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FOREWORD

This final report was prepared by Monsanto Research Corporation
under USAF Contract No. AF 33(616)-7735. This contract was
initiated under Project No. 3145, "Fnergy Conversion Techniques,”
Task No. 60813. :

The work was adminlatered by Flight Accessories Laboratery,
Directorate of Laboratories, Aeronautieal Systems Dlvision, with
Mr. A, Fasano, Mr, R. L. Kerr, and Captaln G, E. Starkey as project
englneers.

This report covers work done from 10 December 1960 to 9 December 1961.
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ABSTRACT

A fuel cell battery was bullt meeting the contract specifications,
namely, generation of 15 watts at 5 amperes for 8 hours utilizing
hydrazine (5M in 10M KOH) as fuel and nitric acid (10M) as oxidant.
The battery consisted of 3 cells each having an electrode area of
120 em®, The open circult voltage was 5.95 volts. Over the 8-hour
period the total current was Just over 5 amperes at an operating
voltage of about 4 volts. The battery produced 35 watt-hours/pound.
Pentaborane and hydrogen peroxide were also tested as fuel and

oxidant, respectively, with each other and with hydrazine and nitric
acid.

PUBLICATION REVIEW
The publication of this report does not constitute approval by the

Alr Force of the findings or conclusions contained herewlth. It is
published only for the cxchange and stimulation of 1deas.

ASD-TDR-62-U42 111




SUMMARY

This contract accomplished its purpose which was to develop a fuel
cell using soluble fuels and oxldants capable of generating 15 watts
at a current of 5 amperes for 8 hours. Nitric acid was used as the
oxidant and hydrazine was used as the fuel. Hydrogen peroxide was a
poorer oxlidant than niltric acid and pentaborane was a poorer fuel than
hydrazine.

The reactants were characterized by half cell runs. Niftrilc acid could
be reduced at a high potential (4+1.0 - 1.2 volts) and at high current
densitles 1f the acid concentration was high (1OM). The principal
reaction product obtalned was nltric oxide. Hydrogen peroxide
decomposed spontanecusly and rapldly and ylelded a potential slightly
below the reversible oxygen potential in most solutions. Hydrazine
was found to yleld a potential significantly more positive than the
reversible at open circuit. ILittle further polarization occurred at
current, densitles of 20 to 50 milliamperes per square centimeter
(ma/cm®). The hydrazine appeared to be completely oxidized to
nitrogen. Pentaborane ylelded a negative potential very near the
reversible hydrogen potential. However, the electrodes always became
badly polarized at current densitlies near 4 to 5 ma/cm2. Pentaborane
underwent hydrolysis slowly, ylelding hydrogen. The necessity of
using relatively high current densitles in the cell forced the
abandonment of pentaborane after this initial screening.

Selectlon between The two oxldants was based on the performance of a
large number of small, "batch" cells. The cells using nitric acid
as an oxldant consistently produced a higher energy-to-weight ratio
(specific energy) than those using hydrogen peroxide. For this
reason, nitric acid was chosen as oxidant in the final cell,

Based on tests in "batch" cells and in continuously fed cells, ion-
exchange membranes were concluded to be somewhat better as separation
devices than inert porous separators. The membrane selected was %the
Ionics, Inc., anion membrane.

The device finally constructed was a battery of three cells, each
having a cross-sectlional area of 120 cm®. The cell was fed 10M

nitric acld as the oxldant and 5M hydrazine-10M sodium hydroxide as

the reductant. The electrodes were platinized platinum mesh and
platinized platinum-rhodium mesh. An open-circuit voltage of 5.65
volts was obtalned. Over a perilod of more than eight hours the battery
operated at a total current Jjust above 5 amperes, at an operating
voltage of almost 4 volts. Over the entire run the cell produced a
specific energy of 35.5 watt-hours per pound.

ASD-TDR-62-42 iv
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I. INTRODUCTION

A fuel cell conslsts of three baslc components: (1) a fuel electrode
at which the fuel 1s electrochemically oxldlzed to yleld electrons to
the electrode; (2) an oxidant electrode at which the oxldant -is
electrochemlically reduced to accept electrons from the electrode; and
(3) an electrolyte to form a path by which the electrical charge 1s
transferred ionically from one electrode to the other. Many factors
must be consldered in selectlng the most efficient fuel and oxildant
electrodes and electrolyte. Our investlgation was conducted in three
steps: (l% evaluating the relative efficiency of the oxidant and
reductant (fuel) specles; (2) selecting the most promising combination
of oxidant, reductant, and electrolyte; and (3) designing a fuel cell
using this comblnation to generate 15 watts of power at a current of
5 amperes for 8 hours,

We approached the problem of designing the system by combining theory
and experiment. The llterature provides free energy data from which
the reversilble potentlal of the oxldant and reductant electrodes can
be estimated; the reversible potentlal 1s the current supplied by
converting all of the free energy from a chemlcal reactlion to elec-
trical energy. The reverslble potential of an oxldant electrode
system 1s the most positive% potential that can be obtalned from
that system, and the reversible potential of the reductant electrode
1s the most negative potentlal. The concentrations of oxldant and
fuel and the reactlon products affect the reversible potential of a
system and must be considered in the design.

Theoretlcal informatlon also provides data for predicting the
reversible energy-to-welght ratio for a glven oxidant-reductant
system. From such data, calculations were performed on a number of
systems, and results indicated that two oxidants -- nitric acid and

hydrogen peroxlde -- and two reductants -- hydrazine and pentaborane --
warranted further study.

After the theoretical calculations were completed, we determined
experlmentally how the electrodes would perform and the reactions of
specific electrolytes, We know that even under open-circuilt con-
ditlons, the measured potential may be substantially below the
reverslble potential for the system. In addition, when an appreciable
current passes through an electrode, the value 1ls further displaced
from the reversible potential. These are kinetic phenomena which
cannot bhe predicted from equilibrium condltions.

%According to the slgn conventlon used in this report, the oxygen
electrode is more posltive than the fuel electrode as long as the
fuel cell 18 acting as an energy source.

Manuscript released by the author in January 1962 for publication
as a ASD Technical Report.

ASD-TDR-62-42 1




Thls report presents the theoretlcal calculations and the experl-
mental investlgations conducted in the development of an operable
fuel cell. The apparatus and procedures used to determine the
behavior of the electrode systems are glven. The klnetic behavior of
electrodes in general 1s flrst described, and then that of the
reactants -- nltric scld, hydrogen peroxide, hydrazine, and penta-
borane -- 18 each considered in turn, The design and operation of
the fuel cell and a battery of cells are then dlscussed. Detalls of
related research are presented 1n the appendilxes.




II. APPARATUS AND PROCEDURE

Two types of apparatus were used in the investigation of single
electrodes. These are shown 1in Flgures 1 and 2. The large half-

cell has a capacity of 250 milliliters (ml) in the test compartment;
thlis cell also has the advantage that the solution remains essentlally
unchanged in composition during a run. The "mlcrocell" was designed
for testing expensive and hazardous compounds and can be operated with
as little as 1 ml of solution in the test compartment. The two cells
operate in substantlally the same manner. Indeed, no difference i1n
operation was detected when comparilson runs were made at current
densitles up to 100 ma/cmZ.

The deslgn of thls apparatus is based on the fact that the potential
of an electrode in a cell 1s independent of the reaction at the
opposlte electrode. For example, an electrode at which the principal
reactlon is:

NOs~ + 6H' + 5e™ = 1/2 Nz + 3Hz0 (1)

will have the same potentilal whether the reactlon at the opposite
electrode is:

HoNNHz = No + 4HT + le- (2)
or ‘ Hz0 = 1/2 0z + 2HT + 2e~. (3)

For the cell reactions to proceed rapldly, the electrodes must be
catalytically active. Hence, the terms "electrode" and "catalyst"
are used interchangeably. ’

Current flow through the cell was regulated by a constant current
source conslsting of a storage battery and a variable resistor.
Currents up to 10 amperes could be generated., These were measured
by a multl-range milliammeter, Weston Model 911.

The reference electrode was a commerclal saturated potassium
chloride-calomel electrode (Beckman No. 39270 or 40451). To avoid
including any of the IR potential drop through the solution in

the measurement of the electrode potential, the standard electrcde
was placed In a separate contalner connected electrically to the
cell by a salt bridge. One end of this bridge was drawn out to a
fine caplllary that touched the test electrode. The voltage between
the reference and test electrodes was measured with a vacuum tube
voltmeter, Keithley Models 200, 220, or 610 A Electrometers. These
all have an input resistance greater than ten megohms, so the current
flow between the test and reference electrodes was less than 0.1 micro-
ampere. Thus, the potential drop across the bridge was negligible.
The potentlial readings are placed on the standard hydrogen scale by
addition of +0.24 volt.



Electrode potentlals were read at flxed currents starting from zero
current or open clrcuilt, The potentlial was recorded one and two
minutes after the current was adjusted. The two-minute readings are
presented in the graphs and tables for all pointis except open circult.
The open clrcult polnts were one-minute polnts.




Figure 1

Large Half Cell Apparatus
Shown wlth Assoclated Measurement and Control Equipment
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Filgure 2
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IIT. KINETIC BEHAVIOR OF ELECTRODES

Most of the data are reported in the form of curves in which the
oxldant half-cell potential 1s plotted agalnst current density, or

in tabulations. In the sketch below, Curve I represents the ideal
situatlion 1n which the electrode potential is the reversible potential
and ls independent of the current denslty. The reversible potential
for the oxidant electrode 1s the most posltive that can be obtalned
and represents complete converalon of chemlcal free energy to
electrlcal energy. Since all chemlcal reactions proceed at a finite
rate and mass transfer rates become limlting at sufflclently high
current densltles, this curve 1s not obtalnable 1ln practice.

+

Reversilble
Potential

Oxldant
Half-Cell
Potenhtial

Net Current Density (logarithmic scale)

At open circult, the reactilon proceeds at a finlte rate in the forward
and reverse directions but with no net production or consumption of
electrons. In terms of current, this reactlon rat= 18 called the
exchange current. If a small current is drawn from the wvell, the
potential wlll be only slightly displaced from the reversible value as
long as the net current (the forward minus the reverse current) 1s
much lesg than the exchange current. Between points =2 and b in the
sketch, the electrode acts reversibly. Although this would be the
ideal region in which to operate a fuel cell, the current density is
frequently too small to be of commercial interest, The intersection

of line ab with the sloping straight section of Curve II indicates
the exchange current density.

In practice, the open-clrcuit potentlal may be affected by side reac-
tions which occur at relatively low rates. If a side reaction occurs
at a high rate relative to the exchange current, the measured curve,
a'b', can be considerably below the reversible potential line. This
is often the case for hydrogen peroxide electrodes.




When the exchange current denslty is exceeded, part of the chemlcal
free energy from the reaction is converted to heat. This conditlion
is evidenced by a drop in potential from open-clrcult potential. 1In
this reglon, the data can be fltted to an equation of the form:

E=Alogi+58 (&)

where E 1s the electrode potential, 1 is the current density, and A

and B are constants, This equatlion, called the Tafel equation, can

be derlved theoretically and often holds over a wlde range of current
denslities, The Tafel equation suggests that the voltage-current curves
should be plotted on semilogarithmic coordinates to indicate the

region where the electrode potential 1s determlned by reaction kinetlcs.
This region is indicated 1n the sketch by bb'ec,

Beyond polnt ¢, another process limits the rate at which the oxidant
can be reduced. This limlting process may be the diffuslon rate of
oxldant to the electrode or desorption of reactlon products. From
this point, the potential drops untll another reactlon can take place
at a sufficlent rate to consume the electrons flowlng Into the
electrode, This reaction usually is:

oK' 4 2e- = Ha (in acid) (5)
or 2HaO + 2~ = Hz + 2 OH (in base) (6)

This reaction 1s indicated by a decrease in slope of the current-

potential curve Just below the reverslble hydrogen potential, at
point d.

These reactions describe an oxidant system. The polarization curve
for a reductant system 1s obtalned by turning the figure upside down.
Otherwise, the description 1s applicable except that the gas evolved
upon fallure of the electrode 1is oxygen.

Hz20 —-» 1/2 02 + 2H' + 2e- (in acid) (7)
or 20H  —» 1,2 0z + Hz0 + 2e~ (in base) (8)




IV. NITRIC ACID AS AN OXIDANT
A. BACKGROUND

Nitric Acld, HNOz, i3 a strongly corrosive liquid
that, in high concentratlions, is a powerful oxldlzing agent.

1. Physical Properties

Molecular Weilght 63,02

Melting Point ~42°¢
Boiling Point 36°C
Density at 20°C 1.502 g/cec

2., Toxlclty Because of 1ts irritant properties, chronlc exposure to
vapors of niltriec acld rarely occurs.

