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Abstract:

A fuel cell has been developed which will operate at temperatures down to -20 °C using a liquid
ammonia solution (NH3/NHNO?3) as the electrolyte. The cell used a mixture of hydrogen and ammonia
gases as the fuel and iodine (dissolved in the electrolyte) as the oxidizer, The anode (hydrogen
electrode)was a commercial porous gas diffusion electrode (American Cyanamid Company) which
consisted of platinum black electrocatalyst(9 mg/cm2) bonded to a tantalum screen. The cathode
(iodine electrode), which consisted of platinized porous stainless steel, was developed in these studies
and was of the porous flow-through type. The open circuit voltage of the cell was 1.15 volts.

A number of preliminary studies on potential fuels, oxidizers, and. electrocatalysts were made in liquid
ammonia solutions using the electrochemical technique of cyclic voltammetry. lodine reduction at
various electrode surfaces was also studied using this technique. Polarization characteristics of each
electrode used in the final cell design were obtained by fixing the cell current using a D.C. power
supply and recording the resulting electrode voltage with respect to a Pb/Pb+2 reference electrode.

Hydrogen electrode polarization was high at extreme NH3/H2 ratios (1:5 and 5:1) and was a minimum
at NH3/H2 ratios approaching 1:1. A decrease in cell operating temperature led to increased hydrogen
electrode polarization. Typical polarization of the hydrogen electrode at an operating temperature of
-18 °C and NH3/H2 ratio of 1:1 was 0.2 volts at a current density of 80 ma/cm?2.

Polarization at the stainless steel cathode was studied at three different platinum loadings (0.5, 4.0, and
20 mg/cm?2) using three different electrode pore sizes (5, 20, and 65 microns). Polarization at the
cathode decreased with an increase in platinum loading and with a decrease in electrode pore size.
Electrolyte flow rate (1.0-9.5 cc/min.) and iodine concentration (1.0 to 3.0 g/100 cc solution) were
found to affect iodine electrode polarization only if their values were such that a shortage of iodine
existed at the cathode for maintaining the current density being drawn from the cell.

The fuel cell developed in these studies was operated continuously at 30 ma/cm2 and 0.75 volts for 72
hours with no apparent electrode deterioration. Operating conditions were as follows: NH3/H2 ratio,
1:1; ambient temperature, -15 to -18 °C; iodine concentration, approximately 3.0 g/100 cc solution;
electrolyte flow rate, 1.0 to 2.0 cc/min.
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ABSTRACT

A fuel cell has been developed which will operate at temperatures
~down to -20 °C using a liquid ammonia solution (NH /NHhNO3) as the
electrolyte. The cell used a mixture of hydrogen and ammonia gases as
the fuel and iodine (dissolved in the electrolyte) as the oxidizér, The
anode (hydrogen electrode)was a commercial porous gas diffusion
electrode (American Cyanamid Company) which consisted of platinum black
electrocatalyst(9 mg/cm2) bonded to a tantalum screen. The cathode
(iodine electrode), which consisted of platinized porous stainless steel,
was developed in these studies-and was of the porous flow-through type.
The open circuit voltage of the cell was 1.15 volts.

A number of preliminary studies on potential fuels, oxidigzers, and
electrocatalysts were made in liguid ammonia solutions using the
electrochemical technique of cyclic voltammetiry. Iodine reduction at
various electrode surfaces was also studied using this technique.
Polarization characteristics of each electrode used in the final cell
design were obtained by fixing the cell current using a D.C. power
supply and recording the resulting electrode voltage with respect to a
Pb/Pb+2 reference electrode.

Hydrogen electrode polarization was high at extreme NH3/H2 ratios
(l 5 and 5:1) and was a minimum at NH3/H2 ratios approachlng 1:1. A
decrease in cell operating temperature led to increased hydrogen
electrode polarization. Typical polarization of the hydrogen electrode
at an operating temperature of -18 °C and NHg3/Hp ratio of 1:1 was 0.2
volts at a current density of 80 ma/cm2. )

Polarization at the stainless steel cathode was studied at three
different platinum loadings (0.5, 4.0, and 20 mg/cm2) using three
different electrode pore sizes (5, 20, and 65 microns). Polarization at
the cathode decreased with an increase in platinum loading and with a
decrease in electrode pore size. Electrolyte flow rate (1.0-9.5 ce/min.)
and iodine concentration (1.0 to 3.0 g/lOO ce solutlon) were found to
affect iodine electrode polarization only if their values were such
that a shortage of iodine existed at the cathode for maintaining the
current density being drawn from the cell.

The fuel cell developed in these studies was operated continuously
at 30 ma/cm2 and 0.75 volts for 72 hours with no apparent electrode
deterioration. Operating conditions were as follows: NH3/H2 ratio,
1:1; awbient temperature, -15 to -18 °C; iodine concentration,
approximately 3.0 g/100 cc solution; electrolyte flow rate, 1.0 to
2.0 ce/min.




I. INTRODUGTION

Although the fuel cell brinciple has been known fof-over a hundred
years, it has only béen in récent yéars that thé fuél céll has-bécome the
objéct of Widé and variéd reséarch.' Thé'advént of thé spacé_agé and the
need for\a light, compact powér'soﬁrcé for spacé applications probably did
more to rékindlé intérést in fuél célls'thah anything elsé. Since 1959,
Which-was about the timé Qf thé'béginning of thé spacé age, hundreds of
laboratories, government, industrial,'and académic, havé enteréd the afea

of fuel cell research (1,2,3,k4).

The major attfaction 5f thé‘fuel céll is iﬁs potentialiy high
efficiency of energy convérsion.. In a fﬁel celi the chémical energy of
a fuel is converted directiy into electrical énergy without inﬁermediate'
conversion iﬁto hea%l Consequently, thé thérmodynamic Carnot limitation
does not apply, and thermal efficiencigs approaching 90% are theoretically

possible (5).

Of course, fuel cells have other advantages in addition.to their
high efficiency of energy conversion, including reliability énd silence of
operation, ease of maintenance,'cleanliness, and continuous, indefinite
operation without recharging. On thé other hand, fuel cells have their
.disadvantages, chief of which is their_high cost due to expenéive cell

components. Thus, the foregoing advantages and disadvantages of fuel

cells determine their application. If economics is the prime consideration,

fuel cells are generally not competitive with conventional power sources

and are not used.




e,

A. Prihciéleﬁoﬁ_Qperatloh

_ The principle of ogeretion_of a fuel cell is;’in theory; very‘sihple.
A fuel cell is nothing more than an'electrochemical'device Which consiste
of two electrodes Canode and cathode);‘an electrol&te (which separates the
electrodesl; fhel and oridizer; and suitable controls? -Figure 1 shows a
schematic diegram of a typical fuel cell and can be used to explain the
principle of operatlon.' A fuel (gas, llquld,'or SOlld) is fed to the anode
where 1t is electrochemlcally ox1dlzed to yleld electrons and an 1onlzed
spec1es;l The electrons flow from the anode through an external circuit as
" D. C. electric current, through some electrlcal load (electrlc motor,
light bulb, etc ), and back to the cathode. At the'cathode.these electrons
react electrochemically with the ox1dlzer;to;agaih produce,anadonized
species. The circtlt is coﬁpleted by transfer of one of the ionized

spec1es through the hlghly conductlve electrolyte. The net effect is the

productlon ‘of electrlclty in the form of electrons flow1ng through the

external circuit.

B. Measurement 9§;Fuel Cell Performance

The ideal fué1~33;i deliveré high.current with é,mihimup of internal
roltage loss. Bdt, in. any fhel cell, as.current being dreﬁh;from the cell
is lncreased, the:cell voltage'inveriably decreeses due to fuel celldc

polari%ationd In the development of any fuel cell one of_the main

objectives is to minlmize this polarization effect. ‘ - e

Theré are three major contributions to fuel cell polarization:
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Figure 1. Schematic diagram of a typical fuel cell.
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1. Ohmic pblarization is.nétﬁiﬁg mére than a cell voltage
decrease due to fhe ohmic résistance of the elécfrodés and eléctrolyté.
This'efféct is minimizéd by haViﬁé ﬁigh électrolyté conductivity and as
thin a spacé.bétwééﬂ'eléctrodés as possifle.

2. Concéntration poiarization is causéd by slow supply of
reactants to thé électrodé surfacé and slow diffusion away of réaetion
productg, i.é.; a décréasé in réactant coﬁcéntration at thé eléctrode
surface.

3. Acﬁivation‘polarization is caused by slow kinetics of the
electrochemical reaction at the electrodés. It ié génerally minimized by
increasing operating temperature and by improving the catalytic powers of
the electrodes.

A theoretical discuééion of polarization has been presented by a number of

authors (3,4,5,6,7).

Of course, polarization data is not the only Performance parameter
of interest to fuel cell researcheés. Life studies, power densities, and
efficiency of operation aré also important pérformance characteristics
which are frequently studiéd (5). In initial studies such as the present
one, however, performance 1s most fréquéntly measuréd by obtaining the

polarization characteristics of the cell.

C. Liguid Ammonia Fuel Cells

At the present time there are hundreds of fuel cell investigations

being conducted throughout the world, both by private industry and
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~governmental agencies. These:inves;iéations encomﬁasé a wide variety of
fuél cell types which employ a numbér'of different réactants; )
éléctrocatalysts; and éléctrqutés at midélé divérgént Qpérating

conditions.

Notably absént from this widé réalm of fuél céli réséarch.aré fuel
cells whiéh can bé opératéd at cold témpératurés-(<20 OCEJ An extensive
1itératuré sur%éy has shown that most fuél céll invéstigations aré being
carried out at or above room.témpératuré. For éxamplé, Yeager (8)
presents the stage of development and futuré outlook of a variety of fuel
cell systems presently under study as well as thé electrqaesﬁ electrolyte,

/
and operating temperature of each Qf these systeﬁs. A1l of the fuel cells
which_Yeagér discusses normally operate at 20'°C or above and’employ
agueous, fused salt, or soiid elecﬁrolytes. It‘éppears that the
temperature region below 20°C has been viftpally neglected by résearchers

as far as fuel cell studies are concerned. With this fact in mind, a

cold temperature fuel cell research program was undertaken.

' Liquid'ammonia was chosen as the ionizing solvent for cold
temperature fuel cell studies for a number of reasons:
1. Although the freezing point oflliquid ammonia solutions will
vary according to ‘the concentration of the conducting salt present, the
freezing point will always be ldw enough so as to provide a wide“

temperature range for cold temperature'studies. The freezing point of

pure liquid ammonia is -77.7 °C, and most salt solutions will freeze at




or below this temperature..

2. Liquid ammonia is é&n excellent solvent which exhibits high
- electrolytic conductivify évén‘at véry cold témpératurég (9,10).

3.. Liquid amﬁonia approachésfwatér very closély in its physical
propértiés (16;11). It was Felt that résults from aéuéous fuel célls

might be drawn by analogy to a liquid ammonia system.

