L e 10 —

Yoo oo @ https://ntrs.nasa.gov/search.jsp?R=19770018689 2020-03-22T09:50:50+00:00

CR 134705
ST
CONTRACT NUMBER
NASZ19760

SCREENING OF REDOX COUPLES
AND ELECTRODE MATERIALS

Division
of Energy
Storage Systems

By:‘
J. Giner
L. Swette
K. Cahill

GINER, INC.
14 Spring Street
Waltham, Massachusetts 02154

September, 1976

Prepared for:

NASA - Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44154

(WASA-CR-134705) SCREENING OF REDOX COUPLES ¥77-25633
AND BLECTRODE SATEBIALS Final Report

(Giner, Inc., Walthas, Mass.) 120 p HC
206/8F 201 CSCL 10c¢ Unclas

G3/44 35389

A A .
B MR - . N 'y




-~ - o T, { .,
!iu-sw-......;‘_~Auu. - L — S e Uﬂﬂﬁn?,A“};”ﬁw~~”,ﬁA

CR 134705

CONTRACT NUMBER
NAS3-19760

SCREENING OF REDOX COUPLES

AND. ELECTRODE MATERIALS

FINAL REPORT

3
RPN ST o e~ P
Y L SRS

o e
.

By:
J. Giner

-y - N
B R S A

L. Swette '
i K. Cahill ’ o
A GINER, INC.

e 14 Spring Street
i Waltham, Massachusetts 02154

September. 1976

Prepared for:

NASA - Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44154




SR S 1 A AR N N s gt ‘
'

TABLE OF CONTENTS

Page No,
ABSTRACT i
I. TASK I - FIRST STAGE-OB-SCREENING OF REDOX CGUPLES
| A. INTRODUCTION 1
B. SOLUBILITY, VISCOSITY AND CONDUCTIVITY DETERMINATIONS
1. Experimental Procedures
a. Solubility
b. Viscosity 2
c. Conductivity
2. Results : 6
a. Pe*?/Fe*® (IN'HC1)
b. Sn*2?/sn** (3.5N HC1)
c. Sb+¥/sb+% (3N HC1) 9
d. Ti*3/TiIV (6M HC1) 14
e. Cu(NHz)%!/Cu(NHz)? (1M NaCl + 0.01M NaOH)
£. cr*?/cr*® (1M HC1; 17
g. Br‘/Brg (NaBr) 20
h. Cr(CN)g"/Cr(CN);*‘ (NaC1) 23
C. EXCHANGE CURRENT DENSITY MEASUREMENTS 27
;i 1. Theoretical Background ‘
gi?é 2. Experimental- Procedure 30
‘i 3. Results 33
a. Fe*?/Fe*® (IN HC1)
b. Sn*?/sn** (3.5N HC1)
c. Sb*3/sb*® (3M HC1) 37




[ S

II'

D.

d. TitirilV (em ne1)
e. Cu(NHS)y/Cu(NHs_)Z2 (1M NaCl + 0.01M NaOH)
£f. Cr*?/cr*?® (M HC1)
g. Br’/Brg (NaBr)
SUMMARY AND CONCLUSIONS - TASK I

TASK IT - SECOND STAGE OF SCREENING OF REDOX COUPLES

A.

INTRODUCTION
1. Fe*?/Fe*?
2. Br“/Brg
3. Cu(NHg)3'/Cu(NH,) ;2
4. Cr*?/cr*®
ELECTROCHEMICAL PERFORMANCE MEASUREMENTS
1. Electrode Structures
a. Frontal Electrode Structures
b. Recessed Electrode Structures
¢. Cavity Filling Electrode Structures
2. Electrode Materials
a. Kreha Graphite Paper Stabilized With Teflon
b. Titanium Screen Activated With Ruthenium Oxide
c. Screen With TFE-Bonded Highly Dispersed Carbon
d. Screen With TFE-Bonded Au- or Pt-Activated Carbon
3. Flow Reactor Design
4. Experimental Procedure
5. Results
a. Fe*?/Fe*? (IN HC1)

i. Graphite Cloth

40

43

45

48

54

55

56

57

58
64
65

BN S,

g e e e e m

A .
BN
L e N




T ii. Pt Screen - Frontal Structure
. L

iii, Porous Carbon - Recessed Structure

; iv. pt
ér"} - b. Br/Brz

i.

1

Porous Carbon - Recessed Structure
ii,

iii,

iv, Ruoz/Ti~Fronta1 Structure

c. Cu(NHSJEI/Cu(Nﬂs)zz (1M NaCl-+ 0.01M NaOH)

o

L 4
= ‘::W}"‘"‘h\{h; SRt o

i. Au Screen - Frontal Structure

ii. Porous Carbon - Recessed Structure

iii, Au-Activated Carbon - Prontal Structure

iv, Au-Activated Carbon - Recessed—Structure

d. cr*?/cr*® 1y HC1)

i. Au Screen - Frontal Structure

“Qf ii. Porous Carbon - Recessed Structure

iii, Au-Activated Carbon - Frontal Structure

iv. Au-Activated Carbon - Recessed Structure

C. DISCUSSION OF RESULTS - TASK II
III. REFERENCES
APPENDIX I

APPENDIX II

e i ™ B B
e '3"‘:‘»'1 TERTNE v e i e, .

-Activated Carbon - Recessed Structure

Platinized Ti Sheet - Recessed Structure

66

Teflonated Graphite Paper - Frontal Structure

2y

76

89
107
A-I-1
A-11-2




S St T T
L]

e

S— ,vwl‘. S T S —
L Sl

{,\4

R R 4

ABSTRACT

The overall objective of this program was to measure electrochemical

parameters of selected redox couples that might be potentially promising

for applieation in builk energy storage systems, This was carried out in

two phases: a broad investigation of the basic characteristics and
behavior of various redox couples followed by a more limited investigation of
their electrochemical performance in a redox flow reactor configuration,

The primary objective of the first phase of the program was to evaluate
eight redox couples under a variety of conditions in terms of their exchange
current densities as measured by the rotating disk electrode procedure,

The redox couples investigated in this first phase were: Fe®2/Fe*3, Ti*3/TiIV,
Cr*2/Cr+?, sn*+2/sp+* Br-/Brz, Sb*%/sb+s, Cu(NH3)§1/Cu(NH3)Zz, and

Cr(CN)'“/Cr(CN)". Ideally, the couples were to be tested on gold and
6 6

graphite electrodes at 80° and 120°F, reduced to oxidized ratios of 1:10, 1:1

and 10:1 and total concentrations of 1M, 3M and 6M, In actual testing,

solubility and corrosion effects frequently limited the range of conditions,

The results frem Phase I showed the more promising couples to be:

Fe*?/Fe*?, Br7/Brz, Ti**/TilV, cr*2/cr*s ang Cu(NHz)3'/Cu(NH3) ;2. The Pet*2/Fet?

and Br'/Brg, couples were chosen as positive electrodes for their high exchange

current densities and reasonable solukility limits; Br‘/Brg also has a very

high OCV for operation as a positive electrode. The Cr*2/Cr+? and

Cu(NHs);’/Cu(NHS)z2 couples were chosen for study, as negative electrodes, due

to their reasonably high exchange current densities, (The titanium couple,

although better than the chromium couple, was not chosen due to previous

extensive study at NASA-Lewis,)
The second phase of the program involved the testing of these four couples
in a redox reactor under flow conditions with a variety of electrode materials

-i-
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and structures, The best performance with the negative electrode
couples was obtained with the Cu(NHS);‘/Cu(NHS)Z2 couple, particularly
using a gold screen electrode in a frontal structure (i.e. electrode
placed against the ion exchange membrane with electrolyte flowing on the
back). The best performance with the positive electrode couples was
obtained with the Br“/Brg couple, particularly with a porous carbon
electrode in a recessed structure. The Fe*2/Fe*® couple using a

graphite woven cloth electrode (as has been studied by NASA-Lewis) also

showed very good performance.
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I, TASK I - FIRST STAGE OF SCREENING OF REDOX COUPLES

T N K R

A. INTRODUCTION

The first phase of this program involved a broad investigation

,;-‘;GW‘;

of the physical and electrochemical characteristics of eight redox couples
in order to compare their relative suitability for use in a redox fuel cell

system, The eight couples chosen for study were the following:

P

Fe*?/Fe*s, sn*?/sn**, sb*3/sb*S, Ti+3/T4IV, Cu(NHg)3*/Cu(NH,) 22,

Do AT a3 SRR Gt e un,

e cr*?/crte, Cr(CN)g“/Cr(CN}g’, and Br”/Brz, The physical parameters that

were measured were the degree of solubility in the recommended supporting )

L IRNRT Ngpeba

?; electrolyte, the viscosity, and the conductivity, The solubility goals

5 were 1M, 3Mand 6M total ion concentration at the reduced-to-oxidized ratios
of 1:10, 1:1 and 10:1. The exchange current densities—for the—couples

on both gold and vitreous carbon electrodes at 27°C and 50°C were determined

using the rotating disk technique,

B, SOLUBILITY, VISCOSITY AND CONDUCTIVITY DETERMINATIONS

1. Experimental Procedures ;
a. Solubilit ﬁ

The preparation of solutions turned out to be a very

;'153 difficult and time-consuming task. It appears that the reduced forms of % ]
L, : B

; these redox couples tend to be less soluble than the oxidized forms and j; ! 4:

more prone to hydrolysis, It was also necessary to maintain an inert %g !

b atmosphere over most of the solutions at all times, which added to the l?

B P .-

complexity of the procedure, An additional variable was the supporting

P
. L

electrolyte concentration., For example, the acid levels anticipated in i ]

the Statement of Work did not turn out to be universally applicable over

R S
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the whole range of concentrations and redox ratios for the couples
investigated, Therefore, it was necessary to test various acid

concentrations to see which one was applicable to the widest rango of

redox couple concentrations.

b. Viscosity
Viscosity measurements were.made with Cannon-Fenske
type viscometers, with openings modified as shown in Figure 1.to

accommodate solution transfer to and from the cell., Two units were used
with the following ranges: 0.8-4 centistokes and 3-15 centistokes. The
measurements were made by drawing the appropriate quantity of solution
into the viscometer (under N2) and then placing it in the circulation
chamber of the Haake Temperature Controller, After n 10 minutes of

equilibration, the time of flow between the two calibrated marks on the

unit was measured,

¢. Conductivity

Conductivities of the redox couple solutions were measured
by a four point method using the apparatus shown in Figure 2, This
appaxatus was_inserted through the cell cover, and the solution was drawn
up to the bulb (over the Pt disk at the top). A small constant current

was then passed between the upper electrod - and the cell counter electrode

at the bottom of the jacketed vessel (see Figure 3), A voltage recording
device (either the strip chart recorder or oscilloscope) was connected
to the two small Pt probes, and the voltage change was measured between
zero current flow and the coastant current flow. The solution resistance

thus obtained was converted to specific conductance using a cell constant

determined with IN HC1.
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2, Results
a., Fe*¥/Fro*? (IN HC1)

Summary of Solubility

Red/0x 1M M 4M 6M

1/10 sol, sol, sol, --
1/1 sol, sol., insol, insol,
10/1 sol, sol, insol, -

For Fe*2/Fe*%, IN HCl was used as the acid : acentraticn for solution
preparation, With this couple it was found that 6M Fe*2/Fe*?® in any ratio
could not be dissolved. The highest concentration suitable for all redox
ratios was 3M, with 4M soluble only in the 1:10 redox ratio® 4M 1:1
composition was attempted twice and after prolonged heating and stirring a
4M solution was obtained, However, analysis of both of the solutions showed
a ratio of 1.4M Fe*2/2.6M Fe*?, indicating that the apparent solubility was a
result of the Fe*? being oxidized to the Fe*? during the extended dissolution
process (several days). The solutions prepared successfully along with their
viscosities and conductivities, measured at 27°C and 50°C, are shown in
Table I and graphed in Figure 4.

b. Sn*?/sn** (3.5N HC1)

Summary of Solubility

Red/0x 1M 3M SM 6M

1/10 sol, sol, sol, 1insol,
1/1 sol, sol, sol, 1insol,
10/1 sol, sol, sol, 1insol.

Attempts to dissolve the Sn*?/Sn** couple in IN HC1 were unsuccessful.

. *All the redox ratios in this report are the ratio of the reduced to the
& oxidized species.




' g TABLE I. .SPECIFIC CONDUCTANCE.§ VISCOSITY FOR
FERROUS/FERRIC SOLUTIONS AT 279C_AND 50°C—

. Parameter Reduced/Oxidized Ratio at
53 Temperature Measured.. M pe*2/pe+9 (in 1IN HC1)
e § o (ohm-cm™1) 0.091M Fe*? 0.5M Fe*2 0.909M Fe*?
o € (centistokes) 0.909M Fe*® 0.5M Fe*® 0.091M Fe*®
NS sp.cond. 0.262 0.291 0.314
% 27°
£ viscosity 1.50 1.34 1.20
{ sp.cond. 0.347 0.393 0.407
b 50©
i viscosity 1.02 0.94 0.84 i
¥§ Reduced/Oxidized Ratio at .
i 3M Fe*?/Fe*® (in IN HC1) g
§ i
3 0.27M Fe*?  1.5M Fe*? 2,72M Fe*? M
2.72M Fe*®  1.5M Fe*? 0.27M.Fe*? g
i i
b sp.cond....  0.101 0.138 0.176 !
i 27°
H viscosity 4.21 2,95 2,51 :f
Y
i sp.eond. 0.154 0.198 0.256 g,
f 50° .
b viscosity 2.25 1.90 1.57 =
. 51 Reduced/Oxidized Ratio at v
4M Fe*2/Pe*® (in IN HC1)
3 0.33M Fe*2  1.4M Fe*? 3.6M Fe*? o
_ 3.6M Fe*®  2.6M Fe*® 0.36M Fe*® I
;f ff sp.cond., 0.070 0.090 (1) --(2) '
e U 270 i
3 %! viscosity 5.20 4.78 -- }é
i 5
sp.cond, 0.120 0.135 -- %§
500 3
viscosity 2.71 2,78 -- 5%
1) This composition was soluble, but analysis indicates incorrect ratio, 3
A second attempt at this preparation gave similar results. ;%
2) Composition insoluble at this level of ferrous ion. i;
-7-
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S Even low Sn concentration solutions became very cloudy and colloidal upon
%E standing, Therefore, higher acid concentrations were investigated, 2N HCl
%E also was not suitable, but with 3,5N HCl we were able  to dissolve over SM
?g sn*?/sn**, Therefore, we chose to stay at 3.5N HCl and use 5M.Sn*2/Sn** as
ig' the upper limit of solution concentration. The solutions that were prepared
%i. were i, 3 and 5M Sn*2?/sn** at 1:10, 1:1 and.10:1 redox ratios. Soluble-
%% compositions and values measured for viscosity and.conductivity. at 27°C and .
'

50°C are shown in Table II.and Figure 5.

s sl

o c. Sb*%/sb*® (3N HC1)

Summary of Solubility

Red/0Ox M 3M 6M

1/10 sol, sol. insol,

i1 sol, sol, sol, .

10/1 insol, insol, insol.
3N HC1 was specified in the-Work Plan as the supporting electrolyte for
the Sb*3/Sb*% couple, so initial attempts with solution preparation were done
with this concentration. The 6M Sb*3/5b*® (1:1) solution was soluble, so it

was assumed that all other compositions could be prepared. However, it was

found that, upon standing, the 10:1 redox couple composition precipitated.

Lack of time prevented investigating a higher acid concentration. Therefore,

the five soluble compositions were prepared and tested., The five solutions

prepared along.with the viscosity and conductivity for each solution at 27°C -

and S0°C are shown in Table III and Figure 6.
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TABLE 1y, SPECIFIC_CONDUCTANCE & VISCOSITY FO , ‘%
STANNOUS/STANNIC SOLUTIONS AT 27°%¢ anp 50°¢" i
. . : H
: . o Parameter Reducic:/Oxig:lzeg Ratio at i
. emperature®  measured 1M Sn” “/sn” " (in 3.5 N HC1) %
o J - 2 i
s o (chm-ci™')  0.001M sn*’ o0.5M sn*®. o0.000m sn*? |
: ¢ (centistokes) 0,.909M Sn"'4 0.5M s:'a"'4 0.091M Sn-"'4 ' ‘
S !
i o sp. cond. 0.590 10,717 0.852 !
- : , 27 viscos. 1.26 1.10 1.06 !
ft ;g
o _ 8sp. cond. 0.786 0.830 0.985 i
: 50 viscos. 0.83 0.78 0.72 !
k ' :
3 Reduced/Oxidized Ratio at §
- ' am sn*?/en* (in 3.5 N me1) j
™ : 0,274 sn*?  1,5Mmsn*?  2.9m snt? -
~ 2.7 sn*4 1.5 sn™ 0.274 sn™* b
] .o . . .
i o sp. cond. 0.265 0.389 0.616 :
27" -~ Yigeos. 2,52 1.69 1.24 b
| L
E ! o sp. cond. 0.378 0.515 0.715 : '4 §
50 viscos. 1.42 1.04 0.87 -
; o
Reduced/Oxidized Ratio at
: sM sn*%/sn*¥ (in 3.5 ¥ mO1)
" : +9 +3 +2 H
0.454M Sn 2,5M Sn 4,54M Sn ;
i' 4,544 sn™ - 2.6m 5™  0.454M sn* 1o
— 4 . .i'!‘ ’ ¢
g ° sp. cond, 0.063 0.176 0.378 {
27 viscos.. . .........9,.81 3.95 .85 :
! o sp. cond. 0.105 0.249 0.481 LR
} 50 viscos, 4.43 2.19 1.23 ; |
| 1
| y!
i
2
e ¢ ~10-
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i TABLE TII. SPECIFIC CONDUCTANCE AND VISCOSITY FOR

ANTIMONY*®/ANTIMONY*+® SOLUTION AT.279¢ AND 50°C

2' Parameter Reduced/0Oxidized Ratio at
f Tgmperature —Measured 1M Sb*2/Sb*$ (in 3N HCL) ;
. (ohm-cm~1) 0.091M Sb**®  0.5M Sb*3  0.909M Sb+s Y
ks c (centistokes) 0.909M Sb*®  0.5M Sb*5  0.091M Sb*° i
®! :
. sp. cond. 0.674 0.750 0.779 (1) ;
l{ 27 . ;
Ry viscosity 1.35 1.28 1.14
i
( sp. cond. 0.889 0.937 0.980(1) i
. f»t soO ‘ g‘
§ viscosity 1.013 1.09 0.79 _i
i
i Reduced/Oxidized Ratio at 1
}% 3M sb*°/sb*® (in 3N HC1)
b 0.27M Sb+3  1,5M Sh+3  2.7M Sb+3
2.7M Sb*S 1.5M Sb*®  0.27M sb+¥
| sp. cond. 0.334 0.440 -2
i 270
i K viscesity 2.45 . 2.30 --
sp. cond. 0.473 0.598 --
. 500
'& viscosity 1.48 1.31 -
f Reduced/Oxidized Ratio at
: 6M sb*3/sb*® (in 3N HC1)
L 0.545M Sb*?  3.0M Sb+®  5.45M Sb*?
| H 5.45M Sb*S  3.0M Sb*S  0,545M Sp*°
f o sp. cond. --(3 0.092 --4)
27
viscosity ——— 4,53 --
o sp. cond, -- 0.138 --
50
viscosity -- 2.35 --

1) This composition was soluble initially but precipitated after

standing a few days. A repeat preparation yielded the same results.
2) This composition precipitated.
3) Not soluble.

