . ~ 91300 unae . - . a5 it is readily seen, Yy ag
C‘){,—’)’;—; —f=—e ¥ with the aid of equauclmt@a), e}s Jlofa's‘ ta. Therefore, there may
A s of extrapolation 0 ‘ lectrode
) . . i e results © doubt at least in the case of the mercary eiectro :
by integrating which we find : hardly arise any do f the extrapolation given above 1n regarc
“ine the correctness o : : lensities
m=blg (14 23%% 3) concerlllll.:!" - o from Tafel’s formulae for high current (.19“,.]-[,
N —n=20lg( 1+ & () B, the deviation d Salt. In order to check the applicabilily

pposed by Hickling an
of equation (3) to the curv
by Hickling and Salt, I compare

es of the decay of overvoltage obtained

d the values of observed by them,
456) with the values,

where 7, is the value of 7 atz=0 and q,—the overvoltage at the mo-
ment ¢. Since for a clean surface of mercury C = 1.8 x10-?farad /cm.?

for i,=1A/ecm.* and t=>5x 10-3, n,—%,=0.2V. If we take taken from the curves in the f\gur.e (l‘é'bc;t'j?h'e results are givenin
the next two intervals equal to 53 10-5 the diminishing of calculated with the aid of equation (9b)

potential within these intervals of time will be correspondi %_e 3. ; )

only 0.034 and 0.02. ‘ gera”

It is seen herefrom thal the extrapolation on the beginning of t

& — 2
ip— 10-18/cm.2 \ i = 10724 /em.
curve on the basis of the measurements started after an interv.

ig= 1A/cm.2 |

7 [
of time t=>5x10=" is impossible. In general, we can say on the : [ rreate. | P | im;a(l:;» ‘ . fr(:lga“;b)
basis of equation (3) that this extrapolation is admissible only \T‘:ohs-l'i f:om (3b) rom (3 ‘ |
if the interval of time ¢, elapsing till the first measurement, is small = , [ ; ‘1 — \ 1207 | — | 1,445
in comparison with C6/2.30i,. Form the relation ¢< Cb/2.307y U igfé) | 1002 | (r.202) | 1.123 | ((1'1‘(‘;2)
under conditions of Hickling and Salt’s experiments, it follo ; 5x§(;-o4 ]i:'i;g ‘.’1--182 L5 | 1471 | 112,’ | ;‘086
that 7, should be less than 0.02, at any rate, for an electrode wi 2xig:k ‘1‘1:14/, 146 | 1.108 11 1111):3 | 11328 1' 4
a purely double layer capacity such as the mercury electrode. With= 1.040 1'0?3 1.004 “ 1.019
in these limits of current densities the curves of the authors ecit 103 |1.067 1064 1,028 \ 05 |

6% 10-4 }\1.08'1 1.089
‘t

l

‘ ol ’ itching== For j,=1 andi
of m, from the curves of the decay of overvoltage after the switchin; 5 Gon}irms o oapplicabmt‘y e
considerably worse: however, it must
ine to Hickling and Salt’s de.xta, tlle.1 :
&eater for i,= 10— than for ;= 1, this p1
error in the experiment. Fig. 2

\

| 1

1 | | |
l \ | i .

is quile satisfactory an

— 102 the agreement 13 quile '\a.l— ARl
quation (3), fori,= :
be kept in mind that, accord-
decay of the overvollage
obably pointing to some
experimental data

in a later paper of Hickling and Salt™. 1If we designate
by =, the firct value of the overvoltage measured by them, corres:

| l shows, how the
3 Hickling and Salt, Trans. Faraday Soc., 37, 450 (1941).
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of Hickling and Salt for i, =1 fit the curve expressed by equation

and also the difference hetween the graphic extrapolation of Hig}

ling and Salt and the extrapolation with the aid of a theoreticy
curve (3a).

.From equation
which, it seems,
while for an elect

7.

144~

). Thus. all the conclusions of Hickling and Salt in the
rd colum® .rcury electrode can be predicted, the assumption of the
et _Of }?ilimLif of Tafel’s equation for high current densities being

ﬁ;f:;czs a basis.
(3) 1t is easy to draw one more conclusion
until now no attention has been paid. Namely

4, Measurements with very low ecurrent densities
rode obeying Tafel’s equation the stationary ovep

In this case the difficulties COnnected.wit.h depolarization by 1lra-v
e of dissolved oxidants are very much increased. le)reov*er for ow
B , densities for mercury cathodes we go over inlo the region
g tial values near the maximum of the electrocapillary-curve,
o I')Olfe'ncreaxses the danger of adsorption of surface active substan-
whlGF 1xflﬂurrent densities ~10—"° a new difficulty arises. The last
A 0edub the fact that when changing the value of the pofential
. cta ?{Ses ayconsid'erable time to impart the corresponding charge
A tlam .double layer of the electrode. Pjor in'styance, whenr jch«; poten‘-
fial from one measurement to another is var1eid by 0.05 V it Znei:.e::
sary to change the charge by 10—° coulomb/cm.*. For a current density
equal to 10— this will take several hours to (.io so. Therefore, even
if dissolved oxygen is totally removed, tl.ns value must be near
admissible lower limit of current density. '.Fhe measusremen}S
of Levina and Sarinsky were performed down to {=2 >‘<10— ; J.ofa s
measurements down to £=10"". Apparently,. when using ordmar.y
devices with glass joints wetted by the solution or covered by mexﬂ-
cury, it is impossible to reach lower values. These fneas.uremgl(tﬁ
did not show any deviations of the overvolita'ge curve in dlluteh ;
from the normal curve for low current dens1t19:s. By using a catho 3
enclosed in glass and polarizing through it, B ow d i n irlno
G re w? succeeded in reaching values as low as 1 =10-%—10 h.
In doing so they also did not observe any change in the cm.xr‘se of the
overvoltage curve. The value of the over'voll,ag.e for low cu;re;:t
densities may be characterized with the a}d of i,—the rate o t ?
ischarge of hydrogen ions at the revers1bl<'e hydregen potentl;
‘which we get if in Tafel’s equationn=a+4b 1?7 i we putn=0. Accoio—
ing to Bowden and Ken y on’s data', in0.2 VH,S0,, at 25°,
Ty e

T

0

! 1 i Il 1

Ko™ 5c1g~

Fig. 2. The decay of the overvoltage after the itching-off >
current for fpmg % /oh 4 o) g swilching-off of the

. — according to experimental data of ick-
Mg b ot g D ental data of Hick

— extrapolated according to Hicklin
Full curve is eal

voltage during the passing of the current increases infi
current density increases, the overy

time interval after the switching-off

nitely as the
oltage measured after a defin
of the current tends to the lim

2.30¢;,
m='no~blg<1+7,,& =

=atblgi—blg (H%)Na*“g‘z{?}%'

Should we take, according to Jofa’s data for &V HCl, a=1.411g
and 6=0.118, we will get from equation (4) limit values
to 1.214 at £=5x10—° and 1.179 at =1
cally coincide with the v
for i,=1A/cm.?
ties the suppos
tot=

of m; equalS8
0—*. These values practi=
alues observed by the English author
- I we should determine from these two quanti=
ed «limits of N, by a linear extrapolation down
0, which to a certain approximation corresponds to Hick§/
and Salt’s graphical method, we will get M, =1.25 (compare Table 4

~*Bowden and Grew, cit. from Bowden and A gar, Ann,
~ Chem. Soc., 35, 96 (1938). ) ) )
& Brg\\?g(e’n oand( K e)n yon, cit. from Bowden and Ag a—r,
loc. cit., g9

.

