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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 F144620-72-C-001i9. The performance

I period for the technical program was from 1 March 1972 through 30 Jun e 1976. The

- Principal Investigator was Dr. C. T. Brown and the Project Monitor was
Mr. Denton W. Elliott, Deputy Director , ~hemica1 Sciences, Air Force Office of
Scientific Research .
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SECTION I

INTRODUCTION

Investiga tion of the electr olys is of hydrazine-hydrazine azide
monopropellant for small thruster ignition systems (Ref. i) has indicated that
the direct generation of electrical power may be possible from this system.
The results of thi s investigation suggest that the hydrazine-hydrazine azide
monopropellant can serve as a conv entional monopropellant , as the electrolyte
for an electrical powe r sour ce, 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-
peflants in that it represents a good compromise be tween the requirements of
performance and safety. In continuing studies , the performance of h3rdrazine
has been further improved through the use of mixtures of hydrazine and its
derivatives including monomethyihydrazine, hydrazine nLrate 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. In a~ 3ition it also serves as a
freezing-point depressant. I ts  relative stability in bydrazine 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 i~ possible s~~ ~ydrazine
azide is completely ionized when dissolved in hydrazine forming the azide ion
(N3 )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
io~ - ohm~~- cm~ - as compared to lO~~ ohm~~- cm~ - 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

~ I 
cathode. The latter requirement is difficiflt to attain since hydrazine spon-
taneously decomposes on a me tal 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 prr vi 1~ a se parate , gaseous
oxidizer.
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I
The use of hydrazine-based propellants for various electrochemical

applications has an advantage in tha t they fall into the class of’ electrolyte-
soluble reactants which are preferable to ~-aseous 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 intcr ace. Thus an all-liquid
system based on a hydrazinc-hydrazine azide electrolyte night result, for
example, in a device that would be much simpler Than the conventional elec-
trochetnical devices. Fuel storage would also be simple since no cryogenic
devices would be necessary. ( The freezing point of The 23 percent hy’frazinc

I azide/77 percent hydrazine mixture is -17.5 C.)

The preparation and the measurement of the propor~ioz of h;:~ra:in~-
hydrazine azide mixtures have been the subjects ef ~crk already accomplished
at United Technologies Research Center ( UTRc ) - formerly United Aircraft
Research Laboratories - an~ reported in Ref. LI . T1ci~ wo rk has been paralleled
by investigations into problems associated with s:oragcV of monopropellants such
as hydrazine ari d hycirazine azide mixtures (Eels . 5 through 7). It was ~eter-
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 olutions.

These electrochemical inveetigations provi Ani the necessary backgroim for
the development of an electrolytic ignition system for small thru~ters u~ing
monopropellants based on hydrazine-hydrazinc azide mixtures . In the course of

H - these investigations the electrochemistry of hydrazinc-h:V~
-trazine a:i~ e mixtures

was investigated using a variety of electrode materials (Ret’. 1). It was
determined that the kinetics of the reactions were such that the anodic reac-

• - tion was enhanced on some ma~nria1s and the cathodic reaction on others. The
proper choice of’ elec ;ro ies rnsul~ o~I in an electrolytic cell with a potential
on the order of’ 0.6 gn~ts.

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 (:~-T)coul~1 be realized. Thus an electrochemical

~evion based on hy trazino-hy~Ira~ine azide could be the basis of a 1 i h  encrg~-
density “monopropellant fuel c~ll” in which the azide ion acts as the fuel.

The investigations cited in Ref. 1 indicate that the electrochemical
process in hycirazine is due o the presence of water. Elec~~rel-Vrsie of both
hg Irazine and hydrazine-hy’~razine azide yield H~/N~ ratios of’ 71 rather than
the 1/1 ratio expected if d~-Fll~-~ (i.e., N5

H
5
) were the active electrochernical

Species. 
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1
i’he 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 permi t high

I solubilities of the reacting species as well as low viscosity and high elec-
trical conductivity. These investigations were initially directed toward
determining the natur e of the electrochemical prncecc in an hydrous hydrazine
and to studying the kinetics of the azide ion on his rn ~1’t . These inveetiga-
tions included the measurement of electrical con ~uctivitg as a function of the
concentration of the Three most common impuritiec in hydrazine: water , carbon

I dioxide and aniline. In addition methods for the rerno r~l of water and metal
impurities from hy Ira~ine were devised in order to letormine the cfiect~ of
those contaminants on the electrochemical procrssos.

Current-voltage relationships were studied using a variety of solutes
including hydrazine azile . These investigations included detailed measurements
on the kinetics of the cathode process in hydrazine. he 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-

V zine (MMII) and unsymmetrical dimethyihydrazine ( l f lT U-I) 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

H investigations of the ~T-,I-1~~ -H2 (cathodic) and N
3 - N2 (anodic) couples to more

conventional metal-metal ion couples as sources of electrochemical activity.

I The following sections of this report summarize the findings of the
studies and suggest possibilities for future research.

I
I
I
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I SF~ TION II

RESEARCH ACCOMPLISHMENTS

~ I 1. Purification of Hydrazine

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

I water. Water is one of the major impurities in hydrazine (the others being
carbon dioxide and aniline). Metallic impurities are also present as a reiV u.lt

I 
of storage in steel drums .

In view of the wide ~~rietyof impurities present, ~~o analytical techrifl’ies
we r e used to evaluate the purity of hydrazine . ~‘a~-or rhase chror togr~~~~~-ts

I used for water analysis , and emission spectroscopy for analysis of metallic
V impurities.

J A. Water Analysis - ~~~erirnentaJ 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 chromatographie procedure outlined in MIL-P-27~O2B (Ref. 11)
was used employing a dual-column chromatograph constructed at UTRC. Standards
were prepared by aIding 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.

B. Hydrazine Purification Procedures

- Seve ral procedures for removal of water from hydrazine have been suggested
(Pefs .l2&13). Of these , two methods were chosen. One employed l3aO and/or

CaS - as drying agents and the second employed vacuum distillation . The former

re~ h r i removes only water while the latter removes water and ionic impurities.

All samp les fer purification were placed in specially cleaned glassware ,

r ~nd ill sample transfers were made in a glove box fitted with a vacuum side

ch~nber. Dry puri fied nitrogen was used as the blanket gas in the glove box ;
:~ t-isture level was continuously monitored and was maintained in the range

• 1’ of S I X  ~ O ten parts per million . Samples were treated with BaO or Ca}{2 In the

glove box in 50 ml pyrex glass sample bulbs fitted with teflon stopcocks for

z~~. in~ and f l — r i n g  seal removable caps for f i l lin r  and taking samples.
4.
V
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Ethylene—Propylene 0—rings (non—reactive to hydrazine ) were employed in all
cases. The 0—rin g seals were also employed on a specially constructed vacuum
system so that samples could be transfered from the vacuum system to the gloveV 

- - box in a sealed condition . The vacuum system valves were also teflon . There
was n o exposure to metals of any type during any of the enerations .

V - Ji ydrazine azide hydrazinate was prepared by cry s t a l l i z a t i o n  from concen—
trated hy drazine—hydraz ine azide solutions . The material  was recrystal lizec
from methanol arid 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—drled hydrazine. The water content
remained constant at 0 .78 ± 0.02 percent H00 for anile additions up to i6.1~
weight percent, the highest concentration tested for water content.

The dry hydrazine hydrazinate was found to te ver~r stable and showed no
evidence of shock sensitivity . This stability confirms the results of
Dresser et.al. who first prepared this salt Hef. llr).

C. Purification Results — Water

The results of water removal procedures on selected samples are summarized
in Table I. The stock hydrazine is Mu Spec (propellant grade) which normally V