4) Not prepared.

-12-
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d, Ti*¥/Ti** (6M HC1)

Summagx of SOIubilitz
Red/0x 1M M 6M

1/10 sol, sol, insol,
1/1 sol. sol, insol,
10/1 sol. sol, insol,

Ti*3/Ti*%.solutions of 1M and 3M Ti concentrations with redox ratios
of 1:10, 1:1 and 10:1 were prepared in 6N HC1, the acid concentration
specified..in the Work Plan, The 6M composition was found to be insoluble
(< 4M max.). The solution concentrations prepared along with-measured
viscosities and conductivities at 279C and 50°C are shown in Table IV
and-Figure 7,

e— c_ugﬁs);l/m(m{s) 4-(IM NaCl + 0.01M NaOH)

Summary of Solubility

Red/0x 1M 3M
1/10 sol, sol.
1/1 sol, sol,
5/1 sol, insol,
10/1 insol, insol,

In the preparation of solutions of the Cu(NHS);‘/Cu(NHS)Z2 couple,
the reduced form of the couple was found to have low solubility. Seidellcl)
indicates a very low solubility for cuprous chleride alone in water, 0.01-0.1%.
In the presence of cupric chloride the solubility increases as shown below:

Solubility of CuCl/CuCl, in H,0 at 199C (sat'd)

CuCl CuCl Red/0x
(m/1) (m/1)
.16 1,0 1/6.25
.41 1.93 1/4.8
.64 3.23 1/5
.80 4,0 1/§
.88 4,9 1/5.5

el s T B T il i T T | 2
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TABLE TV, SPECIFIC CONDUCTANCE & VISCOSITY FOR

Ti*2/TiIV SOLUTIONS AT 279C AND 50°C

Parameter Reduced/Oxidized Ratio at
Temperature Measured M Ti**/TiIV (in 6N HC1)
oc (ohm-cm~1) 0.091M 0.5M 0.909M
(centistokes) 0.909M . 0.5M 0.091M
sp. cond. 0,658 0.598 0.562
27°
viscosity 1,67 1,913 1.83
sp. cond. 0.860 0.727 0.708
50°
viscosity 1.21 1.26 i.24
Reduced/Oxidized Ratio at
3M Ti**/TiIV (in 6N HC1)
0.27M 1.5M 2.7M
2. ™ 1.5M 0.27M
sp. cond., 0.301 0.272 0.207
279
viscosity 4,99 5.15 5.28
sp. eond. 0.395 0.356 0.252
50°
viscosity 3.13 3.13 3.29
-15-
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Complexing with ammonia improves the solubility to 1:1 at 3M total

I

v concentration. This level of solubility of—the cuprous ion, 1,5 mol/%,

would seem to favor the possibility of a 10:1 ratio at a total concentra-

tion of 1 mol/%, but some dependence on cupric ion concentration

4 et -
.

apparently is retained even for the complexed ions,

In our preparation, NH,OH (27% NH3) was used as the solvent, Also the

method of bubbling pure NH; gas over the Cu* Ycu*? yas employed to help

dissolution., However, concentrations higher than 3M Cu could not be

e

obtained and the 10:1 (Red/Ox) in the IM or 3M Cu could not be prepared,

A second preparation of the 10:1 (Red/Ox) 1M and 3M compositions

was attempted in order to investigate the solubility further. After

g make-up with CuC1/CuCl, and NH,0H, the solutions were heated and stirred
; continuously with NH; gas bubbling through the solution for 30 minutes.
? The compositions remained insoluble, however. A 5:1 composition at IM
i total concentration was soluble, and this was chosen as the upper limit
for further investigation, It is to be noted that the reduced form of the
complex has less NHz than the oxidized, so that the solubility problem of
: the 10:1 solutions is not due to a lack of NH;. We were able to prepare
i 1 and 3M Cu(l‘ll{:,’);‘/(.211(1‘1}!3)"1"'2 in the redox ratios of 1:10 and 1:1 and 1M §:1.
E: The solutions prepared with their measured viscosities and conductivities
at 27°C and 50°C are shown in Table V and Figure 8.

f. Cr+2/Cr+® (1M HC1)

Summary of Solubility

Red/0x M

0.08/0.91 sol.

0.33/0.5 sol,

-17-
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TABLE V. SPECIFIC CONDUCTANCE AND VISCOSITY FOR

Cu(NH;) 3" /Cu(NH5) 42 SOLUTIONS AT 279C AND 50°C

Parameter Red/Ox Ratio at 1M Conc.
Temperature Measured (Sat'd. NH40H)
oc (ohm-cm™?) 0.091M 0.5M 0.833M

27°

50°

27°

50°

(centistokes)

sp. cond.

viscosity

sp. cond.

viscosity

sp. cond.

viscosity

sp. cond.

viscosity

0.909M

0.124

1,23

0.226
0.89

0.5M 0.167M

0.096
1.12

0.131

0.78

0.53¢

1.51

0.867

0‘97

Red/Ox Ratio at 3M Conc.
(Sat'd. NH4OH)

0.27M
2.™

0.231
1.44

0.271
1.09

-18~-

1.5M
1.5M

0.202

1.66

0.228
1.15
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Attompts to dissolve CrCl, in HC1 showed considerabhle difficulty,
Various brands of the compound werce purchased, but vory low solubility
was obtained in all cases. A small sample of CrCl, (Fisher Scicentific)
was obtained from NASA-Lewis for comparison with the materials we had
been using., It was observed to be light gray in color in contrast to a
light green color for our materials and was found to be more soluble
than the material we obtained from Fisher or Ventron, Using the Fisher
material obtained from NASA-Lewis, we were able to prepare two ~ 1M Cr
solutions; 0.081M (out of 0.09M Cr*2 added) and 0,33M Cr*?2 (out of 0,5M
Cr*? added)., It seemed probable that part of the problem was the impurity
level of the chromous chloride salt, the impurities being something other
than CrCls, since there was an insoluble residue even after vigorous heating
and stirring,

The viscosities and conductivities at 27°C and 50°C for the two
solutions prepared are shown in Table VI and Figure 9.

g. Br'/Brgﬁ(NaBrj

With regard to the Br‘/Brg couple, the solubility data
available in the literature was examined to determine the feasible operating
concentration range. The maximum solubility of NaBr in Hy0 at 259C is
v 7.M. (3 The solubility of bromine (Bry-partial pressure not stated) in
aqueous sodium bromide at 250C (which limits the maximum charged state of

the couple) is as follows:

NaBr (aq. Br, (aq.)
0.9 moles%l 57%2 moles/%

1.56 1.10

2.00 1.55

3.10 3.41

3.48 4.01

4.0 5.2
-20-
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TABLE VI. SPECIFIC CONDUCTANCE AND VISCOSITY FOR

Crt2/Cy+® SOLUTIGNS AT 27°C AND 500C

Temperature Parameter Red/0Ox Ratio at ~ 1M (1M HC1)

| oc (ohm-cm=1) 0.081M 0.33M
i (centistokes) 0.909M 0.50M

o Sp. Cond. 0.226 0.178
27

Viscosity 1.83 1.56

BT e e i e e e

o Sp. Cond. 0.310 0.239
50

Viscosity 1.21 1.09 ‘ X

.

: S
. &
) .y
- : % [+
- i i N
! [
‘0 [
A .
. : s
. h &
M P W
v .‘ ) "‘:'
: r d
, S
N

R L RPN

i
“

-
»

-2]-

- " —y - - - v - - N -y - - v .
: BRI BRI et |
LR | a 2 -




L b g =
DTSR L, LR

Gd

|

FIGURE 9.

0.5

2|% Specific Conductance (ohm-cm~1)

N

Temperature
VvV 509C

| L | |
.08- .33 08 .33
.90 .50 .90 .50
Sp. Cond. Viscosity
~ IM ~ 1M

O 27¢ _|s

a?lg Viscosity (Centistokes)

-22-

Specific Conductance. and Viscosity for Cr*2/Cr*? Solutionms.

S

N



| I S G — -

The following. solutions were prepared for our measurements:

Summary of Solubility

High Level Low Level
(Total Br = 9 g-atom 2’1) (Total Br = 2.1 g-atom 2'1)
Br™/Bry Br™/Br}
6.3M/0.9M 1.5M/0.2M
3M/2M 0.9M/0.4M
oM/ 3M 0.3M/0.6M

The viscesities and. conductivities values are shown in Table VII and Figure 10

h. Cr(CN) :’/Cr(CN)'g’ (NaCl)

We attempted to prepare a 1M 1:1 composition of this eouple

by dissolving chromous chloride in 6M NaCN. The chromous complex appeared
to be almost completely insoluble. Very little solubility data is available
for this couple. The Handbook of Chemistrycs) indicates a moderate
solubility for the chromic complex, v 0.1 moles Kg Cr(CN)6/100g H,0.
Randles and Somerton(4) investigated this couple but only with
concentrations of 1073M, and they give no jndication of their method of
preparation., Hume and Kolthoff(s) also investigated this couple again at
about 10~3M. They first attempted to prepare the chromous complex by
adding potassium eyanide to.electrolytically prepared chromous chloride,
They do not indicate the amount of chromocyanide obtained, if any, but
report the formation of a small amount of reddish brown precipitate.
Their preferred method was the électrolytic reduction of 0,01 or 0.1M
chromicyanide on mercary, They were able to obtain up to 75% reduction
by this method (Vv 0.075M chromocyanide) before changing completely to
hydrogen evolution, They »eport that the chromous complex is highly

unstable (less stable than the chromicyanide ion by a factor of 10'%),

-23-
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Parateter: )
Temperature Measured- Total Br, g-atom/4"' (Red/Ox Ratio)
2.1(0.3M/0.6M) 2..1(0.9M/0.4M 2.1(1.5M/0.2M)
Sp. Cond,
(ohm-cm-1) 0.092 0.120 0.145
27°C
Viscosity
(centistokes) 0.89 0.89 0.93
9.(0M/3M) 9 (3M/2M) 9 (6 .3M/0 .9M)
Sp. Cond,
(ohm-cm-1) 0.216 0.260 0.269
279C__
Viscosity
(centistokes) - 0.98 1,22 1.52

TABLE VII. SPECIFIC CONDUCTANCE AND VISCOSITY FOR

Br-/Brz SOLUTIONS AT 270C
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Temperature
O  270c
0.5- —5
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Re 0.3 0.9 1.5/0.3 0.9 1.5(0 3 630 3 6.3 [Re
Ox 0.6 0.4 0.2(0.6 0.4 0.2 |3 2 0.9 |-3 2 0.9 [bx
Sp. Cond. Viscosity Sp. Cond. Viscosity
Total Br 2.1 2.1 9 9 g-gtom/z

FIGURE 10. Specific Conductanee and Viscosity for Br~/Brz Solutions.
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Based on this low solubility for the couple and the instability of the
chromocyanide ion, we concluded that this couple probably was not suitable
for redox cell application in.spite of the relatively high exchange current
density reported (v 24 mA/cm? at 10°°M on Hg) and a very negative potential
(v - 1.0v).(6)

-26-
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C. EXCHANGE CURRENT DENSITY MEASUREMENTS

f 4 1. Theoretical Background

The exchange current of a redox couple can be obtained under ideal

conditions by extrapolating the linear portion of log i vs. polatization
plots (Tdfel plots) and determining the current at which the so extrapolated
anodic and cathodic plots intercept, if both Tafel plots are used; or by
determining the extrapolated current at the thermodynamic open circuit

potential, if only one of these Tafel plots is used.

In practice the length of the linear portion of the Tafel plot is -
limited by the back reaction, by concentration polarization and by ohmic
polarization. Ohmic poiarization can be taken into account by using for

: instance; an interrupter technique; as a consequence, the polarization can.-
be corrected for this contribution according to:
fcorr = N - iR m
After this correction, the linear portion of the Tafel plot is still
limited to pq?gxizations higher than.about 100 mV, by the. back reaction,

and to currents which are a small fraction of the limiting current i, by

concentration pblarizations. (This upper boundary can be increased by
increasing stirfing.)

In the case of very high exchange currents, for practical degrees-of
stirring, the region of linearity can disappear or be so narrow as to
make impossible the extrapolation of exchange currents based on Tafel plots
of steady-state current and polarization data. Under these conditions,
corrections for the back reaction and/or concentration polarizations have
to be undertaken in order to extend the linear region of a Tafel plot.
Such corrections can be performed by correcting the measured current as

done by Essin (see page 465, ref. 6). His approach, used in this work,

«27-
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leads to a.correction of current given by equation:

imeas

i = 2
COFT [ . imeas - h imeas P 2
TLa(e) " itc(a) ®XP = ®F Ncorr ,

where, i

meas = uncorrected measured current either anodic or cathodic

iLa(c) = anodic limiting current when imeas is anodic, and cathodic

limiting current when ipeas . is cathodic
iLc(a) = cathodic limiting current when ijeas is cathodic, and
anodic limiting current when iyegs is anodic
Neorr = iR-corrected polarization, in absolute value
The first term in the denominator corrects for the effect of concentration
polarization while the second term..takes into-consideration the-back
reaction. Within this second term, which becomes very small as ncorr
becomes larger than 100 mV, the parenthesis takes into consideration the
fact that for reactions with very high exchange current, there can be a
considerable build up of the concentration of the reaction product close to
the electrode, even for pelarizations smaller than 100 mVv.
Use of equation (2) requires that:
1. There is direct proportionality between current and concentration.
(Such case will be the most probable in redox reaetion involving a simple
electron- transfer.)

2. The diffusion layer remains constant throughout the measurement

of the complete i-n curve. This requires well defined forced convection,

such as obtained with a rotating disk,

3. The limiting current can be determined accurately for the used

rotation either by direct measurement or by extrapolation. This condition

-28-
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suggests again the use of RDE.

4. Ohmic-disturbances to ideal-rotating disk electrode theory(7) are————

kept low. For this condition the reference electrode is kept far removed
from the--RDE.

5. Current-potentials Points are selected to minimize corrections,
because of unavoidable uncertainties in the determination of limiting
currents and ohmic polarization. This condition mandates use of high
rotation rates compatible with accurate determination of the limiting
current, and places a limit..in the magnitude of the current which can be
used for the log i-n plots.

Another method to correct the current with help of the rotating disk
technique, for use in a Tafel Plot, is based on equation:

1 1

i
= - = (3
Ineas o A

icorr
or

1 . 1

-1 (4)
icorr imeas k,/ W

where in addition to the previously introduced symbols, w is the angular
rotation speed of the rotating disk, and k is a constant.
In this method the current is measured at a given polarization (ncorr)
for different rotation speeds: The intercept with. the- ordinate in a-i 1
meas

1 -
V8. —— plot produces which can be used for the log i Vs,
r;r‘p P I::;;’ corr

"corr - Tafel plot.
We decided against the use of this approach in this work because
equation (3) does not consider the back reaction (note that eq. (3) becomes

identical with equation (2) when the second term in the denominator of eq.(2)

-29.




is disregarded), and forces to carry experiments towards high polarizations,
i.e. towards high %:»ratios for .reactions with high exchange currents. In
addition, the method is quite cumbersome since it requires the measurement
of a number of complete i-n curves at different electrode rotations.

Instead of using the linear part of a plot of logarithm of current vs.
polarization for determination of exchange currents, it is possible alse

to use a linear plot and to determine the slope at open circuit related to

the excharige current by:

io = XU (.:-)ngo (5)

When applying this approach to an electrode reaction of very high exchange

current, it is again necessary. to use very small polarizations (microvolts)

so that i and, therefore, concentration and ohmic polarization remain small...

This approach was used in this work in a number of cases (Sb*%/sb*®,
Cr*2/0r+’). This was done after having obtained the complete i-n curve, and
having ascertained that the exchange current was low enough to allow for
graphic détermination of the slope at open circuit.

