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PART I

THE DISTRIBUTION OF THE POTENTIAL IN A UNIFORM 

COLUMN OF ELECTROLYTE DURING ELECTROLYSIS

AND 

PART I I

THE ANALYSIS OF ACTIVATION OVERFOTENTXAL INTO 

EXPONENTIALLY DECAYING COMPONENTS

GENERAL INTRODUCTION

The observation  o f the  s im ila r ity  in  the  proposed mechanisms of 

e le c t r i c a l  conduction through e le c tro ly te s  and through ionized gases sug­

gested to  P rofessor William Schriever th a t  space charge, known to  e z is t  

in  gases, might a lso  e x is t ,  though sm all in  magnitude, in  e le c tro ly te s  

undergoing e le c tro ly s is .  Several in v es tig a tio n s , beginning in  1923 and 

culm inating in  the  work o f Reed^ in  1948,  y ielded re s u l ts  in  conformity 

w ith the foregoing hypothesis. Since th is  was in  con trad ic tion  to  th e  

assim ptions o f e le c t r ic a l  n e u tr a l i ty  found in  many places in  e le c tro ­

chemical l i t e r a tu r e ,  th e re  were serious ob jections ra ised  a f te r  the pub­

l ic a t io n  o f these  r e s u l ts .  P a rt I  w ill  deal in  d e ta i l  with ad d itio n a l 

in v es tig a tio n s  o f these e f fe c ts  and the conclusions derived therefrom .

During these in v es tig a tio n s  an eorsmination o f vArat happens to
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th e  "space charge" immediately a f te r  e le c tro ly s is  ceases le d  eventually  

to  the discovery o f an apparently  new and in te re s tin g  re la tio n  concerning 

the  decay o f o v e rp o ten tia l w ith  tim e; in  Part I  w ill  be mentioned the way 

th a t  th is  cane about. P a rt I I  w ill  deal separa te ly  w ith th is  decay phe­

nomenon; an explanation w il l  be g iven.



PÆST I  

CH.APTER I  

INTRODUCTION 

H istory  of Local Work

In  e a r l ie r  researches a t th e  U niversity  of Oklahoma i t  was found 

th a t  during e le c tro ly s is  th e  p o te n tia l grad ien t along the cen ter of a u n i- 

fo m  colvann of e le c tro ly te  between plane p a ra l le l  e lec tro d es , was not 

constan t. The cause o f th is  non-unifozmity had been in te rp re te d  as mac­

roscopic space charge, the  density  o f t h i s  charge being constant over any 

cross sec tion  of th e  colimin. Since th e  presen t in v es tig a tio n  lends ev i­

dence th a t  fa c to rs  o ther than  space charge were in s tn m e n ta l in  producing 

th ese  observed v a ria tio n s  in  the  p o te n tia l  g rad ien t, i t  seems proper to  

review the  basic  assumptions which le d  to  the  space charge in te rp re ta t io n . 

These may be s ta te d  as follows :

(a) The cross sec tio n a l area  of the  column of e le c tro ly te  i s  uniform 

throughout i t s  e n tire  length  between the  e lec tro d es .

(b) There i s  no v a ria tio n  in  concentration in  th e  measurable portion  

of th e  column during 15 minutes of e le c tro ly s is .

(c) The e le c t r ic  f i e ld  i s  then everywhere in  a d ire c tio n  no m a l to  the  

e lec trodes vrtiich a re  s itu a te d  a t th e  ends of the  column o f e le c tro ly te .
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( I t  i s  seen th a t  th i s  req u ires  th a t  the  cu rren t density  be uniform over 

th e  e lectrode  surface as w ell as over any tran sv erse  cross sec tion  o f the 

column,) Since the probe (exploring e le c tro d e ), by means of nsfaich the  po-,- 

t e n t i a l  d ifference  was measured, i s  very small compared with the  cross 

sec tio n a l area of the  column, th i s  th ird  assumption should be ta*ue every­

where except in  a small volume about the  ax is o f the  column which includes 

th e  probe.

The ho rizon ta l p la te  g lass  trough udiich contained th e  e le c tro ly te  

was 8 ,0  cm wide and the so lu tion  was 8,0  cm deep; the  plane e lectrodes 

were 40,0 cm apart with faces p a ra l le l  to  each o ther and perpendicular to  

th e  sides of th e  trough. I f  we consider th e  o rig in  of coordinates a t  the 

cathode surface and th e  x -ax is  along the  long ax is of the  trough, then we 

may consider th e  ho rizon ta l and v e r t ic a l  d irec tio n s  to  be th e  y -  and z- 

axes resp ec tiv e ly ,

Poisson*8 equation, under these  conditions takes the  form,

where V i s  the p o te n tia l a t  a  poin t whose perpendicular d istance  from the 

cathode i s  x , ^  i s  the  space charge (net charge per u n it volume), €  i s  

th e  d i.e lec tric  constant o f th e  so lu tio n , and ly ,  and Eg a re  th e  rec­

tan g u la r components of the  e le c tr ic  f ie ld  s tre n g th . Thus, any change in  

th e  e le c tr ic  f ie ld  between two po in ts  a t  d is tan ces , xq and xg, fr<m the 

cathode i s  due to  a net charge in  the in te r ly in g  reg ion . This i s  i l l u s ­

tr a te d  fo r  both p o s itiv e  and negative charges in  Figure 1 , The p o sitiv e  

charges ac t as "sources" and the  negative charges ac t as "sinks" .

Every c r itic ism  o f a space charge in te rp re ta tio n  must u ltim ately  

f a l l  back on one o r more o f these th ree  assumptions, (IM s, however, does



(B)(A)

• W
----©

 —©

X,— «

FIGURE I .  EF FE C T  OF SPACE CHARGE ON THE ELECTRIC  FIELD.

req u ire  one fu r th e r  stpposition^  th a t  th e  method o f  determining the  poten­

t i a l  a t  a  po in t in  th e  so lu tio n  leads to  c o rre c t r e s u l ts . )

That the  f i r s t  assumption l i s t e d  (concerning cross sec tio n a l 

area) i s  im portant was rea liz ed  e a rly  in  th e  work. Reed in  1929^(p*28) 

was able to  d e tec t non-uniform ities in  th e  w alls o f  a  po rcela in  trough 

th a t  was used to  contain  the  e le c tro ly te . Since th a t  time g lass  troughs 

w ith accura te ly  plane w alls and bottoms have been employed. The width 

and depth o f  th e  so lu tion  have been held  constant to  w ithin  one ten th  of 

one m illim eter in  80 throughout the  e n tire  len g th  o f the column. Varia­

t io n s  in  width o f th i s  o rder do not a ffe c t  th e  p o te n tia l  g rad ien t to  a 

measurable e x ten t.

Much o f the  adverse c r it ic ism  o f th e  space charge explanation 

has a risen  because o f the  second assumption idiich concerns concentration . 

However, even long before th e  p u b lica tio n  o f  Eeed»s re s u lts  in  1949, 

Martin^ in  1938 had c a rr ie d  out an in v e s tig a tio n  to  a sce rta in  whether
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co n c e n tra tio n  changes d id  occur idiich would account f o r  th e  v a r ia t io n  in  

th e  p o te n t ia l  g rad ien t as observed s t i l l  e a r l i e r  by Brooking*'* and others*  

M artin  found no such changes in  concen tra tion*  Then again , a f t e r  Heed 

and S chriever»3 p u b lic a tio n ^ , P ic k e tt^  repeated  th e  in v e s tig a tio n  fo r  

c o n cen tra tio n  changes w ith  improved apparatus and found evidari.ce o f such 

v a r ia t io n s  only  v ery  n e a r  th e  c u rre n t e le c tro d e s , b u t th e se  changes were 

l e s s  than  one p e r c en t, much too  sm all t o  account f o r  th e  p o te n t ia l  g r a ­

d ie n ts  observed*

At the tim e the  presen t research  was begun (Spring 1953) there  

was planned a  th i r d  simultaneous in v es tig a tio n  to  determine the magnitude 

o f the  concentra tion  changes during DC e le c tro ly s is  by s t i l l  more refined  

methods* Though t h i s  was no t ca rried  out as planned, th e  work to  be de­

scribed  in  P art I  of th i s  th e s is  w il l  demonstrate th e  v a lid i ty  of the  re­

s u l ts  obtained by M artin and P ickett*

Very l i t t l e  repo rted ly  has been done to  check the  accuracy o f the 

th ir d  assumption (Ey -  E% = 0 ); indeed in  only th e  f i r s t  th e s is  by Holler^ 

(p«39) i s  th e re  any mention of an attem pt to  v e r ify  th is  supposition* 

P rofessor William Schriever s ta te d  th a t  both Brookiug^(l933) and Reed^ 

(1948) made measurements l a t e r a l ly  in  th e  trough and found no s ig n if ic an t 

changes in  th e  p o te n tia l  a t  po in ts  not c lo se  to  th e  e lec trodes; no records 

o f  such measurements were made. Furthermore, critic ism s^^» ^  o f Reed 

and Schriever*s pub lication^  have in  no wise touched on the  v a lid i ty  of 

th i s  assumption*

The fo llow ing  i s  R oller*  s s ta tem ent o f  th e  assum ption, and o f  h is  

a ttem pt to  check i t .



I t  i s  assumed th a t  th e  e l e c t r i c  f i e l d  in  th e  e le c t r o ly te  was uni­
d ire c t io n a l  and nozmal to  th e  e le c tro d es  in  th e  reg io n  o f th e  l i q ­
u id  invaded by th e  p latinum  p o in te rs .  This assum ption seans j u s t i ­
f ie d  when i t  i s  considered  th a t  th e  d ie le c t r ic  co n sta n t of th e  
l iq u id  i s  high and th a t  th e  reg ion  explored by th e  p o in te rs  was 
c lo se  to  th e  lo n g itu d in a l ax is  of th e  l iq u id .  Indeed i t  was found 
experim entally  th a t  r a is in g  and low ering th e  p o in te rs  to  d if f e r e n t  
le v e ls  in  th e  e le c tro ly te  seemed to  have no ap p rec iab le  e f f e c t  on 
th e  e lec tro m ete r read in g s . (The underscorings have been added.)

R o lle r  measured the  p o te n t ia l  d iffe re n c e  between two p latinum  p robes, s e t

a  fixed  d istance ap art, lA ich could be moved a x ia lly  along the  trough .

In  ad d itio n  to  th e  re search es  a lre a d y  c i te d , concerning th e  th re e  

assum ptions, th e re  a re  o th e r  theses^* in  which a re  d iscu ssed  improve­

ments o f  m easuring techn ique , re p ro d u c ib i l i ty , and c a lc u la tio n  o f  space 

charge in  accord w ith th e se  th re e  hypotheses.

P resen t Work

This present research  i n i t i a l l y  was planned to  be an in v estig a ­

tio n  of the  p o te n tia l g rad ien t in  a  conducting e le c tro ly te  between "re ­

v e rs ib le "  Ag/%01 e lec tro d es . E sse n tia lly  the  same procedure ou tlined  

by Reed^ was followed and, fo r  a 0.0024 K KCl so lu tio n  w ith the  4g /4gd  

cu rren t e lectrodes (described l a t e r ) ,  th e re  occurred s ig n if ic a n t devia­

tio n s  in  the  p o te n tia l g rad ien t a f te r  20 minutes of e le c tro ly s is  as f a r  

out as 10 cm frœn the  cathode (see Figure 6) .

While t h i s  experim ental work was being  c a r r ie d  ou t th e re  arose 

th e  fo llow ing  fundamental co n s id e ra tio n , which i s  v i t a l l y  connected w ith  

th e  t h i r d  assum ption: I f  n e t  p o s it iv e  o r n eg a tiv e  charge d e n s it ie s  e x is t  

out i n  th e  i n t e r i o r  o f  th e  so lu tio n  as suggested in  th e  space charge in ­

te r p r e ta t io n ,  and th e re  a re  no l a t e r a l  components o f th e  e le c t r ic  f i e ld ,  

then  th e  charges would move toward th e  s id e s  o f th e  column, to  a minimum 

energy co n fig u ra tio n .



s
Ât f i r s t  i t  was believed th a t  these  charges (stQ>posedl7  io n s) , 

due to  th e i r  low m o b ilitie s , might not move f a r  i n  the 15 m inutes during 

which the  e le c tro ly s is  took p lac e . This id ea  proved untenable because 

measurements of the decay of the  p o te n tia l  a t  various p o in ts  in  th e  so­

lu tio n  a f te r  the  cu rre  t  ceased, showed th a t  the  charge did disappear 

ra p id ly . (See Part I I . )  This work revealed th a t th e  p o te n tia l  of aH  

p o in ts  throughout the  column o f e le c tro ly te , excluding regions very near 

the  e lec tro d es , were a t the same p o te n tia l  very sh o rtly  a f te r  th e  current 

was tu rned  o f f , th a t  i s ,  in  two to  th ree  m inutes; in  fa c t  throughout most 

o f th e  trough the  p o te n tia l was constant in  l e s s  than th i r t y  seconds. I f  

then th e  charges are annulled so rap id ly  when e le c tro ly s is  ceases, i t  i s  

reasonable th a t they  must a lso  sœiehow be discharged or removed as quickly 

even vdiile e le c tro ly s is  occurs.

I t  was th i s  consideration  which stim ula ted  a  thorough in v es tig a ­

t io n  o f l a t e r a l  and v e r t ic a l  p o te n tia l d is tr ib u tio n s  a t  various d istances 

from th e  e lec tro d es . Subsequently i t  w il l  be shown th a t  th e  M su lting  

d a ta  le d  to  causes, o ther than space charge, f o r  the  non-uniform p o te n tia l 

g rad ien ts  which had been observed by previous researchers. Observations, 

such as s ig n if ic a n t frac tio n s  o f the  cu rren t going to  th e  backs o f the 

e lec tro d es , diving toward the lower edges of the  e lec trodes , going to  

c e r ta in  spots on the  e lectrode surface, and even r is in g  tpward toward the 

top  edges of th e  anode, w ill  be diseussed. I f  th e  current d iverges from 

o r converges toward some region o f the e lectrode  surface , then  l a t e r a l  

components of th e  e le c tr ic  f i e ld  must e x is t  and assumption th re e  must be 

in v a lid .
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The Purpose o f P a r t I  o f  th e  P resen t In v e s tig a tio n  

I t  can be seen from th e  preced ing  d isc u ss io n  t h a t  th e  o r ig in a l  

p la n  f o r  th e  re sea rch  had to  be a l te r e d .  The purpose th e n  became, p r i ­

m a rily , to  e s ta b lis h  id ia t, and how, e f f e c ts  o th e r  than  space charge could 

produce th e  non-uniform  p o te n t ia l  g ra d ie n ts  which have been rep o rte d  by 

p rev io u s  re se a rc h e rs .



CHAPTER I I  

APPARATUS

The apparatus used throughout th is  work was e s s e n tia lly  th e  same 

as th a t  employed by Reed^(p.24) except fo r  some changes in  the  e le c t r ic a l  

c i r c u i t ,  the  construction  of a  new type of probe fo r  work in  GuSO ,̂ th e  

device fo r  moving th e  probe l a te r a l ly ,  and a  few o ther minor a l te ra t io n s . 

% e use of a v e r t ic a l  c e l l  was new*

The C e lls

The h o rizon ta l trough was th e  same as th a t  used by Reed^(p.24). 

The v e r t ic a l  c e l l  was constructed s im ila rly  of slabs o f  p la te  g lass  w ith

th e  same to le rance  o f 0 .1  mm in  width throughout i t s  len g th . The fou r

sides and one end were enclosed, the  in s id e  dimensions being 65 cm t a l l  x. 

9 cm X 9 cm. The column of e le c tro ly te  between th e  cu rren t e lec trodes 

was made to  be a  rectangu lar p a ra lle lep ip ed  3 5 c m x 9 c m x 9 c m  except fo r  

the  space occupied by th e  Lucite rods and th e  g la ss  tube fo r  supporting

the  probe; these  w ill be described l a t e r .

The R1eetrodes

The probe fo r  work in  chloride so lu tions was o f much th e  same 

construction  as th a t  used by Reed^(p.26). (A complete d esc rip tio n  i s  

given in  Appendix I . )  The bare m etal-tipped  probes, such as those used

10
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by Eeed^ÿ Ferguson^, and o th ers , f lu c tu a ted  in  s e l f  p o te n tia l  considerably  

even though th e  maximum electrom eter cu rren t was only about 10*^0 amp/cm^» 

This d i f f ic u l ty  was co rrected  by constructing  a probe of a  new design 

shown in  Figure 2(B). The bare wire was in se r te d  in to  the fin ish ed  hollow 

probe to  w ith in  a ^ o r t  d istance from th e  t i p .  % e e le c tro ly te  could then  

e n te r  the t i p  and cover the  esqmsed w ire. This accomplished two im portant 

r e s u l ts ;  f i r s t ,  th e  a rea  exposed to  the  so lu tion  was g re a te r  and thus th e  

current density  was reduced, and second, th e  p robe-to -so lu tion  e .m .f. was 

not d istu rbed  udien the e le c tro ly te  was s t i r r e d . In  some cases the  end of 

th e  bars wire was co iled , see Figure 2(B), in  order to  increase  even more 

th e  area  in  contact w ith the  e le c tro ly te  while in  another case a  piece of 

copper, from th e  same stock as th e  current e lec tro d e , was used. The e lec­

t ro ly te  rose in s id e  th e  tube of th e  probe to  th e  height o f the  so lu tion  

on the o u ts id e .

The Ag/AgOl current e lec trodes, used in  the ho rizon ta l trough, 

were made from 99.9 percent pure s i lv e r ,  0.063 inch th ic k . The 10 cm long 

s i lv e r  p la te s  were machined to  f i t  f re e ly  in s id e  the  trough, and were, a t 

th e  to p  edge, s ilv e r-so ld e red  in to  a machined s lo t  in  a b rass bo lder.

(The procedure fo r  p la tin g  th e  ch loride on th e  s i lv e r  surfaces i s  described 

in  ^ p en d ix  I . )  The e le c tro ly tic  copper e lec trodes, made from a  copper 

sheet l / d  inch th ic k , were mounted in  the same manner. (The p repara tion  

o f th e  copper surfaces i s  discussed in  Appendix I ) .  The platinum e lec­

tro d es were those used by Ferguson^(p.l2).

Supports fo r  th e  Po in ter, th e  Trough, 

and the  Current E lectrodes 

The o p tic a l bench, the  r id e r  used fo r  position ing  the  probe along
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th e  axis of the trough, th e  tu rn  ta b le  fo r  o rien ting  the  probe, and th e  

supports fo r  the trough and cu rren t e lec trodes, were the  same as those 

used by Reed^#

To perm it moving the  p o in te r l a te r a l ly  in  th e  h o rizon ta l trough 

a b a r of one inch square s te e l ,  s ix  inches in  leng th , was mounted h o ri­

zo n ta lly , corner vp, upon a sp e c ia lly  constructed o p tic a l bench r id e r , 

w ith  the  ax is  of th e  b a r perpendicular to  th a t of th e  bench. This p e r­

m itted  th e  second r id e r ,  which carried  th e  probe, to  move la t e r a l ly  across 

th e  trough. V e rtic a lly  on th is  sec(xid r id e r  was mounted a  screw drive 

Wiich perm itted th e  ra is in g  and lowering o f th e  p o in te r above and below 

th e  axis of th e  trough . This device did not perm it adjustm ents of suf­

f ic ie n t  p rec is io n  to  m aintain th e  probe a t  a fixed  d is tan ce  from th e  elec­

tro d e  su rface . Thus each time an o ff -a x is  se ttin g  of the  probe was made 

a  new zero reading was determined w ith th e  probe t i p  ju s t  touching the 

e lec tro d e . This device perm itted th e  probe to  be positioned  a t  p ra c ti­

c a l ly  any poin t in  th e  e le c tro ly te .

The E lectrode Assembly fo r  

The V ertica l Cell 

In  Figure 3 the  th ree  L ucite  rods L, each c a re fu lly  machined to  

a length  o f 350.0 mm, acted as separa to rs fo r  th e  e lec tro d es £ . Holes 

were d r i l le d  and threaded in to  th e  ends of the  rods to  sA ait copper p la ted  

cap screws, idiich clamped th ree  of th e  corners of each e lec trode  onto the  

ends of th e  rods. In  th e  remaining corner of each e lec trode  a hole was 

d r i l le d  larjge enough to  pezmit a  3 /8  inch diameter g la ss  tube T, to  pass 

through f re e ly . This tube was about 70 cm long and closed a t  th e  bottom.
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•The tube extended in  each d ire c tio n  frcm the two probes /s e e  Figure 3(BJ7 

so th a t  i t  would remain in  the  holes id iile  th e  probes were positioned  a t 

any po in t between th e  curren t e lec tro d es . (This leng th  o f T n ecess ita ted  

th e  65 cm long tan k .)  The stems of th e  two probes P, w ith t h e i r  po in ts  

16 cm apart and orien ted  in  opposite d ire c tio n s , were passed through holes 

in  the  w alls of T and each bent upward in s id e  a t r ig h t  angles as shown in  

Figure 3(C ). Next two sm all tubes t ,  o f such bore th a t  they  would ju s t  

s l ip  over the  probe stems were in se rte d  a t  the  top  o f T and lowered u n t i l  

they  slipped over th e  ends of th e  probe tu b es . A copper wire of s ize  

20 B.&8. gauge, with th e  in su la tio n  removed fo r  severa l centim eters near 

th e  end, was in se rte d  in to  each o f th e  tubes t  down to  w ith in  approxi­

m ately one centim eter of each probe t i p .  The tube T was then  f i l l e d  with 

sealing  wax to  a  few cm above the  top  probe. This served to  in su la te  the  

two probe systems. The probes were o f such a leng th  th a t  they  could be 

moved v e r t ic a l ly  along th e  ax is o f th e  c e l l ;  a lso  they  could be ro ta ted  

any place along an a rc , th e  radius of which was th e  same as th e  d istance  

of the ax is  from the  cen te r  of T. When the e lectrode  systea  was lowered 

in to  the v e r t ic a l  tank , th e  e le c tro ly te  could then  e n te r th e  probe t ip s  

and make contact w ith th e  bare copper w ires. (The e le c tro ly te  rose in  

each of the  probe systems to  the height of th e  e le c tro ly te  in  th e  c e l l . )

E ith e r  of the  probes could be positioned  to  w ith in  iO.Ol cm in  

th e  v e r t ic a l  c e l l  by means of a  v e r t ic a l  cathetcm eter. The cathetom eter 

c ro ssh a ir  was focused on th e  probe t i p .  Any o ff  a x is  measurements could 

be made by ro ta tin g  tube T holding th e  probes and a lso  correspondingly 

ro ta tin g  and refocusing th e  cathetom eter. Since th e  e lectrode  assembly 

and cathetom eter scale  were not mounted r ig id ly  to g e th er, i t  was necessary
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rep ea ted ly  to  check fo r  any r e la t iv e  s h i f t .  This was done sim ply by ta k ­

ing a new zero p o s itio n  on th e  cathetom eter sca le  when the  c ro ssh a ir  was 

focused on one o f the  probe t ip s  re s tin g  against the  surface of th e  co r­

responding curren t e lec tro d e . To perm it the  removal o f the system firom 

th e  tank , a  Lucite handle H waus attached as shown.

The current lead s  Xwere made of size  10 B.&S. gauge copper w ires 

threaded on the lower ends. The ex is tin g  p la s t ic  in su la tio n  was pulled  

back near the  threaded ends lA ich would be in  th e  e le c tro ly te , and severa l 

coats of "Krylon”, an a c ry lic  p la s t ic ,  were sprayed on, each coat being 

allowed to  dry independently. The in s u la t iw  was then pu lled  back down 

over th e  dried  p la s t ic  and two spray coats of p la s t ic  were app lied  over 

t h i s  in su la tio n  on each le a d .

The e lectrodes fo r  th e  v e r t ic a l  c e l l  were made from a 1 /4  inch 

th ic k  e le c tro ly tic  copper p la te .  They were cu t in  th e  form of a square 

of such s iz e  th a t  they  f i t  the  in s id e  of the  v e r t ic a l  tank c lo se ly  yet so 

th ey  could be moved e a s i ly  w ithout binding. In  add ition  to  the  holes 

d r i l l e d  i n  the  current e lectrodes to  admit the  b o lts  and th e  tube T one 

hole was d r i l le d  and threaded 3 /l6  inch deep on the  to p  side  o f each e lec­

trode  to  receive th e  threaded ends of the  copper le a d s . Asiother hole was 

made in  th e  top  e lectrode  to  perm it the  lead  from the  lower e lectrode  to  

pass through. The backs and edges of the  e lectrodes were covered with 

fou r coats of '*Krylon**. The faces had previously  been c a re fu lly  f la tte n e d  

on a  b e lt  sander and rubbed and polished to  a  smooth f in is h  w ith progres­

s iv e ly  f in e r  grades of emery paper. For a d esc rip tio n  of th e  f in a l  clean­

ing  of th e  copper e lectrodes see ^jpendix I .
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The Aligaaent of th e  E lectrodes

A rap id  alignment of th e  e lectrodes in  th e  h o rizo n ta l trough was 

accomplished by the  use of an in v erted  T-beam. The beam was constructed  

of two s t r ip s  of aluminum l / 4  inch  th ick  and 400*0 mm long, the  edge of 

one being held firm ly  to  the cen ter (lengthw ise) of th e  o th e r by screws*

The ends were machined accu ra te ly  perpendicular to  th e  sides of the  in ­

verted  T-beam. Three leg s  one centim eter high held th e  beam up o ff  the 

f lo o r  o f  the  h o rizo n ta l trough*

To a lig n  th e  e lec trodes the  T-beam was placed in s id e  th e  horizon­

t a l  trough idiich in  tu rn  was placed in  p o sitio n  upon i t s  sx9>port* The 

e lectrodes were then  placed in s id e  th e  trough a t  the ends o f the  beam and 

clamped to  t h e i r  holders* With the  sides of the  inverted  T-beam p a ra l le l  

to  the  s id es o f the trough, th e  e lec trodes were ad justed  f lu sh  w ith the  

ends of the  beam* The e lec tro d es  were then accura te ly  p a ra l le l  to  each 

o ther, perpendicular to  the  a x is  of the trough, and th e  proper d istance  

apart*

The Ag/AgCl e lec trodes were prevented from coming in  con tac t 

with the  aluminum beam by in se r tin g  th in  sheets o f "Saran" p la s tic *  Al­

though th is  changed s l ig h tly  th e  d istance o f separation  of the  e lec tro d es , 

th is  change could be e a s ily  co rrected  fo r  by use of th e  probe and i t s  v e r­

n ie r  scale  a f t e r  the beam was removed*

The E le c tr ic a l  C ircu its

A schematic diagram of the  e le c tr ic a l  c i r c u i ts  i s  shown in

Figure 4*

%e e n tire  system i s  th a t  described by Reed except fo r  th e  add ition
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o f  f iv e  reversing  sw itches, 6/ ,̂ S^, S^, S^, and Sg, which serve to  change 

quick ly  th e  ground connection from th e  cathode to  miode w ith simultaneous 

rev e rsa ls  in  the  o th er c i r c u i ts .  The standard c e l l  p o la r i ty  was a lso  

n e c e ssa rily  reversed  w ith each rev e rsa l o f th ese  switches* The reversing 

sw itch determines which e lectrode w ill  be th e  cathode.