3. Electrochemlcal Reactions of Nitriec Acid In theory it is
posslible to reduce nitrilc acld to any of elght oxldatlon states of
nitrcgen, +4 to -3. The standard reversible potentials for nine
possible reductlcn reactions are as follows:

HNOg + H' 4 e~ —» 1/2 N2Os + Hz0 E° = +0.80 volt (9)
HNCa + 2H' + 2e~ — HNO2 + Ha0 E® = +0.94% " (10)
HNOs + 3HT + 3e~ —» NO + 2Hz0 E° = +0.96 " (11)
HNOs + 4HT + e~ —> 1/2 Na0 + 5/2 Ha0 E° = +l.12 " (12)
HNOs + 4H' + Me”™ .5 1/2 HaNa02 + 2Hz0 E° = 40.90 " (13)
HNOs + 5HT + 5S¢~ —» 1/2 N» + 3H20 E° = +1.24 " (14)
HNOs + TH™ + 6e~ — NHaOH' + 2Hz0 B° = +0.76 " (15)
HNOs + 15/2 H' + Te~ - -» 1/2 NaHst + 3H20  E® = +0.86 (16)
HNOg + 9H' + 8e~ —> NHat + 3Hn0 E° = 40,91 ” (x7)

4, Energy Calculations Shown below are the standard free energles
for reduction of nitric acld to two of the possible reduction products,
coupled wlth the oxidatlon of hydrazine to nitrogen. Also calculated

1s the reverslble specific energy, 1.e., the free energy of the
reaction per unit welght of reactants.

(a) Reduction of nitric acid to niltrogen

Postulated reaction:
UHNOs + 5NaHs = TNa2 + 12H0 ADE® = 1,58 volts (18)
-AF° = 727.% keal/g-mole
Specific Energy = 929 w-hr/1b




(v) Reductilon of nitric acid to nitric oxide

Postulated reaction:
LHNOs + 3NoHa = 3Nz + 4NO + 8Hz0  AE° = 1,29 volts (19)
-A\F° = 356.6 keal/g-mole
Specific Energy = 539 w-hr/lb
B. SELECTION OF ELECTROLYTE

A fuel cell requires an lonized specles to carry the charge between
the electrodes. When thls species 18 different from the fuel or the
oxldant, 1% i1s referred to here as the electrolyte. Polarization of
2.5M nitric acld in a varlety of electrolytes was measured using a
platinized platinum electrode. The results of these runs, carried out

In the large half cell described 1n Sectlon III, are summarized in
Table 1,

The electrolytes used in the runs were selécted for theilr high conduc-
tivities 1n concentrated solution. To emphaslze the effect of the
electrolyte, & hlgh concentration relative to that of the oxldant was
used. The electrolyte concentratlon used was 5M or as close to that
value as solubility would allow.

The open-circult voltages can be compared to'the reversible potential
for the nitric acid- -niltrogen reaction. This is approximately 1.24
volts for 1M acid and 1.26 volts for 2.54 acld.

The maximum current densliy indicated in Table 1 is the current

density at the point of measurement before the overvoltage (the

drop in potentlal from open-clrcult) becomes greater than 0.3 volt.

This was arbitrarlly selected as a basis for comparison. Of the
electrolytes studied, only three, ammonium bisulfate, sulfuric acid,

and sodium nitrate, operated at a current density high enough to be
usable. Of these, the first two form a salt in the presence of
hydrazine, NpH4°HaS04, which is soluble to the extent of less than one
mole per liter. Elimination of these two left sodlum nitrate, which
was used as the electrolyte in later tests of the nitric acid electrode.

C. EFFECT OF CONCENTRATION

To enable a nitric acld electrode system to be designed, the effect of
concentration of nitric acid on the potentlal of a working electrode
was investlgated. Runs were made at 0.025M, 0.25M, 2.5M, and 10M
nitric acid concentrations with sodium nitrate as the electrolyte
specles, These polarization curves appear in Flgure 3. From the
potentials observed, the 1OM nitrlc acld electrode appears to be quite
usable. The open- circuit potential, 1.2 volts, is only 0.04 volt below
the standard reversible potential for nitric acld. At 100 ma/cm?®, the
electrode 1s polarized only 0.12 volt from open-cilrcuilt. Operation at
concentratlions near 2,5M nltric acld would be limited because a
reasonable potential can be maintained only below 20 ma/cm2,

10



Table 1
Summary of Niltric Acid Electrolyte Secreening Runs

2.,5M HNOa3
Maximum
Open Circuit Current Density

Electrolyte Voltage (Volts) ma/cm?
5.0 M _NH4HSO4 1.17 10.0
5.0 M HaS04 1.14 50.0
5.0 M NaNOg 1.09 10.0
3.0 M NaHSO4 1.08 1.0
2.0 M Li2504 1.07 0.1
2.3 M KHSO, 1.07 0.1
5.0 M NH4NOs 1.02 0.1
3.2 M (NHg)2S504 1.02 0.05
3.0 M NaaSO4 0.96 0.05
3.6 M NaH2PO4 0.9%4 0.05
2.5 M CHaCOONa 0.69 0.05
2.7 M (NHy)2HPO, 0.5 0.05
5.0 M KOH 0.59 < 0.5

11




D. REACTION PRCDUCTS

Early in the half-cell studies of nltrlec acld, 1t was observed that
nitric acld electrodes did not produce gas at the rate antlecipated
from reaction 14%. It was noted, however, that if upon passing a
current through an electrode for a sufficlently long perlod of time
(presumably long enough for the solutlon to become saturated wlth the
product gases), a gas was evolved. Samples of this gas were taken
during the long-term nitric acld runs descrlbed below. Followlng are
Infrared analyses of gaseous nitrie acid reductlon products collected
for 14 days after the 29th day of operation.

Conmposition of Nitrlc Acld Reductlion Products

Catholyte 10M nitrlc acid
0.8M sodium nitrate

Cathodes porous carbon
Cathodic Current 150 ma
Electrode 700 N% Noak%
Current Density 20 ma/cm2 2% ma/cm®
Reaction Products

NO»> 1.1% 1.5%

NO 98.8% 97.0%

N20 0.1% 1.5%

E. LONG-TERM OPERATICN

To determine the ablllty of nitric acld electrode systems to maintain
stable potentials while operating over relatively long periods of time,
long-term runs at constant current were made as shown in Table 2,

The time-potential curve produced by catalyst 7OOA would be quite
satliafactory for a long-term fuel cell since the electrode had
polarlzed only 0.05 volt over a period of almost two months. The
behavior of the other catalyst is unimpressive, but it demonstrates

that good long-term behavior in nitric acid can be obtained only with
a good catalyst,

* Catalyst preparation i1s described in Appendix I.
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Table 2
Potentlal-Time Data from Long-Term Nitric Acild Runs

Cathode TOOA NOzA
Oxidant 10M HNOga 10M HNOa
Electrolyte 0.8M NaNOs 0.BM NaNOs
Cell Volume 300 ml 300 ml
Current 150 ms 150 ma
Current Density 20 ma/em® 23 ma/cm®

Cpen Cirecult Voltage 1.22 volte 1,18 volts

Cumulatlve Days

of Operation Voltage
0 1.04 0.78
0.5 1.03 0.80
5.6 1.04 0.96
8.1 1.01 0.91
12,7 0.99 0.87
15.7 0.99 0.46
17.5 0.99 0.45
20.8 0.96 0.43
27.0 1.01 0,46
30.0 1,01 0.42
372 0.97 0.49
57.4 0.99 0.49

¥, EFFECTS OF CONTAMINATION

It 1ls anticlpated that contamination of the oxidant wilth the fuel

wlll occur. Using the half-cell technique 1t was possible to determine
roughly the maximum concentration of hydrazine in a solution of 10M
nitric acid in whi:zh a platinized platinum electrode would produce a
usable current-voltage curve. It can be seen from Flgure 4 that a
concentration of 0.1M hydrazlne does not serlously affect the nitric

acld electrode while 0.5M hydrazine renders the electrode system
unusable.

Further studies on nitriec acid were made in batch cells and continuously-
fed cells and are discussed in Sections IX and X.

14
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V. HYDROGEN PEROXIDE AS AN OXIDANT

A. BACKGROUND

1. Physical Properties (refs. 2,%)

Molecular Welght 34,016
Melting Point -0.89°¢C
Bolling Point 151°C
Density at 0°C 1.46 g/ce
Vapor Pressure at 15°C 1 mm

2. Toxicity (ref. 4) The maximum allowable concentration for human
Inhalation 1s one part per million of 90 welght per cent solutlon.

3. Pertinent Reactlons of Hydrogen Peroxlde

(a) Disproportionation Hydrogen peroxide can reduce and oxidize
i1tself to water and oxygen:

H20z2 -» H20 + 1/2 02 (20)

Thils reactlion 1s accelerated by a wlde varlety of catalysts lncluding
platinum.

(b) Proposed electrochemical reactions (ref. 1)

HoOz2 + 2HT + 2e- = 2Ha0 (in acid)  E° = +1.77 volts (21)
HO2~ + H20 + 2e- = 30H” (in base) Ej = +0.88 volt (22)

4, FEnergy Calculations The specific energy produced by hydrogen
peroxide with hydrazine as a fuel is shown below.

(a) With both peroxide and hydrazine electrodes in solution
of the same pH:

Postulated Reactlon:

NoHs + 2HpOz = Nz + 4H20 ADE° = 2.2 volts (23)

-/NF° = 202,9 kcal/g-mole
Specific Encrgy = 1,608 w-hr/lb
(b) With peroxide electrode acidic and hydrazine electrode basic:
Postulated Reactilon:
NzHs + 4NaOH + 2Hz02 + 2HaS804 = Npo + 8Ha0 + 2Na2S50s A\E® = 3.6 (24)
- AF° = 333 keal/g-mole voles

Specific Energy = 38% w-hr/lb

16



The half-cell work on hydrogen peroxide was performed on a contract
supported by funds from the U. S, Army Quartermaster Corps (DA-19-039-
QM-1698). A detalled deseription of the work is included in the

final report for that contract. For completeness these results are
summarized here,

B. SUMMARY OF HYDROGEN PEROXIDE WORK

1. The open-clrcult potentlal of 1M peroxide electrodes usually lies
in the viclnlty of the reverslble cxygen potential. This 1s about
0.5 volt below the reversible peroxide-water potential.

2. The potentlals measured in 5M acld and 5M base were higher with

reapect to the reversible hydrogen potential than those measured in
nearly neutral salt solutions., Polarization curves for 5M sulfuric

acid and 5M potassium hydroxide are shown as Figures 5 and 6.

5. 'The only potentials whilch were above our aﬁproximation of the
reversible oxygen potential were measired in 14M sulfuric acid, 2M
hydrogen peroxide with a platinized platinum electrode. An open
clrecult potential of 1.47 volts, a potentlal of 1.45 volts at 10
ma/em2, and a maximum current density of 80 ma/cm2® were observed,
These potentials can be compared to an estimated standard potentlal of
1.77 volts. This curve 1s reproduced as Figure 7.

4., The effect of contamination of 1M hydrogen peroxide with hydrazine
was studied. A% 0.1M hydrazlne concentration, the electrode
potentials were not severely affected, but at 1M hydrazine the
electrode was rendered useless, The polarization curves are shown

in Figure 8,

17
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VI. HYDRAZINE AS A FUEL

A. BACKGROUND
1. Physical Properties (refs. 3,4)

Molecular Welght 32.05
Melting Point Jd.4°c
Bolling Point 113.5°C
Density at 15°¢ 1.01l1 g/cc

2, Toxlcity (ref. 4) The maximum allowable concentration for human
inhalation 1s one part per milllion,

3. Pertinent Reactions of Hydrazine (ref. 1)

a. Disproportionation Hydrazine 1s thermodynamlcally unstable
wlth respect to 1ts own oxidation and reduction. This reaction is
sald to occur cnly 1n the presence of a catalyst like platinum,.

3NzHs = 4NHs + Na (25)

b. Salt Formatlon Hydrazine, belng a weak base, forms salts
wlth aclds:

NeHs + HCL = NoHs' + ¢1° (26)
Some of these salts, like the sulfate, have quite limited solubility.

c. Propogsed Electrochemlical Reaction

NzHs' = Nz + BHt + lbe- (in acid)  E°

It

-0.23 velt  (27)

Nz + 4Hz0 + 4de~  (in base) Eg = -1,16 volts (28)
4, Energy Calculations In Sectlon ITI. A, 4, energy calculations
for hydrazine 1n acid medla with nltrlc acid oxidant were presented.
Similar calculations for hydrazine in baslec media with nitric acid
oxidant are pregented below.

