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SECTION 1 

PURPOSE 

The purpose of these Investigations Is to perform research on the basic 
components of fuel cells Ublng electrolyte-soluble carbonaceous fuels and fuel cells 
using hydrocarbon fuels. One objective, which Is a continuation of the work carried 
out under contracts DA 36-039 SC-89156 and DA 36-039 AMC-00134(E), is to improve the 
performance of methanol-air fuel cells and to incorporate improved components into 
multicell batteries to study the engineering problems of multicell operation. A 
second objective is to determine the feasibility of hydrocarbon-air fuel cells. 

The major emphasis of the program is on the simultaneous research and 
development on all basic aspects of the cells to optimize performance of the entire 
cell and to take into account interactions between components. 

This work is aimed toward the development of practical fuel cells using 
hydrocarbons or their partially oxygenated derivatives as fuels and air as oxidant. 
The fuels must be capable of reacting to carbon dioxide, be reasonably available, 
and pose no unusual corrosion, toxicity, or handling problems. Also, the cell must 
use a C02-rejecting electrolyte and operate at temperatures up to about 200oC. Other 
desired requirements include high electrical output per unit volume and weight, high 
efficiency, long life, high reliability, reasonable cost, particularly catalyst cost, 
and ruggedness. 

The program is divided into seven parts. These are referred to as Tasks 
A through G in this report. Tasks A and D describe studies of catalysis and 
structure at the hydrocarbon and methanol electrodes, tespectively. Air electrode 
research is discussed in Task E. Task B includes work to assess performance in 
liquid hydrocarbon-oxygen cells. Task F deals with work on establishing the 
basic metbanol cell design, especially with regard to the operation of all com- 
ponents in a single cell. Task G is concerned with work on the development of 
methanol multicell systems. Finally, Task 0 describes exploratory studies aimed 
at new approaches to fuel cells. 



SECTION 2 

ABSTRACT 

2.1 Task A, Hydrocarbon Electrode 

Two general approaches were taken toward solution of the important cata- 
lyst cost problem. One involved studies aimed at understanding and improving the 
operation of noble metal catalysts. The other was to seek new, non-noble catalysts. 

A comparative study of a number of platinum black catalysts prepared by 
different reduction procedures  was made. The steady-state activity of these cata- 
lysts varied by a factor of one hundred, but all this variation could be attributed 
to structural features of the cstalysts, rather than to their intrinsic catalytic 
properties.  The abilities of the catalysts to electrochemically oxidize preadsorbed 
butane were all the same, as reported previously.  It was shown that the rates at 
which they adsorbed butane, in the presence of electrolyte, were also essentially 
the same.  Only the pore volume of .he catalyst correlated with the steady-state per- 
formance, higher pore volumes resulting in better performance. Electron micrographs 
confirmed that the more porous catalyst structures were superior to the dense agglan- 
erated structures. 

The technique for measuring adsorption rates, mentioned above, was quite 
unique and led to some potentially valuable information about the action of platinum. 
The method involved flowing electrolyte, saturated with butane,through a porous metal 
frit on which the catalyst was mounted.  At high flow rates mass transport limitations 
were overcome and fuel accumulation was adsorption rate limited. With this method it 

„ was found that the steady-state performance of static electrodes corresponded to 
that calculable on the basis of the adsorption rates.  This indicates that the cata- 
lyst in the optimized electrode structures is functioning quite efficiently. Fuel 
transport is apparently not a problem in a properly compounded electrode.  Secondly, 
a study of the effect of potential on the adsorption rate was carried out in the 
potential range of hydrogen adsorption. The rate of butane adsorption was proportional 

•J        to the number of hydrogen sites of the "second kind" that were left uncovered. No 
adsorption would occur on the hydrogen sites of the "first kind/' and butane 
desorption occurred when hydrogen of the first kind was forced onto the platinum by 
cathodizaf.ion.  This result indicates the importance of the two different types of 
platiiuim sites, as recognized by their characteristic hydrogen peaks In voltammetric 
scans, upon the oxidation of carbonaceous fuels. Many characteristics of the activity 
of various carbonaceous fuels, including voltage oscillations, could be explained on 
the basis of mechanisms Involving the two sites.  It has not been determined whether 
variations in the ratios or nature of the sites are possible.  The effect of such 
variations on hydrocarbon oxidation is also unknown. 

To further improve the utilization of platinum, the use of a carbon support 
was studied.  Standard impregnated platinum-on-carbon matched platinum black in 
specific activity, giving limiting currents of 8 ma/mg of platinum on butane at 150oC. 
By using Impregnation procedures designed to maximize adsorption and by treating the 
carbon with silica it was possible to double this activity.  Similarly, by fabricating 
extremely thin electrodes it was possible to double the base level activity. Combina- 
tion of these two beneficial effects is to be explored in the future.  A study of the 
operation of these electrodes with liquid decane fuel was also begun, with promising 
initial results. 
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In the area of non-noble catalysts, both alloys and compounds of the 
transition metals have been studied. Attempts were made to prepare high surface 
area alloys by high temperature hydrogen reduction.  The experimental technique 
proved to be difficult and the degree of alloying low.  Other techniques, in particu- 
lar using ternary Raney alloys, are to be emphasized in the future.  The alloys were 
chosen on the basis of electronic structure, geometry,and chemical reactivity. Most 
interesting were alloys of gold with iron and cobalt, which showed activity on hy- 
drogen in alkali.  However, difficulty in maintaining activity and in making repeat 
preparations has prevented adequate checks for electrochemical corrosion stability. 

Considerable effort has been spent making and testing mixed oxides of 
the perovskite lattice structure containing transition metals known to have catalytic 
properties.  A wide variety of compositional and stoichiometric variations are 
possible with these compounds.  The problem is to tailor them to meet the fuel cell 
requirements of conductivity and corrosion resistance.  It was found that stoichio- 
metric perovskites were quite acid resistant, but had very poor conductivities.  The 
incorporation of lattice deficiencies, principally oxide ion vacancies, improved the 
conductivities markedly with some sacrifice in acid resistance.  Within this broad 
generalization there was a wide variation in behavior.  Nickel perovskites generally 
showed excellent acid resistance, actually coming to equilibrium with small quanti- 
ties of nickel ion in the corroding acid.  However, it was very difficult to make 
these compounds conductive.  The best conductivities were achieved by doping with 
lanthanum.  Cobalt compounds could be made very conductive by the incorporation of 
lattice deficiencies, but they then lost most of their acid resistance.  With both 
nickel and cobalt the combined target properties could be approached but not met. 
Finally,it was found that conductivities imparted by oxide ion deficiencies were 
rapidly lost upon exposure to acid.  Thus, it appears that the only satisfactory perov- 
skites will be stoichiometric compounds with conductivities imparted by valence varia- 
tions rather than by lattice defects.  Perovskites containing manganese in the two, 
three, and four valence states have already shown some promise. 
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In still another appro-ich to non-noble catalysts, a number of cyano and 
cyclopentadienyl complexes have been checked for catalytic activity.  The results 
have riot been promising so far  A uranyl salt has shown some activity with methanol, 
however, and is to be investigated further. 

2.2 Task B, Hydrocarbon Fuel Cell 

Total cell tests on liquid decane and oxygen were scaled-up to 4 inch 
electrodes to assess possible problems in an engineered cell.  Performance equaled 
results from previous smaller laboratory cells, 20 mwatts/cm. 

2.3 Task C, New Systems 

A new electrolyte system, pyrophosphoric acid, has demonstrated adequate 
conductivity and buffer capacity at temperatures in excess of 200oC.  Butane was 
highly active in this electrolyte on sintered platinum-Teflon electrodes, particularly 
when water vapor was added. Oxygen was also extremely active, with open-circuit 
polarizations approaching theoretical values.  The oxygen performance was not 
sensitive to water vapor.  Lower performance was obtained with low catalyst content 
electrodes, but the importance of electrode structural variables Indicated that 
further improvements are possible.  Other studies with concentrated buffer electrolytes 
have suggested that attainment: of a steady-state pH in the presence of carbon dioxide 
is a rate controlled process, and with suitable operating conditions a pH level higher 
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than predicted from equilibrium considerations might be maintained. Performances 
of various reactants in carbon dioxide treated buffers was poorer than expected. 
The reason for this is not yet known. Cesium fluoride addition to less concentrated 
buffers did not impair methanol performance and allowed higher operating temperatures. 

I 
The dual structure cathode was analyzed in terms of the functions of each 

Ö       component. Only the sheet facing the air chamber was found capable of supporting 
appreciable currents. The sheet facing the electrolyte acted primarily as a barrier 
to help maintain an interface. Performances of platinum or silver dual electrodes 
were very poor in concentrated cesium dl- and tribasic phosphate buffer and in cesium 
carbonate. However, in 6 M potassium carbonate, high activities were achieved, with 
the silver system equivalent to the platinum. In addition, the silver air electrode 
was Insensitive to methanol, with no polarization debit or chemical oxidation occurring 
In the presence of fuel. A total cell test of the silver cathode with a P-type 
anode in 6 M potassium carbonate gave a net power output of 18 mwatts/cm^. 

Li 
Studies of inex<-ä:.dive methanol catalysts were carried out with transition 

metal or gold alloys, as well as transition metal compounds. These were tested in 
potassium hydroxide and in potassium dl- and tribasic phosphate buffer. Although 
a number of stable materials were found, none had satisfacto y catalytic activity. 
Several unsuccessful attempts were also made to reduce metal uxides with decane in 
concentrated carbonate electrolyte. Finally, tests of slurried catalyzed carbon 
powders, suspended by bubbling decane through the electrolyte, showed no catalyst 
utilization advantages over static systems. 

2.4 Task D. Methanol Electrode 

Studies with the ruthenium modified P-type catalyst were extended to improve 
Its overall performance in methanol-air batteries.  The sensitivity to methanol con- 
centration was determined to better define the fuel requirements which must be kept 
as low as possible to maximize fuel efficiency. The results showed that a minimum 
of 0.25 M methanol should be maintained in the expected operating range of current 
density to prevent significant performance loss at the anode.  Sprayed Teflon coatings 
on one side of the anode were found to have no adverse effect on the performance of 
ruthenium modified P-type anodes. Resistance was increased only slightly.  Such 
coatings could be useful as methanol diffusion barriers to minimize fuel loss through 
chemical oxidation at the cathode as described in Task F- Ruthenium modified P-type 
anodes were found to be only slightly sensitive to water purity. Use of distilled 
water instead of distilled and delonized water caused no performance debit. Even 
the use of tap water resulted in only a 0.04 volt loss at 50 ma/cm^ in these short 
term tests. Effects on life have not been determined. Electrode vibration tests 
up to 100 cps with 0.375" displacements showed that the catalyst-electrode contact 
is tenacious and, therefore, catalyst attrition from the elect-ode should be minimal. 
Finally, storage and life tests have been extended to 4000 and 8000 hours, respectively. 
The ruthenium modified P-type catalyst has shown excellent stability at a variety of 
conditions in these tests. 

Methanol electrode structure research has been extended to reduce noble metal 
costs in methanol-air cells.  Studies with the present types of structures containing 
about 25 mg/cm of ruthenium modified P-type catalyst showed that reducing catalyst load- 
ing by more than fifty percent could result in significant performance losses.  These results 
agree with measurements on tantalum-diluted catalysts. Attempts to Increase the availability 
of the catalyst and, therefore, its utilization by making two-layered electrodes or 
Increasing porosiiy were not successful.  Various reduction techniques were attempted 
to see if improvements in ruthenium modified P-type catalyst activity were possible. 
Reduction by the formaldehyde-sodium aluminate method, reported previously for 
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hydrocarbon platinum catalysts, gave the best results.  However, this catalyst was 
Inferior to the present hydrogen reduced form.  Studies were also made of the effect 
of catalyst surface area on performance with methanol.  The platinum black catalysts 
used in this work varied from 8 to 30 m^/gta with the higher surface area material 
giving the best performance.  As a result of these findings, studies of supported 
catalysts were initiated.  Platinum on carbon electrodes with a tenfold reduction in cata- 
lyst loading were fabricated which give similar performance to unsupported platinum elec- 
trodes.  Attempts were then made to reduce the more active ruthenium modified P-type 
catalyst on carbon. The resulting activity was strongly dependent on the reduction 
technique with the low temperature hydrogen reduction giving the best results, 10 
tna/cm^ at 0.35 volts polarization with 2 mg/cm2 of noble metal.  The performance 
showed that the catalytic advantage of ruthenium modified P-type catalyst could be 
obtained on supported electrodes but further activity Improvements are required. 

2. 7 Task G. Prototype Development 
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2.5 Task E. Air Electrode 

U 
Several tests have been carried out to assess the possibility of replacing 

the membrane backing at the cathode, used in methanol-air cells, with a coating 
applied directly to the electrode surface. With butyl latex, silastic, or Teflon 
coatings, the best performance was achieved with the coated side facing the air.  In 
most cases, slightly higher polarizations were measured than for the membrane-clad 
electrode.  Coating thickness did not affect performance, but did influence the leak 
rate. A scale-up debit was found for fabricating larger 9" x 5-3/4" electrodes, 
but the magnitude could not be accurately measured. 
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2.6 Task F. Methanol Fuel Cell 

Efforts were directed toward eliminating the 0.1 to 0.2 volt performance 
debit associated with the use of tantalum screens in the large anodes. This voltage 
loss was essentially eliminated by gold coating the tantalum to prevent the formation 
of an insulating tantalum oxide film on the surface.  Other studies were carried out 
to assess the operating characteristics and reliability of different sized cells. 
Partial immersion of the electrodes in 4" x 4" cells, which can result from upsets, 
storage, or tipping do not adversely affect their activity.  In other tests 9" x 5-3/4" 
anodes were found to require higher methanol concentrations than smaller electrodes. 
This resulted in increased methanol diffusion and oxidation at the cathode. 

Further testing was carried out on the development of a direct feed fuel 
cell.  Porous diffusers were installed for adding methanol into the chamber, where 
the carbon dioxide evolved distributes the fuel.  Power densities, voltages,and 
methanol chemical oxidation rates were comparable to those obtained with electrolyte 
circulation.  In other tests, it was found that the rates of methanol oxidation at 
the cathode can be reduced to below 5 ma/cm2 by using diffusion barriers, such as 
Dacron felt, between electrodes without impairing performance. 

