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ELECTROCHEMICAL CHARACTERIZATION 
O F  NONAQUEOUS SYSTEMS 

F O R  SECONDARY BATTERY APPLICATION 

M. Shaw, 0. A. Paez ,  A. H. Remanick 

ABSTRACT 

Multisweep cyclic vol tammograms have been obtained f o r  an  additional 161 

s y s t e m s  compris ing zinc, cadmium, molybdenum, indium, i ron,  vanadium, 

chromium, and manganese e lec t rodes  in dimethylformamide,  and propylene 

carbonate  solutions of chlorides,  perchlorates ,  and fluorides. 

j 

I 
, 
~ 

Vol tammograms a re  presented f o r  twenty-two of these  sys tems.  Tabular  

data  includes peak c u r r e n t  density,  sweep index, anodic -to -cathodic peak 

displacement ,  coulombic ratio,  and discharge capacity. Sys tems exhibiting 

ne i ther  anodic n o r  cathodic peaks a r e  l isted,  as well  as those causing in s t ru -  

ment  over load  due to a combination of high cu r ren t  and relat ively low conduc- 

tance.  



SUMMARY 

The e lec t rochemica l  charac te r iza t ion  of nonaqueous ba t te ry  s y s t e m s  by 

nultisweep cyclic vo l tammetry  has  been continued. Cyclic vo l tammograms 

are  now available on ove r  nine hundred sys t ems  compris ing s i lve r ,  copper ,  

nickel, cobalt, zinc, cadmium, molybdenum, indium, i ron,  vanadium, 

chromium,  and manganese in  chloride,  perch lora te ,  and fluoride solutions 

of acetoni t r i le ,  butyrolactone, dimethylfo rmamide ,  and propylene carbonate.  

4’ 
Solutes cons is t  p r imar i ly  of A l C l  LiC1, MgCl CaCl  Mg(C104)2, L i C l O  

3’ 2’ 2’ 
MgF2, LiPF K P F  Mg(PF6)2, Ca (PF  ) LiBF Mg(BF4)Z, and Ca(BF  ) 6’ 6’ 6 2’ 4’ 4 2’ 
The vol tammograms of twenty-two sys t ems  a re  included in  this  report .  

During this  reporting period cycl ic  vol tammetry was init iated on vanadium, 

chromium, and manganese electrodes.  In general ,  vanadium and chromium 

e lec t rodes  exhibit low o r  negligible cathodic e lec t rochemica l  activity due 

possible  to dissolution of the anodic product. Manganese e lec t rodes  show 

anodic and cathodic e lectrochemical  activity with large peak-to-peak voltage 

separat ion.  

Tables  a re  presented  l ist ing s y s t e m  pa rame te r s  der ived f r o m  the cycl ic  

vo l tammograms.  These tables  include da ta  on peak cu r ren t  densi t ies ,  sweep  

index, anodic -to-cathodic peak displacement,  coulombic ratio, and d ischarge  

capacity. 

peaks,  as &jell as those sys t ems  causing in s t rumen t  overload. 

Lis ted  a l so  a re  those sys tems exhibiting nei ther  anodic no r  cathodic 



I N T  RODU C T ION 

The purpose of this  p rogram is to conduct a molecu la r  level  screening by the 

cyclic vo l tammetr ic  method on a la rge  number of e lectrochemical  s y s t e m s  

in nonaqueous electrolytes ,  and to charac te r ize  them as to their  suitabil i ty 

f o r  u se  in  high ene rgy  density secondary ba t te r ies .  

Since the r e l ease  and s torage  of ene rgy  in a ba t te ry  is init iated at the mole -  

cu lar  level of the reaction, and therefore  dependent on the charge and mass 

t r ans fe r  processes ,  i t  is  essent ia l  that  screening be conducted a t  this level, 

in o r d e r  to e l iminate  those sys t ems  whose electrode p rocesses  a r e  inadequate I 

I 
I f o r  secondary  ba t te ry  operation. 
I 



I. RESULTS 

I A. ANALYSIS O F  CYCLIC VOLTAMMOGRAMS 

Table I lists the conductivities of the solutions used  in  preparing the e lec t ro-  

chemica l  sys t ems  screened  during this  quarter .  

shown in Tables  I1 and 111, representing a total  of 161 sys tems.  

cycl ic  vo l tammograms have been obtained f o r  ove r  900 different posit ive- 

e lectrolyte  combinations. 

The s y s t e m s  screened  are 

To date,  

I 
I 

Curve analysis  was accomplished by dividing all s y s t e m s  into two m a j o r  I 

I 

I groups : 

I 1. Sys tems involving chloride and perchlorate  e lectrolytes .  
I 

2. Systems involving fluoride electrolytes.  

Each m a i n  group was then subdivided according to the identity of the working 

electrode.  

the identity of the solvent portion of the solution. The cyclic vo l tammograms 

a r e  then d iscussed  in t e r m s  of the total solution. This classification fac i l i -  

t a tes  data  analysis ,  and has  permit ted a m o r e  significant cor re la t ion  among 

the e lec t rochemica l  sys tems.  

Each of these  subgroups was fu r the r  broken down according to 

Except  i n  those cases  where  the metal  is  converted to a cathodic ma te r i a l  

p r i o r  to a s s e m b l y  in the measur ing  cell, the working electrode is the base  

metal i tself .  

anodic product  which s e r v e s  a s  the cathode subsequently reduced during the 

cathodic portion of the sweep. 

charge -d ischarge  cycle. 

a s s u m e d  that  chloride cathodes would be fo rmed  in  chlor ide electrolytes ,  

and f luor ide  cathodes in  fluoride electrolytes.  

During the voltage sweep, the meta l  is  oxidized to some  

Each sweep cycle thus cor responds  to a 

In the absence of complicating factors ,  it is 

-1- 



I Each cyclic vo l tammogram is identified by a CV number  and labelled 

according to the electrochemical  system, sweep ra te ,  t empera ture ,  and z e r o  

re ference  represent ing the open circui t  voltage (ocv) of the working electrode 

with respec t  to the indicated re ference  electrode. 
2 

units of m a / c m  , each unit being of variable sca le  depending on the X-Y 

r eco rde r  sensit ivity setting. A maximum sensit ivity of 0. 1 m a / c m  / c m  

division h a s  been established to avoid exaggerating the c u r r e n t  background 

of poor  sys tems.  The sweep i s  always in a clockwise direction, the poten- 

tial becoming m o r e  positive to the right. 

(charge)  reactions,  and negative cur ren ts  represent  cathodic (discharge)  

reactions.  

The c u r r e n t  axis  is  in  

2 

Positive c u r r e n t s  r ep resen t  anodic 

, 
The voltage axis units a r e  relative to the ocv so that  voltage 

I units a r e  in  t e r m s  of e lectrode polarization. 

F o r  compara t ive  purposes ,  cu r ren t  density magnitude is  classif ied according 

to v e r y  high (more  than 300 m a / c m  ), high (100-300 m a / c m  ), medium high 

(50-100 m a / c m  ), medium low (10-50 m a / c m  ), - low (1-10 m a / c m  ), and 

v e r y  low (less than 1 m a / c m  ). 

2 2 i 
2 2 2 

2 

Analysis i s  based on the cyclic vo l tammograms obtained at the lowest sweep 

~ 

r a t e ,  40 m v / s e c ,  except where  additional information i s  required f r o m  the 

higher  sweep  r a t e  curves  to a id  i n  the analysis.  

