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ABSTRACGCT

Measurements of hydrogen over potentlal on silver
and tungsten cathodes in 0,1N, 0,4N and 1N hydrochloric
acid solutions were carried out between 10~-7 and 10-2
amps . om. =< approximately, The major part of this work
was devoted to obtaining successful results at low
current densities and the following improvements in
technique were found to be necessary:-

1. Oxide and particularly sulphide films on the
gilver slectrode surface require uniform
reduction at temperatures above that possible
with glass,

2. Carbon or carbide films on tungsten must be
removed by flashing tungsten at 300000
approximately.

Sa More rigorous pre-electrolysis conditions,
than had been hitherto realised, must be
applied, The continuous passage of a high
pre~slectrolysis current for long period was
made possible only by a continuous water-
cooling technique on the taps across which
the current passed.

Tafel lines obtained with the above conditions are
termed simple Tafel lines, For both silver and tungsten,
these exhiblt two well defined slopes, in the linear,
logarithmic section, of &b, = 0,06 v, and by = 0,10 v,
approximately (in 0,1N and 0,4N HC1.)

When the solution was not sufficiently purified or
when the metal surface was not thoroughly cleaned, Tafel
lines with a complex nature were observed,.

Measurements of the electron number (from simple
Tafel lines) indicate that its most probable value, for
sllver and bungsten 1n the above given concentrations,
is 2. The mechanism would, therefore, be an electro-
chemical or a catalytic desorption. The catalytic
mechanism is excluded since the experimental values of

Q and §, are not 0,029 v. and there is no indication



for the occurence of a limiting current. The simple
slectrochemical desorptlion, however, is assoclated
with a slope of & = 0,04 v, From thls, together with
the evidence from the measurements of the electron
number, it is concluded that the mechanism of hydrogen
evolution on silver and tungsten (in 0.1N and 0,.4N HC1)
involves ag the rate~dbermining step a complex electro-
chemical desorption in which the specific adsorption of
Hz0% ions is an important part,

Studies on the effect of electropolishing on -
hydrogen overpotential indicate that the nature of the
electropolishing solution plays an important role in
directing the change of overpotential with electro-
polishing,

Equations for the heat of activation were deduced
taking into considerations the change of the reversible
potential A¢y , the zeba potential § and the
transfer coefficient o with temperature. The
result indicates that if & and are taken as cone-
stants, the heat of activation A, at the reversiblse
potential, is identical with that deduced by Bockris
and Potter teking A ¢, as temperature independent.

For the calculations of the dielectric constant
in the diffuse double layer as a function of distance,
a method was developed for the integration of Poisson's
equation (with a variable dielectric constant). Results
of such calculations show that the concept of assuming
a dielectric constant in the diffuse layer squal to
that of the bulk of the solution 1s incorrect, This
conclusion has an important effect on the numerical
calculations of the double layer properties,
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1, INTRODUCTION

When a metal 1s inserted in a solution containing hydrogen
ions, and a current is allowed to flow through the metal
solution interface, hydrogen ions are discharged forming
molecular hydrogen. A change 1n potential (to a more negative
value) which depends on the metdl and tho curront donsity,is
observed. At a glvon curront density this chango in potontial
is groator for mercury than it is for platinum, The
differenco botweon the potential of the olectrodo, ot a glven
currcnt density, and tho roversiblec potential, termed hydrogon
ovorpotential ( 7 ) was found by Tafol(l)to bo connoctod with

the current density by tho emplrical equation,
7 = a- b logtc (1)

whore o and b are indopondont of the current donsity but may
depend on the metal,

Hydrogen overpotentlial is divided into throo scctlons:
(a) activation ovorpotential %4 3
(b) rosistance ovorpotontlal (&
(c) concontration overpotontial '7C .
The term hydrogoen overpotential usually refers to tho
activation overpotential of hydrogen at a glven curront density,
it bolng assumed that care has boon takon to reduce the other

contributions to the overpobtentlial to negligiblo amounts,
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Consider a galvanlc coll of a metal C and platinum dippod
in the same solution and at.tho same toemperature, To measure
tho potential of thig cell a potontiometor is conncctod to C
and to the platlnum electrode with two plocos of wiro of tho
same material as C, If the galvani p.d. bobtween the bulk of
C and tho bulk of the solution is designated by A d)c that
between the bulk of platinum and thoe bulk of thoe solution by
A ¢p¢ and the contact potential betwoen C and platinum by
A é 3 thon tho poteontlal measured with the potontiometor, QE

is given by
AE =8¢, — b, L 20 - (T2)

But,

s$ = §c-‘§?ta (I 3)

where @C ,@Pc are the thermionic work functions of the metal
¢ and platinum respectively. The galvani p.d. A Cpc 1s,

thorcfore, glven by

o= A¢+§' 5 (Il+v)

Whére d}m 3 473 aro the Ilnner potentials in tho bulk_of the
motal and the solution rospectively, & tlf 1s the p.d. duc to
oxces8s charge between the surface of the metal and tho centro

of lons forming the Helmholtz double layor, A I 1ls tho p.d.
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betwoon the bulk of the metal and its Surface,<§ is the p.d.
between the bulk of the solution and the Helmholtz layer,

and & X4 1s p.d. due to dipoles adsorbed on the metal surface.
From (I 9 ) and (L3 ), in the case of hydrogen overpotontial,

AE = 8¢ — (M?ph“\' @vt‘f‘gﬁ'c)
p— A¢C”A¢r =7 5 (L 5)

where 4 (‘Jr 1s tho galvani p.d. for the revorsible hydrogen

electrodo in tho samec solutlon as meotal C.

2¢ ACTIVATION OVERPOTENTIAL

a, BEquations relating Curront and Potontial,

The cathodlc hydrogen ovolution 18 ropresented by tho

overall reaction,
2BHT L2 ee= H, , (r6)

whero BH* i1s the solvated hydrogen ion. This reactlon, like
other olectrode roactiong,is characterised by 1ts consccutive
nature, the overall rate of the reactlon being govorned by

the slowest step. A schematic dlagram of such o reaction 1s
shown in Fig. (I1). The initial stato is representod by 1,
and tho final stato by 4, In crossling the encrgy barrior from

1 to 2, the rate of this step according to the theory of
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ebsolute reaction rates( ) is given by

- _ sGon |
Vie = K %—;—' Tay e ~T 3 (1 7)

where Kjo 1s the transmission coefficlent for the forward
direction of this step, R 15 the Boltzman!s constant, T is

the absolute temperature, h is Planck's constant, e, is the
product of activities for the roactants in state 1, and A G
1s the standard froe encrgy of activation for the forward

direction of this stop. For the roverse diroction, tho rate

is given Dby
\4*’
- AC‘rozl
\/2_' = K2 %I Waz e RT . (T 8)

Similarly for the energy barrlor between states 2 and 3,

_ - &Gz
Vzz = Ka3 %-J Tag ¢ *7T (T 9)
and,
"
_ AGe32
Vg == K3g f\i/;__.T ’n’aa e RT O, (T 10)

Since according to the theory of absolute roaction rates,

(3)

states 1, 2 and 3 can be assumed to bo iIn oquilibriunm,



-~ (AGtrl - AG'f‘Q')

. Mz — Kia e RT
T T R ) (T 1)
O.nd‘; o
- (AG::LS - AG°32)
Moz _ K23 ¢ RT (T 12)
MTeia K32 g

Tho product of tho activlitios of tho roactants In state 3

is givon by

(T 13)

Moz = Ta, X ez X T3

’IT(L, - (’7‘@2

Substituting (I 11 and (I 18) in (I 13) ono gots

. w ¢
(aG2 ~ 8Gra+ AGe23 - 6Go32)

L - AG‘aAj’
= Ta, Tk e ~RT (T k)

where qﬁé is the product of the transmission coefflcionts
and A C;om is the standord froe oncrgy difference botweon
state 1 and stato 3.

8inco the encrgy barrior botween states 3 and 4 is the
highest with respect to the initlal state 1, thon tho rate
of this step governs the rato of the overall reactlon and

is given by



Vi = V = K3u - Moz €7 Ry , (T 15)

whoro \V4 is the rato of the ovorall roaction in tho

forward diroction. Substituting (I 14) in (I 15) one gots,

*
- - (4Goys +86Go3u)
V = "/T’K/ %I_ '7ch(,, € RT
—_—
- ._AG—gf
— K lgw 77?11 = ~T
- h
-

whoere /n7é 1s another product of transmigsion coofficients,
A:E;:k " 1s tho standard free enorgy of activatlon of tho
ratehdotofmining 8tep in the forward diroctlon with respect
to tho Initial state 1, 1.0., the standard froo onorgy of
activation of tho overall reactlon in tho forward direction,
and 7€r is tho specific reactlion rate in the forward
dircction, Since all transmiasion coefficlents in this caso
arc oqual to onofg) 7T}<, is roplaoqd by K.
Since the actlvatod state having the highest froo ocnorgy

reforred to tho initial state will also have tho highest

froe energy referrod to the final state, the roverse reactliom
must follow the same path as the forward reaction in the

opposite direction, This 18 so because if a reactlon path

with a lower energy of activatlion is available for the reverse
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reaction, 1t will also be avallable for the forward roeaction.
The rato of the overall roaction in the reveorsc direction

is, thoroforoe, given by

Lo
- ] N

]

e
k Tap (L:17)

where 7Z%p 13 the product of activities of the reactants
in stato 4, ZfZ?f is the standard free enorgy of activation
of the rate~determining step, and hence of the overall
roaction betwoon tho final state and the highost cnergy
barrier, and‘<z; 18 tho spociflc rcaction rate in the roveorse
directlon,

Let us deflne a quantity,‘ﬂ » called the cloctron number
as the number of electrons which must be glven up by tho
olectrode to complete one act of the rate-detormining stop.
Let the inlbial state bo taken as A gram lons of hydrogon
in tho Helmholtz layer and A gram electrons in tho surfaoce
of the motal. Iot tho final state bo taken as A /2 gram
moles of hydrogen moleocules in the gas phase. When a
potential, Aipc 4 oxists botweon the bulk of the metalland
tho bulk of the solutlion, part of this potential wlll holp

the forward reaction»and another part wlll retard the reverse

reaction. Those parts of the pobtontial are ovaluatod in tho



following way:
.
Tho torms A4 (ro and & Gr'f in (I 16) and (I 17),

whon a potontial ( A¢ - ALK, ) 1s appliod botwoon initial

and final states, aro ldontlcal with the standard eoloctro=~
- * ‘(-:*
chomlcal potentials of activation Afle  and  Afo
respoctively., The standard clectrochemical potential of any
lonic component is related to 1ts standard chemlcal potontial

with the following relation:
g = o +)\zF‘Cb’ (T s)

where ¢> is the lnner potontial of the phase in which this
componont exists, Z 1s the valonco of this component, ﬁo
and Mo are the standard cloctrochemlical and chemlcal
potontials for A gram ions, 2 is one in tho ocasoc of
nydrogon evolution. The standard olectrochemical potential
of the initial state is, thorefore, given by

fo = pel AF (G +9 ) = AF (dom - 2X1),

(T 19)
where /M@l is tho chomical potential of lons and olectrons

in the initial state. The standard elcoctrochemical potential
of the anotivated state is given by

IE‘Oﬁc = /Lo,qc "{'AF@-#)“" A F((b“) 7 (IZO}

where (Cp.f CP-) are the inner potentials for the hydrogen

ions and electrons in the actlvated state.



Assuming that the olectrons taking part in the reaoction,

H? ~f—é%«-%? MH 3

remain in the metal surfaco, l.e0., proton transfer rathor than

electron transfer occurs, then,
4) = (P4~1- A Xy - (T 2‘)

The electricol potential of hydrogen ions in the activated
stato, dl+ s 18 more negabivo than tholr potential in the
inltinl state so that,

¢, 4..~= (ds+5) + /3" (ndp- 6X)) (T 22)
where

8 a distance between activated and initial statos
o " inTtial and finol stafos

Substituting (I 22) and ( 21) in (I 20) onec gets,

/Z('oﬂ/:. = Mopc + A FB¢-3+§)+;§(°¢'AI‘) ~ (G ax'):l

(T 23)
From (I 23) and (I 19) the standard clectro-chemical potentlal

of activatlion for the forward direction 1s glven by

—

———o—

A/ic*:‘:. /zzo/;C*/Ta;# /floﬁc—/“a;-f* A IQF(,A(P—AI-,)‘
(I24)
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Since & X, , which represents the p.d. between tho bulk of
the metal and its surface, romains constant with changing the
applied potontisl, the torm A BF AX, can be included In

the constant term in (I ,24).Thercfore onc gets,

—-> .
N 47323‘4. ABFad . (T 25)

Since the final statec 1s composed only of noutral
components, the electrochemlcal potential of any of theso

componcnts 1s oqual to its chomical potential, so that:

peop = feof (Ta6)

From (I 276') and (I 23),
z—/_t_-:; = popc=slop - A(i=FIF (24~ A1)

Py SO IR K (T 27)

1

) you * ‘
whore A o is the standard electrochemical potontial
of activatioh for the roverse direction, 1.0., the dlssolution

of molocular hydrogen into hydrogen lons.

Substituting (I 25) and (I 27) in (I 16) and (T 17)

respectively one gots — .
—> , ~ Apeofor  — ABAY ot

Vo= K %;T:Wcz., £ e 5 (I29)
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and,
el 2 _
— S ART A0 B ad F/RT
V= RED Tap e e . (29)

The forword and the reoverse currents, l.o., tho cathodlc

and anodic transfor curronts are glvon by

THlfor - APsbHfer
- apefRr =7
T = AP = AFK A Ty e e 5, @
and, .
- | - aflogr ;)(:—P) 4\43%21“
AV = AFKED Ty € e (T3

From (I 4) and (I 5),

il

J= b sb = sbboebe O

When Acbc is equal to A¢r 3 ’7 =0 and tho cathodic and

anodic transfor curronts are oqual, thus,

whero l‘r,-r 18 called thoe exchange curront.

Substituting (I 32) in (I 30) and (I 31) ono gots,
—r v (sg,~§)
¢ = DFK%TW“: exp. (- 57 ) exp (‘A.PF&;“? ) )]

x exp. (- A/.%Zf) = Co YHP (- Llirf) 2 (T 33)
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and similarly,

hare .
c o= (o exp (ALRZD) (T34)
The net cathodlc current in amps cm.~ 1s glven by
. — ‘é‘:‘“ . -wh! ?lF la(I'P)’?F 5'
C'C. - - (= l,oLe RT . & =T J - (I-3-)

At high cathodic polarisation the second term in brackets in

(L 35) bocomes very small, thus,

-~ ARYF/RT

(I36)
L'Cz Lo e
 5.363RT g lo — 2363 RT by, cc- (T37)
7= ApE 1o ARE Yre

Equation (I 37) is idontical with the Tafol oquation (I 1).
From (I 37) and (I 1) one gots,

(;L -_ ;2'303}?_‘1_: éf}j,nf(‘ J (jISS)
and . /
B -_ 2 303& , (ng)
BE
A o de lo -
L 2= by,

CI#&)
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At very small cathodic polarisation, the exponential
terms in (I 35) may be expanded approximately, so that:

Le = — (o /\;P : (T 41)
. ALC) —_ - (o AF—‘
' (?1"14;—-?;;—» RT
. RT /¢ :
Ln= - 2R (85 g o (T42)

It is evident from (I 41) that, at low overpotential values,

there 1s a linear relation between éc ands7 . The slopo

of the line giving the rolation betweon ¢¢ and % is of

tromondous lmportance for the evaluation of the olectron numbor
). a8 shown in (I 42). | Tho cloctron number is an important
paramotor for elucidating the mochanism of hydrogen ovolution,

Thus for the slow dlscharge mechanism,
Hzo' 4 €, —y Ha0+ MH A=,
for tho olectrochemical,
H30" 4 MHY &—> Hao 4 Hadt A= 2,
and for tho catalytic, |

MH+ MH—> 2M4 Hy A= 2 -
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(4)
3. REACTION PATHS FOR HYDROGEN EVOLUTION

In aqueous acid solutions the poseible paths for hydrogen

evolution are,

a. Hz0T + € 2% wm + Hoo, Mu + mH 28} Hp + 2u

slow + fast
b, MH + MH ———3 Hp + &M , Hz0 + €0 ——3 HoO + MH

c. Hzo" + €021 wH + HgO, MH + €0 + Hzot Z2%% Hs 4 HoO + M

’ slow . fast
de MH + €a + HgC'——} Ho+Ho0 + M, HgO'+ €o ~adHo0 + MH

It is impossible that hydrogen 1s discharged from water
(5)

In alkaline solutions

6)

hydrdgen is probably dischearged from water molecules,

molecules in acid solutions.
not

from hydroxonium ions, owing to the fact that the overwhelmingly
large number of water molecules overcomes the energetics to l

make this thé faster of the two discharge steps.

e, Kinetics of Hydrogen Evolution when Discharge is rate-
determining and cataelytic is desorptive,

The following equations represent the forward asnd reverse
rates of the slow discharge and that of the cetalytic
respectively’:

Vo= Ry (aﬁ*)d,@ (1-x) e i (I 43)

# The dissolution of molecular hydrogen is neglected becouse
of the very large heat of dissociation of hydrogen.
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, +8PF o rT
v, = Ra (ap) e TN | (T i)

) 2 )
V3 = ks (ay) 5 | (I 45)

Where A(b is the potential difference between the bulk of

the cathode and the Helmholtz double layer, ( Qu+), p. 1is the
activity of hydrogen ions in the double layer, 2 is the
fraction of the availsable surface covered with adsorbed hydrogen
atoms and (QH) is the activity of adsorbed hydrogen atoms. -
Since there are 1015 spaces availsble for adsorption per cm.z,

and taking the activity coefficient‘ of adsorbed hydrogen to

be one, the following relation is thus obtained,

(Q;- ) = x 167 ~ :&:o’q | (T48)
H Y = J

where N 1is Avogadro's number and ( Q/./) is in gram atoms
per cmg |

In the steady state,

Vi-V2-2V3 o0 . (I47)

From (I 43), (I 44), (I 45), (I 46) and (I 47),

) - —(a,+02) + \/(Q,+az]2+8a.a3 S (I#B)
4 a3 .

where,



/6
R (Qut)g.p epp (- 50Fagr) )
a, = Rj (16°) exp. (+ A¢r/1§~T) . (Tuga)

2
i

‘ -18
P
The current will therefore be,
e == 2F V3 xafFazx® (T 49)

The slow discharge is rate-determining when ,

Clu3:> 10 Qg ) Cl.;j) 04 - (I:SC»
Then from (I 50),

a.t3y o(a)?, (a-g)'l> e, Q, .}(ac‘)2> oofty)  (T51)

Substituting (I 50) and (I 51) in (I 48), the coverage of

the surface when the slow discharge is rate-determining is,

— [ | '

— Vaag (I53)
From (I 49) end (I 52) the current is,

: ~adbr -
G mr 2Fa3x*=FR,(ant)yp € Aﬂ', (153)

Therefore ©( for the slow discharge is 0.5, and since A = |

B is 0.5.
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b. Kineties of Hydrogen Evolution when Catalytic Desorption

is rate-determining.