For completeness sake, non-steady state methods based on the controlled
transient build up of the diffusion layer have to be mentioned here. These
methods can successfully be used to correct for concentration polarization,
but were not used in this work because they do not lend themselves for
routine application when a very large number of exchange currents have to

be determined.

2, Experimental Procedure

Preliminary measurements were carried out with the Fe*2/Fe*?
couple to determine the appropriate range of data to be taken in

determining i, for the eight redox couples. The method used was the

-30-
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§ rotating disk electrode technique obtaining I-E relationships eithor by
arplying linear potential Sweeps or graduatod potential steps to the test

clectrode up to the limiting currents for various rotation rates,

. The electroqhemical cell used for these experiments consisted of a

jacketed vessel of ~ 100 ml volume (7 cm diameter to give an electrode

e T v

to cell diameter ratio of 1:8), with a fitted Teflon cover to accommodate

the electrodes (see Figure 3). The RDE was inserted in the central

opening and secured with-a.Teflon fitting. The reference electrode for
polarization measurements was a saturated calomel, and it was inserted in one

of the peripheral openings sealed with an "o" ring. For iR measurements it

ir e PR ST
e

§§ was necessary to use a platinized Pt probe as reference due to excessive
;§ noise with the calomel reference. The counter electrode was a gold ring at

the bottom of the cell, A thermometer and gas inlet and outlet tubes were

secured with Teflon Swagelok fittings. The temperature of the cell was
controlled to * 0,5°C by circulating water through the jacketed vessel
from a Haake Temperature Controller. Nitrogen, to sweep the solution and
¢esl chamber of air, was presaturated with water vapor to reduce water
evaporation from the cell during operation, The proper temperature for
the presaturator was approximated since little vapor pressure data was
available for the redox couple solutions under investigation. The RDE was
a Beckman Model No. 188501 variable speed drive assembly with rotational

speeds variable from 3-100 rps. The specifications are as follows:

Concentricity: t 0.0026"
Wobble: t 0,008"
Accuracy of Rotational Speed: t 1% above 3 rps

Repeatability of Rotational Speed: + 10%

-31-
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The test electrodes were gold (Beckman #39087) and vitreous carbon
(Beckman- #39084), The electrodes were interfaced to the drive assembly
with Beckman Electrode Assemblios (#188551) through the flexible drive
cable, The electrodes were polished (with 0.5 micron alumina) and the
following surface roughness values were obtained: gold = 69 uf/cm?,
vitreous carbon = 29 pf/cm®, A substitute drive assembly was also used,
This consisted of a G,K, Heller variable speed stirrer motor and
controller, Model GT-21 (0-100 rps). The drive shaft of this motor was
coupled to the Beckman RDE electrode assembly, and the rotation speed was
monitored with an oscilloscope by converting the off-times of an LED/
photocell sensing circuit as it was interrupted by an opaque marker arm
attached to the drive shaft.

The IR was measured by the current interruption method using a
current density of ~ 50 mA/cm?® and monitoring the potential change with
an oscilloscope trace at 1-2 msec/div. The reference electrode was a Pt
probe as mentioned above.

The exchange current densities were obtained from the intercepts of
plots of log i.opp+ Polarizations were corrected for iR drop, and
measured currents were corrected for the back reaction at low currents and
for concentration polarization at high currents according to equation (2).
Values for icorr were determined from beth anodic and cathodic curves
whenever possible, A computer program was set up which calculated the

Therefore, in order to obtain the desired 1-E

corr’

values for icorr gnd n

relationship both diffusion limiting current values and low polarization
measurements were taken, We measured the limiting current at 3 rotation
speeds whenever possible, 5 rps, 10 rps and 50 rps. This allowed

verification according to the relationship iL = kvﬁsnwhere w is the

-32.
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angular rotation speed, k is a constant and iL is the limiting current,
For situations where values could not he measured at 50 rps, a value was
calculated from the above relationship, using the values obtained at § rps,
Current density data was taken at 50 rps at the following levels (mA):
0.1, 0.15, 0.3, 0.5, 1.0, 1,5, 3.0, 5.0, 10, etc. to 0,5 ip.
3. Results
a. Fe*?/Fe*3 (1IN HC1)

The exchange current densities were determined for the
seven soluble Fe*?/Fe*?® solutions on both gold and carbon at 27°C and 500c¢,
A reliable exchange current density for gold in the 4M 1:10 ratio solution
could not be derived from the experimental data, although the range of
values indicated are of a consistent order of magnitude. The excha;ge
current densities were obtained from the intercepts of plots of log icorr
versus Ng,.. according to Equation (2).

The values of i, were determined from both the enodic and cathodic curves
for each solution whenever possible, Both curves were generally in good
agreement except for the 1:10 and 10:1 ratios at 1M total concentration,

For these solutions the i, value was based primarily on the cathodic curve
for the 1:10 ratios and the anodic curve for the 10:1 ratios. The species
at the lower concentration level in these cases is apparently too low (0.09M)
for reliable measurement of the exchange current, The exchange currents and
open circuit voltages for gold and carbon at 27°C and 50°C for the Fe*2/Fe*?
are shown in Table VIII,

b. sn*%/sn** (3.5N Hel)

I(E) measurements were determined for six of the nine
compositions of the tin couple prepared (1 and 3M), This couple appears to be
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TABLE VITI. EXCHANGE CURRENT DENSITY.elog i, (A/cn?) |
T ) i
: Fe*?/Fo*® (IN HC1) |
a
- Total 27°¢ 50°C
Concentration| Red/Oxid.| Gold Carbon| Gold Carbon |
1/10 1.6 2.5 | 1.3 2,2 i
) M 1/1 1.2 2.0 | 1.0 1.3
s 10/1 1.5 2.2 | 1.3 1.7
. 1/10 1.6 1.9 1.3 1.7 f
| :
: M 1/1 1.0 1.5 | o.8 1.3 ‘
— 10/1 1.4 1.7 | 1.2 1.5 3
o 1710 Q1.6 1.9 | 1.2 1.3 -i
. am 1/1(insol)
10/1 (insdl)
o OPEN CIRCUIT VALUES - Fe*?/Fe*® (mv vs. SCE)
P Total 27°% 00
; ; Concentration| Red/Oxid. Gold Carbon | Gold Carbon
.
i 1/10 507 508 | s30 530
i M 1/1 448 447 | 467 462 .
]
B 10/1 386 386 399 397 ‘
(R
ook 1/10 490 490 | 510 510
i {
i 3M 1/1 433 432 | 444 444
10/1 371 367 | 378 378
;
5 am 1/10 501 482 | 512 512
1
Py
R 1
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fairly irreversible, Very little current is observed corresponding to the

reaction Sn*" + 2e*

+ Sn*? (v 0,14V vs, SHE).- This was at most " 8 mA/cm?
seen as a small peak, rather than a limiting current with gold; no measurable
cathodic current was observed with carbon. Beyond this small current

peak a large increase in current was obhserved corresponding visually

with tin plating on gold; on carbon a fine precivitate formed at the
electrode surface,

The anodic reaction occurred with much less polarization., Polarization
data and anodic limiting currents were obtained with carbon in most cases,
from which exchange currents were derived., On gold, however, no
unambiguous limiting currents were obtained. During the anodic sweéep on
gold a sharp drop in current was regularly observed, possibly indicating
passivation of the surface of the electrode, followed by a second slow
rise in current to a higher plateau, Typical curves obtained for Sn*2/Sn+*
on gold and carbon are shown in Figure 11,

Our results are in agreement with those of Lerner and Austin,(s)
who investigated the tin couple (on carbon), and report that it reacts
fairly irreversibly according to a two-step process:

Sn*?2 + sntd 4+ o" (a)

sn*?® -+ sn** 4+ " (b)

sn*?  +  sn** + 2e"
They indicate that step (b) is rate controlling at n = 30 to 120 mV, and
step (a) is rate controlling from n = 240 mV to 0.1 iL. Because of the
apparent irreversibility of the Sn*2?/Sn** reaction, our calculations of

exchange currents were limited to anodic data. The anodic data were
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corrected using the equation*:

i
i =i /(1. Beas (6)
corr meas ( iL(a)

The exchange current densities, derived from plots of ncorr versus

log icopys are shown in Table IX (open circuit potentials were erratic;
E® = -0.1V vs, SCE). The curves for carbon show two distinct slopes as
reported by Lerner and Austin. The plots of the data on gold tend to
show a continuous curve. For these- reasons, exchange current densities
shown in the table. are very approximate.

“*

c. Sb*3/sb*S (3M HC1)

The five antimony couple composifions found to be soluble
were all tested. A number of problems.were encouritered with this couple.

On gold, anodic limiting currents could not .be measured due to
the early onset of gold corrosion; this was not unexpected since the open
circuit potential of the antimony couple was relatively high (v 0.5 *o
0.6V vs. SCE). Unambiguous limiting current data could not be obtzi: eg on
carbon either; a curve that appeared to finally approach a cu. -ent plateau
was frequently followed by a.negative peak in the current, as is shown in
Figure 12,

Cathodic limiting currents could not be obtained-either, on gold or
carbon, due to a reaction occurring at a polarization of 0.2 to 0.5V, that.
deposited a brown, non-metallic residue on the surface of the electrode
(Au and €). The deposited material could be stripped anodically, This
observation is consistent with the -olubility problems encountered with

high Sb*? concentrations (all 10:1 ratios were insoluble),

*The second term in the denominator of equation (2) is dropped because
of the high polarization used.
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TABLE IX. EXCHANGE CURRENT DENSITY,-log io(A/cmz)

sn*?/sn** (3.5 N HC1)

o Total 27%  s0°
’ Concentration| Red/Oxid.| Gold Carbon| Gold Carbon i j
) 1/10 3.0 45 | 2.2 | a2 -
B M 1/1 3.7 5.5 | 3.0 | 5.2
10/1 4.7 | 3.4
1/10 2.2 5.4 1.7 | 5.2
M 1/1 3.5 5.0 | 2.7 | s.2
10/1 4.4 4.8 6.7

NOTE: The exchange current values for the Sn*?/sn** couple are

tentative. There is considerable uncertainty because of )

‘>$¢ff (a) lack of well defined cathodic iE-curve; (b) existence of %
F one or more linearity breaks in the anodie log i gpr Vs. N curve; %
and (c) because irreproducibility of the open circuit petential. §
The values tabulated here correspond to linear section in the anodic %
log i-n curve which extends only to n = 100 mV for gold and *';
n = 300 mV for carbon, 2
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Exchange current derisities for this couple were estimated from
the slope of the curve n versus i, at low polarization wusing the
equation (5). The exchange current densities derived in this manner,
are shown in Table X (opén circuit potentials were erratic, E® = 0.51 vs..SCE).

d, Ti*y/TilV (eM HC1)

Polarization data.and limiting currents were obtdined for

the six soluble compositions of this couple. The reaction was quite —
reversible, The anodic data was generally good with stable limiting
currents and no evidence of secondary reactions. The cathodic data was

soliewhat less straightforward, especially on carbon; sometimes several
| cathodic curreént plateaus were observed, or no distinct plateau, Additionally,
the cathodic polarization measurements (steady state cutrrent at controlled
potential) were subjett to some drifting, particularly for the 1:10 ratios -
(high iV concentrations).  There may have been a deposition reaction
occurring since the gold electrode was-sometimes observed to have a deposit
on the surface after a cathodic sweep., This may have been due to generation
of a high local concentration of Ti*3, the product of the cathodic reaction,
which was insoluble at some level below "~ 4M,

Exchange current densities were derived from plots of Neory Versus
log icorr’ using both anodic and cathodic data, using Equation (2). Exchange
current dehsities and opefi circuit potentials are shown in Table XI.
e. Cu(NH);!/Cu(NH,)32 (IM NaCl + 0.01M NaOH)

Four compositions of this couple were-tested. 1In

preliminary testing of this couple, it was found that precipitation of

=40~
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5 TABLE X. EXCHANGE CURRENT DENSITY,-log i (A/cn?)

§; Sb*3/sb*® (3N 1ic1)

!

:!:

K Total 279C 50°C

p Concentration| Red/Oxid.| Gold Carbon| Gold Carbon

1/10 33 4.0 2.8 2.8

M 1/1 4.0 4.0 3.5 2.7

10/1 (ingol.)

1/10 3.0 4.0 2.4 2.9

M 1/1 3.3 3.5 2.6 2.8

PR P T RN ) S i
Saiun g RYb i Coiei

10/1 (inﬁol.)
1/10 (inJol.)
M 1/1 3.5 4.3 2.7 3.3

10/1 cinio1.)
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TABLE XI. EXCHANGE CURRENT DENSITY,-log i, (A/cm?)

Ti*2/14IV (6N HC1)

Total | 27°C 50°C
Concentration| Red/Oxid.| Gold Carbon| Gold- Carbon
1/10 e 200 k07"'3.2 2.0"105 307‘3-3
IM 1/1 1'9-107 307"3;3 103 300’204
10/1 2.2-1.6f 4.5 1.8 4.1
1/10 1,7-1.4} 3,4-2,2]1.7-1.2] 3.4-2.0
k1" S 1/1 1.5-1.2} 2,4-2.01.1-0.5] 2.3-2,0
-10/1 204"203' 305"'302 200"‘103 3.3"2.7
OPEN CIRCUIT VALUES Ti“/'l‘itv (mV vs. SCE)
Total 27°C 50°C
Concentration| Red/Oxid. | Gold Carbon | Gold Carbon
1/10 28 51 51 49
L | 1/1 -34 -37 -19 -22
10/1 -109 -100 -107 -110
1/10 54 49 54 59
M 1/1 -29 -26 -25 -22
10/1 -94 -92 -92 -90
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copper was occurring during the course of testing, apparently due to the
loss of ammonia, This may have been due to the change in the complexing
number in going from the reduced to the oxidized form. To eliminate this
problem, ammonium hydroxide solution was substituted for the water in the
N, presaturator. This was quite effective in preventing precipitation,
and all four compositions were tested in this way.

v This couple appeared to be quite reversible and showed fairly high
limiting currents, A practical limitation may arise from the relative

insolubility at the 10:1 redox compesition., However, a IM §:1 eomposition

was found to be soluble and was tested in place of the 10:1 composition.

Copper plating occurred at -400 to -500 mV vs. SCE, and this ?

prevented measurement of a cathodic limiting current in some cases. L

Exchange currents were derived from plots of n versus log i

corr’ corr®

The measured anodic current data -was corrected according to Equation (6).

TR T I T R T Ty T

For verification, a second correction was made using the complete

it a4

correction of Equation (2) to correct for the back reaction at low

polarization, in which a value for iL(c) (the cathodic limiting current,

which was not measured) was calculated, according to the concentration

ratio, from the measured anodic limiting current. These values extended the

straight line portion of the curve to low values of current density in geod ;

agreement with the first correction, The exchange current densities for T

Cu(NHs);‘/Cu(NH

s e Y e

2
34

couple are shown in Table XXXI of Section II (E® = -0.25 vs. SCE).

are presented in Table XII. Open circuit values for this E A

£, Crt?/cr*® (1M HC1)

As discussed above, two compositions of this couple were
partially soluble; an approximate 1:10 1M composition (0.08M Cr*2/0,9M Cr+?y,

and an approximate 1:1 IM composition (0,33M Ccr*2/0,5M Cr*z). Limiting

-43-
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TABLE XII. EXCHANGE CURRENT DENSITY,-log i, (A/cm?)

Total 27°C 50°C
Concentration| Red/Oxid.| Gold Carbon| Gold Carbon

M 1/10 2,2 2.0 1.5 2.4 '

M 1/1 1.6 }2.0-1.6 |1.6-1.4}] 1.5
10/1 1.1 1.3 1.8 }2.0-1.5
1/10 1.4 1.8 |1.7-1.3}1.6-1.2

M — 1/1 1.4 1. |1.7-1.6}1.6-1.3
10/1 (insPI.)
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currents for the two compositions of this couple could not be measured
cathodically due to hydrogen evolution (E® = -0,65V vs. SCE), and anodic
limiting currents tended to be unstable .and-not reproducible. Exchange
current densities were estimated from the slope of the curve n versus i,
at low polarization, using Equation (3),

The exchange current densities for Cr*2/Cr*® are shown in Table XIII.
Open circuit values for this couple are shown.in Table XXXI of Section II.

Six compositions of this couple were prepared and exchange

current densities were measured. Due to gold corrosion and interfering
anodic reactions at the high potential of this-couple, measurements with
this couple were limited to cathodic polarization curves on carbon at 27°¢C,
Measurements at 50°C were not taken due to the unavailability of bromine
solubility data at this temperature (excessive bromine vapor was observed
on attempting to heat to 50°C). This couple is highly reversible,
The method used for the determination of exchange currents was similar
to that used for the Cu(NHS);‘/Cu(Nﬂs)Zz. The exchange current densities
obtained and the open circuit potential values measured are shown in

Table XIV,

-45-
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TABLE XIII,

Crt?/Cr*? (1M HC1)

EXCHANGE CURRENT DENSITY,-log iy (A/ cm?)

Total 27°C 50°C |
Concentration| Red/Oxid.| Gold Carbon| Gold Carbon ‘
|
|
~ 1710 2.7 4,3 2.8 4,2 1
M |
' ~1/1 2.7 4.2 2.3 |° 4.4
%
!
{ »
!
T !
5
I
i‘
- -46-
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h TABLE XIV, EXCHANGE CURRENT DENSITY,-log io (A/cm?)

oy Br-/Br; (NaBr)

f Total Br"/Br; -log i, at 27°C
‘ Br Conc. (g-atom/%”!) Red/Oxié on’carbon

2.1 0.3/0.6 2.2 ,
2.1 0.9/0.4 2.5-2,2
2.1 1.5/0.2 3.0-2.7 ‘

9 0/3 2.0 3

f s A eiC . s e

3 i
ﬁ 9 3/2 2.1 S
i 9 6.3/0.9 2.2-2.0

OPEN CIRCUIT VALUES Br~/Br; (mV vs. SCE)

o g
! 2.1 0.3/0.6 813 |
!{ 1t "
2.1 0.9/0.4 799 . g
v :
: 2.1 1.5/0.2 766 !

