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. 1 TO PARTS 1 AND.2

E This- thesis is*divided into two parts. In the first part, cathodic

disintegration of lead in acid solutions is examined and in the second'
p ] % >

/
i £ihya by silver in acid

_part the ion and

eoturiona are dedcribed. Since these ‘gho ropics dre suffxcxen[ly—\
similar to ha.ve a ‘common 1 ical

G cunsmerachns are yiven' before Part 1. for " the undetstand).ng of the

. physicel basis ef t:he phenmena enéountered. in r.lus u\esis. e

Theoretical Introduction contains three diffeérént seations:

. Hydrogen Overvoltage. . - ° S he:2 .3
¥ B. Adsorption Pseudocapacitance. .
C. Permeation of Hydrogen Atoms (’l;hrough Metals.

o s F e

» -
a. ° Hydrogen Overvoltage | i
There is a long history to the s(/udy/oe the fiydragen evolufion
. 3

-xeilcgion (h.e.r.), dating from the beginning Gf Ehis century: Many .

(‘ react).cn steps have been propoy ed as parc oE the overall. process.

regarded as likely.. The prxnclp'jlfsﬁps of thé h.e.r. in acid

solution probably occur
v >

Combination
*(ragel) . : .

Toh + Atom




An | Change in overvoltage with ¢* or with the time
| of cathodic polarisation
CHEN Surface hydrogen atom coverage ' 5

| Tacrease in’surface hidzogen atom c[:vezage'
\

|Chenical potential of ther elastrolyte, . . $ e

,Toux nistber: of 16ns A r.+.e solution

s s in equation-(43) - ¥ P

b g 5 {.‘I,,nna bomnr_.i?} o uweiT' e: metal

os' - ,i‘nnez pot;zqéft‘{l of the bulk solitson T

oy e Potential in the imnér Helmholtz plane g I
4 ) Potential in the outer Helmbioltz plane .’ j/
o § Potential at the pre-electrode state ' ' '/
2 ’ . l Constant.in equation (10) o

Ag*e Charige in ¢* ¢ :

© % o —Angqular frequency




however, that.the reverse velocitiss of '311 steps:are negligible

compared with thé forward velocities. Under these the

‘overall reaction is said to be a coupled reacuon. ‘In'a simple R

/ . umbranihedcofsecutive reactlon; a5y (1) foll.awed by (2) of . (3),

alll steps must proceed ‘at the same, qec velac!.ty< in. the sceady *’state,

i

lncemedxate will chanvgn

f.hetvlise the': suzface coverage-of thi

can:inuausly un:h tifie:

1t 45 well knnwn that (:he hyquen overvoltage aepands on.

E ui this cenmry By, Tafel (1 2 The zelat_wnshxp between overvnltaqe and

'be sausfao&:uy expressed in the form:

V-hloqwu) Kok : A St Tt

1 is r_he dxffe:ence of elscttu:al

pntenual betueen Lhe Hﬂxkan cathode and & reve.rs).ble hydrogen electrode

in the- sme,somr_mn, and cathodic eurrent density- (current

density i defined ab $id., With &.4nd B constants, Thé slope 65‘

Mt an
& Tafel plot, g7,

e Blots g

of =0 gi.ves ‘the value of a.

gu(akdze vmue 5 xhue the intexce

s numetical valté Of, the Tafel %}e

i e depends gn ‘the mechamsm of ﬂne glectrede readtion.and the expetiméntal

:determination of this, paramntex }s one. of the impurcant apgtoaches m =
d 2.

of reactx.on Ch

Sivea. g ot cha zeva:sxb e




e,

followed by (2):
210+ 267 ¥ 24 = 2w
T F =

or (1) -followe

a5

the rate

< (m s-).gontrols the gverall, reaction rate. The condition for. crre
b

exxs:ance of & ! singl r.d.s. is" that ‘the’ activatsd s

b{coxxesponﬂmq ¥ L

to the r.d.b. is hi gﬂe: in frée energy (by oa. 125 xd o1~} for a hindred &0

fold decreue din rats at 298 Kakth resp{c: o um initial xahz Su;

the overall reackion) than’mtivated state’ corzespondlnq b any”

o inidal state, the two steps Will

‘akircibe. dull Gontrol o uvet ‘the ‘rate of the’ overall T8 cﬁon. In iu).-h

a ca;e, the-tvazall resstidn s said.to, mve a dull mel:hanism

Steps

other than the r.d.s. are ‘Gonsidered aliays to be in quas mlmum,

e meanan that their forvlaz:d and Yeverse veloch:ies are: taken to' he ; I

high relative to that of the s LHH ‘and virtually &g equl _.Supposr SN
: St e “




offect a retnrdacion of r.he éverall procéss, Depend:,nq on the anin. A

iy overvolbaqe oa e, givided into.a’ number of additive parts (2).

. (a) - ghargé-Transe; Ovsrvoltags r

+ e charge-uans'fex'cvemluqe,

‘nt, arises #rom a barrxer to:

Hwever,,th-\. ipteanton is anbiquous: as nuted By

. qvervoltage:

Vetter (2:. henause pa:r.ial ccm::n} of electrode process by a

chemical reaction: alsn r m an “activatior p:ocess

&1 a ‘signifiant dotivation ‘enbray.. The

“will'be’ in'detail in.Sectt TII.below.

(b): Reéccxon 'uve‘}veleage_ :

Reactx.on overvoltage, -

(2) Fould bo the z.d. 5 Hany surnguan':

H slaw zécmbinatmn.
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metals such as Pt, Au, causing occurrence of a Tafel slope of
2.3 1 i i :
2:2 2 . owever, this view has been criticised by ives (6),

Knorr (6a) and Lewis (7). Ives found it hard to believe that at

the ¥ 1y actjve Pt electrodes atom

@ is .

very: fast, but is rate limiting, while at the inactive Hg it is very

2.3 RT .0
2F

slow but is hot’rate limiting. In fact, thé Tafel slope of
is not unique for slow hydrogen atom recombination because it is also

- L ‘ )
* found when H, transport is rate limiting (6a). b

s
(¢) Mass-Transport or Diffusion Overvoltage %

Mass-transport overvoltage; n, arises when a slow transport

process is responsible for depletion or accumulation of reactants °
_“or'products, respectively, once again resulting in indirect

retardation of charge transfer, e.g.

otutiony SO g o

. o 0 .
. i " Ty
Hy0, . (bulk ! HOL and B}
g Cslow -
oy Hgaq‘ (#nterface) . "= Hlaq (bulk ‘v’selutwn) . MR

Massrt:a;x:pog't' Processes play an important role in the h.e.r.
at catalytically active metals suck as Pt, Ix, Rh and P4 (7) where
- the rate of -hfdrogen ion discharge, i:e. reaction 1; or-of hydrogen
generation, i.c. reactions 2 and, 3, canBe significantly greater than —
* - the rate’ at which H, is transported to or, from r.n.e interface.
ke transport of “3°:q

B ‘e:\ece(f’ndi interface may be rate determining at pil > 3 at quite pmall
e f

_ions from the bulk solution to the_solution

. —
cathodic currents-and at lower pH at sufficiently high cathodic

ciirfents. However, calculated values of n (8,9) in 0.1 and 1.mol gt




II. The Structure of the Electrical Double-Layer

" margerhase baseser el LG WIBCENR S aqueous -
solution of an electrolyte behaves Like an electrical capacitor and
is generally known as the electrical double layer. This fact was
realized by Helmolts (10) Almost a century ago. o account for this
phenomenon, Helmholtz proposed a model of the interphase, in which
all the excess charge on he metal is located at its surface and
there exists in the solution a rigidly Held layer of oppositely charged
ions in a plane parallel to the surface of the electrode and Very
close to it, leading to the development of a potential .rli ‘erence
across the interphase. This potential changes sharply from ite’
Value in the elestrode to that at the centre of the ionic layer.

This is the parallel-plate~

itbr model of the ionic
double layer. Accurate measurements of the numerical value of the
double layer capacitance showed that the interphase can never be
represented by a parallel-plate-capacitor as proposed by Helmholtz.
An alternative to Helmholtz's model proposed independently by

Gouy (11) and Chapman (12) predicts a dependence of the measured

it both on tential and on This
model came to be known as the diffuse-double layer model. The Gouy-
.
Chapman theory'leads to a one dimensional Debye Hiickel ionic atmosphere
type of distribution with the potential falling off more gradually
through the diffuse layer. -

The Gouy-Chapman model is not very suitable for the case of real
ions and Stern (13) suggested that a satisfactory theory of the double
layer mist take into account both the finite.size of the adsorbed

i « B
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acid solutions bubbled rapidly by gas are less than 4 mV up to

A
oric $a T

i='-50 mA cm™2 {the maximum current density of the presén
on silver cathodes). Even though it does not seem possible to eliminate
n, entirely by extremely vidortus stirring of the catholyte, it seems

. ggt‘:u.e contribution of 1 to the total apparent overvoltage can be

* made very small in stirred solution. To ¥iminish it still further

one would have to use a rotating disc electrode or similar mechanical :

device/”

(d) iR Drop Overvoltage, nn'
5 Another contribution to the experimentally observed overyoltage
is that due to a potential drop between working and reference
electrodes. This is not caused by any slow process in the overall
reaction but is a function of the effective electrical registance
between the reference electrode and'r_hl‘e cathode, and.of the current
Sloetng betwsen the cathode and the axds during electrolysis:
Attenpts are made to mininize the effect of this potential drop in
practice B plactng the reference electrode (or generally s £ip of
a connection to it, designated a Luggin capillary) close to the

cathode or using oscilloscopic techniques to. mgasure the open-circuit

¥ . ade potential v to the of the

current flow. The measured overvoltage will be exclusive of ng-
; @ Thus the total measured overvoltage, n__ , is the sum of

individual overvoltages, i.e.
3

) . .
r's“= nt+hrfnm+nn (4) =
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Fig.1. The charge and’poential. distribution i the eléctrical double
ylayer, (@) according 1q‘Slern and (b) a:cordinu-ig,ﬁm’hnm with
naqnllve"ﬁr’:l‘orismiom of the metal. ¢, ¢ .$, and$, are inner
potential of electrode, pofential in the inner Heimholtz Y plane

" potentiél in fhe outer .Heimholtz plane and inner polential of the * i
bulk of solution, rébpectively. As’ shown 4>m; # . ong ¢2 are
negative with respect to 4:5 =0,
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ions and any specific chanisorptln interaction they may suffer with

_ the electrode surface. He considered that in the case of, e.g. a

negatively charged surface, a layer of positive ions is held at the

interface by i or el ions.: The double

Singet rogloh i the aliiave b S48 ceitid of Gho Biket Tagar.db
positive dons Lo eferred to hs the compdct or Nelaholts layérs

thiere is a sharp potential dzop in the HelnfiBle part. of the double’
layer. Outside thé Helmholts layer, there is a diff;use or Gouy-
‘Chapllan layer over which the potential drops gradually to that in the
bulk of the solution (see Fig. la). . Stern's model of the double layer
is actually a conSination of the two previous models and the total
capacitance of this model can be derived in the following way. The
potential difference between the electrode, ¢, , and the bulk of the

solution, «bs, may be written as 5 .

by =g = (- 0,0 ¢ (8, - 0 - (s)

The potential: at the outer Helmholtz. plane [OHP) 15 denoted by ¢,
N g K . y-
and since it is assuned that', is equal to zero (byconvention) then

I L T ; ©

Differentiation of equation {6) with respect to the charge.on the

electrode, q, gives

Wy Mot M, ) Ty
da, B, B,
|
X 1 > M
or =Ll oLy L (8)
cﬂ CG an Cd -
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5 lateral repulsion between neighbouring ions of the same sign. In the |
3 work- of Levine et al, image energy resulting from the inage Forces- -

interaction between the test (the adsorbed ion) and induced charges :

was suggested as the origin of specific .adsorption in contrast with

‘Grahane's view which, suggested S the - speoific adsorption is de

to the formation of a 'cuvilenb bond superinposed upon electrostatic

e i . intéraction. "‘Grahane and Levine et al's’ pmposal was cridcised by

Bocki1s, Devanathan and Muiler (16). Bockris at ak iconpared, the bond

. stwengths “for mercury-halide bonds Wit e adsoxh-pxli_cy The bind

i strength decréssed from F to I, vhile'‘the adsorbabilify increased i1 L
o . : .
from'F "to I . It was further, proposed by Bockris et ‘al that'image

% * energy should rot be corisidered as the origin of ‘the Specific: »

adsorption. : Because this would influence specific adsorption in the

wrong direction, e.g. for the halide ions,:the adsorbability-increas

would change by a ‘nedligible smount; ‘Also, specitic adsorption’is

ot a i o anions, iciently Lazge catxons ¥ |

3 /showing similar phencmena. Hnwevery Bockris 6t al adwmahed that +

pscxfu: ‘adsorption isa finction oF -the degrea and tipe of: ; 4

A nydzation, He model of the double layer pmpwsed by Bockris etal ‘
was smllar P ﬂxat praposeﬂ by Grahane but it \'zku ifto account T
4 T thel preﬂmtnam. existence of the so]vent in trie im:erphase, ‘heldfoy . .

chatge-atpoTe foices at the elearzade suxface.

1t ions have

suificiently stablé primaty hydration shells™ those whic are = 3w
o o o et

associated Quring’ BEREROTE Wil 8 dafxmte m\lnber of ‘water m:.lecules,

 they remin in the outer luyer, and are not specxﬂnally adsorbed.




vhere C, | is the 1y determined and Cgor »

€y, is the capacitance of Helsholtz or inner layer and CG—GI c, is the

capacitance of the Gouy-Chapman or diffuse layer.
Subsequent to Stern's model there have been a mimber of further

proposals which refine the model -in various details. Strong .specific -

ldsorptmn (specific udmrpc.\an appears’ to have r chiemical 2s distlnc€

from an electrostatic o!iqin, depandenc on ﬁu nature of me metal T

‘and the ions inyolved) of, inparticular, «halide tois on nercury, ,

led Grahane (14) to develop & model’ 6t nhe h\tazphne which ‘conaiita

3t thiree regions (see Fig. 1b), althoigh itgs still comnnnly reféired
to as the double layer. The first regio hahaneis modbl extends. | I

frop the electrade to a plane passing through the centres of the

R " i . 3
i« specifically adsorbed ions. This is the inner Helmholtz plane . (IHP) |

e and its potential is dmomai,y $)- Wext is the cuter Helsholtz < W  -° | i

plane (mm) which passes mxonqn the centres of the hydrated ions at _
st o St il 6 elec:rodg wnu

the Qiffuse double layer. Figure 1b u.luscutlﬁ 2 negative polar—

‘isation of ‘the metal at.which there is a sl';ll'p change in potential, ;

from-the electrode Of potential 4, to the plane corresponding to the” 3,

centres of a layer of specifically adsorbed ions - (IHP), at which the’ R

pocsrmal is ¢,< .Then, there is a Sharp pounuu dtup o the plane

e e cnxrespcnding to the cmtxau of the layer o! hyd.nnd “ions fom’) and

finally, there is'a gradual po:sntial drop from| t)u o into :he bulk

of -the ‘solutioh at a potential ¢ & o. ¥ £

The mda].. dwelopui by Leviné, Bell and catvert (15), Lac mdel,

the between ads ticl i.n_ur.ls_‘o(a
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neutralizeds Butler's theory origisated in ideas of Gumey, but
Butler allowed for the adsorption of atomic hydrogen on the electrode,
in keeping with the suggestion of Horiuti et al, and hpplied tnis
additional factor as 2 correc ‘the Gurney theory.

Electron tunnell is of great

to eléctron transfer
reacptdns at a metal-solution”interfaces Indeed, it is the cetral
act in the :theory  of the electrochemical reactions. Matthews. (22)

pointed out that -the r:d.s. and reaction path remin the same, but the

mode of achieving: electron tunnelling: may vary=with the potential,’ &.g.

- bond bending, bond stretching, stretdhing of ditferent bonds or solvent

“libration etc. m:cordmg tofMatthews, at any potential, the f-’AVDured
mode will be that which tends to'give the valué of symmstry factory of
0.5 to satisfy the. eleftron tunnelling -condition (i.e. miniman activation

energy whichyis related to the symetry factor). Later Bockris'and

Matthews (23) suggesbed that tunnelling is possible only if the i e P
bond stretches until the electron can be adcepted.into an PanLty level -
of, suitable ¢nergy; Munnelling is a radiationless tramsition. In
other vords, if electrons twnel tirdugh the barrier at the-surface of a
metal, they come out with the same energy as they had in the metal.

The 4 al potential nce at the

interface influences the-h.e.r. rate due to (a)-its effect on the
concentration of "3°a ions at tm.pre_—e:&uude state, the plane from

which.réactants embark upon the activation step, and (b) its influence

on the activation energy of the g step. The
e

state of potential, ¢*, is thought to be located at the OHP W,




3] 5 .
t (equal charges on the efdtrode

Such ion may be called equival

and in the solution'part of the double|layer). If ions possess no B

primaty hydration water, they can gain energy by replacing the

‘. surrounding water dielectric by the (ipfinite dielectric constant)

metal, and move out of ‘the solution into contact with the metal. The

tendency  £6 €0 50 °i§ not dependent, (primarily) upon ‘the chargé on the

‘metal and occurs against forces, if suffici energy As o Caeli

*to be gdined: sﬁ:h ion is termdd

111. Charg e—'Txansier staps xn the h.e.r: 5 ; B

The charge transfer across an ele Lrude~e1ecr_zclyte 1m:srface

consists essentially of the exchange of électrohs, eithet £ron the
R .

B
o “electrofe to an elestron acceptor (e.g. “3%;

donor (e g hydroqen) to'the electrode,| on the solution side of the

) or £xom an electron

s |
- interface and.such chargs transfer procedds at rates sloger-than. |
B . eleptronic transitiofs within“the ions oMmolecules inwolved, s '
‘zebamy bécause. of the ' slow rearrangement of the solvation sheath ‘ £l

J o g ‘. .around the.ions or sluw. hzmq(sr_retuhi.ng betwaen fons 2’ salgvent. :

Reactions. (1) and (3).

are impe charge-

. F transter s:epa in the h. e.x. in acid solutions.’

. .The foundations of: the subject were 1aid in pare.imzla: W

Butler (17),"Gurrey (18), Frumkin ),

Volnier and Exdey-Gruz. (20) and - -

3 Horidti ‘and Polanyi (21) . Bitler suggested that the discharge process,

takes place in either’electron -escape from the metal ‘to necome attached

to a nearby hydronium ion inthe sglutiun or a proton of.a hydrolu.um

§ ion comes into contact with, of is adsorbed g T Jand’is then
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1T xc1, 'to HCl, maintains ¢* essentially constant and

independent of Cuo (24), so that thes double layer effecé\@ the h.e.r.
B may be neglected.

Hore important is the kinetic effegr (b). We assurie that the .
potential that is applied in excess of the reversible po'tancil:i, Te.

the overvoltage,  operates.across the region between the electrode

4§ and the pre-electrode state,

not’ inéluding the diffuse’ lajer, and -

aids of opposes gl fex ‘across the by ‘modi£ying, the §
elecéychemlcal free enexrgy nf aCtiyatien. The " effect of Lhe slec\:.xcde b .

potential on the charge-transfer process can be studied by considenng {
W b //

a sizple two AIRGRSIOMAT potential t -
diagran of 'the type used by Bitler (17) or Horiuti and Polanyi (21)

as shown in Figure 2. #fhe solid curve at the right shows the potential 7
. E energy of the initial state (K o:q in Solutton + ¢ in ihemetal) amt < . |
3 .. the s01id curve at the Yeft shows the potential energy of the sp 0

state’ (-5 g ,0 molécule), respectively, plotted agamsc the K

distance from the e1ecu5de surface in the absence g\:m slectrical K
: potential dxfﬁerence,-i e. ¢ - ¢* = 0. By increasing the metal- \ :
% solution pot:ntx aifférense; “fran zero to ¢, ~ 9%, -e., applying an g
L he electrical pounuax to the metal, the nhme it aLgR curve
i 0%+ &) 'is shiftei'by an amount <¢ - ¢%) F to'the dashed ;nz‘\f "

hand line, without change of its shape, with a_comSequent decrease of
the activation free ehergy of H,0" diselfiche by some Sraction’d of the”

total potential enerwapqe/resulv :ng from the potential difference,

: i.e. By a(g - ¢*)F. Simultaneously, the activation free energy for

CERE hydrogen ionisation increases by an amowst (1-) (4, - $*)F: The fraction|
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oF, if the reactant is a solvent solecule or if the hydronium lons are'c

speaiu:-uy adsorbed, atthe I (i.e. $* = ¢).
‘consider £irst effect (a). If there is a potentipl -difference s

betveen the bulk solution and. the OHP, the B0, ions have to do wirk

to tlimb this potential hill to reach the pre-electrode state. Assuning

that there is an_ equilibrim istribution between the 2 ion of

o

uio’ ions at n’he pre-electrode state, ca r-ﬁm the' bulk N

1 ,\/ . of Hacm ions, u ;5 one, can use the Boltnnlnn disr.zi.butinn lav to

K feldte the two chﬁﬂlulﬁﬂns

. * .

H,0 H,0

i ek o= ¢ o (- %} () '
L

% where F¢* is the electrical work required to carry a unit charge

through the potential difference from the bulk solution to the pre-
electrode state and R and T have their useal meaning. If aju “ions
are the only cations presest in the solution, tle potut.ul at the

pre-electrode state will be éoncentration dependent.

Under some simple limiting conditions, Frumkin (24) showed from

the theory of the electrical double layer that

®
= s 2=
¥ (S tE n Cnao 10)
: where 63 is 4 constant. fbstituting (10) into (3) one would cbtain
“an expression in which Cf o = constant. The independence Of potential
5 S
(at constant c.d.) on the jon in dilute acid'soluti
4 the absence of a I& was d with a high
wié K i e arsiogs
v degrie of \for HCL ot 0:1-mol. &
%

. in the h.e.f. at Hg (24). "Adding excess ‘inert supporting electrolyte, .




" 48 are'standaza chemical fres snergies oF

[ dep&ﬁds on the relative slopes Of the two-intersecting put_entlal-

¥ (‘aﬂ B
energy curves given by the geometrical pquation & = 1

uhere B, and ', are angles of inclinat;;?)n of the®

energy surfaces for

Hads' and “zo aq’ ! respectively (see Fig. 2).

= 5. u-mue which is often

Gund in pEa

ce)'.

In f.he pzeunc_e of an guccgoae potential E;

mna, the sta.ndatﬂ eleccmchemuu fxed anarigy of activatmn &.r the

forwazd reactxon (1) A‘é" becomeu Tl 2

A@:Aﬁ-.ﬂmi ' .

where o is the cathodic transfer mefﬂclenb Correspondingly, ‘the

tandard,el

al free chergy of ‘acti ‘for ionisati

of g {zeverse reaction of (1)) *‘* will be’

. A§+ :

AZ;*»vu - WFE i

(a2)
whers (I - a) - is the ancdié “transtar cleffivient.. Both A3 ard
activation at zero =

electrical potentidl’ difference and .dejend o the chenical pature

of theelectrode and OF ‘the xmth:n. i

Th terms. of the transi.tj.on state thenz'y @5, the rate of the

Hao; dmcharqe‘prvcsss (1) Ganbe expressed as

% i
" L
H)CH 3944 Lol RT

@B, f,

Using c.hxs sinple geomeuic :

condept, it is éasy o see’ that 0<pcl and that if the slopsa are eqm

shifting the initial-

o 4e” xnmen1)+ iyour aﬁ—f"h’n os,nc




POTENTI

Initial - . :
HO H+ e
DISTANCJE FROM THE ELECTRODE

’ M"Euds*‘”zo Yt

Flg 2 Potenhal energy dmgmm for elecfrude ‘reuchsn

Hs 0 -Pe+M H20+M Hads The sohd curves.at the/leh and,

the right - represenr 1he po'enhul éner promes \ of fmol und

initial s[nias,»—respecﬁve , in the absence of an elecmcul s

potential d|ffereﬂce The dushed curve uf ?he rlghi hund _r'e_Q-'

ial energy prohle 1or lnm

presents’ "he_. pote tufE/ on 7"

‘applying




where k is Boltmann's constant and h is Planck’

constant. Using . ‘v
equation (13, the cathodic currént dés

ity will.be represented by

ot

P
e )c;' o - A7 - aFE,

ey

: o e I
TR | »wﬂﬂexg: M—)

rates

RT L
At thie eq\ul brim e tal B thesh .t

- are of “eqial magnitud-Bic Sopiitia tn Sighs e net Gurzent 15

_zero buc the _exchange currents tay, be .:pp'recume Irrespect e of

- *
(1 sH)cH 5

: '(in'
o

If the e i po1

i

i B, dn which
=n'+ 5, then the cathndic “currg + d:nsity Barmas: "

AE;% uP(E + n)

RT
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Substituting the left hand side of equation (17) into equation (18),
this will be converted to

i =_[-P (1 - e )ck .e '(—@Hx
= w0 ®F R

© kT, . l+a
treoa - eﬂ)c";(zol x (6,

st aaiatt
%ﬂ e@(—» LY (19)

exp[‘

'Tne\ u'mﬂwithin {, }is anothes. expression for the exchange curren
dens‘[x:y and t_harefm'e theycleboaty current. density is exprossible
en

(203

) /, o (21)

* Equations '(20) and (21) are basic relations i’h’elec'cxuae kinetics

and uch of 'the, work ia stuaqu electrode processes ie directed

mards' eyaliation of i and @.

The net electrode current i is e ai'fference hemeen the two

“
individyal currents, i.e, i = 3 -1, hus, the net current density

. °

' is given by

i i .
r
i =Ji°{exp(—) < exp[— —kﬂn . (22)
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- though not accurate, may be used for the determination of £ for many

high overvoltage metals, for which experimental measureménts are o

inpossible close to E_.

bl Effects on Charg ) iy

Since changes in overvoltage will give rise to changes in ¢*,
therefore, the raté of ‘the electrochemical reaction will be affécted
only by part of the applied overvoltage o

(25)

- . ‘

Negrective " ~  Mappliea - ¢*
Therefore, the effective potential difference which enters ifito the
activation energy would be that between the electrodesirface and

the pre—electz;:de state. Depending on the magnitude of ¢*, the
current-overvoltage relationship, i.e. (22), may be seriously distorted
by the effect of ¢*. The éffect of ¢* was previously ignored in the

4 consideration of kinetic effect of tWe interfacial potential difference.

3 . Equation (22) tan be rewritten with the ¢* term taken into

account as, p

o T8 (@.- 1)o*s _ o,
1= 18 (e 2 Ry g (- 8D

: %A - e (LR (26)
: - where the true exchange current density i is equal to the equal and,
N opposite current densities at the equilibrium potential E, for ¢* =0, -

that is, in the absence of the double layer effect. Comparing equations
B .




" should be lifiear. The factor b =

- 20 -

At small overvoltages, i.e.

[nl < 10 mv, the exponential term of

. equation (22) can be expanded to a single term and therefore

L @

Under these conditions the current density ig a'msc'tly‘ proportional

to Both the exchange current density and the overvoltage

observed iz

Ssulting from such "mitropolarisafions" can‘be used to

practice and the measurement of the small currents

This is
4

At large, ¢.g. cathodic pvervoltage, i.e. |n| > 100 mv, one of

the component currents (anodic.currént) becomes negligibly small.

Then the nét current gan be équated to the cathodic current density.

Therefore, at high'cathodic polarisation,

S = i exp@D
, - e e D
and it folldws that

) = 10+ C2Y

2.303 RT
ot

; . 2.303Rr
°"m Yo

(20)

(24)

Equation (24) can he written in the form of the Tafel equation,

- b log), «'»x).

Plots of -N against log), (-i) under these assuned conditions

116 'nv at 298 X (

be compared with-the éxperimentally observed valie.of b.

of Tafel plots to 1°= 0 alfo permits determipation of i

"o =40.5) may
* Extrapolation

This. method, .
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¥ .
1
an= - Hae . (2g)
L ~’ i
In the case in which there is no specific adsorption, A¢* can be
calculated from diffuse double-layer theory by equating ¢* = ¢, .
(i.e. the pre-electytde state at OHP). Theh ¢, can be calculated
. using Gouy~Chapman theotry for a z-Z electrolyte as i
\ 2RT Y o
\\ ¢, = . sioh (29) i
and gt ! 2
ey i e ;i f ’
oA E - o 6o 3
where q i the charge on the metal per unit area, € is-the dieléotric

constant in the diffuse layer and G, is the concentration of catichs s

or anions (for a solution containing Z-Z electrolyte, C ) i

cation ~ anion i

in the solution. Thus calculited values of A¢* can be used to test ok

equation (28) and theleby (26) \udh i 1 results. In ti

if correcte (-i) versus i n)\pl.ol‘s are independent of the supgorting

electrolyte, it is ass\lx:ned that aouble layer effects ate sultably -

for and te kinetic may be obtained using . - .
equation (26).
The equation (26) can be written for the cathadic h.e.r. in the

form

Pﬂz
/ exp () - nop i
- w5 i _“__.\_
i 5 ;a exp 1 @n

ik 0P
l-exp(F

. %
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(22) and (26), the apparent, measured, exchange currenty density i

may be defined by

- §E fa = LFEP* . “
= ijexp [ e 1 (27

o

Since ¢* varies with the tential and the
of ions dn’the solution, it is obvious from (26) that the kingtic
patameters obtained from polarisation curves using (22). alone will
be erroneous to varying extents. ' Therefore, in calculating accurate
electrode Kfetic data one must take into account §# effects.

In electrode kinetic studies the ionic strength is often held

constant by the use of an excess'of inert electrolyte. One of the

important ions of this supporting el yte is tp suppress
the ¢* potential and to reduce its variation with the electrode

potential as far as possible.

n i in which the jour of metals in pure acid
solutions is studied, it is not possible to add supporting électrolytes.