Using the condition @, » /OCL3, and with the help of
(I 48), the coverage of the surface when the catalytic
combination is rate-determining is,
x = G (T 54)
a,+az

/In the derivation of (I 54) it is necessary to use the
approximation: N7 + = = | + M/ where.  is small,/
Substituting (I 54) in (I 49) the relation for the overall

current results as: 2

. _ !
te = aFhs " / Ba57 _ AYF/RT (I5%)

i Ri(2ut)y.p.

Therefore,

Aa s ?  sdb/eT |
: I -+ e |
() m o AT (zey
dlnte/ 2.303 2Fk; 1077 aPreT '
RT /21 (@mt)y.p€

In the case when,

Ra 1057
Ri(apt)a.l.

the slope of the Tafel line is given by (cf equation I 56),

£
QM /RT S0, | (157

2-303 RT:O_OQQ V. at 20°C.
2 £

Therefore X is 2, end since A is 2, B is one., From

(T 57) and (I 55),
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When ACP tends to — 5 b tends to @ so that Of —» o0
and B ~»0 ; also the term between brackets in (I 55) tends

2

to unity so that,

(e — 2F R3 0" (T59)

.

Equation (I 59) indicates that at high cathodic polarisation
the current becomes constant for the atomic combination

mechanisme. This is termed the limiting current.

¢, Kineties of Hydrogen Evolution when the Electrochemlcal

Mechanism is rate-determining,

The rate of the electrochemical desorption is,

- -aQE, .
Vi = IQ_/_,p {0 qJC) (au*)at.e ZR.T (Téo)
At the steady state one gets,
\/"'Vz——\//‘f:‘::o . : (Iél)
Therefore,
X = el (L62)

a, + a,+a,’

where €, and @jare given by (I 48a) end,

Q,#_:_ &1-}—(“5‘9)((2/7'"/.)6[-@ éAq)% R'Tl (I 63)

The current is, therefore, given by,
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(¢ = JUL Vi - (.Iéll--)
The conditions for the electrochemical mechanism to be rate~-

determining are,

O,}>10 a 4 g a1>/O’CL1+ (Iéﬁj)

or,

a Yoo, 5, Q,>loay (T¢6)

From (I 65) X is one and the current is,

| - ~ 2QF,
(e = 2FRy (187)(an*)gq ¢ *¢ /m: (167)

from which < is 0.5 and since A is 2, /4 is 0,25, From

(I 66) x = @, /agend the current is,
~38¢FaRT

' R 2 _
Le = 2F iﬁz‘* (ay?),p € o (T¢8)

From (I 68) & is 1.5 and since A is 2, /& 1is 0.75,

4, DIAGNOSTIC CRITERTA FOR HYDROGEN EVOLUTION.

The rate-determining step in the process of cathodic
hydrogen evolution is ascertained with a knowledge of the
parameters o , ,3 sy A and 6 . Table (I 1) gives their

values for different mechanisms.



TABLE (I 1)

Parameters of the Hydrogen Evolution Reéction
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Mechanism (2’4 ,5 /\ b
Slow discharge 0.5 0.5 1 0.116
Oatalytic (low polarisation) 2 1 2 0. 029
" (high " ) 0 0 2 o0
Electrochemical ( X =1) 0.5 0.,25| 2 0.116
" (x= Aa,) 1.5 0.75| 2 | 0,039
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& . OBSERVATIONS ON EXPERIMENTAL TECHNIQUES.

Irreproduclbllity previously observed in the results of
varlous authors may be attributed to the lack of uniformity
invthe procedures used, particularly to the lack of
appreclation of impurity effects. The factors influencing
the work on hydrogen overpotentlial are as follows:

a. ©State of the metal surface,
bs Dosign of the electrolytic cell,
¢, Purity of the solutlon,

de Purity of hydrogone

8. State of the Metal Surfacec.

Owlng to the fact that hydrogen overpotential is
dependent on the surféce properties of the metal, the cathodo
has to bo thoroughly cleaned. Oxide and sulphide films on
tho surfaco causo depolarisation (the tondency of tho potontial
to bocome anodic) at low current densities, thoe hydrogon
ovolved being consumed 1n the roductlon of these films, At
high curront densitloes thesc films may also have a resistance
high onough for an approclable contribution from ohmic
ovorpotontial to be obsorved, Organic lmpuritios also vitiate
the kinetics of the hydrogen evolution reaction, probably
owlng to the offect on the hoat of adsorption of hydrogon
on the metal, Thus the preliminary troatment of thoe cathodo
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offocts overpotontial, in so far 28 1t either cleans the
surface or adds morc impuritiocs to it,.

Platonova and Leving7@orking on hydrogen overpotontial
on iron, cleaned the iron clectrode in hot alkali to removo
organic impurities, This was followed by treating tho
olectrode with sulphuric acide. Tho pre-troatmont of the
elcctrode with acids or alkelis, which contaln a considerable
amount of impurities such as metallic cations, is best avoided.

Bockris and Parsonés%proparod platinum, palladium, gold
and silver electrodes by electrodepositing these metals on
platinum substrato. This mothod 18 not rollablo, speocially
for low currcnt density work, unloss the solution usced for
electrodeposition is of the same standard of purlity as the
gsolution used for overpobtontial measurcments.

Mechanical methods of cleaning the surface, such as cutting
it with a knife or a razor, or rubbing it with emory papmb,OSJ
cause the contamination of tho surface with metallic or sand
particles, In the first case hydrogen will be evolved
prefoerontially on the metal of lowest ovorpotentlal, which may
ho the particles of the knife. In the second caso, the true
area of the cathode changes and impurities from the sand may be
adsorbed on the surface,

Bockriéq%mm shown that it is erroneous to use grease,
organlc or inorganic oementg%%or fixing the electrode to glass.
These cements tend to dissolve in the solution and oven if

this dissolution is of very small oxtont, the resulting
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impurities nmoy affect tho kinotlcs of the reaction.

Platonovo and Leviné7)preparod tho clectrodes by reducing
thom in an atnosphore of hydrogen at high tomperaturcs, and
koeping them seanled in ampoules under an atmosphere of hydrogen.
Those ampouloes were broken a short time before the expoeriment
and tho electrodes were eoxposed to the atmosphore. waeVer‘
short this time is, an oxide or sulphide film, varylng in
thickness from one metal to another, is formed on the surface.

Other workers, e.g., Lukovstev, Levina and Frumkin (o) it)
tried to roduce the oxide on nickel electrodes after fixing
them in tho olectrolytic coll by filling the coll with hydrogon
and using an external heater., Since hydrogon bocomos moist
aftor introduclng it into the coll, the water wvapour sets up
an equllibrium with the oxlde~covered metal and retards its
complete reduction. Furthormore 1f the eloctrode 1s originally
covered with o sulphide film, sulphur compounds such as
hydrogen sulphide may be formed by thils treatment and these
causc the deviation from linearity of the Tafel linc at high

current densities,(zo)

Some authors, o.g. Hammettleleaned the cathode surfaco
by anodlc polarisatlion in tho same solution used for oveor-
potential moasurcmonts. Tho results obtainod for platinum
treated in this way, werc found to be reproducible., Tho only
difflculty attached to this method 1s that it lecads to the
presenco of depolarlsing gases, dlssolved in tho solutlon.

These are of lesSser account for metals of wvery low overpotential,
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such as platinum., However, for metals such as silver and
nickel they would lead to depolarisation. Furthermore, surface
films of, e.g., sllver chloride would be formed,

The most rellable method for tho preparation of solid
olectrodes has been glven by Bockris and Conwayfﬁg} This
consists of cleaning the spectroscoplcally pure motal by
hoating it in a stream of dried and purifled hydrogon and thon
scaling it in a glass bulb containing the same gas., This bulb
i8 broken in the de-oxygenated, purlfled solution directly
before the measurements aro started.

For morcury cathodes the most appropriate mothod of
obtalning o clean surface 1s to distill it twice in an all glass
apparatus under a partial vacuum, after subjecting it to
electrolytlc purification, the mercury undergoing purification

being the anode as described by Naray—Szabo.(76)

The mercury
1s theon stored In a reservolr attached to the slectrolytic
coll, and is finally distilled to the cathode compartmont of

the coll under vacuulle

b. Dosign of the clectrolytic Cell.

The main requirements in an ideal electrolytic cell for
hydrogen overpotentlial studies are,
(1) The cell must be air-tight,
(11) It must bo designed in a manner to provont the diffusion

of anodic products to the cathode,.
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(111) It must not contain any groased taps in contdot with
the solution,

(iv) The cathode must be capable of being adjusted to touch
tho tip of tho Luggin capillary,

(v) The cell must be constructed of arsenic~frce glass., A
brand of borosilicate glass commerclsally called Hysil
1s the most suited for this purpose.

The use of ungreased vacuum taps 1s unsatisfactory since
air diffuses 1into the cell through the barrel and tho stopcock,
This type of tap 1s replaced by a wator-sealed tap where a
thin film of equillbrlum water, between the barrel and the
stopcock, hinders the lnward diffusion of air, Connectlons
between varlous parts of the apparatus and the cell are made
with the help of ground glass jolnts surrounded by glass
Jackets fi1lled with equilibrium water which also hinders alr
diffusion,

To prevent the dlffusion of anodic products to the
ocathode a sintered glass dlisc and o water-sealod tap are
inserted between the anode ond tho cathode compartments.
Greﬁazﬁsed am external anode in a heaker contalning a solution
of the same strength as that inside the cell, A bulb of lead
conductivity glass was connocted to the cathode and hydrogen
olectrode compartments, and was dlpped into the becker. The
transfer of current through the wall of this bulb takes place
by load lons in the glass and the oxygen cvolved on the anode

escapesS to the atmosphere. A cell having the above requircments
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was desligned by Levina and Silberfarb, Such cells have been

(9)

extonslvely developed by Frumkin and by Bockris,

cs Purity of the Solution.

Various mothods for proparing solutions for hydrogen
overpotontial work are recorded in the litorature. That based
on using solutions of acids as obtained from thoe bottle, and
diluting theso appropriatoly without any furthor purification,
18 not recommended sinco most of theso acids conbtain appreclable
quantities of heavy motals, such as leoad and arsenlc compounds.
Arsonic compounds have a polsoning effect on hydrogen ovor-
potentials Bockris and Conway(ﬂvstudiod tho offoct of
polsoning tho surfaco of platinisoed platinum and nickel with
arsenlc trioxide at constant curroent donsity. For platinisod
platinum thoy found an incroasc in tho overpotontial with the
incroase of arseonlc trioxldo added. On nickel eloctrodos they
notliced a decrease in tho overpotential when tho concontration
of ASp0s was as 1ittlo as 1070 molo por litro. Stmilar
sonsltivity was noticed with ocarbon monoxido and potassium
cyanido,

Tho approprlate mothod of preparing tho solution 1ls to
start with conductivity wator rofluxoed under purificd hydrogon
for a long timo to onsuro the removal of all tracos of oxygone.
Hydrogon chlorido gos or sulphuric acld crystals prepared by

fractional crystallisatlion In an atmosphere of hydrogon, arc
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dissolred in water with a stroam of purified hydrogon. Tho
golution is thon extensively purificd by pre-cloctrolysiékgéw)
a Separate cathode of the same matorial as tho test cloctrodo.
The appropriate current density for pre~electrolysls varles
from onc metal to anothor. Bockris and Watsonfgnworking with
moroury obtalned reproducible roesults using a curront density
of 10'4 amps. per cm.g for‘pro-olectrolysis. Bockris and
Conwaézz%ound that, to got satisfactory results on silver, tho
curront density for pre-clectrolysis should be 10Fl amps, por
cm.2 in 0.001 N hydrochloric acid solution, Tho conditions
of pre~clectrolysis cdepend on the naturec and concentration of
the depolarlsers and othor impurltics present ln the golution.
Those conditlons must be determincd by trial and orror and
the crilterion of the "pure" solutlon boing reached when further
incroase in pre=-oloctrolysis makes no further differcnce to
the moasured ovorpotontlal,

The concentration of depolarisers in the solution
dotormines the lowest curront density below which dopolarisatlon
is offcctive. The limiting ocurrent of diffuslon of a

2.
depolariser is given b31?3),( 4)
‘ -_ DZF
‘« = &

)

whoero D 18 the diffusion coefficlent in cm.2

per second, F
18 the faraday in coulombs, 8 is the thickness of the

diffusion layer in cm.,, 2Z 18 the number of faradays used
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up for the electrolysis of one mole of the depolarlser, and
¢ 1s the concentration of the depolariser in gram mole por
cc,s In unstirred solutlon S 1s approximately equal to 0,08

(25)
o, The limiting curront of diffusion is, thus glvon by

‘:L z 193 x153L‘Jz c’

/

whore C 18 the concontration in gram mole por litro,
~ (23) -

For oxygen Z = 4 and D= 1.8 x 10 5, thus

(¢v) =~ o’
02

e C 18 1x 10-5 molo Og per litre, the depolarisation by
oxygon will therofore bo offective at a current donsity of
1.4 x 1070 amps por om.® and bolow it.

Owling to the extreme sensitlivlity of hydrogen overpotential
to poisons, it is nccessary to use hysil glass in all parté of
tho apparatus that come In contact with the solutlon (pyrox
glass contalngs arsonic).

The wse of platinum In the cell as anode or conductivity
cloctrodes 1s not recomonded for overpotontial work in high
ocld concentrationsfzz%latinum dissolves, elthor anodicaliy
or through tho attack of aclds, speclally hydrochloric acld,
and 18 then deposltod on tho cathode cousing a docroase in
ovorpotontlals Spectroscopleally puro carbon anodes and
conductivity cloctrodes aro therefore proferable and can be

(26
oqually'offectivo.(é)(2 (26)
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Some workers, e.gs Koabanov and Jofa,(z‘,dorking on lead
electrodes, used the same electrode both for pre~electrolysis
and actual moasuroments, This 1s obviously not satisfactory
beoause of the Impurltlies doposited during the preo~eloctrolysis.
Othors(7éme~electrolysed the solution in one compartment and
transferred 1t to the cathode compartment where the moasure-
monts wore made, This 1is also unsatlisfactory dinco in tho
process of transferring, the solutlon may be contaminated with
impurltles from the walls of the cathode compartment,

For the preparation of sodlum hydroxide solutions
Lukovstev and co-workersawgropared sodium amalgam by the
eloctrolytic polarisation of a sodium salt solution using
mercury as cathode, The amalgam was then decomposed in
conductlvity water previously saturated wlith hydrogen. The
disadvantage of this method is that 1f tho solution of the
sodium salt 1s not pro=elecctrolysed, the amalgam formed will
contaln some impurlitlos, Theo resulting sodium hydroxide
solutlion contalns, therofore, foreign cations in additlon to
mercury ions, Tho method of preparing sodium hydroxido
solutions used by Kenyonflggnd Kenyon and Bowden consists of
redistilling sodium metal and then dissolving 1%t in
conductivity water., This method 1s inconvenlent owing to the
practlical difficulty of sodium distlllatlon,

Bockris and Potégglqgroparod NaoH solutlons by

froctional crystallisation of analar NaoH in conductivity
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wator and under an atmosphore of hydrogon. This was followed
by pro~eclectrolysis of the solutlon betwoen two platinum

clectrodes.

de Purity of Hydrogon

Electrolytic hydrogen is prepared commgrcially in two
grades; tho commorclal grade and tho oxygen=frooc groade. The
commercial grade contains impurities such as carbon dioxide,
carbon monoxide, oxygen, wator vapour, and tracos of methano,
othane and other hydrocarbons. The oxygen~frce grade contains
a much lesser quantity of oxygen than the commercial grade
and practlcally the same quantitles of othor impurities., In
the dosign of o hydrogen purification train, it is important
to have only solid roagents ctherwise it is possible that
some of tho liquid conmponents may be carried ovoer Into the cell
in the form of a spray, The train must be able to withstand
a vacuun to allow the removal of oxygen and parts of it which

are subject to heat must be of hysil glass,



6. THE REASON FOR THE PRESENT WORK.

The mechanisms of hydrogen evolution on metals of high

(30) 27,
overpotential, e.g., mercury and lead and on metals of low
(12)(31) (32)

overpotential, e.g., platinum and palladium were esgtablished
with some degree of certainty., However, for metals of
intermediate overpotentiel, the electron number A has becn
measured for nickel cathodes in alkeline solutions by Bockris
and Pottegéénd for copper in alkaline solutions by Bockris

and Pentland. In acid solutions measurements of A for nickel
and copper were found to be impractical owing to the dissolution
of these two metals, thus causing the Tafel line to become
horizontal to the logic axis, at potentiels negative with
respect to the potential of the reversible hydrogen electrode.
Thus, hitherto, the mechanism of hydrogen evolution on metals
of intermediate overpotential in acid solutions has not been
established.

