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ABSTRACT 
.' , 

Studies of avervoIt_ge and capacity at lead cathodes in 

aqueous perchloric acid at room temperature have b~oadly confirmed 

earlier observations by lves and Smith, that the o~ervoltage falls 

linearly 88 the logarithm of the cathodic charge (-Q) increases. 

Capacities were measured by open-circuit potential decay measurements 

and failed to indicate the presence at first of an adsorption pseudo-

capacity attributable to adsorbed hydrogen. However. growth of the 

measured capacities in the course of electrolysis is attributed to • 

growing paeudocapaci ty c01lponent and is analysed in tetlll8 of an 

increasing coverage of the cathode by adeorbed hydrogen atoms (6H). 

Indicated surface coverages range up to 2% of a monolayer for lead 

rods and up to 5% in one case with a lead foil. 

The increase in capacity (Cexpt '> at constant overvoltage was 

also linear with the logarithm of -Q. This parallelism between 

decreasing overvoltage and increasing pseudocapacity suggests a 

common origin which, following rves and Smith, we propose to be the 

gradual accumulation of hydrogen atoma in the bulk. of the metal with 

quasi-equilibrium existing with the adsorbed hydrogen. 

Electrolytic permeation experiments indicate that the hydrogen 

and tritium atom concentrations just beneath the cathodic surface are 

5 x 10-7 to 10-5 and 10-12 to 10-10 g. atom CD.. -3, respectively, at 

cathodic current densities (-i) of 11.3 to 46 mAo cm.-2 • Below 

11.3 mAo cm. -2 no permeation current was detectable nor was tritiUll 



found to have paned through the lead .embrane. 

I' 
j 

With the observed linear increase of Cexpt • t taken to be 

proportional to the hydrogen surface ~overage, with the logarithm 
) 

of -Q and with the assumption that the bulk hydrogen concentration 

just beneath the cathodic surface (Co) is directly' proportional to 

-Q, since Co increases linearly with -1, an exponential relationship 

between Co and eu: 

1s proposed. 

A linear relationship has a180 been found between C expt. and 

the logarithlll of -1 , indicating that a linearly increasing hydrogen 

coverage results in a logarithmically increasing reaction rate at 

constant overvoltage. Changes at the surface alone cannot account for 

thb catalysis. tves and S.ith auggested that catalysis arhea from 

the increase of the bulk. hydrogen content through donation of electrons 

to the metal by the dissolved hydrogen atoms. It is shown that the band 

structure of lead is favourable for electron donation to the conduction 

band, the density of donated electrons in the third Brillouin zone 

increaaing at twice the rate at which the density of holes decreases 

in the second Brillouin zone. catalysis apparently involves the 

increase in rate of the Volmer reaction of hydronium ion discharge 

rather than any increase of the Heyrovsk.y step . 



·­I 
The SU,T - 7.2 ± 0.7 and S(H.T)DA ·0.9 ± 0.5, the 

hydrogen-tritlUlll separation factors measured simultaneously on 

the cathode and diffusion aides of lead membranes are close to 

literature values. The anomalous nature of SCU T») is discussed • 
• bA 
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the topics: 
.' , 

A. Hydrogen overvoltage measurements on lead 

B. Double-layer capacity lIlea8Ure~nt8 on lead 

C. Cathodic disintegration of lead 

D. Interaction of hydrogen with lead 

and then, in a final section the objectives of the present work 

are stated. 

A. Hydrogen Overvoltage Heasurementa on Lead 

Tafel observed (1) that the overvoltage on lead electrodes rose 

during the first half-hour to a maximum value, whereas other metals 

took longer to reach their 'maximtm.' avervoltage. 

GI.sstane (2) investigated the properties of lead cathodes and 

anodes in sulphuric acid and BodiUII hydroxide solutions. cathodic 

pretreatment of his electrodes at 150 mAo em. -2 before the measure-

ments probably enabled Gl.sstane to minimise the dangers of 

contamination by the wax used to mask the electrode surface. The 

results at i • -10 and -100 mAo COl. -2 were reasonable, with a 

b value of 0.11 V. 

In contrast to this, Baars (3) and Erdey-Cruz and Wick (4) 

obtained Tafel slopes (b) of about 0.2 V. with lead in sulphuric 

acid. Erdey-Gruz and Wick suggested that the metal was covered by an 

oxide fillll which, because it was not reduced at high negative potentials, 

increased the hydrogen overvoltage. 



.' , 
Kabanov. Filippov, Vanyukova, Jofe and Prokofeva (5, 6) worked w1-

th chiselled spectroscopically pure lead in pre-e!ectrolysed 0,01 N to 

8 N sulphuric acid. They observed cathodic Tafel slopes of 0.12 V. 

the current density range of 0.1 "A. ;0 1 mAo ca. -2). Trouble vas, , 
however. encountered when the lead electrode was aI/lowed to reat at 

potentials positive to -0.65 v. A bend in the Dvervo'ltage curve appeared 

between -0.60 and -0.70 V. (in 8 N H2S04) and the cathodic Tafel slope 

could have any value between 0.12 and 0.22 V. At the salle time. the 

double-layer capacity C, 

(1.3) 

defined as rate of change of charge q on the metal per unit area with 

electrode potential E at constant temperature T. pressure P and chemical 

potential of the electrolyte ~, was found to increase 8ubstantially at 

potentials positive to the electrocapillary maximum (-0.65 V.). Kabanov 

et al. carried out tests to ascertain the depolarising effects of 

oxygen by saturating the solution initially with 0.1, 1.0 and 10% 

oxygen in hydrogen. By subtracting the saturation current from the 

measured current in the mixed-potential region. corresponding to both 

the oxygen reduction and hydrogen evolution reactions, they confirmed 

that the rate of hydrogen evolution process was unaffected by the 

presence of oxygen in the solution. Jofa examined (7) the behaviour 

of lead in perchloric t hydrochloric and hydrobromic acids of varying 

concentrations. He concluded that anion adsorption at lead cathodes 

becomes important only in sufficiently concentrated solutions 



I' , 
Vanyukova and Kabanov (8) studied the effects of a wide 

range of surface-active organic substances on hydrogen overvoltage 

at spongy lead electrodes, prepared by alternate anodisatian and 

cathodiaation. in 2 Nand 8 N 8ulphu~"lC acid. At the same 'true' , 
current density but without ~ ~ additives, the area 

baving been estimated by double-layer capacity ._aurements. the 

overvoltages were 0.2 V. less negative than on the s.ooth lead 

electrodes of Kabanov and lola (5) . 

In 1941 Kolotyrkin and Pruakin (9) pubUshed a study of porous 

lead cathodes .. de £rou lead oxide-pasted accWIlulator plates and 

activated by alternate anodisation (to lead sulphate) and cathodia-

stian to lead . Lead-lead oxide anodes were used in 8 N sulphuric acid 

and oxygen evolved fro. thea was allowed to diffuse to the cathodes. 

Both the current and the hydrogen gas evolution rate were observed, 

but wheress Tafel curves based on the current deviated to less negative 

potentials at about 0.1 l.lA. em. -2, the volumetric aeasurementa gave rise 

to linear Tafel plots down to 6 x 10-10 A. ca. -2 (at the rut potential 

of -0.36 V.) . Later, Kolotyrkin (10) examined the decay of overvoltage 

of spongy lead electrodes both when the cathodic current was switched 

off and when it was aerely reduced. Electrodes subjected to prolonged 

cathodisation in a hydrogen ataosphere had Tafel curves based on the 

current and on the volume of hydrogen in good agreement, except close 

to the lead-lead sulphate potential . Two Tafel lines were, however, 

obaerved of 0.12 V. slope above 1 1IA. c •• - 2 and 0.095 V. below, but 



without discontinuity. The results of Ko10tyrkine and Bune (11), who used , 
slDOoth lead electrodes in sulphuric acid solutions. broadly confirmed 

Kolotyrkinls observations, the separation of the upper and lower Tafel 

regions having increased from 160 IIV. to 300 IIV. The lower line va. 

supposed to correspond to a lead surface at which ttulphate ions are , 
specifically adsorbed, whereas the upper line corr,sponds to measurements 

on a lead surface free from adsorbed anions. This conclusion was later 

confirmed by measurements of surface coverage of iodide ions by radio-

tracer methods (12, 13). 

Lead and lead-plated copper were studied at high cathodic current 

densities ( > 1 lIlA. c •• -2) in N HCl using the cotllDlutator method by Hick­

ling and Salt (14). Their crude technique of electrode preparation (wiping 

or scraping and washing with water or acid) resulted in a high b value of 

0.3 V. and apparent approach to a constant overvoltage at cathodic current 

density > 100 mAo CII. -2 • 

Experients of Bockris et a1 . (15, 16, 17) using the direct method 

at -i up to 100 lIlA. cm. -2 were said to contim Hickling and Salt I. find-

ing of a constant maximum overvo1tage. Bockris agreed with Hickling et a!. 

that stringent deoxygenation was not necessary at cathodic currents of 

I lIlA. clI.-2 and above, while Azzam (16, 17) did not find any differences 

above 1 mAo CII. -2 attributable to the mode of surface preparation. 

Ruetschi and Cahan (18) briefly studied the hydrogen overvoltage 

behaviour of knife-cut single cryatal lead and lead alloys. In 10 N H2S04 , 

little or no dependence of overvoltage on orientation was found, the 

cathodic Tafel slope and exchange current apparently being in agreement 

with the results of Kabanov and Jofa (5). A fall of overvoltage with time 

was reported both above 10 lIlA. cm. -2 and ~ 1 mA o -2 CII. • 



In 1959, Gillibrand and Lomax (19) pub1ish~d hydrogen overvoltage 

measurements at porous electrodes prepared by conventional battery 

techniques. The overvoltages, reproducible to ±30 mV., lay close to a 

Tafel line of slope 0.12 V., while tlw growth of overvoltage curves had 
. I 

an initial slope - * linear with I il and led to a , calculated double 

layer capacity of 104 UP. cm. -2. from which the reAl area was deduced 

to be 500 times the apparent. The overvoltage decay curves, on the other 

hand , were initially linear with log10(t) with a slope close to b - 0.12 V. 

Piontelli et a!. (20,21,22,23) used perchloric acid and 

amidosulphuric acid (NH2S03H) solutions in order to minimise the 

influence of anion adsorption or insoluble lead salts while studying 

single crystal electrodes of lead. The results were less satisfactory 

than might have been expected, two distinct Tafel slopes being found, 

one close to 0.12 V. in some cases and the other of greater magnitude. 

Tordesillas and Bicelli (20), who studied both polycrystalline and 

s ingle faces of lead, claimed that overvoltage varied with orientation. 

However, Piontelli et 81. (24) have shown orientation had no influence 

on the electrode potential from their study of lead single crystals in 

Essentially similar conclusions to Anam were reached by Bockris 

and Srinivasan (25) who examined, among other metals, lead heated in 

hydrogen, chemically polished .9.!. electropolished. The best results were 

after 40 hours pre-electrolysis CPt foil as pre-electrolysis cathode) of 

the solution, the measurements on chemically or anodically polished 

specimens being taken without hydrogen passing through ill ~ 

compartment. Then, cathodic Tafel slopes of 0.125 ± 0.014 V. in 



I' , 
0.05 N H2S04 and 0 . 129 ± 0.004 V. in 0.5 N UaOH were obtained. 

InitiaUy, however, depo!.risatioD at lower current densities and 

steep slopes of 6.9RT/F were observe~-.' though polarographic analysis 

showed only ~ 10-6 IDOle 1. -1 of Pb++ ions present.} 

Ives and Smith have carried out experiments with electro-

polished lead electrodes, both in perchloric acid and in sulphuric 

acid (26, 27), under the following conditions: 

(1) Solutions were extensively pre-electrolyaed and were subjected 

in the experimental cell to continuous adsorptive cleaning with activated 

carbon, to adsorptive and reductive cleaning at a large area of platinised 

platinum supplied with hydrogen and to a second stage of pre-e1ectrolys1a 

at an electropoliahed lead electrode (withdrawn whilst cathodic) precisely 

similar to the experimental electrode used for measurements. 

(11) Electropolished mirror-bright electrodes were employed. 

(iii) Gases were carefully deoxygenated. 

The observations of lves and Smith (26, 27) cannot be correlated 

with specific anion adsorption, since IDOst of them were made with 

perchloric acid.. The overvoltages, initially coaparable with those of 

Bockris and Srinivasan (25) at -i of 10-4 A. CII.. -2, were observed to 

• The capacity measurements of Kolotyrkin and Bune (31), with lead in acid 

solutions containing perchlorate, sulphate, or halide snion., show that the 

characteristically large increa.e in capacity of the anodic branch occurs 

at auch less negative potentials in perchloric acid than in any other 

.ystefl. This is taken to indicate much weaker interaction of CI04 - with 

the metal than that of other anions. 



!' 
decrease continuously at CODstant current during several weeks. Tafel 

plota initially exhibited bilinearity like those of TordesiUas and 

8icelli (20), the slope at low current densities being 0.2 - 0.3 V •• 

but after a few hours of cathodiaation- 'the plots becrme reasonably 

linear over a wide (1000 fold) current range. Togeth~r with the decrease 

of overvoltage, the slope of the aaln line was also observed to undergo 

a continuous decrease from. 0.130 ± 0.010 V. initially. to 0.075 ± 0.010 V. 

after some days. The observations have been interpreted aD the basis of 

an increa.ing surface coverage of the metal with hydrogen atoms in the 

course of cathodisation. in parallel with an assu1Ied continuously 

increasing bulk concentration of atomic hydrogen. This idea was supported 

by the linear relations found between the overvoltage and the logarithm 

of total charge passed in cathodisation. Further evidence in support of 

this explanation is provided by the observation of reversible hysteresis 

phenomena in overvoltage measurements in which changes between currents 

were only IIlAde after a steady state had been established at one current. 

The long times required for the establishment of the steady states are 

consistent with bulk diffusion of hydrogen atoms to and from. the surface. 

Bagotskaya and Oshe (28) also have observed similar effects at fairly high 

current densities with lead-(or mercury)coated iron cathodes. through which 

hydrogen atolDS were diffused from. the opposite face. 

B. Double-Layer Capacity Measurements on Lead 

Using an a.c. method. Borisova and Ershler et al.(29. 30) found 

that drop-like lead electrodes (in order to eliminate the frequency 

dispersion caused by irregular distribution of the current) had 
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differential capacity versus potential curves like mercury with a flat 

minimum em!n •• 25lJF. em. -2 in potaaelum chloride or sulphuric acid. 

The capacity C determined for pqrous lead ele)ctrodes from 

potential decay curves by Kolotyrkin (10) vas a fun~tion of the slowly 

established electrode steady state. increaaiog by 31~ as the potential 

decreased from -0.6 to -0.8 V. However, on smooth lead electrodes, 

Kolotyrkin et _I. found (12, 31) the value of C _ IS-20llF. cm.-2 

at -1.0 V. Although specific adsorption of anions on mercury leads to 

a decrease in overvoltage and an increase in double-layer capacity, 

specific. adsorption on lead (12, 31) is more complicated, leading 

either to a decrease or an increase in these quantities. In the case of 

lead, the decrease of double layer capacity was accounted for by 

assuming that the anions are more strongly bound than by coulombic 

forces alone. They are thus unable to respond to a.c. fluctuations 

during the differential capacity determination. It was suggested by 

Kolotyrlc.in that this ~ the ~ between !E.!. effective planes 

~ ~ ~~, thus decreasing the capacity. 

Ruetachi, Ockeruan and Amlie (32) with porous lead and Brodd and 

HackerlllAn (33) with lead wire electrodes, measured double-layer 

capacities by the method of charging curves (33a). Ruetachi et a!. found 

11l1F.ca. -2 for electrodes in 10 N H2S04 , while Brodd and Hackerman 

obtained a result of 52.5l1F. c •• - 2 , in. 2 N sodiUlll sulphate solution. 

Palm and Past (34, 35) confirmed the absence of • 'pseudo-capacity' 

for the cases of lead in 1 N HCI, I N H2S04 and 0.13 N HCl04 • The term 
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• pseudo-capacity' is used because it acta electrically .s though 

it were a capacity. But, again, it i. not a capacity, because the 

latter holds the charge which is added to it. whereas in a paeudo­

capacity the charge leaks out across '~he double layjer. In the present , 
caae, a I pseudo-capacity I could arise from the di8~harge of hydrogen 

iODS across the ionic double layer producing adsorbed hydrogen atom 

intermediates. The electrode capacity was 12.5 - 16 ~P. cm.-2 of 

apparent surface area (this value being reasonable for double layer 

alone) and waa independent of both potential and time of cathodhation. 

Also, Palm and Past observed no accumulation of electrochemically active 

hydrogen on lead in alkaline solution (36, 37). However, they attributed 

the larger capacity of 18 \.IF. ca. -2 in pota .. iwa hydroxide solution 

to the penetration of pota •• iua into the cathode'. crystal lattice. 

Rybalka et a1. (38, 39) recently studied the structure of the 

electrical double layer on a lead electrode, _aauring the 

differential capaticance u.ing an a.c. bridge method. In particular 

they studied the effects of anion and cation adsorption on lead. 

At sufficiently negative potenUala (~ -1.0 V.) the structure of 

the double layer on lead, as in the case of mercury, was found to be 

independent of the nature of the ion. Rybalk.a et a1. 's value of C waa 

18 \.IF. cm. -2, in the absence of specific adsorption. 

Carr et a1. have alao studied the differential capacitance 

10 
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by the a.c. method. The observed capacity values at -1.1 V. 

lay between 14 - 22 \.IF. ca. -2 at solute concentrations of 0.017 M 

(and a.c. frequency of 1000 Hz) and tile capacities 'ldecreaaed , 
with decr~a.e of concentration. They also observed / an initial 

instability in the meaaured capacity valuea in acid 'solutions, 

i.e. the cap.cit, decreased with time (capacity of Pb in 

0.0041 H sulphuric acid at -1.1 V. decre.sed froa 18 to 14 J,lF. cm.-2 

in one hour). These changes were attributed to the specific adsorption 

of anions, in accordance with the earlier explanation of Kolotyrkin 

(12, 31). 

C. Cathodic Dbintesration of Lead 

Two groups, thoae of van Muylder and Pourb.is (40) and of 

Salzberg and Castwirt (41, 42) have obtained complementary evidence 

supporting the 'hydride' theory of 'cathodic disintegration'. 

Whereas Pourbaix et a1. made only current and potential 

measureaents. Salzberg meaaured the weight losses of lead cathode. 

reaulting froa the paasage of known quantities of electricity. 

lvea and Smith (26) have also obtained evidence for 'cathodic 

diaintegration' in 0.1 N HCI04 at current densities 

~ 10 mA. ca. -2 after sufficient time had elapaed for the 

11 
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supposed accumulation of discharged hydrogen atoms in the bulk 

of the meta l. 

) 
The subject of cathodic disintegration' i, still 

controveraial. Kabanov et .1. (43, 44) recently eXlUDined lead 

in alkaline solution and observed the cathodic incorporation of 

alkali metals into the metal . The initial incorporation rate 

was low, but increased when the electrode 'develops'. The 

incorporation rate is determined by the D\IDlber of vacancies in 

the crystal lattice of the electrode metal near the surface. 

Angerstein (45). whose experilllmtll were lui ted to a 

maximUlll current density of 0.1 A. ca, -2 I failed to obtain I cathodic 

disintegration' in 0.1 and 1 H solution of sulphuric acid free 

froll metal~. She also found that the potential of the 

beginning of disintegration varied with the cation (Na +. K+. 

Hg++. AI+++, NH4+ and Li+) , which she considered to be evidence 

in favour of 'the alk.ali metal alloy' hypothesis, i.e. cathodic 

incorporation of alkali metals. However, Bockris and Srinivasan (25) 

observed the presence of colloidal lead in alkaline solution at 

current densities of 10 lIlA. Cta. -2, presuraably the result of cathodic 

d1aintegration. 

D. Interaction of Hydrogen with Lead 

12 

he. and Smith (26, 27) found that the ~ hydrogen overvoltage 

at lead cathodes in acid solutisn ~ linearly with ~l o1:,qt. 
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where -Q is the total charge passed during extended cathodic electrolysis. 

To account for this remarkable effect, they proposed that H atoms were 

being continuously adsorbed (or ab80rb~~) by the lead and that in some 

way these catalysed the hydronium ion discharge step} 

H30+aq , + e- + Pb -- H20 + Ph-Uads, (1.4) 

This idea contradicts the assumption usually made in theories of 

hydrogen electrode kinetics that discharge of hydronium iODS occurs only 

at empty sites. with the ion + atom reaction 

"30+aq, + e- + Ph-Hsda. -- Pb + H2 + H20 (l.5) 

occurring on hydrogen-covered sites. Reasons advanced to account for 

this effect were (a) specific adsorption of hydronium ions. and (b) an 

increase in surface electron density arising from the presence in the 

lattice of 'metallic' hydrogen. 
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The argument of lves and Smith (26, 27) for hydrogen entry into the 

lead lattice was based largely on grounds of plausibility, although some 

earlier (46) and some recent work (47, 48) was unfavourable to this 

hypothesis. Lead is not one of the metals listed by Barrer (49) as being 

able to dissolve hydrogen appreciably. This is almost certainly because 

the experimental method involved exposure to H2 , which would be incapable 

of dissolution without previous dissociation (50). Exposure to H atoms would 

not suffer from this drawback. 

Roberts et al. (51. 118), however, have observed that evaporated 

snd sintered films of lead take up atomic thydrogen at OOC, reaching a 

composition of PbHO• 2 (or PbHO•22 at _780 e). Phases richer in hydrogen desorbed 

H2 with an activation energy for desorption of 16-20 k.cal.mole -I. which 

they associated with a slow diffusion process (although recombination 



might have been rate limiting) . Aside from early inconclusive work 

(52. 53), this was the first evidence for the existence of a lead 

hydride other than the transient PbH4 -.(54). PbH2 h)'d been suggested 

as an intermediate in cathodic disintegration by S.-J.zberg (41, 42). 

but not confirmed. 

E. Objectives of the Present Work 

The absence of evidence for a pseudo-capacity due to adsorbed 

hydrogen on Ph or diffusion of H atoms produced during electrolysis 

through Pb made it rather difficult to accept the ideas of Ives snd 

Smith (26, 27). Systematic work in this field was needed in order to 

explain the observations of lves and Smith (26, 27). It 1s the aim of 

the present work to study the electrolytic hydrogen evolution and the 

related adsorption and absorption of atomic hydrogen by lead in 

perchloric acid under the cleanest attainable experimental conditions. 

Special attention is paid to stringent deoxygenation, for it is 

thought that only under such conditions can the phenomena of hydrogen 

adsorption and absorption be studied. Adsorbed hydrogen is known to 

influence the rates of hydrogen reactions, whereas the effect of 

absorbed hydrogen in metals has only recently begun to be studied and 

is less well understood . 

The present investigation was begun with the objects of 

(a) confirming the work of Ives and Smith (26, 27). and 

(b) making electrode capacity measurements on lead in aqueous perchloric 

14 
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acid specifically to search for a hydrogen pseudo-capacity. 

M the present work was in progress, Muju and Smith (55) 

found the over-all separation factor for cathodic di~charge and 

diffusion through a lead fo11 polarised anodically oIL the opposite 

face to be anomalously le88 than unity. Exploration ~f this problem 

indicated the desirability of giving closer attention to the 8-T 

separation factor on lead in perchloric acid. Both Bockris and 

Srinivasan (25). and Krishtalik and TaiODSky (56) found the 8-T 

separation factor 5U • T .. 7 for cathodic: gas evolution at lead in 

acid solution. The present work was then extended to meaaure 

simultaneously for the first time the 8-T separation factors on the 

cathode and diffusion aides on lead membranes. 

15 



2. THEORETICAL BACKGROUND 

A. Hydrogen OVervoltage Theory 

,0 , 

Although the study of the hydro~n evolution reaction (h.e,r.) , 
dates from the beginning of the century. all sorts of reaction steps 

have been proposed as part of the overall process; 'h~ever. only two 

reaction paths involving three possible steps are regarded as likely. 

In acid medium, the discharge of "30+ ioos to "2 molecules may occur 

through the following partial reactions: 

Discharge 
(Volmer) 

Combination 
(Tafel) 

Ion + Atom 
(Heyrovsky) 

H 0+ + e- + H - H 0 + H-H 
3 aq. 2 ads. 

(2.1) 

M-Hads • + H-Hads.- 2M + "2 (2.2) 

(2.3) 

Hydrogen evolution may occur by two routes which are (2.1) followed 

by (2.2), 

or (2.1) followed by (2.3): 

In multistep consecutive reactions, the rate determining step 

(r.d.s.) controls the overall reaction rate. The condition for the 

existence of a single r.d.s. is that the activated state corresponding 

to the r.d.s. is higher in free energy. with respect to the initial 

state for the overall reaction than the activated state corresponding 

to any other step. However. if two steps have almost equal energies 

• By 2.73 k.cal.QK)le-1 for a hundred fold decrease in rate at 2SoC 
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of activation. the two steps will exercise dual dontrol over the rate 

of overall reaction and then the overall reaction is said to have a 

dual mechanism. Earlier. while considering the mechanism of multistep 

consecutive reactions. steps other thah the r .d. 8. yere considered to , 
be in quasi-equilibrium or of having negligible backward velocities 

in comparison with their forward velodtiea. Under the latter conditions, 

the overall reaction is said to be a coupled reaction. In a simple 

unbranched consecutive reaction. all steps must proceed at the same 

net velocity in the steady state, otherwise the surface coverage of 

the intermediate will change continuously before reaching a steady state. 

(1) Types of OVenoltase 

Overvoltage may arise from a number of causes, each of which may 

effect a retardation of the overall process. Depending on the origin, 

over-voltage can be divided into a number of additive (57) parts 

as follows: 

17 

Charge-Transfer OVervoltage, nt, arises from a barrier to charge-transfer 

across the electrode-electrolyte interface, e. g. reactions (2.1) and (2.3). 

Much of the more detailed and advanced theoretical treatments of the h.e.r. 

have been concerned with the proton discharge step - not surprising, 

perhaps, since the balance of opinion (of the Frumkin SchooL ••• and the 

Bockris School) over the past one or two decades has favoured it as the 

1IlOst probable rate-controlling step for discharge of hydrogen ions at 

high overvoltage metals {Zn, Cd, Pb, Ug. Tl. etc.} (86,88,88a). Charge-

transfer overvoltage will be considered in detail in Section 2A (111). 



,-
Reaction Overvoltage. I1 r • originates from a slow 1chemical reaction 

producing a reactant or removing. product of the charge-transfer step, 

which is indirectly retarded because of depletion or aceullulation of 

reactants or products, respectively, e".g. reaction F.2). 

A b value of 0.029 V. at 25°C for the slow 8u,dace recombination 

step was originally advocated by Tafel (1). Many subsequent investigators 

(58,59,60) supported the view that the slow recombination of chemisorbed 

hydrogen atoms is the most likely rate-controlling step on catalytically 

18 

active lIetala such as Pt, Au, etc. However, this view has been criticised 

by Knorr (65.). Ives (61) and Levis (62). Ives finds it hard to concede 

the view that at Pt electrodes atoll. recombination is very fast. but is 

rate liaiting. while at Hg it is very slow but is oot rate limiting. 

Lewis. inspired by the work of Kandler. Knorr and Schwitzer (63) stressed 

the importance of mass-transport overvoltage. 11m. due to retarded 

diffusion of hydrogen molecules from the cathode (Pt and Pd in strongly 

acidic solution) surface. This will be discussed later. 

Even if nil. is absent and the Tafel step is rate li1lliting, the 

equation relating overvoltage to current density must include a term 

arising from the possible contribution to the kinetics of the reverse 

step (2.2) at catalytically active metals (Pt. Au. etc.). The 

Hammett (64) and Knorr and Schwartz (65) treatment of retarded recombination 

takes this factor into account. The electrode potential. R, is related 

to the H atom surface coverage, B. and hence to the rates of forward 

and backward reactions (2.2). the coverage. Be. at the equilibrium 

electrode potential.. Re' being determined solely by the at01llisation-
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combination equilihriUII. with H2 , cat.lysed by the metal. The rates 

of atoatisation and recombination are assumed independent of 

electrode potential. On the assumption that the surface 

recombination step is slow and rate-di!termining I C2( 1) at 

equilibriua. (2.3) inoperative and mass transport ~indrance negligible, 

they write 

RT (9) n - -In­r F ae 
(2.4) 

If the exchange current density of the supposed bimolecular 

recombination step, 

ito _ 2Fk"e2 
• e 

(2.5) 

where k" is the Tafel reaction rate constant. then at a cathodic 

current density -1. the hydrogen atom coverage may be greater 

because of the increased supply of hydrogen atoms and 

(2.6) 

On 8ubstitution" of (2 . 5) and (2.6) in (2.4) we get 

RT ( i ) n -'2 10 1-1" 
r F • 

(2.7) 

A plot of n versus log (1 -~) would give a straight line 
it ia 

of slope 0.029 V. at 2SoC. A plot of Tl versus 10gl a (-i) vould be 

curved, but would yield a straight line with a slope of 0.029 V. 

at 2SoC for -i » i~, Le. at high cathodic current densities 

{back reaction (2.2) is then negligible}. 

19 
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Pure reaction overvoltage due to slow reco~blnation (2.2) 

in h,e.r. la likely at Au and Pt cathodes of low activity because 

of the low H atom surface coverages (Le. low exchange current 

density i~). 

Mass-Transport or Diffusion Overvoltage, nm, Dc-curSl 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. 

Mass transport hindrance plays an important role in the h.e.r. 

at catalytically active metals such 8S Pt t Ir, Rh and Pd (62) 

where the rate of hydrogen ion discharge or hydrogen generation 

can be significantly greater than the rate at which "2 is 

transported to or from the electrode. 

+ 
The transport of "30 ions frotl the bulk solution to the 

electrode double layer is sometimes rate determining at pH ~ 3 at 

quite small -i and at lower pH at sufficiently high -1. However, 

in the case of O. 1M and 1M acid solutions, calculated values of 

fl. (27,66) are less than 0.004 v. up to -i - 50mA.cm.-2 (the 

maximum current density of the present work). Even though it does 

not seem possible to eliminate fl. entirely by extremely vigorous 
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stirring of the eatholyte. the contribution of fl. to the total 

apparent overvoltage can be made very small. 

Control of evolution of hydrogen-. by transport '! through the 

solution implies that the surface of the electrodes' are sufficiently 

catalytically active for the rate of combination of chemisorbed 

hydrogen atoms to proceed .!!!2!!. rapidly than the transport .m.£. 

Then, it is possible to write two equations (using Fick's first law 

of diffusion). one for hydrogen-saturated c.athalytes. 

_ !! In (!4=i) 
Tla 21 :q 

and t he other for inert gas-saturated c.athalytes. 

RT ( 1) n -UID-­
III F i; 

(2.8) 

(2.9) 

where 1; is the exchange current density associated with transport 

control. The exchange current density i; depends on the diffusion 

coefficient of 82 molecules in the solution, the thickness of the 

diffusion layer and the concentration of the hydrogen molecules 

at the surface of the reference electrode. Equation (2.8) is 

identical in form to nr in (2.1) . Provided that the hypotheds of 

diffusion control is correct, and the stirring conditions are the 

same in both hydrogen-saturated and inert gas (N2 , He, Ar)-saturated 

solutions (so that the thickness of the diffusion layer is the same). 

the plot of 10glo (-i + i;) versus n in hydrogen-saturated catholyte 

should be coincident with that of n versus log (-i) in an inert 
10 RT 

gas-saturated solution. and both should have a slope of 2F' 

i.e. 0.029 V. at HOC. Kandler et ale (63) obtained at -n up to 
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~ 15 .V., a good correlation in teras of equations (2.8) and (2.9) 

between the results in hydrogen-saturated and nitrogen-saturated 

catholytea at activated Pt and Pd cathodes. 

) 
I.R. Drop Overvoltaae,· nO' • tera repreaenting a 'potential drop 

between the reference electrode and the cathode, Vhich is a 

function of the effective electrical resistance between these 

electrodes. and of the current flowing between the cathode and the 

anode during electrolysis. It follawa that fin will be reduced by 

placing the reference electrode (or generally the tip of a connection 

to it. designated a LUBgin capillary) close to the cathode but this 

will not reduce the effect of • high reaistance fila on the surface 

of the cathode. OscUloscopic techniques have been developed to 

_asure the open-circuit electrode potential i..ediately subsequent 

to the interruption of electrolysis. This overvoltage will be 

exclusive of "0' 

'nl.us the total apparent overvoltage, " ,is the su. of 
app. 

individual overvoltages; i.e., 

(2.10) 

Charge-transfer overvoltage 18 frequently called 'activation 

overvoltage'. however, this expression is 8IDbiguous aa noted by 

• There have been criticis .. of considering "0 as a true overvoltage 

ten but it provides a convenient mode of description. 
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Vetter, because partial control of an electrode process by a 

chutes! reaction a1ao corresponds to an activation process 

assad_ted with a significant activation energy . 

(11) The Electrical Double Layer 

Electrochemical processes occurring at electrodes are 

affected by the structure of the region.!!!. and ill:.!!. the e1ectrode-

electrolyte interphase - generally known as 'the electrical double 

layer'. Because an electrode can exchange charged particles with 

the electrolyte. charges of opposite sign will normally be 

accumulated near the electrode-electrolyte interface. leading to 

the development of a potential difference acroa8 the elec:trode-

electrolyte interface. 

Using this simple idea, Helmholtz (67) gave the first model 

of the double layer. He proposed that the surface is a aonomolecular 

layer of ions of opposite sign to the charge existing on the electrode 

and the electrical potential changes sharply from its value in the 

electrode to that at the centre of the ionic layer. The \'DOdel 

advocated independently by Gauy (68) and by Chapman (69) was an 

elttenaion of HelmholU:'s IIOdel. The Gauy-Chapman theory leads to a 

Debye-Huckel ionic atlDOaphere type of distribution with the 

potential falling more gradually through the diffuse layer. 

The Gauy-Chapman theory is not very suitable for the case of 

real ions and Stern (70) suggested that a satiafactory theory of the 
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double layer muat take into account both the finite size of the 

lana adsorbed and any specific chemisorption interaction they lUy 

suffer with the electrode surface. He considered that in the case of, 

e.g. a negatively charged surface, a layer of posit~ive ions is held 

at the interface by cheaisorptive or electrostatic ,attractions. The 

double-layer region from the surface to the centre of the first layer 

of positive ions .. , be referred to 88 the compact double layer; 

there is a sharp potential drop in the compact part of the double 

layer . OUtside the compact layer, there is a diffuse layer over which 

the potential drops gradually to that in the bulk of the solution. 

Subsequent to Stern' II work there have been a number of further 

proposals which refine the model in various details. Strong specific 

adsorption (specific adsorption appears to have a chemical as distinct 

from electrostatic origin. dependent on the nature of the metal and 

ions involved) of. in particular. halide ions. led Crahame (71) to 

IIlOdify Stern's model. Grahame distinguiahed two different planes. one 

for specifically adsorbed ions and the other for hydrated ions. which 

are not specifically adsorbed (see Fig. la). In the case illustrated 

of positive polariaation of the metal. there is a change in potential 

froa the electrode of potential ¢I. to the plane corresponding to the 

centres of • layer of specifically adsorbed iona (the inner Helmholtz 

plane). Then. there ia a further drop to the plane corresponding to 

the centres of the layer of hydrated ions (outer Helmholtz plane or 

Gouy plane). Finally. there is a drop in potential to that of the bulk 
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Inner Helmholtz Inner Helmholtz 

Metal 

C±> Solution 

(0) (b) 

Fig.l. Double-layer models: (0) according to Grahame, with 

positive polarisation of the metal, (b) according to Devanathan, 

Bockris and Muller with negative polarisation a f the metal. 

+ and - represent net positive and negative charges on 

the metal. <±> and e represent cation and anion, respectively . 

., represents water molecule. @> represents oriented water 

dipole. cP' CP,' CPz and CPs are inner potential of electrode metal, 
potential in the Inner Helmholtz plane, potential in the outer 

Helmholtz plone and inner potential of the bulk of solution, 
respectively. 



of the solution $ s' over the diffuse layer. .' i 

Grahame assumed that the specific adsorption is due to the 

formation of a covalent bond 8uperimp~osed upon electrostatic inter­

actions. He supported his assumption with the line~~r relationship 

between the differential capacity of Hg at the l1ur:Lt of positive 

potentials at which measurements can be made for various anions in 

the solution and the logarithm of the mercurous ion concentration. 

in aqueous solutions of salts corresponding to those anions. 

Comparison of the bond strengths (bond strength decreases in the 

anion series P- to r - ) for mercury halides with the adsorbab1l1ty 

(adsorbabillty increases in the anion aeries r to C) does not 

support this mechanism •• * 

Later, Levine, Bell and Calvert (72) suggested iuge energy 

resulting from image forces-interaction between the test (the 

adsorbed ion) and induced charges as the origin of spec.ific. 

adsorption in contrast with Grahame's view . Image energy can be 

calculated by considering that the electrode is replaced by an 

image charge (equal in magnitude and opposite in sign to the teat 

charge) situated as far behind the plane corresponding to the metal 

* The concentration of the mercurous ion, 8g2++ was computed in a 

solution saturated with the appropriate mercurous salt. The results 

were converted to a negative logarithm scale like pH and called pHg. 
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** However, the hydration enthalpies increase in the order P->Cl->Br->C . 

This suggests that the adsorption must be the net effect of bond energy and 

aolvation factors . The model of Bockris et a1. (73), which takes account 

of aolvation factors , will be discussed shortly . 



surface 8S the test charge is in front of it. 
I' 
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Bockris, Devanathan and Muller (73) pointed out that image 

energy cannot be the sole origtn of 8~~cifiC adsorption, because this 

would show a radius dependence of specific ad8orptl~n and such 

dependence is negligible. Also, specific adsorption, is not restricted 

to anions, sufficiently large cations showing similar phenom.ena. 

Moreover, they advocated the degree and type of ionic hydration 8S 

the principal factor which determines specific adsorption. 

Fig. Ib shows their model of a layer of adsorbed solvent molecules 

at the electrode surface held by charge-dipole forces. If the ions have 

sufficiently stable primary hydration shells (those which are 

associated during transport with a definite number of water molecules). 

they remain in the outer layer I and are not specifically adsorbed. 

Such adsorption may be called equivalent (equal charges on the 

electrode and in the solution part of the double layer). The plane 

drawn through the locus of centres of this layer of ions is referred 
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to 8S the outer Helmholtz plane (Gouy plane), of potential ~2' If the ions 

possess no primary hydration water, they can gain energy by replacing 

the surrounding water dielectric with the (infinite) dielectric constant 

of the metal and move out of the solution into contact with the metal: 

such an adsorption is termed 8upereguivalent adsorption. The plane 

drawn through the locus of the centres of this layer of ions is referred 

to as the inner Helmholtz plane, of potential ~l' In superequivalent 

adsorption, the charge on the metal is overcompensated so that the net 
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charges carried by inner and outer layers become opposite in 

sign. OUtside the Gouy plane, there is a further drop of potential 

from '*'2 to the potential in the bulk of the solution. The abUity 

for superequivalent adsorption lncrea~"es in the anien series , 
,- to r- and in the cation series (less markedly) L!+ to Cs+, 

respectively. The interpretation of Bockria et 81. (73) was put in 

more quantitative terms by Andersen and Bockris (74). 

Even though the theory of Bockris, Devanathan and Huller (73) 

gives a reasonable explanation of many of the previous anomalies, 

modification is desirable in particular cases; e.g. the role of the 

orientation of adsorbed dipoles of water and organic molecules at the 

electrode-electrolyte interface (75). 

(111) Charge-Transfer Steps in the h.e.r. 

The transfer of charge across the electrified interface 

consists essentially of the exchange of electrons between the 

electrode and particles on the solution side of the interface and 

such charge-transfer proceeds at rates slower than electronic 

transitions within the ions or molecules involved, probably because 

of slow solvent reorganisation. Reactions (2.1) and (2.3), previously 

considered in Section 2A, are important charge-transfer steps in the 

h.e.r. in acid solutions. 

The foundations of the subject were laid in particular by 

Butler (76). Gurney (77), Frumkin (78), Volmer and Erdey-Gruz (79), 
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.' Horiut! and Polanyi (80). According to Boekris Jnd Matthews (81), 

tunnelling is possible ~ if the proton-water bond stretches until 

the electron can be accepted into a vacant state in the hydrated 

hydrogen ion. 

Dogonadze, Kuznetaov and Levich (82, 83, 841) recently pointed 

out, however, that activation by the Horiut! et 81. (80) model, i.e. by stret 

china of the covalent 0-8 bond, 18 extremely unlikely due to ita large 

vibrational quanta 80 that the quantum nature of proton behaviour at 

ordinary tem.perature cannot be described by a quasi-classical approx­

imation. In contrast to the case of heavy nuclei, both e- and H+ are 

thought to undergo quantum-mechanical jUllp8 from the initial state 

(e- in metal + "30+ in solution) to the final state (adsorbed H atoll 

+ H20 molecule) at constant energy only when a favourable solvent 

configuration, corresponding to the same energy value of initial and 

final states is attained. Solvent reorganisation, without preliminary 

stretching of O-H bond, is suggested as the source of the activation 

barrier. 

However, Matthews (85) advocates that the rate-determining step 

and reaction path remain the ..!!!!.' but the DlOde of achieving electron 

tunnelling .. y vary with the potential, e.g. bond bending, bond 

stretching. stretching of different bonds or solvent libration etc. 

According to him, at any potential. the favoured mode will be that 

which tends to give the value of symmetry factor of 0.5 to satisfy 

the electron tunnelling condition (i.e. mini1llWl activation energy 

which is related to symmetry factor) and nero scopic reversibility 
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of charge transfer reaction. Similar opinions can be found in 

recent text books (86, 87). 

The electric field which results from the electrical double 
) 

layer influences the h e.r. rate due to (a) its injluence on the 

concentration of "30+ ions at the pre-electrode stbte and (b) its 

influence on the activation energy of the charge-transfer step. The 

pre-electrode state, of potential eIl* I is thought to be located at 

the outer Helmholtz plane (I.e. $* • $2) or, 1f the hydrogen ion 

is specifically ad!;orbed or if the reactant is a water molecule, at 

the inner Helmholtz plane (Le. CP* - cjll)' 

Let us first discuss the effect (a). Assuming equilibrium be tw­

een the concentration of ")0+ 10ns at the pre-electrode state C* + 
H)(y 

and the bulk concentration of H 0+ ions, C +, and applying the 
H30 

Boltzmann Distribution Law, C* + can be written as 
H30 

C~ 0+ - CH 0+ expo 
) 3 

(- FR$T*) (2.11) 

where F¢'* is the electrical work required to transport a unit charge 

from the bulk solution to the pre-electrode state. If the H 0+ ions 
-L--

a r e the only ~ present in the solution, the Gouy-Chapman (68, 69) 

t reatment leads to the conclusion that q,* will vary with ClI 0+ as, 

3 
RT 

$* - $: + Fin eH 0+ (2.12) 

where $: is a constant. The com~arisor of (2.11) and (2.12) shoW's 

)0 



I' e:. 0+ independent of eH 0+" Th1e is convincingly v,"rified in h.e.r. at 

Hg31n R.!!!.!. acid of eH o! up to 0.1 N (88). 

3 

Effect (b) will be considered in the ensuing discussion of 

charge-transfer in terms of transition "~tate theory ((89) which, while it , 
may not be strictly correct (see above discussion). ~a8 formed the basis 

for all but the most recent model of the h.e.r. and is more easily compre-
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hended than the proton and electron quantua-JDechanlcal mechanism (82,83,84). 

The magnitude of ¢I* varies slowly with electrode potential under experi-

Dental conditions in which a large excess of supporting electrolyte is used 

or the rate measurements are made at least 0.5 V. cathodic to potential of 

zero charge (90). In such a case, we ean assume that the potential that ia 

applied in excess of the reversible potential, i.e. the overvo1tage, 

operates only across the region between the electrode and the pre-electrode 

state, not across the diffuse layer, in aiding or opposing charge-transfer 

across the interface. 

The effect of electrode potential on the charge-transfer process 

can be studied by considering a simple potential energy diagram of the 

type used by Horiuti et a1. (SO) as shown in Pig. 2. The solid curve at the 

left shovs the potential enerlY of the final state (H-Hads • + H20 molecule) 

and the da.hed curve at the right shows the potential energy of the initial 

state (830+ in solution + e- in the metal) respectively, plotted against 

the distance from the electrode surface in the absence of electrical 

potential difference. On applying the electrical potential •• the whole 

initial state curve is shifted up by an amount {4!. - .)F to the solid right 

hand line and the activation energy for H30+ discharge is lowered by an 
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Fig. 2. Potential energy diagram for electrode reaction 

H30 t Q+ e-+M= HzO+M-Hads. (2.1). The solid curve 

at the left and the dashed curve at the right represent 
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the potential energy profiles of final and initial states, 

respectively, in the absence of electrical potential difference. 

The solid right hand curve represent s the potential energy 
profile for initial state on applying the electrical potential 



8IIOunt a('· - ,)P respectively. Simultaneously, t~e activation energy 

for hydrogen ionbatioD increases by aD aDIOunt (1 - a) (,* - .) F. Where 
tana 

(l • I. (11 and (12 being angles of inclination of energy 
tancl1 + tanQz 

surfaces for "30+ and H (see Pig 2) respectively. a is a factor 
aq. ads. -,. ' '/ 

greater than zero but les8 than unity. Recent theories (81, 82, 83, 84) 

suggest the dependence of a. considered 8S a funetio. of £*. the electron 

energy level aaking the .. in contribution to the total current on n 

a(t.) - 1/2 + (en/2E.> + constant (2.13) 

"here E. is the reorganisation energy of the solvent (in the activation 

process) per electron transferred (82a). e is the charge on the electron. 

111.e constant term in equation (2.13) is very small. 