In other cases in which such an electrolyte is added, the results
g i ’

often depend strongly on the ionic components of the supporting
_electrolytes. In order to ratiohalize these effects and’to obtain

accurate kinetic information from raw data, the terms containing

$* must be understood. . g .
1In the absence of specific ion of ihg € o
~ . § .
the. change of M ing from a variation A¢* at
- .
constant current is s B 3 /
o 3
B r -
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Adsorption of Hydrogen. by Metals

It is generally accepted that the adsorbed hydrogen produced

during the discharge of »430;1 ions or the ionisation of H, moleogles

by metals with'E* (#-H) > 213 ki mol™> (27) during the hief. is

on the metal Sdes. - Thé ‘study of hyd
1€ helpful in the alucidation of u.e machanlam of the h.e.r. ‘During i
¥ tbe h.e:x., adsorbed i atons' are produced a6 consymed. " ams Sereaos ]

ccncenuacmn ‘of adsorbed hydrogen is tholight ‘t0-be pm:entkal “dependent

7 i ing the fon ‘of hydzoqen atoms '6n the surface

* of an electrode can be .obtained from sui.ta.ble kinetic studiés’ involving

of the or surface coverage of the

electrode by adsorbed hydrogen. . o ;

% I. The )\dsotgr,xon Pseudocapdci tince .
E . " Barly investigations of the h.e.r. revealed (28,29) the px‘esenca “ :
| Lof I, atons, but the existence of an adsorption pseudgcapacitance,
= E c__,-due to ddsorbed hydrogen atoms was first predicted and demonstrated
© by Pucken and Weblus (30). The term pseudocipacitance was introduced

by Grahame, (31) to distinguish the. capacitance arising in a reaction

" such as” (1) or (3) which is associated with charge tansfer across
the interface from the strictly non-faradaio capacitance associated
: with the. dependence of ionic and electronic charge in the dosble

layer on potensial. ‘The prefix pseudo” is used because G refers

to a leaky cdpacitor, that cannot exist unless the interphase leaks,

*Binding energies of adsorbed hydrogen atoms on metals:




= * = B8
and bas the slope £, e true transter coefficient o is thus -
H obtained. . . #

The theory of double layer effects can be extended to systems .

in which specific h of supporting ele occurs.

Treatment for specific adsorption is more uncertain than in the

absence. of specific. adsorption because details of the double layer

1' K . structure; as 'Delahay (26) noted, are not fully understood. e ;

least two effests may pe considered: _(a) partial coverage of, the's | .t .t il

electrode by specifically adsorbed ions which chtsds a:feduction in

“the currént, at constant. ovarvoltage, because of the decreased area i

available for current flow mamely, the uncovered part of the
electrode and (b) \ranamm of the potential ¢* or ¢, (it is assumed
that the pre-electrode state may still'be identified with the OHP)

k )

caused by specific adsorption. Anion specific adsorption causes . !
i

4, to be less positive and increases the rate of reduction of O —

ions at a given cathodic wefvou;aqe. On the other hand,j cation "

specific adsc_»gpéion has the opposité effect on ¢, and on/ the rate

; of redustion of B 0 ions. d

. s The Frumkin correctlo'n (the effect of ¢* or ¥, on the kinetic
paraneters) is often neglectsd in kinetic studies of the behaviour =
of metals in pure acid solutions. This may be justified when high.
electrolyte concentrations are, used go that the variation of ¢*

L with ¢ is fegligible. - a




—— (a)

]|
L 0 §

: S Tea)

oijol

Fig. 3. Equlvalem circuit for sysrem exhibiting an udsorphon
pseudocapucnunce .

‘(@) Volmer discharge “with Tufel desorphon step,

(b) Volmer . discharge with ~Heyrovsky, ’desorpﬂon step

‘R-Reaction resistance: R for churghg step and
FI

RF2 for desorption step, respectively.




that is, unless charge is uanA\ietred across it (32).

since, however, electron tiansfer is an essential requirement
for the formation of adsorbed h)!dxoqen atoms, the presence of these
adsorbed intermediates on the surface is equivalent to the storage

of ‘eléctricity in the s in &  and the

capacitance, C_ behaves “like an rdimxy capacitance except that it

may vary to a much greater rxtenc\ (relative to the’ dousle layer ~

fequency - y : :

with p 1 ard y

. o " The ical four| of ‘the

S
can he g by th ical behaviour of equivalent

cizcuit elements (32,32a,320). So [long as an ideal; pgra}rised electrode* is

congidered and no faradaic tharge-transfer is involved, the capacitance

representation of the double layer is adequate. When a charge-

transfer process can occur at a nbj dependent on the electrode 1
potential, representation as a pure capacitance is inadequate. In
this case the adsorption pseudocapacjtance plays an important role

in ‘the total measured capadi The,

pseudocapaci tance must be charged Lhzk)\zgh the non-ohmic resistance,

: Hoie ing fat algiven potential) to the of the
% s
. o ol 5
rate of the H 0l ion didcharge step produsing Hyy,. The seriés
combination of C__ and R, must be in |parallel with c since it
ps i a.1.
provides a leakagepath across the double layer (32,32a,32b). Taen,

*The ristic of an ideal ‘

is that
3 there is no exchange of elecuic‘enazjfge between the two phases.
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unsatisfactory manual procedures and the rise-time dependence of
the capacitance makes it rather diffigult to interpret the results _
for C__ values obtained by these methods. Direct differentiation
of the open-circuit decay curve is free from some of these dis-
advantages. . .

The direct di ial ic method was by

Angerstein<Kozlowska and Conway '(38) and later Conway, Gileadi and
Angerstein-Kozlowska (39) Pointdd out - that any method based on theé
—rate of decay of'}otaneim on open-circuit following steady-state.’
puxalnsar:ior; will thpresent s £rug smtlinztn pseudocapaci tance,
i.e. the value corresponding to an infinitely low frequency us;}/ﬂaé
a.c. bridge method, and is therefore to be preferred. The irect

di ial ga: #8ic nethod (rapid-open circuit decay) is most

suitable for studies of the potential dependence of adsorption
pseudocapacitances. This method is based on the assumption that
the Faradaic process ta;(ing place during steady-state polarisation,
continues on open-circuit by a self-discharge* process which \
momentarily, at the beginning of the open-circuit Jransient, has the
same rate as that corresponding to the initial steady-state polar-

isation current demsity at the instant of currenmt interruption.

*For instance, in the h.e.r. involving steps (1) and (3), the open-

ci¥euit di of the i t: occurs by

continuing desorption of Hoge DY Step (3) with reverse of step (1)

providing the electrons for step (3).

E N
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o~ Va g e —
if hydrogen recombination is the desorption step in the h.e.r.. Co . '

i . is also short-circuited by a second non-ohmic resistive component,

. RF s which is the 1 of the rate of i i The
R T2 .
iy representation ds herce as shown in Figure 3a. The whole of the
G |
comutuation e %, ¢ &, end Ry dnita pitaligl agrormicy,, . 4o the i
case of a non-ideally polarisable electrode.
fon des is by an el 1'steép, i.e, atom + ion .

desorptiion *(3),-a special réftesentation is reguired as.shown in

, B
Figure 3b, where the hmis resi Ry s to
2

N the 1 rate of the Hey y atop + ion ion step is
2 +
drawn with two parallel input channels, one for electrons and H0,

ions and the other for the H,y  atoms removed as equivalent’charge
N
; fromc__. : * &
o

& of i Involving

e

open-Circuit Decay

Methods for ation’of the i P ial .

B relationship have been based on (a) geometrical differentiation of
d.c. galvanostatic charging curves, e.g.-the double-charging’ method
of ‘Devanathan, Bockris and Mehl (33), or of open-circuit decay curves by i

Conway and Gileadi (34,35,36), (b) direct a.g. bridge capacitance studies

(30,37p or (¢) direct differentiation of charging or decay curves (38).

The interpretation of results for C__ values from the a.c. capigitance

studies is complicated by the large frequency dependence of the

capacitance which was still observed down to very low frequencies. .,

The methods ‘involving geometric differentiation rely on rather
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whereby the oxidation of the adsorbed hydrogen atoms is completed

: before ion becomes iable. Breiter, Knorr and

‘Volkl (42) used this method for the noble metals Pt, P4, Ir, Rh

and Au under cathodfc polarisation. ‘The method can only be success=
fully applied if there is a.considerable poténtial difference between

7 the i inding to ‘the stion of ‘adsorbed hydrogen

= _oxidation and' that cor ing to the encemént of .the’ next - f
B . anddic, process. (e.g. bxide formation, evolution of.oxygen, efc.),

‘a condition found only .gth .the. noble metals. . By the use of the

rapid galvascatatio ma od’. the, succeeding anodic processes overlap
s witly afeciien hydeenoldntion At uis aL1vis 1astssds in A1kALERS
. " .solution. Therefore, Devanathan et al (33) developed a double
) tharging method to overcone this difficulty. Application of cyclic
. : voltamnotzy (43) is ancther direct rgxe}:md used widely for evaluation
of 8, on the Inoble metals anr their alloys. E
- Each v,ah_ae of"hydrogen lcoverage corresponds to a charge a

<
réquired to reach that coverage from zero c{weraée, i.e.

(33)

where k' is the charge needed to form a.complete monolayer of
adsorbed hydrogen atoms. Its numerical value is of the order of

| 200 uC om2 for a hydrogen atom otcupying a'single sité on the surfake

of a metal...The variation of 6., and hence of qy, with overvoltage.

gives rise to a pseudocapacitaice 3 =




-30-

, can be calculated from the

. The electrode capacitance, C,
x 'y expt’ .

- a : . .
initial rate of decay (ﬁ 4=0 USing the following equation

& .. s 32 .
etk &, ; . L2 )
3t =0 . d )

where -1 is the steady-state cathodic current density at the time »

of current intexz‘uptlcn, R0t is the time elapsed after the current

1m:erruptmn) and c,_ s (because:C.. “is in paratiel |

expt a.l.'

yien cd 1.0 see Figure 3). | TE Gy 94 €y 1 at very small values

6f ‘cathodic charge pagsed, D, then it can be'assumed thatCo o =Cy o T

at this value of -

and the increase. of C, . with -0 can be used.to /‘

evaluate C_, i.e. C

5 pe ™ (cem:‘— C4,1,)7 otherwise we must be &

content with A6 ., that is the increase of pseudocapacitance with
-9. By peiazxsing the electrode at various current densities -i and - ) i
recording -n at the instant of interruption of current, followed by |
open-circuit decay, C__ or rather AC_ can be obtained as a. sinction

of overvoltage.

III. Evaluation Gf Hydrogen Coverage
The hydrogen coverage @, can be directly obtained by measuring

precisely the charge required for deposition or removal of hydrogen
atoms ‘on the surface of the metal-over a certain potential range.
The rapid galvanostatic charging method was originated by Bowden "

and Rideal (40) &nd used by Pearson and'Butler (41)-and others (42).

Difficulti iated with the ion of hydroger from | K 4

| —,/djswl’ved )\ydrogen molecules in solution, or from bubbles .on ﬁna -
" #

] electrode, are minirized by usihg high anodic current’ ammea, ;
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. (3
Thus, kncw].edqe of C, ‘may be used to evaluate O values by
integration of iy f 'ps AN Tn this method, only the change of

- coverage corresponding to a given.change in’potential can be obtained,

N E o B e
“unless the.integration constint, i.e. “the absolute valueof the
cavazage’ d€ sorie xeféxem:e pobenti.al, /i's" known fzolu an, indapendent

" measurement. - =y

¢/ Pemeation of Hydrogen Atons Through etals g T

Perméation studiés of hydrogen through metals are us\mlly carri.ed
s

ot in one of two ways: "either by exposure of ore side Of a meuu

foil to gaseous molecular H, (of to H atoms) ‘wsually at high temperatire

and pressure and.extracting it from thé opposite side under ‘gal:\f\m;, :
or by, the cathodic evolution of !;ydmgen on the epposizé surface of
the metal. In contrast to gas phasé studies, Devanathan and

Stachurski’ (44), Ztichner ‘and Boes " 45) Muju and smith (46) and, more

reuently Ked:

ki, Benczek and. Sadkow (47), have devised

5 and- itd ical ane‘ iical methods .

. for pdmeation’studies.

an

In thé

1 studies, the de was made’ in. the

form of a suitable membrane of thickness L and functioned as a

bipolar electyode separating two regions of solution as shown in '

Figure 4. Hydrogen is electrolytically generated on one side of :

thig membrane (called the cathodic side), Mtch of the discharging

hydrogen escapes as gas into the' atmosphere.. A fraction of it .
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3C, >
5 mol em st 3 (35)

Then, using Fick's first law, the steady-state permeation’ current,

ten as x

3., may be w

(€, =)

3, = FD

L

4 .
= 2 ifc, = 0 (36)

where D = the &iegunion coefficient of hydrogen atoms, L = thickness
of the netal membrane, G, = the concentration of hydrogen in the metal
‘just under the cathodic surface and C, = concentration of hydrogen

on diffusion side which is normally maintained at zero. N

If the steady-state dojs mot exist, i.e. the concBhtration of

T B
hydrogen at some point in the membrane is.changing with'time, then

Pick's second law will be applicable. .
“ s Y %
56y e < a% + .
[ AN 8 - N s
it
ax »

By application of the operation of Laplace transformation to-

equation (37) with the initial and boundary conditions -

Cixpty 4= Cof X=0i £=0 o
Clgy = 0 Xx=Li tz0 .
Clxp) = 0 Ol £<o0 : .

MoBreen, Nanis and Beck (48) solved the diffusion eguation (7 to
&

get an expression for the hydrogén concentrjrion, C .\, at a point

x and at a time t after switching on the cathodic polarisation.




i . N .
g%t ¢ ata distance x, i.e. N

3o
¢

£rom the adsprbed state enters the lattice and becomes dissolved

as hydrogen amms. Some of the dissolved hydrogen A\:ur:s diffuse to

the opposite side of the membrane (called the anodic side). The

diteusion experiment is shuplest if the coverase of the membrane with

adsorbed ‘atomic hydrogén on one side (l:athndx}rsl\({e) is maintained

v
at a certain fixed 1eveb, while on the opposite side (diffusion side)

it shotld axways be 2éro. “#hese conditions are ssune’nuy satisfied
by cathodic polarieation on dxe.camodit:hsmp of the"elestrode and

anodic polarisation (with & high positive potential versus a hydrogen
reference electrode) on diffusion side so that all hydrogen ‘atoms

friving at this surface are xnsta.ntly -oxldxzed and turned into an

equivalent current. From s of i ts, it
y 3

is possible to ine the Aiffusi £fici and solubiliti

of hydrogen-in metals. ions of P ion rates and of

1 . R
diffusion coefficients have been made by electrochemical and radio-

chemical methods at room temperature and in some cases at temperatures

up to 353 K, at various cathodic currents or potentials, for variéus

metals such as 7d, Pt, Ni, Pb, Fe, and for steel, Fe-Cr, Fe-Ni and

Pd-pg alloys, among others.

Let the concenuauon of hydxogel\ at x = 0 (see Figure 4) be

assumed to be at. c throughout, while at x = L it is assumed to be

sero. The rate of diffusive transport of hydrogen in thd métal will®

depend on the gradient of hydrogen concentration in the'metal as

described by Fick's first law of diffusion. Fick's first law describes

the steady-state d&f\uiun of a species down a concentration gradient,
ac S &

2

=
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|
c -
| ) (;,c) 2 T (1® erfo 2 2L _ .
° =0 2/E
1) ertc Zlnt x (38)
n=0 €
. . The measured permeation current at time t, at x = L is N -
ac, s v
o e s - 69 - A

2 I. Methods of Diffusion Coefficient of Hydrogen in
Metals § .
i (a) Time-lag Method: By integrating the rising part of the permeation

current versus time curve, the quantity of hydrogen which has permeated

through a metal membrane can be obtained-at various times. An

. v
to zero ¢ the plot of this quantity
versus time gives the time lag, t, . The time lag is related to s 2
the diffusion coefficient by -
2
L
Yag T ® (40)

“Devanathan et al (44) have shown-that tlag Y be equated to the
‘time at which the rate of permeation is 0.63 timés the steady-state

value J_ (Fig. 5). Figuré 5 shows a typical permeation transient.™:

(®) ime Method: o n et al (44), the ot

equation of the rising transient is given by

(a1) /
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For some membranes like high strength steel it takes more than
24 hours to reach a steady-state. Equation (43) can be written for
°

two short times t, and t,

t 2 L
. = (Y g 2l - )
= (tl) exp 75 t, (45)

Thus, it is not necessary towait uitil a steady-state is reached
\in order to evaluate the diffusion coefficient.

(@) * Breakthrough tine: * The breakthrough tine, &, as represented

in Fiqwe 5 can be written as the difference between the time lag, .

t, ., and the rise-tine constant, t . Then from equations (40) and

lag’

(42) one Ex{me F

b= g m T

>

- (46)

of hydrogen in the

(@) Dec‘ay time When the
metal membra;le is some function of x, the general SDlu’tiLm of Fick's
laws 1s different from when an initially wiform concentration exists
in’ the membrane. The decrease in permeation cuxxer‘.l: foxj the decay
‘Yransient (see r"u;fs), £ron the time of interruption of the cathodic

current (i.e. t = 0) is given by Devanathan et al (44) in the form

of

0,6 " Txmo,pm0 SRPLE/ES) ' an -

erre Jup 15 the pemeation curzent at the time £ =0 and &

kS
Fphce, a plot of 1n (—-) versus time must be a straight line
Ie=0

vd.th slope —— Devanathan et al corrected the decay tire constant
2

’




where the rise time constant t_ is relatel to the diffusion <

coefficient by =

t = = . )

The'tiset tain of the Fisht hand side"of squatiod [41) :pproamgs‘

- zero when € increases. . Hence, a plot of u.(———) versus t n.sr._
be a sumgnt line with n# incexcept of I 2 am a gradient o: 1, L
'l'hlls. from ﬂ\e/ gradient B can be calculated \.lsl.m equation (lZ}.

Cadersky, Muju and Smith (IQ)A used this type of calculation to evaluate

5 D for hydrogen in Pb. 6
McBreen et al (48) a iti 1 method
for the precise of diffusion coeffici They used

eT‘utinm (35) and (38) and found an expression between the permeation i

current at time t, i.e. 3,, and the permeation current at the steady-

state, i.e. J_. )
s _1 A )
RO T
Tog e . . ()
where't = 2E L is a dtnensionless parameter, 113- equation is valid “

1
!

up to 3, b%sa.zcupssmx-wu}cunnbyfmingma
tine to attais sy fraction'of the.standy-sta sermeation rate. a
For the paxt;lcular case. (most commonly used) Of 7= 0.5, the
parameter T has a value Qf 0.138 and the uo:rhspnndtnq tine £,

denoted as the half-rise time, is given by

2 3
0.138L 4 .
S (44)
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giving the value of mm\lar. Then using equation (48) the value of

Z and hence the diffusion coefficient can be obtained.

II. Diffusivity and Solubility of Hydrogen in Metals

The diffusion coefficient of hydrogen in metals may be considered
independent of cathodic potential (50), cathodic current. (51,52,53,54),
-
composition of the solution {in particular the presence of traces

of added surface poisofis (53)} except, where these cause changes in

bulk properties, but may be on bulk p and vsually

varies with hulk‘h}!dtoqen concentration, as fowd by Cadersky et al (49)
for Fb amd by Nanis and Narboodhiri (55) for Fe (D in Pb’and Fe
increases with the cathodic current). The bulk H concentration

depends on the solubility of hyd¥jen atoms in metals. This may

vary with the cathodic c.d. and/or the potential (49,55). The

solubility of hydrogen apparently decreases with increase in the
activation energy 6f absorption and increases as the number of d—
acanci-es increases in transition metals (56). The diffusion coefficient
increases with a rise in temperature. Zichner and Boes (45) showed

that the diffusion coefficient slightly increased for Pd-Ag alloys

@ to 208 of silver content. At higher silver contents, D, decreased
sharply’and the activation energy increased slightly, the values
obtained for D ranging from 107" an’s™! in pure a to 10717 ea’s ™}
in P-Ag alloys of 50% silver content. In influencing the diffusion

- of hydrogen in the Pd-Ag alloys, two opposing effects seem.to be
inportant. The first prowtes the diffusion, the second, dominating

at higher silver contents, retards it. According to them, the promotion

&
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> X
for the relaxation time £ * (see Fig. 5) to obtain the transients 4
on a time scale which réfers to the concentration in the membrane

. risingat t = 0to Cat x

(e) Alternating Current Method: . In 1976, Kedzierzawski et al (47)
developed a néw alterm:xng rent dathod g’ dnvestigation TE T

G aiffusion’'of hydrogen in metals. In r.h;s method, the cathodic sida
of the metal is po1amm by Teans Gt altimating chetiotls current,

the hydrogen - concentration on this side changing simlsbidally so §

that an alternating ancdic current of hydrogem oiidation leaving
the anodic side is recorded. They found a relation between the “Fatio
of the anglituds of the altemating current of hydrogen oxidation

b on the diffusion side, \z I, to the limiting value of this amplitude

for frequency, f, going to zero, and z =|L /% where us27f is the

angular frequency, i.e. . }

IIal _ iz - = ° T ) -
[ " ARE] T e A
Gonch sinh%z + sin’z L ‘ -
_—~ i ¢
The amplitude of The alternating current Of hydrogen oxidation, |xa|,

o
is measured directly’, whereas the limit of this amplitude can be

by ing the i ion current at various
{es and ing |1,| to zero ) the ;
: *  mmis relaxation gay be regarded as being Tue to the finite rate
N constant for the transfer of hydrpgen awm\s from the surface intg ~
i 3
| the meul phasa. ’ | 5
1 i 3 >
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The nature of chemical bonding in metallic hydrides is still
poorly understood. There are three different models, each with some
supporting evidence, to explain the bonding of hydrogen in metals.
However, none of the three models is completely satisfactory. The-
£irst model assumes that the hydride is an alloy (in the usual
metallic sense) of hydrogen and the metal. The electrons from
hydrogen occupy the,d-bands of thé transition metal and hydrogen)
therefore, exists essentially as protons in the netal lattice, The
high electronic confuctivities and othet metailic properties’and
magnetic behaviour of the métallic hydrides may be taken as -evidence|
for this model. ’

The second model assunes a predominantly covalent bond hétween

the netal and hyd Some of j
and structural consideration in hydrides support this concept of
bonding in some metallic hydrides.

The third model is essentially the converse of the firbt.
According to this model the hydfogen exists as anions fomed by remqval
of av alectzen £iou the'metal to give s partially ioniehand, Eviadice
for this model are observed metal-hydrogen distances, which are in

agreenent with known ionie radii, =
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of diffusion might be attributed to the dilation of the lattice by
which the activation energy is lowered. The experiments of Buchold

and Sicking (57) on the diffusion of tritium in Pd-B alloys in which

a decrease in activation energy and increased diffusion coefficient
¢ tritium for swall additions of B in Pd were cbserved confirmed

Zlichner and Boes' views. With addition of more silver to the

_palladiun lattice the blocking of diffusion jump paths gains

inportance, Therefore; the activation energy rises and the

diffusion coefficient drops.

By ©of nhydrog iun separation
factors on both ‘the catipde and diffusion sides of 25% Ag-Pd alloy,
smith and Hanmerli (58) ed a higher diffusivity for deuterium

than for hyd From this they luded that this

phenomenon is associated with a higher energy of activation for the
lighter -isotope .

Hydrogen absorption by metals during the h.e.r. can be regarded
as a side effect of the overall hydrogen evolution process in which
protons in acid media are di.sch‘arqed and liberated as molecular
hydrogen gas. Since hydrogen evolution can be affected by the
condition of the bulk metal phase via the interface, a correlation

betveen 6, and C_ nmight exist. Many workers. (59,60) assumed the

relationship 8, = C_ at low coverage. However, Breger and

Gileadi (50) showed by simultaneous measurements of CB and GH on Pd
‘that at low BH < 0.15, CD = exp (GH),- while at GH 0.5, C° * SH.
An exponential relatioh between ¢, and ¢ was also suggested by

Rao (61) for Pb in acid solutiop,

N
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Chapter 1

TRODUCTION /

Volatile, condensable, but “otherwise unidentified lead hydride
products £rom the action of atomic hydrogen on lead in the acid

treatment of a sheet of magnesium coated with radicactive thorim B.

(212
82

Poj were first reported by Paneth and Morring (62) in 1930, Schultze
and Miller (63) in simi‘la% experiments found that:the trl;pped hydride
N re-evaporated. This could be,sberdbuted to the fomation’
of [PbH, and its ‘subsequent: dercmpasilon. on amain v in view Sf the .

instability of PbH, at ambiant temperatures: However, the possibility |

that the hydride which was formed was in fact a hydride radfcal rather
than Pbi, cannot be precluded. - More recently: the existence Of traces

of volatile lead hydride Phi, has ‘been denonstrated by Saalfeld and

Svec (64) using a. mass-spectrometer in the dissolution of Mg~Pb alloys

in'acid solution. Owipg to the fnstability of PbH,, themodynaic .

data pertaining to it are quite difficult to deternine. The melting

and bolling points of PbH, are unknown. But the energy of formation

of BbH, was reported to be 250 kJ mol " at 298 K (64). Inearlier

vork on the refuction of amu-.aém.mm.ga, MED(OR) ;, with -
luminm £oil in aquesus solftion, a grey solid dilesd ditydride PbyH,, '

which decomposed in vacuam to Pb and Hy,-was sald to have been )

formea (657N, .

The interaction of atomic hydrogen with evaporated and sintered’
films of lead h‘as been ‘u;ve‘stigated by Wells, M.W. Roberts and
Young (66,67) 1n the gas'phase. At 273 K, lead Eilis Very rapidly

3
absorbed large quantities of atomic hydrogen, the volume absorbed
&8 J A




CATHODIC DISINTEGRATION OF LEAD
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Evon
‘ -

" being directly prpportional to the mass of the £ils. The hydrogen was.

aistributed through the lattice sk ok cokftned a'a region close to

the sirfice. Since the amount of hydrogen absorbed was a Function of .

the mass of Tead.and mot its suxfwe area, Roberts et al concluled mc

" the a.bmzpt.lan miica

L gufa

B m sulpa of the linear um n? between hydzog |uptake:
2 o

lndﬂlelass of the 1elAﬁhAue (\xpm SOﬁoblmdbyhbutsind

Younq {67) * suggested u finige umicmmnaum ratio between lead'and :
hydrogen, i.e. PhH st 273 X ,and PbH 5 At 195 X, ‘on ”neating, rhe
hydride save off l\a].amﬂnr hydrogen in stops, L.o. slow d&sdtptwn of.’
" a small fraction (8%) of ‘the hydrogen as mlucu.leu ocourred at 27 X m

4.
a greater fracmn (25\) at 413 X and s6 on, imid.clt_lng qi‘tber ﬂiscznte

shsorption céatres of different enersies og possibly zacn-nnir.mq

difastin ox reconbination of hydrogen atcds. The events of. hydrogen _

ana can be des: 3 by the . foll
siquence: 5.5 wie 3 e
E .5 7‘3 ‘i
10 ~ torr 2 K. 4]
. 3K, U3 K, g E=0 SN
P Saro 75 coating I "b“oz 5% 8 014" Sov H
" of glass

2 " loss - loss -

mue!u«u al (67)° sonclidea r;an their data mc he dctivaticn energy.

o of desomption (67-84 k7 mo1 ™) co:ruponds o thare: for” hydmgen

“potion (or-diffusion) in the metal. They' also suggested mz at low

hyéride fomhon rather than adsorption on the

bl




Moreuvar, by an electron paramagnetic resonance study with
'x—lrradlated Fb(cznzﬁz)z-zuzo using crystals and powders at 77 K,.
H.C. Roberts and Eachus (68) have détected the ‘Species PbHZ“.
salzberg et al (69,70,71), following earlier work by Haber,
Bradig and Sack (72,73), reported tht lead cathodes disintegrate )

in alkaline solutions of varying pH%nd salt conceritrations and

- also at very high c.d!s in aqueous, sulphuric acid. This

‘disintegration ‘seemed to involve

) Of Ppi,, e
as a volatile species. - - ©
Angerstein (74), hovever, failed to detgct disintegration of lead

cathodes in pure acid gplutions. Therefore, she proposed the formation

of alkali metal or alkaline - earth metal atloy as the cause of the

cathodic disi ion of lead. g to hex ions, above
a certain caf_hodic C.ﬂ., the reduction of alkali and alkaline - earth
cations takes place on ('.he lead cathode. The deposited metals combine
with, lead on the surface of the cathode to form an alloy. The

aisimeqmaoé (of thé lead cathode was associated with a decompositon
of the alloy by vater. The phenomenon can be described by the following

reactions: &

x#b + " (aq) +ne” = WPb_ "alloy formation"

@ ° a

= ¥ +xmp + Duyle) + now (ag)
particles & .

i "alloy decomposition™
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this hydride was volatile and unstable, breaking down to lead

Pt and H, molecules immediately after escaping fmm the cathode.

There is still no direct proof of the formation of Vblatxle lead >
dihydride, due to its apparent instability at room temperature. /\

The hypothesis of Haber, Bredig and Sack (72,73) and Angerstéin

(74) of alkali metal-lead alloy formation was recently supported by
Russian workers. Kabanov et al (76,77), deduc that insertion of
alkali: cations into lead and formation of alkali.metalrlead alloy
occurred during: cathodic polarisation of lead'in alkaline solution

by obser+1nq that the overvoltage sifted im the negative direction =
with time of polarisation'¥or relatively small negative potentials.
At I;i.gh negative potentials but less negative than =2.2 V Versus
standard hydrogen electrode (78), the rate of penetration of alkali
metal into lead seemed to be sharply increased, while at potentials
more negative than -2.2 V the lead cathode disintegrated. In order to
explain t le rapid insertion of alkali metal into lead at high nmegative

potential|increased the decrease in activation energy of the process

potendalT. Chernondrskid et al (78) propoged tliat as the negative
became sufflc)ent for an increase in thegate of introduction of alali
megal into the latiice of the lead "cathodes An-investigation was also
carried sut by Chernomorskii and Kabanov (79) using chromopotentiopsty ~
which enabled a calculation of the amoust of alkall metal int’oduced
into the lead lattice from the time required for the potential to

f£all from a constant value when a constant anodic cutrent was

imposed after the initial cathodic polarisation . They found a’
diréct relationship between the ) ion- patential and =

&




\ nature of the alkali metal cation:

=48 -
This explanation agrees with the gonclusions on the cause of
aisintegration, drawn earlier by Haber, Bredig and Sack (72,73) on
the basis of a comparison of the cathodic disintegration of lead -
and the spontanedus ‘decomposition of alkali metal-lead alloy
(containing 4.8 - 8% alkali metal) with water. ’
Salzberg et al (69,70,71) had a different opinion of the cause

/

of disintegration using:several lines of evidence:

(1) Disintegration occurred in acid solutions only at very high

cathodic cid's, i.e. at i ¢ “100.mA am 2. 3

(2) Increasing the alkali metal ion concentration in, for example, '
aqueous NaOH solution, caused the threshold c.d.. (minimum c.d.
required to observe visible disintegration) to rise. . .