- 2 -  



TABLE I 

ELECTROLYTE CONDUCTIVITY * 

Elec t ro ly te  Molality 

m 

, 0. 75 Dim e th y lfo rmami d e - K P F  

I 4 2  

6 

Dimethylfo r m a m i d e  - Li C10 

6 Dimethylformamide -LiPF 

Dimethylformamide-AlC1 t LiCl  (1) 3 
I Dimethylfo rmamide  - Li C1 0. 5 

I Dimethylformamide-Mg(Cl0 ) 0. 75 

0. 5 

0. 5 
4 

I 0. 5 
4 

Dimethylformamide - L i B F  

1. 0 6 
Propylene  carbonate  - K P F  

0. 5 6 Propylene  carbonate  -LiPF 

1. 0 Propylene  carbonate  - Li C10 

<o. 5 ( s )  

0. 5 (2) 

q’o. 5 ( s )  

;o. 5 ( s )  

<o. 5 ( s )  

4 

6 2  

4 

Dimethylformamide - Ca( PF ) 

Propy lene  carbonate-AlC1 t LiCl (3)  
3 

Propylene  carbonate-LiC10 t AlCl 

3 

2 

4 

Propylene  carbonate-CaC1 

Propy lene  carbonate  -L iBF  0. 5 

Dimethylfo r m a m i d e  - Mg (PF ) 

Propy lene  carbonate  -Ca(  PF ) 
6 2  

6 2  

6 2  P ropy lene  ca rbona te -Ca(PF  ) ( 0 .  25 (s )  

Conductivity 

ohm cm 
-1 -1  

2 . 1  x 

1 . 9  x lo-‘ 

9 .9  

7.7 

7. 3 x  

7 . 0 ~  

1. 8 x 

7.8 x 

5.8  x 

5.8 x 

5. 8 x l o m 3  

5. 6 x 

5. 3 x  

5. 3 x  

2.9 

2. 8 x 

2. 8 x 

2. 8 x l o m 3  

* 
( s )  Satura ted  
(1) 
(2) 

I n  o r d e r  of decreas ing  conductivity 

0. 5 m LiC1, sa tura ted  at l e s s  than 0. 25 m AlCl 
Concentration with r e spec t  to each salt 
0. 5 m AlCl 

3 

sa tu ra t ed  a t  l ess  than 0. 10 m LiCl 
3’ (3 )  

- 3-  



TABLE I (Cont'd. ) * 

Elect  ro lvte Molality 

m 

I 

Dimethylformamide - Mg (BF  ) 
4 2  

Propylene carbonate - Mg (PF ) 

Dimethylformamide -PF 

Propylene carbonate-MgC1 

Dimethylformamide -Ca(BF ) 

Propylene  carbonate  - Li C1 t Li C10 

P r o  pylene c a  rbona te - PF 

Propylene  carbonate-Ca(BF ) 

Propylene  carbonate  - Mg (PF ) 

Dimethylfo rmamide  - B F  

Propylene  carbonate -CaC1 

6 2  

5 

2 

4 2  

4 

5 

4 2  

6 2  

3 

2 

<o. 5 ( s )  

<O. 25 (s )  

0. 25 

<O. 25 

<.o. 5 ( s )  

(4) 

0. 5 

<O. 25 ( s )  

-*io. 25 (s) 

0. 5 

-,:o. 10 ( s )  

:;< 

(s 1 
In  o r d e r  of decreasing conductivity 
Sa  tu r a te  d 
0. 05 m in  LiClO sa tura ted  with LiCl 

4' (4) 

-4- 

Conductivity 

ohm c m  
-1  -1  

2.4  x 

2 . 4  x 

2 .2  

2. o 
1 . 9  

1. 3 x  

1. 3 x  

7. 3 x  

7. o 

8. 2 x 

6. 9 x 



TABLE I1 

ELECTROCHEMICAL SYSTEMS SCREENED 
CHLORIDE AND PERCHLORATE ELECTROLYTES 

Solvent '\--__I__ 
Li C1 

I 

LiCl t LiClO 
, 4 I 

LiClO t AlCl 
4 3 i 

I Mgc12 

. . 

Dimethylfo rmamide  
__- _.--I_ 

V, Cr,  Mn 

. . . . . . .  - . . . . . . .  ._-_ . I 

.. I--.--- _- 

V, Cr, Mn 

2 
CaCl i Zn, Cd, Mo, 

In, Fe,  V 
I 1 AlCl t L iCl  

3 In, V, C r ,  Mn 

I 

I 
I 

- 
I 
I ! 

...... - ....... . 

Propylene carbonate  
-- - --.- - 

----.---- . . . . . . . . . .  

V, C r ,  Mn 

Zn, Cd, Mo, 
In, Fe, V 

--.- .......... __ ...... 

-.----I ....... .- . ...... 

I Zn, Cd, Mo, 
In, Fe, V 4 . . ~  _,-l_ 

Mo, In, Fe 

1 . . . . . . . . . . .  --I _..-. 

Zn, Cd, Mo, I 
i 

In, Fe, V , 
..I --. ..___" . 

1 Mo, In, F e ,  
V, C r ,  Mn I 

_-. . . . . .  . __.____ j .-_I. 

-5 - 



TABLE 111 

Dim e th y If o r m a m i d  e 

ELECTROCHEMICAL SYSTEMS SCREENED 
FLUORIDE ELECTROLYTES 

Propylene carbonate  
--- 

6 
Li PF 

K P F 6  

Mg(PF6)Z 

Mo, In, Fe, Mo, In, F e ,  V 
V, Cry  Mn 

V, Cr ,  Mn V, Cr ,  Mn 

Zn, Cd, Mo, Zn, Cd, Mo, 
In, Fe, V In, Fe, V 

-.- - 

a (pF6 2 

PF5 

4 
L i B F  

Mg (BF4I2 

Ca(BF4)2  

I 

I Zn, Cd, Mo, In 
F e y  V, C r y  Mn 

Zn, Cd, Mo, In, Zn, Cd, Mo, In, 
F e y  V, C r y  Mn Fe, V, C r ,  Mn 

Zn, Cd, Mo, In, Zn, Cd, Mo, In, 
Fe ,  V, Cr ,  Mn Fey V, C r ,  Mn 

Zn, Cd, Mo, In, Zn, Cd, Mo, 
Fe ,  V, C r y  Mn In, F e ,  V 

Zn, Cd, Mo, In, I Zn, Cd, Mo, 
Fe ,  V, C r y  Mn In, F e ,  V 

Zn, Cd, Mo, In, Zn, Cd, Mo, In, 
Fe ,  V, C r y  Mn Fe, V, C r ,  Mn 

~ _ . _  - 

-_ *- .-" 

..- . 

- 6 -  



1. Systems Involving Chloride and Perchlora te  Elec t ro lv tes  

a. Zinc Electrode 

(1) Dimethylfo rmamide  solution 

Zinc i n  CaCl  

overload resu l t s  f r o m  the high cu r ren t  and low conductivity of this  sys tem.  

solution resu l t s  i n  voltage overload on the anodic sweep. The 2 

( 2 )  Propylene  carbonate solutions 

The cyclic vol tammogram f o r  zinc in  LiCl  t LiClO 

and cathodic cu r ren t s ,  but no well-defined peaks. Excess ive  concentration 

polarization is  indicated. 

solution shows low anodic 
4 

The cyclic vol tammogram for  zinc i n  LiClO 

anodic peak and no cathodic peak within the 2 volt scan. 

sweep range shows a cathodic peak at more  negative potentials. 

to-peak voltage separat ions have occurred for  zinc with L iC lO alone in  
4 

propylene carbonate (Ref. 1, Fig. 16), s i m i l a r  to that  observed  f o r  this 

system. solution exhibits voltage overload f o r  both anodic 

and cathodic processes  at v e r y  low cu r ren t  densi t ies ,  probably due to low 

solution conductivity. 

t A l C l  
4 3 

solution shows a single 

Expansion of the 

Large  peak- 

Zinc i n  C a C l  
2 

b. Cadmium Electrode 

(1)  Dim e thylfo rmamide  solution 

The cycl ic  vo l tammogram f o r  cadmium i n  CaCl  

F igure  1 (CV-2963). 

cathodic peak. 

f i r s t  anodic peak. 

solution is shown in  
2 

The curve shows multiple anodic peaks and a single 

The cathodic peak occurs  100 m v  m o r e  posit ive than the 

S imi la r  resu l t s  were  obtained e a r l i e r  in L i C l  solution. 

