
REPORT NO. 1 2  

SEMI-ANNUAL PROGRESS REPORT 

I J a n u a r y  1 9 6 8  to 31 June 1968 

STUDIES IN FUNDAI4ENTAL CFIEM1STE.V 

OF FUEL CELL REACTIONS 

NsG-325 

U N IVE RS I TY 0 F PE N N SYLVAN I A 

ELECTROCHEMISTRY LABORATORY 

PHILADELPHIA, PENNSYLVANIA 19104 

https://ntrs.nasa.gov/search.jsp?R=19690016018 2020-03-12T04:08:14+00:00Z



REPOX! NO. 12 

SEMI-ANNUAL PROGRESS =PORT 

1 January 1 9 6 8  to 31  J u n e  1968 

S T U D I E S  IN FUNDAMENTAL CHEMISTRY 

OF FUEL CELL REACTIONS 

N s G - 3 2 5  

Submitted t o :  

NATIONAL AERONAUTICS AND SPACE ADMINISTPSITION 

Washington, D,C. 20546  

Submitted by : 

Professor John O'M. Bockris 

The Electrochemistry Laboratory 
Univz r s  icy cf Pennsylvania 

Phi lade lphia ,  Pa .  1 9 1 0 4  



NOTICE 

Th i s  r e p o r t  w a s  prepared as an account of Government 

sponsored work-. N e i t h e r  t h e  United S t a t e s ,  nor the  Nat ional  

Aeronautics and Space Admif i s t ra t ion  (NASA),  nor any person 

a c t i n g  on behal f .  of NASA: 

(a)  Makes any warranky or representat ion. ,  expressed o r  

implied,  w i t h  r e s p e c t  t o  t h e  accuracy, completeness, 

o r  usefu lness  of the  informat ion-conta ined  i n  t h i  

r e p o r t ,  o r  t ha t .  t h e  use of any infoxmation, appara tus ,  

method, or process  .disclosed in.. .t3nis r e p a r t  may no t  

- i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

(b)  Assumes any- 41iabi.lfties with r e s p e c t  t o  the use.of 

o r  for any. damages .resulting f r o m  the--use of any 

infoumatiaix,. appa ra tus  method, o r  process  d i sc losed  

i n  t h i s  r.eporL. _ .  - 

A s  used abovey. "persan..acstfng. on. behalf  of NASA'!. inc ludes  

any employee or- cont rac tor -  ~ f -  NASA..,.. .or. employee ~ f .  su-ch-xon 

t r a c t o r  t o  t h e  ex tenb  thak-sucih employee o r '  conkrackox of- NASA, 

o r  employee' of - such contractor.,. prepa~es~ - dissen&nates9-ar- . 

provides access  ko., a infmmation 'p~u~suant- to his: employment 

o r  c o n t r a c t  w i t h  NASA, or h i s  employment with such con t r ac to r .  
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SECTION I 

T i t l e  of P r o j e c t :  The Mechanism of Porous Electrodes 

From January l to May 1, co-worker, Boris Cahan, was 

finishing thesis. 

From May 1 to May 30, wrote paper-entitled "The Theory 

of the Construction of Porous Electrodes According to the 

Finite Contact Angle," submitted to the Journal-of Chemical 

Physics and now- accepted-.for-pubLication in that journal 

(publication costs, $750).. ._ 

From June 1 to June 3.0, Gahm took up his- position as 

half-time electron1 design consultant to the: Electrochemistry 

Laboratory, together with hfs.positian as-author of a book on 

Electronics for Electrochemistry. 



SECTION P I  

T i t l e  o f  P r o j e e t :  Development of a New Technique t o  
Study Ion Adsorption 

Long-term The o b j e c t  of. t h i s  work is t o  develop a 
FundamentaZ Aim: 

genera l  method 0.f s tudying  t h e  adsorpt ion 

of ions  i n  t h e  electrical  double layer. 

Re l e v a n t  Teehno- A s  a i d  t o  development- o f .  increased power 
ZogicaZ Area:  

i n  hydrogen-oxygen f u e l  cell .  

New R e s u l t s  Ob- (1) Resul t s  have been obtained. for adsorp- 
ka ined  in 6 Months:  

t i o n  of anion. on mercury su r face  by e l l i p -  

sometry. The.sesrults w e r e  compared wi th  

those obtained by e l e c t r o c a p i l l a r y  methods. 

The agreement between tlnesa. two methods 

i s  good. .(See Appendix 1 f o r  de ta i l s . )  

( 2 )  Data f o r  anion adsorp t ion  have been 

obtained on platinum. su r face  e . Six ions  

have been s t u d i e d :  f l u o r i d e , . c h l o r i d e ,  

bromide, i a d i d e ,  s u l f a t e  and pe rch lo ra t e .  

Typical  d a t a  a r e  shown i n  Figs .  1 and 2 .  