NoHs + 40H™

il

a. Reductlon of Nitric Acid to Nitrogen

Postulated Reaction:
5NoHa + 24 HNOg + 20 LiOH = TNz + 32 HaO + 20 LiNOs E° = 2.4 (29)
volts
~-AF° = 1109 kecal/g-mole

Specific Energy = 271 w-hr/lb
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b. Reduction of Nitric Acid to Nitric Oxlde

Postulated Reactlon:
3Nz2Hs + 16 HNOs + 12 LiOH = 3N + INO + 20 H20 + 12 ILiNOga (30)
E° = 2,12 volts
-OF° = 586 kcal/g-mole
Specific Energy = 222 w-~hr/lb

B. SELECTION OF ELECTROLYTE

For hydrazine an electrolyte can be acldlc, baslc or near-neutral. The
acidlic electrolyte must be chosen wilith care since many salts of hydra-
zine are relatlvely insoluble. Hence, several acldlc electrolytes
were evaluated. Table 3 contalns a summary of the better electrolytes
which were lIlnvestigated using the half-cell technique described in
Section III.

Observatlon of Table 3 shows that the polarizatlion from the calculated
reversible potentlal with potassium hydroxide electirolyte 1ls less by

a small amount than with sodlum nltrate or the acidlc electrolytes at
open clrcuit and 1s considerably less at the high current density of
100 ma/em®, Of the acidic electrolytes there 1s very little reason

to prefer any one of the four (hydrochloric, fluoboric, phosphoric

or benzene sulfonic acld) on the basls of 1ts potential~current
behsavior,

C. INFLUENCE OF CONCENTRATION

The effect of hydrazine concentration over a narrow range was studled
in 5M potassium hydroxlide. Hydrazine concentratlons of 1M and 5M
were used wlth a platinized platlinum electrode at 30°C. The polariza-
tion curves appear 1in Flgure 9.

The open-circuit voltages 0.89 volt for B5M and 0.86 volt for 1M
hydrazine are conslderably more positive than the calculated rever-
slble potentials of 1.2 and 1.22 volts respectlvely. However, the
polarization at a current denslty as high as 100 ma/cm2 ls less than
0.1 volt. The difference between the open~circult potentlals 1s very
close to the 0,019 volt whilch the Nernst equation predicts for a five-
fold concentration change.

D. OXIDATION PRODUCTS OBTAINED

In chemleal oxldations strong oxidizing sggents oxldize hydrazine quan-
titatlvely to nitrogen. Other oxidants tend to form two molecules of
ammonia and one of nitrogen. The corresponding half-cell reactions are:

NzHs + 40H™

il

Nz + 4Hz0 + le~ (31)
or NzH4 + OH™

I

1/2 Nz + NHa + Hz0 + e~ (32)

2%




Table 3

Summary of Hydrazine Electrolyte Studiles

Reductant 1 M Nz=Hg
Temperature  30°C
Electrode Platinized Platinum
Calculated Measured Potential
Revergible at Glven Cugrent Density
Electrolyte Potentlal Open-Cireuit 1 _ma/em. 10 ma/em= 100 ma/em=
5 M KOH -1.20 -0.86 ~0.83 -0.80 -0.76
( 0.38)%  (0.37) (0.40) (0.h4k4)
5 M NaNOs -0.93 -0.58 -0.53 -0.43 -0.28
(0.35) (0.40) (0.50) (0.65)
0.5 M (COOH)z -0.55 -0.01 +0.06 +0.13% +0.98
(0.54 (0.61) (0.68) (1.53)
0.99 M HBF4 -0.30 +0.09 +0.18 +0,31 +0.56
(0.39) (0.48) (0.61) (0.86)
1 M @S0gH -0.30 +0.11 +0.20 +0.32 +0.55
(0.41) (0.50) (0.62) (0.85)
2.5 M HgPOq4 -0.3%0 +0.24 +0.32 +0,38 +0.51
(0.54) (0.62) (0.68) (0.81)
1.15 M HC1 -0.30 +0.09 - +0.33 +0.52
(0.39) - (0.63) (0.82)

# Numbers 1in
reversible

parentheges show polarization from calculated
potentials.

24
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Letimer (ref. 1) claims that there 1s no evidence of the oxidation of
hydrazine to hydroxylamilne.

Reactlon 31 predlcts that gas should be produced at a rate of 228
ml/amp-hr. The average of elght runs was 227 ml/amp~-hr, with an
average deviation of 15 ml/amp-hr or 6.6%. This gas was shown to be
nitrogen by vapor-phase chromatography. The occurrence of reactlon

32 to & signiflcant extent would produce larger quantitles of nitrogen.
The solution was tested for higher valence forms of nitrogent niltrile,
and nitrite., Neither »of these was found to be present. From the
above we can conclude that, wilth the catalyst used, equatlon (31)
adequately represents the prineipal reaction.

E. ILONG-TERM BEHAVIOR

The long-term behavior of hydrazine wlth a platlinized platinum
electrode and a baslc electrolyte was ilnvestigated. To prevent the
depletlon of hydrazine or of base, the sclutlion was perlodically
replenished wlth fresh feed of the original composition. The
potential~time curve 1s summarized in Table 4,

Table 4
Long-Term Behavior of a Hydrazine Electrode
Anode - Platinized Platilinum
Reductant - 2.5M NzHs4
Electrolyte - 10M NaOH
Current Density - 25 ma/cm?
Open-Circuit Voltage - -0,88 volt

Cumulative Days of Operatlon Operatling Voltage

0 -0.83
l _0-75
3 -0.71
5 -0.69
7 -0.64
12 -0.55
16 ~0. 44
20 -0.41
20 -0.40
4o -0.40
80 -0.39

The electrode which operated initlally at a potentlal approximately
0.4 volt more positive than the calculated reversible potential, was
polarized 0.2 volt more in 7 days and a further 0.2 volt after 20
days. Thereafter little further change in potentlal was observed.

While the 1nltlal operating potentlal is usable after 20 days of
operatlion the potential has risen to an unacceptably high value.

If a cell capable of operatling for several months 18 to be deslgned,
an electrode capable of maintalnlng a more negative potentlial after
20 or 30 days operation must be developed.

26
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F. CONTAMINATION BY OXIDANTS

Half-cell polarizatien curves for 5M hydrazine contamlnated with
0.001M, 0.01M, O.1M and 1.0M nitriec acld and uncontaminated are shown
in Figure 10, A similar set of curves for hydrogen peroxlde con-
tamination of hydrazlne appear in Flgure 11,

The greatest effect is seen at open-clrcult where a 1M concentratlon of
hydrogen peroxlde causes a loss of 0,14 volt and a 1M concentratlon

of nitric acid produces a loss of 0.19 volt. The effects of the
contaminants diminish with lncreasing current denslty. It ls signifi-
cant that & platinlzed platinum electrode 1s able to operste in
hydrazine with a contamlnant concentratlon of up to 1M with only a
small loss, Thls 1s in contrast to the oxidants where a 1M concen-
tration of hydrazine caused fallure of the electrodes,
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VII. PENTABORANE AS AN ELECTROCHEMICAL FUEL
A, BACKGROUND

Pentaborane, BsHy, 18 the most stable liquid borane. The matérlal
18 highly toxic and pyrophoric (refs. 3,5).

1, Physical Propertles (Refs. 3,5,6)

Molecular Welght 63.17
Melting Point -46,7°C
Boiling Point 58.4°¢
Density at 16°C 0.63 g/ce

Vapor Pressure at 25°C 207 mm

2. Toxicity The maximum allowable concentration for human inhalation
i1s 0.01 part per million,

3. Reactions of Pentaborane

a. Hydrolysis Pentaborane hydrolyzes very slowly, since 1t is
immiscible with water (ref, 5). The solibllity and hydrolysis rate

of pentaborane in water can be Increased by the addition of dloxane
to the mixture (ref. 5).

BsHg + 15H20 —> 5B(OH)a + 12Hz (33)

Stock (ref. 7) has reported that pentaborane 1s soluble in 30% caustic
with 1ittle evolutlon of hydrogen.

b. Alcoholysis Methanolysis occurs rapldly and 1s a convenlent
method of destroying small quantities of pentaborane in the
laboratory:

BsHg + 15CHsOH — 5B(OCHs)s + 12H» (34)
¢c. Oxidatlon Pentaborane wlll burn In the presence of oxygen:
2BsHy + 12 0z —— »5Bz0s + 9Hz0 (35)

The partlal oxidation of pentaborane results in a number of complex
products (ref. 3),

d. Proposed Electrochemlcal Reactlon

]

BsHg + 15H20 = 5HaBOs + 24HT + 24e~  (In Aeid) E° —0.61% (36)

BsHe + 29 OH ™= 5B0z” + 19Hz0 + 24e~  (In Base) Eg ~1.57 (37)

Foalculated from data of Latimer (ref. 1).
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If experimental conditions can be devised so that the above elecfro-
chemlcal oxldation of pentaborane can proceed completely to borlc acid
(or borate ion) and water, the unusually large transfer of 24 electrons
per mole of pentaborane could be utilized.

e, Specilflc Energy Calculation

(1) Pentaborane in acid electrolyte with nltric acid as an
oxldant

Postulated Reactlon:
BsHg + 8HNOs = 5HsBOs + 8NO + H20  E° = 1.57% volts (38)

AF° -870% keal/g-mole
Specific Energy = 806% w-hr/1b

it

(2) Pentaborane in basic electrolyte with nitric acld as
an oxidant

Postulated Reaction:
BsHg + 29L4i0H + 8HNOz + 24HF = 5LiBOz + 35H20 + 8NO + 24LiF (39)
E® = 2.36% volts
AF° = -1300F kecal/g-mole

Specific Energy = 392% w-hr/1b
B. EXPERIMENTAL PROCEDURE

The vacuum system used to wlthdraw aliquots of pentaborane from the
shipping cylinder and to pressurlze the allquot with oxygen-free
nitrogen is shown in Figure 15. Detalls of the procedure used to
manlipulate pentaborane safely by the vacuum and syringe technique are
given 1n Appendlx II. The mlcrocell (Figure 2) was filled to the 1-
ml mark in the center compartment with electrolyte, and an equal level
of the same electrolyte added to the dummy and reference compartments.
A platinized platinum electrode, b mm x 5 mm x 0.25 mm was placed in
the center test compartment, a calomel electrode was inserted in the
reference compartment, and a bare platinum electrode was placed in

the "dummy" electrode compartment. Oxygen-free nitrogen was swept
through the three electrode compartments to displace air. Penta-
borane was transferred from condenser "I" through the Neoprene

sleeve stopper of the microcell by a hypodermlc syringe. After
pentaborane was added to the test compartment of the mlecrocell, the
open-cirecuit voltage between the test and the reference electrodes

Fealculated from data of Latimer (ref. 1).
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was recorded. The test anode was connected to the postive terminal
of a l2-volt storage battery and the clrcult completed through a
variable resistance tc the dummy cathode. A current of 1 ma was
passed through the clreult for 2 minutes and the potentlal between
the anode and the reference calomel electrode was recorded, The
¢lrcult was opened for one minute, a current of 2 ma passed through
the test electrode, and the potentlal agaln read. Thls procedure

was repeated for currents of 5, 10, 20, 50, 100 and 200 ma or until
the potentlial falled.

C. POLARIZATION OF PENTABORANE AT PLATINIZED-PLATINUM ELECTRODES

Results of the current-potentlal relations for pentaborane in caustic
and acld are glven in Table 5, The anolyte composition in terms of
milliliters of components 1ls given rather than in the units of molarity,
since 1t was often not clear whether the pentaborane had dissolved %o
form a solution or whether 1t had reacted wlth the caustic to form a
degradation product. The turbid appearance of mixtures of caustilc

with pentaborane may indicate that the two materials were reacting.
Runs labeled "saturated" were electrolyzed with a layer of pentaborane
floating on the electrolyte surface. The platinum electrode in these
cases was Immersed in the aqueous layer beneath the pentaborane. The
addlition of dioxane to both acld and baslc electrolytes was accompanled
by evolution of gas, Such decomposition of the fuel 1s undesilrable,
since the fuel would be dissipated spontaneously rather than being used

electrochemically. The effect of stlirring a discharglng pentaborane
cell is shown by comparing Runs 2 and 3.