Several sixteen cell multicell units were constructed to evaluate the 
operabillty of a methanol battery.  One of these units, with a power output of about 
100 watts, was packaged and delivered to Fort Monmouth.  The second unit, containing 
several Improvements, has been under test in the laboratory.  Initial performance 
was 120 watts or about 25 mwatts/cm^.  After 275 hours on load during a four month 
period, Che average cell voltage decline was only about 30 mv.  Operation was stable 
with good fuel and air distribution.  However, chemical oxidation at the cathode was 
somewhat higher than desired.  Progress was also made on the development of a new 
methanol concentration controller and a low power electrolyte circulation pump. 
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SECTION 3 

PUBLICATIONS. LECTURES, REPORTS, AND CONFERENCES 

3.1 Lectures 

Shropshire,  J. A. - Theory of Redox Couples at Carbonaceous Fuel Electrodes- 
Second USAERDL Working Conference, Magnolia Manor, 
Magnolia, Massachusetts, May 2-4,   1965. 

Epperly, W. R.  - Direct Hydrocarbon Fuel Cell—Nineteenth Annual Power 
Sources Conference, Atlantic City, New Jersey, May 18,  1965. 

Tarmy,  B. L.  - Methanol Fuel Cell Battery-Nineteenth Annual Power Sources 
Conference, Atlantic City,  New Jersey, May 18,   1965. 

Heath,  C.  E.  - Fuel Cell Materials:    Electrodes and Catalysts—AICHE 
Meeting,  London,  England, June 15,   1965. 

Heath,  C.  E.  - Methanol Fuel Cell Catalysis--Journees Internationales 
D'Etude Des Piles A Combustible,  Brussels,  Belgium, 
June 21-24,  1965. 

3.2 Conferences 

January 13,   1965 - Fort Monmouth,  New Jersey 

Organizatlonsrepresented:    United States Army Electronics Command 
Esso Research and Engineering Company 

The meeting was a review of progress and plans  for the methanol-air 
and hydrocarbon-air fuel cells. 

j   y March  19,   1965 - Linden,  New Jersey 

Organizations  represented:    United States Army Electronics Command 
Esso Research and Engineering Company 

The meeting was a review of progress and plans  for the methanol-air 
and hydrocarbon-air fuel cells. 

May 4,   1965 - Linden,  New Jersey 

j   j] Organizations represented:    United States Army Electronics CommanO 
Esso Research and Engineering Company 

The meeting was held to review specific questions related to the methanol- 
air fuel cell and hydrocarbon-air  fuel cell programs. 

3.3 Reports 

This report is written in conformance with the detailed reporting requirements 
as presented in the Signal Corps Technical Requirement on Technical Reports 



(SCL-2101P, 18 February 1963) under the terms of our contract; these requirements 
differ from the usual requirements for reports issued within Esso Research and 
Engineering Company. 

3.4 Publications 
L  . 

Shropshire, J. A. and Tarmy, B. L. - The Nitric Acid-Oxygen Redox 
Electrode in Acid Electrolyte - Advances in 
Chemistry, No. 47, A.CS., 153 (1965). 

1 Shropshire, J. A. - The Catalysis of the Electrochemical Oxidation 
of Formaldehyde and Methanol by Molybdates - " 
Journal of the Electrochemical Society. 112. 465 
(1965)   

Shropshire, J. A. - Flow Coulometry - Journal of Electroanalytical 
Chemistry, 9, 90 (1965) 
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SECTION k 

FACTUAL DATA 

■4.1 Task A. Hydrocarbon Electrode 

Work on the hydrocarbon electrode has concentrated on reducing the cata- 
lyst cost. This is because even in favorable cases the catalyst cost is estimated 
to be about $5,000 per kilowatt of total fuel cell power.  It is estimated that 
cost reductions of the order of a factor of one hundred will be required before 
low temperature hydrocarbon fuel cells can be used widely, although many specific 
applications will become possible with more modest improvements. Two basic ap- 
proaches are being taken toward this goal.  Considerable work is being done to 
improve the utilization of platinum, and attempts are being made to find non- 
noble systems that will catalyze the electrochemical oxidation of hydrocarbons. 

Within the area of platinum utilization several approaches have been taken. 
At first, efforts were made to optimize theplatinum black catalysts. Various chem- 
ical reduction procedures were us<=d to prepare the blacks, and correlations between 
their steady-state anodic activity and their physical and electrochemical proper- 
ties were sought.  In particular, the rates of adsorption of a saturated hydro 
carbon, butane, on platinum black were measured under various conditions. Cheml- 
sorption often limits the performance of hydrocarbon electrodes. Any clues as to 
means of varying these rates could be valuable. Subsequently, carbon supports were 
investigated as means of improving platinum utilization. Previous work had in- 
dicated that platinum on carbon has a higher specific surface area than platinum 
black and, when activated properly, can yield electrodes of high specific current 
density. The present work concentrated on optimizing the structure of such elec- 
trodes, and on varying the chemical steps in the catalyst preparation. In addition, 
operation at temperatures above 150oC. has been considered and is discussed under 
Task C. 
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The search for non-noble catalysts was divided into three areas.  In one, 
high surface area metal alloys were prepared by chemical methods,for testing in non- 
acidic electrolytes. Success in this program requirea demonstration of alloy forma- 
tion and not merely co-reduction, achievement of high surface areas, and choice of 
components whose geometric and electronic structure will provide catalytic activity 
and corrosion resistance. Secondly, considerable effort «ras spent on mixed metal 
oxides of the perovskxte lattice structure, containing transition metal ions. Pre- 
vious work had shown that some of these compounds are amazingly acid resistant, and 
that they can be rendered conductive by the incorporation of lattice deficiencies. 
Compounds combining these attributes were sought for electrochemical testing. Thirdly, 
a brief investigation wt*ii made of a few Insoluble transition metal complexes, related 
to materials of known high electron transfer rates or to soluble hydrogenation cata- 
lysts. 

Phase 1 - Hydrocarbon Adsorption Rates 

In the previous report (6)catalyst studies using the voltage scan technique 
Indicated that a wide variation in steady-state performance of a series of platinum 
catalysts was possible despite the fact that the catalysts were shown to possess com- 
parable intrinsic electro-oxidation activity. Since the previous characterization, 
however, made no attempt to study adsorption rate limitations on the catalysts, an 
effort was made during this report period to define maximum fuel adsorption rates 
on representative platinum black samples. The variation of adsorption rate with 
potential was also measured. Since the adsorption was found to occur in the potential 



range where adsorbed hydrogen is present in two characteristic forms on the surface, 
the relation between hydrocarbon and hydrogen adsorption was also investigated. Fi- 
nally, the voltage scanning ttclinique was applied to several other hydrocarbon fuels 
and catalysts, and an attempt was made to detect the refractory intermediates reported 
by other workers. 

Pait a Flowing Electrolyte System fo. 
Measuring Butane Adsorption Rates 

Hydrocarbon adsorption rates were measured using a flowing fuel- saturated 
electrolyte system to eliminate mass transport effects. Butane served as an ideal 
model fuel due to its high solubility and its structural similarity to the higher 
molecular weight hydrocarbons. The catalyst powder was mounted on the upper face 
of a porous, fritted tantalum sheet. Electrolyte, 3.7 molar sulfuric acid, was 
saturated with butane and flowed through the catalyst layer. The tantalum sheet and 
the catalyst were set up electrically to be the anode of a driven cell, and voltage 
scans were run to determine the amount of fuel adsorbed. Appendix A-l gives s more 
detailed description of the set-up. 

Three platinum black catalysts were chosen for the initial demonstration 
or feasibility runs on the system. These catalyst" were:  (1) Engelhard platinum 
black, (2) a sample prepared by HC'iO reduction of aqueous H-PtClg in the presence 
of A1(0H)3 and, (3) lithium reduced platinum black. The latter two catalysts were 
chosen for their wide variations In physical properties und  treasured steady state 
hydrocarbon performance, to be discussed in Phase 2. Fuel accumulation, i.e., the 
quantity of coulombs in the butane oxidation peak, was measured from continuous volt- 
age scans on the three catalysts at a variety of accessible flow rates. 

The Appllfdhlllty of the flow system concept to two of these catalysts 
was demonstrated by the existence of a piateau in Tuol accusulsticn (during rh»  fi^ort 
scan time) as i'low rates increased. This indicated that at high flow rates mass 
transport limitations were overcome and adsorption rate became limiting. 

Thus, both Engelhard and formaldehyde reduced platinum gave equivalent 
fuel accumulation rates independent of flow above 40 cc/min. Excellent reproduci- 
bility was also obtained at two widely different loadings of Engelhard platinum black. 
The lithium reduced catalyst, however, a material of low pore volume and relatively 
high bulk density, did not permit sufficient flow rates to reach the transport-inde- 
pendent plateau. However, even though it may not have reached the adsorption limited 
rate, this catalyst already showed two thirds the rate exhibited by the better cata- 
lysts.  In contrast, the lithium reduced catalyst showed only 15 to 20 percent of 
the activity of the other two in steady state performance tests. Thus, the differences 
between the various catalysts are probably not related to their adsorption character- 
istics, but to their physical structure (Figure A-1). 
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Figure A-l 

Butane Accumulation versus Flow Rate 
95UC, 3.7 M H2S04 
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On the basis of these results and the similarity of values for the two platinum 
blacks used, further studies were restricted to Engelhard pl&tlnum black, at loadings 
of Id ing/cm . 

Further confirmation of the limitation of fuel accumulation by adsorption 
rathb.>: than mass transport was obtained from the temperature dependence of fuel 
accumulation at high flow rates. Thus, a value of 11 kcal/mole was calculated from 
the relative increase in accumulated coulombs from 80 to 100oU (Appendix A-2). This:- 
value, much too high to indicate transport limitation, agrees well with the values 
obtained previously (5) for the temperatute dependence of limiting current for butane 
electrodes in sulfuric acid at 100oC. 

Part b - Butane Adsorption Rate Versus Potential 

Since continuous voltage scans do not give an unambiguous definition of 
"idsorption time, the study of the effect of potential on adsorption rate was made 
using a potentiostatted sawtooth signal in conjunction with the flowing electrolyte 
system. The scan during the linearly rising part of the signal was used to measure 
accumulated fuel coulombs after a given wait period, by integration of the peak, 
while the step function collapse of the signal enabled the return to zero current (and 
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the start of the next fuel accumulation period) within about three seconds. Normally, 
six to eight measurements following various "wait" periods were enough to define the 
required coulombs accumulated vs time slope. This slope was generally quite linear 
in the time interval up to 50 seconds. The fuel accumulation during the scan and 
during the previous oxide reduction time period was evidenced as an intercept on the plot 
of coulombs versus wait time. A typical set of curves at various starting potentials 
is shown in Appendix A-3. The overall adsorption rate is the measured accumulation 
rate at a given potential plus a correction for the steady state burnoff rate, observed 
as a steady current during the adsorption period,  Si-.ce this correction becomes larger 
as the potential moves positive and eventually renders readings unreliable, measurements 
were restricted to < + 0,15 'olts vs S.C.E. (See Appendix A-4 for detailed data) 

The overall rates of butane adsorption varied significantly with potential 
in the range -0,05 to +0.15 volts vs S.C,E, as shown in Figure A-2, A maximum in 
adsorption rate appears to occur at +0.10 volts vs S.C.E. with decline as the poten- 
tial moves more positive than that value.  (See Appendix A-5) The maximum observed 
rate is about three times th2 steady state limiting current observed previously in 
these butane-sulfuric acid systems. For reference, the adsorption potential curve 
and typical steady state performance curve are shown superimposed in Figure A-2, 
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The point at which the extrapolated adsorption rate curve crosses the 
Tafel line of the electrode performance curve should correspond closely to the 
limiting current observed in galvanostatic steady state measurements. The fact 
that the observed limiting current falls in this region is significant since it 
indicates that the platinum in a compacted platinum-Teflon structure is being 
used as efficiently as that in the flow through system. Allusion will be made to 
this point in Appendix B-l on electrode structure. 

The potential range of increasing butane adsorption rate was noted to 
correspond to the known potential range of hydrogen coverage. As has been noted 
by many previous investigators (2» .8)» the adsorbed H on platinum forms two 
distinct peaks in the voltage scan trace indicating that two distinct states or 
energy levels of adsorbed hydrogen atoms exist on the surface. This differentiation 
is clearly evident in the plot of fractional hydrogen coverage versus potential. 
Appendix A-6 gives these data along with surface areas or oxide coverages of 
Engelhard platinum black. 

An explanation of the effect of potential on initial adsorption rates 
was finally obtained from a 1-nowledge of the surface condition with respect to 
adsorbed hydrogen atoms. Thus, when initial adsorption rate was expressed as a 
function of hydrogen atom coverage for that potential, a linear relationship 
was obtained between rate and 1-8JJ (Figure «-3). 
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Figure A-3 

Effect of Hydrogen Coverage on Butane Adsorption Rate 
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In addition to the linearity, the intercept of zero rate at l-8yaf0.5 
strongly suggests that the adsorption is occurring on only a single type of H* site 
(Type II, more anodic).  Thus,as shown in Appendix Figure Ä-2,the potential of -0.05 
volts vs S.C.E. corresponds closely to the inflection in the curve defining H« cover- 
age and also defines the point of zero adsorption rate in Figure A-3.  Linearity with 
l-Qfl also implies that the initial adsorption rate, exclusive of area considerations, 
probably does not vary appreciably over the potential range investigated. 

Part c - Evidence in Support of 
Adsorption on Type II Sites 

Further evidence in support of adsorption on a single type of H« site was 
sought in measurements of equilibrium fuel adsorption.  Previous studies (6, 9) on 
butane adsorption on platinum electrodes in sulfuric acid at 80°C indicated that 
saturation coverage corresponded to 1.58 + 0.13 millicoulombs of butane per milli- 
coulomb of oxide (oxide measured from 1.3 vs S.C.E.).  Using the conversion in 
Appendix A-5, this corresponds to 3.3 millicoulombs butane per millicoulomb total 
H*, (Q|/Q§)>  Ifj however, adsorption of butane is restricted to Type II H» sites 
alone, then saturation of these sites, about 50% of the total, would correspond 
to Qf/QJ|(II) = 6.6.  This value corresponds closely to the expected 6.5 .lectrons 
per site for the complete oxidation of butane to CO, with occi'pancy of toiir platinum 
sites per butane molecule, and thus adds support to the postulated attachment on one 
type of site. 