T h e o r e t i e a l  De- 
7seZopments in 
6 Months: 

Main Difficulties: 

I n t e r p r e t a t i o n  of d a t a  obtained fo r  ion  

adsorp t ion  on mercury. w a s  made. (See 

Appendix 1 f o r  d e t a i l s . )  

The adsorpt ion of ion  on platinurn su r face  

i s  i r revers ib le . , .  It  renders t h e  inter-  

p r e t a t i o n  of d a t a  no t  so s t ra ighkforward 

as i n  t h e  mercury system. 
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P p i m a r y  ACm f o r  I n t e r p r e t i n g  and summarizing r e s u l t s  obtained 
Next 3 Months: 

for platinum system. 
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APPENDIX 1, Section I1 

A NEW METHOD FOR STUDYING ION ADSORPTION 

Ying-Chech Chiu and M.A. Genshaw 

Ellipsometry, '' ' an experimental technique involving the 

analysis of the phase change ( A )  and change in amplitude ratio 

(tan I)) of polarized light reflected from a- surface, has often 

been used in che study of very thin films., , This technique i s  

now applied to the.detenuLn.a,kion of-the adsorption from solution 

of ions at a mercury -s.mcface, . 

The ellipsometer-used was made by 0,C. Rudolph &. Sons,-Inc. 

(Model 437-2003) and. used. a zirconium arc as the light source 

(filtered at h = 5460&.. A rectangular-cell-made of 

employed. In. order- to minimize tke effect of mechanical vibray-. 

tion, a thin- layer- of. m e m ~ y  on, gold foil. was used as the 

reflecting surface, .The swTace was first. reduced at--L*O- 

(vs. Sat. Cal. Electrode) while nitrogen was bubb.ling through 

the solution, and then the potential was changed to -0.7 V by 

the use of a . ~ ~ ~ k ~ g . p o ~ ~ ~ ~ t ~ ~ s t a t .  In the bromide exp,erirnents 

it was found that -the data -are m a r e  xeprodiucible .ifi .the- :surface. 

is treated- by- al, sweep in e potential range .used- in . 

the experiment fox.thx.ea €our c.y.cles .beffox~! aGtuaL xecording- 

is taken. ~ The. angle of incidence o€ light was. 6-8.2O to- the 

reflecting surface,.. -and the quarter w a v e  plate was fixed at 45'. 

An extinction settings- of -the .optical components was first found 
4 ing method. 
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The method of deterf i rz ing A ,  the re lat ive phase change, 

w a s  t o  set  t h e  p o l a r i z e r  about f o u r  degrees from t h e  e x t i n c t i o n  

s e t t i n g .  S m a l l  changes i n  A t hen  cause changes i n  t h e  i n t e n s i t y  

of t h e  l i g h t ,  These changes are l i n e a r  i n  A under t h e  experi-  

mental condi t ions  md may b.e calibrated. b.y . determining t h e  

r e l a t i o n  between t h e  poLarizese p o s i t i o n  and-the i n t e n s i t y .  To 

in su re  t h a t  the changes i n  i n t e n s i t y  w e r e  due. .to changes .in A 

and no t  a r t i f a c t s  such. a s  might r e s u l t  fxom a movement of t h e  

su r face  due t o  e l e c t r o c a p i l 3 a r y  e f f e c t s ,  measurements w e x e  made 

on each s i d e  of the n u l l  (on one s i d e  an fn t ens iky  decrease  i s  

observed, w k i - l e  an. i n c r e a s e  i s  observed on t h e  o t h e r ) ,  and some 

p o i n t s  w e r e  checked by t h e  swing method, 

Also, measuxements w e r e  made i n  0.64 M N a F ,  I n  t h e  f l u o r i d e  

s o l u t i o n  the-change in A between -0 ,700  V and -0.20Q V was less 

than t h a t  corresponding- t o  0-05 i n  e f o r  Br - .  

t h e  i n t e r p r e t a t i o n  t h a t  t h e  changes i n  A i n  B r -  and SCN- conta in ing  

This  supports  

s o l u t i o n s  are due- t o  adsarp-tion as t h e  calculations--indicate:-that - 

t h e  refract ive index of s o d i u m - f l u w i d e  i s  very close t o  t h a t  of 

w a t e r , .  and thus  it w i l l  n o t  be de tec t ed ,  

The a d s m p t i o n  .study w a s  m a d e  with sodium. . th iocyanate  ( B a k e r  

Analyzed Reagent). s ~ l u t i o n  and potassium bromide (Baker Analyzed 

Reagent) s o l u t i o n  e 

The c a l c u l a t i o n s  of A and $ f r o m  t h e  p o l a r i z e r  and ana lyzer  

reading w e r e  made us ing  s tandard  techniques.  From t h e s e  

t h e  o p t i c a l - c o n s t a n t s  of mercury a t  -0 ,7  V vs. SCE i n  0.64 N NaF 

w e r e  found t o  be  1.45-5.31 i, Other va lues  repor ted  a r e  

2.0-5.17 i,5 1.485-4.55 i,6 and 1.602-4.73 i. 7 



To analyze t h e  experimental  d a t a ,  a model must be made o f  

t h e  l aye r  of adsorbed ions .  The model taken i s  t o  assume t h a t  

a Payer of ions  and water molecules of a th ickness  equal  t o  t h e  

length  of t h e  ion  i s  always p re sen t  a t  t h e  su r face  ( length  

SCN- = 5 . 5 i , 8  and .Length B r -  = 3.9; = 2 X ion ic  r ad ius  ) .  

r e f r a c t i v e  index of t h i s  l a y e r  i s  assumed t o  be a l i n e a r  combi- 

na t ion  of t h e  r e f r a c t i v e  index of t h e  ion  and water: 

9 The 

(1 - 9 )  + nionO f i l m  = n H 2 0  n 

where 

= 1.33  H20 n 

0 = su r face  coverage of ion.  

