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FOREWORD

This report was prepared for the Chemical Sciences Directorate, Air Force Office
of Scientific Research, United States Air Force, by the United Technologies Research
Center, East Hartford, Connecticut under Contract FLU620-T72-C~0049, The performance
period for the technical program was from 1 March 1972 through 30 June 1976. The
Principal Investigator was Dr. C. T. Brown and the Project Monitor was
Mr. Denton W. Elliott, Deputy Director, Chemical Sciences, Air Force Office of
Scientific Research.
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SECTION I

INTRODUCTION

Investigation of the electrolysis of hydrazine-hydrazine azide
monopropellant for small thruster ignition systems (Ref. 1) has indicated that
the direct generation of electrical power may be possible from this system.
The results of this investigation suggest that the hydrazine-hydrazine azide
monopropellant can serve as a conventional monopropellant, as the electrolyte
for an electrical power source, and as a pressurization source for fuel tanks
by decomposition to hydrogen, nitrogen and ammonia.

The use of hydrazine as a monopropellant for small thruster applications
is well known and hydrazine has demonstrated an advantage over other monopro-
pellants in that it represents a good compromise between the requirements of
performance and safety. In continuing studies, the performance of hydrazine
has been further improved through the use of mixtures of hydrazine and its
derivatives including monomethylhydrazine, hydrazine nitrate and more recently
hydrazine azide in various proportions. As an additive, hydrazine azide is
especially advantageous since it contains only those elements present in hydra-
zine itself, i.e., hydrogen and nitrogen. 1In addition it also serves as a
freezing-point depressant. Its relative stability in hydrazine mixtures makes
it possible to consider concentrations of this additive in excess of the con-
centrations levels usually considered safe for hydrazine nitrate.

Electrolytic ignition of the azide propellant is possible si» : hydrazine
azide is completely ionized when dissolved in hydrazine forming the azide ion
(Ng')and the hydrazonium ion (N2H5+). The specific conductivity for a 23
weight percent azide concentration in hydrazine at 25 C is on the order of
10-1 ohm1l em~1 as compared to lO‘u ohm=L em-1 for propellant grade hydrazine
(Ref. 2). The conductivity of this azide mixture is of the same order of mag-
nitude as that of many aqueous electrolytes used in fuel cell and battery
applications.

Hydrazine has been used as a fuel in fuel cells employing a separate
oxidizer and an aqueous electrolyte (Ref. 3). This configuration requires a
fuel which will be easily oxidized at the anode and is relatively inert at the
cathode. The latter requirement is difficult to attain since hydrazine spon-
taneously decomposes on a metal surface to ammonia, nitrogen and hydrogen.
This decomposition is a combination of anodic and cathodic processes which
results in a mixed potential at the electrodes and represents an inefficiency
in the overall process. It is also necessary to provide a separate, gaseous
oxidizer.
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The use of hydrazine-based propellants for various electrochemical
applications has an advantage in that they fall into the class of electrolyte-
soluble reactants which are preferable to gaseous fuels since they are easier |
to transport and store and do not require the use of expensive porous elec- |
trodes necessary to maintain a gas-liquid-solid interface. Thus an all-liquid
system based on a hydrazine-hydrazine azide electrolyte might result, for
example, in a device that would be much simpler than the conventional elec-
trochemical devices. Fuel storage would also be simple since no cryogenic
devices would be necessary. (The freezing point of the 23 percent hydrazine
azide/77 percent hydrazine mixture is -17.5 C.)

The preparation and the measurement of the properties of hydrazine-
hydrazine azide mixtures have been the subjects of work already accomplished
at United Technologies Research Center (UTRC) - formerly United Aircraft
Research lLaboratories - and reported in Ref. 4. This work has been paralleled
by investigations into problems associated with storage of monopropellants such
as hydrazine and hydrazine azide mixtures (Refs. 5 through 7). It was deter-
mined from these investigations that the heterogeneous decomposition of hydra-
zine-based monopropellants can be described in terms of an electrochemical
auto-oxidation reduction mechanism similar to that found in the corrosion of
metals when exposed to aqueous electrolytic solutions.

These electrochemical investigations provided the necessary background for
the development of an electrolytic ignition system for small thrusters using
monopropellants based on hydrazine-hydrazine azide mixtures. In the course of
these investigations the electrochemistry of hydrazine-hydrazine azide mixtures
was investigated using a variety of electrode materials (Ref. 1). It was
determined that the kinetics of the reactions were such that the anodic reac-
tion was enhanced on some materials and the cathodic reaction on others. The
proper choice of electrodes resulted in an electrolytic cell with a potential
on the order of 0.6 volts.

Theoretical calculations have shown that the electrical potential of a
hydrazine-hydrazine azide cell could be as high as three or four volts if dis-
charge of the azide ion (Né’)could be realized. Thus an electrochemical
device based on hydrazine-hydrazine azide could be the basis of a high energy
density ''monopropellant fuel cell” in which the azide ion acts as the fuel.

The investigations cited in Ref. 1 indicate that the electrochemical
process in hydrazine is due to the presence of water. FElectrolysis of both
hydrazine and hydrazine-hydrazine azide yield Hb/Nq ratios of 2/1 rather than
the 1/1 ratio expected if N,Hj -HN, (o0, N5H5) were the active electrochemical
species.
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The purpose of the investigations reported herein was the identification
of systems having high cell potentials, similar to those obtained in other non-
aqueous media (Ref. 8 through 10), but with solvent properties that permit high
solubilities of the reacting species as well as low viscosity and high elec-
trical conductivity. These investigations were initially directed toward
determining the nature of the electrochemical process in anhydrous hydrazine
and to studying the kinetics of the azide ion on this media. These investiga-
tions included the measurement of electrical conductivity as a function of the
concentration of the three most common impurities in hydrazine: water, carbon
dioxide and aniline. In addition methods for the removal of water and metal
impurities from hydrazine were devised in order to determine the effects of
those contaminants on the electrochemical processes.

Current-voltage relationships were studied using a variety of solutes
including hydrazine azide. These investigations included detailed measurements
on the kinetics of the cathode process in hydrazine. The anodic process pre-
sented difficulties in that there was no direct evidence of azide ion discharge.
As a result the original scope of work was changed to include monomethylhydra-
zine (MMH) and unsymmetrical dimethylhydrazine (UDMH) as solvents in the hope
of providing a larger potential range before solvent decomposition takes place.
In addition the scope of the electrochemical kinetic studies was changed from
investigations of the Nk +-H2 (cathodic) and NB'- N, (anodic) couples to more
conventional metal-metal ion couples as sources of electrochemical activity.

The following sections of this report summarize the findings of the
studies and suggest possibilities for future research.
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SECTION II
RESEARCH ACCOMPLISHMENTS
1. Purification of Hydrazine |
i
In order to properly evaluate the effect of water on hydrazine azide it |
was first necessary to prepare hydrazine samples that were relatively free of
water. Water is one of the major impurities in hydrazine (the others being
carbon dioxide and aniline). Metallic impurities are also present as a result |
|
|

In view of the wide variety of impurities present, two analytical technigues
were used to evaluate the purity of hydrazine. Vapor phase chromatography was
used for water analysis, and emission spectroscopy for analysis of metallic
impurities.

A. Water Analysis - Experimental Procedure

Analysis for water by means of vapor phase chromatography was found to be
the most reliable method for water concentrations in the range 0.05 to 2.0
percent. The chromatographic procedure outlined in MIL-P-27L02B (Ref. 11)
was used employing a dual-column chromatograph constructed at UTRC. Standards
were prepared by adding known amounts of water to a hydrazine sample and
extrapolating plots of water peak height versus added water to zero percent
added water to determine the water content in the original hydrazine sample.
Peaks heights were found to correlate with added water to within ¥ 2 percent

. of the absolute value.

e e L T O G e e R

B. Hydrazine Purification Procedures

Several procedures for removal of water from hydrazine havebeen suggested
(Refs.1”7&13). Of these, two methods were chosen. One employed BaO and/or

T T TR

i g Cali, as drying agents and the second employed vacuum distillation. The former
i oS method removes only water while the latter removes water and ionic impurities.

All samples for purification were placed in specially cleaned glassware,
R 1 and all sample transfers were made in a glove box fitted with a vacuum side
f é ! chamber. Dry purified nitrogen was used as the blanket gas in the glove box;
- the moisture level was continuously monitored and was maintained in the range
of six to ten parts per million. OSamples were treated with BaO or Cali; in the
glove box in 50 ml pyrex glass sample bulbs fitted with teflon stopcocks for
venting and O-ring seal removable caps for filling and taking samples.

j L .:
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Ethylene-Propylene O-rings (non-reactive to hydrazine) were employed in all
cases. The O-ring seals were also employed on a specially constructed vacuum
system so that samples could be transfered from the vacuum system to the glove
box in a sealed condition. The vacuum system valves were also teflon. There
was no exposure to metals of any type during any of the operations.

Hydrazine azide hydrazinate was prepared by crystallization from concen-
trated hydrazine-hydrazine azide solutions. The material was recrystallized
from methanol and vacuum dried at room temperature. The dried crystals were
stored in the glove box. The moisture content of the crystals was checked
by adding small amounts of azide to pre-dried hydrazine. The water content
remained constant at 0.78 ¥ 0,02 percent H,0 for azide additions up to 16.k4
weight percent, the highest concentration tested for water content.

The dry hydrazine hydrazinate was found to be very stable and showed no
evidence of shock sensitivity. This stability confirms the results of
Dresser et.al. who first prepared this salt (Ref. 1k).

,“‘_‘<
it 3
AN o e ) e e ui i e il

Ce Purification Results = Water

The results of water removal procedures on selected samples are summarized
in Table I. The stock hydrazine is Mil Spec (propellant grade) which normally
has from 0.5 to 1 percent water. This material was subject to repeated ex-
posures to air prior to use. It is evident from the results in Table I that
Cal, is a much more effective drying agent than BaO. However, contrary to
the results reported in Ref. 13, the exposure time necessary to achieve low
water levels is considerable for 16 g CaH, in 50 ml samples of NoHy. It should
also be noted that the total time required for "complete" reaction is not a
function of the initial water content as is evidenced by the drying time for
stock hydrazine (initial water content of approximately 3 percent) and hydra-
zine sample B. For all practical purposes the residual water content is on
the order of 0.,05-0,10 percent.

ST S i e
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( Vacuum distillation of 20 ml samples of hydrazine, a procedure requiring
less than 2L hours, results in water contents on the order of 0.15 percent.
This latter procedure is probably the most efficient because of the time

{
J i factor and because it should also reduce the level of ionic impurities in the
sample.,
E During vacuum distillation the first fraction always had the lowest water

5 content. The second fraction had slightly more, provided at least fifteen per-
cent of the sample was left as residue. Otherwise the majority of the distilled
water remained in the second fraction.
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D. Purification Results - Tonic Impurities

For this program hydrazine samples were available which had been
previously analyzed ifor impurity content. The levels of ionic impurities
in the hydrazine samples had been determined by means of emission spectro-
graphic analysis. In most cases metallic impurity levels were considerably
less than 0.1 ppm with the exception of levels for sodium and iron. The
material designated sample A was selected from the available samples for
further studies of purification techniques because it had a high iron and
sodium content in addition to a cadmium content higher than all other samples.
The results of the analyses for a portion of this material after vacuum dis-
tilled hydrazine (Sample A-1 in Table T) are summarized in Table II. The iron
and sodium content were reduced in the first fraction of the distillate; how-
ever, the second fraction showed a marked increase in ionic impurities and the
levels of impurities in the residue were not substantially increased over
that in the original sample. The sample was completely distilled and the
residue was leached with deionized water for analysis. The majority of the
metallic impurities were evidently carried over with the last portion of
distillate. These tests were repeated using another portion of Sample A
(A=2 in Table I) in which 17 percent of the sample was left undistilled
(residue). In this case, the results (also shown in Table II) indicate that
the heavy metals (Fe and Ni) were substantially concentrated in the residue.
Sodium was also concentrated in the residue but to a lesser extent than the
heavy metals.