( 2 )  P ropy len e c a r bonat e so lut i o n s 

Cadmium in L i C l  t L i C l O  

activity,  with no peak formation,  s imi la r  to that observed  e a r l i e r  f o r  zinc 

in  this  e lectrolyte .  

solution shows only slight e lectrochemical  
4 

-7 - 



The curve f o r  cadmium in  LiC10 

(CV-3236). 

peaks. 

a single anodic and cathodic peak a r e  observed. 

quired to in t e rp re t  these resul ts .  

to those f o r  the zinc electrode. 

t AlCl  
4 3 

solution is shown i n  F igu re  2 

The curve  shows a s h a r p  anodic peak and two s m a l l e r  cathodic 

Curren t  densi t ies  a r e  i n  the medium range. At f a s t e r  scan  ra tes  only 

F u r t h e r  study would be r e -  

The resul ts  i n  CaCl  solution a r e  similar 
2 

c. Molybdenum Electrode 

(1)  Dimethylformamide solution 

Molybdenum is essent ia l ly  inactive i n  CaCl 

in L i C l  solution. 

solution, as was observed  e a r l i e r  
2 

(2) Propylene carbonate solutions 

The CV curve  f o r  molybdenum in LiC10 t A l C l  
4 3 

broad anodic peak of medium high cur ren t  density,  and  no cathodic activity. 

In L i C l  t L iClO 

activity and no cathodic activity. 

su l t s  i n  voltage overload with high anodic and no cathodic cur ren t .  

MgCIZ and  CaCl  

activity is indicated. 

solution shows a single 

solution, the curve  f o r  molybdenum shows low anodic 
4 

Molybdenum in  L i C l  t A l C l  solution r e -  
3 

In 

solutions, anodic voltage overload resu l t s  and no cathodic 
2 

d. Indium Electrode 

(1)  Dimethylformamide solutions 

The cyc l ic  vo l tammogram f o r  indium in L i C l  t A l C l  

F igu re  3 (CV-3392). 

posit ive cu r ren t .  

the low coulombic ra t io  (cathodic -to-anodic peak a r e a s ) .  

c u r r e n t  peak height ra t ios  a t  f a s t e r  sweep r a t e s  indicates  a soluble anodic 

product. 

solution is shown i n  
3 

A complex anodic react ion is  indicated by the multipeak 

Poor  charge-discharge efficiency is  predicted based on 

Comparison of 

-8 - 



Anodic voltage overload r e su l t s  f o r  indium in CaCl solution. 
2 

(2)  Propylene  carbonate solutions 

The cyclic vol tammogram fo r  indium i n  L i C l  t LiClO solution shows a low, 

broad anodic peak i n  the low c u r r e n t  density range, and vir tual ly  no cathodic 

cu r  rent. 

4 

Indium in L iC lO t A l C l  
4 3 

high cu r ren t  density range, and broad  multiple cathodic peaks. 

curve fo r  indium i n  L i C l  + A l C l  

The curve  fo r  indium i n  MgC1 solution is shown i n  F igu re  5 (CV-2971) 

indicating a single anodic, and a double cathodic peak both in  the high cu r ren t  

densi ty  range. Indium i n  CaCl  

anodic and cathodic sweeps. 

solution shows a s h a r p  anodic peak in  the medium 

A similar 

solution is shown in  F igu re  4 (CV-3382). 
3 

2 

solution shows voltage overload fo r  both the 
2 

e. I ron Electrode 

(1) Dimethylfo rmamide solution 

I ron  e l ec t rodes  in  CaCl  solution result  i n  anodic voltage overload. 
2 

(2 )  Propylene  carbonate solutions 

I ron  shows negligible activity in L i C l  t L i C l O  

MgCIZ solution, i ron  shows a well formed anodic peak in  the medium low 

range, followed by a lower broad  peak. 

however.  

solution, and no peaks a r e  observed. 

solution. In the c a s e  of 
4 

No cathodic react ion is evident, 

Very  low anodic and cathodic activity occurs  fo r  i r o n  in  C a C l  2 

I ron e l ec t rodes  in  L i C l  t A l C l  

med ium high cu r ren t  density range, with low cathodic activity. S imi la r  

complex anodic peaks occur  f o r  i ron  i n  L i C l O  t A l C l  solution. Cathodic 

activity is  indicated at the e x t r e m e  negative end of the cathodic scan  re- 

sult ing in  m o r e  than 1 volt peak-to-peak separation. 

solution exhibit complex anodic peaks in  the 
3 

4 3 

-9-  



f .  Vanadium Electrode 

(1) Dime th ylf o rmami  de solutions 

Vanadium e lec t rodes  indicate v e r y  high anodic act ivi ty  i n  L i C l  solution 

causing anodic c u r r e n t  overload of the instrumentation. 

a d a r k  r ed  co lor  indicating anodic dissolution of the electrode. 

cu r ren t  is  nil. 

load. 

of a black react ion product on the working electrode.  

load resu l t s  f o r  vanadium i n  L i C l O  and L i C l  t A l C l  solutions. Again, 

cathodic c u r r e n t  is negligible. The sweep cu rve  fo r  vanadium in  Mg(C10 ) 4 2  
solution shows a sharp ,  v e r y  high cur ren t  densi ty  anodic peak and vir tual ly  

no cathodic activity. 

The solution tu rns  

Cathodic 

Vanadium i n  C a C l  solution resu l t s  in  anodic voltage o v e r -  
2 

A red  discolorat ion of the solution was  noted, as well  as the format ion  

Anodic voltage o v e r -  

4 3 

This  i s  shown in Figure 6 (CV-3444). 

( 2 )  Propylene carbonate solutions 

No e lec t rochemica l  activity is  observed f o r  vanadium i n  L iC l  t L i C l O  

tion. solution shows a single s h a r p  

anodic high c u r r e n t  densi ty  peak and only low cathodic activity. 

i n  L iC lO + A l C l  solution shows a single, s h a r p  anodic peak in  the high 

c u r r e n t  dens i ty  range and relatively no cathodic activity. In L i C l  t A l C l  

solution, vanadium e lec t rodes  exhibit anodic voltage overload due to high 

current .  Red discolorat ion of the solution, with negligible cathodic reaction, 

indicates  excess ive  anodic dissolution. Vanadium in CaC 1 solution shows 

v e r y  low anodic and no cathodic activity. 

solu-  
4 

The cu rve  f o r  vanadium i n  LiClO 4 
Vanadium 

4 3 

3 

2 

g- Chromium Elec t rode  

(1) Dimethylfo rmamide solutions 

The c u r v e  f o r  chromium i n  Mg(C10 ) 4 2  
A single anodic  peak of high cu r ren t  density with vir tual ly  no reduction 

c u r r e n t  is evident. Chromium electrodes in  LiClO 

solutions r e s u l t  i n  anodic voltage overload with no cathodic activity. 

solution i s  shown in  F igu re  7 (CV-3449). 

LiC1, and L iCl  t A1C13 
4’ 
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i ( 2 )  Propylene carbonate solutions 

Chromium in L iC l  t A l C l  

medium high range and low cathodic activity. 

cathodic activity is  indicated in  LiC 1 0  

solution show mult ipeak anodic activity in  the 
3 

Low anodic and very  low 

solution. 
i 4 

h. Manganese Electrode 

(1) Dimethylfo rmamide solutions 

Manganese e lec t rodes  in  chloride and perchlorate  solutions show a la rge  

voltage sp read  between anodic and cathodic peaks indicating high activation 

polarization. In the c a s e  of L i C l  t A l C l  solution, the curves  show a broad, 

high anodic peak, with low cathodic activity at the negative e x t r e m e  of the 

voltage range. Very  low anodic and cathodic activity a t  the scan  l imits  is 

observed  a l so  f o r  Mg(C10 ) Curves  fo r  L i C l O  solution show a single, 

v e r y  high anodic peak at the positive extreme,  but no cathodic activity 

within the total  scan. 