It was, therefore, necessary to choose, for the measure-
ments of AN in acid solutions, two metals of intcrmediste
overpotential which do not dissolve easily in aqueous solutions
of hydrochloric acid, TFurthermore, these two metals must be
capable of beilng cleancd casily and must moke a tight seal to
hysil glass., Silver and tungsten werc found to have the above
mentioned properties. Part o« of this thesis is, thereforc,
concerncd with measurements of A in aqueous solutions of

hydrochloric acid for silvcr and tungsten as well as the cffect
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of electropolishing the electrode surface on hydrogen over-
potential, The cholice of cathodes for the study of the effect
of electropolishing on hydrogen overpotential was limited by
the availability of data on electropolishing. Tin, aluminium
and iron were chosen for this particular reason,

Although the temperature sffect on hydrogen overpotential
has not been investigated in the present work, it was necessary
to include in Section IV a theorctical deduction for the heat

of mctivation for future reference.



SECTION LT,

EXPERIMENTAL WORK ON

HYDROGEN ELECTRODE KINETICS.
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A. SOLID CATHODES.

1, INTRODUCTION.

The difficulty attached to hydrogen overpobtential studles
at low current densities is the elimination of all traces of
oxygen and other impurities, which cause depolarisatlon,
Special care should also be taken to get rid of oxide and
sulphide films from the sﬁrface of the clectrodo.

2, ELECTRODE PREPARATION.

8, Sllvor.

Spectroscopleally pure silvor was usod in the form of a
wire 1 mem., in dlametcr. Tho appropriate longth of wilire was
cut and spot~welded to a plecoe of platinum by heating the onds
of the two wiros in an oxygon coal gas flamo and thon pressing
thom together by means of a platinum-tippod forcops. A ploco
of hysil tubing 05 cm. in diamocter was cleoaned 1in a mixture
of 50% analar sulphuric and nltric acids (in later exporimonts
chromic~sulphuric mlxture was used). This was followod by
washing in equilibrium water. The tube was thon drioed in an
oxygon flamo and a thin bull yas blown at tho ond. Tho
tube was then constricted near the bulb and a hysll cono,

proviously cleaned with acld and washod with conductivity
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water, was fixed to the free end of the tube. A quartz
furnace, consisting of a quartz tube joined by one end to a
quartz socket and by the other end to a source of pure
hydrogen, was used for the reduction of oxide and sulphide
films on the metal, It was kept at a temporature of 700°C.
Tho electrode was inserted in the furnace and tho hysil tubo
was Joined to the furnace via tho ground glass joint. Pure
dry hydrogen was passed through the furnace, with the holp of
a polythene tubing, and was allowed to escapc to the atmosphoereo
through a Jjet., Aftor passing hydrogen for 5-10 minutos to
roplace the air in the furnaoce, the lattor was switched on,
The eloctrode was heated for 20 minutes at least, and tho hysil
tube was carefully flamed to remove all traces of watoer which,
1f not removed, would oxldise tho electrode surfacc. Aftor
sufficiocnt heating, the tubo was soaled boyond the bulb and
the wiro was s8lid through the constriction, the silver section
being in the bulb, Tho metal~glass scal was made on tho
gilver~platinum junction so that platinum was not brought in
contact with the solution. The oloctrode stem was washod
with equilibrium watoer bofore fixing it in the oleoctrolytic
cells A detailed schome of the furnace arrangemont 1s shown

in Figa (II 1)0

b Tungston.

Owing to tho stability of tho oxldes of tungsten this
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metal was cleaned in a difforent way, Spectroscoplcally pure
tungston wire, 1 m.,m. in dlaneter, was prepared by passing the
thick wire or rod through a die using a lubricant. This
lubricant and other impuritlics which contaminatod tho wire
(including oxide) wore volatalised by hoating the wilre
electrically to a high temperature in vacuum (sco bolow),

Tho apparatus used is shown in Fig, (II 2)., A pyrex
tube about 18" long and 3" in dlameter was joined at both
onds to a BLlY cone. On the upper conc was fittod a sockot with
a‘pyrox tube sealed in the middle. A tungsten rod sevoral
m.ms, thick and spot-welded to a platinum disc was seélod to
the bottom of this tubes. To the lower cono was fitted a sockoet
with a tungston rod in tho shape of a hook, sonled to a tube
in the middle. ZElectrical contact with the upper tungston rod
was made through morcury, wlith tho lower ono through a thick
coppor wire silvor=-soldered to tungstoen, The 1 m.m. tungston
wirc was spot~welded to tho platinum dlsc, and tho tungston
hook was robtated to make contact with the free ond of this
wiroc. Plclcn was used to 8cal the top and bottom of the tube.
A two=stago morcury diffusion pump was used to attain a vacuum
of 107° m.m. Hg, which was recorded with the help of a McLeod
gauge. The appropriate current was then passed and the
temperature of the wire (about 3000°C), was measured by an
optical pyrometer (through optically flat glass, cf, Fig.II 2),
and the omlssivity corrections weore appliod. After flashing
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the wire, 1t was left to cool in wvacuum and air was thon
introducod in tho system., .The plcicn was moltoed and tho
tungston wire was romoved without touching tho side of the
upper conc. Theo wirc was out into ploces of 2 cme. long and
each plece was used to preparc an electrode, in a mamnor
similar to that used in silvor eoxcept that spot-welding to
platinum was disponsed with since tungsten makos a good soal

with hysil glass.

g . Magnitudo of Ourront nocossary for roaching sufficiont

Temperature In Tungston Wire.

The quantity of hoat gained by the Tungsten wire por

gecond is gilven by

2o-(i+ast)l cala . (1T 1)
.2 A

whoro 1 i1s the curront in amps., o718 the rosistivity of

6

tungston and 1s oqual to 5.51 x 10~ ohms cm, at 20°C according

b0 Langmuirs°*' o 1s tho tomporature cooffioient of rosistance
takon to be 0.0041 approximately at 2000,<55)f? is tho longth
of the wiro, A 18 tho cross-sectional arca, and AE is the
temperature dlfforonce betwoon room tomporature and the

tempofaturo of tho wire aftor 1 sccond. Now,

C-zi(,;o;bt)é = nb.p.Cp-st, (1L )
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where (’ is the density and C:P 1s the mean specific heat
over the temperature range Ot . From this relation one gets
the minimum current necessary to produce a temperature '
difference of A £ betweon the wire and its surroundings, in
the absence of heat loss by radiation, in a time of onc Second.
Thus, this equation was used to give some oriontation as to

the value of L nocessary to produce tho required temporature
end thon the current was adjusted so that it oreateq in the
wire a tomperaturc of SOOOOC, a8 indicated by an optical

pyrometer.

3« CONDUCTIVITY WATER

Ordinary distilled water was agoin distilled with alkaline
permanganate in a stainless steel tank to get rid of organic
impuritios. This still is shown in Fig. (II 3).

Distilled wator from the still W was stored in A and
then:. introduced in the stainless steel tank B, containing
a dilute solution of equal quantities of potassium permangonate
and potassium hydroxide, through a tap and a ground glass
joint €, (It is preferable to use alkaline rather than acid
solutions of potassium pérmanganate owing to tho lossor
volatility of the products of oxidatlon in alkaline solutions).
The level of the waotor in tho tank was judged by moans of a
glass float D. Thils was allowed to move upwards and downwards

in a channel provided by o tube E constricted at tho bottom
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to keep the float in the guiding tube, E was Joined to
another tube F by means of a ground glasé Jjoint 8o that E
could be lifted upwards and the float replaced if necessary.
The tubes F and G wore fixed to the top of tho tank by
means of copper to glass seals. The vapour was partially
condensed in o gorios of throo trapsf‘ H. The wator thus
condenscd was rejected through waste pipes. The romaining
vapour was then condensed by a water condenser I Into a
resorvolr J from which water, having a specific conductivity
of 2=3 X 10‘6 ohmg'cmfl, was drawn. Thls grodeo of water wés
gonerally used for washlng of cells, otec. To obtoin water
of lessor conductivity, wator from J was introduced into K
through a tap and a ground glass joint., This water was thon
‘heated under a stream of purified nitrogon for 30 hours at a
temperature of 9000, the nitrogen boing passed through a
sintered glaoss disc L and driven out through a tap and a
bubbler M, This process eliminates caorbon dloxlde. Water
frem K was pushed under a stream of nitrogen to the flask
N. From N water was distilled wlth nltrogen passing through
0, taps P and M Delng closeds The distlllate was
colloctod in o reservoir Q and was elther introduced to the

conductivity cell or the conductivity water vessel (U).

% The cbject of these traps is to remeve spray, contalning
potassium permanganate, etc., and also to condense
heavier components of the distillate from B,
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This was done wlth the help of s two-way tap R with two
sookets S and T Jjoined to 1t. The ventils S’ and T’
fit to the sockets S and T respectively. Wator from Q
wes pushed with a stroam of nltrogen through the conductivity
coll and out through Z, tap V %bolng closed, to wash tho
coell sovoral times (about 12) beforo the conductivity
measuremont was takon. Afbtor ascertaining the value of the
conductivity, wator from 'Q was pushed through TT’ and
out through Y, X being closed, to wash tho vessel U
soveral times. Aftor this Y was closod and the vessol U
was fllled with wator undor nitrogen and the gas was passed
through tho tap X and a bubbleor, To provent tho contamination
~of conductivity water with alr originally prosont in this
vossel, this was evacuated through Y +to soveral contimetors
of mercury before introducing water from Q into it.

Water from this vessel was thon distilled under purified
hydrogen in a still (Fig. II 5) attached to the olectrolytic

coll, Tho spocific conductlvity of tho last stago wator varios

from 9 x 10”5 to 2 x 10”7 mhos om™F. Tt must bo notod that

aport from A, P and G the rost of the apparatus was mado

of hysll glass,

(1) Moasuroment of Oonductivity.

An gapproximate method was usod. A sourco of potentlal,

uswally an H.T. battory, was applled across a potontlial dlvider
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(see Fige II 4), and wilth the help of a serles resistance the
current passing through the conductivity cell was kept below

107° amps., to diminish the effect of polarisation on the

measurement, since the polarisation of platinised platinum
becomes appreclable above 10“5 amps. per cmf The potentlal
botwoen the clectrodes of the conductivity cell was moasured
with a Go.E.Cy valve potentlomoter. From the .valuec of tho
curront I, the potontial V and the cell constant ¢, the

specific conductivity was caloulated according to tho following

equation,
K = QEJ; . (JI‘3)

(1i) Distillation undor Hydrogen.

Another still, shown in Fig. (II 5), was used for tho
distillation of conduectivity water undor hydrogen. This is
essential to get rid of most of the oxygen remaining in the
conductivity wator, and which might have leaked through tho
conductlvity water vesselgq}The 8t1ll was ovacuatod with the
water pump to several millimeters of mercury through tho
ventil 1, all the taps bolng closod. Purlified hydrogon was
then passed through T, thus pushing the wateor from the
conductivity water vessel U (which is transforable from the
conductivity still of Plg. II 3 and attachable to the main

apparatus) into the still via the socket Y and tho gas was
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let out through the bubbler 2. Water wes then refluxed for
four hours and distilled through the ventil 3 into the

electrolytic cell.

(11i) Purification of Nitrogen.

Nitrogen from the cylinder was passed through two copper
furnaces kept at 500°0 to get rid of the traces of oxygen in
the gas. The gas was then passed over soda lime to absordb

carbon dioxide.

4, PURIFICATION OF HYDROGEN.

Commercial hydrogen, supplied by the British Oxygen Co.,
has the following composition (by volume) :

Hydrogen 99,95 4

Oxygon 0.001 %
Carbon Monoxideo 0.001 %
Carbon Dioxlde nil

Methane and Ethano 0.048 4

Oxygen was removod by passing hydrogen in o palladiscd
asbestos furnace hoated to 400°¢. This catalysed tho
combination between oxygen and hydrogon to form water. To

onsure that the hlghost possible proportion of oxygen was
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removed, hydrogen was then passed into another furnace
contalning reduced copper, heated to 400°¢G. These two
furnaces were made of hysil glass. Carbon monoxide was
catalytiocally oxldised to carbon dioxide by the use of
hopealite. This is a mixture of manganese dloxlde, cuprilc
oxide, and some other metallic oxides.(36’57358)
The catalytlic effect of hopeallte depends on the particle
slze and on the number and type of metallic oxldes prcsent.
It has hbeen found(za) that the prescence of water wvapour polsons
tho,catalyst; For this reason hydrogon had to be dricd bsforo
passing it ovor hopcalite. Tho poisoning offect is tomporary,
s;nco the catalyst could be recovercd by drying. Hopecalite
is used at room tomporature in the case of hydrogen, since it
1s reduced by this gas if heated. In tho proscencoe of alr or
oxygen the catalytlc activity of hopcalite is increcased with

rise of temperaturo. In this case the mechanism of the

catalyst is as follows:

2¢0+02= 200

In presonce of hydrogen (from cylindor) oither this mechanism

or the following,
HMx Oz-{-ZCO:: M»n+2C03,

or both, toke place. The oxygen required for the first
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mechanism 1s present in the cylinder hydrogen. In the second
mechanism the catalyst is exhausted. For this reason
hopcalite had to be renewed often.

Ethane and Methane were removed by passing hydrogen ovor
activated charcoal cooled to liquld nitrogen temporature.

Fig. (IL 6) shows tho geoncral arrangemont of the purification
train.

Hydrogeh from a cylinder was passed over a combined
monometer mercury trap. This holped to reclease theo oxcoess
pressurc of the gas when tho train was blockeds From this,
hydrogon was pasSed over silica gol and thon into trap 1.
This trap was coolod in solld carbon dioxide to solidify all
The wator vapour in the gas. Dry hydrogen was thon passed
over hopcaliteo at room temporature, thon over soda limo to
absorb the carbon dioxlde formed. This was followed by the
palladised asbestes and coppor furnacos, hydrogen belng driod
aftor passing in each furnace. The inner tubes of traps 1,

2 and 3 should be about 3" from tho bottom to onsure onough
spacoe foer the ice formed, thus preventing any blockage in the
train. From trap 3 hydrogon was passed over charcoal cooled
in liquid nitrogen in traps 4 and 5, and then tec a tubo
Sloping downwards. This tube carried a number of wator~sealed
taps and ventils from which purified hydrogen ocould be passed
to difforont parts of tho apparatus. Any wator prosent in
this tube was pushed downwards with a stream of hydrogon to

a bubblor, Bofore passing hydrogen, tap 1 was closcd and the






train was evacuated to the water vapour pressure, and then

tap 2 was cloged, tap 1 was opened and hydrogen was passed

into the train,

5¢ PREPARATION OF HYDROGEN CHLORIDE.

Hydrogen chloride was prepared from analar potassium
chloride and analar sulphurio ncid., Potassium chloride was
baked in a stream of hydrogen at 40000, for several hours to
remove organlc impuritios., After cooling, analar sulphuric
acid was dropped on potasslum chloride and hydrogen chloride
formed was oarried with a stream of hydrogen through an ompty
trap cooled in a mixture of solid carbon dioxide and alcohol,
t0 condense sulphuric acid wvapour, The gas strcam was then
passed to the electrolytic cell. The diagram of tho HCL

preparation vessel is shown in Fig. (II 7).

6¢ THE ELECTROLYTIC CELL.

Thoe cell, shown in Fig, (IL 8), was composed of four
compartments: the anode compartment A, the solution
preparation compartment B, the cathods compartment C and
the hydrogen oloctrode compartment D. The anodc usod was
a platinum disc, 1 cm?, in aroca, Sealed to glass. To provont
the anodic products from diffusing towards the cathode a
sintored glass disc (porosity 1) was fixod to the bottom of A,
Purlified hydrogon was introduced through E to bubble ovor
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the anode, thus carrying oxygen and chlorine formed electro~
lytlcally to the atmosphere, A tap I inserted between A
and B was kept closed whenever the polarising curront wes on,
The use of a sintered glass disc botwoen B and C helped to
prevont the diffuslon of anolyte to catholyte. The solutlon
was prepared by passing conductivity wator, rofluxcd under
hydrogen, through I, ond 1ts conductivity was approximatoly
ochecked with the holp of two platinum eloctrodos H. A
Stroam of hydrogen oarryingvhydrogen chloride gas was passed
through G to B and tho concentration was thon determined
conductimotrically.

In earllor experiments carbon (spectroscoplcally pure)
was used for the anode and conductivity electrodes. This was
found to dlsintegrate 1n presence of cloaning mixture.
Furthermore, it was observed that whon a potentlal, highor than
110 volts, wos applied for pro-eloctrolysis, colloidal carbon
was obscrved on tho surface of tho pre-olectrolysis oloctrodo.
For the above roasons the use of platinum was sqtisfactory a8
long as the concentratlon of hydrochloric acld was not high.,

Hydrogen from tho traln was introduced through F to B,
C or D. Tho ocathode compartment C had a multi~cloctrode
cap N, fivo oloctrodes bolng used togothor (only two aro
shown in dilagrom). Tho middle electrode was used for pro-
oloctrolysis whille the othor four woro used as tost cloctrodos.
Each oloctrode was fixed to the bottom of a plston P of a
hypodermlc syringo, the barrel O %belng fixed to the top of
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the cathode cap. A breaker 8 was used for breaking the
bulb of the electrode and was fixed to a piston T gimilar

to that used for the electrode. A tap XK, fixed to the
bottom of the cathode compartment was used for rejecting the
water with which the cell was washed. A Iuggin capillary, J,
1 m.m. in diametor was usod botween C and D Tho hydrogon
oloctrode was o platinised platinum sheeot, 1 cm, squorc. It
was kopt in conductlvity wator and this water was rejected
through the tap M and ropiacod with solution bofore taking

the mecasurements.

7« APPARATUS FOR ELECTRICAL MEASUREMENTS.

a. Moasuremoent of Ourrent.