Thermodynamically, liquid ammonia has only a .Oh volt potential
difference between anodic and cathodic solvent decomposition (hydrogen
and nitrogen evolutioni. The solvent decomposition reactions and their

oxidation potentials in volts at 25 °C are given below (91.

Acid Solutions (1M NH, ']

1 e o
Sy W = mT e E® = :0.0 v
WNH, = S N_ + 3NH, " + 3e” R = 0.0k v

3 272 b _ ,

Basic Solutions (1M NHEZ) . L
L H e NET = WE + e EO = 1.50 v
55 o T Nig

-1 - o
WH,™ = 20, + 2NH + 3e E 1.55 v

The electfokinetics of tﬁese decomposition réactions are éiow on most
-electrode surfaces and both reactions usually exhibit overvoltages of
about 1 volt. Thus, in acid solutiohs.the pféctical range of potentialé
for dissolved species is from 1.0 to ~l1.0 volts, while in basic solﬁtioﬁs

the practical range is from 2.6 to 0.6 volts. Of course, these limits

are extrémely~rqugh, and exceptions are to be found, especially among




N
nitrogen compounds which react Verynsiowly,(lE). In general, then,
éolutions of liquid ammonia éxhibit fairly wide poteﬁtial ranges for
carrying out-elegtrochémical studiéé.betwéén anodic and cathodic solvent

decomposition.

The chemistry of liquid ammonia has béén.wéll studied and most of
its physical propértiés have béén detérminéd. In addition, éléctrolyte
solutions of liquid ammonia havé béen subjéctéd to éiténsivé research (9).
Nevérthéléss, véry littlé réséarch has been doné,toward défélpping fuel

cells which use liquid ammonia as .the electrolyte.

Laitinen and his co-workers (13,1L4,15) used liquid.ammonia
solutions for the polarographic study of the reduction of a number of -

metal ions. However, very little of their work has been directly applied

to fuel cell development.

A great deal Qf research has been ddﬁé régarding the properiiés
and applications of metal-ammonia solutipns (16), %uﬁ little of this
research has been applied.to fuel cellg. Only Bennett (17) has done
research in this area. He made a study of lithium-ammonia solutions as
préliminary resgarch toward development of-a fue} cell Which'wogld use
'liquid ammonia as the electrélyte. His research showed that very high
current dgnsities (iOOO ma/cmg) could be obtained with low polériiétion
using lithium as the fuel in ligquid amménia solutions. The development
of a lOW"témperaturé liqﬁid ammonia éléctrolyté fuel céll in the prgsént

research program would, hopefully, contribute to the furthei development




8-

of the results which Bennett obtained.

Electrochemical studiés involving liquid ammonia havé béén made
iniabundancé a@lthé Nava; Ordnance Laboratory at Corona; Cglifornia.
Most of ﬁhé réséaxph_bonduétgd'at Corona has bééﬁ diréctéd toward
dévélopmént of ammonisa battéries C18); although somé liqﬁid ammonla fuel
céll wofk has ﬁéén doné. For éxamplé; Wilco# and Harris (l9j madé a
study of thé redgction of m—dinifrobenzéné in a liquid ammonia electrolyte
fuel ceil'which they devéloped. Théir résults appearéd to be quite
promising, although they used no anode feéd (fuel) in the évaluatioﬁ of

their cell and its associated controls.

Miles and Kellett QZO) reported on thé eléctgochemical oxidation of
a variety of fuels on a number of electrode surfaces in a liquid ammonia
electrolyte. Overvoltage méasurementé for thé hydrogen and nitrogen
evolution reactions were madé on these electrode sﬁ;faces in order to
evaluate them aé'potential electrocatalysts for hydrogéﬁ.oxidation.

Their research represents one of the biggest steps that have been taken

toward development of a liguid ammonia fuel cell.




IL. RESEARCH OBJECTIVES
As seen from the foregoing discussion, réséarch data on liquid

ammonia fuél eélls aré iimited; In light of this fact a résearch
program was~undértakén with thé'followihg général rés;arch.objéctives.

i: Conduct preliminafy éléctrochémical stﬁdigs on a puﬂbér
of péssiblé éléctrocatalysts and fuéls'in a liéﬁid ammonia éléctrolyte.

2. Dévélop and make opérablé a cold'témpéréturé liquid ammonia
fuel céll Bgsed on thé results of thésé préliminary studiés.

3; Optimize, at least briefly, thé pérformance of this fuel
cell with respect to its operating &ariables and study the effect of

these variables on cell polarization characteristics.




IIT. EXPERIMENTAL

A. Voltammetg}c Studies

In thé dévélopmént of this cold témpératuré liguid ammonia fuél cell
a numbér of préliminary half cell studiés wéré‘madé usiﬁg liguid ammonia
solutions. Thésé half céll studiés reqﬁiréd thé‘usé of a numbér of
chemicals and éléctrodé matérials; Thé'ammonia uséa in thésé studiés ﬁas
Mathéson anhydrous; of 99.95% statéd minimum purityl Inorganic salts
used for conductivity purposés wéré'réagent‘gradé chémicals, while the
various materials studiéd as possible fuéls Wére all of industrial or
reagent grade. Metals used as eléctrodes in eléctrocatalyst studies,

were of 99.9% minimum purity and were used in wire form.

For these preliminary studies electrochemical measuremeﬁts were
made in a three compartment glass cell in which the three compartments
were separated by glass frits (Figure QO)T All half cell voltammetric
studies were made using a platinum disc countér éléctrode and a Pb/Pb+2
reference electréde. In studying various pbtential fuels the working
electrode ﬁas always a piatinum or platinum black wire which was séaled
into the end of a glaés tube with epoxy_résin. A1l metals used as

working electrodes in electrocatalyst studies were also sealed into glass

with epoxy.

Singie sweep and cyclic voltammetric curves Wefe obtained using an
all-transistor chronopotentiostat (21) as the scanning instrument, while

current-potential curves were recorded on an X-Y recorder (Hewlett-Packard,

model TO30AM).
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The technique of single sweep and cyc%ib'voltammetry has found
extensive use only in recént yéars. Briefly, this technique involves
thé linéar change of potential across a working Ctést) éléctrodé and a
non~polari§éd référéncé éléctrodel As the poténtial'is changéd; a point
will bé réachéd at which an éléctrochémical réactiqn will occur. This
électrochémical réaction is obsérvéd'as currént flowing through the
working and countér éléctrodés and is réqordéd as a function of the
pbténtiél'appliéq using an X-Y recorder.. Using this téchni@ué diffusion
is the sole modé of ﬁas§ transfér'aﬁd the working éléctrodé poténtial is
scanned linearly'at a répid rate (several mv/sec. to séveral'hundre@
nv/sec.). In these particular stu@ies the scan rate was usually ~
125 mv/sec. A more extensive discussion of this electroanaly?icall
technigue, includihé mathématical analysis, is givén by Kublic (22),

Adams et al. (23), and Nicholson and Shain (24).

B. DPolarization Studies
Chemicals used in polarization studies (ammonia, inorganic salts,
etc.) were, as in half cell voltammetric studies, of reagent grade and

high purity.

A flow diagram of the system used in obtaining fuel cell
pdlarization data is shown in Figure 2. The principle of operation of
this system is as follows. Constant nitrogen pressure was used to force

the electfolyte from reservoir A through the fuel cell to reservoir B.

Flow rate of electrolyte was regulated with a precision needle valve at
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C and was measured periodicéllyiat thé'cell outlet usipg a stopwatch and
~ graduated cylinder. Fﬁel to the Qéll'(a mixture of hydrogen and ammonisa
éases) flowed into thé gas compartmént at D and.éxééss was vénted to the
atmospheré. A back préséuré,bf aﬁproﬁimaﬁely sié inchés of watér was
maintainea on thé gas sidé eléctrodé (anodé); The éléctrolyté Ccohtaining
thé diSSOlVéd-OXidiZer,‘iOdiné)'flowed.either:édjacéht to or thrbugh.fhé
cathode. In most casés a flﬁw—thrqugh typé of-catﬁodé was émployed.
Eleétrolyté was manually transferred from résérvoir B to résérvoir A when
recirculation was nécésséry. The cell and résérvoirs-ﬁéré ﬁaintained at
cold teﬁperaturés (-15 to -22 °C) by keeping them in a fivé cubic foot

chest freezer.

Figure 21 shows_a cross—sectioﬁal sketch of the fuel éell itself.
The cell module was constructed of polypropylené which proved to be
resistant.té ammonis solutions. GasKeting material used was 1/16-inch
thick silicone rubber, rated to remain resiiient and flexibie down to
-60 °c. In.all cases the anode~uéed was a‘commercial porous electrode
material manufactured by American Cyanamid Company. :Physical properties
of this electrode material as stated by thé manufacturer are as follows:

Catalytic material- Platinum black: 8.4 g £ g/ft2

Screen material Tantalum: 50 mesh, 3 mil.wire-
Electrode thickness  6-7 mils

Porosity : Very open

Electrode weight ho g/ft2

The reference electrode used in polarization studies was

constructed following a procedure recommended by Panzer and McWilliams (25).
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It consisted of a pieee of lead (Pb) ﬁetal enciosed in a thin glass tube
which confained a satufated'solution of ammonium nitrate in ammonia. The
Pb/Pb-:h2 reference was separaﬁed from the,liquid ammonia electrolyte by
meens of tﬁin microcracks in the'ena'of the'glase fﬁbe. .The microcracks
were formed by'sealing a short length of soft giass capillary tubing
into the end of larger diameter pyrei tubing and ailowing'to cool.
Best results Were attained When the impedence:aeross the microcrack fell

+2

between 5000 and 20000 ohms. Electrochemically these Pb/Pb electrodes

were relatively stable and reproducible.

A number of different electrode materials were used as the cathode
in these polypropylene cell studies. The materials used and a brief
description of each is given below. : -

Platinum foil --99.9% purity, 20 mils thick, electrode area
of 11.4 sq. cm.

Porous platinum black -~ Commercial gas dl%fu31on electrode,
same as that used at anode (Amerlcan Cyanamld), electrode
area of 1. 27 sq. cm. - .

Platinum~rhodium screen -- 90% platinum, 107 rhodium, 80 mesh,
electrode area of 1.27 sg. cm.

Porous stainless steel -- 20 mils thick, pore size unknown,
" electrode area of 1.27 sq. cm. (Mallory Metallurgical Company ) .

Porous stainless steel -- 1/16-inch thick, pore sizes of 5, 20,
and 65 microns, electrode area of 1.27 sq. cm. (Pall Trinity
Micro Corporation).

All of the above materials were used as porous flow-through electrodes

except the platinum foil, in which case the electrolyte was passed

adjacent to the cathode. The porous stainless steels and platinum-rhodium
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screen were platinized to increase their cataiytic activity. The

platinizing procedure is explained in detail in the following section.