has from 0.5 to 1 percent water. This material was subject to repeated cx— L
r~ sures t u  air prior to use. It is evident from the re~u1ts in Table I that
Cad -~ is a much more effective drying agent than BaO . However , contrary t o
the results report ed in Ref. 13, the exposure time necessary to achieve low
water levog e is considerable for i6 c Call2 in 50 ml samples of N2HLI. It should
also be noted that the total tine required for “complete’t react ion is not a
~~~~ i c ’~ of th~ 1n1 ial wat~’r content as in evidenced by the drying t ime for
s tnH~ h v d r a n i n o  (~~r~~tia1 vater content  of approximately 3 percent) and hydra—
zine sample B. For all r V aot 0a 1 purposes the residual water content is on

V 

the or der of 0.lf— ~.1O p el ’OTf lf

Vacuum distillation cf 20 rl samples of hydrazine, a procedure requiring

less t han ~ hours, resur s in water contents on the order of 0.15 percent .
hin lat ter procedure is probably the most efficient because of the time
factor and because It should also reduce the level of ionic ii~~urities in the

sample .

I V 

During vacuum distillation the fi r s t  fraction always had the lowest water
• content. The second fraction had nlichtlv more, provided at least fifteen per-

V 
- cent of the sample was left as residue . Othem~ise the majority of the distilled

water remained in the second fraction .

I

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~ V • 
V
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P. Purification Results - Ionic T~purities

V For this program hy ranine samples were available which had been
previously analyzed 1or ~~sn~r it y content . The levels of ionic impurities
in the hydraz ine samples iiad been determined by means of emission spectro-

• graphic analysis. In most cases metallic impurity levels were considerably
V less than 0.1 pr~m with the exception of levels for sodium and iron. The

material designated sample A was selected from the available samples for
furth er studi es of purif icat ion techni ques 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-
illed hi,-dra:i.r•e (Dample A-I 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 evidenti carried over with the last portion of
distillate. Thes e tests w er e repeat ed us ing another portion of Sample A

• (o•-2 in Table I) in which 17 percent of the sample was left undistilled
(residue). In this c2se, 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
hea-~,r metals.

~nission spectrographic analyses were also made on stock hydraz ine
samples that had been dried over BaO or CaH2. In the lat t er case, th e calc ium
content was 1.0 ppm, whereas t h e  sample dried over BaO contained 60 ppm Ba
indicating the drying over BaO Intr~~Iuced a substantially higher impurity
level than drying over faJ 1~~.

As a result of this survey, the electroch emical measurement s wer e carr ied
out us ing samples dr ied, ove r Call2 and subsequently vacuum distilled. Fraction
#1 was used exclusively. This fraction usually constituted 60 percent of

A the original sample .

2. Electrical Conductivity Measurements

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

6

— 
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• V A. Experimental Procedure

~1.

Electrical conductivity measurements were taken in a cell of Jones design,

1 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 cm~ - 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 KC1 solution . All measure—
ments were taken in a large (2 ft x 2 ft x 2 ft) constant temperature bath

- - filled with white technical oil. 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

V 
minimizing polarization effects , caused slow hut appreciable decompcsition 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 syringe... All
-. samples were stored in small sample bottles (so ml capacity ) fitted with teflon

• plugs complete with rubber septum and valve . In this manner samples could he
analyzed for water on the chromatograph both prior and subsequent t~ 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 ci rcuitry was designed at TJTRC and included a shielded resistance box
and capacitors . All resistance measurements were taken at four frequencies of
1, 2 , 5 and 20 k i loher tz .  Capacitance and impedance were balanced separately.
Results were plotted as a function of the reciprocal of the square root of

• frequency and extrapolated to in f in i t e  frequency . The resistance at i n f in i t e
frequency was used. in conjunction with the cell constant to calculate the

L specifi c conductance according to:

k = h r  • C (1)

• where k is the specifi c conductance in ohm 1 cm~~ , r is the resistance at
infinite frequency and C is the cell constant in cm~~- .

• B. Specific Conductivity as a F~inction of In~urU~y Level

The relationship between conductivity and impurity level (including water)
was studied using both UTEC stock hydrazine and selected previously analyzed

V 

‘V
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I 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 liqui d residue left after evaporation of hydrazine at 105°C
for twenty—four hours and ash (residue after heating to constant weight at

1 650°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

I dioxide.

The conductivi ty results can be correlated with the levels of non—volatile

I residue and with the ratio of non—volatile residue to ash. For the samples
I i t t e d  in  Table III, there does not appear to be any correlation with water

or the amount of metallic impurities present . It  is possible that the
nen—vtjnt.ile residue is associated with the forenition of complexes of carbon

V d I o x i d e  and aniline , two of the major impurities in hydrazine .

In view of the conductivity results and the fact that metallic impuri t ies
are carried over in the distillate when hydrazine is vacuum distilled (see
preceding section )  it appears likely that “stable complexes” (rossitly based

• - on carbazic acid) are formed that are ionic in nature and have relatively
high boiling points compared to hydrazine. The presence of these “complexes” 

•

V make correlation of conductivity with water content extremely difficult.

• : C. Specific Conductivity an a F~inction of Temperature 
V

In view of the precedinc~ results the conductivities of selected samples were
• measured as a function of temperature in order to determine if the level of

V I non—volatile residue resu~ts in a di fferent mechanism of ionic migration .
Samples A and B (see Table I)  were selected for study as was a portion of

-~ Sample B which had L een dried over CaR 2 for 38)4 hours . None of these samples
had been treated in any other manner . The data were calculated using the

V 
Arrhenius type relationship: V

~ [ k = (2)

where k is the specific nerd’:etivity in ohn~~ cn~~ , t~ is the ener~~r of acti—
V vation for ionic migration in ~alories/mole , P is the ~as constant in calories!

• °K/mole, and T is the absolute t emperature in degrees Kelvin. Plots of log k

• ver sus l/T yield a straight line with a slope of —~E/R.

The data for the three samp les ci ted above are s uroria ri sod in Table IV.

IV

T5

T 

the Arrhenius relationship in cases.
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V The energies of activation in Kcal/mole were 2.21 , 2.38 and 1.56 for
Samples A , B and B dried over Call2 for 3814 hours respectively. Samples A
and B contained 1.20 and 1.147 percent water respectively, and B dried over
CaH2 contained 0.13 percent water.  These results indicate that the lowered V

water content results in less energy necessary for ionic movement in the system.

T The presence of water evidently has a marked effect on the structure of the
liquid. When these results are compared to earlier conductivi ty studies
(t~efs . 1 & 2) it is seen that the ease of ionic migration is similar to that

• achieved when hydrazine aside or hydrazine nitrate (both highly ioni c species)
V V V 

are added to hydrazine . For example, the energy of activation for a 77 percent
hydrazine — 23 percent hydrazine azide mix (specifi c conductivity = 1.78 x 10—1

~j~j~~l errl at 25°C) is 1.28 Kcal/mole. V

It must be concluded that even though impurities related to the non—volatile
V residue parameter have marked effect on the specific conductivity , the mechanism

• V $  of ion ic migration is a strong funct ion of water content , and thus water—solvent V

or water—complex interactions must play a large role in the nature of the liquid

k ~
- structure.

I 
. . . . V 

V

D. ~~ecific Conductivity as a Fu nction of Water Content

-~ B( V T ~UUSP of the precedin.~ results , experiments were carried out to determine
the effec t of water on the conductivity of hydrazine usin~ Sample B dried over
CaH0 for 28~4 hours and havio~z a water content of ‘1.13 percent after drying . Addi-
t io nS of water were made using sample weight and water weigh t to calculate water
concentration in moles/liter of solution . The density of hydrazine at 25°C
(1.00 14 g/ml ) was used as the basis for these calcul at i ons . The maximum water
content was 28. 14 14 mg in 7.0038 g of solution or 0 .1406 pe rcent . 

V

j Equi valent conduct ivi t ies  were calculated using the equation

A k x l 0 0 0  V

Conc . H 20 V
where A is the equivalent conductivity in ohm~~ cm 2 , k is the specif ic con—
duct ivi ty  in ohm~~- cm~~- and the concentration of water is expressed in moles!
l i ter.  The data obtained in these experiments are summarized in Table V.

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

V form :
~

A = — (A + BA0 ) .j;:— ( 14 )

I :
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V •~~ ~ V ~~~~ V
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if the water is completely ionized . In Eq. (14) 
~~ 

is the equivalent coriduc-

V 
tivity at infinite dilution, A and B ar e constants which are funct ions of the

V solvent (hydrazine) only and C is the water concentration in moles/liter.

rhe Constants A and B are expressed as: V

.—

A = 
82.14

B = 
8.20 x 105 (6)

V 
(DT)3/2 V

where D is the dielectric constant for hydrazine which has a value of 51.7,
V V is the temperature in °K and n the viscosity of hydrazine which has a value J

V of 2.0149 x i~
—
~ dyne—sec/cm

2. Using this data and a temperature of 298°K ,
A = 73.514 and B = 0.14288. 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

V 
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 2H , as a result of reaction of water with hydrazine . V

• .. A p u t  of ~ J ~~ - iern it.  V f •  will have an intercept equivalent to A0 at c = 0 
V

V and a slope of —(A PA 0). The value of the slope can he calculated from the
V 

•
~~ 1’r~rw-~ values of A and B aol the intercept value of A0. This calculated value

of the slope can then he enri~rtr ~ d wi th the slope as measured from the plot.
I Th~ data for darrp 1~~ B vieid~~1 a va]ue for A~ o P 0.1476 ohr~ 1- cr~’1 at infinite

V ~I~~~~l U~~ V 1 O f l  ( n v  l P •V V 0 T ~~~~~~ i va~ i l e ) .  Ihe slope of the plot was —0.62~ as compared 
V

to the ca]en~~ t ed n~ npe i f  - )~ thj~ ]ar;~e difference in values for the 
V

slopes — a Pa’t,rr of ~L f t VVr r ~::~~mately one hundred—indicates that the assumption
V that all tlt~ w o i  or ~0f lV V V~~V t 0 1 into ~enn ~n not ‘ra] .id. Consequently, the

I 
f lns a•~~t r  re V 1 at i onn ~ ~i was ra ,li fi o1 an ~nd~ cated in the following paragraph .

V L•~V

flir ice the h-;dro]~ 
V V of hy dr az i ne

L +
11 , •‘- Tl~

•) N’-T h + (‘Vj l (7)

~
,

has an ~qui ibrillr erns t an t of’ pr r x V~rnl o1: 8.~ x l~~ (Ref. 12), it should
he possible to replot. th~ lat a us i no :

•“l El 10
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I (8)
Ii

and
A ’ A0 — (A + BA Q ) I~[&~~~ (9 )

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

V 

K = (N 2H 5~~) (oE )

I ~~~~ 

-

Since N2H14 is present in excess , it~ concentration is assumed to be constant.• J F’or uni valent cations and anions ,

1 f r  +\ _ I t,... \X — ~~2H5 
j — 1 (11)

V and thus:

—
K =  (12)

- or in terims of ~ :

-. c~~~K =  (13)

Th Eqs . (12 ) and ( 13), X is the ionic concenitrat~ cn in moles/ li ter  and c is
the ori~ inal water concentration. Calculating ~ using Eq. ( u 3 )  it is then
possible to calculate A ’ , the ionic equivalent conductance.

The results of these calculations are also summarized in Table V. The
data indicates ionic equivalent conductivities on the order of 92 ohm 1 cm2

which are similar in magnitude to equivalent conductIvities for ionized species.

Using the values for A ’ and plotting A ’ vs a slope of -72.70 is
obtained compared to the theore ical value of -73.714. Thus, at very low

V 
water concentrations the Onsager relationship is confirmed provided the hvdro-

I 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 ~.1 per-

cent in another case. It was found that at concu~ntrations approaching 1.2[ percent water the conductivi ty reached a connt .art t value which was maintained

1I
~~~~L 11

—~~~~~~~~~~ ~~~~~~~~~~~~~ ——
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V 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 II) do not correlate

V 
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
where association took place and the ionic species formed by hydrolysis of
hydrazine were not as readily formed.

B. The Conductivity of the Systems: Aniline—Hydrazine and
V Carbon Dioxide-Hydrazine

- 

The results of the eonduct~vity measurements of the aniline—hydrazine• • system are summarized in Table VI. The change in specific conductivity with
V concentration of aniline was so small that no sinnificanc e could be attributed

to the measured changes. Since the concentration of aniline normally found in
hydrazine is within the concentration range tested , it wan concluded that

V aniline has no effect on the ionic nature of hydrazine .

The results of the conductivity measurements for the carbon dioxide— 
V

hydrazine system are summarized in Table VII. These results indicate a large
chan -e in conductivity over a concentration ran:~e from about 8 x l0~~ to

V 

3 x iO—2 moles/liter. The specific conductivity ranged fr om 1.35 x 10~~ to
• • 2.°~ x l03 ohm~~- cm-

1. There was some scatter in the data due to difficulties
in introducing gaseous CO2 into the hydrazine. (Introduction of CO2 was V

accomplished by means of a gas-tight syringe.) Concentrations were based on
weight r’ain rather than CO2 volume. In ~eneral , the data can be expressed by
an equation having the form of the 0nsa~ er equation: (see Eqs . (14) through(6)).

In the water-hydrazine system discussed previously, an alternative form
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 int ercept was much

• r~reater than the measured slope . When the de-’~ree of dissociation (~) was taken
V into account for the hydraz ine hydrolysis reaction the experimental data

agreed with the calculated Onsager slope for a uni—uni valent electrolyte such V

as that indicated in Eq. (7) .

V The situation with CO2 is ju st the opposite of that noted for water.
For CO in hydrazine the calculated slope is -i~~.814 , using an extrapolated
value ~or A0 of 138.2 ohm~~ cm

2, while the experimental slope is -309.1 when 
V

• the data are plotted in the form of Eq. (9). This larger experimental slope
indicates that th e forms of ~~~ constants A and B Ti ven by Eq. (5) and (6) V

could be incorrect since they were derived ass’uivi ri~ that th e electrolyte is
uni—uni valent . The generalized form for the cons tants A and B are :

• 1? V

I ~~~~~~~~~~~~~~~~~~ V V~~~• V ~~~~~~~~~~~~~~~~ ~~~ — V T V V ~VZ~~ ~~~~~ 
— . ~~~~~~ V ,.V _ V . V V . V . V V~V V V . • VV V V V V _ VO~

V__
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2 . l 5(Z+ + z..)
• A =  ~JZ~~+Z (l1~)

V fl

B = 
(DT)3/2 

W 
~J Z+ + z (15)

1~ where Z+ and Z are the charges on the cation and anion respectively and W is V

V 
• defined as:

_2q
W = Z+Z_ 1 + ql / 2 (16 )

and q is:

z÷z~ (~ + )  + ( x )

q (z~) + (z _ ) (z~A )  + (z _ x~) (17)

Equation l7takes into account the effects o” t he io n ic atmosphere ( i .e . ,
t r T e  ion plus its solvent shea th)  and the time o~ relaxation of the ionic atnos—

-- 
phere when the ion is exposed to an electric ~‘ie1d . ~~ and A are the individual
mobilities of the cat ion and anion , respec t ively.  Usually these values are not
known . However , for a bi nary elec tr olyte , i . e . ,  ;•ne V

~1eldin ~ onl two ions , 2~~

and Z_ are equal and q is 0.5. For an oIoctr~~yte :Tieldin.’ three ions, i.e., V 

-

one with a charge of _ IV 
and two with charges of +1 each (or vice versa) estimates

must be made for X~ 
and A in order to evaluate q. For instance, if  X , and A

V 
are assumed to be equal, then for a uni—bi valent electrolyte ri has a value o~’1 1.266 and W has a value of’ 0.7024 . The corresponding values for t? are 0.585 and

• 1.170 fo r a uni—uni and b i— h i valent electrolyte, respectively. V

I Using the correct values for Z and Z and W in each case, the constants A
+

and B are as follows :

I Electrolyte Typ,~ A B

~~t . ~ —~~~~f va~ ont 7 3 . 5 24  ‘1. 14288

V 

~~ Bi-h i valent 232. 8 0. 9 )11

I Idni —Pi valent 151 .1 ‘1.h360
U

21 cc concentrations must be expressed in terms of the number of ions pro—

~~~ ~i~ed nor mole oP n ’ V 1 ;4 e, eqi; valents per liter mtint be used rather than moles
per liter for the cTnrer.’ rat V ii tc~rm. ~

V
~~V :  15 be n ’Vr.rentraticn ter~o depends on the

i product formed when ~~~ rea’ : with hydrazine.

13
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The behavior of carbon dioxide in the presence o~’ hy-drazine is the subject
of some controversy. Two reactions may occur . One is based on the formation of
carbazic acid , i . e . ,

CO2 + N2H14~~~~N2H3C0OH (18)

followed by:

N0H3CO0H~~~~N2H3CO0 + (19)

or it is also possible that hydrazinium carbonate is formed , i.e.,

121124 + N2H5
OH + co 2~~~~( N 2H 5 ) 2co 3 (20)

followed by:

(y ~ i 5 ) 2co 3~~~~2N 2H 5~ + (c a
3

)
2 

. (21)

If reactions (18)and (19) take place, then the electrolyte is uni-uni
valent and the theoretical slope of -132.814 should be observed. If reactions
(20) and (21) take place, three ions will be formed per mole of CO2 in solu-

V 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

- V equation itself. This equation takes the form:

A = A0 - (A + PA 0 ) ~~~ (22 )

• where J is the ionic s t rength of the solution (assu~ iri~ complete ionization)
and is defined as:

= 1/2 c1Z1
2 

= 1/2 (c~ 2~
2 

+ ~~~~2) (23)

In Eq. (23) c1 is the molar ionic concentration and is the ionic charge .
For a uni—uni valent electrolyte the ionic strength is identical to the molar
concentration.

