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NOT I C E  

Th is  repor t  was prepared as an account o f  Government sponsored work. 

Ne i ther  the  Un i ted  States, nor t h e  Nat ional  Aeronaut ics and Space Adminis- 

t r a t i o n  (NASA), nor any person a c t i n g  on beha l f  o f  NASA: 

( A )  Makes any warranty o r  representat ion,  expressed o r  imp1 ied, 

w i t h  respect t o  the  accuracy,completeness, or usefulness o f  

the in fo rmat ion  contained i n  t h i s  repor t ,  o r  t h a t  the  use 

o f  any informat ion,  apparatus, method, or process d isc losed 

i n  t h i s  repor t  may not 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  

( 8 )  Assumes any 1 i a b i  1 i t  i e s  w i t h  respect t o  the  use of, or f o r  

damages r e s u l t i n g  from the use o f  any informat ion,  apparatus, 

method o r  process d isc losed i n  t h i s  repo r t .  

A s  used above, "person a c t i n g  on behal f  o f  NASA" inc ludes any employee 

o r  con t rac to r  o f  NASA, o r  employee o f  such cont rac tor ,  t o  the  ex ten t  t h a t  

such emplojee or cont rac tor  o f  NASA, or employee o f  such con t rac to r  pre- 

pares, disseminates, o r  prov ides access to, any in fu rmat isn  piirsuant to 

h i s  employment o r  con t rac t  w i t h  NASA, o r  h i s  employment w i t h  such con- 

t r a c t o r .  

Requests f o r  copies o f  t h i s  repor t  should be r e f e r r e d  to :  

Nat ional  Aeronautics and Space Admin i s t ra t i on  
O f f i c e  o f  S c i e n t i f i c  and Technical  In fo rmat ion  
A t t e n t  ion:  AFSS-A 
Washington, 0 .  C .  20546 



FIFTH QUARTERLY REPORT 

21 A u g u s t  - 20 November 1965 

GASEOUS ELECTROLYTES FOR B A T T E R I E S  AND F U E L  C E L L S  

by 

S.  N a i d i t c h ,  Pr inc ipa l  Invest iga tor  

Prepared f o r  

NAT I ONAL AERONAUT I CS AND SPACE ADM I N I STRAT I ON 

CONTRACT NAS 7-326 

826 south arroyo parkway 

U N I F I E D  S C I E N C E  ASSOCIATES,  I N C .  Pasadena, C a l i f o r n i a  9llOS 
murray 1-3486 



* 

I m' 

Sect ion 

CONTENTS 

Abst rac t  

Paqe 

1 

1 .  l n t roduc t  i on  3 

2. Experimental 5 

2.1 I n t r o d u c t i o n  5 

2.2 C e l l s  7 

2.2.1 Ce l l  56 7 

2 2.2 Ce l l  57 13 

2.2.3 Ce l l  58 18 

2.2.4 Ce l l  64 23 

2.3 Equipment Mod i f i ca t ions  31 

2.4 Charac te r i s t i cs  o f  the Conduct iv i t y  C e l l  32 

2.5 E f f e c t s  Due t o  Contamination o f  Glass Surfaces 34 

3 .  Thermodynamic Apalys is  o f  Sodium Amlgam Conce i t ra t i on  C e l l s  35 

3.1 In t roduc t i on  

3.2 The rmodynam i c Ana 1 y s i s 

3.2.1 Passage of Current Through the System 

35 

36 

38 

3.2.2 Transpor t  o f  Na from One Amalgam t o  the  Other 
a t  Constant Temperature and Pressure 39 

3.2.3 The Voltage as a Funct ion o f  Chemical F o t e n t i a l  
a t  Constant T,p 42 

3.2.4 Temperature Coe f f i c i en t  o f  the Vol tage '+3 

3.3 Symbols 45 

4. Summary 47 

5 .  Plans f o r  Next Quar ter  49 



ABSTRACT 

The p r i n c i p a l  problems s tud ied  t h i s  quar te r  wcre ( I )  s t a b i l i t y  of  amalga? 

concent ra t ion  c e l l s ,  and (2)  t h e i r  e q u i l i b r i u m  emfs r e l a t i v e  t o  the  s t a t e  

of the  e l e c t r o l y t i c  solut ions,  i.e., l i q u i d  vs. gaseous. We have obtained 

s t a b i l i t i e s ,  w i t h  respect t o  short- term f l u c t u a t i o n s ,  o f  0.1 m i c r o v o l t s  for  

exfs o f  the  order o f  0.1 v o l t ,  o r  1 ppm, and i n t e r n a l  cons is tenc ies  of t h e  

s i x  combinations o f  the  f o u r  e lec t rodes  of  t 7 mic rovo l t s ,  or 70 ppm. 

we have t e n t a t i v e l y  concluded from our data t h a t  the  e q u i l i b r i u m  emfs o f  

concent ra t ion  c e l l s  a r e  independent o f  t he  s t a t e  o f  the  e l e c t r o l y t i c  so lu-  

t Ic7. 

A:so, 

The emfs o f  four sodium amalgam concent ra t ion  c e l l s ,  us ing  sodium iod id?  

and sodium amide i n  ammonia e l e c t r o l y t e s ,  w i t h  l i q u i d  or s o l i d  mercury m a l -  

gsm electrodes, and f i l l e d  under vacuum, were measured from as low a s  -20 

t o  ac h i g h  as 15OoC. 

We rewi red  the  e l e c t r i c a  

! i 7  p a r t i c u l a r  we reduced 

u l t r a s o n i c s  t o  increase 

system and mod i f i ed  the  c e l l  p repara t i on  pr0cedL.i-e:;. 

p a r a s i t i c  cu r ren ts  on the  amalgam surfaces by us!ny 

he u n i f o r m i t y  o f  the  amalgam e lec t rodes .  The s ta -  

b i i i t y  now achieved i s  a t t r i b u t e d  t o  the  removal o f  sources of bubbles and 

:?c r ious  ernfs, A l l  chemicals used i n  the  c e l l  were of  h igh  p u r i t y  (s!cil) c .  

'.;ere f u r t h e r  p u r i f i e d  (Na, Hg, NHJ). The c e l l  s were baked odt under vacuum 

t o  remove t races  of v o l a t i l i z a b l e  impur i t i es .  

A thermodynamic analysis,  i nc lud ing  normal ly neglected terms, has been Fade, 

rhs neg lcc tcd  terms a r e  shown t o  be many orders  o f  magnitude smaller t han  
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the l i m i t s  of our measurement. The exper imental  tem2erature c o e f f i c i e n t s  

o f  E/T a re  no t  compat ib le w i t h  t h e  r e s u l t s  of the  thermodynamic ana lys is .  

I n  p a r a l l e l  w i t h  the  measurements we have been re -eva lua t ing  the  charac ter -  

i s t i c s  o f  our conduc t i v i t y  c e l l ,  which were descr ibzd e a r l i e r ,  t o  ensure 

t h a t  the  c e I l  i s  opera t ing  proper ly .  

Ho chemical analyses o f  the amalgams o r  e l e c t r o l y t e s  were c a r r i e d  out  t h i s  

quar te r  due t o  c e l l  ruptures;  however, the  r a t i o s  o f  concentrat ions o f  

sodium i n  the amalgams a r e  accura te ly  known from the emfs for the p a i r s  



1' 

1 . 
The o b j e c t i v e  o f  t h i s  program i s  to  study the e lec t rochemis t ry  o f  dense 

gaseous so lu t ions .  Ammonia has been chosen as the  e l e c t r o l y t i c  so lvent  

because o f  i t s  convenient ly  small c r i t i c a l  constants.  Also, u n l i k e  water, 

i t  does no t  a t t a c k  glass, which i s  a good s t r u c t u r a l  ma te r ia l  f o r  c e l l s .  

i NTRODUCT I ON 

Since we are  i n te res ted  i n  operat ing i n  the dense gaseous reg ion  we cannot 

cse a c e l l  w i t h  a gaseous junc t i on .  Hence, we have chosen systems i n  which 

the e l e c t r o l y t i c  s o l u t i o n  i s  un i form throughout and i s  f r e e  from j u n c t i o n s  

between the e lec t rode compartments. 