The e lectrcm eter needle was charged to  a p o te n tia l of 135 v o lts  

ra th e r  than th e  112*5 as used by Reed^. This produced a s e n s i t iv i ty  of 

a^ro^dm ately  1.55 mv/mm but th i s  was not constant over th e  e n tire  length  

of the ground g lass  sc a le . Consequently a  c a lib ra tio n  ta b le  was made 

which, f o r  the  e n tire  range o f the electrom eter sca le , remained very ac­

cu ra te  when th e  electrom eter system was kep t a t  a  temperature of 30^1^0 , 

th e  c a lib ra tio n  tem perature.

The v e r t ic a l  c e l l  and cathetcm eter were housed in  the  sane h ea t- 

in su la te d  cabinet and th e  same e le c t r ic a l  c i r c u i ts  were used, as fo r  the 

h o riz o n ta l trough apparatus.



CHAPTER I I I

PaOGBDüES AND RESULTS

The deviations from a l in e a r  r i s e  in  p o te n tia l between the  cath­

ode and the  anode were determined in  the follow ing 0*0024 N so lu tions;

Solution C ell E lectrodes Total P o ten tia l
D ifference

1 .  KCl H orizontal Ag/AgCl (unbacked) 8000 mv

2 . HCl ” Ag/AgCl (unbacked) 2600 mv

3* HCl M Ag/Agd (backed) 3200 mv

4* CuSO  ̂ " Cu (old) 8000 mv

5* CuSOjî  « Cu (backed) 8000 mv

6* GuSOjî  V ertica l Cu (backed) 7000 mv

The designation  "backed” re fe rs  to  th e  coating of the  backs and edges of 

the  cu rren t e lec trodes w ith an a c ry lic  p la s t ic  (Erylon) idiich prevented 

e le c tr ic a l  conduction to  these  parts*  ”01d” re fe rs  to  a  p a ir  of unbacked 

copper e lectrodes used by previous workers* The t o ta l  potentiisl d if ­

ferences were chosen such th a t  the  curren t density  in  each case was ap­

proximately 5 X lO"^ amp/cm^.

Measurements of the p o te n tia l d is tr ib u tio n s  in  cross section  

p lanes were ca rried  out f o r  each of the  above cases except the f i r s t ,  KCl* 

Two methods were used fo r  the  determ ination o f the  deviations 

from a  l in e a r  r i s e  in  poten<;ial* The f i r s t  method was e s se n tia lly  the

20



21

same as th e  "Standard Curve Method w ith constant p o te n tia l  d ifference" 

described ty  Reed^. This method was used only in  the  f i r s t  and second 

cases. The second method was designed to  co rrec t f o r  c e r ta in  types of 

changes a t  th e  cu rren t e lec trodes fo r  vhlch the "standard  curve method" 

could not c o rre c t .  I t ,  to o , was c a rr ied  out w ith a  constant p o ten tia l 

d iffe ren c e . In  both cases the  apparatus f s r  measuring th e  p o te n tia ls  was 

th e  same. The probe, placed a t  a  desired  p o s itio n  in  th e  trough, was used 

to  detezmine the v a ria tio n  with tim e of th e  p o te n tia l  a t  th a t  p o in t. The 

cu rren t was passed through th e  e le c tro ly te  and th e  p o te n tia l  across the 

c e l l  was m aintained a t  the value l i s te d  under T o ta l P o te n tia l D ifference. 

The devi a tions were measured, as was done by R eed \p«37), a t  one minute 

in te rv a ls  over a pericd of f i f te e n  minutes (20 m inutes in  the case of K d ) .  

The so lu tio n  was then s t i r r e d ,  th e  probes moved to  a new p o sitio n , and th e  

system allowed to  r e s t  fo r  15 m inutes (20 m inu tes). The procedure was 

then  repeated . Such a  se r ie s  of measurements i s  designated a "run".

The Standard Curve Method

Repeated observations of the p o te n tia l a t  a  given point in  the

trough d id  n o t d i^ I ic a te ;  th e re  was a  p rogressive change. This lack  of

dup lica tion  was caused by unavoidable changes in  th e  e lec trode-so lu tion

in te r fa c e s . Reed^(p.4l) claimed th a t  good reproduction of da ta  could be

obtained by compensating fo r  t h i s  change in  the  follow ing manner:

When observations were being made in  say, th e  anode h a lf  of the 
trough, a  c e r ta in  point in  th a t  region was se lec ted  as a  standard 
reference  p o in t. Runs were made, f i r s t  a t t h i s  standard po in t, 
then  a t a  desired  po in t, and then  back a t  th e  standard p o in t.
The p o in te r  was then moved to  another p o in t, where a  run was made.
Then another run was made a t  th e  standard p o in t, e tc .  For obsezv 
vations in  the  anode h a lf  of th e  trough the  36 cm point (from the 
cathode) was used as the  standard  p o in t. In  th e  cathode h a lf  of
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the  trough, the  20 cm poin t was used.
To obtain  the  f i r s t  d a tm  fo r  the standard curve, th e  dev ia tions 
ex is tin g  a t  the end o f the  f i r s t  m inute, fo r  a l l  o f  the  runs th a t  
were made a t  tb s 36 cm po in t, before and a f te r  runs were made a t  
o th er p o in ts , were averaged. This gave the  standard  value of th e  
deviation  a t  the  end of the  f i r s t  m inute. To o b ta in  the second 
datum, th e  dev ia tio n s a t  the  end o f two minutes were averaged.
This procedure was repeated u n t i l  standard values of deviation  
were found f o r  a l l  o f th e  15 tim es of current flow  from one to  15 
m inutes. These were p lo tte d  to  ob tain  the  standard curve. By 
the  same method, the  standard curve a t  20 cm was obtained.
The dev ia tion -tim e curves fo r  th e  d if fe re n t p o in ts  of observation 
were standardized by means of the  standard curve, in  th e  following 
manner. The two runs â - th e  standard p o in t, taken  before and a f t ­
e r  the  run a t  another p o in t, say a t  32 cm, were averaged, point 
by p o in t, in  the  same way the  standard curve was obtained. Then 
a s e t  o f d iffe ren ces  was obtained by sub trac ting  each datum fo r  
th is  average curve from th e  corresponding datum fo r  the  standard 
curve. Each of these  d ifferences applied  as a co rrec tio n  to  the  
corresponding d a tm  o f  the  curve a t  32 cm served to  standardize 
th a t  curve.

This has p reviously  been re fe rred  to  as th e  Standard Curve Method.

In  t h i s  in v e s tig a tio n , fo r  KCl th e  po in ts  8 cm and 36 cm from th e  

cathode were chosen as standard po in ts in  th e  cathode and anode sec tions 

re sp ec tiv e ly . Two p o in ts  near the  cen te r of the trough were corrected  by 

both the 8 cm standard po in t and th e  36 cm standard po in t and the  averages 

o f a few runs in  each case were found to  agree w ith in  two m il l iv o l ts .  8i-y 

runs a t  a  poin t w ith in  one centim eter o f  th e  cathode, a f te r  co rrection  by 

t h i s  method, y ie lded  values having an Average Deviation of the  order of 

f iv e  m il l iv o l ts .

The Second Correction Method 

A ca re fu l study of the  Standard Curve Method revealed th a t  i t  

would properly  co rrec t f o r  changes occuring sim ultaneously a t  both elec­

tro d es milv i f  an increase  in  the  p o te n tia l drop between cathode and so­

lu tio n  were accompanied by a corresponding decrease in  the  magnitude of
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th e  p o te n tia l drop between anode and solution* In  some cases th i s  condi­

t io n  was approximated because, with an increase  in  the  cathode drop, the  

cu rren t decreased and consequently th e  anode drop decreased. This type 

of change can be seen in  the  5, 10, and 15 minute curves fo r  CuSÔ  ob­

ta in e d  by Reed^(p.S2). The cathode drop increased  with time and corre­

spondingly the  anode drop decreased, hence the dev ia tion-d istance  curve 

moved upward remaining approximately p a ra l le l  to  i t s  i n i t i a l  p o s itio n .

To make a  p red ic tion  a s  to  A e th e r  t h i s  would occur would be impossible 

without knowing a l l  the  fa c to rs  causing th e  drops a t  both e lec tro d es .

In th e  case o f HCl between Ag/AgCl e lectrodes the  above condition 

d id  not e x is t .  The cathode drop increased over a se r ie s  of runs extend­

ing  f o r  severa l days and also  the  anode drop g radually  increased in  magni­

tu d e . This caused a ro ta tio n  in  the dev ia tion -d istance  curve ra th e r  than 

a s h i f t  o f the  curve up o r down. The p o in ts  near the  cen ter of the trough, 

about whidi the ro ta tio n  occurred, varied  l i t t l e  id iile  the standard po in ts 

va ried  considerably i n  opposite d ire c tio n s . In  applying a standard curve 

c o rrec tio n  to  th e  p o in ts  near th e  poin t of ro ta tio n , one would be allow­

ing  fo r  a  change which did not occur.

To co rrec t f o r  these simultaneous changes a t both e lectrodes 

p roperly  the follow ing sim pler and f a s te r  procedure was devised. ALL 

p o in ts  a t vAich the  p o te n tia l was desired  were determined beforehand and 

th en , beginning w ith th e  one nearest the  cathode, the  runs were ca rried  

out a t  every second point p rogressively  from th e  cathode to  the anode, and 

then  from anode to  cathode a t  th e  po in ts  vdiich were skipped. This s e r ie s  

had to  be c a rried  out as one u n it in  order to  preserve the  progressive 

change in  eadi e lec tro d e . The e n tire  s e r ie s  required  a  f u l l  day. The
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nex t s e r ie s  was carried  out on th e  same p o in ts  except in  the  reverse  or­

der; then  two s im ila r se r ie s  were done beginning a t  the anode and progres­

sing toward the  cathode and back again on the  po in ts f i r s t  chosen. I f  the  

p rogressive change of the  e lec trodes proceeded a t a constant r a te  during 

a l l  fo u r s e r ie s  of runs, i t  can be seen th a t  the  average of the  fou r po­

t e n t i a l s  f o r  each poin t would correspond to  the p o te n tia l  a t  th a t  po in t 

a t  a  time h a lf  way through a complete se r ie s  of e igh t t ra v e rsa ls  of the  

trough . For each se rie s  of runs in  the  ho rizon ta l trough i t  would have 

been id e a l  to  include a l l  po in ts  on each tra v e rs a l  of th e  trough but the 

time required  would have been too  g re a t. In  the v e r t ic a l  c e l l ,  when only 

a po rtion  of th e  coltmm was mapped, th i s  was done. The above procedure 

fo r  deteim ining the  deviations from a l in e a r  r is e  in  p o te n tia l  gave dupli­

cable r e s u l ts .

Correction Applied to  P o te n tia l Measured bv Probe 

The "chemical e.msf«" co rrec tion  applied by Reed^(p.39) leads to  

in c o rre c t r e s u l ts .  He assumed th e  p o te n tia l d ifference  measured between 

a cu rren t e lectrode and the  probe a t  a d istance x  from th e  e lec trode , 

( a f te r  th e  co rrec tion  fo r the  o rie n ta tio n  o f the  probe was app lied ), was 

the  a lgeb ra ic  sum of the  f a l l  o f p o te n tia l from electrode  to  probe and 

the  electrode-probe "chemical e .m .f ." ;  the  l a t t e r  was measured p r io r  to  

e le c tro ly s is .  When such co rrec tions were ^ p l i e d  to  measurements made a t 

a po in t in  the  so lu tion , f i r s t  w ith respect to  th e  cathode and then with 

respect to  th e  anode, see Figure 2( a) , i t  was found th a t  the  d ifference  

between th e  two determ inations o f the  p o te n tia l a t  the point was equal to  

th e  sum o f th e  two observed “chemical e .m .f.* s" . This i s  tru e  since the
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p o te n t ia l  in d ica ted  by potentiom eter Pg w ill  equal to  ^XX) mv minus the 

p o te n tia l ind ica ted  by

Figure 5 shows g rap h ica lly  how the  "chemical e .m .f ."  co rrec tion  

would a ffe c t the  measured d is tr ib u tio n  of p o te n tia l between the  e lec trodes . 

The cathode and anode chemical e .m .f. correcti%%s, fo r  several systems 

used by Eeed^(p.l09) were o f th e  same order o f magnitude; thus he must 

have «çplied th e  anode co rrection  in  th e  wrong d ire c tio n  and obtained ap­

parent consistency . However, i t  i s  d i f f ic u l t  to  see how th is  could ac­

count fo r  h is  dev ia tion -d istance  curve fo r  NiSO^^(p.lOO) unless the  anode 

d is tr ib u tio n  was a r b i t r a r i ly  adjusted to  f i t  th e  cathode d is tr ib u t io n . I t  

i s  s ig n if ic a n t th a t ,  even i f  t h i s  were done, th e  space charges calcu lated  

from h is  curves would be th e  same as though th e re  were no chemical e .m .f. 

co rrec tion  since  the  curvatures of the curve were not changed.

For th e  various probes used throughout th e  work, the  co rrections 

fo r  the  o r ie n ta tio n  o f the  probe were approximately equal to  those found 

by Reed (between 5 and 10 mv).

Method fo r  Off-Axis Measurements of P o te n tia l 

For making o ff -a x is  measurements of p o te n tia l  the  previously  de­

scribed  apparatus fo r  ad justing  th e  probe o ff  th e  ax is o f  th e  column of 

e le c tro ly te  was employed. I t  was im portant in  these  measurements th a t  th e  

probe t i p  be th e  same d istance  from th e  e lectrode surface fo r  every p a ir  

of runs idiich were to  be compared. To accomplish th is ,  fo r  each o ff -a x is -  

se ttin g  o f the  probe, the  zero reading (with th e  p o in te r aga in st the  elec­

tro d e  surface) was taken and then th e  probe was moved th e  d esired  d istance 

from t h i s  p o s itio n . In  c e r ta in  cases i t  was found th a t  the  l a t e r a l  se t­

t in g s  could be made by merely h id in g  th e  r id e r  carrying the probe la te r a l ly
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th e  desired  d istances w ithout determining a new zero p o s itio n  fo r  each 

s e t t in g . However, since p a r a l le l im  between the r id e r  way and the  e lec­

trode  surface could not always be obtained th i s  procedure was not always 

perm issib le .

To compensate f o r  o v e r-a ll changes which might occur a t  the  e lec­

trode  surface the follow ing procedure was follow ed. The p o te n tia l  was 

measured a t  one minute in te rv a ls  during 15 minutes of e le c tro ly s is  a t  a  

given d is tan ce  from the  e lectrode  surface along the  axis o f the  column.

The so lu tio n  was s t i r r e d ,  th e  probe was moved to  an o ff -a x is  p o s itio n  such 

th a t  th e  probe was the  same d istance from th e  e lectrode surface as i t  was 

fo r  the  previous s e t t in g , and the system was allowed to  r e s t  15 m inutes. 

Then a  "run" was c a rr ie d  out to  determine th e  p o te n tia l each minute a t 

t h i s  o ff -a x is  p o s itio n  during 15 minutes o f e le c tro ly s is . Next th e  probe 

was moved back to  i t s  former p o sitio n  on th e  axis and a  second run taken 

th e re .  The averages of th e  da ta  fo r  the  two runs taken on th e  ax is  were 

then  compared w ith the  corresponding p o te n tia ls  fo r  the  o ff-a x is  run .

When a more complete mapping o f th e  p o te n tia ls  in  a  cross section  

plane was d esired , the procedure ju s t  described was ca rried  out fo r  severa l 

p o in ts  over the s e c t io i .  ^11 the  runs on th e  axis were then averaged to  

fozm a  "standard" run. The average of th e  two runs, taken on th e  ax is  be­

fo re  and a f te r  a given run o ff  the  ax is , was subtracted  from th e  standard 

run and t h i s  d iffe rence  was applied as a co rrec tion  to  th e  run taken o ff 

th e  ax is in  order to  "standard ize" i t .

Usually th e  p o te n tia l  a t a  given p o sitio n  varied  so l i t t l e  between 

runs th a t  two o r more o ff -a x is  runs could be made before making another run 

on th e  a x is . Indeed, idien th e  d ifferences in  p o te n tia l over a cross
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sec tio n  plane were s ig n if ic a n t ,  they were la rg e r  than the  v a ria tio n s  be­

tween runs due to  electrode changes*

Experimental R esults 

The f i r s t  p a rt  o f th i s  in v es tig a tio n  was ca rried  out in  accord 

w ith th e  procedure described by Reed^ in  order to  determine whether "space 

charge" ex is ted  in  a ch lo ride  so lu tion  between " rev e rs ib le"  Ag/AgCl elec­

tro d e s . The f i r s t  two s e ts  o f dev ia tion -d istance  curves are s im ila r to  

those obtained b7 Heed fo r  o th er types of e lec tro d es and so lu tio n s . The 

prev iously  described Standard Curve Method was employed to  obtain  deviar- 

tio n -tim e  curves fo r  a h o rizon ta l coltann of KOI so lu tio n  between unbacked 

Ag/AgCl e lec tro d es . These curves are shown in  Figure 6 . In  the  same f ig ­

ure i s  shown th e  dev ia tion , a f te r  both 3 and 20 minutes of e le c tro ly s is , 

as a function  of th e  d istance  from the  cathode. The average of f iv e  runs 

was used to  determine each po in t on the  deviation-tim e curves. The to ta l  

number of runs fo r  a l l  the  curves was 119.

The standard curve procedure was a lso  employed to  obtain  da ta  fo r  

a h o rizo n ta l column of HCl so lu tio n  between unbacked ^/A gCl e lec tro d es. 

The da ta  are  shown in  th e  form of curves in  Figure 7» The average o f s ix  

runs was used to  de tem ine  each point 1 .0  cm or l e s s  frcm an e lec tro d e .

The po in ts  a t  l6 , 20, and 24 cm frcan the  cathode were not standardized; 

they  a re  resp ec tiv e ly  th e  means of s ix , n ine, and s ix  runs. Each of the  

remaining po in ts  was determined by the  average of fiv e  runs. The to ta l  

number of runs was 125.

When measurements were made la t e r a l ly  across a  section  o f the  

trough to  determine whether th e  "space charge" was apparently  d r if t in g  to ­

ward th e  s id e s , p o te n tia l d is tr ib u tio n s  wars obtained which le d  to  an
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e n t i r e ly  d if fe re n t in te rp re ta t io n  o f the  f i r s t  two s e ts  o f d a ta . This 

th i r d  se t of d a ta  and the  measnrenents which ensued are  discussed below.

The l a t e r a l  d is tr ib u tio n s  o f th e  p o te n tia l in  the  same HCl so­

lu tio n  between unbacked Ag/AeCl e lec tro d es i s  shown in  Figure 8 . The 

d a ta  fo r  the th ree  curves were obtained as previously  described a t  0.5> 

2 .0 , and 4 .0  cm from the  cathode. The o rd inates represen t the p o te n tia l 

d iffe rences between a point a t the cen ter of the  section  and the  po in ts  

to  th e  r ig h t and l e f t  o f c en te r .

These l a t e r a l  d is tr ib u tio n s  of p o te n tia l w ith unbacked Ag/AgCl 

e lec tro d es were in te rp re te d  as being caused by a frac tio n  of the  cu rren t 

passing around th e  edge of the  e lectrode to  the  back side of the  cathode.

To t e s t  what e ffe c t covering the  back and edges of the  cathode 

w ith a non-conductor would have, l a t e r a l  (a lso  v e r t ic a l)  d is tr ib u tio n s  of 

th e  p o te n tia l  were determined. These l a t e r a l  and v e r t ic a l  d is tr ib u tio n s  

o f  th e  p o te n tia l  in  th e  h o rizo n ta l column of HCl so lu tion  between backed 

Ag/AgCl e lec trodes are shown resp ec tiv e ly  by the  lower and upper curves 

in  Figures 9(A) and 9(B). The data were obtained a t 0 .2  cm from the 

cathode and 0 .1  cm from the  anode. The o rd inates represent the  p o ten tia l 

d iffe ren ces between a po in t a t the  cen ter of the  section  and the  o ther 

po in ts  represented by th e  ab c issas .

To detem ine  th e  e ffe c t of backing the  e lectrodes on th e  poten­

t i a l  grad ien t along th e  ax is of th e  colimin of e le c tro ly te  th e  previously  

described  "second Correction Method" was employed. The deviation-tim e 

d a ta  fo r  th is  HCl so lu tio n  between backed Ag/AgCl e lectrodes are shown 

i n  Figure 10. Each point was determined by the  average of s ix  runs. The 

t o t a l  number of runs was 126.

The da ta  depicted  by Figure 10 in d ic a te  th a t  the non-uniform
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p o te n t ia l  g rad ien ts  observed by previous woricers were caused by non-uni- 

foxm curren t density  d is tr ib u tio n s  over a sec tio n  o f the  trough* Since 

much work had been done w ith  copper e lec trodes in  CuSO  ̂ so lu tio n  in  p rev i­

ous in v es tig a tio n s , i t  was decided to  make fu r th e r  t e s t s  w ith  th i s  system* 

A p a r t ic u la r  copper cathode used by Reed and o thers was on hand*

Reed^ had employed th e  Standard Curve Method to  ob ta in  dev ia tion  

d a ta  with th i s  "old" copper cathode in  GuSO/̂ . To detem ine  id iether a  non- 

u n ifo m  d is tr ib u tio n  of cu rren t density  over th e  cathode surface could 

have produced the  non-uniform p o te n tia l  g rad ien ts  which he observed a t  

t h i s  e lec trode , l a te r a l  d is tr ib u tio n s  of th e  p o te n tia l were detennined* 

A fter th e  cleaning procedure described by Reed^(p*119) was c a rr ied  ou t, 

c e r ta in  areas of th e  cathode remained l ig h te r  colored as th e  e le c tro ly s is  

progressed* These areas are  in d ica ted  in  Figure 11(A)* In  Figure 11(B) 

are shown the  la te r a l  d is tr ib u tio n s  of the  p o te n tia l  along a h o rizo n ta l 

l in e  passing through the ax is  and 0*3 cm from the  cathode, and a lso  along 

a l in e  2 cm above th is  line*  The o rd inates of the  po in ts rep resen t the  

p o te n tia l  d ifference  between a po in t on the  ax is of the column and th e  

p o in ts  in d ica ted  by th e i r  abcissas* These d a ta  lead  to  a simple in te rp re ­

ta t io n  o f  th e  p o te n tia l g rad ien ts  near th is  e lec trode  as described by Reed*

This cathode had a  th ic k  deposit o f copper near th e  edges on the  

back of th e  e lectrode; the do tted  l in e  around the  sides and bottcsn in  Fig­

ure 11(A) in d ica te s  the ex ten t o f the  deposit* This strengthened th e  be­

l i e f  th a t  a  s ig n ifican t f ra c tio n  of current was going to  th e  back o f th e  

electrode*

I f  th e  non-uniform deposits  on the  cathode surface were produced 

because o f regions o f d if fe re n t c ry s ta l  s tru c tu re  then  annealing should
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remove them.. New copper e lectrodes were prepared by annealing, f la t te n in g  

the  su rfaces, and covering the  backs and edges of copper sheets w ith 

"Krylon” as described in  ^ p en d ix  I .  The l a t e r a l  and v e r t ic a l  d istribur- 

t io n s  o f  p o te n tia l  a f t e r  15 minutes of e le c tro ly s is  a t  0 .5  cm from the  

e le c tro d e s  are shown in  Figure 12(A) fo r  the  new copper cathode and in  

12(B) fo r  th e  new copper anode in  a  CuSO  ̂ so lu tio n . In  Figure 13(A) are 

shown th e  dev iation-tim e data  fo r  a po in t 0 .5  om from th e  cathode a t  s ix  

d if fe re n t depths in  th e  column. S im ilar da ta  f o r  a poin t 0 .5  cm from the 

anode are  shown in  Figure 13(C).

A c o rre la tio n  between th e  v e r t ic a l  d is tr ib u tio n s  of th e  p o te n tia l  

a t  the  e lec tro d es and th e  p o te n tia l g rad ien ts a t  d if fe re n t depths was ob­

ta ined  by detenni.ning dev ia tion -d istance  curves a f te r  15 m inutes of e lec­

t r o ly s is  fo r  severa l depths. The re s u l ts  are shown in  Figure 13(B). Each 

po in t along th e  ax is  o f the  trough rep resen ts  th e  mean o f fou r runs. The 

to ta l  number of runs was 76. For the  o ther d ev ia tion -d is tance  curves in  

t h i s  f ig u re  each poin t rep resen ts th e  average of two runs.

Even w ith backed e lectrodes the p o te n tia l  ww not th e  same a t  a l l  

po in ts in  a v e r t ic a l  sec tio n  of the  column of e le c tro ly te .  I t  was con­

sidered  poss ib le  th a t  seme contamination from the  atmosphere was changing 

the  conductiv ity  of th e  so lu tion  o r  p e itap s acce lera tin g  o r  changing the  

electrode  reac tio n  near th is  su rface . To t e s t  th is  p o s s ib i l i ty  the top  

surface of the e le c tro ly te  was covered with a g lass  p la te  idiich f i t  n ic e ly  

in to  the  trough between th e  e lec trodes, and which had two small aperatures 

to  p e m it  in s e r t im  of th e  probe. With f re s h ly  cleaned copper e lec trodes 

in  CuS04 so lu tio n , i t  was found th a t  a t a  fixed  d istance  from the  anode 

th e  p o te n tia l  was the  same a t  a l l  le v e ls  in  th e  column (compare w ith
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Figure  12(B) fo r  d a ta  without th e  g lass cover). However, the  v e r t ic a l  

d is tr ib u t io n  o f the  p o te n tia l  near the  cathode was no t improved h j  the  

g la ss  cover.

To t e s t  A e th e r  the  non-unifonaity  a t the anode was a  condition 

o f th e  e lec trode  i t s e l f  near the top , two examinations were c a rr ie d  ou t. 

F i r s t ,  i t  was found th a t th i s  e ffe c t was exhibited  by both electrodes 

when used as anodes, and second, the  p o te n tia ls  read a t  1 cm below the 

surface and 1 cm from the  bottom were exac tly  the  same f o r  a f u l l  trough 

as with th e  trough h a lf  f u l l .