L The equivalent conductance is calculated usthg the equation:

h k , ~ C°2~

cn e 
(214)

114 

• •  __V •~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ •~~~ V V V , V?~~~~
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V where ne is defined as:

= (v~z~ ) = ( v z )  (25)

V and c is in moles/liter and V+ or V are the number of ions of each type
- formed and Z~ or Z .. are the charges on those ions . The value of ne is 2 for 

V

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 urii-
bi electrolyte types are four and three times the molar concentrat ions, respec-
tively. This data is summarized in Table VIII. Plots of the equivalent con-

- ductivity data versus the square root of the ionic strength yield slopes of
-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. V

The above data analysis indicates the formation of a uni-bi electrolyte
V since the calculated slope for this electrolyte type is in closer agreement V

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 hydraziniuxn carbonate is formed, it would
be necessary to evaluate its degree of dissoc iation by some independent means
in order to evaluate its behavior in a manner similar to that already accom-

• plished in the case of water .

• 3. Electrode Polarization Studies on
Platinum in N2H14 Solutions

V The polarization o±~ a platinum electrode in various hy drazine-water and
l•. hydrazine-hydrazine azide solutions was examined to determine if the cell

V current could be significantly reduced by removing water. The experiments• I were also designed to determine what effect water and azide ion V
..~ cVu ij  have

- on the nature of both the anodic and cathodic prdcesses.

A. Experimental Procedures

Polarization measurements were performed using potentiostaticaily con-
trolled linear voltage sweeps. The polarization cell was designed to keep

• 
V • the contents under a blanket of dry nitrogen at all times. Three electrodes

were employed; a platinum counter electrode , a platinum working electrode

Ii
1. 15
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(surface area l.Ll140 cm2) which was fastened to a rotating device , and a
V 

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 1.143 percent .. Experiments were also performed in solutions dried
over calcium hydride (water content 0.05 percent). Vetallic contaminants V

(3 014~~ ) and hydrazine azide were added to this base solution to determine
V V - 

their effects on the electrode processes. In order to facilitate compari-
0 .. son of the results as a funct ion of the above ~oranot~rs, the anodic and V

• 
V 

cathodic processes are discussed separately . Effec ts  of the anodic process 
V

on the cathodic process and ‘ri~e -versa are discussed in a separate section.

B. Anodic Polarization Results

The shapes of the anodic current-voltage curves we re almost identical in
all cases. There appeared to be almost a linear relationship between these
two parameters. The only u i fl er e 0 0 0  noted in the Ti) rcSce of hydrazine azide

was the current leve l , achieved as a function of applied overpotential
(Table DC ) .  Voltage scan rates were also varied during these runs from
0.1 volt/ sec to 6 volts/ sec. There was no difference in the anodic current

• achieved over this range . Electrode rotatic:~ speeds in the range 200-1000
V rpm resulted in a s light decrease in the maximus. anoc..ic current  indicating a

small reverse diffusion e f fo ot  that may be due to fi lm formation that inhibits
the removal of an a nn o ic  product.

In the highly purified N2H14 (0.05 percent H20) a maximum current was
reached af ter  several anodic runs. As the nun.L~r of runs increased the volt - 

V

F age at which this maximum current was achieved decreased from an applied

L anodic polarization of +2.14 volts to a limiting value of +1.0 volt . This 
V

V 
maximum current did not behave in the same fashion as one would expect from 2

a limiting current, but appeared to be more consistent with the film formation
V 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
specion in evidently highly resistant in nature, but is not strongly adsorbed

• 
E 

on the electrode surface , and only appears when the water content is low and
polarization is exteniud to greater than 2.0 volts . It can also be noted in

10
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Fig . IF that thi s maximum current is not achieved when electrode rotation is
- employed. This “adsorbed film” is evidentafly 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

V 
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

V electrode rotation is still the same , as can be seen in Fig. 2 , where polar-
1 ization is illustrated at a maximum polarization of +0.140 volt.

Aside from the large increase in current , it is not immediately apparent
V that the anodic process is different from the oroco taking place in pun -

V 
lied 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 th very large currents obtained.

In addition to the above experiments , anodic polarization was also
investigated using hydrazine A ( 0 .5 1  percent :151) and hydrazine B (9.13 per-
cent s[• Vj. These solvents were used in conjunction with potassium chloride
as well as hydrazine azide and hyd.razine hydrochloride .

The results of anodic polarization on platinun as a function of electro-
tyte  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 K. The addition of potassium chloride to hydrazine A at 1:
o~B volt overpotential results in a current density of 35.5 milliamps/cm2,
which is considerab ly above the re sults for all the rest of the solutions
ctuIie~ and is probab y due to a combination of increased conductivity and

• V the amount of wat .r present. The fact that hydrazine A has a slightly higher

• : current density at a diven overpotential than hydrazine B is not surprising 
V

-
• in view of the additional water in hydrazine A. ilydrazine B containing V

V potassium chloride , hydrazine azide or hydrazine hydrochloride all exhibit V

almost identical behavior which leads to the conclusion that there is simply 
V

one anodic reaction for all three of these systems, only one of which contains
V 

•~~ the azide ion. Therefore , it appears that the azide ion is not discharged andj that the reaction taking place at the anode is simply the reaction of hydra-
zine molecules to form nitrng~n. Since the water concentration for hydrazine

- j .  B is only 0.13 percent , and the results for the anodic process is very sinii l.ar

• I ~ to previous r V S S u L t V S; at 0.05 percent water. it appears that water concentrations
in this rang have no effect on the anodic electrochemical processes in the
hydrazine solutions.

17
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C. Cathodic Polarization Results (Solutes H20 and N5H5 )

Cathodic polarization in hydrazine resulted in a reduction wave at high
— water content and when the solution contained metallic contaminants . In

V purified hydrazine this wave was almost nonexistent (<1.0 ma peak current) and
was not evident in azide solution. Figure 14 shows the cathodic current-voltage

T relationships for 1.143 percent H20, purified N2H14 (u .05 percent 1120) and hydra-
6. 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 is present, the peak current and peak potential
have been found to be functions of sweep rate. Shifts in peak potential

V indicate an irreversible process. The data for this shift is summarized in
V Tab le XI.  Thus there exists an irreversible reduction wave which is depen- V

V dent on water and/or metallic impurities for its presence .

V 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

in Table XII. These limiting currents are greater by a factor of 500 than
those achieved at rotation speeds of 90 rpm In purified :~2u~~. he c a t ho l i c  V

-- current at this speed in N2H14 with 0.05 percent H20 was 0.12 ma at -0.3 volt

V overpotential, and about 10 ma at -1.0 volt in s2 11 )4 vith 1, L~ perce nt H20. 
V

V The cathodic process was also studied using hydrazine A (0.51 percent
H20). This solvent was used in conjunction with the solutes; potassium chlo-

V ride, hydrazine azide and hycirazine 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 11. Figure 7

V J shows cathodic polarization at a scan rate of 200 millivolts/sec for both
V - hydrazine A and B with and without potassium chloride as a solute . There is

~~~~~~~~~~~~~~~~~~~ 18
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I I
IV no reduction peak corresponding to the hyth-azonium ion in hyi raz ine  B. Hydra-

sine A on cathodic polarization indicates a distinct reduction peak at an
overpotential of -0.7 volt . When KC1 is added to these two solvents, the

I 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

V chloride is added to hydrazine B this oxidation peak is not apparent. Figure
8 illustrates the case of hy draz.ine A with potassium chloride for a first
cathodic scan and on a 6th successive cathodic scan . As additional cathodic

V scans are made , the hydrazonium ion reduction peak diminishes and the oxida-
V J tion peak appears. It also has been determined that if the polarization is

V V not carried out past -0~~ volt, where large currents are seen, then the anodic

V 
peak is not present. When the same procedur e is carried out in hydrazine I

I containing potassium chloride , as illustrated in Fig. ~ , the reduction peak
V at -0.3 volt disappears on .:occecsive scans but the oxidation pean apparently

shifts potential to a very low over-vo~ tage. I t  is difficult to ectermine

I if this “peak” corresponds to a true oxidation. In any event for hydrazine A ,
V toe oxi tat ion peak and the recluctior± peat: are both at -0.3 volt and the pne-

nomena must have something to do .VJ i th  the presence of water . In both cases
V p otass ium ch Vt o r i•k  is oiisa!F acting as a supporting electrolyte so that the
• proc sses that are - sing on more nearly indicate a true diffusion process ,

• V V/1 C~~~~~V O in by ra :ine without any supporting electrolyte any limiting current

I phenomena is due not only to d i : :~ osion but also to migration because of the
potential graIissnt in the  SF V :t e m .  in t he  case of hyrlrazine A as shown in
Fig . 8, it appears t ha t  at least part of the r seuction product remains on the
surface and is reoxidized. r : g ar s l e s s  of which reaction is taking place due to
h~drazonium ion reduction. It has also been •sstahlishtsn that constant  gas

V V evolution does not occur unc i .I the cathodic ..
~~~~r pot . •~~~t j aL is g r e a ter  than

-0.8 volt although some ~~ OV 5 L u t hi e s  are I
V
O

V
rmC VJ on the ~s.L strode at -0.3 volt.

The irreversibility of the cathodic proce ss  is i Uu st r a te J in Fig . 10
where cathodic polarization on hydrazine A was car r io n  out at three different
scan rates; 200 millivolts/see, 20 millivolts/see, and 6.7 millivolts/sec.