The s tud ies  were i n i t i a t e d  w i t h  zinc, cadmium and t h a l l i u m  amalgam-insoluble 

h a l i d e  electrodes, which were ex tens ive ly  s tud ied  by Yost and coworkers. 

We encountered troublesome i n s t a b i l i t i e s  when us ing  these e lec t rodes ;  there-  

fore,  we turned t o  sodium amalgam concent ra t ion  c e l l s .  

these c e l l s  can be baked out  and f i l l e d  under vacuim, Our r e s u l t s  w i t h  bo th  

types o f  c e l l s  have c l e a r l y  demonstrated t h a t  bubble format ion i s  a p r i n c i p a l  

~ i j i i r ~ e  o f  Instabl!Ity and t h a t  impur i t i es  have been one o f  the c o n t r i b u t o r s  

t o  bubble format ion.  The tendency t o  form bubbles i s  aggravated i n  our work 

because o f  ( 1 )  the  r e l a t i v e l y  high temperatures o f  the  measurements (as the 

c r i t i c a l  p o i n t  i s  approached from the  l i q u i d  s ide the energy requ i red  t o  form 

bubbles becomes n e g l i g i b l e ) ,  and (2)  the use o f  ammonia which has a smal ler  

l a t e n t  heat of vapor i za t i on  than water. 

be ing  used as d iagnos t i c  t o o l s  to  enable us t o  develop the r e q u i s i t e  tech- 

nique.: t o  work i n  the  dense gaseous s ta te .  We expect t o  f i n d  no new informa- 

t i o n  regard ing the  amalgam concentrat ion c e l l s  i nso fa r  as e q u i l i b r i u m  

~WL;UI sndnts a rc  conce;ned. 

Th is  was done because 

The amalgam concentrat ion c e l l s  a re  
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The c e l l s  now being s tud ied  are  sodium amalgam conce2t ra t ion  c e l l s  w i t h  

an ammonia e l e c t r o l y t i c  so lvent .  They have been measured over  most o f  the  

! i q u i d  range and i n t o  the  dense gas s t a t e  (-20 t o  +150°C) producing emfs 

o f  the order  o f  0.1 V .  Th is  corresponds t o  the r a t i o s  o f  sodium concen- 

t r a t i o n s  o f  50 between p a i r s  o f  e lect rodes.  The c e l l s  a re  run i n  a pressure 

vessel w i t h  the  h igh  so lvent  pressure ins ide  the  g lass c e l l  be ing conta ined 

by higher  environmental pressure. We have, f o r  our most recent  cel1,obtained 

shor t  term s t a b i l i t i e s  o f  f 0.1 m ic rovo l t s  for emfs o f  t he  order  o f  0.1 v o l t  

.>nd in te rna l  cons is tenc ies o f  the s i x  e lec t rode combinations o f  f 7 mic rovo: t= ,  

Th is  s t a b i l i t y  i s  a t t r i b u t e d  t o  the removal of sources o f  bubbles and s p u r i m r  

e m f s .  

l*nif:::-rnity i n  t h e  zmalgam elect rodes were o f  p a r t i c u l a r  importance. A lso  

important i n  removing spur ious emfs was the  a d d i t i o n  o f  a grounded s h i e l d  

t o  the h igh  pressure bc?rr,,S. 

The use o f  h i s h  p u r i t y  chemicals and o f  u l t r a s o n i c  a g i t a t i o n  t o  en?l:re 

.-  now being made t o  i n t e r p r e t  our r e s u l t s  i n  d e t a i l  by thermo- . I  

" 1 

dynamic ana lys is .  We have examined usua l l y  neglected terms, t o  see i f  these 

can account f o r  the l a rge  temperature c o e f f i c i e n t  o f  E/T. 

terms a r e  shown t o  be many orders o f  magnitude smal ler  than the  l i m i t s  o f  

our  measurement. Therefore, some of the assumptions i n  our d e r i v a t i o n  a r e  

i n v a l i d .  I n  p a r t i c u l a r ,  the  s ta te  o f  sodium i n  the  amalgam may vary w i t h  

temFerature, depending on which species a re  present .  

These neglected 
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2 -  EYPERIMENTAC 

2.1 I n t r o d u c t i o n  

The f o l l o w i n g  ser ies  o f  measurements were made t o  develop techniques f o r  

Droducing s t a b l e  reproducib le  c e l l s .  The c e l l s  (Fig. I )  a r e  designed t o  

be inser ted  i r i to a presszre vessel. Because of  t h e  r e s t r i c t i v e  geometry, 

d.c, techniques are used t o  study the  electrochemical  p r o p e r t i e s  o f  the 

cel Is. 

, h i i c ~ ; a  was chosen as t h e  e l e c t r o l y t i c  solvent because o f  i t s  r e l a t i v e l y  

ir -w c r i t i c a l  temper3turc a i d  pressure. Sodium amalgam elect rodes are being 

vced since thLs2 can b e  preps r .d  unddr vacuum a f t e r  bake out .  

dzscussions o f  these aspects have been given i n  e a r l i e r  q u a r t e r l y  repor ts .  

More d e t a i l e d  
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Figure 1 .  Amalgam Concentration Ce l l  w i th  
Electrode Amalgams i n  Place. 
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2.2 Cells 

2.2.1 C e l l  56 

C e l l  56 was a standard h igh  pressure electrochemical  c e l l  ( F i g .  I ) .  The 

lead t ips ,  which contact  t h e  sodium amalgams, were p l a t i n i z e d .  The e lec-  

t r o l y t e  was Nat dissolved in NH I n  t h i s  c e l l  p a r t  o f  lead A was 

exposed t o  the  e l e c t r o l y t e  due t o  excessive mercury evaporat ion dur ing  

bake out  p r i o r  t o  f i l l i n g .  

t h i s  exposure. 

through t h e  bomb head and covered w i t h  f i b e r  g lass t u b i n g  wh i le  the  c e l l  

was immersed i n  a dry  ice-methanol s o l u t i o n .  The mounted c e l l  was then 

suspended i n  the  bomb by i t s  leads. 

3' 

We d i d  not  f i n d  any e f f e c t s  a t t r i b u t a b l e  t o  

The leads o f  c e l l  56 were soldered t o  t h e  leads passing 

The emfs between the  p a i r s  o f  h a l f  c e l l s  D-A, B-A, C-A, and B-C, were 

measured as a f u n c t i o n  o f  temperature from 21.3 t o  71.7 C. The experiment 

was terminated because the  pressure i n  the pressure chamber dropped suddenly 

and the c e l l  broke. The data, compiled i n  Table 1, a re  p l o t t e d  i n  Figs. 2 

( E  vs  T) and 3 (E/T vs T). 

0 

I n  o rder  t o  examine the accuracy o f  the  measurements we compared the emfs 

d i r e c t l y  measured between one p a i r  o f  h a l f  c e l l s  and those c a l c u l a t e d  from 

measurements between t w o  o ther  pa i rs .  The d i r e c t l y  measured B-C emfs are  

l i s t e d  i n  column 2 o f  Table 2. The B-C emfs i n  the  t h i r d  column have been 

ob ta ined by t a k i n g  t h e  d i f fe rences  between the  B-A and C-A emfs. 

l a s t  column, the  d i f fe rences  between the  two sets o f  values f o r  the B-C 

emfs ({.e., those i n  columns 2 and 3) are given i n  m i l l i v o l t s .  