With the concepta of absolute rate theory, the effect of 

electrochemical potential on activation energies; the ~ electro­

cheatcal free energY !!.!. activation for forward (AC+) and backward (AC+) 
- + 

reaction can be discussed 88 follows; 

Relative to a fixed final state curve (Hads • + H20 molecule), 

shifting of the initial state (H30+ in solution + e - in lletal) 

{see Fig. 2} favours the H30+ ion discharge, the standard electrochemical 

free energy of activation of which becomes 

be! • bC! - aP (~. - ~) (2.14) 

a being the cathodic transfer coefficient. Correspondingly, for 
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ionisation of Hads , {backward step of (2.1)}, 

I' 
I 

(2.15) 

(1 - a) being the anodic transfer coefficient. Both foc± and 6C± 

are standar d (chemical) free energies of activation ,a t zero 

electrical potential difference and depend on the chemical 

nature of the electrode and of the reaction . 

Thus, the rates of the "30+ discharge and ionisation of 

"ads. processes (2.1) can be expressed using modified activation 

energies and C~30+ at the pre-elect r ode atate, i n teras of par tial 

current densities as. 

(2.16) 

and 

(2.17) 

where the rate constants ley- and y include ~ and the 

potential-independent parts of free activation energies, 6 being 

the fractional coverage of H ads. atoms. 

The corresponding partial current densities for the 

Heyrovsky reaction (2.3) are 

(2.18) 
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.' i h+ • \+FCH2 (1 - e) expo (-(1 - ah)fr-(~' l $» ) (2.19) 

where \_ and \+ are appropriate rate constants including ~ and 

the potential-independent part of the f.ree energy of activation, . ) 

'il2 is the concentration of the dissolved H2 and C). c he tnnsfer 

coefficient, not necessarily equal to avo 

Parsons (91) showed that the exchange current density 

derived by equating i v- - iv+ and i h- - i h+ at the equilibrium 

potential. 41e' is 

i • (~) FC.1-«e°(l - e.)I-« expo ( -{(l - O)M± + abch I RT ) 
D h H3o+ e 

(2.20) 

for both charge-transfer steps, where e - 5e at 4>e' The 10 ' s have 

maximum values for both (2.1) and (2.3) when e~(l - 6e)1-a is a 

maximWll (i.e. for ae - 0.5. if a • 0.5). For ae < 0.5, step (2.1) 

will be faster than step (2.3) at any cathodic potential and 

conversely for ae > 0.5. However. changes of e with q, would. under 

these conditions, result in equal iv_ and i h_ at aome potential, 

because e would tend to 0.5 as -$ increases unless H desorption 

by some other route is possible. Parsons was able to show that 

io's should decrease both with decreaaing and with increasing 

standard free energy of dissociative hydrogen adsorption 

A~2ads. (2M'" H2(g) - 2M - Rads .) on the metal the maximum 

values of io occurring at AG~2ada. - 0, for either of the two 
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steps (2 . 1) and (2 . 3) t and also for step (2.2), for which an 

expression similar to (2 . 20) was worked out . 

Many workers (92 , 93) have attempted cOl're1atfons of 10 with 

various fund8DI.ental properties of the metal such 884 work function, 

atomic number, compressibility and heat of aublimatll;»n of the metal, 

etc . However, Kuhn, Mortimer, Bond and Lindley (94) recently 

concluded that such correlations as are found are probably due 

more to the general co-variation of ~ the electrocatalytic and 

the physical properties with peri odic number than to any dependence 

of one on the other. 

The net cathodic eurrent den!Jity, 1 - i+ + 1_, can be exp­

ressed in a simple form. on the assumption that the variation of 

41* caD be ignored Cat least up to iN pure acid solution) and 

e « 1 (for metals like Hg etc.) 

[ ( {j - o}nF ) 
i - io exp. ---R-T - expo (2 . 21) 

For 1-111 ~ 0 . 1 V., (2.21) becomes the Tafel equation, 

-n - a - b 108 " (-1) (1.2) 

2.303RT 
where b - ---. Plots -n against log (-i) under the assumed 

F 10 

conditions should be linear. The factor b - 0.116 V. at 2SoC 

(if a - O. S) may be correlated with experimentally observed 

values of 0.12 v . Any deviation from the linear relationship of 

(1.2) may be explained by neglect of the q,-dependence of band 
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of the double-layer effects referred to above. Ext~apolation 

of rafel plots to n-O in principle permits determination of i 
o 

This method, though not accurate, may be used for the 

determination of 10 for many corrodible"metal., for "",feh , 
experimental measurements are impossible clo8~ to cfle : 

(1 V) Double-LaYlI!r Effects on Charge Trans fe:r 

The value of ¢I* influences the rates of charge transfers 

because (a) , the effective concentration of "30+ ions (that at the 

pre-electrode state) is determined by 41* and (b) the effective 

potential difference which enters into the activation energy is 

that between the electrode surface and the pre-electrode state, 

i.e. ¢I - 41*. Although double-layer effects have been mentioned 

In Section A(lll) of this chapter, the •• effect was ignored in 

the simple i-1"I relationship (2.21). 

The current-potential relation (2.21) can, however, be 

~ewritten with the ~* term taken into account as 

( la - 1 l~'F ) r ({l - alnF) 
l - i~ expo ---'-T Lexp • ---'-T - exp,. - ( a~~ )J 

(2.22) 

There the true exchange current density i~ is 4!.qual to i __ i+ 

It the equilibrium potential, ~e' Le. in the absence of 

louble-layer effects, setting ~* • O. The meaSUred eXchange 

37 



current density is related to i~ as 

t ( (n - 1l$*F ) 
10 - 10 expo ---R-T 

I' 
I 

(2.23) 

Since $* varies with the e1ectrQ.de potential fod the 

concentration of ions in the solution, it is clear £'rom (2.22) 
, 

that kinetic parameters obtained from polarisation curves using 

relation (2.2l) alone will be erroneous to varying extents. 

Therefore. in quoting accurate electrode kinetic data one must 

take into account ~. effects. 

The importance of the structure of the dO,uble layer for 

+ 
the quantitative interpretation of the H)O ion discharge on 

Hg was first pointed out by Frumkin (78). Developments in this 

field have been reviewed by Frumkin (88). Parsons (l05) t 

Delahay (106) and Andersen (90). 

The equation (2.22) was first used by Frumkin (88) to 

account for the independence of hydrogen overvoltage on acid 

concentration up to 0.1 N (as discussed in Section A(lll) of 

this chapter). 

In many experiments, during the study of the behaviour 

of metals in pure acid solutions, it is not possible to add 

lIupporting electrolytes. In other calles in which such an 

electrolyte is added, the results often depend strongly on 
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the ionic components of the supporting elec trolytes . In order 

to rationalise these effects and to obtain accurate kinetic 

information frot'll raw data, the terms containing !f!* must be 

understood. 

Let us consider the case in which there is no' ~pecific 

adsorption of supporting electrolyte; e.g. in Cl- media, using a 

Hg electrode at Ij < -1 V. The change in overvoltage lln resulting 

from the change in 6<fl* is at constant current 

(2 . 24) 

In the absence of specific adsorption of supporting electrolyte . 

61$* can be calculated from diffuse double-layer theory by 

equating <fl* - tf!2 (Le. the pre-electrode state at the outer 

Helmholtz plane). Then, 412 can be calculated udng Gouy-Chapman 

theory from the charge on the metal (q) for a Z-Z electrolyte 8S 

2RT -1 (q ) 
~2 - -sinh -

ZF 2A 
(2.25) 

and 

where £. is the dielectric constant in the diffuse layer and 

Cion is the concentration of cations or anions (for a solution 

containing Z-Z electrolyte,Ceation - Canion) in the solution. 
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.' , Thus, calculated values of .604>. can be used to teet I!!quations (2.24) 

and thereby (2.22) with experimental results. The overvoltage 

increase upon addition of KCl to Hel solution has been 

quantitatively verified by Bagozky (107)' and by Mazn1f.henko, 

Damask!n and Jof. (108). 

A quantitative comparison of theory and experimental results 

in the absl!!:nce of specific adsorption usually proceeds by calculating 

the «fl.-containing term in equation (2.22) using independently 

obtained q.. (- 4>2)' Then, if corrected -1 versus -n results are 

independent of the supporting electrolyte. it is assumed that 

double-layer effects are suitably accounted for and accurate kinetic 

parameters may be obtained by using equation (2 . 22). 

Equation (2.22) can be written for the cathodic h.@ . r. at 

I-nl ~ 0.1 v. in the form 

( 0$2 ) t ( ($2 - n};~ ) 
-i expo ~ - io expo (2.26) 

Here, ~* is assumed to be equal to ~2' Then, the true value of a 

tnay be obtained from the slope of a plot of 10810 « -i) expo [ ::2~) 
vusus <412 - 11). 

Similarly, true values of exchange current density , reaction 

orders, activation energy, stoichiometric number <88, 105, 106) 

!DUst be evaluat ed t aking into account change s in the po t ent i al 41* 
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with changes in overvoltage or electrolyte concentration . 

The theory of double-layer effects can be extended simply 

to systems where specific adsorption of .• supporting electrolyte 
) 

occurs, if it is assumed that the pre-electrode 8tat~ layer may 

still be identified with the outer Helmholtz plane. 'l'hen, for 

a Z-Z electrolyte 

2RT -1 (q + ql ) if! --sinh --
2 ZF 2A 

(2.27) 

where A 1. previoualy defined in equation (2.25) and ql is the 

specifically- adsorbed charge. Specific adsorption of cations makes 

$2 more positive and decreaaes the rate of reduction of ")0+ ions 

at a given cathodic overvoltage . On the other hand. specific 

adsorption of anions makes cfl2 more negative and increases the rate 

of reduction of ")0+ ions at a given cathodic overvoltage. 

Specific adsorption of anion8 from the supporting electrolyte 

causes pronounced distortion of Tafel plots for H30+ ion discharge 

on Hg as found by Jofa et a1. (109,110). The effects of anion 

specific adsorption on Hg become important at overvoltages ~ 

pos itive than -1.0 V. and in this region, polarisation curves at 

a given overvoltage show an increase in current for the h.e.r. 

on Hg in the sequence Cl- < Br - < 1-. Quantitative interpretation 

is still tentative and has been argued between Frumkin (88), 

Parsons (105, 111) and Kriahtalik (112). In the presence of 
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specifically adsorbed anions. Frumkin suggested that j the charge centre of 

the activated complex for "30+ discharge lies in a plane which is much 

nearer to the electrode than that in which the "30+ ion centres are 

located. According to one approach used by hi_, it is the potential in 
) 

the activated complex plane that figures as the ,*-val1ie in the equation 

(2.22)*. Therefore, the ,. potential can assWlle greater ,negative values 

in presence of specific anion adsorption, significantly accelerating the 

"30+ ion discharge. ParsoDs (111). however. suggested that the effect is 

not associated with ,., but i8 almost entirely due to a sharp decrease in 

the activity coefficient of the activated complex in the presence of 

halide ions {ParsODa wrote an expreaaion for the rate constant of an 

42 

electrochellical reaetion Wling principles of absolute reaction rate theory (89); 

(2.27.) 

where b.C+ is the standard free energy of activation corresponding to aoae 

standard potential and y+ is the activity coefficient of the activated complex. 

The interaction between the aetivated complex and specifically adsorbed ions 

is expressed through the activity coefficient of the activated complex 

in equation (2.27a». This leads to • significant acceleration of H30+ 

ion discharge. 

* Here, FrUllltin (88) identifies ,.*-plane with the transition state of the 

reaction rather than with the pre-electrode state of the ion in the 

double layer. 
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Recently, Krishtal1k (1l2) criticised Parsons' view 

and supported Frumkin I s earlier idea, but without the assumption 

of diffeTent potentials in the plane of location of discharging 

ions (¢l2) and activated complex (41*). {This view is iii agreement , 
with the quantum-mechanical theory of proton transfer, of 

Dogonadze et a1 . (82,83), i.e. the activation process ls due to 

solvent reorganisation with unchanged proton quantum state.} In 

order to explain his view, he advanced the idea that only the 

protons which are in direct contact with the electrode can 

discharge and this is only a small fraction of their total 

content in the double layer. Anion adsorption, he suggests, has 

a marked effect only on the concentration of discharging ions 

and hardly affects their total adsorption. 

Another important factor that must be considered is the 

cation specific adsorption on Hg observed by Maznichenko et a1. (l08) . 

They found that the overvoltage increase on addition of alkaline 

cations to pure Hel solution is larger than the fin value for 

es+, i.e. l.6.nl > 161fJ21, but considerably smaller for Li+, 

Because doubl~layer theory is most thoroughly understood 

for the Hg electrode, quantitative treatments of coupled double-

layer and kinetic phenomena apply mostly to mercury and to 
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... lS .... The quantitative study of solid electrodes Buch 8S Ph is 

possible, if the charge on these metals is known as a function of 

potential such that 41* can be calculated. Non-availability of •• data 

for Pb electrodes in perchlade acid U .ldts us to the.ISimple uncorrected 

Tafel equation (2.21). At this stage, we can stress dte need for more 
, 

fruitful studies of the double layer of solid electrod~8. 

(V) Temperature Dependence of Overvoltage 

Temperature 1s another variable that controls the rate of the 

h. e. r. The influence of temperature on an electrode reaction can be 

studied either at constant current density or at constant potential. At 

constant current density the overvoltage usually decreases with rise of 

44 

temperature. It is desirable to make measurements with the working electrode 

and the reference electrode at the same temperature. Otherwise some uncert-

ainty 1s introduced into the results by thermo-electric potentials arising 

from the temperature difference between the working electrode and the 

reference electrode. 

The enthalpy of activation at the equilibrium potential, AH~_O' 
is experimentally measured from the temperature dependence of the exchange 

current density. i o• The result is only valid if io is measured near the 

equilibrium potential. 

For many corrodible metals such as lead, measurements close to 

the equilibrium potential are impossible. On such metals. the enthalpy of 

activation, AU+ at different constant overvoltages (205) are calculated 
n 

using aD expression 

AH+ 
log 10 (-i) - -~ + CODstant (2.28) 



I' 
Therefore, the slope of the 108 10 (-1) versus (lIT) JPlot at constant -'1 

should yield dH+. Then, the enthalpy of activation at the equilibrium 
n 

potential, AH+ , at -n • 0 may be calculated using the dependence 
n-o 

llU+ - llH+ + "r(-n) 
n-O n 

(2.29) 

where a is the cathodic transfer coefficient. The aver~ge transfer 

coefficient calculated from the Tafel slope 88 (2.30JRT/bF) is normally 

used. 

The dependence of b on temperature is somewhat complicated for 

lead cathodes. For instance, Smith (27) haa observed that the b value 

45 

increased with increase of temperature on Ph in HCIO 4' On the other hand, 

Lee f 8 (206) results show a temperature-independent Tafel slope on Pb in KOU. 

Higb values of lm+ () 20 k.ca1.g.ion -1) are found with high 
n-O 

overvaltage metals, e.g. 68+ values of 21.7 k.cal.g.ion-l for Hg (112a) 
n-o 

and 20 k.cal.g.ion-l for Pb (22), respectively, in acid solution. 

The enthalpy of activation calculated by the methods mentioned 

above may have a contribution from. the temperature variation of the 

hydrogen coverage and of the double-layer effects which may be considerable. 

From a.c. impedance measurements on clean Pt. Breiter (112c) was able to 

show that the enthalpy of activation remained constant, ca. 5 k.cal.g.ion-l , 

for e < 0.7 and then fell to about 2 k.cal.g.ion -1 at e • 0.9. To account 

for double-layer effects, detailed calculations, which follow directly from. 

the theory of the diffuse layer {Section 2A (IV)}. by Parsons et al. (l05,112d) 
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led to the conclusion that the double-layer contribution to the 

enthalpy of activation can be very significant, even in 0.1 M 

solutioDS and in the absence of specific adsorption; when specific 

adsorption of tetra-alkylamaaonium cations occurred, t~e enthalpy 

of activation increased by tena of itoeal. for the v++t/v* redox 

reaction at Hg. 

(Vl) The Electrochemical Reaction Orders 

The electrochemical reaction orders for a nWllber of 

processes have been discussed by Vetter (57, 97), Conway and Salomon 

(98), and Eoyo and Yokoyama (99). Since the electroc~eD.ical reaction 

order in electrochemistry is of the same importance as chemical 

reaction order in ordinary chemical kinetic8. these values are 

helpful to understand the mechanism of h.e.r. 

At constant electrode potential and at 6H ~ 0 the electro­

chemical reaction order for steps (2.1) and (2.3) of h.e.r. can be 

written as 

(2.30) 

i.e. the dependence of ln (rate) on In CH 0+ ' Thus, the electrochemical 

reaction order ... y be determined with res~ect to H30+ ions in the bulk 

of the solution, but this usually requires the presence of an excess of 

supporting electrolyte to maintain 41* constant while CH 0+ is varied. 

3 
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Only by evaluating the reaction order is a ~istinctlon 

possible between steps (2.1) and (2.3) involving H3o"+- ions or 

steps (2.1) and (2.3) involving H20 molecules at the electrodes, 

e.g. step (2.1) is probably r.d.s . for 'Hg, at pH < 8, ZH 30+ - 1 
, 

and at pH > 9, ZH30+ - O. Therefore. we can write fO~ the step 

(2.1) the following equations 

at pH < 8 , HO+ +e-+M - HO+H-H 
3 aq. 2 ads . 

(2.1) 

at pH > 9, (2.31) 

A second method, specifically suitable for fast 

reactions. is observation of the dependence of exchange current 

density on c;.30+ ions. Then, 

ZH)O+ - a - ( : ~: : Q +) 
H30 ¢',4'* 

(2.32) 

and if a is known, we can determine the electrochemical reaction 

order from the concentration dependence of i o. Again excess of 

supporting electrolyte must be present to minimise ehanges in 41*. 

For the h.e.r. on strongly adsorbing metals the situation 

is rather more complicated than at Hg because there is the 

poss ibility of large coverages wi th Hads • atOlls and measured 

reaction orders may be misleading. If the step (2.3) is rate 

determining and the surface coverage of H atoms is small t 
ads. 
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ZH 0+ • 2. If the surface concentration of H ads. at01ll8 approachu 

unity, however, ZH 0+ - I, because of the saturation effect of 

Hads • atoms. 
3 

On the basis of kinetic considerations (hating taken 

account of Hade. BtOU) I Conway and S.lOllOn (98) hav~ ,derived the 

values of electrochemical orders with respect to H30+ ions for 

step. (2.1), (2.2) and (2.3), respectively, of the h.e.r. Many 

of them have the same dependence of current density upon 8 30+ 

ions. Hence, reaction orders alone, like stoichiometric numbers 

alone, are not very useful in determining the reaction path of 

h.e.r.* 

(VII) The IsotopiC: Separation Factors 

Complementary infonuttion on the kinetics of the b.e.t. 

can be obtained through the study of isotope effects. The 

application of the isotopic separation factor to the h.e.r. was 

attempted as early as 1950 by Horiuti and Nakam.ura (100 t 101) aM 

later by Rome and Hiskey (102). Conway (103. 104). Boc1c.rls and 

Srinivasan (25), and Kriahtalik and Tslonsky (56). If the isotople 

* ~action order with respect to Hads • could also be evaluated if 

e i8 measured. 
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effect :la caused directly or indirectly by the mass differences of the 

isotopes (H:D:T - 1:2 :3). the largest isotope effects are obtained 

with the hydrogen isotopes. 

) 
In aqueous solution containing T isotopes. th~ 

relative rates of H and T production can be eharactet'i~ed by 

the separation factor, SH ,T' defined by 

S 
H,T 

( ~ ) .illl 
dt 2 

(ffiL 
(2.33) 

Le. the ratio of the relative rates of generation of H- and T-

containing species into phase 2 (e.g. gas or 80lution or metal) 

from phase 1 in which the total Hand T concentrations are 

(H) and (T), respectively. 

Isotopic separation factors will be further discussed in 

Section 2D(l). 

B. Theory of Hydrogen Adsorption and Adsorption Pseudocapadtance 

The study of hydrogen adsorptfon-- a factor affecting the 

rate of the h.e.r . --is useful in evaluation of this process. 

During the h.e.r •• adsorbed " atoms are produced and consumed. The 

surface concentration of "ads. is thought to be potential dependent. 
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T[lfortr'~tion concerning the adsorption behaviour of hydror,en c.:tn 

be obtained from 1';uitnble kinetic <;tudil's involving t!\f'asuremcnt!': 

of the electrode capacity or surface coverage of the electrode by 

ad!Oorhed hydrogen. 

(l) Enthalpte~ of Adsorpti.on of Hvdrof'en 

It is generally supposed that the adqorbcd hydrogen produced 

during H30+ ion di!'lcharge in h.p.t'. is chemisorbed on the mC'tal. At 

the gas-solid interface, chemisorption of H atoms is usually 

ao:;sociated with large exothermic ('nthal pili's of adc;nrption tn the 

r:t"ge of 65-75 k.cal. mole- 1 at low coverage Tn the presence of 

solvent molecules at rlectrl')des. the magnitude of thi"l enprgy might 

be expected tCl be diminished (l13). but evidence exist~ to the 

contr,uy for f't electrodE'S (1133). According to BreHer (I13a) the 

rna.p;ni tud~ of this energy depends on the n:lture of the ionic specific 

adsorption. Specific anion adqorption decreases the enthalpy of 

adsorption, while specific cation adsorption increases it. 

F.nthalpies of adsorption of hydrogen nrc known from gas phase 

H2 adsorption stud1~s on m.,ny trnm':ition metals generateo as tl,1n 

films in ultra-high vacul'l. Knowing AHH•ads ' the binding energies 

of adsorbed hydrogen "Jtomc: F.(l'f-H) may be c:)lculatpd from 

P(M··H) - (51 + ~i\HH.ads'> k.cal. mole- 1 (~ .34) 

Thu. , enthalpies for dissociative Jl2 adsorption on clenn metal 

surfaces (most of the values obtained on thin f:f1ms generated in 

ultra-high vacuum) :lre expr~ssible as binding energies E(!'of-H) of 
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surface M-H bonds (lUi) a~ in Table 1. 
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KrishtaHk (117) has estimated r(M-H) from h.e.r data, 

mainly from i ' s obtained from the Taf 1 relationship, equation (2.:W). 
o '. 

and his results arc listed in Tabh 1. The data in r -J le 1 .are for 

negatively ch:lrged metal ~urfaces in sufficiently cO'f\oCentrat(>d solution, 

so that the ,.,* effects ;1re relatively small, i.e. when the conditions 

correspond to those of calculation 

Agreement betw~en the two SE'ts of data is noderate, considering 

the experimental difficulties and si~plifying al'l~UmptionR of this 

ilpproach. Doubtless, some discrepancies, e.g. Fe, Ni, Cu and Pb, aTC 

connected with the presence of oxide films on the electrode surface. 

Another difficulty is that -A~.ads. decreases markedly as e increa~e" 

with metals chemisorbing hydrogen strongly, e.g. on 1l'e, as '1 increases 

from 0 to I, -"JIH• ads • decreases by 19 k.cal. mole- l (113). 

Dissoc~ative chemisorption can only occur on meta.ls with 

E(M-H) ~ 5J k.cal. mole-I. It cannot. therefore. he expected on metals 

such as pt. Hg. Cd. Zn, Bi. Sn. In, Tl and (ia on which the enthalpy 

nf chemisorption is positive. the entropy of adsorption probably being 

negative. Also, on these metals for which chemisorption is endnthermic, 

desorption of H2 often occun at T ~ 19SoK unless a bulk phase 

hydride is formed. This need not imply that H atoms are absent from 

these metals during the h.e.r • • because in this case they are 

continuously supplied as atoms. 
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TABlE 1. BINDING ENERGIES OF HYDROGEN ADATOMS ON '1ETALS 

E(M-H) /k.cal.mole-1 

Metal Gas ~ha!':e data (116. 117) 'O~ta from h.e.r. 
{small e} measurements (ll7) , 

51 ca.SO 

Ti >75 80-85* 

w 74-77.5 75' 

Ta 74 >85*, >BO*t 

Cr 74.1 

Mo 71.5 73-76* 

Fe 67.6-69.6 45-46** 

Pd 65.5 

Pt 64.5 60***. 65-70* 

N1 64-72.5 45-49** 

Co 64 46** 

Go 63 

Cu 56 43** 

A1 56 

Ag 53 39.5** 

Au 50 45-46** 

0., <50 40** 

B1 <50 36** 



"'ABLE J (Continued) 

I' , 

"!etal Gas pha~e data (116, 117) Data frot"' h.e.r. 
{smtiH a1 ' ." e:tSUl"ement~ i117) 

Zn <50 33** 
, 

<n <50 33** 

Tn <50 30.5** 

Cd <50 28-29** 

Ug <50 29** 

T1 <50 26** 

Ph <50 26 -27** 

-I. Hydrogen saturated. 

* ~lo .. Heyrovsky desorption step (2.3) assumed. 

** Slow Volmer discharge step (2.1) assUMed. 

*** Slow Tafel recombination stefl (:'1.2) .assumed. 
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A reason why transition metals readily chemisorb gases 

whereas 8p metals. do not. is that chemisorption probably requires 

specific interactions involving holes in the d band. Chemisorption 

directly froID. atomic hydrogen on 8p lD.etai~ does occur teog. on Pb. 88 , 
found recently by Roberts and Young (118)} shOWing tha~ boles in a 

d band are not necessarily required for atoms to be chedaisorbed on 

.etals . One haa only to create conditions in which the metals are not 

required to break the H-H bond in the hydrogen molecule. A similar vi", 

aay well be applicable to the electrolytic h.e.r. (119). where chemi­

sorption results from an initial H30+ ion discharge (2.1) in acid 801\ltlon. 

On the other hand. Trasatti (115) suggested that even though 

localised d orbitals may be present in the surface of metals t the pose:f.ble 

promotion of electrons to or from the Fermi level makes the free ener8;y 

of electrons always an important factor in the chemisorption process. 

Thus, the energy of electrons rather than their detailed configuration, 

should be related to the behaviour of solid metals. In this respect. the 

density of electron states in the metal may be a relevant factor. The 

interpretation of electrochemical reactions on solid electrodes by 

application of solid state science is badly needed. 

(11) The Adsorption Pseudo-Capacitance 

Although the presence of Hads • atoms was realised earlier 

(120, 121), the existence of an adsorption pseudo-capacitance due to 

adsorbed H atoms was first predicted and demonstrated by Eucken and 

---------------------------------------------------------
* These are metals which have incompletely filled sand/or p orbitals but 

filled lower lying d orbitals. 
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Weblus (122). The term pseudo-capacitance was introduced "Iy Grahame (123) 

to distinguish the capacitance arising from ads:, :ption of intermediates 

(and from diffusion effects) from the strictly non-faradaic capacitance 

associated with the dependence of ionic and electroni~ :harge in the , 
double-layer on potential. Later, Bockris and Kita (l t 4) extended the 

analysis and showed that an adsorption pseudo-capacity'should be presE'nt. 

although not always measurable for any consecutive electrode proces~. 

Conway and Gilead! (125, 126) extended the analy!';is still further by use 

of Langmuir and Temkin ad!'Oorption isotherms. 

The behaviour of the ionic distribution at an electrode-electrolyte 

interface as a function of electrode charge and potential was referred 

to (87) in terms of an ionic double- layer capacitance C (or more 

precisely in terms of a series combination of capacitances for the 

diffuse, inner and outer Helmholtz layers). C has a value of 

17-20 loIF .em. -2 on Hg at 2SoC and varies slightly with potential and 

with the ionic solution concentrations. 

Since adsorbed hydrogen ~toms are produced from 1130+ ions by a 

charge-transfer process. the presence of these adsorbed intermediates 

on the surface is equivalent to the storage of electricity in the 

interface as in a condenser and the corre!';ponding capacitance (pseudo-

capacitance) , Cps behaves like an ordinary capacitance except that it 

May vary substantially (relative to the double-layer capadtance) with 

potential. 
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The electrochemical behaviour of the interface can be 

represented by an electrical analogue of the electrode-electrolyte 

system. Although many circuits have been suggested only two will be . ) 
discussed here. The adsorption pseudo-capacitance, Cps' must he 

ch"rged up through the nOD-ohmic resistance I * R1 , cot~e8ponding to 

the reciprocal of the rate of H 3 0+ ion discharge atep producing an 

Hads • atom. The series combination of Cps and R1 must be in parallel 

with C since they provide a leakage path across the double layer. 

Then, if recombination i8 the desorption atep in the h.e.r., Cpa is 

also ahort-circuited by a non-ohate reaistance, R2 , {see Fig. 3a} 

which is the reciprocal of the rate of recombination. In the steady 

state, the current passes through Rl and R2 and is limited normally 

by R2 , if for the rate-controlling step, R2 » Rl • ~ rapidly decreases 

with increasing negative potential and the charging process through Rl 

becomes less and less efficient as a steady state is approached when, 

in the limit, the charging current is zero. The whole of the 

combination RI ' Cps and R2 is, as above, in parallel with C in the 

* The resbtances in this equivalent circuit are drawn (Pig. 3) in a 

spedal way to emphasize their non-ohmic character, which follows from 

the Tafel equation (1.2). 
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(a) 

c 

(b) 

Fig. 3 . 

Equivalent circuit for adsorption pseudo - capacitance 

(a) Volmer discharge with Tafel des orption step. 
(b) Volm er discharge with Heyrovsky desorption step. 

R- reaction resistance R, for charging step and R. 
des orption step. respectively, 



I' 
j 

case of a non-ideally polarised* electrode. However, for Heyrovaky 

atom + ion desorption during the h.e.r., a special k.ind of represent-

acion .s shown in Fig. 3(b) is necessary. The special representation 

of the reaction resistance has been int~"oduced to indicate the , 
separate origin of the electron froll the metal and of, H atoms from 

the adsorption pseudo-capacitance Cps" Thus, the non-ohmic reaistance, 

~. corresponding to the reciprocal rate of the Heyrovaky atom + ion 

desorption Bcep is drawn with two parallel input channela, one for 

electrons and "30+ iODS and the other for the Hada • atotu removed 

as equivalent charge from Cps. 

(111) Open-Circuit Decay Measurements 

The capacity-potential relationship haa been determined by 

the following methods (a) geometrical differentiation of d.c. 

ga1vanostatic charging (127) or decay (128, 129) curves, (b) direct 

a.c. bridge capacitance studies (122, 130) and (c) by direct 

differentiation of charging or decay curves (131). 'The methods 

involving geometric differentiation rely on rather unsatisfactory 

manual differentiation procedures. Besides, one .ust account for the 

* 'The characteristic of an ideal polarised electrode (139) is that there 

1& no exchange of electric charge between the two phases. Consequently, 

the equilibrium set up at the electrode is electrostatic and mechanical, 

like that in a parallel plate condenser; but there 1& no che.ical equl1-

ibriWl between two phases, which have no co.ponent in cOlllllOn. 
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frequency dependence of capacity (down to low frequenCies) in a.c. 

measurements and the rise-time dependence of the capacity in d.c. 

charging transients. in order to interp.ret the measured C values 
• '/ ps 

£r01l these methods. Direct differentiation of open-circuit decay curves 

is free from 80me of these disadvantagea. 

Conway, Gilead! and Angerstein-Koz low_Ita (132) advocated 

that any method baaed on the rate of decay of potential on open-circuit 

wbich will yield the equilibrium pseudo-capacitance, i.e. the value 

corresponding to extrapolation to zero a.c. frequency, is to be 

preferred. Therefore, a rapid open-circuit decay (direct differential 

galvanostatic method) is most 8uitable for studies of the potential-

dependence of adsorption pseudo-capacities. This method is based on 

the assumption that the electrode reaction continues on open-circuit 

by a self-discharge* process which momentarily, at the commencement 

of the open-circuit transient, has the same rate as that corresponding 

to the steady-state current density at the instant of current inter-

ruption. 

The electrode capacitance (Cexpt .) can be calculated from the 

* For example, h.e.r. involving (2.1) and (2.3) steps, the open-circuit 

discharge of the adsorption pseudo-capacitance occurring by continuing 

desorption of Hads • by step (2.3),with reverse step (2.1) providing 

the electrons for step (2.3). 
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initial rate of deray dt using the following iequation 
toO 

C 
expt. 

_ _ -_i __ _ 

(~) t-O 

(2.35) 

) 
where -1 is the cathodic current density at the tim/;: f current 

interruption, t-O (t is the t:lmc elapsed after the cl1rrent 

interruption). If C » C. the double layer capacity, then 
expt 

Cexpt • "=' Cps; otherwise Cps - (Cexpt • - C) must be used to evaluate 

Cps at the overvoltage corresponding to -1 at t-O . By polarising at 

various current densities -1 (and recording -11 at the instant of 

interruption of current density -1) followed by open-circuit decay. 

Cps can be obtained as a function of overvoltage. This method is 

applicahle to corrodible metals . if the current interruption period 

is kept as small as possible (say < 0,1 second). 

The method described above can be extended to the whole of 

the decay curve (129a). if the current-potential relationship is well 

known experimentally in the range where the potential decay occurs . 

To evaluate C • one can make use of a relation (129a) similar 
expt. 

to (2.35). 

C 
expt . 

-1 (1.36) 
-~ 

(*) 
t 

where ... i is the cathodic current density at n (the overvoltage at 
t t 

time t after the current interruption) and (Pt) t is the rate of 
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variation of potential with time at t. The cathodic current density, 

-it' could be obtained from a - 11 versus I08 10 (-i) relationship , 

Le. rapid Tafel plot (duration of the measurement of the 'W~lole curve 

must be ~ 1 minute) or 

-1 • i exp . (-Ot) 
t 0 b 

if the Tafel parameters 10 (the exchange current density) and b 

apply during open-circuit decay as during cathodic polarisation. This 

method is best suited for reactions where a transition reB ion in the 

current-potential relation is observed. 

Electrode capacities can be calculated from the fall of ovcr-

voltage on the potential decay curve. In deriving the equation for 

the overvoltage decrease bTl from taO to a period of t after t he 

intprruption of the polarising current density I -1 

~O _ b log ( 1 + 2.3(-1)t ) 
10 Cexpt. b 

(2.38) 

it was assumed (120, 120a) that the electrode capacity, C • and b 
expt. 

remain constant for the whole range of potentials during open-circuit 

decay On the other hand, Palm and Past (34) assumed thttt the Cexpt • 

and b remain constant f or a small range of potentials during open-

circuit decay .md calculated Cexpt • using the formula (34, 133) 

2.3(-l) [ \02/b '"/bl -1 
Cexpt . - --b - (t 2-t 1) In - If) J (2.30) 
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where fin l and ill'lZ are the values of the overvoltag~ decay fron 

t-O for periods tl and t2 after the cessation of the polarising 

current density -1. The interval (t 2-t 1) must be small in order to 

obtain satisfactory C expt. values. TheY"applied this rethod for the 

evaluation of C of metals such as Pb , Hg etc. withJut much success, 
ps , 

possibly because of their poor assumptions. such as the constancy of 

Cexpt . and b in the time interval between tl and t2 or because of 

their poor experimental conditions. 

A linear relationship is believed (120. 12l , 134, 135) to exist 

between the overvoltage and 10g 1 0 t at sufficiently .h!..&.h. values .2! 1. 

(t > 10 T ' ). the time after the cessation of polarisation at -i , i.e. 

-I") • a - b log (t 1" ' ) 
10 

(2 . 40) 

where T I is a function of -i and C and can be obtained experiment-
expt. 

ally from the observed -'1 against 10g1 0 t behaviour by a trial and error 

method (134 , 135). Combining equations (2.36 and (2.37), r earrangement 

<lnd integration assuming Cexpt . remains constant for the small range of 

potentials over which t ' is evaluated, they obtained (120 , 121, 134 , 135) 

t' as an integration constant 

(2. 4 1) 

f rom ..mich C can be calculated as usual and corresponds to the 
ps 

overvol tage at t-O. Thus . by determining t I for decay curves commenced 

at various overvoltages , the C can be exp r essed as a function of 
ps 

overvol tage . 
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From an examination of the accuracy and underlying assumptions 

of the various methods deqc r ibed earlier , the rapid open-circuit decAy 

mt>thocl is the most satisfactory for the determination of C and hence 

the coverage \lith adsorbed hydrogen at~~s. 
ps 

(IV) Adsorption pqeudo-CapacHance .md Cover'lge 

EaC'.h value of hydrogen coverage a carre! pon:is to a charge q 

required to reach that coverage from a coverage of zero , Le. 

q - k'e (2.42) 

where k ' is the value of q at e - 1, viz. the total charge required 

to form a monolayer of acl!iorbed hydrogen atoms. The variation of 1=), 

and hence, q. with ovcrvoltage gives rise to a pseudo-capacity , 

c • .£s _ k , gji 
ps d"l'\ d, 

(2.43) 

Thus. knowledge of Cps is helpful in evaluating (l valueq by 

integration of .!.....Ie dn. In t!1is method , only the change of coverage 
k' ps 

corresponding to a given change in potential can he obtained, unle<;!'; 

the integration constant, i.e. the absolute value of the coverage at 

some reference potential , is knoy,'1l from an :Independent measurement. 

The hydrogen coverage can also be determined directly by 

measuring precisely the charge required for clepo~ition or removal of 

Hads • atoms over a certain potential range. This approach is used in 

the double charging experiments of Devanathan et al. (127) and a 

differential procedure described by Angerstein-Kozlowska et a1 (131). 
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Another well known method of Breiter. Knorr, Volkl land Will (136. 137) 

involves the observation of the time-dependent charging current which 

results when a single or repetitive sweep 18 applied to an electrode 

by means of a potentiostat. 

According to Bockris and Reddy (86). the dependence of hydrogen 

eoverage on overvoltage can be used in the evaluation of the r. d .a. in 

the h.e.r. The quantity (dn/d 108109) haa the following values for the 

four mo8t probable reaetion mechanisms all for the ease where e « 1: 

discharge rate-determining, followed by T.fel deaorption:_ (4x2.303RT/F); 

discharge followed by rate-detenain1ng Tafel desorption or Heyrovaky 

desorptioa.:-(2.303RT/P); and discharge rate-determining followed by 

Heyrovaky desorption:- 0: respectively. III the case of the h.e.r. on Fe 

in 10-4 M NaOH + 0.1 M Na2S04 at 2SoC, XiQl and Wilde (138) observed. 

that the variation of 9 with overvoltage \fas in close agreement with the 

theory: (dnl d 10gu 9) was -0.29 V. decade"' l , .asured experimentally 

and -0.24 v. decade-I, i.e. (-4x2.JOJRT/F), theoretically. Hence, for 

Fe in alkaline solution the rate-deterain1.ng step see1ll8 to be water 

discharge followed by Tafel de80rption • 

• However, these values are not those quoted by Kim and Wilde, their 

values being inconsistent with their Fig. 7 (138) and aa well with 

their theoretical value quoted. They quote.d the inverse slopes for 

both caaes. 
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(V) Adsorption Pseudo-Capacitance and IsotHerlll8 

The combined effect of the properties of both phases de-

termines the dependence of the concentration of intermediates 

on the external variables (P, T and 4» . which define ~ the type of 

adsorption isothena applicable to the system and th~ standard 
, 

free energy of adsorption. Therefore, it Is necessary to discuss 

some important adsorption isotherms at this stage. 

In order to apply an iaothera, it is necessary to assume 

equilibrium between hydrogen in the adsorbed state and H30+ iODs 

in the solution at an ideal polarised electrode and the corresponding 

electrochemical potentials are equal (1.e. iJ +. li , where 
H30 H.ads. 

'iiHoadso and liB 0+ are electrochemical potentials in the adsorbed 

state and in 8~lution, respectively). 

Conway et a1. (87, 126, 128, 129, 140) applied the Langmuir 

isotherm. for low e (i.e. e < 0.2) and high e (i.e. e > 0.8) t to the 

case of reaction (2.1) at quasi-equilibrium, followed by a slow 

Heyrov8ky step (2.3) in the h.e.r. They obtained a relation 

• The Langrauir isotherm can be written &s ~ • at h 1-9 (PH)eff.' were 

::0 isdre:a::d a:o _ t::p~ta(:d:~:.::::)en:::y t:: :::::::::n; .. BBure of 
H.a 8. RT 

"adB atoms (P ) is related to ~ bY(P ) - expo (-!!'.) 
• H eff. H eff. RT 
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Cps - ~~F a(1 - a) (2.44) 

whIch obviou1'lly has a maximum value of ~~ (1.e. !~; - 160() l-IF. 
-2 

for a density of adsorption sites - 1015 ern. -2) n.t e ... n. ') ttnd must he 

symmetrical with resrect to e as e ri:<;es frDtll zero t1 unity. In terms 

of potential t'\ 

C 
po 

k'F 

RT (2.45) 

which is symmetrical with respect to the electrode potenti .• 1 at which 

A .". O.S; \ is the equilibrium CClOstant for (~ 1) {Volmer discharge 

step}. At low coverages (8 "::! 0). when ¢I is small or positive, 

Cpoq > 0 and varies as expo (-~) • whereas at large e, at high negative 

potential values. Cps varies as expo (*) . respectively, in accordance 

w:f.th (2.45). Both cases have been verified experimentally by Conway 

-1nd MacDonald (141) during open-circuit decay studies at Au for the 

case of lowe and NiO electrodes (142) in the case of high e (with Dads.)' 

For the Temkin case. in which the standard free energy of 

adsorption is a function of coverage (in the range of 0.2 < e < O.B) 

:1nd of potential. the corresponding isotherm can be written as, 

~ expo (fa) - .' (PH ) 
i-A eft. 

(2.46) 

where f is a. parameter .'1ccounting for heterogeneity or interaction 

between adsorbed atoms, fRT being the rate of change of the apparent 

standard fref> energy of adsorption with coverage, 
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.' j 
(2.47) 

""here 6Ge 0 is the standard free energy of adsorption at covernge fl. 

Then, conditions being the SI1"'le as in <].44). 

C k'F [ e(l-e) l 
ps - iT 1 + rS(l-efJ 

, 
(2.48) 

According to Con .... ay and Gilead! (87. 126). equation (2.48) c:lnnot be 

explicitly solved for C ,'\8 a. function of potent1.al, but can be 
p5 

sol veri indirectly with the assumed value of Kl' Small values of f 

decrease the maximum C appreciahly and cause C to have an 
ps ps 

appreciable dependence on potential over a wider range of potentials 

than 11"1 the Lanr;muir case (f-O). At hiqh values of f. C tends to 
ps 

become independent of !!t, as discussed by Temkin (143) for hydrogen 

adsorption at Pt. 

There are many other isotherms proposed such as Henry' s Law 

( PH ) eff. a" - e, at e < 0,1 }. Virial isotherm. (modified form of 

Hpnry's taw) and Frumkin isotherm (modified form of langmuir isotherm) 

etc. Pnrticle-particle interaction has been accounted for in both cases. 

Rt>cently , Breger and Gileadi (144) proposed the possible combination 

of t"ngl1lUir and FrUT'lkin isother!'!s for the adsorption of hydrogen on 

some noble metals. 
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C. Permeation of Hydrogen (or Tritium) Atoms Through Metals as 

a Diffusion Phenomenon 

Permeation studies of hydrogen is;"topes through/ metals are , 
usually carried out in one of two ways: either by exposing the , 
metal to gaseous molecular hydrogen (or H atoms) usual1y at high 

temperature and pressure; or by the cathodic evolution of hydrogen 

on the metal surface. In contrast to gas phase studies I Devanathan 

and Stachurski (145) ,Zuehner and Boes (145a); and Muju and Smith (55) 

have devised convenient and sensitive electrochemical and radio-

chemical methods for permeation experiments. It is usually desired 

to prove that the rate of permeation of hydrogen isotopes is 

controlled by diffusion in the metal membrane. Such diffusion 

~ontrol is present if the rate of permeation is inversely 

proportional to the thickness of the membrane and the diffusion 

coefficient is independent of the thickness of the membrane. From 

measurements of permeation currents, it is possible to determine 

solubilities and diffusion coefficients of hydrogen isotop~s in 

metals. Determinations of permeation and of diffusion coefficients 

have been made by electrochemical and radiochemical methods at 

temperature and in some cases at ternper'lture~ up to BOoC, at 

different potentials (or cathodic currents), for various thicknesses 

of metal membranes for Pd, Pt, Ni, Pb, Fe, steel, Fe-Cr, Fe-Ni and 

Pd-Ag alloys, among others. 
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The electrode is usually in the form of a membrane or 

a bielectrode of thickness L which separates two regions of solution 

as shown in Fig. 4a. The discharged H (D or T) atoms ft one side 

(conveniently termed the cathodic side) of the membiane electrode 

acting as a cathode in the left-hand compartment enters the metal and 

diffuses through the metal with a diffusion coefficient, D. to the 

other side of the membrane. The other side of the membrane 

(conveniently termed the diffusion side). acting as an anode, is 

maintained sufficiently anodic 90 that H (0 or T) atoms reaching 

it are quantitatively ionised. The permeation current produced in 

this manner yields the quantity of hydrogen isotope which diffuses 

through the membrane. With some metals, the current of anodic 

dis s olution is comparable with hydrogen ionisation but may be 

diminished by Pd coating the diffusion side of the foil. 

Let the concentration of hydrogen isotope a t x • 0 be maintained 

(by cathodic polarisation) at Co throughout, while at x • L it is 

maintained at C • O. Initially, the concentration of the adsorbed 

hydrogen isotope e on both cathodic and anodic sides is assumed to 

be zero. 

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

may be written as 

(2.49) 
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COVERAGE WITH ADSORBED COVE~AGE WITH ADSORBED 

HYDROGEN ISOTOPE ON THE HYDR'oGEN ISOTOPE ON TH 

ENTRY SIDE ; 8 EXIT SIDE 8 ; 0 

CONCENTRATION OF ABSORBED CONCENTR OF ABSORBE 

HYDROGEN ISOTOPE ON THE HYDROGEN ISOTOPE ON T 

ENTRY SIDE C; Co EXIT SIDE C; 0 

Fig. 40. Melal diffusion membrane wilh hydrogen isolope 

cathodisation on entry side and hydrogen isotope ionisation 
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where D • the diffusion coefficient of hydrogen isotope. 

L. thickness of the metal membrane, and Co - concentration 

of absorbed hydrogen isotope. 