A Combridgo multirange microammator was used for the
range l.4 x 10"6 to 1.2 x 10'1 ampsS. Bolow 1,4 x lO-6 amps o »
the current was mcasured by passing it through a standarad
resistance (1 megohm), and the potontial drop across this
resistance was measured by a G.E.C, valve potentiomoter. From
tho value of the potential and tho resistancejtho curroent was

calculated.,

be Moasuremont of Potential.

Tho overpotontial was measured with a G.E.C. valve

potontiomotor. It had tho range of 0 to 1400 millivolts, and
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drew less than lo—ll amps, The potential was read with an
accuracy of 0.5 millivolts. A double pole double throw switch
was used to connect the potentiometer either to the cathode
hydrogen electrode circult or to the ends of the megohm

resistance.

(¢) Source of Polarisation.

For pre-electrolysis a D.C. generator giving 400 V, was
used. During the measurement tho polarising currecnt was drawn
from two batteries, a 120 V. HeT. battery for the high current
density range, and a 4.5 V. one for the lowor rangc. The use
of H.Te battories was nocessary to évoid tho flﬁctuations in
the D.C. main. Tho polarising current was varied with the
help of two 10,000 ohm wire wound potentiometors and tho final
ad justment of the current was made with a megohm variable
carbon rosistance in seriocs with the eloctrolytic cell. The
appropriato Switches and reaistances wore mounted on a paxolin
board, Thils board togethor with the microammoter, the valve
potentiomotor and tho polarising battorios woro kept on o
table c6VQrod with paraffin wax. Thls was nocessary to provent
current leaks to earthe.

Scrcened copper wire with earthed scroen and covoercd with
an insulation was used for all connoctions. A knife switch
was used to change from ono battery to the othor wilthout

cutting tho polarising ocurrent. To provent loakage of curront
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through the electrolytic cell %o earth, a special stand was
furnished for the cell, This consisted of a paxolin board
mounted on paraffin wax and covered with a layer of the same

waXe

8. THE HYDROGEN ELECTRODE.

The method used for preparing the hydrogen electrode was
based on Ellls's work.(Sg) A sheet of platinum, 1 cm. Square,
was welded tg a platinum wlre sealed in a hysil tubo. The
electrode waé washed with chromic acid and then wlth
oquilibrium wator,. This was followed by hoatlng the platinum
in oxygen flame to eonsure the removal of all organic ilmpuritles.
The platinising solution was prepared by dissolving 1 gram
of cthroplatihic acid in 100 c.c. of cquilibrium wator teo
which was addoed a drop of analar conc. hydrochloric acld,

The hydrogen electrode was platiniscd with the hglp of a
subsidiary platinum electrode at a current of 10-20 milliamps,
for moro than one hour. The current was reversed overy 10
minutes. The clectrodc was then washed scvoral times with
oqulilibrium water and thon kopt in a closod vessel conbtaining
conductivity water. |

In some cases 1t was observed that the Tafel lino hboocamo
horizontal, in the low current density region, at a potential
more negative than the potential of the rovorsible hydrogon

oloctrode (taken as zoro in tho same solution as the test
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electrode), A check of the hydrogen electrode against a
calomel electrode was necessary before any conclusions were
mades In all these cases tho potontial of the hydrogon
olectrode was found to be morc negative than tho roversibloe
potontlal by a quantity corresponding to the upward shift of
the Tafol line and honco allowance was made for this falso

zoro in calculating the Tafel constants,

9, WATER~SEATLED TAP.

All taps uscd in the apparatus wero sealed with watoer.
A diagram of onc of thom is shown in Fig. (II 9). Such a
tap was covercd with wator on the top, to provont diffusion
of oxygon Inslde theo systom., Woter formed o thin film botwecen
the stopcock and the barrel, The concentration of oxygon C
in tho wator on top of the tap, was caleculated taking tho
absorption coofficlont, o , for oxygen 1n water as 0,025 cc.

of oxygen por cce. of wator at N.T.P,

o.'l Pr——— 0‘025 .

C = —xm 0 (IC 4 )
wheroe C 1s 1ln gram moles of oxygen, per lite of wator under
o pdrtial prossure of oxygen of 0.2 ntmos, = The dimonsions
of tho thin wator fllm around tho stopcock werc calculatod by
moasuring tho resistonco R of tho tap betwoen two points

a and b (¢cf. Fig, II 9) in a solution of known spocific
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conductlvity such as 0.5 N hydrochloric acid, The specific
conductivity K of 0.5 N hydrochloric acid was taken as

L. at 25°%, and tho average value of tho

0,163 mhos cm”
)
resistance R was found %o bo 6.3 x lO5 ohms. Tho ratio é/g

of the thin water film was, thorefore, givon by,

¢ « : ]
= =KK =0163Xb3%X 10 = 10 (IC5)

Using Fick'!s diffusion equation,

whore Q 18 the quantity of oxygon that dlffuses through the
tap por socond, D 1is tho diffusion coefficiont, d&/qf 1s
the concentration gradient, A 1s the cross-sectional area,
€ 1s tho longth of tho film and substitubing (II 2) and

- B
(II 5) in this oquation (II 6), using D = 2,0 x 10™° o>,

SCCo

-

Q= 4o oncbe Og /Sec .

Taking tho total number of taps (and ground glass joints) in
the systom as 50, the tobal rate of diffusion of oxygen in

tho system was

2 X 10"12, gran molo of

2 x 107 x50

oxygen por soccond.
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From tho amount of hydrogen consumod during ono exporiment
and the time during which hydrogon was passed, a rough estimate
of the rate of flow of hydrogen was found to be 4 x 10-4 gram
nolo of hydrogon pgrvsocond. Thercforce the partlal prossure

of oxygon entoring tho apparatus through diffuslon was,

12
4 =

2 x 10 9

4 x 10

5 x 10~ otmos.

Tho concentration of oxygon in tho solution was calculated
from tho absorption coefficient, the partial prossurc of

oxygon and the volume occupled by 1 gram mole of tho gas as,

-9 -
0,025 x 5% 10 . 5.6 x 107 % gram molo/litro
22 .4

With silver and tungsten tho lowost curront donsity
attained was 10"'8 amps » cm—z. Therefore, tho limiting curront
of diffusion for oxygen (iL) should be at lcast ton timos less
than 10°°, 1.0., 1t should bo loss than 1079, to avold
depolarisation, The limiting curront of diffusion is rol?tei
23

to the concontration of oxygon in gram moles por litro; by

the following approximate oquation,

-9
s C,= 7 Xxio0 (T 8)
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aps?

where C; is the maximum permiscible concentration of oxygen.
It 18 clear that the concentration of oxygen in the solution,
due to diffusion, as given by (II 7) is much smaller than the
value of €, given by (II 8). From this 1t is concluded that
the use of water-sealed taps 1s a satisfactory method of

avolding the ingress of oxygon into the system.

10, CLEANING MIXTURE,

A cleaning mixture conposod of eoqual parts of analar
sulphurlic and nitric aclds was used to clean tho clectrolytic
cell and other detachablo parts of the apparatus. The cleaning
mixture was loft ovor night in the vessel and was thon sucked
outs, Tho vessel was then washed with small amounts of tap
water followed by thorough washing with equilibrium wator
(the use of considerable amounts of tap water should be avolded,
since this wator contains appreclable quantitios of impuritics),

In lator exporimehts chromic=sulphuric mixture was used,
This was proparod by grinding analar chromic oxido and adding
analar sulphuric acid to it. This mixture was effoctive in

gotting rid of grease.

11, CONDITIONS FOR PRE~ELECTROLYSIS.

The process of electrolybic purification of the solution,
salled pre-~electrolysis, was found to be of large importance

for obtaining satisfactory Tafel lines. The condltions
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(20)
(current and amount of electricity passed) for pre-electrolysing
any solution depend on the concentration of the solution and
the mothod of 1ts preparatign; the highor the concentration
of the solution7ﬁhe biggc? is tho amount of olecctricity rogquircd
for pre~eloctrolysis. Table (II 1) bolow shows tho bohaviour
of Tafel 1linos obtalned with differecnt pro—oiectrolysis.

conditlons for silver electrodes in hydrochloric acid solutions.,

Table (II 1)

CONc. c.d. (AcmT?) coulombs behaviour of T.linc
=2

0.05 N 1l x 10 900 depolarised

0,05 N 1 x 100 9000 "

0,05 N 1x 100 9500 n

0,05 N 2 x 10" 16000 satisfactory

0,1 N 1z 15° 1450 depolariscd

0.1 N 6 x 10° 4750 "

0.1 N 4 x 10° 5050 "

01- N 2 x 10 20000 satisfactory

1.0 XN 1 30000 "

Tt can bo scon from table (IT 1) that satlisfactory
conditions for pro-sloctrolysis in 0.05 N, 0.10 N and 1 N HC1
are attalned whon passing 16000, 20000 and 30000 Coulombs
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respectively. These conditions were, therefore, applied during
the latter part of this work,

Pre~electrolysis was carried out betwoon tho platinum
anode and a cathode of the same material as the tost eloctrode
ugling a 400 V D.C. gonorator. For low concontrations (boelow
0.1 N) the tap betweon the solution proparation compartmont B
(Fig. II 8) and the cathodo compartment C was partianlly
oponed while tho tap between the anode compartment A and B
was always closed during pro=-clectrolysis. It was obsorvod
that bubbles tend to form in tho vicinity of these taps, due
to overheating of the taps, thus cutting down the pre-clectrolysis
curront, To avold this, a Jet of water was applioed on both
sides of those two taps thus onabling tho ostablishmont of
bettor condltions for pre-clectrolysis,

The conditlion of the pro=cloctrolysis electrode, after
pro~clectrolysis, givos a preliminary information as to tho
probable success or falluro of the run, A contaminatoed pro-
oloctrolysis clectrode 1s accompanied, in most cases, by an
unsuccessful run.

Beforo pre=cloctrolysis was commenced, allowance was made
for the decreasec of hydrochlorlic acld concentration during
pre~-elcectrolysis by means of a calculation based on Faraday's

laws of electrolysis.
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12, METHOD OF ESTABLISHING THE TAFEL LINE.

The direct method and the rapld technlque were used.
After pre=-electrolysls the pre-electrolysls electrode was
drawn out of the solution with hydrogen still passing through
the cathode compartment and current still on., The preo~
olectrolysis current was thon switched off and part of the pre-~
clectrolysed solution was pushed wlth a stream of hydrogon
from the ocathode compartment to the hydrogon olectrodo
compartment, from which the water had been proviously removed
by means of hydrogen prossure. To avoid increasing the
diffusion of any dopolariscr still prescnt in the solutlon,
the bubbling of hydrogén was then stopped in the cathode
compartmont and commenced in the hydrogon clectrode compartmont
whoro 1t was allowed to continue for 20 minutos at loast,
aftor which bubbling continued only over the anodec,

The flrst test clectrode was comnected to the polarising
circuit and tho value of the curront density was approximatcely
adjusted (with the hélp of a potential divider callbrated in
o blank experiment) to 10HS anmps . cmfz. The current donsity
was chosen go that it was low enocugh to avold the depositicn
of impurities at high current donsitles, and high encugh so
that 1t was on the linoar section of the Tafel llne, thus
cnabling o value of (p to be obtained from the first roadings.
The electrode was inserted into the solution and aftor breaking

the bulb, 1t was adjusted to touch the tlp of the Luggln
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capillary, The eloctrode was left polariscd at 10-5 Qmps o Clile
t1i1ll o constant potontial was attainod, During this time
(about 10 minutoes) the potential increased with time and
approached a constant valuoc. |

The Tafel line was traversed down to the potential of
the reversible hydrogon clectrode, measuromonts boing takon
as qulckly as possible at potential intérvals of 5 millivolts
down to 30 mV and then at intervals of 0.5 - 1 millivolt.,
This was necessary in order that an accurate value of (a’l/aéc) ve
could be obtained (c¢f. Section I). Once the potential of
the reoversible electrode was attained, the Tafel line was
quickly traveorsed upwards to a current density of
10”5 - 10-2 amps cmfz, after which hydrogon was bubbled lnto
thoe cathode compartment before the electrode was drawn out of
the solution. It was nccessary to bubblé_hydrogen into the
cathode compartment before the electrode was drawn out of
the solution to oliminate the possibility of alr dlffusing
into this compartmont during the process of removal of the
electrode. The other test electrodes were treated in the same
WO

Owing to the increased pessibility of deposition of
impuritiocs on the eloctrode at high current densities, any one
olectrode was uscd only onco for measuring a Tafel lino. Also
for this reason tho best reprosentation of the Tafel linc was
considorod to be the first up line, This 18 definod as the

1ino traversed for tho first time, starting with tho potential
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of the reversiblec hydrogen electrode in the direction of
high current denslties,
The area of most of the electrodes used was in the rango

of 0.2 to 0.4 cm?-
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Be EFFECT OF ELECTROPOLISHING ON

HYDROGEN OVERPOTENTIAL

1. INTRODUCTION

The apparatus used for measuring hydrogen overpotential
on electropolished surfaces was designed on the same principle
as that used for silver and tungsten work. It was only
necessary, for the sake of comparing the overpotential values
of the electropolishod and non-electropolished metals, to

4

confine the measurements to the current density range 10 - to

-1 amps » cm."g. For this reason, stringent purification of

10
the solution and romoval of oxygen from the system were not
necessary, since according to Hiokling?+0%xygen depolarisation
takes place at 10h3 and 10"4 amps e cm:2 for stirred and

unstirred solutions respectively. Speclal care was therofore

takon not to stir the solution during the measurements.,

2+ THE ELECTROLYTIC CELL.

A dlagram of this cell is shown in Fig. (II 10), It
was composed of three compartments: the anode compartment A,
the cathode compartment B, and the hydrogen electrode
compartmont Ce. Thoe solution was prepared in A, COonductlvity
water was distlilled with o stroam of hydrogen through D
and hydrogen chloride gos was passed through E to propare

the required concentration which was chocked by measuring the






59

conductivity between the two platinum electrodes F (or by
means of a glass float)., Tho anode used was a piece of
platinum about 1 cm,® in area. A sintered glass disc @
inserted botween A and B helped to prevoent tho dlffusion
of anodic products to the catholyte. Tho cathode compartment
had a Imggin caplllary H connecting it with tho hydrogon
eloctrode compartmont, and a tap I %o rojoct the wator used
for washing tho cathode compartment. The cathédo cap K
contained two ground plecos of glass tubing in the form of a
barrol of a hypodormic Syrlnge through which the olectrode,
fixed to a sbom in the form of a piston, was moved upwards

and downwards. A ground glass joint and a tap L wore

fixed to the side of the cathode compartment to holp in filling
this compartmont with equilibrium water which was displaced by
hydrogon through J, Hydrogen from J was dlvided botwoon
A, B and C with tho help of three taps and was reloased %o

the atmosphere through three bubblors. All taps used in this
coll and in othor parts of the apparatus were ungrocascd vacuum

taps.

3, PURIFICATION OF HYDROGEN

A simple purification train was used, the diagram of
which is given in Fig, (II 11). Hydrogen from the cylinder
was passed over silica gel to dry i%, and then over hopcalite

and soda lime tubes. A copper furnace heated at 400°C was
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used for the removal of oxygen through 1lts combination with
copper to form an oxide. Water was also ccllected in an
empty trap (a) cooled in a mixture of solid carbon dloxide
and methylated splrit. Another trap (b) containing activated

charcoal was used to adsorb organic impurities.

4, ELECTRODE PREPARATION

The metals used were tin, aluminium and ircns

a, Tin and Aluminium.

Analar tin and aluminium werc used. A diagram of onc of
these electrodes 18 shown in Fig. (II 12). A glass tube
about 0,5 cm, 1n diameter was bent and a thin bulb (a) was
blown at the ond. This tubo was fixed to the barrel (b) of
a hypedermic syringo, Tho molten metal was poured into the
tube and a plece of coppor wire (c) was lnsertod in the melf
to ensure clectrical contact, The motal was left to solidify

and the bulb was brokoen.
bHe Iron.

A ploce of spectroscoplcally pure iron rod (d) Fig.(II 12),
1 cm, long and about 0.5 cnle iIn dlamctor was used, A groovo
was sawn around onc end and a platinum wire (c) was wrappced
around 1t. This was Introducoed through the end of a glass

tubo (f) and glass was molted over the platinum wire as well
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as the end of the lron rod.

6l

Electrical contact was made with

the help of a drop of mercury on top of (e). This electrode

was sealed to the end of the barrel (b).

Two
previous
mixture,

thom was

electrodes of the same metal were preparcd in the

waye. They were cleancd with chromic sulphurilc

followed by washing with equilibrium wator. One of

eloctropolishod and the othor loft unpolishod for

comparison.

The rest of the apparatus, including water distillation

and proparation of hydrogon chloride, was similar to that

used for silver and tungston work.

(47)
5. CONDITIONS FOR ELECTROPOLISHING.

Metal C«De O V., Timo Solution
Sn 2 = 3 5 4 144 c.c, othyl alcohol
; e " ninutes :
amps. e RO 10 grams Al0lg
4 5 " ZnC 12
22 c.C. wator
16 c.c. butyl alcohol
Al 0.5 o 1 200 c.cs mothyl alcohol
Amps  Clie minute 100 c.c. nitric acld
Fo 10 30 110 c.c. orthophophosphoric
A.C.Volt soconds acid (1475 spe groavity)
90 ce.c. wator
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During electropollishing tho solution was cooled in cold
wator. After clectropolishing the moetal was washed with
boiling oquilibrium water to romove any loose oxide from the

aurfaco.