Emission spectrographic analyses were also made on stock hydrazine
samples that had been dried over BaO or CaHp. In the latter case, the calcium
content was 1.0 ppm, whereas the sample dried over BaO contained 60 ppm Ba
indicating the drying over BaO introduced a substantially higher impurity
level than drying over CaH,.

As a result of this survey, the electrochemical measurements were carried
out using samples dried over Cal, and subsequently vacuum distilled. Fraction
#1 was used exclusively. This fraction usually constituted 60 percent of
the original sample.

2. Electrical Conductivity Measurements

Electrical conductivity experiments were carried out to determine the
total ionic nature of hydrazine containing varying amounts of water and
other impurities. Measurements were also taken as a function of temperature
to determine the energy of activation for ionic migration as a function of
the water and impurity concentrations.




o e S A

8 b

= s

N A R S o s

R76-911319

A. Experimental Procedure

Electrical conductivity measurements were taken in a cell of Jones design,
Ref. 15, constructed to keep filling tubes and electrode leads separated in
order to minimize capacitance effects. The electrodes were platinum disks
1.5 cm in diameter and nominally 1.5 cm apart. The cell size was such that
cell constants of about 0.5 em™1 would be achieved, where the cell constant
is the effective ratio of the electrode spacing to the electrode area.

Cell constants were determined using 0.01 demal KCl solution. All measure-
ments were taken in a large (2 ft x 2 ft x 2 ft) constant temperature bath
filled with white technical 0il. The mercury thermostating device was capable
of maintaining the bath temperature to + 0.05 °C.

The platinum electrodes were not platinized since the rough surface, while
minimizing polarization effects, caused slow but appreciable decomposition of
the hydrazine. The decomposition resulted in bubble formation on the electrodes
yielding high values for cell resistance.

Cells were filled in the glove box using specially dried syringes. All
samples were stored in small sample bottles (50 ml capacity) fitted with teflon
plugs complete with rubber septum and valve. In this manner samples could be
analyzed for water on the chromatograph both prior and subsequent to conduc-
tivity measurements without exposure to the atmosphere.

Measurements were taken using an A.C. conductivity bridge based on a
commercial impedance comparitor (General Radio Model #1605-AS5). The remainder
of the circuitry was designed at UTRC and included a shielded resistance box
and capacitors. All resistance measurements were taken at four frequencies of
1, 2, 5 and 20 kilohertz. Capacitance and impedance were balanced separately.
Results were plotted as a function of the reciprocal of the square root of
frequency and extrapolated to infinite frequency. The resistance at infinite
frequency was used in conjunction with the cell constant to calculate the
specific conductance according to:

k=1/r « C (1)

i 1

where k is the specific conductance in ohm™ cm™", r is the resistance at
infinite frequency and C is the cell constant in em=1,

B. Specific Conductivity as a Function of Impurity Level

The relationship between conductivity and impurity level (includinawater)
was studied using both UTRC stock hydrazine and selected previously analyzed

»r
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samples. The results of those measurements are summarized in Table III. The
samples were selected to reflect differences in water content and major ionic
impurities. The analyses also include qualitative analysis of parameters such
as non-volatile liquid residue left after evaporation of hydrazine at 105°C
for twenty-four hours and ash (residue after heating to constant weight at
650°C). The ratio of non-volatile residue to ash is a measure of the portion
of the total residue that contains decomposible substances. The non-volatile
residue on evaporation of hydrazine is primarily an oily substance which has
been identified as carbazic acid, a product of hydrazine reaction with carbon
dioxide.

The conductivity results can be correlated with the levels of non-volatile
residue and with the ratio of non-volatile residue to ash. For the samples
listed in Table III, there does not appear to be any correlation with water
content, or the amount of metallic impurities present. It is possible that the
non-volatile residue is associated with the formation of complexes of carbon
dioxide and aniline, two of the major impurities in hydrazine.

| In view of the conductivity results and the fact that metallic impurities B
; are carried over in the distillate when hydrazine is vacuum distilled (see
preceding section) it appears likely that "stable complexes" (possibly based | 3
on carbazic acid) are formed that are ionic in nature and have relatively £
high boiling points compared to hydrazine. The presence of these "complexes"
make correlation of conductivity with water content extremely difficult.

C. Specific Conductivity as a Function of Temperature

In view of the preceding results the conductivities of selected samples were
measured as a function of temperature in order to determine if the level of
3 non-volatile residue results in a different mechanism of ionic migration.
Samples A and B (see Table I) were selected for study as was a portion of
Sample B which had been dried over CaH, for 384 hours. None of these samples

a: had been treated in any other manner. The data were calculated using the
g. Arrhenius type relationship:
B | k = pe~AE/RT (2)

where K is the specific conductivity in ohm™t cm'l, AE is the energy of acti-

vation for ionic migration in calories/mole, R is the gas constant in calories/
°K/mole, and T is the absolute temperature in degrees Kelvin. Plots of log k
versus 1/T yield a straight line with a slope of -AE/R.

The data for the three samples cited above are summarized in Table IV.
The plots obeyed the Arrhenius relationship in all cases.
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The energies of activation in Kcal/mole were 2.21, 2.38 and 1.56 for
Samples A, B and B dried over CaH2 for 384 hours respectively. CSamples A
and B contained 1.20 and 1.47 percent water respectively, and B dried over
CaHp contained 0.13 percent water. These results indicate that the lowered
water content results in less energy necessary for ionic movement in the system.
The presence of water evidently has a marked effect on the structure of the
liquid. When these results are compared to earlier conductivity studies
(Refs. 1 & 2) it is seen that the ease of ionic migration is similar to that
achieved when hydrazine azide or hydrazine nitrate (both highly ionic species)
are added to hydrazine. For example, the energy of activation for a T7 percent
hydrazine - 23 percent hydrazine azide mix (specific conductivity = 1.78 x 10-1
ohm=1 em=l at 25°C) is 1.28 Kcal/mole.

It must be concluded that even though impurities related to the non-volatile
residue parameter have marked effect on the specific conductivity, the mechanism
of ionic migration is a strong function of water content, and thus water-solvent
or water-complex interactions must play a large role in the nature of the liquid
structure.

D. Specific Conductivity as a Function of Water Content

Becuuse of the preceding results, experiments were carried out to determine
the effect of water on the conductivity of hydrazine using Sample B dried over
CaHy for 28l hours and having a water content of 0.13 percent after drying. Addi-
tions of water were made using sample weight and water weight to calculate water
concentration in moles/liter of solution. The density of hydrazine at 25°C
(1.004 g/ml) was used as the basis for these calculations. The maximum water
content was 28.44 mg in T7.0038 g of solution or 0.406 percent.

Equivalent conductivities were calculated using the equation

= K x 1000 (3
Conc. HQO )

where A is the equivalent conductivity in ohm"l cme, k is the specific con-
ductivity in ohm=1 cm™! and the concentration of water is expressed in moles/
liter. The data obtained in these experiments are summarized in Table V.

The equivalent conductivity was plotted as a function of the square root
of water concentration according to the Onsager relationship which takes the
form:

A= Ao = (A% Bhe) e (%)
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if the water is completely iorized. In Eq. (L) A, is the equivalent conduc-
tivity at infinite dilution, A and B are constants which are functions of the
solvent (hydrazine) only and ¢ is the water concentration in moles/liter.

The Constants A and B are expressed as:

e 82.4 (5)

n (or)3/2

i 8.20 x 10° (6)

(p1)3/2

where D is the dielectric constant for hydrazine which has a value of 51.7,

T is the temperature in °K and n the viscosity of hydrazine which has a value
of 9.049 x 10-3 dyne-sec/cm®. Using this data and a temperature of 298°K,

A = T73.5L and B = 0.4288. The values used in the numerator of the expressions
for A and B are derived from calculated electrophoretic and relaxation forces
for an ion surrounded by solvent molecules, and are valid only when assuming

a 1:1 electrolyte, i.e., univalent cations and anions. The latter assumption
should be valid for this system since it is highly probably that the ions

formed are N2H5+ and OH™, as a result of reaction of water with hydrazine.

A plot of /e versus A will have an intercept equivalent to lp @6 ¢ =0
and a slope of =(A + RAO). The value of the slope can be calculated from the
known values of A and B and the intercept value of Aj. This calculated value
of the slope can then be compared with the slope as measured from the plot.
The data for Sample B yielded a value for Ay of 0.476 ohm=1 em? at infinite
dilution (the intercept value). The slope of the plot was =0.606 as compared
to the calculated slope of =73.74. This large difference in values for the
slopes = a factor of approximately one hundred-indicates that the assumption
that all the water is converted into ions is not valid. Consequently, the
Onsager relationship was modified as indicated in the following paragraph.

Since the hydrolysis of hydrazine

+
NoH) + Ho0 = NoHs + OHT (7)

has an equilibrium constant of approximately 8.5 x 10~7 (Ref. 12), it should
be possible to replot the data using:

10
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v 2 A (8)
k=
and
A' = Ao - (A + BA,) A @c (9)

where @, the degree of ionization, is calculated from the expression:

g = (NoHg*) (OH~)
TH,0) : (10)

Since NoH), is present in excess, its concentration is assumed to be constant.
Foruni valent cations and anions,

3 +3 2
X = (N2H5 ) = (OH ) (ll)
and thus:
e
K=ok (12)
or in terms of a:
c of

otk (13)

In Egs. (12) and (13), X is the ionic concentration in moles/liter and ¢ is
the original water concentration. Calculating « using Eq. (13) it is then
possible to calculate A', the ionic equivalent conductance.

The results of these calculations are also summarized in Table V. The

(o)

data indicates ionic equivalent conductivities on the order of 92 ohm=1 em=
which are similar in magnitude to equivalent conductivities for ionized species.

Using the values for A' and plotting A' vs ,/@c aslope of =72.70 is
obtained compared to the theoretical value of =73.74. Thus, at very low
water concentrations the Onsager relationship is confirmed provided the hvdro=-
lysis reaction is taken into consideration.

Subsequent experiments at higher water concentrations resulted in
irregular changes in specific conductivity. The range of water content was
from about 0.8 percent to 1.2 percent in one case and 0.8 percent to 2.1 per=-
cent in another case. It was found that at concentrations approaching 1.2
percent water the conductivity reached a constant value which was maintained

Ll
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system are summarized in Table VI. The change in specific conductivity with
concentration of aniline was so small that no significance could be attributed
to the measured changes. Since the concentration of aniline normally found in
hydrazine is within the concentration range tested, it was concluded that
aniline has no effect on the ionic nature of hydrazine.

i R76-911319 |

1 ?f

i E

B up to at least 2.1 percent water. These results explain why the samples ana- {

% . lyzed for water as a function of impurity content (Table IT) do not correlate j

F well with the specific conductivities. The water contents in the original :

; § samples tested were at least 0.5 to 1.0 percent water and approached the point 13

E L where association took place and the ionic species formed by hydrolysis of {3

¥ hydrazine were not as readily formed. é

3

i

1 E. The Conductivity of the Systems: Aniline-Hydrazine and

4 ' Carbon Dioxide-Hydrazine 3
The results of the conductivity measurements of the aniline-hydrazine B

¥

The results of the conductivity measurements for the carbon dioxide= 3*
hydrazine system are summarized in Table VII., These results indicate a large !
change in conductivity over a concentration range from about 8 x lO"u to i
3 x 10-2 moles/liter. The specific conductivity ranged from 1.35 x 1074 to
2.88 x 10=3 ohm~! em=1l, There was some scatter in the data due to difficulties
in introducing gaseous COp, into the hydrazine. (Introduction of CO» was %
accomplished by means of a gas-tight syringe.) Concentrations were based on i“
weight gain rather than CO2 volume. In general, the data can be expressed by $ 

{

an equation having the form of the Onsager equation: (see Egs. (4) through(6)).