Electrolyté solutions uséd ip thesé polarization studiés wéré
mixed at room témpératuré éucﬂ that.they'ﬁéré néarly saturatéd at <25 °C.
_This pérmittéd usagé of thé'eléct;olyté at =20 °C without thé thréat of
precipitafion of thé conducting salt. ﬁléctrol&téé prépéréd in this
manner éonsisténtly éxhiﬁitéd idéntical éléctrolytic cénducﬁivities.
Solubility data for the conducting sal£ uséd is presentéd in the

Appendix (Figure 22).

Polarization data from the polypropylene cell were obtained as
follows. Cell cufrent was set at a fixed_value using a regulated D.C.
power supply. The resulting electrode (vs.-Pb/Eb+2 reference{ - or
completé cell voltége was recorded és a function of the cell current
using an X-Y recorder. Voltages would be maintaiﬁeé constant for four
to five minutes before going to thé next current setting. Inbernal ohmic
resistance was periodically reéor&ed using an A.C. (60 or 1000 cps.)

conductivity bridge (Industrial .Instruments, Inc., model RC 16B2).

Knowledge of internal resistance allowed calculation of IR free voltages.

In obtaining data for cell life studies, the cell module was
modified so that the-electrodés were only about 3/32 6f an inch apart so
as to minimize ohmic reéistance (not shown in Figure 21).‘ C;ll current
was set at a fixed value, and electrodé or céll voltagé was recordedxés

a function of time using a strip chart recorder.
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C. 'PlatinizipgABrocedure

In the develotment of a flow-through cathode for use in the.finel
-cell design a nuMber.of possible porous electrode materials ﬁéré studied.
The:performénce of tWo'of these:electrode materials (platindmerhodium
screen ard porous steinless steelllwas improred coﬁsiderebly-by‘
platlnlzlng them to Improve thelr catalytlc propertlesr- Following.is a
: descrlptlon of_the platlnlzlng procedure used;, The platlng solutlon used
was a 3% solutioc of chloroplatinic acid'contalnlng .06% lead acetate as
recommended by Maclevin and Levitsky (26) | |

Platlnumrrhodlum' The platlnlzlng of platlnum and its alloys has
. been reported on by many authors (26 27, 28). Most researchers recommend.
'cleanlng the platinum with a solutlon of aqua regia.to.remove surface
deposits; the platinum-rhodium screeﬁ used in this study Wasﬂcleaned in
this maﬁder. After cleaning, the-electrode'was platinized using a
'plating current of 10 ma until the-desired platinum/loading-was atteined.
The amount of platlnum dep051ted was determlned by weight dlfference and
- the area used to determine platlnum loadlng (mg/cm ) was the geometric
area of the electrode. It was. assumed that the platlnum was evenly
._distributed over the entire_electrode surface.

.316 Stainless steel: No'information,could be found in the
-literatdre concerning the platinizing of stainless steel Drazic and
‘his co-workers 29) reported on - the act1v1atlon of nickel fuel cell : - f"q

electrodes w1th platlnum catalysts using the technlque of immersion

plating (chemical exchenge), but thls technrque has not»been used to
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platinize stainless steel. Thus}'a'brief_experimental study was

undertaken to develop a technique for platinizing stainless steel.

Béforé éléctroplating a given metal surfacé with_another.métal it
is first necéssary to clean and activaté thé surfacé oflthé basé ﬁétal g0
that strong bénding can occur betWéén thé'two metals involvéd. At the
beginning of.this study on platinization of stainléss s%éel thé author
had no access to rééomméndéd cléanigg procédurés for stainless stéel,
and Whilé awéiting such informatibn, it was décidéd to é#périmént with
differént cleaning solutions. It has alréady beén noééd that agua regia
was uséd to clean platinum béfore plating; baséd on this‘facf aqua regia
was tried as a cleaning solution for stainless steel and was found to

work quite well.

Thus the following procedure was developed for platinizing stainless
steel. Thé porous electrode to be platinized was immersed in an>aqua
regia solution for 60—90‘seconds in order to remove sur%gée deposits and
‘activate the surface. .Following this, the electrode was washed and
soaked in water to remove all aqua regia, then dried using compressed
aif and,weighed to the nearest 0.1 mg. beforé platinizing. Using the
plating solution mentioned previously, the electrode was pl;tinized at
currents between 10-20 ma. The electrode was périodically weighed to
determine the amount of platinum that had begn added and a typical

electrode took U45-60 minutes to complete. In determining platinum

loading it was again assumed that the platinum deposit was evenly
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distributed over the geometric electrode .surface, although_é cxossj

 sectional cut of the finished eleétrodé showed that some of the platinum

wasvdeposifed within the electrode pores. Electrodes produced using

. this technique showed highly reproducible initial performance regardless

of the platinum loading or electrode pore size.

Subseduent to the platinizing technique_developed.in'this research

for stainless steel, a chemical cleaning procedure for stainless steel

' was acquired (30). This cleaning procedure was not qsed in this

research.




'IV. RESULTS AND DISCUSSION

The maJjor objective of this research program was to develop a
fuel cell which would operate at cold ambient temperatures. In thé
initial stages of this program, the only thing that was definite was
that the ionizing solveﬁt for this fuel cell would be liguid ammonia,
for reasons previously stated. There was no initial decision made
concerning thg-other major components of a fuel cell, i.e., electrode
type, electrocatélysts, fuel, oxidizer, conducting salt, etc. All of
these other cell components had to be either developed in the research

program, or obtained commercially and proven usable.

The end result of this research program has been the development
of a Working liquid ammonia electrolyte fuel cell which opera%es at
temperatures down to -20 °C. The evolution and.development of this fuel
cell came about through a number of preliminary studies on each of the

above basic cell components (ékcluding ionizing solvent).

A. Voltammetric Studies

As men@ioned previously, voltammetric techniques were -used to
make preliminarx studies on possible fuels, éxidizers, ana electro-
catalysts. Results of these prgliminary voltammetric studies were
used in the development of a complete fuel cell. Figure 23 shows the
convention‘used in obtaining voltammetric curves.

1. Reaction of potential fuels and oxidizers in NH5/NH)SCN:

A number of potential fuels and oxidizers were studied in
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liguid ammonia using voltammetric techniques. The rea;tants were
afbitrarily chosen from a number of chemicals which were féadily
available or easily oEtained, but attempts were made to study a group
representative of the different types of organic compoﬁpas as fuels
(along with hydrogen and hydrazine)'and several inorganic coﬁpounds as
possible oxidizeérs. Most of the reactants chosen were soluble ini

liquid ammonia.

For these preliminary studieg ammonium thiocyanate'wés chosen as.
the conducting salt. Solutions of ammonium thiocyanate eXhiﬁit high
electrolytic conductivity and the boiling point of a saturated ammonium
thiccyanate-ammonia (NH3/NH1J{SCN) solution is about 6k °C (31), thus
permitting the use of this éolution at room temperature without the

threat of boiling of ammonia.

Table I presents a summary of the feactants studied, the extent of
electrochemical reaction occurring, and the potential (voltage) at
’ . . + '
which the reaction occurred with respect to a Pb/Pb 2 reference

electrode. The working electrode in all cases was a shiny platinum wire

or a platinum wire coated with platinum black.

It can be seen from Table I that most of the'reactanté studied
showed no electrochemical :reaction in liguid ammonia. This was- |
. verified by making voltammetric scans with and without the reactant
present in solution. Absence of current peaks in the volfammetric

curves indicates a lack of electrochemical reaction. Note also that
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TABLE I. Electrochemical reaction of wvarious chemicais in a saturated
solution of NHS/NHhSCN. '

Reactant 'Eléctrochenical Reaction®

Benzene® Nohe ‘ *

'Acétonéb . .Néné '

'Ethyléné.glycol ' None

Méthahol Noné

Ethanol Noné

n-Propyl alcohol ) Nqné

n-Propyl aminé Noﬁé

2-Amino ethanol None

Cyclohexanol ‘ None

Hydrazobenzene . None

Diphenylamine None ‘

Ni‘trobenzeneb Oxidation at 0.5 v, reductions
at 0.5 and 0.1 v

Hydrazine 4, Oxidation at 0.25 v -

Chlorineb Reacts chemically

Bromine” Reacts chemically

Nitrogen dioxide ﬁeacts chemicaily

Todine Reduction at 0.75 v

Hydrpgenb Oxidation at -0.10 v

aReacti’on determined using cyclic voltammetry and cell configuration
" shown in Figure 20. 2
Reference electrode: Pb/Pb
Counter electrode: Shiny Pt -
Working electrode: Pt black, unless otherwise noted. .

bWorking electrode: Shiny Pt wire.




=22~
some of the materials studied reacted chemically with the ammonia

solution empléyed (chlorine, bromine, nitrogen dioxide).

All of the materiais whiéh'showed no chemical or electrochemical
reaction in liquid ammonia wéfe carbon containing compounds which were
being studied as possible fuels. There have been numerous studies made
on the electrochemiéai oxidation of carbon containing Eompouﬁds in
aqueous electrolytes (4, 32). Several meéhanisms have been proposed for
the oxidation of these compounds (L4, 33); all of these mechanisﬁs require
oxygen in some adsorbed state. Generally the oxygen comes from the
aqueous solvent and is used to convert‘the carbonéceous species to
carbon dioxide. In liquid ammonia the only oxyéen present is that
ﬁhich may be contained in the reactant (fuel) itself, and this is
generally insufficient for oxidizing all carbon atoms tq carbon dioxide.
ir tbe_re@ction mechanism in liquid ammonia were analogous 1o agueous
systems, electrochemical oxidatioﬁ of carbopacéous materiéls in ammoni.a

would be even less than in water sinée adsorbed NH

5 species are poorer

oxidizing agents than adsorbed oiygeh contéining species. According to
Miles and Kellett (20), carbonaceous fuel oxidafion will probably be
~ more favorable'iﬁ solyents containing chlorine, fluorine, and oxygen,
while ammonia should be useful for fuels sucﬁ as hydrazine, hydrogen,
and metalsAsince the solVeﬁt is not directly invelved in the oxidation

reaction. - ' ' o - _ T

Of the materials studied, only four exhibited electrochemical
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oxidaticn or reduction in NHB/NHhSCN. These materials and their

reactions are discussed individually below.