I n  the  

The average 
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d i f f e r e n c e  between the  two sets  of  values i s  h a l f  a m i l l i v o l t .  T h i s  i s  

b e t t e r  than the  t 1$ accuracy o f  the Hewlett-Packard 412A used for t h i s  

set o f  measurements. 

C e l l  56 shows t h e  emfs t o  be i n t e r n a l l y  cons is ten t  w i t h i n  the  l i m i t s  of our 

measurements. More accurate measurements were no t  taken because of i n s t a -  

b i l i t y .  

t u r e  from 20 t o  7OoC, as i s  t r u e  f o r  c e l l  64. 

Figs.  2 and 3 show t h a t  the emfs and E/T were l i n e a r  w i t h  tempera- 



. 

W 
In 
-I a 
w 
0 

cz 
0 
LL 

l- 
a 
a n 
LL 
x 
W 

- 
W 
4 

I- 

m a 

In 
- I -  

I d 4  
0 > 

- -  c 

I l l + l  I I 

$ 
0 
9 

n 
f 
0 
0 

In 
o\ 

0 
0 

c 
t- 
0 
0 
9 

cu 
0 
0 
0 

In cu 
0 
0 
0 

f n 
0 
0 

Q p ' 9 o p Q p  + 

0 0 0 0 0 0 0  

0 0 0 0 0 0 0  

0 0 0 0 0 0 0  

-9 - 



. l t  

.14 

.12 

. 1  

.08 

.06 

.04 

.02 

n - 
0 

A -C 

B -C 
w 
I 

h 

I 
A t. 

I m 1 I 

20 40 60 80 
0 Temperature C 

100 

F igure  2. Emfs  f o r  C e l l  56 as a Funct ion 
o f  Temperature 

-10- 



i 

2 

\ 
m 
w 

0 

7 

0 > 

0 

X 

I- 
\ 
W 

A- - 

4.5 

4.0 

3.5 

3 .c 

2.: 

2 .c 

1 . 5  

1 .c 

0.: 

0 

A -B 

B -C e 
P, 

-0-2: 
0 20 

F 

40 60 80 
Temperature OC 

100 120 

gure 3. E/T f o r  C e l l  56 as a Funct ion 
of Temperature 



i 

. 

TABLE 2. COMPARISON OF T H E  D I R E C T L Y  MEASURED 

E M F ' S  OF B-C W I T H  THOSE CALCULATED 

FROM B-A AND C-A FOR CELL 56 

TEMPERATURE 
C OK 0 

21.3 294.5 

38 .o 311.2 

51 .o 324.2 

59.0 332.2 

58 .o 331 -2 

71 07 344.9 

49 .O 322.2 

E( B -c)  
VOLTS 

-0.00485 

-0.0043 

-0.00 195 

+o .0007 

-0.0002 

-0.00025 

-0.0034 

E(B-A)-E(c-A)  
VOLTS 

-0.0045 

-0.0039 

-0.0035 

+o .oo 1 

0 .ooo 

0 .ooo 

-0.002 

D I F F E R E N C E  
MV 

0.3 

0.4 

1.6 

0 

0 

0 

1 

-12- 



2.2.2 Ce l l  57 

C e l l  57 was l i k e  56 i n  i t s  cons t ruc t ion  except e lec t rodes  A and B had exposed 

leads. Before mounting the c e l l  i n  the  pressure chamber, the  g lass sur face 

was washed wi th  c o l d  acetone t o  remove d i r t  and o i l .  Then the c e l l  was 

wrapped w i t h  a t h i n  t e f i o n  sheet. When the chamber was sealed, i t  was 

evacuated u n t i l  t he  spur ious p o t e n t i a l s  between the c e l l  leads and the  

chamber wa l l  dropped t o  30 microvol ts .  Dur ing evacuation, the chamber was 

cooled i n  order  t o  prevent the c e l l  from r u p t u r i n g  s ince the  i n t e r n a l  

pressure o f  the c e l l  i s  about 8 a tm.  a t  2OoC. 

Chronopotentiograms were measured a t  room temperature. The c e l l  cur ren t  was 

v a r i e d  from 0.65 microamp t o  7 m i l l  iamp., and the working e lec t rode was 

used e i t h e r  as a cathode ( reduc t ion)  o r  as an anode (ox ida t i on ) .  

ference was observed between the chronopotentiograms a t  o x i d a t i o n  and a t  

reduc t ion  o r  a t  d i f f e r e n t  current  s e t t i n g s .  Furthermore, there  were no 

i n f l e c t i o n  po in ts .  The lack  o f  i n f l c c t i o n s  cou ld  have been caused by l ack  

of s t a b i l i t y  i n  the  power supply. Th i s  e f f e c t  was noted on c e l l  58 and has 

since been corrected.  

supply, no meaningful data were co l l ec ted .  

No d i f -  

Because o f  the inadequate performance o f  the powcr 

0 
C e l l  57 was recyc led  tw ice  from room temperature t o  above 1:O C.  Dur ing 

t h e  second cycle,  the temperature was ra i sed  above the c r i t i c a l  temperature 

and the c e l l  broke. 

most s tab le  p a i r )  as a func t ion  o f  temperature. 

g iven  i n  Table 3 and p l o t t e d  i n  F ig .  4. 

Emfs were measured between e lec t rodes  A and D ( t h e  

These rneasurcrmts a re  
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I t  i s  Seen t h a t  the  emfs l eve l  o f f  between 80 and lCO°C and begin t o  drop 

above l l O ° C .  Th i s  t rend  i s  probably due t o  r i s i n g  i n t e r n a l  res is tance as 

the temperature was raised. The i n t e r n a l  res is tance o f  t he  c e l l  between 

e lec t rodes  A and D was approximately 7 x 10 
6 

ohms a t  68OC. Th i s  measure- 

ment was performed a f t e r  the f i r s t  emf versus temperature run us ing  an 

WT412A VTVM. The two sets  o f  emf data d i f f e r  a t  low temperatures by as 

much as 5 6 .  T h i s  may be due t o  non-uni formi ty  i n  the amalgams a t  the  

beginning o f  the run. 

e q u i l i b r i u m  a t  about 70°C above which the  r e s u l t s  o f  the  two runs a re  the 

Heat ing of the  amalgams a l lowed them t o  come t o  

same. A t h i r d  cyc le  would have v e r i f i e d  t h i s  conclus ion about the lo:.r 

temperature data. Analys is  ind ica ted  the need f o r  i n s u r i n g  t h a t  both the 

e i e c t r o l y t i c  and amalgam so lu t ions  a r e  uni form. For t h i s  reason, on run 

64., we in t roduced the use of  u l t r a s o n i c s  which resu l ted  i n  J very marked 

increase i n  s t a b i l i t y .  

c 
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TABLE 3. EMF DATA FOR CELL 57 FROM TWO DIFFERENT I.UNS 

(EMF was measured between e lec t rodes  A and D) 

TEMP., EMF, E/Tx 1 Oo, 4 
C VOLTS VOLTS/ K -- 

F i r s t  Heating 
25.0 0.035 1.173 
30.3 0.044 1.451 
33.3 0.048 1 . 5 6  
36.0 0.050 1.617 

4k.5 0.060 1.688 
45.8 0.065 2.037 

a ~ . b  0.072 2.229 

k1.7 0,056 1.776 

51.2 0.075 2.311 
56.9 0,081 2.453 
54.2 0.089 2.716 
58.2 0.098 2.957 
59.9 0.114 3.422 
62.2 0.125 3.726 
63.1 0.132 3.925 
63.3 0.136 4.041 

65.6 0.146 4.306 
_ -  

06.2 0. i52 4.476 
67.5 0.160 4.694 
69.0 0.166 4.850 
70.4 0.173 5.034 
71.0 0.161 5.258 
71.6 0.164 5.336 