In the water-hydrazine system discussed previously, an alternative form %j
of the Onsager equation (Eq. (9)) was used since the slope of the Onsager plot §
calculated from known values of A and B and the measured intercept was much ;.
greater than the measured slope. When the degree of dissociation (o) was taken ‘
into account for the hydrazine hydrolysis reaction the experimental data
{ agreed with the calculated Onsager slope for a uni-uni valent electrolyte such
‘ as that indicated in Eq. (7).

The situation with COQ is just the opposite of that noted for water.
For CO, in hydrazine the calculated slope is =132.84, using an extrapolated
value %or Ay of 138.2 ohm=1 em?, while the experimental slope is =309.1 when

i : the data are plotted in the form of Eq. (9). This larger experimental slope ;
;| indicates that the forms of the constants A and B given by Eq. (5) and (6) f
could be incorrect since they were derived assuming that the electrolyte is

uni-uni valent, The generalized form for the constants A and B are:

T~
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29.15(2+ + Z_)
1 (pr)1/2

if oy F B (1%)

9.90 x 100
(pr)3/2

G e g (15)

where Z+ and Z_ are the charges on the cation and anion respectively and W is
defined as:

B T
b R (16)
and q is:
S ER () CX )
LM RS TR R R (17)

Equation 17 takes into account the effects of the ionic atmosphere (i.e.,
the ion plus its solvent sheath) and the time of relaxation of the ionic atmos-
phere when the ion is exposed to an electric field. X, and A_ are the individual
mobilities of the cation and anion, respectively. Usually these values are not
known. However,for a binary electrolyte, i.e., one vielding only two ions, Z,
and Z_ arc equal and q is 0.5. For an electrolyte yielding three ions, i.e.,
one with a charge of -2 and two with charges of +1 each (or vice versa) estimates
must be made for A, and A_ in order to evaluate q. For instance, if A, and A_
are assumed to be equal, then for a uni-bi valent electrolyte q has a value of
0.266 and W has a value of 0.704. The corresponding values for W are 0.585 and
1.170 for a uni-uni and bi-bi valent electrolyte, respectively.

Using the correct values for Z, and Z_ ard W in each case, the constants A
and B are as follows:

Electrolyte Type 1 B
Uni-uni valent T3.5U 0.4288
Bi-bi valent 232.8 0.9940
Uni-Li valent 150k 0.6360

Since concentrations must be expressed in terms of the number of ions pro-
duced per mole of solute, equivalents per liter must be used rather than moles
per liter for the concentration term. Thus the concentration term depends on the
product formed when COp reacts with hydrazine.
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The behavior of carbon dioxide in the presence of hydrazine is the subject i
of some controversy. Two reactions may occur. One is based on the formation of
carbazic acid, i.e., 3

CO, + NoH),=#=N,H3COOH (18)

followed by: &

- +
NoH COOH=2=N,H3C00™ + H (19)

or it is also possible that hydrazinium carbonate is formed, i.e.,
NoH) + N,HgOH + COp2=(NpHs),C03 (20)

followed by:

(NQHS)ECO3::2N2H5+ + (co3)‘2 : (21)

If reactions (18)and (19) take place, then the electrolyte is uni-uni

valent and the theoretical slope of =132.84 should be observed. If reactions
(20) and (21) take place, three ions will be formed per mole of CO, in solu-
tion. In order to test the data using the constants noted above, it is also
necessary to use the proper concentration terms for the calculation of the
equivalent conductivity (A) and for the concentration term in the Onsager
equation itself. This equation takes the form:

A=A - (A+BA) /T (22)

where J is the ionic strength of the solution (assuming complete ionization)
and is defined as:

£y
I =1/2¢;2,° = 1/2 (c,2,° + ¢ 2_°). (23)

In Eq. (23) ey is the molar ionic concentration and A is the ionic charge.
For a uni-uni valent electrolyte the ionic strength is identical to the molar
concentration.

The equivalent conductance is calculated using the equation:

., _ k(1000)
" on (2k)

e
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where ng is defined as:

ne = (V*Z_") = (V_Z ) (25)

and ¢ is in moles/liter and V4 or V_ are the number of ions of each type
formed and Z, or Z_ are the charges on those ions. The value of n, ig 2 for
either a uni-bi or bi-bi electrolyte, so the calculated equivalent conductiv- ?
ities for both electrolyte types will be one half those calculated from the :
data summarized in Table VII. The ionic strengths used for the bi-bi and uni-
bi electrolyte types are four and three times the molar concentrations, respec-
tively. This data is summarized in Table VIII. Plots of the equivalent con-
4 ductivity data versus the square root of the ionic strength yield slopes of
11 ; -75 and -89 for the bi-bi and uni-bi electrolyte types, respectively. The

corresponding theoretical slopes are =307 and -208 for the bi-bi and uni-bi
electrolyte types, respectively.

E | The above data analysis indicates the formation of a uni-bi electrolyte
| since the calculated slope for this electrolyte type is in closer agreement
with experimental data than are the calculated slopes for the other electro-
¥ lyte types. However, if the above conclusion is valid, then the electrolyte
formed is not completely dissociated since the experimental slope is about
one-half the theoretical slope. If hydrazinium carbonate is formed, it would
be necessary to evaluate its degree of dissociation by some independent means
v in order to evaluate its behavior in a manner similar to that already accom-
A plished in the case of water.

1
- 3. Electrode Polarization Studies on
I : Platinum in NoH), Solutions
-t

i The polarization of a platinum electrode in various hydrazine-water and

1 i hydrazine-hydrazine azide solutions was examined to determine if the cell
current could be significantly reduced by removing water. The experiments
were also designed to determine what effect water and azide ion would have
L on the nature of both the anodic and cathodic processes.

A. Experimental Procedures

¢ e e w2y

Polarization measurements were performed using potentiostatically con-
trolled linear voltage sweeps. The polarization cell was designed to keep
4 the contents under a blanket of dry nitrogen at all times. Three electrodes
were employed; a platinum counter electrode, a platinum working electrode

L
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(surface area 1.440 cm?) which was fastened to a rotating device, and a
graphite indicator electrode connected to the cell through a Luggen probe.
The latter electrode has been shown to maintain a constant, but unknown
potential in hydrazine and was selected because at this point in the experi-
mental program a non-aqueous reference electrode had not been developed for
this work.

Polarization measurements were carried out in hydrazine solution B
(described previously) that had been deliberately contaminated with water to
a level of 1.43 percent. Experiments were also performed in solutions dried
over calcium hydride (water content 0.05 percent). Metallic contaminants
(30458 ) and hydrazine azide were added to this base solution to determine
their effects on the electrode processes. In order to facilitate compari-
son of the results as a function of the above parameters, the anodic and
cathodic processes are discussed separately. Effects of the anodic process
on the cathodic process and vice-versa are discussed in a separate section.

B. Anodic Polarization Results

The shapes of the anodic current-voltage curves were almost identical in
all cases. There appeared to be almost a linear relationship between these
two parameters. The only difference noted in the absence of hydrazine azide
was the current level, achieved as a function of applied overpotential
(Table IX). Voltage scan rates were also varied during these runs from
0.2 volt/sec to 6 volts/sec. There was no difference in the anodic current
achieved over this range. Electrode rotation speeds in the range 200-1000
rpm resulted in a slight decrease in the maximum anocic current indicating a
small reverse diffusion effect that may be due to film formation that inhibits
the removal of an anodic product.

In the highly purified NoH), (0.05 percent H?O) a maximum current was
reached after several anodic runs. As the number of runs increased the volt-
age at which this maximum current was achieved decreased from an applied
anodic polarization of +2.4 volts to a limiting value of +1.0 volt. This
maximum current did not behave in the same fashion as one would expect from
a limiting current, but appeared to be more consistent with the film formation
on the electrode surface as noted above. The effect could be reversed, so
that the electrode returned to its original condition, by cathodic polariza-
tion, electrode rotation or by simply allowing the system to come to equil-
ibrium. This effect is illustrated in the sequence in Fig. 1. The surface
species is evidently highly resistant in nature, but is not strongly adsorbed
on the electrode surface, and only appears when the water content is low and
polarization is extended to greater than 2.0 volts. It can also be noted in
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Fig. 1D that this maximum current is not achieved when electrode rotation is
employed. This "adsorbed film" is evidentally not formed in significant quan-
tity at the electrode under forced flow conditions.

The effect of the addition of a small amount of hydrazine azide is quite
evident from the data in Table IX. An anodic current of 60 ma is achieved
at an anodic overpotential of 1.0 volt, which is at least an order of magni-
tude greater than hydrazine or hydrazine containing metal ions. The effect of
electrode rotation is still the same, as can be seen in Fig. 2, where polar-
ization is illustrated at a maximum polarization of +0.40 volt.

Aside from the large increase in current, it is not immediately apparent
that the anodic process is different from the process taking place in puri-
fied hydrazine. The effect of rotation is still the same, and the presence
of the resistive intermediate cannot be determined since it was not possible
to polarize to the 2.0 volt level due to the very large currents obtained.

In addition to the above experiments, anodic polarization was also
investigated using hydrazine A (0.51 percent H,0) and hydrazine B (0.13 per-
cent HQO). These solvents were used in conjunction with potassium chloride
as well as hydrazine azide and hydrazine hydrochloride.

The results of anodic polarization on platinum as a function of electro-
lyte composition for the solutes specified above are illustrated in Fig. 3.
The current densities achieved at a constant overpotential of 0.8 volt are
summarized in Table X. The addition of potassium chloride to hydrazine A at
0.8 volt overpotential results in a current density of 35.5 milliamps/cmg,
which is considerably above the results for all the rest of the solutions
studied and is probably due to a combination of increased conductivity and
the amount of water present. The fact that hydrazine A has a slightly higher
current density at a given overpotential than hydrazine B is not surprising
in view of the additional water in hydrazine A. Hydrazine B containing
potassium chloride, hydrazine azide or hydrazine hydrochloride all exhibit
almost identical behavior which leads to the conclusion that there is simply
one anodic reaction for all three of these systems, only one of which contains
the azide ion. Therefore, it appears that the azide ion is not discharged and
that the reaction taking place at the anode is simply the reaction of hydra-
zine molecules to form nitrogen. Since the water concentration for hydrazine
B is only 0.13 percent, and the results for the anodic process is very similar
to previous results at 0.05 percent water, it appears that water concentrations
in this range have no effect on the anodic electrochemical processes in the
hydrazine solutions.

17
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C. Cathodic Polarization Results (Solutes HoO and N5H5)

Cathodic polarization in hydrazine resulted in a reduction wave at high
water content and when the solution contained metallic contaminants. In
purified hydrazine this wave was almost nonexistent (<1.0 ma peak current) and
was not evident in azide solution. Figure L4 shows the cathodic current-voltage
relationships for 1.43 percent H,0, purified NoH), (0.05 percent HpO) and hydra-
zine-hydrazine azide (0.23 percent). In the latter case a limiting current
is evident at potentials and current levels considerably greater than the peak
currents and potentials in the other electrolytes.