SECTION IIT

EXPERIMENTAL RESULTS




63

1. COMPLEX TAFEL LINES *

ge Silver.,

Measurements were made in a nonpre~electrolysed solution
of 0,06 N agueous hydrochloric acld and the Tafel line is
shown in Fig. (III 1). From this figure it is evident that
the line has three slopes, il.e., values of Ofﬂﬂieogéc)
corresponding to 0,14 V., 0.06 V., and 0,088 V, The change of
slope occurs at about 3 x 10-'6 and 1.2 x 1074 amps emy?
respectively. The lower slopes (0,06 and 0.088) occur in the
linear logarithmic part of the Tafel line. Similar lines werc
obtained in solutions which were not extensively purified by
pre-electrolysis (ef. Section II). Fig. (III 2) shows a
Tafel line for silver in a solution of 0.2 W HC1l, whilch was
purified by passing 4000 coulombs only. This line has two
slopes of 0,065 V. and 0,095 V. and the change takes place

6 amps ems®.

at 3 x 10~

In solutions contaminated with platinum Tafel lines with
much smeller slopes than the ones recorded above, were &lso
obtainéd. Fig. (III 3) shows a typlcel example of such lines.
The change of slope in the linear logarithmic part from

0,024 V. to 0,048 V. tekes place at a current density of

# This signifies lines having abnormal parameters (ebnormal
in the sense that they deviate to a considerable extent
from simple lines reported in the following sub-scction).
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6.3 x 1070 amps omy® , It is to be noted that the lower
slope (0,024) approaches in magnitude other slopes (0,029)

obtained for platinum,027(30

b. Tungsten

Complex Tafel lines (cf. Fig. III 4) with slopes higher
than 0.12 V. were observed for tungsten electrodes which were
not extensively cleancd from carbon contamlnation.

The effect of impurlities on the Tafel line constants is
indicated by Fig. (III 5) where the solution was not purified

by pre-electrolysis.

2, SIMPLE TAFEL LINES. ,

A simple Tafel line is defined as a linc with parameters
corresponding to well csteblished mechanisms, and which is
devoid of effects due to depolarisation end resistance over-
potential. Such lines were obtained for silver and tungsten
in rigorously purified solutions, on extremely clean electrode
surfaces and with numerous precautions (cf. Section II) in the
procedure of carrying out the expefiment and taking the
measurements. It was observed for the concentration range
covered (between 0.1 N to 1 N HCL for silver and O,1 N HCl
for tungsten) that the Tafel line has two well defined slopes
in the linear logerithmic perts (ef, Fig., III 6 ond Fig. III 8).
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In tebles (III 1) and (III 2), the slopes as well as the
current density range, io values, concentration and the
potential at which the Tafel line changes its slope, are given
for silver and tungsten,

Tables (III 3) and (ITI 4) give the mean results on

silver and tungsten respectively.



TABLE

(ITI 1)

Parameters of Hydrogen Evolution

on Silver in aqueous HCl Solutions

c.d. range c.d. range N at which
for lower b io for higher b . line changes
Conc. | linear_section 1 -3 linear sgetion |°% oz, its slope
Acfie V. Acms Acm® Y. Acims V.
1 -5 7 -8 -6 -3 7
0,1 NT1x10 -1.6% 10 {0.060!6.3 x 10 |1 x 10 - 3 x 10 |0.100{1.78 x 10 0,100
1 x10° -1 x 15% lo.060l5.75x1057 11 x 18° - 2 x 10%|0.100l2.0 x 10%] o0.090
3 x 16° - 5 x 16° (0.055|1.78 x10' :5 x 10° - 10° 0.090!5.55 x 1071  0.070
=5 =6 =7 =5 =3 =6
0.4 N| 1.4 x 10°-1 x 10 0.055{4 x 10 1.4 x 10°- 10 0.105(2.50 x 10 0. 090
- - -7 - - -
1.4 x 10°-1 x 10° |(0.055}2 x 10 1.4 x 15°- 18° 0.080!7.08 x 10" 0.100
- -6 -7 - - -
5 x10%x%x 1 x 10 0.06011.78 x 10 |3 x 10~ - 3 x 10°,0.100!3.55 x 10° 0.175
5.6 x 10°-1 x 10° 10.060]3.16 x10' 5.6 x 10°-3 x 10°}0.110!2.80 x 18%]  o0.140
-4 - -7 -4 -3 -5
3x 10 -1x 10 0.055{3.16 x10. {3 x 10 - 3 x 10 |C.110]1.26 x 10 0.150
-5 =6 77 -5 =3 =5
1% | 5.6 x 10°- 5 x 10° 10.040{7.08 x 10 |5.6 x 10°-3 x 10°;0,120}1.26 x 10 0.075

99



TABLE (TIII 2)

Parameters of Hydrogen Evolution

on Tungsten in 0.1 ¥ HC1 Solution.

c.d. range c.d. range
for lower , for higher 7t at which
linear section by} iol linear section | bg iog line changes
— — — -q
Acmii2 V. Acms Aem? v. Acm® itsv.slope
-5 - -6 -5 -3 -6
2.2 x 10 -3 x 10|0.060 1.78 x 10 2.2 x 10 - 10 }0.1151{6.3 x 10 0. 060
- - -7 - - -
1zx 105 - 106 0.065 14 x 10 1.3 x 105 - 10'3 0.095§1.2 x 106 0.095
- - -7 =5 -3 =0
1x 105 - 106 0.065 {4 x 10 1.4 x 10 - 10 {G.120}2 x 10 0.100
-5 -6 -7 -5 -3 -6
3x 10 - 2 x 10 0.060 5._6 x 10 3x 10 - 10 0.090(2 x 10 0,110
TABLE (III 3)
Mean Results on Silver in
aqueous HCl Solutions
. -2 . -2
Cone. by (V.) iog (Aemi® ) by (V.) iog (Acm.”)
% + =7 + + =7
0.1 N| 0.058 % 0,002 (2.72 I 2.02) 10 0.097 = 0.004 (8,44 = 7.70) 10
-7 - -6
0.4 | 0.057 L 0.002 (2.82 £ 0.74) 10 0.101 ¥ 0.009 (4.43 ¥ 3,27) 10

% mean deviation from the mean.

L9
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TABLE (IIT 4)

Mean Results on Tungsten in

0.1 N HC1l Solution

b, (V) | doy (Acemi®) b, (V.) 1o, (A cm:®)

0,063 * 0,003 |(7.85 £ 4.98) 10’ |0.105 * 0,013 (2.88 * 1.72) 1076

3. THE ELEGTRON NUMBER /™

As has been indicated in Section I, the electron number
Plays an important part in e lucidating the mechanism of electrode
reactions. ?\ was evaluated using the following expression,

. RT  (dic
N B - - 3
(oF M 7"T—o

A linear relation between overpotential ('? ) and current

density ( éC ) was obtained for all successful runs on silver
and tungsten cathodes, at low current densities in hydrochloric
acid solutions. Fig. (III 7) and Fig, III 9) show the relation
between 0? and L¢ corresponding to Fig, (III 6) and
Fig. (III 8) respectively.

Tables (III 5) and (III 6) give values of A for the
successful runs on silver, calculated from first up and first

down Tafel lines rcspectively. Values of'}» for tungsten are

given in Table (III 7).



TABLE

(III 5)

The Electron Number A

For Silver in agueous HC1 solutions
Pirst Up Tafel Lines

o : -2
conc. . vV, "'2. L Q C . ;
(JL()”]-)O /(Q(mv- 0) ( A
0.1 N 2,295 x 10° 6.5 x 10°° 1,78
2,50 x 104 5,75 x 10~7 1.75
1,0 x 109 1.78 x 10~7 1.41
mean velue of P = 1.65 £ 0.16
0.4 N 2,5 x 104 4 x 1077 2, 52
7.5 x 10% 2 x 1077 1.68
6.5 x 10% 1.78 < 10”7 2,18
4.2 x 104 3,16 x 10~7 1.90
3.5 x 10% 3,16 x 10™7 2,28
mean value of A = 2,11 * 0.26
4 -7
1N 1.8 x 10 7,08 x 10 1.98




TABLE (III 6)

The Blectron Number 7‘\-

For Silver in aqueous HC1l Solutions

First Down Tafel Lines

cone. (3 /(8 et Lo, (A Cfr;‘z)
- o, o .
uc%qo /(A cm) ' A
Oud N 2,25 x 10% 5.01 x 10~7 2,93
9.0 x 10% 1.59 x 10~ 1.76
3.0 x 10% 4.0 x 1077 2,10
mean value of A_ = 2,05 t 0,18
1N 1.4 x 10% 7,94 x 107 2,27
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TABLE  (III 7)

The Electron Number ?\

For Tungsten in 0.1 N HC1 Solution

T. line (!ln\ -2 . -2 .
- C1. ,
?”CCIQ-—)»O V/(oqf/rr?) (.of Clq ) A

first up 8 x 109 1,78 x 10~ 1e 77

noow 4.2 x 10% 4.0 x 10~7 1.50

oo 4,0 x 10% 4,0 x 1077 1457

oo 3.0 x 10% 5.6 x 1077 1.50
first down 1.6 x 10% 1,0 x 1079 1o 57

n " 5.0 x 10° 5.16 x 10°° 2, 66

1.76 X 0.30

mean value of A

4. EFFECT OF ELECTROPOLISHING ON HYDROGEN OVERPOTENTIAL.

The effect of electropolishing the cathode surface on
hydrogen overpotential was studied for iron, aluminium and
tin, in 1 N hydrochloric acid solution. For iron cathodes
(ef. Fig. III 10) the electropolished electrode shows a
decrease of overpotential of about 1l2.5 mV,, from the non-

3

polished one, below 1074 amps. emr®, Above 10” amps. cmre

electropolishing of iron has very little cffect on its hydrogen
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overpotential,

For aluminium, electropolishing lowers the Tafel line by
about 130 - 140 mV. The effect of electropolishing of
aluminium on hydrogen overpotential is shown in Fig.(III 11).

For tin cathodes electropolishing also lowers the Tafel
line (cf. Fig. ITI 12) by about 50 mV. in the current density

range 3 X 10~4 - 1071 Amps. cmT <,



SECTION IV

DISCUSSION

OF EXPERIMENTAL RESULTS




1. COMPLEX TAFEL LINES.

a. Effect of Depolarlsers

It 1lc clear from Fig. (III 5) that the Tafel line for
tungsten in a nonpre-electrolysed solution of 0,06 N HC1,
changes to the anodic side at a current density of about
10”7 anmps. ems®, The behaviour of this 1line at‘low current
densities is similar to that observed for mercury cathodes
in so0lutions containing oxygen.(za) The effect of oxygen on
the.Tafel line for mercury was attributed to the electro-
reduction of molecular oxygen.(QJ) The processes involved
in the electroreduction of oxygen are :

(i) The diffusion of oxygen towards the cathode.
(1i) The combination of an oxygen molecule with & hydrogen

ion and an electron,
02 + H+ + €o -—«-.—-...—} OzH

(1ii) The discharge of o hydrogen ion on HOgo to form a hydrogen

peroxide moleculec on the electrode surface,
HOg + HY +  €p ——3 Hg0g

Steps (ii) and (iii) are potential dependent and if one
of these two steps 1is rate~determining for the c¢lectro-
reduction process the Tafel line must have o definite slope

in the region wherc depolarisation takes place. The rate of
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the electroreduction of oxygen on mercury cathodes assuming

step (ii) to be rate-determining is given byy(za)

i = k Qo, (auye e /&7 e bre , (¥ 1)

Where Ly, 1s the activity of oxygen and (52;4+) 1s the
A d.1.
activity of hydrogen ions in the double layer, From (IV 1),

ad — RT (¥ 2)
: e A , 4
A In & F '

and since o 1s 0.5 for mercury, the slope of the Tafel line
in the region where depolarisation by oxygen takes place is
0,116 V. This result is in good agreement with experimentfzo)
However, the case for tungsten is different from these

results (cf Fig., III 5) since the Tafel line has no definite
slope in the depolarisation region. This auggests that if the
depolariser is oxygen, the rate-~determining step is the
diffusion of oxygen towards the cathode.

" The relation between overpotentiasl”] , the not cathodic
current LC: and the limliting current of diffusion of oxygen

LL. is given by,(gl)

1= &I
1= /(thc

where 7 is the number of faradays neccessary for the

) (T )

electrolysis of one mole of oxygen. Taking 6Q~ 85 a constant,
one gets for the slope of the Tafel line in the depolarisation

region,
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L RT () (T4

elince (¢~ &
Thus equation (IV 4) gives a limiting slope of .. ﬁ27:/%7¥:
when (c ,4f C[ » 80 that the expected slope would be
2. 303 %ﬁ = 0,029 V, at ordinary temperatures (n is 2
when H202 is formed as shown above). In the Dresent experiment,
however, the experimental values of dﬁ?/cilogicvat low current
densities are a function of current density. Hence it must
be assumed that i, 1n the region of breskdown of the Tafel
equation is of the seme order as iy, whereupon from (IV 4) it
is clear that the repidiy increasing numerical values of D
(ef. Fig.III 5) would be expected.

The limiting current of diffusion of oxygen is related

23)

to the concentration of oxygen in the solution by,

l:, et (}.]LFC, (E’S‘)

e

where C is in gream moles per litrec. Taking i; as 2 x 10-7
amps., coms 2, (ef., Fig.III 5) one gets from (IV 5),

C = 1.4 x107% mole 02/1itre solution (IV 6)

Taking the absorption coefficient of oxygen in water at room
temperature as approximately equal to 0.025 c.cs OFf oxygen per
¢, cs of water undecr a partisl pressure of oxygen of one
atmosphere, the above concentration (IV 6) corresponds to a

partial pressure of oxygen of,



1.25 x 107°  atmos. (v 7)

There are several possibilitics for the origin of oxygen
responsible for the depolarisation of the Tafel line in
Fig. (III B),

(1) The vacuum obtained in the hydrogen purification train
(the water vapour pressure) is not sufficient for the removal
of all traces of oxygen.

(ii) The time (gbout two hours) allowed for the passage of
hydrogen in the hydrogen chloride preparation apparatus is
not sufficient for the complete removal of oxygen.

(iii) The presence of a pinhole in the apparatus. Possibilitiles
(i) end (ii) are excluded since undepolarised Tafel lines were
obtained with the same treatment, i.e., evacuation of the
hydrogen train to the water vapour pressure and passage of
hydrogen in the HC1l preparation apparatus for two hours. The
most probable ceuse of depolarisation by oxygen is, therefore,
the presence of a pinhole, too small to be detected, which
during pre-electrolysis (usually 40-50 hours) allows a certain
amount of oxygen to contaminate the solution. Confirmation of
this view was obtained when Tafel lines devoid of depolarisation
were obtained when certeain glass bridges (connecting different
parts of the apparatus werc replaccd,

For silver (ef. Fig. III 1) the Tafel linc in the

depolarisation region has a slope of 0,140 V. This shows that,

if the depolariscr 1s oxygen, cither,
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HY + €0 + 02 ———yp» HOZ , (Iv 8)
or,

2HO0g  ~——3 HpOg + Og , (1v 9)
or,

HOg + @u+ HY —y Hg0g , (1v 10)

1s the rate-determining step for the electrorcduction of oxygen.
Measurements of the stoichiometric number /<. (the number of
acts of the rate-determining step necessary for one act of the
overall reaction, 2H" + 02 + 2@o --» H202), where A4 = 2/A ,
from the relation between 7{ and 1, at low currcnt densities
for the Tafel line in Fig. (III 1), gavé-a value of 1.8. This
shows that the most probable rate-determining step in the oxygen
depolarisation reaction on silver cathodes is the discharge of
hydrogen ions on oxygen molecules (probably adsorbed on the
electrode surface) to form HOg as given by cquation (IV 8),

where M = 2. For (IV 9) and (IV 10) /¢ is onec,

b. Effect of Platinum in the Solution.

Fig. (III 3) shows a Tafel line obtained for a silver
cathode in O.1 N HCl. The slope of this line at intermediate
current densities is 0.024 V. This slope corresponds to the

125845 (32.)

known to occur for platinum’ahd palladium cathodes. The

occurrence of a slope of 0,024 V. for silver cathodes indicate



\1
QG

the presence of platinum in the solution since platinum is
used for the snode and the conductivity electrodes.

(z1)

Previous authors have observed that the use of
platinum in the cell vitiated the hydrogen overpotéential
results obtained for mercury. However, it is noteworthy that
in the solution in which the Tafel line in Fig. (III 3) was
obtained, some difficultics had been experienced with regard
to the constant level of the solution in the anode compartment
and irregular bubbling of hydrogen had caused momentary loss
of contact between the anode and the solution during pre-
electrolysis. This causecd sparking3€ at the anode~solution
contact and it seems likely that this was the process leading
to the dissolution of platinum in the anolyte. Platinum
would be transferred to the cathode compartment by diffusion
and would be deposited on the cathode surface, thus lowering

the slope of the Tafel linc and ceusing the catalytic

recombination to be rate-determining,

ce EBffect of Carbide Formation.

At the beginning of the present work on hydrogen
overpotential on tungsten, the electrodes were prepared in a
(15)

manner similar to that described by Bockris and Conway.

A piece of tungsten wire, 2 cm. long and 1 m.m. in diameter,

% pPod. appliced during pre-electrolysis was 400 V,
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was reduced in a hysil tube (connected to the fragile bulb,
cf. Scetion II) with a stream of hydrogen passing over it.
Furthermore, for the overpotential measurements, the Tafel
line was traced downwards starting with a high current
density (sbout 10™° amps. cm7®). With these conditions Tafel
lines similar to that in Fig. (III 4) were obtained. Such a
line has two slopes of 0:86 V. and 0,090 V, at high and
intermediate current densities respectively. The higher slope
cofresponds to that obtained by Bowden and Rideal(##é for
carbon cathodes., This suggests that the tungsten cathodes,
prepared as mentioned sbove, were covered with carbide (or
carbon) when the polarisation was first started and on tracing
the Tafel line downwerds the carbide (or carbon) was reduced
and evaporated in the form of volatile organic compounds,

This view is supported by the fact that for the preparation of
thin tungsten wire, thick tungsten rods arc drawn through &
die using colloidal graphlte as a lubricant, For this reason,
it was necessary to change the method of electrode preparation
and the procedure of flashing the tungsten wire, to &
temperature of about 3000°C, was adopted (cf. Section II).