Hydrogen: The oxidétioﬁ of hydﬁdgen in a sgturatea NH3/NHMSCN solutién
dccurs'at.—.lé Voits'with respéct to thé Pb/PB+2_referénCe electrode, as
seen in Figure 3. Two foltammetric sdéns are shown in this figufe, one‘
with hydrogen absent (curve A) and one with hydroéen present ({curve Bi.
?hese two curves were produced"in.fhe following manner. In acid solutions
iof ligpid ammonia, (excess NHh+) fhe solvent decompﬁsition reaction at
cathodic potentialg is NHh+ + e - NH3 + %iHQ (8). Curve A of Figﬁre 3
was made by'scanning from negative to positive potentials without first
aliowing this decomposition reaction to occur.: Curve B ﬁas made affer-
.allowing this decoﬁposition reaction tonoc;ur for thirty seconés, i.e.,
long enough for hjdrpgen to be producéd and.aQSofbed'on the working-
electrode. In othér WOTdS? with hydrogen abéent'no oxidation pesak

appears, but with hydrogen present electrochemical'Qxidation occurs

{as indicated by the current peak). ‘The oxidation reaction that occurs

is the reverse of the cathodic decomposition reaction, i.e.,

1 + -

s ’ " . \ N . - :
To-further verify that the oxidatien reaction occurring at -.10
volts with respect to Pb/Pb+2 was due to hydrogen oxidation, the potential
_wéé'ﬁeld near this value while Hydfogen was éxternally added to the

electrolyte-electrode interface'in the three compartment cell. iA sligﬁ%

.increase in current was observed, indicating that electirochemical
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. reaction was occurring.

derazine:- Figure 4 shows the_voltammepric scans ootarned with and

" without Hydrazine,in iiquid NH /NHHSCN. Electrochemicsl oxidation of
hydra21ne occurs at about 0.25 volts Wlth respect to the Pb/Pb +2
reference. The net oxidation reactlon is MNH3 + N Hh > N + hNHh + he (20).
The oxidation of hydra21ne appears to be fast klnetlcally (as 1nd1cated

by the steep slope of the current—potentlal curve at 0.25V), bUtvwoulu

be more‘favorsble if it occurred-at a lower potentlal with respect to

the reference: ﬁowever, hydrazine shows some promise as a fuel in

‘liquid ‘ammonia, especially if a suitable oxidant can be founq to couple.
with it.

Nitrobenzene: Figure 5 shows the voltammetric scan made with nitrobenzene

in liguid smmonia. The true electroreduction of nitrobenzene occurs at

e

0.1 volts #ifh respecﬁ-to the reference and is represented by the peak

{ labeled A. Reactions forsthe peaks‘labeled B end C'sre no% known, but
Figure 6 helps'explain Whap is happening. Curve‘l of Figure 6 shows‘
tne cyclic scan made.without nitrobenzene reduction’occurring at‘O.l V.
Curve 2 shows the cycllc scan made after reductlon of nltrobenzene at
~0.2 v for thlrty seconds. Finally, curve 3 was produced by reuucing .
nitrobenzene at —0.2 v for thiruy seconds,_scanning'the voltage from
negative potenpial to 0.5 v, and then reversing the scan direotion. The

"interprétation of these curves is as follows. Deak B appears only‘after

nitrobenzene reduction (peak A) is allowed to occur and must be due to
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the'prodﬁct of nitrobenzene reduction. Peak C appears only if the .
oxidation causing peak B is allowed to occﬁr and must be due to the
reduction of the product formed at oxidation peak B. The oxidation—
reduction péir at 0.5 v appears to be fairly reversible; but the true

reaction is not known.

The purpose of these voltamﬁetric studies was to find an oxidizer
for fuel cell development. Unfortunately, reduction of nitrobenzene
occurred very close to cathodic'solvent decomposition and nitrobenzene
. did not appear feasible for use in these studies. Consequently,
voltammetric studies on nitrobenzene in liquid ammonia were terminated
and the reversible oxidation-reduction couple at 0.5 volts was not

-

studied further.

Electroreductioﬁ of nitrobenzene in liquid ammonia has previously
been studied by Harris and his co-workers (19,31) at Corona, California.
They claim that the end products of the reduction of nitrobenzene in

liguid ammonia are phenylhydroxylamine.(C6H NHOH) and hydrazobenzene

5
'(C6H5NH=NHC6H5). . It has already been shown that hydrazobenzene does
not react electrochemically in NHB/NHLSCN'(Table I). Whether or not

phenylhydroxylamine causes the oxidation-reduction couple at 0.5 volts is

not known, but future work along this line should prove interesting.

Todine: Three halogens (chlorine, bromine, iodine) were studied as
. possible oxidizers because their reduction potentialsiin acid liquid

: +
ammonia are quite high compared to the Pb/Pb 2 reference. However,
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" Bergstrom (3k4) claims that chlorine and bromine react energetically Wifh
liquid ammonia to form'the respective ammonium galts. This fact was
borne out by the present.studies."Bergstrom also claims that iodine

is very solﬁble.in a small volume of liquid ammonia, but reacts
reversibly witﬂ it on dilutioq in the sense of the equatioﬁ

I, + 2NH

5 + NHhI to form iodine-amine and. ammonium jodide. This

3 < INH

reaction is analogous to the following reaction between chlorine and

2

water: Cl, + H,0 <> HOCL + HCL:

The voltammetric scan for iodine in NH3/NHASCN is éhown in Figure 7.
A strong reduction peak appears at 0.75 volts with respect to the
reference and is assumed to be due to iodine reduction, i.e.,

3 -

I2 + 2e + 217,

2. Electrocataiyst studies in NH3/NHLSCN:
fhe noblé métals.have been used éktensively as electrocatalysts
fpr fuel cell studies in agueous systemé. However; sincé few fuel cell.
studies havé been made in liguid ammoﬁia, electrocatalyst studles in
liquid ammonia solutions are at a'premium.' Only Miles and Kellett (20)

have done research in this area.

. Using voltammetric technigques, studigs were made on a number of
metals.in.. ligquid NH3/NHMSCN to determine, first of all, the. potential. .
range which each metal exhibits between anodic and cathodic solvent
decompoéition, and secondly, their ability to oxidize hydrogen in

Tiquid ammonia. The metals studied included many of the noble metals as
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well as others which were readily obtainable in pure form. Table IT
summarizes the results of these étudies, while Figures 24 — 31 show

cyclic voltammetric traces for the metals studied.

A number of observations can be made from Table IIL. First of
all, note that é ﬁumber of ‘electrode materials are limifed anodically
by oxidation'of the electrode itself; Materials which o#idize at low
positive potentials (e.g., nickel, éobalt, silver) would thus be poor
materials of constructiop for a liquid ammonia cell since they would
corrode rapidly. On fhe other'hand, materials Which_oxidize at high
positive potentialé Wou;d probably be acceptable materials of gonstruction

for a liquid amﬁonia celi.

Secondly, it can be seen that, of the materials studied, only
platinum, palladium, and-a platinquiridium alloy effectively oxidize
hydrogen iﬁ liguid ammonia. Titanium, tantalum, and tungsten all show

questionable catalyti¢ activity, but other materials studied did not

oxidize hydrogen. .

Decomposition potential in these studies was defined as the
potential at whieh the current density attaiped a value of 10 ma/cm2
using a scaﬁ rate of 125 mv/sec. Thg potential range.is.the region
that exists between anodic and cathodic solvent décomposition.

Electrochemical studies outside this region cannot be made.

For a more extensive study of electrocatalyéts in liquid

ammonia the reader is referred to an article by Miles and Kellett (20).
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TABLE II. Electrocatalyst studies in a saturated solution of NH3/NHMSCN.

Electrode
- Titanium’
Tantalum
Zirconium
Tungstén
AlumInum
Molybdénum
Rhodium
Gold
Platinum
Platinum-Iridium®
Palladium
Bismuth
Silver

Tin

Cobalt
Nickel

Decompogitioﬁ'Poténtial.(v)a

Adodic
©3.15
3.00."
égoob.
1.75
0.75"
1.%0

1.25°

" 0.80°
1.15
1.15
1.10
0.35
0.25

~0.10
0.10
0.05

v o o o o

] Pdtential Hydrogen

'Cathodic = Renge (v) 'Oxidation
~1.00, . b5 ot

41.15 k.15 . q

~ =1.05. 3.05 No
-0.75 2.50 Q
=1.k0 | 2.15 ‘No

© =0.70 2.10 No
~0.%0 1.65 No
-0.60 1.40 No
-0.25 1.h0 Xés
-0.25 1.40 Yes
=0.15 1.25 Yes
-0.75 1.10 No
~0.70 . 0.95 No
-0.90 0.80 © o
-~0.50 0.60 No
-0.45 . 0.50 No

Measured against a Pb/Pb+2 reference electrode using cell configuration
Counter electrode was shiny platinum.
Decomposition potential is that required to attain a current density of
lO'ma/cm2 at a scan rate of 125 mv/sec. .

shown in Figure 20.

bLimited by electrode oxidation rather than solvent decomposition.

€90% Pt,. 10% Ir

dQuestionable
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They made studies similar to those reported here, but looked at .over
thirty possible electrode surfaces. Their conclusions and observations
were much the same as those reported here, at least where the same

electrode materials. were studied.

3. Todine reduction.using various electrocatalysts:

Before an attempt was made to désign and construct a liguid
aﬁmonia fuel cell, a third preliminary voltammetric study was made in
the three compartment cellr Based on the voltammetriq study of
potential oxidizers (Table I) it was decided to try to deveiop a cell
which would use iodine as the oxidizer. Thus a brief study of iodine
reduction at various electrode surfaces in iiquid ammonia was made.

—

.Table ITI summarizes the results of this study.

The scan rate for these studies was 130 mv/sec. and the
conducting salt used was ammonium nitrate (NHhNO3)’ for reasons to be
explained later. Voltammetric scans were made at femperatures between

-10 and -~12 °C.

From Table III it can be seen that several elgctrocaﬁalysts
will redﬁce iodine in a solution of NH3/NHuNO3 (daturated). OFf course
the best electrocatalyst for iodine reduction 1is one‘which will reduce
iodine at the highest positive potential with respect to the reference
electrode. Based on this criteria, palladium, gold, and platinum appear

to be equivalenﬁ'electrocatalysts for iodine reduction.
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TABLE ITI. Iodine reduction at various electrode surfaces in é

saturated solution of'NHB/NHhNO3.
Electrocatalyst "Poténtial a%'Qﬁigh:fééﬁéﬁién‘dc¢urs'Cvla
Titanium - 0.05
Tungstén ' C0.60
Tantalum - ‘ _' ‘NQ réduction
Ziréonium -0.70
Molybdenun 1 0.75
Aluminum - No rédﬁction
Palladium - - 1.05
Gold ‘ 1.05
Rhodium : 1 0.90
Platinum | 1,05
Stainless steel (316} 0.80 -

‘®Reaction determined using single sweep voltammetry and cell
configuration shown in Figure 20.
Reference electrode: Pb/Pbt2
Counter electrode: Shiny Pt.
Temperature: -10 °C
Scan rate: 130 mv/sec.
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B. Evolution of Final Cell Design

Based on the brief but informative véltammetrlc studies Just
discussed; the development of a liquid ammonia electrolyte fuel cell
was undertaken. Since it is important that the fuel oxidation occur
et as low a potential as possible and the oﬁidizefvreduction,oceur-at
as higt.a-potential as possible, hydrogen was cﬂosen as the fuel and
iodine (dissolved in the electrolyte) as the o#idizef. Platintm was
'chosen aslthe eléétrocatelyst for both hydrogen oxidation and iodine
reduction.since it appeated to be as good or better than any'other'
material studied (see Tables Il and III). Ammonium thiocyanate was
chosen.as the eonducting salt initially, although ammonium nltrate was

. subsequently used, for reasons to be stated later.