Where a cathodic wave 1s present, the peak current and peak potential
have been found to be functions of sweep rate. Shifts in peak potential
indicate an irreversible process. The data for this shift is summarized in
Table XI. Thus there exists an irreversible reduction wave which is depen-
dent on water and/or metallic impurities for its presence.

The reduction process in these cases appears to be diffusion controlled
since use of the rotating electrode results in the disappearance of the peak
and greatly increases the overall cathodic current. However, in the purified
hydrazine the effect of rotation is not at all pronounced. The two effects
are illustrated in Fig. 5.

The cathodic process in hydrazine azide is definitely diffusion con-
trolled at very high currents and may indeed be the same process as in the
contaminated electrolytes. The effect of rotation speed on this process is
clearly indicated as shown in Fig. 6. The data for these runs are summarized
jn Table XII. These limiting currents are greater by a factor of 500 than
those achieved at rotation speeds of 90 rpm in purified NpHy. The cathodic
current at this speed in NoH), with 0.05 percent Hy0 was 0.12 ma at -0.8 volt
overpotential, and about 10 ma at -1.0 volt in NpH) with 1.43 percent HyO.

The cathodic process was also studied using hydrazine A (0.51 percent
HQO). This solvent was used in conjunction with the solutes; potassium chlo-
ride, hydrazine azide and hydrazine hydrochloride. The investigations were
carried out with a stationary electrode and with a rotating electrode.

D. Cathodic Polarization (Stationary Electrode)

Cathodic polarization as a function of electrolyte composition in the
absence of electrode rotation is illustrated in Figs. 7 through 11l. Figure 7
shows cathodic polarization at a scan rate of 200 millivolts/sec for both
hydrazine A and B with and without potassium chloride as a solute. There is
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no reduction peak corresponding to the hydrazonium ion in hydrazine B. Hydra-
zine A on cathodic polarization indicates a distinct reduction peak at an
overpotential of -0.7 volt. When KCl is added to these two solvents, the
behavior is somewhat changed in that very high cathodic currents are noted at
an overpotential of about -0.3 volt (also shown in Fig. 8). When potassium
chloride is added to hydrazine B this oxidation peak is not apparent. Figure
8 illustrates the case of hydrazine A with potassium chloride for a first
cathodic scan and on a 6th successive cathodic scan. As additional cathodic
scans are made, the hydrazonium ion reduction peak diminishes and the oxida-
tion peak appears. It also has been determined that if the polarization is
not carried out past -0.8 volt, where large currents are seen, then the anodic
peak is not present. When the same procedure is carried out in hydrazine B
containing potassium chloride, as illustrated in Fig. 9, the reduction peak
at -0.3 volt disappears on successive scans but the oxidation peak apparently
shifts potential to a very low over-voltage. It is difficult to determine

if this "peak" corresponds to a true axidation. In any event for hydrazine A,
the oxidation peak and the reduction peak are both at -0.3 volt and the phe-~
nomena must have something to do with the presence of water. In both cases
potassium chloride is simply acting as a supporting electrolyte so that the
processes that are going on more nearly indicate a true diffusion process,
whereas in hydrazine without any supporting electrolyte any limiting current
phenomena is due not only to diffusion but also to migration because of the
potential gradient in the system. In the case of hydrazine A as shown in
Fig. 8, it appears that at least part of the reduction product remains on the
surface and is reoxidized regardless of which reaction is taking place due to
hydrazonium ion reduction. It has also been established that constant gas
evolution does not occur until the cathodic overpotential is greater than
-0.8 volt although some gas bubbles are formed on the electrode at -0.3 volt.

The irreversibility of the cathodic process is illustrated in Fig. 10
where cathodic polarization on hydrazine A was carried out at three different
scan rates; 200 millivolts/sec, 20 millivolts/sec, and 6.7 millivolts/sec.

At the fastest scan rate the overpotential for the reduction peak is -0.7 volt.
At lower scan rates the peak potential shifts in the positive direction so
that at the lowest scan rate of 6.7 millivolts/sec the peak potential is on
the order of -0.5 volt. This shift in potential for an electron transfer pro-
cess is indicative of an irreversible system. In the case of a completely
reversible system the potential should be independent of scan rate.
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Figure 11 illustrates the cathodic polarization in a stagnant solution
(stationary electrode) in the case where hydrazine azide and hydrazine hydro-
chloride were added to hydrazine B. The result is o quasi-limiting current,
no hydrazonium ion reduction peak, and a potential of -1.0 volt at which this
quasi-limiting current begins. The half-wave potential of this process is
about -0.8 volt and corresponds to the onset of hydrogen evolution noted in
the NzHu/KCl solutions. This potential seems to be independent of the elec-
trolyte composition while the hydrazonium ion reduction peak does not.

E. Cathodic Polarization (Rotating Electrode)

For each of the two hydrazine solvents and for the three sclutes investi-
gated, a large number of experiments were carried out using a rotating platinum
electrode to determine the nature of the diffusion characteristics of the
hydrazonium ion both in the presence and the absence of supporting electro-
lytes. The rotation data for all the experiments is summarized in Table XII.
The cathodic behavior on rotation for hydrazine as a function of Ho0 and KCl
content is illustrated in Figs. 12 and 13 at a rotation rate of about 320 rpm.
Using hydrazine A a limiting current of -0.4 milliamps/cmg, starting at an
overpotential of about ~0.4 volt, is noted (Fig. 12). When potassium chlo-
ride was added to this system only a quasi-limiting current was noted at
this rotation rate. However, at higher rotation rates the limiting current
was more pronounced. Apparently more than one electrochemical process is
involved inNQHu—A/KClsystem. As the rotation rate was increased (not illus-
trated), the potential at which the limiting current was noted also increased
in the cathodic direction. Figure 13 illustrates the same effect for limiting
currents with potassium chloride added to hydrazine B. 1In this case, there
is very little shift in the potential at which the limiting current is reached
but the value of the limiting current is increased. For hydrazine B contain-
ing hydrazine azide or hydrazine hydrochloride, (Fig. 14) limiting currents
were also noted at very high values on the order of 36 to 40 milliamps/cm2.

The limiting current densities are at least 2 orders of magnitude greater
than those for potassium chloride in hydrazine B.

Using the data in Table XIII and making assumptions about the nature of
the diffusion layer in hydrazine, it is possible to calculate a diffusion
coefficient for hydrazonium ion using the basic Nernst equation:

z; FdAc®
& ek
Lgim 5

where Ig4. is the limiting current in milliamps, z; is the charge on the ion,
d is the diffusion coefficient in moles cm~< sec‘l, A is the electrode area
in cme, ¢’ is the equilibrium concentration of the reacting ion in moles-
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liter‘l, 6 1s the thickness of the stagnant diffusion layer in cm and F is the
Faraday in ampere-sec. This equation can be used for hydrazine azide or hydra-
zine hydrochloride as solutes since the concentration of the NpH;™ ion () is
known. The area of the electrode is also known; and, of course, the limiting
currents have been measured. The two remaining variables in the equation are
the diffusion coefficient for the hydrazonium ion and the thickness of the
diffusion layer (§). According to Kortum (Ref. 16), in aqueous solutions the
average thickness of the Nernst diffusion layer in a violently agitated solu-
tion is on the order of 10~3 cm. Using the highest rotation rates achieved

in these experiments and a first approximation that the thickness of the dif-
fusion layer is 1g-3 cm, then a diffusion coefficient can be calculated.

Once the value for the diffusion coefficient has been calculated then it is
possible to calculate the concentrations of hydrazoniumion present in solu-
tions containing water or KCL, If these concentrations can be correlated
with the calculated values based on the hydrolysis of hydrazine by water
within a reasonable variation, then the diffusion control must be due to the
hydrazonium ion. The values used in Eq. 26are as follows: the ionic charge
z; is 1 for N2H5+. The concentration of hydrazonium ion is 3.62 x 10-2 moles/
liter for hydrazine azide and 3.38 x 10-2 moles/liter for hydrazine hydrochlo-
ride assuming complete ionization of the added solutes. The area of the

electrode is 1.4l cm? and F is the value of the Faraday which is 96,500 amp/sec.

The values of limiting current of 84 milliamps/cm® for hydrazine azide and

70 milliamps/cm2 for hydrazine hydrochloride were used for these calculations
since they are the highest limiting currents obtained at the highest rotation
rates tried in these solutions. The value calculated for the diffusion coef-
ficient for the hydrazonium ion in the hydrazine azide solution is 1.67 x 1072
moles cm~¢ sec™l and for the hydrazine hydrochloride solution is 1.49 x 10-?
moles cm'2 sec’l. The average of these values is 1.58 * 0.09 x 10-2 moles
em=2 sec~l or a deviation of about 6 percent. This value for D was then used
to calculate hydrazonium ion concentrations in hydrazine B plus KC1l and hydra-
zine A plus KCl. The value of the thickness, §, of the Nernst diffusion layer
was again assumed to be 10-3 cm. The equilibrium concentrations of hydrazonium
ion calculated according to the above procedure is 1.00 x 10-3 moles/liter for
KC1 and hydrazine A and 1.82 x 10-4 moles/liter in hydrazine B containing
potassium chloride. The results of these calculations and those based on the
hydrolysis reaction (described in the following paragraphs) are summarized in
Table XIV.

Hydrazonium ion concentrations were calculated using the hydrolysis reac-
tion written in the form:

+ -
NoH, + H,0 @  NpHg + OH (27)
The equilibrium constant for this reaction at 25°C is 8.5 x 10=7. Using the

equilibrium constant expression for reaction (27):
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(NoHs ") (OH™)
K = ——%H—Ea— (28)

it is possible to calculate the hydrazonium ion concentration using a quadratic
expression:

X2 + KX + CH,0K = 0 (29)

~ where X is the concentration of N2H5+ and CHo0o is the known water concentra-
tion in the electrolyte in question. Using this hydrolysis procedurﬁ, the
concentration for hydrazonium ion in hydrazine B + KCl is 2.47 x 107" moles/
liter as compared to a value of 1.82 x 107" moles/liter calculated from the
diffusion data. The ratio of these concentrations is 1.35 which is considered
to be reasonable for this data. When the same calculation is used for hydra- | 3
zine A containing potassium chloride the equilibrium concentration of hydra- '
zonium ion is 5.30 x 10-% moles/liter as compared to 1.00 x 1073 moles/liter j -l
from the diffusion data. The discrepancy in the two values for the hydrazonium 3
ion concentration indicates that the apparent concentration of hydrazonium ion

ing potassium chloride plus significant amounts of water, diffusion is not
simply a function of the hydrazonium ion but other species such as the hydroxyl
ion (OH™) may be contributing factors. However, the agreement for the hydra-
zonium ion concentrations calculated from both water analysis and diffusion
data in a relatively dry system indicates that the premise of hydrazonium

ion diffusion control is correct for systems with low water concentrations.

It is apparent that high hydrazonium ion concentrations, as a result of the
addition of small amounts of hydrazine azide and/or hydrazine hydrochloride,
contribute to rapid diffusion and thus high cathodic currents at low over-
potentials.

F. Interrelationships Between Anodic and Cathodic Processes

A R S i

Anodic-Cathodic polarization curves were run using continuous voltage
sweeps, so that each electrode was alternately made the anode and the cathode.
The results of such runs in which the electrode was initially the anode are
illustrated in Fig. 15 for three cases; purified hydrazine (0.05 percent H20)
hydrazine contaminated with metallic ions, and hydrazine plus 0.23 percent
hydrazine azide. Figures 15A and 15B show the effect in pure hydrazine for
initially anodic and initially cathodic cases respectively. The cathode wave
is clearly in evidence in the former case indicating that the reduction pro-
cess is the result of oxidized species placed on the surface during the anodic
portion of the sweep. For the initially cathodic case, no such peaks are
evident.