72.4 0.189 5.468 
72.4 0.166 5.361 

4 TbMP., EMF, E/TxlOo, -- C VOLTS VOLTS/ K 
73.3 o . ig i  5.512 

74.4 0.194 5.561 
74.7 0.194 5.576 
75.4 o.ig6 5.622 

76.8 0.198 5.657 
78.4 0.199 5.659 
76.7 0.200 5.683 

79.5 0.201 5.698 

76.4 0.197 5.635 

79.0 0.2005 5.692 

80.6 0.202 5.709 
82.4 0.204 5.736 
63.8 0.2045 5.726 
90.2 0.207 5.636 

96.6 0.210 5.676 
100.9 0.213 5.693 
103.3 0.213 5.657 

93.6 0.210 5.725 

i I U J . 6  nr 2.212 5.536 

106.9 0.211 5.551 
109.6 0.210 5.465 

113.1 0.206 5.384 
110.6 0.208 5.419 

115.4 0.202 5.196 
116.2 0.197 5.059 

TEMP., EMF E/TxlOo, 4 

OC VOLTS VOLTS/ K - -  
Second Heat i n-9 

20.4 0.076 2.588 

30.0 0.060 2.636 
34.0 0 . ~ 8 3  2.701 

25.0 0.079 2.649 

40.0 0.069 2.641 
45.0 0.096 5 Oid 

55.0 0.121 3."bd 
60.0 0.143 q.23: 

65.0 0.156 4- 612 
70.0 0.17;' 5.157 
75.0 0.199 5.1t56 
80.0 0.197 5.s77 
85.0 0.2005 5.597 
90.0 0.201 5.534 

100.0 0.201 5.385 
io:.o 0.2005 5.30: 
! !c! 0.2nC! 5-21? 

0.230 5.151 115 
120 0.199 5.061 
125 0.195 4.897 

0.190 4.712 130 
175 0 .  16~!-5 4.519 
140 ' 0.161 4 . 3 t O  

95.0 0.2015 5.4-72 
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2.2.3 C e l l  58 

C e l l  58 was l i k e  56 and 57 except t h a t  on l y  e lec t rodes  B and C were p l a t i n i z e d  

and sodium iod ide  was not added, t o  see whether s u f f i c i e n t  e l e c t r o l y t e  i s  

produced by the  reac t i on  of  sodium w i t h  ammonia t o  operate the  c e l l .  The 

c e l l  was prepared and loaded by the came technique used f o r  c e l l  57. 

I t was not poss ib le  t o  measure the conduc t i v i t y  of  the  s o l u t i o n  o r  t o  make 

chrcnopotent iornetr ic measurements because the power supply was not  p r o v i d i n g  

a consts i l t  cur ren t .  

?he  e.nfs '+ tween z!ectrocies 9 and C were measured from room te l  pera ture  t o  

'59 C, i.e., approximately 15 degrees above the c i i t i c a l  temperature of the  

e lec ' ro !yc ic  s o l u t i o n .  These data a re  given i n  Table 4 and F ig .  6. I t  

lower tcnperatures (50 ,  60 and 190 C, respec t ive ly ) ,  h a l f  an hour was 

a l lowed f o r  equ i l ib r ium,  whereas a t  h icher  temperatures o n l y  a few minutes 

were a l l o m J .  

and determine e q u i l i b r a t i o n  times needed t o  produce v a l i d  readings bu t  

c e l l  58 broke a t  150°C. 

I50 atnospttsres, the i n t e r n a l  pressure i n  the c e l l  must have been h;$er 

than we had a n t i c i k a t e d .  

0 

0 

k e  planned t o  come back a f t e r  reaching h igher  temperatures 

Since we subjected i t  t o  an ex te rna l  pressure of 

On a t e n t a t i v s  basis, r e q u i r i n g  conf i rmat ion,  we b e l i e v e  t h a t  the  e q u i l i -  

b r i m  cmfs  o f  our amalgaol concentrat ion c e l l s  i n  F ig .  6 a r e  independent 

of the s t a t e  o f  the e l e c t r o l y t i c  so lu t ions,  i.e., whether l i q u i d  o r  gaseous. 

The process t a k i n g  p lace a t  the sodium-poor e lec t rode  i s  

-16- 



Na+(  NH3) + e-( ama 1 gam) = Na( ama 1 gam) 

and a t  the sodium-rich electrode, 

Na(ama1gam) = Na+(NH 3 ) + e-(amalgam). 

I f  we add these equations, we obtain 

Na(X2 i n  amalgam B )  = Na(X2 i n  amalgam C ) .  

Thus, the s ta te  of the e l e c t r o l y t i c  solution does not enter i n t o  the over- 

a l l  change i n  s ta te .  

amalgam state.  

The emfs should therefore be independent o f  the 



TABLE 4. EMF DATA FOR CELL 58 

The emf was measured between electrodes C and B 

3 TEMPERATURE, EMF, E/TxlO , 
C 

23 .O 

25 .O 

0 - 

30 .o 

35 .o 

40 .O 

45 .O 

53.4 

52 .o 

81 .d 

99.1 

100.7 

105.0 

110.0 

115.0 

120.0 

125 .o 

130.0 

135.0 

140.0 

145 .O 

150.0 

K 0 - 
296.2 

298.2 

303 -2 

308.2 

313.2 

318.2 

326.6 

325 -2 

354 -8 

372.3 

373.9 

378.2 

383.2 

588.2 

393 2 

398.2 

403.2 

408.2 

413.2 

418.2 

423.2 

VOLTS 

0.419 
- 

0.4185 

0.416 

0.414 

0.41 2 

0.41 1 

0.432 

0.426 

0.508 

0.558 

0.569 

0.578 

0.590 

21.597 

0.608 

0.620 

0 A35 

0.652 

0.672 

0 .@o 

0.712 

-20- 

VOLT s /OK 

1.414 

1.403 

1 -372 

1.343 

1.315 

1.291 

1.322 

1.309 

1.431 

1.498 

1.521 

1.528 

1 9539 

! .537 

1.54b 

1.557 

1.574 

1 0597 

1.626 

1.649 

1 A82 



0 -75 

0.70 

0.65 

0.60 

0.55 

0.50 

0.45 

0.40 

\ 
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120 1 40 

F igure  6. C-B E m f s  o f  C e l l  58 as a Funct ion 
of Temperature 
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2.2.4 C e l l  64 

The c e l l  was prepared w i t h  f i v e  other c e l l s  and s to red  a t  O°C. A t  t h a t  

t ime e lec t rode  A was so l i d ,  had a bubble under it, and looked much l i k e  

d i r t y  z i n c  sponge. 

s l i g h t  scum on the amalgam surface. 

Electrodes B, C and 0 were l i q u i d  and had o n l y  a 

Before a t t a c h i n g  t h e  c e l l  t o  the h igh  pressure bomb head, i t  was sub- 

j e c t e d  t o  two treatments w i t h  u l t r a s o n i c  a g i t a t i o n .  The f i r s t ,  l a s t i n g  

an hour, was c a r r i e d  ou t  w i t h  the c e l l  immersed i n  a dry ice-methanol 

so lu t i on .  

measured w i t h  a Hewlett-Packard 412A vacuum tube voltmeter. A f t e r  f ou r  

h m r s  storage a t  9 C the  emfs were again measured, t h i s  t ime w i t h  t h e  

C a l i b r a t i o n  Standards E lec t ron i c  Potentiometer, and were f o u n d - t o  be 

s tab le  and lO-25$ lower than those measured a f t e r  t he  a g i t a t i o n .  

c e l l  was then a g i t a t e d  f o r  an hour in a 9 C r e f r i g e r a t o r .  

a g i t a t i o n ,  e lec t rode  C was solid,  the cell was warm t o  t h e  touch and 

was bubb l ing  a t  a h igh  r a t e  due t o  the  h i g h  temperature. 

second a g i t a t i o n  the emfs m ? y  ckngec! 5-l0& and l i t t \ e  f u r t h e r  change 

was noted a f t e r  overn igh t  storage a t  1 C. 