The r e f r a c t i v e  . index o f  ion was c a l c u l a t e d  from t h e  

Eorentz-Lorenz 10 equat ion : 

n2 - I 
R = V m n 2  + 2  

where 

R = molar r e f r a c t i v i t y  

= molar volume 'm 
n = r e f r a c t i v e  index 

For CNS-, Vm - - 

By so lv ing  t h e  

12 4 0 . 4  cc/g-ion, 11 and RCNs = 16.54 cc/g-ion. 

Lorentz-Lorenz- equat ion,  nCNS- was c a l c u l a t e d  

t o  be 1 . 7 6 .  For bromide ion ,  t h e  r e f r a c t i v e  index w a s  calcu- 

l a t e d  t o  be.1.90 by t h e  use of t h e  Lorentz-Lorenz equat ion 

with RBr-. = 1 1 . 6 0  -cc/g-ion13 and Vm = 25.04  cc/g-ion. 

1 

11 

The A and $ .va lues  w e r e  c a l c u l a t e d  f o r - d i f f e r e n t  r e f r a c t i v e  

ind ices  of t h e  f i l m  by using t h e  exac t  e l l ipsometry  equat ions 
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through an e l e c t r o n i c  computer. The c a l c u l a t e d  change of A a t  

d i f f e r e n t  8 values  was.pLlotted as a c a l i b r a t i o n - c u r v e .  The ex- 

per imental  v a l u e s - o f - t h e  change-0f.A were- then appl ied  t o  these  

c a l i b r a t i o n  curves and . the  8 va lues  w e r e  d i r e c t l y  obtained.  

The experimental  8 w a s  compared -with -Movac ' s resul.t.14 i n  

Figure l f o r  th iocyanate  ion,  Kowac!s determinatfon-of..adsorbed 

ions  was made by.eSestroeapiLlary..method which is w e l l  j u s t i f i e d  

for  adsorpt ion -measurernenLs -on l i q u i d  metal, - The .va lues  p l o t t e d  

a r e  t h e  8 f o r . t h e - . s p e c i f i c  ad.sorbed..ions,- An-equally good f i t  

i s  obtained . i f  - 8  values are. ca l cu la t ed  for the t o t a l  su r f ace  

excess as t h e  di€ference-.between t h e  nmber.-of s p e c i f i c a l l y  

adsorbed ions  a n d - t h e - s u r f a c e - e x c e s s  is_small ,_-The ques t ion  of 

which t h e  e l l i p seme te r  determines- remains - t o - b e  .decided-. 

The 8 value s .-obtained-- by - ell ipsome t r y  ..for - bromide w e  re 

compared with.- the -.e%ecS~~~api11ary."~asu%ement-Jnade by 

Lawrence e t  a l ,  ?5 - The. values given b.y..-Lcawrence-- are -expressed 

a s  the  amount. of s p e ~ i f i c a l P y - ~ s o s e d . - i Q n - i n  -terms -of - y C  cm-2  e 

These va lues  are converted.  to 8 .by.as-suming-th.a% the i o n s  are 

packed i n t o  a square -as7acay!-L'!-.and t h e  -maximum.number of ions  
~- 

f o r  a rnon,ohya..-Ls equal--.kalJ4.. r.! 

t h e  ion.  Tke..compaxisonl of- 9 .obkai.ned-.By - these  -methods i s  

where.-r- .is.. t h e  r a d i u s  .of  
1 '. 1 

from some ~ L - t h e  L L i ~ ~ ~ ~ ~ n s ~ ~ o f ~  -k.hexadSafxacer-and.. e l e c t r o -  

chemical methods of determining adsorpt ion.  
9 
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CAPTIONS TO FIGURES 

Fig. 1. Comparison of SUI: coverage obtained- by .ellipsometry- 

and electrocapillaryl* .methods -for sodium-- thiocyan-ste-- .-:-- 

solutions, . -Dashed,-Line,, .ellipsometry; solid line, 

electrocapillary. -. 

0 a A 
~ _ _  

1M 0*3M A 0.1M 
0 

0 a 
0 0.3M 0.01M 

solution .-..-. Dash&..--,- .aUipsometry; solid line, 

electrocapillary. 

0 D A 
0.1M A 0.01M 

E3 
1M 

0 
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SECTION IPI 

T i t l e  of Project: P o t e n t i a l  of Zero Charge Determination 

From January l t o  June 30 ,  D r .  S.  Argade w a s  w r i t i n g  h i s  

thesis.  

Also w r o t e  a   nu rube^ -09 papers t i t l e s  of -which are: ~ 

Dependence of. F r i G t i o n  upon P o t e n t i a l  ,-.submitted t o  t h e  

Journal  of Chemical Fhysics on Ap~iJ.-4,.1968;~ 

Work Function of .Me.t;aLs, subrn ik ted- t~  t h e  Journa l  of 

Chemical P ~ ~ . s ~ w . . Q D  -Nay.-2, .5968.;y ._ 

SpecuLatixe I n t e r p r e t a t i o n  Concerning the: -pS. Depen 

t h e  PotentiiaL--.of - Zaxo.. C h a r g e .  upxi. &Ieb-ks:,-. s.nbra.itte:d t o  t h e  

J o u ~ n a l  of Physica-1- Chzzm-Lstry on June LO,. 1 9 6 8 ;  ~. 