The theoretical open circuit voltage (0CV) for a liquid ammonia
fuel cell (at 25 °C) with hydrogen as fuel and iodine as oxidizer’'is
1.28 volts and was determined using standard oxidation potentials for

hyarogen and iodine in ammonia (12) as follows.

. J: : + - : : ° =
Anode: > H2 + NHB +NHu + e ' B 9.0 v
Cathode: —;-IQ + e » I h E° = 1.28 v
Overall: L H. + NH_ + 1 I ->'NH T I—. E® = 1.28 v
2 3 272 byt oo _

The theoretical OCV of 1.28 volts holds provided that the hydrogen and

ammonia are .at one atmosphere pressure and the iodine, iodide ion, and
- i

ammonium ion are at unit activity. Electrolyte cencentration, hydrogen

pressure, iodine concentration, and operating temperature are all
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variables which can cause deviations from the theoreticél OCV, and

their effect.can be calculated by using the Nernst equation (6), which

is as follows:

. a
=~ mo _ BT P
E=E nFln(a-)

where E® = standard electrode pdtential at unit activity of products and
‘reactants. (v)

E = reversible electrode potential (v)
R = gas éonstant (joules/°C/mole)
T = absolute temperature (°x)
n = humber of electrons involved (equivalents/mblej
. F = .Faraday's constant (96500 coulombs/equivalent)
a = acbivity sf.products
a_= activity.éf reactants
The particuiar cell developed in thesé studies exhibited an OCV of

1.15 volts; deviation from the theoretical OCV for such a cell is

undoubtedly due to the above mentioned Nernst equation variables.

Having qécided to.use the cell components already mentioned
(i.e., hydrogen, iodine, platinum eléctrocatglysté)-in'dévéloping a
.liquiq ammonia electrolyte fuel cell, it was next neceésary to develop
a physicai.design for utilizing these components. A summary'of'the
other componenfs used in thé'final cell design and some of the operating
problemslencountered is. given below. -

1. Anode: Numerous fuel cells have been developed which employ

.aqueous electrolytes and gaseous fuels, and invariably the anode is a




-38~

porous.gas diffusion electrode of one type or another:(h).' In using
~gaseous fuels it is mandatory that ; threé phase interface (fuel-electrode-—
elgct;olyte) be established in order to enhance the electrochemical
reaction, since the“solubility of most gaseous fuels in water is low
and diffusion limitations occur. In recent years a good deai of
developmental work on porous gas diffusion electr&des has occurred (L).
Recent trgnds in electrode development are toward thin glectrode
structures as opﬁosed to thickér porous electrodes used in yearsApast
(e.g., porous carbon). One type of thin electrode.structure which has
provéd quite successful is the typé which consists_of a catalytic
material bonded to a thin métallic scréen. Sincé these thin porous
electrodes work quité wéll in adueous systems, it was decided—tq obtain
some of this maﬁeriél éommercially and try it as anode materiél for
hydrogenloxidation in liquid ammonia. It will be shown later that this

type'of electrode does indeed work as far as physical performance goes,

although electrochemical performance was not as good as desired.

2., Cathode: Most aquéous fuei cell research has beeﬁ carried
.out using gaseous oxidizers. Howevér, a few fuel cells exist which
operate with the oxidizer .dissolved in'the electroiyte/(35);-and:some
cells have'been.developed which émploy dissolvéd fuels (32). Generally,
when a dissolved fuel or oxidizer]is-emplpyed,'the,elecfrode usedjis‘éf
the ?orpus flow~£hrough.type. Thé eléctrolyte conéaining the dissolved

species flows through the electrode to establish intimate contact

between the fuel and electrode, thus eliminating diffusion as the major
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mass transfer factor. In principle, this type of electrode should be
simple to operate, since it is not necessary to establish a three

phase interface for reaction as in the case of a gaseous reactant.

, Since the oxidizer.chqsen'forithesé.studies was -to be dissolyed
in the electrolyte,.it was decided to design the cell so that a
flow-through type of électrode could be used as the cathode. The
dgfelopmént gf a réprbdgéiblé flow-through cathode Which:would give
reasonable electroéhemical pgrformanpe became one of the problems tovbe

solved in this research.

3. Reference electrode: The reference électrode used in the
ligquid ammonia fuel cell polarization studies has already been dgscribed
in the Experiﬁentél.section. Howéver, it should be ﬁoted at this point
that the reference used in polarization studies differed in its zero

point by 0.08 volts from the lead (Pb) metél used'as a reference in

three compartment cell studies (Table IV)m

TABLE IV. 7Voltage deviation of reference electrodes used in
three compartment cell and polypropylene cell.

Reference . ~ Open circuit.voltage " Qverall

electrode © . H, Oxid. I, Red. ocv
Threé Lead metal directly -0 v - 1.05 v 1.15 v
compartment in contact with T
cell - electrolyte
Polypropylene  Lead metal separated -.18 v 0.97 v 1.15 v
cell from electrolyte by ' . . -~

glass microcracks

- This difference in the two reference electrodes employed could be due
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to a number of factors, including ionic concentrations of conducting
salts and the impedence across the glass microcracks. In any event,
each electrode was fairly stable and reproducible and the overall OCV

" was the same in both cases.

L, Cell module and gasketing: In the past, fuel cell modules have -
been constructed‘of both metallic and plastic materials. Metals have
the advantage of strength ana aurability, but must be elect%ically
insulated from the glecfrodes to prevent short circuits, while plastics
are nonconductive and easier to work with. TFor this partictilar cell it
Wés necegsary<to find a material which was resistant to ammonia
‘solutions, and polypropylene seemed to work quite %ell. The part that
polypropylene plays in the cell design has already been sﬁown'in

Figure 21.

-

To prevent leakage of fuel and elecérol&te-from the celi it
was necessary to employ gasketing matérial be%ween cell.ﬁarfs. A
number of gasketing materials were used {(neoprene, Vitén*, Buna-n) , but
only silicone rubber worked well at cold temperatures. Most'gasketing,
materials became rigid.at very cold temperatures, but silicone rubber

remained elastic and flexible even down to =55 °C.

5. Conducting Salt: Preliminary voltammetric studies on fuels,

oxidizers, and electrocatalysts were made using ammonium thiocyanate:

(NHhSCN) as the conducting salt, for reasons already stated. However,

¥ B. I. DuPont & Company
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use of a saturated solution of NHB/NHMSCN with the commercial porous

anode material that was chosen for study caused poisoning of the anode

and complete loss of catalytic activityi No attempt was made to determine -

the mechanism of this poisoning, although use of the same electrode
’ ’

material in an agueous solution to which NaSCN had been added again

resulted in electrode poisoning and loss of catalytic activity. In

other words, thioéyanate'ion (scr™) appears to have a deleterious effect

on the electrode.

Rather than work on the development of a new porous electrode
for hydrogen oxidation, it was decided to try other ammonium compounds as
the conducting salt. Ammonium nitrate was chosen for study because it,
like NHhSCN, tends to raise the boiling point of ammonia by forming a
so called Divers'.solution (31). A saturated sélution of NH3/NHMNO3
was used in the polypropylene cell and was found to work satisfactorily
as the electrolyte, showing‘high'electrolytic con@uctivity. Thus, all
subsequent studies, including those reported in Table III oﬁ iodine
reduction at various electrode.surfaces, were méde using NH3/NHMN05 as

the electrolyte.

6. Operating procedure and problems: The principle of operation

of the final fuel cell deslgn used in these studies has already been
presented in the Experimental section of this thesis. On paper the mode

of operation of this system appears simple, but there are a couple of

subtleties 8f the:system about 'which the reader-ghould be advised.
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' First of all, ifAiodine is,diséolved'in ammonia and then the
ammonia is alléwed to evaporaté, the highly uﬁstable and explosive
compouna ammonium tri-iodide (NHHIB) is fgrméd‘ However, if iodine is
aissolved in an ammonium nitrate-ammonia solution, the ammonium nitrate
appears to prevgnt this compound from forming upon evaporation of the
ammonia. In an&jévént, the reader is cautioned ébqut the explosive .
nature,of_émmonium.tri—iodidé.‘ |

.Secdndly, it is important that the nitrogen preésure that 1is
impressed upon thé'gystem to cause electrolyte flow be much larger fhaﬁ
the hydraulic head of thé liquid ammonia electrolyte in resefvoir A
(Figﬁré 2). Otherwise, if this nitrogen pressure is small, the flow

rate of electrolyte will vary with the level of ammonia in the reservoir.

Generally, the nitrogen pressure was kept between 1Q—20 psig.

'Finally, a few words are in order with respectﬂto the anode
material ;used. As noted previously this electrode.materiai is on the
order of 6-7 mils thick. for optimum efficiency of operation of this
electrode matéria;, it is nécessary to establisﬂ a threé phase interface
somewhere within the interior of the electrode. If the pressure on the
electrolyte side of the electrode (due to hydraulic head)ibecomes too
great, the.electrojyte floods thé éléctrode and pérformance is very
poor. Similarly, if the gas side pressure becomes too great the.éaseous
fuel will bubbié into thé electrolyte compartment and performance is‘

again destroyed.
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- There are a couple of methodsAof overcoming this'problem. LA
commonly usea method.of prevénting electrolyte léakage with this type of
mémbréﬁe eiectrode is to usé,a matrix matéfial which absorbs the
.electrolyte but still keeps thé electfodgs wet (36), although this
apﬁroééh_waé not used'héré. An altérnative méfhod-of breventing
electrolyte leakage is tofbalénceﬁfhéjpréésﬁré:bn*éach;sidé,ofithe
elect?bde soréhat there is no préssure différenéial acfogé the eléctqode.
The author‘found thét bést results wefe:obtgipéd if there was a'giightf
pésitive pressure (0.5 to 1.0 inéhéé of water) on the gas side of ﬁhe
-e}gcﬁrodé. This seemed to esfabiish a three phase intérfabé for
electrocheﬁical reaction.v Instéllation of é élass piaté into the end:

plate of the cell so that the electrode could -be observed visually -

helped considerably with the control of the leakage problem.

Some difficulty ﬁas also encountered in-initial operation of
the cell with electrolyte leakage around the edges of the electrode. ‘This
problem was overcome by sealing the electrode material to the gasketing.

material using silicone rubber adhesive.