As a r e s u l t  o f  the ag i ta t i on ,  the emfs changed about IO$ as 

0 

The 

A f t e r  t h i s  0 

During t h i s  

0 

Th- bomb leads were then soldered t o  the  c e l l  and covered wi th  t e f l o n  

s leev ing  and the e n t i r e  c e l l  was wrapped w i t h  t e f l o n  sheet. 

t o r y  work was done in  the  r e f r i g e r a t o r  so as t o  e l i m i n a t e  the  need for 

p l a c i n g  the  c e l l  i n  dry ice-methanol. Dur ing t h i s  work, e lec t rode  D was 

broLi.n o f f  about 1/4" from the g lass  and was sp l  iced us ing  small p ieces 

of cof?er wire.  The s p l i c e  has given us no t roub le .  

The prepara- 



The c e l l  was then placed i n  the  high pressure bomh, checked f o r  c o n t i n u i t y  

and pressur ized t o  40 atm. A f t e r  one hour i n  the  bomb, the  emfs were 

measured us ing  a C a l i b r a t i o n  Standards E l e c t r o n i c  Potent iometer DC1105. 

They were found t o  be very s tab le ( 5  0.1 m ic rovo l t s )  w i t h  respect t o  shor t  

term f l u c t u a t i o n s  and i n t e r n a l l y  cons is ten t  t o  2 7 m ic rovo l t s  (t O.Ol$). 

The temperature cyc le  shown i n  Fig. 8 was fo l lowed cont inuously  for s i x  

days. For the f i r s t  four  days, an A . P . I .  o p t i c a l  re lay  temperature con- 

t r o l l e r  was used but the temperature swing associated w i t h  t h i s  o f f -on  

c o n t r o l  o f  2 1 C caused v a r i a t i o n s  i n  the c e l l  emf as shown i n  F ig .  9 

(emf vs t ime w i t h  heater cyc le  shown). 

stopped us ing  the c o n t r o l l e r  and a r e  now c o n t r o l l i n g  the  temperature by 

s e t t i n g  the  cur ren t  and by wa i t i ng  f o r  e q u i l i b r i u m  (about 12 t o  24 hours). 

Though slow, t h i s  method has provided us w i t h  s tab le  temperatures. 

t o  leaks, the  long t i m e ,  requi red h i s  csused d i f f i c u l t i e s  i n  the pressur iza-  

t i o n  system. We p l a n  t o  rebu i l d  t h i s  system. 

0 

As a r e s u l t  of  t h i s  v a r i a t i o n  w 

Due 

Ce l l  64 has now been run f r o m  15' t o  55OC and i s  s t i l l  i n  the  h igh  pressure 

bomb. 

: O .  

z a t i o n  system w i l l  permit ,  then removing and s t o r i n g  the c e l l  wh i l e  we 

r e b u i l d  the system, 

The emf and F/T data i s  presented i n  Tables 5 and 6 arid F i g s .  9 and 

\!e a n t i c i p a t e  running c e l l  64 ' io as h igh  a temperature 3s the p ressu r i -  

The i n t e r n a l  consistency o f  c e l l  64 has been e x c e l l e n t  t o  date. On a l l  

runs checked i t  i s  w i t h i n  O . l $  or b e t t e r .  La ter  runs w i t h  t h i s  c e l l  

should v e r i f y  our p r e d i c t i o n  2nd t e n t a t i v e  conclus ion t h a t  the c e l l  emf 

i s  independent o f  the e l e c t r o l y t e  s ta tc .  
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2.3 Equipment Mod i f i ca t i ons  

Dur ing t h i s  quar te r  two equipment improvement p r o j e c t s  were c a r r i e d  out.  

F i r s t  the vo l tage d i v i d i n g  network o f  the constant cu r ren t  power supply 

was replaced. The new 1000 v o l t  b a t t e r y  source has pe rm i t ted  the  i n t e r n a l  

impedance t o  be increased t o  above 10 7 0 and the  range t o  1000 MA. 

The second improvement consisted o f  ref inements t o  the bomb s h i e l d  ng. 

A ground w i re  was run t o  a water p ipe  ground and connected t o  prov de 

a continuous s h i e l d  f o r  the leads from the bomb t o  the se lec tor  switch.  

T h i s  ground reduced the spurious emfs t o  the l i m i t  o f  instrument reso lu -  

t i o n  ( 1  V V ) .  

-31 - 



2.4 

The th ree  c e l l  parameters ( t h e  length L, the  e f f e c t i v e  

A and the  c e l l  constant K )  of c e l l  62 have been determ 

descr ibed i n  our second q u a r t e r l y  repor t  (21 November 

C h a r a c t e r i s t i c s  o f  the Conduct iv i ty  C e l l  

1965) 

cross sec t iona l  area 

ned by the  techniques 

96b-20 February 

Using the  measured geometrical dimensions o f  the c o n d u c t i v i t y  tube, we 

obta ined a c e l l  constant of  23.14 cm” . 

Using the e f f e c t i v e  area and e f f e c t i v e  length  determined by the d ip- rod 

method w i t h  mercury and w i t h  a rod diameter of 0.328 cm, we obtained a 

c e l l  constant o f  22.14 cm . -1 

0 
Using the  known c o n d u c t i v i t y  o f  mercury a t  20 C and the res is tance of 

t h e  mercury column in  the  c o n d u c t i v i t y  tube measured w i t h  and wi thout  

a d i p  rod, we obta ined t h e  f o l l o w i n g  values o f  c e l l  constant: 

Rod Diameter, cm 

None 

0.205 

0.328 

0.404 

K, cm-’ 

24 .OO 

24.00 

23 999 

23 993 

The res is tance o f  the mercury column was determined from the  slope o f  the  

vo l tage-current  curves. 

Despi te knowing the length  L of  the  c o n d u c t i v i t y  tube t o  1% by several 

methods there  i s  a 4% e r r o r  i n  cel l  constant.  We a r e  now i n  the  process 

of  f i n d i n g  i t s  cause and of learn ing t o  make and c a l i b r a t e  more accurate 



Perhaps a p a r t  o f  t h i s  e r r o r  i s  due t o  the  f a c t  t h t  t h e  c o n d u c t i v i t y  tubes 

in  our c e l l s  a r e  made out  of ord inary g lass tubing, t h a t  may be out of 

round and consequently not uni form i n  cross-sect ional  area. Th is  con- 

u n i f o r m i t y  i s  probably a major cause o f  the  s c a t t e r i n g  o f  the  K va3::es. 

I n  order  t o  e l i m i n a t e  t h i s  geometrical e f f e c t ,  we are  f a b r i c a t i n g  a test 

c e l l  i n  which the  c o n d u c t i v i t y  tube i s  made out  of  prec is ion-bore tubincj. 

We p l a n  t o  measure the c e l l  constant o f  t h i s  c e l l  by t h e  same techniques 

used prev ious ly .  

-33- 



2.5 

The pressure chamber has u s u a l l y  been evacuated t o  remove a lcohol  and 

water from the c e l l  surface. This  need and the  r e l a t e d  e f f e c t s  have been 

b r i e f l y  checked i n  order  t o  see whether we had missed any p e r t i n e n t  aspects 

or data. 

E f f e c t s  Due t o  Contamination o f  Glass Surfaces 

An empty c e l l  was dipped i n  a dry i c e  a lcoho l  mixture,  wrapped w i t h  a 

t h in  t e f l o n  sheet, then mounted ins ide  the  pressure chamber. 

apprec iab le emfs between the c e l l  leads and between the  leads and the  

chamber w a l l .  These emfs ranged from 0.077V t o  0.430V w i t h  source ir:!-ec!- 

ances o f  t he  order  o f  5 x 10 ohms. Some o f  these e l e c t r o n o t i v e  forces 

decreased s lowly  w i t h  time. 