3
Acta Physicochimica U.R.S.S. Vol. XVIIL: No. 1.
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i ( 5. Dropping electrode
i, =6 x10—**. According to Jofa (unpublished) for 0.1 NH,S0,, at 2( 5. Dropping

m=1.427-40.1131g i, from which, after making a correcti
for the temperature coefficient, we get i,=5 X 107'*. From the da
(unpublished) of Jofa and Mikulin, however, for 0.25N H,SQ
at 25°, we get a higher value of i,, equal to 1.5 x107"*. From Jof
data for 0.1 N HCL, at 25°, i,=1.8 x107*, which is in good agre
ment with 7,=1.7 x107'* extrapolated hy Bowden and Agar

d his collaborators we find the asser-
vervoltage observed on a mercury
t extent from those obtained with
gives in this case a diffe-

e work of Heyrovsky an
the laws of hydrogen o
cathode differ to a gre2
cury; in particular He'yrovsky
p in Tafel’s'® equation.

ider two cases separately.

In th
Y tion that
dropping
resting e’
rent value of

o cathode in

rom the data of Levina and Sarinsky for 0.1 N HCL, at 25°. In spiiy g) Overvo Jtage on a dro VP. ping erization
of some disagreement in the data obtained in our laboratory fg thé absence 0 f concentrat 1.10 n 11) 0 e g i
H,80, we can suppose on the grounds of these results that the value ' As it has been shown by J ofa, Ko 3‘ ¢ (;ren ‘uil 1 ectrode,
of i,, obtained by Bowden and Kenyon, are too high, ¢. ¢. the over an®, when measuring overvoltage on a Otlhp qirface of the
voltage is somewhat lowered (the correct value, is probably abou " ke into account the change 1 the s

4t is necessary to ta
drop with polarizati
oy current charging

on and moreover, when i < 10°?, the non-fara-

the double layer of the mercury s.urface alsf)
to be accounted for. Besides that, if we are calculating ’fhe CL]U-

| rrslt genéity using the value of the surface area of tltl.e dr?lf t\;l;egi;}i-
» g ke a correction lor t -
e i thih?sec:iggec,ewznljilu;;;ninean effective SL.lI'f‘dCe of the
N bet\?reintheir orowth, this last correction depending upon the

| ‘:;0 S?nlclerr:gol ﬁondﬁions. If the measurements are performed for

a constant current intensity /, then evidently

1.6 x107'2); the disagreement with our data is not, however, ver
great. Altogether different results for low current densities obtain:
ed Mituya'. His measurements were performed in a soldert
ed glass vessel, filled with hydrogen, in which mercury and a large
platinum grid anode were placed. Mituya observed in the ran
from i=1.87x10"° to i=4.3x10"*" not only the rectilinear par
of the 7,1g¢ curve, but also the approach of the curve to the abs
cissa axis in the neighbourhood of the reversible hydrogen poteg
(1<<0.05). The study of the shape of the overvoltage cnrve on y
cury in the vicinity of the reversible hydrogen potential would
be of extraordinary interest from a theoretical viewpoint; however
the reliability of Mituya’s data is doubtful for the following reasons.

I -1 2%

s —‘A—S; 1*/3

rop al the moment ¢, and §,—the

gt < Pfa()e Of 1he d
where S 1s the su etachment of the drop =

mercury was observed (0.186 at 0° in 0.1 N HCl); for a current den ‘surface at the moment of the d

sity equal to 1.87 x107® (the value up to which the measurements Hence:
of Mituya were performed) v was found equal to 0.377, while accor- 7D 5 LR Ty

x o = ? 4 ] - £ g — = blg=+5F 27!
ding to the data of Levina’and Sarinsky, for i =2.2 x107*, % = 0.505, n=a-+blgi=a+blg S +gbleg =1 TEEETEF [
at 22°, which would correspond to 7=0.61 at 0°. Therefore, th - ; 4 RT _
value of the overvoltage on the surface of Hg in Mituya’s expe R 01 p, 1% BT % In—dt=a+b 'lg—'s,——}—ﬁ T (d)
riments was lowered for some reason by ca. 0.23V, whiches . '~a Y8 '@“} =3 F ) ¢ ’

i 3 4/ TIF, 1. e. 1O
Therefore. the last correction amounts to 4/3 xRT|F,

arrangement used by Mituya leads us to the conclusion that pla ~
y 0.034 at room temperature. As it has been shown by Jofa, Kolychev

tinum from the large surface of the anode could very easily get on thé
surface of the cathode, the anode being in no way separated frof
the cathode. This, possibly, was the source of the contaminatiol

Y

: ;, Chi ;. 24, 125 (1939). o

” l;l(sfyar ! ;quokl \\( (t;hee?vl. 125121 Sfth t i)é m an, Acta Physicochimica
i) NI i t € 7S « & . 3 . ) 7 « >

142 (1540). uya, Bull. Inst. of Phys. and Chem. Res., Tokyo, URSS, 12, 231 (1940).
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and Shtifman, after introducing these corrections, in the inte
of 7 from 107° to 1072 in solutions of HCl and HBr of different co .7“
trations a coincidence within the limits of 0.005V was obser
in the values of overvoltage measured on dropping and res
cathodes. If we perform the measurement not with a constant .
rent, but as it is usually done with the aid of a polarograph, for ¢
stant potential, the last term of equation (5) has a somewhat
ferent value. Indeed, in this case

7 = const, i = const’;
' = et . 3s g5 3,
I:LSO‘C—2/3t'/3; I—': S LSO':“-/:sr/zdt:_gLS .
x 4

n=atblgi=a+blg-L+blgy=a+tblg - +0.026. I8

07

Thus, when using a dropping electrode, the measurements peel
formed with a constant current should give a mean value o
by 0.008 higher than measurements with constant v, the m
value of I being the same. Indeed, according to unpublished da
Jofa has succeeded in observing a difference of 0 006 havj
correct sign between the overvoltage curves taken according ¥
methods. ' 4

b)Overvoltage on a dropping electrode
the presence of concentration polarizatil

This case to which apply the statements of Heyrovsky and |
workers as to the existence of essential differences between d
obtained with the dropping and resting mercury electrodes is
derably more difficult from the theoretical point of view than
preceding one. Overvoltage in this. region of current intensi
is characterized in polarographic¢ practice by the half wave po
tial which corresponds to the fall of the concentration of hydr
ions at the surface of the dropping electrode to a half of its in
value. As it has been shown by T o m e §** it follows from the eg .
tions for hydrogen overvoltage in the presence of an excess of
indifferent electrolyte (these equations being obtained from |
theory of retarded discharge—see below) that the half wave poten
should not depend upon coucentration of hydrogen ions, w

21 Tomes§S, Collection, 9, 150 (1937).

o8 obse

- gave i
i

| ] 3

pmatm
take NV _
o‘ivthe diffusion curre

Ly

3 I
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—

1 a shift of this potential as the solution was dllut;(il(;
e a' pserved that the shape of the Polarograp
. Wafs t(;lek evolution of hydrogen also did not corres-
L (; :ons drawn from the theory of overvoltage.
e ein 'ustlé)rest- at first to derive from the values of over-
t/al(? - tine electrode the value of the half wave
o) s 1 know, no such com-

init tion. As far a
some definite solu . g,
b ot been made in literature. As an example let
LY 11 known equation

ording to the we ; .
'LiCl+0.00é inI:il.l AG;{O(I;G igl lavry?®, the intensity

nt for a univalent 1

des thisa

It is of cer

. on is equal to

[ =4 (Tx)23- e FDY(c,—¢) rig-'/s

f H* ions, ¢,— ¢ 18 the dif-
ions and the con-
er cm.?), r—the

e coefficient of diffusion o

ig th '
- ulk concentration of H*

' W the b
" bet“eenhe surface of the drop (g--eq- P

J ‘ oy evidently
‘ m"ﬂauo? the drop at the moment t. The half wave, t >
. _ ' .. For the current density, we get
gorresponds 10 ¢, — ¢ =3 % —
| Loyt A @

C~ i="T" (3'T~)"/2FD1/2 X3
where A is a constant.
' 1
n:a—yblgi:a—\—blgA——fszlgt,
RT

1 b . il

n current at the moment T
e. Let us compute ab

\: in doing so let us
7
- —5 sec. Unfortuna-

From equation (7) it follows

®)

of the diffusio

i. is the density
where i. is the_ ¢ from the electrod

when the drop detache .
first t;e valuI:) i., according to equati(zn g

put F—96500, D="1.5% 107", ¢ =107 02 20 B o es paper,
fely, the time of the dropping is mot given 'R "5 .t uch
&t probably the agsumed value O.f 5 sec. will nott . B 10-2.
om the Lrue one. From equation (e hielon”;t: N LiCG1+4
Using equation (8) the value of ik Sold ow be determin-
15 10-*N HCl and a current density - e t been made,
ed. Unfortunately, such measurements have not

'm’ Collection, 6, 498 (1934);

lavry Rec. tray, chim., 53, 1013 (1987).