In  copper coulom etric woidc, tdiere i t  i s  im portant th a t the  anode 

reac tio n  be the  t r a n s fe r  o f copper from th e  electrode in to  the  so lu tion  

and th e  cathode reac tio n  be the deposit of copper onto th e  e lectrode, acid 

so lu tio n s  of CuSÔ  a re  used. For th i s  reason HgSO  ̂ was added to  the 

0.0024 N CuSO/̂  so lu tio n  between backed copper e lec trodes; th is  made the 

ac id  concentration approximately 0.0024 N. This produced a v e r t ic a l  d is­

t r ib u t io n  o f p o te n tia l  a t th e  anode which was almost unifoim but i t  did 

n e t improve the  v e r t ic a l  d is tr ib u tio n  of p o te n tia l near th e  cathode.

S im ilar r e s u l ts  were obtained fo r  a  CuGlg so lu tion  vhen HCl was added.

Since the procedures ju s t  ou tlined  produced no improvement in  th e  

v e r t ic a l  d is tr ib u tio n  of p o te n tia l a t th e  cathode, i t  must have a d if fe re n t 

cause. N atural convection, due to  a change in  the d en sity  of th e  e le c tro ­

ly te  in  the  immediate v ic in i ty  o f the  cathode, seemed to  be th e  most rea­

sonable explanation fo r  th i s  non -un ifom ity . To t e s t  t h i s  hypothesis the  

v e r t ic a l  c e l l  arrangement, already described, was constructed; such an 

apparatus would minimize convection e f fe c ts .  In  Figures 14(A), (B), and 

(C) are  shown re s u l ts  obtained in  the  35 cm t a l l  v e r t ic a l  column of CuSO^
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between backed copper electrodes* The dev ia tion -d istance  d a ta  a f te r  15 

minutes of e le c tro ly s is  f o r  the  anode h a lf  o f th e  column, a re  represented 

by the  two s tra ig h t  l in e s  o f  Figure 14(A); th e  two corresponding se ts  of 

dev iation-tim e curves are a lso  shown* ^ h e s e  dev ia tion -d istance  curves 

are  shown drawn to  th e  same scale in  Figure 14(B)&7 Each o f  the  po in ts 

rep resen ts  th e  average o f fo u r runs and a  t o t a l  o f 4& runs was required  

fo r  the  two curves*

The p o te n tia l  d is tr ib u tio n s  across a h o rizo n ta l sec tio n  of the 

column were made a t  0*1 cm from the  anode* These da ta  are shown in  F ig - 

w e  14(C)* The probe moved along the  arc o f a c irc le  whose rad ius was 

the  leng th  of the probe ana and whose c en te r was a t th e  cen te r o f the 

g lass  tube which supported the  probe*

When the  c e l l  was tipped  from th e  v e r t ic a l  by slightiy^ le s s  than 

th ree  degrees ( th is  would a id  n a tu ra l convection), th e  p o te n tia l  drop near 

th e  h igher edge of th e  cathode a t  th e  top  o f th e  colunn was very nearly  

the  same as the  p o te n tia l  drop an equal d is tan ce  from the  e lectrode before 

tipping* However, near th e  lower edge of th e  cathode su rface  the  poten­

t i a l  drop was over 200 mv less*  Larger tip p in g  angles were not feasib le*  

In  Figure 15 are shown examples of the  deviation-tim e data  fo r  

severa l cathodes and so lu tions a t  po in ts 0*1 cm from the  e lec tro d e .

For convenience in  p ic tu rin g  the  cu rren t d is tr ib u tio n s  near the  

e lec trodes th e  “c ro ss-sec tio n a l d is tr ib u tic s i  of p o te n tia l"  curves may be 

considered to  be exaggerated eq u ip o ten tia l su rfaces near th e  p a r tic u la r  

electrode* For the  f ig u re s  showing th e  d is tr ib u t io n  near th e  anode the  

cu rren t l in e s  should be considered as approaching th e  e lec trode  from the  

top  o f th e  f ig u re ; fo r  f ig u re s  dep ic ting  d is tr ib u tio n s  near the  cathode
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th e  cu rren t l in e s  should be considered as approaching the  e lec trode  from 

th e  bottom o f th e  f ig u re .

E.M.F.#s Associated >dth Probes 

The p o te n tia l  d ifference  between the  Ag/AgCl probe and th e  cur­

re n t e lectrode immersed in  KOI was observed both w ith and without cu rren t 

passing through th e  colimn of e le c tro ly te . The same observations were 

made fo r  th is  same curren t e lectrode  and a  platinum probe (used by 

Ferguson ) placed a t  th e  same p o s itio n . The e .m .f. o f th e  two probes to ­

g e th e r imnersed in  th e  e le c tro ly te  w ith th e  c u r rw t  o f f  was a lso  observed.

I t  was found th a t the  p o te n tia l  of th e  platinum probe w ith re ­

spect to  th e  so lu tio n  fluc tua ted  considerably but t h a t ,  i f  these  f lu c tu a ­

tio n s  were accounted fo r , two re la tio n s  were observed to  hold: (a) The 

re la tio n  e^g eg^ = e^^ bolds fo r  the  th ree  e lectrodes 1, 2, and 3 in  a 

sin g le  so lu tio n , (b) The d ifference  in  p o te n tia l  between th e  Ag/AgCl 

probe and the platinum  probe i s  th e  same whether o r no t cu rren t i s  passing 

through the  e le c tro ly te . There was v i r tu a l ly  no f lu c tu a tio n  in  the  poten­

t i a l  o f th e  üg/AgCL probe; th is  was a lso  tru e  fo r  the  new type of copper 

probes already described .

Changes in  Ag/AeCl E lectrodes w ith E le c tro ly s is  

The fre sh ly  prepared Ag/AgCl e lec trodes described in  Appendix I  

were used as cu rren t electrodes in  th e  0.0024 N K d  so lu tio n . I t  was ob­

served th a t  a f te r  severa l hours o f e le c tro ly s is  the  p o te n tia l  measured a t 

0 .2  cm from the cathode began to  increase  considerably as i s  shown in  

Figure 16. Attending the r e la t iv e ly  rap id  increase  i n  p o te n tia l  a f t e r  

about 10 hours of e le c tro ly s is  was a  change in  the  appearance o f the
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cathode f?-om the  c h a ra c te r is tic  grayish-black to  a  creamy-white; the  anode 

remained grayish-black  in  co lo r. However, th e  p o te n tia l  measured a t 0 .1  cm 

from th e  anode increased  in  magnitude ev iden tly  because of the  increase  in  

th e  th ickness of the AgCl la y e r .

The KOI curve of Figure 16 does not rep resen t a continuous e lec r 

t r o ly s is  but does rep resen t th e  t o ta l  time th e  e lectrode  served as a cath­

ode udiile a  long se r ie s  of "runs'* was made. Each datum rep resen ts  the 

measured p o te n tia l  of the  probe w ith respect to  th e  cathode during the  

l a s t  second o f e le c tro ly s is  of a  20 minute run a t  a point 0 .5  cm from the 

cathode su rface . The e lec trodes had 15 minute in te rv a ls  o f r e s t  between 

runs, and they  a lso  res ted  in  the e le c tro ly te  during the  n ig h ts . The so­

lu tio n  in  the  trough was replaced with f re s h ly  prepared so lu tions several 

tim es over the period o f 120 hours.

A very s im ila r s itu a tio n  occurred Wien 0.0024 N HGl so lu tio n  was 

e lec tro ly zed  with th e  Ag/âgCl e lec tro d es . The d a ta  are  shown by th e  HCl 

curve in  Figure l6 .

P o te n tia l D is trib u tio n s After E le c tro ly s is  Ceases 

During the  work described e a r l ie r  in  th i s  chapter i t  was found 

th a t  even 20 minutes a f te r  e le c tro ly s is  ceased th e re  was s t i l l  considerable 

p o te n tia l  d ifference  between the  probe and th e  Ag/AgOl cathode. Also i t  

was observed th a t  th i s  p o te n tia l  d iffe rence  varied  with tim e.

I t  was believed th a t  th i s  v a ria tio n  in  p o te n tia l  might be asso­

c ia te d  w ith th e  d r i f t  o f a  space charge from th e  e le c tro ly te . For th is  

reason a d is tr ib u tio n  of the  p o te n tia l along the  ax is  of the  trough, a f te r  

e le c tro ly s is  ceased, was deemed im portant. For each poin t along th e  axis
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th e  p o te n tia l  between the  probe and th e  cathode decayed in  such a manner 

th a t  the  p o te n tia l  appeared to  be an exponential function  of th e  tim e. 

Typical curves depicting  the build-up  of th is  p o te n tia l during e le c tro ly ­

s i s  and i t s  decay a f te r  e le c tro ly s is  ceased, a re  shown in  Figure 17.
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FIGURE 17. A TYPICAL BUILD-UP AND DECAY CURVE OF THE DEVIATION VERY NEAR A CATHODE

There was evident during the  f i r s t  two minutes a f te r  e le c tro ly s is  ceased 

a s l ig h t  d iffe rence  in  th e  decay curves a t  po in ts along the  a ü s  w ithin  

approximately 4 cm of th e  cathode. However, since these  d ifferences were 

very small compared to  th e  la rg e  changes in  the  probe to  cathode p o te n tia l  

during th is  same tim e, no conclusions could be drawn from them. To over­

come th i s  d i f f ic u l ty  the p o te n tia l a t various po in ts along the ax is a f te r  

e le c tro ly s is  ceased, was measured w ith respect to  th e  anode. Again only 

w ith in  about 4 cm of the  cathode did s ig n if ic a n t d ifferences in  th e  decay 

curves occur. A se t  of these curves i s  shown in  Figure 18. These t e s t s  

were ca rried  out w ith unbacked e lec trodes.

With backed e lectrodes p o ten tia l v a ria tio n s l ik e  those shown in  

Figure 18 d id  not occur. S ligh t flu c tu a tio n s  d id  occur a t  po in ts  very 

c lose  to  th e  cathode. These da ta  again in d ica te  th a t  th e  curren t went
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around the edge o f , and to  th e  back o f, th e  e lec tro d e , th u s causing a 

non-uniform cu rren t d is tr ib u tio n  in  the  column of e lec tro ly te*  This in  

tu rn  caused th e  type of curves shown in  Figure 18,



CHAPTER IV

DISCUSSION AND INTERPRETATION OF RESULTS

Factors such as rep ro d u c ib ility  of th e  da ta  obtained from the 

apparatus, evaporation of so lu tion  from the  open trough, e t c . ,  have been 

adequately tre a te d  by previous workers^ who used e s s e n tia lly  the  same 

equipment. Such changes in  th e  apparatus as were made d id  not a ffe c t the  

re p ro d u c ib ility .

The r e s u l ts  w ill  be discussed under fo u r to p ic s  which are the  

e ffe c ts  th a t  produce non-unifom  cu rren t d e n s itie s  over the e lectrode  

su rface .

(a) E ffe c t of Coating Backs and Edges of E lectrodes with a Non- 

Conductor.

(b) Non-unifozm Deposits on E lectrodes a f te r  Long Periods o f 

E le c tro ly s is .

(c) E ffe c t of Atmosphere in  Contact w ith E lec tro d e-E lec tro ly te  

Junction»

(d) Convection E ffec ts  a t  E lectrodes During E le c tro ly s is .

Even though th e  second top ic  re fe rs  to  an e f fe c t  observed a t  only a sing le

e le c tro d e , i t  m ^  represen t an e f fe c t  th a t  i s  very general in  n a tu re .

Preceding th e  d iscussion  and in te rp re ta t io n  of convection th e re  w ill  be a

short review of recen t d iscussions o f convection e f fe c ts .  This w ill  a id

in  th e  in te rp re ta t io n  o f the  r e s u l ts  of th i s  work.
50
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E ffec t of Coating Backs and Edges o f E lectrodes 

With a Non-Conductor 

The cross sec tio n a l d is tr ib u tio n  of p o te n tia l curves o f Figure B 

and Figure 9(A) should be compared* I t  i s  seen in  Figure 8 th a t  the  equi­

p o te n tia l  su rfaces are by no means planes as required by th e  th ird  assump­

tio n  l i s t e d  in  th e  Introduction* The average p o te n tia l g rad ien t in  th is  

e le c tro ly te  was 6*5 mv/mm which means th a t  the po in t 3*5 cm to  the  l e f t  

o f cen ter and 0*5 cm out from the  cathode, should correspond very c lo se ly  

in  p o te n tia l to  a point a t  the cen ter against th e  cathode* In  o ther words 

the  e q u ip o t^ t ia l  surface dev ia tes 0*5 cm from a  plane a t a  poin t 3*5 cm 

to  the l e f t  o f the  axis* In  Figure 9(A) i t  i s  evident from the  la te r a l  

d is tr ib u tio n , th a t  the prevention o f the cu rren t from reaching the  backs 

of the  e lec tro d es , did improve vezy much the l a t e r a l  p o te n tia l d is tr ib u ­

t io n  in  fro n t of the  electrode* In  both instances a g rea te r cu rren t den­

s i ty  on the  l e f t  side  o f  th e  e lectrode i s  indicated*

Of paramount s ig n ifican ce  i s  the  concomitant change of the poten­

t i a l  d is tr ib u tio n  along th e  a x is  of the  trough* Whereas before backing 

th e  e lec trodes th e  deviation  of the  p o te n tia l, a t  0 .1  cm frmn th e  cathode 

(from an ex trapo la tion  o f th e  l in e a r  portion of th e  dev ia tion-d istance  

curve in  Figure 7 ) , was o f the  order of 40 mv; th e  deviation  a f te r  backing 

was only 3 mv* Thus th e  cu rren t diverged la t e r a l ly  upon approaching the 

unbacked electrode* S urp rising ly  th is  divergence was la rg e  enough to  af­

fe c t  th e  p o te n tia l  g rad im t measurably even along th e  axis of th e  column* 

P r io r  to  th i s  study w ith backed e lec trodes, the  concave upward 

c urvature  of th e  dev ia tion -d istance  curve would have been in te rp re te d  as 

a region o f negative space charge* To see more c le a r ly  how these  two
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e f fe c ts  a t  th e  cathode, a  negative  space charge and a  d iverg ing  cu rren t, 

can be confused, consider Figure 19(B) vdiich shows th e  cu rren t d is t r ib u ­

t io n  in  a  h o rizo n ta l plane near th e  cathode* I f  Figure 19(B) i s  compared

(A)
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FIGURE 19. EQUIPOTENTIAL SURFACES FOR CONVERGING AND 

DIVERGING CURRENT FLOW-LINES

t o  Figure 1(B), i t  i s  seen th a t th i s  curren t d is tr ib u tio n  would produce 

th e  same p o te n tia l  g rad ien t along th e  ax is of the  trough as would a nega­

t iv e  space charge in  th e  same r e g iw . Thus we see th a t  i f  th e  l a t e r a l  

components o f th e  cu rren t o r f i e ld  a re  ignored, th i s  non-unifom  p o te n tia l  

g rad ien t would reasonably be in te rp re te d  as negative space charge*

Therefore near the  cathode, a concave upward dev ia tion -d istance  

curve may be caused by a  current diverging as i t  approaches th e  e lectrode  

and a  concave downward curve may be in te rp re ted  as a  cu rren t converging 

as i t  approaches th e  cathode* S im ila rly  in  approaching the  anode, a  con­

cave downward dev ia tion -d istance  curve may imply th a t  th e  cu rren t l in e s  

are and a  concave upward curve may imply th a t  the  cu rren t l in e s

a re  converging toward the  electrode*
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These r e s u l ts  In d ica te  th a t  the  non-uniform p o te n tia l  g rad ien ts 

observed by severa l workers in  th e  p a s t were, in  a l l  p ro b a b ility , due to  

uneven cu rren t d is tr ib u tio n s  ra th e r  than to  space charge*

Ferguson*s e lec trodes were backed and ye t he observed curved 

dev ia tion -d istance  curves* This suggests th a t  ye t o ther e ffe c ts  may pro­

duce non-uniform current d is tr ib u tio n s*

Non-Uniform Deposits on E lectrode A fter 

Long Periods of E le c tro ly s is  

Much of th e  work on space charge was ca rried  out in  0*0024 N 

so lu tions of CuSOjî  between copper electrodes* Therefore i t  was decided 

to  examine c ross se c tio n a l d is tr ib u tio n s  of p o te n tia l near such copper 

e lec tro d es r a th e r  than  to  re tu rn  to  th e  r e la t iv e ly  unexplored dev iations 

observed in  KQ. between Ag/AgCl e lec trodes.

As mentioned p rev iously  i t  was believed th a t  the  copper elec­

tro d es , idiich were on hand, were those used by Heed; th e  cathode was recog­

nized by th e  th ic k  deposit of copper on i t s  face* This electrode ( th is  

p a r t ic u la r  p iece of copper m etal) was o f p a r t ic u la r  importance because i t  

was here th a t  Reed observed not only a concavity vqpward in  the  dev ia tion - 

d istance  curve but a lso  a bending downward o f th is  curve as th is  cathode 

was approached from as f a r  out in  the  so lu tion  of CuSÔ  ̂ as 2 cm* Previous 

woikers, Bice^ and Brooking^ had not observed th is  bending down* Carson*s 

work, as reported  in  Dalke*s th es is^^  does give th e  same type of phencmenon 

but ONLY AFTER LONG PERIODS OF ELECTROLYSIS (between 6 and 12 hours)* I t  

i s  th e re fo re  im portant to  note th a t  R eed \ f o r  h is  work in  CuSO ,̂ always 

aged the  e lectrodes by passing a current f o r  12 t o  14 hours before the
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p o te n tia l  d is tr ib u tio n s  were detenained. Rice^ and Brooking^ each pre­

pared th e i r  e lectrodes by p la tin g  than and then  aging them a majcLmum of 

only 4 o r  5 hours. For h is  work in  a Gudg so lu tio n  Reed p la ted  th e  cop­

per e lec tro d es .

From the  la t e r a l  d is tr ib u tio n s  o f th e  p o te n tia l a t two le v e ls  

shown in  Figure 11(B), i t  i s  seen th a t  the p o te n tia l  was g re a te s t immedi­

a te ly  in  fro n t o f the  regions where th e  copper deposit was very  th in  /s e e  

vddte areas in  Figure U(iQ7* These d is tr ib u tio n s  show th a t  the  curren t 

diverged from th e  l ig h t  colored regions toward the surrounding dark col­

ored reg ions. These l ig h t  colored regions were so s itu a ted  th a t  th e  cur­

ren t would converge toward th e  ax is  near th e  cathode. Such a  converging 

curren t would cause Reed*s dev ia tion -d istance  curve to  bend downward a t 

po in ts close to  th e  cathode.

When the e lec trodes were polished w ith m ery  paper and cleaned

very thoroughly as Reed had done the  e f fe c ts  shown in  Figure 11 were s t i l l

p resen t, th e re fo re  i t  i s  poss ib le  th a t  the  a c tu a l s tru c tu re  o f the c ry s ta l

faces of the  copper may have a ffec ted  the  ra te  o f d e p o s itio n ^ ; a lso  i t
38i s  known th a t  m etals under s t r e s s  have d if fe re n t  electrode p o te n tia ls  

from those o f unstressed  m eta ls . Since Reed$s e lectrodes were unbacked, 

the  current diverged as i t  approached the  cathode and an appreciable frac ­

tio n  of i t  entered th e  back of th e  e lec tro d e . This f a c t ,  together with 

the  converging o f the  cu rren t toward th e  ax is  near the  e lectrode because 

of the  lo ca tio n  o f the  l ig h t  colored reg ions, make i t  possib le  to  explain 

a t  le a s t  most of the  curvature of h is  dev ia tion -d istance  curves in  CuSO  ̂

in  terms of non-uniform cu rren t d is tr ib u tio n s .
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E ffect of Atmosphere in  Contact w ith 

E lec trode-E lec tro ly te  Junction 

The p ecu lia r e ffe c t o f th e  cu rren t r is in g  toward th e  top  o f  the  

h o rizon ta l column near th e  anode was observed in  CuSOŷ  between copper 

e lec tro d es . This e f fe c t ,  i f  i t  had been due to  convection, would have 

been in  th e  wrong d ire c tio n  since the  more dense so lu tions near th e  anode 

would have moved downward and consequently decreased the  re s is tan ce  in  

the  lower p a rt o f the  column. The v e r t ic a l  d is tr ib u tio n  in  Figure 12(B) 

in d ic a te s  th a t  th e re  was some diving downward of th e  cu rren t a t  th e  anode. 

However the phenomenon occurring a t  the  top o f th e  anode evidently  g re a tly  

reduced the  r e s u l t  o f convection and even caused the  cu rren t flow l in e s  to  

r i s e  near the  anode. Heat l ib e ra te d  in  the  anode reac tio n  would a lso  tend 

to  annul the  r e s u l t  of convection.

Figure 13(G) shows th a t  the d iffe rence  in  p o te n tia l between the 

bottom and th e  top  occurred very sh o rtly  a f te r  the  c u rra i t  was tuxned on. 

Two possib le  e ffe c ts  o f  the  atmosphere were suggested (under experimental 

r e s u l ts )  to  account fo r  t h i s  phenomenon, a change in  th e  conductiv ity  near 

the  anode a t the surface and a change in  the  anodic reac tio n  near the  sur­

face . Since the so lu tion  was s t i r r e d  between runs and allowed to  r e s t  fo r  

15 m inutes, i t  seems un like ly  th a t  the  atmosphere would change the  conduc­

t i v i t y  a t  th e  anode and not throughout the  e n tire  colimin of e le c tro ly te  

(an inverse e f fe c t  was observed a t  the  cathode).

The re s u l ts  obtained when acid  was added, when a  g lass  p la te  cov­

ered the  su rface , and %dien th e  le v e l  o f the surface of th e  e le c tro ly te  was 

lowered, a l l  suggest e i th e r  an acce le ra tio n  o f , o r a change in ,  th e  anodic 

reac tio n  a t  the  top  o f the  e lec tro d e . (A s im ila r though le s s  pronounced
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e f f e c t  was observed near th e  backed Ag/AgCl anode in  HCl as i s  shown in  

Figure 9(B)*

Near the  anode th e  dev ia tion -d istance  curve o f Figure 13(B) f o r  

p o in ts  3*7 cm above th e  ax is  of the  coluan of e le c tro ly te , should be con­

cave upward since th e  cu rren t l in e s  are  converging toward th i s  region* I t  

i s  seen th a t  th is  curve remains s tra ig h t over a g re a te r  portion  o f the  an­

ode h a lf  o f th e  column than do the  lower dev ia tion -d istance  curves; how­

ever i t  i s  concave downward near the  anode*

The dev ia tion -d istance  curve in  th e  v e r t ic a l  c e l l  with th e  anode 

a t  the  top of th e  column of e le c tro ly te  ^ e e  Figure 14(4)7 i s  very much 

l ik e  th i s  curve* On the  o th er hand w ith the  anode a t  th e  bottom, the  

curve /s e e  Figure 14(A)7 remains l in e a r  near th e  anode* Since th e  reac­

t io n  a t  the  anode produces a  more concentrated so lu tio n  which has a  g rea te r  

d e n s ity  than th a t  o f the bulk so lu tio n , th i s  more concentrated so lu tion  

near th e  anode a t  th e  top , w i l l  mix Iqr convection w ith the  bulk so lu tion  

to  some extent and decrease th e  r e s i s t iv i ty  near th e  anode* This would 

decrease th e  p o te n tia l  g rad ien t in  th is  region and the  dev ia tion -d istance  

curve would be concave downward* In  th e  l a s t  case w ith the  anode a t the  

bottcm th e  so lu tion  of g re a te r  density  produced by th e  reaction  would re ­

main very c lose  to  th e  surface o f the  electrode* The d iffu sio n  upward 

during  the 15 minutes o f e le c tro ly s is  would be n e g lig ib le ; thus th e  devia­

tio n -d is ta n c e  curve i s  l in e a r  in  the  measurable p o rtio n  of the  column near 

the anode*

Pickett^(p*42) observed small in creases in  concentration  near 

th e  anode in  a h o rizo n ta l colmnn but concluded th a t  th ey  were too small 

to  account fo r  th e  dev ia tions observed by Reed^ and Brooking^* I t  must
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be remembered, however, th a t the e lec trodes used by these  workers were 

not backed. This and the  fac t th a t  th e  cu rren t l in e s  were converging 

toward the top  of th e  anode caused th e  downward concavity o f the  devia­

tio n -d is ta n ce  curve near the anode, An increase  in  concentra tion  (as in ­

d ica ted  in  P ic k e t t 's ^  woik) ^Aich i s  due to  convection near the  anode w ill  

a lso  augment th is  downward concavity o f th e  d ev ia tion -d istance  curve. A 

more complete d iscussion  of convection w il l  follow  in  th e  next sec tio n .

Convection E ffects a t E lectrodes During E le c tro ly s is

In  a recen t th e o re tic a l review o f convection and d iffu s io n ,
12Tobias e t  a l  describe  the modem approach to  these  to p ic s  by making the

follow ing statem ent:

I t  i s  unfortunate th a t  the  theo iy  o f Prandtl»s boundary la y e r , 
p a tte rn s  o f v e lo c ity  d is tr ib u tio n , and o ther aspects o f  hydrody­
namic theory  have not been introduced in to  th e  f ie ld  o f e le c tro ­
chem istry u n t i l  recen tly . Mass, h ea t, and mcsientum tra n s fe r  
analog ies, and dimensional analysis  are  valuable to o ls  in  the 
development o f modem theo ries of e le c tro ly s is .

I t  i s  not th e  prurpose here to  d e ta i l  the theory  but to  show the  fa c to rs  

which produce convection and to  c o rre la te  th is  inform ation w ith th e  re­

s u l ts  observed in  th is  work.

In  general, th ree  mass tra n s fe r  processes may occur during elec­

t r o ly s i s .  They are m igration, convection, and d iffu s io n . M igration re­

fe rs  to  th e  t r a n s fe r  o f mass through the  motion o f ions under the  in f lu ­

ence of an e le c tr ic  f ie ld ;  convection and d iffu sio n  are  used as commonly 

defined . A simultaneous treatm ent o f a l l  o f these  i s  a  d i f f i c u l t  problem.
13

Delahay (p.4&) suggests means o f studying d iffu sio n  alone:

M igration need n o t be considered, since the  e le c tro ly s is  i s  con­
ducted in  the presence of a la rg e  excess of supporting e le c tro ly te  
which c a rr ie s  v ir tu a lly  th e  t o t a l i t y  o f  the c u rre n t. Convective
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t r a n s fe r  i s  avoided under th e  follow ing cond itions: ( l )  th e  so­
lu tio n  i s  not s t i r r e d , (2) the duration  of e le c tro ly s is  i s  sh o rt, 
say, le s s  than  one minute, (3) th e  so lu tion  contains a la rg e  ex­
cess o f supporting e le e t r o l^ e  and consequently th e  consumption 
o f th e  substance reacting  a t  the  e lec trode  does not cause an ap­
p rec iab le  v a ria tio n  in  th e  density  o f the  so lu tio n . These condi­
t io n s  can be f u l f i l l e d  experim entally . . . .