I At the fastest scan rate the overpotential for the reduction pea : is -0.7 volt.
At lower scan rates the peak potential shifts in the positive direction so

V 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 i nd e p .n J c r i~ of scan rate .

~~~;: 

~~~~

• 

~~~

~~.:

- V 
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p.
Fi~psre 11 illustrates the cathodic polarization in a stagna: SOl~~tiOn

V (stationary electrode) in the case where hydrazine azide and b jd raz ine  L-- dr c-
-
~~ chloride were added to hydrazine B. The result is quasi-limiting correct ,

V no hydrazonium ion reduction peak , and a potential of -1.0 volt at wh ich  this
V quasi-limiting current begins. The half-wave potential of th i s  pr V cess is

-- aboum -0.8 volt and corresponds to th e  onse~ of hydrogen evolution n ot ed in
the N2H14/KC1 solutions. ihis potential seems to p~ independent of the elec-
trolyt e composit ion whi le  the b:odrasu~:ium ion reduction peak does not.

• E .  Cathodic Polarization (Rotati ng E~Lectrode )

For each of the two hy drazine solvents and for the three so Lutes inv: •sti-
gated , a large number of experiment s were carri’S V : out using a rotating pIat in~~:.
electrode to determine the nature of the eifrusion characteristics of the

V hyth-azonium ion both in the presence and the absence of supporting electro-
lytes. The rotation data for all the experiments is summarized in Table FIl.
The cathodic behavior on rotation for bydrazine as a function of H20 and KCl

• content is illustrated in Figs. 12 and 13 at a rotation rate of about 320 rpm.
Using hydrazine A a l imiting current of -0.14 milliamps/cm2, starting at an
overpotential of about ..0.Lt volt , is noted (Fig. 12). t T l iO f l  potassium chlo-
ride was added to this system only a quasi-limiting current was noted at

V this rotation rate . ilowever , at higher rotation rates the limiting current
was more pronounced. Apparently more than one electrochemical process is
involved inJ2h)~-A:. ’lsystern . As the rotation rate was increased (not illus-
trated), the potential at which the limiting current was noted also increased

V in the cathodic direction . Figure 13 illustrates the same effect for limiting
currents with potassium chloride added to hydrazine B. In this case , there
is very little sh i f t  in the potential at which the limiting current is reached
but the value of the Limit ing current is i r :crcased.  For hydrazine  B contain-
ing hycirazine azide or hydrazine hydrochloride , (Fig . i14) limiting currents
were also noted at very high values on the order of 36 to 140 milliamps/cm2 .
The limiting current densities are at least 2 orders of magnitude greater
than those for potassium chloride in hyth-azine B.

V Using the data in Table XIII and making assumptions about the nature of
the V Vl i f f u . sio f l  layer in hycirazine , it is possible to calculate a diffusion

V 
coefficient for hydrazonium ion using the basic iJernst •~• ;uation :

I ~ 
______________‘2im 
Si FdAc ° (26)

V 
• where ‘kim is the limiting cur ren t  in milliamp s , 5~~ is the charge on the ion,

V d is the diffusion coefficient in moles cm~ scc~~ . A is the electrode area
in cat , C is the equilibrium concentration of the reacting ion in moles-

V -~ 20
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I
I liter~~- , 6 is 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 N2H5~ ion (C°) is

• 
I 

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 diffu sion coeff icient for the hydrazonium ion and the thickness of the

I diffusion layer (6). According to Kortum (Ref. 16), in aqueous solutions the
average thickness of the Nernst diffusion layer in a violently agitated solu-

V 
tion is on the order of 10-3 cm. Using the highest rotation rates achieved

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

Once the value for the diffusion coefficient has been calculated then it is
V I possible to calculate the concentrations of hydrazonium ion 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

V within a reasonable variation, then the diffusion control must be due to the
hyth-azonium ion. The values used in Eq. 26 are as follows : the ionic charge

• 
is 1 for N 2H5t The concentration of hydrazonium ion is 3.62 x 10-2 moles!

I liter for hydrazine azide and 3.38 x i~-2 moles/liter for hydrazirie hydrochlo-
V 

ride assuming complete ionization of the added solutes. The area of the
V 

electrode is 1.1414 cm2 and F is the value of the Faraday which is ~~,500 amp/sec. V

I The values of limiting current of 814 milliamps/cm2 for hydrazine azide and
70 milliamps/cm2 for hyth-azine 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- V

ficient for the hyth-azonium ion in the hydrazine aside solution is 1.67 x l0~~
V ~ ~~- moles cni 2 sec~~- and for the hydrazine hydrochloride solution is 1.149 x l0-~

mole s cm 2 sec 1. The average of these value s is 1.58 t 0.09 x i o 5  moles
V 

cm 2 sec 1 or a deviation of about 6 percent. This value for F was then used
to calculate hydrazonium ion concentrations in liydrazine B plus KCI and hydra-

V zine A plus KC1. The value of the thickness , •s , of the Nernst diffusion layer
was again assumed to be io3 cm. The equilibrium concentrations of hydrazonium V

V ion calculated according to the above procedure i.s 1.00 x io3 moles, liter for
KC1 and hydrazine A and 1.82 x io~~ moles/liter in hydrazine B containing 

V

potassium chloride. The results of these calculations and those based on the

V 
hydrolysis reaction (described in the following paragraphs) are summarized in
Table XIV .

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

I 
N2H14 + H~O ~± N2H5 + o~i (27)

The equilibrium constant for this reaction at 25°C is 8. .  x LY7. Using the
t V . ~~~, equilibrium constant expression for reaction (27) :

_ 
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I — 
(N2H5~ )(oH-)K (H 2o) (28)

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

(29)

LI . . +where X is the concentration of N2H5 and 0H20 is the known water coricentra-

J tion in the electrolyte in question. Using this hydrolysis procedure, the
concentration for hydrazonium ion in hydrazine B KCI is 2 . L+7 x l0 moles/
liter as compared to a value of 1.82 x l0-~ 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-
zine A containing potassium chloride the equilibrium concentration of hydra-

j : zonium ion is 5.30 x i~ -~ moles/liter as compared to 1.00 x io-~ moles/literV from the diffusion data. The discrepancy in the two values for the hycirazonium
ion concentration indicates that the apparent concentration of hydrazonium ion

• as determined by diffusion calculations is very high. In hydrazine A contain-
ing potassium chloride plus significant amounts of water , diffusion is not
simply a fw-iction of the hydrazonium ion but other species such as the hydroxyl

V J ion (‘DH- ) may be contributing factors. However, the agreement for the hydra-
V zonium ion s’oncerjeratiocs calculated from both water analysis and diffusion

• data in a relatively cry syr  ~em indicates that the premise of hydrazonium

1 ion diffusion control is correct for systems with low water concentrations .
It is apparent tha t high hydrazoniurn ion concentrations ,as a result of the
addition of small amounts of hyth-azine azide and/or hydrazirie hydrochloride ,

• contribute to rapid diffusion and thus high cathodic currents at low over-
potentials .

F. Interrelationships Between Anodic and Cathodic Processes

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 1120)

E hydrazine contaminated with metallic ions , and hydrazine plus O.t•3 percent
hydrazirie azide. Figures l5A and l5B show the effect in pure bydrazine for

V 

initially anodic and initially cathodic cases respective ly . 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.

H 1 22
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I Figures 15C and l5D show the same sequence in hydrazine contaminated V V

V 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 .I I 15D) the reduction wave is still present.

When hydrazine azide is present the anodic-cathodic sequence of polariza-

I tion can be reversed with little effect with respect to the total current flow 
V

(Figs. 15E and l5F).

V 
V j G. Discussion and Conclusions

I The polarization results indicate that the ion reduced at the cathode is V

V 
• produced. during anodic polarization. The only anodic products that could

explain the results , with the exception of N2 (which is an irreversible prod- 
V

V 

uct) are water and hydrazonium ion (N21i5
+
). The most probable anodic and

cathodic reactions arc summarized in Fig. 16. The cathodic process has been
shown to be diffusion controlled, that is, the diffus ing 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— ~~-H 2 + 2 N2H14

______2 N2H5~ + 2e 2 NI-I3 
+ N2H14 (30)

2 N 2H5~~+2e~~~~~2NH 3 + 2 H
2

+ N 2

because the N2}{
5
+ concentration was increased according to:

N 5H5 ~~~~ N2H5~ + N3 (31) V

Since the water conce ntration was not changed when azide was added, the in-
creased cathodic current could not be attributed to the reduction of water to

- produce hydra,cyl ions (Uii ) and hydrogen

The anodic process is limited by electron transfer rather than diffusion
p and in view of the results of the anode-cathode interaction studies , probably

proceeds according to the reaction :

5/2 N2H14~~~~~l/2 N2 + 2 N0H5~ + 2e (3~• )

I
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I

V I
I since the reduction of N2H5~ is the most probable explanation for the cathodic

reduction peak.

~ I 
It thus follows that adsorption of N2H5~ (hydrazonium ion) is the cause

of the maximum current in purified hydrazine during anodic polarization (i.e.,
• 

~~~~

V 

surface films). The species then desorbs or is reduced cathodically according
V to reaction (30).

When water is present in significant amounts , N2H5~ ions are always pre-
V sent and the cathodic wave is always in evidence (i.e., the reduction of

V 
N2H5~ ). The presence of metallic ions may accelerate the self decomposition
of hydrazine and thus also contribute to significant amounts of reducible

I N2H5 )0fl . 
V

In general it appears that the anodic process is controlled by an elec-

I tron transfer step involving either hydrazine molecules or azide ions, and the
cathodic process is diffusion controlled, the rate being controlled probably

V 

I 
by the presence of N2H5~ ions. I V

• If the cathodic process is controlled purely by diffusion and not by some

I 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

• 
• 

I for all solutions tested f or the cathodic limiting current data in N2H14 -
0.23 percent N5H5. These results are inconclusive , however the more exten-
sive work, summarized in Tables XIII and XIV indicates that pure diffusion

V 

• 
control is present for the cathodic process. Pare 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

V 

I limiting current upon the addition of azide cannot be interpreted in terms 
4

9 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

J reverses the hydrolysis reaction . V

Since the cathodic results can be interpreted in terms of N2H5
+ ion, then V

the anodic process must also be interpreted in the same manner, and the anodic
. • ‘ process is either the direct oxidation of N2H14 (reaction 35) or of the azide

V 

ion . Confirmation of direct azide ion oxidation was achieved by analysis of V 
V

V gas product ion at the anode , described in the following section .

T t ~

I
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i.~. Electrolysis of Hydrazine-Hydrazine Azide Solutions 
V

Hydrazine samples containing various amount of hydrazine azide and water
were electrolized in a two-compartment cell. Each 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 I

- galvanostat and an integrating digital coulometer. The corrected volumes of
V 

. gas produced , the number of coulombs passed and the gas composition were
recorded for each half-cell as a function of time .

V If hydraz ine is the only electrochemi cal reactant the reactions :

V 5M 2H~~~~~N2 + ~N2H5 + ~e (
~~

)

and

• . 
1~N 2H 5 + ~e~~~~ 2H 2 + 2N~H~ (3 14)

V • - 

should take place and 0.25 mole N2 and 0.5 mole H~-~ should be formed per
F~ ‘aday passed. The I{~)/H~ ratio should be 2:1. Tf the azide ion is electro-
chc~nica1ly- active , the reactions :

-. 2113 ~~~~ 3N~ + 2e (35) -

and

2N 2H 5~ + 2e~~~~ H2 + 2NCH) 1 (36 ) L’.
should take place and 1.5 moles N2 and 0.5 moles 112 should be formed per I

V Faraday passed and the IL~/N~ ratio should be 1:3. V

V 
- Previous electrolysis experiments indicated tha t the use of platinum
- electrodes precluded the formation of ammonia in the cathodic process. •‘ras

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-

V V ments , the same results were obtained. V

V The results of the electrolysis experiments are summari?ed in Table XIV.
Rims la and lb were made using dry purified hydrazine (0.2 percent or 1.11 x ‘ -

~

ii 10~~ mole/i 1120) containing 5.3 8 x io_ 2 
moles/i of hydrazine azile. In both V

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. 

V[ The moles/coulomb for hydrogen evolution approached the theoretical value in
run la , but the apparent ~fficiency for hydrogen evolution was much less than V

9
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. 1
Theor-’ ic Vtl lurinc run lb. During this la tt  r run the ~f i ci~ ricie: for both
nitro•- V ’r: ~LH I hydro n evolution wer ’~ quitr low in  ic -a  i n -  a po ssin lo  l’, al: in

‘Ne svs t ern .

~ r ~VTh~~~fl wa ’ or was a l l o l  to ‘;ho s y s t e m  (1.11 r ro~~~r r V  r C.d17 mc~ir ~: / i ) ,  the
by iro -~n evolution efficiency was enhanced ( Run ;~‘2) a: was thr • ffieienc~,- ~er
n it r o c rr ~ evolution. A -am the 1~~/N~ ratio was much i t s  ban ~~r o t e d  • V :ur j o~ 

V

the early portion of the run.

the hydrazine azide and water concentrations were reduced to 3.7b x
moles/i and 0.1415 moles/i (0.075 percent), respectively (Run :;‘3).  Ihe ca ho Ie V

efficin~icy for hydrogen evolution was very close to theoretical durin the
entire run . the nitro~:cri evolution rate was quit e lar~- at ~1r : t rLn . the H-~/ 1:-•,
ratio Wa: vor :,r close to 1:1.