3 

4 2' 4 

The curve fo r  manganese in  L i C l  solution shows a I 

I single,  anodic peak and multiple broad cathodic peaks. P e a k  cu r ren t  den-  

sities fall i n  the low range, and peak-to-peak voltage separat ion i s  g r e a t e r  

than 0. 5 v. The curve  is shown in F i g u r e  8 (CV-3315). 

( 2 )  Propylene  carbonate solutions 

Manganese in  L i C l  t A l C l  

anodic peak and no cathodic activity. 

activity i s  indicated i n  L iC lO 

solution shows a medium low, c u r r e n t  density 

Low anodic cu r ren t s  and no cathodic 
3 

I solution. 
4 
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2. Sys tems Involving Fluoride Electrolytes  

a. Zinc Electrode 

(1) Dime thylf o r m a m i  de solutions 

Zinc electrodes in  PF 

of v e r y  high anodic cu r ren t  and low solution conductivity. 

overload is obtained in M g ( P F  ) solution. The cyclic vo l tammogram f o r  

zinc in C a ( P F  ) solution shows a single broad, high c u r r e n t  density anodic 

peak. 

tion reaction, forming a well-defined cathodic peak. 

peak, however,  e r r a t i c  peak behavior is obtained, which m a y  be related to 

the obse rved  continuous dislodging of reaction product f r o m  the electrode. 

The curve  f o r  zinc in  L iBF  

secondary  oxidation p rocess  is indicated. The cathodic peak occurr ing 0. 4 v 

cathodic to the m a j o r  anodic peak appears  clean, although, a second cathodic 

react ion is indicated a t  the ex t r eme  end of the negative range. P e a k  c u r r e n t  

solution give voltage overload caused  by a combination 5 
Cathodic voltage 

6 2  

6 2  
The  reduction reaction is initiated a t  the s a m e  potential as the oxida- 

200 m v  negative to this 

solution i s  shown i n  F igure  9 (CV-3272). A 
4 

densi t ies  fall in  the medium high range. Measurements  i n  B F  3’ Mg(BF4)2, 

and Ca(BF  ) 

v e r y  high cathodic cu r ren t  densit ies.  

solutions resu l t  i n  anodic and cathodic voltage overload with 
4 2  

(2)  Propylene  c a rbonat e solutions 

Zinc i n  PF solution shows a broad, low c u r r e n t  density cathodic peak, and 

a med ium low anodic with no tendency towards peaking. The curve  fo r  zinc 

in  M g ( P F  ) solution is shown i n  Figure 10 (CV-3134). The single anodic 

and cathodic peaks fall i n  the medium high cu r ren t  density range, and a r e  

s e e n  to be broad  and highly polar ized as evidenced by a peak-to-peak s e p a r a -  

tion g r e a t e r  than 1 volt. 

5 

6 2  

Zinc e lec t rodes  in  L iBF  solution show a s h a r p  anodic peak followed by ve ry  

e r r a t i c  non-reproducible  cathodic activity. The e r r a t i c  behavior m a y  be due 

to sudden changes,  such a s  cracking of the electrode sur face  layer ,  exposing 

4 
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new electroact ive surface.  

electrode. 

A black reaction product f o r m s  on the working 

Peak  cu r ren t  densi t ies  a r e  in the medium low range. 

Zinc in  Ca(BF  ) solution shows broad, single anodic and cathodic peaks 

separated by 0 .8  v. 

high range respectively.  In C a ( P F  ) solution, the curve shows a medium 

low anodic and a medium high cathodic peak. 

exhibited, possibly caused  by e r r a t i c  surface changes. Voltage overload 

occurs  in  Mg(BF ) 

4 2  
Peak  cu r ren t  densit ies a r e  in  the high and medium 

6 2  
Smal l  random osci l la t ions a r e  

solutions as a resu l t  of very  high cu r ren t  densit ies.  
4 2  

b. Cadmium Electrode 

(1) Dimethyl f o rmamide  s o lu  ti o n s 

The cyclic vo l tammogram fo r  cadmium i n  PF solution shows a broad, poorly 

defined i r reproducib le  anodic peak of very high cu r ren t  density, and a medium 

low cu r ren t  density cathodic peak. Anodic-to -cathodic peak voltage separat ion 

5 

is g r e a t e r  than 1 volt. Voltage overload r e su l t s  i n  Mg(PF  ) and C a ( P F  ) 6 2  6 2  
solutions,  as a resu l t  of a combination of ve ry  high anodic and cathodic 

activity and low solution conductivity. 

Measuremen t s  on cadmium in L i B F  solutions caused  ins t rumenta l  oscil lation 

and voltage overload n e a r  the e x t r e m e s  of the voltage range. 

tions a r e  no doubt s e t  off  by sudden changes in  e lectrode geometry,  i n  c o m -  

bination with high cu r ren t  densi t ies ,  resulting i n  impedance misma tch  and 

affecting the response of the potentiostat. 

corded f o r  this s y s t e m  by setting voltage l imi t s  a t  only *O. 3 v relative to the 

0. C. v. 

sys tem,  and  is shown i n  F igu re  11 (CV-3273). 

4 
These  osc i l la -  

A cyclic vo l tammogram was r e -  

The  curve  is a good example of a high cu r ren t  densi ty  revers ib le  

Cadmium in  B F  Mg(BF4I2, 3’ 
and C a ( B F  ) solutions resu l t  in  voltage overload f o r  both anodic and 

4 2  
cathodic sweeps.  

(2)  Propylene  carbonate solutions 

Cadmium e lec t rodes  in  PF 

f o r  zinc i n  this electrolyte.  

solution yield resu l t s  s i m i l a r  to those observed  

A medium high cathodic peak is obtained, with 
5 
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no tendency f o r  anodic peak formation. The curve is shown i n  F igure  12 

(CV-3006). Cadmium in  Mg(PF  ) solution r e su l t s  i n  voltage overload. 
6 2  

Voltage overload resul ted fo r  cadmium i n  C a ( P F  ) 

solutions. In Mg(BF ) solution, overload r e su l t s  fo r  both anodic and 

cathodic sweeps. In C a ( P F  ) and Ca(BF ) solutions the overload condition 

is encountered only on the anodic sweep. 

Mg(BF ) and Ca(BF  ) 
I 6 2' 4 2  4 2  

4 2  

6 2  4 2  

I Cadmium i n  L i B F  

oscil lations similar to that descr ibed above f o r  the Cd/DMF-LiBF 

Very high anodic and cathodic cu r ren t s  were  recorded. 

ments  a r e  war ran ted  fo r  this system. 

solution exhibits voltage overload caused  by s y s t e m  
4 

system. 
4 

Additional m e a s u r e -  

~ 

C. Molybdenum Elect rode 

(1) Dimethylformamide solutions 
~ 

I Curves  f o r  molybdenum electrodes i n  PF 

dis t inct  anodic peaks, and no cathodic activity. In LiPF solution, two anodic 

peaks a r e  again formed,  but c lose r  together than i n  PF solution. Low 

cathodic act ivi ty  is indicated i n  L i P F  

Charge- to-d ischarge  voltage separa t ion  is excess ive ly  l a rge  however. 

solution show two v e r y  low but 5 

6 

5 
solution, with two peaks again evident. 6 

Voltage overload occur s  i n  both Mg(PF  ) and C a ( P F  ) solutions. 
6 2  6 2  

The r e su l t s  f o r  molybdenum e lec t rodes  in  L i B F  

activity i n  the  medium high cu r ren t  density range, but no cathodic activity. 