Deteminat lm-oX.- the.  2otentia-L of- Zero. Charger .submitted 

t o  t h e  EZectrochLmica-Aczta CXL iSme 21, 1968, - - 

A l l  these papers have now been accepted f o r  pub l i ca t ion .  

14 



SECTION I V  

T i t l e  of P r o j e o t :  Act iva t ion  Energies for t h e  Migration 
of Pons Through Open S t r u c t u r e  So l ids  

Long-term A i m s  : A s  above. 

S p e c i f i c  Aims f o p  Designing comp-uter program f o r  t h e  th ree -  
T h i s  P e r i o d :  

dimensional-path- of-minimum p o t e n t i a l  energy- 

and t h e  potent ia l .  energy p r o f i l e  along t h i s  

pa th  for the. inn -moving khro-ugh t h e  c r y s t a l  

l a t t i ce  i s  i n  p-rogress. 
I .  ~ . 

Re2euan-t Techno- Development of a l k a l i  metal-air  b a t t e r y .  
Z s g i c a l  APea: 

flew R e s u l t s  Ob- Two computer. pzograms have been denrelaped, 
f iained O U Q P  
6 Months: One i s  a s imple pxog.ramappki.cabEe only t o  

t h e  NaCl lattice. type;  k h e - o t h e r  can be 

" -  used €ox- any .lattice .where tke crystal- 

s t ruc tu re+  is known. - The. latter. is., however, ~ P O W  and expensive 

$0 run; in viaw of: the.  large number- o-E -suns -which.axe .needed- 

p r e P i m i n a ; ~ ~ - s t u . ~ ~ - ~ ~ e  been made t h i s  program w i l l  have t o  

be discarded.  . , - - -.__ ~ . .._ - 

bee N a C l  type- Pak'tlce.., Etnerg5.e~. of .th.e--sys&.em-wikh a --cation. _ -  

and t h e  "map" of energy contour-versus-sodium i o n  l o c a t i o n  i s  

15 



examined t o  f i n d . t h e - p a t h  r equ i r ing  minimum energy and t h e  value 

of t h i s  energy, - This path  and energy are .determined under v a r i o u s -  

condi t ions ,  e ,g , r  f o r - v a r i o u s  i o n i c  r a d i i  and f o r  var ious  va lues  

of Born repuls ion  par=te& and-with t h e  " e f f e c t s  -of dipole-  

monopole i n t e r a c t i o n s  included or excluded. 

The pa th  ofmilinimum.energy., of those t e s t e d  so  far, is the- 

0 ,O,O t o  1 1 2  ,. L/2 -0 ion  jurap,.-the Latter .pos i t ion .  o r i g i n a l l y  

being vacant, Tables 1 and 2 show some of t h e  a c t i v a t i o n  energ ies  

computed for t h i s  proces .s , - together  w i t h  some values  of a c t i v a t i o n  

energy f o r  . d i f fus ion  taken f r o m  K i t - t e l  [Introduction to S o Z i d  

State Physics, John Wiley ,  N e w  York, S961]-, P r a m  Table 1, it 

can be seen t h a t  agreement between experiment -and. theory i s  no t  

p a r t i c u l a r l y .  good.,. especialby .in -the xase of t h e  -lsl3xhr~- salts - 

where negative a c t i v a t i o n  enexgies. .. (which are phys ica l ly  unten- 

a b l e )  a r e  ca l cu la t ed .  There i s  not  even a reasonable c o r r e l a t i o n  

w i t h  r e s p e c t  t o  order .of the va lues  w i t h i n  a group. From Table  2 

it can be seen t h a t  a t  l e a s t  p a r t  of t h e  problem l ies  w i t h  t h e  . .  

unce r t a in ty  w i t h  which .i.onic radii are -known;- .the small. change 

from t h e  Paul ing value ( 0 . 6 i )  t o  t h e  Goldschmidt value i n  r 

(0.8;) i s  s u f € i c i e n t  t o  make three of t he - fou r  computed ene rg ie s  
Li+ 

of t h e  Pithium.saLfs-become p o s i t i v e ,  though even then the  

numerical agreement -is n o t  g m d  even - w i t h  .respect - t o  order .  

Fur ther  work is -needed -to. establish a meaningful s e t .  of i o n i c  

r a d i i ,  Born paramekers, and o t h e r  v a r i a b l e s .  

Main DifficuZties: T h i s  p r o j e c t  is now-unmanned.; M r ,  Namassivaya - 

l e f t  i n  May and has no t  y e t  been replaced,  
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P r i m a r y  A i m  in Project due to recommence"-abaut September 1st- - .  - -  
Nex% 3 Months: 

with collaboration .of .DE. 216 Emi, who has ' 

j u s t  submitted for .-publication a paper involvhg 

potential energy curve calculations, 



Values of computed and exp.erimental activation energies using 

Pauling’s ionic radii, 

Literature Calc. 
-kcal mole” kcal rnose-’ 

LiF 

LiCl 

LiI 

LiBr 

NaF 

NaCl 

NaI 

NaBr 

KF 

KC1 

KI 

KBr 

CsF 

15 

9.5 

7.2 

8.8  

20 

2 1  

-23  

- 1 6  

-14  

-24  

1 

46 

1 9  

38 

37 

8 4  

1 0 3  

1 0 3  

1 9 6  

1 8  



Values of computed and literature data activation energies 

(kcal mole-') f o r  lithium halides 

- . -  . - ._ ."1... Li teratafe C~alc. C a h .  
value (Pauling' s (Goldschmidt's 
(Kittel) Li rad5.u.s). ~i -r.a&us.) . 