Additional support for the Type II adsorption was provided by the behavior 
of adsorbed butane in potential regions approaching hydrogen evolution.  Pressed 
platinum-Teflon electrodes (10:1) saturated with preadsorbed butane showed no evi- 
dence of Type II H« oxidation in anodic scans from 0.0 volts vs S.C.E.  Similar 
saturated electrodes subjected to cathodic scans showed gas evolution at potentials 
as positive as -0.02 volts vs S.C.E. (+0.13 vs reversible hydrogen) together with 
increased scan current in the region of Type I H* deposition (Appendix A-7).  The 
excess coulombs contained in this increased current region over and above those 
normally associated with Type I H» deposition, were found to correspond to 3.87 and 
3.94 electrons respectively per molecule of butane preadsorbed on the electrode sur- 
face, for two such cases.  It appears, then, that preadsorbed butane, adsorbed to full 
coverage on Type II sites is desorbed rapidly as the potential region of Type I 
hydrogen deposition is reached, and subsequently the four missing hydrogen atoms are 
rapidly replaced on the surface with the passage of four electrons per original butane 
molecule. 

The desorption of fuel from the saturated electrode is essentially a step 
function as the potential enters the region of initial Type I H« deposition.  Thus, 
as shown in Appendix A-8, a surface containing saturation coverage of butane, stable 
at 0.0 volts vs S.C.E., desorbs about 80% of this fuftl,aa the. potential is moved 
negative by 40 millivolts. 

Verification that the. preponderance of desorbed gas was actually butane 
was obteined by vapor phase chromatography.  A small trapped sample of desorbed gas 
indicated essentially 100% butane with traces of propane, ethane and methane. 

Based on the preceding data, it appears that butane adsorption on platinum 
black in 3.7 M H2S0^ is restricted to Type II H« sites.  The maximum initial adsorp- 
tion rate is found at a potential of about +0.10 volts vs S.C.E., where H- coverage 
is about equal to zero.  Positive to this potential, the adsorption rate appears to 
decline somewhat, possibly as a region of strong water orientation on the surface 
is reached. 
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The knowledge that fuel molecules occupy only Type II H- sites leads to an 
obvious question as to the occupancy of Type I sites in this potential range.  Since 
it is probable that Type I sites contain adsorbed water or hydronium ions in this 
region, it is possible that fuel electro-oxidation is accomplished by interaction 
of the fuel molecules on Type II sites with water molecules on other, Type I, sites. 
This intriguing possibility suggests a two-site reaction scheme in which the elec- 
tro-oxidation of a fuel is generally predictable from its adsorption behavior on 
the platinum.  Such a scheme can be applied not only to saturate hydrocarbon fuels 
but to oxygenated fuels such as methanol, formaldehyde and to oleflns as well.  Some 
of the implications of a two site mechanism, iacluding an explanation of oscillatory 
phenomena, are presented in Appendix A-9. 

Part d - Adsorption-Oxidation of Butane on Rhodium 

Subsequent to the discovery that butane adsorption on platinum was re- 
stricted to Type II H* sites, a brief study of butane adsorption-oxidation on rhodium 
was carried out. Rhodium was chosen since hydrogen atom deposition does not appear 
to involve two sites or energy levels as in the case of platinum, and thus rhodium 
may lack one of tue necessary sites for simultaneous water and fuel adsorption. Butane 
adsorption exposures of pressed rhodium black electrodes (NaBH^ precipitated) followed 
by voltage scans were carried out in sulfuric acid solution as well as phosphate and 
carbonate buffers and 85% phosphoric acid. 

[ i Rhodium showed very low activity for butane adsorption-electro-oxidation. 
Thus, at 80°C, no adsorption-oxidation was observed in buffer solutions, and only 
trace quantities of fuel adsorbed in 0.37 M H2SO4.  (Appendix A-10) These observa- 
tionb are in qualitative agreement with the two-site postulate outlined previously. 
At 150oC in 85% H3PO4, adsorption-reaction of somewhat higher amounts of fuel occurred. 
However, since the characterization of platinum under those conditions is not avail- 
able, no comparisons can be made at present. 
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Part e - Adsorption of Other Hydrocarbon 
Fuels on Platinum Black  

The equilibrium adsorption of methane, ethane and propane on platinum black 
was also briefly studied in sulfuric and phosphoric acid electrolyte for comparison 
with butane. Adsorptions were carried out on pressed platinum electrodes using the 
technique described previously (6) and fuel adsorption determined by integrating the 
oxidation peak in the subsequent voltage scan. 

j.. In general, the quantity of coulombs obtained from the saturation coverage 
with fuel increased with increasing carbon number.  Thus, in 3.7 M H2SO4, the maxi- 
mum ratio of fuel coulombs to oxide coulombs (used as a normalizing factor) for the 
various fuels increased from 0.2 for methane to 1.58 for butane, as shown in Table A-l 
below. At the same time, it appeared that ethane, propane and butane at saturation 
had displaced all the Type II H« as evidenced by the voltage scan from 0.0 volts vs 
S.C.E. Thus the possibility exists that the increasing coulombs obtained for higha.- 
carbon number fuels is simply a reflection of the larger number of electrons involved 
in the fuel oxidation to CO2 and that ethane, propane and butane displace equal numbers 
of hydrogen atoms during adsorption. This situation would most reasonably arise only 
if the fuels adsorbed in an end-on attachment, displacing (as shown for butane) 
four hydrogen atoms per single fuel molecule.  The relatively good agreement of 
observed fuel oxidation ratios (based on butane) to the calculated ratio of total 
electrons per molecule in Table A-l suggests that this situation exists for ethane, 
propane and butine. Methane appears to be anomalous in this respect since even the 
maximum adsorption time did not result in removal of all the Type II hydrogen atoms. 
This may simply indicate a very slow adsorption of methane and achievement of less 

H        than saturation coverages in the time allowed. 
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Table A-l 

Relative Adsorption of Lower Hydro- 
carbons on Platinum in i^SO^. 800C 

Electrons, Calc Electron Observed Coulombic 
Oxidation Ratio, Based Observed Ratio, Based 

Fuel to CO., on Butane mc Fuel/mc Oxide on Butane 

Methane 8 0.31 0.23 0.15 
Ethane 14 0.54 0.83 (1) 0.53 
Propane 20 0.77 1.24 (1) 0.79 
Butane 26 1.00 1.58 (2) 1.00 

(1) Average of longest exposures, two separate runs. 
(2) Average obtained previously.  Standard deviation equals +0.13' 

Although fuel coulombs similarly increased with carbon number in experi- 
ments in 85% H3PO4 at 140oC, no simple relationship between the quantities was 
found.  Thus, the adsorption behavior in this medium may differ from that in H2SO4. 
(Appendix A-8) 

Part f - Oxidation of Adsorbed Butane 
as a Function of Potential 
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Some controversy exists as to the state of the platinum surface during 

hydrocarbon oxidation, certain investigators believing that refractory, partially 
oxidized materials occupy the surface, poisoning its activity to a greater or lesser 
degree (LCJ).  A brief study was carried out, therefore, to see to what extent a pre- 
adsorbed quantity of butane was oxidized as a function of increasing positive poten- 
tial. Wetted electrodes with butane saturation coverage adsorbed in vapor phase 
were therefore equilibrated at fixed potential levels in solution, where further 
accumulation of fuel is restricted by poor transport conditions.  Following equili- 
bration at a given potential, a voltage scan was obtained to ascertain the remaining 
coulombs of fuel on the electrode.  Studies in 14.7 M phosphoric acid at 140°C indi- 
cated that over 90% of the fuel was removed by polarization to 0.4 volts (i.e. at 
+0.35 volts vs S.C.E.) with correspondingly lower values being obtained at lower 
temperatures in both phosphoric and sulfuric acid (Appendix A-8). Thus it does not 
appear that refractory surface species are a problem In operation at the higher 
temperature. After equilibration at +0.15 volts vs b.C.E., with over 50% of original 
fuel burned off, the ratio of anodic fuel coulombs to coulombs of hydrognr. atoms 
displaced was still found to be 6.4, thus indicating that the remaining species were 
not partially oxygenated.  Complete data are in Appendix A-8. 

Part g - Adsorption of Butane on 
Non-Noble Metal Catalysts 

A few brief tests were carried out to determine the butane adsorption and 
reaction on non-noble metal catalysts prepared in other phases of the program. Cata- 
lysts included Ni2B, Ni-Au and Ni prepared by techniques discussed in Phase 5. Tests 
were carried out in NaOH (Ni„B) and equimolar potassium mono, di, orthophosphate 
(all). Voltage scans after various periods of butane exposure indicated no detectable 
signs of activity for butane adsorption oxidation (Appendix A-10).  No further studies 
were made. 
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D Phase 2 - Studies of the Effects of the Physical Nature 
of Platinum Catalysts on Performance 

The significance of electrode structure parameters such as thickness, 
wetproofing, catalyst dispersion, etc. on performance in the anodic oxidation 
of liquid and gaseous hydrocarbons has been discussed (4^ 5, 6^).  These 
factors determine the macrostructure of the electrode which defines the nature 
of the critical fuel-catalyst-electrolyte contacting.  This in turn establishes 
the capability of the electrode to achieve the maximum performance possible 
with the catalyst.  While work has continued in all of these areas, studies 
have been made to differentiate between the various structural and catalytic 
effects.  This has included not only the macrostructure of the electrode, 
described in Phase 4, but the physical properties or microstructure of the 
catalyst such as surface area and pore volume. 

Part a - Electrochemical Evaluations 

An understanding of the contributions of some of the electrocatalytic 
properties and catalyst microstructure to overall activity is important in 
seeking new, cheaper catalyst materials or improving catalyst utilization 
with present expensive noble metal materials.  Therefore, studies of these 
various effects have been made. 

In previously reported work (6^ and Phase 1),techniques were described 
for establishing the Intrinsic catalytic activity of a series of platinum 
catalysts by measuring the rate of adsorption of fuel under non-diffusion, 
limited conditions, and the rate of oxidation of the preadsorbed fuel.  The 
results of these measurements for catalysts prepared by a variety of reduction 
techniques indicated that the intrinsic catalytic activity was similar for all 
of the platinum catalysts.  This study was extended to an examination of steady- 
state performance of electrodes containing the catalysts.  Each of the 
catalysts was formulated into a sintered platinum Teflon emulsion type electrode 
and tested on butane in 14.7 M phosphoric acid electrolyte from 80° to 150oC 
using the standard half cell testing procedure (6).  This electrode formulation 
is not an optimum for butane gas since it is representative of the structures 
used for liquid decane. However, it was selected because of the need for good 
reproducibllity.  In this way variations in electrode macrostructure were 
minimized. 

The results,  in Table A-2 and Appendix A-ll,  show that the 
steady state performances varied by as much as 50 fold even though the in- 
trinsic activities of the catalysts had been previously shown to be similar. 
The electrode performance variations did not correlate . with the electro- 
chemical surface areas as determined from measurement of the reduction of the 
oxide peak from voltage scans.  These electrochemical surface areas varied by 
only a factor of 3--not nearly enough *-o account for the performance variation. 
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Table A-2 

Electrode Performance of Various Platinum Black Catalysts 

Butane, 14. 7 M I^PC^, ISO'C 

Preparation Current Density at Electrochemical 

of 0.4 volts Polarization, Surface Area, 
Platinum Black ma/cm m2/gni 

A. Formaldehyde Reduced 2.5 8.9 
B. Raney Pt from 

Co-reduced Pt-Ag 6. 22.5 
C. Potassium Borohydrlde 

Reduced 15. 13.4 
D. Lithium Reduced 19. 26.9 
E. Commercial Platinum 90. 23.7 
F. Formaldehyde Reduced in 

Presence of Sodium Alumlnate 130. 21.8 

n 

Thus, in spite of the fact that catalysts of similar intrinsic activity 
were incorporated in similar electrode structures, the final steady-state 
electrode performances showed large variations. 

Part b - Characterization of Catalyst Micro-Structure 

Further studies to explain the large variations in electrode 
performance described in Part a were aimed at characterizing the physical 
state or microstructure of the catalyst.  This Included measurements of bulk 
density by gravimetrl iechniques, crystallite size(by X-Rey 11ns broadening), 
BET surface area, and pore volume by N2 capillary condensation.  In addition, 
the appearance of the catalyst agglomerates in electron micrographs was 
noted.  The results of these measurements are summarized in Table A-3. 
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Table A-3 

Catalyst Structure Characterization 

Butane 
Activity » 
(ma/cm2)(1) 

Bulk 
Density» 

l  gms/cm (2) 

X-Ray 
Crystallite 

Surface Area, nr gm Pore 
Volume, 

Size, A ElectrocheailcdlO) BET cnr/gm 

A.  2.5 0.27 62 8.9 8 0.03 
B.  6. 0.65 35 22.5 10 0.05 
C.  15, 0.99 82 13.4 7 0.13 
D.  19. 0.65 50 26.9 26 0.19 
E.  90. 0.46 77 23.7 28 0.39 
F. 130. 0.55 45 21.8 30 0.40 

(1) Designations and activity as in Table A-2. 
(2) From volume of fresh suspension settled through delonized water 24 hours. 
(3) From coulombs in oxide reduction peak. 

rt 
The BET surface areas ranged from 7 to 30m /gm, while pore volumes varied by 
more than a decade (0.03 to 0.4 cm /gm). Crystallite size was observed to 
extend from 32 to 820A while agglomerate size (la electron microscope) 
ranged from 35 to 150oA. 