P O T

I as determined by diffusion calculations is very high. In hydrazine A contain-
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Figures 15C and 15D show the same sequence in hydrazine contaminated
with metallic impurities. The same general result is evident except that the
peaks are much larger in this case, and after several cathodic sweeps (Fig.
15D) the reduction wave is still present.

When hydrazine azide is present the anodic-cathodic sequence of polariza-
tion can be reversed with little effect with respect to the total current flow

(Figs. 15E and 15F).

G. Discussion and Conclusions

The polarization results indicate that the ion reduced at the cathode is
produced during anodic polarization. The only anodic products that could
explain the results, with the exception of N, (which is an irreversible prod-
uct) are water and hydrazonium ion (N2H5+). The most probable anodic and
cathodic reactions are summarized in Fig. 16. The cathodic process has been
shown to be diffusion controlled, that is, the diffusing species is directly
reduced at the cathode. It has also been shown that the cathodic limiting
current is greatly increased by the addition of hydrazine azide at constant
water content. Thus the reducible species must be N2H5+, and the cathodic
reaction proceeds according to one of the following:

2 N2H5+ + 2e —m=H, + 2 NoH)
+ .
2 NpHs" + 2e—mm2 NHy + NoH), (30)
2 NpHs" + 2e—m=2 NH3 + 2 H, + N,
because the N2H5+ concentration was increased according to:
+ -
N5H5—>1\12H5 + Ny (31)
Since the water concentration was not changed when azide was added, the. in-
creased cathodic current could not be attributed to the reduction of water to
produce hydroxyl ions (OH™) and hydrogen
The anodic process is limited by electron transfer rather than diffusion

and in view of the results of the anode-cathode interaction studies, probably
proceeds according to the reaction:

5/2 NoHj, —=1/2 N, + 2 N.He" + 2e (32)
25l 2 2
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since the reduction of N2H5+ is the most probable explanation for the cathodic
reduction peak. s

It thus follows that adsorption of N2H5+ (hydrazonium ion) is the cause
of the maximum current in purified hydrazine during anodic polarization (i.e.,
surface films). The species then desorbs or is reduced cathodically according
to reaction (30).

-

When water is present in significant amounts, N2H5+ ions are always pre-
sent+and the cathodic wave is always in evidence (i.e., the reduction of
N2H5 ). The presence of metallic ions may accelerate the self decomposition
of hydrazine and thus also contribute to significant amounts of reducible
N2H5+ ion.

In general it appears that the anodic process is controlled by an elec-
tron transfer step involving either hydrazine molecules or azide ions, and the
cathodic process is diffusion controlled, the rate being controlled probably
by the presence of N2H5+ ions.

If the cathodic process is controlled purely by diffusion and not by some
preceding or following chemical reaction, then the ratio of the limiting cur-
rent to the square root of the rotation speed should be a constant (Ref. 17).
Calculations using the data shown in Table XII indicate a constant ration
for all solutions tested for the cathodic limiting current data in NpH) -
0.23 percent N5H5. These results are inconclusive, however the more exten-
sive work, summarized in Tables XIII and XIV indicates that pure diffusion
control is present for the cathodic process. Pure diffusion control would
eliminate water as the limiting species in the process, since it is only
involved as part of a chemical reaction (Fig. 16). The large increase in
limiting current upon the addition of azide cannot be interpreted in terms
of water since the concentration of the latter was kept constant. The addi-
tion of N2H5+ would also serve to reduce the effectiveness of water since it
reverses the hydrolysis reaction.

e e b,

Since the cathodic results can be interpreted in terms of N2H5+ ion, then
the anodic process must also be interpreted in the same manner, and the anodic
process is either the direct oxidation of N,H) (reaction 35) or of the azide
ion. Confirmation of direct azide ion oxidation was achieved by analysis of
gas production at the anode, described in the following section.
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4, Electrolysis of Hydrazine-Hydrazine Azide Solutions

Hydrazine samples containing various amount of hydrazine azide and water
were electrolized in a two-compartment cell. FEach half-cell was connected to
a mercury manometer, All volumes were calibrated so that the volume-pressure
data could be obtained. Electrolysis was effected by means of an electronic
galvanostat and an integrating digital coulometer. The corrected volumes of
gas produced, the number of coulombs passed and the gas composition were
recorded for each half-cell as a function of time.

If hydrazine is the only electrochemical reactant the reactions:
+
SN H), =Ny + hN2H5 + le (33)
and
+
W Hs  + beg=2H, + 2NoH), (34)

should take place and 0.25 mole N, and 0.5 mole H, should be formed per
Faraday passed. The HQ/N? ratio should be 2:1., TIf the azide ion is electro-
chemically active, the reactions:

2, ==3N, + 2e (35)

ON Hs' + 2eT=H, + 2NoH), (36)

should take place and 1.5 moles Ny and 0.5 moles H2 should be formed per
Faraday passed and the HE/N,) ratio should be 1:3.

Previous electrolysis experiments indicated that the use of platinum
electrodes precluded the formation of ammonia in the cathodic process. Gas
analysis had also shown that under these conditions the only cathodic product
was hydrogen and the only anodic product was nitrogen. In the present experi-
ments, the same results were obtained.

The results of the electrolysis experiments are summarized in Table XIV.
Runs la and 1b were made using dry purified hydrazine (0.2 percent or 1.11 x
10-1 mole/l Héo) containing 5.38 x lO'2 moles/l of hydrazine azide. In both
cases the mole ratios of H2/N2 evolved were initially less than a 2:1 ratio.
However, as electrolysis progressed, the mole ratio approached the 2:1 ratio.
The moles/coulomb for hydrogen evolution approached the theoretical value in
run la, but the apparent efficiency for hydrogen evolution was much less than

25
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theoretical during run 1lb. During this latter run the efficiencies for both
nitrogen and hydrogen evolution were quite low indicating a possible leak in
the system.

When water was added to the system (1.11 percent or 0.617 moles/1l), the
hydrogen evolution efficiency was enhanced (Run #2) as was the efficiency for
nitrogen evolution. Again the HO/N9 ratio was much less than expected during
the early portion of the run. R

The hydrazine azide and water concentrations were reduced to 3.72 x 10-2
moles/1 and 0.415 moles/1 (0.075 percent), respectively (Run #3). The cathode
efficiency for hydrogen evolution was very close to theoretical during the
entire run, the nitrogen evolution rate was quite large at first and the H,/li,
ratio was very close to 1l:1. 1

It appears that the azide ion is preferentially discharged during the
early portions of each run. However, there must be a considerable polariza-
tion for this reaction and a resulting potential shift to the point where
simple hydrazine discharge predominates. In all the runs an increase in cell
potential was noted during the runs. This was especially true at the lower
azide concentrations. As a result of these experiments, and the electrode
polarization studies previously described, it appears that the electrochemical
nature of the azide ion in hydrazine is not conducive to the realization of a
battery system of high potential. As a result the research was redirected to
investigate the nature of electrochemical processes in monomethylhydrazine
where large potential ranges can be expected prior to the electrochemical
decomposition of the solvent.

5. Electrode Polarization Studies in Monomethylhydrazine

Since there was no direct evidence for azide ion discharge using hydrazine
as a solvent, and it has been determined that the presence of water does not
hinder the electrochemical reactions in the presence of an ionized solute, the
experimental program was redirected in order to investigate substituted-hydra-
zine materials such as monomethylhydrazine (MMH) and unsymmetrical dimethyl-
hydrazine (UDMH).

The solubility of solute in these solvents is of primary importance since
good electrical conductivity is necessary in any system designed for battery
applications, The solubility of ionic solutes in MMH is especially important
since this solvent is not as polar as hydrazine as evidenced by its lower
dielectric constant (Table XV). As shown in Table XVI, the properties of water
and hydrazine are very similar. The properties of MMH are somewhat different
in that the freezing point and boiling point are lower and the vapor pressure
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higher than for either water or hydrazine; nevertheless, these values are
still in a range comparable to the other solvents. The only major difference
in the properties of these three solvents is the dielectric constant, that of
MMH being about one third that of hydrazine. The solubility determinations
have shown that in spite of the low dielectric constant the solubilities of
hydrazine azide (NSHS), sodium azide (Nall,) and hydrazonium chloride (N2H501)
in MMH are quite high. The solubility limit of NaN3 is 0.210 molal (moles/
1000 g MMH). The solubility limit of NgHu-HN3 was not reached in these tests
but is in excess of 2.39 molal. The maximum concentration of N,H-Cl used in
these experiments is .097 molal, but judging from the solubilit} rate, which
was quite slow, the solubility 1limit was being approached. In contrast to the
above salts, the limit of solubility of KCl is .007 molal.

Polarization studies were performed using as-received MMH with a specific
conductivity of 2.63 x lO‘5 ohm=tem~l., This conductivity is comparable to the
lowest conductivities achieved with vacuum distilled hydrazine (1.16 x lO'5
ohm‘lcm'l). Most as-received hydrazine has a conductivity of about 10~
ohm-lem~l, Polarization studies were also performed using as solutes: KCL
(.0071 molal), NgHs (.0658 molal) and N,HgCL (.0974 molal). Polarization of
MMH as compared to the polarization in hydrazine is illustrated in Fig. 17.

In the case of MMH it was possible to polarize out to 3.0 volts in both the cathodic
and anodic directions at current densities of less than 0.2 ma/cmg. It was
also observed that rotation of the platinum electrode (0.459 c¢m®) up to 1200
rpm had no effect on the current densities achieved.

When KCl1 was added to MMH (.0071 molal) the current density increased by
a factor of 20 in the cathodic direction and the anodic current density
increased by a factor of 10. It appears that the majority of the current
increase was due tec inadequate compensation of IR drop between the reference
electrode probe and the working electrode. Thus, the baseline data for
solutes withelectrochemically active species should be compared with data
employing a supporting electrolyte of about the same ionic concentration. The
cathodic peak noted in Fig. 17 for MMH plus KCl is probably due to the presence
of water in the KCl which results in partial hydrolysis of hydrazine to form
hydrazonium ions according to the equation:

NoHy + Hy0 = NpHs* + OH™ (37)

When hydrazine azide (N-H.) was added as a solute the current densities
were considerably increased. rt of this increase was due to the ionic con-
ductivity because of the higher ionic concentration compared to KC1 (0.0658
molal compared to .0071 molal for KCl). The hydrazonium ion (N, H:-*) does not
appear to be diffusion controlled since increased rotation rates of the elec-
trode during cathodic polarization did not affect the current achieved up to
a total polarization of 5.0 volts. Thus, it cannot be concluded that any
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effects noted with the solutes result in an electrochemically active species
that is diffusion controlled even in the cathodic case in the presence of

N, +, though the currents are increased due to added ionic species. The
preSence of N2H5+ does result in gas evolution at a cathodic polarization of
about -0.5 volt so that activity achieved must be due to 1\12H5+ ion. However, the
process seems to be controlled by electron transfer. 1In the anodic direction,
an overpotential of + 4.0 volts is necessary before any gas evolution is noted.
It is apparent that the azide ion is not active even at those high overpoten-
tials. The results were encouraging in that other anodically active electro-
chemical species could be chosen that would react without appreciable decom-
position of the MMH.