C. Polarization Studies

Having decided upon a final désign for a liquid ammonié.electrolyte -
*.fuel cell, it was next decided to measure fhe performance of the cell
with respect to a number of operating variables. Perfdrmance wgs'

measurea by obtaining the polarization characteristics of the cell as’

described in the Experimental section. Polarization studies were
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broken into three distinct parts, hydrogen electrode polarization,

iodine electrode polarization, and life studies.

1. Hydrogen electrode poiarization:

The commercial porous blatinum black electrode material used
in these studies has worked gquite well in agueous systéms; Current
densities up to 400 ma/cm2 at 0.1 volts h&drogen elect;ode polarization
have been reported for a single cell (%). Since the performance of
this electrode material was so good in agueous systéms, it was chosen

for use in the present studies.

Figure 8-presents the polarization characteristics of this
electrode material using a nearly saturated solution of.NHB/NﬁhNO3 as
electrolyte. The ﬂ&drogen to ammoﬁia ratio in the fuel was 1:1 by
volume and operating temperature was -18 °C. The maximum current

—

density atfainable with this electrode material at'these conditions is
about 80-90 ma/cm2 at sbout 0.2 volts polarization. Aba;e 90 ma/cm2
polarization becomes very high, mainly dué to a concentration
polarization effect. Notelthat the current-potential curve exhibits a
slight inflection at a current density of abaut Lo ma/cmg. ~Almost
invariably in these studies this inflection appeared for hydrogen
electrode polarization, although a few cases were observed Wherg the
infiection was ébsent. There is no immediate explaﬁation for this

behavior.

The electrochemical reaction occurring at the anode is




Electrode Voltage (IR free), volts

-l M
A‘/o/O/O/Ej:trolyte :  NH3/NHLNO
e O—— O~ Ambient temperature: —lg 7
g Reference electrode:Pb/Pb*2
NH3/H2 ratio: . il
. 1 L 1
Q 20 Lo 60 80 100

Current Density, ma/cm2

Figure 8. Hydrogen electrode polarization as a function of
current density.
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H2 + 2NH3 - 2NHM+ + 2¢ . ‘For egch mole of hydrogen tﬁat is consumed two
moles of ammonia aré uséd up in thé reaction. Ammonia_for this reaction
could come from the liquid ammonisg éléctrolyté, or it could be fed to
the cell with the hydrogén fuel. It was found through experimental
study .that féeding hydrogén alone to thé anode. led to excessive
polarization evén at véry low current densities (<10 ma/cmg). In other
words, it waé found nécéssary to add ammonia gas with the hydr;gen fuel
in order to sustéin electrochemical reaétion. Figure 9 showé the

effect of NH3/H2 ratio on the h&drogen electrode performance. UNote that
polarization is highést at the extreme NHB/HE ratios and that

performance is essentially the same for a 2:1 ratio (theoretical optimum)

and a 1:1 ratio.

It is reasonable that performance is éoorer at a high NHB/HE
ratio (5:1) since the concentration of hydrpgen at the electrode is
diluted because of the excess ammonia. Poor péfformance at low NH3/H2
ratios (e.g., 1:5 or less) might bé explained as follows. Since two
moles of ammonia are required for each mole of hydrogen reacted there is

a good chance that some of the required ammonia is coming from the

 electrolyte itself. This results in a certain amount of "drying out"

of the electrode surface and thus an increase in electrode polarization.

Figure 10 presents the polarization characteristics for

~ different pieces of the porous platinum black material and can be used’

to illustrate the degree of reproducibility of results using this
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electrode. Note fhat tﬁgre is a slight'deviation in ﬁefformanée shown
for different pieces of the same electrode material. The.pore size and
platinum loading for each piecé of électrode material varied at different
points on the.electrode sﬁrfacé. Undoubtedly the variability of the
electrode surface Ead much to do with the aeviation in perfogmance for
different pleces of electiodé. Iq other words, réproducibility of the
pdlarization cﬁéractéristics of this éléctrodé matérial is well within

the range of experimental error.

The performance of this commercial electrode mate:ial as an
anode in a liquid amﬁonia electrolyte fuel cell'is hét too bad, althdugh
current densities attain;blg Qith this electrode material in agueous
systems are four to five times as great as those obtained here. There

are a number of possible reasons for this poorer performance. -

First of all, this commerc¢ial:électrode material was designed
and developed for use with agqueous électrolytesl There is a good chance
that ammonia does not exhibit-the same wetting characteristics with

respect to this electrode material as does water.

In addiéion, the cold temperature (;18 °¢) of Qperation may
have had a deleterious effect on the caﬁalytic powérs of the platinum.
It was difficult to obtain data for the cell at temperaturés above -10 °C
sinceAbdiling of the electrolyte occurred énd perfbrmancevwas very
unsteady. Thus the éffect of températuré on cell perfbrmance could not

accurately be measured by increasing the operating temperature. On the
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other.hand, it was possible to obtain polarization data for the cell at
-55 °C by packing the cell in a dry ice atmosphére. Figure 11 éompares

the performancé of the hydrogen electrode at operating teﬁperature.of

-18 °C and -55 °C, with all other operating conditions fixed. Note that

pérformgnce is much worse at —SEfOC than at —18°C; this. is undoubtedly
due to the effect of éxtrémély c&ld témperature On.thé catalytié powers
of‘plaﬁipum;‘ By analogy, we would saf‘that performancé is_worse at
-18 °C than it is at 25 °C becausé of a simil;r'decrease.in ca;alytié

. powers of platinum, although this ié only speculation and.ho,concrete

" data exists to back this statement.

2. Todine électrode polarization:

It has already been noteq that one of the problems to be
sol&éd in producing é ligﬁid ammonia f#el cell Qas the develgpment of a
- reéroducible cathode that showed féirlj gog@ performanée. Since the
oxidizef(iodiné) was dissqlvéd in'the eléctrolyte,_it was felt that a
porqué floﬁﬁthrqugh'type of electrode should'be~used.‘ This was verified
by obtaining ﬁolarization.data for iodine reduction using shiny platinum
foll as the cathode; the electrolyte with dissolved.oxidizer.wasyggsséd
adjgcent td the shiny piatinuﬁ foil. From Figure 32 it can Be'segn théf
polarization.waé gquite high at curreﬁt densities aboVe,l'ﬁg/cmg with

. this cathode. Undbubtedly diffusion problems existed and there was a

. minimum of contact between electrode and oxidiger. ' s T

.

Cathode development: -There has not been a great.deal of developméntal'
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Figure 11. Hydrogen electrode polarization as a function of
operating temperature.
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work done on porous flow-through electrodes. Some investigations have
been made ﬁsipg dissolved fuéls in agueous electrolytés (32), but little
detailed information is availablé on the types of flow-through electrodes
employed. Génerally flow=—through eiec%rodes are of two types: (1) thin
metallic screens (catalyzed or uncatalyzed), and'(%) porous metals that

contain pores that are small in diameter compared to electrode thickness -

(4).

Ef the flow-through electrode is composed. of a metallic screen

~then the electrode area is not veiy much different from an equivalent

solid, plane electrode. However, the flow of electrolyte through the
screen cuts down the diffusion léyer through which mass transfer
limitations occur. Flow velocities with this type of electroae must be

relatively high to minimize mass transfer effects and it is usually

difficult to consume all of the reactant in one pass through the screen.

On the'otﬂer hand, in using porous metais the internal area of the
electrode is very high and mass transfer to‘the walls of the pores is
rapid due to the small distances involved (on the order of microns).
Therefore it is theoretically possible to consume all of the reactant

in one pass through the electrode.

The first step toward development of 2 flow-through electrode .in
this research program was to use some of the commercial porous platinum
black anode haterial as the cathode.. This material was certainly not

designed for use as a flow-through electrode, and in fact, was designed




to prevent electrolyte from passing through it. Neveftheless, to gain
experience with a flow-through design it was decided to go ahead and

use this material as a cathoae.

The polarization characteristics of this porous platinum black

- material as a flow—through electréde a;e'presented in Figure.33.
Polarization data from thrée individual test runs are presented in this
figure (several tgsts wére~made); the data for each individual test run

were obtained at identical operating conditions.

The immediafe thing to note from this figure is the very poor
reproducibility obtained using this electrode material as a cathode. No
.doubt this was due, at least in part, to the variability of the electrode
surface. By holding this electrode material up to the light, one could
detect a wide variation in electrode éore size. Thus with-one electrode
the pore size might be quite constant and flow thrbﬁéh the electrode
would be fairly uniform, giving good contact between eieg£rode and
oxidizer,;andﬁtﬁus'fairly good-performance. On the other hand, if the
eleétrode showed a variation in pore size, flow would not be uniform, and
polarization would be higher because lesé electrodé surfacefwas used for
reaction; Of course, even if this feproducibility ﬁroblem did not

exist with this electrode material, polarization was high enough that the

electrode would have been rejected for use in the final cell design.

One other screen material was tried as the cathode in, these studies.

Figﬁre 34k shows the polarization characteristics for iodine reduction at
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a platinum-rhodium screen. Note that"polarization WaS“verYJhigh,-élthough
platinization of thé scréén improvéd thé résults to some extent. Eveﬁ
80, current dén;itiés attainable with this electrode were low enough so

as to cause its rejection for use in the final cell design.

Since results obtained using screen materials as flowfthrough
electrodes weré poor, it was next décided to look at porous metals as a
possible basis for cathodé devélopment. In referring to Table IIL it can
be seen that 316 stainless steel was found to electrochemically reduce
iodine at 0.8 volts with respect to the Pb/Pb+2 reference. 'This fact,
coupled with the availability of porous stainless steel both as a thiﬂ
rolled sheét material (much like tin foil) and as a thicker sintered
material (> 1/32 of an inch thick), made this the logical first choice

for study as a flow-through electrode.

Figﬁre 35 shows iodine reduction using very‘thin (10-20 microns)
porous stainless steel as tﬁe flow-through cathode. It—Ean be-seen
that polarization Was-Very'high-With'the;puretétaiﬁless steél,'butitﬁat
platinization of the stainless steel improved performance cpnsiderably.
However, even with plgtinization of this electrodé material, performance
Was‘poor and only low current densities were attained. The fact that
this particular porous stainless steel ma£efia1 was so thin caused it to
behave much like the metal screens discussed previoﬁsly since there was
ﬁo large internal electrode area for reactioﬁ tb occur. However, thé

increased performance due to platinization of this electrode was




encouraging.

The final'porous fiow~thr§ugh eléctrodé used in these studies. was
developed by platinizing sintered porous stéinless steei that was 1/16
of an inch thick. Performance was bettér for this type of electrode |
than for any other cathodé material used; consequéntly it was chosen for
use in the final cell design. Using fhis type of electrode a number of
operating Variables'were studied and the éfféct of the variables on

performance is reported in the following sections.

Effect of platinum léading: Figure lé shows polarizaﬁion data for
iodine reduction at a porous stainless steel electfode using different
platinum loadings but with all other operating variasbles fixed. Note
first of all'that polarization for a stéinless steel electrode with mno
platinum loading ig high. As expected, thé platinization of the

electrode increases performance considerably because of the increased

surface area for electrochemical reaction.