9 0/3 798
9 3/2 754 ey
9 6.3/0.9 724

A

o
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D, SUMMARY AND CONSLUSIONS

PO U

Solubility: In attompting to prepare the solutions suggested in the
Work Statement of this Contract, solubility limitations have been

. established in a broad manncr for the different redox couples studied,

The highest solubilities were obtained with the Sn*2/Snp** couple, which
is soluble (in 3,5N HC1) up to a total concentration of 5 molar at all the
three studied redox ratios (1:10, 1:1 and 10:1), Solubility of up to 3M was
obtained, at the same three redox ratios, with the Fe*2?/Fe*? couple (in IN HC1)
and with the Ti*¥%TilV (in 6N HC1). The Br~/Br; couple also shows high
solubility, 9 Normal in total bromine, at moderate Br, partial pressure,

but in order to keep this pressure low, only 2/3 of this bromine can be

charged,

s e e ma e R

All the other couples showed limitations below a total concentration

of 3 molar (the reduced species being the most difficult to dissolve>,

éﬁﬂ y Thus, the $b*3/Sb*® couple was soluble (in 3N HC1) up to 3M total
L concentration at the 1:10 and 1:1 ratio, but the 10:1 ratio could not be

9 dissolved, The Cu(NHs)E‘/Cu(NH:;)Z2 couple was soluble as a chloride (in IM
%;; ; NaCl, 0,01M NaOH and 1 atm NHz) at the 1:10, 1:1 and 5:1 ratios {(but the

10:1 ratio could not be dissolved). At the 3 molar total concentration

Tt i i i i, e Al

level this couple was still soluble at 1:10 and 1:1 ratios, but at this Y

concentration the 5:1 ratio could not be dissolved. Chromous chloride, as

obtained from different suppliers, was very difficult to dissolve (in
contrast with published data); the highest solubility attained was 0,33M

. ; Cr*2/0.5M Cr*3, The low solubility observed may have been due to the

1]
it it oallen i Nk it S,

formation of oxychloride intermediates. The chromo/chromi cyanide couple

presented even more difficulties and no suitable solution for these tests

(> 1 molar) rould be prepared,

o -48-




Conductivity: The specific conductance of the various redox solutions

are presented in Tables I .to VII.and Figures 4 to 10.
Within the solutions based.on HC1, conductance increases as would

be expected with increasing HC1 concentration, but it decreases with

increasing total concentration of redox reactants, probably because of

increasing C1°” complexing and viscosity, In the case-of Fe*2/Fe*3, Sn+2/5n*"

sreedmyeer.y
-

and Sb”'/Sb‘f-s conductivity increases with increasing redox ratio;. suggesting
less.C17 complexing by the reduced species, (Such effect is very pronounced
with the Sn*?/sn** and sb*3/sp*$ couples), Ti*3/TiV and Cr*2/Cr*3, on the
other hand, show a decrease .of conductivity with increasing degree of

reduction,

The Cu(NH3)5’/Cu(NH3)Z‘ couple. shows a.peculiar effect of redox ratio

Teses

2 s

oh conductivity. This decreases whea--redox ratio is changed from-1:10 to
1:1 and then increases by almost an order of magnitude vhen changing from
1:1 to 10:1, (An explanation for this behavior is still lacking,)

Finally,. the conductivity- of the bromine couple increases as one would
expect when the redox ratio increases (more ionic specigs present),

Viscosity: Viscosity data is also presented in Tables I to VII and
Figures 4 to 10, 1In all cases viscosity for each couple increases with.
increasing total redox couple concentration. With the oxception of the /////
toncentrated-Br”/Brz couple, the viscosity of solutions of a given cogpiéf
is affected by concentration (total concentration and redox ratio)‘ih the
same direction as is conductance. In the case of 5M sn*2/sn** solutions;_
the effect of redox ratio on viscosity is.-wery large, decreasing almost-by

a factor of 5 (at 279C) when the redox ratio changes from 1:10 to 10:1.




Exchange Current: A summa2y of exchange currents under similar

¥ conditions for the different couples is shown in Table XIV.B, The

table shows also the varying effect of electrode material (carbon vs, gold)

b i
e on exchange current.

0f the positive electrode couples, Fe*?/Fe*? hag the highest exchange

e T T

current and is the best behaved, The Br‘/Brg couple has an almost equally

high exchange current and a higher electrode poténtial (about 300 mV higher

than for Fe*2/Fe*®), Problems with this couple are its corrosivity (related

g e - § a2
=

to the high electrode potential) and the finite bromine vapor pressure,

especially high at 50°C. The Sb*’Sb*® couple has an exchange current

oy g

%‘
i about two orders of magnitude lower than both the iron and bromine couples., %
'f It shows also side reactions. . (precipitation) at potentials removed from the ; . |
g practical operating potential, It is not clear to what extent these -—-- ?
é problems will be significant with porous electrodes at operating, practical.. %
E potential (because of the higher current densities involved). ; |
é For the testing in redox flow reactors, the Fe*?/Fe*? and Br~/Brz couples 1
; were selected; the first to serve as a baseline and the second because of

§ its promise, :
l ;
‘ Of the negative electrode couples, the Ti*3/TilV touple is the best :

behaved and has a very high exchange current on gold (on carbon its exchange o

current density is 30 to 75 times smaller)., The Cu(NHz)?/Cu(NHS)Z2
has a high exchange current, both on carbon and gold, and has a favorable-

redox potential, The problems with this couple are the limited solubility

s SETR RN T L

of the redused form (discussed above) and the limited range of cathodic

e

polarization before copper deposition. The Cr*2/Cr*? couple shows

¥
B
i

reasonable exchange current especially on gold, but it caused considerable

-50-
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problems during this investigation regarding solubility (eshecially of the
reduced species) and hydrogen evolution. The Sn *2/Sn** couple is the most
irreversible of all the studied couples and has considerable asymmetry
between anodic and cathodic direction. It shows a-small kinetically
controlled limiting current (of current peak) in the cathodic direction

and distinct change of mechanism in thé anodic direction, The measured
exchange currents of the Sn*+2/gn+* couple are erratic for these reasons. 1In
spite of the uncertainty in the data, the exchange current densities obtained
on gold are clearly higher than the exchange current densities obtained on
carbon by one or two orders of magnitude,

For studies in redox flow reactors, the-Cu(NHs)?/Cu(NHB)Z2 and the
cr*?/ce*? couples. were chosen.:

A discussion of the effect of concentration on éxchange current has to
consider that the effects are,.in general, small (see discussion of simple
theoretical. consideration in Appendix II),and are masked to some extent, by
the lack of precision intrinsic to such a broad screening.program.

The exchahge current of the Fe*2/Fe*3 couple shows a dependence on -
redox ratio for all studied conditions_as follows:

Yoa1:1) > Lo(10:1) > fo(1:10)
Increasing total concentration of Fe increases the-measured exchange current,
but only weakly, The exchange current of the-Ti*3/TilV couple shows a

clear dependerice on Redox ratio as follows:

1o01:1) > ip01:10) 1sc10:1)

With this couple there is a clear increase of exchange current with concentration,

The exchange current of the bremine couple increases slightly with increasing

-51-
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%E total bromine concentration.and apnears to decrease slightly with

%5 increasing degree of reduction, For the Cr’2/Cr*® there appears to be

?é very little effect of redox ratio (in. three out of four cases) on

éi exchange current,

g The effect of concentration on the exchange current of the other

?: couples (Sb*®/sb*S; Cu(NH's);‘/Cu(NHS):2 and Sn*2/sn**) appears less clear. g
<
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TABLE XIV.B

COMPARISON OF EXCHANGE CURRENT DENSITIES OF

DIFFERENT COUPLES UNDER SIMILAR CONDITIONS

Total concentration = 1M; Redox ratio = I:1; Temperature = 279C

-log i, (A/cm?)
Positive Electrode Couples Gold Electrode Carbon Electrode

Fe*2/Fe*? 1.2 2.0
Br‘/Brg * (not tested).. 2,2-2.5
Sb+3/sb+S 4.0 - 4.0

Negativeé Electrode Couples

+1 2
Cu(NHz) 31 /Cu(NH ) $2 1.6 , 1.6-2.0 -
Tit3/7iIV 1.8 3.3-3.7
Cx*2/Cy*? 2.7 4.2
sn*?/sn** 3.7 5.5

*2.1N in total Br, Red/Ox ratio = 2.25
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II. TASK II - SECOND STAGE OF SCREENING OF REDOX COUPLES

A. INTRODUCTION

The second phase of this program involved the attainment of.three-
objectives: (1) to improve the performance of small redox flow reactors by
testing, uhder flow conditions; a number of different electrode materials
and structures; (2) to test.the suitability, under flow-conditions, of four

redox couples selected in Phase I; (3) to compare with the Fe*2/Fe*? couple

(the base line), a humber of couples used in flow cells with.different electrodes.

The approach for this task was a purely empirical one, aimed primarily

at testing a large variety of electrode-materials and structures. A systematic

study.using electrochemical reactor theory is to be performed at.a-later date.

The couples chosen for study in. Phase' II were the- following:
1. Fe*?/Fe*®
This is a weéll understood and well behaved couple. It has
been studied at NASA-Lewis and, consequently, it was.-useful as a base
line of performance, particularly for positive electrode couples.
2. Br/Bry
The choice of this couple was based on its very high OCV and
on the high exchange current densities observed in Phase .I...Although Br,
is very corrosive, inexpensive graphite might be used for cell construction,
with some limitations,
3. Cu(NH,)3'/Cu(NH,)32

This couple was chosen because RDE measurements showed that

it was quite reversible, and the OCV of the couple is well placed for
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operation as a negative electrode couple. Exchange current densities were
quite high on both gold and carbon.
4. Cr*?/cr+s

This couple, in limited testing, showed moderate exchange
current densities, has a quite negative OCV, and it has been suggested
elsewhere as the riegative electrode redox couplé for an all chromium
redox cell, Although many problems were encountered in Phase I regarding
the solubility cf the CrCl,, it was hoped that these problems had to do.
with the formation of oxychlorides in the three different sources tried, and
that .electrochemically generdting the chromous salt from the chromi¢ salt

might solve thé problems.

B. ELECTROCHEMIAL PERFORMANCE MEASUREMENTS

1, Electrode Structures

During the course of this study, three broad types of
electrode structures were considered:

a, Frontal Electrode Structures

This type of electrode .was a porous opeh structure like
screén or graphite paper, It was placed in contact with the ior exchange
membrane, and the reactant-electrolyte flowed behind the electrode through
a '"pin" fieéld in the back plate of the cell,

b. Recessed Electrode Structures

This type of electrode was either a rnon-porous sheet like
platinized titanium sheet or a microporous structure like carbon or
dctivated carbon, It was located against the back plate of the cell with

coarse plastic screen between the electrode and the ion exchange membrane,




permitting reactant-electrolyte to .flow in front of the electrode,

c. Cavity Filling Electrode Structures

A typical example of this structure is the woven graphite
cloth used in NASA-Lewis experiments. This type of electrode filled.the_
cavity and the reactant-electrolyte flowed through the structure..

2, Electrode Matérials

The range of—electrode materials to be studied in Task II
was expanded somewhat in order to .compensate for the smaller number of
solutions tested in Task I due to solubility limits. .Instead of using
the saite four electrodes for each of the four couples, we investigated
a larger number of electrodes, selecting for each redox ccuple tested the
four electrodes which appeared most suited for the spocific couple, This
allowed us to obtain more useful and relevant -information in a-selective
mariner, Some of the.e electrode materials were purchased directly and used
without modification, such as Pt screen*, Au screen, platinized titanium
sheet, porous carbon block, and graphite cloth. Various.other electrodes

were prepared as described below:

a. Kreha Graphité Paper Stabilized With Teflon

Various concefnitrations of TFE in Kreha paper were tested _
for stability, wetting and electrical conductivity., A sample with 4,5 mg
TFE/cn® appéared to have the best combination of these properties and was
selected for testing,

-~ b. Titw ‘um Screen Activated With Ruthenium Oxide

Tita. im screen was activated with RuO,* according to

*For all electrodes involving the use of noble metals, it is intended that

in the ultimate practical electrode the noble metal would be highly
dispersed, at a very low loading (<< 1 mg/cm?).
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procedures described in the literature.(9) The method used was as follows:
a piece of titanium screen was clearied and degreased. by, refluxing in
isopropyl alcohol vapor; a solution of 0,1M RuCl;  xH,0 (Ventron)was
prepared in 20% HCl.— The degreased screen was. dipped in the RuClz solution,
dried at 110°C for five minutes, and baked in a tube furnace at 350°C for
.ten minutes under a forced air atmosphere. This procedure was repeated six
times and after the-final coating, the screen was heated to 450°C under
forced air for one hour, (This is the procedute given.by Yeager, et al.)(g)
The resulting é¢lectrode had a Ru0y loading of ~ 4.5 mg/cm?.

c. Screen With TPE-Bonded Hichly Dispersed Carbon

High surface area carbon (Vulcan XC-72) was bonded with
Teflon to screen using standard electrode fabrication technology. Various
substrate screens were. used-according to the application (gold plated
tantalum for acid supporting electrolytes and pure gold grid in- alkaline-
NH3z electrolytes). The Teflon level chosen was 20% (Dupont TFE-30 dispersion),
which was adequate for electrode integrity without producing hydrophobicity.

The loading was “Smg carbon/cm?.

d. Screen With TFE-Bonded Au- or Pt-Activated Carbon

These electrodes were prepared in the same-general manner
as described above. The carbon was activated with either gold or platinum
according to the following_procedure to give noble metal loadings of
~ 0,5 mg/cm®: gold chloride or platinum chloride was reduced-with
formaldehyde according to the procedure of Giner, Parry and Smithslo) to .
produce a high surface-area black; the noble metal blacks thus produced
were combined with carbon and 20% Teflon to produce a dispersion of the metal

over the surface of the carbon with loadings of 4,5 mg carbon/cm? and 0.5 mg

noble metal/cm?.
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3., PFlow Reactor Des{gg

Two cells were fabricated from Noryl (polyphenylene oxide), with
movable graphite contact blocks,.as shown in Figure 13, Two variations
of the contact block-were made, a flat surface and a "pin" field surface,
The dimensions of the active electrode surface area-were 2.5 cm.x 4 cm. (10 cm?),
The cell could.either.be operated in the frontal electrode position,
allowing electrolyte to flow between the electrode and the "pin" field back
plate of the cell, or in the recessed electrode position against the flat back
plate allowihg electrolyte to flow between the electrode .and the ion exchange
membrane,

The electrolyte gap, i.e, distance betwéen the back plate or flat-electrode
and separator was 0.5 mm for graphite cloth and electrodes in the cecessed
location, and 2,5 mm for electrodes in .frontal location. The ion exchange
membranes used were Ionics 103-QZL-183 for Fe+2/Fe*? and Cr+2/Cr+3, Nafion-120
for Br-/Brg and Cu(NHs);l/Cu(NHS)Zz. The cell was thermally insulated, and
the electrolyte was preheated in reservoirs of 2000 cc capacity, The
temperature of the cell was monitored—as the electrolyte fiowed through. The
cells were operated at 27°C and 50°C, except Br'/Brg which was operated only
at 27°C,

Flow of electrolyte through the cell from the reserveirs was controlled by
variable flow pumps of up to 600 cc/min capacity. A flow--of.20—cc/min was used
for the graphite cloth (cavity filling structure). A single fl&w rate (300 cc/min)
was used for all other tests (electrodes in the frontal or recessed positions).
At this flow rate the overall concentration change during an anodic or cathodic
segment of a run was calculated to be under 1%, and the entry-to~-exit change
across the cell should have been between 2 and 5% and not more than "~ 8% in
the worst case (400 mA/cm? and ~ 0.1 M/% of reactant),
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The flow rates appropriate for optimum power production are more .difficult
to determine. In this case the important parameter is the linear velocity, or
the related Reyrnolds number, The linear velocity, for a flow rate of 120 cc/min
and a cross section of 2,§ x 0,3 = 7.5 o is 2.67 cm/sec. For a liquid with
a kinematic viscosity of 2 centipoise, flowing through a cell of cross section
2.5 x 0.3 cm (equivalent diameter = 0.54 cm), the Reynolds number is 72, If
turbulence is not promoted, operation at this Reynolds numbér will result in. ..
a low mass transfer coefficient (or related Sherwood number), AS & consequence,
a highler flow rate would be required. Taking into consideration the results and
equdtion of Leveque, Rousar, Newman and others, as discussed by Pickett and

Stanmore,fll) it appears that flow.rates 5 to 10 times-higher would be required

in order to obtain a sufficiently high mass transfer coefficient. Consequently,
the cell was designed to promote some degree of turbulence in order to operate

at somewhat lower flow rates.