When hydrazonium chloride was used as a solute (.0974 molal) the current
densities at equivalent overpotentials were higher in both the anodic and
cathodic directions than those experienced with N5H5. The larger total cur-
rent at 3.0 volts anodic overpotential is probably due to increased ionic con-
ductivity in the cell because of the higher concentration. There is no evi-
dence of diffusion control of the NgHu+ ion during cathodic sweeps.

With the exception of KCl as a solute the current-voltage relationships
are such that there is no evidence of an electrochemically active species other
than the N, * ion. Even in this case at higher N, H * concentrations diffusion
control is not an important factor. It is apparent that the hydrazonium ion
is an electrochemically active species at the cathode, but is not produced at
the anode as was the case with hydrazine since anodic-cathodic and cathodic-
anodic polarization curves are identical. Thus, the cathodic process in MMH
is that of an extremely efficient hydrogen electrode.

A more careful examination of the pol&rization of platinum in MMH
indicates a residual current of 0.22 ma/cm® at an overpotential of 1 volt
using a bright platinum disk electrode with a surface area of 0.459 cm®. A
Luggen probe with a spacing of 0.1 cm was used. When .007 molal KCl was added
as a supporting electrolzte, the residual cathodic current at an overpotential
of 1 volt was 0.15 ma/cm at the same probe spacing. Apparently IR drop due
to electrolyte resistivity has been virtually eliminated, since the same
approximate current density is noted in two solutions of widely differing con-
ductivities. The anodic current density using KCl as a solute in MMH was
much larger than in neat MMH., At ~ 1 volt polarization, the current density
was 1.5 ma/cm?.

Examination of the cathodic portion of the current-voltage curves has shown
that a small cathodic peak is present at an overpotential of -0.5volt with a peak
current density of 0.17 ma/cm . The current at -=1.0 volt is somewhat less (as
noted above). However, if the cathodic polarization is continued to -1l.5 volt,
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J a rapid increase in current is noted and the current density increases to 1.3
1 ! ma/cmg. A steady evolution of gas is noted at this overpotential. This gas

‘ ; is hydrogen and its formation is apparently due to the reduction of the hydra-
a ’ zonium ion (N2H5+), the presence of which is due to the introduction of water
associated with the added KCl. Equilibrium polarization studies for both the
anodic and cathodic processes have shown that in the cathodic case, gas evolu-
tion is achieved at a cathodic overpotential. (on platinum) of -0.973 volt and
a current density of 0.55 ma/cme. In the anodic case, true gas evolution is
not achieved at a total anodic overpotential of +1.92 volts (some gas bubbles
are noted on the platinum surface however) even though the current density is
7 i 11.6 ma/ch. The high anodic current density achieved with little evidence
of gas evolution suggests a soluble anodic product. It should be noted that
the N2H5+ ion is probably produced at the anode. However, in the case of
hydrazine, this ion was formed along with gaseous nitrogen according to the

g equation:
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5/2 NgHy, =2 1/2 Wp + 2 NpHs" + 2e (38)

The present polarization studies have shown that a much higher cathodic
{ peak is formed when the electrode is initially polarized anodically and then
(j immediately cathodically polarized. This peak was shown to be due to an
.
|

increased NéH5+ content in the previous studies using hydrazine. Thus, N2H5+
is also an anodic product in MMH containing KCl. It has also been established
that an anodic peak at zero overpotential is present when the system is ini-

l tially polarized cathodically” beyond -1.00 volt (i.e., hydrogen evolution takes

i place). This peak is diffusliom controlled and must correspond to the oxidation

3 of hydrogen. This oxidation/rw&uction system is not completely reversible
since the oxidation peak is a“wwt 0.5 volt anodic with respect to the reduction
peak.

The above results (especially for the anodic process) are quite different
from those achieved with hydrazine. The reduction peak for hydrazine was only
observed during initial sweeps while the oxidation peak was only observed
during subsequent sweeps after the reduction peak disappeared. For hydrazine,
total surface coverage of a given species must have be to achieved before an
oxidation can take place. This surface coverage is apparently not necessary
in the case of MMH since both oxidation and reduction peaks are present in the
same sweep at all times.

e p—
v i . ¢

In view of the above results it was concluded that most of the electro-
chemical reactions in both NQHL and MMH are associated with the solvent itself,
even in the presence of ionic species such as the azide ion. The obvious
exception is the hydrazonium ion (N2N +) which was added in some cases, but
this ion is also present due to water contamination.
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Thus it was necessary to examine alternative electrochemical couples that
could be used in hydrazine base solvents in order to take advantage of the |
wide potential operating range afforded by this class of compounds. As a 3
result, candidate metals were studied in hydrazine-family solvents as both '
soluble anodes and as metal-metal salt couples.

6. Studies Of Candidate Electrode Materials

A series of experiments were performed in hydrazine, monomethylhydrazine
(MMH) and in unsymmetrical dimethylhydrazine (UDMH) containing diethylenetetra-
mine (DETA) to determine the electrode potentials of some active metals.

The nature of the electrode-electrolyte couple was studied by using separate
anode and cathode compartments in the cell and electrolyzing the system in
order to generate anodic and cathodic products. The potential decay after
termination of the electrolysis was followed until equilibrium was established.
In many cases relatively large potential differences were noted after the
electrolytic pretreatment. As a result of these studies it was possible to
choose for further study several electrode couples which indicated excep-
tionally large cell potentials.

A. NpH) Containing NaN3, NaNO,, and a NaOH-HyO Mixture

The studies in NpH, were designed to determine the current voltage
characteristics of the metals aluminum, magnesium, nickel and lead. In
addition the reversibility to anode or cathode products were also studied
before and after electrolysis by means of potential decay measurements.

The potential measurements obtained before electrolysis reflect the
interaction between hydrazine, the inert solute, and the metal, If a
relatively high potential is obtained, the reaction of the solution with
the metal is usually low. Electrolysis is employed to generate anodic
and cathodic products. If these products (ions) are reversible to the
metal in question, the potential of the metal should be changed in pro-
portion to the amount of product produced. Thus a large change in
potential after electrolysis is desired, and if achieved, suggests that
the system should be studied in more detail.

The potential measurements for the three solutes used are summarized
in Table XVI. The cases where electrolysis or short circuits were employed
are indicated by asterisks. In all other cases only current-voltage sweeps
were taken., When electrolysis took place, metal #1 for each couple was the
cathode.

30
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When NaN3 was used as a solute, the magnesium potentials versus a
platinum reference were always about -1.50 volt regardless of whether elec-
trolysis took place or not. The potentials for lead varied slightly, but
were in the range of +0.02 to +0.5 volt. Surprisingly the aluminum potentials
were quite variable and ranged from -0.68 to +0.30 volt. In the latter
case the aluminum was made the cathode during electrolysis. The nickel
electrode potential was only about +0.1 volt. Thus the largest cell
potentials involved magnesium because of its high half-cell potential.

The largest cell potential was about 1.7 volts for the Mg-Pb couple.

In the presence of NaNO3, the potentials were quite low., The aluminum
in this case yielded consistant potentials of about -0.1 to -0,3 volt. After
electrolysis however, the potentials increased to about -0.9 volt, indicating the
presence of a metal-metal ion or metal-metal salt couple. There was very
little change in either the nickel or the lead potentials upon electrolysis
and as a result the cell potentials were low. The magnesium potentials were
about -0.6 to -0.8 volt.

When a water-sodium hydroxide mixture was used as the solute (i.e.,
a basic solution the magnesium potentials were about -0.1 volt, however the
aluminum potential was about -0.9 to -1.0 volt both before and after elec-
trolysis. In fact, the electrolysis did not produce any drastic changes
in the potentials of any of the metals tested indicated that the hydroxyl
ion is the primary potential-determining species. Again the nickel
potentials were quite low, This metal seems to be the least affected by
changes in electrolyte composition since the potentials were about the
same in all cases. As was the case for NaNO3, the cell potentials are
quite low with a maximum of 1.10 volts for the Al-Ni couple.

P ——
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The current voltage relationship for the four metals in the three
solutes are illustrated in Figs. 18 through 20. The sweep rate was 500 ]J
mv/sec in each case. For convenience each metal will be discussed in terms &
of the three solutes.

In sodium azide (Fig. 18) aluminum is anodically inactive up to an
overpotential of about +3 volts. Cathodically the overpotential is about
-0.8 volt before a significant cathode current is noted. This corresponds i
to the beginning of hydrogen evolution. The same anodic behavior is noted
for aluminum in sodium nitrate (Iig. 19). However, the cathodic overpoten-
tial is about -1l.4 volts compared to =0.8 volt in sodium azide. The rest
potential is about 0.1 volt compared to -0.8 volt in sodium azide. In sodium
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hydroxide solutions (Fig. 20), the rest potential is about -1.1 volt, how-
ever, there is little or no cathodic overpotential before there is a signifi-
cant cathodic current. The anodic current level is only about O.1l4 ma at

+5 volts which is considerably less than the other two solutes.

Magnesium

In sodium azide the cathodic behavior is similar to aluminum, the over-
potential for hydrogen formation is -0.8 volt. The anodic behavior is such that
there is a linear increase in current with overpotential of about 2.5 volts/2
ma. This corresponds to an uncompensated resistance of about 1250 ohms.
The anodic reaction is unknown but it could be a combination of nitrogen
evolution and magnesium dissolution, The open circuit potential is -1.6 volts
versus platinum which is the most negative potential of all the metals
studied regardless of the supporting electrolyte.

In sodium nitrate the anodic behavior is considerably different
than in sodium azide. There is an overpotential of about +2.6 volts before
there is any significant anodic current. However, there is little or no
cathodic .overpotential and the curve indicates a limiting current.

In the basic solution the equilibrium potential for magnesium is about
zero volts compared to -1.6 and -0.8 volts for sodiumazide and sodiumnitrate,
respectively. There is no appreciable anodic current flow up to +3 volts and
no appreciable cathodic current flow up to -1.8 volts. The anodic overpoten-
tial is about the same for magnesium in NaNO3, but the cathodic overpo-
tential is much greater than in all the other experiments.

Nickel

In sodium azide there is minimal overpotential in both the anodic
and cathodic directions. There is a slight anodic overpotential of
about +1 volt. In sodium nitrate there is an overpotential of Elvolt. A
cathodic peak is noted at -1.2 volts which corresponds to N,oHg discharge.
In basic solutions the anodic overpotential is about +1.,5 volts, but the
cathodic overpotential is practically zero. In all cases the rest
potential is practically zero volts, Nickel seems to be the least affected
of all the metals tested in terms of both potential and supporting elec-

trolyte.
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Lead

In sodium azide the open circuit potential is about +4 volts. The anodic
sweep is linear and goes through the origin on the return sweep. This
linear behavior is also evident in the cathodic direction except that
there is a rapid reduction in current from -2.4 to-1l.2maat -1.5volts. The
cathodic return is also linear but is displaced by -0.9 volts at zero current
This behavior may be due to the reduction of an oxide layer on the lead
surface and the -0.9 volt corresponds to lead while the original potential is
due to lead oxide., This behavior for both lead and nickel is similar to
platinum where an oxidation current is noted at an overpotentiasl of about
-0.3 volt provided the cathode polarization iscarried out to the hydrogen
evolution potential of about -0.8 volt.

In addition to the metal effects it is nzcessary to consider the general
effect of each solute on the behavior of the system. In the case of sodium
azide (aside from better current carrying ability) the cathodic currents were
greater for aluminum and magnesium than they were for nickel and lead. The
anodic curves are similar for magnesium, nickel and lead except that in the
latter two cases there is much less uncompensated resistance. Aluminum is
the only metal that indicates a large anodic overpotential prior to a sig-
nificant electrode reaction, i.e., about +4 volts. Inall casesitisdifficult
to ascertain the true behavior of the metal since the primary differences

seem to be due to the reaction of hydrazine as a function of the type of
metal surface.