It appears that the azide ion is preferentially II:Char V V
~~

V V • r i ’~~ th e
V earl:•.r por~ I V ons of each run.  However , there mus t be a cons iIera eL - t’•~

tion for this reaction and a resulting potential shift to the : ri n ; ~•~her
V simple hydrazine discharge predominates. In all the run s an ln cr r  a:e in  cell V

• V 
potential was noted dur ing the runs. This was especiall: tru~• at th~ lower

V azide concentrations. As a result of these experiments . axH the cle’ rV reEe
V polarization studies previously described , it appears that t hr  V~~lr V~~~ rochcmical 

V

nature of the azide ion in hydrazine is not o ucive to the rea1i:~at io 1V Of ’ a
bat tery sy stem of high potential. As a result the research was rodirec V V c d  to

inv€- stL-ate the nature of electrochemical processes in monomethylhyurazine
where large potential ranges can be expected prior to the electrocheniical
decomposition of the solvent.

5. f’lcctro’le Polarization f’ tUV V~ lC s  i n  ~onomc V h V ~L 1,/Hr a:j ncV

- f’ince there was no direct evidence for aside  ion V
i:char .

•
,

V V •~:in 1t’ ,-~ra: in:
as a solvent , and it has been determined that the presence of ’  ~•ra ’ •~ r does not
hin’1’-~r the eiectrochemical reactions in the presence of an ioni:rd solute. thc
experimental program was redirected in order to irn•-es t• i  V a t r  subs ~~~~
V i m materials such as monomethyihydrazine (~~V~1Vt ~~~~ and a’ V : V;:•rnin ~~ en •:a~• •~~ir ~~~

’V V V ht ~~1-
h~ , ir~r Inc (um~r-i).

‘Fhe soluhility of solute in these solvents is of primar:: isu V ,,
V r e u n c~ sin:

1’ good electrical conductivi ty is necessary in any sys tem •Ie:i ’ne d f’-~r bat t •rre-
L applications. The soiubili ty of ionic soiutes in V fl V Jf  i~ o : V p V ::iali :; i t ’ -r VL ~~ V

• V

V since this solvent is not as polar as hy dra :Vin as c v i• nn c e i i  by its lower

I 1 lectri: constant (Table xv). As shown in Table XVI , the prop
V
V r t i e :  of ’  wat (-r

• L.. and hydrazinc are very similar. The pro~ertie: of f~ fl1 are somewhat I i f ’f ’cro:~t
in that the freezing point and hoili:o’ point are low’r and the vepor rr ’V • e c r

I
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higher than for either wa ter 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

V - 
t~U~UI being about one third that of’ hl,rdrazine. f’h e solubilit y determinations
have shown that in spite of the low dielectric constant the solubilities of
hy-drazine azide (N5H5), 

Soelum azi •~e (N a I I V ) ) and hydrazonium chloride (I12H5C1)
in MIVIH are quite high. The solubi lity iidit of L~ar13 is o.?~o molal (rnoles/
1000 g NM H). The solubility li:~it  of’ : ; - i -11 4.f l~~3 

was not reached in these tests V
but is in excess of .~ 9 molal. The maximum concentration of N2H5C1 used in
these experiments is .097 molal , but .V

i V ViVi :in~~; from the solubility rate , which
was quite slow, the solubility limi t was being approached. In contrast to the
above salts , the limit of : e lV u V i i i~~~~:,r ef YC1 is .007 moial.

Polarization stu lies  were r f ’orm e• I  usinu as-reco~ ved ~~~~~~~ ~ j 1~ a sp ec if i c
conductivity of 2.6~ x io-~ obm~~-cr :H- . this conductivity is comparable ‘;o the

V 
• lowest conductivit ins  achieved with vacuum distilled hydrazine (1.1 x 10~~

ohm~~ cm~~). Most as-received hy irazine has a conductivity of a out 10~~
ohm 3-cm 1. Polari:a V Lcn s tudios  were also performed using as :olut ~ s: dPi

V • 
• ( .3~7~ molal) ,  ::5lf ~ (.0658 molal) and N2H5C1 (.097 14 molal). A:] arization of

V 1-U~~ as compared to the polarization in hydrazine is illu straten in Rio . 17.
V 

- In the case of 1V ’J V~~~ 1 it was pos :iUle to po1arize out to3.Ovo1ts In ocVtdthe ca~d1cV Vijc

• and anodic di r e c t i o ns ~~ current  densities of less than 0. ma/on . I: was V

also observed that  r~ tat ion of the platinum electrode (0 .1450 u n )  ur to idOO
rpm had. no effect on the current densities achieved. V

When dPi was ad 1e~ to IV UV 1JI (.0071 molal ) the current U V V n : ;i t:V r incr’~ase I by
a factor of 20 in the ca ~

V
1o lie V i jrection and the anodic current iensitv

V V increased by a f’act,~r of 10. Tt• appi ars that the m aj o r ity  ot ’ th e  curren t

increase was me to m a t  uaeo compensat ion of IR drop he - W~ OO the reference
electrode probe and the wnrkin electrode. ~~u:. the :eV :elin~ da ta  for
:olutos wit h  electrochemically act ive  species should be comY ’ar e•i with da ta

• 
•nrin :i!n a supporting electrolyte of about the same ionic eo :entra ~•ion . The
catholic peak noted in Fig. 17 for ~VC4i I pius RC1 is probabl e due to tb :  urosence

• of wa ~c in the KC1 which results in partial hydrolysis of’ hydracine to form
h :rdra :’eniurn ions accnrhin to the equation :

+ H~~) 
~ .g 1i 5 ~ + • • H  (• V 7 )

— t•.
• When hydrazine azide (N5H~ ) was a~i I e t  as a solute the curr :n •t ~n s i t i e t

F w~~V r r
V V con:i••frrihly increased. ~~.rt of this incr ~~a 3 V  ~V~~t:~ lao to t~~~ ~~~~~~~~~

ductivi ty because of the higher ionic concentration compared to ~:•:l (0. 0658
molal compared to .0071 molal for KC1). The hydrazonium ion (N2H5~~ does not
appear to be Vliffusion controlled sinc~ V increased rotation rates of the d cc-
tro R- during cathodic polarization did not affect the current achi eve•i  up to
a total polarization of 5.0 volts. Thus, it cannot be concluded that any V

27
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V effects noted with the solutes result in an electrochemically active species
- 1 that is diffusion controlled even in the cathodic case in the presence of

though the currents are increased due to added ionic specie:. 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 N2 H~~ ion. However , the
V process seems to be controlled by electron transfer. In the anodic direction ,

an overpotential o f+ 14.Ovo lt s is necessary before any gas evolution is noted.
V It is apparent that the azide ion is not active even at those high overpoten-

• tials . The results were encouraging in that other anodi cally active electro-
chemical species could be chosen that would react without appreciable decom-
position of the MMH.

When hyth’azonium chloride was used as a solute (.09714 molal) the current
densities at equivalent overpotentials were higher in both the anodic and V

catho lic directions than those experienced with hr~H5. The larger total cur-
V rent at 3.0 volts anorlic overpotential is probably due to increased ionic con-

ductivity in the cell because of the higher concentration. There is no evi- V

clence of diffusion control of the h~ 1114~ ion luring cathodic sweep:. •

With the e~ : c V •r ~ ion of dPi  as a solute the current-voltage r e laVionships
arV such tha t ~he re is no : i lenoe  of an elec •r ochomicaliv act ive erod es other V

than the ~~ inc . Even in thi s case at hi• :her 112 Fi 5~ concentration : i ffusion
control i: not ~~~ ~~~~~~~~~~~~~~~~~~ fac e n .  It is apparent that the hy ira sonium ion
is an e1ec V rc h• rr~ ca1ly a0 it- e :p~ ein s  at cho ca- h o l e .  but is not produced at
the ant as was the casi ~• •-i th h e  ~ra:ine 5 1 iV 5 C  ano ii c_ c a V Vh n l j~ an• I catho dic— V
ant :1: pelarication cur are i•ientical . Thus, the catho lic process in :TV~~i

V is that of ’ an ,Vxtr~sn l :  r f f ’ i o i e n t  a : ir o~~~~n e l e c t r o d e .

A mere care ful Vxamin at ion o ’ the polarization of platinum in V V ~J 1

i n i i c a es a r s i lu a i  V~ U T r V
V
V n + V

V of  0.22 ma/cm2 at an overpotential o:’ 1 volt
usino a r i gh t  p la t inum ~isk electrode wi th  a surf-ice area • V V f 0.1459 oct . A • 

V

V Lu~- gr V n probe wi th  a spacing of 0.1 cm was used. When .007 molal dCl was added V

as a suppor t inc e1ectrol~te , the resi dual cathodic current at an oe crpot Vnt i a l
of 1 volt was 0.15 rna/cm~ at the same probe spanino . Apparently l•R Iron duo
to electrolyte resistivity has been virtually -

~iiminat•~ n , since tb same
- approximate current density is noted in two solutions i f ’  ad dely iif ~’ nimio  con- 4L ductivities.  The anodic current density using KC1 as a solu e in •~•~ l wa:

much lnVrger than in neat ‘fVTiI. At 1 volt polarization , thc dur r~e• density
j was 1.5 ma/cmf’ .

Examination of the cathodic portion of the current-veltace cux ~‘cs has shown 
V

that a small cathodic peakis ~resent at an overpotential of -0.5-:cltwith apeakL 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 -1.5 volt, V

~~ t :

a V V VV1-VV~VV •~~~VV - V V .V~~ V~~~ V~~~~~~_~~~ V V•_ V - V V V  -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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a rapid increase in current is noted and the current b n :i ty  incroa:es to 1. V V

ma/cm2 . A steady evolution of ’ eas is noted at this r • V •rpo tential .  This gas
V • is hydrogen and its formation is apparently Tue to the r e duct i o n  of the hydra-

zonium ion (N 9H5
+ ) ,  the presence of which is due to th e  in t roduct ion  of water

associated with the a I V T O V I  R 1 .  Fhuilibrium polarization studies for both the
V a.nodic and cathodic processes have shown that in the cathodic case , gas c-•-olu-

V ~: tion is achieved at a cathodic overpotential (on platinum) of -0.973 volt and
a current density of 0.55 ma/cm— . In the anodic case , true gas evolution is V

V 

not achieved at a total anomie overpotential of +1.92 volts (some gas bubbles
V are noted on the platinum surface however) even though the current density is

11.6 ma/cm2 . The high anodic current density achieved with little evidence
of gas evolution suggest: a soluble anodic product. It should be noted that V

the N2H~~ ion is probably pro u•ce l at the anode . dcsVTe-rer , in the case of
hydrazine , this ion was formed along with gaseous nitro -on according to the
equation :