In  another p lace Delahay^^(p.l2) describes the supporting e le c tro ly te .

S a lts  of a lk a l i  m etals, which a re  d i f f ic u l t  to  reduce o r oxid ize, 
are  often  used as stq)porting e le c tro ly te s . Since a l l  the  ions 
in  the  so lu tio n  cari^r th e  c u rren t, the  con tribu tion  o f th e  re ­
ducible (ox id izab le) ion i s  n eg lig ib le  in  comparison w ith th a t  
o f the  supporting e le c tro ly te , and m igration of the reac tin g  
species becomes n e g lig ib le .

G la ss to n e^ , assuming the  absence o f convection and m igration through

such experim ental procedures, determines the  l im itin g  curren t d en sity  in

e lec tro -d ep o s itio n . In one case he says,

. . .  th e  value fo r  the lim itin g  curren t d en sity  was in fe rre d  
from the  po in t a t  idiich the  cathode p o te n tia l  ro se  ra p id ly . The 
sudden r i s e  ind ica ted  th a t  an a lte rn a tiv e  cathode process, namely, 
the  evolution o f hydrogen, was commencing and th a t  the  m etal 
could no longer be deposited a t 100 percent cu rren t e ff ic ie n cy .

The cu rren t tdiich i s  equivalent to  th e  d iffu s iv e  ra te  of a given ion spe­

c ie s  i s  c a lle d  the  " lim itin g  d iffu sio n "  cu rren t fo r  th a t  sp ec ie s . (The 

"cathode p o te n tia l"  fo r  the purposes of th is  d iscussion  i s  the  same as 

th e  dev ia tion  measured a t 0 .1  cm from th e  e le c tro d e .)  I t  should be no ticed  

th a t i f  the  i n i t i a l  current density  i s  above th e  lim itin g  cu rren t density  

then th e re  w il l  be some in te rv a l of tim e before the  sharp r i s e  of the  de­

v ia tio n  takes p lace; th is  time in te rv a l  i s  dependent upon how much the  

cu rren t d en sity  i s  above the lim itin g  curren t density^® (p.l92) .

Several th e o re tic a l d e r i v a t i o n s ^ ^  ^diich a re  used the  hydrody- 

namical ccmcepts fo r  n a tu ra l convective tra n s fe r  and Picks* Law fo r  d i f ­

fusion , a rr iv e  a t  s im ila r expressions fo r  th e  l im itin g  curren t density  as
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a function  of the  d istance  from the  lower edge of a v e r t ic a l  e le c tro d e .

In  a l l  the  th e o rie s  th e  lim itin g  cu rren t density  v a rie s  as the  one-fourth 

power of th is  d is tan c e . Some of th e  th eo rie s  take m igration  in to  account.

Tobias^?, in  a c ritic ism  o f the  space charge assumption, s ^ s ,

" . . .  th e  current density  applied in  Schriever’s experiments was 
by no means low; in  fa c t ,  i t  was f a r  above the  l im itin g  ’d if fu ­
sion-curren t»  d en sity ."

The foregoing remarks, while soaewhat lacking  in  co n tin u ity , 

form the  b a s is  fo r  th e  discussion o f  sane of th e  experimental r e s u l ts .

The follow ing consideration  may w ell introduce the d iscussion  o f these  

r e s u l ts :  I f  the  curren t d e n s itie s  used in  both ho rizon ta l and v e r t ic a l  

columns were f a r  above the  l im itin g  curren t d e n s itie s  (as s ta te d  by 

T obias), the  p o te n tia l  dev ia tions near the  cathode (cathode p o te n tia ls )  

should r i s e  sharply  (as suggested by d a s  stone) when the  e a s ily  reducible 

ions were ranoved from the  region adjacent to  the e lec tro d e .

Let us consider the h o rizo n ta l c e l l  w ith v e r t ic a l  copper e lec ­

tro d es in  CuSO .̂ At the  cathode, Cu ions would be reduced and deposi­

ted  while th e  ~ ions would m igrate away frcaa th e  e lec trode , thus 

leav ing  a la y e r  le s s  dense than  the  bulk so lu tio n . A d iffu s io n  of Cu'^’*' 

and SO4” “  ions from the  bulk so lu tio n  in to  t h i s  le s s  concentrated la y e r  

would ensue. I t  i s  possible th a t th e  lower density  near the  cathode may 

have caused a convection, the  more dense bulk so lu tion  fo rcing  the  le s s  

dense so lu tio n  upward along th e  surface of th e  e lec trode . Here, immedi­

a te ly , i s  a d esc rip tio n  which i s  in  agreement with th e  proposed considera­

t io n .  Convection may have occurred and replenished the  e a s ily  reducible 

ion , Cu , a t  th e  cathode. Thus the  p o te n tia l  dev ia tions near the  

cathode would remain small and an appreciable amount of hydrogen would 

no t be reduced.
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I f  svich a convective e ffe c t  does occur, then , since the  le s s  

dense so lu tion  has le s s  conductiv ity , th e  p o te n tia l measured a t a  given 

d istance  from the  e lectrode near the  top of the  h o rizo n ta l column should 

be g rea te r than th e  p o te n tia l a t th e  same d istance  from th e  cathode but 

near th e  bottom o f the  column* The p o te n tia ls  measured a f te r  15 minutes 

o f e le c tro ly s is  a t  these  p o sitio n s /s e e  Figure 12(A)7 are in  complete 

q u a lita tiv e  agreement with t h i s  p icture*  Furthermore Figure 13(A) shows 

th a t  th is  e ffe c t i s  not p resen t a f t e r  th e  f i r s t  minute of e le c tro ly s is  

b u t b u ild s up during th e  f i r s t  s ix  to  e igh t minutes and remains approxi­

m ately constant during the  remaining time* This, to o , i s  c o n sis ten t w ith 

th e  convection in te rp re ta tio n *

A3 suggested in  the  experim ental r e s u l ts ,  a  v e r t ic a l  c e l l  appara­

tu s  was constructed  in  which th is  convection e ffe c t should be elim inated 

a t  the  cathode i f  i t  i s  placed a t th e  top  of th e  column of e lec tro ly te*  

With the  copper cathode in  t h i s  p o s itio n , i t  i s  seen from Figure 15 th a t 

th e  p o te n tia l dev ia tion  a t 0*1 cm from th e  cathode i s  roughly eight to  

n ine tim es as la rg e  as i t  i s  when th e  cathode i s  a t th e  bottom of the ver­

t i c a l  column of e le c tro ly te  o r i s  in  a v e r t ic a l  p o s itio n  in  th e  h o rizo n ta l 

trough* I t  i s  fu r th e r  noted th a t  the  buildiç) o f th e  dev ia tion  in  th e  f i r s t  

fo u r minutes i s  n ea rly  the  same in  a l l  th ree  o f these  cases ( fo r  clean 

copper cathodes)* A fter fo u r minutes a rap id  increase  occurs lAen the  

cathode i s  a t  th e  top  o f th e  v e r t ic a l  column* This may be explained by 

th e  fa c t  th a t  the  e le c tro ly te  next to  th is  cathode i s  le s s  dense and con­

vection  cannot rep len ish  the Cu"*"^ ions* For the  cu rren t to  pass th e  po­

t e n t i a l  must r i s e  u n t i l  another reduction  can occur; in  th is  case i t  i s  

undoubtedly th a t  of the  H ^  ion  as suggested by d a s s to n e ^ *  Further
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evidence be presen ted  in  the  discnasion o f th e  experim ental re s u lts  

in  P art I I  concerning t h i s  la rg e  dev ia tion  near the  cathode a t  the  top of 

th e  v e r t ic a l  c e l l .

The data  obtained when th e  v e r t ic a l  c e l l  was t i l t e d  through only 

3° c a is t i tu te  ad d itio n a l evidence th a t  convection d id  occur. The s ig n if i ­

can tly  increased  d ev ia tio n  n ear the  h igher part o f the  cathode surface in ­

d ica te s  th a t  the le s s  dense h igher res is tan ce  lay e r moved up along th e

under surface o f  t h i s  e lec tro d e .
13Delahay (p.350) suggests th a t  in v es tig a tio n s by L aitinen  and 

K olthoff on plane e lec tro d es o f varied  design have shown th a t  a  horizon­

t a l  platinimi d isc  surrounded by a c y lin d ric a l g lass  m antle and exposed to  

th e  so lu tio n  on th e  lower s id e , i s  th e  b est e lectrode arrangement to  pre­

ven t "convection”. The g lass  mantle l im its  the  "d iffu s io n  f ie ld " .
19Others have reported  on copper deposition  in  a "convection free "  system; 

th e  cathode was placed a t th e  top  o f a  v e r t ic a l  column o f e le c tro ly te .

I t  i s  d i f f i c u l t  to  be lieve  th a t  such a convection e ffe c t can oc­

cu r in  so d i lu te  a  so lu tio n . The maximum d ifference  in  d en sity  th a t  could 

occur in  a  0.0024 N so lu tio n  i f  a l l  the  Cu and S0^“ "  ions were swept 

out of a region adjacent to  th e  e lec trode  surface, has been estimated^^ 

to  be le s s  than  two p a r ts  in  10,000. Wagner^^ has tre a te d  th i s  combinai- 

t io n  o f  d iffu s iv e  and convective e ffe c ts  and suggests th a t  h is  theory , 

while su itab le  fo r  a so lu tio n  of 0 .1  M CuSÔ  w ith 1 .0  M HgSO ,̂ does not 

have good experimental v e r if ic a tio n  fo r  a  so lu tion  of 0.02  M CuSO  ̂ with 

1 .0  M HgSO^. He suggests th a t  th is  lack  of v e r if ic a tio n  may e x is t  because 

th e  density  d iffe ren ces are no t g rea t enough to  produce a  pronounced con­

vective  e f f e c t .  "Die CuSO  ̂ concentra tion  in  t h i s  l a t t e r  so lu tio n  i s  s t i l l
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10 tim es th a t  used in  the  "space charge" work. However i t  should be noted 

th a t  in  th e  work o f Wagner th e  supporting e le c tro ly te , 1 .0  M should

lessen  the  convective e ffe c t  according to  Delahay»s th ird  suggestion fo r  

e lim ina ting  convection.

Wagner t a c i t l y  d isregards th e  p o s s ib il i ty  of a tem perature d if ­

ference  between th e  bulk o f  the so lu tio n  and the la y e r  against the e lec ­

tro d e s . A tem perature r i s e  alone would produce a s im ila r  convection ef­

f e c t .  The heat o f  the  e lectrode  reac tio n  may cause such a tem perature 

r i s e .  Also since th e  r e s i s t iv i ty  of th e  ion depleted la y e r  i s  g rea te r , 

th e re  would be g re a te r  e le c t r ic a l  heating  and, th e re fo re , a  fu r th e r  de-
1 g

crease in  d en sity . B utler (p .l9 6 ) suggests th a t Agar and Bowden have 

shown th a t  th e  re s is tan ce  o f the  d iffu s io n  lay e r g ives r i s e  to  such an 

ohmic p o te n tia l  d iffe ren c e .

A comparison of th e  v e r t ic a l  p o te n tia l d is tr ib u tio n s  a t the 

Ag/AgCl and copper cathodes in  HGl and GuSÔ  resp ec tiv e ly , in d ica te  th a t  

convection was g re a te r  in  CuSÔ  ̂ than in  HGl. This would be the  case i f  

most o f  th e  convection was caused by concentration changes in  the la y e r  

o f so lu tion  next to  th e  cathode, since th e  density  change in  CuSO  ̂ would 

be g rea te r  than th a t  in  HGl, T ests were not conclusive in  determining 

whether a concentration change o r a temperature change was the more im­

p o rtan t f a c to r .

The mathematical study of cu rren t d is tr ib u tio n s  in  e le c tro ly tic
20c e lls  has been pioneered by Kasper who solved Laplace’ s equation with 

appropria te  boundary cond itions. His work was concerned p r in c ip a lly  w ith

th e  geometry o f th e  c e l l .  S im ilar more recent th e o re tic a l  in v es tig a tio n s
2X 22have been repo rted . *
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I t  I s  evident th a t  to  m ain tain  a uniform la t e r a l  d is tr ib u tio n  of 

p o te n tia l across th e  cathode surface i s  very d i f f ic u l t  in  th e  v e r t ic a l  

c e l l .  Even such a  small t i l t  as 3° o f  the  v e r t ic a l  tank produced a  d if ­

ference of p o te n tia l of 200 mv between the  high and low sides of an 8 cm 

wide cathode. Because of th is  i t  was impossible to  obtain  reproducible 

mapping data  in  th e  cathode region when i t  was a t the top  o f the v e r t ic a l  

colvEma. With th e  cathode a t th e  lower end of the  column of e le c tro ly te  

th e  r is in g  of the  le s s  dense so lu tion  produced equally  unstable cond itions. 

For th ese  reasons th e  dev ia tiw i-d istance  curves in  Figure 14 were not ex­

tended in to  th e  cathode region in  th e  v e r t ic a l  c e l l .

C ritic ism s of th e  Space Charge In te rp re ta tia a  

Some of th e  c ritic ism s  o f the  space charge in te rp re ta t io n  have 

been he lp fu l; some, i t  i s  believed , are  un ju st. The c ritic ism s  were d i­

rec ted  p r in c ip a lly  in  th ree  le t te r s - to - th e - e d i to r  by Maclnnes, Shedlovsky 

and Longsworth^^, Gordon^, and Tobias^^. In  each of the  th ree  l e t t e r s  

i t  was in fe rre d  th a t  concentration changes must have occurred out as f a r  

as th e re  were s ig n if ic a n t curvatures in  the  deviaticn=distance curves. In 

two independent measuranents of th e  con d u ctiv itie s  by Martin^ and P ick e tt^ , 

th e  concentrations in  CuSO  ̂ a f te r  15 minutes of e le c tro ly s is  were found to  

be constant throughout th e  m easu r^ le  portion  of the  e le c tro ly te  w ithin 

th e  p rec ision  o f t h e i r  d a ta . Concentration changes which would have pro­

duced the observed curvatures in  the  dev ia tion -d istance  curves would have
17been detected  e a s i ly  in  th e i r  work. Tobias sa id  of these  measurements: 

"The conductiv ity  measurements on lA ich th is  statement was based must have 

been ra th e r  u n re lia b le " . The experimental re s u lts  in  th is  p resen t in v e s ti ­

ga tion  are in  accord with th e  r e s u l ts  o f Martin and P ic k e tt . I t  has been
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shown th a t  a t  le a s t  the  g re a te r  p a rt o f th e  observed curvature  o f the  

deviation-tim e curves was caused by th e  diverging of th e  cu rren t flow 

l in e s  behind the  e lectrodes and by a d iving down or a  r is in g  of the  flow 

l in e s  near the  e lec tro d es . Evidence was given th a t  s ig n if ic a n t v a ria tio n s  

in  concentration do occur only in  a th in  la y e r  next to  each electrode 

su rface .

The c ritic ism  concerning the  " e r r a t ic  behavior" of the  e lec tro d es 

has been shown to  be ju s t i f ie d .  The r e s u l ts  of Reed^ on copper e lec trodes 

in  CuSOjî  d id  not dup licate  those o f Rice^ and Brooking^. Also the  cathode 

used by Reed was shown to  have regions on i t s  surface which prevented a 

uniform curren t density  over th e  e lec tro d e . I t  i s ,  o f course, tru e  th a t  

Reed could reproduce re s u l ts  w ith h is  e lec tro d es . Howeve?*, i t  i s  believed 

th a t  had he used severa l copper cathodes and ccaapared the  d is tr ib u tio n s  a t  

each w ith the  one he reported  he would then undoubtedly have found an "e r­

r a t i c  behavior".

Although some of the procedures employed by Reed have been shown 

to  be in c o rre c t, the  dev ia tion -d istance  curve fo r  copper e lectrodes in  

CUSO4 has been shown to  measure e f fe c ts  which were a c tu a lly  p resen t.  I t  

i s  believed th a t  h is  curves fo r  o ther m etals and e le c tro ly te s  a lso  depict 

th e  e le c t r ic a l  conditions c o rre c tly . The re a l  e rro r  has been shown to  be 

h is  assunption of a uniform cu rren t density  over th e  e lec tro d e , which le d  

to  an in co rre c t in te rp re ta t io n .

A few references should be c ite d  concerning th e  assumption, or 

ra th e r  th e  lack  of the  assumption, th a t  space charge e x is ts .  They in  p a rt 

su b s ta n tia te  the  re s u lts  of th is  work. The "p rin c ip le  o f e le c tro n eu tra l­

i ty " ,  iriiich s ta te s  th a t  macroscopic space charges ^  not e x is t  i s  commonly
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used in  severa l o f the  th e o rie s  of e lectrocheoiistiy  of vrtiich are th eo rie s  

dealing  with e le c tro ly tic  conductance^7(p.53), convection and diffusion^^

(p .164) , a c t iv i ty  c o e ff ic ie n ts  (Debeye-Huckel Theory)^^(p*158), ^’̂ (p.147)
23

e tc .  Also Maclnnes e t a l  say th a t the space charge in te rp re ta t io n  of 

Reed and Schriever " i f  su b stan tia ted , would in v a lid a te  a l l  woric on the 

transference  nm bers of e le c tro ly te s  by the  moving boundary method . . , " ,

Suggestions fo r  Future Work

More conclusive t e s t s  should be designed to  determine the cause 

o f convective e ffe c ts  ’idiich occur close  to  the e le c tro d es . In te rfe ro -  

m etric  and Schlieren  stud ies^^(pp .108-112) are suggested as being most 

app ropria te .

An in v e s tig a tio n  employing them ocouples might produce s ig n if i ­

can t inform ation as to  whether there  i s  a  tem perature increase  close to 

each e lec tro d e .

I t  should be determined lAiich components o f the  a i r ,  i f  any, 

ca ta lyze  the  anodic reaction  near the  surface of the  e le c tro ly te  and to  

what extent they do so. This study should reveal how th e  anode-electro- 

ly te  junction  a t th e  surface d if fe rs  from th a t  down lower on the anode 

and whether th e  c a p illa ry  a c tio n  or evaporation a t the  surface a ffec ts  

th e  anode reac tion  in  th a t  region.

Answers to  these  questions are of in te r e s t  and should be sought 

in  fu tu re  in v e s tig a tio n s . C ells vrtiich can be e a s ily  tipped  a t  a rb itra ry  

angles and so lu tions of d if fe re n t kinds and concentra tions should be em­

ployed in  these  s tu d ie s .



CHAPTER V

SUMMARY AND CONCLUSIONS 

(PART I)

In  comparing th e  s im ila r ity  between the  proposed mechanisms fo r  

conduction in  gases and in  e le c tro ly te s . P rofessor W illiam Schriever be­

gan in v es tig a tio n s  in  1924 to  t e s t  th e  hypothesis th a t  macroscopic space 

charges might e x is t in  e le c tro ly te s  as they  were known to  e x is t in  gases* 

Since then but p rio r  to  the p resen t in v e s tig a tio n , work was done 

a t  th e  U niversity  of Oklahoma a t  d if fe re n t tim es, in  the  following order, 

by R o lle r, Cameron, M itchell, Reed, Brooking, Rice, Carson, M artin, Dalke, 

Reed (Ph*D), and Ferguson. Each of these  observers in te rp re ted  th e  da ta  

which he obtained as supporting the view th a t  space charges ex is t w ell a- 

way from the  e lectrode  in  conducting e le c tro ly te s . This required the  as­

sumption th a t  no changes in  conductiv ity  occurred and th a t  the  e le c tr ic  

f i e ld  was everywhere p a ra l le l  to  the  axis o f  th e  ce ll*

In  th e  p resen t in v es tig a tio n  i t  was conceived th a t  i f  the l a s t  

assumption were v a lid  and "space charges" did e x is t ,  then the charges 

should m igrate to  th e  sides of the  trough in  order to  achieve a minimum 

energy configura tion .

This was te s te d  by checking the  p o te n tia l d is tr ib u tio n s  normal 

to  the  axis of the  trough . These were found not to  be constant and to  be
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o f  such a fo m  as would r e s u l t  i f  th e  cu rren t d e n s itie s  were g rea te s t near 

th e  edges of th e  electrodes* This led  to  the  supposition th a t  the cu rren t 

was going around th e  edges and en tering  the  backs o f th e  electrodes* When 

th e  cu rren t was prevented frcm going to  the  backs of th e  e lec trodes , the  

cross section  p o te n tia l d is tr ib u tio n  became p ra c t ic a l ly  uniform and the  

p o te n tia l  grad ien t along th e  measurable po rtion  of the  column on the  axis 

sim ultaneously became unifoim to  w ithin th e  p rec ision  of the  data . I t  

was then shown th a t  diverging and converging cu rren ts could produce the 

same p o te n tia l  d is tr ib u tio n s  as those th a t  might a r is e  because of space 

charges in  th e  column*

Next, i t  was observed th a t  the  dev ia tion -d istance  curve obtained 

by Reed, curved downward very near the  copper cathode whereas e a r l ie r  work­

e rs  had shown i t  continuing upward* A c a re fu l d e tem in a tio n  of the l a t e r a l  

p o te n tia l d is tr ib u tio n s  c lose to  th is  cathode showed th a t  c e r ta in  regions 

o f the cathode used by Reed, did not conduct as w ell as o th e r regions 

( a f te r  considerable e le c tro ly s is )  even though th is  e lec trode  was scrupu­

lo u s ly  cleaned a f te r  the  manner used by Reed* These regions were observed 

v isu a lly  by noting areas where the  cathode deposit was much l ig h te r  in  

color* Furthennore, the  regions were arranged such th a t  th e  current would 

converge toward th e  axis upon approaching the  cathode surface* Thus Reed#s 

dev ia tion -d istance  curve was concave downward near th e  cathode and th i s  

was in te rp re ted  as a p o s itiv e  space charge by Reed,

A th ird  e ffe c t was observed a t th e  co p p er-a ir-e le c tro ly te  junc­

t io n  a t  th e  anode. The cu rren t was found to  r i s e  to  th e  to p  of the anode 

where i t  was believed th a t  th e  a i r  may have catalyzed th e  anode reaction  

(lowering the  e ffe c tiv e  in te r fa c e  re s is ta n c e ) . This was believed  true
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f o r  th ree  reasons* F i r s t ,  under c e r ta in  circumstances th is  e f fe c t  was 

suppressed e n tire ly  by placing a g lass  cover on the  e le c tro ly te  surface 

and in  contact w ith th e  e lectrode; second, i t  was suppressed by making 

th e  e le c tro ly te  s l ig h tly  acid ; and th ird , the  e ffe c t  was not no ticed  in  

th e  v e r t ic a l  c e l l  when the  c e l l  was t i l t e d  s l ig h tly  ( a i r  was not in  con­

t a c t  with the  so lu tio n  near the  e lec trode  su rface ).

A fou rth  e f fe c t ,  convection, was observed very c lose  to  the  cop­

p e r cathode* This e ffe c t was revealed by the shapes of th e  equ ipo ten tia l 

surfaces near th e  electrode* I t s  ex istence was q u ite  w ell estab lished  by 

observations in  both the h o rizon ta l and th e  v e r t ic a l  column o f e le c tro ly te . 

There also  c^peared some evidence fo r convection a t  a copper anode*

These fo u r observations were su ff ic ie n t to  e^glain  almost the 

e n tire  observed curvatures in  th e  dev ia tion-d istance  curve fo r  copper re­

ported  by Reed, w ithout re so rtin g  to  the  "space charge" explanation*

A few b r ie f  suggestions fo r  fu tu re  work were included*

CONCIDSIONS

The non-uniform p o te n tia l d is tr ib u tio n s , more than 1 nm from the 

e lec tro d es , in  uniform columns of e le c tro ly te s  during e le c tro ly s is ,  as re­

ported  by Reed, by Ferguson, and by e a r l ie r  workers, were found to  be 

caused by non-unifoim current d is tr ib u tio n s  over the  surfaces of the  elec­

tro d es ; these  non-uniform d is tr ib u tio n s  a lso  extended out in to  th e  columns 

of e le c tro ly te s  a t  both ends o f th e  columns*

The c h ie f  cause of the non-uniform d is tr ib u tio n  was th e  passing 

o f an appreciable f ra c tio n  of the  cu rren t around the  v e r t ic a l  and bottom 

edges of th e  e lec tro d es and then en te ring  (o r leaving) th e  backs o f the
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e le c tro d e s . This caused th e  cu rren t flow -lines in  fro n t o f each e lectrode 

to  diverge toward th a t  e le c tro d e . This divergence a ffe c ts  th e  r e s u l ts  of 

Reed and a l l  e a r l ie r  workers a t  the  U niversity  o f Oklahoma, but no t those 

of Ferguson.

The second im portant cause o f the  non-uniform cu rren t d is tr ib u ­

tio n s  was the  convection o f a th in  la y e r  o f so lu tio n  in  f ro n t  of th e  cath ­

ode a f t e r  a few minutes o f e le c tro ly s is .  This caused th e  cu rren t density  

to  increase  with depth near the cathode.

The th i rd  cause of the  non-uniform cu rren t d is tr ib u tio n  over a 

copper cathode was th e  development of a  surface la y e r  vdiich o ffered  a 

non-uniform res is tan ce  per u n it a rea  to  the  c u rren t. This caused the  cu r­

re n t d e n s itie s  to  be le s s  over those p a r ts  of th e  surface th a t  developed 

th e  h igher re s is tan ces  per u n it a rea .

Â fou rth  cause f o r  th e  non-uniform cu rren t d is tr ib u tio n s  was ob­

served a t  a  copper anode. The curren t density  was g re a te s t  ju s t  below 

th e  su rface o f the CuSÔ  ̂ so lu tio n . I t  i s  possib le  th a t  th e  "atmosphere'* 

in  s<mie way a ffec ted  th e  surface of th e  anode near the  top of th e  e le c tro ­

ly te  so as to  lower i t s  re s is ta n c e  per u n it a rea, o r the  atmosphere in  

some way e a ta liz e d  th e  anode reac tio n  near the surface o f the  h o rizo n ta l 

column.