Voltage overload r e su l t s  i n  B F  Mg(BF ) and Ca(BF  ) solutions with high 
3' 4 2  4 2  

c u r r e n t s  on the anodic sweep, but with no c u r r e n t  on the cathodic sweep. 

solution indicate anodic 
4 

(2) Propylene carbonate solutions 

Molybdenum shows no activity in PF 5 
range ( t l .  0 to -1. Ov), but in the range 0 to t 2 .  0 v, anodic voltage overload 

occurs .  A medium high anodic peak is obtained i n  LiPF solution, and the 

cathodic peak  is  of low cu r ren t  density and separa ted  by m o r e  than 1. 0 v 

solution, within the no rma l  scanning 

6 
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f r o m  the anodic reaction. 

in Mg(PF ) solution. Molybdenum in L i B F  solution shows resu l t s  similar 

Anodic voltage overload resu l t s  fo r  molybdenum 

6 2  4 
I to those observed  in  dimethylformamide solution. Medium high anodic 

cu r ren t  is obtained with no tendency towards peak formation. A low cathodic 

cu r ren t  occu r s  at -1. 0 V. S imi la r  results with lower cu r ren t  densi t ies  a r e  

observed  f o r  molybdenum i n  Ca(BF  ) 4 2' 
but with lower cu r ren t  densit ies.  i 

Voltage overload caused  by very  high anodic cu r ren t s  resu l t s  fo r  molybdenum 

in Mg(BF ) and C a ( P F  ) solutions. The cathodic cu r ren t  f o r  both of these 
4 2  6 2  

I sys t ems  is nil. 

d. Indium Electrode 

(1) Dimethylformamide solutions 
~ 

I 

The cyclic vo l tammogram f o r  indium i n  PF 5 
cu r ren t  with no tendency f o r  peak formation. 

solution shows a high anodic 
I 
I 
I 6 

No reduction react ion is evident. 

Indium i n  LiPF solution 

shows  ve ry  high anodic activity as indicated in  F igure  13 (CV-3036). 

cathodic c u r r e n t  is i n  the ve ry  low range, and i s  l imited by the anodic 

The solution becomes  d a r k  brown during cycling. 

The 

I dissolution of the indium working electrode as evidenced by darkening of the 
I 

solution and plating out of a meta l  (presumably indium) on the counterelectrode. 

Sweep r a t e  behavior  a l so  indicates a soluble cathode. Voltage overload r e -  
I 

I su l t s  i n  M g ( P F  ) and C a ( P F  ) solutions, again due to very  high anodic 6 2  6 2  
I activity and low solution conductance. 
I 

The curve  for indium in L i B F  

low cathodic activity, 

solution shows v e r y  high anodic and  medium 

As Seen in F igure  14 (CV-3282) the anodic peak a r e a  
4 

l is much l a r g e r  than the cathodic peak a r e a  (by roughly a f ac to r  of a hundred) 

both anodic and cathodic sweeps due to very high cu r ren t s  and low conductivity 

indicating poor  charge -discharge efficiency. Voltage overload r e su l t s  f o r  

I 

i n  B F  Mg(BF4)2, and Ca(BF  ) solutions. 
3' 4 2  
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(2) Propylene carbonate solutions 

The electrochemical  behavior of indium electrodes i n  PF 

similar to that obse rved  f o r  PF 

solution shows high anodic and medium high cathodic activity, accompanied 

by excessive dissolution of the cathodic material .  Metal  deposition, p re -  

sumably indium, is obse rved  on the counterelectrode. Anodic voltage o v e r -  

load resu l t s  f o r  indium electrodes i n  Mg(PF ) solution. 

solution is 5 

6 in dimethylformamide. Indium in  L i P F  
5 

6 2  

The cyclic vo l tammogram fo r  indium i n  LiBF 

(CV-3179). 

improvement  ove r  that in  F igure  14 (CV-3282) fo r  dimethylformamide solution. 

Still, the l a rge  peak-to-peak voltage separat ion (0. Sv), and low cathodic-to- 

anodic coulombic ratio, a r e  not favorable f r o m  the standpoint of secondary  

bat te  r y  ope ration. 

solution is  shown in F igure  15 
4 

The electrode charac te r i s t ics  indicated i n  this curve a r e  a n  

Indium i n  Ca(PF6)2,  Ca (BF  ) 

caused by v e r y  high anodic and cathodic cu r ren t s  and low solution conductivity. 

and Mg(BF ) all resu l t s  i n  voltage overload 
4 2  4 2  

e. I ron Electrode 

(1) Dimethylformamide solutions 

I r o n  in  PF 

activity and low solution conductance. 

occu r s  in  LiPF Mg(PF  ) and C a ( P F  ) solutions. The broad  multiple 

peaks and l a r g e  voltage separat ion between anodic and cathodic reactions 

in  all t h r e e  s y s t e m s  make them unsatisfactory f o r  secondary  bat tery 

appli  c a tio n. 

solution causes  voltage overload as a re su l t  of high anodic 
5 

High anodic and cathodic activity 

6' 6 2  6 2  

I ron  e lec t rodes  i n  L i B F  

cu r ren t  densi ty  and v e r y  low cathodic activity. 

solutions,  i r o n  e lec t rodes  show s h a r p  anodic peaks of ve ry  high cu r ren t  

densi ty  and low cathodic activity. 

The cycl ic  vo l t ammogram f o r  i r o n  i n  Mg(BF ) 

solution show a s h a r p  anodic peak of medium high 
4 

In Mg(BF4)2 and Ca(BF4)2 

Voltage separa t ion  is g r e a t e r  than 1 volt. 

solution is shown i n  F igure  16 
4 2  

- 16- 



(CV-3328). 

with high anodic and cathodic currents .  

Voltage overload resu l t s  i n  BF solution on the anodic sweep, 
3 

(2) Propylene carbonate  solutions 

The cyclic vo l tammogram f o r  i ron  i n  PF 

cathodic activity with no peak formation. 

solution is shown in F igu re  17 (CV-3061) and is the bes t  of the i r o n  s y s t e m s  

examined to date. 

peak separat ion is 0. 5 v1 and the charge-discharge efficiency is 86%. 

I ron  in  M g ( P F  ) solution shows broad, low anodic peak and very  low 

cathodic activity with no peak formation. 

solution indicates  low anodic and 

The curve  f o r  i ron  i n  L i P F  
5 

6 

P e a k  cu r ren t s  a r e  i n  the med ium low range, peak-to- 

6 2  

The cyclic vo l tammogram for  i r o n  i n  L iBF  

(CV-3189). 

low cu r ren t  densit ies,  and 1.4 v peak-to-peak separation. 

solutions is shown in F igure  18 
4 

The curve  shows single anodic and cathodic peaks of medium 

The l a r g e  voltage 

separation indicates high activation polarization. 

tained for  i r o n  in  Mg(BF ) Ca(BF ) and C a ( P F  ) solutions. 

Similar resu l t s  a r e  ob- 

4 2' 4 2  6 2  

f. Vanadium Electrode 

Dimethylformamide solutions 

Vanadium i n  PF 

i n  the med ium low c u r r e n t  density range, with repeat peaks at the same po- 

tent ia l  on the  r e v e r s e  sweep, occur  in  L i P F  6' 6 2  
solutions. In each case ,  a low cathodic peak is observed, separa ted  by 

g r e a t e r  than 1 volt f r o m  the anodic peak. 

F igu re  19 (CV-3046). solution are 

similar except that no cathodic activity o r  repeat  peaks a r e  observed. 