There were 

5 

I n  order  t o  remove the  water o r  a lcoho l  from the sur face o f  the ce l l ,  t ! ~  

chamber con ta in ing  the  c e l l  was evacuated w i t h  a mechanical pump fo:- :? 

minutes. 

mately ten  thousand. 

vacuum d i d  not seem t o  a f f e c t  the res idua l  e lec t romot ive  forces.  

Th is  procedure reduced t h e  spur ious emfs by a f a c t o r  o f  ap:,se ....:'- 

0 Subsequent heat ing  t o  120 C w i t h  the  chamber tir.2e: 

I 
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3. THERMODYNAMIC ANALYSIS OF SODIUM AMALGAM CONCEHTRATION CELLS 

3.1 I n t r o d u c t i o n  

Our recent vo l tages a r e  s t a b l e  t o  one p a r t  i n  10 . I n  add i t ion ,  we have 

been measuring temperature c o e f f i c i e n t s  over most o f  the  l i q u i d  range. 

We t h e r e f o r e  have c a r r i e d  out the f o l l o w i n g  a n a l y s i s  both t o  see how we 

can use our experimental data f o r  o b t a i n i n g  o ther  thermodynamic q u a n t i t i e s  

as w e l l  as f o r  probing i n t o  t h e  sources o f  the r e l a t i v e l y  l a r g e  temperature 

dependence o f  E/T. 

6 

The equat ion we der ived f o r  the  s implest  model of the  amalgam concentra- 

t i o n  c e l l  compatible w i t h  our condi t ions includes a higher order  term. 

Under our experimental condi t ions t h i s  term i s  o f  t h e  order  o f  4 x IO 

v o l t s .  From t h i s  we must conclude t h a t  the r e l a t i v e l y  la rge  observed 

ternporature c o e f f i c i e n t s  of  E/T a re  due t o  a f a i l u r e  i n  one o f  t h e  assump- 

t i o n s  l i s t e d  i n  the next paragraph. 

-14 



3.2 Thermodynamic Ana lys is  

I n  the  f o l l o w i n g  treatment o f  the  sodium amalgam concent ra t ion  c e l l ,  we 

neglect  (a )  s o l u b i l i t i e s  i n  the  e l e c t r o l y t i c  s o l u t i o n  o f  the components 

of the  amalgam e lec t rodes  (sodium and mercury); ( b )  t ranspor t  o f  the 

so lvent  w i t h  t h a t  o f  the ions; ( c )  p a r a s i t i c  reac t ions  o f  the  so lvent  

w i t h  the  amalgams, ( d )  s o l v a t i o n  o f  the components o f  the amalgam, (e )  

o x i d a t i o n  o f  i od ide  a t  anode, ( f )  phase separat ions i n  the  amalgam elect rodes,  

and (9) the  ex is tence o f  more than one species o f  sodium i n  the amalgam. 

The bas ic  opera t ion  o f  the  c e l l  i s  the t r a n s f e r  o f  dN equ iva len ts  o f  

sodium from amalgam A ' ,  w i t h  mole  f r a c t i o n  o f  sodium X I ,  t o  amalgam A", 

w i t h  composi t ion X I ' .  The whole system i s  under a s i n g l e  pressure due 

t o  the  s i n g l e  e l e c t r o l y t i c  so lu t i on  which i s  a t  a s i n g l e  temperature. 

The pressure due t o  the so lu t ion ,  which i s  the vapor pressure when the 

s o l u t i o n  i s  i n  the  l i q u i d  s t a t e  and the  pressure o f  the  s o l u t i o n  i t s e l f  

when i t  i s  i n  the gaseous s tate,  i s  always many orders o f  magnitude grea ter  

than the  vapor pressures o f  the  amalgams under our range of  experimental 

cond i t ions .  

I n  the f o l l o w i n g  we develop the  necessary equat ions by us ing  two d i f f e r e n t  

approaches. F i r s t ,  the increase i n  the  Gibbs f u n c t i o n  f o r  the  system i s  

der ived  f o r  the  passage o f  current  through the  system. 

system i s  d i v ided  i n t o  th ree  subsystems, each e l e c t - o d e  being separated 

from the  e l e c t r o l y t i c  s o l u t i o n  by w a l l s  t h a t  a re  semi-permeable t o  Na . 
One subsystem conta ins the  amalgam A ' ,  the second the  o ther  amalgam A", 

and the t h i r d  the e l e c t r o l y t i c  so lu t i on .  Each system i s  under the  same 

Second, the  

+ 
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pressure, p, and temperature, T. Then the  increase i n  the  Gibbs f unc t i on  

i s  der ived  f o r  t he  same change i n  s t a t e  o f  the  system as t h e  f i r s t  case, 

i.e., when the  t ransformat ion was associated w i t h  t h e  passage o f  cur ren t .  

In  an amalgam concentrat ion c e l l ,  Na ( X I  i n  Hg)/Nal ( X 2  i n  NH )/Na ( X I '  i n  

Hg), the  two h a l f  cell reac t ions  are  

3 

and 

Hg 
Na+ (X2)NH3 + e- = N a  ( X I ' )  

anode 

cathode ( 2 )  

The e l e c t r o l y t i c  so lu t i ons  i n  each h a l f  c e l l  a re  i d e n t i c a l  (except f o r  

t he  d i f f e r e n c e  i n  the  t r a c e  s o l u b i l i t i e s  of the amalgams), hznce there  i s  

no t i q u i d  ( o r  gaseous) j u n c t i o n  p o t e n t i a l  i n  the  c e l l .  

The ne t  process i s  the  sum o f  the above equat ions.  

H9 
Na ( X I )  = Na ( X " )  

H9 
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3.2.1 

Assume t h a t  there  i s  a s i n g l e  temperature and a s i n g l e  pressure i n  the  system. 

Passage o f  Current Through the System 

Mechan i ca 1 Diathermic 
Wall Wall 

P 
/ 

P 

The change 

Semi-permeable 
Memb ra ne s 

i n  i n t e r n a l  energy U o f  the system i s  then, 

dU = Q - Wm - We 

or, i f  the  t ransformat ions are  c a r r i e d  out  reve rs ib l y ,  

where dN i s  the  number of Faradays o f  e lec t rons  passed across the  boundary. 

The change i n  the  Gibbs funct ion,  G = U + PV - TS, i s  

dG E -SdT + Vdp - EFdN (4) 



3.2.2 Transpor t  o f  Na from One Amalgam t o  the  Other a t  Constant Temperature 

and Pressure 

The same change i n  s t a t e  i n  the  system w i l l  now be examined by an a l t e r n a t i v e  

procedure. 

w i l l  be in t roduced between each amalgam and the  e l e c t r o l y t i c  so lu t i on .  

+ Two semi-permeable membranes which a re  permeable on l y  t o  Na 

E 1 ec t  r i ca 1 
Mechanical W a l l  
/ 

Leads / / D i a t  
I+ 1- I I 

I I  System I I  

h e m i c  W a l l  

1 Adiabat ic  W a l l  J 

By assumptions, and equat ion (3), the  o n l y  e f f e c t  o f  passage o f  dN e lec t rons  

through the system a t  constant T and p i s  the t r a n s f e r  o f  dN moles of sodium 

from amalgam A '  t o  A", bo th  amalgams being a t  T,p. The o v e r a l l  change i n  

s t a t e  i s  

where n I i s  the  number o f  moles of Hg i n  A '  and n2I t h a t  o f  Na i n  A ' .  The 1 

subsc r ip t s  i and f r e f e r  t o  the  i n i t i a l  and f i n a l  s ta tes .  
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The change i n  the  Gibbs  f unc t i on  f o r  the change i n  s t a t e  a t  constant p,T 

i s  determined as f o l  lows: 

( i)  Reduce the  pressure on amalgam A '  a t  constant T from p t o  p ' ,  

and on A" from p t o  p", the p '  and p" being the vapor pressures o f  sodium 

i n  the  amalgams. 

and 

( i i) Revers ib ly  t r a n s f e r  3N moles o f  Na from A '  t o  A!! 