I t  i s  believed th a t  the  convection had two causes. F i r s t ,  th e  

so lu tio n  next to  the cathode became le s s  concentrated during e le c tro ly s is , 

and th u s became le s s  dense. Second, th i s  le s s  concentrated so lu tio n  had 

le s s  conductiv ity  and thus had increased  Joule heating ; th e  re su lta n t 

r i s e  in  tem perature caused th e  so lu tio n  to  become le s s  dense. The second 

e ffe c t possib ly  was augmented by the  ad d itio n a l heat l ib e ra te d  by the
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re a c tio n  a t  th e  cathode surface* At the  anode i t  i s  believed th a t  the  in ­

crease  in  density  because o f e le c tro ly s is  d id  cause the more concentrated 

(more conductive) so lu tion  to  sink  toward the  bottom of the  anode, but 

th is  e ffe c t may have been p a r t ia l ly  n u l l i f ie d  by th e  e^qjansion caused by 

the  heat o f reac tion  a t  the  electrode surface*

The formation of areas of the  copper cathode surface having d if ­

fe re n t re s is tan ces  per u n it area, may have been caused by d ifferences in  

the  c ry s ta l  s tru c tu re  of d if fe re n t areas of the  copper surface .

I t  i s  improbable th a t macroscopic space charges more than  0*5 mm 

from an e lec trode , as reported by Reed and Ferguson, do e x is t; i f  they  do 

they must be re la tiv e ly  small in  magnitude. I t  i s  extremely d i f f ic u l t  to  

a t ta in  the  su f f ic ie n tly  uniform current d is tr ib u tio n  th a t  would perm it the  

determ ination of su ff ic ie n tly  p rec ise  p o te n tia l d is tr ib u tio n s  fo r  the  space 

charge c a lcu la tio n s . Space charges undoubtedly e x is t  in  double lay e rs  very 

c lose to  the  electrode surfaces during e le c tro ly s is  but such space charges 

are not d ire c tly  observable by th e  methods used by Reed and Ferguson.



PART I I

THE ANALYSIS OF ACTIVATION OVERPOTENTIAL INTO 

EXPONMTIALLY DECAYING COMPONENTS

CHAPTER VI 

INTRODUCTION

When a m etal i s  introduced in to  an e le c tro ly te , the  p o te n tia l 

d iffe ren ce  lAiich a rise s  across th e  e lec tro d e -so lu tio n  in te rfa c e  i s  not 

measurable by an e x te rn a lly  applied p o te n tia l  measuring device because in  

making con tac ts with both the  e lectrode  and th e  so lu tio n , two new junc­

t io n s  a re  produced, each of which also  con tribu tes a p o te n tia l difference* 

In  p rac tic e  the p o te n tia l  d ifference  a t  a s in g le  m eta l-so lu tion  in te rfa c e  

i s  stud ied  by measuring th e  p o te n tia l  d iffe rence  of the term inals of a 

complete electrochem ical c e l l  composed of a m etal, in  a so lu tio n , S^, 

a  m etal, M2, in  so lu tion , S2, and th e  two so lu tions in  contact through a 

KGl bridge* The m etal of which the  p o te n tia l  d iffe ren ce  measuring appara­

tu s  i s  composed does not con tribu te  to  th e  ne t e.m.f* of the  cell*  I t  i s  

assumed th a t  the  S1S2 l iq u id  junction  p o te n tia l  can be reduced to  a n eg li­

g ib le  value by th e  KGl bridge between the two solutions* The normal hy­

drogen e lec trode  i s  chosen as one of the  h a lf - c e l ls  (one metal in  contact 

w ith a so lu tio n ) , and by convention i t  i s  postu la ted  th a t  the  con tribu tion
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o f  th i s  hydrogen h a l f - c e l l  to  th e  t o t a l  e .m .f. of the  c e l l  i s  aero a t  a l l  

tem peratures# The measured value of th e  e .m .f. o f th is  complete c e l l  i s  

re fe r re d  to  as "the  e lec trode  p o te n tia l” of the  o ther m eta l-so lu tion  junc­

t io n .  I f  th is  measurement i s  ca rried  out with no curren t crossing  the 

in te r fa c e , the  processes occuring a t the  in te rfa c e  then are  considered to  

be thermodynamically re v e rs ib le  and the  sing le  "electrode  p o te n tia l” i s  

e r, th e  n e t e .m .f. of th i s  sp ec ia l c e l l .

When a cu rren t e x is ts  across th i s  e lec tro d e-so lu tio n  in te rfa c e , 

norm ally i t  i s  found th a t  the e lec trode  p o te n tia l  changes from th i s  re ­

v e rs ib le  value, and th e  canplex phenomenon associated  w ith i t  i s  termed 

"p o la riz a tio n ”. (To prevent the  confusion of th i s  with p o la riza tio n  of

d ie le c t r ic s  the term p o la riza tio n  should be preceded by " e le c tro ly tic ” or
o r

"d ie le c tr i.c ” as detennined by th e  case in  question).

The more sp e c if ic  term , overpo ten tia l (overvoltage), i s  used to  

describe  th is  change in  the  electrode p o te n tia l .  When a cu rren t density  

i  e x is ts  a t  t h i s  in te r fa c e  and the  e lectrode  p o te n tia l i s  measured to  be 

S i, then  the  overpo ten tia l, i s  defined to  be,

2 . " l \ i  = 0 i -  ®r .

Soane authors permit th i s  term to  include changes in  the  e lectrode  poten­

t i a l  due to  a l l  causes while o ther authors p re fe r  to  include only depar­

tu re s  from the  rev e rs ib le  p o te n tia l , e^, vdiich are  due to  electrochem ical 

reac tio n s  occuring a t  the  electrode i n t e r f a c e . I n  the  follow ing 

d iscussion  w il l  be used to  represen t dev ia tions from the  rev e rsib le  

p o te n tia l  due to  a l l  causes; th e  sp ec ific  possib le  causes w il l  be item ized. 

Since in  th is  work reference e lectrodes o ther than  the  hydrogai electrode
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were used, i t  should be noted th a t  the  ove ipo ten tia l can be detennined by 

any reference e lec trode , the  e lec trode-so lu tion  p o te n tia l of :vhich does 

not vary under the  conditions of measurement.

Three types of overpo ten tia l have been described, (a) In  some 

electrode  processes oxide or o ther film s may form on th e  electrode sur­

face and give r i s e  to  a re s is ta n c e . I f  th is  res istance  i s  of msignitude r ,  

then  th e  value of the  overpo ten tia l due to  th is  cause w il l  be I r  where I  

i s  the  curren t a t  the  e lec trode . O verpotential due to  th is  cause i s  ca lled  

ohmic o v e rp o ten tia l. During e le c tro ly s is  a  pseudo-overpotential may a ris e  

i f  a Luggin c a p illa ry  t ip ,  used fo r  th e  measurement, i s  placed a t some 

d istance  from the  e lectrode  surface since th e  ohmic p o te n tia l drop in  the  

so lu tio n  w il l  be included in  th e  measured value. Kortum and Bockris sug­

gest th a t  th is  ov e rp o ten tia l i s  appreciable only fo r  high current d e n s itie s  

o r  low c o n c e n tr a t io n s .O h m ic  overpo ten tia l i s  represented by 7^^.

(b) According to  the  H it to r f  scheme o f conduction in  e le c tro ly te s  i t  i s  to  

be expected th a t  concentration changes w ill  occur in  the  immediate v ic in ity  

o f an e lectrode during e le c tro ly s is . I f ,  f o r  example, one considers th e  

processes a t a cathode where p o sitiv e  ions are  being deposited, i t  i s  c le a r  

th a t  th e  so lu tion  immediately adjacent the  electrode w ill  become le s s  con­

cen tra ted . I f  the  concentration  in  th is  region i s  Cg and th a t  in  the bulk 

o f th e  so lu tion  i s  c^, and i f  only small departures from equilibrium  occur, 

th e  thermodynamic equations are s t i l l  approximately app licab le . Then the  

ov erpo ten tia l caused by these concentrations changes i s  given by,

3 . Y(= (RT/zF) In  (ce/cb)

f o r  a  system in  which the  ions, to  which th e  electrodes are re v e rs ib le , 

have a  valency z, R i s  th e  gas constant per mole, T the  temperature in
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degrees K, and F i s  the  value o f the  Faraday. This kind of overpo ten tia l 

i s  c a lle d  concentration overpo ten tia l and i t  occurs idien e le c tro ly s is  pro­

ceeds a t  an appreciable r a te .  I t  i s  represented by (° )  The th i rd

type o f overpo ten tia l a r is e s  because of ac tion  occuring during e le c tro ­

ly t i c  deposition  o f ions w ith  th e  evolution o f gases. I t  can u sua lly  be 

ca lcu la ted  from the  observed to ta l  o verpo ten tia l by making allowance fo r  

th e  ohmic and concentration o v e rp o ten tia ls . I t  i s  e sp ec ia lly  la rg e  in  

e le c tro ly tic  processes assoc ia ted  with the evolution o f hydrogen and oxy­

gen. Bockris^®(p.l56) s ta te s ,

. . .  th is  overpo ten tia l appears to  have i t s  o rig in  in  some slow 
process along the  reactions involved in  th e  deposition  of ions 
and form ation of th e  f in a l  product.

This slow process may be accelera ted  by a change in  th e  e lectrode overpo­

t e n t i a l .  Because of the  asso c ia tio n  of a slow process w ith a  high energy 

o f a c tiv a tio n  o r a high energy b a r r ie r ,  in  reac tio n  k in e tic s  the  term 

a c tiv a tio n  overpo ten tia l has become associated  w ith  i t  and i t  i s  repre­

sented by Sometimes t h i s  overpo ten tia l i s  subdivided in to  two

ca teg o ries , " t ra n s i t io n  o v erp o ten tia l"  and "reac tio n  (chan ica l) overpoten­

t i a l " ;  th e  former i s  used i f  th e  ra te  co n tro llin g  s tep  i s  th e  crossing o f 

an aiergy b a r r ie r  between th e  so lu tio n  and the  e lec tro d e , and the  l a t t e r  

i f  i t  i s ,  a chemical reac tion  such as th e  combination o f two hydrogen atoms 

to  form a hydrogen m olecule.^^

The measured to ta l  overpo ten tia l in  general i s  thus the  sum of 

these  th ree  ty p es , Kortum and Bockris^^ have described ways of d iffe ren ­

t ia t in g  than experim entally .

To examine th e  ohmic, concentra tion , o r a c tiv a tio n  overpo ten tia l 
sep ara te ly  i t  i s  necessary to  reduce the o ther types o f overpoten­
t i a l  to  n e g lig ib le  va lues. True ohmic ov e rp o ten tia l can generally
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be recognized e a s ily , since i t  i s  usually  very much la rg e r  (par­
t ic u la r ly  a t  high cu rren t d e n s itie s )  than o ther types o f overpo­
te n tia l*  Concentration o v e ip o ten tia l can be studied i f  the ab­
sence of r e s is t iv e  film s upon th e  electrode i s  ensured and an 
e lec trode  i s  chosen a t  vdiich th e  ac tiv a tio n  overpo ten tia l i s  neg­
l ig ib le  (eg*, a mercury e lectrode  in  an aqueous mercurous n i t r a te  
solution)* The a c tiv a tio n  overpo ten tia l can be examined in  the 
absence of r e s is t iv e  f ilm s, i f  th e  concentration overpo ten tia l i s  
diminished to  n e g lig ib le  proportions by rap id  a g ita tio n  of the 
e le c tro ly te  in  the  v ic in i ty  of the  e lectrode so th a t  th e  diffr^sion 
o f ions to  the  e lec trode  surface i s  increased and Cg becranes prac­
t i c a l l y  equal to  cy.

Kortum and Bockris s ta te  th a t  an immediate d is t in c tio n  between 

these  th ree  types o f  o verpo ten tia l can be made experim entally by observing 

t h e i r  ra te s  of decay. Ohmic o v e rpo ten tia l decays instan taneously , concen­

t r a t io n  ov e rp o ten tia l decays slowly and in  a complex way, whereas ac tiva ­

t io n  overpo ten tia l decays exponentially* These c h a ra c te r is tic s  are of

p a r t ic u la r  importance in  the  p resen t work*
xâBockris (p .l5 6 ) suggests th a t  a c tiv a tio n  overpo ten tia l "p resen ts 

problems of th e  g re a te s t  modem in te re s t"  and th a t  the  overpo ten tia l as­

soc ia ted  with th e  evolu tion  of hydrogen a t  the  cathode has become the  

most commonly observed case of ac tiv a tio n  overpo ten tia l f o r  modern inves­

t ig a to r s ;  i t  w i l l  be the main to p ic  in  th i s  discussion*

Bockris (p .l5 9 ) in d ic a te s  severa l approaches to  the study of 

a c tiv a tio n  overpotential*  These are  item ized as follow s:

(a) The measurement o f th e  dependence of the  reactiœ i ra te  ( i . e . ,  the 

cu rren t) rpon overpotential*

(b) The measurement o f th e  capacitance of th e  e lec tro d e-so lu tio n  in ­

te r fa c e  a t  various frequencies*

(c) The measurement o f th e  re la tio n  between the e le c tr ic  charge and 

th e  o verpo ten tia l during th e  charging of the  double layer*
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(d) The measurement of th e  decay of overpo ten tia l a f te r  e le c tro ly s is  

ceases .

(e) The measurement of the  e ffe c t of l ig h t  (photochemical e ffe c t)  on 

o v e ip o ten tia l.

The follow ing fac to rs  have s ig n if ic a n t e ffe c ts  on the  reac tio n  ra te :  The 

tem perature, the cœicentra tio n  of hydrogen ions (pH), the  concentration 

o f "n eu tra l s a l t s " ,  the  nature  of th e  so lven t, the  nature  of the  e lec trode , 

end the p ressu re . The "n eu tra l s a l ts "  do not p a r tic ip a te  in  th e  e lectrode 

rea c tio n  though they  may carry  an appreciable fra c tio n  of the  c u rren t.

The u ltim ate  goals o f the  an a ly sis  of overpo ten tia l are to  de- 

tennine the  successive in te m e d ia te  M actions th a t  are involved in  the 

o v e rfa ll  process a t  an e lec trode , and to  determine which of these  in te r ­

mediate reactions i s  the  rate-determ ining  reac tio n . As an example we may 

consider the l ib e ra tio n  of hydrogen a t  a  cathode and the re su ltin g  "hydro­

gen overpot e n t ia l" .  The o v e r-a ll  process may be represented by the  

equation:

4 . 2H^ +  2e‘  ---- '-H g.

The most commonly suggested in term ediate  reac tions involved in  

t h i s  process are given by th e  equations:

5 . (a) 4- e“ ---- -- M -  H 4 - HgO (discharge)

(b) M -  H 4- M -  H — *- 2M 4- Hg (desorption)

(c) Ĥ O"̂  4- M -  H 4- e” — M 4- H2 4- HgO (desorption) 

where M -  H rep resen ts  an e le c t r ic a l ly  n e u tra l hydrogen atom adsorbed on 

th e  m etal of the  e lec trode . The hydrogen gas would be lib e ra te d  by e ith e r  

o f the two p a irs  of successive reac tions (a) and (b ), or (a) and (c ) .
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Observers are  divided p rim arily  on the question as to  vhich o f the  

above reac tio n s i s  the rate-deteim in ing  reac tio n  in  the ovei~-all processc 

The two p rin c ip a l choices are  the  "slow discharge" process, 5 (a ), and the  

"slow combination" process, 5(b). A few observers choose a combination of 

(a) and (b) o r a combination of (b) and (c) as the rate-determ ining reac­

t io n .  B ockris^^(p.l33) i s  of the opinion th a t  " there  seems no need to  

consider th a t  more than one of th e  stages governs overpo ten tia l . . .

The supporters o f the slow^discharge th eo ries  o f o v e ip o ten tia l 

genera lly  make the  basic  assumption th a t  th e  re la tio n  between overpo ten tia l 

and the cu rren t density  i s  accurately  given by the  re la tio n ,

6. = a  -  b log i

where i s  the  o verpo ten tia l and i  the  cu rren t density  (a  and b are  

c o n s ta n ts ) .^  This re la tio n  was discovered em pirically  by T afel in  1905.

I t  can be derived i^ (p .l67 ) from th e  follow ing assumptions:

(a) The v e lo c ity  of th e  ra te -dete im in iag  reaction  in  the foreward d i­

rec tio n  i s  much g re a te r  than  in  the  reverse  d ire c tio n .

(b) The p a r t ic le s  undergoing th is  reac tio n  have some minimum (ac tiv a ­

tio n )  energy.

(c) iOJ. such p a r t ic le s  have a  Maxwellian d is tr ib u tio n  of energ ies.

(d) The energy of a c tiv a tio n  of the  reacticm  i s  a ffec ted  by the  f i e ld  

a t  the  cathode-solu tion  in te rfa c e  by an amount p roportional to  the m etal- 

so lu tion  p o te n tia l d ifference  (the  o v e rp o te n tia l) .

Then tdie cu rren t, which i s  a  measure o f th e  r a te  of the  reac tio n , can be 

expressed as,

7 . i  -  A exp ( _  Ü +  q<>>v F )
RT
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where ü i s  the  therm al p a rt  of the  energy o f a c tiv a tio n  and o< i s  the  

constant of p ro p o rtio n a lity . A i s  a " c o llis io n  fa c to r"  c h a ra c te r is tic  of 

th e  mechanism of the  re a c tio n . This equation can be changed rea d ily  to  

th e  form of equation 6. Several v a ria tio n s , some w ith  add itions, have 

been applied  to  th is  d e riva tion  in  attem pts to  make i t  f i t  th e  experimen­

t a l  d a ta  b e tte r .

Studies in  the  decay of overpo ten tia l a f t e r  e le c tro ly s is  ceases 

have been somevdiat f r u i t f u l  in  lead ing  to  explanations o f the processes 

idiich occur a t the  cathode in  the  production of t h i s  hydrogen overpoten­

t i a l .  Bowden and Rideal^^, Aimstrong and B u t l e r ^ ? ,  Hickling and S a l t ^ ,
3^ 32 COFerguson e t  a l , Schuldiner and VIhite , and Bryant and Coates-^^, among 

o th ers , have sought to  gain inform ation on these  processes through the 

study of th e  decay of o v e rp o ten tia l. The general conclusion o f these 

groups i s  th a t  no theory , so f a r  proposed, i s  adequate to  explain the  re ­

s u l ts  fo r  a l l  the  systems o f e lectrodes and e le c tro ly te s  which produce 

t^drogen overpo ten tia l.

Gurney was able to  obtain th e  T afel re la tio n  by assuming i t  to  

be a r e s u l t  of th e  t r a n s fe r  o f e lec tro n s  from th e  e lec trode  to  the hydro­

gen ions in  so lu tio n . Extending these  concepts to  conditions immediately 

a f te r  th e  in te rru p tio n  of th e  cu rren t Armstrong and Butler^^ a rrived  a t 

th e  re la tio n ,

8. >\̂  z  a» +  b* log  t

which should describe th e  v a ria tio n  of overpo ten tia l w ith tim e, t ,  a f te r  

e le c tro ly s is  ceases. They a rr iv e  a t  t h i s  re la tio n  by in teg ra tin g  the  

equation,

9. dy^/dt = i/B
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where i  i s  the  time ra te  of t r a n s fe r  o f e lec trons across th e  double la y e r  

and B i s  i t s  capacitance. The assumptions are  th a t  th i s  cu rren t discharges 

the  double la y e r  and th a t  the  p o te n tia l  d iffe rence  across the  lay e r  can 

s t i l l  (even during decay) be expressed in  terms o f th e  overpo ten tia l by 

th e  re la tio n  (6 ) .  In th e i r  work with mercury su rfaces, the  re la tio n  (8) 

was shown to  hold q u ite  w e ll. However on platinum  a mors complicated 

behavior was observed. Apparently, because of i t s  success in  explaining 

the decay o f overpo ten tia l on mercury, the  re la tio n  (8) has gained accept­

ance; a t  l e a s t  many recen t observers choose to  p lo t as a function  o f 

log  t  in  d isplaying th e i r  da ta .

Of considerable in te r e s t  to  t h i s  presen t work i s  th e  statement 

by several authors th a t ,  during the  decay, th e re  appears to  be more than

one process occuring in  connection w ith  hydrogen o v e rp o ten tia l, H ickling 
30and Salt"^ conclude th a t :  "Two processes proceed in  th e  decay independent 

o f one another” ,  Ferguson^^^°^ s ta te s  th e  follow ing a f te r  many observa­

t io n s  o f th e  decay of o v e rp o ten tia l.

All iydrogen decay curves a re  divided in to  two sec tions; the f i r s t  
p a rt decays exceedingly rap id ly  and i t s  magnitude i s  a  function of 
both cu rren t density  and e lectrode  m a te ria l; th e  second p a rt de­
cays re la tiv e ly  slowly and i t s  magnitude i s  not a  function  of 
cu rren t density ,

Bryant and Coates^^ in  summarizing t h e i r  study of concentration p o la r i­

za tion  ( overpot e n tia l ) in  d ilu te  (0 ,1  N) HCl say.

The curves showing th e  time decay of p o la r iz a t im  on in te rru p tio n  
o f th e  po lariz ing  cu rren t in d ic a te  a ra th e r  sharp t r a n s it io n  between 
two types o f electrode processes ,  ,  , •

Bowden and Hideal^®, using cu rren t d e n s itie s  of from 10*"® to

10”3 amp/cm^, did not observe the  i n i t i a l  rap id  drop o f p o ten tia l th a t

some of th e  o ther workers found a t h igher cu rren t d e n s it ie s . From th is
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Perguson^^^*^) concluded th a t ,  with an increase  in  curren t d en sity , th e re  

may become operative a new process in  the  discharge o f hydrogen ions a t 

the  cathode. He and most o f the  o ther workers u sua lly  used curren t den­

s i t i e s  g rea te r than those o f Bowden and R ideal.

Schuldiner and White^^ attempted a separation  of the  electrode 

p o te n tia l associated  with th e  Helmholtz double la y e r  from th a t  associated  

with th e  d iffu se  (Guoy) s e c t ia i  o f th e  S tem  double la y e r . In  th is  sepa­

ra tio n  they claim to  have measured th e  capacitance of th e  Helmholtz double 

la y e r .

The Problem

During the  determ ination of the  Deviation-Time data  described in  

Part I  i t  was believed advisable to  study th e  d e c ^  o f the  p o te n tia l d if ­

ference between each electrode and th e  probe a f te r  the  e le c tro ly s is  ceased 

in  o ilier to  a scerta in  vdiether or not such da ta  would reveal th e  ra te  of 

disappearance of the  space charge which was then  believed  to  e x is t .  These 

decay da ta , >rtien p lo tted  on ordinary coordinate paper, y ielded  curves 

which looked suspiciously  l ik e  th e  decay curve fo r  a m ixture o f a long- 

liv e d  and a re la tiv e ly  sh o rt-liv ed  rad io -ac tiv e  substance. A study of the  

data  p lo tte d  on semi-log paper showed th a t ,  a f te r  th e  f i r s t  two minutes, 

the  f i r s t  curve could be represented accurately  by two s tra ig h t  l in e s  hav­

ing ra d ic a lly  d if fe re n t slopes. Thus i t  appeared th a t  th i s  decay process, 

a f te r  th e  f i r s t  two m inutes, was in  r e a l i ty  two processes eac^ decaying as 

an exponential function of the  tim e.

Since the deviations measured in  P art I  a re  ac tu a lly  **overpoten- 

t i a l s " ,  from each of which has been sub tracted  the  ohm ic-overpotential
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caused by th e  r l  drop through th e  so lu tion , i t  was evident th a t  th e  pro­

cedure described in  th e  preceding paragraph was a new and improved method 

fo r  studying overpo ten tia l ji^enomena*

I t  was believed th a t  a  study, in  vdiich th e  new method was em­

ployed, would a s s is t  in  find ing  answers to  th e  th ree  questions:

(a) What i s  the form of the  function lA lch rep resen ts th e  ' icay of an 

ov erpo ten tia l a f te r  e le c tro ly s is  ceases?

(b) What in term ediate  reac tio n s are  involved in  hydrogen over-jcotential?

(c) Which in term ediate  reac tio n  i s  the  rate-determ ining  reac tio n  dur­

ing the l ib e ra t io n  of hydrogen?



OHÆTER VII 

APPARiffüS

L i t t l e  need be sa id  concerning the  apparatus fo r  i t  was th e  same 

a s  th a t used in  Part I .

The e le c tro n e te r  would not in d ic a te  accu ra te ly  the  rap id  f a l l  of 

o v erpo ten tia l during the f i r s t  few seconds ( th is  time varied with th e  

magnitude o f th e  overpo ten tia l) of decay since th e  period of v ib ra tio n  of 

th e  needle was approximately 30 seconds. I t  appeared th a t  during th e  

f i r s t  half-m inutej in  th e  cases >diere the ov e rp o ten tia l was high (say 

500 mv o r  more) and decaying vesy rap id]^ , the  d e fle c tio n s  of the  e lec ­

trom eter might lag  behind th e  actual p o te n tia l d iffe ren ce  by as much as 

50 mv. This inaccuracy proved to  cause l i t t l e  d i f f ic u l ty ,  however, be­

cause of the method used to  in te rp re t  the  da ta .

The e lectrodes were those described in  P a rt I .  The decay curves 

were observed fo r  several conditions of th e  various e lectrode su rfaces.
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CHAPTER V III 

PROCEDURE AND RESULTS

The decay o f o v e rp o ten tia l was f i r s t  stud ied  a t  th e  unbacked 

Ag/AgOl cathode th a t  i s  described  in  P art I  a f te r  i t  had p a rtic ip a te d  in  

approximately 30 hours o f e le c tro ly s is  o f K d . A fter an overnight in te r ­

val o f no e le c tro ly s is , i f  e le c tro ly s is  of KOI was c a rr ie d  out fo r  a  15 

minute period and then th e  cu rren t turned o ff , th e  o v e rp o ten tia l of t h i s  

cathode was found to  decay very rap id ly  a t f i r s t  and then to  decay r e la ­

t iv e ly  very slowly» Eiren a f te r  20 minutes of decay th e re  was considerable 

p o te n tia l d iffe rence  between the  probe and th is  e lectrode  in  add ition  to  

th a t which ex is ted  before  th e  e le c tro ly s is  began, i . e . ,  th e  overpo ten tia l 

had not disappeared. The manner in  which th is  decay took place was in ­

v estig a ted  and i t  seamed n a tu ra l to  a sce rta in  whether th e  decay was an 

exponential function  of th e  time such a s ,

10. e3q>(-kt)

where i s  th e  o v e rp o ten tia l ju s t  a f t e r  e le c tro ly s is  ceases and k i s

a  constant th a t  measures the  r a te  o f decay. (The w rite r  was then unaware 

o f th e  re la ticx i, equation 8, r  a* •+■ b» log t . )  When th e  logarithm  

of th e  overpo ten tia l was p lo tte d  as a function  o f  the  tim e, (see Curve A 

of Figure 20), th e  decay became lin e a r  f o r  tim es g re a te r  than  approxi­

m ately 10 m inutes, and i t  remained l in e a r  fo r  tim es as long as 60 m inutes.
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I f  one assumes th a t  th i s  s tra ig h t  portion rep resen ts a sing le  

reac tio n  which began to  decay as soon as the  e le c tro ly s is  ceased, then 

one may ex trapo la te  th is  s tra ig h t p a rt  of the  curve back to  zero tim e, as 

i s  shown by Curve B. I f  one then su b trac ts  the  p o te n tia l a t  various tim es 

along th i s  l in e  frcm the  corresponding p o te n tia l on Curve A, these  d if ­

fe rences, when s im ila rly  p lo tte d , y ie ld  the  Curve C. This curve was l in e a r  

between approximately two minutes and ten  minutes, i . e . ,  down to  ^  =

1 mv. This in d ica ted  th a t  a second exponentially  decaying reac tio n  a lso  

took p lace a f te r  the  second m inute.