I 
If a steady state does not exist, Le. if the concentration 

at some point in the membrane is changing with time, then Fick's 

second laW' applies 

2 ac a c 
-- D-
at ax2 

o < x < L (2.50) 

where C - concentration of hydrogen isotope, t • time after 

switching on of the cathodic polarisation. By the application of 

the operation of Laplace transformation to equation (2.50) with 

the boundary conditions: 

c - Co x - 0 t - 0 

c - 0 x - L t S 0 

c - 0 o < x < L t < 0 

McBreen, Nania and Beck (146) solved equation (2.50) to obtain the 

hydrogen isotope concentration C at x at any time t: 

C(x,t) • 'f (_1)n erfc. x + 2nL _ E (_1)n erfc. 2L(n + 1) 

Co 0-0 2& 0-0 zliit 

(2.51) 
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The meaaured permeation eurrent at time t. at x - L 1s 

(2.52) 

(1) Methods of Measuring Diffusion Coefficients' of Hydrogen 

Time-Lag Method: By integrating the rhing part of the 

permeation current versus time curve, the quantity of hydrogen 

isotope which has permeated through the metal membrane can be 

obtained at various times. An extrapolation to C - 0 of the plot 

of this quantity versus time gives the time lag, tlago The ti_ 

lag is related to the diffusion constant by 

(2.53) 

Devanathan et a1. (145) have shown that t lag may be equated to the 

time at which the rate of permeation is 0.63 times the steady-state 

value Jo» (Fig. 4b). The corrected t lag for the relaxation time. gave 

D for H in Pd in agreement with D calculated by other methods (145). 

* This time of relaxation may be regarded as being due to the finite 

rate CODstant for transfer of hydrogen atoms frOll the surface into 

the metal phase. 
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Fig. 4b. Hydr ogen permeation transient. 
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Rise-Time Method: According to Devanathan et a1. (145) ~ the 

equation of the rising transient is given by 

( 
Jt - Joo ) -3tlt o -St/to .. t 

In - -- - 1n{1 - e + e ) + In2 - -
J oo to 

) (2.54) 

·",here the rise constant to is related to the diffusion constant by 

the equation. 

(2.55) 

The first term of the right hand side (r.b.s.) of the equ(a~:o~ J
co

) 

(2.54) converges to zer o at large t. Hence, a plot of In ~ 

versus t must be a straight line with an intercept of 102 and a 

1 
gradient of - • Thus, from the gradient, D can be calculat ed using 

t, 

equation ( 2.5S ). Cadersky. Muju and Smith (147) used this type of 

calculation to evaluate D for H in Pb. 

Also, using equations (2.49), (2.51) and (2.52) McBreen et 81. 

(146) have shown (for T < 0.3). 

(2.56) 

and 

(2.57) 

is a dimensionless parameter. The first term (n - 0) approximation 
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I' , 

(2.58) 

This approximation is valid up to J t - O.965Joo ' It i1 possible 

to ca1culate D by finding the time to attain' any fra " Uon of the 

steady-state permeation rate. For a particular case (most commonly 

used) of ~ • 0.5, the parameter T has a value of 0.138 and the 

corresponding time to,s. denoted as the half-riee time. is given by 

0.138L2 
t a• s - - -D- (2.59) 

The 0 values calculated by eadersky et al. (147) using 

equations (2.55) and (2.59) for the diffusion of H atoms through 

Ph are in excellent agreement at -1 • 10 and 20 mAo em. -2. but not 

at -1 _ 50 mAo cm. - 2 • 

Breakthrough Time tb: The breakthrough time. t b , 

represented in Fig. 4b can be written as the difference between 

the time lag, t lag , and the rise-time constant to' Then, from 

equations (2.S3) and (2.55) 

(2.60) 

therefore. 2 

t • ~ (1. - ~) 
b D 6 n2 

.~ (2.61) 
15.3D 
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Decay-Time Constant: The decrease in permeation current for 

the decay transient (145), from the time of interruption of cathodic 

current (Le. t - 0) is given by 

J - J expo --( t ) 
x-O,t x-O,t-a to 

(2.62) 

where J is the permeation current at the time t - 0 and 
x-O,t-a 

and to - L ~ • Hence, a plot of 10g10 (A ) versus time must be 
n D n'lo t-O 

a straight line with slope ~ • Devanathan et 81. (145) corrected 

the decay time constant for the relaxation time to obtain the 

transients on a time scale which refers to concentrations in the 

membrane rising at t - 0 to Co at x • o. 

McBreen et a1. (146) solved Fick ' s second law (2.50) for the 

decay of permeation current (for T < 0.3) from the steady state 

when charging is stopped. If a virtually impenetrable surface 1s 

formed, Le. if none of the already present dissolved hydrogen 

leaves via the entry side. the c.ondition of zero flux at the 

entry side may be stated as 

oC 
- • 0, x • 0; t > 0 ox 

where t • time, defined from the instant of current interruption. 

For t < O. steady-state permeation exists, with a linear 

concentration gradient so that the initial condition for the decay 

problem is 
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c - Co ( 1 - I ) ; 0 < x < L; t < 0 

.' i 

and the corresponding boundary conditions after interruption are: 

C - 0i x - 0; t > 0 

and C - 0; x - L; t ~ 0 . 
Using these initial and boundary conditions, they derived a , 
relation 

(2.63) 

The first term (n • 0) approximation of (2.63){see equations 

(2 . 56) and (2.5B)) gives 

2 -1/4T 
1 - n\~ e (2.64) 

D can be determined as mentioned earlier. 

(11) Proof of Diffusion-Controlled Permeation 

The activation energy for the diffusion of hydrogen through 

a metal like Fe (150) may arise from the creation of sites 

(distorted octahedral holes) within the metal into which they can 

jump. However, Beck et a1. (150) have pointed out that in steel there 

is a strong interaction between dissolved hydrogen and the alloy 

And.as a result, its breaking rather than the formation of 

interstitial sites, becomes rate-determining in diffusion. The 

literature shows that recently determined activation energies for 

hydrogen diffusion through Pt (148). Ni (149), Pd (149). Ta (145a) 
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and Armco Fe (150) are 9.6, 7.9, 4.2, 4.0, and 1.33 k.ca1.g. atom-l. 

respectively. 

Evidence for diffusion-controllea. permeation of hydrogen 
" 

isotopes through metal membranes can come from the ftlilewing tests 

of experimental results. The steady-state permeation rate. Joo • 

I 
plotted as a function of L must yield a straight line passing 

through the origin. This relationship is obeyed for metals such 

as Pt (148). Pd (144. 145). Pb (55). Fe (150). The slope of this 

straight line equals DC o • allowing determination of Co if D is 

known from an independent method. 

A second test of the assumption of diffusion-controlled 

permeation is to plot t o• s versus L2 as in equation (2.59). The 

slope of this linear plot should be O. ~38. This relationship has 

been experimentally verified for metals such as Pd (144, 145). 

Fe (150) and Pt (148). 

(111) Diffusivity and Solubility of Hydrogen Isotopes in Metals 

The diffusion constant of hydrogen in metals is dependent 

on bulk metal properties and usually on bulk H concentration but 

may be considered independent of cathodic potential (144). 

cathodic current (144a, 144b, 148), composition of the solution 

{in particular the presence of traces of added surface poisons 

(148)} except where these cause changes in. e. g. bulk H 
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concentration, as found for Ph (147) and Fe (151) {O in Ph and 

Fe increases with -i}. The bulk H concentration depends on the 

solubility. The solubility of H apparen.tly decreases with an 
I 

increase in enthalpy of ab sorption and decreases as 'the number 

of d-vacancies decreases in transition mpta!s (149), ' ~ is a 

function of the state of the surface and Co .!'!!I. show similar 

dependence. Diffusion constants increase with rise of 

temperature. The diffusion constant might be expected to decrease 

in the order H,D,T, but actual behaviour is more complicated, 

e.g. diffusivity of II isotopes in Pd and Pd-Ag alloys (145a, 176, 

177a) decreases in the order D,H,T. 

A diminished 0 with very thin Fe foils h3S been attributed 

to effects at the cathode surface caused either by impurities, 

structural changes or blocking by gas bubbles liberated during 

electrolysis or by rate-control by the adsorbed -+ absorbed 

transition rather than by lattice diffusion. However, to account 

for the deviation from simple diffusion behaviour, Darken and 

Smith (152) have proposed a concept of hydrogen trapping. in steel. 

• The physical identity of traps may be interface boundaries, 

internal free surfaces, lattice imperfections (such as dislocations 

or vacancies) or foreign atoms. 
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Later t McNabb and Foster (153) analysed mathematically diffusion 

accompanied by trapping and untrapping. The diffuslv1ty that 

includes trapping is expected to be low~r than the true dlffusivity. 
) 

Recently, Odani (154) considered the theory of hydr.gen diffusion 

with trapping on the assumption that an equilibrium d~i8t8 between 

the lattice hydrogen and the trapped hydrogen . He applied this 

concept to obtain trap densities in steel from hydrogen charging 

or permeation measurements. 

While explaining the anomaloU8 behaviour of hydrogen 

permeation through Fe and Fe-Nt alloy. at high overvoltages* (i.e. at high 

cathodic current densities) t Bockris and Subramanyan (155) 

interpreted the c01!llDencement of hydrogen damage in the metals in 

terms of the nucleation of trap. when the H fugacity reaches 

sufficient values to cause spreading of micro-cracks formed by 

dislocation pile-ups. They derived a mathematical relationship for 

the hydrogen permeability with the consideration that the traps 

are 'switched on I when the concentration of H in the metal exceeds 

the critical hydrogen concentration, (Ca> , corresponding 
Crit.H. 

* Overvoltages above the critical overvoltage at which permanent 

damage like cracks are produced by hydrogen in metals. 
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to the onset of hydrogen embrittlement . According to them. the 

flux at t « .... is reduced by the traps, I.e. the permeability 

decreases from the normal permeability and gives rise to the 
-> ) 

prominent hump seen in the permeation build-up tranl\ient8 with 

iron and steel. At t - CD (Le. at the steady state) 'the 

permeability is given by equation (2.49) which 1s the same as 

in the absence of traps. 

Bockris et 81. (156) have suggested that (Co)crit.H. for 

Ni should be larger than for Fe by a factor e 6 and for Pd the 

factor becomes e9 • These are so high as to be of no consequence. 

The (CO)crit.H. corresponding to a decrease in permeation has 

been observed in the case of Fe and Pt but not for Ni and Pd (149). 

The (Co> Crit.H. increases with temperature in the case of Fe but 

decreases slightly in the case of Pt. The (CO)crit,H. also varies 

with the external stress; tensile stress lowers it while compressive 

stress raises it (156). 

(1V) Hydrogen Absorption and the Hydrogen Evolution Reaction 

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 are discharged (in acid medium) and liberated 

as hydrogen gas. According to Bockris, McBreen and Nania: (157), the 

adsorbed hydrogen state is the same precursor for hydrogen entry into 
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Fe and for hydrogen gas evolution. This may well be true for metals 

in general. Thus absorbed H may influence the rate of h.e.r. 

Since hydrogen evolution can be affected by th-, condition , 
of the bulk metal phase via the interface. a correlation between 

e and Co is essential. Many workers (138, 157. 160) assumed the 

relationship e ct Co at low coverages. However. Breger and Gileadi 

showed by simultaneous measurements of Co snd e on Pd (144) that at 

low e ~ 0.15, Co co; expo (9) ; while at e ~ 0.5, Co ct 9. 

The dependence on overvoltage of Jeo is of interest because 

Joo a: Co {see equation (2.49)}. Bockris et al. (157) showed the 

overvoltage dependence of Joot using the assumption e crt Co I as 

This quantity was used to evaluate the r.d,s. of h.e.r. {see 

Section 2B (lV)}. Also, Bockris and Thacker (157a) predicted 

qualitatively h.e.r. mechanisms depending on the variation of 

permeation current with the applied cathodic current. Application of 

these theories to various metals other than Fe (144c. 157) are yet 

to come. 

11le variation of -n with time of electrolysis during the h.e.r. 

was observed for many metals such as Pt (148, 1488), Pb (26, 27), 
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Fe (172) and Pd (l4Sb). Both increases in -n (on Pd , Pt, Fe) and 

decreases in -n (on Pb) with time were interpreted in terms of a 

change in the properties of the e1ectrod,:. due to hydrogen absorption. 

) 
Earlier plausible explanations were later confirmed bY4 independent 

permeation experiments for Pd (144, 145) and Pb (55, JA7); and 

simultaneous overvoltage and permeation measurements on Pt. (148) and 

Fe (172), respectively. 

The influence of absorbed H on b . e.r. kinetics may also be 

studied using simultaneous e.IIl.£. and resistivity measurements on 

Pd (158). The hydrogen contents of Pd are deducible from e .11. f. 
measurements up to PdHO•02 (E - Be > SO aV.) and above PdHa•S8 

(E - Ee < 50 lIlV.> or preferably from the resistivity over the range 

Pd to PdHO• 7S ' at which it is 1.8 times that of pure Pd. It seems 

possible that an increase of e accompanies the change from 

Cl PdHO•025 max. to B PdHO•S8 min.' but the increase in h.e.r. io from 

• Boc1r.ria et al. (148) pointed out that the steady value of -n on the 

cathodic aide of Pt was reached after a relatively short time (a few 

lIinutes) during permeation experiments in contrast to the long time 

( a few hours) variation of -n observed in their hydrogen evolution 

studies on Pt (148.). No explanation was suggested. 
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1.8 to 6 mAo cm. -2 observed at this transition was attributed 

to the lattice constant increase of 0.1311. Effects of geometric 

factors are anticipated in catalysis but ,:~her possible 

explanations of the increase in activity are: a change 1£ 
electronic band structure or an increase of e. 

Dissolved H in metals is probably ionised to interstitial 

H+ and e- t the latter entering the electron gas of the metal. This 

is particularly true for transition metals with high ~ 

state densities near the Fenn! energy. This "screened proton" 

model (l77b) of H in metals explains many features of H solubility 

in metals and alloys in terms of their electronic band structures. 

This view of hydrogen in metals will probably have applicability to 

the understanding of the h.e.r. at metals dissolving significant 

amounts of H. 

Alternatively, according to Krishtalik (159) the decrease in 

the energy of H adsorption on the metal after H absorption in 

comparison with the pure metal might explain the variation of -n 

with time. Supporting evidence for this can be seen from the 

permeation experiments by the Bockris school wi th Pt and Fe, using 

solutions containing poisons. In a H permeation study with As 203-

poisoned Pt (148), -n for h.e.r. increased with t in a parallel 

manner to J t I I.e. presumably parallel with Co. Also, poisons such as 
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CN-,I- etc. in solution are found to increase the hydrogen 

permeation through Fe (157). Bockris et a1. (148, 157) attributed 

this effect to the preferential adsorption of poisons on more active 

sites, decreasing the mean M-H bond str~'ngth repressing H a tom , 
recombination snd probably favouring H absorption rel,ative to 

adsorption. 

D. Isotopic Separation in Hydrogen Evolution and Membrane Diffusion 

(1) Separation Factors on the Cathodic. Surface 

A brief account of isotopic. separation factors has been given 

in Section 2A (Vll). The H-T separation factor on the cathodic side 

of a metal membrane is defined as 

S 
H,T 

[ffi] _-_.--1-4 
[m] 

(2 . 65) 

where [ffi] r: and [~ are the ratios of atomic concentrations 

of Hand T in the gas phase and the solution on the cathodisation side, 

respectively. From acid solutions dilute in T with respect to H, the 

gaseous species produced in the electrolysis are principally "2 and "T. 

and the dischargeable species in solution are mainly "30+ and TH20+ . 
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The experimental S8,T represents a quantity characterising the 

process 8. a whole and not anyone step of it. Comprehensive 

calculations for steps (2.1). (2.2). (2.3) and slow molecular 

hydrogen diffusion were made for SR,T by Conway (103, ~4). 

Bockris and Srinivasan (25, 161) and Krbhtalik aod T8~on8ky 

(56. 162). 

Haynes (167) showed that SR,T on Ug in 0.5 N H2S04 at 

0.01 A. ClD. -2 and -n • 1.150 V. wa. constant at a value of 

5.9 :!: 0.2 when the concentration of Twa. varied from 

0.2 )Jet.ml. -1 to 20 l1ef.tal. -1 •• Also he proved experimentally 

that the observed SR,T Cat leaat for the metals Hg, Cd, SQ, Pt, Fe, 

W, AS and Ni under their experimental conditional is unaffected by 

the isotopic exchange reaction, 

(2.66) 

whether catalysed by H20, 1 N HCI or anodically activated Pt electrode. 

Separation of H frail. T (or D) is thought to be largely due to 

activation energy differences in the r.d.s. Support for this idea 

• However, Bucur and Lewis (174) found H-D separation on Pd in 

aqueous solution decreased with increase of hydrogen content of 

solution. 
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In SH T 
comes (163) from the correlation --'- • 1.4 ± 0.1 which is 

In SH.D 
obeyed by experimental H-T and H-D separation factors determined 

simultaneously. 

) 

The difference of activation energies (fiEf) is determined 
, 

essentially by the difference of the changes in zero-paint energies 

from the initial state (6e: o) to the activated state (6e:t> {see Fig. 4d. 

In a number of studies (164, 164a. 164b, 165), an estimate was made of 

the properties of the activated state originally suggested by Hariut! 

and Polany! (80), Le. the state in which hydrogen is bonded both to 

oxygen and to the metal and these bonds were stretched from their 

equilibrium lengths. Using Dogonadze. Kuznetsov and Levich ' s quantum 

mechanical theory (82, 83, 84) of the h.e.r. (Le. activation by 

reorganisation of solvent without preliminary stretching of the O- H 

or M-H bonds), Krishtalik (162) was able to show that the activation 

energy of the solvent reorganisation depends on the relative 

arrangement of the corresponding electron-proton terms, Le. on the 

difference of the initial and final state energies, which incorporates 

also the differences of the corresponding zero- point energies. Hence, 

zero-point energies enter into the expression for the activation 

energy. just like the remaining components of the energy difference 

of the initial and final states. 

Bockris, Gileadi and Haynes (166, 167) concluded that for high 

overvoltage metals such as Hg, Pb, Cd, etc., that the proton discharge 
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step (2.1) is r.d., since SU,T varies with potential. Also, for 

low and medium overvoltage metals such a8 Nt and Ag in which 

S is independent of potential over a certain range, but then 
~ ~ 

changes to another value at a certain potential and remfiDS 

constant as the potential is changed further. they deduFed that 

there 1s a change in the mechanism of reactioD, a change in r.d.s. 

or both {according to them the probable r.d.s. for transition 

metals such 8S Nt and Ag is the atom + ion step (2 . 3)}. 

Conway and Salomon (168) investigated the kinetics of proton and 

deut eron discharge at Ug down to -l2Soe in alcoholic solutions 

and found that (.) the Tafel slopes were the same for H- and D-

transfer; (b) the pre-exponential factor ratio was 1.20 to 1.25, 

but not less than unity and, (c) the apparent heat of activation at 

the reversible potential was independent of temperature. According 

to them, these results are contrary to appreciable pl'oton tunnelling. 

However, Bockris and Matthews (169) examined the same experimental 

data (168) for higher cathodic potentials (-n - 1.0 V.) and 

concluded that tunnelling may then be appreciable. This effect could 

arise because the barrier height would then be substantially less 

than that at the reversible potential. 

In order to explain the potential dependence of the separation 

factor and the influence of temperature on the separation factor at 

constant potential, many of the earlier workers (56, 162, 166, 167, 

170, 171) included a tunnelling correction for hydrogen isotopes in 
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their separation factor calculation. In explaining proton and 

deuteron transfer probabUitiea (pre-exponential factor.) many 

of them (103, 104, 161, 165, 169) used the original Horiuti­

po1anyl (80) model, in which the proton ~ransfer probability is , 
detemined by the shape and height of the same potenU,.l barrier 

a. detersained the activation enerSy (barrier fanted by the potential 

energy curves of the o-H and M-H bonda). According to this IIOdel, 

increase of overvoltage diainbhlng the activation energy for 

discharge involves a decrease of the height and possibly • change 

in the shape of the potential barrier through which the proton must 

tunnel. Thus, tunnelling 18 facilitated and, hence, the isotope 

spearation factor decreases. nten, if proton tunnelling is aignificant, 

the separation factor should not depend on the :letal, but only on the 

barrier paraaaeters. For a valid comparison of the separation factor for 

the high overvoltage -.etal. where proton tunnelling 18 thought to be 

significant, the comparison should be made at the same barrier height. 

Haynes (161) compared the SH,T for metals auch as Hg, Cd. Sn at the 

aame barrier height with the corrected overvoltage -ncorr • instead of 

-n, using Hg as the reference state 

-n - -n +(2RT/F)lu (1 Ii ) 
corr. 0 OHg 

(2.67) 

"here i is the apparent exchange current density of h.e.r. on Hg. 
oH, 
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The plots of -ncorr • versus SR,T for Hg, Cd, Sn lie quite close to 

each other, providing support for a significant contribution of 

proton tunnelling to the discharge process (2.1) at high over-

voltage metals. 

In the Dogonadze. Kuznetsov and Levich (82, 83 : .84) model the 

activation energy is determined by the solvent reorganisation process 

and bears no immediate relation to the proton tunnelling probability, 

which depends on the nature of the overlapping of the wave functions 

in the initial state (e- in the metal + H30+ in solution) and the 

final state (Hads • + H20 molecule). Within the framework of this 

theory. Krishtalik and Tsionsky (56) proposed that the more 

localised is the proton in one of the states, Le. the stronger are 

the M-H bonds, the lower the probability of its sub-barrier jump. 

This is completely at variance with the Hoduti-Polanyi (80) model. 

Accordingly. in this case the difference in the tunnelling ability 

of the light and heavy isotopes is more appreciable, Le. the larger 

the separation factor should be. In other words, the separation 

factor of the hydrogen isotopes increases with increasing binding 

energy. Krishtalik and Tsionsky (56) supported this view with the 

comparison of SH.T of different metals such as Hg, Pb, Ga at the same 

electrode surface charge. The SH.T increases in the series: Pb < HS < Gat 

i.e. as predicted by them in the direction of increasing M-H binding 

energy. Comparison at constant electrode surface charge means that 
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ca-parison 1s ... de at the same field acting directly on the 

discharging ion. Further. they showed that for a Hg cathode the 

potential-dependence of SR,T' which is different for different 

solutions (56) {solutions with ions such .~ cC. Br -, ~- and 

(C H ) N+ etc.}, is the 8411.e if S is expressed 8S a ~ function 
4 9 4 H, T , 

of the potential jump in the inner part of the double layer 

(after deducting 41* potential froID. the measured overvoltage), 

i.e. as a function of the field acting directly on the ions*. 

Accordingly, the decrease of SR,! as -n increases has been explained 

by the fact that the increase of electric field strength causes the 

")0+ ion to approach the electrode closer and hence enhance the 

overlapping of the wave functions of the initial state (e- in metal + 

H30+ in solution) and final state (Hads • + H20 molecule), thus 

facilitating the proton jump. This explains why a much greater effect 

of the electric field on the separation factor during the discharge of 

the charged H30+ ions is found than in the discharge of uncharged water 

molecules, i.e. in solutions of high pH. 

Another factor to be considered, especially with hydrogen-

absorbing cathodes is the time-dependence of the separation factor. 

* However, Raynes (167) showed that SR, T at constant overvoltage has 

the .!.!!!. nUlll!:rical value in the presence of the anions Cl-, SO 4 -- , 

CI04 - and the cation (C3H7) 4N+, in disagreement with the Russian work. 
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The electrolytic SH.D on Fe in 1 M H2S04 -10% D20 decreased 

with time (172) before reaching a plateau value In the range 

7.35 :!: 0,5. On the other hand, SH,D on 25.~ Ag-Pd alloy .ln 

0.7 K K2COl in 90% D20 rose from 3.7 to 6.7 as the perJOd of 

electrolysis increased from 0.6 to 6 hours (173). These effects 

were interpreted in terms of progressive changes in the M-H and 

H-D bond strengths due to changes in the sorbed Hand D content 

in the metal electrode. 

Al though many theories have been developed as discussed 

above, many of them fail to explain the observed experimental 

results under ultrapure conditions. It must be admitted that 

theory is not yet in the position optimistically predicted 

(86, 87, 101, 104, 161) of being able to identify h.e.r. 

mechanism from SH,D or SH,T measurements. 

(11) Separation Factors on the Diffusion Side of a Metal Membrane 

After Cathodisation and Membrane Diffusion 

In Section 2D (1), the effect of dissolved hydrogen isotopes 

on SH,D has already been mentioned, i.e. SH,D may vary with time. 

The dissolved hydrogen may diffuse through a membrane to the 

diffusion side where these hydrogen isotopes are removed by 

either (a) gas evolution or (b) ionisation. In these cases, therefore, 

there is additional separation of hydrogen isotopes by diffusion 

through the metal membrane and by the desorption process at the 

diffusion side of the metal membrane. 
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(8) Separation Factors for Hydrogen Isotope Evolution on the 

Diffusion Side 

The overall separation factor for Hand T originating in 

the catholyte. entering the metal membra~~. diffusing t hrough the , 
metal membrane and being evolved as gas on the diffusi,on side is 

defined as 

[ (H):1 
L(T)j 

(2.68) 

where l.eR)] and i.{H)l are the ratios of atomic concentrations 
L(T)J L(T)J 

g s 
of Hand T in the gas phase on the diffusion side and the solution 

in the cathodisation side. respectively. 

The recent simultaneous measurements of H-O separation factors 

on both the cathode and diffusion sides of 25% Ag-Pd (173) and 

Fe (172) indicated that S(H,O)O > SH,O' The higher value for S(H.D)D 

was accounted for by the additional separation of H from 0 by 

:::::::::n t::::::. tl:;::~~~ ::::h a:::::s f:::c:~::e:o d:~:U:::: 
[ ",D J _2 

the -1 range 19.1 to 255 mAo em. for Fe (172) and 1.2 to 1.1 at 

20 mAo em. -2 for 25%Ag-Pd (173), respectively. These are close to the 

value of Brodowsky, Gibmeier and Wicke (175). of 1.6 ! 0.1 independent 

* They introduced Hand D from "2 and D2 in the gas phase at one side 

of Pd metal and anodised Hand D on the other side. 
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of te.perature in pure Pd. Brodowsky et 81. explained the observed 

H-D diffusion separation factor in tenu of the product of the 

equilibria (solubility) ratio of 2.4 and the diffusivity ratio 

of 0.7. The higher diffus!vity for D th.;; for H in Pd ..,..a assodated , 
with. higher energy of activation for the lighter i8o~ope (176) . 

However, the hydrogen flow through Pd is greater than th'e deuterium 

flow because Pd dissolves H preferentially and the higher concentration 

gradient thus built up outweighs the higher -.ability of the individual 

D atoms. 

Like S t 
H,D 

time, while SCHtD) 

S on 25% Ag-Pd alloy (173) increased with 
(H,D)D 
on Fe (172) decreased with time. as might be 

expected. D 

(b) Separation Factors for Hydrogen Isotope Ionisation on the 

Diffusion Side 

The overall separation factor for Hand T originating in the 

catholyte. entering the metal .embrane. diffusing through the metal 

_abrane and being ionised into the diffusion aide electrolyte is 

defined a. 

s 
(H,T) 

DA [ffi] . 
(2.69) 
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::e U~:t:~d O:J:) :.:r; ::e t:·:::::.::~ .::~::d (eX[~;;Jssed 1:° t::e 
(T) • 

ratio of atomic concentratioDs of Hand T , .. in the solution of the 

cathodiaation side. 

Muju and Smith (55) recently obtained the anomalous result 

s • 0.3 ± 0.15 on Ph fro. their permeation experiments of 
{H,T)DA + 

this type . This separation includes cathodic discharge from "3D I 

TH20+, diffusion of Hand T atoms through Pb and anodiaation to 

"20 and HOT, respectively. Gibaeier et .1. (175, 177) were able to 

show from their aeasurements* that the H-D separation factor for 

the anodie process in Pd under these conditions is equal to unity 

since their observed anodic H-D separation factor (1. 7 independent 

of temperature) 1s due entirely to the rate-limiting diffusion of 

Hand D in Pd. These results suggested that there would be no 

additional separation during anodisation to H20 and HOT. Therefore, 

the additional separation might be caused solely by the diffusion 

of Hand T. This is extremely improbable because H diffuses faster 

than T in Pd (l77a) although D diffuses faster than H (145a, 176) 

{the activation energy for diffusion decreases in the order 

• Their experimental technique has been mentioned earlier in 

Section D (11a) of this chapter. 
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T > H > D for Pd and Pd-Ag alloys at room temperature}. It is 

thought that the anomaly observed by Muju and Smith (55) origin-

ates from the low observed H atom permeation currents probably '. because H atoms can leave the foil other than by anodlsation. , 
e.g. by aerial oxidation. Such an error is not anticipated in 

the radiochemical counting method for T. 

Only a few experimental studies of tbb nature have appeared 

in the literature until now. Measurements do not yet seem 

sufficiently comprehensive to make any theoretical predictions. 

It is hoped that further work may resolve some of the uncertainties, 

such as S(H,T)DA on Ph being less than unity. 
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3. EXPERIMENTAL METHODS AND RESULTS 

I' , 

This chapter describes the techniques used and reaults obtained 

in the three separate parts of the work .. lith lead elec/trodes in 

perchloric acid solution. These parts are: (A) messur;ments of 

hydrogen overvoltage as a function of time, (B) measurements of 

hydrogen pseudo-capacity and overvoltage 8S a function of time, 

and (C) measurements of hydrogen-tritium separation factors. 

The work described in Section A is largely a repetition 

under different experimental conditions of the work of IVes and 

Smith (26. 27) with electropolished lead in 0.1 M HCI04 • In the 

present work. both 0.1 M and 1 M HCI04 were used; some electrodes 

were prepared by mechanical scraping, some by chemical polishing 

and the remainder by electropolishing. Furthermore, the experimental 

cell was improved in various ways and the gas purification train 

was considerably superior to that used in the earlier work. 

It was desired to confirm the unusual findings of rVes and 

Smith with regard to the time-dependence of overvoltage, which 

suggested a several orders of lD8gnitude increase in catalytic 

activity of lead electrodes during cathodic treatment. Such 

behaviour had not been observed in the course of a great many 

investigations with scraped and porous lead electrodes by Russian 

workers. The present results indicate that the effects observed 

by Ives and Smith also may be found when scraped lead is used, the 
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earlier results being broadly confirmed. However, it was found 

that conducting pre-electrolysis at too high a current density 

resulted in degradation of electrode behaviour in such pre-

e1ectrolysed solutions. 

, 
Since electrochemical and radiochemical permeatiqn 

experiments 8S a method of studying absorbed H atoms were started 

by Cadersky et a!. (147. 55) in this lahoratory, we undertook the 

task of trying to detect H atoms adsorbed at a Pb surface with the 

aid of capacities measured by the rapid open-circuit decay method 

while simultaneously measuring the overvoltage. These measurements 

are reported in Section B. Although initial capacities were small 

(14 - 25 ~F. em. -2. increasing with -n and consistent with an 

initial eH '" 0). capacities of Pb have been found to increase with 

the period of cathodisation, while -n was observed to decrease 

during the same period. The increase in capacity is attributed to 

the growth of an adsorption pseudo-capacity component, arising 

from a growing hydrogen surface coverage (98 ) of the electrode. 

Both increases in capacity and decreases in overvoltage were found 

to depend linearly on the logarithm of -Q. as observed by Ives and 

Smith (26. 27) for the decrease of overvoltage. 

In addition to electrochemical permeation of H atoms through 

Pb foils 8a evidence for the presence of dissolved 8 atoms. Muju 

and Smith (55) demonstrated permeation of electrochemically generated 
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Hand T atoms through Pb foils in radiochemical and electrochemical 

experiments. Their over-all separation factor S(H, T)DA for cathodic 

discharge, diffusion through a Pb foil ~nd anodisation on the 

opposite face, was less then unity . This quantity was] ~ small 

in comparison with the SR. T = 7 observed by Bockris M Id Srinivasan 

(25), and by Krishtalik and Tsionsky (56) for cathodic gas evolution 

at Ph in acid solution. Therefore, it was decided to measure SH,T 

and S(H,T)DA simultaneously on Pb foils at various cathodic currents. 

The results reported in Section C show once again that SR. T = 7 and 

S(H,T)DA < 1 at all applied cathodic currents. In addition, the 

Hand T fluxes through the foil were found to increase with the 

magnitude of the applied cathodic current. 
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A. Experimental Method and Results of Hydrogen OverVoltage 

Measurements 

In this section, the experimental,_techniQues and 'results 
. ) 

obtained in hydrogen overvoltage measurements on lea4 Cathodes in 

aqueOUS HCI04 are described . 

(l)~ 

.!&!,!!: Lead rods (3 mm. diameter) were made by Johnson-Matthey 

and Co. either from Specpure (99.995%) or from Associated Lead 

high-purity lead ingots (99.9998%). Also, Fisher lead fotl!! (L27, 

99% pure) of thickness. 0.02 em. and Goodfellow Metals (99.9%) foils 

of thickness - 0.025 em. were used. 

Perchloric acid: 70% double vacuum dis tilled HClO 4 

(Cl-. 0.0001%; sUicate and phosphate, 0.0005%; nitrogen compounds, 

0.001%; S04--' 0.001%; Fe. 0.00001%) from G. F . Smith and Co. was 

diluted to 1 M or 0.1 M for the experimental solution Or to 

50 - 60% for chemical a nd electropolishing solutions. 

Triple-distilled water: Deionised water was first distilled 

over alkaline KMn0 4 solution. This water was further distilled 

three times; initial and final fractions were rejected during each 

distillation. 

~: Sugar charcoal (Fisher Scientific Co. ,1% S04 --. 

1% ash) was activated by electrically heating to a dull redness 
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in a silica test tube in air. Initially, charcoal activated in 

this manner was purified by repeated washing with constant boiling 

HCI (prepared in this laboratory) in an all-glass Soxhlet extractor 

for several weeks. Repeated washing with boiling 3 x 6istil1ed , 
water in a Soxhlet extractor for 8 - 10 months elimiqated adsorbed 

cr ions (no turbidity of the washings with silver nit~ate). Trace 

analysis of sugar charcoal using atomic absorption spectra-photometry 

(UNICAM SP90) indicated the presence of negligible amounts of 

impurities « 1 p.p,tn,) such as Fe+++ and Ca++. This enabled the 

former step. i.e. washing with constant boiling HCI in later charcoal 

purification, to be omitted. Before use, the charcoal was reactivated 

by electrically heating it to dull redness in a silica test tube with 

nitrogen streaming over its surface. 

Platinum.: Johnson-Matthey platinum (apparatus grade, i.e. grade 4) 

was used for reference and counter electrodes and for pinch-seals and 

other electrical connections. All Pt foils and cylindrical electrodes 

were cleaned with boiling UNO), washed with) x distilled water 

(sometimes dipped momentarily in aqua regia, washed with deionised 

water, cleaned with boiling concentrated HNO) and washed with 

) x distilled water) and steamed with steam from 3 x distilled water. 

Then, they were platinised (204) in 2% chloroplatinic acid solution 

at 8 - 10 mAo cm. -2 for 8 - 10 minutes for anodes, and at 15 - 20 mAo 

cm. -2 for 15 _ 20 minutes for reference hydrogen electrodes. These 

electrodes were washed with 3 x distilled water, concentrated HN0 3 , 
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3 x distilled water, steamed with steam from 3 x distilled water 

and stored in the experimental solution before use . Fresh electrodes 

were prepared for each experiment. 

Glassware: Pyrex was used throughout . All glass~are was 

cleaned first with sodium hydroxide, washed with deionfsed water, 

then cleaned with fwning nitric acid and washed with deionised water 

aod finally with 3 x distilled water. After final cleaning with 

steam from 3 x distilled water I most of the apparatus was dried in a 

stainless steel oven reserved for clean glassware and then assembled . 

~: Teflon wsshers, used in a few experiments (FS t F6)*. 

were found unsuitable because the solution crept out through the 

Ph-Teflon interface. Therefore, Parafilm washers were used in all 

the other experiments employing Pb foils in between flat glass flanges. 

Tubing: Tygon tubing was used in early experiments (FI, F2) for 

gas lines but not in later ones. Heat-shrinkable Teflon tube was used 

to connect between the water reservoir of the electropolishing unit 

and the electrode holder (see Fig. 9**). Initially the electrode 

* Electrodes are identified by capital letters (R for rods. F for foils), 

by numerals (indicating the experiments carried out with fresh solutions 

and new electrodes). by small letters (indicating new electrodes only, 

but reused solution) and by primes (each prime denoting that the same 

electrode was used again after a further pre-treatment). 

** p. 125 
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(RI to R3) was mounted with the aid of a tight Tedon tube at the 

end of the ground gla98 plunger but later, heat-shrinkable Teflon 

tubing was substituted (see Figs. 6, 9 and 10*). All Teflon tubing 

was cleaned as mentioned earlier for gUtssware • 

.2!.!!!.: Hydrogen from two sources were used. Biock diagrams of 

the gas purification system and its connection to celL (a) for rods 

and to cell (b) for foils are shown in Figs. 5a and 5b. respectively. 

Elhygen ultra-pure "2 « 10 p.p.b. impurities). electrolytically 

genet'ated and diffused through a Pd - Ag alloy cathode. was passed 

through copper and Pyrex tubing. a liquid N2-cooled trap and a 

3 x distilled water-filled presaturator to the cathode compartment. 

The pre-electrolysis cell was similarly supplied from a separate 

Elhygen generator, except in earlier experiments (R1 to R3) where 

Matheson pre-purified hydrogen, purified further as described below 

but without use of BTS catalyst, was used . 

Reference, charcoal-cleaning and anode compartments of cells 

utilising Pb rods were supplied with Matheson pre-purified H2 

(H2 , 99.95% minimum purity; 02 < 20 p.p.IIl.; N2 < 100 p.p.m.; moisture 

< 10 p.p.m.; hydrocarbons 1 - 10 p.p.m.) purified further by an 

Engelhard Deoxo cartridge (l p.p.m. 02) and passed through copper 

and Pyrex tubing, divided into separate streams (if necessary) by 

greased (Dow Corning silicone high vacuum grease) taps followed in 

all cases by a liquid N2-cooled trap and one presaturator, filled 

• pp. 110 t 125 and 126 
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with 3 x distilled water. In later experiments (R4 to R5. F6 to F14) 

prereduced BTS catalyst (178, 179) from Badische Anilin-und Soda-Fabrik 

(contains 30% copper in a very finely dispersed form, stabilised on a 

carrier, activated by various reagents , '"and reltlOves ~~ to less than 0.1 

p.p.m.) placed in a glass tube and maintained at 140~C with the vapours 

of boiling n-amyl alcohol was placed before the liquid' N2-cooled trap. 

In experiments with foils. the reference compartment was usually 

supplied with pre-purified H2 • further purified by Deoxo and by BTS 

catalyst. as described above. No gas was supplied to the anode 

compartment in these experiments. 

Hyrdogen supplied to the electropolishing and washing apparatus 

passed through a similar gas train but without BTS catalyst or a 

presaturator. 

Matheson pre-purified N2 (N21 99.997% minimum purity; °21 0.0008%; 

moisture, 0.0005%; CO2 , 0.0001%; Ar, 0.001%; hydrocarbons, 0.05 p.p.m.), 

used in some experiments, was further purified by the same purification 

train as for pre-purified hydrogen except that the liquid N2-cooled 

trap was replaced by s solid CO 2-and-ethanol-cooled trap. 
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(11) Purification of Solutions 

I' , 

It was decided to use 0.1 M and 1 H HCI04 in this work for 

the following reasons: 
) 

(1) The perchlorate ion doeR not form a sparingly soluble lead salt; 

indeed, lead perchlorate is exceptionally soluble in 'wiater. 

(11) Although specific adsorption of perchlorate ions at a Hg 

interface was reported by Grahame (l79b) and although a l1egative 

displacement of the electrocapillary maximum. occurs, this is not 

to be regarded as specific interaction of a potential-dete1'1l.ining 

type but rather as a result of squeezing out of large structure-

breaking :l.ons from the water. 

(iii) The relatively high purity of available HCI04 • 

Different workers prefer different methods for minilftising the 

contamination of electrodes during measurements. One such method is 

anodic activation, which is suitable for noble metals. This method 

consists in the use of an anodic pulse iumtediately before taking a 

rapid sequence of measurements (130). It is. however, quite 

inapplicable to metals such as lead which readily dissolve anodically 

(or even when unpolarised). 

(a) Pre-electrolytic Purification 

For metals like lead, the extensively used pre-electrolytic 

purification i8 useful. The pre-electrolytic purification method is 

to deposit the impurities on a cathode (the sa_e material as the 
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working cathode is most desirable) under a hydrogen atmosphere for 

8 sufficiently long time until impurities have heen essentially 

eliminated. 

I 

Pre-electrolysis of HCI04 was not carried out lA the preliminary 
, 

experiments (Fi to F8). Pre-electrolysis in pure hydrogen-saturated 

solution was conducted in the reservoir cell (3 liters). shown in 

diagrammatic form in Fig. 6. Both anode and cathode were attached to 

glass plungers moving in ground glass sleeves 90 that one or both 

could be removed from the solution. As lead cathode in earlier 

experiments, Rl to R3, ca. 30 em. 2 Pb foil, beaten from Pb rods 

(Johnson-Matthey and Co.) and in F9, ca. 70 em. 2 Ph foil (Fisher 

Scientific Co.) were used. For the remaining experiments, 4 - 5 cm. 2 

area Pb rods as shown in Fig. 6 were preferred {to avoid the 

contamination of Pb while beating and also to avoid the possible 

bimetallic (Pb/Pt joint) contact with the solution} and a large 

platinised Pt anode (25 cm. 2 area) supplied with ultra-pure 

hydrogen, treated as mentioned in Section 3A(1). were used; the 

reactions in hydrogen atmosphere being hydrogen ion discharge and 

molecular hydrogen ionisation, respectively. All cup-cones, sockets 

and gas-solution control taps were water sealed. Pt-Pyrex pinch 

seals (179a) were used for electrode connections. Broad Pt filaments 

(3 nnn.) were successfully made into pinch contacts for the electrodes 

for which high current-carrying capacity was required. Contact to Pb 
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" , 
was made with a fine Pt wire inserted into a freshly-cut slott 

closed-up tight and protected from the solution by heet-shrinkable 

Teflon tubing, fitting tightly over the lead and the glass tubing 

enclosing the wire. Contact to the Pt ~~ode was with I a fine Pt , 
wire J sealed to Pt foil supported with gla •• hooks apd the glass 

tubing enclosing the wire. Perchloric acid (O.l M and ' 1 M) was 

deaerated by bubbling hydrogen for a minimum of 24 hours and 

pre-electrolysis was carried out at -1 - 0.5 - 2 mAo em. -2 for 

up to a month. The current was maintained by a 1 - 30 V. d.c. 

regulated power supply (Heathkit model IP - 28). Although higher 

cathodic currents were attempted (-1 up to 6 mAo em. -2) for 

pre-electrolysis (F11 - F14 t R4a). they were found unsuitable 

{see Section 3A( llc) }. Further. pre-electro lysed solutions were 

subjected to a second pre-electrolysis (R3c. R4 and R5) in the 

experimental cell and to continuous adsorptive cleaning with 

activated carbon in a special compartment of the cell (a) 

{Fig. lO*}. The pre-electrolysis cell was attached to the main 

cell by means of a flexible glass spiral and Quickfit B7 joint 

(cup-cone and socket). when the solution was to be passed from it 

into the cell. The first portion of the solution. used for washing 

out the tubing between the pre-electrolysie cell and the main cell. 

was discarded. 

* see p . 126 
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(b ) Adsorptive Pu rif lea tion 

t' , 

Although pre-electrolysis is thought to result in the removal 

from the solution of surface-active non-~lectrolyte8, ,lSuch 8uh8tancee , 
are unlikely to be strongly adsorbed at a strongly polarised 

electrode, as normally used in pre-electrolysis . It is; therefore, 

useful to supplement this method by the addition of some unpolarised 

adsorbing medium . For more than a decade, act i vated charcoal has been 

used to remove such impurities in electrochemical studies (180. 180.) . 

Cleaning solutions with activated charcoal has enabled the differential 

capacities of tranquil pool and dropping mercury electrodes to be 

brought into coincidence (181) . Whereas the adsorption of uncharged 

molecules occurs on all charcoala, the adsorption of electrolytes 

depends both on the charcoal composition and on ita pre-treatment. 

Thus. according to Bikerman (182). an ash-free carbon heated in air 

carried a negative surface charge in water. whereas heating in the 

absence of air at 900 - 10000 C caused the surface charge to be 

pos itive on subsequent immersion . The latter type of charcoal was 

used in much of the present work in experiments R3b', R3c , R4 and RS. 

(e) Analysis of Pre-electrolysed Perchloric Acid 

Anodic stripping analysis is a very powerful tool for trace 

analysis of elements at concentrations 9S low as 10-9 - 10-10 H. 

It consists of two separate and distinct operations; electrolysis 
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to form a concentrated depo!lit on the working electrode, and 

subsequent dissolution (stripping) of thb deposit. The method of 

deposition and stripping need not be the same; in practical stripping 

analysis the two electrochem.ical techni~ue8 are co.bjned in an 

appropriate manner so 8S to utilise the best qualities of each in 

performing its required function (183, 184, 185). In the present 

work, the apparatus shown in Fig. 7 was used. The electrolysis was 

carried out in a 150 01.1. beaker fitted with. 4-holed rubber cap. 

The hanging Hg drop electrode (Hetrahm Electrode. Micro feeding 

device E - 4LO. Brinklll80n 1nstruments) was through one of the 

holes. The electrode was prepared as by Smith and Delahay (186). 

using triple-distilled Hg (McArthur Chemical Co. Ltd., Canada). 

Glass tubes through the other two holes wen used for N2 {L grade 

from Canadian Liquid Air (N2 , 99.99%; ~, 20 p.p.m. maximum; 

moisture < LO p.p.m.; Ar, 80 p.p.m.)} inlet and outlet, respectively. 