Rideal and McGil-
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however Jofa® measured the overvoltage in a solution
N LiC1+0.1 N HCL. Fori=1.6x 10™* n=1.026. When going ¢
from NV LiCl-+0.1 NHCl to N LiCl4-5x10*NHCI, v shg
increase (see below) by 0.0581g 200=0.133. Thus we get
the latter solution, i being the same, n=1.159 and, according:
equation (8), n=1.184. This value evidently refers to a reversil
hydrogen electrode in N LiCl-4-5x 104N HCl, and after regs
culating on a normal calomel reference electrode we gel for ¢
half wave potential in the usual designation 1.66. Tome§ gi:
for NLiCl4-10 N HCl the wvalue 1.63 and for NCaCl%
+1.2x 10 N HCl =1.64. Such an agreement should be consider
quite satisfactory. If, however, we shall consider our derngat
more in detail, we will note that we made some not quite permj
sible assumptions. In fact, we have assumed that the concentras}
tion of hydrogen ions remains constant during the process (&
the growth of the drop. As well known, it is under this condl
dition, and wunder this condition only, that the equations
diffusion towards the surface of a growing drop can be integrate
and lead to the dependence of current density upon time expresse
by equation (7). In reality, during polarographic measure
it is the potential which remains constant in the course@
growth of the drop, and, consequently, for constant concen
tion, the current density should be constant which is incompati
with equation (7). Practically, fneasurements could be effec
also for constant /. In this case 7=const-¢ %3 which does no
agree with equation (7) as well, although the disagreement her
is less than in the case when the potential is kept constant. The
refore, the condition of constant concentration of discharging ions
cannot be fulfilled in the case of hydrogen ions. In this respect there
exists an essential difference between the ion H* and, let ussay, Hg, ™
for which the constarcy of the potential leads directly to the com
stancy of concentration. Herefrom the impossibility of an exact deril
vation of the equation of a polarographic wave of hydrogen ions {%
lows directly. To be more exact, in order to do so, we would have
integrate the equations of diffusion towards the surface of a growigit
drop with the boundary conditions following from the dependence ©
the cathode potential upon current density and concentration; ;

- b

23 Unpunlished data.

a pp 631’5 bl
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;ever, to present unsurmountable mathemat'ical d(;ffl;
i asurement of the half wave potential and ©
E Thl;Stltgep(l:;:rographic wave cannot be used for th;; pm:l;e
o ot Lydr ‘oltage on mercury. HoOwever,
investigatim} o (};gﬁrsgsnth(;‘tle;‘o?at’sgexperiments (unpubhshed
4 -wou}d e l?or?fim; the existence of a shift of the half jvaxlrz
data) f.aﬂed. o ccgucentration varies as described by Tomes. o
jotert> L hel; N LiCl + HCl, the concentration of the acid varying
s e (“)4_‘ 110‘3N th,e half wave potential was eqlial tﬁ
. i and i,ndependent of the concentration. A ‘c-a‘
1'65 '“:3%6 tileiz.)pOtential carried out in the same way as given
culation )

above, leads 10 the value 1.66.

6. Adhesion of hydrogen bubbles to the gurface of mercury i
- pronounced when me.ff\suremeni -
the electrocapillary maxir.num, .whmh [‘)ra:u
. strong solutions of acids. Still, for a W :
oxio % h an extent as to alter

This phenomenon is especially

are performed near

7o 1y
ally takes place on ‘
E liquid, the adhesion never reaches suc

il
k.. overvoltage measturements.

seriously the results of

In the case of a mercury electrode slow

ine
overvoltage are, apparently, conm-acted' pr;nor
ness of adsorption of surface active 10}? o
1 he ap
phenomena, which are accompamet‘it;)l.y \,(Jeer tai IE) e
er curve wi in ¢ A )
loops on the overvoltage ' ki e
de 1psities are absent in solutions Qf SO’ ions a;nd'? thatpme e
: 1" the presence of 1’ ions. We should admit
nounced 1n . We show ' *
ism of these phenomena 18 not yet qu1t§ cle e
Orleman and Koltho f{?* recentiy
Dini L el

3e f J '
ect, wh ) I I l I ion O \\,a‘e]

y ele i[() ]e‘a ]Vel v 0 e““a‘e(l S(l“
‘ al th(” o I T de imn t 5 conc
g gt (\I’Opplnb me cu 1eC . .

1 i served is an ‘ ion
R e s e duction, notably of thallium during
? By

of a large excess of an
if the drop time exceeds

on the surface of the electrode

systematic changes of
ipally with the slow-
molecules®. Thes.e
ance of hysteresis

7. Slow processes

new

current in some cases of elect{'ol’eh resence
the electroreduction of e 3'5& pears
indifferent electrolyte. The effect disap

istyakoyv,
C anov Kuchinsky and Chistyak
Kabd g o 10, 317 (1939). ) o
)1 t,h o f f, Journ. Am. Chem. Soc.

o 24 .[ ) f a. X
~ta Physicochimica URS

64, 833 (1942).
% Oprieman and KO
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L e

0 y(h()(’e \Vhe ]ea(ly 0S l, o ta n n
f h b n, n lt 18 al 1mp Slble 0 b A a

4.5 sec. and on addition of capillary active substances. 1t cannot

| , 1 ve must keep
’ . | : ; o imentally. In doimg s0 ¥ Sl
observed with a stationary electrode. The evidence quoted in fave e grocapillary curve experimentally I i el
" . ‘ t . or. that the possible rang .
of the supposition that the effect is due to electrolysis of wate in imind, however, PO oo e s 7
seems inconclusive; in fact, as it follows from the data give d here also. Having a ré S i
| i L the equatlon'q——:a—\— g, : o

by the authors, such a reduction at some of the potentials observe expressed by the f e o e it
1s thermodynamically impossible. Orleman and Kolthoff to escap city with t}le aid of an e ey Fi 2 e

this' difficulty admit that no molecular hydrogen, but a dilug m, besides capacity,

R i ization
i thodic polarization. 1 |
- t I s supernnposed, then

1 ; a weak
; ' | . : Indeed, if on a direct current ¢, @
hydrogen amalgam 1is formed during this process. The formatio;

of hydrogen amalgams however until now never could be checke:
if sufficient precautions were taken to avoid all experimenta ORT T Const_:%@llnio—\-ﬂ;fl .
errors. The effect described by Orleman and Kolthoff is almost =5 G )+ K ’
certainly a stirring effect caused by the movements of the mercury ;

surface 2®. The character of this movements in concentratéd salt
solutions needs further investigation.