There is no appreciable difference in the polarization daﬁa
obtained with the two electrodes of lowest platinum 1oadiné (0.5 and
k.0 mg/cmg). The reader s;hould be reminded at this point that the
polarization data presented ﬁere were obtained over short periods of
time, i.e., the potential reading at each.current setting.wés maintained
for only L-5 minutes before going on to the ne%t current setting. Thus,
even though the two eiectrodes with the loweét platindm loadings showed

nearly identical performance (Figure 12), this does not mean that their
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Figure 12. Iodine electrode polarization at different platinum loadings.
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performance will be the same over extended periods of time.

It can also be seen from Figure 12 that a platinum loading of
5 ‘ . .
20 mg/cm results in improved performance over the other two platinum
loadings. At the high platinum loading the electrode polarization was

0.25 volts at 100 ma/cmg{ although this again was only short time data.

Effect of éiectfode poré éize: Figure 13 shows polarization data for
iodiﬁe redﬁction ﬁith a platinized.stainless steel electrode as a
funcfion of electrode pore size; platinum loading was h.Q mg/cm2 and all
other operating variables were fixed. It can be seen that, as pore size
of " the electrode‘is.décreased, the polarization of the e;ectrode
likewise decfeases, although the two largest pore sizes used showed
little difference in performance. It seems iogical that electrode
performance éhould increase with a decrease in.pore size since mass
transfer to the electrode walls is speeded up due'to the small

distances involved. Of éoufse, as the eléctrode pore size is decgeased,
ﬁhe pressure drop across the electrode increases, although this had no

noticeable effect in these studies.

Effect of iodiné concentration: To measure the effect of iodine
concentration:on iodine electrode performance, three different -iodine
concentrations were arbitrarily chosen.fof study (1.0, 2.0, and 3.0 grams
of iodiﬁe/lOO cc of solution). Solubility data for iodine in ammonia
could not be found in thé litérature, but saturation_was rapidly

approached when an attempt was made to dissolve 4.0 grams of iodine in




Electrode Voltage (IR free),'volts

Electrolyte: NH3[NHhNO3

Ambient temperature: -18 °C

Reference electrode: Pb/Pbt2

Todine concentration: 3.0 g/100 cc soln.
Electrolyte flow rate: 3.0 cc/min.
Platinum loading: 4 mg/cm?

P Electrode porée size: A 5 microns

O 20 microns

o 65 microns

O [] L) L] L J

‘;gg..

0 20 40 60 80 100

Current Density, ma/cm2

120

Figure 13. Iodine electrode polarization as a function of electrode pore size.
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100 cc of solution at about -10 °C. Eigﬁre 1L shois the effect of iodine
concentration on the iodiné éléctrode with all other variables fixed,
includipg platinum loading and éléctrodé pore size. At low current
densities there is no apﬁréciablé differénce in performance with change
in iodine concentration, but as currént dénsity is increased above

© 30 ma/cm2 polarization incréases with decréased iodine concentration.
Thié is to be expected_sincé the amount of iodine available at the
electrode surface decreases with a decrease in iodine conceﬁtration

(all other variables being constant), and is no doubt less than'the
theoretical amount necessary to sustain higher current dengities

(concentration polarization).

Effect of electrolyte flow rate: Figure 15 shows the effect of

electrolyte flow rate on iodine electrode polarization with all ogerafing'
variables fixed. At Jow current dénsities_there is 1little change in

electrode polarization with flow rate, bﬁt as current density is raised
it can be séen that polarization increases with a decrease in flow rate.
This again is due to concentration polarization, i.e., not enough icdine

is reaching the electrode surface to sustain electrochemical reaction.

 The ideal situation using this type of eléctrode material is to
have complete reaction of the oxidant in one pass through the electrode.
No attempt was made in'thésé studies to attain this optimum situation.
To achie&e complété réaction-of thé iodiné in oné pass through the

electrode it is first necessary to know the current to be drawn from
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Figure 14, Iodine electrode polarization as a function of iodine concentration.
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Figure 15. Iodine electrode polarization as a function of electrolyte flow rate.
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the cell. It is then poséib;e to calculate fhe rate at which lodine
must.reéch.thé eléctrode-surfacé to sustain such a currént, The rate at
which iodiné reaéhés thé électrode éurfacé is a functiéﬁ of the two
variables just discusséd, i.e.; iodine conéehtration and eiectrolyte
flow rate. Thus onéé the flowlrate.and currént Weré fixed, it would be
Siﬁple to célculate the theo?étiéal iodine concéntrétion réquired to
sustain electrochemical reaction. In any évént, the effect of iodine
concéntfation and électrolyte flow~rafe éré interrelated and behavior of

the electrode with respect to these two variables is as expected. '

Effect of operating temperature: The objective of this research program

was to develop a fuel cell that ﬁould operate at cold teﬁperatures.

Most studies were made between -15 to ~-22 °C sinée thié was as cold as
the. chest freezer which contained the apparatus‘could be operated. To
measure the effect of very cold temﬁerature on iodine electrode
performance, the cell was packed in a dry ice'atﬁquhere such that the
temperature was -55 °C. Electrolyte was fed to the cell and a black
gummy mixture was emitted at the cell outlet. According to Ruff (37),.at
-60'°C iodine and ammonia form a black powder which slowly dissolves to
a . yellow solutibn; if enough iodine is added, NI -12NH3 separates.

3

Thus results of this cold temperature study were inconclusive and no

further attempt was made to operate at extremely cold temperatures

because of the added problems involved.

Reproducibility gg‘resulté: The réader will recall that one of the




<63~
problems with the porous platinum black electrode‘matérial which was
used as.a flow—tﬁrough Cathoaé was that electrodé performance was not
reproducible. To méasuré thé réproducibility of thé porous-stainless
steel electrodes being uséd in ‘the final cell design; & number of
electrodes of identical pore size and platinum loading were madé and
testedi Eigurés 36-38 show thé dégree of reproéucibility of these
electrodes with respéct to electrode polarization; each figure compares'
dinitial results for different electrodes; Prom these three figures it.
‘can be seen that initial peffofmance of the;e stainless steel electrodes
is highly reproducible and well within the range of experimental error.
This high degree of reproducibility is due, at least in part, to uniform
pore size over the entire elect%ode surface; thus.electrol&te flow |
through the electrode is very uniform, even for different electrode

pieces.

Degradation of electrode performance after initial usage: Many of the

platinized stainless steel electrodes dévéloped in this study were used
more than once in obtaining polarization da£a. After each usage the
electrode was washed with water, soaked in water for several hours to
remove salts ﬁhich_might have precipitatéd in thé electrodé interior,
and then washed again and stored in water until néédéd for further study.
Without exception, electrodes which were used more than once exhibitéd

a degradation of performance with each successive usage. This fact is'
verified by Figurés 39-43 which show performancé degradation for a

number of electrodes of different pore size and different platinum
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loading. Note that each subsequent electrode usage shows poorer

performance,(higher polarization);

' There,weré two possiblé éxplanations for this'pérfqrmance
'degradation which occurred. First of all, it was posgibié-that there
was ‘some tracé.impurity in the ammonia solutions being used that Wés 
poisoning the platinﬁm catalyst, although_eiéctrodes exﬂibited no
weight change aftér béing uééd iﬁ the>cell. Secoﬁdly, it was possible
~that storage of the eiectrodés in tap wat;r between test runs was

causing a poisoning of the electrode.

‘To determine whéther or not these eléctfédes were deteriorating
during.qse in the Qell, a series of extended studies'on the cell were
pndertaken in order to monitdr elecfrpde performancé as a function of
time. The results of these e#tended test runs are'geported in the next

section on life studies.

3. Life studies:

It has been noted previously that the bulk of thg polarization
data obfained in this research program was obtained over short pgriodé ‘
of time, i.e., potentials were held constant only 4-5 minutes at each

'curreht’setting. bonsequently there was little indicatién as ﬁo hpﬁ

the eiectrodes used in this cell would hold up over extended time periods.
It has just been noted in the previous section -that the platinizé&
stainless steel-electrodgs deveioped in thié study showéd a decrease

in performance with each subsequent usage. On the other hand, the
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porous platinum'black hydrogen electrode could be used several times for
short studiés with little or no cﬁangé in performance. To determine the
life of thé eléctrodés uséd fn this liguid ammonia céll, a number of

life studies were made.

Thé firsf study (Run I1S-1) was made using the cell configuration
which has been used all along. Céll currént dénsity was fixed at
30 ma/cm2 using a D.C. power supply andvthe resulting voltage of each
electrode (with respect to Pb/Pb+2) was recorded as a function of time.
For all life sfudies made the anode WagAporous platinum black on
tantalum screen and the cathode was platinized stainless steel (20 micron
pore size, b mg/cm2 piatinum loading). The current density, iodiﬁe
concentration,'and electrolyte flow rates used were such that an excess
of iodine was present at the éathodé at all times for electrochemical -
reaction. Fach batch of electrolyte was pgssed through the cell twiée
in this initial study.b& manually transferring it from the outlet
reservoir to thé in;et reservoir. The results of this first life study

" on the cell are shown in Figure 16.

Ituéan bé seén from Figure 16 that:performance of.both )
electroaes was falrly good for the first six hours of the run; there
was little decrease in the véltage of either electrode at constant
current operation. Beyond six hours of operation the two electrode
.voltages began to steadily converge. Coﬁcurrent with this incrgase in

polarization at each electrode there was a decrease in electrolyte flow
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through the cell. Continued decrease in electrolyte flow and cell

voltage led to termination of this run after twelve hours of operation.

Upon taking the cell apart it was founa that a fairly large
amount of impurity had built up on the inle£ side of the poroué stainless
steél cathode. BSince the impurity had built up on the inlef side of the
electrode, it was felt that it had probably come from the electrolyte,
i.e., the electrode was acting as a filter by removing impurities from
the electrblyte. If the impurity was a reaction product, it would
probably have built up on both sides of the flow-through electrcde. In
any event, enough impurity had collected to completely prohibit flow

through the electrode.

The celi was modified slightly before the next life studies
were nade. To minimize IR drop (ohmic polarizatiqn) across the electrolyte
the space between the eleptrodes was decreésed to-3/32'of an inch and the
reference electrode was eliminated. Then two mqre'life studies were made,
though no steps were yet taken to eliminate the problem of electrode

plugging.

Figurgs 17 and 18 show the results of these two life studies,
which were designated as runs L8-2 and LS-3. Operating conditions for
these runs were the same as those used in run IS~1. Run LS-2 (Eigure 17)
was made using newly constructed electrodes and was terminated afgér
22 hours of opefation due to véry low elecﬁrolyte flow rate and plugging

of the cathode. TFor this run the electrolyte was manually circulated as
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in run LS-1. 'qu run L8-3 (Figure 18) fresh electrolyte was
continually féd to thé'céll in an'attémpt to eliminaté the plugging
problem, since it was félt that thé'circulgtéd electrolyté might be
adding réactioﬁ product impurities to thé feed resérvoir. However, the
cathode became plugged‘again,ana thé run was terﬁinated after twelye

hours.