L i F  15 -23  14 

LiCl 9.5 - 16 15 

LiI 7.2 -14 17 

LiBr 8.8 -24 -6 
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T i t Z e  of P r o j e c t :  The Study of the Dendritic Deposition of 
Zinc from Alkaline Solution 

Long-term Techno-  T o  gain (a) a fuller understanding of the 
ZogicaZ Aims:  

formation of zinc dendrites, (b) a mech- 

anism which adequately describes the experi- 

mental behavior, and (c> the ability to 

apply simple equations to the growth of 

metal deposits in dendritic, or non-dendritic, 

form as the system demands. 

S p e e i  f i e  Aims To establish further evidence as to the 
f o r  T h i s  P e r i o d :  

validity of the dendritic initiation theory 

proposed in Appendix A, Semi-Annual Report, 

1 July to 31 December 1967. 

A .  I n t r o d u c t i o n  

Essentially this report contains the same material as the 

quarterly report January 1 to March 31, 1968, since the time 

spent in the second quarter of this year was devoted to a full- 

time final preparation of Chapters 8, 9, 10, and partly 11 of 

the Bockris and Reddy book on electrochemistry; this was done 

with the express consent of Professor Bockris. 

The dendritic initiation mechanism proposed previously 

was that the initiation was an almost completely diffusion- 

controlled process, which, when the total overpotential 

exceeds a critical value rl involved a progressive crit' 
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roughening of  t h e  s u b s t r a t e  s u r f a c e  i n i t i a l l y  p r e s e n t .  T h i s  

roughening formed an i n t e g r a l  p a r t  of  t h e  theory  l ead ing  t o  

d e n d r i t e  i n i t i a t i o n  and t h e  exponen t i a l  change i n  t o t a l  cur -  

r e n t  wi th  t i m e . '  

c u r r e n t  w i th  t i m e  w a s  n o t  observed when rl qcrit,  d e n d r i t e s  

w e r e  n o t  observed,  and hence one would assume t h a t  no s u r f a c e  

roughening of t h e  i n i t i a l  s u b s t r a t e  took p l a c e .  

S ince  t h i s  exponen t i a l  change i n  t o t a l  

Therefore ,  a program of  experiments  w a s  designed t o  

determine i f  t h i s  i s  t r u e ;  t h i s  involved measuring t h e  

changes i n  e lec t r ica l  double l a y e r  capac i t ance  as z i n c  

d e p o s i t i o n  proceeded i n  t h e  i n i t i a l  s t a g e s  both  above and 

below t h e  c r i t i c a l  i n i t i a t i o n  o v e r p o t e n t i a l ,  nCrit. 

The expected r e s u l t s  from t h e  theory  would be t h a t :  

(a> above ncr ikr  t h e  s u r f a c e  roughness i n c r e a s e s  s h a r p l y  

dur ing  t h e  i n i t i a t i o n  pe r iod .  Changes beyond t h e  i n i t i a t i o n  

pe r iod  are d i f f i c u l t  t o  p r e d i c t  p r e c i s e l y ,  a l though an 

o v e r a l l  i n c r e a s e  

b% below ncri t f  
t o  be r e l a t i v e l y  

d e p o s i t  p r i o r  t o  

would n a t u r a l l y  be expected.  

t h e  s u r f a c e  roughness changes may be expected 

s l o w  due t o  a r e l a t i v e l y  smooth e x p i t a x i a l  

"clump sponge's formation.  Changes i n  

s u r f a c e  roughness as t h e  spongy d e p o s i t i o n  proceeds ,  may be 

expected t o  be q u i t e  l a r g e  due t o  seemingly l a r g e  rea l  

s u r f a c e  area of  spongy z i n c  (see Figure  1). 

B .  E x p e r i m e n t a l  

The p r e p a r a t i o n  of  t h e  i n i t i a l  z i n c  e l e c t r o d e s ,  t h e  

e l e c t r o l y t e s  used and t h e  modes of d e p o s i t i o n  are a l l  as 
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desc r ibed  previously’  and hence w i l l  n o t  be inc luded  he re .  

Two d e p o s i t i o n  regimes w e r e  used i n  t h i s  pe r iod :  

“ ‘ “c r i t  (1% = -50 m v .  35OC. 1 0 %  KOH + 0 . 1  M ZnO, i . e . ,  

( 2 )  = -92 o r  -100  mv.  35OC. 1 0 %  KOH + 0 . 1  M ZnO , 

‘ ’ ‘cri t .  i .e .  , 

(a )  Capaci tance  measurement t e c h n i q u e  

The method chosen t o  determine t h e  s u r f a c e  roughness 

w a s  a s i n g l e  p u l s e  g a l v a n o s t a t i c  technique ,  f r o m  whose 

charging curve d V / d t  can be ob ta ined  and t h e  e lectr ical  

double l a y e r  capac i t ance  c a l c u l a t e d  from 

= i -  d t  
‘edl dV 

where i i s  t h e  c o n s t a n t  g a l v a n o s t a t i c  c u r r e n t  app l i ed .  

A f t e r  many i n i t i a l  problems, t h e  e l e c t r o n i c  c i r c u i t r y  

shown i n  F igure  2 w a s  f i n a l l y  achieved.  I n  t h i s  matter 

t h e  a s s i s t a n c e  of  M r .  Gerard0 Razumney i s  g r a t e f u l l y  

acknowledged. 