Analysis of electron micrographs Indicated that steady state per- 
formance could be correlated with the degree of aggregation of the catalyst 
particles. While quantitative comparisons were not possible it appeared that 
the more porous the catalyst agglomerates were the better the performance. 
There appeared to be a definite (and regular) difference in catalyst appearance. 
The higher activity catalysts were characterized by a lacy agglomerate structure 
with the individual crystallites forming a network of low coordination number, 
while the poorer catalysts showed much less lacy material, larger agglomerates 
and Increasing amounts of large dense areas with well formed crystalline 
edges.  Electron micrographs of the best (catalyst F) and worst (catalyst A) 
are compared in Figures A-4 and A-5.  The trends observed in the electron 
micrographs can be placed on a quantitative basis by examining the effect of 
pore volume on the steady state butane performance of those catalysts. The 
correlation between butane current capability, ma/cm at 0.4 volts polarized, 
and pore volume, shown in Figure A-d, is  quite good. 
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Figure A-4 

Electron Micrograph of 
High Performance Catalyst 

Pore Volume = 0. 4 cm-Vgm 
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Figure A-5 
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Electron Micrograph of 
 Poor Catalyst 

Pore Volume = 0.03 cnrVgm 
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Figure A-6 

Effect of Pore Volume or. Performance 
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Examinations of the butane performance of these catalysts in 3.7 M sulfuric acid 
at 100oC,Appendix A-12, indicates that a correlation with pore volume also exists 
at this lower temperature. However, due to the lower  reactivity, the 
physical factors are more readily masked by other chemical limitations, re- 
sulting in a poorer correlation. 

These results lead to some important implications in electro- 
catalyst screening and development. First, it is clear that steady state 
performance testing alone will not necessarily detect catalysts of different 
intrinsic activity unless the catalyst microstructure is well defined.  As a 
corollary it may not be possible to produce the correct mioro-structure in a 
catalyst with superior intrinsic activity . Both properties are needed. 

Part c - Studies of Hydrogen Performance 

The performance of these previously prepared catalysts was examined 
using H2 as the fuel in 14. 7 M phosphoric acid at 100oC (Appendix A-13), to 
see if a correlation with butane performance existed.  No correlation was obtained. 
The reason for this is unknowa.  It is noted, however, that the current density 
range is much higher with hydrogen, the voltage range is different (and therefore 
perhaps the wetting properties), and the electrochemical parameters are much differ- 
ent.  In eay  case, while hydrogen may be useful for screening unknown materials for 
qualitative signs of electrochemical activity, it cannot be used for quantitative 
assessment of structure improvements in hydrocarbon electrodes. 
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Phase 3 - Increasing Platinum Utilization 

While th'.'re is reason to expect that non-noble hydrocarbon catalystd can 
be found)at the present time the platinun metäls aft; the only suitable mjitirials 
known. With decreases in platinum loadings, it may be posPiH° to prepare practical 
hydrocarbon fuel cells. A catalyst support appears to be necessary to achieve this 

aim. Without a support, platinum lo.juings of less than one mg/cm*' could not provide 
the required electrode strength and electrical conductivity.  It is also known that 
supports Increase and stabilize cat.ii.yst surface areas.  Carbon is being used as the 
support In this program. Aside from its conductivity and corrosion resistance, its 
high surface area and sorptive properties should promote m.a:;j.mum dispersion of the 
catalyst. 

Part a - Preliminary Variables 

For comparative evaluation of catalysts, a testing system was chosen 
involving a driven half cell unit, jsing gaseous butane fuel, thin electrodes of 
4-5 cm area, and 14.7 M H3PO4 &  150oC.  Under thuse conditions, the optimum utili- 
zation obtained for unsupported Pt black was 8 ma/mg.  Attempts were made to follow 
structure improvements as closely as possible to guarantee that observed effects 
were applicable to a practical system. 

Since a large number of variables were conceivably Involved, a preliminary 
check was made to ascertain their importance relative to the desired target. 

Minor effects were observed as a result of variation in catalyst washing 
procedures, and electrode formulation procedures (mixing and Teflon content varia- 
tions). These results were then used to get an outside limit of the standard devia- 
tion from which significance of the more Important effects could be judged (See 
Appendix A-14-I). It is recognized that the effects of the minor variables should 
be rechecked when new catalyst compositions are arrived at. 

Two electrode structures were examined and found to be essentially the 
same in a 2 x 3 experiment.  See Appendix A-14-II.  ''1th the elimination of this 
variable it was possible to obtain enough data to evaluate the effect of a catalyst 
activation technique. Use of this technique gave a statistically significant im- 
provement.   Most of the studies,thereforfl,included its use.  See Appendix A-1A-II'I. 

With these preliminary factors disposed of, the principal methods of 
catalyst preparation may be considered.  These involved the use of colloidal platinum 
sols and an auxiliary support, silica. 

I 

Part b - Colloidal Pt Catalysts [J 

Most Pt on carbon catalysts previously studied have involved impregnation 
of a soluble Pt salt on carbon followed by reduction. A possible source of ineffi- 
cient Pt utilization by this method is the relative inaccessibility of Pt deposited 
in the smaller porej of the carbon. 
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n u This possibility is avoided by adsorption of colloidal Pt onto carbon. 

Accordingly, Pt colloids prepared by paveral reduction techniques were examined. 
Use of sodium citrate, sodium borohydride and formaldehyde as reducing agents 
resulted in catalysts of relatively low activity (maximum limiting current = 
5 ma/crn^). Reduction with carbon monoxide at room temperature, gave a catalyst 
with comparable performance on butane to the best impregnated catalyst previously 
obtained (See Table A-4 and Appendix A-15). 
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Table A-4 

Variation of Butane Performance 
with Carbon Supported Pt Catalysts 

Utilization. 
ma/mg 

fJatalvats Reduction Method &n  "  0.40 volts 

Colloidal 67, Pt/C Formaldehyde 1 
ii    it  ti Sodium Citrate 2 
ii    II  II Carbon Monoxide 10 

67, Pt-5Au/C ti   II 7 
"    67, Pt-10Ir/C Borohydride 2 

Impregnated "    " II 7(1), 10(2) 

(1) Average of 5 Determinations 
(2) Best Value 

n 

Ü 

D 

As can be seen from the above table, some loss in activity resulted from 
the inclusion of gold in the colloidal platinum on carbon catalyst. In compensa- 
tion, catalyst stability appeared to be enhanced, as Indicated by no loss in per- 
formance level after a 10 day period of Intermittent operation.  The straight 
platinum catalyst began to lose performance after three days.  Further Improvement 
may be obtainable by inclusion of other metals, e.g. Ir or Pu, or by inclusion of 
silica or other minerals in the support (see Part c). 

Part c - Modification of Pt Pofosition and Supports 

Electron microscope studies have shown that plbtlnum on carbon catalysts 
(both impregnated and colloidal) contain Pt deposited in the form of 25 to 200 A 
aggregates.  Since activity would be expected to increase with platinum surface area, 
attempts were made to improve the dispersion of platinum by adsorption of a Pt salt 
from dilute solution, and by inclusion of a more polar co-support.  (For a discus- 
sion of the conductivif.y problem with mineral co-supports, see Phase 7, t'art a.) 
The advantage of adsorption over the usual impregnation technique, in which all 
of a concentrated solution is soaked up by the powdered support, is that it elim- 
inates the possibility of crystallization of trapped platinum salt during the drying 
operation. Ammonium chloroplatinate was found tc be suitable for these adsorption 
studies. 
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An ideal co-support would be alumina, where raonolayer Ft has already 
been achieved. While this material could be satisfactory for nuthanol in buffer 
solution, the ne^d Tor acidic electrolytes in hydrocarbon cells precludes use 
of alumina as a permanent co-support.  Silica was therefore examined.  By ad- 
sorption of ammonium chloroplatlnate (4-5% Pt) on freshly precipitated silicic 
acid gel (5% on carbon), followed by high temperature reduction, a catalyst was 
obtained with twice the previous utilization level.  See Table A-5. 

Table A-5 

Effect of Silica on Platinum-on-Carbon Performance (1) 

Catalyst 

Adsorbed 4-57. Pt/C-5S102 
Impregnated 6% Pt-10lr/C 

Avg.y.Performance, ma/mg, 
 (gft = 0.40 volts 

16 
7 

TT5 See Appendix A-15 for complete data. 

No.of Replicates 

With the number of replicates run and the known standard deviation, the 
advintage for the use of silica and its associated variables is certain at a 
greater than 99. 5% confidence level.  Other mineral supports and other fonns of 
silica, e.g. layer silicates, are being examined in order to obtain further 
improvement. 

Phase 4 - Electrode ,c, ructure Studies 

The direct oxidation of liquid decane at 150<,C and ambient pressure at 
rates as high as 140 ma/cm^ has already been achieved (6).  The research studies 
leading tc this level of activity showed thi structure of the electrode to be 
critical even at platinum loadings of 50 rng/cm^.  Therefore a program was under- 
taken to optimize the structure of the platinum-on-carbon electrodes.  This was 
carried out in conjunction with the catalyst studies of Phase 3. 

Part a - Preparation and Testing of 
Platinum-on-Carbon Electrodes 

Several types of platinum-on-carbon preparations were used ir these 
electrode structure studies as listed in Appendix A-16.  However, the best in terms 
of mechanical stability, ease of preparation, and performance were sintered carbon- 
Teflon electrodes prepared similar to previous sintered platinum-Teflon electrodes 
(6).  These electrodes were tested in half-cells at 150oC in 14,7M phosphoric acid 
electrolyte.  Butane was genevally used as the fuel in these initial studies since 
it has shown appreciable reactivity and the maintenance of the reaction Interface 
PM the electrode Is less difficult with a vapor fuel than a liquid.  The catalyst 
loading in these carbon-Teflon electrodes waj generally less than 5 mg/cm , repre- 
senting a reduction to one-tenth the loading in previous electrodes. 
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Initial measurements indicated that all of the platinized carbon 
electrode structures required some activation. Substantial improvements in current 
capability were obtained by oxygen treatment and polarizing to 0.8 to 0.9 volts 
relative to saturated calomel. Figure A-7 shows these effects on a carbon-Teflon 
electrode. The initial butane performance was 7 ma/cnr at 0.45 volts polarization. 
After cathodic operation as an oxygen electrode for 30 minutes, the current doubled 
to 14 ma/cm^. Additional oxygen treatments did not give further significant im- 
provements. However, driving the electrode to 0.8 to 0.9 volts vs. saturated 
calomel and allowing tl:- butane to reduce the surface,produced performance in- 
creases. Several similar polarizations during 40 hours of testing increased the 
current to 40 ma/cm^. 

Figure A-7 

Activation of Sintered Carbon-Teflon Elfcctrodes 
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D The mechanism of these activations has not been elucidated but it seems 
possible that they enable "ctivation of the platinum catalyst by alternate oxidation 
and reduction and/or altering the wetting characteristics of the electrode surface. 
Reduction in the amount of Teflon and sintering in some electrodes, Appendix A-16, 
resulted in electrodes which equilibrated more rapidly au their maximum performance. 

Once activated, the carbon supported catalysts gave typical performance 
chara -leristics as shown in Figure A-8. The Tafel slope of 0.11 and activation 
energy at limiting current of about 10 kcal/mole agree with the results for un- 
supported platinum discussed previously (6)r 
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Figure A-8 

Activation Energy on Sintered Carbon-Teflon Electrodes 
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Part b - Electrode Fabrication Modifications 

Some studies were maüe with the sintered carbon-Teflon electrode to 
determine the effect of the fabrication technique on performance. The variables 
considered in these tests were Teflon content, sintering pressure,and sintering 
time. The initial cold press or molding formulation and rate of gelling of the 
catalyst and Teflon emulsion were kept constant. The results of this preliminary 
variables study are shown in Table A-6. 

Table A-6 

Effect of Fabrication on Performance of 
Sintered Carbon-Teflon Electrodes 

Fabrication Variable 
Multiplies Current 

Densify by 

Sintering Pressure Increase 
from 1100 to 2200 psi 

Teflon Increase 
from 15 to 30 wt% 
from 10 to 15 wt% 

Sintering Time 
from 1 min to 2 min 

2.9 

0.14 
1.15 

1.38 

i: u 

.. 

26 

u 



n 

Increasing Teflon content from 15 ^ 30 percent resulted In a seven-fold 
reduction in current capability, while elec t-.odes with 10% Teflon were only 
slightly worse than those with 157» Teflon, The optimum Teflon content must therefore 
be near 15%.  Increased sintering pressure resulted in a three-fold increase in 
current density, while increased sintering time produced only about a forty percent 
improvement.  In subsequent experiments it was found that the 15% Tef-ion (2200 psi 
-2 minutes) electrodes gave consistently better performance and these were used 
for further testing. 

Part c - Catalyst Utilization 

I u 

The sintered carbon-Teflon electrodes were used to evaluate the effect 
of catalyst loading, catalyst distribution, and electrode thickness on platinum 
utilization. Butane was used as the fuel in these tests at 150'"' in 14.7M 
phosphoric acid electrolyte.  The results of this study are summarized in 
Appendix A-17,and Figure A-9 shows a plot of current density at 0.45 volts 
polarization versus catalyst loading for the 3 and 6 wt % platinum-on-carbon 
preparations. 

i Figure A-9 

Effect of Catalyst Loading - Entered Carbon-Teflon Electrodes 
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Current density increased with loading between 1 and 5 mg/cm2, while reduction 
in the wt % Pt on carbon resulted in a flatter response. Dilution of the 6% platinum 
on carbon with nonreactive carbon to the 3% level also produced a marked reduction 
in performance. 

At the lower loadings (< 1 mg Pt/cm2) performance improvements were noted 
with decreases in platinum content. An analysis of these results Indicates that 
this improved performance was due to a reduction in electrode thickness. The 
effect of thickness on catalyst utilization is shown in Figure A-10. Utilizations 
as high as 25 ma/mg of Pt have been obtained with electrodes whose catalyst layer 
thickness was 0.007 cm. The catalyst layer thickness was calculated from the 
measured electrode thickness by subtracting the equivalent thickness of the support 
screen. 

Figure A-10 

Catalyst Utilization - Sintered Carbon-Teflon Electrodes 
(Butane, 14.7 M H3PO, - 150oC) 
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From these data it appears that electrodes with thinner catalyst layers 
are desirable in improving catalyst utilization. However, as noted in Figure A-10, 
there is a limit to the thickness reduction possible using our present support 
screens. Higher platinization levels and alternate physical structures (Itss than 
0.001 cm) will be required to produce the desired levels of performance. 