4, Experimental Procedure

The electrochemical flow reactor was assembled with the appropriate
membrane and electrodes—and set up with a pump and reservoir connected to each
electrode chamber. One of the four redox compositions being tested was pumped

through the chamber containing one of the four electrode structures, The

opposing side of the cell was operated as a counter electrode using _an open
electrode configuration (gold screen or graphite paper) in a frontal structure,
and the same redox couple generally in a 1:1 ratio_at 1 or 2M corcentration,
The flow rate on both sides was n 300 cc/min, except for graphite cloth (20
cc/min), The reactor was desigtied to dccommodate a reference electrode at the
outlet on each side. After some initial testing using calomel electrodes at
these locations, the reference-in the counter electrode side was modified

slightly to yield a more accurate measurement of the iR drop. A platinum
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probe was plated behind and slightly below the center of the couster
electrode, whith was a porous frontal structure in all cases, A calomel
electrode was placed at the test électrode side outlet as before
(pressurized to prevent backflow through the junction)., Open circuit

was measured versus calomel then, and polarization was measured versus

the platinum reference. Finally, the resistance was measured for the

test electrode versus the platinum referente, using the current interrupter
method, and this resistance was used..to corréct the polarization data,..
(Average open circuit voltages for dll couples are shown in Table XXXI.)

Polarization curves were obtained. in both the anodic and cathodic
direction for each composition.of each couple, each electrode and each
temperature, The data was obtained by applying constant current in steps
(1, 3, 6, 12, 25, 50, 100, 200 and 400 mA/cm®, if possible) and monitoring
the voltage change versus the Pt reference.

In general solutions were prepared in two redox ratios to represent
an 86% charged condition and an 80% discharzed condition., Two total”
concentrations were prepared for each couple whenever-possible according
to the solubility data obtained in Task I,

5. Results
a. Fe*?/pe*® (IN HC1)

Four solutions of the Fe*?/Fe*’ couple were prepared for
testing in the fuel cell, These solutions were 1M and 3M FeCIZ/FeCI3
with reduced/oxidized ratios of 1:6.25 for the "charged'" state and 4:1 for
the ""discharged" state, . There were no-praoblems encouritered in preparing
these solutions, The counter electrode solution wns a—2M—Re*?/Fe*?

(1:1 reduced/oxidized) solution flowing at 300 cc/min on a gold screen

electrode in a frontal structure., The membrane chosen for use with Fe*2/Fe*?
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was 103-QZL-183., 1Initially, theére were some problems with cracking of

this membrane. This problem was eliminated by pretreating the membrane in
509C in HC1 for 1 hour.

i. Graphite Cloth (Base Line). Polarization measurements

for the woven graphite cloth structure are listed in Table XV, The
performance of this electrode was quite good, as found by NASA-Lewis in

previous work.

ii., Pt Screen - Frontal Structure. This electrode was an

80 mesh Pt. screen in a frontal.structure. Polarization measurements are

listed in Table XVI.

iii., Porous Carbon - Recessed Structure. This electrode

consisted of 5 mig/cm® porous carbon (20% Teflon)on a 50 mesh gold plated
tantalum screen. Polarization measurements are shown in Table XVII.

iv. Pt-Activated Carbon - Recessed Structure. This

electrode consisted of 0.5 mg Pt/cm® on 4.5 mg carbon/cm® (20% TFE) on a
gold grid support., Polatrization measurements are_shown in Table XVIII,

b. Brf/Brg (NaBr)

Four compositions of the Br'/Brg couple were prepdred for
testing., Two 9N solutions (86% charged and 20% charged) and two 3N
solutions were prepared. The 9N, 20% charged soliution was just at the
solubility 1imit.for the NaBr, so the solution concentration had to be
shifted a little in the direction of Br,, Thé flow rate for the
experimerits was 300 cc/min and the membrane was Nafion-120, The counter
solution used in these experiments was a 7,5N 50% charged solution flewing
over a graphite paper electrode in a frontal structure, This couple was

operated only at 27°C,

«-66-~
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TABLE XV Po'%/pe*3 - poranrzarion meAsuReewms

CoNCENTRATION - 1M and SM.FeCl,/PeCly (1M HC1) .

m - . Graphite Cloth Electrode. "Within the cdvity" structure
FLOM RATE - 20 cc/min, ' ) '
MEMBRANE - Tonics 103-QZL-183

Total Cdnc “Polarization (aV) Total Con Volarization (aV)
™ 1/6.28 (Reduced/Oxsdized) : 3 1/6.28 (Reduced/0xidizod)
Curzent Den, 279 T 80°% CurrentDen, 279¢ " 809¢C .
wA/cn? | anodic| cathodic|Ancdic lotneaisl - mA/en? | Anodic| Cathodic|Anodic [cathoate
1 6. .o f 1 1 1 1 1
3 6 1 1 2 3 3 4 3| 3
6 7 SR B 2 4... 6 [ 7 5 4
r2.. 7. 3| s 2. (|12 9] 1w
s | 12 1 14 13 2s 16 48 13 28
S0 18 2 29 34 s0 | 99 20 64
100 48 | 81 | 232 87 100 55 232 8. | 156
200 908 | 116 | 878 109 200 603 407 | 278 295
- 400 3018 | 1396 | 3438 249 400 623 497 s28 |
A
= Total Cone Polarization (aV) Total Cone] Polarization (aV)
1 /1 (Reduced/Oxidized) ™ 4/1_(Reduced/Oxidized)
Curzent Den, 27°¢ $o%¢ Curzent Den, 27°% $0°¢
mA/em? | anoaic|cathodic|ancdic [catnoate | ma/em? | anodic] cathodic|ancdic [cathodte
1 N 1 1 |
S 1 2 2 1 ‘3 1 3 1 |-
3 2 s 3 2 6 51 6 2
12 4 11 6 6 12 10 1 3 4 -
28 - 8 u 10 12. 28 28 26 7 7
S0 . 13 47 18 22 ] s0 50 49 10 s
100 40 121 48 74 100 172 126 38 56
200 268 148 177 123 | . 200 " 309 231 92 103
400 1290 1430 | 560 -} 1290 400 529 1431 357 1684
-67-




‘
) WY

- -

TABLE XvI__Pe*?/ratd poraRrizamion M=asu

o CONCENTRATION - IM and 3M FeCly/FeCls (IN fiC1) .
‘ ELECTRODE - Pf screer - frontal structure : ot ) ;
. _FLOfRATE - 300 cc/min.

- MEMBRANE - Tomics 103-QZL=ABS____._._

Total Conc Polarization (V) Total Conel Polarization (aV)
N 1/6.28 {Roduced/0xidi zed) " : M 1/6.25 (Reduced/Oxidiged)
" . jCurzent Den, 27°¢ | 509’ Current Den, 27°¢ * sgog’
o mA/cm? ~ | Anodie| cathodic|anodic [cathodie | . mAycm? Anodic| cathodic|Anodic [cathodic
= 1 2 2 S 1 4. 4
-z 3 s | s 1| -1 s 12..] 18 3 4
¢ | 1| 1s.] s 'z 6 .28 25 | "o 1
12 28 31 12 16 | ] 12 50 52 23 25
2s 60 63 | 20 33 25 106 109 s1 0 ;
50 126 122 62 65 0 217 | .217 | 106 | 106 |7 ;o
ioo 276 | 23 | 132 | am 100 481 ass | 226 | .22 !
200 —| 815 43 | 272 | 253 200 1239 812 | 495 | 426
S 400 1435 812 | 683 497 400 1215 | 898
Total Conc| Polarization (aV) ' | votal cone Polarization (aV)
B M 4/1  (Roduced/0xidizod) M 4/1 (Reduccd/Oxidized)
CurrentDen) 279 s09¢ CurrentDen] 279 50°¢ E
mA/cm? Ancdic| cathodic|anodic [cathodic _ mA/cm? Anodic| Cathodic|Ancdic [Cathodie
" 1 2 2 1 2 | 3 1 2 '1
3 7 5 2 2 ‘3 8 8 3- N - 7.'__]
6 13 i 5 s ¢ 16 17 7] ‘10 /"
] 12 28 3| 1 12 12 35 ‘34 18 19 h
i 28 54 49 30 27 28 74 0 | 34 38 ‘ |
30 101 97 9 54 50 150 135 73 73 ‘
100 208 193 122 13 ‘ 100 302 274 150 153
200 403 a1 | s | 222 200 591 536 | 308 | 303
00— 758 | 1444 | 404 476 400 628 | 635
3 -68-
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TABLE VI pe*2/petd _ POLARIZATION MEASUREMENTS

CONCENTRATION - IM and 3y ?wlleeCls (1IN HC1) . .
BLECTRODE-—~ 5 mg/cm? Vulcan Carbon (20% TFE) on gold plated -
. tantalum screen - recessed structure A
FLON RATE - 300 cc/min, .

MEMBRANE - Tonics 103-QZL-183

(Total cond Polarization (wV) : Total Con Polarization (aV)
i 1M 1/6.28 (Muced/Oxidiud) : ) M 1/6.28 (Reduced/Oxidi ged)
-|Quzzesit Den, 27°¢ 805 . |Surzent Den.]. 279 50
nA/cm? Anodic| cathodic|Ancaic Cathodic wA/cm? Anodic| cathodic|Anodic [cathodic
1 1 3 2 | 1 Y .4 3 3 3
3 &1 4 8 | s 3 10 1 6 6
6 ? 9 17 6 6 - 20 24 12 12
- 12 16 | 18 36 12 12 41 49 23 26
; 28 5 | 4o 77 26 25 80 104 42 57
0. | 74 83 152 37 50 173 192 96" | 119
160 173 193 | 207 117 _ ‘100 44s 358 | 120 | 205
200 585, s2s | an 332 200 972 748 393 592
400 . f 928 | s |- o3 1 400 602"
Potal Cone Polarization (aV) . Total Conce| Polarizdtion (av)
N 471 (Reduced/Okidized) £ 3/3_(Redueed/Oxidized)
Currest Den.| 27°%¢ $0°¢ Current Den,| 27%¢ 80°¢C
#A/cn? Anodic) Cithodic|Anodic [Cathedic oA/ Anodic| Ccathodic Anodic [Cathodic
1 1 1 1 1 8 6 ?
.8 2 2 2 2 3 16 13
e 3 6 |. 3 4 ) 40 20 2 |
12 6 13 6 | 10. | 22 90 37 4 4
as 12 n 15 | 2 2 187 73 7 9
‘ . 0 . 24 6 | 30 42 so . |3s7 151 13 20
100 89 149 66 Y] . 100 686 671 30 75
1 200 188 857 | 1de | 288 200 107¢ 1816 58 182
el 400 993 1597 761 | a2s9 400 1495 162
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. b
TABLE xviIz Fe*?/pe*3 - porarrzavioN MEASUREMENTS
COMCENTRATION - 1M and SM FeCly/FeCly (AN HC1) l
‘3“""““," ° %igtm nﬁ’ﬁﬁzgg'z'a‘Qir':fnv‘flﬁiﬁegie'g°§‘{$:cu:. .
FLON RATE » 300 ‘cc/min,
MEMBRAKE - Tonics 103-QZL-183___
petal Cond Polarization (WV) Total Cond] Polarization (W)
N 1/6.25 (Reduced/Oxidized) . N 1/6.25 (Reduced/Oxidized) .
Curxent Den. 27% © s00C Curxent Den. 27°% * sgo¢
mA/cin? Anodic] Cathodic|Anodic |cathodte wA/cm? Anodic| Cathodic|Anodic |cathodic
1 1 1 1 1 1 1 2 ) 3
3 3 2 3 3 4 3 5
6 2 5 4 4 6 6. 5 7
12 3 11 8 10 12 14 81 15 A
25 10 24 17 20 25" 14 24 18 29 L
se 24 43 34 38 50 27 34 35 48’ .
106 167 101 | 105 80 100 168 148 92 | 186
206 676 323 200 168 200 353 587 194 | 303
400 816 864 785 343 400 553 897 474 683
. . o
potal conel Polarization (aV) Total Concl Polarization (aV)
1M 4/1 _(Reduced/Ozidizod) b 4/1 (Reduced/oxidized)
Current Den.! 27°¢ 80°¢C 1 Current Den.) 27% ‘ $0°¢C
mA/cnd Anodic| cathodic|Ancdic [cathodic mA/em? anodic| cathodic|Anedic [cathodie :
1 6 s |- 2 1 z- 1] 2 I I
3 19 9 6 3 ‘3 2 6 2 1 |- /!
¢ 38 17. 13 7 6 6 9 2 2
12 76 36. 25 |, 13. 12 8 ‘20 2 6 .
28 152 75 6 30 - . 18- 40 6 15 ’
50 279 182 156 61 so 38 -1 12 33 ]
100 366 216 | 265 | . 92 100 99 as | a ' :
200 448 764 295 119 200 223 | 1045 185 :
400 546 894 385 | 565 400 606 | 1528 608 i
{
P
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i. Porous Carbon - Recessed Structure, This electrode

was a piece of porous carbon 3 mn thick (Stackpole Carbon #PC-58, 45%
pofosity) used in a recesscd structura, Polarization measurements are
sliown in Table XIX.
ii, Teflonated Graphite Paper - Frontal Structurs,
This electrode was graphite papér imptregnated with 4,5 mg TFE/cm? in a
frorital structure, Polarization measurements are showh in Table XX. —_
1ii, Platinized Ti Sheet - Recessed Structure. This
electrode was platinized Ti sheet in a recessed structure, The
polarization measurements are shown in Table XXI.
iv, BEQQZTi - Frontal Structure., This electrode was
a piece of Ti screen coated with 4,5 mg/cm? Rudz, in a frontal structure,
The .polarization measurements are shown inTable XXII,
| C. Cu(NH;)7!/Cu(NH)72 (IM NaCl + 0,01M NaOH)
Two - solutions of Cu(NHs)gl/Cu(NH

3)4° (0.01M NaGH + 1M NaCl)
were prepared for testing; 1Ml1:4 reduced/oxidized (discharged state) and
1M 5:1 reduced/oxidized (charged state), These solutions were prepared

by adding stock solqtion of NH,0H (28% NHz) to the CuCl, salt, allewing the
complex to form and dederating the solution.,. CuCl was then added to this
solution., No water was added so that the NHz concentration could be kept

as high as possible. Also, during cell operation, the N, gas was saturated

with NHAOH (28% NH3) before being passed through the electrolyte, However,
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TABLE XIX _ By /Mx, - POIARIZATION MEASUREMENTS.

CONCENTRATION:
ELECTRODE:
FLOW RATE:

3N and 9N Bx

(NaBz)

Porcus Carbon - Recqssed Structyzre
300 cc/min,

MEMBRANE :

Total c?}'ﬁ[ Polarization (mV) |
3N 1/6.25-(Reduced/Oxidized)
Current Den, 27°%¢
_t.nA/cmz Anodic| cathodic
1 . (
3 1 1
6 2 2
12 - s 3
25 8 7
50 16 13
100 - 2% 48 .
200 ’ 68-—-—4
400

Total 'COncI Polarization (mV) :
‘1 3N-4/1 * (Reduced/Oxidized)
Curzent Den, 27%
wA/cm? Anodic| Cathodic
1 1
3 3
6 8
12 13 10
25 23 20
S0 87 39
.100 70 77.
200’ 83 151
" 4doo
-72-

‘Nafion-120

+Total Conc| Polarization (mV)

9N=1/6,25 , (Reduced/Oxidized)

Curxent Den., 27°¢
mA/cm? Anodic] cathodic
1 1. 1
) 3 2 2 —
T8 ] 3 2
12 6 gy —
25 11— 11
50 24 25
100 36 a1
200 75 70
400 ,

Total COncl Polarization (mV)

9N-4/1  ‘(Reduced/Oxidized)
Current Den.| 27°¢
mA/cm? Anodic| cathodic
1 1 1
3 3 3
6 4 6
12 3 1.
25 20 23
50 4 33
100 165 38
" 200 304 ’
400
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CONCENTRATION: 3N & 9N Br (NaBr)

ELECTRODE:
FLOW RATE: 300 cc/min.
Total Conc] Polarization (aV) |
3N =~1/6.25(Reduced/Oxidizod)
Current Den, '279¢
mA/cn? Anodic| Cathodie
BE! 2 )., v
3 5 3
© 8 8 4
12 13 9
28 28 - 17
S0 49 36
100 17 92
200 -
400 .

Total Concl Polarization (mV) |
* | 3N~4/1 * (Reduced/Oxidized) |.
Current Den. 27°¢
mA/cm? Anodic| Cathodic
1 1 K3
3 2 6
6 4 5
12 10 13
23 20 25
50 35 43
.100 63 92
200 83 147
400 |
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TABLE XX Br”/Br - POLARIZATION MEASUREMEiyrs

Teflonated Graphite Paper (4.5 mg TFE/cm?) - Prontal Structure
MEMBRANE: Nafion-120

Total Conc| Polarization (mV)

9N-1/6,25 [(Reduced/Oxidized)

Current Den. 27°¢
‘mA/cin? Anodic] cathodic
1 2 2
¥ 3 3.
6 5 S
12 : 7 10
25 16 21
S0 28 37
100 38 8
200 59 7
400 *
Total Conc| Polarization (V)
ON-4 /1 (Reduced/Oxidized)
CurrentDen.  279C
mA/cm2 Anodic| Cathodic|
1 2 4,
3 3 10
6 . 17
12 7 33
25 23 s8
50 82 91
100 120 97
" 200 181, .
'400 . .