Although electrochemical reducing quallties of pentaborane are
exhibited at low current density, the reducing system failled to

carry current densitles greater than 20 ma/cm® without potential
failure (Table 5). Electrode systems that were not stirred or that
were not llberatlng hydrogen could not be anodlzed at current densities
greater than 4 ma/cm? without severe polarization. Such current
densitles are not competlitive with those possible wlth the basic
hydrazine electrode from which 200 ma/cm? can be drawn without excessive
polarizatlion. The lmproved current-potential relatlions accompanying
ultrasonic stirring (Table 5, Run %) indicated that diffusion or mass
transfer of pentaborane to the electrode surface limlted the current
density rather than the speed of the electrode reaction.

D, COMPARISON OF HYDRAZINE AND PENTABORANE AS POTENTIAL FUELS

A summary of theoretical potentials and specifilc energiles of penta-
borane and hydrazine as well as thelr experimental potentials and
attainable current densitles 1s presented in Table 6.
In baslic electrolyte, the theoretical specific energy for pentaborane
with nitric scid as an oxldant 1s 10% greater than for basic hydrazine
wlth nitric acid as an oxldant. In acld media, pentaborane and nitric
acid have a 50% greater theoretical specific energy than acid hydra-
zine and nitric acid. Such relations are a consequence of both
hydrazine and pentaborane fuels belng a small percentage of the total
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Table 6

Comparison of Pentaborane and Hydrazine
as Electrochemical Fuels

Pentaborane Hydrazine
Formula BgHg NzHg
Assumed Electrochemlcal Oxidation Products HaBOa + Ha0 N2 + Ha0
Electrochemlical Equivalents per Mole of Fuel o4 y
Theoretlcal Specific Energy* with Nitric Acid
as an Oxldant (watt-hours/lb)
Basic Electrolyte 392 357
Acid Electrolyte 806 539
Standard Potential, E° (vs Hydrogen Electrode) Py
Basic Electrolyte -1.57 -l.l@bb'
Acid Electrolyte -0.61 -0,23
Open~Circult Potential at 30°C
(va Hydrogen Electrode)
Electrolyte
30% KOH -0.94 -
1M Hz804 -0.01 --
5M KCH —— -0.86
5M HaPO4 - +0.13
Current Density at whlch HElectrode becomes
Polarized by 0.2 Volts when Anocdized at 30°C
Electrolyte
30% KOH y -
1M H2S504 2 -
bM KoH - 200
5M HaPOs - 1>
%Calculation of apecifilc energy are given in the Appendix.

#Fcalculated from data in Latimer (ref. 1)
### ¥ rom Latimer (ref, 1)

34




reactant input when the fuels are basle but a much higher percentsage
of the total reactants when the fuels have acidlc electrolytes.

A basle problem which must be solved before pentaborane can be used
as an electrochemical fuel is to find an electrolyte in whiech the
material can be sclubllized without reaction, The powerful reducing
action of pentaborane will likely liberate hydrogen from aqueous
solution 1f the pentaborane can be m~de soluble, Rapid hydrolysis
of pentaborane in water occurs 1f dloxane, in which both liquids are
soluble, is added (ref. 3). Pentaborane 1s somewhat soluble in 30%
potasslum hydroxlde with 1little gas evolution, but the turbid nature
of the "solutlon™ and presence of wax-llke particles on the surface
indicates that a chemlecal change may occur when pentaborane is placed
in contact. wlth caustic. More information regarding the solubllity
and reactlvity of pentaborane and pentaborane derivatlives with water
would aid in the selectlon of a potent reduction system.

In summary, pentaborane has some thermodynamic advantages over
hydrazine for use as an electrochemical fuel but because of better
experimental performance, hydrazine has been selected in preference
to pentaborane as a fuel cell reductant.
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VIII. BATCH CELL EXPERIMENTS - SELECTION OF REACTANT COUPLE
A. BACKGROUND

An 1deal reactant would operate at the reverslble potentlal and be
completely reacted to one desired product. In that sense, none of
the reactants investigated was ideal, but three were at least usable.
On the basis of the half-cell studles, niltrlic acld and hydrogen
peroxlde both appear to be acceptable oxldants and hydrazine appears
to be an acceptable fuel. Pentaborane operated well only at low
current densities (about 5 ma/em2), and was therefore not considered
worthy of further investigation. Two of the four original oxildant-

reductant systems, therefore, remalned: hydrazlne-nitric acid and
hydrazine-hydrogen percxide,

The selectlon of the couple to be used in the experimental fuel cell
was determined by conductling comparlson runs on small "pateh' cells.
Three types of batch cells were envisioned: (1) a cell with two
electrode chambers separated by an lon exchange membrane; (2) & cell
with two electrode chambers separated by an lnert porous separator;
and (3) a cell with an electrolyte chamber between two porous
electrodes. Comparison tests were conducted on cells (1) and (2),
but cell (3) was found too diffilcult to operate on a comparative

basis. The deslign of the cell, tests, and test results are, however,
described in Appendix III.

B. DESIGN OF BATCH CELLS

For the comparlson runs, a small cell was fashlioned from a 2-inch
block of Imclte. A cross section of the cell 1s shown in Figure 12,

Figure 12
Batech Cell
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A 7/8 in. diameter cavity, 1-1/4 in. deep was made in the block. This
was blsected by an ion-exchange membrane or an lnert porous separator
forming two compartments Into which were placed the anolyte an® the
catholyte. The electrodes in these runs were platinlzed platinum foll
with a total surface area of one square centimeter per electrode. 1In
some runs calomel reference electrodes were Inserted Into the anolyte
and catholyte to determlne whlch electrode caused the cell fallure.

C. PERFORMANCE OF MEMBRANE CELLS

The results from the lon-exchange membrane cells are tabhulated in
Table 7. Various combinations of catholytes (hydrogen peroxide in
basle, acidle and neutral electrolytes, and nitric acid wlthout
additional electrolyte) and anolytes (hydrazine in basic and neutral
electrolytes) were fed to cells made with AMF anion, A-104, and
catlon, C-103, membranes. The current and voltage for each cell were
recorded as a function of time. Eoech cell was operated at a constant
total current of 50 ma 1f this current did not cause the cell to
become badly polarized. In several cases, these cells were run
under conditions of constant external reslstance until fallure. In
virtually all runs, "failure" was a rapid drop of voltage from an
operating value of, say, 0.75 volt to a value less than 0.1 %o 0,2
volt, accompanied by a proporticnal drop in cell current.

A speclflc energy for each cell was calculated by divlding the total
energy, expressed in watt-hours, by the weilght of material, 1n
?ounds, fed to the cell. Two bases were used for this calculation:
'd1luted reactants" in which the total welght of material put in the
cell was used as the denominator, and "undiluted reactants” in which
only the welght of the reacting specict was used. If the catholyte
and anolyte were of markedly dilfferent pH the welght of acid and base
in the cell wasg included 1in the welght of reacting speciles,

The hlghest speclfic energy obtalned in this serles of runs was in the
hydrazine-sodium hydroxide-nitric acld cell, Run 4, The cell ran for
over 12 hours at a current of 50 to 25 ma and a voltage of 1.6 to 0.7
volt. The specific energy on the basls of undiluted reactants was 62
w-hr/1b, and on Lhe basils of diluted reactants, 20 w-hr/lb. Other
systems having relatively high specifilc energles were thesc in which
hydrazine was dissolved 1n sodium nitrate solution, Runs 1 and 3 and
in a sodium acetate-acetic acid buffer, Run 5. The speclfic energles
on the basis of diluted reactants of systems using hydrogen peroxide
as an oxldant were conslstently lower than those using nltric acid.

Several dilfferences of behavior between anlon- and catlon-membrane
cells appeared in the hydrazine-nitriec acid runs, Runs 1 and 2. In
the anion membrane cells: anolyte volume increased, catholyte volume
decreased, pH of anolyte decreased markedly, little hydrazine was
found in the catholyte at the end of the run, and anode failure
caused the cell to fall. By contrast, in the catlon-membrane cells:
catholyte volume increased, anolyte volume decreased, little decrease
in pH of anolyte was noted, a relatively high concentration of

hydrazine existed in the catholyte at the end of the run, and cathode
failure caused the cell fallure.
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The mechanism of the ahove phenomena are not understood, but it
appears that the anion exchange membrane encourages bulk movement
of catholyte into the -anolyte compartment and the cation membrane
promotes movement of anolyte into the catholyte compartment. The
latter obviously has a much worse effect on the cell since tHe

cation-membrane cell lasted only 1 hours compared to 5 hours for the
anion-membrane cell.

The ampere-hour capacity of a cell operating at a low current density
could be expected to be the same as or larger than that of an other-
wise identical cell operating at a higher current density. This is
because polarization losses %and thus irreversibility) increase as the
current density increases. Thermodynamically, the less reversible a
process 1s the less efflclent it 1s8. However, comparison of two cell
runs at different current density, Runs 1 and 3 and Runs 6 and 7, show
that under the conditlions of these cells, the higher current density
cell produces the greater ampere-hour capacity. This indicates that
under the conditions of these cells, the passage of reactants through
the membranes occurs at a significant rate.

D. FERFORMANCE OF POROUS SEPARATOR CELLS

Results from cells with lnert, porous separators are tabulated in

Table 8. Combilnations of catholytes (hydrogen peroxide in acidlc

and basic electrolytes and nitriec acid without additional electrolyte)
and anolytes (hydrazine in basic and neutral electrolytes) were in-
vestigated. The separators used were 1/32 in. asbestos sheet supported
by coarse alundum dises, 1/8 in. fritted glass (2-2.54pore) and 1/4"
unglazed porcelain. The materials chosen performed better than a

large number of other materlals in %erms of resistance to the reagents
employed in the cells and desirable porosity characteristies. Agaln,

where possible, the cell current was maintalned constant at 50 ma and
each cell was run to failure.

The highest specific energy obtalned in a separator cell was in the
hydrazine-sodlum hydroxide-nitric acid cell, Run 5. This cell used
a porcelain separator. The cell ran for 9.1 hours at a current of
20 ma and a voltage of 1.2 to 0.85 volt. The specific energy was
3.1 w-hr/1b based on undiluted reactants and 19.2 based on diluted
reactants. This system 1s the same system that gave the highest
speclific energy in the membrane cell. A reasonably high specifie

energy was obtained from a hydrazine-sodium nitrate-nitric acid cell
wlth a fritted glass separator.

Like the membrane cells, the separator cells using hydrogen peroxide
produced consistently lower specific energies than those using nitric
acid. The comparison of the results of the bateh cells was used ag the
basls for the selection of nitric acid over hydrogen peroxide as an
oxidant. In making this selection no elaim was made that a cell could
not be made using hydrogen peroxide as an oxldant. However it did
appear that a cell using nitric acid as oxidant could be developed
more rapidly. From this polnt all experimental work was directed

towird development of an efficient, compact nitric acid-hydrazine
cell.

39



Sy
A
2D .
] -
&)
—~d (sa00p) utetrecaod pazet2un ,4/1 - udy UTUTAd20¢ pazeTfu)e
MM (SSEID 80Y) uoldTW 2-1 sal0d ‘31723 se(® SUTJ fder - g, 3735 SEEIDz
-~ {usuazg pue a40H) GE~YY UOJION ‘SOSTP UMPUNTE I5IQOD £q pejcoddns ‘qaays solsaqse youy EC/T ~ ¥, 5038896y,
=
AVH ©23410438T3 pur ‘2Ueionges ‘GUBPINO JO spunod Te303 UO Peseq §T SN JallEIS
< £4TuU0 jue3Onpas pue JuUeiIxo Jo purod uo paseq €] enTes .NumnS*
— .
.r.u\.w 122 6T ' B€( G g¢ [4FA4 144 T°¢H 610°0 fzc we !
) S 42 %02 G ig g L8 %61 €01 %5 65600 L (4] 2i0 #AUBLORIY PAINTTRCN
y . . . . . L< 2761 G+00°0 LTT°0 £5°0 420°0 SuesoRay FEINIIC
ig w2°L 944 2¢1 69 £ g * I PunGE 28g STOY 4iE¥,
’ { Tesus=yasdss
. . ' '
grad €°0% (44 Gt L= Sz [ %91 g L e
g0~ e 44 P LR [AFXa 44 Gz 1'%t 1 0'y
gral 19t cet 9° %1 8’91 6°€ EET | G-"0 {6°¢ ¢°0
}
(0g-0) (Se70) | (9071} (Tn0) (2870) | (e0°1) (10°0} | (00} (90°1)
, . , 000 |
b€ 0-1670 | g£'0~5"0] 6°0-52°T 1600 #0°0=75°0 RI*0-Ei"0 $£°0-02° 1 -510°0 120°0-93°0 26700271
]
(VAN 0l'1 111 0Lt Snl 351 | -7 aret 12
; i
cito 0 “ S0i°0 w <o £9°0 tZ°0 | 5§50 ! I10%0 Z10°0
! 1 | :
| i $00°0
€00 . 50'0 _ G20°0 00 i 1°0 f%0°0 | GO0 -210°0 €00
i i
c'r ogL et 5°9 A %S 6 i 220
“ N : o
L W0 WO . i =
WYy 7190208 | €, 3T4d W€, 3724 WEu 3Td wVa UTBIEOS0d . L€, 3TAE €, 3SR LE, 74d WY i
$0183GSY | pazelu] | EEEID 86RTH §§EID §038336Y lgTazerIug - ¢ €5UID SSETC | 2SSEIL  ;SO353IEY ECPCETEEH
S0 HO WIT'S L HE we.i'e w ' i suBsonEey susde
T Hd WS |TT Hd 139 ; . - : : JUTLONEAYE uUSeIS
: *HeN CL P ! isiTeLy
< - $ i 1 $ ios 13 ! s (%) #=mtop
SONEN WT | SONeN WT | SoNeN W1 CONEN W1 EONBN KT 2(HO0D) WY HOBN WS WE | HO®K WE W S T023087E
i . 1 | i AlEoOnT 83
[ THEN S PrEEN S [ ERORS | HON S VIR WG | RS o YHEN WS ! K #S SUEISIESE
| i __ _ : : ST
! H ; : serIxn 2
WES WyGO0 | W6 & r.ﬂmo.o, ' _ “ LERrIxND auads
WOT o WoT 0 “ w w IUEFTXQ USIIE
CONH  YHEN | SONH YHEN ! ! 18780 TBuY
s ;s S < S . s 1] e S < <
i i
-- i - -- ! -- -- -- -~ | {*0S3H WS ['CSZTH WS ['0sZH KT HCH WS
I ! PR
coxt wot | coms wot | somr wot j SOMIMOT | FONHOT | CONH KOT | SOIE WOT! | POH WI | ZOTH W1 | TOTH KT | S0%H KT TTietes
1 : TX{oux
i
_ i ! |
k4 [4 < 1 I