Some preliminary tests with these electrodes on iliquid decane were ob- 
tained. Test results, shown in Figure A-Il, indicate that 16 ma/cm2 can be drawn 
at 0.5 volts polarized. This is comparable to the initial sintered platinum-Teflon 
electrode at a 50 mg/cm2 loading. Table A-7 summarizes the status of the 5 mg Pt/cm 
carbon electrode. Even at these initial stages of development, the carbon structure 
is giving somewhat better catalyst utilization on liquid decane. 
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Figure A-11 

Decane Performance of Sintered 
  Carbon-Teflon Electrodes 
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Table A-7 

Comparison of Sintered Carbon-Teflon Electrodes 
and Sintered Platinum-Teflon Electrodes 

Electrode 
Catalyst 

Loading, mg/cm^ 

Butane Data Decane 
Utilization, 
ma/mg at 
0,5 volts 
Polarized 

Activation 
Energy, 

kcal/mole 

Pt 
Utilization, 
ma/mg, 0.45 
Polarized 

Sintered Carbon- 
Teflon Electrode 

Sintered Platinum- 
Teflon Electrode 

5 

50 

10 

12.4 

8 

2-8 

3.2 

2.0 

i! 

i I 

n 

Phase 5 - High Surface Area Alloys 

Attempts have been made to replace the expensive electrode catalyst, 
platinum, with alloys of non-noble metals.  Alloy compositions have been chosen 
so as to approach synthetically the d-band configuration and crystal lattice 
spacings of platinum, to prevent metal corrosion, and to mitigate the excessive 
oxide formation tendencies of some of the catalytic elements.  An additional 
overall requirement has Deen set on all the alloys prepared in this program. 
That is, they must be of high surface area so that they can be readily evaluated 
for practical use in fuel cell anodes. 

u 
7 

Initially, the decision to prepare binary alloys with the Group IB 
metals as one component of the alloy was made. These elements, copper, silver 
and gold,have a complete outer d-shell of electrons and one "fluid" electron in 
the outermost s-shell.  This electron should be readily donated to other elements 
with d-electron deficiencies in alloy systems. With this ia mind, particular 
attention was given to the preparation of alloys from the element Iron, with one 
of Group IB elements, gold.  Iron and gold, when alloyed together in an atomic 
ratio of approximately 1:1, has a calculated d-band vacancy similar to platinum 
- 0,6 Bohr magnetons. At this same atomic ratio of gold and iron the reported 

literature lattice spacings approach that of pure platinum. 

Alloys of gold-nickel were also studied.  It was thought that the 
catalytically active element nickel could be ennobled by alloying it with gold. 
The alloyed nickel might be stable to acidic media in which hydrocarbon activity 
has been found.  In caustic medium,nickel is an active fuel cell catalyst only 
with hydrogta fuel. 

The elements turgsten and molybdenum were also of interest as alloys 
with the Group IB elements.  Both tungsten and molybdenum have a very strong 
tendency to adsorb hydrocarbons. However, the electron donating tendency is so 
strong that they form stable oxides. By alloying tungsten and molybdenum with 
gold or the other Group IB elements the strong oxide forming tendencies of the 
former might be mitigated. 

I 
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In this phase of the program the alloys were prepared by coprecipltatirg 
salts of the desired elements.  The metals were then reduced with hydrogen at high 
temperatures, 700-1000°G  Finally, the alloys were recovered and fabricated into 
electrodes and evaluated for electrochemical catalytic activity. 

Samples of most of the preparations were analyzed by X-ray diffraction 
to gauge the extent of intermetallic interaction or alloying.  Since most of the 
preparations included gold as a component, it was convenient to follow the change 
in lattice spacing from pure geld at 4.08Ä. With gold as one component in most 
cases, the other binary metals have been nickel, cobalt, iron, tungsten and 
molybdenum.  Several samples were prepared in which silver was employed aa the 
Group IB donor element.  (See Appendix A-18). 

Particular attention was given to the preparation of alloys from the 
element iron for reasons outlined previously.  In general it was found that with 
the abovs preparation technique only about 20% of the iron interacted with all the 
gold (see Table A-8) as judged by lattice spacing contraction from pure gold toward 
pure iron at 3.63Ä.  In the case of the nickel-gold samples, from the observed 
lattice spacing for the gold peak, it can be extrapolated that only about ten per- 
cent of the transition metal entered into the crystal structure of the noble metal. 
Cobalt failed to interact with gold, as judged by X-ray diffraction. Both the 
tungsten and molybdenum alloy preparations were obviously fused and unreduced. 
X-ray spectra on these materials were both ill-defined. 

Table A-8 

Summary of Alloy X-ray Data 

u 

U 
n 

Metal Composition 
Gold Lattice 
Spacing (A0) 

Calculated, % 
Transition Metal 

in Alloy 

Au 
Fe/40 Au 
Ni/50 Au 

4.08 
4.00 
4.05 

0 
20 
10 

The homogeneous unfused binary metal samples were evaluated for electro- 
chemical catalytic activity.  In the case of the Fe/40 Au material it was found 
that it was possible to draw substantial currents at fairly low polarizatioi with 
electrodes fabricated from this catalyst.  In 3M K0H electrolyte at 980C with 
hydrogen as fuel, a current of 100 ma/cm2 was obtained at a polarization of 0.08 
volts.  With Co/50 Au as the anode catalyst under the same operating conditiors, 
50 ma/cm2 was obtained at a polarization of 0.13 volts.  Table A-9 summarizes the 
runs with both iron and cobalt catalysts. 

i u 
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Table A-9 

Activity of Gold Alloys 

H2 Fuel, 98
0C, 3M KOH 

Catalyst 
Polarization (volts) at Indicated Current (ma/cm2) 

0 1 10 20 50 100 

Fe/AO Au 

Co/50 Au 

0.02 

0.02 

0.02 

0.02 

0.03 

0.04 

0.03 

0.12 

0.04 

0.13 

0.08 

The nickel-gold samples failed to yield even one ma/cm' at a stable potential. 

It should be noted that the current obtained from the Iron-gold and 
cobalt-gold electrodes was not reproducible. Poor current densities were ob- 
tained when the electrode was run &  second time. In addition, it was found that 
the iron-gold electrode at the end of the run was rust colored. It Is definitely 
possible that the current obtained was derived from the corrosion of the 80% of 
the iron unalloyed with the noble metal. To detennine whether the observed 
currents were due to catalytic activity or to corrosion, a method for preparing 
reproducible, completely alloyed materials was sought. 

Because of the Incomplete metal-metal Internetions of the samples, it 
was felt that reduction temperatures higher than 700oC ' would be needed to Insure 
more extensive alloying. Higher reduction temperatures are also required to re- 
duce molybdenum and tungsten salts. To attain more elevated reduction tempera- 
tures in the neighborhood of 10000C, a change in furnace was required. The change 
In furnace also introduced a modification in hydrogen rontactlng with the unre- 
duced alloy samples. In the lower temperature (below 700oC) work, a tubular 
reactor through which hydrogen flowed at a high rate was used. In this case 
Intimate contacting of metal and hydrogen was possible. In the higher tempera- 
ture studies the metal salts were in effect merely blanketed with an atmosphere 
of hydrogen. It was found in the higher temperature studies that the catalysts 
were both Incompletely reduced and sintered. When a sample of 60 atom % iron, 
40 atom % gold was reduced at 700oc under the blanket of hydrogen, an orjange- 
brown looking sample was recovered which gave a positive thiocyanate test for 
ferric ion (Fe+3> when contacted with water. When the same metal salt composition 
was treated at 700oC under a constant stream of hydrogen,a black, obviously re- 
duced material was obtained. It thus appears that the more intimate contacting 
in the tabular reactor is required for successful reductions of the metal salts. 

In several recent experiments adjustments have been made so that the 
temperature range of the tubuJar furnace has been extended. Even at 800oC the 
extent of alloying between gold and nickel or cobalt was still very low. These 
samples were essentially inactive as electrochemical fuel cell catalysts. Al- 
though it still may be possible to produce catalytlcally active alloys by the 
present copreclpitatlon-coreduction technique, other avenues for producing high 
surface area alloys starting with the metals in their reduced state are available. 
It is upon these approaches that considerable effort will be expended. 

j 
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Phase 6 - Mixed Perovskltes 

The good acid corrosion resistance and conductivity of the mixed 
perovskites, described in the prior report of this series (_6), indicated that these 
compounds offered promise for fuel cell use. However, in no case were both de- 
sirable properties incorporated into the same compound. The present studies covered 
a much wider range of elemental combinations and stoichiometric variations. Their 
purpose was to determine the compositional factors controlling corrosion and con- 
ductivity, and thereby to learn how to tailor these compounds to meet both fuel 
cell requirements at once. 

Part a - Preparatlonal Variables 

To review briefly, the stoichiometric mixed perovskites have the formula 
ABxBi'.jjOß, where A is a large spacing cation, B' is the catalytic element, and B" 
is the acid resistant component. A number of elements uave been used in each 
position as shown in Table A-10. 

Table A-10 

Elements Included in Perovskites 

Position I II III IV V VI VII VIII 

A Li, Cs Ca, Sr, 
Ba 

La, Tl Pb Bi 

B' V Cr Mn Fe, Co, Ni, 
Ru, Rh, Ir, Pt 

B" Ti, Zr 
Sn, Hf 

V, Nb 
Ta 

Mo 
W 

Because of chemical differences, the perovskites containing a B" ion in Group IV 
were worked on separately and are treated separately in Part d. 

With many of the elemental combinations,variations in the stoichlometry 
or partial substitution (dopings) were made. Emphasis was placed on the incorpora- 
tion of oxygen deficiencies to Improve conductivity, but various combinations of 
lattice defects were tried, giving the following classes of compounds: stoichio- 
metric, both undoped and doped; oxygen deficient; oxygen and B ion deficient, both 
undoped and doped; and A ion deficient.  (See Appendix A-19 for a complete listing 
of the compounds prepared.) 

The perovskites were prepared by firing pure, dried oxides or carbonates 
of the metals under various atmospheres at 1100 to 1500oC in zirconia boats in an 
alundum tube furnace. In the majority of cases the product formulas calculated 
from weight losses during firing agreed well with the nominal formulas chosen as 
the bases for preparing the mixtures. However, there were a number of exceptions. 
With acidic oxidep, such as M0O3, premature CO2 release occurred. Easily oxidized 
metals such as Fe, Mn and Cr, when fired under nitrogen,appeared to be oxidized to 
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higher valence states by the OO2 released from the carbonates. Copper, lead and 
silver compounds showed excessive weight losses due to reduction or volatilization. 
In all these cases only the nominal formula could be used to characterize the 
materials. 

Perovskltes with B" Ions of Groups V and VI are discussed below In Parts 
b and c.  Perovskltes of Group IV are considered separately In Part d for reasons 
given In that section. 

Part b - Acid Resistance 

Acid corrosion data on perovskltes containing nickel, cobalt. Iron, 
manganese, copper and silver were obtained at 860C with either 3.7M H2SO4 or with 
this acid containing a known concentration of the metal under study.  The amount 
of catalytic metal lost from the perovsklte was determined by analyzing the super- 
natant fluid polarographlcally. Appendix A-20 gives the detailed data.  See 
reference (6) for the general experimental details and Appendix A-21 for the 
polarographic methods for managanese,copper and silver. 

Stoichiometric perovskltes containing Groups V and VI cations in the B" 
positions generally showed good corrosion resistance with a major portion of the 
B1 cation being retained by the solid after at least one hundred test hours. 
Group V B" cations (Nb, Ta) generally gave more corrosion-resistant structures 
than the Group VI ones (Mo, W). Structures containing Group IV B" cations (Ti, 
Zr, Hf) had relatively poor acid resistance. See Part (d). Table A-1I gives 
typical data for nickel and cobalt compounds.  Both strontium and barium compounds 
are Included, as these proved to be about equal on the overall average. 

- ■ 
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Table A-11 

Acid Resistance of Stoichiometric Nickel and 
Cobalt Perovskltes 

B'-Ion B"-Ion 
B'^Ion 
Group 

Percent 
Metal 
Retained 

Hours on 
Test(1)(860C) 

Nl 
Ni 
Co 
Co 

Ta 
W 
Ta 
Mo 

V 
VI 
V 
VI 

77-82(2) 

54 
79 
34 

240 
150 
195 
190 

(1) With 3./ ' M H2S04 

(2) Range for three different preparations 

Considering the catalytic metal ions, nickel gave more stable compounds 
than cobalt. Ferrous compounds appeared to be more stable than ferric ones. 
On the other hand, tetravalent manganese(Mn^") was more stable than bivalent 
manganese (MhTI). Copper in a tantalum-based compound has good acid resistance 
(See Table A-12). 

I: 
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Table A-12 

Acid Resistance of Stoichiometric 
Strontium Perovskites 

r 

B'-Ion B"-Ion 

Percent 
Metal 

Retained 
Hours on 

Test 

Ni 

> 

Cu 

Ta 
Ta 
Ta 
Ta 
Ta 
Ti 
Ta 

80 (avg) 
79 
82 
60 
40 
95 
80 

240 
195 
310 
310 
125 
125 
150 

Introduction of any type of non-stoichiometry greatly decreases 
acid resistance. Typical data are given in Table A-13. 