In the case of sodium nitrate, the equilibrium potentials are lower than
those observed in sodium azide. Also the current voltage relationships are
such that the cathodic overpotential is much higher on aluminum than it was
in sodium azide. For magnesium there is a much higher anodic overpotential
than in sodium azide prior to significant current flow and there is also a
cathodic limiting current. 1In the case of lead there was a much lower
cathodic current at a lower overpotential. Thus if the cathodic reaction
is to be suppressed, sodium nitrate appears to be a better supporting elec-
trolyte than sodium azide., In basic solution there is a much larger over-
potential in both the anodic and cathodic directions for magnesium. The
cathodic process seems to be considerably different for in this electro-
lyte for aluminum, lead and nickel than in sodium azide and sodium nitrate
since there is not cathodic peak corresponding to hydrazonium ion discharge.
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The -overpotentials for each of the metals in the three supporting
electrolytes can be used to evaluate their use as possible electrodes. These
overpotentials are summarized in Table XVII, and were obtained by extrap-
olating the current voltage curves at high overpotentials to the zero
current point. It is obvious from the data in Table XVII, that there is no
over potential for lecad and that the nickel overpotentials are minimal
€1..5 to 2.0 volts), However the overpotentials for magnesium increase in the
order NaN%, NaNO,, NaOH (or in the order of increasing alkalinity). Aluminum
overpotentials are low in basic solution but there is a wide range of over-
voltage for this metal in both NaN3 and NaNOB.

The usefulness of a given metal as an electrode depends on the desired

reactions. Since it appears that the reactions on lead and nickel are due

to breakdown of the solvent in the presence of inert supporting electrolytes

(it may be that the hydroxide ion is electrochemically active on lead and
. nickel, but not on aluminum and magnesium) these electrodes should be
avoided. When the proper combination of metal and supporting electrolyte are
used, the solvent decomposition ceases to be a problem. As a result, the b4
investigation can be extended to a search for metal-metal ion or metal-metal
salt couples that can react to provide power without affecting the electro-
lyte. If these reactions can proceed at low overpotentials it should be
possible to realize cell potentials on the order of three to four volts
in solutions of high conductivity.

Bt B e e
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B. Monomethyl and Unsymmetrical Dimethylhydrazine i

Because it appeared that hydrazine might be too active electrochemically
and the over potentials of the desired electrochemical couples in hydrazine
appeared relatively high, tests were undertaken to investigate substituted
hydrazines that are much more stable than the parent compound. The use of
these compounds as solvents should result in higher overpotentials.
especially in the anodic direction. (See Section II-5 of this report for
a discussion of monomethlyhydrazine). However the solubilities of ionic
compounds are much lower in these solvents than in hydrazine due to their
low dielectric constants (see Table XV).

RIS ATV R RTIE
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I A series of experiments similar to those discussed above were run in

) £ L MMH. The only solute used was sodium azide (0.085 molar) due to the low
wi ¢ solubilities of the other salts in this solvent. The metals, platinum

5 § ?' (control) zine, molybdenum, copper, zirconium and magnesium were used as
: “ electrodes. The current levels were low in all cases, but magnesium was

g the only electrode material that exhibited any appreciable anodic or cathodic
overpotential. In the presence of both anodic and cathodic products the
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overpotential was about 2.7 volts. Since the current levels are so low

(0.02 ma at 3 volts over potential), it is difficult to determine the point
at which a significant reaction takes place.

This situation is even more complex in the case of UDMH. It was
necessary to add DETA to provide any appreciable salt solubility. It was
then possible to dissolve NaN, to a 0,17 molar concentration. Aluminum
was the only metal tested. It was found that the total overpotential
was about 2.2 v in an unelectrolyzed solution. However, this increased
to about 6.5 v is a cathodically conditioned electrolyte.

As far as solvent properties go, it may be advantageous to use combina-
tions of N2H and/or MMH and UDMH to provide the best compromise for solu-
bility and over potential. It is obvious that high anodic over potentials
can be achieved in MMH since the anodic process does not involve the produc-
tion of N,. Nevertheless, the nature of the anodic process is still not
known. However, as noted above, if low over potential electrode couples
can be devised which work in hydrazine, then the solubility problems no
longer exist.

C. Experiments With Aluminum-Aluminum Salt and Magnesium-Magnesium Salt
Couples in Hydrazine

A series of tests were run employing magnesium and aluminum electrodes.
Baseline data were obtained for these electrodes by determining current-
voltage relationships in the presence of supporting electrolyte only. The
supporting electrolyte was 1.7 molar NaCl in most cases, In one case mag-
nesium was tested in the presence of LiN.. Since sodium salts had been
used exclusively in the past, this compolnd was chosen to see if there was
a difference in behavior of the electrolyte if the alkali metal ion was
changed.

Onc2 the baseline data were obtained, the salts AlCl -6H20 and
MgCle-6H20 were added as solutes. The solubility of these salts were low
and the concentration was limited to 0.05 molar in each case.

Aluminum_
The aluminum electrode in 1.7 molar NaCl exhibits a high over potential
in both the anodic and cathodic directions. The equilibrium potential is
about =1.05 volts(TableXVIII)vermx;aglassreferenceelectrodetreated in
hydrazine to saturate the glass membrane, This electrode had been found to
maintain a steady potential for long periods in compatibility tests run for

35

L T

R

o v

b R INUSTI Ly e T




2 B w I s S i st i ik
e

R76-911319

a minimum of one month on another Air Force contract (Ref. 7). The over-
potentials are -1.,5 volts cathodic and over +2.0 volts anodic. In the former case
hydrazine evolution occurred with a rapid rise in current at -1.5 volts. In
the latter case no significant current was noted.

In the presence of AlCl3-6H20 an anodic current was noted at +0.5 volt
followed by a large increase in current at +1.5 volts. The cathodic process
was the same as noted above, i.e., hydrogen evolution at -1.5 volts. The
equilibrium potential changed only slightly =-0.670 volt (Table XVIII). The
reaction of aluminum in the presence of an aluminum salt was not very
reversible. There was no evidence of reduction of aluminum ions at low
overpotentials and only a very little oxidation of aluminum at relatively
high anodic overpotentials.

Magnesiun

Magnesium in NoH) containing 1.7 molar NaCl indicated a very active
anodic process. The equilibrium potential was -1,34 volts and significant
anodic currents were obtained at an over potential of about +0.8 volt. There
was no evidence of hydrogen evolution or a significant cathodic current out
to -2.0 volts. There was residual current of about 0.5 ma, but this is very low
compared to the usual cathodic currents associated with hydrogen evolution.
There was a double oxidation peak indicating a step-wise oxidation of
magnesium to the +1 and +2 oxidation states.

In the presence of MgC12-6H20, the anodic overpotential was reduced
to less than 100 mv and maximum anodic currents (double peaks) were observed
at +0.5 volt. The cathodic overpotential was about 0,35 volt and the cathodic
current was also large. The return cathodic sweep yielded a peak at -0.50 volt
which corresponds to the oxidation of hydrogen. Evidently the reduction of
Mg+2 to Mg and the reduction of N,H " 40 occurs at the same potential.
The equilibrium potential is -2.20 volts versus the glass electrode. This
potential is very large and thus the electrochemistry of this couple should
be investigated further. The fact that the NQH i couple is involved in the
cathodic process is of little concern in this case because the MgCl. was
added in the hydrated form thus increasing the concentration of the N.H
ion, This problem can be avoided by adding magnesium in an alternative
ionic form not containing water.

Megnesium was also investigated as an electrode material using ILiN, as
a supporting electrolyte. The equilibrium potential was -2.08 volts which
is much higher than the potential in any of the other media investigated.
In this electrolyte it was possible to polarize the system to -3 volts without
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appreciable cathodic current. Anodic currents up to 4 maat +3 volts were
obtained, but no evidence of sharp current rises was noted that would
correspond to magnesium oxidation.

Experiments using Mg012-6H20 in the NeHu-LiN3 system were not success-
ful since the solubility of the magnesium salt was very low in the presence
of LiN,. In this case the concentration of LiN, was about 0.26 molar or
about %ive times the concentration used for the other supporting electro-
lytes. Evidently the total ionic strength was too large for this particu-
lar system,

The potentials achieved in these systems are summarized in Table VIII.
The magnesium results are encouraging and should be pursued. The results
indicate that metal-metal salt couples can be used in hydrazine, provided
the proper supporting electrolyte is used.
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SECTION III

SUMMARY OF RESULTS

The experimental program described herein was designed to examine
hydrazine and hydrazine-derivatives as solvents for various electrolytes. In
principle such solvent/solute mixtures could permit a wide range of electro-
chemical reactions which cannot be achieved in aqueous solutions. Hydrazine
azide as an electrochemically active solute was selected because of the high
theoretical oxidation potential for the azide ion. The kinetics of more con-
ventional metal-metal ion couples were also investigated.

The effect of impurities on the electrochemical properties of hydrazine
was investigated using as-received and specially purified samples. A purifi-
cation procedure was developed which consisted of drying over CaH, followed
by a vacuum distillation. This procedure resulted in hydrazine with 0.05 per-
cent water and less than 10 ppm CO,.

Conductivity measurements were used to characterize the effects of water,
carbon dioxide and aniline (the three major impurities in hydrazine) on the
electrochemical properties of hydrazine. Aniline had no effect on conductivity.
The conductivity as a function of water content was found to obey the Onsager
relationship for water concentrations up to 1.0 percent provided the hydrolysis
reaction with hydrazine was taken into account. Above 1.0 percent water ionic
association is evident and the effect of water on the ionic nature of hydra-
zine is minimized. Thus elaborate purification procedures are not necessary
in order to use hydrazine as a solvent.

The effect of carbon dioxide on the conductivity of hydrazine was
complex. It appears that both carbazic acid and ammonium carbonate are
formed. It has been found that exposure of hydrazine to air must be minimized
in order to maintain a carbon dioxide concentration on the order of 10 ppm.
Proper control of the impurity levels resulted in hydrazine samples that could
be used in electrode polarization studies without encountering interferring
reactions.

Electrode polarization studies on platinum in hydrazine indicated a
total potential range of ahout 1.2 volts without hydrazine decomposition. The
cathodic reaction is diffusion controlled and proceeds according to:

2 NoH, '~ + 2e = 2 NoHy, + H,

5
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The anodic reaction is activation controlled and proceeds according to:

+ p
5/2 N.H) =2 NH ™ + 1/2 N, + 2e .

5

Polarization experiments using hydrazine azide as a solute merely
increased the conductivity of the system, there was no evidence of azide ion
discharge. These experiments were repeated using monoethylhydrazine as a
solvent. The cathodic process was the same as in hydrazine. 1In the absence
of a supporting electrolyte it was possible tc obtain a total potential range
of + 3 volts. In the presence of solutes (including hydrazine azide) the
cathodic overpotential was the same as in hydrazine, but there was no evidence
of nitrogen evolution at overpotentials as high as + 4 volts (i.e., no azide
in activity).

Studies of a variety of metal-metal ion couples in hydrazine indicated
that aluminum and magnesium have high overpotentials for solvent decomposition
and low overpotentials for the metal-metal salt couple. The aluminum elec-
trode does not appear to be reversible, but the magnesium-magnesium chloride
system indicates high reversibility at low overpotentials.