The external saturated calomel reference electrode (Coleman 

Instruments Inc •• U.S . A.)was in a beaker containing 1 M NaNO) and was 

connected via a bridge containing 1 M HCl04 to the cell. A glall9-

enclosed magnet was also used for stirring. To eliminate possible 

contamination, the tips of the bridge. gas inlet, beaker and 1II8gnetic 

stirrer were washed carefully, rinsed with 3 x distilled water and 

finally rinsed with the test solution. The hanging Hg drop was renewed 

for each run. The stirring rate. Hg drop size etc., were maintained 

the same for all runs. Experiments were carried out in an air bath 
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l18intained at 25 ± lOCo For the analysis, various llow concentrations 

of Pb++ {Pb (CI04)2,3H20. reagent grade G.F. Smith Chemical Co.} 

dissolved in 1 M HCI04 were prepared. Each solution was analysed by 

placing about 80 mL in the cell. The ~~lution was d,aerated by , 
bubbling NZ through it. Concentrating electrolysis O,f the Hg drop 

was performed for a pre-determined time (from 5 minut'es to 1 hour -

depending on the concentration of Ph ++ ions) with vigorous stirring 

(bubbling N2 gas through solution and magnetic stirring) of the 

solution. at a potential of -0.900 V. versus a saturated Kel calomel 

electrode, using a Beckman Electrollcan 30 as a potentiostat. 

5 - 15 seconds after the stirring was stopped (the period necessary 

for the solution to come to rest), the potential was changed linearly 

at 20 mV. sec. -1 in the anodic direction. The oxidation of Ph at the 

Hg drop was recorded, the characteristic peak of the anodic stripping 

current being obtained. The results of the analysis (average of four 

different runs in each case) are given in Table 2. 

The concentration of Pb++ ions in 1 M HCI04 , prepared without 

pre-electrolytic purification, as calculated from the calibration 

curve (Fig. 8) was 7.1 x 10-10 M. 

Table 3 shows that high currents are not suitable for pre-

electrolysis of 1 H HCIO 4 at Pb cathodes since the concentrations 

of Pb ++ after such pre-electrolysis are found to be in the order 

of 10-6 H. In satisfactory experiments (fall of overvoltage with 

-Q and regular hysteresis) pre-electrolysis was carried out at low 

current densities only, i.e. 1 _ 2 -.\. cm.-2 

115 



TABLE 2. STRIPPINr. ANALYSIS OF Pb++ IN AQUEOUS PERCHLORIC ACID 
(lead-free double vacuum distilled HCl04 from G.F. Smith and Co.): 
CALIBRATION" DATA 

Solution eomposition Time of electrolysis Anodic stripping Anodic stripping current 

• 1 M HC104 
(untreated) 

l.l8xlO-8 M Pb ++ 
in 1 M HCl04 

l.l8xlO-7 M Pb ++ 
in 1 M HC104 

1.laxlO-6 M Pb ++ 
in 1 M HCI04 

1.1ax10-5 M Pb ++ 
in 1 M HC104 

l.l8x10- 4 M Pb++ 
in 1 H HClO 4 

Iminutes current hJA. computed for 15 minutes 
of e1ectrolys1l'i IlIA • 

60 0.0098 0.00245 

15 0.024 0.024 

15 0.264 0.264 

15 2.3 2.1 

15 16 16 

37.7 103 
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TABLE 3. ANALYSIS FOR Pb++- BY ANODIC STRIPPING OF 1 M HC104 SOLUTION PRE-ELECTROLYSED AT HIGH CURRENT DENSITY 

Solution composition Time of electrolysis Anodic stripping Anodic stripping Concentration of Pb-l+ 
/minutes current IllA. current computed deduced from anodic 

for 15 minutes of peak 
electrolysis IllA. 

1 m!. of' 9.3xlO-6 M 2.68 8.04 5.4xlO-6 M 
of Pb* + 99 m!. of 
pre-electro!ysed 
1 M HC104' for a 
month at -2 
4 mAo cm. * 

Pre-electrolysed 3.65 10.95 7.2xlO-6 M 
1 M HC10 4 • for 
2 months at 
4 mAo cm.-2 

Pre-electrolysed 15 7.6 7.6 5.0xlO-6 N 
1 M HCl04 • for 
2 months and a day 
at 4 mAo cm.-2 

* Addition did not significantly change the concentration of Pb++ in the solution. 

... ... ., 



(111) Pre-treatment of the Lead Electrode 

I' 
I 

The requirement of an unstratned, uncontaminated and oxide-free 

lead surface can be met by only a few methods of surface preparation. 
I 

In this case of electrodes prepared outside the experimental cell, 

besides meeting the above requirements. the method wo~'d also have 

to permit rapid transfer of the electrode to the cell in order to 

minimise tarnishing. 

Ordinary mechanical methods of cutting or abrading lead renders 

a rough surface smooth and lustrous, but causes surface damage to a 

depth of tens of microns (187) and probably enhances surface 

oxidation. Contamination is also likely from the metal (or glass) 

tools and polishing powder used. The surface colour of the mechanically 

polished surface varies with the technique of the polisher t especially 

when the operation is conducted by hand. Furthermore, although lead, 

being a soft metal, is self-annealing and recovers quickly from strain 

at room temperature (188) it may not be free from oxide films or other 

impurities . 

Annealing or melting in hydrogen might seem attractive at first 

sight. The former has been employed by Bockris and Conway (189) in 

much of their h.e.r. work. Apart from oxide reduction, however, 

essential cleaning action takes place, except that, in melting, the 

initial surface contamination may be distributed throughout the bulk 

of the metal. The possibility of contamination from the enclosing 
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I' 
o 

vessel forced Bockris et a1. (189) to use arsenic-free glass bulbs, 

in which they heat-treated and sealed up their electrodes in hydrogen. 

later breaking the bulb beneath the solution in the cell. 

The preliminary experiments (Rl, R2a, R2b, R3a~ R3b and R3b') 

indi cated the unsatisfactory nature of scraping as a '1l)ethod of surface 

preparation fot' lead. So. it was decided to use chemical polbhing or 

preferably electropolishing as had Ives and Smith (26. 27). Chemical 

polishing and electrolytic (anodic:) polishing are the most efficient 

methods of surface cleaning, with the possible exception of 10n-

bombardment in vacuo, which will not be considered because of its 

unsuitability for the present work. Aqueous perchloric acid as a 

polis hing agent was Sl!lected becausl! it was important to minimise 

the possible sources of contamination of the cell solution with 

surfacl!-active organic substances and othl!r foreign anions and 

cations, to minimise the possible explosion of perchloric acid + 

organic mixtures (often used for electropolishing) and because lead 

perchloratl! is highly soluble. 

Although chemical polishing has been used for preparing clean 

surfaces of lead, the early work of Jacquet (190) established 

elec tropolishing as a controllable means of removing plastically 

deformed and cold-worked regions from a metal surface. Electro-

polishing is especially useful for soft metals. The function of an 

ideal polishing process can be distinguished as (a) smoothing by 

elimination of large scale irregularities (above 10-4 cm. size) 
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f' , 
and (b) brightening by removal of small scale irregularities (down 

to 10-6 em. in size). These two features of electropolishing are 

thought to operate by different mechanisms. Smoothing results when 

the metal dissolution rate is controlled by the difft¥"ion~ either , 
of metal ions to the bulk solution or of acceptor an~ons or molecules 

to the electrode. Although Edwards (191) supposed that the random 

arrival of solvating acceptors at an electrode could account for the 

absence of crystallographic etching. this does not seem to be the 

generally accepted mechanism of brightening. Hoar snd Mowat (192) 

suggested that polishing only takes place when a !.h!n. compact oxide 

film (uniformly attacked by the electrolyte) is present on the anode. 

The random arrival of cation vacancies at the m.etal-film interface 

was supposed to account for the supression of etching. Several workers 

(193, 194, 195, 196, 197) were able to obtain evidence for the presence 

of oxide films on many metals (Al. Au, Fe, Ni, Zn, Ph, Sn, W. Cu, Mo, 

Cd. Ag. Ti, U and In) while these were being polished hut not while 

they were undergoing etching . The evidence in favour of this theory 

comes from: 

(1) Non-wetting of the anode by mercury which suggested the presence 

of oxide, even in perchloric acid baths. 

(U) Periodic oscillations of current-voltage prior to the establish-

ment of polishing conditions: the existence of a non-metallic layer was 

suggested. 
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I' , 
(iii) The impossibly high cell resistance, which increases with 

increase of anodic current density in the transition region (the 

region in which a solid fUm is being formed) . However, in the post­

transition region, the cell resistance d~cre88es with ~he increase 

of anodic current density. 

(iv) The detection of fUms by a.c. impedance and elUpsometry. 

All of the evidence confirms the existence of ~ 

6 - 60 X thick. 

In contrast, Darroois and Epelboin (198, 199) t who have done 

much work with perchlorate-containing solutions assumed, in 

agreement with the views of Wagner (200) and Edwards (191). that 

water molecules are the acceptors in such solutions. They also 

proposed that a layer of adsorbed perchlorate ions adjacent to the 

anode provides a higb field for randoa dissolution. In spite of 

the high anode potentials often found, the Joule heating was 

insufficient to melt solid Ga undergoing electropolishing at just 

below its melting point . This was regarded as good evidence that no 

(resistive) oxide fUm was present in this case. The work of Casey 

and Bergeron (201) is specially relevant in that these workers 

found that Pb and other metals having slightly basic oxides could 

not be polished in alkaline solutions (in contrast to Al and Zn 

which could), even when ammonium acetate . which dissolves PbO, was 

also present . This evidence, together with that of Epelboin, 

Brouillet and Froment (202). that lead enters perchlorate solutions 
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I' , 
as the divalent ion and that neither gassing nor pitting attack of 

the electrode occurs under electropolishing conditions. strongly 

suggests that the electropolishing of p~ in solutions of perchloric 

acid does not require the presence of a thin oxide f~'t.m. Furthermore, 

the results of Nikiforova and Jofa (203). that passivation of Pb in 

concentrated perchloric acid does not occur at anodic current 

densities < 0.1 A. em. -2 confirms that it is difficult for oxides 

to form in this system. This evidence denies the presence of an 

oxide film. Therefore, if an oxide were present after electropolishing, 

its thickness is unlikely to be great, certainly less than 60 1, as 

mentioned earlier. 

In the present work, both Pb rods and foils were initially 

treated as follows: 

(1) Degreased in refluxing benzene for 4 - 8 hours. 

(11) Washed with ethyl alcohol, followed by 3 x distilled water. 

(iii) Dipped in 4 M NaOH for 1 minute, washed with 3 x distilled water. 

(iv) Dipped in 1 M HC104 , washed with 3 x distilled water and then 

subjected to chemical polishing and electropolishing. 

After the initial cleaning as above but before electropolishing, 

electrodes were chemically polished for 2 minutes in 50% HCl04 in 

contact with a large Pt foil (= 20 em. 2), washed with 3 x distilled 

water and then steamed (steam from 3 x distilled water) until 

grease-free (for ~ 1 hour). The oxide film that developed during this 
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treatment had no effect on subsequent behaviour. 

)' , 

Lead rods were then electropolished at 1 A. in 50% HCI04 for 

5 minutes under a H2 atmosphere in a separate cell (F,tg. 9). The , 
polishing cell for rods consisted of a large cylindrical Pt cathode 

(area 35 em. 2), surrounding the central Pb anode. A I water-sealed 

outflow tap was used to remove the washings. The water reservoir was 

connected to the side arm of the plunger as shown in Fig. 9. The Ph 

electrode assembly. electrode connections and Pt-Pyrex pinch seals 

were similar to those described in Section 3A(11a). All cup-cones, 

sockets and gas-solution control taps were water sealed. The polishing 

solution was deaerated by bubbling hydrogen. A water reservoir 

containing 3 x distilled water was saturated with hydrogen (pre-

purified cylinder H2 passed via a purification train) for at least 

24 hours. After polishing, the mirror-bright electrode was thoroughly 

washed for a few minutes with H2 - saturated 3 x distilled water and 

transferred wet, protected by a rapid stream of hydrogen gas, directly 

to the cell (a) {Fig. IO}. It became automatically cathodic on meeting 

the solution. 

Lead foils, after initial cleaning, chemical polishing and 

washing, were mounted in the cell (b) {Fig. ll} and electropolished 

in situ in pre-electrolysed I H HCl04 at 95 rnA. for 5 minutes. After 

polishing, the electrode was thoroughly washed, also with pre-

electrolysed I M HCIO 4' Finally, the electrode was made cathodic and 

the cell filled with pre-electro lysed solution under a hydrogen 

atmosphere. 
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LEAD ANODE. 8. FINE PLATINUM WIRE 

2 . PLATINUM CATHODE:. FOR ELECTRICAL CONTACT. 8 

3. PLUNGER TUBE WITH SIDEARM. 

4 . WATER RESERVOIR (5 liters) 

5. HEAT SHRINKABLE TEFLON . 

6. GAS - SOLUTION CONTROL TAPS; WATER SEALED . 

7. OUTFLOW TAP. 

Fig . 9 . SECTIONAL DRAWING OF ELECTRO ". POLISHING 2 I 

CELL AND WATER RESERVOIR (NOT TO SAME SCALE). 



CELL(O) 

L cathode Compartment 

Z Anode CoIr!>artment 

3. Reference Electrode Comportment 

4, CI'aOOOI Cleaning Compartment 

~ DoUble Luggln Capillary 

.' 6. Lead Cathode 

7. Heat Shrinkable Teflon 

a Plunger Tube with Sidearm 

9 SOlution Delivery Tube 
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CELL (b) 

L Cathode Compartment 

2. Reference Electrode 
Compartment 

- '3. Arfode Compartment 

4. Luggin Capillary 

5. Solution Delivery Tube 

6. Outflow Microtap 
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/' , 
The electropolishing power supply wsa a Heathkit model 

EOW - 17 in both cases. 
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(IV) Main Cells 

I' , 

Tva types of cells were used, one type for rods and another 

for foils. 

(a) Cell for Rod Electrodes 

The Pyrex cell is illustrated in Fig, 10. It consisted of four 

compartments (cathode, anode, carbon-cleaning and reference electrode) 

each fitted with presaturators and all glass gas-supply lines . The 

cathode compartment was supplied with ultra-pure hydrogen from an 

Elhygen generator. In the cathode compartment. the Pb rod was mounted 

with the aid of a heat-shrinkable Teflon tube at the end of a precision-

ground glase plunger. down which a fine Pt wire passed for electrical 

contact . The plunger slid within a Similarly ground tube. equipped 

with a protective hood through which gas could be passed; the essential 

features of this device are shown in Fig. 10. Leakage of air down the 

cathode plunger was retarded by maintaining a positive preS8ure of 

hydrogen in the cell, as far as possible. The anode compartment, 
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containing a large lightly platinised cylindrical Pt gauze (area llO cm. 2) , 

and the cathode compartment were separated by two sintered Pyrex discs. 

In the first few experiments (Rl to R3) the cathode and anode were not 

separated; instead a lightly platinised Pt cylindrical anode 

(area 35 cm. 2) surrounding the centrally placed lead rod cathode (as in 

the present cathode compartment) was used. The charcoal-cleaning 

compartment. in which activated carbon waa supported by a fine aintered 



!' 
filter disc was supplied with a continuous flow of solution by a 

hydrogen gas-11ft. Charcoal-cleaning was not used in the first few 

experiments (Rl, R2a, R2b, R3a and R3b) . A Luggin capillary. situated 

beneath the lead cathode, communicated wtth the refer~ce electrode , 
compartment via a long spiral tube (forming the ret un: path of the 

solution circulation system). The reference electrode c!ompartment 

contained two platinised Pt hydrogen electrodes (204) . 

(b) Cell for Foil Electrodes 

The Pyrex cell is illustrated in Fig. 11. It consisted of three 

compartments (cathode, reference and anode) the first two being fitted 

with presaturators and all glass gas-supply lines. nte cathode 

compartment was supplied with ultra-pure H2 from an Elhygen generator. 

The Pb foil (cathode) was mounted in the cell with one or two layers 

of 0.01 - 0.02 cm. thick Parafilm gaskets between the flat flanges 

which. with aluminium alloy clamps secured. produced seals which could 

hold 10-5 torr. after heating with a hot air blower (172). A large 

lightly platinised cylindrical Pt gauze (204) anode (area 110 cm. 2) 

and the Pb cathode were separated by a doubly-bent length of tubing, 

terminating in a fine frit. The reference electrode compartment 

contained two plaUnised Pt hydrogen electrodes (204). The tip of the 

Luggin capillary from the reference electrode compartment was situated 

very close to the cathode surface. A solution-wetted outflow micro tap 

(Springhams, 1 mm . bore) was used to facilitate the removal of solution 

and washings after ~ electropolishing of the lead. Leakage of air 
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tht'ough the tap was diminished by maintaining a positive pressure 

of hydrogen in the cell. 8S far 8S possible, No charcoal-cleaning 

co.partment was employed in this cell bec,!~e of the difficulty of 

I 
preventing its contamination and because it was desire<\. to separate 

anode and cathode. the former being a source of anodicctlly evolving 

02 during the cathodisation of the lead. 

All cup-cones and sockets in both cl!;lls (8) and (b) were water 

s ealed. Electrode connections and Pt-Pyrex pinch seals were similar 

to those described under pre-electrolysis {Section 3A(lla)}. 
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(V) Instrumentation and Procedure 

The polarising circuit consisting of a galvanostat and a micro-

switch are shown diagrallDlUltically in Fig" 12 , The galvanostat consisted 
) 

of a battery (45 or 90 V.) and variable precision reri.stors (to permit 

variation of the current from 1 ~A . to 100 mA.) soldelr~d to different 

positions of a make-befare-break switch, in series with the battery, 

80 that different currents were switched on without breaking the 

circuit. 

The micr08witch used was similar to that of Hammerl!, Mislsn 

and Olmstead (170) . It operates over a current range up to 800 mA o 

and potential range up to 60 V. and is switched by a single pulse . 

The theoretical frequency of the switch is 250 MHz. which corresponds 

to a break of 4 nanoseconds. The practical response was about 200 

nanoseconds. Operation of the circuit depends on the fact that one 

state of the bi-stable or flip-flop circuit. consisting of the two 

220 pr. capacitors, the diodes 09 , 010 and micrologic element E3 

(type Me 914G). turns on the transistors. Q1 and Q2 (type 2N2219) 

and the other state of the bistable circuit turns them off . When the 

transistors are conducting, the current source is short-circuited to 

ground, but diodes 0 1 - OS' since they will then be back-biased, 

prevent the cell from also being short-circuited. When the transistors 

are not conducting. current readily flows through the cell because 

diodes 0 1 - Os are then forward-biased. Micrologic elements E1 and E2 
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OSCILLOSCOPE 

(VIA DIFFERENTIATING CIRCUIT) 

GALVANOSTAT 

Schematic of transistor switch: W= cathode, Cocounter electrode, R • reference electrode, 01'·· ··· 010 - diodes, 
EI'EZ ,E3 -micrologic elements, Q, and Q2-translstor., SW-power switch, A-current meter. 

Fig . 12 . ... 
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I' 
(type He 900G) serve as buffer elements and ensure enough current is 

supplied to Q1 and Q2 ' The micrologic elements are powered by two 

mercury batteries in series, Le. by 2.7 V. The 68 k.n. resistance 

serves to isolate the bistable froID the de13y trigger outfut (of the 

Tektronix 547 oscilloscope) . The +V signal was connected 'to pin 8 of . 
E1• £2 and E3 • The bistable was triggered by the delay tri,gger that 

supplies a sharp positive-going spike of about 10 V. at the end of 

the delay period, as set by the delay time switch and the delay 

multiplier control of the oscilloscope, to interrupt the current to 

the cell. The next pulse turned the transistors off and the current 

to the cell was restored. 

In order to correct for I.R. drop overvoltage. the overvoltage 

signal from the Analog Devices 147A operational amplifier output 

{Fig. 38*, this will be discussed in Section 3B(1)} was fed to 

channel 1 of the lAl dual trace plug-in unit on the Tektronix 547 

oscilloscope. Using a single sweep technique, the trace on the 

oscilloscope screen before, during and after the current interruption 

was photographed with Polaroid Land roll fUm type 47 in a Tektronix 

oscilloscope camera C-l2 . A typical oscillograph of the I.R. drop 

between the cathode and the Luggin capillary is shown in Fig. 13. 

The observed discontinuity in the ordinate at t - 0, the time of 

current interruption, corresponds to the I.R. drop overvoltage. 

* see p. 205 
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Fig, 13. OSCILLOGRAPH OF 1. R. DROP FOR - i : 50 rnA. cm~ • ORDINATE I 

a.lv. cm~ , ABSCISSA I I MSEC. cm~. I.R. DROP OYERVOLTAGE CALCULATED 
= 65 mY. 



.' In this way, the 1.R. drops at different currents ~ere determined. 

A typical plot of I.R. drop versus cathodic current is given in 

Fig. 14. loR. drop overvoltage determined in this way was used to 

correct measured overvoltages. 

Lead electrodes were cathodised galvanostatica}ly (initially 

at 30 }.lA. to 1 mA.) and the overvoltage variation with time was 

recorded. Overvoltages were measured with one of the following 

combinations of instruments: 

(1) Experiments Rl to R3 and Pi to F5: a Fluke 891 Voltmeter and 

a Heath EUW 24 recorder (10 or 100 mV. full-scale sensitivity). 

(ii) Experiments F6 - Fl2: a high impedance (10 14 m buffer 

amplifier (M.U.N. made). based on an Analog Devicea 311K 

operational amplifier with a FairchUd Model 7050 digital multimeter. 

(11i) Experiments Pl3, Fl4, R4 and R5: the above buffer amplifier, a 

Keithley 370 recorder (recorded expanded in scale, using a 

potentiometer to offset part of the voltage). 

Currents were measured with Simpson meters (models 373 and 374) in 

experiments RI to R2, Fl2 to F14, R4 to R5 or with a Philips 

electronic multimeter, type 2400-02, in experiments R3, Fl to Fil. 

Tafel plots {equation (1.2)} were studied by the rapid-run method, 

the current being kept constant for predetermined periods 

(0.1 - 5 minutes) uniform within each run, between current changes. 

Host experiments were carried out essentially at one, or in some 
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Fig. 14. TYPICAL PLOT OF J. R. DROP OVERVOLTAGE VERSUS 

CATHO DIC CURRENT FOR ELECTRODE R4b. 



cases. two currents exc.ept for short excursions (sal30 - 60 minutes) 

to higher or lower currents and Tafel runa. 

All experiments except R2 and R3. were carried out in air 

at rooUl temperature (thermostated to 25 ; 2°C). Howevq. the cell 

(a) was mounted in water in a Tamson model TE9 thermo~tatic bath, 

Nesl.b Instruments Inc •• (temperature regulation t O.ol'°C) for 

experiments R2 and R3, to study the influence of temperature on 

overvoltage. Host of the experiments except Rl to R3 and Fl to PS. 

were conducted witbin an earthed metallic cage to diminish the effects 

of •• c. pick-up. 
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(vi) Results of Early Experiments r 
(a) Preliminary Experiments 

Some preliminary experiments were made with unpurified HCI04 

for the purpose of testing the new cell (b) designed fo11 work with , 
Pb foil. The first few experiments (Fl, F2, F3) were ve~y crude 

(99% Fisher Pb, gases supplied through Tygon tubing, unpurified 

HCI04) and were not satisfactory because of the poor conditions. 

Steep Tafel slopes ~ 450 mV. and large kicks of overvoltage 

(ca. 200 mV.) were observed in these experiments with low purity 

Pb, which developed a black surface film, probably of impurities, 

during chemical polishing. 

Later experiments (F4 to Fa) were made with hydrogen supplied 

through copper and Pyrex tubing, but without BTS catalyst in some 

cases (F4, F5). Electrodes of 99.9% pure Goodfellow Pb, 0.025 cm. 

thick, were electropolished in situ and used in unpurified 1 H HCI04 • 

Parafilm washers were used except for F5 and F6 in which Teflon 

was substituted. This was not satisfactory because of leakage. as 

already mentioned in Section 3A( I}. In all these experiments in less 

pure solutions, -n ~sed rather than decreased with -Q, both at 

20 and 525 lJA. cm. -2. As indicated in Table 4, experiments were 

begun at 20 lJA. cm. -2 and the increase of -n was greatest at this 

current density. Fig. 15 illustrates the increase of -n at every 

current density studied, coupled with a decrease of Tafel slope 



TABU? .tj. HYDROGEN OVERVOI.TAGF.S FOP LFAD IN AQU'POUS PERCHI.ORIC ACm IN SOME PRFUMTNARY Ext>F'RUIYNTS 
{see also Tables 22 and 23 in Section 38 (l1a)} 

Experiment 
number 

F7 

F7 

Fa 

F8 

Current density to 
which quoted -n' s 
correspond /mA. em.-2 

0.02 

0.525 

0.02 

0.525 

Maximum current density 
pa!;,;('d for <l 30 minutes 
/mA. cm.-2 

0.02 

0.525 

0.525 

0.525 

Initial 
-n/mV. 

269 

996 

445 

805 

Final 

-n/mV -Q/ coulombs 

567 

1090 137 

804 368 

1073 368 

Conditions of 
electrode 3nd 
solution 

Electropo1 ished 
(95 rnA. fOT 
5 minutes) fol1s 
in unpre-
eleetrolysed 
1 H HCI04 

~ 
~ 
o 
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from the range 160 to 250 mV. to the range 105 to 165 mV. Some 

capacity measurements on these electrodes are reported in 

Section 3B (11a). 

/ 
(b) Experiments with Electropolished Electrodes and . Solution 

Pre-e1ectrolysed at Too High Current Densities I 

Pre-electrolysis at too high a current density led to the 

presence of analytically detectable Ph ++ ions as confirmed by 

stripping analysis {Section 3A (lle)}. Electrodes studied in solutions 

purified in this manner might be expected to behave differently from 

those studied in purer solutions. Four lead foils (Fll to Fl4 

inclusive) aod one lead rod (R4a) were studied under these 

conditions. Electrodes Fll and R4a were studied in 1 M HCI04 that had 

been pre-electrolysed for thirty days at ca. 4 mAo cm. -2 while the 

solutions for F12 and F13 had been pre-electrolysed for lesser periods 

(6 to 16 days, respectively) at the same current density. Table 5 

gives some results of work with these electrodes. It will be noted 

that the overvoltage increased with the extent of cathodisation in 

F12. F13 and F11 but decreased for R4a, an experiment in which 

solution cleaning over activated charcoal was carried out. Fig. 16 

shows that the decrease of -n with -Q for electrode R4a was linear, 

with two branches of slopes 20 and 118 mV., respectively. This is 

the kind of behaviour observed by Ives and Smith (26, 27) and in 

satisfactory experiments of the present investigation. The behaviour 
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TABLE 5. HYDROGF.N OVERVOJ.T}.CES FOR '.£AD t:-1' AQUEOl'S PERCItLORIC ACID pRf:-rU:nROLYSf.D AT TOO Hlcn CUR'RP:T DI:!-lSITIES 

Experi- Current density Maxirr.um current Initial -n or 
ment to which quoted density passed maximum (if 
number -n I s correspond for) 30 -n decreased 

/mA. cm.-2 minutes initially 
/mA. cm.-2 /mV. 

Fl2 0.535 0 , 535 642 

F13 0.535 29.0 523 

F11 0.535 0,535 435 

-n at 
-Q-lOO 
coulombs 
/mV. -n/mV. 

813 903 

592 649 

501 524 

Final 

-Q/ coulombs 

321 

315 

.136 _ 

Conditions of 
electrode and 
solution 

Electropo11shed 
fol1 (95 mAo for 
5 minutes) and 
I M HCI04 pre­
eleetrolysed at 
4 mAo em. -2 for 
6 days 

Eleetropolished 
foil (95 mAo for 
5 minutes) and 
1 M HCI04 pre­
eleetrolysed at 
4 mAo em. -2 for 
16 days 

EleetropOl ished 
foil (95 mAo for 
5 minutes) and 
1 H HCI04 pre­
electrolysed at 
4 mAo em. -2 for 
30 days 

... . 
'" 



TABLE 5. (Continued) 

Exped- Current density Maximum current Initial -11 Qr 
ment to which quoted density passed maximum (if 
number -n I s correspond for ~ 30 -n decreased 

/mA. cm.-2 minutes -2 initially 
/mA. cm. /mV. 

R4. 0.665 0.665 976 

* interpolated value 

-n at Final 
-Q-IOO 
coulombs 
/mV. -n/mV. -Q/coulombs 

904* 845 378 

Conditions of 
electrode and 
solution 

Electropolished 
rod (1 A. for 
5 minutes) and 
1 M HCl0 4 pre­
electrolysed at 
4 mAo cm. -2 for 
30 days. 
Adsorptive clean­
ing of solution 
with activated 
carbon 

... 
~ 
~ 
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of R4a was essentially normal, presU1Ubly because circulation 

of solution over charcoal removed Pb+t ions introduced in the 

preceding high current pre-electrolysis. Thus, its Tafel behaviour 

(Fig . 17) was fairly normal above 10-4 ;,. with Tafel} slopes of 

140 - 170 mV. 

Table 5 alao shows that the initial overvoltage was lower 

the larger the period of previous high current pre-electrolysis. 

Further, the overvoltages after passage of some 300 coulombs 

cathodically were still in the same order, i.e. Fl2 > F13 > Fl1. 

The Tafel plots for F11 to F14 were curved and had large al'llOunts 

of hysteresis. as shown for Fl1 in Fig . 17. in contrast with R4a. 

Dvenhoot hysteresis. defined by Ives and Smith. (26, 27). 

was not observed in experiments rH, F13, F14, but was observed 

rarely in F12 and in R4a. This is another indication of the 

unsatisfactory state of the system in these experiments with 

solution pre-electro1ysed at too high current densities. 

Nevertheless, other electrodetll (R4a', R4a" and R4b) were 

studied in the solution from R4a, because its behaviour was 

• When an electrode initially in a steady-tlltate (An/At « 1 IIIV. lIIin. -1) 

was subjected to step changes of current, the immediate potential 

jUlllp was followed by roughly exponential change of potential in the 

reverse direction, described as "overshoot hysteresis". 
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t' 
satisfactory apparently owing to the presence of charcoal. Furthermore, 

some electrodes (R2a, R3a and R5s) were used for a second ..!.!L.!!l!! 

pre-electrolysis, in some cases (R3c and R5) in conjunction with 

adsorption on charcoal. Care was, however, taken thai such 

-2 
pre-electrolysis was not carried out at current dens;lties > 2 mAo em. 

in order to avoid contamination. 

(c) Early Experiments with Scraped Electrodes and Solutions 

Pre-electrolysed at Low Current Densities 

Many Russian workers used scraped electrodes in their h.e.r. 

studies on Pb. However, they failed to observe any time dependence of 

-no The work on scraped Pb was needed to clarify whether the effects 

observed by lves and Smith (time dependence of -n) on polished 

electrodes were due to special features of the polishing treatment. 

In experiments Rl, R2 and R3, the Pb rods were dipped into 

1 M HCl04 {see Section 3A (lll)}, washed with 3 x distilled water 

and then dried. They were then scraped with a sharp stainless steel 

razor blade, Pb fragments removed with tissue paper, pickled briefly 

in 4 M HCl04 , washed with 3 x distilled water and transferred quickly 

into cell (a) {Fig. 10} which, however, had a platinised Pt anode 

symmetrically surrounding the lead cathode, the compartment to the 

left (in Fig. 10) being absent. Electrodes were instantly cathodised 

at a constant current of 315 - 330 lJA. cm. -2 (RIa was polarised at 

1.5 lJA. cm. -2 for the first 4 hours and than at 160 lJA. cm. -2) in 
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r 
pre_electrolysed (at -1 $ 2 mA. em. -2 for 10 - 30 days) 0.1 M HCIO 4' 

No activated charcoal was present in the cell nor was BTS catalyst 

used in the gas purification train {otherwise as described in 

'. 0 
Section 3A (1)}. All electrodes were studied at 25 ± ?Ol C, except 

Rla at 24 ± 1°C. 

Tafel plots for electrodes RIa, R2a and R2b. initially were 

curved or multilinear with b .. 200 mV. at -I ~ 10-4 A •• b ~ 600 mV. 

at -I = 10-5 A. and almost a horizontal line at -1 ~ 10-5 A. (see 

Fig. 18) with a large hysteresis. After prolonged polarisation at 

-1 ~ 160 llA. em. -2. the very steep slope at -1 .. 10-5 A. disappeared, 

but high Tafel slopes (b >, 190 mV.) still persisted. Throughout, 

overvoltages for increasing current runs were lower than those for 

decreasing current runs. 

Variation of overvoltage. -n. with the logarithm of the total 

charge passed cathodically, log (-Q), is shown in Fig. 19. 
10 

Disregarding the deviations at low -Q {-n increased in R2b and fell 

sharply in Rla (this may have been due to trouble with the potential-

measuring instrument during initial measurements)}. -n for RIa and 

R2b decreased slowly initially and then rapidly at higher -Q values 

in a similar manner to Ives and Smith's observations with electro-

polished Pb electrodes (26. 27). R2a showed an initial increase 
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t' 
of -n* up to -Q - 70 coulombs and then decreased with -Q. Slopes 

of these plots ranged from 10 to 115 mV" steep slopes (> 100 mV.> 

being observed for -Q ~ - 150 coulombs for two electrodes (Ria and R2b). 

In an attempt to see whether the -n versus log ' (-Q) relation 
10 

depends on the current density at which -n waa mea8ure~. Fig. 19 

shows that the slopes at 160 \.lA. em. -2 and 1.45 mAo em. -2 in the case 

of Ria are nearly the same. being 110 and 102 mV •• respectively. 

The results indicate that rves and Smith I s (26. 27) linear -n 

versus 108 1 D (-Q) relation can be extended to scraped electrodes. 

even in the absence of activated charcoal. The delay in appearance 

of the higher -n versus 10810 (-Q) slopes (at -Q ~ 70 coulombs) for 

scraped Ph electrodes in contrast to polished ones. which showed 

higher slopes from the beginning of cathodisation (or shortly after-

wards) as observed by Ives and Smith (26. 27) and in this present work. 

may be due to gradual removal of an oxide film initially present on 

the scraped electrode surface. The presence of oxide film. is 

suggested by the observed high -n's for scraped electrodes (Table 6) 

in comparison with the lower values for ths polished electrodes of 

Ives and Smith (26, 27) and the polished electrodes used in this 

* It became necessary to do glass-blowing on the gas lines 

immediately after the beginning of this experiment. This might have 

resulted in letting air into the system which remained during the 

early part of this experiment. 
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TABLE 6. HYDROGEN OVERVOLTAGES FOR SCRAPED Pb RODS IN AQUEOUS HCl0<4 WITHOUT CHARCOAL CLEANING 

Experi- Current density Maximum current Initial -n or -n at Final Conditions of 
ment to which quoted density passed maximum (if -Q-100 electrode and 
number -n I s correspond for ~ )0 -n decreased coulombs solution 

/mA. clll . - 2 minutes initially) /mV. -n/mV. -Q/ coul omb s 
/mA. cm.-2 /mV. 

Rla 0.160 1.45 1063 1003* 958 336 Scraped rod and 
0.1 M HCl04. pre-

1.45 1.45 1126* 1019 1128 electro1ysed at 
0.5 mAo cm.-2 
for 30 days 

R2a 0.330 0.330 1092 1082* 1033 649 Scraped rod and 
0.1 M HC104 , pre-
electrolysed at 
2 mAo cm.-2 
for 10 days 

R2b 0.315 0.315 1051 1035* 967 566 Freshly scraped 
rod and--~ 
solution from 
R2a 

* interpolated values 

... 
t:; 



present work. 

I' 
f 

Overshoot hysteresis., as observed by rves and Smith (26, 27). 

was repeatedly seen in these experiments to Figs. 20 and 21 show some 
) 

examples of such plots for electrode RIa. From Fig. 2() it can be 

seen that the extent of overshoot increases with the rrta~nltude of 

the current ratio and that the overshoot hystereSis was relatively 

reproducible. The curves in Figs. 20 and 21 suggest that there may 

be an exponential relation between overvoltage and time; the plota 

-n versus 10810 t (Figs. 22 and 23) confirm this to be the case. 

Three other scraped electrodes (R3a, R3b and R3b') used in the 

same solution gave high Tafel slopes (~ 150 mV.). -n increased with 

time of cathodisation snd large kicks of -n up to 200 mV. were 

observed, especially for R3a. These electrodes must have been 

affected by the presence in the system of some depolarising 

impurity. such as 02. Moreover. addition of activated charcoal during 

experiment R3b' did not improve the electrode behaviour. This indicates 

that for a system of inadequate purity. carbon cleaning will not 

improve its behaviour. 

* for definition see footnote on p. 146 
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(Vll) Experiments with Electropolhhed Electrodes ¥d "Properly 

Pre-electrolysed" Solutiona 

The work detailed in this Section waa needed to confirm the 

findings of Ives and Smith (26, 27) {i.e,.. the ovenhoot hyatereai8, 
I 

the decreaae of -T') linearly with the logarithm of totel cathodic 

charge (-Q) and the simultaneous decrease of Tafel altJpes} under 

auperior experimental conditions. 

Ten experillents are described in this Section. Eight were 

with rods, electropolished at I A. for 5 minutes in 50% HCID4 

(R3c, R4a'. R4a". R4b. RSa. R5b, R5c and RSd) and two (F9, FlO) with 

foils. electropolished at 95 mAo for 5 minutes in pre-electrolysed 

I M HCID 4' In all of these except R3c in pre-electrolyaed O. I M 

HCID4 • 1 M HCI04 • pre-electrolysed for 5 - 20 days at 

-i ~ 2 mAo cm. -2 was used in cell (a) or cell (b). as appropriate. 

The foils were electropolished in situ. while rods were polished in 

a separate cell and transferred under a hydrogen atmosphere (except 

R3c. quickly transferred through the air) into cell (a). Charcoal-

cleaned pre-electrolysed solutions were only used for rods. Moreover, 

R3b', R4a' and R5a were used as a second adsorptive and pre-electrolytic 

stage of purification for later electrodes. The possibly oxygen-

evolving anode was separated from the cathode in all experiments 

except R3c. BTS catalyst was used in the gas purification train for 

cylinder "2 (aee Figs. Sa and 5b), but was omitted in experiment R3c. 



r' 
Certain electrodes (R4a'. RSa and F9) were not well-behaved. 

Electrodes R4a' and R5a were electropolil!lhed but not bright. 

Initial -n's were rather low, Tafel slopes were high (ca. 160 mV.) 

and -n continued increasing with prolonged cathodbatlon during , 
24 - 36 hours. at the end of which period the experiments were , 
terminated . Electrode F9. studied in pre-electrolysed (with 

impure Fhher Ph. at 2 mAo em. -2 for 5 days) 1 M HCI04 was 

anomalous. No systematic fall of -Tl with -Q was observed at any 

current density (0.019, 0.535, 4.80 and 19 . 6 mAo em. -2) studied . 

Tafel slopes of 130 - ISO mY . were, however , observed. No 

improvement was found after 9 - 10 days of cathodisation. The 

pre-electrolysed solution may have been contaminated by impurities 

in the Fisher lead. 

The results with the remaining electrodes (R3c, R4a". R4b, 

R5b, R5c, R5d and FlO) will be considered under four different 

headings: (a) Tafel plots, (b) temperature-dependence of -no 

(c) -n as a function of -Q and (d) overshoot hysteresis. 

(a) Tafel Plots 

Rapid Tafel runs were carried out with intervals between 

changes of current of 0.1 to 5 minutes. The Tafel plots changed in 

character during long-term experiments (days to weeks) on a given 

electrode. Typical examples are shown in Figs. 24 and 25 for 

electrodes R3c and R5c. respectively. The following common features 
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I' 
8S found earlier by lves and Smith (26, 27) have b~en observed: 

(1) Measurements on freshly prepared electrodes gave bilinear 

or eurved plots with steeper alope at low currents. especially 

-I , 30 lJA. {Fig. 2S} (except R4a" - in which a linear jl'afel , 
slope of "" 100 mV. was observed from the beginning of the 

experiment). Initial Tafel runs (50 - 100 second intervals) for 

R3e were multilinear with slopes b :: 110 mV. at currents < 10-3 A •• 

and b = 135 mV. ahove 10-3 A. (Fig. 24). However, when the cathodic 

-2 
current density was increased from the initial 385 liA. cm. to 

-2 
3.85 mAo cm. and kept at this value for the next 50 hours 

(i.e. -Q - 520 to 2290 coulombs). the observed Tafel plot at 

-I :;.: 10 llA. after this treatment was similar to that shown in 

Fig. 25 for R5c at low - Q (15 coulombs). but was almost horizontal 

(b < 10 mV.) at currents ~ 10 \.IA. Steep slopes ~ 300 mV. at low 

currents vanished on prolonged polarisation (Fig. 25) {slope < 10 mV. 

for R3c also vsnished on prolonged cathodisation at 385 \.IA. cm.-2 

(Fig. 24)} and are attributed to depolarisation effects. 

(11) Continued cathodisation led to plots approaching linearity 

(Figs. 24 and 25). 

(iii) Excluding those affected by low current depolarisation. Tafel 

slopes decreased on prolonged cathodisation from 120 - 140 mV. to 

ca. 90 mY. Thus, in one case (Fig. 26), the slope fell from 127 to 

94 mV. as -Q increased from 25 to 196 coulombs. Although such a 
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rapid decrease in b was less common, the trend was observed for the 

first few days of cathodisation of all electrodes. Sometimes, on 

further cathodlsation, these slopes incre:~sed to 110 mY. or so, 

I 
but the most commonly observed slope was llO :!: 10 mV. , 

(iv) Hysteresis was observed. In the first few runs on'a freshly 

prepared electrode, the overvoltages for the descending branch were 

greater than those for the ascending branch (Fig. 25). with a 

hysteresis of 20 - 30 mV. These relative positions were not. 

however. observed in.all cases (e.g. for R3c in Fig. 24). On 

continued cathodisation. the "normal" hysteresis of about 10 - 20 mV. 

was observed, I.e. overvoltage for the descending branch were lower 

than those for the ascending branch (see Figs. 24 and 25). 

(b) Temperature Dependence of Overvoltage 

In one experiment R3c, the temperature variation of overvoltage 

was studied. The time variation of -n required that we carry out 

Tafel runs at different temperatures (25 - 450 C) on the same day. 

Since the descending branch was more linear over the current 

range than was the ascending branch, typical Tafel plots for the 

descending branch at 25 - 450C were selected at different periods 

of polarisation. One such plot at -Q - 2600 coulombs is shown in 

Fig. 27. which shows that the overvoltage decreased with increase 
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Fig . 27. TYPICAL TAFEL PLOTS {DESCENDING BRANCH, b,:= 110 mY. 
AND 100 sec. INTERVAL) FOR ELECTRODE R3c FOR THE PASSAGE 
OF TOTAL CHARGE -Q~2600 COULOMBS; TEMPERATURES; D, 25.I O C; 
0 , 35.I O C; 8., 45.l o C; ELECTRODE AREA, 2.59 cm~ 



of temperature and that the Tafel slope was in this case independent 

of temperature*, being b ~ l10 mV. 

Fig. 

Arrheniu8 plots {loSl 0 (-I) versus '1 } 25 - 4S0q, shown in 

28 enable the experimental enthalpy of activati~n. flHt at 
, n 

different constant overvoltages to be calculated using the 

equation (2.28) 

_ _ 6Ht + constant 
log 1 0 (-1) 2.303RT 

and enthalpy of activation at the equilibrium potential, 

6i O. at -n - 0 was calculated using the dependence 
n-

(2.28) 

(2.29) 

a in equation (2.29) being obtained from the Tafel slope as 

2.303RT • The calculated a's, using b _ 110 mV •• independent of 
bF 

temperature, at 25. 35 and 4SoC were 0.54, 0.56 and 0.57. 

respectively. The average value, nay •• 0.56 was used in the 

present calculation. Table 7 gives the enthalpies of activation 

at -Q ~ 2600 coulombs at -n - 400 mV •• 500 mV •• 600 mY. and zero. 

+ respectively. Although the average ~Hn_O = 9.3 ± 1.3 k. cal. g. ion-1 

1s close to the value of Lee (206) for lead in alkaline solution 

(~Ht • 8.8 k. cal. g. ion-1). this value is far leSR than the 
n-O 

* However. rves and Smith (26, 27) have observed that the Tafel 

slope increased with increase of temperature on Ph in 0.1 H HClO 4' 

167 



340 

330 

!2 
x 

-1>-
320 

310 

4 
LOG 10 (-1/A.) 

168 

Fig. 28. TYPICAL ARR~ENIUS PLOTS OF LOG,.(-ll VERSUS i 
FOR ELECTROOE R3c FOR THE PASSAGE OF TOTAL 

CHARGE - Q '" 2600 COULOMBS; OVERVOLTAGES', 6. , 0.4V ; 
0, 0.5V; El, 0.6V; ELECTROOE AREA, 2.59cm~ 



169 

TABLE 7. ACTIVATION ENTHALPIES {Mtt Nm tili+ ) AT CONSTANT OVF.RVOJ.TAGE 
n 1'-0 

FOR HYDROGEN EVOLtrrlON RfACTION AT Lf.AD ROD R3c IN 0 1 H HelO 4 

-Q/coulo!1'tba -n/mv. Activation enthalpfcs 

2608 400 2.80 7.93 

500 2.81 9.22 

600 2.87 10.56 

2675 400 3.48 8.61 

500 3.28 9.69 

600 2.12 9.81 

Average 6.H+ 
"-0 

- 9 . 3 ~ 1.3 

* Q taken to be 0,56. 