1 &3 [ € L 9
0,62 = aanjeasdwsl Sujjudado
S9POJIIITY I8d WO T - BAIY IPOILDSTE TEI0L
WMUTIBTd PPZTUTIBTS ~ SIPOYIE) Fue Sapouy
5J038I8daS SNOJOG YiT™ STI8) 8iafducy

g otqrl




In contrast to the lon-exchange-membrane cells, no gross movement
of reactants appeared to take place 1ln the separator cells.

Like the membrane cells, the separator cells showed an increase in
ampere-hour capaclty with increase in cell currents. This 1s shown
in Runs 7, 8, and 9 where currents of 100, 50 and 25 ma resulted in,
respectively, 16.8, 13.6, and 12.6 ampere hours per pound of diluted
reactant. Here Bgaln was evidence that reactants diffused through the

separator at a rate which significantly affected the energy output of
the cell.
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IX. CONTINUQUS-FEED CELLS - SELECTION OF OPERATING CONDITIONS
A, BACKGROUND

Thus far, component parts of fuel cells (reactants, membranes, etc)
have been evaluated comparatively by runs in half cells or in "batch"
cells, These technlques were of conslderable value since, in most
cases, the necessary data could be obtalned comparatively easy ln a
simple cell with few variables to control. By such tests the chemlcal
system hydrazlne -nltrlc scld was selected, and certaln types of
separators and membranes were chosen from the many Investlgated. How-
ever, the end product of thils lnvestlgatlon 1s to be a cell contlnually
fed wlth reactants and contlnually purged of products. The filnal
selection of best operating condltions should loglcally be made on the
basls of comparlson of continuously-operating cells.

B, DEVELQPMENT OF A GRAVITY-FED CONTINUOUS FEED FUEL CELL

The gravity-fed cell is showyn in Figure 13. The electrodes were 80-
mesh platinum-rhodium alloy” 7 by 12 cm platinlzed zccording to the
procedure described in Appendlx I, The exposed cross-section was

60 cm2., The electrodes were supported and separated from the end
pleces 4 the membrane, or separator, by l/8-inch thick gaskets of
Viton- synthetlec rubber, The membranes and separators were the
best types uncovered by the previous extenslve investigations of
membranes and separators, In all runs, the feed was dellvered near
the bottom of the compartment on the side of the electrode nearer the
end plate, The effluents, both gas and ligquid, were taken from the
top of the compartment on the same s8lde of the electrode.

The cell current was kept at a flxed value by adjustment of the
varlable reslstor 1n the external cilrcuit.

Insertion of calomel reference electrodes in the feed reservoirs
permitted measurement of half-cell potentials., The feed-conduits
acted as Luggin capillaries.

The cells were gravlty fed. Changes in feed rate were made by
adjustment of the liguld head. An estimate of the throughput was

obtained from the volume of effiuent passed during a measured time
interval,

The cells were operated at sliphtly above amblent temperature. The
screen area was calculated by multlplying the circumference of the
wilre by the length of the wire and by the number of wires of each
length. The surface area thus calculated exceeded the cross

No. (50 Alloy, 10% Platinum - 90% Rhodlum, Englehard Industries,
Newark, New Jersey.

%%A copolymer of vinylidene fluoride and hexafluoropropylene, DuPont.
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Figure 13

Gravity-Fed Fuel Cell
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sectlonal area by a factor of 1.5. This factor was corroborated by
the fact that for equal polarlzation, screen electrodes would carry
1.5 times the current carried by solld electrodes of the same cross
sectlonal area.

C. DEVELOPMENT OF A PUMP-FED CONTINUOUS-FEED FUEL CELL

The pump-fed cell was deslgned to overcome some of the deficlenciles
of the gravity-fed cell. A sketch of the pump-fed cell appears in
Figure 14. The gravity-fed system had an irregular flow rate which
could not be measured accurately., This made stable operation of the
cells difficult. For the operation of these pumps, flexlble tubing
capable ,of reslsting attack by the materlals being pumped 1s needed.
Hypalon/t tublng was determined to be sufflclently resistant to base
to be used in the fuel line, For perlods of several hours Tygon
tubing could be used for pumping nitric acld.

An Jmprovement in tilghtness of the cell was effected by use of end
plates of polystyrene instead of glass., Inlet channels were drilled
Into the end plates rather than through the gaskets as in the earller
cell. Connections are made through short pleces of stalnless steel
tublng screwed into the channels. Each plate 18 designed so that 1t
can be used elther as the end plate of a sinle cell or as the

divider between two cells in a multl-cell battery. An extra connec-
tion 1in each side of the cell allowed two reference electrodes to

be attached to the system.

The cell was operated as follows. After assembly of the cell, both
anode and cathode compartments were filled wlth distilled water.

The pumps were then started at fixed rates. When the open-circult
voltage reached 2.0 volts, the current-limiting reslstor was

shorted so that the maximum current could be drawn. This usually
measured about 4 amperes. As the cell operated, the current increased
until the desired operating value of 5.5 amperes was obtalned. After
a perlod of one half to one hour, stable operation was achieved, This
period wag shorter at higher flow rates, If the cell potential
remalned above one volt at the feed rates selected, the cell was run
for as long as the feed reservolrs would allow. Then another run would
be performed in which the feed rates were lower,

In thils manner, limlts on the feed rates were established for the
nitric acild and for the hydrazine,

%A DuPont elastomer.
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D. EVALUATION OF THE GRAVITY-FED CONTINUOUS-FEED FUEL CELL

The results from four runs made with gravlty-fed cells are summarized
in Table 9.

Basically, the data afford three compariscns: (1) use of a porous
separator (FCS-136) vs use of a membrane (FCS-137 and FCS-139), (2)
operation of a hydrazine electrode in acid (FCS-137) vs operation in
base (FCS-139) and (3) use of two different types of membranes (FCS-
138 and FCS-139).

The membrane cell was consldered superlor to the porous separator

cell since 1t had the higher specific energy and the lower internal
resistance.

A pecullar advantage of the membrane over the separator 1s the abllity
of the membrane to flex somewhat under the impulses of a translent
pressure difference., In the separator cell, this pressure translent
could cause a significant flow of reactants from one compartment of
the cell to the other. This would be prevented by flexure of the
membrane in a membrane cell.

If a cell were desired for several months' contlnuous operation, the
reslstance of the separator to attack by the reactants might outwelgh
the apparent dlsadvantages. However for the present application, the
membrane cell 1s the more desirable.

Calculatlions of reversible specific energles lndlcate that a
hydrazine-nitric acid cell with the hydrazine electrode in an acid
medium (acid-acid cell) should deliver almost twlce as much energy
per unit welght of reactants as a similar cell with a basic hydrazine
electrode (acid-base cell): 689 w-hr/lb against %57 w-hr/lb. However
both the "pateh" cells and the gravity-fed cells indilcate that, in
practlce, the highest specific energy 1s produced by the cell with
the most baslc hydrazine electrode. In the gravity-fed cells the
meagsured values were 13.3 w-hr/lb for the acid-basge cell and 3.0
w-hr/1b for the acid-acld cell. This 1s due in part to the fact that
the polarizatlons from reversible are approximately the same regard-
less of pH and are, consequently, a smaller percentage of the total
voltage of the acld-base cell,

Further improvements, In catalysts for example, might reverse this
situation, meanwhile, emphasls was placed on development of the
acid-base cell,

While the AMF cation-exchange membrane, type C-103, operated success-
fully in the acid-acld cell, 1t was severely affected by the reac-
tants in the acld-base cell. After 54 minutes of operation, Run
FCS-138 was discontinued because of the very high internal resistance
of the cell. This was due to the formatlon of large "blisters" or
gas-filled pockets which formed 1n the membrane, reducling the effec-
tive membrane area conslderably., This behavior has been noted wilth
both anlon and cation membranes from AMF. The Ionics anion membrane,
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AR-111-A, by contrast, was capable of belng used in a cell for 17 hours
with a very small internal resistance.

As a result of these runs, 1t was decided that the best cell which
could be built at that polnt would use nitric acid as an oxidant,
hydrazine as fuel 1n the presence of strong base, and an Ionilcs
anlon exchange membrane to separate the reactants.

E., EVALUATION OF THE PUMP-FED CONTINUOUS FEED FUEL CELL

Table 10 shows the data from the runs made to optlmize the flow

retes of reactants Into the eell. To establlsh the optimum flow
rates, a run was made at flow rates thought %o be well above the
optimum (FCS-147) to establish a datum point. The flow rates were
then decreased stepwlse until elther an electrode falled or specific
energy was reduced by the decrease. In Run FCS-149 the oxldant
electrode falled at an oxldant feed rate of 0.49 ml/hin. This
established that the optimum nltric acid rate was between 0.75 and
0.49 ml/min. In Run FCS-157 a reductant feed rate of 0.35 ml/min
proved to be less desirable than a rate of 0.49 ml/min, thus
bracketing the optimum feed rate for hydrazine. No time was avallable
for approaching the optimum rates more closely. This could be done by
using smaller decrements of feed rate. The feed rates used in the
demonstratlion run were approximately the upper limits thus determined:
0.75 ml/hin of oxldant and 0.49 ml/hin of reductant. The specific

energy corresponding to these flow rates was determined to be 32.2
w-hr/1b.
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X. OPERATION OF A BATTERY OF CELLS

A. BACKGROUND

The cell requlred from this research grogram was to be capable of
delivering 15 watts continuously for hours at 3 volts. As a result
of the relatively hlgh current density at which the cell

would operate, 1t was feaslble to produce 5 amperes from one cell
rather than to use seversl cells 1in parallel, Eight-hour operation
has presented no problems. Since the hydrazine-nitric acld system

operates at 1.2 to 1.3 volts, production of 3 volts requlres serles
operation of three cells,

B. DEVELOPMENT OF A RATTERY OF CELLS

The simplest solutlon to the problem of feeding three cells (other
than using six independent pumps) was to feed all three cells through
a system of tees, pumping at such a rate that the cell which recelved
the smallest portlon of the feed was adequately fed. This means that
the other cells are overfed. A two-cell battery fed in this manner
had acceptable operatling characteristics except that the specific
energy dropped by 25% as a result of the over feeding.

To keep the cell feed rates under control, an Improved system was
devised. Oxldant and reductant manifolds were fed at three times the
rates determined in the preceding secticn. The three cells were
connected to the manifold by three solenold valves. A timer programmed
the values each to be openone third of the t{ime. The cycle time was

fifteen minutes. Thls feedlng system was used for the demonstration
run.