The detailed theory of the considerable change in slope
brought about by the presence of carbide (or carbon) on the
surface is difficult to evaluate in the ebsence of knowledge
of ﬁhe effect of carblde and carbon on the adsorption energy

of hydrogen on tungsten. It must be presumed that the
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pPresence of carbide or carbon alters the constants of the
Morse function representing the adsorption energy and that
this causes a change 1n the relative slopes of the Morse
equations for the final state in the hydrogen discharge

reaction compered with that of the initiel state.
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2. SIMPLE TAFEL LINES,

8. Observations on the Experimental Technlogue necessary to

obtain Resulte ot very low Current Densities.

At the beginning of the present work, Tafcecl lines with
complex nature (cf. Section III) were obtained. Certain
improvements of the experimental technique werc thercfore
necessary for the success of establishing the Tafel line at
very low current densities. Thus, 1t is necessary to discuss
the alterations in the technique which lead to the &bove

mentioned result.

(i) Purification of Hydrogen,

Hydrogen was first purified by a method similar to that
ugsed by Bockris et al.(tq) The disadvantage of this method,
where the train 1s not evacuated, ls that the purity of
hydrogen will depend on the time allowed for hydrogen to
displece air in the train. This difficulty 1ls overcome by
evacuating the train to the water vapour pressure, before
£illing it with hydrogen (cf. Section II). As an added
precaution, particularly durlng fast passage of hydrogen, an
additional dGeoxygenation stage in the form of a tube (36"

long) at a temperature of 400°C, containing reduced CuO wire,

was used. Si1lica gel was also used in place of magnesium
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perchlorate as a drying agent, since the latter 1ls decomposed
by heat (during the process of drying the train) and becomes
functionless, Tubes of silice gel were used after each
section of the train in which water could be produced, and
these tubes were followed by empty traps cooled in a mixture
of carbon dioxide end methylated spirit to ensure the complete

drying of hydrogen.

(ii) Electrode Preparation,

The method of electrode preparation (developed by
Bockris and Conwayﬂlgd), which was uscd in the first part of
this work is unsatisfactory for mctals, c.g., tungsten whosec
surface oxide or carbide films are not reduced by heating
(to the temperature of the oxygen coal gas flame) in hydrogen.
For such cases, the surface films arc best volataliscd by
flashing the metal in vacuum (cf. Section II). Although
Bockris and Conway's method is satisfactory for metals of

(6),

lower melting point (cf. Bockris and Potter , 1t probably
results in a non-homogeneous reduction of the surface films.
This conclusion is drawn Tfrom the fact that the slopes of

the Tafel lines obtained in the present work on silver arc

22
different from those obtained by Bockris and Conwayf’ )

The
homogeneous reduction of the surfacc films is carried out by
heating the metal in a uniformly heated quartz furnace (with

hydrogen pessing into it) to a temperature depending on the
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metal (cf. Section II).

(1ii) Pre-electrolysis.

The stringent conditions of pre-electrolysis which were
determined for silver electrodes by Bockris and Conwayczz)
could not at first be reproduced in the present work, because
of interruption of the high current density needed for pre-
electrolysis ( 1 x 1071 ampS. cm?z) by bubbles formed near the
main tap between the cathode and the enode. This difficulty

was overcome by projecting a stream of water over the tap,

thus maintaining this at room temperaturec.
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b. Comperison with Previous Work.

(22)

Bockris and Conway obtained two slopes for the Tafel
lines on silver in aqueous hydrochloric acid solutions of
strength greater than 0,1 N and their mean results are given

in table (IV 1).

Pable (IV 1)

conce. 0,1 N 1,0 N 5.0 N 7.0 N
by 0. 09 0. 06 0, 07 0,09
Do 0. 12 0,13 0.12 0,11
ioq 5 x 10 4 x 18° 2 x 10 8 x 10°
log 3 x 156 2 x 164 6 x 156 2 X 167
T

A comparison between table (IV 1) and tables (IIT 1)
and (III 3) shows that the values of by and bg obtained by
Bockris and Conwey are higher than those obtained in the
present work although io values are approximately the same,
The discrepancy between b} values could be attributed to the'
following reasons:

(i) Purity of the solution.
(1i) State of the electrode surfacc.
Since there is virtually no difference between the

present work and that of Bockris and Conway with rcgards to
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the solution purity, it is unlikely that the difference between
b1 values is caused by any solution factor. The only obvious
reason, for the discrepancy of by values, is therefore the
difference between the state of the electrode surface obtained
in the present work and that obtained by Bockris and Conway.
Since silver is always covered with an‘oxide or a sulphide
£ilm (which are reduced during the electrode preparation),

the state of the metal surface depends on the method used

for the reduction of these films. A comparison between the
method used in the present work {(cf Section II) and that used
by Bockris and (JolrmrayEm“> shows that the former method is

more reliable for obtaining a standard purlty of the ¢lectrode
surface. However, it is clear that in Bockris and Conway's
work there is no vitiating effects due to the presence of any
oxide or sulphlide films on the electrode surface, The
difference between by values 1is most probably attributed to
the extent of the surface heterogenity. The inadequate
uniformity of heating, manifest in Bockris and Conway's method,
was avoided in the present work (cf. Section II).

From the effect of neutral salts at constant pH, Bockris
and Conway concluded that the process of discharge of hydrogen
lons takes place from hydroxonium ions rather than from water
molecules. Also from the single observation of t&e electron
number for silver in 0,075 N HC1l, made by Pottef?ﬂ%here A
was one, they concluded that the rate-determining step is the

slow discharge of hydroxonium ions. From the pH effect on
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hydrogen overpotential and from the observation of Drake and
Benton(4b) that activated adsorption of hydrogen occurs on
silver at high temperatures and remains at low temperatures,
they assumed that it is possible for specific adsorption of
hydroxonium ions on silver to take place. The p.d. due to
specific adsorption of Hzpt, assuming that these ions form a

condenser with the electrode surfacc is,

W T e bt (17 1)

where /{ is the dipole moment of Ag - Hzp™, Co is tho tulk
concentration of H50+9 &o is the standard zeta potential
at the plene of the Helmholtz double layer, and d is the
dielectric constant in this leyer. However, equation (IV 11)
is oversimplified, since therc is no cvidence that, even if
specific adsorption of H50+ takes place on silver, the
resulting structure is a perfecet condenser. Moreover, if
equation (IV 11) is correct, it would be expected that specific
adsorption of H50+ ions is independent of the p.d. between
initial and final states ( C>¢) ) This is clearly incorrect
since, for the case of specific adsorption of iodidc ions on
mercury Butler(48)(%%ﬁnd that the concentration of specifically
edsorbed ions is related to the potential by,

¢ —c, TR (I 12)
where Co is the concentration of the specifically adsorbed

ions at & potential V = 0, and ¢ i1s the part of potential
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which helps sbecific adsorption.
Assuming specific adsorption of Hgghions, and that the
mechanism 1s the slow discharge of H50+, and using the

(L) B0)(51)

expression for the slope of the Tafel line,

b = - 2,303 AT (IVv 13)

where Fg is a factor of symmetry of the energy barrier,
Bockris and Conway's results (cf. table IV 1) show that }3
decreases with increase of cathodic polarisations They
concluded from this that at high cathodic polarisation, the
initial state is displaced towards the cathods in virtue of
the increased attraction due to specific adsorption.

From table (IV 1) and equation (IV 13), 3 at
intermediate current densities is more than 05 and is
apparently equal to one in 1.0 N HC1l solutions, It 1s unlikely
that a simple slow discharge process would be agsociated (in
absence of specific adsorption of H50+ at -low and intermediate
current densities as indicates by Bockris and Gonway) with &
distorted energy barrier, In all cases where a slow discharge
mechanism involving hydrogen ions is well established (cfe
Trumkin' 0 and also Bockris and Potter(lk)) an approximately

symmetrical energy barrier is found to exist,
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c. The Mechsnism of Hydrogen Evolution on Silver and Tungsten

As has been indicated in Section I, a knowledge of the
electron number together with other parameters helps to
elucidate the mechanism of cathodic hydrogen evolution. Tables
IIT 5, III 6 and III 7 show clearly that the most probable
value of A for the cathodic hydrogen evolution on silver
(in 0.1 = 1 N HC1) end tungsten (in O.1 N HC1l) is two. This
(cf. table I 1) shows that the rate-dctermining step is either
a catalytic or an electrochemical process. The catalytic
mechanism is associate@ with a slope of 0.029 V., at low
cathodic polarisatiégﬂgﬁg & limiting current (giving o slope
of ¢on for the Tafeliliﬁs) exists for this mecchanism at high
catvhodic polarisatioé&%%ég the surface is complectely covercd

with adsorbed hydrogen. The electrochemical mechanism as

given by,
MH + Hzg* + €0 ——> M + HgO + Hg, (IV 14)

gives a slope of 0.04 V. at low cathodic polarisation, and &
glope of 0,116 V. at high cathodic polarisationfbg

From tables III & and III 4 it 1is seen that the observed:
slopes, at low cathodic polarisation, do not agrece well with
the above prediction. Thus, the average value of by for
silver (cf. table III 3) is about C,058 end compering this
with the theoretical slope for mechanism (IV 14) at low

(53)

cathodic polarisation, it is scen that,
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R T

0. 058 = e 303 (T_I77fﬁ ’

hence, /3 =<0 and this is an unlikely result,

However, the slopes of 0,058 (for silver) and 0,063 (for
tungsten) correspond most nearly to an electrochemical
mechanisn and therefore, together with the evidence just given,

indicate a complex electrochemical mechanlsm.
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d. Complex Electrochemical Desorption

There are two pbssibilities to account for the slope (bl)
of 0.0587 V. to 0,063 V. oObtained for silver and tungsten in

concentrations less than 1.0 N HC1I solutions.

(i) Possibility T,

Assuming that the initial state for the electrochemical
desorption is composed of hydroxonium ions specifically
adsorbed on the electrode surface, hydrogen atoms and selectrons

on the electrode surface, the rate of this process is given

_B 0L
Wy = &@(Q'H)(Q'H'ﬁ)ads,e’ , /Q 3

by,

(W 15)

where (‘sz+)ads. is the concentration of specifically
adsorbed hydroxonium ions. As has been shown before (cf,

Section I) the activity of atomic hydrogen is,
(QH)::: J]CIO“C; (W 16)

where X is the fraction of the available surface covered
with atomic hydrogen. The activity of specifically adsorbed
hydroxonium lons is related to the activity of hydroxonium ions
in the double layer and the potential by an equation similar

to that given by Butle$24) for the specific adsorption of

lodide ions. Therefore,
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~B 8P T
(aw),= (¥t € z P (W 17)
5
whe re /ﬁé is the part of potential which helps specific
adsorption of Hgzgpt ions.

From (IV 15), (IV 16) end (IV 17) one gets,

- —(B+B) 80 L o
Vi = by %) (au g € OV @

The net cathodic current, when the electrochemical mechanism

(whose rate is given by IV 15) is rate~determining, is

, - ‘(ﬁt“’ﬁ, AOF .
e =2FVy = ZFféi,u(qu)(QHJr)d,g'e' ) ¢'/A?T (¥ 19)

When 2 1is one, the slope of the Tafel line, from (Iv 19),

is given by,

o beq i ..._ (Br+By) F ‘

Since metals of intermediate overpotentisl, G.g., silver and

(2.2)

tungsten adsorb hydrogen well (¢f. Bockris and Conway;

Drake and Bentoﬂ¢ ), it is possible to assumc that the
fraction of the availsble surface coversd, l.cs., X at
intermediate current densities in unity. Equation (IV 20),
therefore, represents the slope of the Tafel linc at intere
mediate current densities. Comparing the slope of the Tafel
line as given by (IV 20) with the experimental vealues of by
(cf, tables III 3 and III 4) it is concluded that, at inter-

mediate current densitics,

B, = Fo = o5 (¥ 21)
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and the energy barriers associated with the specific adsorption
of Hpp* ions as well as those associated with the electro-
chemical mechanism (as described above) are symmetrical.

At high cathodic polarisation, the concentration of
specifically adsorbed H30+ ions reaches a maximum, after which
it is no longer dependent on the potential. In this range of
potentisl equation (IV 17), is no longer epplicable, From
(Iv 15), (IV 16) and teking (ey*)ads. 88 constant, it results,
at high current density that,

)& A‘@F/”%Q'r ‘ (W 22)

From (IV 22) for silver and tungsten (where 2C is one as

C'<: — oF Rgs (x 157

shown above), the slope of the Tafel line at high cathodic

polerisation is,

d 40 2.303RT -
oéé&_f}[,c B E ( 5)

Equation (IV 23) gives the slope (bg) of approximately 0.12 V.
(cf. tebles IIT 3 and III 4) when 49, is 0.5,

(i1) Possibility II.

Consider a duel electrochemical~catalytic mechanism
with the two steps taking place simultaneously. The rate of
the simple electrochemical desorption (assuming symmetrical

energy barriers) is given by (cf. Section I),

V= R (ocm'q)(QHHd.(/, E‘-}/’«(‘ﬁ%)m fL [, X - (I0T2.4)
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The rate of the catalytic desorption is,

-8
v; = Ry x* 107 = a3 x* (W 25)

For a daual electrochemical-catalytic mechanism the two rates

Vg4 and Vz are equal. Thus,

QK = asx?.
Q y.
’ ——— o ——————— '
c x = g (¥ 26)

Since the total rate of desorption is equal to the sum of
the electrochemical and catalytic rates, the net cathodic

current is given by,

L."C = #F\/Lf_ ) (m 27)
or by,

be = 4F V3- (' 2%)
From (IV 27), (IV 26), (IV 25) and (IV 24),

, ‘ 2,6 +)2 -40E% T

Equation (IV 29) is clso obtained from (IV 28), (IV 26), (IV 25),

and (IV 24). From (IV 29), the slope of the Tafel line for a

dual electrochemical catalytic mechanism is,

da¢ _ _ 2303RT (I 30)
dé_{f‘—fc* F |

The slope of the Tafel line as given by (IV 30) corresponds

to that obtained for silver and tungsten at intermediate
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current densities (cf. Section III).

With increase of cathodic polarisation,

V3 £ Vi

and when Vs i; V,, the rate-determining process is the
electrochemical desorption. When Vu j§> Vs, the rate-

determining step 1s the catalytic desorption. It is unlikely
that, for silver and tungsten, Vg j§> Vs since this results
in a slope of 0,029 V. or a limiting current at high cathodic
polarisation. It is, therefore, posasiblec that at high
cathodic polarisation, the dual electrochemical~catalytic
mechanism is replaced by a simple electrochemical desorption,
and the resulting slope bg (cf. Section I) is given by,

by = - 2,303 (2 RT) (IV 31)
F

Values of b ocalculated from (IV 31) egree with those
experimentally obtained for silver and tungsten (cf. Section

III1).

(ii1) Coneclusion.

The possibility of a dual electrochemlcal catalytic
mechanism, accounting for the slope of 0.057 V. to U.063 V.,
is not great since it is unlikely that the two rates Vz and V,

are.equal over the range of potential whore by = 0,087 V., or
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0.063 V., This is so, because the expressions for Vz and V4
contain an expression for X and since X 1s dependent on
potential, Vz and V, will only be equal over a very short
renge of potential. Bven when JC 1is one /as has been suggestec
in part (i) abovg7 the same argument will apply since in this
case V4 is still dependent on potential while Vg is not.

It is, therefore, concluded that the slopes at inter-
mediate current densities arc best accounted for by assuming
specific adsorption of HzOt ions. Even if the assumption of
the existence of specifically adsorbed H50+ ions has not yet
been experimentally verified, therc is good indlircct evidence
that it takes place (ef. the theory of pH effects at high
concentration by Bockris and Gonwagf?g

Anomalous results have been obtained for silver in 1,0 N
HOL where by was found t0 be 0.04 V. (ef. table III 1).
Pottegks) also optained one slope (0.105 V.) for silver in

0.075 N HCl. Both cases are unreliable since only one

measurement was carried out in each case.
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3¢ THE HEAT OF ACTIVATION.

a., Method using ic and io.

From equations I 33 and I 36 (Section I) the net cathodic

Cx A BadF
:_:}\FKk’T’Ta e %Te R

current is given by,

Since,
.3 | X —_— *
AC}TQ == Y H(; s ' FaN SO 5

¥
where A e 1s the heat of activation at the absolute
zero of potential, i.e., when A(#) = O Taking fﬂ"a,,

as a constant,

. _ AHf+-°<A¢F)
(e —C e,( BT —C, e \%er

/ (W32)

Where C7 is a constent including & S¥ ana W is the neat
of activation at constant A (P s 1e€e, the 1deal heat of
aotivatioz(fé) This cannoﬁ be determined because of the lack
of information as to the magnitude of ACb and its variation
with temperature.

However,

'? = A‘PC - Aéf)r* — A/b«iﬁ' CS B /_\C[S",.

and substituting this expression in (IV 32) one gets,



¢ — C, 6-[ aH, +°(r(7+A¢V - ))j/&—r
bl = G A TE xSGF wSE (g
" ¢ = RT RT RT + eT b
.J,(aL”’:C/()T)wzym where m indicates the

composition of the electrolyte, is given by,

(atmc/(;r)‘m:: _gg . /W( do &)
o F dod Fad
 RTZ (T*EFFJ - o) - K’,Tb( 3T )
«F s 35
tem (T 57 -5) + (w:f

= / oHS - F{T(O%/aT)- oy I—‘(T”( dady/ yT) o) ¥

 FTad, (3/37) + «FLT(/27) -5}
+ FET(ox/ BTl]/ﬂTz. (17 314.)