Following e i ther  t h e  i n i t i a l  p r e p a r a t i o n  o r  t h e  depo- 

s i t i o n  i n  t h e  a l k a l i n e  z i n c a t e  s o l u t i o n ,  t h e  capac i t ance  

of  t h e  depos i t ed  z i n c  w a s  determined i n  potassium c h l o r i d e  

s o l u t i o n  of known c o n c e n t r a t i o n ,  u s u a l l y  0 . 5  M. The 

procedure of measuring i n  potassium c h l o r i d e ,  i n s t e a d  of  

t h e  e l e c t r o l y t e  potassium hydroxide,  w a s  adopted so as t o  

avoid t h e  p o s s i b i l i t y  of  t h e  h igh  pseudo-capacitance i n  t h e  

l a t t e r  system2 obscur ing  changes i n  t h e  e d l  capac i t ance .  
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G. R e s u l t s  

I n  e a r l y  experiments  it w a s  found t h a t  t h e  capac i t ance  

of t h e  i n i t i a l l y  prepared  z i n c  e l e c t r o d e  w a s  s t r o n g l y  

dependent upon t h e  e l e c t r o d e  p o t e n t i a l  i n  t h e  reg ion  

-1 .0  v ( N H E ) .  F igu re  3 shows t h e  Capaci tance expressed  

p e r  geometr ic  sq c m  p l o t t e d  a g a i n s t  t h e  e l e c t r o d e  p o t e n t i a l .  

A t  -1 .0  v ,  t h e  capac i t ance  i n c r e a s e s  suddenly from approxi- 

mately 5 t o  2 7  pF crnm2, t h e  l a t t e r  va lue  r e p r e s e n t i n g  a 

s u r f a c e  roughness of  approximately 1.3-1.5, which i s  i n  

reasonable  accord wi th  expec ta t ions .  Experimental ly ,  t hen ,  

t h e r e  i s  some q u e s t i o n  as t o  t h e  p o t e n t i a l  a t  which one 

should measure t h e  capac i t ance .  I t  w a s  determined i n  s o m e  

p re l imina ry  experiments  t h a t  t h e  p o t e n t i a l  of  -1.0 v repre-  

s en ted  t h e  deso rp t ion  p o t e n t i a l  of  some impur i ty .  (Work 

on t h i s  i s  con t inu ing  s i n c e  a d i f f e r e n c e  of opin ion  has  

a r i s e n  on t h i s  phenomenon wi th  Farr e t  a l . 3 )  

a l l  capac i t ance  measurements w e r e  made from a g a l v a n o s t a t t e d  

p o t e n t i a l  of -1.1 v (NHE)  . 

Consequently 

(a>  D e p o s i t i o n  a t  o v e r p o t e n t i a l s  l e s s  t h a n  qcrit 

F igure  4 shows t h e  capac i t ance  changes which occur  

du r ing  t h e  d e p o s i t i o n  of sponge a t  -50 mv o v e r p o t e n t i a l  i n  

two s e p a r a t e  runs.  The agreement between t h e  t w o  runs  i s  

good i n i t i a l l y ,  t h e  t w o  d e v i a t i n g  s l i g h t l y  a t  longe r  

d e p o s i t i o n  t i m e s .  
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(b)  D e p o s i t i o n  a t  overpo ten t ia2 . s  g r e a t e r  t h a n  rlcrit 

F igu re  5 shows t h e  i n i t i a l  capac i t ance  behavior  wi th  

r e s p e c t  t o  t i m e  f o r  t h r e e  s e p a r a t e  runs ,  t w o  be ing  a t  -92 mv 

and t h e  o t h e r  a t  -100 mv.  It i s  immediately e v i d e n t  t h a t  

a t  t h e s e  t w o  o v e r p o t e n t i a l s  t h e  capac i t ance  i n c r e a s e s  

i n i t i a l l y  very  r a p i d l y ,  i .e . ,  3- t o  $-fold i n c r e a s e  i n  

s u r f a c e  roughness over 20 minutes.  

The t i m e  scale i n  F igu res  4 and 5 cannot  be correlated 

wi th  t h e  t i m e  scale i n  prev ious  work,’ s i n c e  i n  t h e s e  

experiments  r e p o r t e d  h e r e  t h e  z i n c  e l e c t r o d e  w a s  removed 

f r o m  t h e  e l e c t r o l y t e ,  washed, and then  immersed i n  t h e  

potassium c h l o r i d e  s o l u t i o n .  The capac i t ance  measurement 

w a s  t hen  made, and then  t h e  e l e c t r o d e  w a s  re-immersed i n  

t h e  z i n c a t e  e l e c t r o l y t e ,  i . e . ,  t h e  d i f f u s i o n  c o n d i t i o n s  i n  

t h e  KOH e l e c t r o l y t e  had t o  be r e - e s t a b l i s h e d  many t i m e s ,  

and hence t h e  t i m e  scale of t h e  va r ious  phenomena would be 

expected t o  be extended. I t  was e s t a b l i s h e d ,  however, t h a t  

t h e  i n i t i a t i o n  t i m e s ,  under t h e  c o n d i t i o n s  of d e p o s i t i o n  

used h e r e ,  w e r e  approximately doubled by t h i s  procedures .  