\ (3) whe rate of disintegration at constant c.d. decreased with X i
increasing alkali metal cation concentration at constant pH. i

A
\a) .In dilute alkaline disi ion Yates were tially 5

- ! - .
|  the same at the same c.d. for all alkali metal salt solutions,

§ although some sort of n based on the !

¢ séries might have been expected.
- g «

(5) The observed-threshold c.d. had little or no dependente on the

\ In light of the above evidence, Salzberg et al (69,70,71), ‘supported

. observations of van Miylder and Pourbaix (75), supposed’ that ‘the {
interaction of lead with cathodically generated hydrogen atoms and

" with water to produce lead dihydride PbH, was, the principal mechanish

4f cathodic disintegration of lead. It was further supposed that




Previous workers measured lead disintegration rates by weighing

the electrodes before and after a kdown cathodic treatment. In order

to avoid discontinuities inherent in such an approach and to improve

the of ion of\ in the present work the

solution was sampled at intervals analysed either by differential

pulse anodic &_ by 1 pulse
. 5 N &

In this way, aisi E lon rates could be folloved,

over shorter or longer periods; up to several days, the lead cathode |

' - being minuinsd throughout at a given constant current. For a

ticular solution and 1 there was only a lh\:tt B

delay before the lead particles lformed during disintegration dissolved

in the electrolyte. the cor of 2" sons,

cozuc{»_nq for the anaeqisng volume during an experiment, gave a .
reliable measure of the total amount of lead ;luhuqndm ina ICB|
known time interval. Special attention was pajd to stxi.u]an; '
deoxygenation of the system and cleaning of the lead electrode and
special care vas taken o prevent adaission of air to the'bell during
sampling, becauss of the possibility that tarnishing o the lesd
cathode, as reported by Kabanov and Jofa (81) and by Saith (9) and

later by Rao (61), might affect the results.
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o
the concentration range of 1-5mol & NaOH. But there were

f
. . ! .
- C-) of the amount of, e.g. sodium, introduced into the lead cathode for
| deviations from this relation for high and low concentrations,
i N . .
; . i.e. >5 and < 1 mol 471 NaoH, ZE5PE<:):1vely4 The deviation for high

alkali metal ion ion was’ explained as a’ disi iori of

S .
the lead cathode accompanied by a change in the structure of the

surface layer of the electrode and the formation of spongy lead,

: leading to additional accumulation of the alkali metal. The deviatjon .

for low alkali metal ion concentrations suggested that a longer cathodic ~
. Y, 5
> polarisation was requitgd for disintegration to begin at a partipular
. potential, because of slover accumilation of alkali metal in the lead 4

cathode. They concluded that the cathodic disintegration.of lead in

_ alkaline solution invelves chemical decomposition of an alkali metal Q.

ter lead alloy with a large amount of alkali metal, e.g. K,Pb, by water. el
romashova et al (80) studied the incorporation of alkali metal . ) 3

' into the lead lattice using dimethylformamide .;s"sl;lventA They, found St

. that the amount df alkait metal i the lead electrode sas three orders .
of magnitude greatet than imthe” case of an aqueous ‘solution under
the same conditions. Tt 'was'assumed thatthis:is due to the chemical .
X instability of me[‘iq:as-a'uau metal au&’_}u an aqueous solution and

ical decomposition of ‘the lead-alkali metal alloy .

. “'the -absence of ch
ip waterSfree dimethylformanide. - . H
" In order to establish whether cathodic disintegration of lead

i requires the presence of alkali metal or alkaline-earth ma&L cations, LT

% the present study. was undertaken using puré aqueous acid sqlutions.
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f passed as small droplets down a column of dilute nitric acid containing
|

g, (NO;) , and CCl,, then distilled three times using an all-Pyrex

glass still.
J Lead nitrate: Fisher sScientific Co. Pb(NO,), (Fe, 0.005%;

Cy, 0.001%; insoluble matter, 0.003%) was used for preparation of
standard solutions needed in calibrating the analytical methods.

{ Lead: TLead rods of 3 mm diameter were used as supplied by

Johnson-Matthey and Co. f 99.9995% Pb.
y and Co. grade, i.e.

Platinum:
grade 4) was used for counter electrodes, for the cylindrical counter T\,

I electrodes for electropolishing and for pinch-seals and other ‘electrical
" connections. ALl Pt foils and cylindrical electyodes were cleaned with

bojiLing HNO,, and washed with triple distilled vate. Then, they were

latinic acid solution (soluti

platinized (82) in lead-free 2% chl
¢ of commercial platinic chioride in 3 mol 2™ hydrochloric acid) for

2-3 minutes at 100-200 mA-cm %,

The grey platinized electrodes were washed with distilled water,
concentrated HNO3 and triple distilled water before use.
Glassware: Pyrek was used throughout thi’s work. All glassware

was cleaned with hot nitric acid and copiously washéd with distilled

weter and finally with triple distilled’watér. After final cleaning,

most of the apparatus was dried in a stainless gteel oven reserved
. for’ clean glassware and then assembled. \ "

Tubing: Heat-sfirigkable Teflon tubing was used to tightly cover
a part of the lead electrdde (see\Fig, 6). Tygon.tubing was ided for

4 the nitrogen gas line in the electrochenical analysis of lead.




Chapter 2

METHODS AND

In this Chapter, the experimental methods and‘"‘pmcgauze used
in the study of cathodic disintegration of lead electrodes in aqueous

erchloric acid, sulphuric, acid and sodiun hydroxide solutions are

described.
ix Materials vt . .
Perchloric acid:  B.D.H. lgyls"tar 72 + 1% HC1O, (Na, 0.2 ppm:

Fe, 0.1'ppm; b, 0.005 pu . ch, 0.005 ppm; Ni, 0.002 ppm;

L, 0.0L ppm; K, 0.05 ppm; Mg, 0.2 ppm; 51032‘, 1_:042 18,7,
and nos', 1 ppm each; 5042', 2.5 ppm was used for preparation of
"the experimental solutions. G.F. Smith and Co. 60% HC1O  was uBad
for chemical polishing and elpotropolishing of the lead electrodes.

u1 huricsacid: B.D.H. jzxscat WP 1,50, (€17, 0.2 ppm; ‘non-"

volatile matter, 10 ppm; , 0.1 ppm; Pb, 0.005 ppm; Fe; 0.05 ppm;

cu, 0.01 ppm; Ni, 0.005 ppmhlco, 0,005 ppmj As, 0.005 ppm) was used

for preparation of experimental solutions.

\\\ Sodium hydroxide: a jAnalysed Reagent 98.2% NaOH(Na,CO.,
PO %, 0.002 ppm; Fe, 0:005.ppm; Ni, 0.005

4 ppm; €17, 0.005 ppm;

pem; . healg metals, as Ag, O ros ppm) vas diluted to 1 mol vt as an

~experimental solution. o,

water: Single distilled water was further aistilled twice ‘From

"alkaline M0, solution using an all-Pyzex glass:still. " -
Mercury: Fisher Scient] ic Co.

- oxidized in dilute nifric ac fid with ‘air pubbled through it, then

Hy (fm:eiqn ﬂetals, 0.0005%) was




II Preparation of Lead Electrodes

The it} of an taminated and

surface can be achieved: by only a few methods of surface preparation.

In the case of electrodes prepared outside the e)gpetimental’ cell,

bes;;es meetim‘; e above req\;ﬂxements, it would be desirable to be
able to transfer the@lectrodes rapidly to the cell in order to
minimize tqi'n’is‘;xinq. )

(a) ; Bl 1ishing &nd Comments its Mech:

Beginning aboyt 1935, serious copsideration was given to an

electrolytic method of plishing. Chemical polishing and electrolytic’
- (anotle) polishihg are’smong  the post effigient metnods of surface
. cleaning, ’ .
In anddic polishing the specinen is made the'anode in an electro- *
* chemical cell, and finder certain fairly critical conditions the
burrs and fough spots are gtripped from the surface. The production
¢« ,ofa spee\}lm'rly reflecting surface by the method of electropolishing
of an initislly roughmetal involyes (i) smoothing by elimigation of
A
n large scale irreg\ga'rities and (i) brightening of the surface by removal
of ‘irredularities of the ordex of a hundredth of a micrometre thick.
During electropolishing, oxygen is evolving on the anode, the more
. rapldly the higher the current density used: .
. r’(u’ller {85) had observed the pass;:vicy\ef nickel and iron, in:

. sulphurie acia so} auring 1ishing
i

In the passive
state, metal dissblution ceases but oxygen is still evolved. He
first attributed passivity to-an interior change in the metal. ‘But

. later, after Evans (86) had isolated a thin compact oxide £ilm from
ST :
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Gases: Matheson ultra-high purity hydrogen (H,, 99.999%;
0,'< 2 ppm; N, < 2 ppm) deoxygenated further by an Engelhard
& Deoxo Cartridge and passed through prered‘m:ed BTS catalyst (83,84)
from Badische Anilin-und Soda-Fabrik (corltaining 30% copper in a very
finely dispersed form, stabilized on a cdrrier, attivated by various
S reagents, and capable of. removing 0, to less than 0.1 ppm) placed
in a glass tube and maintained at 410 K in an electrically heatdd 1
furnace. After deoxygenation of H, Jas it vas divided into separate

1 lines, where y, by ig taps (made by Ace

Glass Inc. model 8194) followed in all cases by a liquid N,-cooled

trap (93 K) and one presaturator, filled with triple distilled

water. .

canadian Liquid Air L-grade nitrogen (N3, 99.99%; O, 20 ppm
i
- maximumi moisture < 10 ppm; Ar, 80 ppm) wfs used for deoxygenation ‘

) of solutions in electrochemical analyses for lead.
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(b;

Method and Solutions Used in the Present Work

Aqueous perchloric acid was chosen as a polishing agent because,
in spitéof the discussion in (a) above, it was also important to
minimize the possible sources of contamination of the cell solution
with foreign cations and surface-active organic substances, thus
avoiding the possible explosion hazard of perchloric acid and erganic
mixtures (often used for slectropolishing) and abso because lead
perchlorate is highly soluble and high purity perchloric acid readily
available, @ 5 ) :

B,efcr; électropolishing, lead rods were chemically polished for
2 minutes in 60\' HC104 in l:o'nmct with a ca. 20 mi Pt gauze, washed
with triple distilled water and then steamed (using steam from triple
distilled water) until grease-free (for > 1 hour). The oxide film
that developed during this treatment had no effeit on subsequent
behaviour. ’

. In preliminary lead el des were ished
2

at 14 ci” in 608 HClO, for 2.5 minutes in a separate cell (Fig. 6).

Later, the time of electropolishing was increased to 5minutes. The

Pt cathode surrounding the central Pb anode. The lead rpd of 3 mm

! (Pb/Pt joint) contact with thé solution}, fitting tightly pver the
'Tead and the glass tubing enclosing the wire (see Figs. & 4nd 7).

The lead
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s .
anodically passivated metal, he assumed that it is caused by

fornation of a compact oxide film. Hoar and Mowat (87) postulated

formation of a solid oxide film (NiO) on nickel during the electro-

polishing of nickel in sulphuric acid. They suggested many elactro- -
polished metals benave, from the corrosion or tarnishing point of

view, as if a very thin compact oxide film is left after polishing.

In some cases; for instance, aluminum, a relatively thick compact 9

£idm has been by i i (88). Hoar

and Farthing (89) obtained direct evidence of the presence of a compact
solid film during electropolishing of copper and a-brass anodes in an
orthophosphoric acid/vater bath, Calculation shows that the thickness

of the £ilm formed before dissolution can only be of the order of a few
unit cells. The thickness of the compact film after slectropolishing ‘

differs for different metals which have different electrical

and ease of ai of the oxides. Several workers
(89,90,91,92,93) were able to obtain evidence 'for the presence of oxide .

filns on many metals (Al, Au, Fe, Ni, Zn, Pb, Sn, W, Cu, Mo, Cd, Ag, Ti,

U and In) when these metals were polished anodically.

! e evi.de’nce for the presence of an oxide film on the surface of

lead after electropolishindyin perchloric TR — .
strong, but even if an oxide were present, its thickness, is unlikely

to be great. The result of Nikiforova and Jofa (94) that passivation

of lead in concentrated perchloric acid does not occur at current

densities of <0.1 A cm - confirms that it is difficult for oxides to

form in this.system.
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After ishing, the mi 9 was

washed for'a few seconds with one litre of N, satylated triple distilled

water and transfered wet directly to the three litre reservoir cell

(Fig. 7) containing the electrolyte to be studied, already deaerated

by bubbling hydrogen gas for about 16 h before the test electrode

vas i The became {11y cathodic on

meeting the solution. ) | -

|To find the geometrical area of the lead rod after electropolishing,

a blank gxecuopcuuhm; experinent was. carried out. :The lead electrode
o ramoved from the electrofolishing aeils washed: vith distillea’
water; wiped and chen its diameter and height were determined with
calipers and the area calculated. - The power supply for electro-
polishing was a custom galvanostat, based on a Hewlett Packard 6824A
amplifier, its maximum current and voltage capabilities being $1A

and 50 V, respectively. i T
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5. OUTFLOW TAP,
6. BINE' PLATINUM WIRE FOR
ELECTRICAL CONTACT. . -

P ¥

FIG.6. SECTIONAL DRAWING OF
% R ELECTROPOLISHING  CELL




tap. The cathode; anodes and buxe::e secti.qns ni‘ the cell werd o

5 - .60 -

III Procedure ° '
A sectional draving of the main reservoir cell is illustrated . 2

in Pig. 7. It consistsfi of a3 % Pyrex flask with two vertical arms -

for 1ightly platinized platinum counter electrodes (2 of 25 to 30 e’

avea each) which acted essentially as H, oxidation anodes. -The central . .}

part of the £lisk containéd the lead cathode described in the previous

section. The cell was equipped with ‘a graduated' buratte for delivery

of & Xnidwn volune of sambla using, a wa:ez'-seuiea solution control*

supp ied with ultxa-high puzity hyd:cqen. This ‘ydrogen was supplied :

through copper and gyzéx tubing ‘and was further deoxygenated .and

purifed by use of B.A.S.F. BTS Catalyst at 413 X, a cold trap at |

93 X and pre-saturator with triple distilled water." Leakage of

* air through the cathode pmnqe} and control- tap was minimized by s i -

maintaining a positive press\u‘e of hyd!ngen in, r_he cell And in the © |
! .
burette: The gas lines to the cell, Were of all q.lass constructi.on,

‘without joints or gréased taps. All' cup-wnes and sackets were wate: . R

seaied. W : e e S e

The electrolytes were prepared by dilutinn of hiqh p'u::.ty ac:.d.

with triple distiiled vater. I some experiments .a sample Hasd;a)(en

from the freshly prepared acid Bulud.un for, de:umimunn of alkali

‘metal cations using atomic . "Bt the beg! B

of an experiment a sample of solution for - plank detszmination of

i s ;
2ead was obtained béfore of the 1 hea

into the eléctrolyte, the burette portion (see Fig.'7) of the ‘cell




1 LEAD CATHODE.
.2 HEAT'SHRINKABLE TuBE. -
* 3. PLUNGER TUBE.

b " ~

*6.. SOLUTION CONTROL TAR;
* .. FINE PLATINUM WIRE FOR
ELECTRICAL CONTACT.
‘8, RESERVOIR CELL( 3Litres)
“WITH TWO SIDEARMS.
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.being left empty of szuan. _iie. @isplaced by H, gas. As soon as

.possible after the i on of the lead a fixed cathodic

current was applied to the lead caﬂmpa and a sample of elect.rolyte B
was ‘taken to enable an estimate to be made of the quuntlty of 2"
“ions carried over from the electropolishing tells Further samples
of solution were taken at suitable im-.erv;“is, in'edch case the
electrolyte being allowed t £ill the burette bafore being displaced
by H, gas back into the reservoir, this p:ac;gs being repeated once
to aid homogeneity of samples for analysis. Samples were expelled
£rom the burette into clean dry 50 ml conical flasks, using'H,
pte:sauxe with tap 6 (Fig. 7) closed. In earlier upér;men:s each

sample was 44.7 % 0.1-ml and in later ones 43.2'% 0.1'ml in volume.
s z

1.
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IV Electrical Measurements T N

A Kéitiltey 226 current source (with an sbciracy of 1058 of .- .
reading, £0.05% of £ull range) suppliéd up €0 100 =, _igher curfents
] _’(Iwmlni were cbeainable \u!gl;glcusbm galvanpstat, ‘b‘uo‘d.o'n-n
4 +'Hewlett Packard 6824A amplifier. "A Keithley 160 agital miltinetes

(with an accuracy of $0.2% of reading, 1 digit on the 100 A to

10 mA ranges, £0.3% of ze’uig:g £1 digit on the 0.1 and 1 A ranges)
N .

: was used to measure currents.

~
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This periits mixtures to be analysed much more pasily than With 'sqlid

{
|

K ~ | 7y
electrodes. N " | 4

4
The only important linitation of tha?applxcation of a mercuzy

is the foxe

©Of mercury itself, 'which

o B prevem:s moze positive potent.\als than-about $0.4 V verss a saturated

KCL calamel reference electrode to be reached?. - E . ‘ i

Among’ the Anodic stripping" methods, a xelacxvely new technique .

3 S
3 s known as differential pulse anudlc stripping vnlmmer_ry (oasv) usmg

. a HMDE, has i well worth ideri for level
determination of heavy metals. The HDE probably, is one of the most ..

widely used electrodes (98,99). Several features of the HMDE made it .

rable electrode for DPASV. ble electrode areas can be
o taxnzd apd ithe electrode is eqsily renewed.

In GRASY, at the negative potential f£irst applied to ‘the mercury

slectzede, metal ions, mu be r‘educed .as x‘apidly as ‘they reach the

electzode swrface ‘and. then .the pecem:ul is scanned in nhe Paisise

diker:';xon o “strip the deposited metal anodicall e the

DifE “ml',_ 1 oy is another eLects cal method ~ . il

. in whxch tneé current f].wxnf] b/ee‘n a wunber electrode and a dz‘cpping

mercuzy elec:mde (DHE) at a4puticulat pot:emual. is related to t.he

vl by cogcem:rauon SF one of the spacis px‘esent in the solution :hmllgh

which the orrrént 1d 1ou;ng. Diffetencial p\me polazogzaphy u

lass sensxhve technique than DeASY. for’ trace -l.ave!. détermination. +

~of hedvy mecals due, £ Yack: of pxecnnbem:ratlun and strippinq step

m shxs :echmque bnly a’ zeduct_iun os matal ioms on ma wg:km_{, .

uarcury elemzea! i a.nvolved, in”contrast o Dmsv
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V  Lead Analysis

| Detéction of heavy metals in an aqueous environment has long

n.‘been of interest ‘to che unalyrical chemist. Anodic stripping volt-

amatry and'polarbgzashy are powerful méthods for analysis of ‘elements

in aqueous solution. Anedic strippi 1tamnet:

1§ used to
metal jons. that may be reduced to the metallic state guring the
preliminary electrolysis, and is based on the anodic cirrents obtained

when' the me&ls are re-ox).d:..sed‘ It can be more easily operated using

stationary electrodes PO L electrode rwoe)
a mercury pool, of solid electrodes of various materials, e.g. timsy
carbon. Determination of metals by anodié stripping.from solid
electrodes has ‘generally given low results (95,96). The causes of
have been d, ahd vays oi\t\oycmn have

besn devised (97).

Meréury electrodes, however,’ have advantages over solid ones for

o
debeminu\:i.én of metals by anuasc su‘ippj.nq voltammetry: . The high

hyd:ogen overvoltage on mercuzy, 1a"die pt the chief facbo:s

rasponslble £gr the wide' appu,camnc uf lysis with mercury -

elecuodes becau.ie it gzea:ly axbenda tnal negative’ fotential range . |

aver which (:he s:,ecéxode can f\mcr.lan

without: intererence from

‘ot hydro : x The 3
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Fig. 8 STRIPPING ANALYSIS CELL

‘ . « ’ r -

. ) s
~ L Polarographic. Cell Containing
2 Test Solution. "

\ ]
2. Bridge Ccn!oirﬁg Test -

Solution, .
-
3. Soturated' KCI' Calomel
Electrode. :
' - 5

-4. Hanging Me’rcuryl Drop

: Electrode. T
) k 5 o Lo
7 * 5. Platinum’ Wire®
: [ x *
6. Magngt- :In~ Glass. »

7 Wirg For -Elgctan/cll Contact, 2
! o 7 i * %
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balance. Varx.ous cqncentratlons of Bb? ‘yexe made up usmq Grade A

of peschloric acid as & supporting electrolyte was becapsé itfis aa‘

cations, ‘especially in dilute solutions; becduse the reductitn waves

(a) fonh of Calibration curves for Pb*

(i) Differential Pulse Amdic strt Voltametry (DPASV)

A Princeton Applidd Research (PARY) Model 174 polarographic ' . .
) i el 5L 2 ~

- ‘analyzer and jts ies vers tsed, Standard Solutions of Pb

I
!

“eré Prepa:ed by wei hl.ng lead mc.rau, L3 (Nu ),r, using an anslytical © ' i

ﬁipetces and Grade A volmetric fladks in 0.01 mol 2™ HCl0, (nrdstar

1% Helo, + triple distilled water) as supporting electrolyte.

i ing el 2 the ity of the golution and

A * Yo,
ensures that the electroactive species moves by diffusion and not by

electrical migration in the electric field across the cell.PThe choice

strong_acid and doss not react either with Pb’' ions in'the solution,

or. with the metalilo mercuty and becadse high purity K10, is available. S iy

A sanple of s:andard sol\mm (about 25'ml) was placed 1n' the todel §300

pholarogzapluc can (see Faq. 8) fitted with a ‘four holed cap and

deaerated for 15 unnutes with L grade nitrofen. ’K'he sample should

be deuxygemted because an adueois solnt_\w vheil igoded to air ‘may °

“contain a mncenmuon of dissolved gaseous oxygen as high a8

0. %5 mmo1 g7, - oxygen- often ‘ihterferes vith, e detomindkion of’ |
R Cel e = PR ol

Of oxygen ocour at approiinately “0.05 Vand -0;8 Y Veisus. SCE**. .
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B Output Offset = - - =~ - == — = = = — = = ~ ~ Off )
Display idirection - = = - - — - - - SO S
B w pass filter - - - - - - R - - ] )
i Pusiputon < - -- - === oo <= - -initial :
& N : . x-axfs 100 wv inch ™1 -
% , .Becorder " ® - e e wg 4 y

y-axis 1V inont

o The solution vas’ gently stizred with a glass-enclosed magnetic . 1

g s irrer. The stirring fate was slow enough so thatno turbulence vas
Visible in'the solution and the mex‘c;xn( drop was smdonary‘: The
selector switchi was urned to ‘External ¢ell” and timed for 60 secosds.
Then the stirrer was switched off and after Aésmecculs Bumciber (b

. ‘period nece;ssa;y for the sol‘nth:m to become tranquil). the' pen was -

lowered onto the chart recordér and ‘thé potential scapned in'the 7 -

5 & positive direction. The deposition tine was kept as short as'practicable
2 . inorder that diffusion of lead in the nercury was'kept to.a mini un and
i . . cmpn.camg reactions in the amalgaln minimized. 'The oxx.dadrn ::(lxrent P
i, ’ of lead, fron the nercury dtop-ias recorded, she characteristic peak of r.n:\\

anodic - stripping current of lead being cbtained at -0.45 V versus SCE. 40

. The mercury axop was xanuuie&'fur each run -ma stirring wate, mercuty T -

\
drop size étei, were maintained the: sasie for ati runs‘ Afber\ each -

‘ 7 analys: s,‘ the vessel was washed catefqlly wj.m*aisciuna yvated

PRI 2 ‘rinsed ‘with U:Lple ﬂlstllled ‘water ana ﬂ.nany x'i.nsed "Vith g -

Thg calihratiqnvcu_;vs n (ngA 9) shwed, Howsver,
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Furthermore, the product of orygen reguction in unbuffered solutions

nay, Change the pii of the solution in the vxcLlnity of the elestrode.

mis chanqe in pH can interfere with the desired feacticn by caustng

precipitats.on o complex foriation|of tne-el ctroactive species at

the electrode surface. . Nitrogen whs passed pver the solution during - . e
o the actual electxochemical expernnent o prJvem: the re-; adsuxptmn B

After deaeration was complete, the Mode} 9302 hanging mercury 3

of oxygen.

drop electrode using triple distilled merc\;r{ was inserted into fhe &ell

and a mertury drop of suitable size obtained, Rotation of the micro- e My

meter drive by six divisions produced a dxupl‘ (ca. 3:2 mm? area)-which .~

n has been found Yo be suitable.

. Y s

A Model 9311 ¥l ‘calonel refer e, isolated =

“* from the test solution through a galt bridgq tube filled vith 'the ‘T
L ] - - .

solution to, be analysed (to minimize contam tinnﬁtom nércirous’ - Peld

" ions ;and impui ‘ities in calnml) was insertdd inta the cell.. n

Hodel 9312 pladnu‘m spiral serving a5 2 cqunter elsctrade vas

pllceﬂ aifectly'in the test solutiocn. ‘cofnection to the PiR 174

vere made through the 2 ry cable with alligator

clips ‘and the instrument was sec in the

‘Scan rate el

" Modi lation‘amplitude —

. Cirrent ramge. -




- used in DPASV but, instead of the hanging mercury drop;electrode |in

= oo

¢ : 2+
that a non-linear response existed at high concentrations of |Pb

jons. Therefore, with the conditions applicd above, DPASV wals not
accurate over the whole range of concentrations of interest. |DPASV
is quite a good techniqueyi¥h its high sensitivity for deternination
of low cu‘ncent_xxtiuns‘nf lead in the solution. Thé results of th(e
analysis of standard lead solutions in the’ range of 1 £G 140 plpb. th2*
(average of two different runs in cach case). are given in Table 1
and illustrated in Figure 10 showing that, this method can be gpplied

for at low levels in the |solutions.

of lead
The least squares value of thev,slopl of Figure 10 is 0.016324 0.000544,
the corresponding intercept is -0.0011166 * 0,026129 with a cofrelation
cosfEicient OF 0.997. The valte of the slope and intercept we: —
to calculate the concentration of lead in the unknown samples. \

', (i) Differential Pulse Folarograghy ) >

Because of the unsuimbilit.,y of DPASV. for analysis of high

cuncsnuacxons of Pb?* fons, differential pulse polarography wi »
a dropping me;‘cnry electrode apbeared to be a reasonable ansne:tn

this problem.. The apparatug used in this method was similar to that
|

DEASV, a dropping mercury electrode uas used. -
The dzopping meroury electrode consisted of a g1ass éapilla

attached tc a x‘eservcir of t.nple Lﬁstllledﬂuxe\nﬁ ‘Dmps of m cnzy
ol
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TABLE 1

(a) CALIBRATION DATA FOR DPASV ANALYSIS OF Pb2+ IN 0.01 mol f.-l HK:].O‘1 FROM 1 ppb to 140 ppb
Concentration/ppb 2L 2 5 10 30 50 50 70 100 140
Peak current/uA 0.027 0.046  0.112 0.150 0.415 0.87 0.83 1.07 1.68 2.28

(b) CALIBRATION DATA FOR DIFFERENTIAL PULSE POLAROGRAPHY ANALYSIS OF Ph2+ IN 0.01 mol 1—1 H'C].Q4 FROM

0.1 ppm to 60 ppm

'
Concentration/ppm 0.1 0.1 0.2 0.5 0.5 0.7 0.7 1 : § 2 2 &S 5 )

'
Peak current/pA 0.022 0.023 0.042 0.103 0.110 0.144 0.148 0.21 0.21 0.393 0.398 0.99 0.99
Concentration/ppm 7 10 15 20 25 30 35 50 60

Peak current/uA 1.4 2.0 3.0 4.0 5.0 6.0 7.05 10.1 12.4
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Preparation of standard solutions, deoxygemation . . "

of solution, washing of cell apid Hectrotes, étc wexe sinfla to\ o

those descri.bed under. DPASV in prevxnus seccmn.

of thn m‘uz 114 f_hrough the standard amp time ennnecmr, :.he

elactrode eonnectxbp! were fadé. The 'Eollowirig fhatrimental settings

: . :
Scan rate - i = =i -t o aim o o

Initial potential - -~ - = === = oo -

Modulation amplitude - = — - - = —'-

QUEPUE OffSet = = = = - - = —-m— i

Display direction'=

After con.nectl.an s St e S ,’

<~ £ 1.5V

"-0.25 V 'vs SCE"

225 fw
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- OSCILLOSCOPE  * .
I (VIA DIFFERENTIATING CIRCUIT)
e (—\\ >
CONSTANT
CURRENT 220pF
SOURCE
] DELAYED TRIG.
220pF 68k - (0SCILLOSCOPE)
v " - ’ VIA SINGLE
i PULSE GENERATOR
A N e ) o
ﬁq.’37. of t »;wilch: , C: ter electrode, R=reference electrode, D--Djg-diodes,
€, \E, Eq gi Qfond Qx s, SW-p switch, A—current meter. : -
: ’ - : - . ¢
. - ¢ .
» "

#
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“ (R¢) B
. 10k -39MQ
=
/ .
INPUT (7)) (R}
© 005-12
& f 41
g S B=aOnE OUTPUT=R¢C;
' i) CHANNEL 2
i j_(oucllloscope)
OUTPUT(~7 )°CHANNEL I . 3 ‘
e oscilloscope) &
g ' ,, J " B
— 3

) Fig. 38, DIFFERENTIATING CIRCUIT.