5/2 ~~~~~~~~ 
-
~~~~~ 1/2 ~ + 2 d 2E 5~ + 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 V

immediately cathodically polarized. IV hlS peak was shown to be due to an
• + . . . . .increased N2H5 content in the previous studies using hydrazine. Thus , I V V V V J

5 
V

V 
IS also an anodic product  in ~ff -I containing KC1. It has also been established V

• that an anoclic peak at zero c’verpotential is present when the system is mi -
tially polarized cathe V iicL e~ 1:V V V beyond -1.00 volt ( i . e . ,  hydrogen evolution takes
place). This pea.k is d i f fus • or •; controlled and must correspond to the oxidation
of hydrogen. This oxidation/y e kiction system is not completely reversible
since the oxidation peak is a o ~ t 0.5 volt anodic with respect to the re VTuc ’eion

fl ie  above result: (esieecialrr for the anemic process) are quite d I f f V V :r ene
from those achieved with hy ]r az in f . The reduction peak for hydrazine was only

V - oh:orvn d during ini’ V ial sweeps while the oxidation peak was only observed V

during subsequent sweeps after the reduction peak disappeared. For hydrazine ,
total surface coverace of a iven species mus t have be to achieved before an
oxidation can take place. ‘his surface Oo V V Or a ~V V i V is apparently not necessary V

Vt L in the case of MMFI since both oxidation and reduction peaks are present in the
same sweep at all times .

In view of the above results it was concluded that . most of’ the cloctro-
V chemical reactions in both and M~FI are associated with the solvent itself .

L even in the presence of ionic species such as the azide ion . the obvious
V exception is the hydrazonium ion (N 2N5

+) which was added in some cases. but
this ion is also present due to water contamination.

JE 
_ _  
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Thus it was necessary to examine alternat ive electrcchemical couples that
could be used in hydrazine base solvents in order to take advantage jf the

~ 
1. wide potential operating rang e afforded by this class of compounds. As a

- 
result , candidate metals were studied in hydrazine-fanily solvents as both
soluble anodes and as metal-metal salt couples.

- 

6. Studies Of Candidat e Electrode Materials

A ser ies  of exceniment : were perfonzed in bydrazine , moncmethyJi-iydrazine V

V (~T-fl I~ and in 1:V ::V :Vceetr : cal d •i • r:eth y ihyd ra:ine (t~~~i) containing diethylenetetra—
mine (DETA) ~ e ~ - •• - o~• Tho the • i V ctrode pote ntials of semis active metals.
The P Vn t V O  V V ef tie V V c 0 rode_V :de:Urolyte couple ~VTa: nt idecd by usin:  separate

• anode and • t t •  10 s enT u rtnent s  ifl the cell and e • i • e e t rolg• V•in o the system in
order to • - -V nernte anodic and cathodic products. The potential decay after
t ey c r inaY Ve • of’ t ie  electro lys is was followed until equilibrium was estai iI T : • n e d .
In many ca:~ : reP acively Thr• c potential differences were noted after the

V electrolytic :r eereatment . As a resul t of thes e studies it was possible to
choose for fur ther  study several electrode couples which i~ di ca ted excep-

V tionalit- laree cell r •ot entia is .

A. N2H14 Containing NaN3, NaNO
3, 

and a NaOH-H 2 0 ~V 1ixture

The studies in N2H14 were designed to determine the current voltage V

characteristics of the metal s aluminum , magnesium , nickel and lead . In
V addition the reversibility to anode or cathode products were also st adied

before and after electrolysis by mean s of potential decay measurements.

The potential measurements obtained befo re electrolysis reflect the  V

interaction between hydrazine , the inert solute, and the metal. If a V

relatively high potential is obtained , tb~ reac t fi on of the solution with
the metal is usually low . Electrolysis is employed to generat e anodic
and cathodic products. If these products (ions) are reversible to the
metal in question, the potential of the metal should be changed in re- 

V

portion to the amount of product produced. Thus a large change in

H potent ial after electrolysis is desired , and if achieved , suggests that
the system should be studied in more detail.

tV _ i

The potential measurements for the three solutes used are summarized

• I in Table XVI. The cases where electrolysis or short c irc lc it s  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 th e[ cathode.

V.-

C
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4.
;~hen i~aN•~ was cued a solute , the inaglle:iIu n potential: versus a

V latinurn reference ~V r 5 1 .  aVbra V,n a o i t , —1. 50 volt regardless of ~VTTiether elec-
trolysis took place or not . The potentials for lead varied slightly , but V

.~~ 
were in the range of - .1? to +C .5 volt . SurprVi :irl f’L y the aidrrThuLm potentials

Vt ( - -Tore •~uite variable and ranged from -n .68 to +0 .30 volt . In the latter
case the aluminum was made the cathode during electrol-,e -P : .  The nickel

V electrode potential ira: only about 4 P .l volt . Thus the lar V V -est cell
potent ials involved magnesium because of its high half-cell poten t ia l .

V The largest cell potential was ab out 1.7 volts for the P V _ PT ; couple . V

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 aliout -O.9volt, indicatinI

V
~ the

presence of a metal-metal ion or metal-metal salt couple. There was very
V 

little change in ei ther  the nickel or- the lead :Votential s upon electrolysis
and as a resu l t  the cell :ot ent ia l s were low . The magnesium potentials were V

V about -0.~ to -Q.~ volt .

Then a water~ sodium hydrox id e I I l iX t V
Or€e was used as the solut e ( i . e . ,

a basic solution the  ma -ne:P :m no ten t i a l :  V .e r e  about —0.1 volt .  hOi V TCV VTCr the
alu minum potential was about _ d .9 to —1.0 volt both I e t O r V V: and after C I

V trolysis. In fac t , the electrolysis did not produce any drastic changes
in the potentials of any of toe metals tested indicated that  the hydroxyl
ion is the primary ~•otentia1—determining s~Vecies . 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  NaNO 3, the cell potentials are
quite low with a maximum of 1.10 volts for the ‘I T _ b .  couple. P

The CV 5 r - r - C~
V it voltage re la t ionshic  for the t our ne t als i n  t o  thr ee

• sol u t os  are illustrated in iV ie s  18 tbr -ou li 2 U .  The swoon C T ~V t O  was 500 • 

-- 

I mv/ sec in each case. or convenience eac h metal will be di se ln - :od in terms V

of the three solutes.

• Aluminum V

In sodium azide (Fig. if) allV lminum is anodically isactive up to an
ovc-rpotential of a rout +3 volt : . f a t T odically the overpotential is about
— g .t volt V efore a si -nP ii w i ~~ cathode current is eO V t V :V I . PhI.: OD~ r-cs p on d:

1 to the b e • inning of hydrogen evolution .  The same anodic c s ;av V V Or is noted
V for aluminum in sodium nitrate ( l i V e. 19). Dilly i , the cat •odi V c V V

~~~~er t o~~~en

tial is about _
V
i 14 volts compared to fl~ 

V volt in :o( V i iun aside .  The rest
T ;Ot Cflt V~d L  is  about d .J V volt compared to — 0.8 volt in sodium n:T I VTe .  In sodium

1

V 
- ______________
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hydroxide solutions (Fi V . 20), the rest potential is about -1.1 volt, how—

I ever , there is little or no cath odic overpotential before there is a si~~tifi-
cant cathodic current. The anodic current level is only about 0.114 ma at
+5 volts wh ich is considerably less than the other two solutes .

- I Magnesium

I In sodium azide the cathodic t V V& avior is similar to aluminum , the over—
potential for hydrogen foi~nation 1: -0 .8 volt . The anodic Lohavior is such that
there is a linear increase in current with overpotential of about 2.5 volts/2

V j  ma. This corresponds to an uncompensated resistance of about 1250 ohms.
The anodic reaction is unknown but it could be a combination of nitrogen

v 
evolution and magnesium dissolut ion . The open circuit potential is -1.6 volts
versus platinum which is the most negative potential of all the metals

V studied regardless of the supportini - electrolyte.

V In sodium nitrate the anodic behavior is considerably different
V than in sodium azide . There is an overpotential of about +2 .i~V volts before

I — there is any siun i f icant  anodic current . However , there is little or no
V cathodic V overpotential and the curve indic ates a l imit ing current .

V -- In the basic solution the equilibrium potent ial for magnesium is about
zero volts compared to -1.6 and -0.8 volts for :odiurn a •I ide andsodiurn nitrate ,
respectively. There is no appreciable anodic current flow up to +~ volts and

V no appreciable cathodic current flow up to -1.8 VOJVtS . The anodic overnoten-
tial is about the same for magnesium in NaNO3, but the cathodic evert Ie~

VT 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 oVi~e r: otc nt i al  of
ab out +1 volt. In sodium m•t t r a t e  there is an o-V s o ro ot V en t ia l  of ~l volt . A
cathodic peak is noted at -1.2 volts ~•d i ic r  corresponds to N2H5 discharge . V

In basic solutions the anodic overpo V e :t ia l  is about +1.5 volts , but the
cathodic overpotential is practically zero. In all cases the rest
potential is practically sero volts . Nickel seems to be the least affected

I 
• of all the metal s tested in term s of both potential and supporting elec-

trolyte.

[
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Lead

In sodium azide the open circuit potential is about +14 volt: . The anoeti c
V I sweep is linear and goes through the origin on the return sweep. This

linear behavior is also evident in the cathodic direction except that

V there is a rapid reduction in current from -2.14 to -1.2ma at -l.5volts. The
V I 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

V j due to lead oxide . This behavior for both lead and nickel is similar to
V platinum where an oxidation current is noted at an overpotential of about

-0.3 volt provided the cathode polarization iscar r ied  out to the hydrogen

J evolution potential of about -0.8 volt.

In addition to the metal effects it is n~ cessar y to consider the general
effect of each solute on the behavior of the system. In the case of sod ium
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 overnot ent ial  prior to a sip - -

V 
V1 n ificant electrode reaction , i .e . ,  about +14 volts. In all cases it is difficult

to ascertain the true behavior of the metal since the primary differences
1 seem to be due to the reaction of hydrazine as a function of the type of
I metal surface.

• 
In the case of sodium nitrate , the equilibrium potentials are lower than

those observed in sodium azide .  Also the current voltare relationships are
such that the cathodic 0 50r : eu len t i a l  is much h i she r  on aluminum than it was
in sodium azide . For magnesium there is a much higher anodic overpotential
than in sodium azide prior to s ignif icant  current flow and there is also a
cathodic l imit ing current . In 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-
trolyt e 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 d i f f e ren t  for in th io  electro-
lyte for aluminum , lead and nickel than in sodium azide and sodium nitrate

I since there is not cathodic peak corresponding to hydrazonium ion discharge .