AG = AudN 

w h e r e u '  i s  the  chemical po ten t i a l  o f  sodium i n  A ' .  Th is  e q w t i o - :  

s imply de r i vab le  by vapor iza t ion  o f  dN moles o f  Na from A '  a t  constzfic 

p ' ,  f o r  which AG = 0, expansion of t h i s  vapor a t  constant temperature, 

f o r  which AG = 

i n t o  A" a t  constant p". 

Vdp = dN RTln(p"/p ' )  f o r  a p e r f e c t  gas, and condensation s 
( i i i )  Recompress the two amalgams from p '  and p" t o  p .  

AG = J Vf'dp 
P '  

and 

ffi = Vfl'dp 
PI I 

AG f o r  t he  overa l  I process i s :  
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I .  

c 

AG = A u * d N  + L l  ( V f '  - Vi')dp + J ( V f "  - Vi")dp 
PI ' 

The magnitudes of  the  l a s t  two terms w i l l  now be evaluated us ing  a number 

o f  reasonable s i m p l i f y i n g  assumptions. The compress ib i l i t y  of the amalgams 

i s  n e g l i g i b l e .  

The volumes a re  t rea ted  as a d d i t i v e  functions, i.e., 

V = n1Vl0 + n2Vz0 

V20 a re  subs t i t u ted  f o r  10' where molar volumes o f  the pure l i q u i d s  V 

the  p a r t i a l  molar volumes. 

Hg, and solute, Na, respect ive ly ,  and 0 t o  the pure l i q u i d .  

The subscr ip ts  1, 2,  r e f e r  t o  the  solvent 

Then 

AV' = V f l  - v i 1  = (n, + n2V20)f - (n l  'V l0 + n2v20)i 

n l f '  - n I i s  zero s ince no mercury has been t ranspor ted.  Hence li 

S im i la r l y ,  

AV" = dN Vz0 

PP PP 

= A p * d N  + V,(p' - p")dN 

Assuming t h a t  p '  = POX2', where Po i s  the vapor pressure o f  pure sodium, 
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3.2.3 The Vol tage as a Funct ion o f  Chemical P o t e n t i a l  a t  Constant T,p 

The vo l tage i s  measured a t  constant T,p. Hence we drop the  v a r i a t i o n s  i n  

T,p i n  equat ion (4), o b t a i n i n g  

PG = -EFdN (T,p constant )  (8) 

Equat ion ( 7 ) ,  which was der ived a t  cons*?:nt T,p, s ta tes  t h a t  

& = A l A * d N  + V P ( X  ' - X2")dN. 
20 0 2 

Since these changes i n  Gibbs func t i on  a re  f o r  the  same change i n  state,  

they a r e  equal, and the re fo re  

-EF A u + V20Po(X2'  - X2") .  ( 9 )  

This expression d i f f e r s  from the usual expression f o r  the  emf i n  the  

i n c l u s i o n  o f  the l a s t  term; whose magnitude we s h a l l  now est imate.  For a 

va lue of P o  o f  Na a t  400°K of 1.3 x 

o rde r  of 1 x 10-9 cal/mole o r  4 x 1 0 - l ~  v o l t s .  

f u n c t i o n  of temperature over the l i q u i d  range, the magnitude of t h i s  t e m  

decreases r a p i d l y  w i t h  decreasing t e m p e r a t u r e s .  Hence, fo r  the  assumptions 

made regard ing the c e l l ,  equation ( 9 )  reduces t o  

t o r r ,  t he  l a s t  term i s  o f  the  

Since P i s  an exponent ia l  
0 

-EF = A L L ,  

t h e  usual equat ion for the  amalgam concent ra t ion  c e l l .  

c 
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I - *  3.2.4 

The r e l a t i o n s h i p  o f  the vo l tage t o  chemical p o t e n t i a l ,  equat ion (IO), was 

der ived a t  constant T,p. 

the  vo l tage from equat ion (10) by two equ iva len t  methods. 

t h a t  o f  d i f f e r e n t i a t i n g  equat ion ( I O )  w i t h  respect t o  T, may appear t o  be 

unsa t i s fac to ry  t o  some o f  the  readers, s ince we a r e  d i f f e r e n t i a t i n g  w i t h  

respect t o  T, an equat ion which was der ived a t  constant T .  Therefore, we 

f o l l o w  t w i t h  an a l t e r n a t i v e  d i f f e r e n t i a t i o n  t h a t  i s  conceptual ly  s a t i s -  

f a c t o r y  a l though t h i s  process i s  completely equ iva len t  t o  d i r e c t  d i f f e r e n -  

t i a t i o n  Here, we w r i t e  down the expressions f o r  E a t  two temperatures, 

T and T s ince equat ion (10) i s  v a l i d  a t  any constant temperature. Then 

we take the 1 i m i t  as (Tb - Ta) -+ 0. 

Temperature C o e f f i c i e n t  o f  the Vol tage 

We s h a l l  deduce the  temperature c o e f f i c i e n t  o f  

The d i r e c t  method, 

a b 

We s h a l l  now c a r r y  out the d i r e c t  d i f f e r e n t i a t i o n  o f  equat ion (IO). 

convenience we r e w r i t e  equat ion (10) i n  terms o f  E/T as fo l lows:  

For 

R a" E =  - -In 7 
T F a  

D i f f e r e n t i a t i n g ,  we o b t a i n  

Thus, i f  our assumptions are  correct ,  t he  temperature dependence o f  E/T 

a r i s e s  on ly  through the  temperature dependence o f  the  r a t i o  o f  the a c t i v i t y  

c o e f f i c i e n t s  of  sodium i n  the two amalgams. Hence, the  temperature c o e f f i -  

c i e n t  o f  E/T should be very s m a l l  - i n  cont ras t  t o  our data. 



. 
I n  t h i s  connection, we have been reviewing t h e  l i t e r a t u r e  

sodium i n  amalgams, Sodium forms compounds r a t h e r  than s 

We p l a n  t o  discuss these data i n  a f u t u r e  progress repor t  

We s h a l l  now use the  second approach t o  der ive  dE/dT. 

Le t  

Then, 

AT = Tb - T a 

AE = E b - E  a 

AE = RTbln($>b - RTaln(al,a all 

on t h e  s t a t e  o f  

mple so lu t ions .  

ai I 

a '  
a a - RTaln - 
a 

al l  + &Ii 

= R(T + AT) ln  + a a 

a" + Aaii 
a 

a a 

ail + &Ii a '  + Aa' 
a 3 + RATln a '  +b '  = RT [ I n  ai, - I n  a '  

a 
a a 

Expanding I n  ( 1  + E) i n  a power ser ies,  

ail + 
a AE = RT rbii - - -  &I  + 0(Adi2)] + U T l n  a i  + &I 

a '-a" a '  a a a 

3 
Where O ( h l ' " )  i nd ica tes  the order of  the remainder o f  the  power series, 

L i m  - 1 da" ""'1 + R l n  7 ai' 
A T 4  AT a '  dT a 

or 

- -  dE RT a"/a ' )  + R l n ( a I I / a I )  
dT - 

T h i s  r e s u l t  i s  i d e n t i c a l  w i t h  t h a t  obta ined by d i r e c t  d i f f e r e n t i a t i o n  as 

used i n  the  f i r s t  approach, namely, 

- dE = - d [ R T ~ "  (ai i /al),  1 
dT dT 

-44- 



c 

. 3.3 Symbols 

A '  