b
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P

to.pin.8 of By, E, and Ey (Fig. 37). The{ bistable vas triggered by

forward-biased. Micrologi¢ elements E) and E, (type\MC 900G) serve . s

2
as buffer elements and ensure that enough current is sh\pplied o . L
9, and D).  The micrologic elements are powered\by two mercury %

o g % g

-batteries in series, i.e. by 2.7 - The 68 kQ resistance éwes'm

isolate the bistable circuit from e pulse generator (séngxal\a\dxa . s ry

1340 Pulse Generator which was also fed to the 5B42 delayihg time ' T2

“base in 4 Tektronix' 5441 Gscilldscope). -The +V signal was connected P

the delay trigger (from the pulse generator) that supplied a.sharp .
pasitive-going spike of about 10 V at the end of the'delay period to
interrupt the current to the cell. The next pulse turried the transistors

Off and the current to the cell was restored. e *

The différentiating circuit (see Fig. 38) consisted of an” i
operational amplifier (Analog Devices 1478) used in a non-inverting }f i
circuit to provide béth high input inpedence (107%) and fast by . :l_

v
response (10-MHz) at the input stage of the oscilloscope. To -
inpfove the stability of the non-invérling amplifier and to'eliminate
the high frequency noi%e, a capacitance of 330 pF was inserted
betueen the + terminal of the 147A amplifier and grownd. The o
differentiating unit Of the circuit consisted of an operatioral
amplifier: (Analog Devices 147C), having'similar characteristics to
the 1472, but superior ‘in certain respects, e;g. input offset
voltage of +2 pV K™* of 147C compared with 15 W K of 1474, in

an inverting circuit. A known variable input capacitor C, (0.5 -
3




= g SAIE =
0

40 1) was in seriss with.an ohmic feed-back lik, Ry (10 X2 - 3.99),
vhich vas itself hetween the ingut ind eutputs of the aslifter'147C.
A small noise-suppression capacitor Gy (10 pF) in paraljél with fhe ‘::
feed-back res{stor Re. increased the ‘stability of tho/circuit and’ ‘

improved ‘the transient response. . The v.!rLa.ble

£12°KQ) in Sertes with ¢} at the input stage of .the um amplifiet

e input siqnal ) d-xouqh the 147 (ouq:u\: = ) was, fed to

" uhannéi 1l ofa 'rgkmmxx 546" dual trace Plug=in mnpliﬁie: ina

5441 i1l e, and its iwe obtained favim the

aifferentiating unit, output = Rfci(;in7ac). fed sim\::{caneously

. to Thannel 2 of the plug-in. Both ignals h"exe'}.)hotographedr
simultaneously #ith Polarold type 667 £iln in a Tektronix oscillo-
scope catiera C-12. flie magnitude of R.C; vas kept ‘as smal] \as possible’
to ;cnieve the best ‘perforiiance of, thé  differentiator. ';'he ‘accuracy 4
of the method vas _s‘xanined using dn Exadd type 301 function genera(;or
to produce a-variable linear saw-tooth:input signal; d-;s’sln;ﬁe of

which, :—‘é, ‘could be measured from oscillograghic photographs. The

'aifferential signal wis switchéd i during the course of & signal

Saw-tooth transient and the magnitude of'the Qifferential coefficient’

was proportional to the height of the discontinuity exhibited by the,
s . . i

*Generally, R'= 1 K “or 4.9 KR (i R, 55 R;);to mininize the..
effect of this resistor on the’outpit vcmqe, |

=




chahnel 2 trace £xom the base line. - Th& differential Svesn " xates,

dc" were uaxcnxaned using’ the haxght of the disoonti.nui:y, i.en mzt;mt

si.gnal?'mduhibed by the chamel 2 .trice-and. then usmq the zelaticnd

. 'nahh/xs for a x‘d.nqu of ¥

_ltaqe e T ot Ezcrm 6.4 to s.u x

>10 vs
S ) E

o
ﬂt,‘for sl e éweep !utes exanined: " The ‘une x xelut).nn

between the caiibrat

el gnal and —-_ Alculated ‘Erop c. and Re P d:.fferentxateﬂ valmga -

at
signal’ is sho«.m in mgum 39,

The 1éist 5quues valie of u,e sloge

i ' of Figure 39 1s 1. ou19 0.6025, " currespamlinq nce.rupt is
$-01024: % 0.008, .o zero, within experimantal arror. - © % -
% o * A typical record §f overvoltage decay (channe} 1-upper cuxve) |

and of itsdifferentiated signal " (channel: 2 loves durve) até ‘shown o

in Pigure 4 (uidex real Sxperinental conditions) .. From the height

7 of i discantinuihty “axbisi el by, the channel 2" trace, i.e. uutput

ssqnal and knowing he vlltes'of -af and ¢, yuding i eqution, o ? foie

cutput-sbgr\al - Rfc:.(dt (the Initial slopé, (‘lt ‘_D. (i.e. the slupe

| imediately after the Ln:errupdon of polarising” cu.rrent) of ‘thé

.. . overvbltage d_ecay Gurve vas obtaine xnmum; (—-) or the eledirite;

& capacitance, C et was calculated using eq\utxon m). i

4cexPt " ‘whete -i- 1% the l:at.huaic cuxre-n& ﬂensity at.'the /.

€0
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Fig. 40. OVERVOLTAGE DECAY SIGNAL (UPPER CURVE, CHANNEL 1) AND ITS
DIFFERENTIATED SIGNAL (LOWER CURVE, CHANNEL 2). NUMBERS ON THE GRID ARE
VOLTAGE ON ORDINATE(100 AND 10 mV div.”> FOR CHANNEL 1 AND 2, RESPECTIVELY)

AND TIME BASE ON ABSCISSA : 10 ms div.t
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2, it 't.hemvex trodes of Q125 mi Sans

)
mckness,w e cnﬂwdlsed galvannstadcally (initially at 30 A

Ry _'m 1mA), Cabacnance messyréments: vere heq\m g ter passaqe ar IS,

dearlier.’ Blso,.- '
LR - 9

nc x.nu!tupﬂen £ 7.0, was xeco{ded

i : J&calc\llnce‘d % o \ls.\.ng measureﬂ 5 r“_‘)wJ

- Gorrespond o -n reco:ﬁgd\at £ = 0 Later, the steady<state airrent

density vas

to other values.in.a Stef- s kept' ?

codszant at the nev current density for'a pre-determined time (which

ran(ied £ron 3 to 8 hinutes). * At the end of “the px'e—de’temlned Eime,

% - i open- cucm;aec;ys were follmreﬂ from eat’n po}arisation &\menc X

i <. The d| ervoltﬂyq@ at.the instant of curtent Inbemmption, at eacn

[ves caleulated at

|5 curtent) were| also Fecorded: -rnexaby, Cr. it

|

'foisten: S

This sb{uence of mausuranents was repeunad i
it

: consacuuve days .

v o DA dxﬁa:‘w “diminish pxcbahle errors from the manumennum.

the dapacxhn‘ : measurements were usuauy CAxrled out With Rf, L

v and tne voltage and tune-base semnqs ot ‘the o

from :he‘fixn‘l up to last z:apacuance measurement at a wcim}&

 gubrent angity in a given experinant..

. ' pecause uf the low hdrogen cvervoltages (=1.%7140 nv) on s/tvez

Cat cav_hvdic c.d s 0f -1 < 0.69 mA em 2 + the measuréments of the signal

. {ed to channel \z of the usnxuosaupe (usinq hiqh vglues of R anﬂ CP

were of o acCu!‘acy. Thezefore,

n v_his work the" capacxcanc e

“ietsrminea at'shen ‘lowcathodic currents are not




5o & Chapter 3

¥ 7 _RESULTS'.

adsaxpl:icn and abso:ption By silvér inacid med1u are givsn

‘cell " (see Fig:.3

ydrogen dvervoltage.m

i ex cafhﬂdes.

‘measur: ydxoqentovezvoitaqes, mule in expe:i.mants ag tc B107 only

1'mol £7" K10, -and a | ctropol 1 o silver

@ this chapcer the results obtaisied from ;he Studyof hydrnqen

E:xpen_ments A1to .A7 Jere 0 taivest ate the yemeuxon of

cally qenerar.ed fydrogen ihrough-stiver £0i1s,as. well as o

£

o

stiver lelectrnd

3
in situ but A5 to Al() were elecc:opolishpd in me separate celt o’

F,\.quze 354 wcnarcaal—cleaned e 1ecun1ysed acui was uséd. n.].y m ;R

axpexul\ent ‘alo, i

In an attanpt to dxscover whether th

A4 was electropslistied

capaci tance of 'suvez
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to 650 mV, “the cu!rent l)n ‘the diffuslon side. c!‘»ahqed its slqn frou

'a‘

'mpéemj' tic Hydvogen Through silver g

The 1;:!\:.ted resu:m oF the dlffnsl.on stuﬂy ara pxesem;ed here.

“Le: g fu'st consider the dxmculms wmch have begn, overdome.; in
R r_né ‘periatiion” ,m.dy.

e pameation study as' begun fonwmg ‘the

sane pzndedura ‘as used hy Cadersky st al (dq) for smﬂying slectmlytx.c

hyd:ogan dl:fusmn throygh leyd, >ie. 1. mol’f = -HC10, ant o o1t

XoR were me e).ea\crd)lytas uséd Eor K

rthodiic and, ﬂiffuslon sides of

: tha ‘silver foil, xespecuva.ly, and ”‘v d:.ﬁfuslon sxde OF “the- s.leez £oil

wvas potencloscaced at +200 mv versus a mrdzngen reference eleccxede

the anodbc pote 1 Exom 300

neqative to pesu_we. At +650' rﬁ some SOTf of t:.—a Lent ngnal was .

xemrded. 1n: ordet o, deter:nuna whethez theu transian\-.s -actyally

coxraspunded to the pemeamun nf' hydmgen or tD sone aﬁddic zeaction Y

ofisilver and ion of

'y wis

carried out on the"diffusion side of silve in'0. ¥ ol 27 xou at a

is‘shoyn in Figure 41.

It is’ appa.zer\t from ?iq\xre “lthatata o
yosu:lve pn:enmx o 4650 e oxide’ eiim was forned on' silver m

mol o Kon.

The fcxmatmn of cxade £ilmon siiver at zslatxvaly

hight pasmve pucenr_l.als in 1tic

of h;ghpau" nf. by me

“
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. ‘the diffusionNside of the sijver foils. Solutions of KOH and NaOH
with concentrations of less than 0.2 mol 2 were examined in various °
3 " trial experiments. ‘Anodic polarisation (applying anodic current and
y !

- ©, ¢ measurements of potentiall and subsequent ¢hronopotentiometry showed

.that even at low anodic currents gf the order of a few microamperes;

» . i
3 o v ~the formation of an oxide £ilm oécurred on silver using these electrolytes.
3 % Some other trial experimentswere carried out using NaClo, plus HC1O, at - P

. various pH's and finally it was concluded that an electrolyte of

E 0.2 mol £7 NaClo, plus HClo ta bring i& to pH = 4 was suitable for the
s K dxffu}xon side of the sxlver electroda. usmq ‘this electrblyte, it

waa/pcssl.ble to apply a Po#itive potential of up o780 mY versus

. Hy electrode oni silver without danger of formation of any oxide iln .

4
- . Pourbaix (150) . “ /
Gt oW Several experiments (AL to m) were cdrried out.to look for
N - * permeation of hydrogen through silver using a solution of 0.2 mol 2%  °
ST NdC10, plus HC1O, to pH = 4 for the diffusion side of the cell (see .

Fig. 34) afd maintaining a positive potential of 700 mv. After

* estabtishing a steady-state aniodic cuzxene»ﬁn the chart paper of tha . "
:t:tordgz the. camueuc cmem‘. vas.changed in a step-wise mamer, .
e.g. from 0.1 to 10 ya, 10_:9 100 pA, 100 UA to 1 mA, 1 to 10 wA and

-
10°to 45 mA.. This procedurs was also carried out in.the revepse order .

of cathodic clrrents. Only ‘in experinent AS, did the transients hava

¢he theoret: cally expected shape (see Fig. 5) and these werd accepted ¥

for detemmatmn dE ‘the rnffus;on current.

a . . §
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For calculation of the diffusion coefficient, Dy, of hydrogen

atoms through silver, the rising transient equation (41), i.e.

J
% . J
e = ma - % 4l 86/ tyenn) +.1n2 -t/t ) vas used.
3, and 3, are the diffusion. current ajgting t and at the steady-state,
3 2
respectively, t, has a value of "—2—— where L is the thickness of the ¥
2 }
L
: . st .
I membrane.. A plot of -log), (—5——) agdinst time is shown in P

] Figure 42. From the gradients, i.e. gerp Dy values of 2.3 x 10
- °
1

. . _ :
4.2.% 107 and 4.6 x 107 cm® 57} were cbtained for cathodic currents

0£100 pA, 1 mA and 10 mA, respectively. For calculation of the

concentration of hydrogen just inside the silver foil, C_, Fick's

p (c, - c)
3 . first lav, i.e. equation (36) J, = —p——— = = if C =0at

the daiffusion side) was applied under steady-state diffusion conditions

and C_ values of 5x 107 to 8 x 1078 g atom 5 o of silver were 5

v L] P
obtained. | . N

The calculated diffusion coefficient was higher than had been

expected, suggesting that~he diffusion of hydrogen through silver

i % is faster than diffusion of hydrogen through lead [D, in Pb % 1.2 x 107
1?57} (49)].° Theoretically/ it is expected that diffusivity of

2 n;,umgen through silver should be less than through lead, because

E N lead is a softer metal than silver. ) o ;

Eichenauer et al (}12) measured the diffusivity of hydrogen in

i silver in gas phase studies. From the relationship between diffusivity

and % Einziger (151) deduced an expression over the temperature s

range 661 K to 873 K for the diffusion coefficient B
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Fig. 42,

Jas It

Joo

PLOTS OF RISING TRANSIENTS FOR HYDROGEN PERMEATION THROUGH 0.1 mm THICK SILVER wo:r n»«:oc_wmv
IN T mol &Y HC105 SUCCESSIVELY AT 1004A, 05 1mA, A \M.‘S a;. g AND Je ARE ANODIC CURRENT

DENSITIES(KA cm nnu ABOVE BACKGROUND, AT TIME t AFTER APPLICATION OF CATHODIC CURRENT AND AT
STEADY STATE, RESPECTIVELY.

1.2

15 30

45

60
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-7500,
RT

- 282 x 107 exp (

1 4 3.1)

Thomas (113) used a mass spectrometer and measured .the solubility of
hydrogen in silver over the femperature range 873 K to 1073 K. Ffom‘the
relationship between the solubility and % Binsiger .(151) obtained e
' 4 an ex‘pressim!lsimila: to that of the diffusion equation for the -+ .

\ )

{ solubility of hydrogen in this temperature range < x

(3.2)

4.569 exp (-

. 15725
1 o RT

If we assume that these two equations (3.1) and (3.2) are

valid for room temperature, the diffusivity and solubility of hydrogen

¥ in silver at 298 K would be 9 x 10" en? s and 1.9 x 1071° g atom

B e of silver, i . The i aiffusion £1

o « . and solubility are lower than the experimental values. Because of \\‘

‘this and also sigce duplication of the 1 5
results was not successful, it is @ifficult for us to acéept that
the values of Dy and.C_ obtained by us are correct.

The predicted b4 and C_ using theoretical e s "
that since diffusion of hydrogen in silver is very slow and the s 8 ;

solubility of hydrogen atoms in silver is very low at room temperature,

it might be desirable 'to use a nore sensitive technique for evaluation
of D, such as’the alternating current method proposed recently by ¥ "

Kedzierzawski et al (47) and pre-électrolysed solution for the diffusion

side of the silver foil. A better designed apparatus might also be
N

[ helpful, k.
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II. Hy en Overvoltage Measurements ﬁt )
»
The results of 'this section will be considered under three

different headings: (a) hydroger overvoltage, -, as a function of

cathodic charge passed, -0, (b) 6va‘rshoo‘§:uhysterests and (c) Tafel
o 4

plots. g i ; X
(a) 3 _a Function of Total Cathnd).c Charge -
In exy a1; = vith /tiné of: cathodisation. As

indibated An-Table 7, -1 ncrsased with -0, e.g. after about one’
hour of cathodisation at 116 i cn2, -n had increased from 76 m
to 156 mV at -Q = 544 coulombs. An increase of -n with -0 was

also observed at higher c.d.'s on this electrode, e.g. at -11.56 mA
%, -n had increased from its initial value of 387 mV to 407 my
at the same value of -Q. .

In experiments A2 and A3, -N decreased rather.than increased
with 9. Table 17, whlch gives same examples of current dinsities
and cvervoit:%ges at various mchoﬂi;; charges for EXperime;'xts Al to
36, indicates that with electrod¥ A2 at ~11.56 o8 a2, +n Gacreased
from ifs initial value of 323 mV to 232 v while - increased to,

127 coulombs. This of asing -n with -Q was observed

at every c.d. studxed in’ expériments ‘A2 and na. 'mS decrease: of

-n with -Q is attributed to the pn:qre551ve renoval £ron the 5o ution

of Aq ions, presumably left after in situ elactzopolxshinq d
washing of electrodés A2 and A3:
Experiments A4, A5 and A6 differed from experiments Al to A3

in that pre-electrolysed solution was used.- As indicated in Table 17,

at all current densities studied in experiment A4, thé overvoltage
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rofe by 26 * 1 mV with the cathodic passage of some 100 coulombs.

S A a6 which diffe!eﬂ from Ad in, that a separate cell was used .
= »

for electrupol shmg; TablE 17 shm,!s that, pasans of 273 coulombs

-l 15 mA cm -An experunent A5 led to an increase of =N OE

1 wl, wl l.Le i A6 pussags Of 965 uoulon\hs caused -n to x.m:teasa

by 455 1 my.. Tha initial;ovetvoltage measyirenehts in unpu:xﬁed

 solition vere higher than in purified solutions, e.g. in.experinents

AL aid'A5 &t = -11.56 fa e 2, the overvoltages were 387 mv and
=276 1V, -respectively. Amm»s dis::repancy was also after the passage,

e . of some cathodic charge (ses Table 17).

* In an attempt to’_clarify. the xezau&nsmp between overioltage

bt - and thé. quantity of chazqe passed cathod).cally, it,was’ declded to

run thrEe separate aq;edrﬁénts (A8 «to 310) ,, \v\which the éathodir;

2, able 18 indica-tes tne

Gurrent was kept eonistant at

overvolx:aqes ebserved 1nitlally, i.e. aftez«ca. 30 mi.mltes ‘and after

mio\xs amn\mt Df uhaxgi.ng. It s apparent £zmn Table'. 15 EML the
&m.tm ovex'voltaqa for électrode B Le. 233 4V is greater than
\:hat fDZ elactrod.es AQ and MO. iie. 206 * 1 mV. ‘It may be due-to

Y the fact"that experinent A8 vas stodied in Lmok £l K10, that had

been’ p!e—electtu.lysed soi 3 days at c.. alls, of 10-20 ‘mi oG while

the ‘Solution. fox A9 and A0 had heén pr_e-e)e-:uexysed for longer’

o "1, ‘Periods (4 days) af c.d.’s of 10-20 and 10-30 mA .cm’>, respectively

(the ‘comparison Gf overvoltage -in AL,and A5 can also confirm this_
“ - y 2 wok N ¥ A
| Statement).  Table 18 3ndicates that the initial overvoltage for

> s

' A systematic increase of -1 with -Q was ilso observed in experinents
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electrodes A9 and AlO (the only expt. in which activated charcoal vas alsp
used) are idedtical within expe:unenul error but after passage of
some’37 cou].omhs at constant .<1.16 mA am 2, the overvoltages had 2

mcraased by i ferem. adoum:s (13 v and’33 mv, zespecr.ively, for Ll

elactxcdes a9 anl]i AL0). A 1argax dxfferenqe is otlserved for the .t

¥ 'final nvervolmq:%s of these, m\ﬂescmdes aﬂ:? ‘the san § anogt of - N £

y charqinq' (276 £ 1| coullonss) . The latger increase of cvervoltaqe for i : ’1
the same,ariount g‘f charging” could be hecause of the use either nf /
higher purify silver or of activated charccal, of BotAR SapesiaRY 'y
, al0. - Y

Variation.of -n wx.th 1oqm (-of ‘fog e).ecr.rod‘es A8, A9 and Al0 is o
ansso i Pugude 43, Ungeratso thag; the overvoltage at -L.16 |+ R

mhcm 2 initially fell, s had besn observed by Gossner et al (117)

vg and r.heq Tose con:inuously with »Q fih.a).l.y reaching a plhtean The N

same u»end was ‘also ahsexved by Antonxou «ami Wetmore (116). T‘he

initial fall could be asso:x.ated with ‘thevremovai of oxygen oo the:

o solutibn. £t is obv:mns Sromwigure b3 that & similar’ bit not id al .

7 ingrease of -1 with - bccu!ted in each experlment and e Lapes o'e

- versns’lag 6—9) range £rom 4-10 my, obtalned for’ sman ambunts

3 * of cffarge, and nm 17 to 49 aV for larger dmounts of charge. More-

' over, ‘the slopes in Figure 43 for-the same range of -g for diffexent S Yo
3
axpen.ments are ﬂl.most the -same:  This suqqests that ‘the phsrmmenun

¥ (. which, causes “the increase of -n with -Q occurred on all three

TR electrodes. #he changes in slupe indicate that the dhA!glnq up p
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"of the do\me ].ayet is not ‘the only. Prccess occa::inq dud.nq this .

Ancraaae of ovsrvoltaqa %

-

ove.wolraqe x.ncraasing ‘during’

-1 genazal, “tne tzemi

change of potentialiin the reversa

irection.  Overshoot hysteresis’ ®

wis also'seen’in the: pxeser;i pork. cu}fenc changes yere'made from

steady—.stnba overvnlfaqa ’A‘ypxcal eXampTes” £ _ucseasing%na _a

’dec:easmq c,dJs Ffor elecuaﬂes n7, K9"and A10 . ave’ shown in Plg\lzes

44 t.a 45. Figuxe‘ A4 shows that the exuent of wexshcot deczeases as’

for, elecmd A% vhah . the. Sathiodio cun—enc vas

s ‘deuxeasedftomlléw!.lﬁmun andwaskeptatllﬁmunzm 3

-0 mureases. i.e:

reath a- s:&ady-stat

/the extent. of avs:shaat was 21 ‘and 14 ;N%

: sspecti ‘for the pas: £ 61 ana 655 coul -;ry.e'cum"in

" ;F).gures 44 to 46 suggest that theze may be an" exponential re:ur.ion

between uvervultaga and ﬁ.qe. Pfqurs 47 confu-ms rhac snch relae_mns,




cnﬁxm»ﬂ:n -CURRENT . FROM
PASSAGE OF TOTAL 'CHARGE

Y

" Fig. 44, - TIME DEPENDENCE OF ocmw<c_..;mm »4 1-16'mA cm=2" >m._‘mw(

1.6 mA nv_= 2 . FOR: mrmﬂ,;ocm A7-FOR THE
-0=61 noc_.o:wm O3 AND -Q.= 655 no:roxmm.




R :sm DEPENDENCE om.smz?;ﬂ AT 116 o AFTER | ;Qm_m:a 2»5: :sz 1 ; __; an?
P mn‘_.xocmg ._..om .—zm v>mw>nm OF .342. n:»»lnlhfvﬁ@ na:rcxmm. el
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&

=n/my.

"

! . 1
o

50 - 100 . 150
t/min

Fig. 46.  TIME DEPENDENCE OF QVERVOLTAGE AT 0.116 mA cm™ %, AFTER DECREASING CURRENT FROM 11.6 mA

FOR ELECTRODE A10 FOR THE PASSAGE OF TOTAL CHARGE -Q = 531 COULOMBS .

200 . -

en™?
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. =7/mV.

LOG , (1./min)

Fig. 47. DATA FROM Fig. 46. , A ; AND FROM FIG. 45, , O ; PLOTTED SEMI-LOGARIMICALLY: OVERVOLTAGE .
VERSUS LOG,, t AT 0.116 m A cm2 FOR ELECTRODE A10 WHEN CURRENT DECREASED FROM 11.6 mA cm™2,

\
A( FOR THE PASSAGE OF TOTAL CHARGE -Q = 531 COULOMBS ) AND AT 11.6 mh cm~2 FOR ELECTRODE A9

WHEN CURRENT INCREASED FROM 1.16 mA cn ™2, 2 FOR THE PASSAGE OF TOTAL CHARGE 4« 276 COULOMBS ),
NUMBER ez EACH Q@m: SLOPE IN my DECADE™?
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The overvoltage generally increased with -Q for silver electrodes
-as discussed before. The overshoot hysteresis behaviour is,
consequently, opposite to what might have been expected from the
general increase of -n with cathodisation, but is very similar to

the ‘behaviour observed with lead where, however, -t}?e overvoltage
decreases with cathodiz:nchaxqing. This question will be consiéered

further later. ’

(c) Tafel Plots d

Tafel plots were observed by the rapid-run method, the current »

bBeing kept constant for pre-determined periods (1 - 5 minutes) uniform
”
within each run, between changes of c.d.

Figure 48, a typical Tafel plot for "dirty" experiment Al,
illustrates an increase of Tafel slope £rom 62 to 107 &Y for low
c.d.'s and decrease of Tafel slope from 183 to 154 mV for high c.d.'s.
The high Tafel slopes are consistent with the use of unpurified HC1O,
and a non-electropolished silvex electrode. "

Tafel plots for electrode A2, shown in Figure 49, had 3 regions

with three different slopes. At cathodic c.d.'s higher than ca. S mA cm 2,
i.e. the higher portion of Tafel plots, the b values decreased from

149 to 141 mv after passage of 90 coulombs of additional charge but the
siope of the’middle portion did not change very much. The multi-
linearity of the fafel plots of experiments A2 (see Fig. 49) and A3

(not shown here) is attributed to the present of A’ ions in the

electrolyte, presumably left after in si

u- electropolishing -and

washing of the electrodes A2 and A3.
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-n/mV
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£ . .
Fig- 48. ryprca f»ﬂ. PLOT ( 2 mif. INTERVAL ) FOR ELECTRODE Al EN DIRTY SOLUTION FOR THE
* PASSAGE -OF VARIOUS TOTAL CHARGES, O, -Q=2C; &), -Q=544C. NUMBERS ON EACH CURVE. ARE SLOPES d
L IN mv. * .

m’:

s
3 . 3

o |-
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- /mV.

l

50

Fig.49. TYPICAL TAFEL .E.Q.— ( 5 min. INTERVAL ) FOR-ELECTRGDE A2 FOR- THE PASSAGE OF cEﬁocm.
TOTAL GHARGES, "0, -0 = 30 C;1,-Q=61C; O, -Q:124C, NUMBERS ON EAGH CURVE: ARE \o .
N SLOPES IN-mV. . ¥
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.Expexi‘menta A5 and A6 were carried out using éfectrapnl)shed r

stiver elastrodes and pre-alctrolysed 1 sol o1 HC10,. Tafel slopes

Of 60 £:1 m¥ for low c.d.'s and 95 * 8.n for high' ¢.4.'s’ were observed. -
Figure 50 shows that-overvbltages for ‘the descending branch were
greatet than those for .the ascending branch for eléctrode AS with a ,
* nystsfests of 10 £ 25 mV. - Gueryoliage measuréments over a lintted -,
Y EuRga o 5,8) WE (B bedinntng’ of exbaninimt- A6 gave linear Tafel

Plots which exhibited two sections with different slopes for Jow and
high c.d.'s (see Figure S after passage of. 6a. 7 coulombs };imz'qe.
Tafel slopes for high cathodic c.d.'gg ased on prolonged
cathodisation, e-.g. from ca. 90 to 10! ‘ter passage of an
additional 960 coulombs in experiment Aé. The existence of two

- Tafel slopes for clean silver electrodes i’ pre-electrolysed acig
_solytion was also observed 1, s previous workers (116,121,122,
123,124). : )

According to Vetter (2)7 When the overvoltages are small, i.e:
|n] <RI/F or 29.6 mv at 298 K; the Tafel equation is no.longer valid,
since in ‘this region. (Lower pm.’.tion of ‘our Tafel plots) the reverse '
reaction becomes more and more important and £inally causes the net
c.d. to approach zero as —n Gosd to zero. The Overvoltage is now’
proportionai to .d, dnd thls Zelation at low c.d.'s gives'a batter
neasurenent. of the exchange c.d. A, than from Tafel plot extra-
polation, ' Using the cutter;t—overvolbﬁge relation for low over-
vul.tnq.e, iie. equation (23): i= i %, the exchaige current densities

were ‘calculated for electrodes AL, A5 and A6 at different.-Q values.

e / ) ) -
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Fi9. 50, “FAFELBLOT- (T min. INTERVAL') DESCENDING FIRST FORELECTRODE AS FOR THE -
PASSAGE OF. VARTOUS .TOTAL CHARGES, O, A, -Q=10!
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VARIOUS® TOTAL "CHARGES , © , -0 054, ~Q=7C;.
SLOPES” TN V-

i

5T, “FAE(IPLOT (1 min TWTERVAL ) FOR ELECTRODE A6 FOR THE PASSAGE OF ;
-Q2965C.  NUMBERS ON EACH CURVE ARE /. @

LOG;(

F

=i ~>o?..m¢ .




. after passage of quite large @f\:narqes the exchange c. d, : - .
. i

Figures 56, 51 and

. |
- 207 - . ¢ |

The results are tabulated in Table 19. For experimets A5 and T

were (within imental j-bedngs-respictively,
- *

5+1x107°A cm in 35 au 1.9 +7005,% 107° a'm2 in A6, whils i

for:Al decreased. from 6.6 % 10700 3.1 x 107 e

The exchange , ‘- .
Gurrent dansitiéswere also calculated using ‘the Tafel. slopes of
Tng.tatel equahions at aifferent values of -Q.