D . Cone Zus ions 

It  i s  e v i d e n t  from a comparison of F igu res  4 and 5 

t h a t  t h e  g r e a t  d i f f e r e n c e  i n  t h e  i n i t i a l  capac i t ance  changes,  

below and above ncrit, expected do appear  t o  e x i s t ,  i .e . ,  

s m a l l  changes on ly  below ncrit,  and l a r g e  changes above ncrit 

due t o  t h e  d e n d r i t e  i n i t i a t i o n  p rocess .  I t  would appear ,  

t h e r e f o r e ,  t h a t  t h e  model of  d e n d r i t e  i n i t i a t i o n  based on 
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1 a progressive surface roughening is correct, at least 

qualitatively. 

Primapy Aims i n  t h e  To complete the work on the capacitance 
Next R e p o r t  P e r i o d :  

study and to complete the preparation of 

a second paper. A crystallographic study 

of the dendrites and the spongy zinc will 

be initiated; further theoretical analyses 

will also be attempted. 

Re yerenee  s 

1. Appendix A of the Semi-Annual Progress Report No. 11, 

1 July to 31 December, 1967 ,  Studies of Fundamental Chem- 

istry of Fuel Cell Reactions. 

2. J.P.G. Farr and N.A. Hampson, T r a n s .  Faraday S o c . ,  6 2 ,  

3 4 9 3  ( 1 9 6 6 ) .  

3. D.S. Brown, J.P.G. Farr, N.A. Hampson, D. Larkin, and 

C. Lewis, J .  EZectroanaZ.  Chem. , 1 7 ,  4 2 1  ( 1 9 6 8 ) .  
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LEGEND FOR FIGURES 

Figure 1. Deposition of typical sponge zinc under the 

following conditions. 10% KOH + 0.1 M Zno, 
35OC, q = -50.mv. Magnification 75X. 

Figure 2. Pulse generator circuit constructed for single 

pulse galvanostatic transients. Rise time for 

the pulse found to be less than 1 microsecond. 

Figure 3. Potential dependence of the edl capacitance for 

a smooth plated zinc electrode in 0.5 M potassium 

chloride solution. 

Figure 4. Capacitance versus deposition time for zinc 

deposition at overpotential less than qcrit : 

q = -50 mv, 35OC, 10% KOH + 0.1 M ZnO. 
Capacitance measured in 0.5 M potassium chloride 

solution. 

Figure 5. Capacitance versus deposition time for zinc 

deposition at overpotential greater than ncrit : 

o and a, q = -92 mv; +, q = -100 mv. Capacitance 

measured in 0.5 M potassium chloride solution. 
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T i t l e  of P r o j e c t :  

Long-tern? Funda- 
mental A i m :  

Re Eevant Teckno- 
ZogicaZ Area: 

New R e s u l t s  Ob- 
tained Over 
6 Months:" 

The study of the influence of substituents 

on io and E o  values for a series of organic 

compounds was carried on with the aim of 

investigating the capability of organic 

compounds to be used in high energy secondary 

batteries, i.-e., to find a way to obtain 

io as high as possible. 

High energy secondary batteries. 

The quantitative study of the influence of 

the substituent, i.e., the effect of struc- 
I 

ture on rates and equilibrium of chemical 

reactions in different series of organic \ 

7 \ compounds, has been developed very large1 according to the 

relationshipi known as the Hammett equation), which in its modi- 

fied form h$ts also found plication in the study of the shift 

of polarographic half-wa potentials, as a unction of charac- 

teristic p 'and (5 values e previous semiann a1 report). 

i 
I i 

1 

\ \ 

In this work the i ence of substituenbs with different 

values of (J (a substituent constant which represents the total I 
i 

I 
* 
One month of this pe iod was devoted to the full-time 

final preparation of Chapt r 11 of the Bockris and! Reddy book 
on electrochemistry (as re uested by Professor Bockris) . 
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polar characteristic of the nature and position of the substit- 

uent) on both cathodic and anodic reactions was studied. As a 

model, compounds with the following structure: 

X- 

were chosen, where R represents the reactive group (NO NHOH 

reversible couple in this case), and X represents the substituent. 

The substituents which have been used are: H, G H 3 ,  CHO, CM, 

COOH, COCHj , .CO , COCl, OCHj, OH, NH2, NO, NHNH2, N(CHs)a, 

N(C2H5)2, SO3H, SOCl2, S02NH2, covering a wide range of CT 

values. The oxidation and reduction kinetics were studied in 

0.1N H Z S O ~  on Pt electrode, by means of potentiodynamic and 

potentiostatic methods. 

T h e o r e t i c a l  With substituents which promote the reaction 
Deve l o p m e n t  : 

rates, io values as high as lo-’ amp cm-2 

have been observed. From the plot of CT vs io 

for some compounds- from the investigated series of compounds, it 

is possible to see that the increasing of io as large as four 

orders of magnitude is possible with the highly positive 0 con- 

stants (Fig. 1). 

Detailed analyses of data and possible interpretation will 

be presented in form for publication in the next period. 

Main DifficuZties: Most of the conclusions about nitroso com- 

pounds are derived from experiments on 

commercially more readily available nitro 

compounds which were reduced to 
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nitrosohydroxylamines. In many cases the 

reduction of nitro compounds proceeds either 

in an irreversible manner to amines, or 

requires high cathodic potentials (hydrogen 

evolution-:Segion on Pt), and the choice of 

compounds interesting for this study is 

even more limited. 