Li 
~~~~~~~~~~~ V~~~~~~~~~~~~~~~~~ V t~~~~~~~~~~~~~~~~~~ V V~~~~~~~~~~~~~~~~~~~~~~ V V V V ~~ V VVj
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The V overpotentials for each of the metals in the three supporting

I electrolytes can be used to evaluate their use as possible electrodes. These
- overpotentials are summarized in Table XVII , and we re obtained by extrap-
- 

J 
elating the current voltage curves at high overpotentials to the zero

V current point . It is obvious from the data in Table XVII , that there is no
over potential for lead and that the nickel overpotentials are minimal

V 

i (1 .5  to 2.0 volts). However the overpotentials fpr magnesiui-nincrease in the
order NaN~ , NaN O3, NaOH (or in the order of increasing alkalinity).  Aluminum

V 
V 

overpotenfJals are low in basic solution but there is a wide range of over-
V voltage for this metal in both NaN

3 
and NaNO3.

The usefulness of a given metal as an electrode depends on the desired
reactions. Since it appear s 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

j  
avoided . When the proper combination of metal and supporting electrolyte are
used , the solvent decomposition ceases to be a problem . As a result , the

V 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- IV

V 
lyte. If these reactions can proceed at low overpotentials it should be

V - possible to realize cell potentials on the order of three to four volts
in solutions of high conductivity.

I .  Monomethyl and Unsymmetrical Dimethyihydrazine

rV
V
, 

Because it appeared that hydraz ine might be too act ive electrochem ically
V and the over potentials of the desired electrochemical couples in hydrazine

V appeared relatively hieh , tests were undertaken to investigate substituted
hydrazines that are much more stable than the ear-cot compound . The use of

V these compounds as solvents should result in higher overpotentials.
V I 

especially in the anodic direction . (See Section 11- 5 of th is  report for V

a discussion of mo:cSV
V V

V
V V I •  iyh :Td r a z in e ) .  However the solubil i t ies of ionic

compounds are much lower in these solvents than in hydrazine due to their V

low dielectric constants (see Table Xv ).

A series of experiments similar to those discussed above were run in
- ~~

. •~P H . The only solute used was sodium azide (0.085 molar) due to the low

- 
solubilities of the other salts in this solvent. The metals, platinum
(control ) zinc, molybdenum, copper, zirconium and magnesium were used as
electrodes. The current levels were low in all cases , but magnesium was
the only electrode material that exhibited any appreciable anodic or cathodic[ overpotential . In the presence of both anodic and, cathodic products the

CV

r .  14Ii -

V 
V V
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I V

overpotential was about 2.7 volts. Since the current levels are so low
V (0.02 ma at 3 volts over potential), it is difficult to determine the point 

V

V at which a significant reaction takes place.

j This situation is even more complex in the case of UDM1-I. It was
necessary to add DETA to provide any appreciable salt solubility. It was

I-
then possible to d issolve NaN~ to a 0.17 molar concentration. Aluminum
was the only metal tested. I~ was found that the tot al overpotential
was about 2.2 v in an unelectrolyzed solution. However , this increased
to about 6.5 v is a cathodica.lly conditioned electrolyte.

As far  as solvent properties go , it may be advantageous to use combina-

- 
tions of N

2H14 and/or MMH and IVJDMH to provide the best compromise for solu-
• bility and over potential. It is obvious that high anodic over potentials
V can be achieved in MMI-I since the anodic process does not involve the produc-

V tion of N
2
. Nevertheless , the nature of the anodic process is st ill not

known . However, as noted above , if low over potential electrode couples
V can be devised which work in hydrazine, then the solubility problems no

longer exist .

I i
— C. Experiments With Aluminum-Aluminum Salt and Magnesium-Magnesium Salt

V Couples in Hydrazine

V - 

A series of tests were run employing magnesium and aluminum electrodes.
V Baseline data were obtained for these electrodes by determining current- V

voltage relationships in the presence of supporting electrolyte only. The
V 

-
~~ supporting electrolyte was 1.7 molar NaCl in most cases. In one case mag-

nesium was tested in the presence of LiN
3
. Since sodium salts had been

used exclusively in the past , th is compound was chosen to see if there was V

- :  I a difference in behavior of the electrolyte if the alkali metal ion was
V V~ ~~ changed.

-
~ 

V~~ 0nc~ the baseline data were obtained , the salts AlCl3~ 6H20 andLi MgCl2 •6H20 were added as solutes. The solubility of these salts were low
and the concentration was limited to 0.05 molar in each case.

f 
L ~Jum num

E 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 (Table XVIII) versus a glass reference electrode treated iii • 

V

E hydrazine to saturate the glass membrane. This electrode had been found to
maintain a steady potential for long period s in comp atibility tests run for

35 V
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V a minimum of one month on another Air Force contract (Ref. 7). The over-

I potent ials are -1.5 volts cathodic and over +2.Ovolts anodic. In th e former case
hydrazine evolution occurred with a rapid rise in current at -1.5 volts . In
the latter case no significant current was noted .

V In the presence of AlC1
3
•6H20 an anodic current was noted at +0.5 volt

I 
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

V 
equilibrium potential changed only slightly -P.670 volt (Table XVIII). The V

V 

I 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

V overpotentials and only a very little oxidation of aluminum at relatively
high anodic overpotentials.

Magnesium

~ I Magnesium in N2H14 containing 1.7 molar NaCl indicated a very active
anodic process. The equilibrium potential was -1.314 volts and sienificant

I anodic currents were obtained at an over potential of about +0.8 volt. There

I was no evidence of hydrogen evolut ion or a significant cathodi c current out
to -2.0 volts. There was residual current of about 0.5 ma, but th i s  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 V

V 

magnesium to the +1 and +2 oxidation states. V

V In the presence of MgCl2 -6H20, the anod ic overpotential was reduced
to less than 100 my and maximum anodic currents (double peaks) were observed
at +0.5 volt. The cathodic overpotential was about -0.35 volt and the cathodic

V current was also large. The return cathodic sweep yielded a eeal: at _ C V .50 volt
V which corresponds to the oxidation of hydrogen . Evidently the reduction of

V Mg~
2 to Mg and the reduction of N

2H5
4 to H2 occurs at the same potential.

The equilibrium potential is -2.20 volts verslrs the p-lass electrode. This
potential is very large and thus the electrochemistry of this couple should

I be investigated fur ther .  The fact that the N2H5~ couple is involved in the
cathodic proces s is of little concern in this case because the MgCl2 was
added in the hydrated form thus increasing the concentration of the N

2H5~I ion. This problem can be avoided by adding magnesium in an alternative
ionic form not containing water.

- 
Magnesium was also investigated as an electrode material using I1N~ as

a supporting electrolyte. The equilibrium potential was -2.08 VOl~~ V 5  n•lhicn

is much higher than the potential in any of the other media investigated .

J In this electrolyte it was possible to polarize the system to -3 volts without

ii 
- V V

- -~~ V ~~~I V ~~~~~~ ~~~~~~~~~~~~~~~~~~ V~~~~~V
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appreciable cathodic current. Anodic currents up to 14 ma at +3 volts were
obtained , but no evidence of sharp current rises was noted that would 

VV 
correspond to magnesium oxidation .

Experiments using MgCl2 •6H20 in the N2H14-LiN3 system were not success- 
V

- 
ful since the solubility of the magnesium salt was very low in the presence

r of LiN~. In this case the concentration of LiN
3 
was about 0.26 molar or

about ~jve times the concentration used for the other supporting electro-
lytes. Evidently the total ionic strength was too large for this particu- V

V 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 .

V S

H

*V 1

J i
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SECTION III

SUMMAR Y OF R~~ ULTS V

V 

Phe experimental program described herein was designed to examine

J hydrazine and hycirazine-derivatives as solvents for various electrolytes. In V V

principle such solvent/solute mixtures could permit a wide range of electro-
chemical reactions which cannot be achieved in aqueous solutions. Hydrazine V

I az ide as an electrochemicafly act ive solute was selected becaus e of the high
theoretical oxidation potential for the azide ion. The kinetics of more con-

V ventional metal-metal ion couples were also investigated.

J The effect of impurities on the electrochemical properties of h:I- Vlra:’inc
V was investigated using as-received and specially purified samples. A purifi-

1 cation procedure was developed which consisted of drying over CaH~ followed

1 by a vacuum distillation. ihis procedure resulted in hydrazine with 0.05 per- V

cent water and less than 10 ppm 0
V2 •

1 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.

V The conductivity as a ñmction 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

V association is evident and the effect of water on the ionic nature of hydra- 
V

V zinc is minimized. Thus elaborate purification procedures are not necessary
in order to use hydrazine as a solvent. -

L
The effect ot’ 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 crier to maintain a carbon dioxide concentration on the order of 10 ppm. 

V

h’oper control of the impurity levels resulted in hydrazine samples that could V

-~ be used in electrode polarization studies without encountering interferring V 
-

reactions. V

I Liectrode polarization studies on platinum in hydrazine indicated a
total potential ran T~e of at’out 1.2 volts without hydrazine decomposition. The V

I

[ V:~V1t VV h O V 1 i :  rea~~Vior1 is diffusion controlled and proceeds according to: ~ -~~

4-

2 N2H + 2e — 2 N2H14 + H2 
-

1

I
V i



__iVI 
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ii
1

The anodic reaction is activation controlled and proceeds according to:

V 1 5/2 N2H14 2 N2H
5~ + 1/2 N2 + 2e

j Polarization experiments using hydrazine azi de as a solut e merely
V 

increased the conduct ivity of the system , there was no evidence of aside ion 
V

I discharge. These experiments were repeated using monoethyihydrazine as a

V 
solvent. The cathodic process was the same as in hydrazine . In the absence

V of a supporting electrolyte it was possible to ohtairi a total potential range

J of ± 3 volts. In the presence of solutes (inuluding hydrazine azide) the
V cathodic overpotential was the same as in h ; • ~rasine , but there was no evidence 

V

of nitrogen evolut ion at overpotentials as hip -h as + ~ volts (i.e., no azide

I in activity).

V Gtudies of a variety of metal-metal ion couples in hydrazin~ indicated

~ I that aluminum and magnesium have hip-h overpotentials for solvent decomposition V

V 

~~ and low overpotentials for the metal-metal salt couple. The aluminum d ee-
V t V r oV-ie does not appear to be reversible , but the magnesium-magnesium chloride

system indicates high reversibility at low overpotentials. I V

The results suggest that a research program should be conducted in which
selected metal-metal ion and metal-insoluble metal salt couples would be
invest igated as a function of solvent composition and solute concentration in V

terms of high open-circuit potentials and low overpotentials. The solvent

1 
studies have been brought to the point where the solvent-electrcde interac- V

tions are well understood , and the specific electrode process es can be
studied without problems associated with the solvent.

I

i~~ I
i i
ii
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I 
PUBLICATIONS AND PRESENTATIONS

I 
The signif ic~-nt research results under this contract are being prepared for ~~V V

publication in technicai ~~rna1~ or for presentation at technical meetings. The -

publicat ions include:

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

1 2. “The Cathodic Process in Anhydrous Hydrazine”, by C. T. Brown. To he
submitted to The Journal of the Electrochemical Soc iety.

3. “Electrical Conductivity Studies of Hydrazine-Water , Hydrazine-Aniline 
-V 4 and Hydrazine-Carbon Dioxide Mixtures”, by C. T. Brown. To be submitted

I to The Journal of the Electrochemical Society. V

A presentation of this work , entitled, “The Electrochemistry of Hydrazine- V

1~ydrazine Azide Mixtures for Battery and Fuel Cell Applications ” , was made at the
University of Poitiers , Poitier s , France , in Oct ober , 1971~, as part of an Inter- V

V national Conference on “The Properties of Hydrazine and its Potential Applications
as an Energy Source .”
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V

Table I

Pur i fi c ation of Hydrazine V

t I  
_ _ _  _ _ _ _ _ _  __1 Sample Percent Water Notes

J N21114 — Stock 2.82

N 2H14 — Stock 2.26 dried over BaO for 214 hrs

~~ V J~ N 2H14 - Stock 0.92 dried over C~ i2 for 30 hrs 
V

V H 2 }114 — Stock 0.55 dried over CaR2 for 51 hrs

— Stock 0.29 dried over CaH2 for 75 hrs

N21114 — Stock 0.09 dried over CaR2 for 231 hrs

V 

N2F114 — B 0.69

N 2H
14 

— B 0.18 dried over CaR 2 for 192 hrs

N 2H 14 — B 0.13 dried over CaH2 for 231 hrs 
V

I N 2H
14 

— B 0.11 dried over CaR2 for 3814 hrs

.12h14 — B 0.05 dried over CaH2 for 909 hrs

V H H — A—l 0.56 — — — —

V 

— A—i 0.114 vacuum distilled — 1st fraction V

I 
H-, i1 1~ — A—2 1.143 vacuum distilled — 2nd fraction

— A—2 0.17 vacuum distilled — 1st fraction

I — A— 2 0.39 vacuum distilled — 2nd fraction

— A.-2 2.28 vacuum distilled — residue
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I
Table II V

V Spectrographic Ai-~alysis of Metallic Impurities
V 

I 
in N2H14 After Vacuum Dist illation

(Sample A—i)

I Metallic Impurity Level (ppm)
Sample Ni

V 
Original Sample 0.59 0.27 0.08

Distilled Fraction #1 0.31 <0.3 0.06

Distilled Fraction #2 0. 66 1.32 o . i6  
V

Residue 0.61 0.5

(Sample A—2 )

Fraction #1 0.114 0.314 0.03

Fraction #2 0.27 0.95 0.08

Residue 14.2 2.5 0.58

L
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I
~
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Table IV

I Specific Conductivity of Hydrazine Mixtures
as a Function of Temperature

4.’
V Specifi c Conductivity

- 

Sample Temperature °C ohm~ - cm ’

J A 214.5 1.709 x lO— ~

I
A 35.3 1.966 x l0~~

A 145. 2 2.186 x l0~~

1 B 25.0 1.012 x lO~~

V B 35.5 1.168 x 10~~

I B 145.2 1.306 x l0~~

V B ( 3814 hrs in CaR 2 ) 2 5 .3  2.279 x l0~~

B (3814 hrs in Call2) 35.1 2. 1428 x l0~~

B (3814 hrs in CaR2) 145.3 2.669 x lO~~

HI I
A 1.20% H 20 ~E = 2.21 x io~ cal/mole

V 

B 1.147% H20 tCE = 2.38 x l0~ cal/mole
B ( 3814 hr s in Call2 ) — — 0.11% H20 AE = 1.56 x 1O~ cal/mole

I

I

L. ii

Il l
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V J

V J Table VI

Conductivity of Hydrazine as a Function of Aniline Content

V EouivaThnt
V Specific Conductivity

Aniline Conductivity

- 
(moles/liter) ( ol-ims~~~~~ cm~~~) ( ohrn s~~ en 2 ) % Aniline

l.03x10 2 14.07x10 5 3.91414 0.102

1.93x10 2 14.lLclO 5 2.129 0.191

- 
14.23x10 2 

~.l0xlO
5 O.96B6 0.1419
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Table X

Anodic Current Density on Platintun as a Function
of Electrolyte Composition

V V 

(at  a constan t overpotential of +0 .bv)

V Electrolyte* Anodi c Cur rent De nsity V

(ma/cm 2 )

N2}I
~

-A (0.5 1% 1120) 1.6 
V

IT H~~B (o .l3~ 1120)

V 

~~~~~~ 
0. 19% KC 1 3 5 5

~I 21I~-B + ~~~~~ KC 1 ih .o

N2II~-B+ O.27~ N 5H 5

N2H~-B+ 0.23% N 3E 5C1 l~ .6

V 

*N2}{~ A is stock hydrazine containing 0.51~ water.

rI2H~ Bis purified hydrazine containing 0.13’i water.