alternate curren

ce of this «onductivity» of the_ eleclrode»hrxfut)smtg;e.
i bility of alternate current. In using currents oI ¢ o
. i HI?Ptha l eZe we have to take into accou.nt also the o mr ,
F. at}Vely e }fezglutizn when measuring the capacity of t}{e merctzh)e
resmtanceﬁf? eLhis case with mercury it is difficult 'to give t(;l e
o Icll antageous shape in the sense of lowering Phe 0 e
ele?trOde - ; 1 tghe case of solid metals, such as plau?um,. his
e do et vhy up to now we did not succeed in ralsn?g
) 'be e Thit 1: \3’)8700. p. s. While measuring ca'pac'.ll'y up t.o'
th(? flr'eq}i(er\lfg daidoiot ‘observe a considerable change in its value;
':1;1;5 r;;lﬂt‘y of a small decrease which has

been observed has still

) ity

to be checked. It will be seen below that the study of the capacity
e C JK 5 )
of the double layer 1is especid

(6] (8] verv (& Ilele it 18
e o or i 0 Oltag .

thn f 10ns upOn .
0[ “]e lnflllenc f adS p ‘ | i ok
necessal I (0] Vel enel 8] s10N8 l() lll I

ds.
the study of the capacily 01".Lh?1 d({u}gsnlzzlerlﬁzag ;rface it e,
dro :
a) The absence of atomic hydrog

i ] takes
While the discharge of hydrogen atoms on nickel or platium

R o e R COl}Slthe potent.ial region of hydrogen
’ e of mercury 10 ‘
wen, on the surface

. is evident
2 idulated and an alkalized neutral s§1t. It s ol of
27 Jofa and Frumkin, Acta Physicochimica URSS, 10, 473 (1939). curves of an acidulat . he same, the chemical potential ©
28 Experimental data on capacity; Proskurnin and Frum- = that. electric potentials being the ’

kin, Trans. Faraday. Soc., 31, 110 (1935); Borissowa and Pros = ’
kurnin, Acta Physicochimica URSS, 4, 819 (1936); 12, 371 (1940); Bar-
clay and Butler, Trans Faraday. Soc., 86, 128 (1940); Frumk
thid., 117; Grahame, J. Am. Chem. Soc., 63, 1207 (1941); P N

pot, Phil. Mag., (7), 13, 775 (1932). :

8. Capaeity and structure of the double layer

In order to understand the phenomenon of overvoltage on mercury
it is important to know the composition of the double layer within
the spatial limits of which the discharge of the hydrogen ion {akes
place. This knowledge can be obtained both by measuring the ddn®.
dence of surface tension upon the potential and concentration and
by the direct measurement of the capacity of the double layer.
The thermodynamical relations which®have to be used in the first
case for concentrated solutions were deduced by Jofa and Frum-
kin *". The measurements of the recent years have shown unambi-
guously that there is no disagreement between the direct measure-’
ments of the double layer capacity and the results of the computa- &
tions based on electrocapillary curves *°. 3

Of considerable interest are the results of direct measurements

i 3 : t by adsorbed hydro-
of the capacity with a mercury cathode in the region of noticeable . orabile extent by

® Frumkin and Bruns, Acta Physicochimica URSS, 1, 232 (1934 ) g
Antweiler, Z. Elektrochem, 43, 596 (1937); 44, 719 (1938); B run s

Frumkin, Jofa, Vanjukovaand Zolotar ewska ja, Acta®
Physicochimica URSS, 9, 359 (1938).

&7729 Borissowa and Proskurnin,
12, 371 (1940).

Acta Physicochimica URSS,
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hydrogen in an acid solution is considerably higher and in the presep
of adsorbed hydrogen the surface tension in an acid solution should be
wer. Meanwhile the electrocapillary curves, for instance, of NV Na,S0,
+0.01 ¥ KOH and N Na,SO,+0.01 N H, SO, coincide within
limits of some tenths of dyn/em. (the electrocapillary curve of g
alkalized solution lies even a few tenths of an unit Jower 2°; ¢
measurements were performed up to ¢ = — 1.5 with respect to a normg
calomel electrode). In view of the excess of the common electroly
present in both solutions we can suppose that the ionic compositio
of the double layer is the same; then for the surface densitiy of th
atomic hydrogen I'yy we get from Gibbs’ formula

g S B—) 5 ( g
H Ap’n ¢ 4

where py is the chemical potential of the hydrogen and y — thed
surface tension at the mercury-electrolyte boundary. Considerin
that the change in the boundary tension in going over fr
solution (o another is in any case less than 0.5 dyn/cm., while w
when the concentration of the hydrogen ions in the solutio
changes by ~ 10" for constant electric potential ¢, should changi
by BT x101In10, i. e. by 5.5 x 10", we get from equation (9(.:0

S ==
&

om one

Iy < 107" g, atom/em.>.

Meanwhile, as it is known, concentrajions of ions in the double
layer are of the order of 107 g.ion/em®. The total covering of all§
the atoms of mercury on the surface by hydrogen would give us I'jy~
~2 % 107°. Therefore, atomic hydrogen surely cannot be present on the
surface of mercury in concentralions exceeding 0.05%, of that cor=
responding to the saturation of all surface atoms or 19 of the con-
centrations of ions in the double layer; in reality it is probabl £
still less. Therefore theories of overvoltage allowing any consi-
derable saturation of the mercury surface by adsorbed discharged
hydrogen atoms should be discarded ®. Concerning the absence
of atomic hydrogen on the surface of mercury see also Barclal
and Butler® and Frumkin *.

% Unpublished data.

®Hirota and Horiuti, Bull. Chem. Soc, Japan, 18, 228 (1938);
Heyrovsky, Chem. Rev., 24, 125 (1939). I

2 Barclay and Butler, loc. cit.

® Frumkin, Scient. Pap. Inst. of Phys. and Chem. Res., T
B7, 473 (1940).
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This comparison of the properties'of the. doul?le l?yer in t\s‘f

b)' < with different pH, but practically identical in comp‘(.) ,
e her respects, is of interest from another point of view
B ;)t:fs that the structure of the double layer, the compo-
- . Sfl(t)he solution being unchanged, is not connected with the
. vefvoltage. In fact. should a comparison be made, for
e o Of)r o= —0.72 (with respect lo a normal hydrogen
irllSt:;c;(:) t(he ‘overvoltage in the alkalized solution (\;1}; evf{ua[\l z;z‘xlz
B oo the aci it wi ount to about 0.58 V. As the
ol thet 3‘;;(11‘1112’[‘3;;32;“ t\;rlllsl‘ioim shows, the double layer in
measurzz:eﬁés exactly the same structure. In the theory of overvoltag(j
li?}filz}filaé recently héen developed by Kimba 11, Glasstone

ition i hat the double layer
and G1lassner?® the supposition 1s made that the y

1 /

ghe value of the overvoltage, while I;Lf:(;l rzma;il:;iyzfrgzn‘th:fb;ili:
potential drop lies in the outer part ol the dou Sy W >
s comption on it et v Gl st ofthe
double layer in the acidulated and the alkal_lle‘ S? ut‘rad‘i(,‘lion with
L:Jent,ial drop being equal. As we see, this is in cont /
i al ta. ]

‘ i;lr'i‘llelrelt?;eizurenuems of the capacity of the doublf rl:ygf ‘i‘;’e"
in certain cases give a very detailed picture of its vstll’uc'u (;1 Vaienl
cial interest is the case when in the double. 1a'tvel‘ " ?me‘ pcre};Se the
cations (A1***, La***, Th****) which, as 1t 1s knO\;ln, 1T;aCit AN
overvoltage **. In Fig. 3 are shown the curves gt edcatla of&V o1
10~ N HCl solution with additions of LaCl, (based on ?nal calomel
sina®). The potentials are given with respect to a nfn:r o trodh
.electrode. From these curves it is seen that when g()m: ative one,
a positive charge of the surface of. the mercury to a.il gi o 8 rise
there is observed a pronounced maximum .Of Hue apac: y ’ 1. 'narrow
of the absolute value of the charge ‘Vith-u;l ihcoflelzli;i?b\;?)ny into the
! potential range. This rise 1s 00::;’_1‘;‘::(1\;:’;;8 él:czric field forces out
J. Chem. Phys.,

surface layer of polyvalent ¢

! S S : Flassner
M Kimball, Glasstone and G :

9, 91 (1941). . - sik. Chem., (A) 149,
35(Hle)ras.'ymenko and Slendyk, Z. physi

164 194 (1933) yina and
123 (1930); Frumkin . Z physik Chem., (4) 155, oy, e

ari kv ~ta Physicochimica Oy g “E09 \Seed): sical Che-
,1 Isé I\lgsokr'yg'i {i\;ta Engzlblished data (Karpov Institute of Physic al
mistry),
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hydrogen ions from the surface layer thus leading to an increase of
the overvoltage.