+ -1 6Hn_O ~ 20 k. cal. g. ion for lead in HCI0 4 , observed by 

p!ontelli and Bicelli (22). The value of 6H+ ::l 20 k. cal. g. ion-1 
n-O 

for lead in acid solution is reasonable • . if one equates 68+ for Pb + . I n-O 
to that of HS {6Hn-O - 21. 7 k. cal. g. 100-1 for Hg (1J.2a) in HCl} 

since both are high overvoltage metals and the dhchat'ge step (2.1) 

is considered to be rate determining. 'nlen. the observed low 

68 t at -Q ~ 2600 coulombs in this work may be explained by a 

de:;~ase of 6Ht with -Q. Since no data are available at 
n-O 

-Q < 2600 coulombs from this work, enthalpies of activation at 

-Q '::: 600 - 700 coulombs at 550 mV •• 650 mV. and -n - 0 were 

calculated as mentioned earlier from Smith I s data (27) and are 

listed in Table 8, Although a temperature dependence of Tafel slope 

and high a values were observed in Smith I s work (27). the calculated 

ll.H+ values at -Q ~ 600 - 700 coulombs are higher than the ll.H+ at 
n-O TJ-O 

-Q ~ 2600 coulombs obtained in this work. Moreover. AHt at 
n-O 

-Q ~ 600 - 700 coulombs are lesll than 21. 7 k. cal. g. ion-I. Thill 

decrease in enthalpy of activation with -Q might be the explanation 

of the enhancement of the rate of h. e. r. as -Q increases. 
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TABLE 8. ACTIVATION ENTHALPIES (.~H+ AND 6H+ ) AT CONSTANT OVERVOLTAGE 
l"\ n-O 

FOR HYDROGEN EVOLUTION REACTION AT LEAD ROD XIIb*** IN 

0,1 M HCI04 FROM SMITH ' S DATA (27) 

-QI cou lombs -n/mV. 
, 

Activation enthalpie,s" 

600-700 550 

650 

* 0. taken to be 0.76. 

6Itt/k.cal.g.ion-1 
n 

7.94 ± 0.1 

2.37 ~ 0.2 

Mt+ */k,cal.g.ion-1 
n-O 

17.52 t 0.1 

13.71 ± 0.2 

Average 6H+ • 15.6 + 2 
n-O -

** Average of three runs taken on successive days. 

*** Numbering of the electrodes are as in reference (27). Electrodes 
were identified by Roman numerals (the same piece of Pb baving 
the same number throughout). by small letters (indicating the 
number of times an electrode had been polished and transferred 
to the cell). 
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(e) Overvoltage as a Function of Total Cathodic Charge 

In all satisfactory experiments (R3c, R4a". R4b. R5h, RSc. 

R5d and FlO) overvoltages at constant current densities initially 
. I 

rose slightly and then fell continuously with -Q (Fi~8. 29, 30 and 

3).), as anticipated from the earlier work of !vee soc! ,Smith (26. 27). 

The initial rise could be associated with a failure to eliminate 

traces of 02 or Pb ++ ions (Pb ++ ions may have entered along with the 

introduction of freshly polished electrodes or they may have been 

present in the solution used from the previous experiment in which 

high currents had been applied). It is apparent from the observed 

decrease in -n with -Q in experiment FlO. where no charcoal was 

involved, that charcoal cleaning Is not essential to show this 

phenomenon in a system that is sufficiently clean. This also 

disproves that the formation of a Pb-C matrix (206a)* is a relevant 

factor accounting for the decrease in -11 with -Q. 

It is evident from Figs. 29, 30 and 31. that slopf!8 of -11 

versus 10g1 0 (-Q) ranging from 40 - 90 mV. were obtained for 

-Q ~ 100 coulombs while slopes ranging from 150 to 685 mV. were 

obtained for -Q ~ 100 coulombs. Moreover, the slopes for -n versus 

-2 -2 
log (-Q) at 385 llA. cm. and at 3.B5 mAo cm. for R3c (Fig. 29) .. 
* Jenkins and Weedon (206a) recently reported the formation of a 

carbonaceous matrix on Pb during their h.e.r. study on Pb in 

charcoal-cleaned solution. 
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(ELECTRODE R5b.0; AREA, 154 emt) , AT 655 jJ.A cm~ (ELECTRODE R4o",[J; AREA, t.44cm~); TEMPERATURE, 
25 ~[· C. NUMBER ON EACH CURVE IS SLOPE IN mY. 
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were the ~ (66 mY. up to -Q .. 1520 coulombs and then increasing 

to 580 mY. for -Q .. 1520 to 2400 coulombs), This confirms that linear 

relationships exist between -n versus 10810 (-Q) I 8S previously found 

by rYeS and Smith (26, 27) for Ph in HCI0"4, 

In experiment R3c. the change from a small to a 9teep slope 

(from 66 to 580 mV. t see Fig. 29) occurred during cathodisation at 

-2 
3.85 mAo em. after the polarisation at an initial constant current, 

-2 
-1 .. 385 lJA. em. ,up to -Q .. 522 coulombs. Later a cathodic current 

-2 
of 385 lJA. em. was switched back at -Q .. 2293 coulombs. Further 

cathodisation at 385 lJA. cm.-2 increased -n as shown in Fig. 29. 

This is consistent with the progressive removal of Ph ++ ioos from 

the solution, presumably formed during the cathodic diAintegration 

of Pb at the higher current density. No other reason could be found 

for the change in slope to very high valuee for other electrodes 

except cathodic disintegration, but this suggestion cannot be 

regarded as proven . 

Some of the observed and interpolated overvoltages for 

different electrodee (initial and at different -Q values) are listed 

in Tables 9, 10 and 11. These Tables illustrate the difficulty of 

achieving uniformity of behaviour from one electrode to another. 

This might be partly due to the difficulty in reproducing a polished 

surface of the eame activity or to errors in the measured geometric 

surface area. However. results obtained for different electrodes 

studied in the same solution (in particular. -n's at -Q - 100 coulombs 
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TABLE 9. OVERVOI.TAGES FOR LEAD IN AQUEOUS Pf.RCHLORIC ACID 

Experi- Current density Maximum current Initial -11 or -11 at 
ment to which quoted density passed maximum (if -Q-100 
number -11 ' 8 correspond for ~ 30 -11 decreased coulombs 

ImA. cm.-2 minutes initially) ImV. 
ImA. em.-2 ImV. 

R3c 0.385 3.85 853 738 

3.85 3.85 976 896* 

FlO 0.505 0.505 878 834* 

* interpolated value 

Final 

-n/mV. -QI coulombs 

612 2885 

670 2287 

725 904 

Conditions of 
electrode and 
solution 

ElectropoUshed 
rod (2 A. for 
7 minutes) and 
solution from 
R3b used. 
Adsorptive clean­
ing of !IIolution 
with activated 
carbon 

Electropoli!'lhed 
foil (95 mAo for 
5 minutes) and 
1 ~ HCI0A:- pre­
eleetrolynd at 
1.5 mAo em.-2 
for 4-5 days 

... 
~ 



TABLE 10. OVERVOLTAGES FOR LEAD IN AQUEOUS PERCHLORIC ACID 

Experi- Current density Maximum current Initial -n or -n at 
ment to which quoted density passed maximum (if -Q-100 
number -n I s corr~spond for ~ 30 -n decreased coulombs 

/mA. cm.- minutes initially) ImV. 
/mA. cm.-2 /mV. 

R4a" 0.655 0.655 1114 967 

R4b 0.790 0.790 1021 964 

Final 

-n/mV. -Q/ coulombs 

792 616 

910 988 

Conditions of 
electrode and 
solution 

Elec~ropolished 

rod ( 1 A. for 
5 minutes) and 
solution from 
R4a I used. 
Adsorptive clean­
ing of solution 
with activated 
cl"Tbon 

Electropolished 
rod (1 A. for 
5 minutes) and 
solution from 
R4a" u§'ed. 
Adsorptive clean­
ing of solution 
~ .... ith activated 
carbon 

~ 



:TABLE 11. OVERVOLTAGES FOR LEAD IN AQUEOUS PERCHLORIC ACID 

Experi- Current density Maximum current Initial -n or -n at 
ment to which quoted density passed maximum (if -Q-100 
number -n I s correspond for ~ 30 -n decreased coulombs 

/mA. cm.-2 minutes initially) /mV. 
/mA. cm.-2 /mV. 

RSd 0.570 0.570 1056 970* 

RSb 0.650 0.650 1147 1048 

* interpolated value 

Final 

-n/mV. -Q/coulombs 

879 384 

848 1340 

Conditions of 
electrode and 
solution 

Electropolished 
rod (l A. for 5 
minutes) and 
solution from 
RSc used. 
Adsorptive clean­
ing of solution 
with activated 
carbon 

Electropolished 
rod (l A. for 5 
minutes) and 
solution from 
RSa used. 
Adsorpt"t¢e clean­
ing of solution 
with activated 
carbon 

... 
~ 

'" 



TABP' 11. (Continued) 

Experi- Current density 11aximum current Initial -n or 
ment to which quoted density passed maximum (if 
number -n I s correspond for ;: 30 -n decreased 

/mA. cm.-2 minutes initially) 
tmA. cz.-2 /mV. 

R5c 0.7 75 0.775 1095 

-n at 
-Q-I00 
coulombs 
/ mV. -n/mV. 

1068 858 

Final 

-Q/ coulombs 

1039 

Conditions of 
electrode and 
solution 

Electropolished 
rod (1 A. for 5 
minutes) and 
solution from 
RSb used. 
Adsorptive clean 
ing of solution 
with a.ctivated 
carbon 

-..., 

... 
i!l 
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and final -0 values) were very good, e.g. experiments R4 (Table 10) 

and R5 (Table 11). 

The observed overvoltagea for ele£trode Xllh, t:he best electrode 
-2 I 

studied by Ives and Smith (26. 27) at 600 lJA. em. At -Q - 0 and 

-Q - 100 coulombs were 0.960 and 0.790 mV., respectivqly. These -0 

values are comparable with the quoted values for R3c and FlO in 

Table 9, but are lower than those of the other electrodes (Tables 10 

and 11). 

In general, the trend in overvoltage decreasing by 150 - 300 mV. 

at the end of long periods of cathodic polarillation was common for all 

electrodes. ntis suggests a several orders of magnitude increase in 

catalytic activity of lead electrodes during cathodic h . e.r . Aa 

proposed by tves and Smith (26. 27). continued accumulation of 

adsorbed H atoms on the surface or absorbed H atoms in the bulk metal 

may explain the increase in catalytic activity of Pb during such 

cathodic treatment. 

Cd) Overshoot Hysteresis 

Long-term current changes C~ 30 minutes) were begun from 

steady-state overvoltages in the experiments R3c and in the later 

part of R4a". For each step-change, the immediate potential jump 

was followed by an exponential change of potential in the reverse 

direction. 11tis phenomenon is termed overshoot hysteresis. Overshoot 
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r 
hysteresis. as observed by Ives and Smith (26. 27). was cotmnOn 

throughout these experiments, except during the initial stages 

of cathodisation. Typical examples for increasing currents at 

constant temperature, decreasing current 'at constant t~mperature , 
and decreasing current at different temperatures (25 - 4SoC) are 

shown in Figs. 32, 33 and 34. respectively. Fig . 32 sho\Js that 

the extent of overshoot increases with the magnitude of the 

c urrent step and decreases as -Q increases. Temperature dependence 

of overshoot hysteresis has been observed in the range of 25 - 45°C 

for decreasing currents in the experiment R3c. These measurements 

were carried out after Tafel runs (100 seconds interval). Fig. 34 

shows that the extent of overshoot decreases with the increase of 

temperature. Full development of these overshoot effects seems to 

depe nd on the maintenance of adequate deoxygenation and cleanliness. 

Figs. 35, 36 and 37 confirm that exponential relations 

(-n linear with loglot) exist for the data of Figs . 32, 33 and 34. 

This is the case for all examples of overshoot hysteresis in the 

present work and in that of Smith (27). Unfortunately, the slopes 

of such plots, listed in Tables 12 to 18, are not constant but 

vary with time in a somewhat unpredictable manner. It is difficult 

to generalise on the basis of the present results, but taking them 

together with those of Smith. not previously evaluated in this way, 

certain trends appear to be present. Cases of increasing currents 

and decreasing currents will be dealt with separately. 
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Fig.32, TIME DEPENDENCE OF QVERVOLTAGE AT OA05 mAo cm~ 
FOR ELECTRODE R3c WHEN CURRENT INCREASED FROM 0.195 rnA. 
cm.~ O(FOR THE PASSAGE OF TOTAL CHARGE -0"33 COULOMBS); 
FROM 0.041 mAo crii~ • .8 (FOR THE PASSAGE OF TOTAL CHARGE 
- Q "37 COULOMBS) AND FROM 0.041 rnA. cm~. [J (FOR THE 
PASSAGE OF TOTAL CHARGE -Q" 448 COULOMBSh TEMPERATORE, 
25.1 0 C. 

-. em. 
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Fig. 33. TIME DEPENDENCE OF 

00405 rnA. cm~ FOR ELECTRODE 
TEMPERATURE. 25.10 C. 

0 .405 _ 0 ·041 rnA . cm~ Q 

20 30 40 -'" 50 
t/min. 

OVERVOLTAGE AT 0.041 rnA. cm~ AFTER DECREASING CURRENT FROM 
R3c FOR THE PASSAGE OF TOTAL CHARGE -Q. 2\4 COULOMBS; 
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~ 



:> 
E -;-
I 

590 

585 

Fig, 34. TIME DEPENDENCE OF QVERVOLTAGE 
IT FROM 0.78 rnA. ern'". FOR ELECTRODE R3c 
CHARGE -Q ,,2680 COULOMBS AT 25.1°C - 0 
35.I·C - t:. 

10 20 30 
t/min. 

AT 0.38 rnA. cm~ AFTER DECREASING 

FOR THE PASSAGE OF TOTAL 
AND -Q ~ 2700 COULOMBS AT 

40 
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Fig, 35. DATA FROM Fig. 32 PLOTTED SEMI-LOGARITHMICALLY: 
DVERVOLTAGE VERSUS LOG.ot AT OA05 mA.cm~ FOR ELECTRODE R3c 
WHEN CURRENT INCREASED FROM 0.195 rnA. crii~ 0 (FOR THE 
PASSAGE OF TOTAL CHARGE -Q .. 33 COULOMBS) AND FROM 0.041 
rnA. em,t, A (FOR THE PASSAGE OF TOTAL CHARGE -Q;: 37 COULOMBS) 
AND FROM 0.041 mA.crii~, D (FOR THE PASSAGE OF TOTAL CHARGE 
- a'" 448 COULOMBS I; TEMPERATURE I 25.l o C., NUMBER ON EACH 
CURVE IS SLOPE IN mY. 
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Fig. 36 . DATA FROM Fig . 33 PLOTTED SEMI-LOGARITHMICALLY 
OVERVOLTAGE VERSUS LOG.ot AT 0.041 mAo crfi~ AFTER DECREASrN{ 
CURRENT FROM 0.405 mA o cm~ FOR ELECTRODE A3c FOR 

THE PASSAGE Of TOTAL CHARGE -Q = 214 COUl.OMBS ~ 

TEMPERATURE. • 25.I D C; NUMBER ON EACH CURVE IS SLOPE 
IN mY. 
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FiO. 37. DATA FROM Fig. 34 PLOTTED SEMI-LOGARITHMICALLY: 
OVERVOLTAGE VERSUS LOG lo t AT 0.38 rnA. cm~ AFTER 
DECREASING IT FROM 0.78 mAo cm~ FOR ELECTRODE R3c 
FOR THE PASSAGE OF TOTAL CHARGE -Q • ZS80 COULOMBS 

AT 25.1°C, 0 AND -0 = 2700 COULOMBS AT 35 1°C • .A~NUMBER 
ON EACH CURVE IS SLOPE IN mY. 
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TABLE 12. SLOPES OF -n VERSUS LOG t PLOTS IN OVERS HOar HYSTERESIS 

Experi­
ment 
number 

R30 

(INCREASING CURRENTS) 

Temper­
ature 
10c 

25.1 

-QI 
coulombs 

33 

37 

151 

218 

343 

448 

522 

10 

Current _~hangel 
mAo ct!!:. 

from to 

0.195 0.405 

0.041 0.405 

0.041 0.405 

0.041 0.405 

0.041 0.405 

0.041 0.405 

0.40 3.85 

Slope! 
.mV. 
becade-1 , 

2.1 

5.4 

4.2 

9.8 

6.3 

4.4 

6.1 

1.6 

4.5 

2.5 

2.2 

3.8 

1.3 

14.3 

Time range 
correspond­
ing to the 
slope! 
minutes 

0.5-6 

6-40 

0.2-8 

8-49 

0.4-1 

1-22 

0.4-24 

24-70 

0.4-25 

25-90 

0.2-1 

1-36 

1-5 

5-50 
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TABLE 13. SLOPES OF -n VERSUS LOG t PLOTS IN OVERSHOOT HYSTERESIS 

10 

(INCREASING CURREN'l'S) 

Exped- Temper- -QI Current _~hangel ~ Slopel Time range 
lIent ature coulombs mAo cm. 4. mV. -1 correspond-
number 1°c decade ing to the , 

slope.' 
from to minutes 

R4a" 25 ± 1 637 0.655 7.10 6.1 1-7 

7-38 

692 0.655 7.10 1-34 

6.5 34-116 

2204 0.655 23.0 1-20 

20-50 
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TABLE 14. SLOPES OF -n VERSUS LOG t PLOTS IN OVERSHOOT HYSTERESIS 
10 

(DECREASING CURRENTS) r 
Experi- Temper- -QI Current change! Slope! Time range 
mont ature coulombs mA. cm.-2 mV. correspnnd-
nturlber 1°c decade-1 ing to the 

slope/ 
from to minutes 

R3c 25.1 37 0.405 0.041 . -2.1 0.2-2 

-8 2-18 

151 0.405 0.041 -3.7 0.4-3.5 

-5.4 3.5-18 

214 0.405 0,041 -3.8 0.4-2.5 

-6.1 2.5-50 

343 0.405 0.041 -4.7 0.6-6 

-6.7 6-34 

448 0.405 0.041 -3.8 0.4-3 

-6.2 3-24 

442 3.85 0.390 -2.9 0.4-2 

-6.2 2-20 

1521 3.65 0.365 -15.6 0.6-1 

-10 1-11 

2270 3.55 0.360 -6 6 0.4-34 

2293 3.55 0.360 -6.6 0.6-14 
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TABLE 15. SLOPES OF -n VERSUS LOG l Ot PLOTS IN OVER~OOT HYSTERESIS 

(DECREASING CURRENTS) 

Experi­
ment 
number 

R4a" 

Temper­
ature 
lac 

25 ± 1 

-QI 
coulombs 

662 

2199 

2847 

from to 

7.10 0,655 

7.10 0.655 

23.0 0 . 655 

Slope! 

,~!~ade-l 

-3 . 1 

-5 . 1 

-2 

-3.5 

-8.5 

Time range 
c.orrespond­
ing to the 
slope! 
minutes 

1.,..26 

26- 86 

1-10 

10-38 

1-82 



TABLE 16 

~xper:l-

ment 
nwnber 

R3c 

193 

TEMPERATURE DEPENDENCE OF -n VERSUS lOG t SLOPES IN OVERS}fOOT 
10 

HYSTERESIS (DECREASING CURRVITS AF"T'F.R ] 00 SF.CONDS INTERVAL 

TAFEL RUNS COMPLETED) 

Temper- -QI Current ch;mge/ Slopel Time range 
ature coulombs rr.A. em.-2 mV. correspond-
1°C decade-1 ing to the 

slope! 
from to minutes 

35.1 2608 0.78 0.38 -5 0.8-12 

-6.4 12-71 

45.1 2619 0.78 0.38 -3 9 0.8-5 

-5.2 5-54 

25.1 2651 0.78 0.38 -7.6 0.6-1.5 

-9.9 1.5-50 

25.1 2680 0.78 0.38 -9.5 0.6-45 

35.1 2700 0.78 0.38 ·7.5 0.6-4/\ 

45.1 2722 0.78 o 38 _I, ,8 0.4-5 

-6.9 5-30 



TABLE 17. SLOPES FOR -Tl VERSUS I.or t PLOTS IN OVERSHOOT HYSTERESIS (INCREASPIG CURRE~iTS) 'FROH 
10 

SHITU'S DATA (27) 

Experi- Day Time Temper- Current change! Slope! Time range 
ment ature mAo mV. corresponding 
number 1°c decnde-1 to the slope! 

hours min- minutes 
utes from to 

VIlla Oct. 6, 1959 15 55 21 0.25 0.80 0.75-66 

Oct. 9. 1959 14 15 21 0.25 0.80 1-4.5 

6.9 4.5-180 

IXa Nov. 24, 1959 12 23 25 0.25 0.80 4.3 0.4-0.7 

1.8 0.7-13 

5.5 13-92 

Nov. 24 . 1959 15 21 25 0.25 2.50 2.. 1 . 0.75-5 -
5- 16 

17.8 16- 88 

XItb Mar. 18 . 1960 23 15 50 0.08 1.50 2 . 6 0.5- 3 

5 . 4 3- 10 

~ 



TABLE 17. (Continued) 

Experi- Day Time Temper-
ment ature 
number IDe 

hours min-
utes 

XlIb Mar. 20, 1960 12 31 21.25 

Mar. 22, 1960 20 20 21.25 

Current change! Slope! 
mAo mV. -1 

decade 

from to 

0.15 0.34 

2.3 

0.35 0.80 3.5 

1.6 

Time range 
corresponding 
to the slope! 
minutes 

0.5-1 

1-4.5 

0.4-7 

7-88 

-

... 
'" ~ 



TABLE 18. 

Experi-
ment 
number 

IXa 

SLOPES FOR -n VERSUS LOG t PLOTS IN OVERSHOOT HYSTERESIS (DECREASING CURRENTS) FROM 

" 
SMITH'S DATA (27) 

Day Time Temper- Current change/ Slope/ Time range 
ature mAo mV. corresponding 
1°C decade- l to the slope/ 

hours min- minutes 
utes from to 

Nov. 24, 1959 13 54 25 0.80 0.25 -3.5 2-4 

-2 4-31 

16 52 25 2.50 0.25 -4.1 2-88 

Nov. 25, 1959 14 01 25 2.50 0.25 -1.1 1-6 

-4.3 6-53 

-8,8 53-198 

Nov. 26, 1959 15 06 25 2.50 0,25 - 1: 5 
~ 

0.66-6 

-5.1 6-54 

-7.6 54-214 

... 
~ 

'" 



TABLE 18. (Continued) 

Experi- Day Time Temper- Current change/ Slope/ Time range 
ment ature mAo ::~ade-1 corresponding 
number IDe to the slope/ 

hours min- minutes 
utes from to 

XIIb Mar. 13, 1960 20 55 21.5 LSD 0.15 -12 0.75-1 

-6.1 1-7 

-4.5 7-85 

Mar. 17, 1960 20 15 23.3 0.35 0.15 -5.6 0.5-8 

-2.7 8-55 

Mar. 18, 1960 14 00 20.25 0.15 0.08 -5 0.5-70 

17 28 35 0.15 0.08 .1: 4 • 0.5-5 

Mar. 21, 1960 22 24 21.25 0.80 0.35 -8.7 1-3 

-4 .5 3-10 

... 
'" ~ 
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For increasing currents at constant temperatu~e: 

(1) The slopes tend to decrease as -Q increases. for changes 

between the same current densities. e. g. }ahle 12 for experiment 

R3c shows a decrease from 4.2 and 9.8 mV. at -Q .. 31 ~ulomb8 to 

2.2 and 3.8 mY. at -Q • 448 coulombs for a tenfold CUlJ'rent 

increase from 41 to 405 ~A. em. -2. Smith's experiment V'III& shows 

a similar trend (Table 17). while the evidence of experiment R4a" 

(Table 13) does not negate this claim.. 

(11) The larger the current ratio (at constant Q). the larger the 

slope (at least. of the main -n versus 10g1 0 t line), e.g. Table 12 

shows as examples. the changes from 41 and 195 to 405 tJA. 
-2 

at 

-Q .. 35 ~ 2 coulombs, the slopes being, respectively. 4.2 and 9.8 mV .• 

and 2.1 and 5 . 4 mV. Smith's data (experiment IXa, Table 17) contains 

another example, the changes from 0.25 to 0.80 and 2.50 mA., 

respectively, with slopes of 1.8 and 5.5 mV. in the first and 2.1, 

8 . 0 and 17.8 mV. in the second case. 

(iii) 'nte slope appears to be higher the higher the final current 

density, comparing the cases of changes from 41 to 405 lJA. cm.-2 

and from 0.4 to 3.85 mAo cm.-2 , with main slopes of 3.8 and 14.3 mV., 

respectively, in Table 12. Although comparison of results for 

different experiments (R3c and R4a" in Tables 12 and 13) is 

unhelpful, Smith's data provides some support for this increase of 

slope as the final current density increases, i.e. the slopes in the 
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0.25 and 2.50 mAo change in experiment IX. (Table 17). 

For decreasing currents at constant temperature: 

(1) nte slopes remained nearly constant as -Q incr~k8ed. 

e.g. as -Q increased from 37 to 448 coulombs, for a c;hange from 

~ . 
405 to 41 \.IA. em. • the observed slopes lay between -2.1 and 

-4.7 mY. at low t values and -5.4 and -8,0 mY . at larger t. with 

no definite trend (Table 14, experiment Rle). The results of Smith 

in experiments IXa (Table 18). changing from 2.5 to 0.25 mA •• 

confirm the lack of trend, the main slopes being -4.1, -4.3 and 

-5.1 mY. <these differences cannot be regarded as significant). 

In experiment R4a" (Table 15) the change from 7.10 to 0,655 mAo at 

-Q .. 622 and 2199 coulombs. had slopes of -3.1 and -5.1 mV •• and -2 

and -3.5 mV •• respectively, which may be suggestive of a trend. 

(ti) nte slopes apparently do not depend on the absolute magnitude 

of the initial and final current densities, e.g. in Table 14, changes 

from 405 to 41 llA. cm. -2 and from 3.55 to 0.36 mAo cm. -2 had 

essentially the same main slopes of -6.6 mV., regardless of -Q. 

Smith's results (Table 18, experiments lXa and XIIb) lend some 

support to this, but it must be stressed that slopes on different 

electrodes with the same changes of current density are not identical, 

just as found in the overall -n versus 10g1o (-Q) relations 

{Section 3A (Vllc)}, 
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For decreasing currents, the effect of temperature has been 

reported in Tables 16 and 18. In the first case. at constant Q. rise 

of temperature decreased the magnitude of the main negative slopes 

from 9.7 ± 0.2 mV. at 25.1oC to 5 and 6.4" or 7.5 mV. att 35.1oC and 

to 3.9 and 5.2 or 4.8 and 6.9 mV. at 45.1oC, in two se~s of data 

obtained after Tafel runs in experiment R3c (Table 16). ' Smith's 

results for a similar current ratio, but lower current densities in 

experiment XIIb. agree with this trend. his slopes being -5 mV. at 

20.250C and -1.4 mV. at 3SoC (Table 18). 

The above conclusions must be regarded as somewhat tentative 

In view of the limited quantity of data available on this type of 

behaviour. It is evident. however. that the true nature of overshoot 

hysteresis will only be ascertained by the gathering and resolution 

of such data, so that a clear pattern of behaviour can be established. 

This is not likely to be possible until really reproducible over-

voltage-charge relations are obtained on different electrodes, for 

it seems likely that the two phenomena are closely related, as Ives 

and Smith (26. 27) suggested. 
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(VIll) S\IlD'ID8.rhing Remarks on Ovet'Voltage Measurements 

L In most of the experiments with scraped and electropol1ahed 

electrodes in HCID 4' pre-electrolysed at-' -1 ~ 2 mA. clIJ. -2. the 
, 

ove1'voltage at constant current density rose initially and then 

began to fall. For scraped electrodes, this fall was very slow at 

first {slope of - n versus l0810 (-Q) < 10 mV.} and then. the over­

voltage fell with a steeper slope of about 100 mV. per decade of 

charge. However. electropolished electrodes showed at first a fall 

of 40 - 90 mY. per decade of charge and then fell with steeper 

slopes ranging from 150 - 685 mV. per decade of charge. i.e. a total 

decrease in overvoltage by 150 - 300 mV. at the end of long periods 

of cathodisation was observed on such electrodes. In contrast, -n 

for electropolished lead in HCIO 4' pre-electrolysed at 

-i • 4 - 6 mAo cm. -2. increased continuously except in experiment 

R4a (charcoal-cleaning was used in this experiment). 

2 . Except for a few. electropolished electrodes showed well-

behaved Tafel lines from the beginning, measurements on freshly 

prepared electrodes in HCIO 4' pre-electrolysed at -1 ~ 2 mAo cm. -2. 

gave bilinear or curved Tafel plots with steeper slopes at lower 

currents because of depolarisation, presumably by Pb++ or O2 • 

Continued cathodisation led to plots approaching rectilineartty. 

Then the commonly observed slope was 110 '!: 10 .V. Normal or over-

shoot hysteresis was observed. more prominently on continued 
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c.athodisation. Although Tafel slopes decreased in a few cases to 

90 mV. during the initial cethodisation. the decrease of b from 

130 - 140 mV. only to 110 ntV. was frequent. The Tafel slope was 

found to be apparently independent of te~perature. Af~r prolonged 

csthodlaation, ealculated values of t.Ht 0 decrease wi~h the 
n- • 

increase of -Q. 

Improved Tafel behaviour was observed both for scraped 

electrodes in HCI0 4 , pre-electrolysed at -1:;: 2 mAo cm.-2 , and for 

electropolished electrodea in HCIO 4' pre-electro lysed at 

-2 
-1 - 4 - 6 mAo cm. • as the electrodes aged. but the behaviour 

never was comparable to that of electropolished electrodes in 

properly pre-electro lysed (Le. at low current densities) solutions. 

3. OVershoot hysteresis was universal for electropolished 

-2 
electrodes in HCI04 • pre-electrolysed at -i 'S 2 mAo cm. • but was 

observed less frequently for scraped electrodes under similar 

experimental conditions. Overshoot hysteresis was only rarely seen 

for electropolished electrodes in HCl04 • pre-electrolysed at 

-i - 4 - 6 mAo cm. -2. The extent of overshoot increases with the 

magnitude of the current-step. decreases as -Q increases at constant 

temperature and decreases as the temperature increases at 

approximately the same Q value. For each step-change, the immediate 

potential jump was followed by an exponential change of potential in 

the reverse direction. The computed slopes for plots of -'1 versus l0810t 
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decreased as -Q increased; but increased with the magnitude of the 

final current in the step-change and with an increase in the current 

ratio (between final and initial) at approximately the same Q value. 

for increasing currents only. However, the slope for ~ecrea8ing 

currents in a step-change at constant temperature was, found to be 

independent of Q. For decreasing currents at approxi1ll8.tely the same 

Q. rise of temperature decreased the absolute magnitude of the slope. 
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B. Experimental Method and Results of Adsorption Pseudo-Capacity 

In this section. the experimental techniques and results 

obtained in capacity measurements on lead cathodes in ,aqueous , 
perchloric acids are described. 

Cells, materials. gas purification, methods of preparation of 

solutions and electrodes and other experimental conditions, unless 

stated otherwise. were identical with those described in Section 3A. 

(1) InstrWll!ntation and Procedure 

Since overvoltage and capacity measurements were carried out 

simultaneously. the polarising circuit (Fig. 12) and instruments 

were the same as described in Section 3A (V) in the capacity 

measurements. Capacity measurements were made by observing the 

rapid open-circuit decay on an oscilloscope. a standard technique 

(131). which we have improved (207). The voltage decay and its 

derivative were measured with a microswitch {as described in 

Section 3A (V) using the circuit of Fig. l2*} in combination with 

a differentiating circuit (Fig. 38). The differentiating circuit 

consisted of an operational amplifier (Analog Devices 147A) used 

in a non-inverting circuit to provide both high input impedence 

(1012 Q) and fast response (10 MHz) at the input stage of the 

oscilloscope. To improve the stability of the non-inverting 

amplifier and to eliminate the high frequency noise, a capacity 

of 330 pF. was inserted between the + terminal of the 141A amplifier 

* see p. 133 
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Fig. 38 . DIFFERENTIATING CIRCUIT. 
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and ground. The differentiating unit of the circuit eonsisted of an 

operational amplifier (Analog Devices 147C). having similar 

characteristics to the 147A, but superior in certain respects. 

e.g. input offset voltage of ~ 2 lJV./oC of 147C comp~~ed with 

:t 15 llv./oC of 147A. in an inverting circuit. A known variable 

input capacitor Ci (0.5 - 40 of.) wss in series with an ohmic feed­

back link, Rf (10 k.O. - 3.9 M.n.). which was itself between the 

input and output of the amplifier 147C. A small noise-suppression 

capac::itor Cf (10 pF.) in parallel with the feed-back resistor Rf 

increased the stability of the circuit and the transient response. 

The variable resistors. (0.05 - 12 k.n.) in series with Ci at the 

input stage of 147C was used to isolate the capacity load at high 

frequency and to improve the stability of thl! circuit. 

Th.1! input signal (-n) through the. 147A (output - -n) was fed 

to channel I of a Tektronix IAI dual trace plug-in unit in a 

Tektronix 547 oscilloscope. and its derivativl!. obtained from the 

d1f£l!rentiating unit, of output - RfCi (dn/dt). was fed simultaneously 

to channel 2. Both signals were photographed simultaneously with 

Polaroid Land roll film type 47 in a Tektronix osdlloscope camera C-12. 

Th.e magnitude of CiRf was kept as s1l\8ll as possible to achieve the 

best performance of the differentiator. Th.e accuracy of the method 

* Generally, Ri - I k.n. or 4.9 k.n. (Le. Rf » Ri ) was used to 

minimise the effect of this resistor on the output voltage. 
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vaa: examined by using a variable linear saw-tooth input signal, 

the slope of which could be measured frol'll oscillographic 

photographs, 8S mentioned above. A typical record is shown in 

Fig. 39. The trace inclined to the abSaSS8 ill the saw-tooth , 
signal. whereas the trace parallel to the abscissa i~ its 

differentiated 8ignal. The differential signal was switched in 

during the course of a single saw-tooth transient and the magnitude 

of the differential coefficient 1s proportioned to the height of 

the discontinuity exhibited by the channel 2 trace. Such calibration 

data are shown in Table 19 for a range of voltage sweep rates from 

5.9 x 10-1 to 5.8 x 104 V. sec.-I, From Fig. 39. * -114 v. sec.-1 

frOUl the saw-tooth input voltage sweep rate. while the differential 

curve gives ~ - 117 V. sec. -1, calculated from the height of the 

discontinuity exhibited by the channel 2 trace, Le. 35 mY. and the 

values of Rf • 10 k.n. and Ci • 30 nF. The calculated error was 2.6%. 

It is evident from Table 19 that agreement within 3% was obtained 

between the known voltage sweep rate and the differentiated signal 

for all the sweep rates examined. No systematic error with decreasing 

time ba.e wa. indicated up to the minimum value of 10 ".ec. cm. -1, a. 

shown by the linear relationship Fig. 40. The least squares value of 

the slope of Fig. 40 is 1.000 ± 0.004, the corresponding intercept 

is -0.002 :t 0.011, Le. zero, within experimental error. 

In addition, the differentiator was calibrated by using the 
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Fig. 39. SAW-TOOTH SIGNAL (RISING CURVE. CHANNEL I) AND DIFFERENTI 
SAW-TOOTH SIGNAL (HORIZONTAL CURVE, CHANNEL 2. R f " 10 k.n .• 
Cj = 30 nF.). VOLTAGE ON ORDINATE: CHANNEL 1- IV.cm~, CHANNEL 2-0.02 
TIME BASE ON ABSCISSA: 5 MSEC. eni'" THE BOTTOM AND TOP 
LINES OF THE GRID ARE THE BASE LINES FOR THE SAW- T001 
SIGNAL AND THE DIFFERENTIATED SIGNAL. RESPECTIVELY. 



TABLE 19. C-ALIBRATION DATA FOR THE DIFFF.RP.NTIAL GAJ.VANOST[\TIC t-T.TUOD 

Time basel Saw-tooth signal Differential curve 

msec. cm.-l 

Vert:' cal 
dV / -1 "f /k .n. c/nF. Vertical Output dV / -1 

sens i ti vi ty / - V. sec. sensitivity/ signal/mV. 
dt V. sec. 

V. em.-1 dt 
V. cm.-1 - R C ( dV ) from Rf and 

f i -
dt Ci values 

1 x 103 5.9 x 10-1 3.9 x 103 30 0.02 69 5.9 x 10-1 

1 x 102 5.9 1 x 103 30 0.05 175 5.8 

1 x 101 5.9 x 101 2 x 102 10 0.1 340 5.7 x 101 

1.1 x 102 1 x 10' 30 0.02 35 1.2 x 102 

5.9 x 102 <j x 101 10 0.05 '285 5.7 x 102 

1 x 10-1 5.9 x 103 3 x 101 0.05 180 6 . 0 x 103 

5 x 10-2 1.2 x 104 1 x 101 0.02 ll'1 1.5 x 104 

2 x 10-2 2.9 x 104 1 x 101 0.1 - ... _ 300 - 4 
3.0 x 10 

-2 
5.8 x 104 1 x 101 

4 
1 x 10 0.5 0.05 285 5.7 :It 10 

N 

~ 
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initial slope, (Le. slope at t - 0 after the interruption of the 

polarising current) obtained from the geometrieal differentiation 

of the overvoltage decay curve (channell) and the corresponding 

slope calculated from the output voltage of the diffetentiated 

signal and values of ~ and Ct (channel 2). Le. undel' lresl 

experimental conditions. Such calibration data are shown in Table 20 

for (dn/dt) t-O from 2.5 to 1. 7 x 103 V. sec. -1. both from geometrical 

differentiation of the overvoltage decay curves and its differentiated 

signal. A typical record of overvoltage decay (channell - lower 

curve) and its differentiated signal (channel 2 - upper curve) are 

shown in Fig. 41. From Fig. 41 (dn/dt}t_O - 170 V. sec.-1 from the 

initial slope of the overvoltage decay curve, while the corresponding 

slope from the differential curve gives 175 V. sec. -I, calculated 

from the output voltage - 175 mV. and the values of Rf - 100 k.n. 

and Ci - 10 nF. The calculated error was 2.9%. Although errors of 

10 - 15% could be seen for (dn/dt) t-O < 10 V. sec. -I, the probable 

error was about 5%. The observed error waa never greater than 5% in 

most of our experimental results reported in this Section. Besides 

this, no systematic error in slopes obtained from both methods with 

the time base was indicated up to the minimum value of 100 lIsec. cm.-l 

as shown by the linear relationship in Fig. 42. The least squares 

value of the slope of Fig. 42 18 1.016 t 0.02. Corresponding inter-

cept is 0.045 ± 0.026, i.e. zero, within experimental error. 
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MI.!': 20. rAY.TBRATTON nATA FOR THY. nTFFF:PF.NTtAL GALVANOSTATIC HETlIOD 

ritllf> basel Deeay Curve Differential curve 

-I 
msee. em. 

Vertical 
( dn ) / -1 Rf/k.n. C/nF. Vertical Output (*) / V. 80C.-1 

sensitivity 
dt V. sec. 

sensitivity signal/mV. 
Iv. cm.-1 taO 

IV. em.- l 
- RfC f (~) 

toO 

from geometrical dt t-O from Rf and 
differentiation Ci values 

,0 0.1 2.5 1 x 103 20 0.02 59 3.0 

0.02 3.6 1 x 103 o 01 3.5 

10 0.1 8.2 5 x 102 20 om 100 10 

0.1 3.1 x 101 2 x 102 20 0.05 110 2,8 x 10 1 

0.1 4.1 x 101 1 x 102 20 0.05 85 4.3 x 101 

0.1 5.0 x 101 1 x 102 20 o as 110 5.4 x 10 1 

0.1 6.0 x 101 1 x 102 20 0.05 135 68 x !~ 

0.1 L 7 x 102 1 x 102 10 o 05 1]5 
. , 

1.8 x 10~ 

2.6 x '_02 5 x 10 1 
, 

0.5 0.1 10 0,05 130 2.fi x 10· 

3.~ x 102 5 x 101 160 
, 

O.S 0.1 10 005 3.2 x lO~ 

0.5 0.2 4.3 x 102 5 x 10 1 10 o 05 21') 4 3 x 102 

2 
3 x 10 

, 
3.3 0.05 RIO 8.2 x 102 0.1 0.1 7.9 x 10 

3 
'i x 10 1 1.0 x 103 0.2 0.2 1.1 x 10 0.05 ~05 

N 

1 ... 
1 ,:. .., In} '" w . lf) 1 7 v 1,,3 N 
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Fig. 41. OVERVQLTAGE DECAY SIGNAL (LOWER CURVE, CHANNEL I) AND 

ITS DIFFERENTIATED SIGNAL (UPPER CURVE. CHANNEL 2 ; Rf : 100 k. n., 
Cj::: 10 nF.). VOLTAGE ON ORDINATE: CHANNEL 1- 0.1 V. eml,. CHANNEL 2-

O.05V.cm~. TIME BASE ON ABSCISSA', I MSEC. cm~. BOTTOM AND TOP 

LINES OF THE GRID ARE THE BASE LINES FOR OVERVOLTAGE 
DECAY AND ITS DIFfERENTIATED SIGNAL. RESPECTIVELY. 
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Knowing (~) • C was calculated using the equation 
dt expt. 

toO 

C 
expt.. 

(2.35) 

where -1 is the cathodic current density at the time of current 

interruption, t - 0 (t is the time elapsed after the current 

interruption) • 

AIJ mentioned in Section JA (V). Pb electrodes were cathodised 

galvano6tatically (initially at 30 ~A. to 1 mA.) and the overvoltage 

variation with time was recorded. In experiments considered 

satiafactory. capacity measurements were begun only after observing 

both a linear Tafel line over the range of currents used in the 

capacity measurements and the decrease of overvoltage with the total 

cathodic charge passed. Then, the overvoltage decay and ita 

derivative were measured as described earlier. Also. -n corresponding 

to the cathodic current density. -i at the time of current inter-

ruption, t - 0 was recorded. Thus, the calculated C using 
expt. 

equation (2.35) and the measured (*) and - i correspond to -Tj 

recorded at t - D. Later. the steady- sti'tg current density was 

changed to other values in a step-wise manner. either increasing or 

decreasing. and kept constant at this new current density for a 

pre-determined time (5 - 10 minutes). At the end of the pre-determined 
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date (say 5 - 10 minutes). the open-circuit decays were followed 

at each polarisation current. The overvoltagea at the instant of 

current interruption, at each current, ~ere alao recorded. Thereby, 

I 
we calculated Cexpt • at different -no This sequence qf measurements 

was repeated for 10 to 15 days. 

Some of the capacity values of Ph in 1 M HCI04 at nearly 

constant nand Q for the different time-base settings of the 

oscilloscope are listed in Table 21. Table 21 evidently shows that 

the Cexpt . at constant." and Q are independent of the t.ime-base 

setting of the oscilloscope within the experimental error. 
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I' 
TABLE :'1 . DEPENDENCE OF ELECTROnr CAPAr.ITY (Cexpt.) ON TIH:'-BASE 

SETTING OF THE OSCILl.OSCOPE FOR SOME EXPERIMENTS WITH 

Ph FOILS 

I 
Experi- Total Time base -D/mV C , I Averac:e 
ment cathodic. /msec. em. -1 expt 

C I 
number charge pF. ' ~m. 

-2 expt. 

passed -Q "F. em. -2 

/coulombs 

F9 754 862 16.8 16.6 ± 0.2 

0.5 858 16 7 

0.1 856 16 4 

flO 0.025 20 844 9.3 9.8 ± 0.5 

846 10.3 

846 10.3 

848 '.9 

0.1 847 9.7 

491 981 105 107 ± 3 

0.5 980 106 

0.1 983 no 



!' 
(11) Results of Early Experiments 

(a) Preliminary Experiments 

No satisfactory measurement a were made with Ph jails Fl to 

F6. mentioned in Section 3A (VIa). either because of the use of 

low purity Ph, a leaking cell or troubles with electronic: circuitry. 

A few capacity measurements made with in situ electropolished 

electrodes F7 and F8 are tabulated in Tables 22 and 23. These 

results. obtained with 1 M HelD 4' not pre-elec.trolysed or otherwise 

purified. are atypical because the capacities at low current 

densities < 1.5 mAo em. -2 were very low, in some cases less than 

1 j..IF. em. -2. The capacities at higher current density are quite 

large. ranging up to ca. 100 "F. cm. -2 at 32 mAo cm.-2 

As can be seen in Table 22. 8S -Q increased from 3 to 5 

-2 
coulombs. at current density < 500 lJA. em. • both -n and C 

expt. 

decreased while at higher current density. -n increased and 

Cexpt • remained constant or increased at the highest current 

densities. Further cathodisation at 525 llA. cm. -2 (to -Q - 119 

coulombs) caused no change in C expt. from 2.3 1JF. cm. -2 but -n 

increased further to 1083 mV. (c. f. Table 22). 

Table 23 shows a similar variation of C with current 
expt. 

density for electrode F8. Continued cathodisation at 525 llA. cm. -2. 

increasing -Q from 5 to 64 coulombs led to increases both of -n 
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TABLF 22. ELECTRODE CAPACITY OF AN ELECTRODE F7 IN AQUEOUS PERCHLORIC ACID 

Total Cathodic current density -i/mA. cm. -2 

cathodic 
charge 
passed 0.02 0.065 0.190 0.525 1.50 5.05 12.0 
-QJ 
coulombs 

-nJ Cexpt . -nJ c 
expt. -nJ c expt. -nJ c -nJ c -nJ c expt. -nJ c expt . 

mV. mV. mV. mV. expt. mV. expt. mV. mV. 
J~F. 
em. -2 

J~F~2 
cm. 

J~F~2 
cm. 

I~F~2 
cm. 

I~F~2 
cm. 

I~F~2 
cm. 

J"F~2 
cm. 

619 0.9 765 0.5 890 2.1 1017 2.3 1082 4.4 1139 13.3 1176 24.4 

491 0.6 708 0.7 826 1056 2.2 1116 4.4 1164 14.1 1197 27.6 

23.0 

-nJ c 
mV. 

expt. 

J"F~2 
cm. 

1190 40 

1218 45 

29.5 

-nJ 
mV 

1191 

1211 

c 
expt. 

J~F!2 
cm. 