A fter the  Ag/AgCl e lec tro d es were backed w ith Krylon, as des­

cribed  in  P a rt I ,  the  decay o f the  overpo ten tia l of the  cathode in  KCl was 

again observed in  exactly  th e  same manner as befo re . The da ta  are  shown 

by Curve A o f Figure 21(A). This curve remained l in e a r  a f te r  tim es g re a te r  

than  approximately 10 m inutes; t h i s  po rtion , ex trapo lated  back to  zero tim e 

i s  shown by Curve (1 ) . The d iffe ren ces  between the o rd inates o f Curve A 

and the  corresponding ones of Curve ( l )  are shown as a function  of the  time 

by Curve (2 ) . The l in e a r  portion  of Curve (2) was extrapolated  back to  

zero tim e, as shown. Then th e  d iffe rences between o rd inates of the  non­

l in e a r  p a rt of (2) and the  ex trapo la ted  l in e a r  p a rt of (2) are  shown as a 

function  of th e  time by Curve (3 ) . Thus the overpo ten tia l o f th i s  backed 

e lec tro d e  was resolved in to  th ree  exponentially  decaying components.

For some of the  systems stud ied  the  p o te n tia l did not re tu rn  to  

the  same value th a t ex isted  before e le c tro ly s is . Sometimes the  p o te n tia l 

became constant a t  a  value someviiat h igher and on o ther occasions i t  f e l l  

below th e  former value. I t  was necessary to  fin d  ra th e r  accu ra te ly  the  

a s i^ p to te  of the  decay curve in  order to  obtain an exact separation  of
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th e  th ree  processes. Two methods were used to  accomplish t h i s .  F i r s t ,  

th e  decay curve could be p lo tte d  fo r  a c w s id e r ^ le  length of tim e (ap­

proxim ately 30 m inutes) u n t i l  an assymptote corresponding to  th i s  constant 

value of p o te n tia l was ind ica ted . Second, the  logarithm  of th e  overpo­

t e n t i a l  could be p lo tte d  by use of sem i-log paper as a function o f the  

tim e and, i f  the  s tra ig h t  portion  began to  curve fo r  large values o f the 

tim e, a few m il l iv o l ts  could be added to  o r sub tracted  from a l l  values 

o f u n t i l  th e  curve was l in e a r  a f te r  10 to  12 m inutes. In  most cases

such a co rrec tion  was not necessary , th a t  i s ,  th e  measured p o te n tia l  d if ­

ference retu rned  to  i t s  value p r io r  to  the  e le c tro ly s is .

As w ell as can be determined from th e  da ta  o f Curve A, Figure 21(A)

Curves ( l ) . (2 ) , and toge ther rep resen t these  d a ta  during the  e n tire  

process o f decay. The fa c t  th a t these  observed decay data can be so well 

represented by the  th ree  s tra ig h t l in e s  in d ic a te s  th a t  the whole process 

o f decay of th is  o v e rp o ten tia l i s ,  in  r e a l i ty ,  a combination o f th ree  ex­

p o n en tia lly  decaying processes.

For convenience in  d iscussing  these  th ree  exponentially  decaying 

processes l e t  us la b e l  the  corresponding o v e rp o ten tia ls

2 in  the  o rder in  vàiich they are obtained by th e  method o f a n a ly sis .

The t o ta l  overpo ten tia l a t  anytime t  during the  decay w ill then  be:

\  = \ l  +  \ 2  f  > \3

and in  view of equation 10 we can w rite ,

U. Y \o i e%p(-kit)t Y\o2 e2qp(-k2t)+ Y|o3 exp(-k t̂).

To a id  in  v isu a liz in g  the  re la tiv e  magnitudes of the  th ree  over­

p o te n tia ls , ^  1,  ^ 2 »  @nd 1^3» they are shown p lo tted  on ordinary
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coordinate paper in  Figure 21(B). These are th e  same data  shown by the 

s t r a ig h t  lin e ': in  Figure 21(A). In th is  case th e  r a t io  of the  decay con­

s ta n ts  k i:k 2 :k3 i s  equal to  1:32:230.

^ p a re n tly  these  same th ree  processes as determined by the decay 

constan ts were observed fo r  various current d e n s itie s , fo r  various dura­

t io n s  o f e le c tro ly s is ,  fo r  several e lectrode m a te ria ls , fo r  several solu­

t io n s , and fo r  the  various ages of e lec tro d es . The re s u l ts  w ill  be pre­

sented, and l a t e r  an in te rp re ta tio n  of them w il l  be made.

E ffect of Current Density 

Only the Ag/AgOl (backed) cathode in  KCl was studied under a va­

r i e ty  of current d e n s itie s . The values o f 1)]^, 7^2» and a f te r  15

seconds of decay, are shown as a function o f e le c tro ly s is  current density  

i n  Figure 22. I t  i s  seen th a t  the  component increased rap id ly  a t 

cu rren t d e n s itie s  above 2 x  10"’̂  amp/cm^ and quickly comprised the  major 

p a r t  of the  t o t a l  overpo ten tia l. The component 2 varied  comparatively 

l i t t l e ,  and was v ir tu a lly  independent o f th e  current density .

For each of th e  curren t d e n s itie s  th e  overpo ten tia l during e lec­

t r o ly s is  was observed. In Figure 23 the curve fo r  KCl shows the d a ta  fo r  

th e  backed Ag/AgCl cathode a f te r  15 minutes of e le c tro ly s is .  At 2 x  10“ 5 

amp/cm^ th e  overpo ten tia l began to  r is e  rap id ly  and i t  increased to  an ap— 

parent sa tu ra tio n  value a t approximately 4 x  10“ 5 amp/cm^.

Decay curves a t  Ag/AgCl e lec trodes in  HCl were not obtained. 

However, th e  s tr ik in g  s im ila r ity  between the  curves fo r  HCl and KCl in  both 

Figure 16, Part I ,  and Figure 23 in d ica te s  th a t  s im ila r  re la tio n s  would 

have been found fo r  HCl. Also data  obtained w ith o ther e lectrodes and so­

lu tio n s  reveal the  whole process of decay to  be made up of th ree  exponen­

t i a l l y  decaying reac tio n s .
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E ffec t of Duration o f Electrolysis 

I t  i s  seen in  Table I  th a t  th e  values of the  decay constants k]_,

k2, and show no consisten t v a ria tio n  with the  duration  of th e  e lec­

t r o ly s is  preceding the  decay. At cu rren t d e n s itie s  near 5 x  10~^ amp/cm^ 

th e  values of k2 and fo r  a l l  e lectrode  m ateria ls  and so lu tio n s , vary 

by le s s  than a f a c to r  of two. The ta b le  includes d a ta  fo r  a v a rie ty  of 

tim es fo r  the duration  of e le c tro ly s is .

In. Figure 24 and in  Table I  are  shown th e  decay of th e  th re e  cam- 

ponaits o f cathode overpo ten tia l a t  th e  top o f a  v e r t ic a l  column of 

0.0024 N CV1SO4 so lu tio n . Whereas a f te r  5, 10, and 15 minutes of e lec ­

t r o ly s is  1^1 and 1^2 each increase  in  the  approximate r a t io  1 :2 :4» 1^3 

r i s e s  in  the  r a t io  1:3:9» (Only the  da ta  which are im portant to  the ex­

tra p o la tio n s  of the  l in e a r  po rtions are  included in  Figure 24»)

E ffec ts  of Age of E lectrodes 

A few decay curves were obtained fo r  the  unbacked Ag/AgCl cathode

before  i t  made the change from a grayish-black to  th e  creaqy-w hite, i . e . ,

before  the  steep p o te n tia l r i s e  shown in  Figure I 6, P art I ,  had occurred 

fo r  both so lu tions of KCl and HCl. Only two decay processes were observed 

which, from th e i r  ra te s ,  were id e n tif ie d  as the  k2 and k3 p rocesses.

A second instance  fo r  which only two decay processes were observed 

was fo r  a copper cathode th a t had been used fo r  several hours and also 

l e f t  exposed to  the a i r  fo r  two weeks. I t  had become covered w ith a heavy 

reddish-brown coat c h a ra c te r is t ic  of cuprous oxide. In  th i s  instance  the 

more rap id  decay was in  accord with a k3 process whereas the  o ther decay 

constant was s l i g i t l y  le s s  than the  values found fo r  k2 fo r  various other 

e lec tro d es .



TABLE I

OVERPOTENTIAL COMPONENTS AND DECAY CONSTANTS

Electrodes Solution Current Duration No. of Decay Constants 
Density of Elec- Runs 

t r o ly s is  Avg»d.

Overpotential
Components

Overpot ential 
During Leist Sec 
of Electrolysis

K-cathode
Aî-anode

0.0024 N amp/cm^ 
X 105

minutes minutes'
k i

-1
k3

m il l iv o l ts
%

m il1iv o l ts

Ag/AgCl K KOI 0.28 15.0 1 0.039 0.35 1 .5 54 * 34 * 16 * 153
I t II 1.56 II 1 0.023 0.40 2 .0 51 -K- 47 * 25 * 207

I t II 2.86 11 1 0.014 0.45 3 .3 56 * 105 * 350 * 665
I I II 4.08 II 1 0.006 0.44 2.7 54 * 120 * 639 * 1133

II II 5.55 n 1 0.004 0.63 3 .0 61 * 180 # 560 * 1170

Ag/AgCl K HGl 5 15.0 6 0.027 0.53 2.9 80 * 180 # 280 * 630

P t K KCl 5.0 1.0 1 0.015 0.38 3.7 115 58 180 400

•1 II 4.5 15.0 1 0.021 0.38 2.8 208 53 850 1130

P t K HCl 5.9 0 .5 1 0.071 0.32 2.6 57 59 175 350

It II 5.2 5.0 1 0.070 0.37 2.3 93 98 340 586

vON3



TABLE I  (c o n t .)

E lectrodes Solution Current
Density

Duration 
o f Elec­
t r o ly s is

No, of 
Huns 

Avg»d,

Decay Constants O verpotential
Components

Oveipot e n t ia l  
During L ast Sec 
of E le c tro ly s is

K-cathode
A-anode

0,0024 N amp/ cm  ̂
X 105

minutes minutes""^ 
^1 %2 h

m ill iv o l ts  
%  %  ^ 3

m il l iv o l ts

Cu K 6,9 5.0 1 0,055 0,50 3 .8 12 12 70 140

II II 6 ,4 10.0 1 0,053 0,40 2.5 23 25 230 788

It n 6 .2 15,0 1 0,052 0,40 2 ,6 45 49 600 904

Cu K ^ CuSO^ 5.0 15.0 2 ——- 0,19 2.5 — 72 280 840

Ag/AgCl K 2 KOI 5 15.0 6 ------- 0,37 1 .5 $3 470 730

Ag/AgCl K ^ HCl 5 15.0 1 --------- 0,33 2,0 — 37 140 -----

Pt A 3 HCl 7 .0 10.0 1 --------- 0,30 3 .4 — -70 -400 -470

P t A 4 f t 5.5 10.0 1 0,27 2,9 -310 -520 -1090X

* 15 seconds a f te r  e le c tro ly s is  ceased.
1 Gu exposed to  a i r  fo r  about 2 weeks a f te r  considerable e le c tro ly s is  as cathode.
2 Ag/AgCl cathode before la rg e  p o te n tia l  increase  noted in  Figure 16, P art I .
^ F t acted as anode 10,0 minutes a f te r  severa l hours as cathode,
^  Pt acted  as anode 20.0 m inutes a f te r  severa l hours as cathode.
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E ffec t of A gitating the  Solution 

When the  so lu tion  was s t i r r e d  near the  Ag/Agd cathode in  so lur 

tio n s  of KCl throughout the 15 minute period of e le c tro ly s is  only the  

^  2 and ^  g processes were observed during the  decay and th e i r  magni­

tudes were much reduced.

When e le c tro ly s is  was performed without a g ita tio n , and th e  cath­

ode surface was quickly wiped with a  g lass wool swab immediately a f te r  th e  

15 minutes of e le c tro ly s is  ceased, again only th e  "tVi and 'Y\ 2  processes 

were observed in  the  decay. On the o ther hand, i f  th e  e n tire  body (ap­

proxim ately 2 .5  l i t e r )  of the  so lu tion  was s t i r r e d  immediately a f te r  elec­

t r o ly s is  ceased, the  decay of the  p o te n tia l  was e r r a t ic ,  ev iden tly  due to  

th e  continued motion of the  so lu tio n . In  the  former case when th e  cathode 

was swabbed immediately a f te r  e le c tro ly s is  ceases, ^ and 2 were 

reduced roughly by 5 and 50 per cent resp ec tiv e ly , and 'V(3  was removed 

completely.

The d a ta  upon which these  r e s u l ts  are based were obtained with 

th e  follow ing procedure. Five runs were made, runs 1 , 3, and 5 without 

s t i r r in g ,  and runs 2 and k  w ith the s t i r r in g .  Each o f th e  two se ts  of 

runs was averaged po in t by point and then comparisons of the  two se ts  of 

averages were made.

E ffect of Concentration 

The th ree  decay processes were observed a t Ag/AgCl cathodes in  

various concentrations of HCl as shown in  Table I I .  I t  i s  seen th a t  no 

co n sis ten t v a ria tio n s  in  th e  decay constants occurred. However, th e re  

was a pronounced e ffe c t  on the  overpo ten tia ls , ^  ^ ^nd ^ ^ 3 ; th ese  de­

creased with increasing  concentration.
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TABU II

:-:;-':-iCT of cohcfntiaI'Iums on tie: cofjonewts of ove:(?otentxal

i H lec tro d e jC u rre n t .Oe:ï3it.v -  5 .0  x 10“  ̂ amp/cm^; D uration  o f E le c t ro ly s is -  5 m in.)

Decay C onstantsNorn’.a l i t y  and Number o f  
Solu tion  Huns

O verpotential Components O verpotential 
During Last Sec

M-t

-r.utea ^

' ‘3 ''3 ' l l

T .ill i  v o lts  

^ 2 U3

m ill iv o l t s

K

0 .0 ‘j2U N HCl 2 0.091 0.49 2.8 89 80 600 620

0 .01  N  H G l 3 0.110 0.46 2.6 88 110 440 540

I 0.090 0.42 2.4 18 ■ 97 340 450

0. -  • :  m o : T 0.090 0.32 2.7 17 18 180 365

0 . 1  0  M o l  

1 . 1  N M C I  J

3 0.098 0.40 2.9 In 71 200 395

5 4 0  MV

0 . 0 0 2 4  N H CL 0 . 0 1  N H CL

3 03 0  0

5  MIN. OF E L E C T R O L Y S I S ,  2 5  M IN .  DECAY.

5 0  MV

3 6 5  MV2
Z

35 M V i2 5  MV

30
oc.

5 9 5  MV

3 9 5  MV

^ 0 . 0 0 1  N H CL

55  MV

30
T I M E  IN M IN U T E S

FIGURE 2 5 .  B U IL D - U P  8  DECAY OF O V E R P O T E N T IA L  A T  AN AG/A G CL 

C A T H O D E  F O R  SEVERAL C O N C E N T R A T I O N S  OF H CL
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A p e cu lia r  e ffe c t was noted with regard  to  th e  re la t iv e ly  con­

s ta n t  value which the overpo ten tia l in  the higher concentrations of HCl 

approached as the  decay proceeded (see Figure 2$ ). When th is  value was 

sub trac ted  from th e  observed overpo ten tia ls  in the  decay, the  curve of 

th ese  d iffe ren ces was reso lvable  in to  the  same th ree  decay processes ob­

served in  le s s  concentrated so lu tio n s . I t  i s  seen in  the  f ig u re  th a t  th is  

constant value increased w ith concen tra tion , and i t  was observed th a t  

s t i r r in g  d id  not remove i t .  This apparently  constant overpo ten tia l was 

no t produced by a change of the  probe-to-eol,ution e .m .f, ; two observations 

showed t h i s .  F i r s t ,  when th e  concentration was increased  to  0 .5  N, the  

le v e l  of th e  so lu tion  was ra ise d  to  a  region  on the  cathode surface \diere 

extensive e le c tro ly s is  had not taken p lace. The p o te n tia l  between the  

probe and cathode was then very near zero, ju s t  as i t  was a t th e  lower 

concen tra tions. When the  so lu tio n  le v e l wsis lowered, the  probe to  cathode 

p o te n tia l  jumped immediately to  approximately 50 mv. Second, when l e f t  to  

decay overnight, t h i s  apparently  constant p o te n t ia l  d iffe ren ce , even in  

the  0 .5  N HCl, dropped to  zero, but vdien e le c tro ly s is  was resumed, the 

"constan t" p o te n tia l  d iffe rence  again began to appear in  the  decays and i t  

increased  again to  approximately 50 mv.

The l a s t  build-up and decay curve of Figure 25 was taken a f te r  

L-5 minutes o f e le c tro ly s is  in  a 0.001 N HCl so lu tio n . I t  i s  seen th a t  

even with th is  longer e le c tro ly s is  th e  constant p o te n tia l  found in  th e  de­

cay curves a t th e  higher concentrations was again absent ju s t  as was p re­

v iously  found to  be th e  case a t the  lower concen tra tions.
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Decay Phenomena a t  the  Mode 

The decay o f anode overpo ten tia l was measured only a t platinum  

in  HCl; the  data  are  shown in  Figure 26. The e lectrode  had previously 

been used as a cathode fo r  severa l hours. A fter 10 minutes of e le c tro ly ­

s i s  w ith th is  e lectrode  as an anode i t s  overpo ten tia l decayed to  zero 

w ithin  20 m inutes. An an a ly sis  of the  decay curve y ie lded  two processes;

(A)- AFTER T h e  e l e c t r o d e  h a d

SERVED AS A CATHODE FOR

SEVERAL HOURS.

( B ) “  AFTER SOLUTION HAD BEEN

STIRRED AND HAD STOOD FOR 15 MIN,

(B)-400

(A)

TIME MINUTES

20 2 5 80 20  25 80

F I G U R E  2 6 . BUILD-UP B DECAY OF OVERPOTENTIAL AT A PLATINUM

ANODE IN H CL.

th e  overpo ten tia l and the  decay constants are given in  Table I .  The solu­

t io n  was s t i r r e d  and allowed to  stand undisturbed fo r  15 minutes. Then 

during an ad d itio n a l 10 minutes of e le c tro ly s is  w ith th i s  same electrode 

as a i  anode the  ov e rp o ten tia l a tta ined  a much g re a te r  value than in  the  

previous run and i t  decayed, not to  zero, but to  a  steady value of 

"250 mv"; th is  curve i s  a lso  shown in  Figure 26. When th is  250 mv was 

subtracted  from the  observed overpo ten tia ls , the  re su ltin g  curve was ana­

lyzed in to  the  same two processes (e s se n tia lly  same k*s) th a t  were found 

fo r  th e  previous run . The overpo ten tia ls and th e  decay constants are 

given in  Table I .



CH-APTER IX

DISCUSSION ÆD INIERPRETAIION OF RESULTS

The fa c t th a t  the  decay o f overpo ten tia l can be represented as 

th e  snm of th ree  exponential functions of th e  tim e suggests th a t scane type 

of capacito r analogy would b e t te r  describe  the observed decay than does 

th e  "log t "  re la tio n  suggested by Armstrong and B utler^?. Schuldiner and 

White^^ do consider th a t  th e  Helmholtz and the d iffu se  double lay e rs  ac t 

as capacito rs in  s e r ie s , each with a  res is tan ce  in  p a ra l le l  through which 

i t  discharges a f te r  e le c tro ly s is  ceases .

Bowden and Rideal a rr iv e  a t  the  follow ing conclusion from th e i r

prev iously  mentioned woj± on the  decay of o v erp o ten tia l.

. . .  the  e lectrode  p o te n tia l i s  due to  the  presence o f e le c t r ic a l  
doublets on i t s  surface , the  e le c t r ic  moment of these  doublets 
being given by a proton and an e lec tro n  separated from each o ther 
by a d istance equal to  th e  diam eter of th e  hydrogen atom.

A fter Frumkin, Agar^^, in  an in te rp re ta tio n  of overpo ten tia l 

measurements, describes the  t o t a l  m eta l-so lu tion  p o te n tia l d ifference  

" ^  " , as made up of two p a r ts , " ^ ^ o s s  the Helmholtz double la y e r  

and " ^  g" across th e  Guoy d iffu se  double la y e r . These th ree  q u a lita tiv e  

d e sc rip tio n s , among s im ila r ones, suggest the  build-up and decay of double 

la y e rs .

I t  appears c e r ta in  th a t  the  cathode phenomena discussed in  the 

l a s t  chapter are caused by (hydrogen) a c tiv a tio n  o v e rp o ten tia l. This i s

99
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believed  tru e  fo r  th ree  reasons* F i r s t ,  r e s u l ts  were obtained in  a l l  cases, 

th a t  were very s in i la r  to  those  observed in  HQ], where hydrogen was the  only 

ion  which would reac t a t th e  cathodes. Second, during the  decay any ohmic 

overpo ten tia l would have disappeared immediately. Aid th ird ,  since the  de­

cay was n e ith e r  " e r ra t ic "  nor "complex" concentration o v erpo ten tia l was 

not in d ica ted . These reasons, in  add ition  to  the  fa c t th a t many o f  these 

d a ta  compare favorably w ith those reported  in  electrochem ical l i t e r a tu r e  

concerning hydrogen o v erp o ten tia l, le d  to  the  assumption th a t  the observed 

da ta  a lready  described are the re s u lt  of hydrogen o v e rp o ten tia l. As an 

example, a  p a rtic u la r  decay curve reported  by Ferguson^^®(p,231) was tra n s­

fe rre d  to  a  p lo t of the  p o te n tia l  as a function  of the  time and the  curve 

was extended somewhat in  order to  determine the p o te n tia l  w ith wliich the  

decay curve was assym ptotic. Then when th e  logarithm  o f the  p o te n tia l 

was p lo tte d  as a function o f  the time and th e  analyzing procedure of the 

previous chapter was app lied , two exponentially  decaying processes were 

observed.

I f  the  hydrogen ion  alone was responsible  fo r the  overpo ten tia l 

during e le c tro ly s is ,  then  th e  th ree  (probably four a t g rea te r concentra­

tio n s) d is t in c t  processes should somehow be associated  w ith hydrogen in  

d if fe re n t adsorbed s ta te s  on the e lectrode  su rface . The fa c t th a t  th ree  

d is t in c t  processes occurred during the  decay suggests th e  p o s s ib i l i ty  th a t 

the  same processes a lso  occurred during e le c tro ly s is .

In  the General Discussions of the  Faraday Society. B utler35(p.l30)

made th e  follow ing relevan t statem ent:

I  should l ik e  to  advocate, as I  have been doing fo r  the  l a s t  f i f ­
teen  years, th a t  th ere  i s  not ju s t  one mechanism o f overvoltage, 
but severa l .  , , I  th in k  th e  modes of adsorption need b e t te r
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d e fin itio n  . . .  1 should a lso  l ik e  to  see a study of the adsorp­
t io n  o f hydrogen in  a second la y e r  i . e .  when the  f i r s t  lay e r i s  
completed; and th e  p ro p ertie s  of hydrogen held in  th is  way.

Very recen tly  Becker^^ in  a  study of adsorbed atoms, ions, and 

molecules (abbreviated adatcmis, adions, and admols, respec tive ly ) has made 

th e  follow ing d is tin c tio n  between adsorbed s ta te s .  I f  the  valence e lec ­

tro n  of th e  atom in  question i s  s t i l l  associated  with i t s  nucleus when the  

atom i s  adsorbed i t  i s  c a lled  an adatom, whereas i f  the  valence e lec tron  

i s  a ttra c te d  more strong ly  by th e  atcms o f the  e lectrode, i t  i s  termed an 

adion. He suggests fu r th e r  th a t  these  may be d istinguished by the  e lec­

t r i c a l  f ie ld s  o r p o te n tia ls  they produce. M  admol i s  defined as an ag­

gregate o f two or more atoms adsorbed on a m etal surface in  such a way 

th a t  the  a t t r a c t iv e  fo rces  of the  atoms fo r  each o ther are g rea te r than 

th e  a t t r a c t iv e  forces of th e  atoms fo r  the  m etal. He a lso  s ta te s  th a t  

e le c t r ic  f ie ld s  associated  with a l% rer of adions w ill be la rg e r  than th a t 

fo r  a la y e r  of adatoms.

In  view o f these suggestions, l e t  us consider what types of ad­

so rp tions we may expect fo r  the  hydrogen ions and atoms associated  with 

hydrogen o v erp o ten tia l. I t  i s  commonly believed th a t the  hydrogen ion  in  

so lu tio n  i s  hydrated w ith one molecule of w ater; the formula i s  w ritten  

as Ĥ O ^  .  On th e  e lectrode  th e  s ta te  of hydrogen most often  suggested 

i s  th a t o f the  chemadsorbsd atœn. Also th e  hydrogen molecule may be 

l ig h t ly  adsorbed before leav ing  the  e lectrode  as a gas. Though a general 

d is t in c t io n  i s  made between physical and chemical adsorption, s t i l l ,  as 

im plied in  the  statem ent by B u tle r, th ere  may be d iffe re n t modes of ad­

so rp tion  of hydrogen a tm s , io n s, or molecules even w ithin the general 

c la s s if ic a t io n  o f say, chanadsorption. The degree of association  of the
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valence e lectron  w ith the  metal of th e  e lec trode , as suggested by Becker^^, 

appears to  be a convenient way of describ ing  d if fe re n t  modes of adsorption. 

For example, a hydrogen atom sharing i t s  e lec tro n  with two metal atoms 

would represent a d if fe re n t adsorption s ta te  frcan th a t  of a hydrogen atom 

sharing i t s  e lec tron  with only one m etal atom.