TABLE XXI

CONCENTRATION: 3N & 9N Br (MaBr)
ELECTRODE:

FLOW RATE: 300 ce/min,
Total Conc] Polarization (V)
3N 1/6.25 (Reduced/Oxidized)
Current Den. 27°¢
mA/em? Anodic| Cathodic
1 6 1 |
3 1 16 "2
6 31 4
12 52 i
25 92 16
.50 142 43
100 9§
200 619
400 '

‘Total 'Concl .Polarization (mV)
3N-4/1 * (Reduced/Oxidized)
Current Den. 27°¢
wA/cm? Anodic| Cathodic
1 5 5
3 14 | 6
6 26 10
12 48 18
a3 85 38
50 144 s8
100 227
200 ‘ 332
400
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Br_/Brj - POLARIZATION MEASUREMENTS

Platinized Ti Sheot ~ Racessed Structure

MEMBRANE: Nafion-120

Total Conc| Polarization (mV) |
9N-1/6.25 (Reduced/Oxidized)
Current Den., 27°¢
mA/cm? Anocdic| Cathodic
1 2 1
* 3 5 3
6 ] -]
12 18 6
25 32 21
50 51 25
100 27
200 m
400

Potal Conc| Polarization (V)
ON-4/1 (Reduced/Oxidized)
Current Den. 279¢
mA/cm? Anodic| cathodic
1 4 4
3 18, 17
6 21 18 -
12 a 33
25 85 61
50 15§ 100
100 377 11
200 604 150
400
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! TABLE ¥XIL R /By; - POLARIZATION MEASUREMENTS

x CONCENTRATION: ' 3N & ON Br (Nabr) o

E ELECTRODE: 4.5 mg Ru0, on Ti Sereen - Frontal Structure

l FLOW RATE: 300 cc/min, MEMBRANB : "Nafion-120

b Totnl Conc| Polarization (nV) Total Conc| Polarization (mV) |’

; 3N-1/6,25 (Roducod/Oxidizod) 9N-1/6,25 (Reduced/Oxidizod)

g Current: Den, 27%¢ Curxent Den., 279¢

'" .| mA/cm? Anodic| Cathodic mA/cm? Anodic| Cathodic| -

| 1 1 s | | 1 3

' 3 4 9 3 3 4 8

6 8 1 6 / s

3" 12 18 19 12 12 12 \

' 25 3 33 25 24 25

’ 50 57 61 S50 48 a3 ;
100 100 136 100 | | 1
200 116 204 200 156 160
400 ) 400 ’

.

d Total Concl Polarization (mV)| - | Total COncl Polarization (mV)  '
¥ 3N-4/1 - (Reduced/Oxidized) __9N-4/1  '(Reduced/Oxidized) B
i Curzent Den.,| 27°¢ |Current Den. 279¢ 3
': mA/cmz Anodic| Cathedic mA/cm?2 Anodic| cathodic| .
1 1 1 2 | .2 |
' 3 3 4 3 4 6
6 5 5 6 6 12 |, N
12 n 12 . 12 13 2 i
25 22 27 25 29 a7 ) 3
50 2 | s 50 72 8s >
100 88 | 12 100 208 o4 .
200 m ] . 1ss ' 200 356 168 .
400 ' 400 ‘
.t
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oven with this precaution, the 5:1 solution did not scem to be too stable,
S A brownish sludge formed on the walls of tho reservolr and inside the
oloctrode chambor during oporation, Tiw counter solution used for this

i couplo was 1M 1:1 Cu(NHS);‘/Cu(NHB)Z2 flowing at 300 cc/min on a Au

[ screen, The membrane chosen for this couple was Nafion-120 bocause of

L the higher pi,

' i. Au Screen - Frontal Structure, This electrode was

a gold expanded mesh in a frontal structure, Polarization measurements

for this structure, which gave the best performance, are shown in Table XXIII.

ii, Porous Carbon - Recessed Structure, This electrode

consisted of 5 mg/cm?® Vulcan carbon (20% Teflon as binder)on a gold grid

support in a recessed structure, Results are shown in Table XXIV,

jii, Au~-Activated Carbon - Frontal Structure. This

electrode consisted of 4,5 mg/cm? Vulcan carbon (20% Teflon as binder)

activated with 0,5 mg/cm® Au, on a gold grid support in a frontal structure,

b g ey Vg g v £ 0 e T S e, SRS

Results are shown in Table XXV,

iv, Au-~Activated Carbon - Recessed Structure, This

electrode consisted of 4,5 mg/cm?® Vulcan carbon (20% Teflon as binder),

activated with 0,5 mg/cm® Au, on a gold grid support in a recessed structure.

Polarization measurements are shown in Table XXVI,

d. cr*?/crt® (AN HCD)

CrCl, solubility in HC1 continued to pose problems in this

phase of the program, A pound of CrCl, was purchased from ROC/RIC Chemicals,

2
Their catalogue lists CrCl2 as very soluble in HZO‘ Therefore, we
attempted to dissolve this material in both H,0 and HC1 (in various

concentrations: 1M, 3M, 6M) using a glove box under N2 atmosphere, Results

O YA T R T N PO T R e A e A 8 9
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i ' TABLE XXIIT cu (NH 31“ —_mmuo_w_emm

' CONCENTRATION ~ 3 Cucting) gl/cumn,)zz (1M NaCl + 0,01M Nadt)
. _ BWCTROW. . = Au screen - frontal structure .
¥ FLOW AT ' - 300 cc/ntn, . o
f i MEMBRANE. . Nafion-lzo ‘ ,
u : Total Conc Polarization (mv) . . -
: ’ " 1M T 1/4 (Roduced/Oxidized) ! .
A CurrentDen.| 279 " 509
| ;’! mA/cm2 Anodic Cathodic|Anodic [cathodic |.
&
B ? 1 . 8 . 8. 2 3
4 3 - Coas | 1 9 8
{ 6 X 321 .3 .| 14 11
‘ﬁ 12 | es | 62 | 30 23
- s 165 .| 8 ]| . 45 40
*g ©50 . | 7] 1 | 1s | 37
2( 100 ‘ 674 854, 285 56%
. 2605 '
400
i i : -
i,
‘ . fPotal cox.';c Polarization (mVv)
; 1M 5/1 (Reduced/Oxidized)
Current Den.| 27°¢c 1 50°¢
. "|mA/em?  |Anodic| cathodic|ancdie [cathodic
_ r 1 ' 1 5 4 1
- j S 24 15 .8 4
: 6 a1 33 15 10
L: 12 - 7 n 24 .| 22
; 25 | 109 207 . 45 57
g 50 - | 139 | 47 51 127
: 1000 | e6* | 1155 | s 358
;, 200 . | 37* | 1985 51 | 691
& 400 ‘
r: '
} *iR correction large
f -77- .
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TABLE XV cu () &ma ———mmzmmmm , ;3
_ g ! CONCENTRATION - 1y Cu(Nus) zl/cu(ma,) (M Nac1 + o 01M NaOl) ‘ j
i“ ' ELECTRODE - 5 mg/en? Vulcan carbon (20’6 TPB) on. 01d grid-recossed structure ;
g1 FLON RATE - - - 300 ce/min. . : ‘ ‘a‘
‘ ME!:3RANE - Nafion-lzo Co - ‘ , 14
! Total "-'Oﬂs-?’ . _Polarization (mv) B ' ) j
! 1M 1/4 _(Reduced/Oxidized) . . ' ' ﬁ
g ' . . |current pen. 279¢ 500¢ j
' mA/cm? Anodic| cathodic Anodic |Cathodie ;
1. 19 .16 . 6 .6 |- . J
3 58 - 50 19 13 Fo
6. | a1z 9 a6 27 ' b
| 12 " 314 183 0s | 4 | -
e . T 25 1355 . 358 [ mes .| g : o
L ‘ 50 .| 1803 Co%9 ] 123 62w :
oo . | . .| 1867 27+% - o
200 . ! |- . ‘ o
— o
.
Total Cozltc Polarization (mV)- %
1M 5/1 (Reduced/Oxidized) P
Current Den, 279 500¢ ' P
mA/cmé Anodic| Cathodic|anodic [Cathodic, ',‘
ol s ou | s, | S
3 9 | s | qa N ’i
6 134, 78 20 17 . Lo
12 1 348 1 38 ' 37 ' ' ' |
25° | s | ag 63, 96 .
50 | 75| s | 125 | 217 ;]
.o 100, | 445e 2666 . | 155 550 T
200 - - | 505 179 , S
400 ‘ . i
*iR correction large : '
i
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3 RABLE X0V cu () */cy (142,072 - poraptmanzon MZASURZNzNTS
B +1 M
" CONCENTRATION 1M c“‘"“s’z /Cu (NH3) 4° (1M Nacl .+ 0,01 NaoH)
g ' BLECTRODE . 4.5 mg/cm2 Vulcan carbon (20% 79E), activated with
iy 0.5 mg/em2 gord, on' gold grid support - Frontdl Structure
-k FLOW RATE . 300 cc/min .
; MEMBRANE - Nafion-120 "
£, ’ * .
Ot ) Tr..al Conc Polarization (D) ) . ‘ :
" : M 174 (Reduced/oxtdizeq) : ~ ' B
] CurrentDen. 27°¢ . 509¢ ) . i 1
. mA/em? | Anodic] cathodic| Anodic [oathogic 1
! : 1 . 20 4 4 3. - ; ;
i . ' . b B
4 3 58 43 10 9 ‘
) 6 118 83 19° 14 ' {
| . : : I
i 12 248 165 40 25 !
i ' : 'K
! . . 25 . 523 301 95 42 4 -
% 50 1037 456 ' | 210 .| s5_
3 ' 100 142 | gs: 530
b ' ] 200 135, 1371
{‘; . 400
k” Total Cone Polarization (uv)
- 1] 5/1 (Reduced/0x i 41 zed)
L : Current Den. 27°¢ . 50°¢
. | mA/cm?2 Anodicj Cathodic|anodic |cathodic
1 1 12 8- 1 2
? .3 33 18 1 4 o
3 é 74 71 2 9
12 { 1s3 128 3 |- 15
25 445 | 33¢ 11 76
. 50 . | 748 605 a 122
. 1000 1877 |143¢ | 400 293
200 .
400
’ «79.
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TABLE XXVI Cu gm;a)_: /¢ (NH = POLARIZATION MEASUREMENTS
CONCENTRATION 1IM Cu(mis);]’/Cu (mxsizz - (1M NaCl + 0.01M.NaOH)

ELECTRODE - 4.5 mg/cm? Vulcan &arbon (204 TFE), activated with
2 . . 0 - )
FLOW RATE - gbgc"‘:‘m gold on gold grid support recessed structup

MEMBRANE - Nafion-120 B : F
Total Conc| Polarization (V) i
M 174.  (Reduced/Oxidized) ) “
Cutrent Den. 27°% ____500¢c .
" "[mA/em?Z | Anodic] cathodic|Anodic [cathodic
1 47 19 10 10
3 147 | so. 34 “28
6 . 380 1137 | 70’ 63
12 1143. | 215 162 | 122 .
25 1849 360 1116 224
50 2489 s41 ° |1450 | 410 .
o0 - | - i88s 638
200 . 1 :
400 | . ' . o7
Total. Conc Polarization (mV) - o . .
M 5/i (Reduced/Oxidized) -
. ———]Cuzrrent Den. 279¢ " 80°¢C
mA/cn Anodic| Cathodic|Anodic c;thodic ‘ . e
1 "l 23| 9 [ s 3 SR 3'
.- 3 66 | 28 11 7 _ :
6 120 . | 3 18 17 , ' 1
12 229 | 147 34 33 C B ;
’ o 25 256 433 so, [106 - | ;
o 50 . 323 |ior0 75 220
) 100° 1690 .| ses |02 o
" 200 o . S S ‘ '1
400 - I ; |
*iR correction large !
-80- .
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with Hy0 and HC1 were the same. A small amount did seem to dissolve
forming a blue-green solution, but gassing started immedidtely, and the
‘mixtures became very hot, especially those with acid, When the reaction
settled down, there was a large amount of sludge on the bottom of the
container and some chromous chloride in solution,

A number of manufacturers of CrCl, were contacted about this
problem of. insolubility without much success, It has been suggested
that the solubility problem might be the result of the method of
preparation of the CrCl, used by the manufacturer, i.e, if the reduced form
of the chloride was made by Hy-reduction of the hydrated oxidized form,
then insoluble oxyc'i.. -ides could be formed very easily; if an anhydrous
oxidized form was used ~astead, the pure (soluble) chromous chloride would
result, Therefore, the problem may have been that there was some
oxychloride mixed with the chromous chloride in all of our samples. This
seemed plausible in view of the fact that the chemicals we had purchased
were all very green-grey, and CrCl, is reéorted to be white in the
Handbook of Physics and Chemistry, Unfortunately, chemical manufacturers
were reluctant to reveal the method by which they prepared their CrxCl,
so that we were unable to locate an appropriate source of this material,

Because of these solubility problems, we attempted to form the Cr*?
electrolytically in solution from Cr*® in two redox ratios: a IM 1:4 and
a 1M 6.25:1 solution, The IM 1:4 solution preparation was successful,
and this solution was tested, However, we were unable to complete
preparation of the IM 6.25:1 solution. The final composition that we
obtained was ~ 3:2 ratio and attempts to reduce it further were not

practical, The time for Cr*? reduction to Cr*? was excessively long, and

-81-
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the efficiency of conversion had dropped to v 10%, Therefore, this
solutioh was used only as the counter eléctrode solution in testing
the 1M 1:4 preparation,

The membrane used for the Cr*2/Cr*® couple was 103-QZL-183, As
mentioned above problems had been occurring with this particular membrane.
After.operaticn at 50°C, the membrane generally developed cracks, Oh the
recommendation of Ionics, we pretreated thé membrane in INHC1 at 50°C" -
60°C for one hour before assembling the cell, This procedure alleviated
the cracking problem in subsequent operation of the cell,

i. Au Screen - Frontal Structure. This electrode was

a gold expanded mesh in a frontal structure. During the course of these

and the following measurements a reddish-brown codating was observed to

form on the walls of the reservoir and the surface of the electrode,

possibly indicatihg the precipitation of CrClé during operation,
Polarization measurements are shown in Table XXVII.

ii, Porous Carbon - Recessed Structure, This electrode

consisted-of.5 mg/cm? Vulcan carbon (20% Teflon-as binder)on a gold
plated tantalum screen support in a recessed. structure, Polarization

measurements are showh in.Table XXVIII,

iii, Au-Activated Carbon - Frontal Structure, This electrode

consisted of Vulcan carbon (20% Teflon) ac¢tivated with 0.5 mg Au/cm? on
a gold plated tantalum screen support, The structure was frontal,
Polarization measurements are shown in Table XXIX.

iv. Au-Activated Carbon - Recessed Structure, This

electrode consisted of 4.5 mg/cm? Vulcan carbon (20% Teflon binder)
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Polarization measureménts are showrn

The structure was recessed,

in Table XXX.
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raste oovrr  cxt/cr*? . potarizavon MEASUREMENTS

CONCENTRATION - 1M CrCl,/CrClz (IM HC1)
ELECTRODE - Au Screen - Frontal Stiucture
FLOW RATE - 300 cc/min. ’
MEMBRANE - 103-QzL-183
Total Cond Polarization (mv)
1M 1/4 (Reduced/Oxidized)
Current Den. 27°¢c " 509¢c
| mA/cm2 Anodic| Cathodic|Anodic [cathodic
1 126 141 27 .38
3 146 207 53 84
6 161 | 1020 137 123 -
12 181 | 1074 161 - 743.
25 . 190 1094 178 1025
50 190% | 1127 182 1045
100 1210 |
200 :
400
*iR coxrection -large
-84-
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TABLE 11 cr*2/c:+3 _ poramrzario s

CONCENTRATION )
ELECTRODE 5 mg/cm? vulcan Catbort (20% TFE) on goi1d plated
tantalum sereen - recessed structure .
‘ FLOW RATE = 300 ce/min,

1M CxCly/crc1y (1M HC1)

MEMBRANE - '103-qz1.1g3 .
Total Cotnic Polarization (mv) )
1M 1/4  (Reduced/Oxidized)
Cuxxent Den, 27°¢ ' 50°¢
| mA/cm2 Anodic| Cathodic|Anodic [Cathodic
1 . —| 148 78 © 28 167
3..— 208 141 - 77 204
6 243 516 .| 10§ 479
12 | 347 | 1226 162 746
25 ss9 | 1320 254 1374
S0 657 | 1428 606 1431
~-100 | 1813 | 1ssy 7.3
200 -
400 | T
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TABLE XXIX cr*?/cet3 - poramrzarion MEASUREMENTS

CONCENTRATION - 1M CzCl,/CrCl; (1M HC1) °

T Wty S Y

ELECTRODE - - 4.5 mg/cn? Vulcan carbon (204 'TFE), activated with ‘
. 0.5 mg Au on gold plated tantalum screen, frontal structure 1
FLON' RATE ©, 300 cc/min, ' |
MEMBRANE - 103.qz1.183 - 1’
‘ |
Total Conc Polarization (mv)
. 1M 1/4 (Reduced/Oxidi zed) :
| H Current Den. 27°¢ ' 500¢ !
f | mA/em? | Anodic| cathodic|Ancdic Cathodic |
k’ — —
i 1 | -ss .93 ' 35 | .6 ':
4 ' r §
. . 31 s 10 %6. 174 . |
, 6 ] 102 . 348 .| 132 236
! 12 | 15 944 324 671 3
; 25 | 134 1167 540 1082 ]
o - 50 49 | 1200 | 603 | 1120 §
100 . 539 | . 672 1217
i ‘ 200
? 400 \ Ik
E [
.
B
|
N
!
" -86-
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TABLE XXX Cx+2/cy+3. POLARIZATION MEASUREMENTS

CONCENTRATION -~ 1y CrCl,/CrCls (IM HC1)

! ELECTRODE = 4,5 mg/cm2 Vulcan carbon (20% TFE), activated with
»: " 0.5 mg Au, on gold plated tantalum screen-recessed structure
k lfLOW RATE ® 300 ce/min.
, MEMBRANE - 103-QzL-183
N Total Conc Polarization—(mV)
é M 1/4 (Reduced/Oxidized)
| g g Current Den. 27°C © 500C
| mA/cm?2 Anodic| Cathodic|Anodic |Cathodic |
1 1m - 95 375 162
3 1144 152 444 1174 )
6 175 579 . 502" 1443
12 296 | 1008 " s40. 2010 !
25 359 1163 652 2039
50 505 1211 867 2127
100 577 . 1340 928
200 : !
400
A
f',- j ’a
(I
: 3
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TABLE XXXI,

OFEN. CIRCULT ]

POTENTJALS. VS. SATURATED CALOMEL_ELECTRODE

=

Redox Couple OCV vs. SCE (Volts)
86% chareged 80% discharged
27°C 50°C 275¢ 50°C
Fe*2/Fet3 M| oM | o am | 3M M| am| M | 3M
(1M HC1) 0.4710.48| 0.49] 0.49 0.43] 0.42] 0.45|0.42
86% charged 80% discharged
279C 279C
Br~/Br; 3N | uw 3N | oN
(NaBr) 0.82(0.79 0.77] 0.75

83% charged

80% discharged

27°C 500C 279C S00C
+1 +2
Cu(NH3)2 /Cu(NH3)4 M M M M
(1M NaCl + 0.01 NaOH) | -0.39 -0.35 -0.30 -0.28
80% discharge
279C '5
cr*?/orts M M
(1M HC1) -0.69 -0.66
-88-
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C. DISCUSSION OF THE RESULTS OF TASK 11

In~urder to compare the effect of different olectrode structures and
materials on the performance of redox flow reactors the data presented in
Tables XV through XXX have been rearranged as shown in Tablos XXXIT through
XLV to show the performance of all four electrodcs for a particular rodox
couple, under fixed conditions of concentration and temperature., Because of
the large number of variables studied, as called for by the Work Statement of
this Contract, optimization of structures and operating conditions (flow rate,
electrelyte gap, membrane, etc.) and considerations of flow reactor theory,
have not been possible. Conclusions regarding electrode structure and materials
apply only to the very specific structures and conditions used; conclusions
regarding concentration and temperature are intended to show broad trends.