The vo l t ammograms  f o r  vanadium electrodes in  L i B F  

and in  B F  

solution resu l t s  i n  voltage overload. S h a r p  anodic peaks 
5 

Mg(PF6)2,  and C a ( P F  ) 

The curve  fo r  LiPF is shown in 
6 

The resu l t s  f o r  vanadium i n  K P F  6 

Mg(BF4)2, Ca(BF4)21 4' 
solutions show low to ve ry  low anodic and cathodic activity. In 

3 
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general ,  resu l t s  f o r  vanadium, i n  fluoride electrolyte,  show anodic activity 

decreasing a f t e r  the first cycle. 

only at low o r  v e r y  low cu r ren t  density levels. 

Continued cycling yields reproducibility 

(2) Propylene  carbonate solutions 

Vanadium a f t e r  a few cycles exhibits very low e lec t rochemica l  activity i n  

PF5, LiPF 

ca  rbonate. 

KPF6, o r  Mg(PF6)2  and C a ( P F  ) solutions of propylene 6' 6 2  

In the case  of L i B F  

low o r  v e r y  low anodic and cathodic activity following the first few cycles. 

A typical curve  obtained after seve ra l  cycles is shown in F igu re  20 (CV-3171). 

Mg(BF4)2, and Ca(BF ) solutions, vanadium exhibits 4' 4 2  

€5 Chromium Electrode 

(1) Dimethylformamide solutions 

The curve  f o r  chromium in  LiPF 

of medium low cu r ren t  density range, and no cathodic peak. 

of l e s s  than 2 ma/cm 

Similar r e su l t s  a r e  obtained f o r  K P F  solutions. Chromium electrodes i n  6 
L i B F  and i n  B F  solutions resu l t  i n  anodic voltage overload accompanied 

by high cur ren ts .  Cathodic cu r ren t s  a r e  negligible i n  both cases .  

solution shows a single s h a r p  anodic peak 
6 

Cathodic activity 
2 

is indicated at the e x t r e m e  negative voltage range. 

4 3 

(2) Propylene  carbonate solutions 

The cu rve  f o r  ch romium in K P F  

cathodic act ivi ty  with no c u r r e n t  peaks. S imi la r  resu l t s  o c c u r  in  C a ( P F  ) 6 2  
solution. Chromium e lec t rodes  in PF and Ca(BF  ) solutions resu l t  i n  

voltage over load  with high anodic currents .  

evidenced. 

solution shows low anodic and very low 
6 

5 4 2  
No reduction react ion is 

h. Ma nag e s e El e c t ro de 

(1) Dimethylformamide solutions 

The cu rve  for manga.nese i n  L i P F  

peaks of high c u r r e n t  density. 

solution shows single anodic and cathodic 
6 

High activation polarization is indicated by 
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0. 9 v peak-to-peak voltage separat ion as seen in  F igu re  21 (CV-3303). 

Plating of a m e t a l  o n  the counte relectrode indicates  that s o m e  anodic d i s  - 
solution is occurring. 

F igure  22 (CV-3439). 

The curve obtained in  KPF solution is shown in  6 

Manganese i n  L i B F  solution shows single anodic and cathodic peaks. The 

sweep r a t e  dependence of the anodic and cathodic peaks indicates  a soluble 

anodic product, Voltage ove r -  

load resu l t s  on both anodic and cathodic sweeps for manganese  in  B F  

4 

Peak- to-peak  voltage separat ion is 0. 7 v. 

3’ 
Mg(BF4)Z, Ca(BF  ) , and PF solutions. 

4 2  5 

~ (2) Propylene carbonate solutions 

Manganese i n  K P F  and C a ( P F  ) solutions shows low athodic activity. 

The anodic c u r r e n t  in  the case  of K P F  i s  i n  the medium low range, although 6 
no peak resul ts .  In C a ( P F  ) solution a broad anodic peak in  the low cu r ren t  

density range is observed. 

6 6 2  

6 2  
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B. TABLES O F  CYCLIC VOLTAMMETRIC DATA 

Included i n  this sect ion are tables list ing parameters der ived f r o m  the cyclic 

voltammograms. These  parameters a r e  as follows: 

1. Sweep index - This is a relat ive f igure of merit taking into 

account peak height, sweep  rate, and discharge capacity. This  p a r a m e t e r  

is  descr ibed  in  m o r e  detail  i n  an e a r l i e r  report (Ref. 2, p. 80). 

2. P e a k  c u r r e n t  density range - Relative magnitude of peak 

cu r ren t s  c lass i f ied according to page 2. 

3.  AV - Peak-to-peak displacement  in  volts of charge  and d i s -  
P 

charge  react ions giving a m e a s u r e  of overal l  e lectrode reversibi l i ty ,  o r  i n  

m o r e  prac t ica l  t e r m s ,  a m e a s u r e  of suitability of the e lec t rochemica l  sys t em 

f o r  second ba t te ry  application. 

4. Coulombic ratio - Ratio of cathodic to anodic peak area. 

Values significantly i n  excess  of unity for  the p re - fo rmed  e lec t rodes  

(chlorinated and fluorinated me ta l s )  a r e  indicative of the contribution of the 

or ig ina l  cathodic material to the discharge react ion independent of  the 

m a t e r i a l  fo rmed  by the preceding charge sweep. 

5. Discharge  capacity - Measure  of d i scharge  utilization p e r  unit 

area of e lec t rode  sur face ,  when compared with the coulombic rat io  except f o r  

values of the l a t t e r  g r e a t e r  than unity. 

Also included a r e  tables  l ist ing the systems causing voltage and c u r r e n t  

overload of the instrumentat ion preventing recordable  vol tammograms as 

well  as those  s y s t e m s  failing to exhibit e i t he r  anodic o r  cathodic peaks,  In 

cases of solutions having varying molality, the concentrations a re included 

with the designated system. 

i n  Table  I. 

The concentration of all solutions a r e  l i s ted  

-42-  
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TABLE IV 

In/DMF-CaC12 

Sys tem 

SYSTEMS CAUSING VOLTAGE OVERLOAD 
O F  INSTRUMENTATION 

CHLORIDE AND PERCHLORATE ELECTROLYTES 

cv - 

2958 

3195 

31 96 

2970 

3198 

3366 

2978 

3197 

2969 

3316 

2977 

3393 

3372 

C r / D M F  - LiCl 

C r / DMF - Li C10 

3 

4 

3310 

3317 
4 

Cr/DMF-A1C1 t LiCl 3394 

M n / P C  - Li C10 3414 

DMF - Dimethylfo rmamide  

pc - Propylene  carbonate  

Max. Anod. 
C. D. 

m a / c m  
2 

40 0 

ni 1 

ni 1 

80 

40 

2400 

200 

ni 1 

200 

2400 

1600 

2400 

2400 

2400 

2800 

2800 

40 0 

Max. Cath. 
C. D. 