-r ' Table A-Ij 

Acid Resistance of Non-Stoichiometric Perovskites 

Nominal Formula 
Type of Top 
Deficiency 

Percent 
Metal 
Retained 

Hours(1) 

on Test (860C) 

SrN10.33ja0.6703 
Sr0.B<33Ta0.67O2.80 

Sr<75Ta0.25O2.38 
SrNi5.675Ta0.25O2.30 

None 

A-ion 

0"2-ion 

0"2-ion; 
B'-ion 

80 (avg) 

26 

22 

27 

240 

180 

180 

180 

Nickel perovskites achieved good corrosion resistance apparently by 
equilibrating with nickel ions in the corroding solution. When partially 
depleted of nickel, most nickel-containing perovskites rf .bsorbed nickel ion 
when the concentration of the latter in the acid phase waj increased. The 
stoichiometric compounds showed this effect at nickel concentrations of 
0.02-0.05 moles/liter, whereas higher concentrations (0.06-0.10 moles/liter) 
were necessary for the non-stolchiometric ones. The effect was not exhibited 
by cobalt and iron perovskites, even at quite high acid-phase ion con- 
centrations fTable A-14). 
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Table A-14 

Re-absorptlon of Metal Ions from Enriched Corroding Solutions 

Nominal Formula Period 

B'  Concentration 
in Acid(mo]es/liter) 

B1. in Solid 
(% of original) 

At Start At End At Start At End 

Sr<33'ra0.6703 
7 

8 

0.0168 

0.0284 

0.0148 

0.0239 

75 

79 

79 

88 

11 0.0489 0.0461 95 101 

SrNi"75Ta0.25O1.38 
5 

6 

0.0703 

0.0956 

0.0567 

0.0819 

11 

35 

35 

60 

SrCo0.5M0.5O3 
3 

6 

0.0319 

0.0837 

0.0318 

0.0881 

14 

11 

14.5 

10 

However, high initial concentrations of cobalt ion in the acid did 
retard the rate of dissolution of this metal from stoichlometric perovskites 
(S-!e Tabie A-15). 

Table A-15 

Comparison of Corrosion of Cobalt Perovskites 
by ^SG^-CoSO^ Mixturf  

Nominal formula 

BaCo 
0.05M00.503 

SrCo0# 5M0i 503 

(2) 
3.7 M H2SO, 
2.9 M H^SO^ 

Corrosion with H2S0^ (1) 

Test 
Time(Hrs) 

28 
210 

28 
210 

0.8 M CoSO, 

Percent 
Metal 

Retained 

51 
39 

39 
10 

Corrosion with^ '" 
H?SOA-COSO/ 

Test 
Time(Hrs) 

24 
265 
570 

24 
265 
570 

Percent 
Metal 
Retained 

77 
67 
47 

51 
54 
42 

Several non-stoichiometric cobalt-molybdenum and tantalum perovskites 
having conductivities in the range of interest for electrode fabrication 
(>10"* mho/cm) were tested with acid containing large amounts of cobalt. 
Unfortunately, this technique did not prevent virtually complete loss of the 
cobalt from these compounds (See TaHe A-16). 
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Table A-16 

Corrosion of non-Stolchlometric Cobalt 
Perovskltes by H^SO^-CoSO^Mixture 

Nominal Formula 
Conductivity 
(ohnr1cm    ) 

Percunc cobalt Retained After 
Test Hours  (1) 

24 ■ 97 240 545 

SrCO"75Ta0.2502.38 3.8 x 10"4 34 27 7 0 

SrCO"9Ta0.102.15 
2.9 x 10"3 20 12 4 -- 

SrCO"67Mo0.3302.66 
1.6 x 10"4 

-- — 35 22 

SrCV75M°0.2502.50 
2.2 x 10"2 44 27 26 0 

SrCOS675Mo0.2502.43 
3.3 x 10'2 9 12 8 -- 

(1)    0.8 M CoS04 in 2.9 M H^ at 860C 

stable to acSid:ilarly' n—toichianetric ferrous or ferric perovskltes were not 

y 

11 

To sununarize, in general stoichiometric compounds are quite acid 
resistant. The corrosion of nickel perovskltes can be stopped by equilibration 
with nickel salts added to the electrolyte. Cobalt compounds are stabilized 
considerably by adding large amounts of cobalt salts inltiall' . When oxygen 
deficiencies are incorporated into the lattice, the corrosion of nickel 
compounds may still be stopped by equilibration, but cobalt cannot be held. 
Complete data on the other ions is not available yet but Mtt* at least appears 
very promising from the corrosion standpoint. It appears overall that 
stoichiometric perovskltes are the best prospect for the achievement of acid 
resistance. 

I r 
Part c Conductivities 

A target conductivity of 10"'* mhos/cm was set, on the assumption 
that the particles could be ground down to one micron size and mixed with a 
conductive support, carbon, for electrode preparation. Essentially all of the 
stoichiometric perovskltes showed conductivities of 10"^ to 10" . Furthermore 
doping of the stoichiometric compounds by substituting Li or La for ten 
percent of the A or B' ion did not help. Firing in air rather than under 
nitrogen also produced little improvement. 

^ 

However, the introduction of oxygen deficiencies either alone or in 
combination with B ion deficiencies generally increased conductivity markedly. 
Target conductivitiei. were reached with Cr, Mn, Fe and Co. However, 
perovskltes containing nickel, which is of greatest interest because of its 
known catalytic properties, could not be improved by this means.  (Table A-17) 
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Table A-17 

Highest Conductivities Attained by Introduction 
 on Non-Stoichiometry 

B'-Ion B" Ions Studied 
Highest Conductivity 

mhos/cm 

Cr 

^(II.III) 
II 

Co11 

Ni 
Cü 
Ag 

Ta, W 
Ta, W 
Ta, Mo, W 
Ta, Mo, W 
V, Nb, Ta, Mo, W 
Ta, Mo, W 
Ta 

10-2  -3 10 ;-io J 

l0-7 
10-5 
10 8 
10 8 

A special effort was made to improve the conductivity of the nickel 
perovskites. The A ions Ca, Sr, Ba and Pb were tried with the B" ions 
Ta, Nb, V. W, and Mo in oxygen deficient structures both with and without 
added B ion deficiencies, all to no avail. However, doping with lanthanum, 
one of a number of dopants tried, definitely improved the conductivity of 
non-stoichiometric Sr-Ni-Ta compositions. Furthermore also in contrast with 
the stolchiometric oxides, the firing atmosphere proved to have an important 
effect, with an air atmosphere generally giving an order of magnitude improve- 
ment over a nitrogen atmosphere (Table A-18). 

Table A-18 

Effect of Doping and Firing Atmosphere 
on SrNin 57513.0 2522 ^nCompositions 

Added 
Ion 

Replacing 
% of: 

Conductivity (mhos/ cm) when fired in: 
Nitrogen Air 

None 

La 

La 

La 

Cs 

7.7 • 10'8 

2.1 * 10"6 

6.6 * 10"4 

4.6 " lO"7 

6.9 * 10"7 

4.1 • lO-6 

3.4 * 10'5 

6.2 * 10"3 

3.6 * lO"5 

4.0 * 10"6 

10   Sr 

50    Sr 

10    Ni 

10    Sr 

The effect of air firing on the conductivity of oxygen deficient 
pervoskites appeared to be a very important lead. However, it was later 
discovered that conductivity arising from oxygen deficiency is extremely 
sensitive to acid. Conductivities are reduced to the level of the stoichmetric 
compounds when only a fraction of the material is corroded.  (See Table A-19, 
and Appendix A-22 for details) 
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Table A-19 

Effect of Acid Treatment on Conductivities 
of Non-Stoichiometric Perovskites 

ij 

% B'-lon 
Conductivity       [ 

Before Acid After Acid 
Nominal Formula Extracted Treatment Treatment 

SrC^75Mo0.2502.50 
69.7 3.8 x 10"3 2.6 x lO'12 

SrCo5'6MO0.2502.35 
58.0(1> 2.9 x 10"2 1.9 x lO'10 

BaNi5'75Ta0.25O2.38 
51.3 2.3 x 10"7 2.7 x lO"10 

Sr^61La0.068)Ta0.25O2.34(2) 
36.3 

 1 

3.6 x 10'5 4.4 x 10'9 

(1) Value probably low 
(2) Fired under air; others fired under nitrogen 

The better conducting non-stoichiometric materials show definite 
gas evolution during the early stages of acid treatment. The stoichiometric 
ones do not show gas evolution and neither do they show much of a conductivity 
loss on acid treatment. The nature of the gas has not been determined, but 
by analogy with the high valence cobalt compounds in reference (6),  the gas 
may be oxygen. 

This result indicates that the non-stoichiometric perovskites may 
be acquiring their conductivity in the same way that lithiated nickel oxide 
does. Incorportion of Li-O into the 1:1 NiO lattice leaves oxygen deficiencies 
At high temperatures the crystals pick up molecular oxygen in an attempt to 
restore stoichiometry. The oxygen goes into the lattice as oxide ions, the 
electrons required being extracted from the crystal's valence bands leaving 
"holes" or Ni+^ ions. The movement of the holes accounts for the increased 
conductivity. This may be a satisfactory means of incorporating conductivity 
into perovskites, but apparently Ni"1" , Co , or Co"™ are too powerful as 
oxidants to be stable in aqueous acid. They apparently react to form oxygen, 
losing their "holes" and their conductivity. It appears that near stoichio- 
metric compounds are required having mixed valence states which are stable to 
acid. Di- and tetra-valent manganese and tungsten^ and +6, which show 
acid stability in the tungsten "bronzes", may be suitable. 

Fart d - Group IV Perovskites 

Perovskites based on the Group IV elements, (Ti, Zr, Hf) along with 
Ba or Sr as the A ion are being considered separately, since they cannot be 
classified along with the Group V and VI compounds for two reasons. Firstly, 
the catalytic metal, Cr, Mn, Fe, or Co must be in the tetravalent state. 
Secondly, there is no "stoichiometric" value of x, and compositions were 
fired in which x varied from 0.1 to 0.75. A series of Group IV-based 
perovskites have also been prepared in which the A ion wastrivalent La. In 
these compounds the catalytic ions were divalent Mn, Fe, Co, Ni and Cu and x 
was 0.5. It was thought chat the   incorporation of these metals into the 
perovskitc lattice in their divalent states would render the perovskites more 
stable to acid. 
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X-ray powder patterns were obtained on most of the fired materials 
and used as a criterion of completeness of the reaction and confirmation of 
the perovsklte structure. The homogeneity of the product was found to be 
effected by the composition and the firing conditions. Materials with the 
composition AB'  »«B"- ,70, had X-ray patterns fitting the pseudo-cubic 

perovsklte structure, while compositions with different B'/B" ratios did not 
always yield a product of single phase* In those cases where B' was Fe, and 
also those where the A ion was La, the only compositions fired had the 
B'/B" ratio equal to unity and these were found to show the typical perovsklte 
X-ray pattern.  The firing conditions, i.e., atmosphere, temperature and time, 
were found to influence the homogeneity of the product and had to be ascertained 
for the various types,of perovskites. The perovskltes of composition 
LaB^ -B"  0. were especially sensitive to firing conditions and it was 

found that, generally, homogeneous phases were more likely for firings in air, 
at longer times, at higher temperature (within the range 1100-1250,>C), and 
with periodic regrinding of the material during the firing procedure. The 
X-ray data are presented in Appendix A-23. 

The electrical conductivities of the Group IV based perovskites 
showed a wide range of values, varying over a ra^ge of ten orders of magnitude. 
The target conductivity value (10"Vhos/cm)  has been achieved in the Co and 
Fe containing perovskites.  Those perovskites containing Mn or Ni had better 
conductivities when La was the A ion rather than Sr or Ba and iu  this case 
Ni containing compounds reached the target value.  In those Group IV perovskites 
containing Sr or Ba the conductivities have been found to be controlled by the 
catalytic ion, whereas, the B" ion exhibits a negligible effect.  The 
conductivity order is Co>Fe»Mn.  Increasing the B'/B" ratio also favors the 
conductivity of these compounds; that is, the greater the amount of catalytic 
element the greater the conductivity. 

The acid resistance of the Group IV based perovskites is quite poor 
with the notable exception of those containing Mn as the catalytic element. 
Perovskites containing tetravalent cobalt and iron show complete dissolution of 
these metals after about 24 hours in 3.7 M H2SO4 at 860C. Also, they show 
no tendency to reabsorb the respective metal ion when the concentration of the 
metal in solution is Increased.  The increased acid stability of the manganese 
compounds compared to the cobalt or iron perovskites is probably a reflection 
of the greater stability of the tetravalent state for Mn. Lanthanum containing ü 
compounds also showed very poor acid stability where the catalytic elements were 
divalent Fe, Co, Ni and Cu. 

1 
Although the perovskites did not pxhlblt satisfactory acid resistance 

for use as electrodes in acid electrolytes, a number of them were tested for 
activity with K2 and 02 In alkali in order to get some indication as to 
whether the perovskites possessed electrochemical activity. Due to the 
relatively low conductivity of the perovskites, electrodes contained carbon 
as the conducting support. Carbon is known to possess catalytic activity for 
O2 but is not active for H2. 

All tests were carried out in 3 M KOH at 100oC. The results of 
evaluations of perovskites for oxygen activity are presented in Appendix A-24. 

The perovskites ha\e shown no appreciable electrochemical activity 
as oxygen electrodes.  In no case was the activity of perovskites greater than 
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that of a blank electrode containing carbon, a known oxygen catalyst. However, 
perovskite on carbon electrodes have shown ability to retard the dcactivation 
of carbon by overpolarlzation. The carbon support material could sustain 
currents of greater than 200ma/cm2. However, when allowed to polarize beyond 
the limiting current, to 0.8 volt versus the reversible oxygen potential, the 
carbon electrodes lost most of their activity. When the perovskites were 
included, the effects of overpolarlzation were much less severe, possibly due 
to some wetting effect of the hydrophilic oxides. The effects of over- 
polarization on a perovskite and carbon blank electrode are shown in Table A-20. 

Table A-20 

Perovskite Stabilization of Carbon Electrodes 
3 M KOH, 1000C 

il 

Electrode 

Polarization From Oxygen Theory 
At Indicated ma/cm'', volts 

1 5 10 50 100 300 

Carbon Blank, ^Run 1 
Carbon Blank,(l)Run 3 

SnFeJJkHo.sOaWRun 2 
SnFe5y5H0<503^>Run 3 

0.395 
0.420 
0.410 
0.410 

0.400 
0.660 
0.450 
0.460 

0.445 

0.465 
0.490 

0.490 

0.515 
0.640 

0.520 

0.550 

0.580 

0.640 

(1) 50 wt %  Carbon 
(2) 25 wt % Carbon, 25 wt % Perovskite 

The perovskite electrodes tabulated in Appendix A-24 were also tested 
for activity for hydrogen. They showed no activity other than that attributable 
to t\ carbrn, being 0.6 to 0.7 volts polarized at open circuit. 

i     : 
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Thus, in summary, the Group IV based perovskites have sufficient 
electrical conductivities but the acid resistance is not satisfactory and they 
have shown no electrochemical activity for either hydrogen or oxygen in alkali. 