Comparison of the performance of the different—electrode configurations
for the Fe*?/Fe*® couple (Table XXXII to XXXV) shows that in general structure D,
a "within the cavity'"structure, based on graphite cloth (as used at NASA-Lewis)
delivers the best performance of all the tested structures, in the current
density range prior to a clear concentration limitation. Next in performance
was structure B, followed by A (both recessed structures). Structure C, a
frontal structure, was the least effective. It should be kept in mind, however,
that in all cases iR drop has been eliminated; this means that, in addition to
the iR drop of the membrane and any iR drop attributable to the counter
electrode (which will be the same in the tests of the four structures), the
electrolyte resistance intrinsic to a recessed structure has also been eliminated
The contribution of this iR-drop can be changed by changing the size of the

electrolyte gap. In Table XLVI, iR values are shown for the gep used in this

-89-
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study, at a current density of 100 mA/cm?, Also, it shauld he repeated that
the poorer performance obsorved with the frontal Structure anplies only to
the spocific structure used here, a rather open moshed scroen (80 mesh), and
is not a gonoral conclusion applicable to all frontal structures,

There are indications in the test data for tho Fo*2/re*? couple that in
cases of low reactant concentration (such a- charging from charged state,

Table XXXV) electrode structure D (graphite cloth) becomes diffusicn limited

at rather low current densities, In such cases, the other structu.. s may
have higher limiting currents. The relative merits of the different structurcs
must also be evaluated in terms of the effect of flow rate and the impact of
this flow rate on pumping requirements for each structure, especially when
comparing the vastly different conditions of frontal and recessed structures

on the one hand, and cavity filling structures (flow througn porous structures)
on the other hand. Such effects are best studied in a syctematic manner using
electrochemical r~actor theory.

In the redox flow reactor experiments with the Br'/Brg couple (Tables XXXVI
to XXXIX) the best short-term, iR-correcced, performance was obtained with
electrode A, a thick porous carban recessed structure, followed very closely
in performance by electrode B, a thin graphite-paper, frontal structure.

(Same comments regarding iR-correcticn for Fe*2/Fe*3 apply here, see Table XLVI).
In general, the short-term performance with the Br~/Br3 couple is quite
encouraging. Selection of electrode materials for the long-term, practical

tests must consider corrosion effects.

The Cu(NHS)g’/Cu(NHB)Z2 couple showed moderate performance under conditions
of high concentration of recactant (Tebles XL and XLII). The performance

deteriorated markedly under the studied conditions, in all cases of depleted

-90 -
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reactanit (Table XLI to XLIII). In the latter cases increasing temperature
tended to increase the limiting current substantially, The best performance

was obtained with electrode A, followed by electrode C (both are frontal

structures activated with gold).

b2

e s g s R = T

The experiments with the Cr+2/Cr+*? couple showed very high polarizations.

.

in all cxs35, even at current densities lower than 3 mA/cm?®. Differences

L

=

between structures are not significant under these conditions.
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TABLE XXXII. COMPARISON O ELECTRODE CONFIGURATION PERFORMANCE FOR
THE Fe*?/Fe*® COUPLE (DISCHARGING IN THE CHARGED STATE)

Red/Ox .ratio = 1/6.25; Cathodic Performance

otal Comc. i elmp. 270G [ Total Conc. 3M___ Temp. 270C

Cutrent Polarization (mV) Current Polarization (mV)
Densit{ _ _ Densitx _ .

(mA/cin®) B C D | mA/en®) A T B C D

i 3 1 2 | - 1 3 2 4 1

—3 13 [ 8 [ 1 3 1| 4 |13 [ 3
L EX 5 | 16 | - 6 24 6 | 25 | 7 |
12 18 | 11 | 31 | 3 12 | 49 14 | 52 | 17 |

z5 30 | 24 | 63 | 11 25 | 104 [ 24 1109 | 48

50 43 [ 122 | 26 — 50 | 192 | 34 217 | 99

100 T3 [ 10T | 234 | 81 100 358 | 148|435 | 232
200 | 525 | 323 | 436 | 116 — 200 | 748 | 587 |812 |407 |

400 925 | 864 | 812 [1396 400 897 497

* Configurations: A

[T Total Conc. 1M Temp. 500C — Total Conc. 3M__ Temp. 502
Current Polarization (mV) Current Polarization (mV)
Densit; l Densit; _ _
(mA/em®) [ A B C D (mA/cm?®)| A B C D |

1 1 1 - - _ 1 3 3 - 1
3 5§ 31 11 2| 3 6 | s ! al 3
[ 6 4 6 4. 6 12 vl 11 -4 |
12 12 10 | 16 - _12 26 1 15 | 25 10
25 26 | 20 | 33 | 13 25 57 1,20 | so | 28
— 80 | 37 | 38 | 65 | 34 S0 1119 ! 48 1106 | 64 |
100 | 117 80 | 131 87 100 (205 186 1226 156
2( 332 | 168 | 253 | 109 200 502 1303 426 1298
00 939 | 343 | 497 249 | 400 602 _t 683 (898 1528

5 mg/cm® Vulcan Carbon (20% TFE) on. gold
plated tantalum screen - recessed structure

w
]

0.5 mg Pt/cm® on 4,5 mg Vulcan Carbon/cm?
(20% TFE) on gold screen - recessed structure

C - Pt screen - frontal st ucture

(=
'

Graphite Cloth Electrode "Within the Cavity"
structure

=92~




TABLE XXXIII. COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR
THE Fe*?/Fe*® COUPLE (DISCHARGING IN DISCHARGED STATE)

Red/Ox ratio = 4/1; Cathodic Performance

otal Cornc, emp. [~ _Total Conc. 3M  Temp. 270C
Currént Polarization (mV) Current Polarizationm (mV) |
Density _ bensitg .
mA/em®) A | B [ C [ D | (A/em)TA 1B T C D
1 1 3 2 - 1 6 2 3 1
3 Z | 9 5 | 2 3 | 131 6 | 8 1 3
] & | 17 | 11 5 6 1 20 9 | 17 6
12 13 56 23 11 12 37 20 34 11
25 ST | 75 | 45 | 24 25- 73 | 40 | 70 1 26
S0 67 | 132 97 | 47 50 151 711135 49
100 149 | 216 | 193 |121 100 671 1213 1274 1126
200 557 | 764 | 441 | 148 200 1816 | 1045 1536 2%1
400 15 894 h444 ﬁ430 400 ' 1525 1431
Total Conc. 1M Temp. 50°C [ Total Conc. 3M___ Temp.  500C]
Currernt Polarization (V) Current Polarizdation (mV)
Density Density -
mA/ecm)[TA | B [ C D (mA/cm®)| A B C D
1 1 1| - - _1 - - 2 | -
3 2 3 | 2 1 3 - 1 s -
6 4 7 s | 21 6 1 2 110 2
12 [ 10| 13 | 12 6 12 4 6 | 19 | 4
25 21 | 30 | 27 | 12 [ 25 9 | 15 | 38 7
50 42 | 61 | 54 | 22 50 20 | 33 | 73 8
100 84 | 92 | 113 | 74 100 75 | 41 _|153 | 56
200 255 | 119 | 222 '1%20' 200 | 182 | 185 [303 [103
400 1259 | 565 | 476 400 608 1635 ]1654

*—Configurations: A - 5 mg/cm?. Vulcan Carbon (20% TFE) on gold
plated tantalum screen - recessed structure

B - 0.5 mg Pt/cm® on 4.5 mg Vulcan Carbon/cm?
(20% TFE) on gold screen - recessed structure

C - Pt screen - frontal structure
D - Graphite Cloth Electrode "Within the Cavity"

structure
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TABLE XXXIV.

COMPARI%ON Qg ELECTRODE CONFIGURATION PERFORMANCE FOR
THE Fe*®/Fe™* COUPLE (CHARGING IN THE DISCHARGED STATE)

Red/0Ox ratio = 4/1; Anodic Performance

* Configurations: A

[Total Conc. M Temp. 270( | [ Total Comc. 3yq __ Temp. 270C
Current Polarization (mV) Current Polarization (mV)
Densitg 1 Densitg ﬁL _
(mA/em®)-[ A* T B | C | D | (mA/em®)[ A B C D

1 - 6 2 | - 1 8 1 P
3 2 19 7 1 3 16 2 8 1]
3 3] 38 | 13 2 6 40 | 6 1161 5
T2 61 76 | 25 4 12| 90 8 1 35 1 10
25 12 | 15 54 8| 25 187 | 18 1| 74 | 25
50 24 | 279 | 101 13- 50 357 | 38 1150 | 50
100 59 205 | 40 | 100 686 | 99 1302 [172
200 188 | 448 | 403 | 268 200 1075 | 223 1591 | 309
400 B93 | 546 | /58 [1290 400 |1495 | 606 529 |
~Total Comc.1M __ Temp. 500C | [ Total Conc.3M Temp. 50°C |
Current Polarization (mV) Current Polarization (mV)

-Dersity - Density _ _

(mA/em®)" A | B C D (mA/cm*) [ A B.] C D
1 1 2| - 1 1 1 - 1 -
3 2 [ 2 2 3 - — 2 3

() 3 13 5| 3 6 2 2 7 | -

12 3 25 13 (3 12 ] 2 | 15 3 |

25 15 | 56 | 30 [ 10 — 25 7 6 | 34 7

50 30 | 156 | 59 | 18 | 50 13 | 12 | 73 | 10-
100 66 | 265 | 122 | 48 100 30 {101 150 | 38
200 146 | 295 | 245 | 177 [ 200 58 | - 308 | 92
400 | 761 | 385 | 494 | 560 400 162 | - [e628 | 357

5 mg/cm® Vulcan Carbon (20% TFE) on gold
plated tantalum screen - recessed structure

0.5 mg Pt/cn? on 4.5 mg Vulcan Carbon/cm?
(20% TFE) on gold screen - recessed structure

C - Pt screen - frontal structure

<
'

Graphite Cloth Electrode "Within the Cavity"
structure
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TABLE XXXV. COMPARISON OF ELECTRODE CUNFIGURATYON PERFORMANCE FOR
THE Fe*?/Fe*®COUPLE (CHARGING IN CHARGED STATE)

Red/0x ratio = 1/6.25; Anodic Performance -

K .
P . ' X
L e K L e e~ e T T T

otal conc, . emp. | [~ Total Conc. 3M___ Temp, 27°C
‘Current Polarization (mV) | Current Polarization (mV)
Densitg . Densitg _ _
(mA/em®) [A¥ | B_| C D (mA/cm®)| A B C | D |
1 1 1 2 6 | 4 1 4.1 1.
3 4| - 6 6 | 3 10 | - 12 3
6 7 2 | 14 | 7| 6 20 | 2 25 5
12 16 3 28 7 12 41 s |.50 11
25 | o5 | 1 60 | 12 25 80 | 14 l106 1 16
50 74 | 24 | 126 | 18 50 173 | 27 1217 | -
T00 T75 | 167 | 276 | 448 — 100 445 1168 1481 | 55
200 585.] 676 | 816 | 908 | 200 972 | 353 11239 | 603
400 51'6""[1'5'5—13&3" 400 553 623
[ Total.Conc. IM___ Temp. 500C [ Total Conc. 3M___Temp. 500C ¢
Current Polarization (mV) Current Polarization (mV) i
Density Density ] N
mA/ecn®)[TA [ B [ € | D | (ma/cm®) A B C D P
i i
1 2 1] - - 1 3 - 1
—3 | 8 2 1 T 3 6 3 3 i
3 71 41 5[ 3. 6 12 | 5 | o s t
12 36 8 | 12 5 12 23 8 | 23 9 ?
25 77 | 17 | 20 | 14 | 25 42 | 18 | 51 11 {i
0 T5Z2 | 34 | 62 | 29 50 96 | 35 1106 | 20 ;‘,e
T00 ~207 | 105 | 132 | 232 | 100 1120 | 92 1226 | 80 g
200 321 | 200 | 272 | 878 20 303 1194 }495 1278 f
300 941 | 785 | 683 |3438 400 474 11215 ‘,

* Configurations: A - 5 mg/cm? Vulcan Carbon (20% TFE) on gold
plated tantalum screen - recessed structure

B - 0.5 mg Pt/cm? on 4,5 mg Vulcan Carbon/cm?
(20% TPE) on gold screen - recessed structure

C - Pt screen - frontal structure

D - Graphite Cloth Electrode "Within the Cavity"
structure

oy L
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TABLE XXXVE,.COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR
THE ..Bc.r:;/.lh::'5 COUPLE (DISCHARGING IN CHARGED STATE)

ot e

Red/0x ratio = 1/6.25; Cathodic Performance

- Total Conc. 3N Temp.270C ‘
Current Polarization. (mV) 3
Densitg ' _ f
(mA/cm®) [ A* | B C D .§

1 - 1} 1 E

3 1 3 2 r_—j;). i

5 2[4 4| 1

12 3 9 7 _1;2 |
5 7l__17] 16| 33 ;
50 13 36 43 i
100 48] 92| 95| 136 j
200 | 619 | 204] ¥
300 3

“Total Cont, 9N Temp. 279C |
. ) !
Current Polarization (mV) -
Densitg _ N o y
(mA/cm®)| A B c D :
1 11 21 1{ 3
3 2 3 3 4
6 2 5 5 6
12 6 10 6 12 j
25 11 21 21 25 !
50 25 | 37 | 25 | 43 .
100 41 81 | 27 70 ;
200 70 | 117 | 111 | 160
400 ;
"t
/'t
*Configurations: A - Porous Carbon - recessed structure ; I 1
B - Teflonated Graphite Paper (4.5 mg TFE/cm?) - ‘,‘ ‘f
frontal structure .
C - Platinized Ti Sheet - recessed structure ’%
D - 4.5 mg Ru0, on Ti Screen - frontal structure




TABLE XXXVII._ COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR
THE Br'/Brg COUPLE (DISCHARGING -IN DISCHARGED STATE)

Red/Ox ratio = 4/1; Cathodic performance

¥
[ ) ﬁ’
P g
L —Total conC. 3N __ lemp, 270
o Current Polarization (mV)
: ﬁ, Density i .
8 (mA/cm®) | B 1 C [ D
gt 1 - s s | 1
T 3 v R
6 5 8 | 10
TZ 10 | 13 [ 18 | 12
25 20 25 35 27
50 30 | 43 | 58 | 54
100 77 | 92 | 227 ] 123
200 151 147 332 ] 185
400
1

~Total Conc. 9N Temp. 270G
Cu. -t Polariration (mV)
Densitg - _
" (mA/cm®)] A B C D-
[ 1 1| 4 4] 2
3 ST 10 | 17 6
s | e 17 [ 18| 17
12 11| 33 | 33 | 25
26 | 23] 58 | 61 [ 47
50 | 33| O1 [ 100 | 85 |
100 36 | 97 | 111 L ;
200 8T [ 150 | 168 | i
300

*Configurations: A - Porous Carbon - recessed structure

B - Teflonated Graphite Paper (4.5 mg TFE/cm?) -
frontal structure

C - Platinized Ti Sheet - recessed structure

A el

D - 4.5 mg Ru0, on Ti Screen - frontal structure
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Co TABLE XXXVIII,COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR
o THE Br‘[Brg COUPLE (CHARGING IN DISCHARGED STATE)

Red/Ox ratio = 4/1; Anodic performance

'f\: ' otal conc. 3N emp., 27°C .. 5
b ;
; Currént | Polarization (mV) i
! Densi'ty ‘ _ \
(mA/cn®) A T B C D
i | 1 1 5 ,.
K1 S 2 14 3 ‘
® 81 4] 26
12 13 10 48 11 j
25 20 85 22 i
S0 37 35| 744 | 42 ,1
100 70| 63 83 j
200 K} 83 111 !
00—
Total Conc. ON _ Temp. 27°C
Current Polarization (mV) .
Densit _ _ :
(mA/cm*)] A B C D_| :
1 1| 2| 4] 2 |
3 3 3 18 4 :
6 4] 4]l 22 6
12 S 7 41 13 ;
25 | 20| 23| 85 | 29
Eg 4 52 | 155 72 \
10 165 | 129-| 377 | 208 :
200 303 604 i
400 ;
M
i
*Configurations: A - Porous Carbon - recessed structure !
B - Teflonated Graphite Paper (4.5 mg TFE/cm?) - ‘
frontal structuce "
C - Platinized Ti Sheet - recessed structure
D - 4,5 mg RuOj on Ti Screen - frontal structure

=08~




TABLE XXXIX. COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR
THE_Bp~/Brz COUPLE (CHARGING IN CHARGED STATE)

S_A!