/ the vaive of i was.3 %2 x 10 A, calculat,ed

Usinq this meth
vatie of ijare in fair aqmgmenc with the values obtained.ty some
previous J.nvestiqabats Lus 120,121,123,127,129). The tesults of e -
exchange current densaty measux‘emenr.s and b.values suggest that the
catalytic activity of sdlver electrodes at the equilibrium potential
does not E}x;nge Guring ‘the hoe.r. ’ T " ol

: T - - .‘ -
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~

VARIATION OF EXCHANGE CURRENT DENSZTIES WITH TOTAL

2 1
CATHODIC CHARGE PASSED, FROM LINEAR -i vs -n PLOTSL

AT SMALL -n.

i, = 1%/ cm?
6.6'
31 =
a5
5.5 -
1.8

“ Notes

" Dixty electrode  in

dirty solution, ,

Electropolished’ -
elécirodes in
pre-eltctrolysed

solytion.
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A
117. Capacitand at Silver Cathodes

(a) Preliminary Experiment’
& frs
The reSults of capacitance measurements made with the silver
electrode in experiment’ Bl were not like those of later experiments:

9 In this the silver 3= was ised’at i = <1. 18

mh'en” 3 £6f about 2 Hours apd Ehen caEacitance measurements were
l;iag:un ‘i'_rt.? step-wise manner. Whenevey, the' capacltance measuranents L
were not carkied ‘oit, a curfent density of -1.16 mA dn"> was held on’
the silver electz;:de. Results for experiment Bl are tabulaced in
"Table 20+and illustrated in ngm 52, trom wmch it oat be seen that

16 ma ™2,

-n increased with -0 gt anpatti.culnr c.des-eug. at i =

-n increased from 179 mv after passage of 8 coulombs cm > to 222 MY after

_passaqe of 295 coulombs cm (see Table.20): But the observed capacitarice,

-2

ce}(pt ’ decreased both wiﬂ) time oE cathodisation at 1. 16 mA cm © and
with -0 at'a particular overvoltage, en;-. for -n = gjq v, Caxp:.’

decreased fron 68 yFom 2 at -0 = 8 coulombs o > to 53 uF.ml At o
0 = 295, coulombs” on? (ses, Pigure 52). I
®) £l with Charcoal-cleaned 1 ed Hons

Tables 21 o 24 detail the measured electrode capacicances\n

overvoltages for experimentsB2 to BS at various &.d.'s after différent

P . . . v .
periods of constant .current cathodisatipn. These data show that the

increase of Cepr‘. was generally accompanied by an incredse cf -n, |
e.g. i B3at i = -1.16 ma on 2, <:mqst increased from 54.3 to 68.4

WF ™2, while,~n increased from 250 €o 277 mV during passage of an

additional 190 coulombs . ém 2.at -0.231 mA cm 2*(see Table 22) and an
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Cexpt. /- Fem2

100

SRS et ", L0 K & E 5 .40..., ‘ ‘
Fig,52,". ?&:e_ OF ‘ELECTRODG CAPACITANCE WITH OVERVOLTAGE'AND-TOTAL. CHARGE QFOR < '
ELECTRODE B1:DURTNG CONTINUOUS POLARISATION AT i=:1.16 wA en? IN 1 mo1 A% HC10,, B

L .0, +0=8T cn-?;.0;:0< 94 Cen? 500, 0208 € o ;m, Q=205 Ceni2 . wat

=% Teg \
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B5 ati= -34.68 ma o’ Lo
exp

wirile -n J.ncreaseﬂ fron 356 fo°;

) incxeased Erom L5 171 £ e

(see Ta.ble 24).

high cd.'s was greatez chan in mom concentxétsi acm. =t -
1t is evident f£rom Tables 21 fo.24; thatt the variatidn of overvamqe :

.1s small whereas f_hat Of . the: capaclta.m:e is latge at, hiqh

The.’

trend is zevezsmi at ﬂ-ue 1over ©:d;5 at which the capacitance y vas_

" measureablé. -In mst

s a larqe cnagge of Dvexvoltaqa and pncxmnce 5
= e, Cé

vas_obsérved bstween the fixse two ‘conseécutive mpacitance maarsuremeqts

b expt
expezmn: B5at'i = 13 57 m}\ cm lTable 24)

-2

Cexpt.

“to 142.6'WF ‘on * correspondiig to an increase b? -1 £ron 337 d 345.

#r as--g anreased £rom 6 to as ¢ an?, whﬂe “after passage cf‘ R e

2 the capacxt—ance' increased: Only. smm 142.8 t

et

52 dnd 53 usilng the, more.concertrated 1 mo_ 47 HClo,

= kg valnes:ofxcupt.
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70F

Fig. 53, - VARIATION OF ELECTRODE CAPACITANCE WITH OVERVOLTAGE AND' TOTAL CHARGE Q FOR ELECTRODE B2
DURING CONTINUOUS, POLARIZATION AT 12-0.116 mA cu™® IN 1 mol &> HC10,
-0= 229 C em™? 50, -Q= 262 Cacn™? .

60|
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t./ L Fem E

Cexp

(
\

" Fig.54. VARIATION-OF ELECTRODE CAPACITANCE WITH OVERVOLTAGE AND TOTAL CHARGE Q FOR

6l ELECTRODE B3 DURING CONTINUOUS POLARISATION AT 1=-0.231 mA cm2 IN 1 mol L% -

0, -0= 2 C cm™? 34,-0=97 C cm™? 50, -Q=191 C cin”2, o
1 10f
100
90
80
70}
‘sof

1 1 1 1
50 -
250 280" 310 340 370
-n/mV
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/BF em 2

Cexpt

Fig.55. VARTATION OF ELECTRODE CAPACITANCE WITH OVERVOLTAGE 4D .:EF. CHARGE Q ‘FOR
ELECTRODE B4 BURING CONTINUOUS POLAR ATION AT i=-1.16 mAcr"2 IN 0.1 molX™MHC10,,
0, Q=19 C en? ;4,-=183 C cn™2; @, -Q=293Ccn”2,

335 N 370
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- 15l F19.56.  VARIATION OF ELECTRODE CAPACITANCE WITH OVERVOLTAGE AND TOTALCHARGE Q FOR !
' . ELECTRODE BS DURING CONTINUOUS POLARISATION AT i=-0.116 mA em 2 IN 0.1 mol L7 HC10,,
0, -Q=1 C.cn 234, -g= 84 Com™ ;0,-Q=171 C em™2 .
- 190 ! .. s
v . .
= 165 e
[V ° .
. e ,
o 140 o
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' -~
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increases with log) ) (-Q) at least for not too large values of .

A number of plots Of C_ . versus log, (-0) at three different
overvoltages are given in Figures 57 to 59. It is apparent from these
figuies that at a prfficular overvoltage on a given electrode, Coxpt. :
does indeed inorease with log,; (-Q) up to ca. 60 C an . These
increases are probably indicative of a psendocapacitance cauged

by hydrogen adsorbed on the siiver electrodes. At higher charges

> 60 C an?) s tmoseass ia Tolloved by a plateay region of
essentially constant C o . A sinilar tfend vas also observed in

the relationship bgtween - and log,, (-Q) as presented in Figure 43.
P bY 10
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Cexpt. /(+Fem™2

80

<. . : LOG , (-Q / COULOMBS cm? )

S

o
-
*

Fig.57. _RELATIONSHIPS BETWEEN.ELECTRODE CAPACITANCES AT - CONSTANT -n‘'s (A, 300 mV. |

o, 380.mv.; X, v..w.uc my. ) AND LOG 10 (-Q ) FOR ELECTRODE B3 .

s
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150
. | U . -
130} Nt
110
90f"
¥ . ¥
f qr.u ~ O
’ ; a
Lssidy I
i LOG,, (-Q/COULOMBS em2) 3
Fig. 58.

0, 325 mV.; X, 366-mV. ) AND LOG 10 (-0 ) FOR ELECTRODE B4

%

RELATIONSHIPS BETWEEN ELECTRODE CAPACITANCES AT CONSTANT -n's ( A, 280 mv.;
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Cexpt. / £F cm™2

o
S
T

losf

8of

551

30! ST , L

LOG, (-Q/COULOMBS cm™2 ) i
Fig. 59. . . RELATIONSHIPS wm._.zmmz.m,rmn.;oum CAPACITANCES AT CONSTANT - n's A...D 5 300mV
o, 335 mv. ; X, 360 mV. ) and L0G, (=Q) FOR ELECTRODE B5 . : 4
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V. Calculation of Hydrogen Coverage

This increase of lectrode cap;cicance Coxpt.’ ¥ith =2 is
presuned to have heen caused by a continuous increase in muchand
coverage with adsorbed hydrogen, ©y: By obserying ‘the increase of
Cagge. 2t given overvolrzge, £xem ‘the. inttial 1ow value of <9 to

the’ value: at various hiqher values of -Q ().ncreusa of caf odlc charqa !

b9} and. deds tisg the forier. ¢ xpt e the latt_er, the- “inerease in ;

pseudncapacitanl:e, ‘sc - has Beon stinated. “ihe §

crease in’ psendo-
‘capacifance has'béen calbulated in thié way as & function of over-

voltage at higher values of -Q (twa‘_zds the end ‘'of capacitance

in a given ) and the results presented in
fablas 2565 26) tissa’ Fedilia have Boe: jaad to estimate hydroger.

apverages‘or rather,.the increase in hydrogien coverags, 29, from

the lowest ltage at “hich m were made. Data of

Tables 25 to 28 are plotted in Figuré 60 which shows that -n

increases linearly with log,  (46,J for, four experiments (B0 55).
The coincidence of the straight tinme relationship in.Figure .60

gor e sdme acid concentratisn is nodezately good. An intermediate’

stép is the caléulation of the*charge equivalent to.the adsorbed

ydsoent or rar;he}r, its 1ncrg;se @qﬂ, relative to the value of g’

at' the dowast ~n of the Sessicénantal me*équati\?ns Gefihing Aq, and

* by are: : »' g \

- e

Ac. . an g Gy "




TABLE 25.

mucuu'!:mu OF INCREASE OF HYDROGEN m\lmuc.z FOR

. .y
' OF ADDITIONAL CATHODIC cmm 60 = 261.64 c o’

. romi camiontc cmss\ag = 262 Clem”

" - 226 -

3

SILVER ELECTRODE B2 CATHODISED IN 1 mol vt m:loq,
AT A CURRENT DENSITY 0. 115, WA C on” 2 JTTER.THE PASSAGE,
=2




TABLE 26
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CALCEATION OF ‘INCREASE OF HYDROGEN COVERAGE FOR

SILVER ELECTRODE B3 CATHODISED M 1 mol &2 Hclo,

AT A CURRENT DENSITY 0.231 mA om™? AFTER THE PASSAGE
OF ADDITIONAL C?X’I:HODIC CHARGE -40 = 190 C an 2. |
TOTAL CATHODIC CHARGE -0 = 192 € cn 2. ‘
; te, y
» v
9.5 - g
10 ) 0.51 : 0.0031
1.5 0.69 0.0042
181 0.93 - 0.0057
22.5 1.21 0.0074
26+ 0.0089
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TABLE 27. CALCULATION OF INCREASE OF HYDROGEN COVERAGE ‘FOR
STLVER ELECTRSDE B4 GATHODISED IN 0.1 mol &7 AC10,

AT CURRENT DENSITIES 0.116 and 1.16 mA en? APTER

THE PASSAGE OF ADDITIONAL CATHODIC CHARGE -AQ = 274
o

o’ TOTAL CATHODIC CHARGE +Q = 293 C om

. -2 Co2
~n/my 8¢, /WF"om dqu/pc en tey

264 10 - -

327 20 ° T0.95 0.0058

344 41.3 i 1.45 0.0089 -
. 352 52.5 18 © 0.011
K 362 66.3 , 2.44 0.015

372 92.5 §:23 0.02
¥ . &

~ . .
. ) . «
. »
i &
7 - N
T
I ' X )
R =

: ¢ ;
v DY
s P




TABLE 28. CALCULATION OF INCREASE O‘E‘ HYDROGEN COVERAGE FOR
SILVER ELECTRODE BS CATHODISED IN 0.1 nol 271 K10,
AT A CURRENT DENSITY o.&us mA cn”2 AFTER THE PASSAGE

., ADDITIONAL CATHODIC CHARGE ~0Q = 171.6 C cn™ 2. |

TOTAL CATHODIC CHARGE -Q = 172 C cm—z‘

-2 -2
VRV s /uE n A /uC e’ se,
.
289 11.2 £d -
304 5.1 0.20 0.0012
334 26.3 . 0.82 o
348 “ mae A 1,37 0.0078
355 ¢ so.0” 158 0.0097
357 " 62,5 "ot
364 75 0.013
368 a3 . 2.51 0.015
* 8 4
.
>
.
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Fig.60. LINEAR RELATIONSHIP BETWEEN OVERVOLTAGE AND.
LOGARITHM OF INCREASE IN HYDROGEN COVERAGE IN EXPERIMENTS]
B2, B3, 05 (Tnol 7010, )384,0:854 (0.1 mol £7 HC10,)
NUMBERS ON EACH CURVE IS TOTAL CHARGE PASSED IN C cm™2.

. 2 B
LOG,, (& 8y,) ‘
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N
F aC = dn (3.5)

Ve L
whete k' ;s the value of q, at 8,-= 1, or the total charge required
to fe}qn a monolayer of adsorbed hydrogen atoms, N is,Avogadro's
’ nunber’, n is the mumber of adscrp‘tiun sites ca and ¥ is the
Faraday. A similar method was used by Rao (61)‘to caiculate to,
for lead cathodised in HCIO, 4 )
Althouh polycrystalline silver samples were used, in order to
estinate k' the reasonable assumption was made that the low index
planes (100 to 110) of silver are, on the average, efually: exposed
at the surface. This assuption Was also made by Spenadel and
- Boudart (152) for platimm and by Anderson and Baker (153) for tungsten
for determination of the surface areas of platinum and tungsten, respect—
ively. The site densities (number of silver atoms per cm’) of (L0O)
and (110) faces of taue»cenueé,c&aic silver crystals are 1.20 x 10'° ana
.47 x 10M, respectively, giving ah average of 3.02 x 1025 sites
on”?, From the average number of sites om > with ‘the assumption of
one hydrogen atom per silver atom, k' = 163 uC 2 vas calculated.
Increases of hydrogen coverage up to 2% in 0.1 mol 21 K10,
are indidated by these caloulations. The values of 23 and 0.39%

were calculated for silver electrodes in experiment Bd. (see Table 27)
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and B), respectively, (see Table 26) after passage of some 293 and -
192 ¢ em?. Interpretations arise in these calculations and in %

-others, suggesting that ACor 16, incressed vith. increase of hydrogen

overvoltage (see Pig. 60) on silver. Calculation of the increase in
fractional surface coverage with adsorbed hydrogen atonms of silver,
86, suggests thap the values in 0.1 mol 47 folo, are —

in 1wl 270 KC1O,. This estimate of Ae, for silver may be low because

the integration was carried out over the very narrow range of-1

which has been studied on the silver electrode afd in particular

because of the lack of C data extending to.n

expt.
The above i i i hydrogen

depend on an gssumption that impurities present in solution are not
bedng depositsd on the silver Cathods to such an extent as to give

rise to the bserved.  This ion might be tested by

such improvements in technique as would give ,x‘ise to more rapid
changes in overvoltages and capacitances than have been reported

here.
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CP@pter 4

d DISCUSSION

N The most important phenomena observed in this part of the work

are the simultaneous rise of overvoltage and increase in capacitance /

with the logarithm of the‘ total charge passed up to abo’m: 60 c an 2. N
Nhe possibility that these. phenomena are Gue €6 oxygen evolution at
the arode, impurities, Pt dissolution f£rom the anode and ‘platinq out

on ‘the cathode, changes in the condition of the electrode, e.g. area

increase or d or anion adsorption can be for the
follwinq}aé% 2 » '
! (i) The presence ©f 0) in the electrolyte would cause a complete
_ reversal'of the increase of -n with -Q. This has in fact been observed
in the initial overvoltage measurements in experiments: A8 to-Al0. ’
The decrease of overvoltage for about 30 minutes from the beginning
6f the experiment could be attributed to the removal of 0, from the
| .electrolyte (see Figure 43).
Hickling and Salt (115), and Bockris and Azzam (120,154) claimed
e d 5 i

farlier that stri is at -i> 1l maam

This arqument contradicts sode well known facts. It is well known that
chemisorption of O, by most metals is extremely rapid and, in many,
cases, irreversible. ‘hus, despite very favourable chemisorption =
equilibria for hydrogen on metals, such as tungsten, pre-adsorption ) .
of 0, inhibits the Chenisofption of H, [155,156) .

Tt tas been found thap 0, (in the gas phase) is chemisorbed on

silver in both the atomic and molecular forms (157). The predomindnce of .
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>
‘ one or other form depends on the coverage of the surface by 02 and
’ - the time of contact of 02 with the metallic surface. Zhutaeva and
Shumilova (158) pointed out that adsorption of 02 on silver in acid
solueions cakes place in close to. reversible conditions. They also
‘nbser;ted the “existence of -atomic and molecular chenisorbed oxygen on
i1 silver using elestrochemical methods. ' It was further concluded that . % it
‘ o T Sh%w v RIREOEE U TreE W SUnta B ALV SREIEIY g
chemi sorbed o::y‘gen in the presence of oxygen. When oxygen is prlesent.

in the » it will be ically reduced to the intermediate

product, R,0,. In this case, the overall electrode reaction must take .

+ -
into account the formation of H)0,, i.e. O, + 230, + 2e” = H.O

In the present investigation hydrog acid

, + 2H0.

were used so that even if oxygen were evolved at the anode it would \
: not be likely to interfere, because oxygen evolved i the anode : i
compartment should have been removed by the stream of purified hydrogen
4
passing through that compartment. The large anode used in this work
nininized the anedic processes (such as 0, evolution and Pt dis- :
soliticn) by dnavesntng the surfice; aveilable for the anodls ‘

‘oxidation of H,, i.e. decreasing the current density at the counter 3

electrode.

(ii) Hydrogen overvoltage on silver in i

containing Ag” ions are associated with a decrease of -n (see Table 17)
N and bilinear Tafel lines (see Fig. 49). Evidently, this kind of .8

: behaviour is associated with a significant concentration of Ag' in

>
@ solution. The gradual decrease of [Ag') explains the decrease of

-n during cathodisation in such experiments.
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The high -values of -n and subsequently the existence of high b
values in Al, could be because a dirty electrode was'ised ina dirty
solution. The high Tafel slopes may be explained as being due to
the presence of oxide filn on the silver. The stecper portion of
the Tafel curve (see Fig. 48) decreased in slope £rom 183 to 150 my
after passage of some e charge. This change of the slope

may be associated with reduction of part of the oxide film initially
present on the silver surface or adsorption of surface active
impurities (1f they are present in the electrolyte) on the silver
cathode. Oxides of metals are said to be reduced by atomic hydrogen
(159) but this process appears  proceed slovly under electrolysis_
conditicns.

with -0 is unlikely to be due to

iThe increase of -n and C
e s expt.

the presence of impurities such as surface-active compounds and foreign
metal cations because this increase was observed both in pre-electrolysed

solutions and those also purified by passage over activated charcodl,

_The residual conceptration of foreign metal ions, after extensive

pre-electrolysis at a silver electrode in the pre-electrolysing .cell;
is liely to be very small. ‘Surhl:e—-active‘i.mp\lrities are- uplikely
to persist in solution aftexr using a«;uvaced-muca'al (experinents A10
and B2 to BS). o

The above arguments strongly suggest that hoch. the increase in
-n and rise in electrode capacitance with -Q are not associated with

the presence of impurities in solution.

H
]



- 236 -

(iii) A decrease or increase in surface area of silver electrode

with isation was also i as a possible explanation for

the incresse Of - and rise inC_ . with -0. A decrease in surface °

area would cause an increase in c.d., increasifg -n'and decreasing

the electrode capacitance. An increase in surface: area causes changes i

. . in the reverse direction. However, in the present work it was Obse

i that both ~n and C, increased with -0 in charcoal-cleaned pre-

N
expt.

, 50 this will not explain the
observations. . )
(iv) ‘The present phelwm% are mot caused by anion adsorption because
the measuresents were carried out in aqueous KCI0, amd, according
(A *  to Noninski et al (143), there is insignificant specific adsorption
of 10,” na po’y:xysdlune silver electrode. "
Thus, vith the above arguments it is obvious that the silver
+ hydrogen + hydronium ion systes is not well suited to critical

* examination of the h.e.r. unless a high degree of purity and

is Such i have been

& in our satisfactory experinents, vhich imvolved electropolished silver

in KC10,, pre-electrolysis of the solution for sufficient time and

the use Of activated-charcoal. In these tisfatory experiments

" the overvoltage increased with periods of cathedisation and also
capacitances have been found to increase with the dathodic charge

when compared at constant -n (see Figs. 57 to 59).

It was concluded £rom the results of increase Of -n with -0

that the hydrogen surface coverage of a silver electrode might increase
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in the course of cathodisation. .The growth of hydrogen coverage

(see Tables 25 to 28) which appears to us to be the only reasonable

of the it data obtained in the present
work; provides evidence for our hypothesis. The fact is that box:h\

~h and C increase linearly with log, 5 (-Q) and finally reached

expt.

a pléteau. The mdisured capacitances increased with time of
cathodisation by quite large amounts and it is difficult to conceive 2
' of any other explanation (refer to the alternative possibilities
discussed above) consistent with all. of the facts than that of a
growing hydrogen adsorption pseudocapacitance.
The hydrogen surface coverages deduced ranged up to about 2%
of a monolayer, i.e. ASH = 0.02 for 0.1 mol F:'l FlC{Od, produced at‘ter

passage of an additional 274 C om >, The coverage was smaller, s8, = 0.009,

in the case of the more concentrated 1wol L% KCIO,' after passage of

an additional amount of charge of.190 C 2. The degree of hydrogen
coverage observed by others for silver in alkaline solutions (33;136)
is much higher than the values deduced by us for acid solutions.
T — @y i.e. 108 of a nonolayer in 0.1 mol L NaOH
(33) and 25% of & monolayer in 0.5 mol £™% KOH (1%) support the
view that o, increases with increasing pi as we found for the acta’
solutions used in our investigations.

sookris and Comiay (121). attributed the existence of two Tafel
slopes at the silver cathode in acid solutions, to a pnncmenon .

related to the specific adsorption of H, O;q on the elpctrode and

suggested that the mechanism is probably slow discharge followed hy




|

low current. slope,

2.3 RT
F

"‘from which it should be noted that the h.e.r. at silver cathodes may

ave two different mechanisms for the two portions of differing gradients,

.\
b
¥
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Tafel combingtion. Bockris, Ammar and Huq (122) pointed out that the
2.3RT

. can not be expfained in terms of a sinple
im:erprefanon of mechanisms already broposed, except "by uprealistic.

values of ch In order to account lcr the slope, they. pmposed that.
2.3 RT

the Tafel slopés of are consistent with the migration of

1 atoms Sver the surfase as a rate determining procss. They

Luded, that al d ion is'the slow Step

U\mug;\wt. The 5loy ‘discharge process may be rate limiting at high : .
currents as pxopcs‘ed by Fleischmann et al (160), Antoniou et al (116) .a

tonway (123) and Bystrov etal (124). Antoniou ef al proposed that

the lower slope, f—iF—” , at.a silver cathode could bé atfributed to

slow surface miqr\a‘)tien or amther process walch is first order with

respect to H atoms or Hy. According to Convay (129) for the lower Tafel

‘slope region, the Volmer reaction may more certainly be ‘the r.d.s presumably

at lowe;.‘ adsorbed hydrogen coverages than-at high c.d.'s. But for the

higher Tafel-slope; 4.6 %, ‘the Heyrovsky reaction might be the r.d.s.

Bystrov et al (124) observed the part of the Tafell curve with qnd}nt‘

did not change its position with change of pH for HCL solutions.

They proposed that adsorption of hydrogen practically does not. occur
in this poténtial region, The most probable mechanism was suggested

to be the slow with subsy rapid el ical '

desorption for higher c.d.'s.

The present work confirms the existence of two Tafel slopes,




It should be noted that the two Tafel slopes are cbserved even in
highly purified solution and do not, therefore, arise from the

sasarption of some impurities.  The.low hydrogen'coverage at-silver

cathodes in acid so.ludonﬂ gives -us 2 basis for’ concluding that the ;

slow dlschazqa s the r.d.s. ﬁuz t.he parmn with p value af &bout
4.6 RT

(cuauhtad @'1.0:5)

% innreasarl the hyd:ogan eqvmqe the ‘preseit work. | A pons:.ble
reason for the differuice in hidzogen coverage: using 0.1 and
1 mol L HCIO‘I might he due to an increase in the rate of the -

Heyrovsky reaction in more concentrated acid solution because the

[uao“l plays an role in the el

step, Therefore, the mechanism of the hle.r. at gilver cathodes might

. ~ .
be slow discharge followed by rapid electrochemical desorptio:

motaq) +ag + & alow Ag-H, +HO R .1
nolaq) ¥u, ag e e B s Ez(q) * o (a.2)
§

At low ©.d.'s Where the me_x slope is given by

into account that nd.acrpﬂ.on -of hyquan practically does not

occur {11‘), lnd the lack of data for 9 at ut.hcdiﬂ Q.d.

than, 600 vA ca 2 i 1. difficult to deduc- wiat mechanisa actually
_-governs the nacr.iﬂn Ln this Tafel xeqion. Lo o
Sifce the rate of step (4.2) depends m-eel:.i-im betyeen
vhy‘dxonim ions md-n'q-n , it is-obvious. that u{ increase in the
_rate oi reaction (4.2) 'seems - mgly to occur if: e .increases Etv:n

-a low value ‘to some larger value. . It:follaws'that hydronim ion - % .




.
dischatge (4.1) must Ltself anxease in rara since ho ur.hez adsorbed
i

hydrogén pxoducdbn grosesses are inolved in' 0.1 and 101 €

at cha g.d. '3 appneﬂhe:e {tne imua! J.umunq current r].enslty

3 the' dxschuqa ‘Of H, 0 dx.sl:uxsed in Qhaptgr 4 uf Part: s

These ptoCESses, ‘hr_meve(, mtmue when steady—sute 1 seac)\ed’,

s ) Kne where kv and kH are the rate coristants for the . i

Ky 2

“Volmer (4.1) and ) i vely. When the

* - 3
steady-state is reached after about 60 C cu + Of cumodisaﬁgxﬂ

there are no firther -changes of ovérvoltage and € "' with -g as has

expt
beenfound in the present woik  (see Figures. 43,57,58,59)".. 2 ,' B
Lt us now consider Gverahox yst "k, ifipc; difte

e overall increase of -n appen %o be irreversible; e’ acgurs -

< .
-once only with each electrode. - The extent’of overshoot hysteresis

decreasid as %) increase The ove s is is' opposite to

~
wha: might ‘have heeri expuce:ed i genezal mqraase of - with

K camodisatian. ln e)cpezimént uo. fux instape decmasm; the

sunceht density-from 116 to 0116 A ™2, - incredsed by about
\45 V. One may):;l.aim that the nvs:shcnt hysteresis, e.g. for.

' dacteumq e, nightlhe m o ix) the desérption. 6f su:fa.ce—actxve N
. dnpurities; " or to (1) Aesccptwnyf “sasorbed ox” ahaarbsd hyd.!oqm

'\fm'm the surface
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/ was carried out and the behaviour was found to be the same even with .

charcoa: P ctrolysed solution; (b) the values of slopes

observed in the low c.d's range were in good agreement with other

waoxkers (116,121,122) who used p: luti Ahe h

hysteresis at silver electrodes tould be largely a surface phepomenon

while a long tem increase of -n might be a bulk one. N
s The variation of ‘-n with time”bf electrolysis during the h.e.r:
i  has been observed for many metals:. Pb (9,61,107),. Bt (51,122), Fe (147),
Pa (161), fa, 11 and Mo (154) and Ag (116). foth increase in -n on Bd,
Pt, Fef’ Ta, T1 and Mo and decrease in -n with time on Pb have been : 3
* . -
- interpreted in temms of adsorption of hydrogen: on the surface of Ta,
* Tl and Mo and a change in the propex'tiesl of the Pb, Pt, Fe and Pd due #
to hydrogen absorption. ’ 5 .
8 . During cathodisation, hydrogen atoms are produced in large
numbers at the electrode-electrolyte interface. Thus, for an electrode

- of 0.865 cn?, surface area,, as in the present case, 141 yC generates,
a monolayer of hydrogen atoms (with the assumption of one hydrogen
" atom per silver atom), i.e. 14.1 yA generates -a monolayer in 10

seconds. The raté of penetration of hydrogen atoms into the bulk

“of silver will depend on the diffusion constant and.the concentration|

. - gradient of hydrogen atoms. It may, therefore, be anticipated that

penetration will increase with the imposed c.d. up to some limit at
- .

which the surface concéntration attains a maximum value.

i _When a steady-state current has passed for some time it effects

little change in the bulk or Surface hydrogen atom concentration becatise

—




at the steady-state c.d., a constant.flow of atoms occurs from the

. surface to the bulk, i.e. at the steady-state permeation current the
3 H concentrdtion gradient in the bulk metal is constant. Changing
the constant cathodlc ¢.d. altérg the steady-state situation more or .
[ R EPCIAE T — establishnent of a new
steady-state. Incteasinq the cathodic c.d. leads initially to much .

i faster diffusion fxom the swface to the bulk, but later the diffusion |

rate falls as the concgntration gradient near the s,hface gets léss . .
f i steep than initially, though ;:eeper than at the lower current.
Decreasing the current results in a considerable slowing down of the
‘diffusion rate so that the hydrogen coverage initially remains close
@ B —— . .
[ In Bermeation studies, we.have shown that the diffusion of ]
electrolytic hydrogen thyough silver foil of 0.1 mn thickness gossibly

occurs with & diffusivity of about 2.5 0.4.5 x 107° cn’s™ . The

. Isteady-s(:ate permeation current and the diffusion cosfficient of
p hydrogin atoms in.silver with the assmmption that the values of D 5
obtained are correct) were used to nalc:xlate the H concentrations :
just beneath the ;:ath?de surface, C, for different c.d.'s with the ’ :
results of 5 x 107 to 8 x 107 g atom # on > of silver. The Reliea
of 2.1 x 107, 2.87 x 107 and 3.74'x 107> am® s7* for D, in sitver -
‘at temperatures.of 773, 823 and 873 K, respectively, cbtained by
] Eichenauer st al (112), cannot be compared directly with the D, ¥

values obtained by us using the electrochemical method at:rcom

temperature. But extrapolation of their results gives D, I 9 x 107°
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an? 7% at 298 K which is about 500-fold lower than the values gbtained
by us. %
- -
. 2 ° using a more modern method of gas analysis, i.e. using’a mass B

spectrometer, Thomas. (113) obtained more reliable data for the solub! //\
of H in silver, e.g. 4.7 x 107" and 4.8 x 107/ g atom H an > of silver -
for temperatures 873 K and 1173 K, respectivelys: The solubility
values obtained by Thomas are considerably less than (ca. 10-fold
\’\’foz the same temperature) the values dedw.:ed by o&ex -m}zg.gs 1o, ’ 2
111,112) who ‘used volune measuftments which vere unreliable, because
silver also dls’so‘lvab oxygen atoms (162). Extrapolation of Thonas's
results gives C, T 1.9 x 20° g atom K o™ of silver ar 298 K.
Thomas's results for the bulk H concentration in silver show that
the C_ is'negligible in silver and probably with the slectrochenical
methods used by us could not ‘be measured.