51.1 

62.8 

N ... 
'" 



TABLE 23. ELECTRODF. CAPACITY OF AN ELECTRODE F8 IN AQUEOUS PFRCHLORIC Ann 

Total Cathodic current density -i/mA. cm.-2 
~:~~;~iC ____________________________________________________________________________________ ___ 
passed 
-QI 
coulombs 

-n/ 
mY. 

606 

0.02 

c 
expt. 

~~~':2 

0.9 

0.065 

-nl c 
mY. expt. 

~~~':2 

685 1.6 

0.190 0.525 

-nl c -nl c 
mY. expt. mY. expt. 

~~~':2 I~F. 
cm -2 

758 4.3 888 3.8 

1.50 5.05 12.5 

-nl c -nl c -nl c 
mY. expt. mY. expt. mY. expt. 

I~F. 
cm. -2 ~~~':2 ~~~':2 

1033 9.3 1124 19.5 1180 38.2 

24.5 

-nl c 
mY. expt. 

~~~':2 

1203 73 

32.0 

-nl 
mY. 

1203 

c 
exp 

I~F. 

99. 

~ 
~ 
o 



and of C , to 1066 mV. and 8.1 lJF. 
expt. 

-2 
em. respectively. 

During further cathodisation up to -Q of 335 coulombs. both -n 

and Cexpt • remained essentially constal\t. 

, 
(b) Experiments with Electropolished Electrodes a~d Solution 

Pre-e!ectro!Ysed at Too High Current Densities j 

Because electrodes FI1 to F14 did not give satisfactory 

overvoltage results, as reported in Section 3A (Vlb), in particular 

that -'1 increased rather than decreased with -Q. few capacity 

measurements were made with them. A systematic study was. 

nevertheless, done for electrode F12 8S indicated in Table 24. 

Cathodisation was continued at 535 )JA. em. -2 but C and -n 

measurements extended from 185 VA. em. -2 to 21 . 5 mAo em.-2 

C increa8ed with -Q at current den8ity < 4.8 mAo em. -2 but 
expt. -2 

decreased at 4.8 mAo cm. and higher current densities, very high 

values (up to 220 l-IF. cm. -2) being observed initially at the highest 

current densities. Evidently, this high value is associated with 

significant concentrations of Ph ++ in the solution and the decrease 

of Cexpt • with the decrease of (Ph ++) during cathodisation. 

Some capacity measurements with electrode R4a, in which 

charcoal-cleaning of solution apparently diminished concentrations 

of Ph ++ arising from the previous high current density pre-

electrolysis, are as follows: C • 12.1 l-IF. COl. -2 at 
expt . 
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TABI,E 24 

Total 
cathodic 
charge 
passed 
-QI 
coulombs 

10 

123 

192 

-"I 
mV 

712 

742 

727 

ELECTRODF CAPArITY OF AN ELECTRODE Fl2 IN AQUF.OUS PERCHLORIC ACID 

Cathodic current density -i/mA. cm.-2 

0.185 0.535 1.45 4.8 12.0 

c -nl c -nl c -nl -nl c 
expt. mV. expt. mV expt. mV. expt. mV. expt. 

I~F. 
em. -2 

I~F. 
cm. -2 

I~F. 
cm. -2 

I~F. 
cm.-2 

I~F. 
cm. -2 

9.5 797 9.7 876 11.9 980 25.6 1040 117 

17.8 819 18.5 892 19.6 1002 26 1078 38.2 

16.6 821 16.4 906 16.8 1011 21.5 1072 28.1 

21.5 

-"I c 
mV. expt. 

I~F. 
cm, -2 

1078 219.3 

1114 52 

1106 35.7 

-

N 
N 
N 
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-n • 848 mV. (and -1 _ 665 llA. em. _2); C - 14 l-IF. em. -2 at 
expt. 

-n • 1022 mV. (and -1 - 7 mAo CIIl. -2); both at -Q - 324 coulombs. 



f' 
(111) Experiments with Electropolished Electrodes and "Properly 

Pre-electrolysed" Solutions 

(8) Results of Capacity Measurements 

Capacity measurements were carried out in eight experiments 

thought satisfactory, six with electropolished rods, in solutions 

cleaned continuously over activated charcoal, and tva with electro-

polished foils without this treatment. In all cases the HCID 4 was 

pre-eleetrolysed at -i ~ 2 mAo em. -2 for 5 to 20 days. Overvoltage 

measurements on these electrodes have been described in Section 3A (VII). 

The most interesting capacity measurements were obtained with 

electrodes FlO, R4a", R4b. RSb, R5c and RSd. These electrodes were 

elec:.tropol1shed and cathodised at a constant current density of from 

500 to 800 lJA. em. -2 in 1 M HelO 4' Lower currents were avoided to over­

come the low current hysteresis described by Ives and Smith (26, 27). 

Electrode FlO differed from the rest as it was electropolished and 

washed in situ in the cell (b), Fig. 11, but the solution was not 

subjected to charcoal-cleaning. The other electrodes were electro-

polished in an external apparatus and transferred to the cell (a), 

Fig. 10, under a rapid stream of hydrogen. 

Electrode capacities, Cexpt .' measured at different current 

densities and after different periods of polarisation in these 

experiments are listed in Tables 25 to 30. The current densities are 
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TABLE 25. 

Total 
cathodic 
charge 
passed 

-Q' 
coulombs 

• -nl 
mV. 

75 641 

173 638 

246 638 

324 627 

471 601 

491 603 

ELECTRODE CAPACITY OF AN ELECTRODE FlO CATHODISED AT -i .. 50S lJA. cm. -2 IN 1 H PERCH1.0RIC ACID 

Cathodic current density -i/mA. cm.-2 

0.019 0.062 0.180 0.505 1.40 4.85 12.0 

c 
expt. -"I C -"I c -"I c -n/ c -"I c -"I c -f'll 

mV. expt. mV. expt. mV. expt. mV. expt. mV expt. mV. expt. mV. 

'"F. ,"F. ,"F. ,"F. ,"F. '"F. '"F. cm. -2 cm.-2 cm.-2 cm.-2 cm.-' cm.-2 cm.- 2 

13.5 708 1.2.6 776 11.4 842 11. 7 89R 12 961 16 1001 23.7 1051 

12.9 705 12.7 774 12.2 834 13.2 906 14.4 968 19.8 1017 32 1052 

14 707 14.5 772 14 Q 836 15.3 906 17 9Bl 26.3 IOU 38.2 1056 

16.8 701 16.6 767 15.5 799 16.4 858 18.7 933 27.5 98R 48.3 1016 

1B.1 664 17.3 721 17.7 776 19 9 835 23.1 911 38 962 59.2 975 

22.5 667 19.2 724 19.7 781 20 845 25.7 916 43·1 -956 70.1 9"8"1; 

22 

C 
expt. 

'"F. 
C'ftI.- 2 

31.6 

39.4 

49.J 

65.1 

8';.8 

106 

N 
N ... 
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TAStE 26. ELP.CTRQOE. CAPACITY OF AN ELECTRODE R4a" CATHODISED 

AT -1 • 655 lJA. em. -2 IN 1 M PERClILORIC ACID 

) -2 Total Cathodic current density ·i/mA, em. 
cathodic 
charge 
passed 0.067 0.210 0.655 2.05 
-QI 
coulombs 

-nl c expt. -nl c -nl c -nl c 
mV. mV. expt. mV. expt. mV. expt. 

I~F . 
em. -2 

I~F. 
cm.-2 

I~F. 
em. -2 

I~F. 
em. -2 

25 879 19.2 908 20.2 958 18.7 1020 18.9 

l05 853 23.2 833 22.1 886 22.1 937 21. 7 

194 707 33.7 758 26.2 805 26.8 852 24.9 

262 704 24.9 754 25.6 805 23.7 853 24 

420 674 21.1 727 21. 7 779 21.6 833 19.6 

495 685 19.8 736 19.5 788 20.4 841 18.9 



TABLE 27 

Total 
cathodic 
charge 
passed 
-QI 
coulombs 

-nl 
mV. 

32 860 

93 850 

194 827 

276 816 

633 806 

727 793 

820 789 

ELECTRODE CAPACITY OF AN ELECTRODE R4b CATHODISED AT -1 - 790 \.lA. em. -2 IN 1 M PE'RCHLORIC ACID 

Cathodic current density -i/mA. cm.-2 

0.083 0.255 0.790 2.45 8.70 

c 
expt. -nl c -nl c -11 c -nl c 

mV. expt. mV. expt. mV. expt. mV. expt. 

I"F. 
cm. -2 

I"F. 
cm. -2 

I"F. 
cm. -2 

I"F. 
em. -2 

I"F. 
em . -2 

21.3 929 18.8 987 19.7 1051 20.8 1120 21.2 

18.8 909 18.5 966 18.8 1031 20.4 1103 21 

18.5 893 18.3 957 19.1 1017 21 1081 25.4 

20.5 883 21.0 941 21.2 1002 22.6 1069 25.9 

23.3 873 23 936 23,5 997 24.7 1065 27.1 

23.3 861 22.9 926 24.3 989 24.7 1056 27 . 5 

23 856 22.7 921 24.3 985 24.6 1053 28 

30.5 

-nl 
mV. expt. 

I"F. 
cm.-2 

1123 31.6 

1117 31.9 

- 1H6. 32 

64.0 

-nl 
mV. 

1151 

1145 

1144 

expt 

I"F. 
cm. -2 

34.8 

35.2 

35.3 

N 
N 
~ 



TABLE 2B. ELECTRODE CAPACITY OF AN ELECTRODE RSh CA"I'HODtSED AT -1 - 650 VA. CIll.-2 IN 1 M 

PERCHLORIC ACID 

Total Cathodic current density -i/mA. cm.-2 
cathodic 
charge 

0.650 1.95 6.90 24.0 49.5 passed 
-QI 
coulombs -nl Cexpt . -nl c -nl c -nl c -nl c 

mV. mV. 
expt. 

mV. 
expt. 

mV. expt. mV. expt. 

I"F. 
Clll. -2 

I"F. 
cm. -2 

I"F. 
cm. -2 ~~~:2 ~~~:2 

145 1044 19.9 1112 21.8 1168 23.3 

260 1028 21.2 1083 22.6 1142 24.7 

325 l015 22.7 1070 23 1128 26.9 

420 1011 24.5 1066 25.4 1126 28.4 

510 1003 26.3 1060 25.7 1120 26.6 

602 991 26.2 1050 27.1 1113 28.1 1185 32.7 1210 - 3}.1 

702 986 27.4 1047 27.5 1110 30.1 1183 33.5 1221 36.2 

765 976 27.4 1038 27.9 1112 30.8 1181 3' 1208 32.5 

838 951 27.8 1014 28.4 1083 30.8 1168 35 1212 36.5 

1118 910 27.7 973 26 1039 29 1129 32.5 1190 35.4 

N 
N ., 
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!' 
TABLE 29. ELECTRODE CAPACITY OF AN EI.ECTRODF R5c CATHODISF.D 

AT -1 • 775 VA. em. -2 IN 1 M PERCHLORIC ACID 

Total Cathodic current density -i/mA. 
12 

cm. ~ 

cathodic 
charge 
passed 0.775 2.40 8.45 ' 
-QI 
coulombs 

-nl c expt. -nl c -nl c 
mV. mV. expt. mV. expt 

I~F. I~F. I~F. 
em. -2 em. -2 cm.-2 

92 1036 20.4 1079 23.7 1140 26.7 

149 959 22.8 1007 26.3 1066 28.1 

254 899 22.8 946 24 998 24.9 

322 892 21.6 937 23.3 988 25.3 
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" TABLE 30. ELECTRODE CAPACITY OF AN ELECTRODE R5d CA'ntoDISED 

AT -1 • 570 ~A. em. -2 TN 1 H PERCHLORIC ACID 

Total Cathodic current density -i/mA 6m. -2 
cathodic 
charge 
passed 0.570 2.85 5.70 
-QI 30.5 

coulombs 
-"I C expt. -"I C -"I 

'"I mV. mV. expt. mV. expt. C 

I"F. I"F. I"F. 
"'V. expt. 

em. -2 em . -2 cm.-2 ~~~':2 

95 976 13.6 1051 14.8 1084 17 .9 1175 23.3 

267 893 12.7 955 14.8 985 1.5.5 1071 23 . 4 



average values, accurate to ± 3%. The following commorrfeatures 

have been observed: 

(i) Cexpt • at constant current density frequently increased with _Q 

in some cases remaining unchanged or decreasing with -~. In such 

eases, 

(ii) Cexpt • invariably increased with -Q when values at constant 

o are compared (see Figs. 43 to 47). 

(Ui) At a given -Q, Cexpt • increased with -i (and with -0) above 

a minimum value which was either the lowest current density of the 

measurements (Tables 28 to 30) or was a current density close to 

0.2 IlIA. cm . - 2 (Tables 25 and 27) . Results reported in Table 26 do 

not conform to this trend. 

It is to be noted that the increase of Cexpt • was generally 

accompanied by a decrease of -n , e.g. in FlO at -i - 22 mAo ClII.. -2, 

C rose from 31.6 to 106 VF. cm.-2 while -0 decreased from 
expt. 

1051 to 980 mV •• during the passage of an additional 415 coulombs 

at 505 VA. em. -2 (Table 25). 

Even in experiment R4a" (Table 26). an increase of capaCity 

occurred at various current densities as -0 decreased. but later 

C decreased also. This change of behaviour after -Q - 194 
expt. 

coulombs coincides with a steep fall of -0 (slope 685 mV. in Fig. 30). 

A similar case is that of electrode RSb (Table 28) for which C 
expt. 
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!' 
decreased slightly every current density beyond -Q - 838 coulombs. 

ntis point also corresponds to a steep slope of 460 mV. in Fig. 3D, 

Le. a steeper fall of -n with l08 10 (-Q). 

In yet another csse. R5c (Table 29). in which C ' 
e~Pt. 

increased at first and then remained the same or decreafled. the 

change of behaviour at ca. 200 coulombs corresponds to two changes 

of slope of -n versus log (-Q). namely from 55 to 278 mV. at 90 

" 
coulombs and back to 85 mV. at 250 coulombs (Fig. 31). 

In R5d (Table ]0) Cexpt • decreased at most current densities, 

hut increased at constant n. as Fig. 47 shows. 

In an early experiment with a rod electrode, R3c quickly 

transferred through the air after electropolishing, and cathodised 

in 0,1 M HCI0 4 first at 385 \.LA. cm.-2 up to -Q" 522 coulombs, then 

at 3.85 mAo cm. -2 up to 2293 coulombs and finally at 385 ).IA. cm.-2 

again (c.L Fig. 29). During this last period, at -Q .. 3000 coulombs, 

some capacities were measured. as follows: 

Cexpt ... 20 lJF. cm.-2 at -n" 500 mV.; Cexpt ... 2llJF. cm.-2 at 

-n .. 566 mV.; C .. 29 lJF. cm. -2 at -n .. 633 mV. and 
expt. 

C .. 34 lJF. cm.-2 at -n .. 716 mV. 
expt. 

One other foil electrode (F9) was used for capacity measure-

ments, but the pre-electrolysis had been conducted at low purity 

lead. The capacities ranged from 6.3 to 11.6 J,JP. cm. -2 at 
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19 ~A. cm.-2 to 19.6 mAo -2 em. • respectively and are of marginal 

interest only. 

(b) Relationships between Capacity. OVervoltage and Total Cathodic 
) , 

Figs. 43 to 47 are plots of the essential featur~9 of 

Tables 25 and 27 to 30, Le. the relationship between Cexpt • and 

n at particular values of Q. Data of Table 26 were not plotted because 

this experiment appears atypical in that the capacity increases were 

larger at low -1 but later on decreased with -Q. 8S mentioned 

earlier. 

In all cases plotted. the capacity increased monotonically 

with -Q. in some cases by large amounts, e.g. in Fig. 43 for FlO 

at -n - 800 mV., Cexpt , increased by 3.3 llF. cm.-2 for -6Q (additional 

cathodic. charge) of 171 coulombs and by a further 7 ).IF. em. -2 for a 

further -6Q of 255 coulombs. III this one case of a foil electrode, 

the capacities at -n > 900 mV. rose to very large values, 

ca. 100 \.IF. c:ta. _2, probably indicative of a pseudo-capacity caused 

by adsorbed hydrogen. In experiment R5b (Fig. 45) with a rod electrode 

Cexpt • at -11 - 1100 mV. increased by 5.5 \.IF. c:m.-2 for the passage of 

an additional 275 coulombs and by a further 4,6 \..IF. cm. -2 for a 

further 418 coulombs. 

From the graphs of Cexpt . versus 11 on a given electrode at 

various times, it was possible to demonstrate that Cexpt • and -Q are 
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related in a similar mSnner to the relationship between -n and 

10g10 (-Q) , namely, that at a given overvoltage, Cexpt • increased 

linearly with log (-Q) with sections of different slopes (bit) 
10 .• 

both at one overvoltage, e.g. bot - 6.3 and 85 llF. C1ll.-: (decade)-l 

for electrode FlO at -n - 920 mV., (Fig. 48) and at different 

overvoltage, e.g. 16.5, 20.6, 40.5 and 85 1JF. cm.-2 (de~ade)-l at 

-n - 700, 800, 860 and 920 mV., respectively, also on FlO (Fig. 48). 

A number of plots of Cexpt • versus 10810 (-Q) at several 

potentials in most cases, are given in Pigs. 48 to 53, with plots 

of parts of the -n versus 10glo (-Q) relations for the same electrode 

for comparison with the former plots. Since capacity measurements 

were normally not begun until it had been established that electrode 

behaviour was satisfactory, i.e. that -n was decreasing with _Q. 

comparison over a wider range of Q is not practicable. The entire 

-n versus 10g10 (-Q) plots are to be found in Figs. 30 and 31. 

Several features must be commented upon: 

(1) The slopes. bit, of Cexpt . versus 10810 (-Q) plots range from 

1. 9 to 85 1JF. cm. -2 per decade of -Q, with negative values 1n one or 

two ins tances. 

(1i) The slopes. bit. are either indistinguishable within experimental 

error as n is changed (Fig. 51), ranging from 11.6 to 13.11JF. c1ll.- 2 

(decade) -1, or there is a trend to higher slopes as -n is increased, 
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e.g. Fig. 48, in which successive b"'s of zero, 1.9. 4.8 and 

6.3 "Y. <m.-2 (do<.do)-l and 16.5, 20.6, 40.5 and 85 "F. <m.-2 

(decade)-l are observed at -fl - 700, 800, 860 and 920 mV •• 

respectively. Fig. 52 illustrates an exce"ption to thiJ, but based , 
on only two points this cannot be taken too seriously ; 

(iii) The sections of linear increase of Cexpt • and of decrease 

of -fl with log (-Q) shOW' a certain parallelism. This can be 
10 

illustrated by dividing the slope, b ' , of the -n versus log (_Q) 
10 

plot by b", as has been done with the data of Table 31. In the last 

column, it may be seen that the ratio of ~ ranges from 1. 9 to 

23 mV. llF.- l cm. 2 , with a concentration around 7.0 mV. llF.-l cm. 2 

(sixteen out of twenty within 7.0 ~ 3.2 mV. llF.-l cm. 2). Of course. 

since b" in general increased with -n, the ratio ~ must be 
b" 

expected to decrease with -n, as is found. Comparison of ~ rati08 

at the same n is not very fruitful because of the general lack of 

reproducibility, already noted in Ives and Smith I s work (26. 27) on 

the overvoltage-charge relationships. 

A perhaps interesting point is that a change of the slope b I 

almost always was accompanied by changes of the slopes b". This is 

evident from Fig. 48 but also from Figs. 51 and 52. This seems to 

establish that. whatever process is causing the Change of -n with 

charging of the electrode, the same process is responsible for the 

change of C expt. This will be discussed later. 



247 

TABLE 31. VARIATION OF ELECTRODE CAPACITY (AT CONSTf , n) WITH OVERVOLTAGE 

(AT CONSTANT i) FOR DIFFERENT Ph ELECTRODES 

Experi- b I _ slope of -11 (at b" - slope of C Ratio of (b'/b") 
ment constant i) (at,tonstant n) expt. 

-1 2 
number log (-Q) versus log (-Q) '/ /mV. uF. em. 

10 10 

Constant -i b'/mV. Constant b"/ . 
!\lA. em.-2 -n/mV. UF. em.- 2 

flO 505 38 800 1.9 20 

860 4.8 7.9 

920 6.3 6.0 

157 700 16.5 9.5 

800 20.6 7.6 

860 40.5 3.9 

920 85 1.9 

R4a" 655 62 850 6.6 9.4 

R4b 790 43 850 4.2 10.2 

950 5.6 7.7 

1050 7.7 5.6 

RSb 650 89 1040 11.6 7.7 

1100 12 7.4 

1160 13.1 6.8 
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TABLE 31. (Continued) 

Experi- b' ... slope of -r,(at ~~t = c:~~~:n~f Tl~expl!. Ratio of (b'/b") 
ment constant i) 

\.IF. -lcm. 2 
number log (-Q) versus log (-Q) jm.V. 

10 10 

Constant -i b l /mV. Constant b"l 
-2 

IVA. em. -2 -n/mV. VF. em. 

RSe 775 278 1000 37 7.5 

1100 28 9.9 

85 1000 4.2 20.2 

1100 20 4.3 

R5d 570 170 1000 7.4 23 

1100 18 9.4 



In some instances, in Figs. 49 and 51, if b' increased to a 

very high value (685 and 460 mV. in these two cases) a decrease in 

Cexpt • (negative bit) was observed. in co~~rast to the usual increase. 

I 
This may be due to cathodic disintegration resulting Ip. high 

concentrations of Pb++ and a fall of C 
expt. 

Since it is apparent that both nand C are functions of 
expt. 

Q they must be functionally related to each other . The observed 

decrease of -n at constant i is equivalent to an increase of 108 10 (-1) 

at constant n as loglO(-Q) increases. Plots of Cexpt, versus 10&10{-I), 

both at the same n value. should therefore be linear. By calculating 

with the aid of the Tafel equation. 

-n - a - b log (-1) 

" 
(1.2) 

the value of log (-1) at the overvoltage at which C was measured, 
1Q expt . 

such plots were made for several different experiments. These sets of 

plots. each at a common value of n are shown in Figs. 54, 55 and 56. 

It should be stressed that the plots are of the co-variation of Cexpt • 

and of -n with -Q. 

The coincidence of the straight line relationships, at the same 

value of n but in different experiments, is moderately good. 

The most extreme difference is found in Fig. 54 in the case of 

electrode FlO, a foil electrode, the capacity of which increased more 

rapidly than did lO~lO (-i) as -Q increased, compared with rod electrodes 
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r 
R4a" and R4b. The best agreement is perhaps that of R4b, RSb and 

R5c illustrated in Fig. 55. The significance of these results will 

form a major topic of the Discussion chapter to follow. 

There is a suggestion that Tafel slopes decrease ~s C 
expt. 

increases and vice versa. This is illustrated in Table ~t for one 

particular electrode, where Cexpt • first increased with -Q and then 

dec reased. Other examples of this type of behaviour were found but 

it is rather a tentative relationship. 

In one experiment. R5b. the Tafel slope decreased from 120 to 

108 mV. as Cexpt • and -Q increased, but later increased to 120 mV. 

where it remained, while C continued to increase with -Q. 
expt. 

Hence, these quantities. band C • are not directly linked. 
expt. 

(c) Calculations of Hydrogen Coverage 

The increase in C with -Q is attributed to growth of an 
expt . 

adsorption pseudo-capacity component, Cps' arising from a growing 

surface coverage. SH' of the electrode. It was assumed that the 

early C values at all nls could be considered essentially as 
expt. 

double-layer capacities (Cps - 0). This is consistent with the 

variation of double-layer capacity with potential at an initial 

SH :::: O. By observing the increase of Cexpt • at a given potential. 

from an initial low value of -Q to the value at various higher 

values of -Q (increase of cathodic charge -~Q) and deducting the 
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TA!1LE 32. DEI'FNDfNCE OF ELECTRODE CAPACITY AT CONST/INT 

-n (- 850 mV.) ON TAFEL SLOPE AT VARIOUS -Q 

VALUES FOR AN ElECTRODF. R4a" POL.\ltISrD AT 

CONSTANT -1 (_ 655 ).lA. em. -2) 

Total cathodic Cexpt '"r. em. 
-, 

b/rrV. 
charge pnss(>d 
-QI coulombs at -n - 850 mY. 

25 19.1 127 

105 23.2 107 

194 24.9 94 

262 24 98 

420 18 108 

495 18.9 1.06 
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former Cexpt • from the latter. the pseudo-capacities, Cps' have been 

estimated. This is based on the assumption that Cps - 0 initially, 

i.e. before the electrode has been "char&~d" by the passage of -Q 
/ 

coulombs. 

Cps has been estimated in this way as a function bf overvoltage 

at high values of -Q (towards the end of capacity measurements in a 

given experiment) and the results presented in Tables 33 to 36. These 

results have been used to estimate hydrogen coverages, or rather, the 

increase in hydrogen coverage. fleR• from the lowest value of -n at 

which measurements were made. An intermediate step is the calculation 

of the charge equivalent to the adsorbed hydrogen, or rather, its 

increase, 6QH' relative to the value of qH at the lowest -n of the 

measurements. The equations defining l!.qH and 66H are: 

6q - - rn C dn 
H (-n) p8 

min. 

(3.1) 

6 N-n 
6e - f de - - f C dn 

H ellin • nF (-n)min.Ps 

(3.2) 

{see equation (2.43) in Section 28 (IV)} where N is Avogadro's number, 

n is the number of adsorption sites em. -2, F is the Faraday, and 
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TABLE 33. VARIATION OF HYDR0GEN COVERAGE WITH OVERVOLTAr.r. FOP. AN 

EUcrRODE FlO IN 1 H HCIO 4 AFTEJ? THE PASSAGE OF ADDITIONAL 

CATHODIC CHARGE -6Q • 416 COUI,OMBS (AT A CAT'IODIC CURRENT 

DENSITY 505 ~A. em. -2). TOTAL CATHODIC CUAriC,r. 

-Q • 491 COULOMBS 

-rdmV. Cp./~F • 
-2 

l!.qI/lJCoulombs 
2 

em. 68H x 10 

603 8.3 

667 6.3 0.47 0.4 

724 7.7 0.87 0.7 

781 8.3 1.32 1.0 

845 14.2 2.04 1.6 

916 30 1 3.62 2 8 

956 53.7 5 29 4.1 

980 87 6.98 5.3 
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TABLE 34. VARIATION OF HYDROGEN COVERAGE WITH OVERVOLTAGE FOR AN 

El,ECTRODE R4b IN 1 H HCID 4 AITER THE PASSAGE OF ADDITIONAL 

CATHODIC CHARGE -6.Q - 727 COULO~S (AT A CATH9DIC CURRENT 

DENSITY 790 ~A. cm. -2). TOTAL CATHODIC CHARGE~ 

-Q • 820 COULOMBS 

-n/mV. Cps ,"F. cm. -2 l!.qH/llcQulombs MH x 102 

789 

856 3.9 0.23 0.2 

921 5.7 0.54 0.4 

985 5.3 0,90 0.7 

1053 7.6 1.34 1.0 

1116 10.2 1.90 1.5 

1144 12.8 2.22 1.7 
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TABLE 35. VARIATION OF HYDROGEN COVERAGE WITH OVERVOLTAGE FOR AN 

ELECTRODE R5h IN 1 M HelD 4 AFl'ER THE PASSAGE OF ADDITIONAL 

CATHODIC CHARGE -lIQ - 693 COULOMBS (AT A CATHODIC CURRENT 

DENSITY 650 ~A. em, -2). TOTAL CATHODIC CHARGE 

-Q - 838 COULOMBS 

-n/mV. CpsIVF. em. 
-2 

lIQH/lJcoulombs MH x 102 

951 10.2 

1014 9.2 0.61 0.5 

1083 9.8 1.27 1.0 

1168 11. 7 2.18 1.7 

1212 11.5 2.7 2.1 
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TABLE 36. VARIATION OF HYDROGEN COVERAGE WITH OVERVOLTAGE FOR AN 

ELECTRODE R5d IN 1 M aCID 4 AFTER THE PASSAGE OF ADDITIONAL 

CATHODIC CHARGE -6Q • 172 COULOMBS (AT A CAT~ODIC CURRENT 

DENSITY 570 llA. em. -2). TOTAL CATHODIC CHARGt 

-Q • 267 COULOMBS 

-n/mV. 

893 1.6 

9SS 2.7 0.13 0.1 

98S 2.S 0.21 0.2 

1073 6.3 0.6 O.S 
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t' 
k' - ~ - 1.31 x 10-4 coulombs em. -2, on the assumption of a (lOO) 

N 

face-centred-cubic plane* of lead. with one H atom per Pb atom. 

Hydrogen coverages up to 5% are indi~ated by these, calculations . , 
This coverage is calculated for a 0.25 I11III. thick Ph foil (flO, Table 33) 

at -n of 980 mV. after cathodic charging with 491 coulombs. Problems 

arise in this calculation and in others because C increased at all 
expt . 

overvoltages. suggesting that a pseudo-capacity arises, after 

s ufficiently long cathodic treatment. at all values of -11 examined. 

Because measurements were not extended to such low overvoltages. 

in the case of the other electrodes (results of Tables 34 to 36), the 

calculations of eR (or. strictly 6.0H) are not comparable with those of 

FlO. the integration being over a narrower range of n in the case of 

the lead rods. 11te maximum value of 60S" on a lead rod was found to be 

about 2%. Although this estimate may be low. because of the smaller 

range of n. it is entirely probable that this is a reasonable estimate 

* Although polycrystalline Pb samples were used. for the calculation 

the (100) plane was selected for simplicity. Calculated values of k' 

for (100). (110) and (111) lead planes are 1. 31 x 10-4 • 9.25 x 10-5 

and 1.51 x 10-4 coulombs em. -2. respectively. Using the cross 

sectional area of the lead atom. a value k' - 1.66 x 10-4 coulombs cm.-2 

results. Pearson' 8 (208) values of Pb-Ph interatomic distance of 

3 . 50031 and i.c.c. lattice constant of 4.9502 1 were used in these 

calculations 
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t' 
1n view of the much lower Cps values at different potentials on the 

lead rods relative to those of the lead foil (compare results of 

Tables 34 to 36 with those of Table 33). 



(IV) Summarising Remarks on Capacity Measurements 

1. Capacities measured on lead rods and foils under satisfactory 

experimental conditions were initially consistent with expectations 
I 

for double-layer capacities a l one. After long periods at: cathodisation, . 
capacities increased at most overvoltages studied, the I1jlcrease in 

capacity being parallel with the decrease of overvoltage, Le. both 

changed proportionally with 10&10 (-Q). These capadties have been 

analysed 1n tenns of an increasing pseudo-capacity component caused 

by an increasing coverage of the electrode with adsorbed hydrogen. 

Coverages have been computed tentatively on such a basis and range 

up to 2% for lead rods and up to 5% for a lead foil. 

2. The parallel variation of Cexpt. and n with 10g10 (-Q) has been 

tested by comparing the slopes, b " and b ' , of the two plots. These 

show strikingly that when b I is large so is btl and when b I changes 

value so does b " . 

3. Plots of C and of log (-i). computed for a single value 
expt. 10 

of n, each point being for a particular value of Q. are rectilinear 

and in some cases parallel and nearly coincident for different 

electrodes. 

4. Decrease in Tafel slope and increase in C (at constant n) 
expt. 

as -Q increased was observed in all cases . however. increase in Tafel 

slope and decrease in C was observed only in a few cases. 
expt. 
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5. In HCI04 not subjected to pre-electrolysis, Cexpt • was low at 

low -I, probably because the presence of impurities, but at current 

density > 5 mAo em. -2 quite large capac.i.~ies have been observed. 
/ 

6. In HCI04 • pre-electro lysed at too high a curren; density, so 

that Pb++ ions were introduced into the solution, capacities were 

initially large. especially at current density ~ 5 mAo em. -2. 

However. in the course of cathodisation the capacities fell to more 

nearly normal (values correspond to the initial measurements in 

satisfactory experiments) values at high current density and rose 

to normal values at low current density. 
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C. Electrolytic Hydrogen and Tritium Radiotracer Permeation Rates 

and Isotope Separation Factors on Cathode and Diffusion Sides 

of Lead Membrane 

In this section, the experimental techniques and, results obtained 

in electrolytic hydrogen and tritium radio tracer permeation rates and 

isotope separation factor measurements on the cathode and diffusion 

sides of Ph membranes cathodised in aqueous HCI04 containing tritiU1ll 

are discussed. 

This work vas car ried out: 

(i) To check on Muju and Smith I s result (55) that the over-all 

separation factor (cathodic discharge. diffusion through lead membrane 

and anodisation on the opposite face) S(H.T)DA is less than unity, 

i. e. very small in comparison with the SR, T ~ 7 (cathodic gas 

evolution) of other workers (25. 56). 

(11) To extend the observations to lower current densities if possible . 

(1) Materials 

Only nmterials which are not mentioned in Section 3A (1) will 

be given below. 

Tritium! Tritiated water from Tracerlab. and lCN Chemical and 

Radioisotope Division (100 mC!. ml. -1 to 1 Ci. ml. -1) * were diluted 

* The curie (Ci) is a unit of radioactivity (210) defined as the quantity 

of any radioactive nuclide in which the number of disintegrations 

per second is 3.7 x 1010 • The millicurie (mCi) and the microcurie (llCi) 

are practical units in common use. 
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by volume with 1 M HCI0 4 to about 2 mCL ml. -1. A tritium standard 

of 1.89 x 106 n.p.M, ml.-1 (disintegrations per minute per ml.) 

from Tracerlab (counted on 20th December ~?66) was used as a 

reference standard to determine the efficiency of the cpcktail 

(the composition of this cocktail will be mentioned later on). 

Potassium hydroxide: BDH reagent grade {maximum impurities -

insoluble matter 0.01%; C03 • 1%; Cl-. 0.002%; N03 -. 0.001%; 

P04 ,0.0005%; silicate, 0.005%; S04 • 0.003%; AI, 0.002%; 

NH4+, 0.0005%; As, 0.0001%; Ca, 0.0025%; Fe, 0.0005%; Pb, 0.0005%; 

Ni. 0.001%; Zn, O.0015%;)was used without purification. 

Naphthalene: Scintillation grade (Packard Instrument Co. Ltd) 

naphthalene was used. 

2,5 - Diphenyloxazole: Scintillation grade (Packard Instrument 

Co . Ltd) Z,5 - diphenyloxazole was used. 

1,4-Bis-{Z-(5-Phenyloxazolyl) }benzene: Scintillation grade 

(Packard Instrument Co. Ltd) 1,4-bis-{Z-(5-Phenyloxazolyl) }benzene 

was used. 

1.4-Dioxane: A.C.S . grade 1,4-dioxane (carbonyl compounds, 0.04%; 

heavy metals {Pb}, 0.000019%; Fe, 0.000013%; peroxide {as HZOZ}. 0.003%; 

water, 0.01%) from Fisher Scientific Co. was used without purification. 

Xylene: A.C.S. grade xylene (water, O.OZ%; sulphur compounds, 

0.003%) from Fisher Scientific Co. was used without purification. 
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Ethanol: 94% by volume ethanol (remainder distilled water, 

non-volatile matter, 0.0025%; benzene, 0.0007%) from Consolidated 

Alcohols Ltd was used without purification. 

Polyethylene vials: Polyethylene vials (Packard ~tnstrument 

Co. Ltd) were used as containers for the scintil1atiool cocktail 

in tritium analysis. 

Gases: Gases were purified as mentioned in Section 3A (1) 

except that the B.T,S. catalyst was maintained at 140°C in an 

electric furnace instead of in vapours of boiling n-amyl alcohol. 
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(ll) Solution and Electrode Preparation 

Purification of solutions and electrode cleaning were somewhat 

restricted during these experiments. aa mentioned belo~. unlike in 

the overvoltage and capacity measurements {Section 3A (11) and 3A (111)} 
, 

due to the precautions which must be taken into aCcoWlt ,in handling 

tritium. However. the experimental conditions were relatively superior 

to the earlier work of Muju and Smith (55). 

Tritium of higher activity (loa mel. ml. -1 to 1 CL ml. -1) 

diluted to 1.3 to 2.6 mel. m!. -1 by volume with pre-electrolysed 

(at -1 " 2mA. em. -2 for 15 to 20 days) 1 M HCI0 4 was used as 

solution on the cathodic side. Reagent grade 0.2 H KOH, initially 

free of tritium, was used without further purification as solution 

on the diffusion side. Both solutions 'Were thoroughly deoxygenated 

by bubbling purified N2 prior to the experiment. 

Chemically polished Goodfellow Pb foils {Section 3A (1ll)} 'Were 

washed with 3 x distilled 'Water and electrochemically polished in 50% 

HCI04 at 500 mAo for 5 minutes in a 500 ml. beaker. The electrochem­

ically polished foil was washed with 3 x distilled water and mounted 

in the cell (Fig. 57) as quickly a8 possible. "nlen, the foil was kept 

under a nitrogen atmosphere before the introduction of the solutions 

into the respective compartments. 
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I' 
(111) C.ll 

The Pyrex cell used in the present work is shown diagrammatically 

in Fig. 57. It consisted of tva units terminating in fl,t flanges • . 
Each flange carried a Parafilm gasket (1 to 2 thin laye'I's) on the side , 
facing the lead foil. Parafilm gaskets with aluminium clamps secured 

produced seals which could hold 10-5 torr. after heating with hot air 

(172). The unit on the left hand side (cathodic side) of the lead 

foil consisted of two compartments (cathode and anode) each fitted 

with presaturators and all glass-supply lines {Section 3A (1) and 

JC (I)}. A large lightly platinised (204) Pt (100 em. 2) counter 

electrode was supplied with H2 from an Elhygen generator via the 

purification train of Pig. 5b in Section 3A (1). The Pb foil, supplied 

with pre-purified N2 via the purification train of Fig. 5b in 

Section JA (I) but with an ethanol-C02 trap, was separated by a 

frit from the counter electrode. Thus. the flow of hydrogen from the 

anode compartment to the cathode compartment was restricted. The 

hydrogen and tritium (H 2 , HT and T2) liberated at the cathodic surface 

of the Pb foil was swept by the purified N2 into the oxidation train 

(which will be explained shortly) as shown in Fig. 57. The unit on the 

right hand aide (diffusion aide) of the Ph foil consisted of a 

similar counter electrode and an nIB pd-H reference hydrogen electrode 

(3 mm. diameter x 4 cm. long) fitted with a pre saturator and N2 supply 

line {Section 3A (I) and 3C (I)}. A solution-wetted outflow microtap 
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(Springhams. 1 mm. bore) was used to permit the solution from the 

diffusion side to be run out at the end of each experiment for 

tritium analysis. Leakage-in of air through the tap was retarded 

by maintaining a positive pressure of N2 in the cell, ~s far as 

possible. 

The oxidation train and the collection system for the 

cathodically liberated hydrogen and tritium mixture are represented 

diagrammatically in Fig. 58, It consisted of the following in 

series: a concentrated sulphuric acid trap. a solid carbon dioxide 

and ethanol trap. a quartz glass tube containing CuD, enclosed in 

an electric furnace and maintained at 700 - BOODe, and then finally 

the tritiated water collection system. The vial collecting the 

condensed tritiated water was placed within two Pyrex glass tubes, 

the outermost tube being immersed in liquid nitrogen. The central 

tube, on the cap of the collection system, ended about half cm. 

above the bottom of the co11ecting vial. A11 joints in the oxidation 

train were greased (Apiezon T-high temperature grease to ensure a 

vacuum-tight seal). The oxidation train was attached to the cell by 

means of flexible glass spiral (not shown in Figs. 57 and 58) and a 

Quickfit cup-cone and socket joint only when the cathodica11y 

generated hydrogen and tritium mixture was ready for collection. 
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(IV) Instrumentation and Procedure 

The instrumentation and procedure other than those mentioned 

in Section 3A (V) and 3B (1) are describea below. 

A block diagram of the experimental setup is shoj.m in Fig. 59. 

The cathodic side of the Ph foil was polarised galvanostatically 

with a Heath EUW 15 Power Supply used at 300 V •• a Simpson ammeter 

and make-before-break switchable resistors (enabling cathodic 

currents of 30 lolA. to 55 mA.). The diffusion side of the foil was 

potentiostated at +140 mV. versus a./a Pd-H reference electrode with 

a Memorial University of Newfoundland (M.U.N.)-built circuit of 

Fig. 60. The electronic potentiostat was built using Analog Devices 

operational amplifiers 183K(A) and 146K(B). These amplifiers were 

powered from a ± 15 V. power supply (Analog Devices Model 904). 

Features are high common mode rejection ratio. low drift and noise, 

and a 10 mAo output capability at ± 10 V. The operational amplifier 

B operates as a high impedance (lOll n.) in the feedback circuit 

from the reference electrode (R) to control the operational 

amplifier A. The potentiostat consisted of a set potential 

(adjustable from 0 to 1 V. with a linear 10- turn potentiometer 

and 2.7 V. from two mercury batteries in series) which can be applied 

to the working electrode (W) through an operational amplifier A. 

Whenever the difference between the set potential and the potential 
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difference R-W (Eref • in Fig. 60) differs from zero •• the output 

is applied to the counter electrode (C). causing a change in current 

flow between C and W. This changes the working electrode potential 

back to the set potential, thus maintaining the potential of W 

constant (Le . at a set value). Floating measurements/0f the current 

flow between Wand C were made by measuring the potential drop 

across a Fairchild standard resistor (1 n., 10 n. or 100 n.) on a 

Keithley 155 Null detector Microvoltmeter. the output of which was 

attenuated and recorded by a Heath EUW 20A Servo Recorder. which was 

isolated from the ammeter by a Fluke AS8 amplifier. 

The Pd rod (3 1IU1l. diameter x 4 em. long) was anodised in 

concentrated Hel at 4.0 V. for two minutes, washed with concentrated 

RN0 3 , followed with 3 x distilled water and finally steamed in steam 

from 3 x distilled water. It was then palladised (211) in 2% aqueous 

PdC1 2 in 1 M He1 at 4.0 V. for 5 minutes. The palladised electrode 

was washed with 3 x distilled water, steamed in steam from 3 x dis-

tilled water and potentiostatically hydrogen-charged during 16 to 20 

hours at +50 mV. versus hydrogen reference, both in hydrogen-

saturated 0.2 M KOH. Charging with H2 was carried out in the 

experimental cell (Fig . 57) in the absence of the Pb foil. Later, 

* Facilities are available to measure Eref . (within ~ 0.7 mV.). 
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the electrode was stored under a nitrogen atmosphere (Le. during 

the electrode assembly). prior to the experiment. 'nae observed 

steady-state plateau potential was +50 tC1~+60 mV. versus a 
I 

reference hydrogen electrode in the same solution. 'The '; stability 

of the reference alB Pd-H electrode potential was established 

experimentally to be ± 1 mV. over a period of 40 to 50 hours 

with continuous N2 stirring. 

To prevent unwanted anodic processes (such 8S anodic 

dissolution or passivation of Ph) without affecting the hydrogen 

oxidation on the diffusion side of the Pd foil, it was attempted 

unsuccessfully to deposit a thin coating of Ph on this surface. 

Plating was carried out in a 15 ml. bath (212) consisting of 

diammino-dinitro-paUadium (8 g. lit e r-I), aUllllOnium nitrate 

(100 g. liter-I). sodium nitrite (10 g. liter-l) and ammonia 

(to maintain pH • 9) at 50 to 800 IlA. em. -2 for about 3 hours. 

A clean Pd rod was used as an anode. The solution was stirred 

with purified nitrogen while plating, High currents gave an even 

and smooth (in appearance) coating. Upon applying a positive 

potential (say +140 mV. versus ala Pd-H reference). however. the 

Pd-coated surface was found to have cracked. Rapid oxidation of 

H atoms co-deposited during plating might have cracked the Pd-

coated surface. Therefore. it was decided not to plate a thin 

layer of Pd on the diffusion side of the foil. 
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The stock solution (about 2 met. m1. -1 in 1 M HCIO 4) used in 

-1 
the cathodisation side were prepared by diluting 100 mel. ml. 

I Ci. m1. -1 with 1 M HCI0 4 as mentioned earlier {Section 3C (I)}. 

These diluted stock solutions were analysed for triti~m activity , 
and listed in Table 37. Since these solutions have a relatively 

high T activity for analytical purposes. three 100 111. aliquots 

of this solution were further diluted to 100 m1. in three 100 m1. 

standard (A grade) flasks. 15 to 20 samples of 10 1J1. each from 

the three flasks were pipet ted out into a polyethylene vial 

containing 15 m1. scintillation cocktail at -1SoC. The scintillation 

cocktail was composed of (213) naphthalene (80 g. liter-I). 

2,5-diphenyloxazole (5 g. liter-l ). and 1.4-bis-{2-(5-Phenyloxazolyl)} 

benzene (50 mg. liter- I) in Xylene (38.5%), 1,4- dioxane (38.5%) and 

ethanol (23.1%). The tritium activity of these samples were counted 

in Nuclear Chicago Model 6860 Mark I liquid scintillation computer 

on channel A, refrigerated to -1 to laC. Channel A of the instrument 

was set to record for a maximum of 40 minutes or 400 k. counts, 

respectively, by personnel of the School of Medicine, M.ll.N., for 

T analysis. Countings were repeated 3 to 4 times until the last 

two countings were almost identical. Five blanks containing 15 ml. 

of scintillation cocktail and 10 111. of 0.0001 M HCI04 were also 

counted. The observed backgrounds of 4 to 5 counts per minute (C.P.M,) 

were negligibly small but were subtracted from the observed activity 

of T (C.P.H. ) in the samples for analysis. 'The efficiencies of 
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TABLE 37. ANALYSIS OF TRITIUM-CONTAINING 1 M HCl04 USED ON TUE CATHODIC SIDE (ORIGINAL SOLUTION 

BEFORE DILtITlON FOR ANALYSIS) 

Experiment Tritium activity Efficiency of Tritium activity Concentration of tritium 
number* in original cocktail in % in original in original solution 

solution solution 1 ImCL ml. -
IC.P.M. ml.-l /n.p . M. ml.-

T2.T4 1.29 x 109 22.3 5.77 x 109 2.60 

T3.T5.T6,T7 8.16 x 108 22.5 3.63 x 109 1.64 

Tl.T8,T9 6.28 x 108 21.3 2.96 x 109 1.33 

* Electrodes are identified by T and by numerals (indicating the experiments carried out with fresh 
solutions and new electrodes). 