B. The results of Overvoltage measurements on He
1. Dilute solutions, Experimental data ,

Let us conventionally define as dilute the solutions in which the
voncentration of H* does not exceed 0.1 — 0.2 N. Let us consider af
first solutions of pure acids, containing no foreion calions. ;
a)Concentration, -
voltage does not depend upon concentration. The data of I, e vina
and Sarinsk y * show that the curves for (0.001 N and
0.01 N HC] coincide, the curve of 0.1N HC1 lies, apparently,
what lower; the difference, however, does not exceed 0.005.

Curves. The v, lg i relatig n

is linear, the valye of the coefficient a(b = % X 2.303) being

very near to 0.5 (see below). On the curve 0f 0.2 N HBr for lgi< —6f
according to Jofa's data, a decrease of the overvol

lage as compared
with the linear relation is observed. This phenomenon, connected

corresponding measurementg.
¢c)Influence of

Tabie 4 The value for 0.4 HCI0, _b
are perhaps somewhat Jesg reliable
than the others, The mean value

for the remaining three curves

Acid.- T oat 20°

Fagmee LN SR ] %

3“\\; If{igl 1.43940.1191g¢ 45 4 495 +0.1151g ;. In the range |

.2 r 1.420 4 0.114 1o p O P, S
0.1N H,80, | 1 ra0 & 0.1131;1‘ of lg fro.m~6 to —1 .1nd1v1dgal’
0.1N HClo, 1.393 4+ 0.106 1g; ~ CUrves differ from this average .

not more than by 0.013, which
is close to the limits of experi- %

mental error, conditions the influence of the

Therefore in these

anion may be Practically neglected,
—= . . 9
37 Acta Physicochimica URSS, 6, 491 (1937).

> ,/"_—_‘
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The temperature coefficient. According
d) 1h

 Jofaand Mikulin®for0.25 N H,S0,, at0.3° b—=0.107,
0 0

1 90°b=0.116,at 60° 6 =0.130 and at 80°b =0.135, {. e. b is almost
a:OPortional to the absolute te.amperatlfn?. by
i , us Lurn now to solutions conLan}mg 5 :

e:) - 1t olyte or polyvalent cations in a small concentration,
E o ra }t,heoretical viewpoint must give the same results.
Wh'wh fron? of particular interest for the theory of over.voltage:
B o 1Sl t}lle experimental data in this case are (?onsml.erabl)
i );’ In literature it is often asserted that in th1§ cazsge
E numem;léo does not depend on the concentration'of H+ 1:)0ns .
,OVeI‘VOItagfhe measurements of Levina and Sarins k y de:
- learly that in the presence of LaCl, overvoltage 1ncrea(s§a
mongti?)gfo 110 when going over from 0.1 N HCI to 0.001 év yk L
b}l;il(; according to Herasymenk 0 and S 1‘edn Si_‘yt -
:;w cathodic potential of hydroge.n at a given cu(r)‘rig m(;.le ngroa.
Sive when the conventration of HCI is docremed entold .5, 1o v

ive when the concentration o ICl is decr ‘ si.e. e
:rloltage increases by about 0.035. Th;ef I{lge?s:;irgzn:z ;{lol:f‘?;ifﬁci-

»rinsky cover a too narrow range : alih Iy sl Ay
C.. exact calculation of the quantity b in Tafel’s eq 3

th;g measurements seem to show a conmderablle '}r;firseas;:é I(1): Hi)e ,(,gfl
0 0.142) in 0.001 N HCI in the presence of LaC ,.N - SIE) nomenon
requires additional checking. In 0.25 N H,SO, —I—O o 250,
B t}lletnso 1"“1171:111 :ill;eds?);al;le (;rganic cation,

e ilectm Z 3 strong rise in the overvoltage®®.
such as V (C,H,),H* cause g

2. The slow stage of discharge

. L -
It is scarcely reasonable to give here again the.theory 1of f}jose
voltage for a mercury cathode in details. I will consider only t
A
8 Unpublished data.

‘ . Chem Soc., 35,. 97 (1938).
33 E e d 4 3 22((11 ggfimn é\{{mx;,Rz}():ta Physicochimica URSS, 7, 485
eVvine 3

) hysik. Chem., 149
,( 41)Herasymenko and phy

26 (1930), :
L (42J0)fa, Kabanoyv, {vKuchlnsky and
Acta Physicochimica URSS, 10, 327 (1939).

Slendyk, Z.
Chistyakov,
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points which recently have been discussed in literature or thoge
which it seems desirable to elucidate from the point of view of ney
experimental results. i 3
Since for a mercury cathode the practical absence of H atoms on
the surface of the electrode can be demonstrated unambiguous]
(see above), the recombination theory or any theory according to
which the velocity of hydrogen evolution is determined by some
reaction with the participation of an atom and ap ion of hydrogen,
as, for instarice, H+H"+C —H, or H +© —H, cannot explain
the experimental value of the coefficient a~"/y. Indeed, all the |
corrections proposed recently by Horiut i and collaborators <3
based on the account of the repulsive forces of interaction between
adsorbed atoms and molecular ions H; of hydrogen, and also bét- =
ween these particles and the activated complex of reaction, determin- ‘/
ing the rate of the evolution of H,, become meaningless and the

elementary method of caleulations according to which for a recombi- (hat

nation mechanism & =2, while for a mechanism where an atom and !
an ion of hydrogen participate a=1** remains valid. Whijle in the
presence of noticeable quantity of hydregen on the surface we can A
get from these theories, as has been shown by Horiuti, fracti T
values of the coefficient « as well, in the case when there is a @& b
saturation with adsorbed hydrogen
of a=>1.

Therefore, the author concludes that for the case of an Hg-electrode
the only permissible supposition is that the initial process of discharge,
which leads to the appearance of the adsorbed atom of hydrogen is the
slow stage of the whole reaction. This supposition, as it is known,
was formulated in a quantitative way for the first time by Vo 1-
m e r**. It enables us to consider Tafel’s relation as a particular case
of kinetic.regularities which are observed in the process of proton
transfer *°. What happens farther to the atom of hydrogen — whe ther
it leaves the surface of the mercury because of its reaction with a

they necessarily give values

B G Okamot 0,
(1938).

# Or more than unity, if we consider not only the increase of the surface '
concentration of H, but the accelerating action of the field upon the reaction

H-+-H*+& as well. \
(A) 150, Q
gl

Journ. Fac. Sei. Hokkaido University, 2, 116

“Erdey Chem.,
(1930).

% Frumkin, Z. physik. Chem., (A) 160, 116 (1932).