Recently Diederichs (163) extended the time-lag method to hydrogen
diffusion in pure silver, applying ultrahigh vacuum mpnt‘ian F
techniques. He used thin silver films of some 10008 thickness, =

evaporated onto palladium foils which 'acted only as a support for

1y stable foils for time-lag

The preliminary p, was 7/t 3 x 1072 o ¥ for silver at 303 K.’ .




solutions. Initial rates were determined from linear (bb>*) ersus

s =

&

SUMMARIZING CONCLUSIONS ¥

a - o
P
pulse anodic voltametry and differential
pulse polarography have been used to determine the Pb>' concentrations
by lead m% has been measured under

1 i in and ich:l‘

time plots. Disintegration rates increased linearly with cathodic

current density, above threshold cuprent densities, which,have beeiy

found to be much lower than Gastwirt and Salzberg (70) measured for -

aqueous H,S0,. : the o ata
particular c.d., caused the disintegration rate to drop drastically
for -concentxations greater than 0.01 mol £>. Threshold c.d.'s

increased with maa"l. Discontinuous disintegration was detected at

a cathodic current density of ca. 10 mA cm ~ depending on acid con—

Gentration. At i = -1mA an * no disintegration whatsoever was
: tion

“@etected during five days of cathodisation. 7
A

Hydride formation as a cause of catholic disintegration has been
discussed in the light of evidence from gas phase hydrogen inter—
; 2

actions with lesi. Support has not been ds%un-a for a definite PbH,

as an Water appear to play an
mpozmt rnle in cathodic disintegration in the absénce of alkali
metal cadons, which accelerate disintegration when they are present.
Hyd.zox;xm ions clearly inhibit cathodic disinugtﬂdnn, most probably
because of the alternative desorption path they provide for“aisorbed

hydrogen atoms. Diffusicn of hydrogep atoms into the lead 1dttice
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and their subsequent combination to H, are proposed as important steps
[

in the process of discontinuous disintegration, which is reported here
forthe first time. Measurements of electrode potential under dis-

i i ditions are for further gation of

| these phenomena. | )

The surface hydrogen coverage, 8, of a silver cathode in acid

solution is not immeasureably small. Electrode capacitances of silver

car.hudes have been observed. to grow during cathodisation, simultaneously
with an increase in the hydrogen pvervoltage. Both changes occur in

hithy purified systems, well supphed with hydrogen and are

to and/or ion of hydrogen by silver. The
. | 5

. increase in hydrogen coverage during cathodisation with charge passed,

46, increase with hydrogen overvoltage and suggest at -n of about
370 mV a @, of at least 2% of a monolayer in 0.1 mol 2t 010, and

smaller. values in 1 mol 2™* solution. Evidence of other work suggests

the hydrogen coverage of silver increases with ph.
The :fn}:rme of overvoltage at conEtant i, o A SERBELER of

cathodia charging; LE it 1s related to hydrogen atons on e surface

or in the b\ﬂ.k of the 511‘«'&(, suggests a decreased avm.la.bih.ty Of "
electrons for charge transfer as hydrogen builds up. The behaviour of'
silver is, in ks Fispect; Sppesiisbo: sk Eoui, by D aii Bl
(9,61,61a,107) with lead. Overshoot hys;e:esis on silver cathodes

” is in the same direction as found on lead, suggesting a common origin,

kY

e.g. a slow surface or a bulk phenomenon. fThe long term increase. of .

overvoltage with ~Q shows evidence of a saturation effect, which is
i ’
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also shown by the capacitance data. This could indicate that a suzfa'cJ
phenomenon is responsible or it could be consistent with the very

low bulk solubility of H in silver extrapolated froffhomas's high

tenmperature data (113).
Purther work to determine the diffusivity and solubility of

electrolytically generhted hydrogen in silver must utilise a more

sensitive technigue and probably superior esperimeéntal conditions'

compared with the present work.
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The peak reduction cuirent for Pb' was obtained at ca. 0.3V

versus SCB:, Standard cond:.tlcns were' n\ax.ntaxned for each run, 'me

results of the analysxs of (some ddpllcatﬂd] standard " so]_\xti.ons

. (average of two different runs in gach case) are” given in Table Lb

. 7' ] and the calibration cirves are il in Pigure 11, vhich shows
r_hut differential pulse polaxography works very well in the range

PR X | 0 60 pim Pb2*. . The least sq\lares,value of the sIope of Figure 11

20 oaosw the corresponding

intercept i50.003089 ¥ 0.001945 with a correlatisn coefncxent of

©1.00000. . US} ng the values of slope and’the cotrespund).nq nn:ercept

" and knowing the peak current of each unknown lead sample, the

of lead aisin

A stwy has been made to evaluate possibly important effacts of.

supportxng electrolyte’ concentration on the peak urrent for the

» same yﬁ" concent:atxan Thé" cahhmnon curves 52 Tond shelysed by

bo\:h diiferem:ial pilse polarography and DPASV" zeued upon 0.01

acm as'a supporting electrolyte, whereas act__ual analyses, were

"+ in various Qoncentxabnns of HC10, and 1,80,

.70 () Differential Pulse Palamgra@_y_ a5 B :

. Table 2 summarizes the results offfead analysis’using aiffeérential

electrolyte; concentrations vith the sane (5‘52*1 rith those obtained
£rom the calibration curve, quure 11, for wh),Ch 0.01 mol & ;-n:mg‘l

- was used.”

pulse polarography comparing the peak currents’ for different supporting
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Parry ‘and Osteryoung (100) showed that the’ sipgorting electrolyke
“°‘°3’ cbncenu‘auon ina thice-eleotrode system l\:ss not, affect the -
e peak cubrant ih ofdinary polarosraphy.

. hocording o Tabile 2 the peak’ currents’for Fb in different

- cHeio, cmxcam:ratjons are close to each'other for tig same [Pb>'1, the

" error pediablly belig. wholly ‘rapfoms,

For various sulphu.m: acid concem_:auun; at low le ), there e
no’significant d)ffel’ence beteen the peak cux!‘ents aberved and that
' Fead £rom'thie calibration curve. For 1 ppm 57 4n 5,005 ‘t0,0.1 mal #°F
.ézso , only a slight decrédse in :g;ea.k. carrent is ‘noticed (about 43)

which can probably be attributed to experimental .error.. At higher
o .

7 7. ‘lead concentrations, ‘e 2 in Ot mo1 27} K.SO wien 4 ppy w2t

mgher fall in’ peak current appemd (about 13%). About 123 .of this -

' arror 1n ade-th the aqumbnum vhich exists betiveen P‘b * ang Pbso,, -

alesp?t e se = PDSO, removing 2 as insoluble 2550, 4 which does
0 2 % -

Son oot xas'pond'm Lhe’ é eniical method This. ai aid not

Sl T HyS04

pecause at'higher acid’ conc nenuan; fhe quantity of lead

" disintegrated was mich less thah 4 Do (in the range of ppb)-and the

|+ solwpility product of jead sulphate was got excedded.’ In the ‘present .
"ok, Tost eaa analysss were carried ou‘(:\smg dlifezentxal pulse’

R $ poluantap\y. B 5 v : B . %

1 ad biffe ial" Pulse Amdxc Strippmq'lw— £

Some nnalysa! vere carnsd“out usxhq DrASY wxbh varying . ‘acia

. hs.was already nentioned
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fon-ac!:m of rbso A6 Ehis cnnes s e g " -

For 50 ppb. Pb in 0. 003, 0.01 (dupllcam), O 5 3 Im'l 1 mol &
welo,; for ekample, the,peak currents vere 0,821, 0.83 ua, 078 A,
and 0.75 WA, respectively, compared: to the peak current of 0.61 un

Cand 0.87 12 sheatsed fot 50 ppb B2 by the. use of -calibration curve

* trgure m and Table 1a, respéctively). The decrease may he ngmgﬁ_‘_
& i

“ but it is vahnbly within axpermncax errors-for such -*wu 5

con&entxar_&m\ % : s ] ;
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Ctiapter 3 - .
P RESULTS \
Dishceqratxon was studied in thi y—five different experiments’ ’

-1

£ He1d, ‘de high currem:' depsifiés, five with,0.003 to

1 mol y:‘ HC10,'at low current densmes, B FopEeswEEND, 001, B

0.1 mo1 17 1,80, -at high current densitics. one invnlved 0.017mo1 2%
m:;o a éelmemmly contams.nated with soditm cations and one experiment. .

weilised 1 mol 27" Naoli. In ail these experinents the electrolyte.’

“ater - finally being deaerated

_clectrodes were chem"»cally pplis‘he
+ 0

platima, sbeaned and, finally e
see’ Fig. ! )A. S :
; AP g |
Glassiaie.was ‘cléansd’ in'hot] nitrie ac

and triply distilled vater. In gne experim s,

also used as a cleariing agent.

in 1 mol 71 wao to obtain. sond’

"Ihé results of ais\xnteqr tion wm be wnsxdered whadt ‘tive

aifferent headings: * T perchl acta tions at high.current ‘\

densities, i.e. -i > 30'mA cm ; II perchloric am.d sdlutiom at low
current densities, i.e. -i < 10mA o l, IIT sulphunc acid soluttons,

1V alkaline ‘solitiod, and V dependence of d)sintagtatl.on rate on

cathodic current dens;ty ‘in acid solution.

- ¢
one prCianary experinent wewro: 01 no). ‘277, wfirteen witn 0:003 to




- of Jead-detécted in solutich was taken as .a measure of the ‘total

Acid [soluti

't thh Current.

sing perchlnrin. acia'as electmlyte and

Experiments wel begun’

Pasy co measiare 1éak ‘conaentrations. Investigation:of cathodic 3 .

of 1e;|a in pérchloric acid was carried-out using |

Jo.003. to 1'mo1 47 acia st assterent cathodic cufzent densities,

“Glaid, dee. =i % 30 mA on’’ ave described. s’ : ;

< 'Thefirst experi éntwas fron the remainder, becausé
for this sriment’ the lead: rode was ¢ i in 60%

2 2 g

’Hcm4 for,only 2.5 min‘at i =1 A om,and samples were ahalysed .

using bRASY. Thérefore, the lead ¢ ations vere

from'the ‘non-lineat calibration curve, Figure 9. The’results of » >

“'this prelininary experiment are tabulgydYin Table 3:and illusyrated
i rigure 12, 5
¥ Thie. product of ead disintegration in acld solution was, probabxy

lead partxcles detached ‘fron the slectroge as a "greyish-black cloud.

These particles dLssolved quickly ;n u-.e acid sol.\lti.un§4 The amdun_t 5

Ls)ntegxated‘up to'a, paxt_xcnlnx timé. This assumptxun, was w &
reasonable at. fnisc, uhan the rate of d‘sinceqration was mqh comparul 5
“with the rate of [deposition of 'Lead fzom aolutwn, eittier on the
e

anodes . ther:. the quount of lgad in solution © 7

decreaged, as Figure. 12 shous.  In ali aiXintégration experinents the
qnav\uty of Tead dls;nteqrut»ﬂ vas plotte against tine.
it~ ahount of Adead in solutien, i.e.’ from electrode disintegration,

anmased Tinearly with cine, inttiatiy at'a particular‘ cathodic c.d,




. i ot (500°0%) 2
5 w ; :
. . o e VTR samrt 3 e
. U pedmabmuystp  /eakréxasers =)
T = .. PeST TwAQL. - “'.-3o sunrop \ 0T ¥ [, qa | W/ e

6 0°09%

9°eT" & L vaz

o) et . 3 75T
ovst . .n..ms

T

L & .Ea\ga..ﬁ .
30 Butuuthaq
i/3uszmo ©3 $TBATOIADSTS 3O xmqunu

* INIWTHEAXE guash ¥ NI 5 K
aﬁoﬁguma 94 ¥od WING - ¢ AL

e uuo.ﬁnﬁﬂau woxy owty  a1dubs




w2

&

: LEAD DISINTEGRATED X 10° 7 mol ©
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. .E INITIAL RATE OF DISINTEGRATION =1.92 x 107° mo) s™%cm
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v = A L i L
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1 1 1 -
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t /min 3
MOLES. OF LEAD Em:ﬁmmxzmw vs TIME IN 0.01 mol bn xng. 2 )

RG22 .

IN A PRELIMINARY. EXPERIMENT 2 <

AT <100 mA cm”2 (“AREA =




Mg fcllowed hy a plateau region and\h\;er a region of decline in [ N

The initial straight Line passed t}xz‘ough the origin wiien the rite of

' disintegration, was high conpared™o the anount of ‘Ph * jons t:ansferxed
to the electrolyte with in ion of fhe ‘ ished
therwise. the curve” od the o it wpica‘l data of ‘lead

aisintegration, in perchloric acid are tabulated in Ta.blcs 4 and. S
‘Pidufes 13 t6' 18 i{ligistrate features of lead dxsl.ntegxanon feang .

different current dénsities.each ih three diffwcgncrauops

of Heo,

. In the lowest concentration of Hcm , (0-003mo1 £ disintegration
&% the. 1628 dathotie was” viible oven-ab-aiih 1cw .4, as"30 na, cm™2.

Figupe 13 shows ‘the results of this ‘experiment (X1) which fvas an wnusual

one in, two ts, . Before i X1, an i was carried

out with 1'% ~20 mA en * and since no visible disintegration vas

Observed at this current densmy after several hours of cathodisation,

‘the lead electrode was removed and simultaneeusly e current vas -

£ . The ¢ olyte and -the'lead” electrode after

electropolishing for an extr: in. at i'= LA‘cn > were reused for

experiment X1. 'All samples in experiment X1 were analysed: using

‘DPASV. Due to' the relatily nish (P61 in the blank sampie, i.e. ..

1.07 % 107 o1 47, corpared, to (S| aismcegmted in experinent X1,

the guantity of lead in the blank salnple was subtracted from the quantity

of 1iad'tn each Sample’and’then the Fesult of each suptraction vas
dxv:.ded by the area of the elecf_rapﬂllshed lead electrode (a:en =

0.01" cm ). ‘mhe i of a grey Lack cleud af
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prepared electrnlyte and- electrodes .were ‘used

5,42 x 1

particles was. visible until 70 minutes. fxom the beginning of experiment

XI. The initial rate of disintegration according to Figure 13 was

2:65 % 10720 ;o1 s7 "2, After prolonged cathodisation: (ca.” 5h) Gf

B & P
the lead électrode thé quantity of lead in solution bégan to fall, as
expected from. the reasoning given ‘earlie¥. on page Bl. . "

In the remumnq e Sy kne BaAse S

In each. case the
1
initial fate of lead disintegration wis deducdd from the initial slope

of the lead disintegrated versus time curves. By increasing the c.d.

at a. constant acid ¢ o thie aisintegr

substantially, e.g. in@:003 mol Ji‘l 010, at & = -50 mA a? (expt. x2)
the ‘rats oF “aisintagration wis 4:12 X107 mol ‘s'l T2 (g Tig. a0
compared to 2.65 x 1070 mol s~ (see Fig. 13) in' the same acid ~

\; = ¢

o0.0L mol £ melo,, the

&oncentrauon but at i = =30'm em 2

At hi‘j;her acid concentrations., “e.

lovest current density at which disintegtation was observable, was

\
2

~50 mA cm % with a disintegration rate of 2.09 x 1070 mol £ \'em

i
AL ightly highet c.d: in the same a¥d concentration, e.g. at ’\
4 ; L S #

1 81060 ma cni? (expt. X6), the disintegration Fate increased to \

gt y c i |

556 x 1077 mol’s™" en? (see Mg. 15). By dncreasing the cathodic

i'=-200 mA em ? in a different

cid. appxoiu'.mately 3-fold, i.e. to

3 X3, the fate 3 a 10-fold, ie. to

mol s'l‘qg\‘z as Tabls 4 and Figurq 16 show.

. -With more concentrated acid, e.g. 0.1 mo] £ NHCl0,, still 3

higher ¢.d. was:required to observe disintegrition, In.0.lmol £ 0

©
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visible, but the Pb?* fon concentration mzm-a -ccoxdx,nq +o DPASV

measurements (see Pig. 17). -Inthis experident, i.e. expt. X107 <

“sthe q'uanﬁ of lead in the first sample at t = 1 minute was

% - 4.72 %.107% ‘moi_cw™? but "after 400 winites the asount of lead in

.7 . soluticphad increased. o 2.01 x 107 moi ca 2. From the. initial

i .. rise of the quantity of lead in electrolytc (ng.’rn the disintegration

"1“m'f. Using. the same acid

rate vas deduced as 3114 x m’u mol

Somperiktion it inia di!lazent experj.mant 1x11) vith an ety

< .. - doubled’c.d., i = -115 mA om 2, the dxsx.nmgrnd.nn rate increased 30- =y

710 mo1 s7F @2, he’ regults of experiment X1l are | S

fold to'6:25 x 1

‘tabulated in Table 5 and illustrated in Figure 18. The =2 m
blank sample sn u‘peri.nant X11 vas slightly highen m‘n ‘wwual, g6l - -
2.4 x 107 mol’ r. (see Table 5) perhaps. because-of contaminatiod"

. >3 : -

s " of the cail. . - 4 p




T A

LEAD . DISINTEGRATED X 167/ mol cm2. " - .

Q2

oy

%
8
3
2
'~
‘e
= . . 7 - . )
B INITIAL RATE OF DISINTEGRATION =2.144x 10 mo1 s ten? e
.. 8 1 1 1 L = i s 1
2 7 El ] T 24 28 2
Y 3 =
1, : I .
o 100 E 200 200 Y
i L t/min ) i . i
FiG.17. MOLES. OF LEAD DISINTEGRATED PER UNIT AREA vs TINE 18:0.1 o1 ». HC104 AT 256 mA em™2.

A AREA = 0.87 cn? ) IN EXPERIMENT X10




 pue ardues __u-c ut pest 3o » ‘Tauenb a3 uoxg Ppe3oRIIqNs sem STduvs Juetq amy 5 peer 30 A3Tauenb oyl i

gaagag m_:nndu- oTpouw @sTnd TeTIUSISIITP UATA AnO pa duuu ozoM sesATeuw TTV *8° N i

! s v
ST e Ty . 60E'T 8Lt 89 7090 - : ST 3
L BTN ez 55T . 8Ts L. 980 i [l ;
wg . iseez’ Tek . e w el . €1 :
€L BEve .06 C 1oy 860 i [4d G
. v, czevz et x 8 gargy: 00°1 5 K - S v %
" E i R 14-M PO oz'y ‘s T ot ,,
o ootor RS 7 S ©ooteL vz'1 .
‘098 CT9te. vi'e i 099 ,r 90°T & . i
IS TN Tvs9e- LT ©oetes " 56°0 : ¢
9’9 869°C ste oop . aLt0
) 4 p “s9%9 we'z - WY Tev - 08%0 o
L1090 - v8L'e €T z'oy LN
s we'e 99°T ' e o0 v legto
. 89°€ Cos'z Lop*t €8 9v0 :
T §9°€ NG eI T euz ) .
‘ 10T % 60°Ls Couse'r L owzol o ety e 80°0 . -
v s ‘ u . , , ,
W 3{ ot x fso0on) . ) %ﬁnwﬁmﬁ
uuu:mnu.::w /93410330819 Ty Tom, R wri/3uazang 03 sysAToxIoeTe jo  Tequnu
) pest’ Te3oL 3o swmton ./ 01 X.[ A4} wdd/( 4258 yeaq | uc@u woxy swyy ardues &
3 p . . " “TTX INGWINaXE NI .
g™ 1870 = VIO w0 VIF STI- b ¥ 5y TOTOH [ ¥ 10N 1°Q NI'NOUWSHINISIA G2 ¥83 YINd ' § TG ,
A . . .




: (R3S
J_m
o 1:2}
S
E™
N
‘e
L)
X 08k §
o, 3
W E
g <
[ CRREC - S
F.w %
[ - o4l
P2 — m A : o s
B2 g INITIAL RATE OF -DISINTEGRATION = 6.25 X 10™"mol "s™em=2
L @ 5
o E . B
azt- %
5 g . :
=] a 5
02 g
-
. Sy L L .
s 9 10 t/min 20 .30 2 20|
oY L ) e
: + 100 - .7200 °. 300
t / min

(AREA = 087 cm2 ) IN-EXPERIMENT X11

L

FIG. 18, MOLES OF LEAD. DISINTEGRATED PER cz: AREA vs TIME .Hz 0.1 mol P.w In_a> AT =115 mA cn™2




| i " perchloric Acid Solutlnns at TLow Current Densities g

At ow gurrene asisitide; 1 either HC10, or*H,SO,, no dis-

irred, the ion of Pb2* ions decreasing
" - exponentially with time of electrolysis. Figure 19 shows that [Bb2']"
fe 4 o fell ‘from ca. 3 x,10°° mo1 &L,

/initially to ca. 3 x 1070 mol £7% in

+.aboiit 114 h at 1= -1 ma‘em™? in 0.1 mol £ HC10, ‘(expt. Xla), stirred
by i, bubbling. . +

\ bk At slightly higher cdthodic’curfént densities; -10 ma a2,

| depencum; on, the acid

dzscontln\lous disint ion was

observed as illustrated by Table 6 and Figure 20 which refer to 1'mol iy

. HC10, in experi XSa. In’this. inst aisi idn seemed to
- . -11 -2 -1 s
z occur ‘at a very low rate ca.;5 x 10 mol em s in the first hour

or S0 of cathodisation, followed by an exponential fall 6f [Pb>')

f£rom 9.2.x 107" o 7.9'x 107° mol 27} during whe first five nours of

catfiodisation, later interrupted by several steep rises of m:“l,

e.g. from 7.9 %20 0 1.5 x 107" mo1 477, This phenomenon continied

during several days of cathodisation, suggestive of bursts of lead

. atoms leaving the.cathode. Comparable observations have been made

for all HCLO.

o ma em2, " [pb?"

concentrations studied (0.093 fo 1 mol 27) at around

] suddenly increasing and¥more slowly declinirg.
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" I sulphuric Acid Solutions : s

" “The;results of cathoaic ai fon of lead in sul acia

solitions were similar to those d:ssrveL u-uq perchloric acid media.

Poutbean d.\ffunn: experimeiits (Y1 to yhy were carried ouf in which

the concantzation of. 8,80, nnguﬂ £rom .00L to 0.1 mol ".J-stol. :
AT s
_Methods of carrying out -:q:ﬂzi.nents lving H,50, were similar to

t:h‘o!erfor experiments with HC10, descrilbed in previous sections..

Figures 21 to 27 show features ' 2

: % ... ana 0Y00s hol &7%.n,80,, respectively.|

' of lead aisi at two dig f current densities in edch of
% ¢

o three aifferent.concentrations of i, su4 (0.001, 0.005 and 0.01 nox L

s 7 : g and at one c.d. in ancther (n 1mo1 27, Ao
’4- . .. ‘aisintéegration was vis 1u-cacd..asm-st-—zona-2§
i mmgmm:uvme 9:“" 1-«"_ 30y %
E N //um:reased for about 12 Rinuted to a maximum- valas“Of 6.21 x 107 2 :
Sy »mle,nu.xrnunqm4aexw mlLlatea.m-mum 4
. y Prom the tatetd nu of the amount of lead in ms«uecumlm versus
L " einphn Flgute 1; o distntegration vais\ots 17;10.’ T s

H O T 7
was deduced for experiment Y1 . * °

Experiment Y3 was carried out at'i ="+94 mA'an ™2 in 0001 mol.£r1
the work of Gastwirt amd Salzberg (70) °
The Aisint {

1,80, for a direct comparison with

same.c.d. in the same ac:\d

™7 mo1 5™ tein 2 which is 25

!nte in. QuE work (seq Fig: 22) was.2.0 x 10

“ tnnﬁs as u:ga as the pravioun workers {70)Zound, i.e. 8.0 x:107
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- using’ the sane ,50, conc:‘antiacii:n and’ thie e c.d:, but

with their less well cleaned elect:ede and the cell open to air.

luging shqhtly more concenuatea acid, i.e..0.005 mol P H,80,,'a "

-30'mA én2, was required for

“¢.d. higher'‘than zoym cm 2. »namely i

.visible disintegration. Tncreasing the c:d. at constant sulphuric acid

‘. gor ion,” the disinte i zate, as, expectid From salz.be:-; s
r t : @

s earlmr woirk. (59) using. salt solitions and ad ve observed, with pexchloru:

‘acid solution,:i &d. 1In ¢ Y6 at i = ~60 mA.cm” u\‘ B

s i
0.005 mol; 2 ™* stcé, [E5! _continuously increased for about 18- ||

minutes, followéd by a plateau region (see Fig. 23). The results |

of e‘Scperunenc ¥6 are rahula:ed in Table & and iT1ustrated 1a mg\u:s‘ 23;

1
'A disintegration rate of 1.33'x w mol s  ci™> vias obtained from.-

“puinsee 53, b, sspedtnae hiRe L B T 0,008 mo1 271~
1,80, the disintegration rate. (3.5 x 1077 mo1 s~Yem™? £rom Figufe 24

“dricreased about 2.5 fold For roughly a doubung of the c.d, but ! g

bt increased :ox only 11 msnutss, followed by-a plateau. In

built up more q\uckly

these circun , ehe Ep2*

at ‘the higher’

.d., 56 that Pb and PbO, deposition ‘are likely to

oc'cur carlier in experinent’¥8 and.a plateau is - then observed.”

Ee. shnuw be méntioned that Salzberg et al (69,70,71) only made'

ot cathodic di

ration of lead for ta. 5 minutes,

quoting an avsrage value over that time pezma Another. complicating

_factor is that lead depcsltlon on- the’cathode’ increases its area and’ -

.. AFter & short time
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- i :
“For 0.0L o1 &7} hso,, the minimum c.d. at which disintegration .

was. visible was i = -115'mA én 2 (expt. ¥9) with a rate of
1.40 x 10> mol s em ?*(see Fig. '25). In contrast, Gastwirt
and Salzberg (70) observed lead disintegration only at i = -535 mA -2

“in 0.01mo1 £ #,50, with the higher rate of 1.61 x 1078 mor’ s"_uq.

% In another experinent (expt. Y11} using 0.01 mol &7 H,80, at I S
L. - : 3

- i

~190 mA cn 2, however, as Figure 26 indicates, the initial
disintegration rate increaséd o'11.0 5 10" mol s 'm 2, i.e. about . '
* : o ) ; .o
i . 7 times that which Gastwirt<@nd Salzberg (70).observed at i = -535

o

WD using 0.1 mot L

H,S0,, a still higher c.d. (-1 > 200w an’?) vas
required to catibdically disintegraté lead. - The initial disintegration
zate in 0:1 mol £ h 50, at i = ~241m aw? (¥12) vas 3.21 % 1070

mol's™Yon2. -Figure 27 shows thaf in another experiment at i = ~350.
mA o2 with the Samé acid conceitration the initial 5 )
. i 10

rate increased caly to 5:72 x 100 mol s ™Mcw? which’is less than
; A ]

Gastwirt and Salzberg (70)observed at i = -630 mA om = in 0.1 mol e

HS0,, ie. 8.04 x 107% mo1 s7'em 2. This will be commented on

1ater. : ) ) 8
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an \noma_l disintegration rate vas observed in 0.01 .
s ‘T 200 i cn 2, aeter the glassvase haa been

3 acid, dxsulled and ‘\:.upl.e distilled water.” ’ﬂus expexunent, H : -

umsm{tea An ggur 28 exhibited an ‘initial dxsintagrauen rate of
©1.26 x 107 oL s7'c"2; or about twice the value of 5.42 x 10" . N

mol 5™ e ™? éusekved [uitn the sane acid concentration apd the same
g /. :'c.d. th an experiment| (see Fig. 18) in which sodfim hydroxide was not
b used as a cleaning agent. /’l'he pb‘;i.uus explanation’ for the higher value .
) of disintegration rate is that the sodiun ions left in the- system B 3 5
after the fleaning uf“the olanmwexsion i Ene indEansariy, .

disintegrakion rate.

only fone experiment was carried out in 1 mol 271 NaoH solution -

“ to investigate ‘the disinteégration rate under our expérimental condi'tions

' but in thp presence of |a known, -large coficentration of Na'-icns.  The ¢ /

pzepamt.i"on of the lead electrode and other procedures in this experiment

were sinilar tb those described in the previous sections. This

experiment was carried but with' 16 mA cm 2 cathodic c.d, According

; t0 van Maylder and Pourbaix (75) dissolved lead in alkaline solitions
< . xs in the fom'of biplunbite ions, HPbO. tn order/ta deteminc.r_he E
" concentration of Pb?* s in solution using either differential 4
puise solarography or mr SV, a known volume of the sample vas ailucea
i 5 using a known vélume of I mol £ HC10, to reduce the P of the Bpe ot
K : sampie to°1<2; At this bH load. is in the. forin of #52% and;the o oA
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1400

ectrochemical methods are known fo respond to this. .chemical ‘speties
e ‘concentration of lead: in 1.mol £°F HC10,.was. in the range of

lppbigo that after dilutior with K10, the 12b™) whioh came Eron

e Lol 27 uclo had a neqlxgxhla effect on the !Pb ] in, tha‘
simple.