2 
m a / c m  

100 

ni 1 

ni 1 

20 

ni 1 

ni 1 

ni 1 

ni 1 

20 

ni 1 

nil  

ni  1 

ni 1 

ni 1 

ni 1 

nil  

4 

-43-  



TABLE V 

5 
Zn / DMF - PF 

I Sys tem 

SYSTEMS CAUSING VOLTAGE OVERLOAD 
O F  INSTRUMENTATION 

FLUORIDE ELECTROLYTES 

DMF - Dimethylformamide 

P C  - Propylene  carbonate  

Max. Anod. 
cv C. D. 

ma / cm 

- 
2 

308 9 

298 5 

3323 

335 3 

3265 

3162 

3090 

3078 

3 324 

3354 

3264 

31 35 

3153 

3174 

3163 

3210 

3091 

3079 

400 

1600 

1200 

1600 

1200 

1200 

1600 

1600 

1200 

1600 

1200 

1200 

400 

40 0 

1200 

400 

1600 

1200 

Max. Cath. 
C. D. 

ma/cm 
2 

600 

600 

800 

1600 

45 0 

800 

1200 

800 

1200 

1600 

450 

1200 

300 

1200 

800 

200 

ni 1 

100 
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TABLE V (Cont'd. ) 

System 

Mo /DMF-Mg (BF4)2 

Mo/DMF-Ca(BF4)2 
I 

M O / D M F - B F ~  

Mo / P C  -Mg (PF ) 

Mo / P C - C a(PF6) 

Mo / P C  -Mg(BF4)2 

In /DMF -Mg( PF ) 

In /DMF - C a ( P F  ) 

In /DMF - Mg (B F ) 

6 2  

~ 

6 2  

6 2  

4 2  

4 2  
I 
I In /DMF - C a ( B F  ) 

3 
In /DMF-BF 

In / P C  -Mg (PF ) 
6 2  

In / P C  - Ca(  PF6)2 

I n / P C  -Mg(BF4)2 

In / P C  - Ca(BF4) 

Fe / D M F - P F  

Fe /DMF - B F  

5 

5 

3 
v / DMF - PF 

Max. Anod. 
cv C. D. 

m a / c m  

- 
2 

3325 

3355 

326 3 

3136 

3154 

3164 

3092 

308 0 

3326 

3356 

3262 

3142 

3155 

3165 

3216 

2991 

326 1 

2984 

1600 

1600 

1200 

800 

1200 

1200 

1600 

1600 

1200 

1600 

1200 

800 

1200 

1200 

400 

800 

1200 

200 

Max. Cath. 
C. D. 

m a / c m  2 

nil  

nil  

nil  

ni 1 

ni 1 

nil  

40 0 

800 

1200 

1600 

800 

48 0 

800 

1200 

400 

ni 1 

200 

200 

DMF - Dimethylfo rmamide  

P C  - Propylene  carbonate  
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TABLE V (Cont'd. ) 

System 

C r /DMF - Ca ( PF6)2 

C r /DMF -PF 

C r / DMF - LiB F 

Cr /DMF-Mg(BF4)2  

C r / D M F - C a ( B F  ) 
I 4 2  

C r /DMF - B F  

C r / P C  - PF 

5 
I 

4 

I 

3 

5 
I C r  / P C  - Ca(BF4)2 
I 

M n / D M F - C a ( P F  ) 

M n / D M F - P F  

Mn / DMF - Mg ( BF4) 

6 2  

5 

I Mn/DMF-Ca(BF 4 2  ) 

3 
Mn/DMF-BF 

M n / P C - P F  

Mn / P C  - C a  (B F4) 

I 

5 

DMF - Dime thylfo rmamide  

P C  - Propylene  carbonate  

Max. Anod. Max. Cath. 
cv  C. D. C. D. 

ma / c m  
2 2 

ma / cm 

3336 

335 1 

328 9 

3334 

3364 

3266 

3 349 

3348 

3088 

3352 

3335 

3365 

3267 

3350 

3347 

800 

800 

1600 

1600 

1200 

1200 

800 

1200 

1600 

800 

1600 

1200 

1200 

800 

1200 

ni 1 

nil  

ni 1 

ni 1 

ni 1 

2 

nil  

nil  

400 

800 

1600 

1200 

400 

800 

1200 
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TABLE VI 

SYSTEMS CAUSING CURRENT OVERLOAD ** 
O F  INSTRUMENTATION 

Max. Anod. Max. Cath. 
System cv - C. D. C. D. 

2 2 
m a / c m  ma / c m  

V/DMF-Li  C1 3309 ov ni 1 

2 
*>k ov-maximum c u r r e n t  g r e a t e r  than 4. 8 a m p / c m  

DMF - Dimethylfo rmamide  
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TABLE VI1 

Sys tem 

PEAK CURRENT DENSITY RANGE 
CHLORIDE AND PERCHLORATE ELECTROLYTES 

Cd/DMF -CaC12 

C d / P C - Li C 1 0  t A1 C1 

In/DMF-A1C1 t LiCl 

In / P C  - Li C10 

In/PC-MgC1 
2 

In /PC-AlCl  t LiCl  
3 

Fe/PC-A1C1 t LiCl  

I 
I 

3 

3 

4 
I 

3 
I Mn/DMF-LiC1 

cv  Anodic Ca thodi c - 
296 3 

32 36 

3392 

3246 

2971 

3382 

337 1 

3315 

high 

medium high 

high 

medium low 

high 

me di u m  high 

medium low 

low 

high 

medium high 

medi  u m  high 

low 

high 

medium low 

low 

low 

DMF - Dimethylformamide 

P C  - Propylene carbonate  
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TABLE VI11 

PEAK CURRENT DENSITY RANGE 
FLUORIDE ELECTROLYTES 

Sys tem 

Zn /DMF-Ca(PF  ) 
6 2  

4 
Z n / DMF - LiB F 

Zn/DMF - Mg( B F  ) 
4 2  

Z n / P C  - C a ( P F  ) 

Z n / P C  - Li B F4 

Zn/  P C  - Ca ( B F  ) 
4 2  

Cd / DMF - PF 

Cd/DMF-LiBF  

Mo / D M F  - Li PF 

6 Mo/ P C -  Li PF 

In /DMF - L i B F  

I n / P C  -LiPF6 

4 
In /  P C  -LiBF 

Fe /DMF - Mg(PF6)2  

Fe / DMF -Mg ( PF6)2 

Fe /DMF - C a ( P F 6 ) 2  

F e / D M F  - C a ( B F  ) 
4 2  

Fe / P C  - Li PF 

F e / P C  - Li B F 

Fe / P C - M g ( B F  ) 

V /DMF - Li PF 

6 2  

4 

6 

4 

6 

4 

4 2  

6 

DMF - Dimethylfo rmamide  

P C  - Propylene  carbonate  

c v  Anodic 

3077 

3272 

3323 

31 34 

3152 

3173 

3209 

2990 

3273 

3031 

305 1 

3282 

3056 

3179 

3041 

30 94 

308 2 

3358 

306 1 

3189 

3166 

3046 

3099 

high 

high 

v e r y  high 

medium high 

medium low 

medium low 

med ium low 

v e r y  high 

v e r y  high 

low 

medium hi  gh 

v e r y  high 

high 

high 

v e r y  high 

m e di u m  hi gh 

high 

ve r y  high 

medium low 

medium low 

high 

medium low 

medium low 

Cathodic 

high 

m edi u m  hi gh 

v e r y  high 

medi  um high 

medium high 

medium low 

medium low 

medium low 

v e r y  high 

low 

low 

medium low 

medium high 

medium high 

high 

high 

high 

m e di u m h i  gh 

medium low 

medium low 

high 

low 

low 
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TABLE VI11 (Cont'd. ) 