The foregoing considerations permit us to  make an in te rp re ta tio n  

o f the  observed decay curves in  terms of tra n s it io n s  between the  following 

proposed adsorption s ta te s ;

12. Mion   => (e“ -+ M )-------

Adion ---------------( e " +  M) -  -

Adatom --------- M -  H

(Audubert^^ and o thers have stud ied  the tra n s it io n s  between the  f i r s t  two 

in  in te rp re tin g  hydrogen o v e rp o te n tia l.)  The e lec tro n  e“ i s  w ritten  spe­

c i f ic a l ly  in  order to  emphasize th e  double-layer na tu re  of the  adsorption; 

the  d if fe re n t designations of bonds imply d if fe re n t adsorption energies 

as w ell as d if fe re n t separations of the  charges in  the  various double 

la y e rs . These s ta te s  are i l lu s t r a te d  schem atically in  Figure 28(D).

A fter Audubert, i f  we compare th e  p o te n tia l  energies of the
_ L

and H3O ions as independent functions of the  perpendicular d istance from 

th e  e lec tro d e , they should appear something l ik e  the  curves in  Figure 27. 

This gives us a p ic tu re  o f the  re la tiv e  p o sitio n s of these  ions in  these 

adsorbed s ta te s  but there  i s  no attempt to  rep resen t the actual p o te n tia ls  

and d istances q u a n tita tiv e ly .

Although in  some so lu tions p o s itiv e  ions o ther than and

were p resen t, s t i l l  these  two alone are believed im portant in  th is  in te r ­

p re ta tio n  p rin c ip a lly  because the  same th ree  processes occurred in  HCl
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D I S T A N C E  FROM CATHODE

FIGURE 27 .  THE P OT EN T I A L  E NE RGI ES  OF THE  AND H^(f

I O N S  NEAR AN ELECTRODE.

where these  were supposedly the  only p o sitiv e  ions ^/unless we p ostu la te  

doubly hydrated ions which are not generally  accepted, though they more 

l ik e ly  occur in  d ilu te  solut ions^?( p. *  Other adatcan s ta te s ,  i t  i s  

be lieved , would not produce the la rg e  o v e rp o ten tia ls , g and

I f  these  th ree  s ta te s  of adsorption e x is t  sim ultaneously th e re  

would e x is t in  the  steady s ta te  before e le c tro ly s is , t ra n s it io n s  back and 

fo r th  between these  s ta te s ,  the  n e t t r a n s fe r  being zero between any two 

o f the  adsorbed s ta te s .  During e le c tro ly s is  the  tra n s it io n s  would occur

p rim arily  in  the  forward d irec tio n  as follow s;
■à- Wo13. (3) (e -  +  K ) -------- HoO

(2) (e "  +  M) -  -

(1) M -  H M -  H

*2
wi

(e“ -h M) 

M -  H 

2W -h

Hgp

where W3 , wg, and ŵ  are the  energies of ac tiv a tio n  of the th ree  respec tive  

p rocesses. (The reactions are numbered to  correspond to  the  th ree  observed 

decay p rocesses.) These th ree  reac tio n s  are i l lu s t r a te d  in  Figure 28(A).

I f  7^^ represen ts the  p o te n tia l  due to  the  i^^  of these lay e rs  

we can e2q)ress i t  as

14. VVi = (4 'îr/ € ) (q i/A i) S i = ( 4 T T / e )  (T i  S  i  

where q i i s  th e  to ta l  charge in  the  i^^  lay e r  determined by the  number of



104
io n s  in  th a t  la y e r ,  S i  i s  the th ic k n e ss  o f  th e  la y e r ,  i s  th e  a rea  o f 

th e  i"^^ la y e r ,  ( T i  i s  th e  charge d en s ity  f o r  th e  i^ h  la y e r ,  and € i s  

th e  d ie le c t r i c  c o n s ta n t.

The fo rego ing  d e sc rip tio n s  w i l l  f a c i l i t a t e  th e  in te rp r e ta t io n  of 

th e  ejqjerim ental r e s u l t s .

E ffec t o f C urrent D ensity 

The d i s t i n c t  manner in  ;diich th e  th re e  components of th e  overpo­

t e n t i a l  vary  w ith  c u rre n t d en sity  i s  of p a r t ic u la r  i n t e r e s t  because o f 

th e  re p o rts  o f  th e  fo u r  groups, H ickling and Salt^®, Ferguson e t  a l^^ , 

B iyant and Coates^^, and Schuldiner and W hite^^; each group m entions two 

ty p es  o f decay and c a l l s  a t te n tio n  to  th e  way th a t  th e  two ty p es  vary w ith  

c u rre n t d e n s ity , Although Bryant and Coates presumably were m easuring 

concentrât,io n  o v e rp o te n tia l they  questioned  vdiether th e  new process th a t

e-
H,0(A) H n

F R E E
MOL

ADMOL  ADATOM ADION ADI ON

H

F I G U R E  ' S .  S U C U E S i E D  P R C C E S S E ?  11- " ' V i

OVE F P o T E N T U L

! , ' i  i v _ . u E N
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appeared was tru e  concentration, ov e rp o ten tia l# They showed th a t  the  e ffe c t 

was associated  with the condition o f the  e lec trode .

T hou^ Ferguson^^®(p.233) gives ta b le s  of values fo r  the  “i n i t i a l ” 

and " res id u a l” components in  the  decay of o verpo ten tia l w ith several e lec­

trodes i t  was not possib le  to  determine frran h is  pub lications how he ob­

ta ined  these  values. I t  i s  of p a r t ic u la r  in te r e s t  a t  t h i s  po in t to  note 

th a t  th e  “i n i t i a l "  overpo ten tia l, f o r  a l l  th e  cases reported , increased  

w ith cu rren t density  while the  “res id u a l"  overpo ten tia l showed l i t t l e  

v a ria tio n .

In  Figure 23 i t  is  seen th a t  a t a  current density  of about 

2.5  X 10”  ̂ amp/cm^ the overpo ten tia l, measured during e le c tro ly s is ,  began 

to  r i s e  very rap id ly  and a t th is  same curren t density , Figure 22, 

became the predominant component in  the  decaying o v erp o ten tia l. As re ­

ported by the  observers c ited  above, here i s  a component o f the  overpo­

te n t i a l  which v a rie s  considerably w ith cu rren t d en sity . The o ther two 

components, and V^2 Figure 22, are  seen to  be re la t iv e ly  in ­

sen sitiv e  to  changes in  the current density .

I t  i s  in fe rred  th a t ,  during e le c tro ly s is  a t  th is  " tra n s it io n  cur­

ren t density” ,  the  layers  of adatoms, H, and of adions, , a re  p ra c t i­

c a lly  f i l l e d ,  and th a t  the  curren t i s  supplying adatoms and adions re s ­

pective ly  as f a s t  as they  leave these  lay e rs  by way of reac tions (1 ) and 

(2) of equation 13. Then when the curren t density  i s  increased , the  lay e r  

of Ĥ O adions begins to  f i l l  and the  p o te n tia l r i s e s  shai^ply. (Notice 

the  quotation frcan Butler^^ on the  second page of th i s  chap ter.) I t  w ill  

be shown th a t  the ind ica tions are th a t  S 3, th e  d istance  the  H3O"*" la y e r  

i s  from th e  cathode, i s  la rge ; thus the  p o te n tia l  d iffe rence  ^̂ 3 w i l l  be
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l a rg e r  than V̂ 2 ^nd & given charge per u n it a rea , (T , and,

in  f a c t ,  2 could be la rg e r  even fo r  a sm aller CT" •

I t  i s  im portant to  observe in  Figure 22 th a t  a t  th e  sm aller cur­

re n t d e n s itie s  the  3 process does not cease but does become r e la t iv e ly  

sm all. In accord with the  proposed reaction  scheme i t  appears reasonable 

to  suppose th a t ,  even a t low cu rren t d e n s itie s , the  ions must pass through 

th i s  adsorption s ta te .  Thus vÆien e le c tro ly s is  ceases, some w il l  be presen t 

in  th is  s ta te  and th e  subsequent observable decay of V | ^ w ill  occur.

In  a d d itio n  t h i s  may account f o r  th e  f a c t  th a t  th e  decay curves o f Bowden 

and B ideal d id  n o t show th e  i n i t i a l  rap id  decay rep o rted  by o th e rs  a t  

h ig h er cu rre n t d e n s i t ie s ,  s in ce  could have been p re sen t but would

have been very  sm all and th e re fo re  u n d e tec tab le  by t h e i r  m ethods.

The approach to  a  sa tu ra tio n  value i l lu s t r a te d  p a r t ic u la r ly  w ell 

in  Figure 23 fo r  HCl, in d ica te s  th a t the  th re e  lay e rs  o f adsorbed p a r t ic le s  

are  a l l  p r a c t ic a l ly  f i l l e d  to  t h e i r  s te ad y -s ta te  d e n s it ie s . Thus no fu r­

th e r  r i s e  in  o verpo ten tia l should be expected. Other o b s e r v e r s ^ ^  have 

noted th is  sa tu ra tio n  on various e lectrode  su rfaces.

E ffec t of Duration of E le c tro ly s is  

I f  t h i s  hydrogen o verpo ten tia l i s  a c tu a lly  caused by the th ree  

adsorbed la y e rs , then  e le c tro ly s is  fo r  short in te rv a ls  of tim e should not 

r e s u l t  in  la rg e  o verpo ten tia ls  u n t i l  the  H"^ and la y e rs  begin to

f i l l  appreciably . This idea  i s  borne out n ice ly  in  the  case o f a platinum  

cathode in  KCl. A fter one minute of e le c tro ly s is  2 was observed to  be 

58 mv and a f te r  15 minutes of e le c tro ly s is  remained 53 mv (see

Table I ) .  This in d ic a te s  th a t  an e a rly  sa tu ra tio n  of the second la y e r



107
took p lace. The p o te n tia l d ifference  across th e  f i r s t  la y e r  doubled in  

th is  14 minute period , possib ly  because of the increase  in  the  number of 

adsorption s i t e s ,  whereas of th e  th ird  la y e r  increased  by a fa c to r

f iv e .

I f  we assume th a t  the  curren t i s  supplying ions to  the  second 

la y e r  a t a ra te  g rea te r than  th a t  a t which they leave th is  la y e r , then i f  

given su f f ic ie n t  time a l l  o f the  H*'" adion s i te s  would be taken . Conse­

quently the  ions would be held in  the  adion la y e r  and the overpo­

te n t i a l  associated  w ith t h i s  la y e r  would increase .

In  th e  v e r t ic a l  c e l l  w ith  th e  copper cathode a t  th e  to p , th e  re ­

duction  o f  hydrogen took p lace  although th e  so lu tio n  was CuSOjî  because 

th e  c u rre n t d e n s ity  was g re a te r  than  th e  l im itin g  d if fu s io n  c u rre n t den­

s i t y  fo r  th e  Cu io n s  (See P a r t I ) .  The decay of th e  th re e  ccmiponents 

o f  th e  o v e rp o te n tia l a f t e r  5» 10 ,  and 15 m inutes o f e le c t r o ly s is ,  shown in  

F igu re  24, bore t h i s  o u t .  Again a f t e r  longer tim es o f e le c t r o ly s i s ,  when 

th e  la y e r s  c lo s e r  to  th e  e le c tro d e s  were more n e a rly  f u l l ,  th e  t h i r d  la y e r  

f i l l e d  and th e  p o te n t ia l  ro se  sh a rp ly .

E ffec ts  of E lectrode M aterial and S o lu tim

Bonhoeffer^^ has shown experim entally th a t  the  combination o f hy­

drogen atoms adsorbed on m etals th a t  ex h ib it la rg e  o v e rp o ten tia ls , occurs 

much more slowly than Tdien adsorbed on m etals ex h ib iting  sm all overpoten­

t i a l s .  This has been one of the  reasons most commonly held  fo r  choosing 

process ( l )  Equation 13, ("slow combination") as the ra te  determining step  

in  the  o v e r-a ll reac tio n  a t the cathode.

The d a ta  o f Table I  suggest an answer as to  vdiich i s  the  ra te  de­

term ining reaction  and whether i t  i s  the  same fo r  m etals ex h ib iting  both
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high and low overpo ten tia ls a t  a l l  current d e n s itie s . I t  i s  to  be noted 

th a t ,  fo r the Ag/AgCl cathode in  so lu tions of HGl and KCl, ki(HGl) >  ki(KCl) 

and concomitantly th a t  l^^(HGl) ^  ll^^(KCl). Also consider the  f o l ­

lowing observed experimented fa c ts ;

ki(Pt;K G l) < ki(Cu;GuS04) <  k]^(Pt;HGl)

and >^3(Pt;KCl) >  Y|3 (Cu;CuS04) >  y^^(Pt;HCl).

I t  i s  in fe rred  fron  these  da ta  th a t ,  vdien th e  decay constant k i  i s  s m a l l ,

more ions are held in  the E^O^  adion lay e r and consequently th e  t o t a l

overpo ten tia l Y\̂  , predominately made up o f i s  la rg e . I t  appears

co n s is ten t then to  in te rp re t  process ( l )  as th e  rate-determ ining s tep .

This may be tru e  fo r  cu rren t d e n s itie s  up to  those vdiich cause the lay e rs

to  be f u l l  of adsorbed ions o r atoms. Thus the  re s u lts  of Bonhoeffer^^,

th a t  reac tio n  ( l )  i s  c a ta liz e d  by th e  e lectrode m etal, and th a t  o ther

p o s itiv e  ions in  the so lu tion  a ffe c t th is  r a te ,  are o f in te r e s t .

In  a summary of one o f h is  papers describ ing  the  decay of over-

p o te n tia l Ferguson^i^ observed.

The r a te  of t r a n s it io n  from one type of overvoltage to  the  o ther 
v a rie s  g rea tly  between d if fe re n t  electrode m ateria ls  and a lso  be­
tween anode and cathode fo r  th e  same m ate ria l.

As mentioned previously  Ferguson^^"^ re fe rs  to  an " in i t i a l "  and a "res id u a l"  

o verpo ten tia l in  the decay. I f  h is  method o f separation  of these  compo­

nents d is tin g u ish es only two such ecmponents then the  v a ria tio n s  of th e  

2 overpo ten tia l (om itted by him) with electrode m a te ria l, so lu tio n , 

e tc . ;  observed in  t h i s  present work, would appear as a  veudation in  th e  

ra te  of t r a n s it io n  from the  " in i t i a l "  ( T\ 3 ) overpo ten tia l to  th e  " re s i ­

dual" ( o v e rp o ten tia l.
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E ffe c ts  o f Aging th e  E lec trodes

I f  th e  cathode surface were coated w ith an oxide which would re ­

ac t w ith th e  hydrogen ra th e r  than perm it adatans of hydrogen to  foim on 

the  e lec trode , i t  i s  of in te r e s t  vdiether the  corresponding process (1 ) 

equation 13 would be absent in  th e  decay and vdiether the  r a te s  of the  o ther 

processes would be a ffec ted .

As described in  conjunction w ith Figure l 6. P a rt I ,  th e  Ag/AgCl 

e lec trodes were grayish-black before the  la rg e  p o te n tia l build-up  occurred 

in  both H d and KCl. This co lor i s  more c h a ra c te r is tic  of s i lv e r  oxide o r 

peroxide than of AgOl. A fter the  la rg e  build-up occurred, the  e lectrodes 

became white and th i s  white m ateria l remaining on th e  s i lv e r  e lectrode  was 

in so lu b le , vAïich i s  in d ic a tiv e  of AgCl. A comparison o f these  phenomena 

w ith a  well-known process^®(p.213) suggests th a t  the  darker deposit may be 

an oxide. The method of measuring th e  amount of oxide p resen t on a m etal 

su rface  involves cathodic reduction of the  oxide; the  reduction i s  complete 

Wien the  rap id  r is e  of the  p o te n tia l  a t  the m etal cathode occurs. Before 

the Ag/AgCl electrode turned -sdiite only two decay processes, ^nd

were observed! In stead  of forming an adatom double la y e r  the  

"oxide” was reduced by the follow ing reac tion :

15. AggO 4- 2e- 4- 2H'*' ----^ 2Ag 4r HgO.

A s im ila r  phenomenon occurred a t  a Cu e lectrode  vrtiich had a heavy 

coat o f oxide on i t s  su rface . Here, too , process (1) was not observed. 

These fa c ts  give strong evidence th a t  decay process ( l )  i s  the  combination 

o f  adsorbed hydrogen atoms to  foim molecules. Although th e re  may have been 

very small amounts of oxide on the  w ell-cleaned cathodes, t h i s  would have 

been r^ o v e d  quickly by the e le c tro ly s is .
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As mentioned in  the  In troduction  of Part I I  a ccmmonly suggested 

reac tio n  between th e  adion H3O ^  and the  adatom H i s  the  follow ing:

16.  4- M -  H +  e” ----- M 4- H2 4- HgO.

I f  t h i s  were th e  mechanism, o r even p a r t i a l l y  so, f o r  th e  removal of th e  

H3O adions from t h e i r  second io n ic  la y e r ,  then in  th e  fo regoing  cases 

in  which th e  adatom la y e r  was removed, th e  above re a c tio n  could n o t occur 

and th e  r a t e  should be changed co n sid e rab ly . On th e  o th e r  hand i f  th e  

re a c tio n  tim e i s  detennined by the energy f o r  th e  removal o f a  w ater o f  

I ^ d ra tio n , th en  should be a l te r e d  much l e s s  by th e  removal of th e  adatom 

la y e r .  I t  was observed th a t  n e i th e r  n o r k2 was a f fe c te d  apprec iab ly  

by th e  oxide c o a t,

"When the oxide was present the  adatom lay e r was not formed and 

the  ra te  determining reaction  was a d if fe re n t one. Therefore, i t  would be 

expected th a t  the  t o t a l  overpo ten tia l would be changed a lso . This was 

observed!

E ffect of A gitating th e  Solution 

According to  the  o v e r-a ll reac tion  scheme already proposed and 

the  d escrip tio n  of the  adsorbed la y e rs , the  Ĥ O adion lay e r  decays most 

rap id ly , th e  H adion lay er decays a t the  interm ediate ra te , and the  ad- 

atcm la y e r  decays a t  the  slowest r a te .  The d istances of these  layers  from 

th e  cathode decrease in  the order m aitioned. The la y e r  w ith th e  g rea te s t 

separa tion  might be removed by s t i r r in g !

Shortly  a f te r  the discovery of the  th ree  processes but before any 

s tru c tu re  fo r  the  adsorbed l ^ e r s  had been assigned, a g ita tio n  of the so­

lu tio n  and swabbing the cathode both during and immediately a f te r  e lec ­

t r o ly s is  were ca rried  ou t. As ou tlined  in  th e  r e s u l ts ,  co n sis ten tly  the
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most rap id ly  decaying process ( 3) was removed.

In swabbing the Ag/AgCl cathode immediately a f te r  e le c tro ly s is  

ceased a l l  of and about 50 percent of 1\ 2> but veiy l i t t l e  of

were removed. These fa c ts  are consisten t with the proposed descrip tion  

of the  three layers  a t th e  cathode su rface .

I t  has been the p rac tice25(p ,399) to  s t i r  th e  so lu tion  near the 

cathode while making overpoten tia l measurements in  o rder to  remove the  

concentration overpo ten tia l and thus to  measure only the ac tiv a tio n  over- 

p o te n t ia l .  The re s u lts  described above demonstrate the  reduction of the 

a c tiv a tio n  overpo ten tia l with s t i r r in g  during e le c tro ly s is ,  and th is  ra is e s  

a serious question as to  the  a d v is ib i l i ty  o f s t i r r in g  in  order to  remove 

concentration overpo ten tia l.

E ffec t of Concentration 

According to  Kortum and Bockris25(p.A23) the  ac tiv a tio n  overpo­

t e n t i a l  should decrease with increasing  concentra tion . Both th is  and th e  

p red ic ted  ranges of concentration a t  viiich the  changes should occur, agree 

very w ell with the data presented in  th i s  work. We see in  Table I I  th a t  

between 0.0024 N and 0.01 N HGl th ere  i s  a d e f in i te  reg u la r decrease in  

the  overpoten tia l with increasing  concen tra tion . The da ta  show th a t 

decreases most, th a t decreases considerably, and th a t  va ries  

re la t iv e ly  l i t t l e .

Attending th is  decrease in  th e  magnitude of the  to ta l  overpoten­

t i a l  i s  the occurrence of a fou rth  decay process, a fo u rth  component of 

the  o v e rp o ten tia l. i^paren tly  another very s t ro n ^ y  adsorbed la y e r  e x is ts  

("another mode of adsorption" in  B utler*s words) since th e  associated
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p o te n tia l  was completely unaffected  by s t i r r in g  and the  p o te n tia l  took 

e ig h t to  te n  hours to  decay. Exact measurements of the decay constant fo r  

t h i s  process may be d i f f ic u l t  since i t  i s  not easy to  keep a l l  the fa c to rs  

constan t over th e  long time in te rv a ls .

Two ad d itio n a l reac tio n  schemes a re  suggested in  F igures 23(B) 

and 28(C) to  account fo r  t h i s  fou rth  component of the  overpo ten tia l.

Figure 28(B) d iv ides reac tio n  (1) in to  two consecutive reac tio n s  and sug­

g e s ts  th a t  another p o te n tia l  might be observed, vftiich i s  associated w ith 

adsorbed molecules of hydrogen (admols). Figure 28(C) in d ic a te s  another 

type of adatom adsorption (M-H*) and perm its two possib le  side  reactions 

2 ’ and 1**. A fter the  manner of Becker^^ we could possib ly  d istingu ish  

M-H and M-H* by assuming th e  hydrogen atom f o r  th e  f i r s t  case i s  associated  

w ith only one metal atcxn whereas th e  hydrogen atom fo r  th e  l a t t e r  case i s  

assoc ia ted  with two atoms o f the  m etal.

The decrease o f  the  t o t a l  overpo ten tia l w ith an in crease  in con­

c en tra tio n  and th e  observed a ttendan t increase  in  th e  p o te n tia l  associated 

;fith  a  fo u rth  reac tio n , suggests th a t  th is  new process i s  a  side  reaction 

r a th e r  than  a consecutive re a c tio n . I f  t h i s  extremely slow fourth  reac­

t io n  were consecutive, as shown in  Figure 28(b) ,  th e re  would occur a f i l l ­

ing  o f  the  adion and adatom s ta te s  and the  ov e rp o ten tia l would increase .

On the  o ther hand i f  increasing  th e  concentration  provides another side  

rou te  fo r  the  discharge of the adatom and adion la y e rs , the  overpo ten tia l 

would be l e s s .  The l a t t e r  was observed and th ere fo re  th i s  fou rth  process 

must be a side  rea c tio n .

I t  should be observed fu r th e r  from the  d a ta  in  Table I I  and in  

Figure 25 th a t  fo r  the  lowest concentration (0 .1  N HCl) a t  which the fou rth
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slow decay process occurred, the i n i t i a l  value o f dropped s ig n i f i ­

c a n tly , I t  appears reasonable th a t  many of th e  adsorption s i te s  on the  

e lec trode  surface , o r ig in a lly  occupied by th e  adatom (M-H), may now be 

occupied by atoms ex is tin g  in  another type of adsorption (M-H* ) which i s  

s tro n g er.

I t  i s  possib le  th a t th is  fou rth  component o f the  overpoten tia l 

e x is ts  even a t the  lower concentrations since i t s  magnitude may be so small 

t h a t  i t  cannot be d istinguished w ith c e r ta in ty . However i t  appears from 

the  few av a ilab le  da ta  th a t a c e r ta in  minimisa concentration i s  required  

before  th i s  fou rth  component comes in to  being.

Anode O verpotential

Though i t  i s  d i f f ic u l t  to  say i^ e th e r  o r not the  overpoten tia l 

observed a t the  anode was oxygen o verpo ten tia l th e re  i s  c e rta in ly  evident 

a  remarkable s im ila r ity  between the  curves observed a t  the  cathode and a t 

th e  anode; s im ila r i t ie s  have been observed elseidiere between oxygen and 

hydrogen o v erp o ten tia l^ ^ (p .l85) .

The anode curves of Figure 26 may be given th e  following te n ta tiv e  

exp lanation . During the  f i r s t  10 minutes a l l  th e  hydrogen on the Pt anode 

su rface , p laced th e re  by considerable cathodic p o la riz a tio n , was no t used 

up. Therefore only two processes, undoubtedly very s im ila r to  (2) and (3) 

a t  th e  cathode, occurred. This e le c tro ly s is  produced no adsorbed atoms 

o f  oxygen o r ch lorine  on the  platinum . However, during the next 1^ minutes 

o f e le c tro ly s is  th e  hydrogen was used up, oxygen o r ch lorine atoms were 

adsorbed, the  o v e r-a ll  ra te  o f th e  anode reac tio n  was decreased, more ions 

appeared in  the  two adion s ta te s ,  and th ere fo re  the  anode overpoten tia l
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in c re a sed  to  a  much g re a te r  v a lu e . In  a d d itio n  during  th e  decay, th e re  

appeared a t h i r d  p rocess vdiich could  not be s t i r r e d  out and th e  overpoten­

t i a l  of which was apparen tly  co n s ta n t. This would be c h a r a c te r is t ic  o f 

adsorbed oxygen atoms f o r  they  are  held  very  te n a c io u s ly  by platinum ^® (p.l87)*

General Discussion and In te rp re ta tio n

The t r i -d o u b le  la y e r  hypo thesis  f o r  hydrogen o v e rp o te n tia l has 

been shown c o n s is te n t w ith sev e ra l experim ental r e s u l t s  in  th e  fo rego ing  

d isc u ss io n s . However, most g en era lly  th re e  apparen tly  independently  de­

caying p o te n t ia ls  would not be observed s in ce , according to  t h i s  proposed 

decay scheme, th e  d ischarg ing  of some of th e  la y e rs  charges o th e r la y e r s .

The follow ing d iscu ss io n  dem onstrates how th ese  p rocesses may appear to  

be independent.

I t  i s  seen in  equation 14 th a t  th e  g re a te r  th e  th ick n ess  S , of 

a la y e r ,  th e  g re a te r  th e  p o te n tia l  fo r  a given (T. T herefore , as suggested 

e a r l i e r ,  th e  adion la y e r  Ĥ O"̂  msy produce th e  la r g e s t  p o te n tia l  even though 

i t s  charge d e n s ity  may be th e  same o r even very  much sm aller than  th e  o th e rs .

The adatom la y e r ,  in  p a r t ic u la r ,  may fo llo w  c lo se ly  the  microscop­

ic  i r r e g u la r i t i e s  o f th e  e lec tro d e  su rface  w hile in  a d d itio n  many o f th e  

d ipo les th a t  make up t h i s  la y e r  may be o rien te d  a t a n ^ e s  o th e r th an  90° 

to  th e  g en era l p lane of the  e lec tro d e  su rface . These two p o s s ib i l i t i e s  

would perm it a  much g re a te r  t o t a l  charge, qq, f o r  a  given observed poten­

t i a l  I t  For th e  second and th i r d  la y e rs  th e se  e f f e c ts  should be some­

what sm aller.