Data.for: this experiment at'i =

16 ma 2 are tabula@d

Table 9 and illustrated in E‘i.qu:s 29 which leads to an initial

rate of dlslnteqratian Of 3.84 x'10
£

72 Salzberg (69)
, :

mol s “tcm

und & feintegration zate of 2577 X 107% net sl 2 Ln'd'mor 41

G at i = -40'ma cu'? B
i

and 3.40 x 107 mot s en™

in 0.04 mo1-27

ti'= -25 mA o Our disiritegration rate is comparable with
thege fespite the higher c.d. applied by Salzberg.(69): Tt should be

o?ted that in Salgeis's woik d:.s.mteqration vas obseryed for A

nt:

of five minutés but it is appa:enr. Fom Figure 29 that

st
disintegration conitinued at the ihitisl rate for sbout the f.l.rst 50° .

inutes h our work.

5
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v ©of Lead Di

Density' in'Acia T R .
Table 10 summarizés the initial dmslntegratxen rates i our

"careful experur\nnts ‘and “ehose 52 Gastwirt and Salaberg'(10) in pur

.- acka solitions. ; \ . :

. “The ‘initial disintegration :ac,:s are plotted versus cathodic

‘cyrrent densitiés-ih Figures 30 to !32. ‘The curves are linear for.
any. given acid concentration, intérsecting the c.d. axis (the thres—
:. hold c.d.), indicating that above some minimum c.d. there is a direct

roportionality between the rate of digintegration and cathodic

K _current densu:y. The threshold’ c.d. increased by increasang‘e_he s
acia congentration Ak “already noted by Salzberg et al (69,70,71)
for .salt, solutions deliessip s, Direct comparison it pagtmiee

£ and Salzberg's data (70) is glsq made in Figuré 31. This plot i

3} . 3 £
. compares our rate versis ‘cathodic c.d..plots with.Gne point Of theirs -

£or each of two 1,50, ‘concentrations, ie. 0:001 mol £ dnd 0101

wol 271 In Both casgs more disintegration ocourred in the'présent

| “'vork at c.d.'s lower than their -54°apd ~535 mh an’?, respectively;

.which appear to have been close to threshold values for their inferior
"*) measurement technique. ‘The present work differs in the discovery of
- significantly smauez/chreshom cathodic current densities for acid

solutions.’ As Pigurés 30 £5"32  indicate, . the new thresholds for 0.003,
. -2

0.01 and 0.1 mol £7% HClO, lie, respectively, at. 30, 45 and 80 ma: cn

" and’for 0.001, 0:005), '0.01 and 0.1 mgl 4% H,80, lie, respectively,
i : I : §

Gabtwirt and Salzberg'ss thresholds -
Y T
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: " " " . +
céntrations in our acid solutions. The cqncentration of Na

: ccncenttation was <10 ppb.

seeméd to be at 94,535 and 630 mA"cm 2 £o10.001, 0101 and 0.1

wot X1 1380, respectively, as:Table 10 makes clear. . According' to

Figure 32.our threshold for 0.1'mol.4™" H,50, is 210 m cn  but -

_ cxtrapolation of the disintegration rate-current density plot to

630 ia en”? would yield & disinedgration rato oF 0.2'x 107 mo1
L

s7Yein 2 much 1ower than Gastwirt o Sasberiie 0.8 x.10°° mol s

at this o.d; A possibié’rveason £z this diffcrence may, be the. lower

alkali metal ion toncentration in the present work.: Atomic npso:p:ian

: iy . Ty
spectroscopy was used: for the détermination of Na’ and K' ion con-

 Getermined at'599-mm was in the rangé of 10-15 ppb vhile the ]

From the slopes of the dlslnteqrar_xun rate-current density plots
“the number of moles of lead disin‘tegtatai per Faraday passed cathoq—-
ically ‘in excess of the threshold c.d. were calculated. The resplts

of such’ calculations ate given in Table 1l. The slopes, indicating

the current efficiency of Pb + PE>T +25,.decréase substantially as

the HC19, concentration increased, L.e. as’ the pH decreases. .The
aifference in behaviotr at‘low (1,0') is, hovever, very slight.
Similar (data, indicating the current (ésticiency of cathodic

disintegration, were obtained from Salzberg et at's work (69,70)

“in salt/ and alkaline solutions. They are summarized in Tables 12

and 13

Table 12 shows' the tendency for thie officiency. to decrease’
as the concentration of a given electtwlyte is 1ncteased The data

of Table 13, preserited by the authors (70) only in a graphical form
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. . but evaluated By us, indifate thatincreasing the Goncentration of :
. HjS0y in agueois Ne,S6, of aticonstant (WH,) %0, concentration, L. -
: decreasing [the|pH inhibitk lead disintegration and decréases the » i
3 Pb:H ratio|as jas dlso ofserved for pure acid solutions in the present
investigation |(see fable/11). . ¢ .. ; . : 4 i
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«  As Stated earlier, Salzberg et al (69,70, ) and. .vanqmuﬁmer

and Pouxl!axx (75), believed that cathioai:

sintegration of lead

inivolves tha transiept formation of a Volatile hydride presumed to
| .
be Phily, ¥ Which decomposts into Finely divida lesd and hydxoqen .

so0n aftet escaping from the slestrode, -The main evidence qf .
salzberg ?{9 (69,70,71)- for. this mechanism: is the Einding|enat]

in certain el i the disinte ion rate; calculated .

| %
as moles of P disi per Pazaday of eledericity fissed

caf_hcdxcally in excess Of the threshold c.d: (see 151817 and 13)
vas approx‘m\ately 0.5 in dilute agueous solutions centzml*nq alkali
metal catibns. Tnis rélation, indicating close to 1008 c.d. efficiency

s . o 3 <+ g
for disi above; the c.d. and suggesting a Stio-

cilomatry ‘ot gha; ha].d reasonably well £or dilute solutions containing

alkali cation ion (see Table 12)
or increasing acidity, e. g. in Na, ,80, of in (NH,) S0, solutions (see

Table 13) c‘hused a shift-towards a much slvlalla: rumber of moles of -
lead disintegrated per Faraday. Salzberg ét al suggested that increasing

“the salt or‘ deid concentration could either lover'the proportion of
hyazme formed the high interfacial con e _'\ i i o8 Wl
catioris or inyamnium' 4
occurs but ‘T_ne high cation ox hyaronium c:.mcsnr:ation causes catalytic’
decomposi.tion of hyaride befm:e it déayes' the suifacey . - | b

o - Inour ‘experments thh pure acid solutions (1011)1, eseendany

ns, or that the samé rate of formation of hydride




! rapialy witly mczeasmg [LX o " m as 1;::1e as 0. 0004 sor 0.4 mol 2

H.50,, as Table 11 Lndxcats!.

+ . tend: nq‘ to decrease :his :qn’éentzi-tion.

13050 L . B e

0.02 mgl” Paraday ) b4

the pb:H xauq is appzo&lmateiy consgant (o -32

Hy o ana ﬂecreases

for ‘ery low cong nmaticns (0,002 co 6,01 mol JL

our resilis, o not. therefore support

27"
thg cnncepr.«ot a parcxculaz PbH

_compositio as an intemediate.
Hefore givigg.any: Explanatxon of the acpermenral rest\lts o’

the shape of the. ﬂuanti.ty of, 1eaa An: solution versus. c.une st

in omul 6 0.1 mol: o7t - H, soa, xaspecuvely, from blank de:emmanons. . i

The | lead pqrtlcles by ‘cathodic disi ion, dissolve

:apmly in uhe acld solutions with the fomatxm\ of divalant plumbcrus.

[Pb J)@ses rﬂpldly when dxsxnt&]ratl.on -pumsnces ‘and when

ons:

2+

- [Bp’ » two cnme mto pla (Y

These ‘are | (1) cq:haa;c »

reduction at the lead lotheds

-and (i) anodic ‘oxidation &t the g;a:;nhm' anodes,

2"(aq) + 252;0 = ‘pw2 + 4H+(_aq) e

Bv1dence exists ‘that both processes actually océur in acid situtions?

hth disi ion fates;

Lead Cathodes, in
"became covered ;tn a' spongy grey lead ﬂepnsu: and platjmnn anodés

‘andes tha agie condxc:.nns ‘became cpated hy “bfown lead dickide..

o8




. R
In the initial period of ah esperiint. the. disintegration kate

exteeds thé conbined ‘rates: of cathodic Pb’and a:wdlc Pbo, deposition,

bscxuse (262" is shall.’ tence, ‘e ﬂ{xs timé the ‘stéep. slopes of

the quantity of lead in the execuuly# versus time: qwe atrue -

mesiuze of the digtitegration zate, de'ha heen assuiied heze,,
cezraxnly a lower. limit.: )

Later, the.rates of ‘disintegration and dépdsition coms closer

€0 bavarity éstablishing a steady:state With [eb? *) = constant,
as observed A sost experi.ments after sufficient time had elapsed. )
When’ deposition of sporigy lead Gocurred on the cathodssthe resultant
increase in t'r‘ué surface area will cause the disintégrai:ionxz’te to
chanige :.; correspond to the new cathodic current density so that

probably Botn will decrease. Un}{u,sucn conditions [Pb2T] will fall,

as our aata, indicate. \Bventially, with the growth of the cathode

_suFface area and reduckion Of brightness of the lead cathode &

may

‘lead

; 5 @ b g Y e
cease altogether as ‘the.Gurrent density. falls below the' threshold.

The disintegration rate versus tathcdié c.d. curves (rigs. 30,

31.and 32) show that above the r.hre.;iﬁold c.d. the disintegration

rate increases linearly with c.d. in‘all acid solutions, with

'different slopes, indicating that there is a direct proportiopality:

between disintegration rates and.the cathodic c.d.’'s. = !
o N

was .

*Below the s c.d.'s, ai
7

“ebserved with the maximum (eb?*] 'in the ‘range uf 4x 10 mol 7

after a long pez.\od of cathodisation, M. 70 h. (see Pig. :o) Above




the threshbld c.d, ' dlsmntlnuous d:_slnbeqrntlcn may’ also o:cur but

the amcnm: of lead disintegrated by this proaess would be neglxgu:ly *

small comgared to the ‘total &ount f lead disintegrated, so' that

discontighis disintegration has nof been observed above threshold

Discontinuous disintegration may involve the makion ¢f hydrogen

* atoms into the lead lattice and will be: discussed aftér cofisideration

of the continuous’ disintegration, which is a better éstablished:
phenomenon. : : i

4
By taking'account of' t:he migration of "H,O

Paq’ the diffusion
current ‘flug iqﬁhe Fick's Lawrbxpréssion becomes. i (L'~ t,+) ) where

£5¥ is the transference number of hydronium iong .in the diffusion

" boupdary layer. When the concentration of H30:q at the pre-electiode

state is equal to zero, a limiting cathiodic c.d. (i j) - for “30 it
transport by, convective. aitfusion and migration ghould be observable,

iy —(chH 0+)/(1 =ty MG Vhere -1 ‘the thickness of .

aiffusion layer, wmch depends onsthe hature of the gas"evolved, on

“the manner of famatxon of the gas hu.bbles, on ﬁhc

4. andon tne
Height of e electrode (102). Under the frequently encountered

conditions of external gas bubbling, § % o'ocs om;_ this valve will'.
be used here. - It is ustally assuned that £t has the same. value 4n

the diffusion layer as in the bulk solution, which fproBably is

 reasoniable in many circumstances because tk at infinite dilution

is little different from that in 0.1 mol &7 acid solutions.




cathodic c.d."s (assuning § 370.005.cn) for the discharge of H,0%

- x‘ezpectxvely, while r.he threshold'c.d. 's observed 'for connnuous

PREE R "
. o 2T g 2 1 ol e
o & A B 3
Usirg the diffusion ‘coefficient of HSO:q O+ T2.5 1075 p? &
and “gransference number of HBO:-q (t;+ % 0.825), the initial limiting '~ -

3ag

in 0:003, 0.01 and 0.1 mol 7% HClo, are's, 27 and 275 mA cm 2, » B

lead dis:mtegzauen »(see Flgs. 30" and 32}‘ ‘are 30,.45 and 80 mA cm .

In a sinilar way, the initial.ij; - for the discharge of Hjoaq

oaol.oaas,aclan§01m11 Hsodareé. 27, 55 and 551 mA &,

respectively, vhile tlhe threshold c.d.'s’ (see Figs."24 and 25) are za,

in.

30, 115 and 210 ma i ?

Obviously, if -the hydronium ions were the only source of_

hydrogen to form hydride, i sing the acid ion would
increase 'the disintegrationeate. Actually, the converse ocours’

(see Table'1l). The disintegration rate in dilute acid solutions

was'much greater than'in conentrated ones at the same current demsity

7 . :
(see Table 11).  Consequently, thé discharge of water molecules which:

carry ‘the largest fraction of the cathodic'current passed in acid

solutions of concentrations smaller than 0.1 mol 1‘1 (e.g. with

0.003 mol L HClo, 'at 30 mA em 2 about 73% of c.d is carried by

_H,0), ‘should Play, an’ inportant. fole in the pzodu.:tmn of adsorbed "
Hyaroqn atohs: et e SRR dlsxnugraucn)c{ the lead
cathode. herefore, above the luninng ¢.d,, depending on (i o1,
the Feduotion ‘of vaber polsutes hedess the dominant’ electrode’

process as. the source of adsorbed hydrnqen: ¢ :




i W o

(4.1a)"

i

. Desorption of hydrogen may ‘occu‘; by combination of adsorbed.hyrogen -

*‘atons:. - : {0 G E o,

. ;r by, Oghemical opdorpy, ‘>§tep s :e:n:hex HyOog xgné .
E of H,0 molecules: o
CPo-n: G40 H,0"(aq) + 6T u, (@) o P
ads 35, 2 «
B vmetal
p P Pb—Haa,s_'f H20 +e = H (g) + OH A{aq) + Pb (4.3a).
/ Sy ¥ . metal .

harge of water mclacu'les on hydrdgen-occupied and .’

The dl'

\mom:\:px.eG ‘sites ‘of Tead may also. occur to produ-:e dead’ hydnde

Bo-b, g+ :d{zo +-xe

anx + %00 (aq) + Hy gg) : (4.4) 3

CURb a0 ke 2w koK (ad) oo (#8)

DI X hy‘dzide is fomea it must be ‘volatile l‘:: capable of breaking’

away £rom the lead surface soon after it is fomed If the |hydride

-~ - fomed is volatile; it must decompose rapidly. to. the obsezvgd lead

paxti.cles péz:iculazxy in acid cencenr_radons oi less than 0: 01

wol 271, ana hyquen.

RO




If it is not yolatile but nevertheless leaves the lead surface if

should be soluble in acid sélution:™ : ® %

x+1

e 2330"@) = " (ag) * 21,0 ¥ ¢ iy (@) @7

More werk is needed to determine e number of hydrogen atcms (x) !
|

_that-are invalved in the formation of PbH . Potem:ial measnrements
!

i el S

b Bidar dxsmteq:auon condxtxons could be helpful.

*. sdlaberg (69): showed that, for solutions' of potassium chloride. -
‘or of sodium hydroxide, the slopes of the lead disintegration rate
Versus c.d.'s curves were a lLinear fundtion of water activity, ay of

¥ B0

as the data of Table 14 indicates. We have used the expression
- n
im dlny), where m is the molality of solube,

v is the total number:of ions and Y is ths activity coefficientiof
Sol‘ute (103), to ‘calculate the waf:er acuvn:xcs in the acid salutxaqs
used in’thisvork. Sich caloulations ate tabulated in Table 4. It
is. obvicus Eron Table .14 that: the llnear -xemciansmp found’ by Salzberg
for -solutions of high pH does not axios in thé Bure anid solutios
used in thé present work. ' Table }4 xnaicates that as the ‘acld
concentration increases, the slopes of the lead disihteqrati;:n rate -
versus ¢.d. gurves decreased substantially, but there is very Little”

chahge -in the water activity. It is evident that there mist be

ibitory effects by. ium ions oh the disi : becéuse
- §
(i) an increase of the raterof the hydroniun ion + aton desorption,
<

reaction (4. 3), is expected vhein “the acid concentration is increased,




2mol ¢

WATER ‘ACTIVITY ‘AS-A’FUNCTION OF ELECTROLYTE

CONCENTRATION AND SLOPE 0P RATE-CURRENT
DENSITY. CURVE . AP
: B ) 2 2
Soiition .“z:‘ S10pe of ';r.ace—éuneqt' density
o shite 0 Sl curve x 105/1101:5.1

mol L7 Xl |

g mox 2 ina0n

kel

1m0l 270 ke

" 0,04 mo1 ¥+ Naon

s %
0.001 mol.£ = #,50,

6.003 mo1 87" HC10,

SRS §
0.005 Mol £, 8,80,
0.01 mor ¥ k10,
S B8
001 R0 £ B;80, -
0.1 mo1 27t HC10,

-1
031 ol 27 Bos0,

Salaberg's. Work

0.870+ "
0:920

v/o.‘na

/973 -1

1.00

< ales di0is6

Present Work

0.99994.

0.99989

0.99968°"

0.99963
0.99935

0.99660

0.99640

2317 008" Ty S T i

0.087

0.00249 e

0.000249. & - 3
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- 3 % r =

and’ (ii) ‘catalytic decomposi -:orl of - the hydride by hydronium ions, as

Proposed by Salzberg: (69), might occur before the former leaves the .’

surfacé: | - / % + e oy
pbi o+ Ho'(aq) = Ebo ¥ HOM(aw)r B (a) - (4.8)
Ly 5 22
metal . 2 . .
of, 5
Pon, + 0 ey + & = Bb+HO+ (’ 190 (4.9)
e+ . 2 3%

metdl

In ailute acid solutions the slopes of the disintegration rate .

versus'the quantity of electricity discharged (see mable 11), do not.

" .séem to depend on’ (1 0"]. he best. Bxplanatiun of the-similar slopes,

13 ‘that' wider ‘theaé conditions thers is 1lttle or no inhibition by
'h'ydmnim fons of the tamrk‘n of hyaride. *

The cathodic aisittegration of lead at low c.d.'s ocours with
hther rates’in alkalie sdlutions. than in acid. solutions. -The

insertion of alkali metal into the léad latfice and production of

-‘an‘alkali metl lead alloy which subsequently is decomposed by water

as proposed by Angerstein (74), Xabandv and coworkers -(76-80), could
probably enhande the disintegration rates in alkaline solutions

compared\with those in acid solutions In the present work, the

the disi ation of lead in alkaline

‘olutions 15 insufficient to y:ove the above. siggestion.

Barly work (104) indicated a négligible solubility for ‘molecular
hydxuqen in Jead at greater than room tmnpetatures (ca. 530 X) but no
information concérning the'ditfusion of electtolyt:ically generated
hydrogen in 1éad at room tempezatu:e is“available from the literature

’ st o e




vtﬂngi.anmll/l’h-lixlu ats'ﬂktozlxm

sernand, RN e

before 1970.. The early findings Of Dening dnd Hendricks (105) that: -

molecular hydrogen permeated through lsad at a raté-of 1 kg h ‘cn
at 538 15  K/is resakable for the fact that no ‘attention was. paid *
by “these workers to ptepazal‘_mn of tie'lead surface. However, ‘the

sol\lhu.u:y of hydroqen in molten 1ead hasbeen measured by Opie_ and

Grant, (106), who obtdined solumiitiu (expuned a3 atomit ratich)'"

at 1173 K

More reaencly, eviderice that lead dissolvés hydrogen m;s come '
) the gas phase studies of Wells, Roberts and Young (66;67),- as’

nentlioried ¢arlier. From the.slope of the hydrogen uptake vs time .

‘curve and the mass of the lgad phase, they derived a formula of et

at 273 K (Pbil ,, at 195 K) for the composition Of a hydride

tic 0.22
which appears to be zeasonably stable either ir a byizogen. stgosphiers

or in a va/cmm Thi's hydride.only. very slowly absorbs atomic hydroqnn

. passed over it: At low _ta-pemtuxes, ca. 78K, ile. at higher surface,

coverages, the surface il ‘atoms were removed by the combination with H
atoms: from -the gas phase. -However, at temperatures > 273 K, i:e. at

lower surface coveragé, the ination of H atoms within the lattice

leading to ;i ion via the solid was thought to become @ -

significant whén the probability of recombination within the lattice

is comparable to the probability of a hydrogen atom finding a stable

&

lattice site.” This occurs oie:cun & atom, is present per five lead

lar.u.cs atons, L.e. when the lead hydride has a compouuon By .

“Tves and, Smith (9,107) i d to their sis for

ovex'voltage shifts with ting, that upper and lover Tinits af

< .




d:.ffu%ivfty of 1 atoms in‘ledd are 107° and 2.5 107" ens ™t

Then/ lower n.mn_, 2.5'% m c,mzs

3 ua’s_equatea to the inter-

ar’ dz.ffusw:.ty of Au in lead. * e upper Lini€, 107 cn

was, hwever, based on, thé' general property, of metal atons of

diffusinq fas\:er 4in lead than’in any other sql_md mehal while H atoms i [

in general aiffuse much faster ‘thia ot dtcne bacauss Of “their

smaller zadl:us and low valency (107a). ! Barr ‘o7 has shown that
there is a decreasing diffusivity in lea'd with increasing valence in:'
= - . . :

theé sequence:

ag,icd, in. ’ :

[The £irst measurements of the diffusivity of hydrogen in lead e
+~came from, the work of Cadersky, Muju and/ snf¥HN\49). They showed
; ; .

by the shape of current i that

of fcally' | ..~
generated hydrogen through lead. foils of 0.015 cm thickness does indeed i %

. occur., Their diffusivities for H in Pb at 298 K'at cathodic.c.d.'s of .

W . i i N
10, 25 a[(md 50 ma o ? vere 1.2 x‘l? ; 2.9%x 107 and 7 %1077 em?s 7Y, :

1y. ‘From the esti pulk hydogen concentration in’lead
of 107 ¢ aton & cn”3, they reported a'most probable hydride composition
OF BBy 4000y Mich less hydrogen-rich than the,Pbi; , of Wells; i v
Roberts and Youig (66,67). The highet bulk _concentration cbserved / . U

by ‘these workers compared with that of cadezsky, Mujy and smith's

work may be explained by the relatively superior i 1

e.g. the high vacuum system used by Wells, Roberts-and Young in'’their -

,9as phase adsorption studies. The'findings of Cadersky et al, i.

the @iffusion of hydrogen atoms through lead, was confimeéd dy Mo

and ‘Smith (46). These workers,employed a technigue wsing tritium in




itn the contimation of . the reality of ‘ﬁyquen aton d)ﬁusxon

through 1ead an’alk mechanism of. lead disi io could ve

BH- Ho = BbSH v. . §

- P Bb —H, +H »pb-u+1>h
'abs * Vabs : .
. partmles E 3

as sugqesbed by, Roberts, and Young (67)., o explain thei¥ cbsemuons

-iof the interactions of gaseous hyd!uqen ;!mms with 1e3d) Exe{t_lnq
such pressurés that particles of lead- are éjected. This explanation
is consistent with the discontinuous disintegration observed here
: which, ve believe, occurs hecause of the gragual accymulation of
» ‘atomic ﬁydzaqer‘. in the metal, periodically reaching saturation
pm@t}ons s that again lead particles are ejected e
u, pressure. ‘The, evidénce of Figure 20, with rapld bubsts of b

R o e
release (rapid riseof [Fb-']). followed by longer periods during

= which lead is déposited and (b°"] falls gradually, supports ﬂ“\*
R ' - -

wview,
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Chapter 1 . S .
&0 . INTRODUCTION :

& second part of this thesis is concerned with the subjects

of . g > B

(a) Aiffusion of electrolytically genérated hydrogen atoms through

silver cathodes, g - : .

{b)  hydrogen g on silver cathod and

(c) électrode capacitance measurements on silver in aqueous pexrchloric

acid solutioh specifically to determiné the hydrogen pseudo-

capaci tance.

The absente, of evidence for aiféusion of ‘hydrogen atoms, prodiced
during electrolysis, through a silver cathode and the lack of hydrogen
toverage neasurenents at a"silyex' cathode 4n aqueous acid solution retis
it desirable to study the diffusion phenomenon ag w;ll as the hydrogen
overvoltage. This work was later extended fo0 ‘obtain adsorption
pseudocapaci tance ata From which the hydrogen coverage could be
calc;\lated. It is the aim of the second part of this ‘thesis to study
electrolytic hydrogen evolution and the related ;dsam:i/sn and

absorption of atomic-hydrogen by silver in perchloric acid under the

clean®gt attainable experimental conditjons. 'Special attention was

' 4 8
paid to stringent [eoi’y"genaticn, for it is thought that only under

such conditions chn tife offnyarogén and .

absorption be properly. studied.

In this chapter, surveys'afe given of previous work-on three
: . v
topics:
I. Diffusion of gas phase hydrogen through silver € T







¢ . s Fis .
/1 Diffusxcn uf Gas Phase derugan Thzough S)lver

; Gy ke stuﬂy 6t aiffusion of hydrogen through metals. has attracted

- et 1ntezest because of its :elauon to the problem of hydrogen -

enbriftlement. <+ -} 2o or B Y

R [ To datemo wmpmtely,success(ux study of hydrogen aiffosibn

&
2 e rhmugh suvez in contact m.th an aqueous- ‘sotution hew besaowdt,

b e ..The :uffusmn of 'hyd:ogen r.hrough sidver fron the gas. phase-at

h_\qh temperatures (3 673-K) ‘was zepox_:teﬂ (_108—1].3). -In 1866,

. Grahan; (108) “obtained an abéo;p:ion of 1.8 x ;075 g atom H am™2 for | ¥

silver wire; and, BQ x 107 g aton Hem? for, silver which saa been L

Lyt xeau@d from. the mude

Baxter (109) Toind a smatler ahsoxpcmn of

P 4.5 % 10 s atom Hiom fn: silver: wmch had been Feduced From the
3 oxide: In 1929 Steacie and dohnson (110) using a deqaslflcat).on

' :echnique, obcame-i a’solubility of about 4. 46 x lu to 4.1x 10

g atom & e 3 r‘wex the temperatuxé sange '673 X to 1173 k.

Below

673 X, the a.bsorptl.un of *hydrogen by sxlver was extxemely small,’

) nexng unrlabectable at 473 K. Smce the zate of diffigion of hydzoqen

5 g r_hrouqn silier was pxopozcmnal 6. /B S wher:a 13

‘is the partial
"y

.- pressure of H, [ Steacie and Jnhnsen pm sed that"the diffusion of

nydzogen thzouqhgsilvex takes: place by vanen: of atomic; nnt rolecular

: hydxoqen. In 1957. Siegelin, Lieser and mtr_e (111), usinga gasxflcatlcn

g atom n cm™3 Hbr the Solubility

of hydroqen in silver at 77a—|<. In"1958, Eichénauer, Kiinzig and

process obtg;,heﬂ a‘vaive of 1.92 x 107

’Pabler (1127 measuxed the diffusion coefficient and \solubility .of

hqugen in silver by fnummg the degasxfxcatxen of ! suver as'the -




7 g aton . on zozmlmu}uuotnydmgmmsnm SR W

at cq-penwu £ 773, 823 and 873 .X; zupectivdy. ‘In 1967, 7




g % I1. Hydrogen on sitver .+ "0 1

of heterogeneous catalysis in which an electrode material acts as
0

‘catalyst. -The elect iéal approach to

provides many advantages ‘in conpazison with the usual cheuucal one.
In 1923, Kiobel, Caplan and Eisemana (114) found a lineas
\zeladonship Betueen = and log (-i): over-the cauhoaic'c.a. zange
: . 10° 0 o 10“2 Ao on « silver electrode in 1 mol sty 1,50, usmg

unc;l

’ a slow techmqne {the electiode was polan.sed at constant ¢

the potential Bekams constant).” A similar result was also found by

* “Bowden and Rideal (40) and Hickling and Salt W115) with sulphuric

and hydrochloric acid i ively. !

¥ 1In"1959, Antoniou and Wetmore (116) studied both single and

g /stalline el silver £ in p q

“rmo 27 30+ They found to Tafel Slopes b < 59 and 116 ny for
the cathodic c.d. range 0.03 j& r:n{2 to 2 mA an 2. The lower and
. s higher portions of the Tafel lines intersected at an overvoltage 'of

20 mV. They also observed that'at'a constant charging current -

‘the overvoltage build-up wes.uneaz_{gxﬂ\ time and then bent Off.

smoothly to a constant:overvoltage.. In some experiments, in which U,

e was known o be present at the beginning of experiment, the initial,

T part of the curve was sigmoid. . B .

\ voltage at silver foils (heated in H, at 723 K for 24 hours) in pre-

electrolysed 1mor 27t H,S0, over the catﬁoaie c.d. range 2 “to 200

wh em ind Kilimnik and Rotinian (ua) recorded Tafel Plots for

: .;  The hydrogen jelectrode reaction, 2 +2¢” Hy is'an example

More regently, Gossner and Mansfeld (117) studied®hydrogen over-’
! S ey
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mechamcauy polished 99.99% silver electiodés” in s\xlphu:lc acid

oy 2 i

. -solution bver the'cathodic c.d: range 10 yA on 2 to 1 A om 2 = i
7 Gossner ot al sbservéd ‘that at, £he beginhing of the ekperiment,. -1

E: 3 decreased with time (up to ca.

30 minutes) and reached an almost constant .
value on  fresh'silver cathbde.  The relationship between .-Tj and time

was’ s;udie;i for a maximum of 2-hours. A b value or 120, V. was obsexved )
' " by Gossner’et ai'in thei¥ vork.

In the investlgatlon of Kummx et.al,
¢ the' observed overvoltages were higher than those faund by Gassnez et al £
; e .| possibly’because of use

of unpurified sulphuric acid by ilinnik et al)
/and at a cathodic c:d. of 10 mA om

, there was an overvoltags, jump ‘from
0.65'to ca. 1.2 V in the

Tagel plot.S Above the overvoltage jump, the
slope [af the Tafel line was reported to be 120 mV: .

In 1950, a rapid technigue of measuring -n was used by Azzam,

Bockris, ‘Conway and Rosenberg (119) for silver.cathodes, in hcid solutions.