P r i m a r y  A i m  f o r  Summarizing results, make some additional 
flexfi 3 Months:  

measurements if necessary, and writing of 

paper. 
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The book by Bockris and Sr in ivasan ,  The Theory of Electrochemical 

Energy Conversion 

Proof chapters  have begun t o  a r r i v e .  800  pages of proof 

co r rec t ions !  Cannot be completed u n t i l  a f t e r  September 28 ,  1968. 

Expected d a t e  of pub l i ca t ion  i s  March 1 9 6 9 .  

36 



SECTION VI11 

The book by Bocksis and Reddy, Modern, Elementary Electrochemistry 

Proof c o r r e c t i o n s  now i n  progress ,  1 0 0 0  pages! W i l l  be 

completed before  September 2 2 ,  1 9 6 8 ,  

Expected d a t e  of pub l i ca t ion  i s  December 1 9 6 8 .  
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SECTION IX. PUBLICATIONS UNDER GRANT NsG-325 
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Forces involved in the specific adsorption of ions on metals 
from aqueous solution, J.O'M. Bockris and T. Anderson, 
EZectrochimica  A c t a ,  9 ,  347 (1964) . 
Electrochemical kinetics of parallel reactions, E. Gileadi 
and S. Srinivasan, J .  EZectroanaZ. Chem. , 7 ,  452-457 (1964). 

Electrocatalysis, J.O'M. Bockris and H. Wroblowa, J .  EZectro-  
a n a l .  Chem. , 7 ,  428-451 (1964). 

Basis of possible continu.ous self activation in an electro- 
chemiaai energy converter, J.O'M. Bockris, B.J. Piersma, 
E. Gileadi, and B.D. Cahan, J .  EZectroanaZ. Chem. , 7 ,  487- 
490 (1964). 

Ellipsometry in electrochemical studies, A.K.N. Reddy and 
J.O'M, Bockris, U,S. Dept. Corn., Natl. Bureau of Standards 
M i s c ,  Publication 256, Sept.. 15, 1964, 229-244. 

Ellipsometric study of oxygen-containing films on platinum 
electrodes, A . K . N .  Reddy, M. Genshaw, and J . O ' M .  Bockris, 
J .  EZectroanaZ. Chern, , 8 ,  406-407 (1964) e 

1965 

Ellipsometric determipation of the film thickness and 
conductivity during t h e  passivation process on nickel, 
A.K.N.Reddp, M.G.B. Kao, and J.O'M. Boclcris, J .  Chem. P h y s .  , 
4 2 ,  6, 2246-2248, 15 March 1965, 

A brief outline of electrocatalysis, J-O'M. Boekris and 
S. Srinivasan, 19th Annual Proceedings Power Sources 
Conference, May 19 65. 

Proton transfer across double layers, J.O'M. Bockris, 
S. Srinivasan, and D.B. Matthews, Disc .  Faraday  S o c . ,  
No. 39, 1965. 

Fundamental studies of the mechanism of porous electrodes, 
J.O'M. Bockris, L. Nanis, and B.D. Cahan, J .  EZectroanaZ. 
Chem. , 9 ,  474-476 (1965). 



196-4. 

11. The potential of zero charge on Pt and its pH dependence, 
E. Gileadi, S.D. Argade, and J.O'M. Bockris, J .  P h y s .  Chem., 
70, 2044 (1966). 

12. The potential sweep method: a theoretical analysis, 
S .  Srinivasan and E. Gileadi, EZectrochim. Acta, 11, 321- 
335 (1966). 

13. Electrode kinetic aspects of electrochemical energy con- 
version, J.O'M. Bockris and s. Srinivasan, J .  EkectroanaZ. 
Chem. , 1 2 ,  350-389 (1966). 

14. An ellipsometric determination of the mechanism of passivity 
of nickel, J . O ' M .  Bockris, A.K.N. Reddy, and B. Rao, 
J .  EZectrochem. Soc.  I 1 1 3 ,  11, 1133-1144 (1966). 

1967 

15. Electrocatalysis in ethylene oxidation, A. Kuhn, 
H. Wroblowa, and J.O'M. Bockris, Trans. Faraday S o c . ,  63, 
1458 (1967). 

16. EZectrosorption,edited by E. Gileadi, Plenum Press, 1967. 

17. Theory of porous gas diffusion electrodes using the thin 
film model, S. Srinivasan and H.D. Hurwitz, EZectrochirn. 
Acta, 1 2 ,  495 (1967). 

18. Potential of zero chayge, S.D. Argade and E. Gileadi, in 
EZectrosorption (Ed. by E .  Gileadi, Plenum Press, 1967). 

19. Fundamental equations of electrochemical kinetics at porous 
gas-diffusion electrodes, S. Srinivasan, H.D. Hurwitz, and 
J.O'M. Bockris, J .  Chem. P h y s . ,  4 6 ,  3108 (1967). 

1968 

20. Dependence of the rate of electrodic redox reactions on the 
substrate, J.O'M. Bockris, R.J. Mannan, and A. Damjanovic, 
J .  Chem. P h y s . ,  4 8 ,  1898 (1968). 

An ellipsometric study of oxide films on platinum in acid 
solutions, A.K.N. Reddy, M. Genshaw, and J . O ' M .  Bockris, 
J .  Chem. P h y s .  , 4 8 ,  671 (1968). 

21. 

22. Chapter on Electrochemical Techniques in Fuel Cell Research, 
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