When ¢X and (.C are temperature independent,

~
A &
<'~‘;)“:1€L“>”I7""7§7"”m

[oH o F (T =) o (T defr (‘a(br _abe) JRT
(59) (£ 35)

By comparison with Arrhenius equatlon,?for the change of the
rate constant with temperature, the nominators on the right

hend side of (IV 34) and (IV 35) represent the heat of
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activation for the cathodic hydrogen evolution at an over-
potential e

From'ﬁiermodynamics, the electrochemical free energy
(electrochemical potential) of the overall reaction of
cathodic hydrogen deposition at the reversible potential is

given by,

4G = oG 4 Fed, —o

W bG = aH —TaS — —Fad, ¥ (7 36)
J)ACT — S — _ F aACbr
2T ) v = F("'E«S‘T ) >

taking AH (for the overall reaction as temperature

independent. From (IV 35) and (IV 36) one gets,

dlm ¢
(55 BLnch)%d éwz[“‘” —oA8H faF( - 5)RT2 (F37)
When excess neutral salts are added to the solution ;D
becomes zero(,éo’ghus,

dln Lc — 'A/—/f__waﬁ +AEYRTE o
( oT '7ﬁ0(7"ﬂ7§=0 [ 4 (.IVTJE}

-

Whem =0 e = (o

(.ﬁ.{ﬂ.iﬁ._) =AMy —xaHJ/RT? (17 39)
T X ym; =6
Where 4(44/7'0*1— x A /‘/_7 is the heat of activation at

the reversible potential 4 gf),.. when the solution is

saturated with neutrel salts, and is usually given the



99

symbol Ao, - Thus the heat of activation, A, at an over-
potentiel 7 (when 5 = o) is related to Ao (ef. equation
IV 38) by,

A = Ao + «F7. (X 40)
Since,

d ( %) /

.

oL T 2
. [ dln o | £ (
S , - L2 W 41
l- 0 (1) Jot)myg=0 R _>
Also,
él.lm (.:-C ] f’? — -
[aﬂﬁﬂ_ﬁmym&:”“ R (N 4-2.)

The term Ao 1is identical with the heat of activation
developed by Bockris and Pottééf)

The above derivation is based on the assumption that Cj
is independent of temperature (cf. IV 32). However, sincc Op

is given by the expression,

- /:;T - Ajﬁ*/[{l’ ;
C?, ::;KF:kljﬁwwa, € - C:Q T 9 (EZA#B)
it varies with temperature in the following way,
0 bn Cir —
OT T

Therefore (cf. IV 43, IV 33 and IV 34),
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ab ¢ RT+ ol —aaH toe g F
( MNy&ymy§=0 = ‘ R T2 -
_ RT4A_
mre 1 (W sets)
(C.\t'ﬂ;() ...) _ /QT“.,L ﬁa
OT oy, 620 RT2

The term RT in (IV 44) is exccedingly small in
comparison with the expcrimentally observed valuecs of A and

Ao and could, therefore, be neglected.

b. Method using b’{/ 3T

From the Tafel equation,

pid b/o — ...@.Z:.-/ a
7 0(,:' ’ o ORI

at constant ic and composition (m),

c \n io
g (i —TEE) 4 BT 3nk)

e (ln (C)(Q{ T ) . (y/fﬂ“;}

Substituting in (IV 45) the velue of {Aln o /JT) SPI
as obtained from (IV 34) one gets,

(311_) | — RTn (fo/cc) = (RT Yo )Pt 3T) (on ( (o /)
Tt e XET
b Ho—FTa¢ (d/2T)
XET
If we put (}}q/m»‘) =4 then,



0/

H

(Bn) (W/Lc)-l—/%‘

? - al
CCym,8, S T

But from the Tafel equation,
RT b (lo/ic) = ‘7f:
a F + Ao

( )“¢)7”’7‘¥J§~0 xET

H_ . (T 46)
X T

———
e~

It is to be noted that in the deduction of (IV 34) the
term C1 is considered as temperature independent, therefore,

the same approximation opplies to (IV 46).
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4, THE EFFECT OF ELECTROPOLISHING.
(43)(4h)

Previous authors noticed thet electropolishing either

increases the hydrogen overpotential or does not change it.
The increass of 71 (to more negative values) with electro-
polishing is attributed to the decrease of the true surface
areca. Thus, the true end apparent areas become nearly
identical after eclectropolishing,

However, in the present work, clecctropolishing was found
to decrease the overpotentiael at high currcnt densities in
the case of aluminium and tin, while it has practically no
effect in the casec of iron cathodes. It is to be noted that
the elsctropolishing solutions for aluminium and tin contain
organic alcohols. (41)

According to Hoar and Mowat, electropdlishing in acid
medla results in the formation of an oxide layer on the
surface of the snode and the dissolution of the metal takes
plece in a random manner through the lattice defects of this
oxide. By studying the potential time behaviour of the
anodically polarized nickel electrodes, they concluded that
during the period when oxygen is evolved, the oxide 1s formed.
This is followed by another period during which the evolution
of oxygen ceases end the oxide is dissolved.

It is possible to assumec that, if the metal is anodised
in solutions containing organic alcohols, products of oxidation

of these alcohols {(probebly conteining aldchydic or carboxylic
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groups) are formed. The dissolution of the metal, will
thercfore result inthe formation of salts with the products
of orgenic oxidation. These salts will probably form & thin
£ilm (together with an oxide film) on the surface of the
anodically polarised metal and the random dissolution of
the metal will tcke place through this film., If the anodic
polarisation is carried out over a long period of time, a
deposit (similar to that suggested by Muller for passivity)oél)
composed of salts and oxides is detached from the surface
into the electropolishing solution leaving a thin film of the
seme structure on the surface. This film is not affected by
washing the electrode with water and when cathodlec polarisation
is started, the organic alcohols anre regenerated through the
reduction of these salts by hydrogen. These alcohols are
produced near to the electrode surface and consequently form
the moin constituent of the layer near the electrode. It can
reasonably be expected, therefore, that near to this elcctrode,
the constitution of the solution is largely alcoholice.
However, it is kno§ﬁ3) that in en alcoholic solution of high
alecohol content, the overpotential is much lower than in
aqueous solutions. Consequently, a reduction in overpotential
will be observed.

The horizontal pert in the Tafel 1line is duc to the
dissolution of the metal. This view 1s supportcd by the fact

that such behaviour is not observed for tin in the rangc of

potential covered.
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1, INTRODUCTION

When a charged metal is placed in an electrolytic solution,
a double layer is formed in the vicinity of the metal. This

(64)

's theory, is formed of a

double layer according to Stern
compact layer of ions usually called the Helmholtz double
layer, and a diffuse lsyer extgnding to the bulk of the
solution. Meny authoré63giég6%tern's mbdel considered the
dielectric constant in{thg diffusc doublc layer as equal to
that of the bulk. This is cleafly incorrect owing to the
approach to saturation of the diclectric under the high fileld
strength of the electrode. According to Weégvihe diclectric
constant would be expected to decrecase towards the metal,
recaching a limiting valuc in the Helmholtz double layer.
Grahaégsgsed Webb's value of three for the dielectric
constant in the Helmholtz double layer, and derived several
relationships between the field strength, the surface charge
density, the dielectric constant and the potential of the

diffuse double layer.

2., WORK OF GRAHAME.

a. (eneral Rquations

Poisson's equation in one dimension is,

Y 4Tl (1)
;zabi - DDy )
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where {f/ 1s the clectrical potential at a point the charge
density of which is given by , D is the differcntial
diclectric constant (the rate of change of the dielcctric
displacemcnt with intensity) also‘termed the dielectric
coefficient end Do is a constant cqual to 1.1188 x 10™1%
coulomb/volt cm. end is called diabittivity by Grahame, IF

D is teken &s a constant the integration of (1) becomes,

— AT 7 (2)
.DDo

where the limits of integratlon o0 and X refer to the bulk
of the solution and a distance _x from the metal surface
respectively, The term '7 1s the surface charge density

per cm% , at the plene to which X refers, and is given by,

od
- A (3
..-4 P x )

If D is a function of the field strength, Poisson's cquation

1s therefore written as,

da N dx d .o Do
where the negative field strength S is given by
E; — d
ol K

Therefore,

/ C um” 4T d .
{gas - / “Edxe 4T ()
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If X is taken to refer to the outer plane of the Helmholtz
double layer, ’7‘£ therefore is the surface charge density at
this plane, i.e.,, the charge of a column of solution of a
cross-sectional area of 1 em? extending,from the bulk of the
solution to the outer plane of the Helmholtz double layer,

From experiments on the double layer, Grahame found that
the surface charge density of the diffuse layer (770( ) is
independent of concentration and has a valuc of 26 A€ coulombs,
cm? . The corrcsponding value of ficld strength SO, at the
outer planc of the Helmholyz leaycr will, therefore, be

independent of concentration.

The cherge density # 1is given by,

E = 2 70; 2{ € Q:-ZLQO V/{QT) (6)

where 7?9, is the number of lons i per c¢.c. in the bulk of
the solution, 2zi 1s the valence of the corresponding ion
and €y 1is the clectronic charge. Introducing (6) in (l)

and using the identity,

£ 2(
t ( CW — ;ﬁxi ) (?)
one gets,
.S WQ 2¢ 6o W
J DS e S [y e, YT
=0 e o
_deoy//k_r |

- 8'7/@7'2‘,?,0‘ _ l) , (8)
Do
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where 9/° is the potential at the outer plane of the
Helmholtz double layer. Since for electrolytes with

symmetrical wvalence,

» éo ¥ (c?)
I Senbh  E
where 1 Z1 1s the valence without eny sign, equation (8)
therefore becomes,
5¢ Zeo WO ‘Leol//”
Tds e 3TkTzo (e RT, A7 _ 2 )
=0 Do
= 32 T hTm, sLﬂ.h’(z__eg_"fa) . (10)
Do 2RT

b. Relation between S and D.

(69)
According to Malsch, the dlelectrlc constant is reclated

to S Dy the empirical equation,

— A -
Y= mremey < | (")

where C is the limiting value of D &t high field strength
and is taken by Grahame (following Debégognd Webé§7)as 3, Db
1s a constant given by Malsch as 1.2 x 10718 cm2/vo1t2,

and m is a parameter related to the decrease of dielcctric

constant with field strength. The paerameter A 1is givon by,

A = & -C. (12)

7
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where & 1is the dielectric constant at zero field strength.
The rapidity with which the dielectric constant decreases to
the saturation value, increases with increase of m. When m
is zero, the dielectric constant in the double layer has a
value the same as that in the bulk of the solution.
Grahame tekes m = 0¢5, although without apparent

justification. Thercfore,

D = A \ +—C . (|3)

(1+265°)% |

Substituting (13) in (8), one gets,

50 n -—Z(fo‘f/
4(“(7‘}?5‘6‘5?)%— +C)ds” = FETmmai (e AT )
=0 .

Thercfore,

'Z"eow%r) (14)

A Vi A Lc<ot STRT 5,

And for eclectrolytes with symmetrical valence from (13) and
(10),

A al\’%_ A o* \3ZTT&T’”0 5,,,,,/12’290“}"0 15
"g"({ -j—ZbS ) b +CS - T, (ZQT ) as)

Substituting (13) in (5) one gets,

ol

//(/-t—zbsz) +C /45— %;{/' (16)

The integration of (16) is carriecd out as follows:
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(f"' Simh™'(SVZE) +CS)5 o (17)

Therefore,

: , Y '
(SVEE)=Swhy =1 (€ -e)

and,

Y -3

& _ & 1SV =, (13)

Y

Multiplying both sides of (18) by € )

1Y , Y ,

e —2(5Vzb) £ -1 — (19)
From (19),

J

e = Sl/z-(; -{-—\/2632 + |
g == ‘S""I"‘,(g‘/i—l;) = I (Sf/fz—l; +\/-‘1£>5"+| ) (20)

From (20) and (17)
_SO

( A +C>ol3 *—'—"ﬂl{
%o VI +2b652 Do

[ .ﬁ.. | (S"VIE +\/RbS°2+! )+ CS°e, (,2/)
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From (21) Grahame computed S° for any value of '7‘1 . Also

o
from (21) and (15) or (14) he calculated ¥ for different
values of '751. Similarly from (21) and (11) the
dielectric constant at the outer plane of the Helmholtz double

layer was calculated as a function of ﬂ?aﬁ. Table I gives

the result of such calculations for f7c¥ = 26 M coulomb/cm®
in 0,1 N solution of 1:1 electrolyte.

TABLE I
m ) = 1 2 (o'
50 By 74 e 94 80 25 17.58 33,5
o 78, 49 27, 53 11,27 3.2 3,0
o | 185,9 142, 3 145, 4 153, 0 168, 8

s®  in megavolts/cm.

Y% in millivolts.

From Table I it is clear that the diclectric constant
at the outer plane of the Helmholtz double layer is less than

the bulk wvelue for values of m grcater than zero.
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2. THEORY OF DIELECTRIC CONSTANT NEAR A CHARGED SURFACE.

a. Introduction

In Grahame's work the empirical equation (ll) is used
to relate the dielectric constant and field strength. The
use of such an equation (that of Malsch) depends on the choice
of the proper velue of m. Grahame used m = 0.5, although
he 1ndicated that the most probable value lies between O and 2.
He also confirmed that the dielectric constant at the outer
Plane of the Helmholtz double layer is less than that of the
bulk, However, he pointed out that the properties of the
double layer (such as the variation of the potential with
distance) calculated on the assumption of a value of D in
the Helmholtz double layer equal to that of the bulk, do not
vary from those calculated on the assumption of a value of D
in the Helmholtz double layer approaching the saturdtion value.

Grahamc, however, did not consider the change of fhé
dielectric constent with distance in the diffuse double layer,

It wes, therefore, necessary that the dependence of fhe
dielectric constemt on distance should be investigated from a-‘
priori considerations, i.e., by methods not based upon an |

empirical equation.

(71)
# This was deduced in collaboration with Conway and Bockris.
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b. General Equations,

The dielectric constant near an ion is a funbtion of the
distance from the ion. The mean (cf. Table II) of the data
(67) (72) (73)
of Webb, Debye and Schwartzenbach is used for the present

calculation.
TARLE IT

Mean Values of D corresponding to a Distance

X  fpom a univalent Ion assumed to be a Point Charge

% (A) D X (A) D
1 4,7 11 60,8
2 7.8 12 644 3
3 13.0 13 6747
4 19.0 14 70,3
5 24.8 15 78,0
6 51.2 16 7540
7 58, 4 17 7646
8 45.8 18 7742
9 51. 6 19 7.8
10 564 4 20 784 0
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(74)

Collie, Hasted and Ritson have shown that the macrosggpic
dielectric constant depends on the ionic strength. No such
dependence is teken 1nto consideration in the present work
since no data for the dependence of the microscopic dielectric
constant on ionic strength is yet available. For the

diclectric constant near an ion,

W/ dv & (22)
T dx ~ Dxz’

where X 1is the distance and €o is the electronic charge.
It should be noted that although equation (22) was originally

derived for ions, it is valid for plane surfaces. From (22),

D =fy)- (23)

For a dielectrlc medium, the dielectric displacement isg

related to the field strength 8 and the dielectric constant 1D
- by,

I = DS . (24)

But, for one~dimensional change,

_ 4y oy, (25)
S = I = Y

Also, from Maxwell's theorem,

div o@ — A @Z) — 4T F ( .‘26)
A X

Therefore, from (23), (24), (25) and (26),
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Teking the value of C’ for a 1:1 electrolyte as given by
(9) and substituting it in (27), one gets,

in;[/,(w* W] g Tmebel Sk 2;509”

—
—_ &/ St'/rt/r t%//(.// . (28)
LaCl) x SEVY RV
/ / 0‘ /
=/ (q/)..".‘,‘.{i w' o+ f, (V) -Z—Egj
R s ATy (29)

where /£, /(W) 1is the aifferential of £, (/) with
respect to 9/’ 5 Since ¥7/61“2'== d ¥ (cf. eguation
22), therefore multiplying both sides of (29) by o ¢ one

gets,
(Swy. o)) dyr (Filyh v )dy’
= (R Sinh 7y ) dy, (30)
On integrating (30) between Y=o ((P' =0) and W
one gets \¢’/
((w FW)— [ ).): )= £ compn £ ()

Putting the left hand side of cquaticn (B8l) as f..( ¢/ ) one
gets,



7053

i / '0'3/, — __f_%-_/_._ cosh &//t// . (32)
R L = K
From (32),
| - X C(\ ! P (33)
L/J:_:&”Cosh (I/_/—, V) + ) |
Also from (32),
4 y
t//:;/[,‘ ( R otk E ) (3
2 R f< ¥ |
Since, WYid x = A ¥/ , therefore
L o Y
X = J‘G{Jx -*~{//ﬂ U
:/f A - W// 7N = E(W)""’” y (35)
S o B ocash Byw - R
(& cosh Ky - &)
where m is the integration constant.
From (35), |
Since V/ is a function of q// (ef.equation 33),
W= fu(x). (37)
From (23) and (37),
D = fs(x) (38)

The solution of the previous equations is done graphically.
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c. Graphical Method of Solution.

From Table II and equation (22) values of D are
calculated for the corresponding values of V(,U/ These
values are tabulated in Table III.