Gruz u. Volme r, Z. physik.
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/——’/ ‘ ‘ . ) N -
d ion or because of its recombination with another ilsz—
i becau S - enapimental data.
. not judge on the basis of the available experimenta .
g : 1 i ut forth in order to exp!
4 There were several considerations p

pearance of a fractfonal coefficient  within the scope of the
ap - )
leiory of retarded discharge.

ling to P o lanyi*, of basic importance is the \V(;a]\~

1 A | the hvdrogen and the surface

'A of the bonds between the atom of hydrogen and l'he st i

: & . ‘ 3 § T (O (| o . 1 ) s S ‘V.l

enulbércury in the transition stage of the discharge reaction a b
L i g ; . e SEl

. e increases, due to which not all the accelerating action

e s i j be utilized. It would

{ the field on the reaction of the discharge can be utilize .k .
1 ’ testing this tf 7, Lo know t

;)) very important, for the sake of testing this theory, e s

: roy of adsorption of a hydrogen atom on the smf‘age of me { .

B 7 is critically examined the supposition 18 usually

When this theory is critically

X y i y i er is base owever
pressed that this energy is ver small. The latter is based, ho ,
eXPres a4k 5. )

isolat 1les HoH;
data concerning the binding energy of 1s:oiated mo]ecule; l([iigorj
the identification of this binding energy with 't,h('e. en@gy 0 a1 )
,tion of an atom H on a metal surface seems arbitrary. I 3 1 1; g
gnd collaborators ¢, following Erdey Gruz landl ;\V ‘1 (1,)‘;09
i i tivated complex takes pl
ose that the discharge of an ac plox ta |
zup’?nxima'telv in the middle of the Helmholtz layer; corle§ponc_i11;ng]:1y
i’K lows herefrom that only a half of the potential dropis 11}{,1112:( (.
Rallv. tho ; ' er discharge
Finally, the interaction between a hydrogen atom aftc; (Hlszf tﬁe
and molecules of water which formed the hydration she Tl
hydrogen ion, alsoaffects the value of 2. This has been pointed out
5 iy DO
the first time by Gurmney®. ;o ]
However, we must admit that none of the Lheomegploposed ](j‘;l
explain the remarkable fact that aretains a constant v? luey;a(l;ygc md
; ity — from ! 3
to 0.5 within a great range of curren'l,_densmy 21 R
probably even 107*—107° till 1 or even till 10 Ajfem.*, w 1lc lh ;;
: . ] ;22— . 1tos as
ponds to a change of the energy of reaction by 2.2 .26 Cia N 0} -
yet a problem of the future to setup a truly quantitative theory
hydrogen ion discharge.
Acta Physicochimica URSS, 2, 505

“"Horiuti and Polanyi,

(1935).
®Eyring, Glasstone
1053 (1939).

“Erdey Gruz u Wick,
) 34, 137 (1931); Butler, Proc.
oy Proc. Roy. Soc.. (A) 134,' 437 (19 = g5, Frop
i%'. Sgrc.u Elil)elg'}, 423 (1936)y; see also Essin and Kozheurov, Ac
Physicochimica URSS, 16, 169 (1942).

and Laidler, J. Chem. Phys., 7,

Z.  physik. Chem., (&), 162, 53
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3. The reacting particle

In most of the theories which have been proposed till now, it wg
supposed that in acid solutions it is the hydrogen ion which is th
reacting particle. According to E yrin g and his collaborators® ‘
however, even in acid solutions it is not a H* ion that reacts, bu
a molecule of water. In this case, however, the cathodic potentig
of mercury in the course of hydrogen evolution would not depens
upon the concentration of H*, i. e. overvoltage would decrease witl
dilution, which contradicts all experimental data®. In order {
avoid this difficulty Kimball, Glasstone and Glass
ner® tried to divide the potential drop in the Helmholtz dou
layer into two parts; of these two parts only one correspondi 1
to the overvoltage is effective during the discharge of hydrogen
ions. As it has been shown above, this supposition, however, ig&g
not confirmed by experimental data concerning the double layer -

4, The structure of the double layer

If we are assuming that the hydrogen ions are the reacting
cles and only those hydrogen ions which come into direct contac
the surface of mercury, then in the expression of the rate of the
discharge reaction there must enter along with the cathodic potens
tial @ the value of the potential at a distance of one ionic radius from
the surface of the mercury **. This value has been designated by
S ter n® in his theory of the double layer by ¢,. . ,

If the surface Pf separation of a moving liquid would pass at a
distance of one molecular diameter from the surface of the mercury
then the last quantity could be identified with the C-potential as
determined from electrokinetic data. A number of facts, however,
make us think that the thickness of the layer of liquid held by the
molecular forces of the metal exceeds one molecule, and at such
conditions the quantities ¢, and % do not coincide; their differendg®®
must increase with the concentration of the solution.

sLilioe. ‘cit.
2 Frumkin, Acta Physicochimica URSS, 12, 481 (1940).
53 Loc. cit.

“ Frumkin, Z. physik. Chem., (A), 164, 121 (1933).
% Stern, Z. Elektrochem., 80, 508 (1924).

;;ase is the one in W
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he point of view of the double layer theory, the simplesl
o - hich there 1s an excess of an indifferent electro-

: . lo
the solution; then the concentration of H* in the double

lyte 1 <t be proport‘iona]. to the concentration in the sol uu(.m] .
iy } V! mer ase r1th
I Y:;;is case it is easy to show that the overvoltage musl nerease W
n

quti ike the quantily (—RT/F)ln[H*]. ‘ : )
dﬂuum’ltlllll;z alreaqdy been pointed out the existence of l»hxs.eff(?( L
k. rlne times disputed in literature. However I see no possibility
0 )

o from this l]]s]' 1 unless we are Lo assume a large
f S()a[)'l[l 0 this conc on, t um
ol € =] =

: i hi ver, would contradict
specific adsorption of the H* 1ons, which, however,

the experimental data relating to electrocapillary curves.

In the general case it follows from the theory, that

q;:%—lh[H*}-—%T-lni——1:a«yl+const. (10)
W=t +§—PT: Init (-1, %) o H+ +-const,  (10a)

and if a=1/2
( o— — b+ 2T In[H*]— 2B 10 i+ const, (1)
, 'q.———a‘gl——%::r—ln[ﬂﬂ—{— g%—111i~1—cor13t. (11a)

As it has been shown by the present authgr“ under the cond 1t10n_
that the surface of mercury is charged negatively and th'at the con
centration of anions in the surface layer can be'neglected in coglgl)an-t
son to the concentration of cations, in solutions of* ac%ds wit tlout,
foreign‘ electrolytes the quantity 9,(— RT/F)ln[_I—(I1 ] 1sd cons T{:e
when 7 is constant and, consequently, 1 do.es not depen upg(.? d
concentration of the acid. The last conclusion can be considere

well confirmed by experiment; however, from_lhe view.poml of the
“Schecking of the theory it is of less interest since the independence
¢ g ]

® the overvoltage of concentration might be deducfed B other th(?or;e-
tical bases too, as for instance, from the recombination theor}’.. n
the latter, however, this independence has.to hold also wh.en foreign
electrolytes are added, which is not confirmed b‘y experlvmevnt. Ili
order to check equation (11a) it would be very important to pro

5 Acta Physicochimica URSS, 6, 491 (1937).

4
Acta Physicochimica U.R.S.S. Vol. XVIII. No. 1.



50 A. Frumkin

-long the measuremens of 7 in dilute solutions of acids up to t}
point of zero charge near which the quantity ¢, changes markeg
ly. At [H*] and ¢ constant, equation (11a) turns into

n =14, 4+ const.