Phase 7 - Transition Metal Complexes and Hedox Catalysts 

A number of metal comolexes have been examined as anode catalysts in 
the hope that bonding with a ligand might provide unusual redox or adsorption 
properties. These included cyano complexes, cyclopentadienyl complexes and 
uranium oxy complexes. 

Part a - Cyano Coiiplexes 

Cyano complexes of transition aetals meet several requirements of 
a potential hydrocarbon fuel cell catalyst: 

• Stability and insolubility in acid for a large number of complexes. 
• Reversible redox couple—large range of Eo's available. 
• Rapid transfer of electrons between reduced and oxidized forms. 
• Presence of d-band vacancies. 

41 



With regard to the conductivity requirement, enhancement of conductivity is 
possible by use of charge transfer complexes e.g. cupric ferrocyanide or thallium 
(I) £erricyanide(ll).  This conductivity problem may be further lessened by 
preparation of the" catalyst as a thin film on a conductive support such as 
carbon. According to W. A. Weyl(12),a film of an insulator of less than 
100 Ä thickness acts as a semiconductor, allowing the passage of electrons. 

Because of their ready availability and high stability, the ferro- and 
-4 -3 ferricyanides were initially chosen for examinaticn: Fe(CN)g H-f Fe(CN)6 + e, 

E0 = -0.48. Methanol was chosen as a fuel for screening tests, since 
electrode structure problems are minimized thereby. Most of the insoluble 
complexes examined were prepared by impregnation of a soluble complex, e.g. 
potassium ferrocyanide, on carbon, formulation into a flag electrode and then 
immersion of the electrode Into a solution containing a transition metal 
cation, e.g. Cu++ . The Impregnated soluble salts were also evaluated as 
catalysts. None of the compounds showed activity on carbon alone.  See 
Appendix A-25. When examined as cocatalysts with Ft the best result was obtained 
with cupric ferrocyanide, which gave the same limiting current and Tafel slope 
as Ft alone, but with Increased polarization of 0.3 volts throughout. 

Similarly, the prussides (pentacyanoaquoferrate (II)) were examined 
as cocatalysts with Ft. 

Fe(CN)5 (H20)"
3 +*■   Fc(CN)5 (H20)"

2 + e, Eo = -0.49 

Possible advantages of this system are: 

• The readily replaceable H2O group which favors fuel chemisorption. 
• The known oxidizing ability of the pentacyanoaquoferrate (III) 

form for methanol (13). 

However, as before, there was an extra polarization above that of platinum Itself 
of about 0.35 volts. It is concluded that an unfavorable E0 for electrochemical 
conversion of the Fe (II) to Fe (III) form is responsible for this additional 
polarization, a consequence of the greater stability of the Fe (II) form. 
Choice of complexes where the oxidized form has higher stability, e.g. the 
cobalticyanlde system, may result in lowering of the polarization normally 
obtained with platinum. 

-: ) 
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Part b - Cyclopentadlenvl g^gjaag 

Because the cycloper.tadlenyl complexes of many of the transition 
metals have properties similar to the cyano complexes, the former were ai, 
screened for catalytic activity. The complexes such as dicyclopentadienyl 
iron (ferrocene), (a) below, and cyclopentadienyl-molybdeuum tricarbonyl 
dimer, (b) below, were all impregnated onto activated carbon or onto 6% Ft 
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on carbon.  Sintered Teflon emulsion electrodes were prepared from the complex 
samples and evaluated mainly in 3 M KOH at 970C with hydrogen as fuel.  In all 
cases the cyclopentadienyl complexes listed in Table A-21 failed to act as 
catalysts.  It was not possible to draw even 1 ma/cm^ from electrodes prepared 
from these materials. 

D 
0 

Table A-21 

Cyclopentadienyl Complexes Tested 

Compound 
f                                                 '          1 

Formula 

Dicyclopentadienyl iron 
Dicyclopentadienyl nickel 
Dicyclopentadienyl cobalt 
Acetylferrocene 
Chlororarcuri-ferrocene 
Cyclopintadienyl-iron dicarbonyl dimer 
CycloT;entadienyl-molyl:denum tricarbonyl dimer 

C5H5-Fe-C5H5 

CjHs-Ni-CsHs 
C5H5-C0-C5H5 
CHs-CO-CsHs-Fe-CsHs 
Cl-CsHs-Fe-CsHg 
(C5H5-Fe-(CO)2)2 
(CäH5-Mo-(CO)3)2          | 

These complexes also wiped out the catalytic activity of platinum when impregnated 
onto carbon containing 6% platinum.  The total lack of activity from the complexes 
may be a manifestation of their very low conductivity (about 10"11 - 10"12 mhos/cm). 
No further work is planned with these complexes, unless compounds of this type with 
more interesting electronic properties are uncovered in the literature. 

Part c - Studies on the Uranyl Redox System 

Uranyl compounds were of interest as possible heterogeneous redox 
catalysts involving U (IV) and/or U (V):^!! (VI): 

U0„ rUOg  + e (IM H1"), E0 -0.063 volts 

UH' + 2H20«r=
i!U02"H' + 4H+ + ae, E0 = -0.334 volts 
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It was determined that the uranyl acid phosphate, UO2HPO4, was insoluble in a 
NaH2P04/H3P04 buffer (pH'^'2), but dissolved in more acidic solutions.  However, 
using this acidic buffer electrolyte with an active platinum catalyst, a limiting 
current of only 0.5 ma/cm^ was obtained on butane at lOCC.  Therefore, for a 
more valid evaluation of the potential value of the uranyl system, methanol was 
used as a fuel. With a flag electrode (4 cm') containing 10% UO2HPO4 on carbon, 
a limiting current of 8 ma was obtained despite the fact that due to mechanical 
problems /v907. of the catalyst had fallen off the elect;:ode at the beginning of 
the run. See Appendix A-25. Estimated limiting performance accordingly was 
10 ma/mg of UOoHPO^ or 15 ma/mg based on uranium content, which appears to 
be quite promising. 

The uranyl system may be adaptable to a more acidic electrolyte for LI 
hydrocarbon catalysis in the form of an acid-insoluble complex.  The uranyl 
ferrocyanide complex was considered, but it undergoes reaction with both 
sulfuric and phosphoric acids. 

An additional experiment was carried out to determine whether molybdic 
oxide could function as a redox catalyst with decane. Decane vapor was passed 
over MoO, at temperatures up to 450"C, in the hope that the conductive M0O2 
would be formed. However, no reaction occurred as evidenced by lack of 
CO, formation and lack of any change in the X-ray diffraction pattern of the 
M0O3. 

Li 
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4.2 Task P, Hydrocarbon Fuel Cell 

i i J 

While electrode catalysis and structure research to reduce catalyst cost 
have been emphasized, some engineering research studies have been Initiated in more 
compact total cells to assess problems in liquid hydrocarbon-air fuel cell opera- 
tion. These tests were made with the best present anodes, sintered platinum-Teflon 
electrodes with 50 mg/cm^ of catalyst. The results of these tests were used in 
designing a hydrocarbon test facility. Construction of the new test equipment has 
been initiated. 

Li 

I 

Phase 1 - Studies in Hydrocarbon Fuel Cells 

Performances with liquid decane and oxygen in total cells were determined 
to explore possible interactions and other operating problems. These tests were 
made in more compact 10 cm diameter glass cells as a preliminary to design of cells 
for more extensive engineering evaluations. These glass cells were similar to 
previous cells (6)  except that the interelectrode space was reduced from 7 cm to 
1 cm and the active electrode surface area was increased from 6.5 cm2 to 63 cm2. 
The sintered platinum-Teflon anode included a 9 micron thick, porous Teflon barrier 
on the fuel »ide as described previously (i).    The cathode was also a sintered 
platinum-Teflon electrode. 

The performance of the cell compared favorably with previous performances 
in smaller cells as^shown in Figure B-l. Puak power, excluding ohmic resistive 
losses,was 21 niM/cmZ at 0.3 volts at 150oC in 14.7 M phosphoric acid. 

I I 
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Figure B-l 
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These tests also showed that separation of the porous Teflon barrier from the anode 
is still a problem. Aftei- 3 days of testing with temperature varying between 250C 
and 150oC, the barrier pulled away from the anode and fuel flooding resulted. 
Performance decreased to 0.14 volts at 80 ma/cm^. Other aspects of scale-up of 
the electrodes in this more compact cell appeared satisfactory. 

One operating problem in these tests resulted from the accumulation of 
decane in the interelectrode space. This apparently resulted from transport of 
decane through the anode. This occurred at open circuit as well as under load. 
Since the solubility of decane in the electrolyte is low, the mechanism of this 
transport is not clear. Considerable gas evolutioi was noticed from the anode 
surface in this space and an immiscible decane layur formed on top of the elec- 
trolyte. Thus, the transport might involve vaporization of the fuel in the 
electrode, followed by recondensation and accumulation in the Interelectrode space. 
The promotion of the vaporization of decane in the electrode due to the hydro- 
phoblcity of the surface is described in Appendix B-l. 

Phase 2 - Hydrocarbon Cell Design 

As a result of the work discussed in Phase 1, a hydrocarbon total cell 
teat facility was designed. A schematic of this facility is shown in Figure B-2. 
The fuel transport problem described in Phase 1 has been considered in the design 
of the cell in two ways. The interelectrode space has been provided to permit 
adequate disengagement of the hydrocarbon from the electrolyte and a recycle system 
for recirculating the fuel to the anode has been provMed. In addition, overly 
porous cathodes must be avoided to prevent excessive etitacting of the hydrocarbon 
and oxygen at the catalytic surface of the cathode. 

I I 
It is anticipated that these cells, as designed, can be constructed of 

Teflon. However, other suitable structural materials are desirable, particularly 
at temperatures above 150oC. Ceramic filled Teflons offer potential improvements 
in mechanical stability and chemical Inertness. One such material, Rulon(^), has 
been tested and gave encouraging results.  Samples of Rulon gave no evidence of 
creep or other dimensional changes after one week of continuous exposure to 14.7 M 
phosphoric acid at 150oC.  In addition, after 24 hours at 250 to 260oC in pyro- 
phosphoric acid, the samples were unchanged. No weight gain was detectable in 
either test. 

■ ! 

Further tests of structural materials are planned and construction of 
the hydrocarbon cell test facility has been initiated. 

(1) Commercially available from the Dixon Corporation, Bristol, Rhode Island. 
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4.3 Task C, New Systems 

Studies in the New Systems area have continued to stress those investi- 
gations falling cutside conventional fuel cell approaches. Previous investigations 
have examined buffer electrolytes, electrode structures and catalysts for these 
electrolytes, and dynamic electrodes, among other topics. These areas have been 
further examined, as well as a new intermediate temperature electrolyte, pyrophos- 
phoric acid. 

Phase 1 - Pyrophosphoric Acid Electrolytes 

One approach which can be used to increase the utilization of platinum 
catalyst is operation at higher temperatures. Results from butane adsorption stud- 
ies have indicated that a performance level of 100 ma/cm2 at 0.3 volts polarization 
might be reached with only 0.5 mg/cm2 of catalyst in the vicinity of 3000C (6). 
This temperature region is beyond the limit of aqueous electrolytes but below the 
area in which tuolten oxide-carbonate systems operate. In order to test catalyst 
utilization in this region, it is necessary to find a suitable electrolyte. One 
candidate for this purpose is pyrophosphoric acid, which is liquid between 60 and 
427"C, and is thermally stable. Several other requirements must be met by any 
electrolyte however, and so the conductivity and buffering capacity of this acid 
were first determined. Performance tests with hydrocarbons, oxygen, and air were 
also run. 

Part a - Conductivity of Pyrophosphoric Acid 

Solid pyrophosphoric acid is composed of the pure phase H4P2O7. Upon 
melting, it converts to a complex equilibrium fixture of various acids ranging 
from ortho- and pyro- to penta- and even higher molecular weight phosphoric acids. 
Since little free water is present, self-dissociation is required to produce 
electrolytic conductivity. Measurements were made in a standard conductivity cell 
with an AC bridge over the range of 100 to 250oC. No differences were observed 
between the values obtained at 60 or 1000 cps. Figure C-l illustrates the results, 
with the specific resistance falling from IZ  ohm cm at 100oC to about 2.5 at 250oC. 
For comparison, 3.7 M sulfuric acid at 250C hai. « specific resistance of about 
1.3 ohm cm.  It appears then that in the temperate - region of interest, pyrophosphoric 
acid Is sufficiently conductive for fuel cell use. 
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Part b - Buffer Behavior of Pyrophosphoric Acid 

The ability of pyrophosphoric acid to minimlzR ionic concentration 
polarization at fuel cell electrodes was tested at 200 tc 250oC. At the anode, 
hydrogen, which would be expected to exhibit no activation polarization, was 
reacted on a sintered platinun-i-Teflon electrode. No polarization was measured 
at current densities up to 1000 ma/cm2. Cathodic ionic concentration polarization 
was measured by evolving hydrogen from the platinum-Teflon structure. As at the 
anode, no polarization was found at up to 1000 ma/cm^. These results indicate that 
in pyrophosphoric acid at ovei 2000C there is essentially no ionic concentration 
polarization at either electrode with this relatively non-porous structure. In 
view of this behavior, it is not expected that much additional polarization would 
be encountered even with more porous electrode structures. 

Part c - Effect of Water Vapor on Hydrocarbon Performance 

Tests of hydrocarbon activity in pyrophosphoric acid were carried out, 
primarily with butane at 250oC. A few tests were also run with other fuels, and 
at other temperatures. The electrodes were sintered platinum-Teflon structures 
containing 50 mg/cm^ of catalyst. The electrolyte, corrosive to both tantalum 
and glass, necessitated the use of platinum screen supports for the electrodes 
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and the periodic replacement of the test cells. A Kordesch-Marko bridge was used 
to eliminate the effect of ohmic polarization from the measured performance. 