Svstem 

V /DMF -Ca (PF6)2 

Mn/DMF-LiPF6 

Mn/DMF -LiPF6 

6 Mn /DMF - K P F  

Mn/DMF - LiB F 
4 

DMF - Dimethylformamide 

P C  - Propylene carbonate  

cv Ano di c - 

308 7 medium low 

3072 high 

3303 high 

3439 high 

3290 v e r y  high 

Cathodic 

low 

medi  u m  hi gh 

high 

high 

m edi urn high 

- 5 0 -  
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TABLE IX 

SWEEPINDEX * 

System cv  Anodic Cathodic - 
-1  - 2  -1 - 2  

ohm c m  ohm cm 

Zn/  P C  -Mg (PF6) 31 34 12. 0 2. 9 

Fe / P C  -LiPF6 306 1 2. 4 3. 2 

~ 

Cd /DMF - LiB F4 3273 320. 0 750. 0 

3072 - 14. 1 

3439 29. 5 37.0 
6 

Mn/ DMF - Li PF 

6 
Mn /DMF - K P F  

~ 

I 

I 

I DMF - Dimethylformamiqe 

P C  - Propylene  carbonate  

::c (peak c. d. ) 2 x 100 

~~~ 

2 
sweep rate x cou l / cm 
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TABLE X 

I 
AV , COULOMBIC RATIO, AND DISCHARGE CAPACITY 

P 

Disch. Caul. :k:k 

cv  AV * Ratio Capac. - System 
-P  2 

cou l / cm 

Zn/  DMF - Ca(  PF ) 6 2  
Zn/  DMF - LiB F4 

z n /  Pc -Mg (PF6)2 

Zn / P C  - Ca (B F4)2 

Cd/DMF -CaC12 

4 
Cd /DMF-LiBF  

4 
In /DMF - L i B F  

In/PC-MgC12 

6 
In / P C  -LiPF 

In / P C  - Li BF 
4 

Fe / P C  - Li PF6 

Fe / P C  - L i B  F 
4 

6 
Mn/DMF -LiPF 

Mn/DMF-LiPF6  

Mn/DMF-KPF6  

Mn/DMF-LiBF  
4 

3077 

3272 

31 34 

3209 

2963 

3273 

3282 

297 1 

3056 

3179 

306 1 

3189 

3072 

330 3 

3439 

3290 

0. 3 - 
0. 41 - 
1. 2 1. 30 

Q. 75 - 
- 

0.057 

0. 56 

- 

0. 70 

0. 9 

0. 52 

1. 4 

1. 0 

0. 9 

0. 7 

0. 7 

- 

0. 39 

- 
0. 25 

- 

- 

0. 86 

- 
0. 27 

a: 

'k'k 

Voltage separa t ing  anodic to cathodic peaks 

Ratio of cathodic to anodic peak a r e a s  

DMF-  Dimethylformamide 

P C  - Propylene  carbonate  

- 
0. 37 

- 

- 
2. 11 

- 

0. 31 

4. 8 

- 
0. 73 

- 

0. 48 

- 
1. 37 

- 

1. 16 

- 
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TABLE XI 

6 

4 
In /PC-LiCI  t LiClO 

Fe / DMF - LiB F 

Fe /DMF -Mg (BF  ) 
4 

I SYSTEMS EXHIBITING ANODIC PEAK 0NLY:k 

Sys tem 

V /DMF - Mg ( C104)2 

6 
V/DMF-  K P F  

V / D M F  - Mg ( B F  ) 

V / P C  - Li C 10 
4 2  

V/PC-LiC10  t A1C13 
4 

V / P C - C a C l  
2 

cv  - 
3231 

2968 

2996 

3241 

30 36 

31 19 

3284 

3328 

325 1 

2976 

3141 

3156 

3444 

3429 

3333 

3408 

3256 

3202 

Peak  Cur ren t  Density 
Range 

medium low 

v e r y  low 

low (a) 

medium high 

v e r y  high (a) 

low 

medium high 

v e r y  high (b) 

low (a) 

medium low (a) 

low 

med ium low (b) 

high (a) 

medium low 

v e r y  low 

med ium hi gh 

high 

v e r y  low 

2 ::: Maximum cathodic c u r r e n t  density in  v e r y  low range  ( < 1  m a / c m  ) 
un les s  otherwise noted. 

2 
(a) 

(b)  

Low range cathodic ( < l o  ma/cm ) 

Medium low range cathodic ( 10-50 m a / c m  ) 
2 

D M F  - Dimethylfo rmamide  

P C  - Propylene  carbonate  
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TABLE X I  (Cont'd. ) 

System 
Peak  Cur r en t  Density 

- cv  Range 

C r /DMF-Mg ( C104)2 3449 high 

C r / DMF - &iPF6 

C r / P C  - Li C1O 

3308 

3413 
4 

C r / P C - N C 1 3  + LiCl 3377 

Mn / DMF - LiC 10 

3 

3322 

Mn/DMF-A1C1 t LiCl  3399 

Mn/PC-A1C1 + LiCl 3387 
3 

medium low 

low 

medium high (a) 

high 

high 

medium low 

Mn/ P C  - Ca (PF ) 3346 low 
6 2  

2 :: Maximum cathodic c u r r e n t  density i n  v e r y  low range ( < 1  m a / c m  ) 
unless  o therwise  noted. 

2 Low range cathodic ( < l o  m a / c m  ) 

Medium low range  cathodic ( 10-50 ma/cm ) 

(a) 

(b) 
2 

DMF - Dimethylformamide 

P C  - Propylene  carbonate  
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Svstem 

TABLE XI1 

SYSTEMS EXHIBITING CATHODIC PEAK ONLY 

F e  / P C  - Ca(BF ) ; 4 2  

c v  

322 1 

- 
P e a k  Curren t  Density 

Range 

medium low (a) 

(a) Maximum anodic cu r ren t  density in medium high range 
(50-100 m a / c m  2 ) 

P C  - Propylene  carbonate  
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TABLE XI11 

I 

I SYSTEMS EXHIBITING NO PEAKS :k 

System 

4 
Zn/PC-LiCl  t LiClO 

Zn/  P C  - PF 

Cd/PC-LiC1 t LiClO 

Cd / P C  - PF 

Mo /DMF-LiBF4 

Mo / P C  - Li C1 t LiClO 

Mo/ P C -  PF 

Mo / P C - Li PF, 

Mo/ P C  - Ca(BF4)2 

5 

4 

5 

4 

5 

I I n / D M F - P F  5 

I n / P C - P F 5  

F e / P C - L i C 1  t LiC104 

F e / P C  - CaC12 

F e / P C  -PF 

V / DMF - Li B F  

V /DMF - Ca ( BF4) 

5 

4 

cv 

3104 (d) 

3001 (c )  

3109 (d) 

3006 (b) 

3278 (b) 

3114 (d) 

3 Q l 1  (c) 

3184 (b)  

3215 (c) 

2983 (a) 

3016 ( c )  

3124 

3199 

3021 (d)  

3294 (d) 

3359 (d)  

3257 3 
V/DMF-BF 

2 ::< Maximum cur ren t  densi ty  i n  very  low range 
un le s s  o therwise  noted. 

High range (100-300 ma/cm ) 

Medium high range (50-100 ma/cm ) 

Medium low range (10-50 ma /cm ) 

(< 1 m a / c m  ) 

2 
(a) 

(b)  

( c )  

2 

2 

2 (d) Low range (1-10 m a / c m  ) 

D M F  - Dimethylformamide 

P C  - Propylene carbonate  
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I TABLE XI11 (Cont'd. ) 

System 

I 

4 
V/PC-LiCl  t LiClO 

V/ P C  - LiPF6 

V / P C  - K P F  6 
I 
I V /  P C  -Mg(PF6I2 

V / P C  - C a ( P F 6 ) 2  

V /  P C  - PF5 

V / P C  -LiBF4 

V / P C  -Mg (BF4I2 

V/PC-Ca(BF4)2  

C r / D M F  - K P F  

C r / P C  - K P F 6  
6 

C r / P C  - Ca ( PF6) 

Mn/DMF -Mg( C10 ) 

Mn / P C  - K P F  
4 2  

cv - 
31 29 

3066 

3402 (d) 

3147 

3161 

3026 

31 94 

3171 

3226 

3434 (d) 

3419 (d) 

3341 

3454 

3 4 2 4  (a) 

2 
Maximum c u r r e n t  densi ty  i n  very  low range ( 
un les s  o therwise  noted. 

High range (100-300 m a / c m  ) 

Medium high range  (50-100 m a / c m  ) 

Medium low range (10-50 m a / c m  ) 

Low range (1-10 m a / c m  ) 

1 m a / c m  ) .*, ,a. 

2 
(a) 

(b)  

( c )  

(d) 

2 

2 

2 

DMF - Dimethylfo rmamide  

P C  - Propylene carbonate  
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