.
L

§ A
5 t ‘ R
Pl s And il icalod.. NI

Red/0x ratio = 1/6.25; Anodic performance

—Total Conc. AN Temp. 279C
Current Polarization (mV)
Densitg . : _

(mA/cm®) "B C D |
1 - 2 6 1]

9 1 4§_ | ___ 4

[ 2 8 31 8

B Y 5| 13 52 18
— 25 B| 28] 921 31
50 16 ™1 142 57)

— 100 24| 117 100
200" 116]-
400 "

Total Conc, 9N Temp. 27°C
Curreht Polarization (mV)
Densitg . _ L
(mA/em®)| A B C D_| i
1 1 2| 2| |
3 |- 3 5| 3| !
6 351 91 71 a
12 (] 7 18] 121
- 25 11 16| 32| 2a
50 24] 28] 511 48
100 36] 38 74
— 200 | 75| 59 156
400

*Configurations: A - Porous Carbon-- recessed structure

o
?

Teflonated Graphite Raper (4.5 mg TFE/cm?) -
frontal structure

(o]
]

Platinized Ti Sheet -~ recessed structure

o
]

4,5 mg RuO, on Ti Screen - frontal structure
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TABLE XL. COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR i
THE_Cu (NHz)3}/Cu(NHz)2* COUPLE (DISCHARGING IN CHARGED STATE) o
Red/0Ox ratio = 5/1; Anodic Performance
[ Total Conc. IM emp. 270C
" Curr:ut Polarization (mV)
S Densit :
Sy (mA/cm¥ A% | B "D |
I J
e 1 2 1 33 1 12 | 23 ,
R 3 241 99 | 33 1 6
T 6 41 | 184 | 74 |120 |
& b T2 76 | 345 | 153 | 229
sk — 25| 109 | 537 | 445 | 256
P 50 T35 | 1157 | 748 | 323
b —YO0— | 66T| 4457 | 877
o ———T
Tooh 300
. ;i
| B
- ] [ Total Conc, IM _ Temp. S0°G
2 . ]
2 E? Current Polarization (mV) A
IR Densit{ — -
B A B C D
} 1 4 4 1 1 5
3 "8 | 12 1 [ 11
6 15 | 20 2 | 18
12 24 38 3 | 34
25 25 | 63 | 11 | 50
:% 51 | 125 | 41 .
100 65 | 155 | 400 5221’_ '
— 200 | S51t| 179
— 400 _

+iR correction large

*Configurations - A - Au screen - frontal structure-

B - 5 mg/cm?® Vulcan carbon (20% TFE) on gold grid -
recessed structure

C - 4,5 mg/cm Vulcan carbon (20% TFE), activated with
0.5 mg/cm® gold, on gold grid support - frontal
structure

D - 4,5 mg/cm Vulcan carbon (20% TFE), activated with

0.5 mg/cm? gold on gold grid support - recessed
structure

-100-

L W



3
2
e
__%I TABLE XLI., COMPARISON gf BLECTRODE CONFIGURATION PERFORMANCE FOR
«‘{ THE Cu(NHq)3 /Ca(NH,)2" COUPLE (ISCHARGING IN DISCHARGED-STATE)
L \;ﬁ Red/0x ratio = 1/4; Anodic Performance -
B 1
- %f otal ConC., IM Temp, 270G
Current Polarization (mV)
- Deusitg : ] i I
- 5 (mA/ea®).A¥ T B 1€ [ D
$i b
; : 1 5 19 20 47 b
3 IS | 58 | 58 | 147 3
» 6 32 | 124 | 118 | 380 | i
¥ 12 65 | 314 | 2348|1123 | e
i 725 165 | 1353 | 523 (1849 ;
'y ol 357 | 1803 11037 |2489 4
¥ 35
. T0U 674 1142
§, —mm ' 1182 i
¢ 1]
:é.} &
%@ “Total Conc. Temp. ﬁ ]
0 o A
£ Current Polarization - (mV) 4
i -Densit¥ g
7 (mA/eo®)" A T B T C [ D |
zﬂ 1 2] 6 4 10 @
3 10 32
‘ 6 I 14] 46| 19| 70] e
12 30| 105 | 40 | 162 P
25 45 11103 [ 95 J111 S
1% 14311231 T 210 [1450 i
___5.___...ZQS..liQZ...JEﬂlJBEﬁL o
oo ‘ !
i — 1
e
*Configurations - A - Au screen - frontal structure o
B - 5 mg/cm® Vulcan carbon (20% TFE) on gold grid -
recessed structure
C - 4,5 mg/cm® Vulcan carbon (20% TFE), activated with
0.5 mg/cm?® gold, on gold grid support - frontal \
structure N
D - 4,5 mg/cm? Vulcan carbon (20% TFE), activated with  ; L
0.5 mg/cm?® gold on gold grid support - recessed ff |
- structure Pro
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TABLE XLLL COMPARISON OF RLECTRODE CONFIGURATION PERFORMANGE FOR
THE Cu(NH3)$'/Cu(NHA) 42 COUPLE (CHARGING IN DISCHARGED STATE)

Red/Ox ratio = 1/4; Cathodic performanco

{

g —__Total Conc. M Temp. 270 ] 270C |
t I
i Current Polarization (mV) '
i bensit¥ : ] .
? mA/en?) AT BT TD o
|

; 1 ! s| 16 14 ] 10 R
— 3 T6 | 50| 43| 59

‘ 6 | 30| 98| 83| 113

: T2 62| 183 | 165 | 215 ;
; 25 _B6 13351301 | 360 |
: 50 129 | 349 | 456 | 541 |
: 100 | 854 851 :
, 200 - 1371 i
300 | I

i

1)
u
§ Total Conc.1M __ Temp, 500C |
| N , o
; Curreént Polarization. (mV) P
E Densitx _ _ b
. (mA/co®)[ TR | B cC_IT 0D ;
ﬁ 1 3 6 ] 10
3 8] 13 9 | 28 P
- 6 A1) 271 141 63 L
12 23] a4 | 25| 122 ]
__ 25 401 811 42 | 224 L
50 377 _62T| 55 | 410 P
100 ~ 561 27 638 | b
200- X
___ 400 . : i
} I

tir correction large

*Configurations - A - Au screen - frontal structure

B - 5 mg/cm® Vulcan carbon (20% TFE) on gold grid -
recessed structure

C - 4.5 mg/cm? Vulcan carbon (20% TFE), activated with

0.5 mg/cm® gold, on gold grid support - frontal
structure

;&

4.

j

1 1

D - 4.5 mg/cm® Vulcan carbon (20% TFE), activated with
. 0.5 mg/cm? gold on gold grid support - recessed
structure
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TABLE XLIIT, COMPARISON OF ELECTRODE CONFIGURATTON PERFORMANCE F~R
THE_Cu(NHg)%'/Cu(NH;)#% COUPLE (CHARGING IN CHARGED STATE)

Red/Ox ratio = 5/1; Cathodic Performance

ota nec. emp., 27°C
Current Polarization (mV)
Densitg :
(mA/cm®) [T A* | B C D
1 5 11 8 9|
3 — 15 34 18 | 28]
[ 33| 78 7] 63
12 711 171 [ 128 | 147
Z5 207 | 494 | 336 | 433
50 478 1'1166_| 605 1010
— I00 | 1155 | 2666 1434 11690
200 [ 19851 . 1|
300 1
Total Conc. 1M Temp, 50°C
Current Polarization- (mV)
Densitg _ R |
(mA/cm®)f__A_ B C D
1 1 3 21 3]
3 4] 7 4 7
6 10] 171 91 17]
12 371 15| 33|
~_ 25 571 9 | 76| 10
— 50 127 217 | 122 | 22X
100 358 | 550 60
~200 691
400 . | -

*Configurations - A - Au screen - frontal structure

B - 5 mg/cm® Vulcan carbon (20% TFE) or gold grid -
recessed structure

C - 4.5 mg/cm?® Vulcan carbon (20% TFE), activated with

0.5 mg/cm?® gold, on gold grid support - frontal
structure

D - 4.5 mg/cm? Vulcan carbon (20% TFE), activated with

0.5 mg/cm? gold on gold grid support - recessed
- structure
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TABLE XLIV.

*Configurations:

. ! ‘ I' :

COMPARI§ON OF ELECTRODE CONFIGURATION PERFORMANCE FOR
THE Cr*”/Cr*? COUPLE (DISCHARGING IN DISCHARGED STATE)

Red/Ox ratio = 1/4; Anodic performance

>
]

—Total Conc. 1M ___Temp. 270(

Chrrent Polarization (mV)
Densit : .
(mA/cm B C D
1 126 | 148 58 1.1
3 1461 208 | 88 | 144
' T61] 243 | 102 | 175
17 1811 347 | 115 | 296
25 150 134 | 359
50 T80 469 | 505
100 TII3 | 539 | 577
200"
200
Total Conc. 1M Temp. 500C |

Current

Polarization (v}

Densit _ _ ]
(mA/cm A B C D
i 274 281 35| 375
3 53| 77 | 46 | 444
6 137 | 105 | 132 ] 502
12 | 161 | 162 | 324 | 540 |
25 | 1/8] 254 ] 540 | 652 |
S0 | 182 606 | 603 | 867 |
100 723 | 672 | 928
200
400

Au Screen - Frontal Structure

5 mg/cm® Vulcan Carbon (20% TFE) on gold plated
tantuium screen - recessed structure

4.5 mg/cm? Vulcan carbon (20% TFE), activated with
0.5 mg Au on gold plated tantalum screen, frontal

structure

4,5 mg/cm2 Vulcan carbon (20% TFE), activated with
0.5 mg Au, on gold plated ‘tantalum screen - recessed

structure
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TABLE XLV.COMPARISON OF ELECTRODE CONFIGURATION PERFORMANCE FOR
THE Cr*?/Cr*® COUPLE (CHARGiING IN DISCHARGED STATE)

Red/0Ox ratio = 1/4; Cathodic performance

~Total Conc. 1M Temp. 270C |

Current Polarization (mV)

Densit.
(mA/cmg) A¥ | B C | D
1 141 78 93 95 |
3 ~ 207 41 6 1 152
—"'6""'1620"‘? 6 | 348 | 579

TZ 1074711226 | 944 [1008
25 [ 1092717320 [1167 [1163

50 1127 | 1420 11290 [1211 ]
100 1210 | 155 134
——200 i

400

>

Total Conc. IM  Temp, 50°C

Current Polarization (mV)
Densitg e L
(mA/cm®)] A B C D

38 | 167 6 | 162
84 | 204 | 174 [1174

123 | 479 | 236 |1443
3| 746 | 671 2010

1025 | 1374 | 1082 |2039
T045 | 1431 (1129 2127

s

HT

*Configurations: A

v

Au Screen - Frontal Structure

B - 5 mg/cm® Vulcan Carbon (20% TFE) on gold plated
tantalum screen - recessed structure

C - 4.5 mg/cm® Vulcan carbon (20% TFE), activated with

0.5 mg Au on gold plated tantalum screen, frontal
structure

D - 4.5 mg/cm® Vulcan carbon (20% TFE), activated with

0.5 mg Au, on gold plated tantalum screen - recessed
structure




TABLE XLVI.

EXAMPLES OF iR CONTRIBUTION OF ELECTROLYTE

GAP IN RECESSED ELECTRODE STRUCTURES

_ q -
Red/Ox Total Conc. Temp. ]~ iR @ 100mA/cm?
Ratio M) °C) (mV)
A. Fe'l/pe*? 27 85.
1
_ 50 65
1/6.25
27— 210
3
50 140
27 75
1
50 60
4/1
27 135
3
50 95
B. Bel/Bry 3N 27 230
1/6.25
oN 27 105
3N 27 150
4/1
. ON 27 = 85
. C. Cu(NHs);’ZCugNHS)Zi 27 45
. ' 5/1 v
2 50 25
= 27 230
. 1/4 M
: 50 140
= p. cr*?/crt? 27 115
) 1/4 iM
- 50 85
-106-
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APPENDIX I

Stoichiometry of the Bromine Redox Couple

In calculating the number of moles of Bz, (MBrz) and of NaBr (Mygpyp)
to simulate a particular state of the Brg/Br‘ redox couple, two parameters
are fixed: the total number of atom weights of Bromine in the system,. (Br)T,
and the theoretical degree of discharge, 6. The theoretical degree of
discharge can be defined by writing equation:

l—%ﬁ Brg + e~ %e Br- (1)

When the system-is totally charged, 6 = 0; when the system is totally
discharged, 6 = 1, . The condition of totally charged system and the manner
of writing equation (1) imply that no Br, is allowed to form. This is
equivalent to saying that.any Br, formed will react with excess Br~ to
form Br; and that an additional-reaction of the form:

ZBrg + 2 - 3Br, (2)
is not allowed. Under these conditions, the vapor pressure of bromine will
be—lowest,

According to equation (1) the total bromine per Faraday of charge is
given by:

1 -0 3 3
B = 3 - B -
(Br)y 7 ‘2°%°3 )

The number of moles of bromine—for a given degree of discharge and

total bromine:

] 1-6
e P L @

Br, (atom equiv.) = -§- (1 - 8) (Br.r)
(i.e. only 66.66% of total bromine atoms can be charged according to
equation (1),)
A-1-1
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Similarly, the number - € moles of free Br~ is given by:
Mg = 6 (Br), (5)
The ratio of reduced to oxidized.species defined as Red = HEZZ is related
X Br~
to the degree- of discharge by: 3

Red 3
ox "T-8°3 (6)

The number of moles of Br, and of NaBr required to prepare a solution with

a fixed total number of bromine .atoms, and simulating a degree of discharge

0 is:
1-96

Mgy, = (Br), (7a)

Mapr = (Brdy 2228 (7b)

The molar ratio of sodium bromide to-bromine needed to simulate a certain
state of discharge is given by:

MNaBr 3
= -2 8
Mg, 1-0 (®

The ratio of reduced to oxidized species is related to the molar ratio
of sodium bromide to bromine used to prepare the solution by:

Red _ Mpyp- . MNaBr
Ox MBrg MBr2

-1 (9)

Moles of Br, and NaBr necessary to prepare a solution with a fixed number
of atom weights of Bromine (Br)T and with a given Red/Ox-ratio is obtaincd
as follows:

From (7a) and (6):

(Br),,

Bl‘z 3+ _R_.i ( )

0x

A-1-2
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From (7b) and (6):

2
= (Br)y 1 - (10b)
¥NaBr T < 3 . Red )
Ox
Instead of the molar ratio of reduced to oxidized species. Red g5 used

Ox—
here, one could .use. the ratio of equivalent weights (R_e_?.) (where OxL = 2 0x).

Such use involves substituting(g%l.) by 2(g—°."l) in equations (6), (9), (10).
X
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4 APPENDIX II_
T
: t
'“ %j Concentration Dependence on Bxchange Current
: i
¥ Under ideal conditions, the exchange current of a one-electron redox
- ?
I,

reaction is related to the concentrations of reduced and oxidized species by:

i = 17 (Red)¥(0x)P

3
I

where o and B8 are transfer coefficients, Ifaq =1 - 8 = 0,5, for instance,

the exchange current of the 1:10 redox ratio, ie(l:lO)‘ will be equal to

that of the 10:1 ratio, 19(10:1)s and will be related to the exchange

turrent for (1:1) ratio, 10(1:1}, by:

0.19°5 x 0.90-5

0.5%+5 x 0.50-5

Yo(1:10) = o(10:1) = io¢1:1) x =061

o(1:1)

This will be true independent of the total concentration, as long as this

remains constant, If, on-the other hand, the redox ratio is kept constant,

and the concentration changes, the exchange current should change proportionally

to the total concentration change,

In a set of 1:10 to 10:1 redox ratios and 1 to 3Mtotal concentrations,
as those investigated in this work, the exchange current will change most
(under the present assumption) when changing from 1M (10:1), or IM (1:10)

to 3M (1:1)., This maximum change in- exchange current will be given by:

(1.5)°°5 x (1.5)95
0.1)%5 x (0.9y0:5

Yo3,1:1) = foq10:1y % 510,101

If we assume, on the other hand, an asymmetrical situation, such as
aﬂlueﬂo.s.

0 10.3 x 0.90.7

fo(1:10) = doq1:n) X =% * 0.9 4501:1y

0.90‘3 X 0.10'7

0.5

o¢10:1) = lo(1:1) % = 0.4 i501:1)
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é As before, this is independent of. total concentration as long as it : |
i remains constant, In the same set of concentrations and ratios, as before j
the maximum variation will be obtained when changing frem 3M (1:10) to : i

- i IM (10:1) as follows:

———
Lm—

A 16(3,1:10) = $o(1,10:1) X 0.8 x 2.7 = 7.2144501,10.1
! °( pde ) O( ’1 ol) 0'90.3 X 0.10.7 0( " ¢ )
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