A' ' Amalgam A" 

a '  A c t i v i t y  o f  Na i n  amalgam A '  

Amalgam A', which contains n,' moles o f  Hg, n moles of Na 2 

E Voltage o f  the c e l l  

F 

G The Gibbs function, where G = U + pV - TS 

Fa raday I s constant 

n '  Number of moles o f  Na i n  amalgam A '  2 

dN 

P Pressure on the amalgams 

P '  Vapor pressure o f  Na i n  amalgam A '  

The number o f  Faradays o f  e l e c t r i c i t y  passed through the c e l l  

T Temperature 

V '  Vol ume o f  amal gam A I 

Molar volumes of pure l i q u i d  Hg, Na respec t ive ly  50' "20 

X I  Mole f r a c t i o n  of  Na i n  amalgam A '  

Y' A c t i v i t y  c o e f f i c i e n t  o f  Na i n  amalgam A '  

U '  Chemical po ten t i a l  of Na i n  amalgam A '  

Superscr ip ts  

I 

4 1  

Amalgam A '  

Amalgam A" 
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c Subscripts 

1 

2 

i 

f 

a 

b 

Hg 

Na 

I n i t i a l  s t a t e  a t  a constant temperature 

F ina l  s t a t e  a t  a constant temperature 

Change i n  s t a t e  a t  temperature a 

Change i n  s t a t e  a t  temperature b 
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4. SUMMARY 

During t h i s  p e r i o d  we have stressed s t a b i l i t y  and i n t e r n a l  consistency o f  

the data. 

On c e l l  56, the i n t e r n a l  consistency o f  four  p a i r s  o f  e lec t rodes  was 0.5 

m i l l i v o l t s  from 21.3 t o  71.7OC. Th is  i s  a l i t t l e  b e t t e r  than the accuracy 

o f  the Hewlett-Packard 412A, VTVM, used f o r  t h i s  set  of  measurements. Emfs 

of  fou r  p a i r s  o f  e lec t rodes  were measured as a f u n c t i o n  o f  temperature and 

were l i n e a r  w i t h  respect t o  T.  E/T f o r  th ree  e lec t rode p a i r s  had a l a rge  

p o s i t i v e  temperature c o e f f i c i e n t .  We have not  ye t  determined unambiguously 

the  cause o f  t h i s  

va lues  o f  U T  and 

C e l l  57 was the f 

t h e  gaseous s t a t e  

l a rge  temperature c o e f f i c i e n t .  The f o u r t h  p a i r  had 

a small temperature c o e f f i c i e n t .  

r s t  c e l l  which was s tab le  when the  e l e c t r o l y t e  was 

sma 1 1 

n 

In c e l l  58, no s a l t  was added. Ve found tha t  enough s o d i u m  amide was produced 

by reac t i on  o f  sodium w i t h  ammonia to  prov ide  e l e c t r o l y t e .  The c e l l  was 

run from 25 t o  150°C w i t h  the highest temperature approximately 15 degrees 

above the  c r i t i c a l  p o i n t  of the e l e c t r o l y t i c  so iu t i o i i .  We ran  t e n t a t i v e l y  

conclude f r o m  the data tha t  t h e  e q u i l i b r i u m  emfs o f  these amalgam concan- 

t r a t i o n  c e l l s  a re  independent o f  the s t a t e  o f  the e l e c t r o l y t i c  so lu t i ons .  

With c e l l  b4 we achieved a two order  o f  magnitude s t a b i l i t y  and u n i f o r m i t y  

improvement. Th i s  was due t o  improved bomb s h i e l d i n g  and the use o f  u l t r a -  

sonic  a g i t a t i o n  which provided more un i fo rm e lec t rodes .  

de tec tab le  from 13 t o  50°C; tha t  i s ,  the shor t  term s t a b i l i t y  was 0.1 micro-  

No i n s t a b i l i t j  was 

v o l t s .  Comparison of  the  s i x  e lec t rode  p a i r s  o f  f ou r  e lec t rodes  gave an 
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i n t e r n a l  consistency o f  Z 7 mic rovo l t s  (an improvement o f  two o rde rs  o f  

magnitude over our best e a r l i e r  resu l t s )  a t  an average emf of about 100 

m i l l i v o l t s .  

w i l l  con t inue i n t o  the  next quarter.  

A t  56OC the  c e l l  i s  s t i l l  g i v i n g  good r e s u l t s  and measurements 

Large changes i n  the  c e l l  emf a re  noted f o r  c e l l s  58 and 6J+ a t  45O and 22OC 

respec t i ve l y .  These changes r e f l e c t  s t a t e  o r  composit ion changes i n  one 

e lec t rode  w i t h  respect t o  the other e lec t rodes .  

AD show changes. There was a change i n  s t a t e  i n  e lec t rode  A a t  24 C. T h i s  

s t a t e  change may be e i t h e r  physical  o r  chemical. 

I n  c e l l  64 p a i r s  AC, AB, 

0 

The c h a r a c t e r i s t i c s  of the  c o n d u c t i v i t y  

have rcached the  l i m i t s  o f  accuracy ach 

C e l l s  a re  be ing  f a b r i c a t e d  us ing  p r e c i s  

c e l l s  are  being redetermined. b!s 

evable w i t h  o rd ina ry  g lass  tub ing .  

on bore tub ing .  

No chemical analyses were run t h i s  per iod .  The f i r s t  c e l l  broke and c e l l  

64 i s  be ing  r e t a i n e d  i n  s i t u  for  f u r t h e r  s tud ies .  However, very accurate 

r a t i o s  of sodium compositions i n  the  var ious  amalgams a r e  de terminat le  from 

the  emfs. 

I n  t h i s  period, we have produced h i g h l y  s tab le  c e l l s  t h 3 t  a r e  i n t e r n a l l y  

cons i s ten t  an3 have t e n t a t i b e l y  shown t h a t  the e q u i l i b r i u m  emfs are  inde- 

pendent of whether tne  e l e c t r o l y t i c  s o l u t i o n  i s  i n  the  l i q u i d  o r  gaseous 

s ta te .  



5. PLANS FOR NEXT QUARTER 

Measurements of  the emfs o f  c e l l  64 w i l l  be continued. When we reach the 

l i m i t  o f  the p ressu r i za t i on  system the  c e l l  w i l l  be removed and s tored.  

We w i l l  then r e b u i l d  the  h igh  pressure bomb, -ep lac ing several leak ing  

valves and seals as we l l  as the cracked ceramic l i n e r  tube. Th is  c lean ing  

and r e b u i l d i n g  o f  the h igh  pressure'bomb w i l l  enable us t o  run overn igh t  

w i thout  a pump o r  ex te rna l  gas rese rvo i r .  

The determinat ion o f  the f a c t o r s  a f f e c t i n g  t h e  c e l l  constant w i l l  cont inue. 

I n  p a r t i c u l a r  we p lan  t o  fab r i ca te  a specia l  c e l l  us ing  p r e c i s i o n  bore 

tub ing  f o r  use i n  these s tud ies .  

The vacuum system f o r  the preparat ion o f  the samples has been i n  use f o r  a 

systzm has been cleaned a f t e r  each run i t  is  not  

l y .  The system w i l l  t he re fo re  be overhauled. 

long t ime. Although the 

pumping down s a t i s f a c t o r  

A n  adequate number o f  so 

new se r ies  o f  c e l l s  w i l l  

ium amalgam concent ra t ion  c e l l s  a re  on hand. A 

be prepared w i t h  Pb, Cd, Zn and T I  amalgam- 

i nso lub le  s a l t  e lec t rodes .  

The thermodynamic analyses w i l l  be extended. They a re  expected t o  produce 

a d d i t i o n a l  in fo rmat ion  on che amalgam concent ra t ion  c e l l .  
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