The-ﬁnstéady béhavior obsérvgd in these two rﬁns_made if
aifficult to:detérminé Just how much the electrodes were deteriorating
(if at all), but there was no radical change in cell performance. It
appeared that decrease in performance of the cell was due to the

plugging of the cathode rather than a deterioration of fhe electrodest

In an at%émpt to eliminate the problem of piugging of tﬁe
flow-through cathode, a glass fiber filter was installed in the‘electrolyte
feed line in order to remove impu%itiés from fhe électrolyte before it
entered the cell. Then run LS-b4 (Figure 19) was‘made uéiﬁg two glectrodes
which had been briefly used in a previous study. During this particular
run'the eléctrolyte was passed through the cell oﬁly once and then
discarded; the filter was periodically chanéed.%heﬁevér'the electrolyte
flow rate began to decrease. It was found that the filter did indeed
remove impurities from fhé éléétrolYté and thét plugging of the filter
(rather_than the flow-through eléctrode as in prévious runs) caused the

flow to be variable. Identifiable impurities removed by the filter

included small undissolved iodine particles and what appeared to be rust,
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Figure 19. Fuel cell voltage as a function of time at constant current operation (Run LS-4)
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apparently from the ammonia cylinder.

The cell was operated continuouély at constant current before.

.the run was terminated at 72 hours. ‘Cell Qoltagé'was low'initially,
perhaps due to previous usage of thé cathode, but showed some increase
w@th time before reaching a plateau at gbout.0.75 volts. The considerable
scatter of data éhown in Figure 19 is undoubtedly due to the variability
of electrolyte flow. As the filter became plugged, flow rate of
electrolyte would decrease and céll voltage‘would drop. When a new
filter was ihstalléd, flow rate wéuld refurn_to normal, and cell voltage
would sﬁpw an incre;se. In any evént, there ﬁas no radical decrease in
cell voltage over £he 72 hour period, indicéting tﬁat the electrodes
.Wefe holding up quite well. Apparently the degradation of pefformance
shown by the stainless steel electrodes in shor% time studies (Figures
39-43) was due to storing of the-electrodggjin Water between runs

rather than use of the electrodes in the cell.

When the cell was taken apart there was no visible impurity
built up on the cathode, confirming that previous electrode plugging was

due to electrolyte impurities rather than reaction products.




V. CONCLUSIONS

1. The operation of a fuel cell at temperatures dowa to -20 °C using a
liquid ammonia solution (NH3/NHMN03) as the electrolyte is indeed
possible. TFor such a fuel cell hydrogen works well as the fuel, while

iodine dissolved in the electrolyte works adequately as the oxidizer.

2. A commercial porous platinum black electrode material CAmerican
Cyanamid Companyi works adequately as the anode'mgterial for_hydrogen
oxidatibn with a liquid ammonia electrolyte; electrochemical performance
with this glectrode material is reproducible.

3. Gaseous. ammonia must be added with the hydrogen fuel in the fuel
stream to prevent very high eiéctrode polarization even at low current
densities. Hydrogen electrode polarization is high at extreme l\TH3/H2

ratios and is at a minimum at NH3/H ratios near 1:1.

2

4. Hydrogen electrode polarization increases as the temperature of

operation of the cell is decreased.

5. Platinized porous stainless steel shows féir performance as a
cathode for iodine reduction using a liquid ammonia electrolytef This
electrode material exhibits réproducible initial performance but shows a
degradation of performance for each subsequént usage regardless of
platinum loading or electrode poré size. Degradatiqn of performance\

does not occur while the electrode is being used in the cell, however.
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6. Polarization of the platinized stainless steel electrode material
decreases as the platinum loading of the electrode is increased and as

the electrode pore size is decreased.

7. Iodine concentration and eléctrolyte flow rate determine the amount
of iodine which is availablé at.the cathode péf ﬁnit time for

electrochemical réaction: Thééé variables affec£Ae1écfrode performance
(polarizatibn) dnly if a shortage of iodine exists at the electrode for‘

maintaining the current density being drawn from the cell.

8ﬂ The fuel cell develobed in this research can be operated for at
Jeast 72 hours at 30 ma/cm? and 0.75 volts with no apparent electrode

deterioration. /




VI. APPENDIX




E =

[ pree———
Glass
tTube ——=|
/'—-— Platinum
wire e
\\\\\\
Lead
metal ———
Mercury [
contact ==
N\\\\\
/E}atlnum

/ /
Glass Glass
frdi frit
Electrolyte
Counter Working Reference
compartment compartment compartﬁent

P . o ~

Figure 20. Three compartment glass cell for voltemmetric studies
(approximate size).




)
-
-

1

NN
AR +
A

/B

13
0
M

N

97

-
N

NN
W

=
e le—
|
H

« Electrode leads

. Fuel inlet

. Fuel outlet

. Fuel compartment

. Electrolyte compartment

« Electrolyte inlet

+ Electrolyte outlet

. Porous anode

Porous cathode _

10. Reference electrode

11. Silicone rubber gasketing
12. Polypropylene cell module
13. Anode viewing window

O O~V FWwh-

Figure 21. Cross-sectional view of liquid ammonia fuel cell.



Y0

?

Temperature

~78~

0 =
o0k
//
=40 b
=600k
‘80 L 1 1
s 10 20 30 40

Solubility, mol./100 mol. NH3

Figure 22. Solubility of ammonium nitrate in
ammonia (38).




2

~T79«

Current density, ma/cm

Oxidation
4
- Anodic = s Cathodic
v
Reduction
1
+ 0 >

Potential, volts

Figure 23. Convention used in obtaining voltammetric data.




2

Current Density, ma/cm

2

Current Density, ma/cm

20

-20

20

80~

Titanium

3.0 2.0 1.0 0.0 -1.0

Potential, volts vs. Pb/Pb'2

. Tantalum

Ao

B

5 | 1 L] ! 1

3.0 2.0 .0 0.0 =1.0

+
Potential, volts vs. Pb/Pb :

Figure 2L4. Cyclic voltammetric scans for titanium and tantalum.




2

Current Density, ma/cm

2

Current Density, ma/cm

O

Zirconium I
20} >

-20}§-
1 ! 1 | Bl
230 i) 040 -1.0 -2.0
2 _+2
Potential, volts vs. Pb/Pb
Tungsten |
20k
I \"*mz ﬁ_\\
=201
£, R Syl ' |
2.0 1 40 0 8ag «1.0 -2.0

<
Potential, volts vs. Pb/Pb &

Figure .25. Cyclic voltammetric scans for zirconium and tungsten.




Current Density, ma/cm2

2

Current Density, ma/cm

ool

20 {- Aluminum Sy 1
‘; "‘\‘
or \ — o
«20 1
1 y =l U el .
2.0 1.0 0.0 -1.0 -2.0
- +2
Potential, volts vs. Pb/Pb i
20 | Molybdenum
ot
-20 |-
\ 1 1 - s —d
2.0 1.0 0.0 -1.0 -2.0

+
Pdmnﬁal,vdﬁsvs.Pm@b2

Figure 26. Cyclic voltammetric scans for aluminum and molybdenum.




2

Current Density, ma/cm

2

Current Density, ma/cm

=83

o0l. Rhodium
O- e
=20
I 2 L ! 1
150 0.0 -1.0
. +2
Potential, volts vs. Pb/Pb
ook Gold
O =
20+
] 1 ! 1
1.0 0.0 -1.0

+
Potential, volts vs. Pb/Pb e

Figure 27. 'Cyclic voltammetric scans for rhodium and gold.




~8L

20 |- }
Platinum
(qV]
£
o
s L
d
g
Bat
o B
]
o
A
b
D
<
0
5
g
3 -20 }
) 1 1 $ i
.0 0.0 -1.0
. +2
Potential, volts vs. Pb/Pb
Platinum-Iridium
o =
g 20
Q
o
@
E >
"
4
@
8 N 5 T
a
It
o
Q) -
&
Y
=
&)
-20 F
' ' q '

1.0 0.0 -1.0

+
Potential, volts vs. Pb/Pb &

Figure 28. Cyclic voltammetric scans for platinum and platinum-
iridium.




Current Density, ma/cm2

2

Current Density, ma/cm

~85-

2 & s P o
: Palladium
ok \§§§§:::::§::§;:::::ZZ::T:LL:”
~S0 1
1 1 = L
170 0.0 -1.0
< +2
Potential, volts vs. Pb/Pb
Bismuth
20 ¢
o} < N
-20k
1 1 L T

1.0 0.0 e

5
Potential, volts vs. Pb/Pb g

Figure 29. Cyclic voltammetric scans for palladium and bismuth.




2

Cufrent‘Density, ma/cm

2

Current Density, ma/cm

~86<

kY 1 Silver
BTN <& Tt U
\
a0
’ ' L] |
630 0.0 -1.0
. : i
Potential, volts vs. Pb/Pb
Tin
20
o} g )
-20
U 1 1 1
1IN0 0.0 -1.0

2 2
Potential, volts vs. Pb/Pb

Figure 30. Cyclic voltammetric scans for silver and tin.




Current Density, ma/cm2

2

Current Density, ma/cm

<BT<

2
7 Cobalt
o } .
o L
' ) 1 '
B 0.0 -0.5
. +2
Potential, volts vs. Pb/Pb
Nickel
20 F
ON
-20 |
i 1 1 i
045 0.0 -0.5
: +2
Potential, volts vs. Pb/Pb

Figure 31.

Cyclic voltammetric scans for cobalt and nickel.




Electrode Voltage (IR free), volts

=384
T e SR A S St : e S
B a
.8
B r
I o
Electrolyte: NH3/NHhNO
Ambient temperature: —28 26
Reference electrode: Pb/Pbte
Iodine concentration: 1.1 g/100 cc soln.
Rl
O L 1 ! 1 1
0 0.2 0.4 s 0.8 1.0

Current Density, ma/cm2

Figure 32. Iodine reduction at a shiny platinum foil cathode.
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Figure 33. Iodine electrode polarization with different pieces
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Figure 36. Initial performance of different electrodes of same pore
size and platinum loading (20 micron, 4 mg/em<).
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Figure 38. Initial performance of different electrodes of same pore size
and platinum loading (65 micron, 0.5 mg/cm?2),
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Figure 39. Degradagion of performance for cathode number 15 (20 micron,
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Figure L40. Degradation of performance for cathode number 17 (65 micron,
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Figure 42. Degradation of performance for cathode number 20 (65 micron,

.5 mg/cm?).
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Figure 43. Degradation of performance for cathode number 23 (65 micron, 20 mg/cmz)_
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