5. Polyvalent cations

Equation (12) was used to explain the increass of the overvg
tage under the action of polyvalent cations *". The measuremen
of the capacity of a mercurycathodein dilute solutions carried o
by Vorsina® enable to check equation (12) more directh
In fact, if we admit the basic assumption of Stern for the case ¢
a negatively charged surface of mercury, 7. ¢. if we consider the laye
adjoining the electrode as.a condenser of constant capacity C,
the potential in each point depending only on its distance from t1REE8
surface of the mercury, then, according to Stern, the charge of the
surface = is equal to '

SZC(CP—';JI)

The cathodic potential ¢ here, naturally, is counted off fro
point of zero charge (in the absence of a specific adsorption o
i. e. when ¢, =0). :

Since %he measurements of capacity give directly the quantil;
0e/0p, we can find from these measurements the quantity e if Ul
position of the point e=0 is known and, consequently, accord
Lo equation (13) the quantity ¢, as well®*, In practice most diff
culty in doing so is caused by the insufficient precision ¢f the de
mination of the quantity C. The value of ¢, found in this way can |
compared with the values obtained from the increase of the overvo
tage in dilute solutions, when polyvalent cations are adde
In earlier works *® it was supposed that, when polyvalent catiol
are added the quantity ¢, falls down to zero, since the layer loose
its diffuse structure. Basing'on this assumption the quantity ¢, m¥§S
be found directly from the increase of n of the initial solutioms

Frumkin, Z physik. Chem., loc. cit.; Levina and Sari
sk y, Acta Physicochimica URSS, 7, 485 (1937). 3 4
® Proskurnin and Vorsina, C. R. Acad. Sci. URSS, 24915
(1939); Vorsina and Frumkin, ibid., 918. @y‘
® Frumkin, Trans. Faraday. Soc., 86, 126 (1940). .
® Frumkin, loc. cit.; Levina and Sarinsky, loc. cifs

oL data vary within the limits
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However, later measurements of Vorsina?® showed that in
':;eality the problem is more complicated. For instance, if the quantity
'P is determined for the solutions HCl 4 LaCl, with the aid of the
ctxrves of Fig. 3, then it turns out that if a sufficient amount of LaCl,

i is added, ¥, first reachesa ¢
gero value and then chang- x
e

. i 70+
ing its sign becomes po-

sitive. As it has already
peen shown the determi-
pation of single values of ar
9, is not exact, because of
a certain arbitrariness in
choosing C. Experimental
pi 17—20 microfarads per
ecm.?. We shall use the
~value of 19 microfarads.
Supposing the capacity of
the Helmholtz layer to be
a(" “ximately  indepen-
derc of the nature of the
cation the average of Vor-
sina’s numerous measure-
ments for the value of the
capacity at negative sur-
face charges in a region of

L

. ok
potentials, where the ca-
pacity almost dces not
_change with polarization
B © L , . TERE NS ¢
18 equal to 18.3 microfa- S5 '_0}5 e ST

I"ads per cm.*. However, it
& Sound to suppose that
M6 true value of -C lies
Somewhat higher, since by
Making use of the last value onme would conclude that the diffuse
structure completely disappears in a double layerat a concentration

Of‘0~1 N. This, as it can be shown, is incompatible with other
Of —vations.

Fig. 3. The dependence of capacity (in mi-
crofarads/cm.2) upon the potential of the
electrode in solutiens 10-3 N IICI + 2N LaClg
(according to Versina).
x (road_ing up): 0; 10-5; 10-~4; 10-3; 10-2,

1 . . . .
Vorsina, Acta Physicochemica URSS (in press).
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The absolute values ofq)l,especially al large negative pPolentiy:
~are very sensitive to the choice of the value of C. However fop {
checking of equation (12) it is necessary to know only the differgy
of the values of ¢, for various solutions which depends upon (
a considerably smaller extent. The results of such a calculation s
given in Table 5. The second colump contains the values of ovep
lage, according to the data of Levina and Sarinsky, for lgi =83
the third — the corresponding cathodic potentials ¢ calculated fry
the point of zero charge, which lies at —0.5 with respect to a norm,
calomel electrode, and the fourth — the values of ¢,, calculated fro
the data of Vorsina, with the help of equation (13), using the val
C=19x10". In brackets are given the ¢, values calculated upg
the supposition that ¢ = 18.3 > 107°. The quantities Anand
represent the increase of M and ¢, in comparison with the
tial solution.

Table
e

S T T
ﬁxix “_".—‘"*'
0 0.520 —0.£7 [ —0.09(—0.07) |
1072 N 0.597 —0.54 | —0.05(—0.03) f 0.07
1074 N 0.606 —0.55 0.03( 0.06) | 0.086
il 0.610 —0.56 0.09( 0.11) | 0.090
10-2 v 0.606 —0.56 l 0.13( 0.16) I 0.086

The smaller value of A, as compared with An at z = 107®
explained probably by the fact that in Vorsina’s experiments
the concentration of LaCl, in the weakest solutions was markedly
lowered because of the adsorption on the walls of the ap.parat
At x=10"* and above A, exceeds Ay considerably. At high
concentrations the quantity Ayapproachesa limit in spite of the
rapid increase of Ad,. In order to explain this phenomenon
must reconsider Stern’s double layer theory **. If the incres
of Aq lags behind that of Ad, this means that in the layer 2
joining the surface of the electrode the concentration of the 0%
H* exceeds the quantity [H*Je hF/RT: we can easily see this by
considering the derivation of equation (10). Such an excess would
be impossible if the potential at a distance of one icnic radius =

from the surface of the electrode would have a constant value 8
_——mm N \is
¢ Compare Essin and Marko ¥, . Phys.

5\ b
Chem. (Russ.), 1% .18
(1939).

111 il
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ints. In reality, in the vicinity of polyvalent G?tIOI'ls
. ment more positive values will be observed, Whllt’: in
iy a{ly Irﬁices between them-—more negative ones. In these points
B lnt'zlsabiy higher concentration of ions H* should exist. As
B e is no dbouble layer theory which would consider the
4 tl?mlqen(;l only as a function of the distance from the. sur-
tentblat also as depending upon the lccation of the partlcu].a?r
fac.e,' ll’lh respect to the ions of the dcuble layer. However, it
. ite plausible to suppose that the last effect will be espe-
s?ems ql:‘on’ounced in the presence of polyvalent cations. ‘
Ma}Il'zepincrease of the overvoltage due to adsorption of organic
cations, which has been mentioned above, in many ways resex}n-
‘;:;és th; effect of polyvalent cations. When interpreting the

L v : N + b
in tion of cations with a large radius such as N (C,H,),H" along
nigm. oo :

Fith the change of the ¢, potential, the blocking of the surface
by the organic ions has to be taken into account.

6. Adsorption of anions

According Lo equation (11) and (12) adscrption of an};)ns
H( cause a lowering of #. Unfortunately, 'l.here were per olr-
mec[ no measurements of 7 in dilute acid solutions with strong\};
adsorbable anions, such as HI. On the overveltage curve of 0.2/
HBra lowering of 4 for 1g i <~ —6 is observed. Jofa, Ka b a rllto Vé
Kuchinsky and Chistyakov ®® measured the ovrelvo vagd
in solutions of 0.1V HCl with additions of .NI.{CI, N K?rfa?,
N KI.They observed at low current densities deviations fr§1n la} el i
formula, the overvoltage being lower as calculated from the 1{118‘?
relation. The lowering increased with the increase of the adsqrbabl 1 v
of the anion. Since the penetration of the anion strongly 1nf1uenlce;
the capacity of the double layer, the value of 0, can not be computec

&, for every value of the potential as it was done in the case of cation

sorption. The only exception is the poten.tial corresponc?mg ‘lo
=0, i. e. to the maximum of the electrocapﬂ.lary curve, smcel 11;
this case @=10,. The latter assertion holds strictly for a (111_10de. zr
a surface layer which treats all ions as spheljes of equal. ra 1gs OZI

which the charge 1is distributed with spherical s:ymmetry. ;1 :e
KJ hand, if, for instance, the centre of gravity of the charge

® Loc. cit.