C. EVALUATION OF THE BATTERY OF CELLS

The entire chart from the demonstration run ls produced in Figure 15.
For a perlod of more than elght hours the current was maintained above
5 amperes and the voltage remained at almost 4 volts except for a
brief perlod just before 3:00 pm when the current was increased to

the polnt where the voltage fell to 3.0 volts. During this peiriod

the cell produced 27 watts at 9 amperes. Over the entlre run, the
cell operated at a specifilc energy of 35.5 w-hr per pound.
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Appendix I
PREPARATION OF CATALYSTS

Almost all half-cell runs were made with platinlzed platinum. foll
catalysts., The electrode was cut from 0.0l inch fo1l#. Before it
was plated, the electrode was immersed iIn aqua regis for approx-
imately 20 minutes to provide a fresh platinum surface., The AE
plating solutlon consisted of 3% chloroplatinie acid (Hz2PtCle)*7,
and 0.3% lead acetate. The electrode was then plated at a current
density of 20 ma/ecm® for 2 minutes.

The large electrodes used were fabricated from 904 platinum - 10%
rhodium alloy 80 mesh sereent. The superficlal area of the

mesh was found to be 1.5 times the geometrical area. The mesh
electrodes were plated in the same manner as the foll electrodes,

however, the mesh was not etched because of the fineness of the
wires 1in the mesh.

Two types of porous carbon electrodes were used. Both were made
from Natilonal Carbon grade 20 which has a nominal pore diameter

of 150 microns. They differ in treatment. Electrode "TOOA" was
heated 1n a furnace to 700°C and quenched in distilled water.
Electrode "NOaA" was soaked in 15 M nitric acid for 24 hours, then

heated to 400°C to drive out the nitric acid and quenched in
distilled water.

# Englehard Industries, Newark, New Jersey.
## Metals and Controls, Inc., Attleboro, Massachusetts
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Appendlx II.
MANIPULATION OF PENTABORANE VACUUM SYSTEM

A, PURGING AND PRESSURIZING NITROGEN LINES The vacuum
apparatus as shown by Flgure 10 was assembled, The inlet to Con-
denser I was connected by rubber tubing to a tank of oxygen-free
nitrogen and the line "R" through the stopecock 7 purged with
nitrogen before the Neoprene sleeve stopper was installed on Con-
denser I. A small weather balloon wag purged, filled with nitrogen,
and attached to the nitrogen line to serve as a low-pressure source
of nitrogen gas in place of the nitrogen cylinder., The Neoprene
sleeve gtopper was installed, about 0.2 ml of mercury poured

into the trap to separate the rubber stopper from the penta-
borane, and stopcock 7 turned 180° to conneet it with the vacuum
system, Cold trap Q was immersed in a flask of liquid ailr,

B. TRANSFER OF PENTABORANE A small ceylinder of pentaborane was
attached to the vacuum system and cooled with 1liquid air. The
noncondensable gases were pumped off with the mechanical vacuum
pump. Valve B was closed, and the entire system was evacuated

as the pentaborane cylinder was warmed to room temperature. Valve
2 was closed and valve B was opened untill manometer H indicated
a pressure of 200 mm, Valve B was closed and trap C cooled with
llgquid air until manometer H showed a residual pressure of less

than 1 mm. Valves 8 and 9 were closed and valve B opened until
manometer H indicated a pressure of 200 mm. Valve B was closed

and valves 8 and 9 opened with trap C still in a liquid air bath
unti1l manometer H indlecated a pressure of legss than 1 mm. The last
sequences were repeated until about 3 ml of pentaborane was con-
densed in trap C and until manometer H indlcated zero pressure or

a small differentlal that did not change on standing. Valves 8,

9, 19, and B were closed and valve 2 was opened to evacuate the entire
system except trap C and the pentaborane c¢ylinder, The 1iquid

alr bath was transferred from trap C to trap D, valve 10 closed

and valve 9 opened, and trap C gently warmed by immersion in a
beaker of water at room temperature until pentaborane distilled

from trap C to trap D. In a similar manner, the pentaborane was
trangflerred to trap E, then to trap ¥, and then to trap G. Valves
12, 1%, and 16 were closed and valve 14 opened, and a water bath

at 25°C was placed around trap G until manometer H indicated a con-
stant pregsure. The vapor pressure was recorded, as an index of
pentaborane purity, the entire system execept the pentaborane

cylinder and trap G was evacuated, lce water was pumped through the
condenser of trap I, and valve 13 opened until gbout 2 ml of

liquid pentaborane condensed in trap I. Stopcock 7 was turned 180°
to disconnect trap I from the system and to pressurize trap I

wlth pure nltrogen gas at a pressure sllightly greater than atmospher-
ic. Stopcock 7 was closed. Trap G was immersed in a liquid air
flask and all rcslidual pentaborane vapor condensed in trap G.

C. TRANSFER OF PENTABORANE TO THE MICROCELL A gas-tight hypo-
dermic syringe (Hamilton No. 1710, 0.1 ml, or No. 1001, 1 ml) was
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fitted with a stopcock (Becton and Dickinson No. MS09) and a stain-
less steel No, 20 gauge needle 2 inches long. The hypodermic
needle was purged of air by repeated fillling and expulsion of
nitrogen, the stopcock closed, and the needle pushed upward
through the Neoprene sleeve stopper of cold trap I, The hypo-
dermic stopcock was opened and the plunger manipulated to draw
pentaborane into the syringe and to expel residual nltrogen gas
from the syringe. The syringe was fillled to the regquired volume
mark, the syringe stopcock closed, and the needle withdrawn

from the sleeve stopper. The needle was lnserted into the sleeve
stopper of the microcell, the syringe stopcock opened, and the
requlred volume of pentaborane delivered to the cell.

D. SHUT-DOWN PROCEDURE Small amounts of pentaborane were
kept 1n cold traps overnight, but when shuttling down for longer
perlods, all pentaborane was transferred to cold traps I and Q.
The llquid was withdrawn from I with a hypodermlec syringe ‘and
destroyed by dlscharging into cold methanol {use care). The

residual pentaborane condensed in liquid air trap @ was removed by
the following procedure.

E. REMOVAL OF PENTABORANE FROM COLD TRAP Q Cold trap Q was
remcved and cleaned of pentaborane at the end of each day's

work to prevent any slzeable amount of the fuel from accumulating
in the trap or escaping from the trap into the vacuum pump. The
trap was kept immersed 1n liquid alr with valve 2 closed and the
mechanical vacuum pump operating. A nitrogen line was purged

cf alr, attached to stopcock 1 and a small amount of nitrogen
allowed to purge the stopcoek. The rubber hose to the vacuum pump
was closed wlth a large pinch clamp and nitrogen admitted to the
trap through stopecock 1 untll the trap contained nitrogen at
slightly more than atmospheric¢ pressure. The liquid air dewar

was taken away and the bottom of the cold trap immediately removed
from the vacuum system before the contentg had a chance to liquify.
Methanol was cautlously sprayed into the trap and the down-line
from the vacuum system to dczompose any pentaborane. (The

reactlon of small amounts of solid pentaborane with methanol was
not violent. By allowlng the contents of the trap to warm gradually
to room temperature, all of the pentaborane was decomposed by the
methanol.) (CAUTION - Do not keep open flasks of liquid alr in
the vieinity of the trap during this cleaning operation).
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APPENDIX III.

POROUS ELECTRCDES

A. BACKGROUND The use of porous electrodes 1n a soluble
fuel-goluble oxidant fuel cell offers certaln dlgtinet advantages.
First, the total electrode area 18 much larger than for an equiv-
slent solid electrode and should result in large apparent current
densitles. Second, the porous electrode can be used to control

the diffusion of reactants., In the ldeal case, when the current
density is equlvalent to the dlffusion rate, the use of porous
electrodes can, in principle, produce high current densitles

as well as prevent the oxlidant and reductant from coming in contact
vlth each other and reacting chemlcally. A soluble fuel-soluble

oxidant cell with such electrodes 1s schematically shown in
Flgure 17.

Flgure 17

Fuel Cell with FPlow-Through Porous Electrodes
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The cell can be operated in a number of different ways. The con-
centration of fuel and oxidant can be kept constant in the
chambers behind the electrodes, with transport of the reactants
through the electrodes occurring by diffusion only. In this case
makeup fuel and oxldant are added to the chambers continuously

or perlodlically to maintaln constant concentrations. An alterna-
tive is8 to continuocusly pump fuel and oxidant through the electrodes
at rates stoichiometrically equivalent to the current being

drawn. The pumpling method 1s more flexible and permits rapid
changes 1n current output. On the other hand, the diffusion method,
requires less instrumentation. Modifications of the electrolyte
chamber are also possible, For example, the liquld electrolyte
could be replaced by a single lon exchange membrane or by two
ion exchange membranes with liquid electrolyte between them.
lon exchange membrane offers the advantage of simpliecity of
construction whille the double lon exchange membrane simplifies the

problems of product removal and control of transport of anolyte
or catholyte,

One

B. HALF-CELL STUDIES OF PORQOUS ELECTRODES The efficlent
operation of flow-through fuel cells requires the development
of highly active porous electrodegs. Such electrodes were tested

experimentally 1n half-cell studies using the agpparatus shown in
Figure 1.

Porous carbon and porous stainless steel electrodes were the only
porous electrodes studied.

1. Porous Carbon Electrodes The effectlveness of porous
carbon activated with varying quantitites of platinum added by

a number of different methods was tested with hydrazine and nitrie
acld.

(a) Plating Methods The porous carbon was platinized by one
of the followlng methods,.

(1) Reduction of chloroplatinic acid with heat. A 3%
solution of chloroplatinic acid was added to the electrode dropwlse
until the electrode was saturated. The water was evaporated and

the electrode heated to a red heat with a toreh flame, quenched in
water, and dried before use.

(2) Reduction of alkaline sodium chloroplatinate with
formaldehyde. A solutlon of 3% alkalline sodium chloroplatinate
was added to an electrode dropwise until the electrode was soaked.
The electrode was then dried in an oven at 110°C. A 364 formal-
dehyde solutlon was added dropwise until the electrode was soagked.
The electrode was dried in an oven and washed and dried twilce
to remove the remaining formaldehyde.

(3) Reduction of chloroplatinic with hydrazine. A 3%
solution of chloroplatinic aclid was added to the eleectrode

dropwise untlil the electrode was saturated. The electrode was dried
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at less than 100°C in an evacuated vessel. A 20 wt % hydrazine solu-
tion was added dropwise. The electrode was then submerged in the
hydrazine solution until reaction ceased., The electrode was dried,
washed agaln, and drled under vacuum at less than 100°C.

(k) Electrochemical plating. The carbon electrodes were
platinum plated In & 3% chloroplatinic acld solutlon containing 0,03%
lead acetate. The plating densities were 20 and 80 mz/cm® based on
the area of one face of the electrodes.

The porous carbon% electrodes were 2,8 cm in dlameter and 0.26 or

0.53 em thick. The cell was assembled as shown 1n Figure 17 and
f1lled wlth a soluble-reactant solutlon to be tested. The open

circuilt potentilal was measured and then a current of 0.5 ma/cm? was
passed through the cell, After two minutes of operation, the electrode
potential was measured and the current interrupted for 1 minute. This
sequence was repeated for lnerzasing currents until the maximum cur-
rent the battery could dellver was reached, or untll the potential of
the test electrode was positive., The area of the electrode was taken
to be the sum of the areas of the two circular faces, l.e., 12.3 cm?Z,

(b) Hydrazine The results weres plotted as the potential
with respect to acld hydrogen versus the logarithm of the current
density. Figure 18 shows the effect of different actlvatilon methods.
Figure 19 shows the effect of quantity of platinum added. Figure 20
shows the effect of different plating current denslitles on the per-
formance of porous carbon activated by electroplated platinum,

The effect of platinization 1s clearly shown in Figure 18. In 1M
hydrazine, 1M potassium hydroxide unplatinlized carbon shows an open
circult potential of -0.6 volt with respect to acld hydrogen, while
the platinized carbons have open clrcuit potentials more negative than
-0.8 volt. Both platinized electrodes had similar platinum contents;
however, the electrode platinized by the thermal decomposition of
chloroplatinic acid was found to polarilize much more readily. This
effect was not unexpected, slince, in general, catalysts tend to lose
their activities when heated to high temperatures. Both the open

circult potentlal and the limiting current improve with 1ncreasing
platinum content (see Filgure 19).

Mpure20 shows the results obtained with two electrodes that were
platinized electrochemlcally. One electrode was plated at ho2 ma for
2 minutes; the obher was plated at 12% ma for 8 mlnutes. Though

the total coulombs passed durlng the plating was the same, the

%National Carbon Company, type CEC porous carbon, grade 40, 65 lb/fta,
48% porosity, 0.0027 inch average pore diameteg, 0,00098 ilnch minimum
particle retention, permeablliivy in air 4.0 £t°/ft%-min, permeablility
in water 45,0 gal/ft2-min.