The experim ental r e s u l ts  in d ic a te  th a t  th e  in e q u a li ty ,

17. ^ 3  > >  ^2  ^

i s  t ru e ,  w hile in  ad d itio n  i t  has ju s t  been suggested th a t :



115

18. h  »  4  >  b -

Thus th e  in e q u a li t ie s ,

19. ^  X» 9.3

3nay be so g rea t th a t the discharge of the Ĥ O la y e r  in to  th e  H lay e r  

does not appreciably  a ffe c t the  overpo ten tia l of the l a t t e r .  A s im ila r  

condition  could e x is t  fo r  the  in eq u a lity  q^ q^.

The number o f ions leav ing  the  1130^  adion la y e r  in  a given time 

may be considerably fewer than the number leav ing  th e  H adion la y e r  dur­

in g  the  same in te rv a l .  S t i l l  th e  f a l l  of the  o v erp o ten tia l, ^ may be, 

as was observed, g rea te r  than the  f a l l  of lu rin g  the  same in te rv a l

of tim e. In such a case the  decays would appear to  proceed independently.

In  h is  book. E lectrode Processes, B u tle r^ (p .l8 5 )  s ta te s  th e  f o l ­

lowing concerning the  present (1951) s ta te  of hydrogen o v erpo ten tia l 

th eo ry .

I t  appears to  be estab lished  th a t vçon m etals of high overpoten­
t i a l ,  such as Hg, Pb, e tc . ,  the  mechanism in  aqueous acid solu­
t io n  co n sis ts  in  the  slow discharge o f  protons onto adsorption 
s i t e s  on th e  cathode su rface . On m etals o f low o v e rp o ten tia l, 
such as platinum, the ra te  determining reaction  appears to  be th e  
combination of hydrogen atoms, a t le a s t  a t  low c .d .* s .

The present work i l lu s t r a te s  how the  above conclusions could be 

drawn, possib ly  erroneously. For example, a t m etals of high o v erp o ten tia l, 

o r  in  the  cases of h i ^  curren t d e n s itie s , the  ra te  determining reac tio n  

could s t i l l  be the slow combination o f adatoms even though th e  overpoten­

t i a l  component here i s  very la rg e . In  o th e r words, w hile the  la rg e

overpo ten tia l i s  produced p rim arily  because of a la rg e  1^ ^ , the  o v e r-a ll  

r a te  of the  reaction  i s  s t i l l  co n tro lled  by the  ra te  o f combination of
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adsorbed hydrogen atoms on th e  e lec tro d e  surface»  A d e ta i le d  study o f  th e  

many experim ental and th e o r e t ic a l  r e s u l ts  upon which B u tler»s conclusions 

were based would have to  be made b efo re  th e  fo regoing  suggestion  could be 

e s ta b lis h e d .

R eproducibility

Exact r e p ro d u c ib il i ty  o f th e  in d iv id u a l o v e rp o te n tia ls  and o f  

seme o f  th e  decay co n s tan ts  was n o t achieved . For example, f o r  th e  

Ag/AgCl cathode in  HCl as recorded in  Table I I ,  i s  considerab ly  d if f e r e n t  

from th e  va lue  in  Table I .  T his i s  i l l u s t r a t i v e  o f th e  v a r ia t io n  o f  th e  

" r a te  determ ining  re a c tio n "  even under ap p aren tly  th e  same c o n d itio n s .

The two cathodes were p repared  by th e  same procedure and, v is u a l ly ,  th ey  

appeared id e n t ic a l .

The sum of the ex trapolated  values of 1^]^, ^ 2 »  and a t

zero tim e did not always agree with the  value o f  the overpo ten tia l a t  the  

end o f the  e le c tro ly s is .  When the  sum of the  th ree  components was sm aller, 

th e  d iffe ren ce  could be explained by the  lo ss  o f the ohmic o verpo ten tia l 

as soon as the  current ceased. However, when Ag/AgCl e lectrodes were used, 

th e  sum of the  ecmponents exctrapolated to  zero time was always g rea te r  than 

th e  ov e rp o ten tia l a t  the end o f the  e le c tro ly s is .  The overpo ten tia l a f te r  

e le c tro ly s is  ceased seemed to  remain constant f o r  a short time before the  

rap id  decay began. As mentioned e a r l ie r  the  quadrant electrom eter could 

no t follow  these  changes during the  f i r s t  15 seconds and th u s the  excact 

v a r ia tio n  of p o te n tia l duxring the  f i r s t  15 seconds of the decay was unknown. 

Also i t  i s  obsexrved in  Figure 21(A) th a t  the  value of immediately

a f t e r  e le c tro ly s is  ceased (determined by excbrapolation) i s  very sen s itiv e
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t o  changes in  the  slope, k^. A very small change in  k^ w ill  cause T\q^ 

t o  change g re a tly . Since th e  t o ta l  overpo ten tia l a f te r  15 minutes of 

e le c tro ly s is  i s  predominately composed of ^ th is  inaccuracy could pro­

duce a  la rg e  m istake in  th e  t o ta l  overpo ten tia l i f  i t  i s  determined by 

adding th e  values of the th ree  components obtained by ex trapo la tion  to  

zero tim e. For these reasons, in  Table I ,  th e  values of and

YV3 fo r  Ag/AgCl e lectrodes a t t  % 15 sec were recorded.

Suggestions fo r  Future Work

I .  I t  w il l  be o f in te r e s t  to  determine the  re la tio n  between the  

decay ra te s  detennined here experim entally and those calcu lated  from the  

equation of Eÿring^^»^'^ fo r  the  "ac tiv a ted  complex",

23.  k = (RXAh) exp/[ZiSa/R) -  (AHa/RTj/

where R, N, and h are Boltsman*s constant, Avogadro*s number and Plank* s 

co n stan t, respec tive ly , T i s  the  absolute tem perature, and AS^ and 

a re  resp ec tiv e ly  th e  entropy and the  heat of a c tiv a tio n . In  the  theory 

he assumes th a t  the  reacting  components spend a time (which i s  determined 

s t a t i s t i c a l l y )  in  an ac tiv a ted  s ta te  p r io r  to  the formation o f the  product. 

The v a ria tio n  with tem perature and the  value of the  heat of a c tiv a tio n  

should be of in te r e s t ;  th e  l a t t e r  would be of p a r tic u la r  value in  a rriv in g  

a t  a  more c e rta in  determ ination o f th e  process th a t  i s  occuring.

I I .  Instrum entation was a handicap in  the  present work. An elec­

trom ete r w ith a much more rapid response i s  needed fo r  fu tu re  work. This 

would perm it the  determ ination o f the  overpo ten tia l accurately  in  the  f i r s t  

few seconds of decay. Several observers have recorded the  decay p o te n tia l 

as e a rly  as 10” ^ sec a f te r  e le c tro ly s is  ceases.
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The c e l l  f o r  po lariz ing  th e  e lectrode  should be so designed as to  

prevent convection as w ell as o ther phencanena which might produce a non- 

uniform curren t density .

I I I .  B e tte r  designed methods o f s t i r r in g  the  e le c tro ly te  and 

swabbing the  e lectrode  should be devised and these should be used in  the  

study o f overpo ten tia ls  a t  various surfaces.

IV. E le c tr ic a l  c irc u it ly  should be arranged so th a t  a  known 

constant cu rren t can be supplied to  the c e l l .  With such an apparatus a 

ca re fu l check o f the  v a ria tio n  of each component of the  overpo ten tia l w ith 

cu rren t density  should be made. This would t e s t  the  Tafel re la tio n  fo r  

each component providing the  e n tire  cu rren t passes through each double 

la y e r .

V. Many in te rp re ta tio n s  o f overpo ten tia l measurements have been 

made on the  b a s is  of stud ies of the  t o t a l  overpo ten tia l under d iffe re n t 

cond itions. A study should be made of th e  e ffe c t of l ig h t  on the to ta l  

overpotential^^(p .419) and also i t s  e ffe c t on th e  magnitudes and the  ra te s  

of decay of th e  components ^ 2* H .3* (The suggested study

of the  e ffe c t o f l ig h t  i s  merely an example.)

VI. A more p rec ise  in v es tig a tio n  of the  e ffe c t o f the removal 

of the  adatom la y e r  by use of oxidized cathodes, on the  decay ra te s , kg 

and k^, would make i t  possib le  to  determine how dependent or independent 

these  processes ac tu a lly  a re .

V II. The foregoing analysis of the  decay o f overpo ten tia l should 

be applied  fo r  m etals having both high and low o v e ip o ten tia ls .

V III. Additional measurements of the  decay of anode overpoten­

t i a l  a re  necessary; i t  i s  im portant to  use some so lu tion  such as KOH which
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would produce "oxygen overpotential" '.

IX. The inform ation obtained concerning anode overpo ten tia l in ­

d ic a te s  th a t  i t  would be possib le  to  determine a t vdiat p o te n tia l oxygen 

begins to  be adsorbed in  anodic p o la riz a tio n . This would be evidenced by 

th e  appearance o f a  very slowly decaying process.

X. The use o f a solvent o ther than water should help determine 

vrtiether the  most rap id  decay represen ts the  decay of a hydronium la y e r . 

This might provide a simple means of determining so lvation  energ ies.



CHAPTER 2

SUMMARY AND CONCLUSIONS 

(PART I I )

During the  determ ination of th e  Deviation-Time data  described in  

P a rt I  i t  was believed advisable to  study the decay o f the  p o te n tia l d i f ­

ference between each e lec trode  and the  probe a f te r  e le c tro ly s is  ceased, 

in  o rder to  a sc e rta in  whether or not such data  would reveal the ra te  of 

disappearance of space charge iidiich was then  believed to  e x is t.  An exami­

n a tio n  of these  decay curves showed th a t  each could be analyzed in to  th ree  

exponentia lly  decaying p o te n tia l d iffe ren ces . Since th e  p o te n tia l d if ­

ferences near the  e lec tro d es  were in  r e a l i ty  o v erp o ten tia ls , t h i s  was thus 

a new and improved method fo r  studying overpo ten tia l phenomena.

In v es tig a tio n s  were carried  out in  so lu tions of HCl and KCl a t 

P t and Ag/AgCl cathodes and in  so lu tions o f CuSO  ̂ a t a  Cu cathode placed 

a t  th e  top of the  v e r t ic a l  column of e le c tro ly te .

This study, in  which a new method fo r  analyzing the decay of 

overpo ten tia l in to  exponentially  decaying ccanponents was employed, made 

p ossib le  th e  déterm ination of answers to  th e  th ree  questions;

1 . What i s  the  form of the  function  which represen ts th e  decay of 

o v erpo ten tia l a f te r  e le c tro ly s is  ceases?

2, What in term ediate  reactions are  involved in  hydrogen overpotential?

120
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3 . Which in term ediate  reac tio n  i s  the  ra te  determ ining reac tio n  dur­

ing  the l ib e ra t io n  of hydrogen?

The t o t a l  overpo ten tia l 7^ a t any time t  a f te r  e le c tro ly s is  ceased 

i t  was found could be expressed as,

\ z :  IfLol exp(-k3_t) +  ')|\^02 GXpO-kgt)-^ ')f\o3 exp(-k^ t),

where T^oi» 02, and "lf\o3 represent the  i n i t i a l  values of the  com­

ponents and k i, k2, and k^ rep resen t the respec tive  decay constan ts.

Observations of th ese  th ree  processes fo r  various current densi­

t i e s ,  fo r  various durations of e le c tro ly s is , fo r  several e lectrode  mate­

r i a l s ,  fo r  severa l s o lu t im s , and fo r  various ages of e lec trodes, ind ie  abed 

th a t the  in term ediate  reac tions involved in  the reduction o f hydrogen and 

associated  w ith hydrogen o verpo ten tia l were as follow s:

(e -  +  M )  H3O'*' ----   (e“ -h M) -  -  +  Ĥ O

(e"-|-M ) -  - -------------- -- M -H

M -  H +  M -  H ------2M fH g

where (e“ +  M) -  -  -  , (e“ +  M ) - - H ^ ,  and M - H  represen t adsorbed

hydronium (adion), adsorbed hydrogen ion (adion) and adsorbed hydrogen 

atom (adatom) s ta te s ,  re sp ec tiv e ly . The e lec tron  e“ i s  w ritte n  sp e c if i­

c a lly  in  order to  emphasize the  double-layer na tu re  of th e  adsorption; th e  

d iffe re n t bonds imply d if fe re n t adsorption energies as w ell as d if fe re n t 

separa tions of th e  charges in  th e  various double la y e rs . The observed po­

te n t ia l s  ^ 3» and were associated  respec tive ly  w ith the
+• +th ree  double la y e rs , Ĥ O -  e lec trode , H -  e lec trode , and H -  e lec trode .

Swabbing th e  cathode immediately a f te r  e le c tro ly s is  ceased removed 

a l l  of the  hydronium la y e r , about f i f t y  percent o f the hydrogen ion la y e r ,
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and very l i t t l e  of th e  adsorbed hydrogen atom la y e r . Aa the  cu rren t den­

s i ty  was increased  more ions wore observed in  the  two adion la y e rs . When 

the  cathode had a heavy oxide coat th e  adatom la y e r  did not form. The hy­

dronium adion lay e r  vrtiich had a r e la t iv e ly  small charge per u n it area  a f te r  

short periods o f e le c tro ly s is  ( C l  m inute), apparently  reached sa tu ra­

tio n  a f te r  longer in te rv a ls  (5 to  10 m inutes) of e le c tro ly s is .  These and 

o ther experimental re s u l ts  were found consisten t w ith th e  proposed in te r ­

mediate re a c tio n s .

A fo u rth  process, believed to  be associated  w ith another more 

strongly  adsorbed s ta te  of the hydrogen atom, was observed in  re la t iv e ly  

concentrated so lu tio n s of HCl a t an Ag/AgCl cathode.

CONCLUSIONS

The cathode o v e rp o ten tia ls  which ex isted  a f te r  15 minutes of 

e le c tro ly s is  of d i lu te  HCl and KCl so lu tions between "Ag/AgCl e lec trodes , 

o f HCl between b rig h t P t electi'odes, and of GuSO/̂  so lu tion  in  a v e r t ic a l  

column between Cu e lectrodes w ith the cathode a t  the  top , are hydrogen 

(ac tiv a tio n ) o v e rp o ten tia ls ; th e re  i s  no s ig n if ic a n t ohmic or concentra­

tio n  o v e rp o ten tia l.

I t  was found possib le  to  analyze each of these  cathode ac tiv a tio n  

overpo ten tia ls  in to  th re e  exponen tia lly  decaying components th a t  disappear 

resp ec tiv e ly  in  approximately 2. 5, 11, and 20 o r more m inutes.

The causes o f these  o v e rp o ten tia ls , at le a s t  a f te r  e le c tro ly s is  

ceases, are  th e  adsorbed s ta te s  o f the hydronium ion , the  hydrogen ion , 

and th e  hydrogen at<ai. The to ta l  overpo ten tia l i s  a hydrogen ac tiv a tio n  

o v e rp o te n tia l.
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The f a s te s t  decaying <?:®iponent of the  overpo ten tia l disappears 

as the  H3O'*’ adion lay e r  beccaies a la y e r  o f adions.

The component th a t disappears next does so when th e  la y e r  of H'*’ 

adions becomes a la y e r  of H adatoms.

The l a s t  component disappears slowly by the  passage of the  H ad­

atoms in to  H2 molecules.

Of th ese  th ree  processes the  l a s t  determines the cu rren t density , 

i . e .  the  ra te  a t  which th e  charge can pass to  the  e lec trode; thus the 

H-adatoms —*»• H2-molecules i s  the r a te  determining process.

The la y e r  of H3O ^  adions i s  weakly adsorbed and e x is ts  farthest- 

from th e  e lectrode  surface. The la y e r  of H adatoms i s  most strongly ad­

sorbed and e x is ts  c lo ses t to  the  e lectrode  surface . The la y e r  of H"*" ad­

ions has an in term ediate  degree of adsorption and e x is ts  between the  o ther 

two adsorbed la y e rs .

The decay of anode overpotential is also composed of three expo­

nentially decaying components.

Vigorous s t i r r in g  of the  so lu tio n  next to  the  cathode removes a 

p a rt of the  a c tiv a tio n  o v e rp o ten tia l. Thus the p rac tic e  of s t i r r in g  to  

remove concentration overpo ten tia ls i s  unwise.
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APPENDIX I  

PREPARATION OF ELECTRODES AND SOLUTIONS 

The Ag/AgCl Exploring E lectrode (o r Probe)

The exploring e lectrode, o r probe, fo r  use in  chloride  so lu tio n s , 

see Figure 2(G), was prepared by sealing  a s iz e  28 B.&S. gauge s i lv e r  ifire 

in to  a  g lass tube of small bore* The tube, having been previously  tapered 

near one end and the s i lv e r  vidre in se r te d , was sealed o f f  a t  th e  narrowest 

p lace by fusing  the  wire in  two, (Only a  short length  of s i lv e r  wire was 

used; a  s im ila r gauge copper w ire was soldered to  i t  fo r  a lead  up through 

th e  probe to  the  o u ts id e ,)  Next a t about 1 cm from th e  t i p  the  tube was 

bent through 90°, The t i p  was then ground c a re fu lly  with f in e  emery paper 

u n t i l  th e  end of the  exposed s i lv e r  wire was flu sh  w ith the  end of the  

surrounding g lass  tube. A fter washing th e  t ip  in  d ilu te  HNO3 and rin s in g , 

i t  was ready fo r  the  p la tin g  o f the  ch lo ride  which was accomplished by 

p lacing  the  t i p  in  a chloride so lu tion  as an anode. N either the  current 

density  nor the  type of ch loride so lu tion  seemed c r i t i c a l .  With a nearly  

sa tu ra ted  KCl so lu tion  th e  deposit was dark as viewed under a low power 

microscope whereas w ith HCl th e  deposit was w hite. The s e l f  p o te n tia ls  

of the probes, prepared in  these two so lu tio n s , appesured to  be the  same 

w ithin  about a m il l iv o l t  as ind ica ted  by measuring the  p o te n tia l  d ifference  

between each and one of the  cu rren t e lec tro d es . The p o te n tia l of th is
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probe remained remarkably constant, as expected, since th e  maximum curren t 

drawn by th e  e le c t remet e r  was about 10“^^ amp/cm^ and th e  reac tio n  a t  the  

p la te d  t i p  should, be nearly  rev e rs ib le  a t  t h i s  cu rren t d en sity .

The Ag/AgCl Current E lectrodes 

The procedures found in  electrochem ical l i t e r a tu r e  fo r  preparing 

Ag/AgCl e lectrodes varied  considerably. Thus a se r ie s  o f t e s t s  a t  severa l 

cu rren t d e n s itie s  was made in  order to  determine which would produce the 

b est adhering surface of AgCl on Âg, A nearly  sa tu ra ted  so lu tion  of KCl 

was chosen because th is  was found to  be commonly used. A piece o f s i lv e r  

f o i l  2 inch by 2 inch was cemented to  a  lu c i te  surface 8 cm by 12 cm.

Next a window opening s l ig h tly  le s s  than  2 inch by 2 inch was cut in  a In­

c i t e  block, 8 cm by 8 cm square and 1 inch in  tiiiclo iess. This was placed 

over the  f o i l  and sealed to  th e  lu c i te  back around th e  edges o f  the  f o i l .  

The s i lv e r  f o i l  was exposed only through the  window. Previously a small 

s t r i p  of s i lv e r  had been spot welded a t  the  top edge of the: s i lv e r  f o i l  

and was led  out between th e  two pieces of lu c i t e .  When th is  was placed 

in  the  p la tin g  so lu tion  opposite a la rg e  platinum sh ee t, i t  was supposed 

th a t  the  current density  was nearly  uniform over th e  s i lv e r  f o i l .  A fter 

th re e  t r i a l s  where cu rren t d e n s itie s  o f 1 .0 , 0 . 5, and 0 .1  ma/cm^ were used, 

i t  was found th a t  tb s  l a s t  of the  th ree  had produced a unifona deposit 

which adhered w ell. The o ther two deposits were spo tted  and flak y .

A fter th is  inform ation had been obtained the  s i lv e r  e lectrodes 

described in  the  te x t  were prepared fo r  p la tin g  a t  a  cu rren t density  of 

0 .1  ma/cm^ by the follow ing procedure.

(a) The e lectrodes were cleaned w ith naphtha to  remove o i l ,  g rease,
e tc .
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(b) Each e lectrode  was scoured with repeated app lica tio n s of a cleans­
in g  powder u n t i l  th e  e n tire  surface would wet w ith w ater.

(c) The e lec trodes were then washed in  d ilu te  HNÔ  and rin sed  v/ith 
d i s t i l l e d  w ater.

(d) After a  second washing in  HNO3 and a thorough r in s in g  in  doubly- 
d i s t i l l e d  w ater, th e  e lectrodes were placed immediately in to  a d ilu te  so­
lu tio n  of NĤ OH and e lec tro ly sed  as cathodes fo r  a few m inutes.

(e) The e lec trodes were thoroughly rin sed  and lowered in to  the  p la tin g  
bath , a  nearly  sa tu ra ted  so lu tion  of KCl. For the  cases where these  two 
e lec trodes were to  be used respective ly  as cathode and anode over a period 
of time long enough to  get su ff ic ie n t data  fo r  p lo tt in g  a p o te n tia l  d is ­
t r ib u t io n , the  e lectrodes were p lated  as anodes fo r  approximately 90 hours 
a t  the  chosen cu rren t density  of 0.1 ma/cm^. During these  long runs a 
slimy deposit formed on the  p latiaun  cathodes; t h i s  was removed and cleaned 
two or th ree  tim es. The so lu tion  became basic  w ith the  evolution of hy­
drogen a t the  platinum  cathodes; therefo re  a t  two or th ree  in te rv a ls  the  
p la t in g  so lu tio n  was n eu tra lized  with HCl.

E lectrodes prepared in  the foregoing manner received a dark 

grey ish-b lack  f in e -tex tu red  surface which adhered w ell to  the  s i lv e r  p la te .

The Copper E lectrodes

(a) For th e  Horizontal Trough

The copper e lectrode surfaces, f la tte n e d  as much as possib le  on 

a  b e lt  sander, were then ground down to  w ith in  0.002  in .  of being plane 

by using coarse emery paper. The copper sheets were then  annealed and 

soldered in to  the b rass ho lders . Next w ith emezy as f in e  as #600 g r i t  th e  

su rfaces were po lished .

The unfinished back surface and the  edges of each e lectrode  were 

sprayed with fou r separate  applications of a c ry lic  p la s t ic  (Krylon); each 

ap p lica tio n  was allowed to  dry independently.

The polished  surfaces were rubbed thoroughly w ith  very fin e  grain  

emery paper along w ith app lica tions o f cleansing powder,, This procedure 

was continued u n t i l  each e n tire  surface -would remain w et. They were then
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rin sed  in  d i s t i l l e d  w ater and placed immediately^ (w ithout being allowed 

to  dry) in to  a copper p la tin g  so lu tio n . The so lu tion  consisted  o f 125 

grams of c ry s ta lliz e d  copper sulphate (CuSO/j, • 5 H2O), 50 grams of con­

cen tra ted  sulphuric acid  and su ff ic ie n t d i s t i l l e d  w ater to  make one l i t e r .  

The e lectrodes were p la ted  fo r  five  hours w ith  a cu rren t density  of 

1 ma/cm^. A reduction  in  cu rren t during th e  l a s t  hour gave th e  su rface  a 

f in e r  te x tu re . The p la ted  electrodes were rin sed  in  d i s t i l l e d  w ater and 

quickly tran s fe rred  to  the  ho rizon tal trough.

I t  was found th a t  equally good re s u l ts  were obtained without 

p la tin g ; thus fo r  most of th e  in v es tig a tio n  the  e lectrodes were cleaned 

w ith scouring powder, rin sed  and placed in  the  trough. VJhen any copper 

oxide s treak s  appeared during cleaning, they were removed w ith d ilu te

(b) For the Vertical Cell 

Since the lucite separators for these electrodes prevented an 

even cleaning after assembly, the electrodes were cleaned veiy thoroughly 

before the assembly of the apparatus. It was found that if  the excess 

water was blown off the electrode face by a jet of air immediately after 

cleaning as above, a visible oxide coating would not be fomed during as­

sembly of the apparatus. Such a slight coating as was found was removed 

with dilute HNO3 and rinsed away after the assembly, and the apparatus 

was immediately placed into the vertical tank.

The backs and edges of these e lec trodes and th e  copper p la ted  cap 

screws were coated w ith Krylon.

The Solutions

For each e le c tro ly te  a 0.24 N stock so lu tio n  was prepared and
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t h i s  so lu tio n  was d ilu te d  to  make th e  0.0024 N so lu tio n  fo r  the  trough by- 

tak ing  10 ml of the  concentrated so lu tion  and adding doubly d i s t i l l e d  water 

t o  make a l i t e r  of d i lu te  so lu tio n . I t  requ ired  about 2600 ml fo r  the 

h o rizo n ta l trough and approximately 5100 ml fo r  th e  v e r t ic a l  tank . Each 

tim e the  c e l l s  were f i l l e d ,  th ree  and s ix  l i t e r s ,  resp ec tiv e ly , of d ilu te  

so lu tio n  were made.

For th e  0.2/*. N GuSÔ ,̂ 29.966 grams of ciystaL ized copper sulphate 

(CuSO^ • 5 HgO) were added to  doubly d is t i l l e d  water to  make one l i t e r .  

Since drying in  an oven showed p ra c tic a lly  no lo ss  o f weight (0.03^ fo r  

a sample of KCl c ry s ta ls )  17.89 gm of Baker’ s reagent grade KCl were added 

to  w ater to  make one l i t e r  of 0 .24 N so lu tio n . The stock so lu tio n  of 

0.24 N HCl was prepared by d ilu tin g  19.9 ml or 36-38^ reagent grade HCl 

( s p .g r . ,  1 .18) with doubly d i s t i l l e d  water to  one l i t e r  of so lu tio n .

The value 0.0024 may not describe the normali'by to  as many sig ­

n if ic a n t  f ig u res  as recorded p a r t ic u la r ly  in  th e  case of HOI where the  

percentage i s  u n certa in . However since each p reparation  of the 0.0024 N 

so lu tio n  was prepared from th e  same 0.24  N stock so lu tio n  ( fo r  a  given 

e le c tro ly te )  the  no rm alities  are reproducible to  as many fig u res  as re ­

corded. Furthermore the  re s u l ts  o f th i s  work have been shown not to  be 

c r i t i c a l l y  dependent upon th e  concentration  of the  e le c tro ly te .