-...;: 

N 

'" 



cocktails were calculated by simultaneously counting five 10 lll. 

tritiated water standards of known activity (1.89 x 106 D. P.M. m1. -1) 

in 15 m1. of cocktail (the background co~t rate being deducted) 

and using the equation 

Efficiency _ C.P.M. 
D.P,M, 

(3 . 3) 

The efficiencies. (20 . 9 ro 22.8%) are expressed in %. 'nlen. knowing 

the efficiency and C.P . M., T activity in n.p,H. for 1 m1. of stock 

solution used in the cathodisation aide was calculated using 

equation (3.3). Using 1 mei - 2.22 x 109 D.P.M., the concentration 

of T per m1. of stock solution in the cathodisation side was 

calculated . Hean C.P.M.'s were used throughout the calculation. 

About 4 hours before assembling the electrode in the cell, all 

joints in the oxidation train only (Fig. 58) were greased. Then, 

oxygen gas was passed into the tube containing Cu enclosed in the 

electric furnace and maintained at 700 to 800°C until all the Cu 

was converted into CuO. The oxidation train was flushed with nitrogen 

for an hour to re1'llOve all residual oxygen as well as other gases • 

• A few standard samples , e . g . 10 JJI. of tritium standard 

(1.89 x 106 D.P.M. mI.-I), were analysed with an equal volume 

(10 JJI. in this case) of I M HCl0 4 or 0.2 M KOH or 3 x distilled water 

present in addition to the standard in 15 ml. of cocktail. The difference 

in cocktail efficiency with or without acid. alkali or water was 

negligible, I.e . about 0 . 1%. 
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After assembling the electropoUshed Pb foil in the cell 

(Fig. 57) as mentioned before, the diffusion side was filled with 

nitrogen- saturated 0.2 M KOH. Then the n/S' Pd-H referenfe and Pt 
, 

counter electrodes were introduced into their respective positions. , 
The diffusion side of the Pb foil was potentiostated. in.itially at 

o V. versus a/S Pd-H reference and then slowly changed to +140 mV." 

The corresponding currents between the working Ph and counter 

electrodes were recorded. 

After a constant background current was established in the 

potentiostatic circuit on the diffusion side, a counter anode was 

placed in the cathodisation side of the cell. Then, 1M HCI04 with 

-1 
a T concentration of about 2 mel. mi. was introduced and the 

cathodic side of the Pb foil became galvanostatically polarised at 

-i ~ 30 lJA. cm. -2 as soon as the solution contacted the electrode. 

If the recorded current between working Pb and counter electrodes 

on the diffusion side of the circuit remained the same or became 

steady, the oxidation train which vas previously assembled and set 

ready for tritiated water collection 'Was connected to the cell 

(Fig. 57). The temperature of the furnace containing CuD 'Was checked 

* Preliminary 'Work by Cadersky et a1. (214) established that H atom 

oxidation occurs on lead 'With high efficiency at potentials ~ 190 mV. 

versus a hydrogen reference in 0.2 M KOH. 
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and maintained constant at 700 to BOOoe . The vial collecting the 

tritiated vater was placed in the collection system, the system 

then being ready to collect the gas phase H2 ,m and T2 generated 

on the cathodic surface of the Pb foil. Immediately &fter this, , 
the current on the cathodisation side was increased ~o the 

desired value (-1 - 1 to 46 trIA. em. -2) and electrolysis was 

continued at this constant current for another 9 to 24 hours. The 

permeation current (1.e. oxidation current in excess of the 

background current) of Hand T 'Was recorded as usual. 

At the end of the desired period, a 30 llA. em. -2 cathodic 

protection current was switched in on the cathodiaation side. The 

diffusion side electrolyte was withdrawn via the 1 mm. bore outflow 

micro tap into a 25 ml. measuring cylinder. The interior of the 

diffusion side cell was washed with 1 to 2 ml. of 0.2 M KOH and 

washings were also collected in the same measuring cylinder and 

its total volume was measured.* However, the passage of nitrogen 

was continued for another 30 minutes to flush all cathodically 

generated H2 , HT and T2 on the cathodhation side of the Pb foil 

* In experiments T2 and T4, the diffusion side sample was withdrawn 

(after 12 hours of cathodisation) while cathodisation continued 

further at the s.me value instead of at -i • 30 UA. em. -2 (see Table 38). 
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into the oxidation train and finally into the collection 

system. * The collection system was then disconnected from the 

oxidation tratn. The tritiated water collected in the vial was 

transferred into a standard flask (A grade, 100 or 2St'J ml. , 
depending on T activity). The vial inner and outer palts of the 

central tube of the cap were washed with 3 x distilled ' water 

several times. All washings were transferred into the flask and 

solution was made up to the mark . Meantime, the solution in the 

cathodisation side was withdrawn while the Pb was still cathodic 

(-1 =:: 30 llA. cm. - 2 ) . Finally, Pb fo11 was removed from the cell. 

washed thoroughly with 3 x distilled water, dried and its 

thickness was determined with a micrometer. The collected diffusion 

side sample and gas phase tritiated water obtained from the cathodic-

ally generated "Z,HT and TZ were analysed as explained earlier. 

About 15 to ZO samples each of the tritiated water from the diffusion 

side and gas phase, of volumes varying from 10 1-11. to 250 1-11. 

(depending on T activity) were used for analysis in 15 ml. of 

scintillation cocktail. Then. 5 samples of the standard. of volumes 

* In experiment T7 •• fter 9 hours of e.thodis.tion at 23.5 mAo em.-2 

the oxidation train was disconnected from the cell and the oxidation 

train ~ was flushed with purified nitrogen for another 30 minutes. 
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varying from 10 lJl. to 250 lJl. in 15 ml. of scintillation cocktail 

were analysed to estimate the efficiency of the cocktail (fresh 

cocktail was prepared for each experiment) using equation (3.3) 

) 
and hence enabling calculation of the T activity in Q.P.M. 

Correspondingly, 5 blanks (0.2 M KOH in the case of diffusion side 

samples or 3 x distilled water in the case of gas phase samples), 

of volume from 10 lJl. to 250 \.11. in 15 1'111. scintillation cocktail 

were analysed to correct for the background counts. 

Knowledge of the d@cay constant). • 1. 79 x 10-9 sec. -1 for 

T (215) enabled ealculation of the T concentration in the 

cathodisation side solution, diffusion side solution and in the 

cathodically generated gas phase tritiated water from respective 

measured D.P.M. 'a using the relation 

c • -dCr/dt 
T 1. 79 x 10-9 

(3.4) 

where CT • nUblher of T atoms and dCT!dt is the rate of disintegrations 

per second (D.P.S.). The total numbers of H (including T) atoms 

cathodically generated in the gas phase and of H (including T) atoms 

ionised at the diffusion side were calculated using respective 

cathodisation currents and permeation currents (ignoring the 

difference between the steady-state and transient values) 

Current in A. x time of electrolysis in sec. x 6.023 x 1023 

96500 

(3.5) 
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Finally. the total number of H atoms - 6.35 x 1022 atoms ml.-1 

present in the cathodisation solution was calculated for 1M aqueous 

HCI0 4 (diluted from 11 H HCI04 • density .- 1.67 g. ml.-l ). Then, 
I 

SH,T and SCH,T)DA were calculated using equations (2 .1.65) and (2.69) ,* 

respectively. 

Consideration of errors is appropriate at this point. The 

electrochemical permeation rates were the measured currents to 

overall microvoltmeter/recorder system accuracy being about ± 2%, 

while the measured currents were about'!" 3% accurate. The foil 

thicknesses were precise to ± 5% or better. Since the analysis 

was carried out using A grade burettes (for measuring 15 ttl!. of 

cocktail), A grade standard flasks, Eppendorf microliter pipettes 

with disposable polyethylene plas tic tips (for pipetting small 

volumes' 250 ~l.. standard deviation < 0.6%). the estimated error 

was probably < 1%. From the number of sample counts and background cou-

nt. , assWling a Poisson distribution, the relative standard 

• But Jco and (Jco)T in equation (2.69) were e xpressed instead in terms of 

the total numbers of " and T atoms, respectively. And it is assumed that 

cathodisation currents and permeation currents are mainly contributed by 

the "30+ discharge on the cathodic side and by the H ionisation on the 

diffusion side because of the low ! ratio in the cathodic solution. 
H 

Also the[ t.&J
q 

ratio in equations (2.65) and (2 . 69) was assumed to remain 

constant throughout an experiment . 
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deviation calculated was in no case greater than 1.5%. Relative 

standard deviations of the sampling ( 15 to 20 samples) were 

< 4%. 

, 
Experiments were conducted in a fumehood in a t?ermostated 

room at 26 ! 3oe. 'The cell and other electrodes (used for previous 

experiments or found contaminated with T) were leached several 

times with plenty of water and the last washings were tested for 

T. ~ after positive evidence was obtained for the absence of 

traces of T. was the final cleaning procedure and electrode 

preparation carried out. Thorough cleaning was essential for the 

success of this work. 



(V) Results of Experiments with Electropolished Foils 

The results obtained with nine electrochemically polished 

{Section 3C (ll)} Ph foils (thickness varying from 0,011 to 0.017 em.), , 
cathodically polarised at different current densities (-1 ranging 

1 to 46 mAo em. -2) at one side of the foil in tritia~ed 1 M HCI04 

(concentration of T varying 1.33 to 2.6 mCL 11\1.-1 ) and held 

anodically at +140 mV. in 0 . 2 M KOH versus a/8 Prl-II reference 

electrode on the other side of the foil are listed in Table 38 . 

In most of the experiments. the cathodic electrolysis was carried 

out for 12 hours. In Tl and T9, the cathodisation was extended to 

24 hours and gas phase collection of cathodically generated "2,HT 

and TZ was omitted. On the other hand, in T2, T4 and T7, the 

cathodic electrolysis for the gas phase collection of "2,HT and T2 

were 15.17, 55 and 9 hours, respectively, while diffusion side 

samples were withdrawn after 12 hours of cathodisation. 

Anodic background currents of +140 mV . versus alB Pd-H 

reference on the diffusion side were often high (tens of VA.). 

Moreover, shifting of total anodic currents (by say 10 VA.) and 

fluctuation of the total anodic currents <:t 3 VA. or more) were 

observed. Fig. 61 illustrates one such example in experiment T9. 

In T8 no H permeation and in T6 no T permeation (Table 38) were 

observed. These failures are thought to arise from the experimental 
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rABLE 38. MEASUREMENTS ON CATHODISATION A."ID DIFFUSION SIDES OF ',EAD MFMBRANE AFTER CAnIODIC ELFCTROLYSIS FOR THE 

DESIRED PERIODS AT DIFFERENT CURRENT DENSITIES 
Experi- Area Thick- Effic- Cathodic Cathodisation side Diffusion side measurements 
ment of Pb ness of iency current measurements 
number elec- Pb foil of density~ Time of Total T Total T Time of Total Permea- Total T Total T 

trade fcm. cock- mA.Cte.- cathod- activity activity cathod- volume tion activity activity 
Icm. 2 tail ic ele<'- of tri- of tri- tc E'lec- of current IC.P.M. ID.P.H. 

in % trolysis tiated Hated trolysis diffu- density x 10-5 x 10-5 
Ihours water water Ihour' sion I"A. 

from gas from gas side cm. -2 
phase phase solu-

~Ci~':~' In.p.M. tion 
x 10-7 /m1. 

n ' 1.13 0.012 22.8 1.00 24 14.3 

r2 0.85 0.0165 22.1 5.85 15.17 5.40 2.45 12 15 

r3 0.85 0.0115 21.7 5.90 12 2.98 1.38 12 14.6 

r4 0.85 0.015 22.3 11.3 55 36.4 16.3 12 15 0.394 1.77 

T5"'''' 0.85 0.0115 21.9 11.8 11 5.22 2.38 

r6 1.13 0.016 21.8 11.8 12 5.67 2.60 12 14.1 1.8 

I7"' ** 1.13 0.0155 21.8 23,S 8.21 3.78 12 14 2.8 1.86 • ..Jl.57 

12 5.6 12 14.~ 
- .... 0-· 2.84 13.6 r8 1.13 0.011 20.9 30.5 11.7 

r9 ' 1.13 0.017 20.9 46 24 11.2 11 14.5 69.6 

* Gas phase collection of cathodically generated H2 , HT and T2 omitted. 

"'* Diffusion side experitllf"nt omitted. 

"'* Efficiency of the cocktail used in diffusion side T analysis was 21. 7%. 
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difficulties associated with the bare metal surface or the complete 

elimination of oxygen from the system. These reasons may well 

explain the complete failure of a few atller experimen1s which are 

not mentioned here. 

It is apparent from Table 38 that permeation current increased 

from 1 to 11 llA. em. -2 as -1 increased, but £!!..!I. at -1 >.: 11.3 mAo em.-2 

The activities of T, both in the gas-phase-collected tritiated water 

on the cathodisation side and in the solution in the diffusion side 

in C.P.H. and D.P.M •• respectively, are listed in Table 38. 

The calculated SH,T and S(H.T)DA at different -1 values are 

shown in Table 39. The average value of SH. T - 7.2 ! 0.7. independent 

of cathodic current densities*. are close to the value of Bockris and 

Srinivasan (25), i.e. SH . T - 6.7 ± 0.7 at -i - 10 mAo cm.-2 • While, 

S < ], as observed by Muju and Smith (55). but found to 
(H,Tl DA 

decrease with -i. S decreased from 0.14 to 0.04 as -i increased 
(H,Tl¥A 

from 11. 3 to 46 mAo cm. - • The presence of an oxide film on the 

diffusion side might explain the observed low S(H,T)DA values. The 

decrease of S with -i likely resulted from either the increase 
(H,Tl DA 

in solubilities of Hand T atoms with - i or the low observed H atom 

* However. if we look only at experiments T4, T7 and Ta (Table 39). 

there is a sign of SH. T decreasing with -i. 
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~ABLE 39. SEPARATION FACTORS ON THE CATHODIC SURFACE. SH,T' AND ON THE DIFFUSION SIDE, S(H,T)DA' AT DIFFERENT 

CATHODIC CURRENT DENSITIES 

Exper- Cathodic Cathodic side GAS phas<_' 11 and T on the S Ionised 11 and T on the 
S(H,T)nA iment current solution ('!'lthodisation Ride H,T diffusion sid(' 

number denSitY~ Total Total htio Total Total Ratio Total Total Ratio 
lIlA. em. - number number of number number of numher number of 

of II of T (It) of H of T (H) of H of T (H) 
atoms atoms Tf) atoms atoms Tf) atom!'; atom':; ;T~0_4 ml.-1 m1. -1 x 10-6 x 10-21 x 10-14 x 10-6 x 10-17 x 10-12 
x 10-22 x 10-16 

T2 5 B5 6.35 5 . 37 LIB 2.0 2.28 8 76 7.4 

T3 590 6.35 1.39 1.87 1.59 1 2B 12 4 6.6 

T4 11 3 6.35 5.37 LIB 14.0 15.2 9.29 7.9 2.70 1.65 16.4 o 14 

T5** 11.8 6.35 3.39 1.87 291 2.22 13.1 7.0 

T6 11.8 6.35 3.39 1.87 3.17 2.42 131 7.0 

T7 23.5 6.35 3 , 39 1.87 4.76 3,52 US 7 . " 7.55 7. 98 9 ,47 0 ,05 

T8 '30.5 6.35 2.75 2.31 8.2 522 15.7 6.A 

T9' 46 6.35 2.75 2.31 5<').3 64.A 0.15 0.04 

* roas phase colleetion of cathodically genernted liZ' H! :md T2 omitted. 

** Diffusion side experiment w~s onltted. 

N 
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permeation currents because H atoms might be used up for the 

reduction of the oxide film present on the diffusion side. Even 

large anodic currents might thicken th~ oxide film already 
) 

present on the diffusion side and hence decrease the.tsCH,T)DA' 

Table 40 and Figs. 62 and 63 show the steady-sdte H 

permeation currents (UA. em. -2) and mean T atom permeation rate 

(number of T atoms em. -2 sec. -1) computed. for a chosen thickness 

(0.015 em. ) of foil at different -1 values. No H or T permeation 

was observed below -1 _ 11.3 mAo em. -2 during a period of 12 to 

24 hours of cathodic electrolysis. At -1 ~ 11.3 mAo em. -2. both 

Hand T permeation rates increase linearly at low values. but 

later at a greater rate with -1. 11th clearly indicates the 

cathodic permeation effects, Le. increase of the H concentration 

just beneath the cathode surface as -i increases. 

* Using equation (2.49) and assuming J oo inversely proportional 

to the thickness of the Pb foil. 
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TABU: 40. EFFECT OF CATHODIC CURRENT DE~SITY ON HYDROGEN \'''iD TRITI1P.1 PElU-P.ATION RATE ON 

TIlE DIFFllSION SIDE 

Experiment Thickness Cathodic current Computed values for a 0.015 em. thick foil 
number of Pb foil density/mAo cm.-2 _ _________________ _ 

/cm. 
Hydrogen permeation Number of tritium atoms 
current/UA. cm. -2 /em. -2 sec.-l 

Tl 0.012 1.0 

T2 0.0165 5.85 

T3 0.0115 5.9 

T4 0.015 11.3 1.0 4.49 x 107 

T6 0.016 11 .8 1.9 

T7 0.0155 23.5 2.9 1.69 x 108 

T8 0.011 30.5 1.90 x. 108 

T9 0.017 46 12.5 7.51 .. x lO~. 
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(Vl) Summarising Remarks on Separation Factor Measurements 

1. The electrolytic. H-T separation faetor has been measured 

simultaneously on the cathodic side and the diffuSlq~ side of 

electropolished Ph foils in HCI04 as a function of oa,thodlC 

current density. 

SH,T - 7.2 :t 0.7 for "2' HT and TZ atoms generated 

cathodically on the cathodisation side and has little or no 

dependence on -1 from 5.85 to 30.5 mAo em. -2. but is close to the 

value of Boc:kris and Srinivasan (25), of SH,T· 6.7 ± 0.7 at 

-1 - 10 mA o cm. -2 , S(H,T)DA < 1 for Hand T originating in 

the catholyte. entering the metal membrane, diffUSing through the 

membrane and being ionised into the diffusion side electrolyte, 

as previously observed by Muju and Smith (55). but appears to 

decrease with -1. 

2. Cathodic permeation effects have been observed at 

-i ~ 11.3 mAo cm. -2, i.e. both Hand T atoms have been found to 

pass through a lead foil of 0.011 to 0.017 cm. thickness under 

the present experimental conditions. The permeation rate of each 

increases as -i increases. 
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4. DISCUSSION 

This discussion is concerned primarily with thJse results 

of satisfactory experiments (electropolished lead elehrodes in 

properly pre-electrolysed solutions) described in Sect;ons 3A (VU) 

and 38 (111). Studies of hydrogen overvoltage and adsorption 

pseudo-capacity confirmed that hydrogen adsorption by lead 

cathodes is measureable. This is the first report of measurements 

of this sort on a weakly adsorbing metal. 

A. General 

Much early work on hydrogen overvoltage must be regarded 

with suspicion because no great precautions were taken in 

electrode preparation, solution purification or gas purification. 

All these factors reflected on the poor results obtained also in 

the preliminary experiments of this work {Sections 3A (Vla) and 

38 (Ua) l. 

Kabanov et a1. (6) introduced a large volume of 02 into 

the system during an h.e.r. study and corrected the H30+ 

discharge rate (by subtracting oxygen reduction current from the 

measured current). Moreover, Hickling and Salt (14), Bockris and 

Azzam (15. 16, 17) claimed that no stringent deoxygenation was 

necessary at -i > 1 mAo em. -2. These arguments contradict some 
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well known facts. It is well known that chemisorption of 02 by 

most metals is extremely rapid and in many cases irreversible. 

Thus. despite very favourable chemisorption equilibrfJa for , 
hydrogen on metals such as W. pre-adsorption of 02 i~hibits the chemi-

sorption of "2 (216, 217). Perhaps, it may be equally I true in the 

case of Pb because of the rapid interaction of Pb and °2 , 

observed by Hackerman and Lee (218) and Nesmeyanov et .1. (219). 

Hackerman and Lee (218) failed to measure the work function of 

clean Ph using evaporated films in a vacuum. of 10-6 torr., but 

obtained a higher value corresponding to an 0Z-covered surface. 

Also, Neameyanov et a1. (219) were unable to measure the vapour 

pressure of pure solid Pb. which was greater than extrapolation 

from liquid Pb suggested because of the presence of a thin 

oxide film. 

Nevertheless. Pb and H20 interact slovly in the absence 

of °2 • while the initial tarnish film soon reaches a limiting 

thickness in dry °2 , This suggests that hydrogen overvoltage 

studies on smooth Pb will be very sensitive to traces of 02 in 

the system. Considering only the work of Bockrls and Srinivasan 

(25). this was obviously affected by the presence of 02 in the 

gas stream. because it was necessary to make measurements .!!!. the 

~ ~!!!.. passing through !!!.!. ~ compartment. These 

workers ad.itted that they sometimes obtained Tafel slopes 

> 4.6RT/F. which they excluded from further consideration. 
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The hydrogen overvoltage aeasurementB on lead of Plantelli, 

Bicel!! et 81. (20 to 24) and the capacity measurements of Hampson 

et a1. (220, 221) in solutions eontainj..ng Pb++ ions resemble the 
) 

results obtained in this work for eleetropol1shed Ph in solution 

pre-electro lysed at too ~ ~ densities. StrtfPlng analysis, 

as detailed in Section 3A (lIe). confirmed the presence of Pb ++ ions 

{ (Ph*) = 10-6 M} in acid solutions under such conditions. Low 

overvoltages (Table 5). multilinear Tafel lines with large amounts of 

hysteresis (Fig. 17) and large capacities, especially at current 

density ~ 5 mAo cm.-2 (Table 24) were observed. Evidently, this kind 

of behaviour is associated with a significant concentration of Pb++ 

in solution. Moreover. in the course of cathodisation , -n increased 

continuously I while the capacities fell to more normal values at high 

298 

current density and rose to normal values at low current density. Gradual 

decrease of the Pb ++ ion concentration during cathodisation explains 

the increase in -n and decrease in Cexpt • during cathodisation. 

Nevertheless, the failure to observe overshoot hysteresis indicates 

the unsatisfactory state of the system. 

Many early Russian workers (5, 6 , 7, 31) studied scraped 

electrodes in acid solution. The main difference between the present 

work and that of the Russians is their failure to observe any time 

dependence of -n. at least under their experimental conditions. 

As shown in Fig. 19, disregarding the deviations at low -Q, most of 

the scraped electrodes used in the present work showed a slow initial 



t' 
decrease and then a more rapid decrease of -n at higher -Q values. 

A rapid decrease of overvoltage was generally observed with electro-

polished electrodes in this work and in Ives and Smith's work (26, 27). 

OVervoltages were initially (Table 6) 8i~:ilar to those '!of Russian work , 
(5, 6, 7, 31) in acid solution, but decreased with tilllif to values of 

the order of 100 mY. or more less negative. Scraped lead electrodes 

also followed a linear -n versus 108 10 (-Q) relationship. However, the 

scraped electrodes behaved similarly to polished ones only after the 

passage of sufficient cathodic charge (:::. 70 coulombs). A charge of 

this magnitude may be required to reduce an oxide film* initially 

present on the Pb surface. Oxides of metals, such as Pb, are said to 

be reduced by atomic hydrogen (222), so that cathodisation might be 

expected to reduce the oxide film present on the metal surface. This 

reduction process appears to proceed slowly under electrolysis 

conditions. 

As cathodisation of scraped electrodes proceeded their Tafel 

behaviour improved, the plots becoming linear over a wider current 

range. High Tafel slopes of about 180 mY. were still found, however, 

which may be explained (4) as being due to the presence of oxide film 

on the metal. 

* The metal, with its film (perhaps consolidated by other impurities), 

then shows high overvoltage behaviour. 
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Moreover, overshoot hysteresis was less frequently observed 

on scraped electrodes. This indicates that the scraped Ph surface 

is not very clean, perhaps being covered .with an oxide film for 
I 

reasons mentioned above. 

Thus, the above evidence indicates that the pr6~ert1e8 of the 

lead + hydrogen + hydronima ion system are not well suited to 

critical examination of the h.e. r. unless a high degree of purity 

and deoxygenation is maintained. Such conditions were approached in 

our satisfactory experiments, which involved electropolished Pb in 

HCI04 • pre-electro lysed at current densities lower than 2 mAo clI.-2 

In these satisfactory expert.ents the initial overvoltages (Tables 9 

to 11) were close to or slightly higher than those of Ives and Smith 

(26, 27). These values are lower by one or 1IOre hundred .V. than most 

of the earlier workers (7, 11, 12, 25, 31, 34 and 35). Moreover, 

overvoltages fell by 150 to 300 IIlV. at the end of long periods of 

cathodisation (Figs. 29 to 31). Initial capacities (Tables 25 to 30) 

were close to or a little higher than literature values (12, 29, 30, 

31, 34, 35, 38, 39a, 39b) but they have been found to increase with 

-Q when values at constant n were compared (see Pigs. 43 to 47). 

In satisfactory experiments with electropol1ahed lead electrodes, 

three features previously observed by Ives and S.ith (26, 27) have been 

confirmed: 

(1) The existence of overshoot hysteresis when changing the current 

density to larger or smaller values . 
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(ii) The linear fall of overvoltage with 10810 (-Q) I and 

(iii) a simultaneous decrease of Tafel slope 8S the overvoltage 

decreased. , 
New features have been observed. These are: 

(1) The increase in electrode capacity over a wld~ range of 

constant n values as -Q increased. 

(11) The parallel growth of Cexpt • and of 10810 (-1) at constant 

n. both linearly with 10810 (-Q). 

(iii) Parallel variation of the slope. b". of the Cexpt • 

l08u (-Q) plot with the slope, b', of the -n versus 10810 (-Q) plot. 

There is also the suggestion that the Tafel slope changes with 

the electrode condition. decreasing as the electrode capacity increases 

at constant n. Finally I the limited evidence that there is Buggests 

that the enthalpy of activatioD. l!.Ut • decreases as electrolysis 
n-O 

proceeds (-Q increases). 

rves and Smith (26. 27) concluded from their results that the 

hydrogen surface coverage of a lead electrode might increase in the 

course of cathodisation as a result of hydrogen continuously entering 

the metal during this process. They presented no evidence to confirm 

this hypothesis. but Cadersky, Muju and Smith (55. 147) later showed 

that at01llic hydrogen can dissolve in metallic lead when this species 

is generated by electrolysis. The growth of hydrogen coverage 

(see Tables 33 to 36). which appears to us to be the only reasonable 
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explanation of the capacity data obtained in the present work, 

provides additional evidence favourable to tves and Smith I s hypothesis 

(26, 27). The beat evidence comes fro" the parallel behaviour of the 
I 

capacity and overvoltage {or 108u (-1)}, both changing linearly with 

l0810 (-Q). Much of the discussion will be concerned ~lth possible 

alternative explanations and with accounting for the capacity and 

overvoltage behaviour on the basis of the electronic band structure 

of lead. 

Before considering these matters further I it is necessary to 

consider the topics of atomic hydrogen and lead and the permeation 

of hydrogen and tritium atoms through lead membranes. 
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B. Interaction of Atomic Hydrogen with Lead 

The general behaviour of hydrogen atoms on the surface and in 

the interior of metals has already been~ described in 1 Sections le and D 
, 

and 2B, C and D. with particular reference to lead. Although many 

different techniques could be applied to study the interaction of 

H atoms with Pb I the techniques used in this laboratory are mainly 

overvoltage t capacity and electrolytic permeation measurements t 

Information obtainable frOID these types of measurements are H coverage, 

H solubility in the metal and parameters relating to H diffusion 

through the bulk. metal, and cathodic disintegration of Pb; these topics 

will be discussed in this section in conjunction with data available 

from. other sources. 

Although the thermally unstable gaseous PbH4 is known, higher 

plumbanes are unk.nown. Since gaseous PbH4 is not stable at room 

temperature, there is no agreeaent as to whether it has been synthesised 

or not. The careful investigations by Paneth et 81. (54) in 1920 first 

indicated the existence of the volatile hydride PbH4 • Mass-spectromet­

rically detectable amounts of PbH4 have been found in the decomposition of 

Kg-Ph aUoys in acid (223). Thus, the existence of volatile PbH4 has been 

dellOnstrated only in respect of trace amounts. Atomic hydrogen removes a 

lead mirror prepared by the pyrolysis of (CH3 ) 4Pb. The gas so formed 

redeposits a lead mirror on heating: another indication of the 

existence of a gaseous lead hydride (224). During reduction of alkali-metal 

plumbates, MPb(OH)3" with aluain1..llD foil in aqueous solution a grey 
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solid of composition Pb2HZ' which decomposes into Pb and H2 is 

said to be formed (225). Moreover. Roberts and Eachus recently detected 

PbH* species (226) during their ele~tron paramagnetic resonance 

/ 
study with X-irradiated Pb(C2HJ0 2) 2,3HZO single c1Q"8tals and powders 

at 77° K. 

There is indirect evidence for the formation of lead hydride 

of formula PbHZ' Salzberg et 81. (41, 42) reported that lead electrodes 

disintegrate into colloidal lead (identified by X-rays) at high 

current densities in acid and alkaline solution of varying pH and salt 

concentrations. According to them, cathodic disintegration of lead. 

was due to the formation of PbHZ and its subsequent decomposition. 

Pourbaix et a1. (40) have obtained evidence supporting the "hydride" 

theory of cathodic disintegration of Salzberg et a!. In contrast 

the Russian (43, 44) and Polish (45) Schools argued that cathodic 

disintegration of lead is caused solely by alkali metal penetration 

into the cathode and subsequent decomposition of the alkali alloy. 

We must emphasize, however, that we do not accept the views 

of the Russian and Polish Schools. Experiments of Salzberg et a1. 

(41, 42) have provided clear evidence that alkali metal ions are not 

essential to such a disintegration process. 

* A brief account of cathodic disintegration has heen given in 

Section Ie. 
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The evidence 1s: 

(1) cathodic disintegration occurs in acid solutions at high enough 

current densities (-1 > 100 mAo em. -2) in the absence of alkali 

metal cations. 

(11) At a CODstant current density and constant ionic strength, the 

+ ' 
disintegration rate decreased with increase in "30 ion concentration 

in the pH range 4.0 to 1.3, presumably because of a strongly 

inhibitive action of hydroniua ions. The disintegration rate also 

decreased with increase of 08- ion concentration (0.04 to 4 N NaDH) 

and with the increase of salt concentration (0.1 to 4 }of KCl or 

0.1 to 1.4 M Na2S04). A linear relationship was found between the 

disintegration rate (weight 1088 of lead sec. -1 A.-I) and the 

water activity. 

(111) The observed threshold current density (current density for the 

connencement of weight loss - measureable disintegration) has little 

or no dependence on the nature of alkali metal cation, i.e. the 

threshold current densities for K+ to Cs + are about the same but Li+ 

showed a lower threshold current density relative to K+ to Cs +. 

Both in tves and Smith's (26. 27) work and in the present study 

evidence has been obtained for cathodic disintegration in HC104 at current 

densities ~ 10 mAo cm. -2 after 'charging' the electrode sufficiently over 

a long period of cathodisation. tves and Smith (26, 27) in one instance 

observed a rise of constant current density from 8 mAo em. -2 to 
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10 mAo cm. -2 (despite the stabilising resistors) with a 

simultaneous fall of overvoltage from 990 to 870 mV. This event 

led to a drastic alteration in the sta"te of the sysfem; the over­

voltage at 100 llA. cm. -2 was only 260 mV. (within ,; few mV. of the 
, 

previous open-circuit potential which was -210 mV.> 0 ' corresponding 

with about a IOO-fold increase in Pb ++ activity (provided that such 

calculation is significant). Over a range of current densities, 

overvoltages were greatly depressed and Tafel slopes much increased. 

Several days of cathodisation at 100 - 400 ).IA. em. -2 led to 

increased overvoltages. linear Tafel slopes and more negative open-

circuit potentials. presumably because of the slow decrease of 

Pb ++ concentration. 

In the present work, some of the features observed which 

support the hydride mechanism of cathodic disintegration are: 

(1) A significant concentration of Pb* ions of about 10-6 M 

was detected in HCI04 , after pre-electrolysis at -i - 4 to 

6 mAo Cll. -2 for 6 to 30 days {Section 3A (llc)}. Electrodes 

studied in solutions Itpurified" in this manner showed low -I) and 

high Cexpt • which reached normal values only upon continued 

cathodisation at 535 to 665 lJA. ClD. -2 for several days {Sections 

3A (Vlb) and 38 (Ub)}. It is argued that Pb++ ions were 

introduced into the acid solution as a result of the cathodic 

disintegration occurring at the relatively high current density 

in pre-electrolysis. 
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(ii) In one experiment (Ve), increasing the cathodic current 

density to 3.85 mAo C1Il. -2 and maintaining it at this value for 

50 hours (-Q increasing froll 520 to 2290 coulombs) .}.ed to , 
increasu in the Tafel slope from ca. 110 mV. to > 300 raV. at 

intermediate currents (ea . 30 )lA.). an increase in the -n versus 

10810 (-Q) slope from 66 to 580 IIV. (see Fig . 29). ResWlption of 

cathodlsation at 385 lJA. em. -2 caused -n to increase and the 

Tafel plots again became linear {see Section lA (Vlla) and Fig. 24}. 

Again, it is argued that cathodisation at the current density of 

ca. 4 1IlA. em. -2 led to cathodic disintegration. 

(Ui) In some instances (see Figa. 49 and 51), after an electrode 

had been charged to a sufficient extent, the slope b l , of -n versus 

log (-Q) plots increased to a very high value (62 to 685 mV. in 

" 
experiment R4a" at -Q. 194 coulombs, and 89 to 460 mV. in 

experiment RSb at -Q • 838 coulombs, both electrodes being 

cathodised at 650 lJA. ca. -2) accompanied by a simultaneous decrease 

in Cexpt • {negative bU. slope of Cexpt • versus logu(-Q) plot} in 

contrast to the usual increase. 

The evidence of (i) and (11) and possibly also of (Ui) 

indicstes that Pb ++ ions, formed during cathodic disintegration were 

introduced into the solutions. After cathodiaation at lower current 

density, progressive removal of Pb++ ions led to better behaviour by 

such electrodes. However. no hydride of composition PbH2 as suggested 
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by Salzberg et a1. (41, 42) has been identified. More work is 

needed to clarify this situation. 

The dissociative chemisorption (j'f molecular hydrogen by , 
sp metals like Pb is not normally observed. Dissociative . 
adsorption is only possiblJ" for metals with E(H-H) ~ 51 k. cal. mole-I, 

as mentioned in Section 2B (1). 11lerefore, for sp metals direct atomic 

adsorption is necessary to investigate hydrogen adsorption at these 

.. tala. The direct interaction of atomic hydrogen with evaporated 

lead films was studied by Wells, Roberts and Young (51, 118). 

Roberts and Young (118) suggest that the hydrogen surface coverage, 

eu' at _195°C is close to unity and much greater than at oae, 80 that 

As stated earlier. Ives and Smith's proposal (26. 27), that the 

linear decreases of overvoltage with 10g1 0 (-Q), observed by them and 

in the present investigation, were eaused by a continuous increase in 

the adsorbed hydrogen coverage of the lead cathode during electrolysis. 

receives support frOl'l the present observations of electrode capacities 

increasing with the period of cathodisation. The fact that both Cexpt • 

and n increase linearly with 10g10 (-Q) points to a connection between 

the underlying processes. This will be dealt with in Section D of this 

chapter. For the present, discussion will be confined to eonsideration 

of the significance of the capacities quoted in Table 33 for a foil 

electrode and in Tables 34 to 36 for rod electrodes. Other workers 

have failed to observe a hydrogen pseudocapacity at Pb. Hg or any 

• The entropy of dissociative adsorption (6S) of H2 from gas phase or 

solution will probably be negative. 
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other high overvoltage. i .e.. 8p metal. We also failed to observe 

a pseudocapacity attributable to hydrogen in the early stages of 

our experiments. However, the measured ' capacities irrcreased with , 
time of cathodisation by quite 1 arge amounts and it I is difficult 

to conceive of any other expian.ation consistent with 'all of the 

facts than that of a growing hydrogen adsorption pseudocapacity. 

Alternative possibilities ¥ill be considered early in Section D 

of this chapter. 

The hydrogen surface coverages deduced range up to about 

5% of a monolayer, i.e. eB ~ 0. 0 5, for a 0.25 mID. thick foil, 

produced by an additional 416 cc-ulombs (Table 33). The coverage 

was smaller, eH ~ 0.02, iu the c:.ase of 2 to 3 mDt. diameter rods, 

charged with ca. 800 coulOibs. rhere are two possible reasons 

for the difference in beha.iour _ either the smaller range of 

current density in the catbodis-.tion of rods or the different 

volumes of the electrodes, the z::'"ods having a larger volume/surface 

area ratio. It is also poslible that differences in the apparatus 

design had some influence on th~ behaviour. 

Although much of the earlL er (46) and recent (47, 48) work 

indicated a negligible soltlbilit::y for hydrogen in lead, and 

consequently no infortllatio; conc.:;erning the diffusion of hydrogen 

in the metal at room tempetature ~ , the early experiments of Deming 

and Hendricks (227) that IOlecul.._ ar hydrogen permeated through Ph 

at a rate I llg. cm.. -2 hour·l at 265! ISoC, is reaarkable for the 
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fact that no attention was paid to surface preparation. However, 

the solubility of H in molten lead has been reported by Opie and 

Grant (228) t their values (solubilities in atomic "fUoa) ranging 

from H/Pb • 0.18 x 10-4 at soooe to H/Pb • 2.3 x 10"-4 at 900De. 

Evidence that lead dissolves hydrogen has also come from 

the gas phase studies with H atollS of Wells, Roberts and Young 

(51, 118). They had shown that pure coatings of lead evaporated on 

glu8 at about 10-7 torr. (up to 80 mg •• surface area:: 200 CII. -2) 

absorb large amounts of atomic hydrogen at room temperature. 

Slailar behaviour was observed at other temperatures, but the uptake 

was faster the higher the temperature. Moreover, the amount of H 

absorbed was a function of the weight of the lead, but EE! 2!. ~ 

~.!!!!.. The linear relationship between hydrogen uptake and 

the weight of lead phase (up to 30 mg.) observed by Roberts and 

Young (118) suggested a definite stoichiometric ratio between lead 

and hydrogen. From the slope, they derived a formula PbHO•2 at OOC 

(PbHO• 22 at _780 e) for the composition of the hydride. which appeare 

to be remarkably stable either in a hydrogen atmosphere or in vacuo. 

The hydride only very slowly absorbs atomic: hydrogen pasaed over it. 

Slow desorption of a small fraction (8%) of the hydrogen as 

molecules occurred at oOe and a greater fraction (25%) at 1400e. 

and so on; which indicates either discrete absorption centres of 

different energies or possibly rate-limiting diffusion or 

recombination of H at01l8. They concluded from their data that the 
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activation energy of desorption (16 - 20 k. cal. mo1e-1 ) 

corresponds with that for H atom mobility and also suggested 

that at low hydrogen concentrations (PbH<O.l) this ,tght approach 

the Pb-H bond energy (less than 52 k. cal. mole- l ). ,At low 

temperatures (-195°C). Le. at higher surface coverages, the 

surface H atoms were removed by the combination of Hand H atoms 
ads. 

from gas phase. However, at temperatures ~ OOc. i.e. at lower surface 

coverage. the recombination of H atoms within the lattice leading to 

molecular desorption via the solid may become significant when the 

probability of an H atom finding a stable lattice site is comparable 

to the probability of recombination within the lattice. This occurs 

when one H atom is present per five lead lattice atoms, Le. when 

lead hydride has a composition PbH 
0.2 

Another interesting observation of Roberts and Young (118) 

is that the reversible adsorption of molecular hydrogen occurs on 

the hydride surface in the temperature range -19Soe to -78°e. 

contrasting with the absence of any molecular interaction with a 

clean lead surface. It is likely to arise from the polarisation 

of the HZ molecule by the lead hydride, which will have some ionic 

character and its extent is that expected of a process confined to 

the surface. The elements of Fourth Group IVA (e, Si, Ge, Sn, Pb) 

all form covalent hydrides MR4 • But. lead hydrides are distinguished 

by their polarisation (229): 
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It 1s interesting, for example. that attempts (229) to hydrogenate 

PbC14 with LiAIH4 fail, the product being, not PbH4 , but "20 This 

is 1n contrast to the behaviour of a1ky~ lead chlorides R2PbC12 which 
) 

To explain the linear decrease of -n versus l08 10
1(-Q), lves and 

Smith (26, 27) also proposed that H atoms were continuously absorbed 

by lead. Evidence in favour of this idea has been recently obtained (209) . 

lves and Smith estimated the upper and lower limits of diffusivity of 

H atoms in lead .. 10-6 and 2.5 x 10-11 cm. 2 sec.-l • Their lower limit, 

2.5 x 10-11 cm, 2 sec. -I, is based on the d1ffus1vtty of Au in Pb. 

Au is presumed to diffuse interstitially (230, 231). with an activation 

energy of about 15 k.cal. g. atom-l. The upper limit, 10-6 cm.. 2 sec.-1 ie. 

however, based on the general property of metal atoms of diffusing faster 

in lead than in any other solid metal phase while H atoms diffuse much 

faster than any other metal atoms because of their smaller radius and 

low valency. (231). 

The first direct evidence for the solubility and diffusivity 

of H in Pb came from the work of Cadereky, Muju and Smith (147). 

They have shown that electrolytic permeation of hydrogen through 

Pb foils of 0.015 cm. thickness does indeed occur. Their diffusion 

coefficients for H in Pb at 25 0 C at cathodic current densities of 

10, 25 and 50 mA o C1I1. -2 are 1.2 x 10-7• 2.9 x 10-7 and 

7 x 10-7 cm. 2 sec.-l , respectively. This suggests that D for H in Pb 

• Barr (231) has shown that there is a decreasing diffusivity in lead 

with increasing valence in the sequence of Ag, Cd and In. 



depends on the applied cathodic current density. presumably 

because of • dependence of D for H on the hulk concentration of 

hydrogen in the metal. 

, 
The virtue of radioactive tracers is that they, can be 

accurately .a.ayed even at very low concentrations. S~ch a technl-

que wa. employed using T .a radiotracer by Muju and Sm.ith (55) to 

can fin the earlier findings of Cadersky, Huju and Smith (147). 

i,e. the permeation of H at011l8 through lead. The linear relation-

ship found by them between the permeation rates of both Hand T 

atOllUl (under conditions of cathodisation at 53 mAo em. -2 in 

1 H HCI04 " containing 2 lIIel. 111.1. -1 T Bethity). and the reciprocal 

thickness (IlL) of the foils for thicknesses of 0,005 to 0.025 em., 

proved that the permeation rate is governed by diffusion in the 

solid phase. 

The extension of e1ectroc.hemica1 and radiochemical permeation 

studies to lower current densities, ca. 1 mAo cm. -2, are reported 

in Section 3C (V). As shown in Table 40 and Figs. 62 and 63. both 

Hand T permeation rates increase linearly with current density at 

low -i, but at higher current densities at a greater rate. This 

indicates the existence of cathodic permeation effects. i.e. increase 

of H conc.entration just beneath the cathodic surface as -i increases. 

The greater rate of permeation at higher -i lIl8y be due to an 

increase in the diffusivity of hydrogen with current density as 

observed by Cadersky. Muju and Smith (147). Then, it is likely that 
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the H concentration in the bulk metal 1s linearly related to the 

current density applied on the cathodic side. 

The H atom concentration just beneath the cathOd.! surface 

(c,> can be calculated using equation (2.49) and usinW the 

several D values for H from the work of Cadersky, Muju and Smith (147). 

In the present work t the Co is indicated to he S x 10-7 to 

10-5 g . atom em. -3 at cathodic current densities of 11.3 to 

46 mAo em. -2; the corresponding value of Muju and Smith (55) being 

4 x 10-7 g. atom em. -3 at 53 mAo em. -2 . 

In the absence of a measured diffusivity for T in Pb, the 

estimate of the tritium concentration just beneath the cathode 

surface must be somewhat approximate, judging by the isotope effects 

on the diffus1vity of hydrogen in Pd and its alloys U45a, 176, 177a; 

see Sections 2D (lla) and (llb)}. The calculated T atom concentration 

just beneath the cathode surface using our equation (2.49)*, is 

indicated to be 10-12 to 10-10 g . at01ll. cm. -3 at current densities of 

11.3 to 46 mAo CII. -2; while the corresponding value of Muju and 

SlIith (55) was 10-12 g. atom cm.-3 at 53 mAo cm.-2 .** A higher bulk 

H concentration observed in the present work compared with that in 

But with Joo replaced by (Joo) T. 

** The range of T activity being the same in both works. 

314 



Muju and Smith's work (55) might be expected because of the 

relatively superior experimental conditions {Section 3C (11)} of 

this work. 

, 
A most probable hydride composition of PbHO.Q0002' 

reported earlier by Cadersky, Muju and Smith (147). was calculated 

from their estimated bulk H concentration in lead of 10-6 g. atom cm. -3. 

As mentioned by Muju and Smith (55), it is possible to calculate a more 

reasonable upper It'lllit for the H atOla concentration in the bulk of lead 

giving rise to a formula PbHO,OO02 in their case, if the radiochemical 

observations are taken 8S correct. the electrochemical ones being 

asautaed to be less accurate,. using a180 the cathodic separation 

factor, S - 7.2, instead of the observed S - 0,9 ± 0.5.** 
H,T (H,T)DA 

Thie upper liD"it would have a composition of PbHO.0008 to PbHO•03 at 

cathodic current densities of 11.3 to 46 1lA. Clll. -2. the composition 

being still less hydrogen rich than the PbHO•2 of Wells. Roberts and 

Young (51. 118). 