58



(sedeJ Z JO ®aJE UO paseq)
J3gqautgua) aJenbsg Jad seasdumITITW uf £37susg jusaand

wu . 4TNOITO
Mw 2001 001 0T uado
“L LEBINT A TN EANR R R RN H3 Ak T dn . “ w i [T EIRAN S c I
< ] A o B
= HOTY3 wo ¢G°0 ‘J@jsWeTp WO f°e : T 58 8]
mm. uoqaeo snozod 9m) =dAL . :s8poa3osTd 5 ety 1
: g T jasye e
) 2pAULpPTEUIOJ UITH P3ONDPAL = o r.ojori-
& (0TT~-4) @3euT3BTdOJOTUD WNFPOS SUTTEATE = @ = : w, Mh =
: (€OT-d) 3eau PUE PTOR OTUTRETOJOTUD = O I S it S
4 T T T . v
(60T-4) PajEasjUN = X A o g
g2 o~

X' G0~

SN NN N NN T AN AR, 7. NS NN NN S N

Lo Ll

0,0f ®8anjeasduwsy
. IPIXCApAH imTscnLcd JRIOW I ‘8uTzZedpfH X Toh T
$9POIZVITIY UOQGUIRD) SNOICE JC A5TATIOY UD UOT EZTUTLESIS JC 539850%

8T 9anZ1ad

59

GOYNUTIW OMT, JT930u 01704 UT TUTINd10d TT190~J1VH

10

Hotngadp




Amoommmuommnmcovmwmnv
J959TF3ua8) adenbg Isd saasdueTITITH Ul L2

0001 00T

0" 1-

......LI.L!&!T;|L. |,

1 )

N . 1

™
Q
1

BEST AVAILABLE COPY

o e e e e e

I
RN

B S oures
[hsesel

3

LA

L T L R L L L L L L L T T LT R

pTroanfy wmy

58p0a308TE UCale) snod

60

oy raadg 10 ca i oML 4210 8TL0A UT TYIIU@i0d TIe0-JInl




BEST AVAILABLE COPY

e i e e i pr e 4 £ e ik St 8 AT T e it TR

(s90e; ¢ I
Z94381LTaUs) slenbg e

(o]
0
»
19
Q@
?.
o

B R

!L!:?Mi,)»!r |

1.
I

y e

LIl

1

1

il

IS RRREN RN

Lid

it

!

Ll

BESRYRNERR RSN

ay

[
e

Litild

0,0 Banjelsllng
BpIXCApAH LMTEseLlg SBICH 07 ‘seurosaity asiel &
UOGIBY SNCJI0E IO f3F4750V US L53suUsd jUSIIN) IUTATTd WhlLTLEid &0 L98esn
og PINITH

P

(31

LR}

-o-

8q04d 1vad-Jgmi

u

"y oLy

VIOA

1#]

m

NEEN

VIETI OM],

notiutado 1o

61




physical appearance of the platinum-plated carbons was quite
different. At the lower current denslty the carbon toock on a
s8light silvery appearance while at the higher current density the
carbon surface had a darker, less metalllic appearance. The two
electrodes had simllar open clrcult potentlals, but the eleetrode
plated at a higher current density exhibited less polarization.

(c) Nitric Acld The potentlal with respect to acild
hydrogen for 10 M nltrie acld 1s plotted agalnst current density
for a 0.53 em thiek porous carbon eleetrode in Figure 21, The long-
term behavior of nitriec acid l1s shown in Figure 22,

The current-potential and long-term operating characteristic for
the electrochemical reduction of 10 M nitriec aclid are very good.
The open circult potential was + 1.18 v, and after 1 day of

continuous operation at 48.8 ma/cm® (based on the area of 2 faces)
the potentlal was +1.0 v.

2. Stainless Steel Electrodes Porous metal electrodes have two
important advantages over porous carbon; they are stronger
mechanically, and they are more conductive. Strength is important
because electrodes can be thinner and still withatand severe
mechanical of thermal shocks. In addition, at high current den-
silles the IR drop in a porous metal electrode would be signifi-
cantly less than in a porous carbon electrode.

Porous 316 stainless steel® electrodes 1/8 ineh thick were

activated in the following manner for use as fuel and oxldant

electrodes. The activating-metal content of these electrodes
was 5% by welight.

1. Dry electrode at 130°C.
2., Welgh electrode to 1 milligran.
Saturate electrode with water.

I, Rewelgh electrode. Differcnce from (2) represents
welght of water required to f1l1l volds.

A= (4) - (2)
5. Caleulate 5% of the above difference
B = 0.05A

6. Weigh sufficient platinum chloride to be cquivalent
to B grams of metallie platinum.

# Source - Micro Metallic Division, Pall Corporation, Glen Cove,

New York. Particle retention 2 microns (type H) or 3 micronsg
{type @).
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7. Dissolve platinum chloride in A milliliters of water.
8. Dry electrode at 130°C.

9. Add platinum chloride solutlon toc electrode, Distribute
evenly over its actlve surface with an eye dropper,

10. Dry at 130°C.

11, Add an excess of concentrated formaldehyde to electrode
surface,

12. Dry at 140-150°C.

(For the gold treatment of stainless steel electrodes, use
the above procedure with "gold chloride" substituted for
"platinum chloride" and "gold" substituted for "platinum".)

a. Hydrazine The current density-potential curves for the
eleetrochemlcal oxldatlon of hydrazine in alkallne solution
at porous stainless steel electrodes 1s shown in Figure 23.

Untreated porous stainless steel is not a very good catalyst for
the electrochemical oxldation of hydrazine. The open circuit
potential was only -0.42 v with respect to acid hydrogen, and
the electrode polarlized rapidly at low current drain.

Porous stainless steel activated with either 5% gold or 5%
platinum gave open circuit potentials of -0.96 v and improved
current-potential curves. The platinum treated electrode was

distinetly superior under load, with a potential of -0.82 v at a
current density of 100 ma/cm2.

b. Nitric Acid The current density-potential curves for the
reduction of 10 M nitric acid at an unactivated porous stainless

steel electrode and at one activated with 5% platinum are shown
in Figure ol

The platinized porous stalnless steel electrode has a higher open
circuit potential, and is less subject to polarization than the
unactivated electrode. For the platinized electrode the open
c¢ircuit potential was +1.2 v while at a current density of 100
ma/cm?® the operating potential was +1.09'v.

ec. Hydrogen Peroxide The results for the electrochemical
reduction of alkallne hydrogen peroxide are plotted in Figure 25,

At low current densitles the potential of a platinized porous
stalnless steel electrode and an unaetivated one are comparable.
As the current denslty inereases the potential at the unactivated
electrode falls off sharply. At the platinized electrode 1 M
hydrogen peroxide has an open cirecult potential of +0,01 v. The
potential 1s falrly steady up to about 25 ma/cmz, beyond which
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1t drops off rapidly. At a current density of 100 ma/cm?®, the
potentlial 1s only -0.5 volt.

C. COMPLETE CELIS WITH FLOW-THROUGH ELECTRODES Since 1t was
posslble to obtaln good current densitles with platinized porous
electrodes 1in half cell studles, some prelliminary experiments were
made wlth complete cells using porous flow-through electrodes.

1. Flow~Through Cells with Porous Carbon Electrodes Several
complete cells similar to that shown in Figure 26 were assembled.

Hydrazine was the fuel, and hydrogen peroxide or niltric acid was
the oxldant.

A summary of flve discharges from cells with porous carbon
electrodes 18 given in Table 11. The cells were charged by
first f1lling the center compartment with electrolyte and then
f1lling the outer compartments with hydrazine solutlon on the
anode slde and with oxidant solutlon on the cathode side. Poor
Initial open cirecult voltages could be remedled by withdrawing
all liquid from the center portion, washing with water, and re-
placing with fresh electrolyte, When operating by diffusion only
Runs 1, 3, 4, and 5, Tablell), the initally good voltages degraded
after about 1 hour. The cell voltage could be improved after this
initial drop by forcing reactants through the porous electrodes
by applying about 10 inches of liquid head pressure. Degrading of
voltage durling reactant flow through the electrodes could be
remedled by stopping the cell operation, removing liquid from the
center compartment, flushing, filling the center compartment with
fresh electrolyte, and continuing to operate the cell (see Run 5,
Table 11). One continuous 8-hour run at constant voltage and
current was obtained by continuously forcing alkaline hydrazine
and hydrogen peroxide through porous eleetrodes (Run 2).

A preliminary set of experiments was performed using platinized
dense porous carbon electrodes% with 10 M nitrlec acid, 5 M

godium nitrate, and 5 M hydrazine in 10 M potassium hydroxide. For
these runs the transfer of reactants was by diffusion only and

the resulting current density was about 5 to 10 ma/em®, The
highest open circult potential measured was 1.80 v.

The most notable feature was that after 7 days of operation one
cell had an operating voltage of 0.5 v at a current density of
5 ma/em2. The open-ecireuit voltage after 7 days was 1.32 v.

The open circult potential was somewhat less than that expected
from half-cell studies. The half cell potentials for 10 M nitric
acid and 5 M hydrazine in 10 M potassium hydroxide were +1.18 v
and -1,02 v. Thus a complete cell should have an open circuilt
potential of 2.2 v. Though improvement of the measured cell
potentlial is possible, the attainment of the full 2.2 v is

# Speer porous carbon grade 37/7716. Pore diameter 1 to 10 mierons.
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difficult. The reason for this is that in the flow-through cells,
the electrodes are not completely immersed in the reactants. One
face of the porcus electrode 18 in contact with the reactant, while
the other face is in contact with the electrolyte. The open elrecuit
potential developed by a flow-through cell thus depends on the
physical situation, and hence, cannot be determined from half-cell
studies. On the other hand through Judiclous cell construction
the open eircuilt potential (OCV) can be approached. TFor example,
1f the electrolyte were an lon exchange membrane, then the
measured OCV should be closer to that obtalned from half-cell
studles.

The steady state current density of only 5 to 10 ma/cm2 was

low, but it should be possible to inerease thils substantially by
the proper comblnation of reactant concentration, pore size, and
electrode thickness. There was not time 1n the present contract
to investigate these varlables.

A cell 1ife of 7 days under contlnuous load 1s encouraging, and
warrants continued study of porous flow-through cells,

2. PFlow-Through Cells with Porous Stainless Steel Electrodes

A complete cell was assembled, using platinlzed stainless steel
electrodes separated by a cation exchange membrane (AMF C-103)
in its hydrogen form. The volume of fresh reactants outside the
porous metal was restricted to the 1.5 mm space inside a 1l-inch
dlameter "0" ring between the porous metal sheet and a glass
plate as shown below.

Flow-Through Cell
wlth Porous Stalnless Steel Electrodes

Glags Plate

1 O" Hing,

Porous Metal Anode
Anolyte

Cation Exchange
Membrane

Porous Metal Cathode
Catholyte

2o >Cc0
o oa i

o Q
I




The platinized surfaces of the electrodes were held adjagent to

the cation exchange membrane. The upper section of the "O" ring
was cut away to allow reactants to be introduced and to vent the
reactant compartments. The characteristlcs of the cell at gcon-
stant current and at room temperature are tabulated in Table 12,
The cell was operated at a current denslty of 5 ma/em® until the
cell potential dropped to 1 v. The electrical work produced during
this time (5.7 hours) was 2% watt-hours per pound of pure reactante
added to the cell.

The results obtailned with the flow-through porous stalnless steel
electrode cell were comparable with those obtalned with porous
carbon, The open circuit potentlizl was not as high as might be
expected, but thils was probably due to the bulk transfer of
reactants through the membrane. The current density, as wlth the
porous carbon cells, was about 5 ma/cm®, The similarity of

these current densities indicates that possibly some physical
process, such as blocking of the pores by evolved gas, might

be 1imiting the current. The encrgy obtained per pound of
reactants, 24 watt-hours per pound, was far less than that of
theoretical, but this 1s to be expected as the cell was clearly
not designed to operate at optimum reactant utilization.

D. CONCLUSIONS

1. Half-Cell Studies Platinized porous electrodes of carbon
or stainless steel are active catalysts for the oxidation of
hydrazine 1n base, as well as for the reduction of nitric acid
and alkaline hydrogen peroxide. Nitrie acid shcwed the least
polarization with current density or time. Current densities

of 100 ma/cm® were obtained at good potentlals with both
hydrazine and nitric acid. With hydrogen peroxide, on the other
hand, the potential was not very high at a current density of
100 ma/ecm®, For porous carbon electrodes, the activity was found
to vary with platinizing method and increased ag the platinum
content Increased.