55

I——

ons. 1

Theory of the Discharge . of Hydrogen I
i A. Frumkin '

1 - capacity
ts of overvoltage and of boundary tension (or cap V)
ents , :
i lutions on the same mercu}r{ycflectc;ogi.]v AR
and 0.
' s are added to 01N S5 o
e o otentials not a fall, but an increase of g0

; ive e of the
. neg:t‘ 0 OZOV This increase 1s similar to the results

of deformed anions is nearer Lo the surface of the mercury thap
the centre of gravity cf the cation charge, then between the gy
face of mercury and the plane surface in which the centres
hydrogen ions are localed there will exist a negative potentj
difference and the value of ¢,, as deduced from the position of
maximum of the electrocapillary curve, will be more negative thg

‘imeasur
in these 0

for
order of 0.03

that one, which has to be taken into account when calculating i 1 ‘

overvoltage (see also next paper of this series). i 2y
In solutions containing KCl and KBr the overvoltage could ng ul

be measured at the maximum of the electrocapillary curve, but j

a solution of 0.1V HCI+/N KI such a measurement is possible ot

If we admit that the point of zero charge of mercury in the absene

of specific adsorption of the anion lies at—0.50 with resnect t ey

a normal calomel electrode then in this solution at the maximumny

9, == 0.32, The decrease of the overvoltage as compared wiht the valul al

which would be observed at the same i and [H*] in the absene ort

of adsorption and which can be obtained by extrapolation of th o

rectilinear part of the =, lgi curve (Fig. 1) to this potential equals 05

-3 -z

—0.23. While according to equation (12) the relation An =1, shoul
hold, in reality An~0.79,, i. e. we get a result similar to th
of polyvalent cations. Thus the experiment confirms a qualit&ive
parallelism between the absorbability of the anions and the 1owerin ) Yok wol entrations (the addition
of the overvoltage, but for a quantitative theory the scheme of the action of polyvalent .camons a@e overvoltage by 0.026 V), and may
double layer proposed by Stern is too rough an approximation. of LaCl, to 0.1 N HCl increases 7 4 Hrom the ifbial negative to a
As it is pointed out in the paper referred to above, when compa- be explained by the tr:anmtlon o i’i) able) to a small positive one.
ring electrocapillary and overvoltage curves, our attention is calle sero value, or (this being {nore p:; oints to the existence of a dif-
to the following circumstance: the deviation of the latter from the The possibi\ity of §uch an mcrias rpat this concentration. As the
reclilinear course begins at ®otentials considerably more negativéf fuse structure of the dO}lble ayethe r‘e jon of the anion adsorption
than it could be expected according to the electrocapillary dataf’ concentration of the sallt.mcreiases ervolfage and the «anionic» effect
The overvoltage is already markedly lowered at such values of ¢ & widens, and the lowering of the ? radually over the whole curve
which the adsorption of the anion does not yet have any effect upo _ overlap the «ationior One, sprei 1&% 5 lgi curves for mixtures of
the value of the boundary tension. The reason for this disagreementeSi Sugyas is seen from Fig. % Wh?;;l dottgé curve refers to pure HBr®.
is not clear, but possibly it is connected with the difference of cond %8 =0 1N HBr- LiBr are given. The ixtures of 0.1 N HCl 411G
tions of the formation of the mercury surface in both cases. As it was = Similar relations are Observedddl'n rnNa S0 to 0AN H,50,*, L. €.
pointed out in the beginning of this paper, the establishing of adsorp- =4 and 0.1 N HBr+Lil. W.hen 4 dm%bed zon :ner(}ul‘y, up to a concen-
tion equilibrium in the region of the transition from the rectilinear a salt the anion of which is nota S;O L remains invariable and
partof then, lgi curve to the lowered values of 7 sets in with consi ' t=ation of b IV, the slope of the 1, 1g?
derable delays, while the values of the surface tension are al@g i E
measured on a fresh surface. Tt would be very desirable to perform

1gi in solutions of
f the overvo}tage upon -9

<— Fig. 4. The deger:deni:{eB(l;‘ L S0 Oibr 10t°fIJAE-B§2

: o t’]')-otqt‘ed curve 0.1 HBr withou

=

® Unpublished data of Jofa.
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S
only & progressive increase of {he overvoltag
last might depend upon the binding of H+ ¥
formation of HSO; i
concentration of H+ and algo u

negative va — »
Ufba SOluﬁol‘ue‘of t.}'le'npl-potenual (Fig. 5). For instance. in the cage
" I containing one g--eq. of Na,SO, per 10070 . f H::1
he increase 7 i Y ;
of overvoltage caused by the lowering of [l-?**]shoui i
“‘.

7
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1

o -3 ":l -3 = <
N

2. The (lepndeence eIV age g1 1 a mn's [0}
> of the overvoltage upon g N solut F '
0-1,,‘_"~-6q-st() + .1.g.-eq. Na SO4 + 1000 g. Hs0..
2 £ 2
be acc £ q
s O Y (ll“ ) LO e al () (8] ()

Na SO . I .
4,50, — to 0.054. The increase of M ob

is equal to ( : 2 e o e e g
q 0 0.061 and 0.105 respectively. The comp?lbat'A/ ‘
) 10n  ofidl

the quantit oYY :
("arri%d Ou{'};q_(LT/F) In [H*] which enters into equatjop 11 4
the sapms L using the measurements of Harned apq Ak ( "a) was
Pposifion that all changes in the aclivily of H Sgl‘lo oo
e 22U, in  these

solutions are

S C = .

. k - used by changes in the cone .

when adding Na S0 2 ‘oncentration of [+ ionsil
[=, | 4* ' --

Wiz Summary
- Measurement, £
ntliztsd of the hydrogen volume evolved confj -
) e irm 3
density as dey ' dependence of the overvoltage upo the
2. 'F ‘[KI crmined by the usual method =L He cuy
- ralel’s formy . e

SR b merl}a holds for the process of hydrogen evolyti
——— "Toury electrode up to the highes; P o olution
“Harned and ! ens”‘) \;' T

kerisp f, Physik. Z., 27, 414 (1926)

%

g:ervoltage decay on the moment of inlerrupting the current.
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d (i=1 and 10 A/em.?). Deviations observed by Hickling and
1t were caused by an incorrect extrapolation of the curves of Lhe

3. When using a dropping electrode, the mean current inlensi-
ties being equal, measurements for constant current intensity should
jve a mean value of the overvoltage by 0.008 exceeding the value

. at constant potential.

4. The half wave potential for the process of hydrogen ion

| discharge, nalculated from the results of measuring the overvoltage

on a resting electrode, is in good argeement with data obtained

polaPOgraphically.
5. Quantitative analysis of phenomena taking place at the surface

of a mercury dropping electrode shows that the measuring of the half

',x & yave potential and the shape of the polarographic curve cannot be used

r an exacl determination of the hydrogen overvoltage on mercury.
6. The comparison of electrocapillary curves of acidulated and
alkalized solutions proves the absence of atomic hydrogen on the

- surface of mercury.

7. The mean value of the overvoltage on mercury, according
to/ ~ most reliable data of Jofa for 0.1V HCl, 0.2/ HBr and
0.1vv H,S0, at 20° is 1.428 +0.115 lgi.

8. The computation of the  -potential from the capacily curves
measured by Vorsina shows that when salts of polyvalent cations
(La***, Th****) are added to dilute solutions of acids the negative
values of the ¢, -potential go over into positive ones (a phenomenon
similar to the reversion of the charge of negative colloids).

9. The increase of the overvoltage observed when polyvalent
cations are added isless than the simultaneous increase of the 4, -po-
tential. This phenomenon can not be explained if we admit that the
potential in the double layer depends only upon the distance from
the surface of the mercury.

o 10. When salts with a common anion are added to solutions
® HCI or HBr a decrease of the overvoltage is observed for low cur-
feént densities and a certain increase for high current densilies.

11. When adding Na,SO, to a dilute solution of H,SO, only
a0 increase of the overvoltage is observed, this increase being con-
Nected partly with a change in the structure of the double layer, par-
tk_, th the decrease of the activity of hydrogen ions. )

B Recerved

December 5, 1942.