Because of the experimental difficulties associated with obtaining 

a clean metal surface or with the cOilplete eliaination of O2 from the 

.ys tela {Section 3C (V)} • 

•• One would expect S(H.T)DA > SH.T - 7.2 ~ 0.7 from the existing 

evidence of additional separation by the diffusion of hydrogen isotopes 

through meta! membranes {see Sections 2D (Ua) and (lIb)}. at least for 

Pd and its aUoys (145a. 176. l77a). 
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It 1s obvious that the water-sealed apparatus used in the 

overvoltage and capacity work (Figs. 10 and 11). with its plunger 

tube, flanges and tap cannot be as gas-tight as, for instance. the 

high vacuum system used by Wells I Roberts and Young (51, 118) in 

their gas phase adsorption studies with H atoms. The difficulties 

are equally great with the radiochemical experiments. This highlights 

one of the main difficulties of electrochemical studies of the 

adsorption of air-sensitive atoms and also explains our low H 

coverages and bulk H concentrations compared with those in the work 

of Wells I Roberts and Young. 

Since the H coverage (eH> calculated from our capacity 

measurements and the bulk H concentration (Co) from our permeation 

measurements were not measured simultaneously, it is not possible to 

derive an exact (quantitative) relationship between 6H and Co. More­

over, our capacity studies were carried out at low constant cathodic 

current densities (500 to 800 llA. cm. -2) over long periods (several 

days) of polarisation while the permeation studies were carried out 

at cathodic current densities of 1 to 46 mAo cm. -2 over relatively 

short periods (12 to 24 hours) of polarisation. In the latter 

measurements, the permeation of H atoms was detected only above 

11.3 mAo cm.-2 , at least under these conditions. Nevertheless, the 

experimental conditions for capacity measurements were in general 

superior to those of the permeation measurements; this is a factor 

to be borne in mind. It has been mentioned earlier that the bulk 
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H atom concentration (C.> is linearly related to the current 

density applied on the cathodic aide. Since each permeation experi-

_nt was conducted at constant i for 12 to 24 hours, it l18y as well , 
be assumed that Co increases linearly with -Q. As ahowt.. in Pigs. 48 

to 53, the linear increase of Cezpt • with 108 10 (-Q). i~4icate8 that 

the fractional surface coverage with adsorbed H atoms, eR, is 

directly related to 108u (-Q). Then, it is possible to propose an 

exponential relationship between Co and SR' namely 

(4.1) 

Breger and Gilead! recently proposed such • relationship between 

Co and eu for Pd (144) at low SK ~ 0.15. However, further study, 

for example ai.ultaneous meaaurementa of eH and Co on Pb f is 

required to confirm the tentative relationship suggested 1n 

equation (4.1) for the case of lead. 
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c. Isotopic Separation in Hydrogen Evolution and Membrane 

The hydrogen-tritium separation factor on the caihodisatioD , 
side of a metal membrane (SR, T' and the over-all separ,atlon factors 

for hydrogen and tritium originating in the catholyte, entering the 

metal mellbrane. diffusing through the membrane and being evolved as 

gas (S(H.T)n) or being ionised into the diffusion side (S(H,T)DA) are 

discussed for several metals, including lead, in Sections 2D (1) and 

(11). The theoretical predictions and explanations for the experi-

mental separation factors and ita variation with overvoltage, time 

and temperature, discussed in Section 20 are in disagreement because 

of the different assumptions used by the different workers. Since 

SH,T may be helpful in distinguishing mechanisms of the h.e.r. and 

S(8.T)DA could be used to measure the relative rstes of diffusion 

and relative solubilities of hydrogen isotopes, both S8,T and 

S for lead will be discussed in this section before coming 
(H,T)DA 

to the main section dealing with the changes of overvoltage and 

capacity during prolonged cathodisation. 

AM mentioned in Section 3C (V), our S8,T ·7.2 :t 0.7 has 

little or no dependence on -1 from 5.85 to 30.5 mAo cm.-2 , but is 

close to the value of Bockris and Srinivasan (25). of 

S - 6.7 + 0.7 at -i - 10 mAo cm. -2. This value is consistent with 
H,T 
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SH,D ~ 3 to 4 observed on Pb and on Hg (102, 232, 233), metals 

which are generally held to have a rate-determining discbarge step 

(2.1) followed by rapid ion + atom desorption (2.3) t,or the h.e.r. 

(88, 88a). 

The separation of hydrogen and tritium during the cathodic. 

gas evolution is believed to involve the following stages: 

(4.2) 

(4.3) 

(1.4) 

(4.4) 

(1.5) 

(4.5) 

(4.6) 

(4.6.) 

In acid solution, SR,T on cathodes of Pb (56) and other high 

overvoltage metals such 8S Hg (56, 166, 167). Ga (56), So (166, 167) 

and Cd (166. 167). was found to decrease with increase of -no This 
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decrease was explained in terms of proton tunnelling (56, 166, 167). 

However t the proton jump was facUitated by diminiBhing the activ-

ation energy for discharge in one model (the current ~ew of the 

Bockr1s School) and by the increased overlap of tniti,l and final 

state wave functions in the other model (Krishtalik 18 view). 

respectively {for fuller account, eee Section 2D (I)}. 

111e idea of proton tunnelling for lead in acid solution on 

the basis of decrease of SH,T with increase of -n is not yet clearly 

supported. Our SH T was apparently independent of -no for the appUed 
, -2 

cathodic: currents from 5.85 to 30.5 mAo cm. • Nevertheless, except 

the first two values of SH,T - 8.4 and 8.8 at -n - 1050 mV .. 

Krishtalik'. SH,T • 6.6 ! 1 at various overvoltages between 1100 and 

1260 mV. for lead in 0.5 Ii H2S04 (56) is close to our value in 

1 M HC104• 

Until recently I a continuous variation of cathodic separation 

factors with -n had not been observed by Bockris et al, (166) for 

low and mediUDl overvoltage metals. Now, it is known that SH.D depends 

on n for transition metals. Thus, Ha\lllledi et a1. (170. 234) 

obJerved a continuous increase in 5 from ca. 3.8 at -n • 50 mV. 
H,D 

to a plateau value of ca. 6.2 at -n ~ 300 mY. on Pt in HC1. Hammerli 

et a1. (172) also observed a continuous decrease, i.e. SH,D decreaaed 

from 8.8 ± 0.2 at -n. 300 mV. to 7.1 ± 0.3 at -n • 610 mV •• on Fe 

in H2S04 , In this latter work, they (172) observed both an increase 

of -n and decrease of SH,D at Fe with the period of electrolysis. 
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A dependence of SH,D on 10810 (-Q) was found in the case of Fe. 

A time-dependent SU,D was earlier observed on 25% Ag-Pd alloy (173) 

and on Pt (235). A charge-dependent SH,h was also knr for Pd (235). 

These effects were interpreted in terms of progressiVe changes in 

the K-H and M-D bond strength due to changes in the at;,sorbed Hand D 

content in the metal electrode. Since our separation factor experi-

ments on Pb were carried out at constant current densities and it is 

known from our overvoltage measurements that -n decreased with 

increase of -Q, time dependence of SR,T at CODstant i (SR,T may 

increase with the period of electrolysis 1) is quite likely fro. the 

above evidence. 

More work on Pb under ultra-pure conditions is needed to 

c::larify the various dependences of SH. T on nand Q. 

On the other hand. the over-all H-T separation factor. S(H.T)DA' 

measured in the present work is lIOre controveraial. The value 

S(H,T)OA· 0.9 ± 0.5 of this work is the same, within experimental 

error, as previously observed by Muju and Smith (55). In discuseing 

our abnormally low S(H.T)OA' the firat stages that must be considered 

are ateps (4.2). (4.3). (1.4) and (4.4)* which occur in the catholyte 

and on the cathodisation surface of the lead foil, respectively. The 

stages that succeed the steps (1.4) and (4.4) are a8 follows: 

Diffusion of H atoms from cathode to diffusion side of lead (4.1) 

* see p. 319 
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Diffusion of T atoms from cathode to diffusion side of lead (4.8) 

(4.9) 

Ph - Tads • + 08-aq. - HOT + e- + Pb (4.10) 

Steps (4.7) and (4.8) occur within the metal membrane, while steps 

(4.9) and (4.10) occur on the diffusion side. A pictorial represent-

atien of all such steps except (4.2) and (4.3), has been given in 

Pig. 4a.* 

The fact that SCn,D)D > SH,D for 25% Ag-Pd (173) and for Fe (172) 

suggests that the additional separation of Hand T for steps (4.7) to 

(4.10) considered for S{H,T)DA .. ust result in an increased separation 

factor, i.e. on this basis S(H,T)DA 1& likely to be larger than 

S (R, T)' Under the chosen potentiostaUc conditions (in the present 

work). the additional separation of Hand T for steps (4.7) to (4.10) 

is determined solely by diffusion steps (4.7) and (4.8), since the 

separation factor for anodic processes ought to be unity. because atoms 

of Hand T are ionised iumediate1y they reach the surface. Moreover, 

the H-D separation factor for diffusion processes like steps (4.7) and 

(4.8), for Hand D was found to be 1.6 ± 0.1 for Pd (175, 177) which 

was interpreted in terms of an equilibrium (solubility) ratio of 2.4 
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From the facts mentioned above, the result S(H,T)DA > SR,T 

might be expected a180 for lead. Experimentally, however, we observe 

SR,T» S(H,T)DA" The decrease of S(H,T}DA frOll o.l4 lto 0.04 as -1 

increased from 11.3 to 46 mAo C1II. -2 observed for leaS in this work 

(if dgnificant) suggests that the solubilities of b~~h Hand T 

increase with -1. Since the diffusivity depends on the bulk 

concentration (147). the change in separation factor must be due to 

changes in diffusivity of Hand T atoms in the lead membrane. ~en, 

S(H,T)DA· 0.9 ! 0.5 can be explained only if the T atom diffuses 

50 to 100 times faster than H atolD. in lead. n.la seems unlikely, 

because H diffuses faster than T in Pd (177.) although D diffuses 

moat rapidly (145a, 176). 

We are therefore forced to the conclusion that our low 

S(HIT)DA arises from experimental difficulties associated {see 

Section 3C (V)} with ~he metal surface £!. with the incomplete elimin-

ation of oxygen from the system. A possible explanation (55) is that 

Hand T atoms diffusing through the foil {steps (4.7) and (4.8)} to 

the diffusion side. may interact with °2" and enter the solution 

without undergoing steps (4.9) and (4.10). No error would result from 

this in the radiochemical counting method. but the electrochemically 

measured permeation c.urrent would be diminished since only those H 

atOlll8 undergoing ionisation {step (4.9)} would be c.ounted in this 

manner. 
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The high background currents observed in this work {tens of 

llA., see Section 3C (V)} indicate the presence of oxide film on the 

diffusion side of the lead and hence this suggests an alternative 
. I 

interpretation for our low S (U, T)DA value. Such a c0l'cluslon can 

also be drawn from the recent cathodic H-D separatiQll factor work 

on oxidised Ni, Pt, Pd and Ag surfaces of Bucur and Stoicovid (236). 

according to which oxide-covered surfaces of Nt. Pt I Pd and Ag gave 

lower S than the clean metal surface. The decrease in S on Ni, 
"tD U,D 

among other metals, was appreciable. Their SH,D values for chemically 

passivated, polished and freshly reduced oxide surfaces were 2.2, 6.5 

and 7.9, respectively. 

Many unwanted processes such 88 dissolution of Pb, oxide 

formation, aerial oxidation of H atou, etc. which proceed 8iaultan-

eously with the oxidation of Hand T atoas on the diffu8ion 8ide 

complicate the 8ituation. Further H-T 8eparation factor work on Pb, 

with both the cathode and diffusion sides properly protected I is 

required to measure accurate and reliable S(H,T)DA value8. 
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D. Catalysis of Electrolytic Hydrogen Evolution at Lead by 

Absorbed Atomic Hydrogen 

The IDOst important phenomena observed in the pres~nt work. are 

the simultaneous linear fan of overvoltage and rise ofl capacity 
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with the logarithm of the total charge passed in prolonged cathod1sat1on. 

These phenomena and overshoot hysteresis are discussed and interpreted 

in this section. Moreover, the relatioDa between b I and bl!, the 

decrease of AHT with increase of -Q, and the dependence of b on the 
n-O 

capacity are also considered. 

Both a linear increase in C expt. and a linear decreau in -n 

with 10810 (-Q) and the overshoot hysteresis phenomena were regularly 

and ayatelll&t1cally obtained only on electropOlished lead electrodes 

in properly pre-electrolysed solutions. The possibility that these 

phenomena are due to anion adsorption, iupurities, oxygen evolution 

at the anode or Pt dissolution frena the anode and plating out on the 

cathode, area increase or cathodic disintegration can, we believe, 

be discounted for the following reasons: 

(i) Kolotyrkin observed a decrease in -n, an increase in C expt. and 

overshoot hysteresis in the lower region of overvoltage, the 

"sulphate-adsorption" region, at porous lead electrodes in aqueous 

sulphuric acid (9, 10, 12). His explanation was that the effects 

were due to anion adsorption at low -n values, desorption of 504-­

being demonstrated at higher overvoltages. The present phenomena, 

however, are not caused by anion adsorption because the measureaents 
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were all carried out in HCI04 at relatively high current densities. 

Moreover, the effects observed in the present work are more marked 

the higher the cathodic current density,' i.e. the morf negative the 

electrode potential. The observed dependence of overshoot hysteresis , 
on -Q and the linear variation of both overvoltage and. capacity with 

10810 (-Q) cannot be explained in terms of anion adsorption, which 1s 

a reversible phenomenon, whereas the present observations seem 

irreversible. 

(ii) The presence of impurities such 8S °2 , Pb ++ ions or other metal 

ions, in solution either caused irregular behaviour or complete 

reversal of the above-mentioned effects. No overshoot hysteresis was 

observed under such experimental conditions. Moreover, initial over-

voltages were low and initial capacities were usually high (at least 

at high current densities) and very high in solutions containing 

Pb++ ions. Overvoltages increased in all such cases, but Cexpt • 

decreased to "normal" values in solutions containing Pb ++ ions while 

Cexpt • increased slightly or remained constant in unpre-electrolysed 

solution. 

In Section 3A (VIc) I it has been suggested that the presence 

of an oxide film on a scraped electrode caused this to show a very 

slow decrease of -n and less frequent overshoot hysteresis during 

the period of cathodisation up to -Q • 70 coulombs (Fig. 19). 
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Also, the negligible difference between experiments with 

electropolished electrodes in properly pre-electrolysed HelO 4' 

with or without charcoal cleaning disproVJes that the formation 
-- --- I 

of a Pb-C matrix (206a). if it occurred. is a relevant' factor 

leading to the decrease in -n. increase in C and 'oyershoot 
expt. 

hysteresis {see Section JA (VUe)}. 

The above arguments indicate that both the linear decrease 

in -n and the linear increase in Cexpt • with 108 10 (-Q) and over­

shoot hysteresis are not associated with the presence of an oxide 

film or impurities such as °2 , Pb++. other metal ions or carbon. 

(iii) Other possibilities such 8S oxygen evolution at the anode 

and Pt dissolution from the anode and plating out on the cathode 

were less likely to interfere because anode and cathode compart-

ments were separated by one or two sintered Pyrex discs. Moreover I 

oxygen evolved in the anode compartment should have been largely 

swept out by the stream of purified hydrogen passing through that 

compartment. The large anode (of area 110 CIII. 2, which is 60 to 100 

times the area of the working lead cathode) used in this work 

minimises such anodic processes by increasing the surface available 

for the anodic oxidation of H2 • 

(iv) An increase in surface area was also considered as a possible 

explanation for the fall of -n and increase in Cexpt • with -Q. If 

this explanation were to be accepted I then at constant n I the 
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apparent cathodic current density must increase linearly with the 

electrode capacity. However, we have observed that C expt. increased 

linearly with log (-1) {i.e. the same .. a decrease in -n at 
10 1 

CODstant t}. both at constant n. Moreover. Palm and Phat (35) have 
, 

observed an insignificant increase in capacity of the ,1ectrode 

(about 1 to 2 IJP. em. -2) for the break-up (roughening) of a lead 

surface in acid solutions. 

Results of electrodes studied in solutions, pre-electrolyaed 

at too high current densities, do not support this explanation, 

i.e. the fall of -n and increase in Cexpt • with -Q in terms of 

increase in surface area. In such solutions, the Pb++ ion conceo-

tration was ca. 10-6 H {see Section JA (lIe)}. Initially low 

overvaltages increased with extended cathodisation. Simultaneously, 
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Cexpt • increased with -Q at current densities < 4.8 mAo cm.-2 and 

decreased at 4.8 mAo cm. -2 and higher current densities. Initial 

capacities at higher current densities are very high (up to 200 lJF. cm. -2) 

and could be accounted for by the presence of adsorbed Pb atou"" on the 

• The observed high capacities may be accounted for by specific adsorp­

tion of Pb ++ ions at the Pb surface. The increase in capacity and higher 

Cl (-0.8) at low overvoltages observed as the Pb ++ concentration increased 

(from 0.0027 to 0.5 M) by Hampson and Larkin (221) supports this view. 
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metal surface if the initial adsorbed H atoD. eoncentration is 

assumed to be small. The corresponding decrease in C expt. to normal 

values (in a relatively short period and requiring t~e passage of 

only ca. 200 coulO1llbs, in comparison with the continbous increase in 

C expt. over long periods of cathodisaUon up to ~ Bob , coulombs in 

experiments thought to be satisfactory), may be explained in terms 

of a decrease in concentration of Pb ++ ions in solution and in terms 

of the characteristic process, i.e. the equilibration proces8* at 

solid electrodes taking place on the lead surface in the presence of 

common ions in the electrolyte, as suggested by Hampson and Larkin 

(237) for Pb and other solid metals (Ag, So, Cd and Zo). As the 

equilibration process proceeds. the adsorbed Pb atoms formed from. the 

reduction of Pb ++ ions move to low or lower energy sites (i.e. stable 

sites). thereby decreasing the concentration of adsorbed Pb atou until 

the surface Pb atom. population is in equilibrium with the Pb++ ions in 

the solution. That the equilibration process occurs rapidly at room 

temperature is evidence for the faster surface diffusion of Pb atoms 

at 25 0 C (237). thereby reducing surface roughness. The small increase 

in C expt. with -Q to normal values at -i < 4.8 1IA. cm. -2 could be due 

to an increase in surface area of the electrode. However. the magnitude 

of such an increase due to increase in surface area is unlikely to be 

* The equilibration process is the removal of high energy aites on the 

electrode surface as the electrode surface energy is reduced to a 

minimum. 
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very great (237). 

Therefore. it is unlikely especially for metals like lead 

(for which the audace diffusion of lead atoms 1s u:tremely fast , 
at 25°C) that such a large increase in C and decrease in -fl, 

expt. , 

e.g. in FlO at -1 - 22 mAo cm. -2. Cexpt rose froID. 31.6 to 

106 IlF. cm. -2 while -n decreased from 1051 to 980 mV •• during the 

passage of an additional 416 coulombs at 505 \lAo cm. -2 (Table 25) 

could be due to increase in surface area. 

(v) The steep fall of overvoltage (b ' - 460 to 685 mV.) and 

simultaneous decrease in Cexpt .' in contrast to the usual increase 

of Cexpt . with -Q (Figs. 49 and 51) are thought to be associated 

with cathodic disintegration of lead. Therefore. cathodic dis integ-

ration cannot provide an explanation for both a linear decrease in 

-n (b ' ·40 to 160 lIlV.) and a linear increase in Cexpt • with loglD(-Q). 

Thus, our ilIlportant findings, i.e. both decrease in -n and 

increase in C with log (-Q) and overshoot hysteresis, are 
expt. 1. 

regarded aa the true behaviour of lead + hydrogen + hydronium ion 

.y.tell., because of the use in the work of proven methods of attaining 

high surface cleanlines8, namely electropolishing, cathodic pre-

electrolysis at low current densities and continuous adsorptive clean-

ing with activated carbon. All of these findings can be interpreted 

with the existing knowledge of H surface coverage, bulk H atom 

concentration and diffusivity of H atoms within the metal (see 

Section 4B for a complete account). They must be due to the SaJle 
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phenomenon, 1.e. the accumulation of H atoms in the bulk of the 

metal during cathodic electrolysis and ita redistribution when the 

current was changed. 

, 
Firstly, let us consider overshoot hysteresis •• As mentioned 

in Section 3A (Vlld), the extent of overshoot hysteresis increases 

with the 1I8gnitude of current step and decreases 88 -Q increasea. 

Moreover, the extent of overshoot hysteresis in a given step-change 

of current decreases 8S the temperature rises. 

Overshoot hysteresis seems to require the operation of two 

distinguishable hut related processes which control the electrode 

state--one rapidly self-adjusting in response to an imposed change 

of current density. the other sluggishly following, causing a partial 

reversal of the initial adjustment. It therefore seems possible to 

describe the behaviour of lead in the following way. 

The bulk of the metal acts as • "sink-reservoir" for H atoms, 

with. rate-restricted access to and from the surface. The increase 

in surface coverage, caused by a step-rise of current or decrease in 

temperature, creates or enhances a step of chemical potential of H 

atoms, downward to the metal phase. Atotul move across the interface 

to annul this step, and establish or increase a concentration 

gradient of H atotul just beneath the .etal surface, this initiates 

or hastens inward diffusion. Recently, Roberts and Young (118) have 

• P.O. Marsden and J.B. Senior have observed similar overehoot hyater-

ee!a on aercurised Pt and pure Au, respectively {see p.447 in ref.(27)}. 



shown that this type of uptake is. indeed, very fast at room 

temperature. H ato1ll8 beneath the metal surface diffuse with a 

diffuaivity of 10-7 ClI. 2 sec.-1 (147) J,nto the centre of the 
I 

metal until H atoms are uniformly distributed in the buIlt metal. 

This occurs when lead hydride has a composition PbH~. '2 at '[oom 

temperature. if Roberta and Young'. gas phase lDe.surements (118) 

are reliable. All these above-aentioned linked processes. at 

first rapidly and then more slowly t reduce the inequalities and 

gradients which called them into play, the surface hydrogen 

coverage (perhaps asymptotically) and bulk H concentration 

(perhaps linearly) changing to new steady-state values. Similar 

events. in reverae. follow a step-fall of current. As long .s 
cathod1sation is continued, the cOllparatively large sink-reservoir 

gradually fills up with hydrogen, and the steady-state eU and Co 

values slowly increase. 

The linear relationships of -n versus 10g1 D t during over­

shoot hysteresis may also be used to follow the rate of penetra-

tion of U atoms into lead and diffueion of H atom into the centre 

of the metal phase and vice versa. The higher is the value of slope, 

the greater is the rate of diffusion. The features of these slopes 

are rather interesting. Por increasing ~ at constant 

tellperature: 

(1) the slopes tend to decrease as -Q increases. 
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(11) the larger the current ratio <at the same -Q). the larger is 

the slope, 

(11i) the slope appears to be higher. the higher the final current 

denaity . , 
The first two features, i.e. (1) and (ii), can be explained in terms 

of change in the concentration gradient of H atolllS between the surface 

and the centre of the bulk metal . The larger the current ratio, the 

greater is the concentration gradient of H atoma and hence the larger 

18 the magnitude of the -n versus log t slope . The gradual reduction 
10 

of the concentration gradient of atoIRs with the increase of -Q. 8S 

the bulk fills up, 'IIlust decrease the magnitude of the -n veT_WI 108 10 t 

slope. The feature (111) 18 somewhat complicated and may be explained 

.a follows. The rate of diffusion depends on the diffusion constant 

for H .a well as on the concentration gradient . Since D for H ataas 

in lead increases (147) with the applied current density (presumably 

because of a dependence on the bulk hydrogen content of the metal) 

this is likely to cause the rate of diffusion of H atou to be 

greater at higher mean surface H concentrations. i.e. increases the 

magnitude of the -n versus log,o t slope, as in (iii). 

Slopes for decreasing currents in a step-change at constant 

te1llperature may be similarly explained. However, further explanation 

is necessary to account for slopes that are independent of -Q and of 

the IIUlgnitude of the initisl and final currents in a step-change of 
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the same current ratio. The decrease in surface coverage of H atoms 

a88U1D1!d to be caused by a step-fall of current. enhances the ~-

diffusion of H atODl8 (which may be fast) from bulk 10 surface. The 

concentration of H atoms just beneath the surface i\ lowered 
, 

initially and thus creates a condition for H atoms to move away froID 

the centre to the surface. There may be a time-lag for the redistribut-

ion of H atOlllS from the previously existing concentration gradient 

(corresponding to the steady-state before the current change). in 

which the bulk H atom concentration decreases continuously frOID. the 

surface region to the centre of the metal. The actual aituation is very 

complicated. 

:Finally, the effect of temperature on these slopes. i.e. decreas-

ing the magnitude of the slope at higher temperatures for the same 

current ratio at approximately the same Q. could be accounted for by 

the likely decrease in coverage eu with increase of temperature. The 

hydrogen coverage decreases with increase of temperature in gas phase 

studies because of the faster desorption rate of adsorbed H atoms at 

higher tellperatures (118). The decrease in stsbility of lead hydride 

(PbHO• 2 at oOe .... PbHO• 09 at 1900C) at higher temperatures may also 

help to explain this. Therefore. it is likely that the concentration 

gradient of H atollS froll. the surface to the centre of the _tal may 

decrease aa the temperature increases. resulting in a decline in the 

H atOll. diffusion rate and hence a decrease in slope as the temperature 
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lncre •• ea. However, it must be atressed that the dependence of the 

rate of diffuaion on the temperature is presumably because of 8 

dependence on eH, rather than a decrease of D it8e~f with rising 

temperature. 

Overshoot hysteresis during increasing currents 1s moat 

interesting because this closely resemble. the continuous f.11 of 

overvalt.se when the electrode is changed from zero to a finite 

current. However. one important difference exists between the two 

pheno-.na: overshoot hysteresis and f.ll of overvoltage l18y be 

considered 8a the short-tent. "reversible" and long-tent "irreversible" 

parta, respectively. Therefore, the above interpretation of overshoot 

hystereais can be extended to include the over-all decrease of Qver-

voltage .a -Q incre.aea. This lIluat involve the gradual saturation 

of the bulk of the electrode with atomc hydrogen and a corresponding 

increalle in the surface coverage, cOlllDencing at eu • O. Ae mentioned 

in Section 2C (lV). the variation of -n with time of electrolyllill 

during the h.e.r. has been obllerved for uny metals: Pb (26, 27). 

Pt (148, 148a), Fe (172) and Pd (USb). Both increase in -n (on Pd, 

Pt. Fe) and decrease in -n (on Pb) with tilae have been interpreted 

in terms of a change in the propertiell of the electrode due to 

hydrogen absorption. 

The facta that -n decreases and Cexpt • increases linearly with 

10g1 0 (-Q) in all satisfactory experimentll 8uggesta that both variations 
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are caused by the 8811e phenomenon, which we take to be a gradual 

increase in both the H surface coverage and the bulk H concentration. 

In order to understand this on a more f~ndamental ba!t1s. we must , 
obtain relations between the increase of cathodic current density 

and capacity both at CODstant potential. 

Ives and Saith (26, 27) deduced a relationship between the 

steady-state overvoltages at different times and the total cathodic 

charge passed, from. the observed linear decrease in -n with 108 10 (-Q). 

For a CODstant current density, their relationship between -n and -Q 1s: 

n - n1 + b ' l08 10 C-Q) (4.11) 

where b' (slope) and fl. (initial overvoltage) are constants which 

depend on the current density. The dependence of b I on the cathodic 

current density was reported by Smith (27) in one case: after 15 days 

of cathodisation (-Q =: 800 coulombs) of electrode XIIb the overvoltage 

at 25 llA. fell by 160 mV. whereas at 1500 llA. it fell by 300 mV. His 

b l values at 1500 iJA. were 50, 101 and 340 mY. for -Q < 8, 

8 < -Q < 700 and -Q > 700 coulombs, respectively. On the basis of the 

most probable value of b I - 101 mV. (middle region of Q) at 1500 J,JA., 

the calculated value of b I is ca. 55 mV. at 25 llA. for 8 < -Q < 700 

coulombs. A linear relationship between -n and log (-Q), following 
10 

equation (4.11) has been broadly confirmed in this work (Figs. 29, 30 

and 31) with values of b I ranging froID. 40 to 90 'fAV. for -Q ~ 100 

coulombs and 150 to 685 mV. for -Q ~ 100 coulombs, respectively. 
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Nothing can be said about the dependence of b l on current density in 

the present work (Figs. 29, )0 and 31), because most of the experiments 

were carried out essentially at a 8ingl~ current density (500 to 

800 lJA. CII. -2). Also this is likely to be of doubtfu~ value until 

really reproducible overvoltage-charge relations are lobtained on 

different electrodes. However. Tafel runa at different periods of 

cathodisation (i.e. at different -Q values) show that the fall of -n 

is greater at higher current density, e.g . see Figs. 24 and 25, 8S 

Smith also found to be the case. 

Recently. a linear relationship similar to equation (4.11) was 

observed with Fe foils cathodised in 1 Ii H2S04 - 10% DZO (172). however I 

-n increased with 108 10 (-Q) I an increase that was attributed to an 

increase in surface coverage 6H and bulk. hydrogen content of the Fe 

electrode. 

It waa shown earlier in Figa. 48 to 53 that Cexpt • a~ a given n 

increased linearly with 10g10 (-Q) in a similar manner to the relation 

{equation (4.11)} between -n and loglO(-Q). Then, at a given n. Cexpt • 

and -Q are related as 

Cexpt. • C1 + b" loglO(-Q) (4.12) 

where b" (slope) and C1 (initial capacity) are constants which may 

depend on n. The slopes, b ll , ranging from 1.9 to 85 lJ,F. cm.-2 per 

decade of -Q. are either indistinguishable within experimental error 
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as n is changed (Fig. 51), or there is a trend to higher values 

8S -n 1s increased, e.g. Pig. 48. 

SOllie sort of parallel variation of both the slopes b l and b n , 
has been observed in this work. These show 8triking~y that when b t 

1s large 80 1s bl! and when b ' changes value 80 does B". If b ' and 

b" are indicative of the rate of interaction of H atoms with lead, 

a greater rate of penetration of H ato •• must be occurring at higher 

values of these slopes. The greatest rates of penetration of H atoms 

were observed only after electrodes were sufficiently charged, 

e.g. at -Q - 200 coulombs for experiment FlO (Fig. 48). b ' changed 

fro. 38 to 151 mV. (decade)-l, while btl at -n - 920 raVe changed from 

6.3 to 85 pl. cm.-2 (decade)-1. The increase of b" froll 16.5 lJP. clIl.-2 

(deeade)-l at -n • 700 mV. to 8S \JF. clII..-2 (decade)-1 at -n • 920 mV., 

both at -Q :: 200 coulombs (Fig. 48) may be interpreted in terms of 

increase in the rate of growth of surface coverage aH at more negative 

potentials. If the slope b l changed to very large values, e.g. in the 

range 460 to 68S mV •• a negative bIt (i.e. Cexpt • decreased, in contrast 

to the usual increase) was observed (Figs. 49 and Sl). At this stage. 

the approach of eH to very high values (PbH or PbH2 1) seems to be a 

condition favourable to the onset of "avalanche penetration" and 

cathodic disintegration. 

At constant n it follows intuitively froa equation (4.11) 
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that 

(4.13) 

where the cathodic current density initially b -i1 .nd at time t is -1. 

II I b a constant which probably depends on n and should be relatable. 

to the. constant b ' of equation (4.11). CODlblning equations (4.12) and 

(4.13) for the same value of Q, i.e. substituting 

Cexpt • - C1 

loglO(-Q) • 
b" 

frotl equation (4.12) in equation (4.13) 

s' 
i.e. 10'10 (-1) - ~ Cexpt • + ." 

where a" - 108 10 (-11 ) - (a'Ct/b") is a new coostant. A plot of 

(4.14) 

10810 (-1) versus Cexpt • at the same constant n, but at different 

period. of cathodisation should be linear with positive slope (a' /b"). 

Such plota have already been made in Figso 54, 55 and 56. 

The relationship between 8 I and b I is complicated, but BOlle 

approach to it must be attempted. Tafel equations, initially and at 
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time t can be written as 

n, 
108 10 (-i1 ) - 108 10 (i lO ) + 'b';" 

10810 (-1) • 10810 (io) + ~ 

I' 
I 

(4.15) 

(4.16) 

where 1 10 and 10 are exchange current densities, initially and at 

time t, respectively. b I and b are Tafel slopes initially and at 

tilDe t, respectively. On substituting equations (4.15) and (4.16) 

for 10810(-i1) and 108 10 (-1) in equation (4.13) we get 

log (10) +.!!. - log (11 0) + ~ + s' log,.<-Q) 
10 b 10 b l 

~ - ~ + log [ UIO>] + .' log (_Q) 
b b l 10 Lei o> J 10 

(4.17) 

Mawaing hi • b (the most commonly observed slope was 110 mV . > and 

multiplying equation (4.17) th r Guahout by b, we can write 

+ sib 108 10 (_Q) (4.18) 

Equations (4.11) and (4.18) are identical if 1 10 - 10 and sib - b ' • 

These relations can be checked by obtaining 8' from experimental slopes 

(b"/s'), of Cexpt • versus 10810 <-1) {Figs. 54. 55 and 56} and bl! froll 

the slope of Cexpt • versus 108 10 (-Q) {Figs. 48 to 53 and Table 3l}. 

Then. b l calculated using the relation b l - sib {with b - 110 IIV. 

assumed} lIay be compared with the experimental slopes b I. of -n versus 

log (-Q) {equation (4.11) and Figs. 30 and 3l}. as shown in Table 41. 
10 
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TABLE 41. COMPARISON OF COEFFICIENT b' OF EQUATION (4.11) OBTAINED FROM FIGS. 30 AND 31 WITH THAT CALCULATED FROM 

RELATION b' - sib USING s ' FROM FIGS. 54, 55 AND 56. 

'::n/mV. Experiment :::;:~:pe of C expt. (b"/s l ) .. slope of C 5' (from b'-s'b, calculated b '·slope of -n 
number versus 2 expt. co1uums (b"*UO mV. assumed) versus 

log (-Q)/IlF.cm.-2 log (-i) /IlF .cm. - 3 and 4) from s'/mV. 10g10 
(-Q)/mV. 

10 10 

850 FlO 4.8 34 0.14 15.4 38 

FlO 40.5 34 1.19 131 157 

R4a" 6.6 3.8 1. 73 190 62 

R4b 4.2 3.8 1.1 122 43 
1000 R4b 6.7 12.8 0.52 57 43 

RSb 11.6 14.2 0.85 93 89 

RSc 37 9.4 3.94 432 278 

RSc 4.2 3.2 1.31 144 85 

RSd 7.4 1.85 204 170 
1100 R4b 8 17 0.47 52 43 

RSb 12 13.8 0.87 96 89 -..,. 
RSc 28 7.6 3.68 405 278 

RSc 20 9.4 2.13 234 85 

RSd 18 8.4 2 .14 236 170 

w 
~ ... 



The values of b l in coIUIIIl\. 6 and 7 of Table 41 differ sUghtly 

in 80me cases (with valuea 131 and 157 for FlO at -n • 850 aV •• 

57 and 43 for R4b at -n - 1000 aV •• 93 and 89 for RSb at 
I 

-n - 1000 aV •• 204 and 170 for RSd at -n - 1000 aV •• '52 and 43 

for R4b at -n • 1100 IIIV •• 96 and 89 for RSb at -n - lfop mV.). 

However, in other caaes, b" values in colUllll 6 (sIb) are generally 

greater than in column 7. This aay 8uggest that 1, + i 10 in 

equation (4.18) t i.e . the exchange current denaity may increase with 

the cathodic charging. The increaae in catalytic: activity for h.e.r. 

on lead with continued cathodiaation may either be due to an increaa. 

of 1, or a decreaae of b or both. The present evidence, frOID Table 41. 

i8 that increaaes of 10 are reaponsible for the increaae in catalytic 

activity, rather than decreases of b. Unfortunately. the exchange 

current density cannot be determined accurately because of the long 

extrapolation on metals like lead. Therefore, it i8 difficult to 

obtain an exact relationship between SI and b I • 

We interpret the linear relation between 10g1O (-i) and Cexpt • 

to mean that an increase of cathodic current occurs because of changes 

in the electrode. which we deduce to be bulk rather than surface 

changes. Let us consider the alternative explanations available. 

If the reaction 

(1.5) 

342 



were rate limiting on Pb, then, at constant n we should have 

-1 (h.e.r. rate) c eu 

But our results do not iuply sucb a relation. On substituting 

Cpa - Cexpt • - C in equation (4.14) and rewriting it with the 

a.suaption that C 1a a constant 88 

and .180 

~quat1on (4.21) aplin that 

(4.19) 

(4.20) 

(4.21) 

(4.22) 

but not -1 • eu' 88 required in equation (4.19) 1£ desorption were 

rate li.iting. 

It is the usually held view that the step 

H 0+ + e- + Ph - U 0 + Ph-H 
3 aq. 2 ad •• 

(1.4) 

h rate detenioiDg on Ph (86, 88.), since Ph belongs to the group 

of high Dvervolt_ge metals such a. Hg. Cd, Sn. Tl. Zn. Ga, In, etc. 
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Moreover, the Tafel slope. b • 110 ± 10 mV., and H-T separation 

factor. S(H.T) ·7.2 ± 0.7.* obtained in this work suggests that 

the discharge step (1.4) may be slow. 

Since the 8 30+ discharge atep (1.4) is though~ to be rate­

la1ting at lead. the observed decrease of -n {equ!v41ent increase 

in 108 10 (-1)} must be due to catalysis of this reaction. 

The calculated values of MI+ ·9.3 ± 1.3 k.ca1.g.ion-1 

n-O + 
at -Q ~ 2600 coulombs (in this work) and AHn_o - 15.6 ± 2 k,ca1.g.ion-1 

at -Q = 600 - 700 coulombs {from Smith's data (27)} for Ph in HCI04 

reported in Section 3A (Vllb) are lover than the 20 k,ca1.g,ion-1 

for Pb in HCI04 observed by Piontell1 and BleeU! (22). The last 

value Is cloae to that of Hg in Hel {2l.7 k,cal.g,ion-1 (1l2a)} for 

which the discharge atep (1.4) is a1.0 considered to be the r.d ••• 

Therefore, the decrease in the enthalpy of activation with -Q may be 

evidence for the enhancement of "30+ discharge during the h.e.r. on 

Ph as -Q increases. Hore work is needed to establish this as a fact. 

Hitherto, following Dolin and Ershler (238) it has been assumed 

that the rate of H30+ ion discharge increases with (1 - eH). the 

fraction of unoccupied sites. This means that an increase of eH at 

c:onstant n might be expected to disdniah the rate of H30+ ion disc:hsrge, 

* Ac:c:ording to Srinivasan, Boc:kris and Reddy (25. 86). this value 

c:orresponds to rate-limiting discharge followed by fast atom + ion 

desorption. 
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step (1.4), which would therefore be expected to faU 88 the density 

of unoccupied adsorption sites is decreased • .!!. this ~.!!!!. .2!!!z. 

~ .!!~. Therefore, it is proposed (26, 27) thalt acceleration 

of the r.d.s. (1.4) is caused by H atou in the bulk. 'Until recently, 
, 

the solubility of H in Ph at 2SoC was thought to be neal1gible but now 

appears to be 10-2 g. atom CII. -3 frail. gas phase adsorption studies 

(118) and 10-5 g . atom CIIl. -3 froID our own permeation measurements 

(see Section 48). If the exponential relationship between au and Co 

as proposed in Section 48: 

(4.1) 

is accepted, then the equation (4.22) becomes 

(4.23) 

and 

(4.24) 

i.e. 

log (-1)' log (-Q) 
10 10 

(4.25) 

at CODstant n. This simple relationship is intelligible if the catalysis 

of "30+ discharge is directly proportional to the bulk H atom concen­

tration. CD' which it is argued above. will itself be directly 
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proportional to -Q. 

This catalytic effect appears to operate through donation of 

electrons to the metallic bond by the di~solved H at01l8 t a8 earlier , 
postulated by lve. and Smith (26, 27). As mentioned i~ Section 2C (IV), 

the dissolved hydrogen in _tals is probably ionised to interstitial 

H+ + e-. the latter entering the electron gas of the metal. This 

"screened proton" 1IIOdel (l77b) haa been used to discuss the 

behaviour of H in metals such 8S Ni (239). Pt (240) and Fe (172); 

additional electrons participating in _tallie bonding I could 

contribute to the free electron dendty. This is 1IlOstly applicable 

to transition metals with higb electroa atate densities near the 

Femi energy. Whether such a possibility exists in the case of Ph 

depends on ita detailed band structure. 

The argument that H ato.s entering the lead lattice and contrib-

uting electrons to the metallic cond\lc':tion band, causing an enhance.ent 

of catalytic properties of the metal ¥1th respect to the electrochemical 

h.e.r., could be supported by evidence of the electronic band structure, 

worked out by Anderson and Gold (241) in 1965. This band structure 

31;06 

predicts a coaplete1y filled fint BrUlouin zone (2 electrons per ato.) , 

with holes in the second Brillouin zou (0.375 holes per atom), electrons 

in the third Brillouin zone (0.393 eltttrons per ato.) and a coapletely 

eapty fourth Brillouin zone. The total occupied volume in the. firat, 

second and third Brillouin zones thua torresponds to 



2 + (2 - 0.375) + 0.393 - 4.02 ± 0.02 conduction electrons per 

atoa, in agreement with the expectation of four per atom for a 

Group IV .. tal. 

Fig, 64 represents the contributions fro. the 'Various 

Brillouin zones to the total density of states curve for energies 

near Fera! level (E f > and also the individual contributions fro. 

the second, third and fourth Brillouin zones, respectively. The 

density of states here is lower than in transition -.tala, but 

at11l higb enough to account for an increase in electrode activity 

of 102 to 103 fold 88 observed in our work. It can be seen in 

Fig. 64 that the denaity of states of the third Brillouin zone is 

twice that of the second Brillouin zone at the Fermi level. There-

fore, it is poasible for us to discuss the behaviour of a dilute 

alloy of hydrogen in lead in tenu of the density of donated electrons 

in the third Brillouin zone, which should increase .!!. ~ ~ 

decreases. This should enhance the electron availability for the 

"30+ ion discharge step (1.4) of h.e.r. on lead. 

Alternatively, specific adsorption of "30+ ions aight explain 

the increase in rate of "30+ ion discharge (1.4), in accordance with 

equation (4.14). According to Kr1ahtalik (112), &8 aentioned in 

Section 2A (IV), only "30+ ions which are. ~ direct ~ with the 

electrode can discharge and this is only a s1II.a1l fraction of the total 
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number in the double layer. Therefore am increase in concentration 

of apecifically adsorbed "3°+ ion8 must increase the rate of the 

"3°+ ion discharge step (1.4). Specific ;,adsorption of 8 3°+ ions may 
I 

be indicated by the decreases 1n Tafel slope (n > O.~ observed to 

occur 88 -n fell and Cexpt • increased. High values ot the transfer 

coefficient (n > 0.5) are generally hel d to be due to specific 

adsorption of reactant species (26. 27) • 

The suggestion that the .pecifica.lly adsorbed 8)0+ ions on 

lead increase ita catalytic activity fO ' r the ")0+ ion discharge 

step (1.4) cannot be regarded .. proven. because: 

(1) The continuous decrease of Tafel slope in this work was only 

to ca. 90 mV., in contrast to the deere.ase to 70 mV. in previous 

work by rves and Smith (26, 27). 

(11) The SH,T ·7.2 ::!:: 0.7 independent of -i from S.8S to 

30.S mAo cm. -2 (admittedly, a rather stDlall range of i) does not agree 

with the report of Krishtalik (56) whlc:h he supposed to indicate the 

closer approach of H30+ ions to the ele:c.trode (Le. concentration 

of H30+ ions in direct contac.t with the: electrode increasing) with 

increase of negative potential (112). 
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E. Concluding Remark.s 
" 

The surface hydrogen coverage, eu' and bulk H concentration, 

Co t are DOt negligible t but can be measured. Swaing up the evidence 

ahout the mechanism of hydrogen evolution at lead in aFid solution. 
, 

it may be concluded that discharge is probably rate-deteraining. 

followed by atolD. + ion desorption. The rate of discharge increues 

with the charge passed in cathodic electrolysis, interpreted here 

as proportional to the hydrogen content of the metal. 

As the h.e.r. proceeds at constant -1, a constant fraction of 

H atoms enter the lattice, resulting in an increased electron 

availability and enhancement of electron transfer reactions. This 

hypothesis could perhaps be tested by resistivity measurements 

during electrolysis in a solution containing H30+ ions. Such a teat 

18 not likely to be conclusive, however (242). We certainly cannot 

explain the enhancement of h.e.r. in terms of the Heyrovsky reaction 

or simply as an effect of increasing eH on the Volmer reaction. 

However, if eH grows to very high values (PbH or PbH2 1), 

after cathodisation at very high current densities or over a long 

period at low current densities, the interaction of H atoll8 with 

lead becomes maximal. This leads to the onset of avalanche 

penetration and cathodic disintegration. 

Further work must involve determination of eH and Co. simul­

taneously as a function of -Q by combined capacity and permeation 
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" flleaaurementa if these are feasible. These meaaurements should 

be carried out over a wide range of cathodic currents (or potentials) 

under ultrapure conditions with both the cathodic and diffusion aides 

of the foil properly protected againat. oxidation. S\l,T and S(H,T)DA 

a180 deserve re-investigation under similarly rigorbus experimental 

conditions. Moreover. the study of the time- and pott-otial-dependence 

of SH,T and S(H,T)DA lIight prove very interesting. Determination 

of the Ph ++ ion concentratioDs in solution before and during the 

very rapid fall of -n and decrease in capacity (in contr.st to the 

normal increase of capacity) might provide further proof of 

cathodic disintegration. Finally, deter.ination of exchange current 

density, transfer coefficient and enthalpy of activation as a 

function of -Q is essential to support the hypothesis of the 

increase in catalytic activity of lead after prolonged cathodiaation. 
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