Platinum elcctrodes plated at a current density of 80 ma/em2 were
more active than those plated at 20 ma/em2, while electrode
platinized by the chemical reduction of platinum compounds were
more active than those platinlzed by the thermal reduction of
platinum compounds. The results obtalined with the platinized
porous stainless steel electrodes werc, in general, better than
those obtained with platinlized porous carbon.

2. Complete Cell Studies The complete cell gtudies with
flow-through porous electrodes were not very extensive,; but

they do indizcate areas in whieil continued study is warranted.

The mest important area of investigation 1s the mass transfer

of reactants through the porous electrodes. The half-cell
gstudies show that the electrodes were sufficlently active to
provide much hligher current densities than were obtalned in the
complete cells. This indicates that the currents in the complete




Table 12
Complete Cell with Porous Stalinless Steel Electrodes

Cathode System

Oxidant 15 M HNOs

Cathode "H" porosity 316 stainless steel
Particle retention - 2 microns
Platinlzed on inside surface
Exposed area - 5.0 em2

Volume Catholyte 2.1 ml
Anode System
Reductant 10 M NaHg
Electrolyte 5 M KOH
Anode "G" porosity 316 stalnless steel

Particle retention - 3 microns
Platinized on inslde surface

Volume, Anolyte 2.1 ml
Membrane American Machine and Foundry, C-103
Voltage

Open Circuit 1.80

Operating 1,38 - 1,00
output

Hours 5.7

Amperes 0.025

Ampere-Hours 0.142

Watt~Hours 0.17

Watt-hours per pound
diluted reactant 14

Watt=hours per pound
pure reactants 24

Caloulated watt~-hours
attainable (ref. 5) 357 - 452
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cells were mass transfer limited. Two reasons for pcor mass
transfer could be: Dblscking of the pores by evolved gases; and
eleetrodes which were not porous enocugh or were too thick. PFurther
work In thls area should certalnly improve the current densitiés
chbtainable.

The potential of the cells was less than expected. Though this is
not as serious as the low current densities obtalned, improvements
in cell potentlal are possible by using different cell configura-
tions.

The 1ife of the eleetrodes dld not present a problem in the
gtudies made to date. With dense electrodes cell life was

longer. This indlcates that the cell 1ife was mainly dependent

on the mass transport characterlstics of the particular cell. The
cells seemed to operate for as long as the reactants held out.

A main advantage of flow~through cells is the possibility of
obtaining low internal cell resistance. The work done to date
does not allow any conclusions regarding the internal resistance
of such cellg. Internal resistance characteristics would be

more evident in flow-through cells operatling at high current
densities.
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APPENDIX IV
BOROHYDRIDE FUELS

A, BAGKGROUND Sodium and potasslum borohydrides are interest-
ing possibilities for electrochemical fuels. The salt-like

materlals are soluble in cold water with very little decomposition,
and are extremely stable in alkaline solutlons,

In alkaline solutlon the complete oxldation of sodium borohydride
should be:

NaBHs + 80H™ 3 NaBOz + 6H20 + 8e~

The standard free energy change for this reaction has been
calculated by Pecsok (1) to be -231 kilocalories with a correspond-
Ing standard half-cell potentlial of 1.23 v.

When combined with an alkaline hydrogen peroxlde electrode,
sodium borohydride would have a theoretilcal speciflc energy
of 1,190 wh/1lb at a potential of 2.1 v. Though such values
may never be experimentally obtained, they do indicate the

potentlal merlit which the use of borohydride fuels offer.

B. RESULTS Some half cell studles of the electrochemical
oxldation of sodium and potassium borohydrides were made, and
encouraging results were obtained. Figure 28 is a current-
potential curve obtained with 1 M potagsium borohydride In

5 M KCH.

Efforts in thils direction were discontinued, however, in con-
formance with the contract stipulation that a single oxidant-
reductant system be selected for continued intensive study. In
view of the results obtalned, it 1s recommended that the study
of the electrochemical reduction of borohydrides be continued.

76




J838WTqud) SJendbS J9d ESISAWETITTN UT A3Tsusq jusaany
, : . 3Fnoa30
" QOOH 00T 01 1 usdo

. - T
S _ T T N T ) 81 RN ! i 1 : T T T T T T 1 T n I
a z ] T : . ! i et B ! 4
(=] : - {—tt 1 1 T : - ! - ]
(&) : T * ' ! . L0030 bl S : —
g ; O ] : T i H 1 —
Plu T __ ” RS “, T I i “ N v H L | e =
11 d 3 AN 1 ! T H : H - ~ 0T ]
S o A ey e e e X -F08/1HE 205 £z 5
<t - T ; R . ! T T ——— - 21" iy
- == : : 1 / T o N . a4 I
; ; T H s T i - o Sl il Seld —— o
=3 : o o T S o e e G
-t ; : : f : i T T 1t —+
n.\'v H i ' } 4 — ! T
wl Vs | . : [ i i 1 L. LI TS PG SN DURO - i
X i ] 1 ] R X v PR -
2] + ¥ I T ¥ i o : T s - o
= 3 1 t N foe i et e o ! " P 30008 SR00% N . @
: ] e e e s e T e ot g
I- - B e e aa : = I B A O A A SO s Iy g -t -
7 m T Ty T 0 RO S ¢ el et S e e I Y g
1 T { Jodeod LS O R LTS LU SRR [ 6 NN IR RS [ 00 S SN Y R * ]
e | B b: FEEE— o
4 i Y -t —— v
i T ) 1 A 0 g et 00 V‘Q\\Nﬂ J0.7 s
, : T Pl e : e 2 eS8 T 50 §
i e ) R S A0 RO ~ o [*]
- T t 7 - T - =
| [RER T PAYS 1- I pOu 7 1 5 B 34
: e 1 ; ) e -
: ; : X : - T T Ew <4
1 3 ' H H ra + |.I.|4._ : o D 1 1] o
i _. > 4 : | .J -] 2]
- A ; — : : = e P e
_ T > ue _ : — H9° .
: i T — . ket -~ T, Z
sai e B =
t =t V 0 s il ! g
_ e : _ . =
. - » i : : oot tonaa BRI =
ol 7 T + ~ T 7 <
.‘-l_ ol 1 ¥ — ] =
t - ! I i R i . . .
Lot " T H ” -~ 4%4°0~ a
o > o o it i T i S T i A + o
I ” " . I I I X p
1 -.\ n i i DUUDE * v ¥ T L i H m
. ’ [ ] | T3 i .
3 - R N IR TR o " saf p ()
4_ ; ] SR 00 ey IO S Il - P . =] T
. i L ) P b 1 — . . ,» s o
e ” e o o : = =
: ] : + -1 20— ®
: ; 1 - T ! ] 1 ; s ot
I + : ' : PR I : ; - —n.v.
4 [t phate: Bl e i > + 5% BEBS -1
o bl + t “ N ae oty PP S 00k IO DN N “ . —— . 4 L. el Er e
. s ' ] — o e i s - . e e
o — . L - : m 1 - o . : 4 J-N.W\N.I 203 % -]
bl |15 LAY EYREE A8 ! JUR 1 L1 LT IR2AE SRR 00 RN i Ju T ISR R e L RET | /'. 0°0

apouy MUILRI4 DOZTUTIBLL
0,0 @aInjeaadua]

YHEY Je[OW T 3uw3onpay
g8AIN) UOT3BZTIBIOS OTPOUV

g2 8Jn3TJd

7




APPENDIX V,
REFERENCES

Latimer, W, M., Oxidatlon Potentlalg, 2nd Ed., Prentlce-Hall,
Englewocod Cliffs, New Jersey (1952).

Lange, N. A., Handbook of Chemistry, 8th ed., Handbook Publishers,
Inc., Sandusky, Ohlo (1952).

"Pentaborane®, Technical Bulletin LF-202, 0lin Mathieson Chemical
Gorporation, June 1960,

Sax, N. Irving, Dangerous Propertles of Industrial Materilals,
Reinhold Publishing Corporatlen, New York (1957).

Schechter, W. H., C. B. Jackson and R. M. Adams, "Boron Hydrides
and Related Compounds", Callery Chemlcal Co., May 1954,

Wirth, M, E., and E. D, Palmer, J, Phys. Chem., 60, 914 (1956).

Stock, A. E., "Hydrides of Boron and Silicon”, Cornell Univ.
Press, Ithaca, New York (1933).

78




Hina v

BEST AVAILABLE qopy

UondRN[eo VILSV Ul

-(919kK¢ &V 10RIUOD

‘6¥1¢ 100foag OsIvV

juowdinba jeorxyoary

SLO I 1Ay “A
1e 3@ ‘ypywg *Q ‘¢

"SSBIY ‘PRIAY ‘dio)d
YoIeasay ojuBSuoOl °III

SeELL

—
—

£1809 Hse],

uotjonp
-oad xomod 01139917y *

S1e> onpffoazoory -
s1190 1ang *

— N oM

*pror orIu pur suizeaply

YW pue 1oyjo yoro yjm ‘Ljoandadsar ‘juepixo
pu@ 1anj ST pajsal os(e alom Ipixoiad uadoapiy
pue sueroqeuad ‘punod /sanoy-1em ¢ paonpord
Alaneq ayl *syoa  moqe jo afeijoa Burieaado
ue je saIddwe ¢ 1940 SN[ SEM JUDIIND (L3103 o)

{ 13A0 Yoo

’ A)

\ /
porIad Inoy-g ay} I3A0 ‘SI[0A G6°G Sem aSeijoa
NN2IIO uddo YL *, Wwd Q2T JO BAIT IPOIIAD uw
Buraey yore s1100 ¢ Jo paIsisuod AJaeq syl ‘juep
-1¥0 S® (JN01) P19¥ oLL3Tu pue 1on) € (HOM NOT
ur Ng) aurzeaphy Surzijin sanoy g 1oy soiadweg
18 sPem G1 Jo uoljelsuald ‘Ajpuwicu ‘suoniedifioads
1981000 91 Buroow J1Ing Sem AIajleq 199 19N} v

J1odey parfissejoun .
*SJoI ;. ‘sarqe}
fesnii 1out "dgL ‘zg unpg *yrodei yeurd TTAD 1IN
YIAMOd 1LOVAWOD '2%-29-HAL-dsV IN dy
. oo ‘ddv
UosI9Ied -BLIM ‘qe] S9110SS800Yy W3 Y ‘sor
-UTY20WOIDY /11 ‘UOTSIAL] SWISAS [EOIINEBUOIDY

|
|
|
|

1
|
|

uond3TI0d VILSY uj
SLO 1) 1eAY A
1e 3@ ‘ynuig *Q-°p
*ssely ‘1918ad ‘*diod
YoJIEB3s9Y 0JUBSUOIY
SeLL
-(919)X ¢ AV 39B1IU0D
£1809 YstL

‘s¥1g 100log 0S4V 1

uorjonp

-oxd Jomod c110013 Cf
quauwrdinba 1ed1X1001F ¢
ST199 O1141011091d ‘7
s|1eo 1ang 1

*ploe DLIJIU pue aUIZEeIpAY

YIus pUB J9Y10 yoeod Yim ‘A1aardadsaa ‘juepixo
puE [9nj se paIsa] osje d19a apixolad ualoapiy
pue oueloqejsd ‘punod /SInoy-13em gf paonpoid
K1v338q 9y) °sIjoA ¥ moqe jo 28ejjoa Burieaado
ue je saladure ¢ 1240 1sn{ Sem JUSIIND eI0) Y3

I —
[ 1280 ) |

7 A

\ /
polaad anoy-g ayj I2A0 'SII0A 66°G Sem a3e)JoA
nnoara wado ayJ *,wWd Q71 Jo Bale 9poI1daa ue
Furaey Yoes S1189 ¢ JO pIIsisuod AI1d33eq Y] “wWLp
-mo se ([VOT) PI9e O1I3U pue 1an] st (HON NOT
ul NG) surzexpiy Surzifin sanoy g a0) S3I12dWES
tzuoriparmaads

sucuEAn

18 SPEM ST JO UOIIBIaual ‘Ajoweu
10Eaju0d 3y) Sur@ow JIng sem AX9l1eq 1199 1) ¥V

110day paipisseioun
*sJA1 | ‘salqel
rsnqpr pour dgy ‘z9 unp ‘3aedad jeuld “TTIO 1ANA
YIMOd LOVAIOD "2¥-29-HUL-ASY IN 1Y
‘oo ‘dav
uosianed -1yBIA ‘QE] SOLI0SSIVOY WAng ‘so
* ~upyodwWoady /a1 ‘uolsialg swWaISAg TEOIINEUOId Y