The results suggest that a research program should be conducted in which
selected metal-metal ion and metal-insoluble metal salt couples would be
investigated as a function of solvent composition and solute concentration in
terms of high open-circuit potentials and low overpotentials. The solvent
studies have been brought to the point where the solvent-electrcde interac-
tions are well understood, and the specific electrode processes can be
studied without problems associated with the solvent.

39




5 A ¥ 3 e T OTS e b

R76-911319

9.

10.

18

13.

1k,

REFERENCES

Brown, C. T.: Electrolytic Ignition System for a Milli:ound Thruster -
Phase I. ©Special Report AFRPL-TR-153, January, 1971.

Brown, C. T. and I. C. Reed: Specific Conductance¢ of Hydrazine and
Hydrazine Azide. UARL Report UAR-J99, July, 1970.

Evans, G. E. and K. V. Kordesch: Hydrazine-Air Fuel Cells. Science,

158, 1148, 1967.

Rockenfeller, J. D.: Development of Improved Stable Monopropellants
AFRPL-TR-70-108, September, 1970.

Brown, C. T.: Electrochemical Measurement of Corrosion in Hydrazine.
UARL Report UAR-H21kL, September 1969.

Brown, C. T.: Electrochemical Measurement of the Decomposition of
Hydrazine on Selected Materials. UARL Report UAR-H282, November 10,
1969.

Brown, C. T.: Determination of Long-Term Compatibility of Hydrazine with
Selected Materials of Construction. AFRPI~-TR-76-21, May 1976.

Pleskov, V. A.: Electrode Potentials in Anhydrous Hydrazine. Zh, Fiz.
Knim, 14, 1477 (19k0).

Strehlow, H.: Electrode Potentials in Non-Agueous Solvents. Chap. 4t in
"Chemistry of Non-Aqueous Solvents", Vol. 1. Ed. by J. J. lagowski, Academic
Press (1966).

Cruse, K., et al.: Electrodes of the Second Kind in Non-Aqueous Solvents.
Z. Elektrochemie, 55, 405 (1951).

Military Specifications for Chromatographic Analysis of Water (MIL-P-
27L02B) Revised, May 27, 1969.

Audrieth, L. F. and B. A, Ogg: "The Chemistry of Hydrazine", pp. 42-L6.
John Wiley and Sons, New York (1951).

Lucien, H. W.: Preparation and Storage Stability of High Purity Hydrazine ,
J. of Chem. and Eng. Data 7 #4 pp. 5L1-5L2 (1962).

Dresser, A. L. et al.: Anhydrous Hydrazine. VI. Hydrazine Trinitride
Monohydrazinate, NplgN43 « NpH)p. J. Amer. Chem. Soc. 355 pp. 1963-1967
(1933).

N————

Asddinking . dnsstabad ik i

9




S Sl A A N s A o 5 -

R76-911319

REFERENCES (Cont'd.)

15, Jones, G. and G. W. Bollinger: The Design of Cells for Electrical Conduct-
ivity Measurements. J. Amer. Chem. Soc. 53, pp. 411-L51 (1931).

16. Kortiim, G.: "Treatise on Electrochemistry". Chapter XII, Kinetics of Electrode
Processes. pp. 4h9-L63, Elsevier Publishing Co., New York (1965).

17. Vetter, K. J.: "Electrochemical Kinetics'". pp. 536 and 553, Academic Press,
New York (1967).

— N S ey ey ey ey e ew




e
e~ Wl

B piRNL o ) o7 s S
e —————— e

| O e TR L

S S SN S G S I B GRS IR R B e s e Gy e e e

R76-911319

PUBLICATIONS AND PRESENTATIONS

The significant research results under this contract are being prepared for
publication in technical journals or for presentation at technical meetings. The
publications include:

1. "The Preparation of Purified Hydrazine", by C. T. Brown. Submitted to
The Journal of Chemical and Engineering Data.

2. "The Cathodic Process in Anhydrous Hydrazine", by C. T. Brown. To be
submitted to The Journal of the Electrochemical Society.

3. "Electrical Conductivity Studies of Hydrazine-Water, Hydrazine-Aniline
and Hydrazine-Carbon Dioxide Mixtures'", by C. T. Brown. To be submitted
to The Journal cf the Electrochemical Society.

A presentation of this work, entitled, "The Electrochemistry of Hydrazine-
Hydrazine Azide Mixtures for Battery and Fuel Cell Applications”, was made at the
University of Poitiers, Poitiers, France, in October, 1974, as part of an Inter-
national Conference on '"The Properties of Hydrazine and its Potential Applications

as an Energy Source."
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Sample

N, H) - Stock
NoH) - Stock
NoH), - Stock
NoH), - Stock
NoH), - Stock
NoH), - Stock
NEHh - B
N,H), - B
NpH), - B
NEHh - B
NoH), - B
NoH) = A-1
NQHL - A-1
NoH), - A=2
NoH), - A=2
NoH) - A=2
N2Hh - A-2

Table I

Purification of Hydrazine

Percent Water

2.82

2.26

dried

dried

dried

dried

dried

dried

dried

dried

dried

vacuum

vacuum

vacuum

vacuum

vacuum

over

over

over

over

over

over

over

over

over

Notes

Ba0 for 2L hrs
CaH2 for 30 hrs
CaH2 for S1 hrs

CaH2 for: 75 hrs

CaH2 for. 231 hrs

Cal, for 192 hrs
CaHp for 231 hrs

CaH, for 384 hrs

2

CaH2 for 909 hrs

distilled - 1lst fraction

distilled - 2nd fraction

distilled - 1lst fraction

distilled - 2nd fraction

distilled - residue

firndis
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Table II

Spectrographic Analysis of Metallic Impurities
in NQHLL After Vacuum Distillation

(Sample A-1)

Metallic Impurity Level (ppm)

‘—*HMHHM“—-?

Sample Fe Na ni
Original Sample 0.59 027 0.08
Distilled Fraction #1 0.31 <0.3 0.06
1 Distilled Fraction #2 0.66 1,32 0.16
; Residue 0.61 0.5 0.05
]
|
J (Sample A-2)
B § Fraction #1 0.1k 0.3l 0.03
;‘ ) Fraction #2 0.27 0.95 0.08
i { Residue L,2 2.5 0.58 >
]
1
g1
1 1} &
o
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l Table IV
l Specific Conductivity of Hydrazine Mixtures |
as a Function of Temperature |
l Specific Conductivity |
: 5 Sample Temperature °C ohm=1 em~1
4 |
1 ! A 24,5 1.709 x 10°% |
, A 35,3 1.966 x 10~
I -y |
; A Ls.2 2,186 x 10 4
l B 25.0 1.012 x 10°% 1
1 l B 35.5 1.168 x 107
3 B 45,2 1.306 x 107%
l B (384 hrs in CaH,) 2ous 2.279 x 10~
4‘ ' B (384 hrs in Cal,) 35.1 2,428 x 1072
| B (384 hrs in CaHy) 45,3 2.669 x 1072
3 /gl R e T R SReT 4 Al S AE = 2,21 x 103 cal/mole
= I ) T A SR A e T LFh Ba0 o o AE = 2,38 x 103 cal/mole
k| B (384 hrs in Cal,) GBI Gh Dl T e AE = 1.56 x 103 cal/mole
E |
.y
E
a L
@ l .
S
b1 5% l
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Table VI

Conductivity of Hydrazine as a Function of Aniline Content

Equivalent
Specific Conductivity
Aniline Conductivity A
(moles/liter) (ohms™t em™1) (ohms™t em?) % Aniline
1.03x10-2 L4.07x10"° 3.94Y O i
1.93x107°  L4.11x1075 2.129 0.191
4.23x1072 4.10x1072 0.9686 0.k19
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? Table X
;_ Anodic Current Density on Platinum as a Function
of Electrolyte Composition
i (at a constant overpotential of +0.8v)
§ i Electrolyte® Anodic Current Density
(ma/cn?)
NoH)-A (0.51% Hp0) 1.8
; N,H)-B (0.13% H,0) 0.3
NQHh_A+ 0.19% KC1 3545
NoH)-B+ 0.2L% KC1 1k.0
4
2 7 1
NH), B+ 0.27T% NSHS 1k.6
N H)-B + 0.23% N,H CL 1L.6

*N2HhA is stock hydrazine containing 0.51% water.

NoH), B is purified hydrazine containing 0.13% water.

s A s
.




l R76-911319
§ Table XI | 3
¥ ]
r Cathodic Polarization Peak Currents and
4 I Fotentials as a Function of Sweep Rate
‘ (N H), + 1.L43% Hx0)
- Peak Current Peak Cathodic Over- Sweep Rate Milli-
> (ma) voltage (volts) volts/sec
- 0.13 -0.35 6.7
"1 0.25 -0.k40 20.0
‘ & 0.30 -0.48 330
. 0.50 0,52 46.5
0.75 -0.65 133 i
: F
A 0.75 -0.75 200 |4
| |
8 !
= , 3
;
5
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I Table XII
Limiting Cathodic Current as a Function of Electrode Rotation Rate
I Samgle Rotation Rate IQ VRate IQ/mt_e-
(RPM) (ma)
é } 1 A 81 2.0 9.00 2.22 x 107
4 I 143 3.4 11.9 2.86 x 107t
,Jﬁ | ‘ 450 6.0 21.2 2.83 x 107%
., 960 9.0 31.0 2.90 x 107t
; : B 1ko 0.090 11.8 7.63 x 1073
:1 N 360 0.15 19.0 7.90 x 103
) '_ 500 0.18 22.4 8,05 x 1073
f
= A + .19% KC1 111 1.3 10.54 1.23 x 107
250 1.8 15.8 1.1k x 1071
315 2.2 17.75 1.24 x 1071
B + .24% KC1 115 0.20 10.7 1.87 x 1072
310 0.30 1746 191 x 167
500 0.40 02.6 1.77 x 1072
B + .27% NgH, 83 52 0.10 5,72
135 65 11.6 5.60
210 8L TS 5.80
B + .23% NplgCl 95 L6 9.75 k.72
210 70 LS L,73
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l Table XITT
l Diffusion Coefficients for
4 5 Hydrazonium Ion in Hydrazine
; ( Calculated Concentrations
; l Measured Diffusion Hydrolysis
M3 Concentrations Analysis Analysis
E I Electrolyte* I,(ma) C° (moles/1) D(moles/cm2-sec) (moles/1) (moles/1)
‘- NoHy-B + NoHs 8k 362 x 10°% 147 £ 1077 = i
I pT -2 =5
Nth B + N2H501 70 3- 38 x 10 l.h9 x 10 - —
‘N N,H,-B + KC1 0.k Ee #%1,58 x 10> 1,82 x 107 2,47 x 107
N | NoH,-A + KC1 % = *1.58 x 1077 1,00 x 1073 5,30 x 107"

*N_H,-A is stock hydrazine containing 0.51% water.

2L

Y

1 N,H)-B is purified hydrazine containing 0.13% water.
1

i ** Average value for D based on NQHRCI and N5H5 concentrations. t

" :
i

“ ;
%

i +

i i

- 8




3

R76-911319

¥ - bl , ’ i : i s < ek g .

wt g-01 =01 X 996" 2 MO*NG  4-0T X 6680NL°E  y-OT X §n2n09°T 0T X 0ST2T°G  ¢-OT X L6TOT'E 4

aL'T g=0T X 9661°¢ -00 X ne6u'e £2°En -0T X 6nLgel s 7-0T X gnonée- 1 ¢-0T X €6QSE"S ¢-0T X 66ggT°2 - |

En't 9-01 X glec’s 301 X €918 "¢ 2n e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>