•1
J 

‘ 

-

V V V
V~ 

~ C

IV .: V

( C
C

C . & . .‘.~~~~~~ ‘ aLa. . V V
VV V V V V V A
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Table XI

V cathodic Ik larization Peak Currents and

I rotentials as a Function of Sweep Rate 
V

(N 2Hj~ + l.1C3% H20)

a Peak Current Peak Cathodic Over— Sweep Rate ~illi—
(ma ) voltage (volts) volts/sec

0.13 —0 .35 6.7

0.25 —0 .~ 0 20.0

V 
~~~~~~~~~ 0.30 -o.~ 8 33.0

0.50 —0.52 ~46. 5

0 .75 —0.65 133 
V

-

) -- 0.75 —0.75 200

V II
~V II

L ~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~•~~~~
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I Table XII
V Limiting Cathodic Current as a Function of Electrode Rotation rate

V J Sample Rotation Rate 12, V P.ate I 9 /~ 1Pate 
V

( PPM ) (ma )

~ II A 81 2.0 9.00 2. 22 x i0~~

114 3 3. 14 11.9 2.86 x 10~~

1450 6.0 21.2 2.83 x 10~~

960 9.0 31.0 2 9 0  x 10
_i

B 1140 0.090 11.8 7 t 3  x l0~~

- 1’ 360 O 1’1 1~) 0  7. 90 x 1~~
..3 V

500 0.18 V?~~~~.14 .05 X iT 3

A + .19% KC1 111 1.3 10.514 1.23 X 10

I - 

V

250 1.8 15.8 ~ .i 14 X

315 2.2 17.75 l.2~ x 10
_i V

B + .214% KC1 115 0.20 10.7 1.87 x 1VD

- 310 0.30 i7.h 1.71 x l’ V

509 0. 140 22.6 1.77 x l0~~

V 
V B + .27% T~ H 83 52 9.10 5 _7 2

~ 
[ 135 65 ll. E V 5.60 V

210 814 114 .5 ~.8o V

V B + .23% N2H5C1 95 146 9.75

210 7(n) 114 .5 14 .73

H ‘
I

-
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Tab le XIII

I Diffusion Coefficients for
Hydrazonium Ion in Hydrazine V 

V

V 

I Calculat ed Concentrat ions
Measured Diffusion Hydrolysis
Concentrat ions Ana lysis Analysis

~~V
V
~ 

j  
Electrolyte* ~~j~a) C° (moles/i) 

— 
D(mo1es/ca~

_ sec) (moles/i) (moles/i) V

N2H14-B + N 5H5 814 3.62 X i0~~ i.~~7 ~ 10

V j
N2H~-B + N2H5C1 70 3.38 x 10—2 1.149 x l0~~ —- 

-

I V

V N2H14-B + KC1 0. 14 -_  **1 58 x l0~~ 1.82 X Li 2~~.T ~~ 10~
1-
~ *

N2H14-A + KC1 2.2 -- ~~1.58 x l0~~ 1.00 x iO~~ 5 . 3 0 x IV H 
C

I
F -

*N H -A is stock hv :r rL:Ci r l e contain ing 0 .51~’ wa ter .
V 2 1 4  -~~

T~2 i~~-B is pur i f ied  hy dra zine containing 0 . i3~ w- ltV C C r .

~ Average value for D based on N-,H5C1 and N5H5 concentrations .
a-

r

11 H

~~

• ~~aV
V
~~~~~~~~ V

_ __ _ _ _ _  V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~_ V V V V~~~V V V V V  V V V V V
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H
I V

~I~iI Table XV

Physical Properties of Water, Hydrazine,
Monomethyl Hydrazine and Uns~nnmetrica1I Dimethyl Hyd.razine

I Physical Propert y N~H14 UL!~ll-r

Melt ing Point (°C) 0 1.53 -52 -57 V

Li,

Normal Boiling Point ( °c) 100 1114 88 62

Vapor Pressure (298°K) (mm llg) 23.7 114.2 149 167

-

V I Density (298°K) (g/cc) 0.997 1.0014 0.87 0.79

-~~~~ Vi scosity (298°K) (centipoise) 0.8914 0.913 0.775 0.1492
I 

Surface Tension (298°K) (dynes/cm) 72 66 314 214

Dielectric Const ant (298 °K) 80 52 19 -

I V

‘
‘ ~1
: 1
.~V I

- I

H I
- a- 

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~

—
~~~~

----———
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Table XVI

Cell Potent ials for Electrode Couples in Hydrazine

1 1.7 Molar NaN3 Half cell Potential (v)

Cell # Metal Couple Pot ential (v) Metal 1-Ref Metal 2-Ref
1 2

d 1 Al - Mg 1.1~1~14 - .06 -L50
2 Al - Pc 1.22 -0.68

V 

3 Al - Ni 0.28 -0.10 +0.18
*14 Mg - Pb 1.68 -1.35 +0.33

- *5 Al - Pc 0 +0.30 ÷0.31
V 6** Mg - Pb 1.71 -1.148 +0.23

7** Mg - Ni 1.52 -1.145 +0.08

1.3 Molar NaNO3

8 Al - Mg 0.60 -0.18 -0.80
V 

9 Al - Pb o.146 -0.28 +0.22
V 10 Al - Ni 0.114 -0.11 +0.03
. U Mg - Ni 0.52 -0.62 -0.10

*12 Al - Ni 1.00 -0.93 +0.07
*13 Al - Pb 1.18 -0.85 +0.33

5.3 Molar H20 - 1.1 Molar NaOH

Al - Mg 0.80 -1.014 -0.114
V ‘ 15 Ni - Mg 0.15 +0.07 -0.06

16 Pb - Mg 0.35 ÷0 .25 -0.11
-*17 Al - Mg 1.06 -0.95 +0.11
*18 Pb - Mg 0.35 +0.25 -0.11
*19 Al - Ui 1.10 -0.88 +0.22

Electrolysis to produce anodic and cathodic products

~ Cell short circuited

~
I

I C

~
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Table XVIII

Electrode Potentials for Magnesi um and Aluminum

I In solutions containing NaC l, LiN3, MgC12 •6H 20 and A1C 13
6H20 V

H
Metal Electrolyte Potentials Glass V

V 
Mg N21114-NaCl (1 .7 molar ) -1.3 14

- - I I  II -0.810

1 -0.690

F 
Mg N2h14-NaC1-MgC12 6H20 -2.20

1 Mg N2H14-LiN3 (0.26 molar) -2.08 V

- 

-2.26

Al N2H14-NaC1 (1.7 molar) -i.0146
V 

“ N2H14-NaCl + A1C13 6H20 -0 670 :

VJ 

:

e -

V - - ‘(4 -

H - r
V ‘

& V

I
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  i
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- 
ANODIC POLARIZATION ON PLATINUM IN N2H4—0 .05 % H~ O
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~ J ANODIC POLARIZATION ON PLATINUM IN N2H4—O.23% N5H5

J ( E F F E C T O F  ROTATION ) V

H.

*7

- 

- ‘

I 

0.5 mCI

1 A . STAGNANT ELECTROLYTE V
( 4 -

1~ 
‘

iii
ISR II

~~1 V V ~~~~

L ~I I

V 0.05 V

- . -~1 ~~-0.5 rn~
V [ B , ROTA l ING ELECTRODE (000 tpm )

V
~~~~I

I- I 
_ _ _  _ _ _ _ _  _ _  _ _  _ _ __________ 0~~~~~~ V ~~~~~~~~~~~~~~~~~~~~~ _____ -



— V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
~~~

~~V.5’a-~ V V~~~~ .Fa- PC~~~ V’PS a~- a- V V . V V V a- - - —  - - V - V V ~~~~~~~~~ ~~~. —.. _~~~~~iI.1_~~~~~~~~ __ *. _ ___ _ .

- i
- 1 R76—911319 FIG. 3
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CATHO DIC POLA R IZATION AS A FU NCTION OF E L ECTR OLYTE COMPOSITI ON
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V CATHODIC LIMITING CURRENT AS A FUNCTION OF ROTATION RATE
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FIG . 9

~
- T CATHODIC POLARIZ AT ION ON PLAT INUM IN N2H4—O.24% KCI — 0.13% H20
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I CATHODIC POLARIZATION ON PLATINUM IN N2H4 + 0.51% H20
(EFFECT OF POTENT I AL SCAN RATE )
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CATHODIC POLARIZATION ON PLATINUM AS A FUNCTION OF ELECTROLYTE COMPOSITION
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V CATHODIC POLARIZATION ON PLATINUM AS A FUNCTION OF ELECTROLYTE COMPOSITION

(EFFECT OF ROTATION FOR KCI IN N2~-14 + 0.61% H20) -
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R76—911319 FIG. 13
- I CATHODIC POLARiZATION ON PLATiNUM AS A FUNCTION OF

ELECTROLYTE COMPOSITIONV (EFFECT OF ROTATION FOR KCI IN N2H4 + 0.13% H 20)
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CATHODIC POLARIZATION ON PLATINUM AS A FUNCTION OFJ ELECTROLYT E COMPOSITION
(EFFECT OF ROTATION FOR N5H5 AND N2H5CI IN N2H4 + 013% H2OI
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POLARIZATION ON PLATINUM FOR HYDRAZINE AND MONOMETHYLHYDR AZINE
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CURRENT—VOLTAGE RELATIONSHIP IN N2H4
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Hydrazine Electrochemistry
Hyd r azine Azide

I A SSTRAC ’VT ICanIInu. an ,.a..,a. aId. It n.c.aa.rv and ad.ntgfr by btocb nun.b. ,C

- This document constitutes the final, report under Contraot Fl~14620-72-C-OO~49,
V 

a a j ~~~~~~~~~~ of Hydrazine-Hyd.razine Azide Mixt ur e~~” .-~ The final report
contains a summary f t e research accomp lished for the period , March 1, 1972
through June 30, 1976 . Investigations int o the natur e of hyd.razine and
hydrazine deri vatives were carried out with the objective of providing solvent
f o r  electrochemical applications which exhibit larlte potential ranges without
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~~~acrificing solubility level s of the reactants. The activity of the azide V

ion was also examined since its theoretical cell potential is high. The V
experimental investigations included the development of methods for the
purification of hydrazine and the determination of the ba~ L c electrochemical
properties of hydrazine. V

The effect of impurities on the conductivity of hydraz ine was also
determined as a function of water and carbon dioxide content. Electrode
polarization measurements on platinum in the presence of hydrazine indicates
that the azide ion is not electrochemically active and the electrode
processes are due to the solvent itself . The basic cathodic reaction isV the reduction of the hyd.razonium ion to hydrogen and the anodic reac tion is
the oxidation of hydrazine to the hydrazonium ion and nitrogen. Studies
in monomethyihydrazine and unsymmetrical dimethyhydrazine indicated an
im proved anodic overpotent ial (no nitrogen formation) ;however the cathodi~c
reaction was identical to hydrazine. The program direction was changed to
the study of metal-metal ion couples in hydrazine and it was foun d that 

V

the magnesium-magnesium ion couple was reversible and that magnesium and
aluminum metal s exhibit a high overpotential for solvent decomposition.r

~
hus a

V metal-metal ion and metal-insoluble metal salt couples should be investigated
r urt~-&r .
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