To integrate equation (31), values of ‘,V/ in Table
IITI are multiplied by the corresponding values of D. The
product is then plotted against W/ and the resulting curve

is graphically integrated between  {/ /= O and any other
/
/o /
value of W/’ This gives the term/w . /Lf(()”)d'g/
The other term namely, ((4//)2' /[/‘(W/)) is obtained

by squaring ( q/ ’) and multiplying that by the corresponding
value of D. The integral thus obtained is equal to 'C;( (-V/)
in equution (32). Values of £ ena K’ for a 1:1
electrolyte are calculated with the aid of (£8)

To obtain fa (W) as given by (35) values of ( W)
are calculated from the corresponding values of (W,) using
equation (33). Vealues of Y  are then plotted against
the reciprocel of \P/ ( \}V’ is given by eguation 34) and
the resulting curve is integrated between V=0 i1e€ey
the bulk of the solution where X = ® and Y= WY°
referring to the outer plane of the Helmholyz double layer
where X is taken as zero, thus eliminating the integration
constant m. The integration of (35) leads to values of X
corresponding to values of Y and % . The result of

such integration is shown in tables IV, V and VI for O.1, 0,01



and 0,001 gram ion (of a 1:1 clectrolytc) per litre

respectively. In tables IV, V and VI the diclectric constant
/

corresponding to Y/~  valucs is also included, and the

relation between D and X is therefore clear.
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TABLE ITT

/
Bvaluation of F;( W )

W16 esuca! | Dfy)| ) W 185 SV AW (WL
p X 10™% X 10”4
78, 0 0.0 0 0
78,0 78,0 - -
P 7.5 155.0 156.0 309
3 72,0 216.0 - -
4 68.0 272.0 5864 0 1086
5 644 6 525, 0 - -
6 62.0 572, 0 1231.0 2280
7 59.2 414, 4 - -
8 57,0 456. 0 2059, 9 53649
9 55. 5 499.5 - -
10 54.0 540. 0 3058, 0 5400
11 52.0 5724 0 - -
12 50.7 608. 4 4203, 5 7280
15 49,3 642, 0 - -
14 48,2 675.0 5487, 0 9450
15 47.0 706.0 - -
16 46.0 737.0 6899.0 11770
17 45,0 766.0 - -
18 44.0 792. 0 8430,0 14280
19 43,2 820.0 - -
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TABLE _III
{cont.)
o 7
W 15 suci | D = FWI LW QI | [ w L) dy | (¥ )
, x 102 x g%
20 42,3 846 981 1696
30 36,0 1080 - -
40 32.0 1280 2149 5120
50 29, 5 1475 - -
60 27.6 1656 5094 9920
70 26, 2 18534 - -
80 24.8 19684 8753 15940
90 23,7 2133 - -
1.00 22,7 2270 13015 22700
200 17.0 3400 - -
300 14.0 4200 66900 126100
400 11.8 4720 - -
500 9.7 4850 160000 242000
600 9.3 5580 - -
700 8,9 6230 271350 436000
800 8.6 6880 - -
900 8, 35 7515 408880 876000
1000 8.15 8450 487210 815000




TABLE  III
gcont.z
I ! / 2 /
-2 il L / / -2 / ( (/_ 2 }
W' 10esucm| D=L (Y) wE (W) 10 y/‘//f' W__,W W7 /(;_('(_‘;/
| X 10 X (0
2000 6. 50 13000 - ' -
3000 5o 65 16950 25700 50900
4000 5,22 20880 - -
5000 5,10 25500 67690 127800
6000 5.05 30300 - -
7000 5, 00 35000 128257 245100
8000 5, 00 40000 - -
9000 5, 00 45000 208253 405100
| J




/
Values of W’ (7’)79‘:1 and D

TABLE IV

12.4

conc., = 0.1 g. ion/1.
x(ﬁ) JC(FD /. -2
(// (v.) o , ¢ (// 10 I
W =0.2V Yoz 0t v e.Sd-com’
0.20 0.0 - 1000 8,15
0,19 0.0 - 1000 8.15
0.18 0.0 - 980 8422
0,17 0,10 ~ 920 8. 35
0.16 0.14 - 715 849
0.15 0.19 - 556 9.5
0.14 0. 26 - 417 11.7
0,13 00 34 - 333 15,2
0.12 0. 46 - 250 15. 5
0,11 0. 61 - 185, 2 17.6
0,10 0.81 .0,0 142. 5 19.6
0. 09 1.08 0.27 117. 5 22,1
10,08 1.41 0. 60 84.8 24.C
0. 07 1,86 1,05 65,9 264 5
0,06 2. 45 1. 64 49.1 30. 0
0. 05 3. 27 2. 46 33 4 34,0
0. 04 44 46 .65 22,7 38,0
0. 03 6. 24 5o 43 15. 4 4645
0,02 9.04 8. 23 877 5640
0. 01 14. 40 13. 61 4,77 650 5




TABLE V

/
Values of ‘/J 4 >X  ana D

conc., = 0.0l g, ion/l

122

S@vy’) = x (A) W 162
Y (v.) o P
Wo=p02v | Wo=01V | 5.0t cm.
0, 20 0.0 - 714.0 8.85
0.19 0. 065 - 401.0 11.8
0.18 0. 17 - 2644 0 15. 3
0.17 0,32 - 185.2 17.5
0.16 0.52 - 143, 0 19,7
0.15 0.79 - 111.1 22, 0
0,14 1.153 - 87,0 24. 0
0,13 1. 56 - 68.1 264 5
0.12 2.10 - 53,8 29. 0
0.11 2, 81 - 41.0 32.1
0,10 3,73 0,0 31,3 35,5
0. 09 4,93 1.20 244 38. 5
0, 08 6. 46 2,75 19.6 42.2
0. 07 8, 42 4,69 14,5 47.5
0. 06 11.10 757 10.4 5%, 0
0,05 14.8 11,10 7,94 57.0
0,04 19.7 1640 5. 69 63, 0
0.03 26.8 23,1 3.85 68.8
0.02 37.5 33,8 2.62 7440
0. 01 52. 6 48,9 1.87 7.3




TABLE VI

/
Values of S(/; W) X and D

conc., = 0,001 g, ion/1.

S Eyy)= x ()|, -2
g/ (V.) ~ - Y. 10 ] D
W=z02V| ¥Y=01V 1 2.6.u Cm.
0. 20 0.0 - 90,9 23, 5
0.19 0. 42 - 69, 5 26, 0
0.18 0. 97 - 53,8 29.0
0.17 1.66 - 42,6 52,0
0.16 2. 54 - 5247 54.0
0.15 5,72 - 25,0 58, 0
0.14 5. 23 - 19.7 42.5
0.153 7.12 - 15,6 46.5
0.12 9. 53 - 125 50. 5
0,11 12,6 - 9.62 54,5
0.10 16, 5 0.0 74 57 58.0
0,09 21.5 540 5.88 62, 5
0.08 27,9 11.4 4,54 6640
0, 07 56, 3 19.8 B 5 70,5
0,06 47,2 50, 7 2. 68 754 0
0,05 61 4 44.9 2. 04 77,0
0,04 7948 63,3 1,56 77.8




s

3. DISCUSSION

Prom experiments on the double layer, Grahame found that
the surface charge density (’?‘i ) of the diffuse double
layer has a limiting value (independent of the concentration)

of 26 /L coulombs cmTz

He concluded, therefore, that
the negative fleld strength S° at the outer plane of the
Helmholtz double layer (cf. equation 5) rcaches a limiting
value independent of concentration. This value of 8° (when
m = 0.5 which is the value arbitrarily chosen by Grohame)
is 6 x 106 volt cm:1 (cf. teble I) end the corresponding
value of D 1is 27. If Greahame's argumont is correct one
would expect that the diclectric constant, at the outer plane
of the Helmholtz layer, will have a value indepehdent of the
concentration. However, from the work described above, this
is proved to be incorrect. Table VII gives the values of

( QV/ f - 8° together with the corresponding vealues of D
and the concentration (cf. tables IV, V and VI), it being
assumed thot the potential ( 970 ) is 0,1 V for the three

concentrations quoted. It is evident from table VII that

'
( ') changes with concentration.
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TABLE  VII

Veriatio¥leR

of ( Q/IJO with Concentrations

/10 -2
CONC. ( )7 10 Y
g. ion/1. SU - ‘-V (\/) D
e.S. . Cm.
0ol 142, 5 Oe 1l 19.8
0.01 31, 3 0.1 35.5
0, 001 7e 57 0.1 58,0

The couse of the uncertainty about Grahame's values of
S° and the corresponding values of D is most probably due
to the uncertainty in ascertaining any valuc for the
parameter m, and to the assumption of a limiting value of
”QGL indeperdent of the concentration. The choice of one
value of m for all concentrations will certainly resﬁlt in
one value of 8° (and the corresponding D) for ll concentra-
tions at constant ﬂzd’ . However, there is no evidence that
m will have the same value for all concentrations and that
its value is 0.5. It is possible, therefore, to conclude
that the use of Malsch's equation (11) is inadequate for the

purpose of computing S° and related parameters.
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As has becen pointed out before, Grahomec suggests that
the use of dielcctric constent values, approaching the
saoturation value, for the diffuse double layer has no c¢ffect
on the properties of the diffuse layer calculated on the
assumption of a bulk value for D in this loyer. However,
this 1s not always truc &s shown below,

According to Ohapmaévgge surface charge density of the
diffuse layer is,

vE v

7‘1 — .‘E’Bf"-%l’ ¢ ZRT — L ART y (39)

where D is the dielectric constant in the diffuse layer
(previously taken as equal to that of the bulk) and n is
the concentration. However, if values of D teaken from
table VII are substituted in (39) the resulting value of ﬁ?d
will be different from those based on the classical theory for
the same concentration and will glso vary with the concentration,
a result which contradicts Grahame's argument., This conclusion,
i.c., thc dependence of"?“t on the concentration, is also
arrived at in the following way.

It is clear from tables IV, V and VI that ¢ is o
function of X  and that the relation between {/ and X
vary with concentration. Therefore, if values of 9/ for
different values of X (for a certain concentration) arc
substituted in the expression for (0 for a 1:1 electrolyte
(ef. equation 9) and the resulting values of ¢ are plotted

against X and the curve obtained is then integratced between
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2. = corresponding to the outer plane of the Helmholtz layer
and 2C = ¢0, the integral will correspond to the surface
charge density ( ’7‘i ) of the diffuse layer (cf. equation 3).
3ince the relation between 9/ and JX is dependent on the
concentration, the resulting value of ’7‘( will, t herefore,

depend on the concentration.
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APPENDTIZX I

PREPARATION OF ALKALINE SOLUTIONS

1. INTRODUCTION,

“Bome work was also carried out at an earlier stage on
tungsten in alkaline solutions but no satisfactory results
were obbtained at low current densitles. However, interosting
aspects of the technlque of preparing alkaline solutions are
discussed hore for fuburec roforencoe.

Aguoous solutions of sodium hydroxide wore proparcd by
dissolving crystallised sodium hydroxide in conductivity
wator under an atmosphere of hydrogone. The solution thus
propared was then pre~clectrolysed and a part of the catholyte
was transferred with a stream of hydrogen into the compartment

B of the olectrolytic coll (Fig, II 8),

2a PURIFICATION OF SODIUM HYDROXIDE .

The apparatus was first constructed on the samc principle
a8 that used by Potterfgéo It is shown in Fig. (a)e. Solid
analar sodium hydroxide was introduced intc A and conductlvity
water was distilled over it (through B), with a Stroam of
hydrogen. This cqmpartmoﬁt A wos immersed in an ice bath ko

absorb the heat evolved during tho dissolution of sodiwm
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hydroxide. Purlfied hydrogen was passed through the solution
via O and was let out to the atmosphere through the bubbler
Dy The solution was then transferred to the compartuent F
through the sintored glass dlsec E (porosity 1), and tho ground
glass joint G. This transfor was accomplished by a glass
bridge. The sinfered glass disc E holpod to keop tho organic
impuritles presont in the solid analar material, such as cork,
etce The solution In F was diluted with conductivity water
introduced through H. Purifled hydrogen was introducod through
I and the sintorod glass disc J (porosity 3) into T and
was allowed to escape through the bubbler K.

A froezlng mlxture composed of solid carbon dioxide and
mothylated splrit was added into S, with hydrogon still ’
passing through J. This mixbture was sucked out as soon as
crystals of hydrated sodium hydroxide startecd to form. The
solution was left until tho crystallisation was complote. Tho
ligquor was thon sucked out with a water pump through L. Tho
crystals were melbted, and tho melt was transforroed with o
stream of hydrogen from M 1nto the othor compartment 0
through tho bridgo N. The process of crystallisation was
ropeated in 0, and tho liguor was also sucked out through L
After meltlng the crystals, they wore transforred back to P,
whore another process of crystalllsation was carricd out.

The resulting solution of sodium hydroxide was dividod botweon
the two compartments F and O filling tho bridge N. This
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solution was purified by pre-eléctrolysis (cedo 2 X 10-1 amp .
cm.2) between the anode Q and the cathode P, with purified
hydrogen passing into the two compartments, for about 40 hours.
Whon pre~electrolysis was complcto, part of the catholyto was
pushed with a stream of hydrogen through the tube R 1Into the
comportmont B of tho cloectrolytic cell (Fig, II 8), Thils
was diluted with conductivity water to the requiroed concen-
tration,

The presence of tho sintorod glass disc J and thoe thin
tube at the bottom of F and 0 caused o cortain amount of
troublo. Crystals of sodium hydroxlde, having a volumc biggor
than that of the solution, caused the thin tubes as well as
tho tubes F aond 0 to crack near the sintored glass discs.,
It was also difficult to keep the bridge N flllod with the
golution for 40 hours. Hydrogen passing through 0 and F
caused a bubblo to form in this bridge, thus stopping the pro-
olectrolysis current, Furthermoro, it was not necessory to
carry out any crystallisation in the compartment 0. The
three proceases of crystallisation could be carried out in F.

It was, therefore, necessary to design another apparatus,
for routino ro~crystallisation of sodium hydroxide, thus
climinating theo above mentionod difflcultlies., This is shown
in Fige (b).

Concentrated solution of scdium hydroxide preparcd in A
as moentioned above was introduced into F with a stream of

hydrogen. This solution was crystallised in F with hydrogon



FIG (b)
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s8t1ll passing into i1t. The liquor was sucked out through H,
and the crystals were allowed to melt, This crystallisation
was repeated threo times, Aftor melting the crystals, the
solution was introduced into J and KX and was thon pre-
cloctrolysed betwoen the anode M and tho cathode N, with
the tap 0 closed, The anode and tho cathodo woro of
‘platinum. During prc-olcctrolysis hydrogen was passod into
J and X through L. Aftor pro-eloctrolysis (c.d. 2 x lO~l
amps. emT?) part of tho solution in X was pushed with a
gtroan of hydrogon into the cslectrolytic cell through P,
This solutlion was diluted to the requirod concentration and
- was again pro=-olectrolysed boforo tho moasuremonts wore taken,

All taps usod in the purification apparatus werc of tho

wator-sealed type.
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APPENDIX II

Work has recently been carried out to improve the
technique of hydrogen overpotential studies and several points

of interest are discussed helow,

1., PURIFICATTION OF HYDROGEN.

A more satisfactory method, than that given in Section II,
is the purification of hydrogen by diffusion through palladium,
A palladium tube, 1 cme. in diameter, 50 cm, long and having
a wall thickness of 0+005 " will pass 10 litres of hydrogen
per hour (at stmospheric pressure) under é differential
pressure of one atmosphere and at a working temperature of
400°¢, Such tubes are supplied with platinum collars which
are easily sealed to soda glass. The best arrangement
(cf. Fig. c) 1s to seal the palladium tube to a soda glass
tube (ebout one cm. in diemeter) by means of the platinum
collars at both ends., The soda glass tube connected to one
end of the palladium tube is sealed off while that at the other
end is sealed to a jacket of soda glass (sbout 5 cm. in
diameter), Owing to the difference between the coefficilent of
expansion for soda glass and that for palladium, it is
advisable to fix the palladium tube by one end only. The frec
end must be supported (by glass supporters just touching the
inside of the jacket), to prevent sagging of the palladium
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tube when it is heated. The Jjacket has a side seal through
which cylinder hydrogen is passed and heat is supplied by a
nichrome furnace around this jacket. The temperature to which
the pelladium tube could be heated is limited by the maximum
practicable working temperature of soda glass. Pure hydrogen
is ' drewn from the thin soda tube connected to the end of the
palladium tube. The palladium tube is easlly evacuated from
the inside, to prevent the contamination of the pure hydrogeh
by ailr already present in it. It 1s also necessary to purge

the impure hydrogen in the Jjacket from time to time.

2. THE ELECTROLYTIC CELL.

Although it has not been possible to develop &n
electrolytic cell, which can be evacuated to a very high
vacuum, for hydrogen overpotential work on solid electrodes,
& cell that can be evacuated to 1072 - 107% mms Hg was
deve loped by Greélg%r the work on mercury. The main advantage
of this cell was that it avolided the diffusion of anodically
produced oxygen to the cathode by polarising through a bulb
consisting of lead glass. A disadvantage of this cell was
that it did not allow for the process of pre-electrolysis to
be carried out. A cell which overcomes this difficulty is
discussed below and is shown in Fig. (d).

Mercury which has been electrolytically purified and

distilled under reduccd pressure, ls introduced into A and the



FIG (d)
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top of A 1s sealed off. The cell is then evacuated to

107° - 107% mms Hg through M, with taps C and D open
(these taps are constructed in such a way to allow the
evacustion of the cell and also to prevent the contamination
of mercury with vacuum grease; details of such taps are given
below). C and D are then cloéed and mercury 1s distilled
under vacuum into the reservoir B, Part of the mercury in B
is then introduced into the cathode compasrtment E. A p.d.
is then applied between the cathode G and the anode L.

The anodel . 1is placed in a beaker containing a solution

of the same concentration as that required for overpotential
measurements, The solution is introduced with a stream of
hydrogen through M to fill the conductivity glass bulb I,
the cathode compartment E and the tube connecting I with
B M 1s then scaled off and care must be taken to avoid
cxplosion. After pre-electrolysis the mercury in E 1is
transferred to X by opening D, without switching off the
pre-electrolysis current. A clean amount of mercury from B
is then introduced into E, and is allowed to touch the tip
of the ILuggin capillary F. Measurements are then carried
cut, using a plece of bright platinum wire H as & reference
electrode. The use of the bulb N is to provide a space
into which hydrogen, evolved on mercury during pre-elcctrolysis,
is allowed to escape, thus avoiding tho formation of geas

bubbles in the tube connecting I eand E.
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4., TAP TO WITHSTAND HIGH VACUUM IN THE PRESENCE OF
ELECTROLYTIC SOLUTIONS EASILY CONTAMINATED BY GREASE,

The taps used in the above cell arce reprcsented by
Pig. (e), where A 1is a grecased ground glass joint and the
part B is loosely ground. In eveacuating the cell, the
spaces represented by C, D and G are evacuated too. It
is to be noted that in introducing mercury from E to F,
it 1s not contaminated by grease if the grinding of B is

not too loose to allow mercury to come in contact with A.
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