 Reproduciple results wers cbtained When” solutions.were adeq'uately
‘purified by pre-slestiolysis.

in 1§'5 , ‘Bockris and Azzan 120
measured ‘hydrogen'overvéltages o

ver hgated in a hyamqen

atmosphere at 873 - 973K, then chemically polished.and studied-in :
pre-electrolysed § mol 21+

sl

A-linear Tafel plot was obtained . = .
ith b valde of 120 v $ver the cathodic c.T.“s of 1 ma cm 2 0100 ; )
A or 3 nuckns and Conviay (121), however, founa, two Tafel ‘slopes P :

5 nV within the cathodié c.d. range 1 J cm P :
200 mA en 2 in ions of pre-el

of 60 £ 5 and 130

HC1 of i . E

< greater than 0.1 mol £7*. There was an inflection’at. an overvoltage
7. o 190 mv at a cathodic

i 1ol £7F Hel.' They R
5 als0 observed a rise of =1 at'silver cathodes in hydrdchloric acid




' purs silver electrodes. At low levels of pre—el.ectro!. sis, results.

* overvoltage {:f 230 av énd .gave' the valiles.of b

with addition of eithér potassiun chloride or barium chloride. | Later,

Bockris, Awnar and Hug 1122) ‘exduined e effect of pu::.fx.cat:\o of the .

electmlyte for the hydrogen iof :eacnon on 11y

were’ complex. }\fte! pre—elecr_rolysls of, elg. 0.4 mol 27 HC],»has N

been increased to a cabhodlc c.d. of 10.mA cm ~ for 60 hours; further

pze—electrulysls caused rio cha.nqe in ‘Tafel lmes, ‘which had two slopes

of 57 i % and o1 '9'my over ‘the cathodic c.di ranqe of 0. l VA om %

to 1 ma‘on™% $n 0.4 mol 47" HCL. “Comvay (123) also confirmed e oL

existencé of two Tafel slopes:at silver cathodes 'in pre-electrolyséd

e at an

0.imo1 2" HCl. ‘The Tafel Tine was'broken at i T -1 ma‘em
72 |7 and 125 £ 5.nv
e -2 e 5% pin -
Gver ‘the (-4). range'3 uA'cn  to 10 mA cn 2. .
" In 1967, Bystiov and Krishtalik (124): investigated the effect of
thé solution composition and PH on’ the nvervul‘;age at a silver cathode

i ic acid soluti ' Théy obsérved two Tafel

in and’ sulph

lines with qxadlents 1'10 +10'mV fm: the upper and 60 * 1 mV for the; B
ST E the Tafel plot for-a complebe cathodic c.d: sange of

© 0.01 A om

"2 t0 30 A en” 2 iy\ 0.05. moi gt u2m4‘. The Tafel line was s

inflected at an avenm].mge of 130 v a1 7 -1uAon % The Laigez

VRt o (ca. 50'mv.at i I ~20 A cm ) in’ sulphiric deid solutions

“‘than hyﬂroéhloxic acid solutions was incexp:sced as an effect of \
1

specl.fxc adsm:ptxon of anians.on the silver.surface:
Wetterholn zs) 5tuﬂ.{_ed the effects of a wide rasige ‘of surface-

active ‘organic substances on the overvoltage at ‘silver catkiodes. in .

) i om




the msf. activ part of ‘the ‘electrode surface.

The Tafel aq\zatl.un

"_ wlr.hou: addiuon of -

filled

-similar

lect: ." Bssentially

in: sclm:ion of HC1 and 1-12304

of n-—hexanol 6 dcid Q:xons 16d fo'a large

‘Table 15 sumnarizés “the Fesults

ccmtaxmnq urqanic cmnpounds, ‘Aadition

'ncxease, cai: 200 i,
n and a markéd decre se” in .the cApacitance. o

the 'mfel slopes and wahaﬂge :

wetp

fauna by

current densities at silver

 the abqve and other investigators: « "
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TII. Capaci

.eguauan m, 4

' and pressure, 2. . :

on, suve'p and* ion’ of Hydrogen

by Silver in Eueous Solutlons. 9
S

“The electrical- double layer cﬂpacltan(cf 4,1, 7 15 defin 4 in.

c = (—'1) & e il ravaref change of -
a1, w3 . .

chazge, g, on the metal pex unit best it electrode potential;. E;

at: consf,am: chemxcal pcbennal of Lhe electrolyte, W, temperature,. -

"% Many studies of te electrxcal dnuble Iayex‘ capacxumce of

u‘ex in agueous solutions have been carried out.. The aqreement

anong the valugs of the capac}.ts\nce ebserved in r_hese studies- 15 vexy

poor. *This is partly becitise Gf ‘the use of different elecv_myces
] 3 (e
ranges. Di in manner of ellect

over dxfferen:

a5 fape ‘preparation and dxifstlng sblution purities have prozmmf been

Ofte ; the sufaces Have Heed'

‘the majcr causes for i dxsag:eemem:s.
mechanxcauy_ polisiied for subjected to long'ahd complicated upemcal

cleaning. ’l'he surface state was generally unknown and va:xed fzum
worker to vorker: | .7 o R 4 o2

0ds. havé shown the existence of adsorption’

Elec::ochemcal me

of hydrogen at. silver in aqueous solutiors. & study of

behaviour oé a’suvei électzode in alkaline solutions: pncated
by the discnarqe of alkau meta]. cations, - wfu.ch occurs within'a

cenas.n range of cathod).c putenuals and’ the simultaheous reducrflan

of water molecules and foration of adsorb_eg hydrogen atoms..

Meagurements of the' dégree of covérage 8y Of a
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agsorbed atomic hyarcqen is'a Eactor witich is of fandamérkal

from the 1. and metallurgical points of I ]

View. The diffusion of hydrogen ‘atoms from ‘the susfdce of a metal ;
. 'into its interior might'be dependent on 8. A knwlsdge of e, wighi
allow distinction toibe made between various possible mechanisms of

thé hydrogen evolution’ reaction, under the conditions'concerned. -«
e » There is no inﬂication‘ in_ the literature of previous measuréments of

aH at silver cathodes in acid although the t E

3 SE silver electrodes:

acid salutions has been repopted.

“In 1963, Ridtichi. (130) using & pulse techniiue and - in 1973,
=" cagnon (¥31)iby the beba ot triangular voltage sweep, meaS\‘;\red‘ the T
double layer capacitance of ‘silver electrodes in potassium hydroxide

=70 uF em? for the

. e 4
solutions. - Rietschi’ obtained a value. of Cy ;

.e¥ aver_ the potential range
-100 to.300 ¥ uhile Gagnon foind a'value of Cy | %32 % 2 ur a2 kX
: . .at a sudep; fate of 56.6 &V se‘e“l, Higher swéep rates in Gaghon's
.ok save syurious results. Gagnén a‘lso found that the capacitance

region where the ‘Tafel plot was linear,’

3 . of silver decreased wxch tempergture,/.

‘ In 1965, Ramaley and Enke (132) studied the jleé:tz_iéal double’
‘layer capacitance of silver wi{es (eleetropolished in 60% KC1O, for

sevéral minutes) in pre-electrolysed charcoal-cleaned 1 mol e

Nacl0, plus #Cl0, (w adjust-the pH over a wide range) using a small

.. amplitude s idal potential 3 on a fast linear potential

sweep. They found a value of C, ) = 50 to 65 WF en™? in the potentidi

\ ‘range 0 to -200 mV in 1 mol P NaC10, + HC1O, at pH = 4. Their ,
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results #84 later those of Dagaeva, Léikis and Sevast'vanov' (133)
“suggested that: the double layer: structufe on silver and mercury.

may be. very sifilar. . g =

In 1923, Bowden and Rldeal (40), "vsing a qalvanomecez, found

e B2 .1, = 100 to 300°pF e 2 o silvar in 0.05 moi 47 H,80,.,

freed from Aq" dons and 0,, the exact value depending on'the previdus

s w “treathent of H:e silver e o were made’

. by Teikis and Aleksandmva (134), in 1967, to determine the adsczpt).an

pseudocapacitance and double layer ‘of the s).lver lectrods
& .. 'in the same.acid solution' as used by Bowden ‘and Rideal. Measurements
of impedance were conducted over the hydrogen overvoltage range,

180 to 250 mV where ‘the Tafel plot was linear. They found a

frequency dependent C =.36.6 UF om72 at 100, kHz at N = ~250"mV

dil.

The adsorption pseudocapacitance, Cpgr On silver varied, in different

. experiinents, from 20 to 30 UF cm . and was at‘:r_ributed(' to the adsorption

of hydrogen atoms on the silver surface. Later, Bystrov and Krishtalik )

- (135) studied the behaviour of silver cathiodes in 0.05 mol £ HS0,.
| The slopes of the overvoltage decay afte‘x: the interruption of the

‘cathodic current were used to measure the capacitances, a1l of which

ou 2 . . lay in the range 60 - 80 WF @2, They consie{exed that the élgctmde‘

capaci tance k;ﬂpt‘

o " capacitande, in which the low value of elé_ccmde capaci tance haicates

is-the sum of an adsorption and a double layer

that’ the i itance is smafll, A

In alkaline solutions; other methods of studying hydrogen

adsorbed on metals have béen used. . Because of the overlapping of.the

: . >




-200 to -390 mV in 0.5 mol £

. by the a.ci method. Bockris et al found C
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potential ing to.the oxidation of adsorbed hydrogen and ‘the
commencement of the hext anodié process (e.g: oxide formation, oxygen
evolution, dissolution of silver), the deternination of the nhyarogen

adsorbed by. silver by nhe saligiontatic methed s, rether difeicuit.

| Therefore, Devasathdn, sockru and Mehl (33), in 1959, ue@ a method

of double charging to fihd e for silver in 0.1 mol 2" NaoH. The

adzorbed hyangen caverage increased uu;h increasing cathodic fydiogan

. overvoltaqe, but eVen at hxgh uyexvultages (-n) of lhuut 400 mv at'a

relatively small E:ncexen of the total electtode surface, only 10‘. T
was covered with atomic hydrogen. In 1966, using the potenticstatic
methiod of triangular voltage pulses, Loodmaa, Past and Khaga (136)

obtained a valué of 25% of a momolayer at cathodic potentials of.

KOH, ~while Past, Tamm. and Takhver (137)
used thé/cirrent interruption method and found an average, 6, of
0.27°% 0.03 in the region of cathodic potentials-of -200 to £500 mV

_ /
in 0.3 to 0.5. Wm0l "% l.s-pn and XOH. Past et al found that €, is

of the ‘ompdsition of fons of alkall metal hydroxides:
In 1969, Bockris, Afgade and Gileadi (138) and in 1973;
‘Devanathan and Ramakrishnaiah (139) and more recently Vitanov et u
(140,141) studied the strusture of the clectrical double laver on a
siver electiods in very dilute, 107 ma1 27, Helg, (238), in charcoal-’

cleaned K0y, Na, (139) ‘ana in KF, KC1, KBr 0,141)

2%% -
a1

»daduced f£rom ‘the clpaeinnce—pbbendu curve, for an activated silver -

i.e. anodically aed ically pulsed, in 0.001 ml’.l




HC]O in thg éathodic potentxal Taigs —100 to -150 mV. . Devanathan et al

obtained a value of Cy ;. =30 =40 us‘ a2 (aaduced “from’ the capacitance— 1

potential curve). in 1 mol 27 xN0, and 1 moL AL Na 50, Gstionet,

Using. (100) and (111) faces of sxlyez smgxe crystals, Vitanov et al

found a value' of c‘ °°) 30 £ 1 yF en™® and cuu) 20.%.1 iF e

in 6 mol 7} Aqwo3 at’318 K. . In KF solutions,the point of zero charge

on the po 1 curve was inde of ‘the ion 5

Thi$ confirned. the conch;s'um drawn earlier (142) that there is no
specific adsorption of the fluoride ions on single crystals of silve.
in expériments with Kel, 1@ 'una KI solution, Vitanov et al fowd ;
that adsorption of C17, Bf and I ‘on the <1ou) face of silver is
markedly stronger than by coulombic forces alone.’ The earlier P
finding (143) of the specific.adsorption of anions on silver i.e. in
s e :
decredsing order I > Br > €17 > 50 42' > on” > 6104', was confirmed

by Vitanov et al for halide ions. The strong adsorptien of halide

ions on silver caused the electrode not to respond to the'a.c. i

+ Guring ‘the differential i rminati 5
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. * . Chapter 2 g
EXPERIMENTAL METHODS AND PROCEDURE

1 i and used

In this chapter, the
for the study of the cathodic behaviour of silver and hydrogen adsorption
and absorption by silver are described in two differént sections (A and B).

A 1 Methods and for' ic Hydfogen'

Diffusion Through Silver and Hydrogen Overvoltage

on Silver

I. Materials v 3
Only materials which are not mentioned in Part 1'will be' listed )

below. .

Silver: Foils supplied by Goodfellow Metals:(Ag 99.99+% pure; -

impurities: Au, 10 ppm; Fe, 8 ppm; Pd; 3 ppph of ‘thickness 0.125 mn

and (Ag 99.97% pure; impufities: Fe, 60 ppm; Pb, 40,ppm; Ca, 40 ppm;

Cr, Cu and i, 20 ppm each; Au, 8 ppm). of thickness: 0.10 mm vere, used.”

Potassium hydroxide: BDH reagent gr?e (maximom impurities «~ d

2043 , 0.0005%; 5102.' 0.005%; 5042—, 0.003%; AL, 0.002%; Ca;-0.0025%;
Fe, 0.005%; Ni; 0.001%; Zn 0.0015%) was used without purification.

Sodium perchlorate: BDH reagent grade (NaCl0,I,0, 99.0%;

KCL0,, 0:005%; C17, 0.002%; Si0,, 0.00l%; sodz', 10.002%;" heavy -
. metals'e.g. Pb, 0.0005%; K, 0.005%8) was used without purification.
Charcoal: Charcoal was prepared ‘from’sugax ‘(Fisher Scientific Co.)

and concentrated sulphuric acid. After washing with distilled water
and filtration, the charcoal was dried in an oven at'333 - 343 X for
several hours, Then the charcoal was oxidiséd by. electrically heating

it to a dull redness in air in a'silica test tube. Charcoal oxidised '




in this mannex vas pulﬂed by xepﬁced washinq with reflmunq et.hmol

in an-all-glass soma: extiactor-for “twp days £ollowed by tepealed I
vashing vith Hoiling triple aisdfied vater in a Saxhlet extwactor
for at least six wedks (the water being ‘changed each week). Before

ise, the charcoal was reactivated by electrically heating it to dull

+." redness in‘a suxea-'ees: tubé with nitrogen streamin§ over its s\lrface.

platinum: unxmm foils ‘and gauze ere used)for reference and

{counter electrodes; respectively. ALl plntimm parts were cleaned

. with boiling Hms, washed with triple distilled water and sbeame&f

" with steam from t: ip].o axsunea watsr. For use.as reference hyd:ogen

electrodes, thay were ylatim’,zed (82) in 2% chloroplatinic adid

solutmn at 100—200 A cu? for 2-3 minutes. Reference electrodes’ - S

were . washed with distilled water, steamed with steam from triple

" aistilled vater and stored in triple distilléd water before use., :

. "' Reference electrodes were freshly pregared for each expersne_nt. R

Pyrex was used throughout. All glassware was cleantd

soru.\- hydmude. washed with diltilled water, rm.n cleaned ' ;..

tric lcxd, washed \ut.h dxstxll.d water and finally with

£ A

triple ‘distilled water., After a fighl clnn;lnq with steam from triple
us% -the apparatus was dried in a stainles:

© distilled water, mos

i
A Pyrex

dxstillad waters .

‘Gases: Hydrogan from two. sources were uled.




".tubing, a'liquid N -cooled trap'ind'a triple distilled water-filled -

presaturator €o the counter electrode on the cathodic side of the
Zell. Jdentical ultra-pire Hy was s supplied to a gas 1ift pump on

the diffusion side of. the cel.l. Swagelok connectors were used u:.
join copper ;:ifpas ;'nqcth“ while stainless steel bellows with a

Yovax ‘insict joined copper to Pyzex.. The pxe-nlect.:oly’sis celk: (see
section ITof mx; Chapter). was similarly supplied from a third
Zlhyqen generator. ) .‘ X .

Refexence electrodes vere supplied with Matheson ultri-hiqh
purity :hya:agax'ﬁ (H, 99._999\; 0, <2 ppm; N2 <. 2 ppm), deoxygenated .
further as described in Chapter 2 of Part 1, divided into separate
streams by q!ses'ad (Dow Corping silicone high vacuum grease) taps in-
experiments Al to A7 and later by gxm;—fé-e Teflon and“Pyrex high
vacuum stopcocks followed in all cases by a 1iquid nitrogen-cooled

trap and a presaturator, as deseribed in Chaptef 2 of Part 1.

v e R
Matheson ultra-high purity mitrcen O, 98.999%:-.0, <2 prms

H, < 2-pm).was used to supply the counter. electrode on the aiffusion

: siq‘e of “the cell. The nitrogen was s farther purified by the ‘same

purification train as for ultra-hich purity )udzoqen éxcept ‘that.

“the ligquid nitrojen-cooled trap was replaced by a solid carbon

aioxide-ethanol-cooled uray
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1. purification of Solutions "

(a) &cmlﬁdc Purification
Pre-electrolytic purification was used to deposit impurities on
the cathode under a hydrogen atmosphere for a suffiZiently long time °

that :.quxtxes were essentially eliminated.

Pze—ele:txolyns OF HC10, vas not carried o»Q in the first three

experiments (Al to A3) but was.carried.out in ajl later experiménts.

- v \
Pre-e in pure hydrog vas

in 4 2 litre reservior déll, shown'in diagrammatic form in Figure 33.

The anode‘ and cathode were both attached to glass plunqex‘n‘movlnq in
grouhd-glass sleevés so that éne or both could be removed from the
solution. A zecungular silyer foil.cathode’ (total area = 1.2 cu?,
exposed area ~ 0.8 ém ), shown in Fxguxe 33, was contacted Ulth afige
Pt wire, protected from the sOh‘ll‘JD‘n by heat-mnnkabl- ﬁfhn tubing,
fitting tightly over the silver and the PY!EX tubing enclosing the

wire. A largé Pt gauze anode (tém area I 50 , exposed area

< 35 ca?), shown in Figure 33, made contag fine Pt wire and

_ was “supported: bf. glass hooks and by the gliss tubing enclosing the

wire. It vas supplied with ulti" -pare liydrogen, the reactions being
presumed to n: molecular ’hydxogen i(;nisadon at the platinum anode and
hyarogen ion aischarge on the silver cathode.. All cup-cones, sockets *
m gas taps were water sealed. me perchloric acid was deae_ramd

by bubbling hydrogen gas for about 20 hou.rs, pta-alectx"qusié beinq
carried ot at i = -10 to =30 mn'u:x'fi (area % 0.8 em?) for 3 to'4

o 4 .
_days. This current was supplied by a custom-built galvansstat. The
ERRE v
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Fig. 33. B
: & PRE— ELECTROLYSIS CELL g—\

- L Reservoir Cell(2Litres)

g i’hmdem
" .3 Silver Catfiode

4, Plafinun Anodé.

5. Gas-Solution Control Taps;
Water Sealed -

6. Heat Strinkable Teflon




?xs—e{eég:dlysis 11 e enpokariis Atradhsd ditne i dals
’ % (Qee Figi 34) by mewns ofa £lekible glass spiral add Quickeit B7 : 3
joint (cup-cone and socket), when- it vas desired to passhsolution -
£ron the reservoir into the cell; The £ixst, portion of the solition,
used for washing out the tubing betwsen the p:e»electmlysis cell and
the'main cell of Figure 34, was disgarded: Tie pre-eléctrolysis
current wag’not interrupted during transfer of p‘re‘-‘el'.ect:olysed

solution to the main cell.

(b) Adsorptive Purification C LB 3

Cathodi¢ polarisation is ineffective in regoving surface-active

<77 " nop-elect + because such - subs are unlikely to be adsorbed o

at a strongly polarised’ electrode, as normally used in pre-electrolysis.

It is, useful to st : ont pre-elestrolysis by use of some
whpolarised adserbing mediun. -This can be achieved by means of '
. * adsorptive Cleaning 3f the cell solution with activated charcoal (144 15)"
27 as was doney Ives and Smith (9, 107;1and by a0 (61) in their, .

expecinants,” (iharass tia MasorpHSn o uhchatysd molecules. ocours .

onﬁal.l: charcoals, the adsorption of electrolytes depends on the
chargoal composition and its pre-treatment. Thus; according to
Bikerman (146), charcoall after heating in air, carries a.netzat‘ive
surface charge in water, whereas heannq of charcoal, in the Baance

of air at u73 ~ 1273 K causes the surface o be gosu:wely charged on

< ‘Subsequent immersion. The; latteg type of charcpal was Tsed in this L=
i z i e . " g : 2 B
Co o work. 5 5 :
. 0 . - ] - -
‘ B




IIf. Apparat

The Pyréx apps'htus used in this work is shown' diagrammatically

in Blgure Y consxsted of two cells' termindting in flat flanges. '

£lange carried a Parafiln: gasket on the sida facing the silver' ' -

£4il. with aluminum clamps secured, Parafilm gaskets can produce :
; : § seals which will hold 107 torr after heating with hot air (147). The

- . cell abové the.silver foil (cathodic side) consisted of two compartr

ments (counter-electrode and reference) each fitted with i %2 o

presaturators and copper. -and [glabs gas-supply lines as.described in

! Section T of this:Chapter. A large platinum gauze (area s 100 cm’] |

i counter ‘electrode was supplied with H, from an Elhygen generltn'r via:

‘.. the purification train (see Section I of this Chapter)s The vreferance‘ ;. ’
elecf_rnd; compar'vtm'enAt contained two platinized Pt hydrogen electrodes

i (82); cach havidg ‘an area of ca. B enZ. The tipGf the Luggin eapillary

£ron the réference electrode comparmen& was sitbated very- close w0

P i the silver cathode sirface. The reference electrode was supplied ' =

7 with Matheson ultra-high purity cyllndex hyaioger with pirification .

oty oo 8B mencmned in Section I of this Chapter. High vacuum cutfleu stopcocks

‘were used to facilitate the-removal of elestropolishing and washing -

- i
. solutions. 3 " - . . : .
g i " The cell below the sjiver fail (dlffusxog side) congisted of o b
* the main ‘comps nt, b efectrode ar ana a ref ’ -
electzcdég campartment connected; respectively, v;o r_he main compartment e, ; 2
; >
Shapl, i o 8 B a ‘gas-1ift pump and.by a Lugqm capunzy, is Fijure 34 indicates. ° - Ty

Tre’ tips of the gas-lift punp and the Lujgin cdpillary were situated
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Fig. 34. Man Cell . - Dl
|. Cathodic Side b > % 5. Luggin® Capillaries
2. Diffusion  Side RN i 6. Gas Lift Pump

: . 3 ;

3. Counter—Electrode

j Compartments.

4. Reference Electrode

7. High . Vacuum
Outflow Stopcacks.

8. Solution -Delivery

" Tubes.

9. Parafilms,

Compartments. -

e . F
s 8
4
‘
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viry ‘Elose to the silver anode i Y pll:t.n\ll Gountir eléctrode:
of 30 ca? area m\nlpplltd with punned ¥, via t.hn p\.xuxar_inn

mm 25 desiribed in Section'I of this Chapter.’ The reference slectrods
“eoe chneeu vas stnilar to ‘that for the upper cell. - The gas-life

pump capitlary was uupplied with hydrpgen from an zu.yg.n generator

and was ‘used to fuciuntc re-cva]. of ‘air or' nydroqm b\lhhles balm

™
. tha silver foil.




1v.. ‘Procedure and \Tnsuml\entat:\.or; . :

silver foils were ;mnany @egreased 'in refluxing xylene for .
3—‘12 hcmxs, They were then washed with ethanol, ' triple dlstilled
water and then ’subjeccea'ga chemical polishing and execc{ccpunsmng.
Nfter nunal cleaning but before electropolishing, électrodes were o
chemcally polxshed for 3 m.\.nutes in 60% HCIO in centact with a
platl.null\ gauze [area ca. 20 om )‘. washed with triple ﬂS\;xlled water,
ahd then subJected to, electropolishing. In exp;rmgnzé A2 “to Ad,
atter initial cleaning, chemical polishing and ashing, the silver, . ,
. foils were mounted in the cell (see Fig. 34) and chen‘aecczowushea

in situ in‘anpurified 1 mol. 47! HC10, (experiments A2 and A3) or in

pre-electrolysed 1 moi 4% HC10, (experiment A) at i = +500 mA ci?

(area = 0.865 cn’) for 27 + 3 seconds with a PAR Model 371 Galvanostat- %

Potentiostat as a power sogrce. In these gxperiments, after electro-

lishing the were washed with ,npuxiﬁed.

1moiieT uclc (experiments A2 and A3) or with pre-electrolysed .

1mo1 270 HC].O (experiment A4).

. - In later experiments, after initial Gleaning and chemical —_ .

the were washed with téiple diseilled,

.“wafer and transferrea to a separate cait’ (F)q 35) for, emctmpuusmnq.

in_ £lat

“ihis el fishing cell isted of two halves

" flanges. Each Elange carried a Parafiln gasket, on the sxde faing | .

clamps; A Pt Gounter eléotrode .(axea 2 35 o 2) vas used i each. half .-

ofthe cell. - here necessary; each side of the silver fon wad 1astro

. . s P




Fig. 35.

SECTIONAL DRAWING OF
- ELECTROPOLISHING . CELL.

I SILVER FOIL ANODE.
. 2. PLATINUM CATHODES.
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+'3, THIN PLATINUM WIRE
FOR EI,ECTRICAL CONTACT.




polished in unpurified 1 mol ¥ HC1O, at i = u'a:ndi: (area = 0.865 om?)

o .
for 15+ 3ueona= In experisénts AS to A7 bdth sides, but in.later |
experiments only one side, of J.g silver foil was electropolished. In
dectropoli!hing of ‘silver_ for these experiments a custom glavanostat,

s hasad on a Hewlett Packard 682¢A amplifier was used as the current

source. Niter fhpolishing, the mi g -
thoroughly washéd with about one litre of nitrogen-saturated triple

" distilled vater and mounted in the ceu (sée Fig. 34) as qu:_ckly as
possible. 'K‘ha £ni1 uas then kept. under hydrogen lUIDSPhEEE in oxdez 2
to wash thie silver foil ‘and upper half (cathodic side) of the apparatus
with the pre-electrolysed acid solution.  Finally, uper and lower
halves qf the cells (Fig: 34) were £illed with 'n;,azoqu saturated
pre-clectroiyssd acid solution (the way for Srmetirsing pre-electrolysed

 slution into the cell vas discussed in Section IT of this chapm:) and

\.npunne_a 0.2 mol &7 NaCl0, + HC10, to pH = 4, respectively.  For
experiments A8 onwards, only the cathodic side of the silver foil was
polarised in acid solution, the diffusion side of the cell resaining
emptye . y ¥ %5
In experiment AL0, activated charcoal was used £t further cleaning
of the pre-electrolysed soluuml during its delivery to the-cell., A
chaxcoal container with ; volume ni ca. :m ml (not shown in ng. 34)
vas attached to the solution delivex:y tube for the upper half of the
cell (cathodid side of l‘l.q.b ) o the ‘Flexible glass spiral
delivery.tubg from the pr‘a—ele;:uaiysxs_ cell (F‘iqt 33) by ieans of a -
: Quckfxt Gup-cone m socket joint.. The activated chaxcoal was

suppo::ea by a fine sinteFed filter disc (145-175 um poxusx:y).




P “Silver ¢ were i ga. ically ‘on the cathodic

side using a Keithley 225 current’ source and the overvoltage variation

with time was observed using, for experiments Al'to A9, a Keithley

' 662 Differential Voltmetei .(10.01% limit of error) and for the

) remaihing experiments a Fairchild Digital Multime}_er Model 7050
(0.1% acouracy). Currents yere measérgd with a Keithley 160 Digital
1 P 5 MuLtimeter. - - . : ) %

3 . , ¢
The diffusion side ©f the silver foil was potentiostated at a #

; positive potential versus a hydrogen
. of cuirent £lou between the silver clectrode and the couter électrode
: . on the diffusion side were made with a Keithley 1508 Microvolt Ammeter
. ' (accuracy £3% of the full scale-on dll ranges), the Output of this
instrunent bedhg fed into a Keithley 370 recorder (accuracy #13 of
full scale). A block diagram of thé experimental set-up usi.x:q the . et o

cell of Figure 34 is shown in'Figure 36. o ;

All experiments were ‘carried out at Xoom témperature within am &

earthed copper cage to diminish the effects of a.c. pick up: i
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Flo. 36 THE ELECTRICAL CIRCUIT =~




J . -
. ' / : ’ “ .
' E B it for ! 1 s
| ) Cell, materi methods of ion of ) o
' solutions and of 11 cohaid un‘less‘
. - stated atherwise, were Similar to muse_descxi.b‘ed: in previous sections. : i .
L P g * . Capacitance measuzements weré made by ohserving thve rapid opén- . | 5 |

circuit decay on an osu).lloscape, a scandard Lechmque (38), which

- has been improved (148). The method used was similar to that’ ).\sed
b Rao (61) in capacitaice. measurements on.lead cathodés in acid i P .

2 i 4
solutions. The voltage decay and its derivative were measured with

a ¥ (Fig. 37) in combi ‘with a difforentiating cirouit . -

. (rig. 38). & . P "
The mic:oswit“ch used was similar-to that of Hamerli, ‘Mislan and .

Olnstead (149)7 It operates in & current range up L L

voltage range up to 60 V and is el by a smqle pulse. me .,

3 t_heoxeucul Erequency’ response ofvthe syiteh i§ 25¢ Nz, which m:respands"
to'a break-of 4 nar The '3 al ‘respor dboat 200" v o

b . 5 nanoseconds.  Operation of the fircuit depends on the fact that gne. K

state of the Bistable.or flip-flop circuit, consisting of the gm LN

o — ]
+ 420 pF, “capacitoxs, the diodes Dy; n o 0 micrologic element My {type i,

D MC 914:;) . turns on the transistors; Ql and 0, (typet 2“221§) and the g
when the tra.nsistars

S other state’ oF .thé bistastp cixc\ut ‘turns them off.
A : are conductan,.t_he’ curreiit soproe is short-cireuited to ot b iy

" s aiddes n "Da' sdnce theywill then be’ back-] biased, Brevent. the ce11

B £ron also bemq‘ circulted. When the are ry:)t

L\ i . current ‘readily (flows Ehrough the celly because diodes D, Dy are. then'
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