The butane performance was :ound to be quite sensitive to the partial 
pressure of water in the fuel feed. This was controlled by passing the fuel 
through a water reservoir prior to entering the cell. Figure C-2 shows the 
activity of butane as a function of this parameter. It is seen that the polarization 
at mod^rnte current densities decreases with increasing wa'-er temperature up to 
950C, reversing the trend as the boiling point is approached. 
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Figure C-2 

Water Vapor Influence on Butane Activity 
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The lowest polarization recorded at 1UU ma/cm is 0.18 volts. The limiting current 
also increases, up to a maximum of about 400 ma/cm^ at a water temperature of 80oC, 
falling off above this temperature. This is shown in Figure C-3, where the limiting 
current is plotted against the water vapor pressure. 
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Figure C-3 
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These effects, plus the poor performance of dry butane, clearly indicate the 
importi'.r.ce of a proper supply of water in this system.  If there is insufficient 
water, the butane reactivity is hindered ; if too much, the electrode becomes 
butane concentration limited.  In this connection, it should be noted from Figure C-2 
that the Tafel slope also changes with water vapor pressure, reaching a constant 
value of about 0.13 when the reservoir temperature reached 80oC or higher.  This 
suggests that not only is the butane reaction hindered with insufficient water 
present, but it may also proceed via a different mechanism. 

Additional runs were also carried out with hydrocarbons in pyrophosphoric 
acid. Butane was reacted at 2750C with little change in polarization from 250oC, 
although the limiting current was doubled.  Ethane, at 230oC was slightly less active 
than butane is at 250oC. Based upon the negligible effect of temperature on 
polarization just discussed, this lower activity of ethane compared to butane 
appears to be real. Performance was improved by water addition to the feed stream, 
although no systematic study was made with ethane.  Decane was also studied, at 
2750C, by steam distillation to the platinum-Teflon electrode.  No attempt was made 
to optimize the fuel feed conditions. At 50 ma/cm2, the polarization was 0.24 volts, 
and the limiting current about ISO ma/cm?. Finally, a number of six-carbon fuels 
were run at 2750C, by passing a nitrogen carrier stream through the liquids, fol- 
lowed by a water reservoir at 80oC. Again, no attempt was made to optimize these 
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conditions.  Normal hexane, the most active of this group, was polarized 0.34 
volts at 50 ma/cm^.  The others tested, in order of decreasing activity, were 
2 -methylpentane, cyclohexane, hexene-1, and benzene.   This same group of fuels 
was also tested in phosphoric and sulfuric acids, showing lower performance than 
in pyrophosphorlc.  Complete details of these and all other tests discussed in 
Part c are given in Appendix C-l. 

Part d - Low Catalyst Content Butane Electrodes 

Having established the conductivity, buffering capacity, and suitability for 
hydrocarbon reactivity of pyrophosphorlc acid, attentior was turned to the primary 
purpose of this investigation, increasing the catalyst i.tilization.  Electrodes 
composed of catalyzed carbon and a binder,and similar tj the thin carbon structures 
previously described (5),  were tested with butane at iTS'C,   the fuel fe^nerally 
humidified by a water reservoir at 80oC.  These electrodes, which contained 5 mg/cm'- 
of catalyst, were prepared with several oarbon to binder ratios, porosities, and 
thicknesses. 

Performance of butane was found to vary considerably with the electrode 
structure. However, repeat runs with the same electrodes, or replicated runs, were 
not reproducible, preventing a rational correlation of performance changes with 
specific factors.  Thus at each of the three thickness levels tested, using 6, 12, 
or 18 wt % of catalyst on carbon, a different combination of carbon to binder ratio 
and porosity gave the highest performance.  Performance was improved with these 
electrodes by operating the water reservoir at 95°'. instead of 80oC.  For example, 
a low porosity electrode made up of a 2:1 tdtio of 18 wt % catalyst on carbon powder 
to binder, had ita limiting current increased from 25 to 75 ma/cm2 by increasing 
the water temperature.  No improvement in catalyst utilization was obtained over 
the level of sintered platinum-Teflon electrodes at 275"C however, the value at 
the limiting currents being 15 ma/mg for each system.  Further work is necessary 
to improve the reliability of these measurements and to optimize the performance 
and catalyst utilization levels. Details of all carbon supported electrodes are 
found in Appendix C-2, as well as several other different, but inactive structures. 

Part e - Oxygen Performance in Pyrophosphorlc Acid 

The performance of oxygen was determined in pyrophosphorlc acid over a 
temperature range of 200 to 250oC, using primarily the sintered platinum-Teflon 
electrode.  Several runs were also made with low catalyst content (5 mg/cm^) carbon 
electrodes at 2750C. Activity variations were quite large on the platinum-Teflon 
electrodes, even though they were nominally Identical.  For example, at 230oC, the 
most active electrode was polarized only 0.08 volts at 100 ma/cm2, while the least 
active was polarized 0.28 volts. There variations may have been due to difficulties 
in maintaining the sintering temperature constant.  In all cases, the limiting 
currents were in excess of 750 ma/cm2. When air was substituted for oxygen, little 
performance change occurred up to about 25 ma/cmZ, Beyond this level, polarization 
increased, by 40 mv at 50 ma/cm2,and 90 mv at 100 ma/cm2. Activity was still higher 
than with oxygen on similar electrodes inl4.7 M phosphoric acid at 150oC however. 
Figure C-4 shows that at 100 ma/cm2, air performed 140 mv better at 230oC  than 
oxygen at 150oC.  The direct oxygen comparison shows a 230 mv difference betwc ~n 
typical performances in these two electrolytes.  Several runs were also carried out 
In which the gas feed was pre-humidlfied.  No effects on performance were detected. 
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With the reactivity of oxygen in pyrophosphoric acid established, further 
work aimed at Improving catalyst utilization. Initial tests with the catalyzed 
carbon electrodes described in Part d were made at 250 or 275"C. As with butane, 
a variation of performance with structure was noted. In the absence of replicates, 
however. It is not yet known if these represent random errors or true structural 
effects.  In any event, the highest activity obtained showed a polarization of 0.40 
volts at 100 ma/cm2 and a limiting current of over 300 ma/cm2. Details of all these 
runs are found In Appendix C-3. It is evident that oxygen shows a large activity 
Increase at the higher temperatures possible in pyrophosphoric acid, in contrast 
to butane. Further work will concentrate on improving the catalyst utilization 
with the carbon electrodes and study the efficient use of air in place of oxygen. 

Phase 2 - Buffer Electrolytes 

Buffer electrolytes are of interest because they are less corrosive than 
acids and Increase the number of potential catalysts applicable to systems utilizing 
carbonaceous fuels. The continued investigation of buffer electrolytes has concen- 
trated on the carbon dioxide rejection of and reactant performance in high pH, con- 
centrated solutions. The addition of inert salts as a means of raising operating 
temperatures has also been studied. Finally, further tests of the pyrophosphate 
salt buffer system, as distinguished from pyrophosphoric acid, were carried out. 
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Part a - Concentrated Buffer Electrolytes 

Concentrated buffer systems have been investigated because they have 
relatively high boiling points and,therefore,can be used at elevated temperatures. 
The highest concentrations reached with buffer solutions at room temperatures have 
been with the cesium di- and tribasic phosphate system.  Solutions containing up 
to 3.5 moles/liter of each component have boiled as high as 145CC, and allowed 
high activity with tnethanol on platinum catalysts at 130oC. However, they are not 
initially carbon dioxide rejecting, and when sparged with this gas, fall several 
pH urits (6). Subsequent nests have indicated, however, that at a given tempera- 
ture, the final pH is dependent on the carbon dioxide flow rate. This suggest 
that at the lower flow rateo, the solution is not saturated with carbon dioxide, 
and further suggests that an electrolyte may be operated at higher than its 
equilibrium pH by proper design. Additional discassion of this point is found in 
Phase 3 of this Task. It was also found that these "equilibrated" solutions, con- 
taining mono- and dibasic phosphate, carbonate, and bicarbonate anions, could not 
be restored to their original pH by heating in the absence of carbon dioxide. 
Further work will be carried out to explain these results. 
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Tests have now been carried out on the activity of methanol, hydrogen, 
and oxygen with platinum catalyst in this "equilibrated" electrolyte. At ISO'C, 
using a dual platinum-Teflon electrode having 25 mg/cm2 of plr'tinum sandwiched 
between the two electrode sheets, poor methanol activity was obtained.  Part of 
this was traced to difficulties in maintaining an adequate supply of fuel at the 
anode. As shown in Figure C-5, the polarization at 100 ma/cmZ decreased from 0.34 
to 0.47 to 0.40 volts versus a reference hydrogen electrode as the fuel was first; 
fed as a vapor, then by syringe directly on the elec rode, and finally with the fuel 
chamber dead-ended. 

Figure C-5 
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In contrast, the unequilibrated electrolyte had previously given only 0.21 volts 
polarization r.t 100 ma/cm2 and 130"C (6).  In addition, at 5 ma/cm2, where fuel 
concentration polarization is not a factor, the unequilibrated solution still gave 
about 90 mv less polarization than the "equilibrated" electrolyte.  Therefore, some 
factor arising from the latter solution must be the cause of the lowered performance. 
Ionic concentration polarization, which could be present if the "equilibrated" 
electrolyte did not have sufficient buffering capacity, was also ruled out by 
running a flag electrode with dissolved methanol.  Stirring the systen had no effect 
upon performance up to about 100 ma/cm2, indicating that the solution was functioning 
as a buffer, at least for anodic reactions. 

Poor activities were also obtained with hydrogen and oxygen on the dual 
platinum-Teflon electrode at 130oC, the former was polarized 0.14 volts at 50 ma/ 
cm2, with the limiting current only 75 ma/cm2. The best oxygen performance was a 
polarization of 0.37 volts at 10 ma/cm2, with a limiting current of about 25 ma/cm2. 
Additional cathode runs in unequilibrated electrolyte are discussed In Phase 3 of 
this Task. 

To check the possibility of the electrolyte not functioning as a buffer 
when operated as a catholyLe, hydrogen was evolved from the dual electrode. At 
100 ma/cm2, only 70 nv polarization was measured, indicating satisfactory buffer 
capacity. These gases were also test^J with diluted samples of the equilibrated 
electrolyte, showing greatly improved performance.  When sufficient water was added 
to give a compositioa nominally 1 M each in the di- and tribasic phosphates, 
polarizations of only 0.12 and 0.42 volts at 100 ma/cm2 were obtained for hydrogen 
end oxygen respectively, even though the operating temperature was lowered to 80oC. 
Details of all the runs in the equilibrated electrolyte are given in Appendix C-4. 

The lowered performance of methanol in the carbon dioxide treated solution, 
compared to fresh electrolyte, and the poor activity of hydrogen and oxygen, require 
further work for explanation.  Several possibilities exist, Including a known 
chloride ion level of several hundred ppm in the salts used to prepare the 
'fequilibrated"electrolyte, low solubilities of the gaseous reactaats, and wetting 
difficulties.  Additional experiments will be carried out to clarify these points. 

Part b - Addition of Cesium Fluoride to Buffer Solutions 

Temperatures of up to 1450C have been achieved with concentrated buffer 
electrolytes, as described in Part a.  Experiments have been Initiated to extend 
this level by addition of a neutral salt to the concentrated solution. Cesium 
fluoride was chosen as the salt because of its high solubility and presumed lack 
of effect on electrochemical reactions. This latter consideration was. tested by 
adding one mole/liter of the salt to buffer solutions composed of 1 M each potassium 
mono- and dibasic phosphate or 1 M each carbonate and bicarbonate.  These solutions 
were run with methanol and oxygen on platinum electrodes at  60oC.  Table C-l shows 
that no performance loss was encountered with methanol. 
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Table C-l 

Me.hanol Performance in Presence and Absence of Fluoride Ions 

Platinum Catalyst, 1 M CRjOH, f)0oC 

Current Density, 
ma/ ;nr 

Polarization from Methrnol Theory, volts 

1 M KH2PO4 
1 M K?HP04 

1 M KH2PO4 
1 M K2HPO4 
1 M CSF 

1 M KHCOj 
1 M K2CO3 

1 M KHCO3 
1 M K2CO3 
1 M CsF 

5 
10 
50 

100 
200 

0.37^ 
0.39 
0.47 
0.31 
0.58 

0.32 
0.35. 
0.43U' 
0.48 
0.53 

0.27^ 
0.30 
0.38 
0.42 
0.47 

0.25 
0.32 
0.38 
0.42 
0.49tl; 

; 

[ ; 

(1) Onset of carbon dioxide evolution. 

The only anomaly was the higher current densities required for carbon dioxide 
evolution in the presence of fluoride, since the neutral salt should have little 
effect on the pH. Oxygen performance was slightly impaired. In fht  carbonate- 
bicarbonate buffer, using the dual platinum-Teflon structure, the polarization 
at all current densities was about 80 tiv higher in the presence of fluoride. 

The addition of cerium fluoride to raise the operating temperature of 
the concentrated buffer system was Investigated with a solution 3.3 M each in 
cesium di- and tribasic phosphate. It was possible to add about 3 moles/liter of 
the fluoride to this solution at room temperature. Although some cloudiness occurred, 
there was no precipitation and the boiling point was raised from the original 1350C 
to 1500C. 3y concentrating the system further through evaporation the boiling point 
was further increased to 180oC, although room temperature solubility was sacrificed. 
Additional combinations will be tested, and reactant performai-;e, particularly of 
hydrocarbons, will be determined at the higher temperatures. 

Part c - Pyrophosphate Buffers 

Buffer solutions prepared from salts of pyrophosphoric a^d have pre- 
viously shown favorable properties as fuel cell electrolytes (6). Tests have now 
been conducted of their hydrolysis behavior by maintaining them at 8013 for periods 
up to 90 hours at the pH range, 6-9, in which they function as buffers. Addition 
of a silver salt showed, by formation cf a characteristically yellow silver 
orthophosphate precipitate, that considerable hydrolysis had occurred. Only  at a 
pH level of 11 or higher, well outside the buffering regi n, was the hydrolysis 
reaction suppressed. Because cf this instability, no further work is planned with 
these systems. 

Phase 3 - Air Electrodes for Buffar Electrolytes 

Development of air electrodes for use in buffer electrolytes has con- 
tinued, with emphasis on the use of silver catalyst and the dual electrode struc- 
ture (6). Tests have been carried out to enhance activity and to better understand 
the function of each component of the dual structure.  In addition, studies in con- 
centratad buffer solutions have been carried out at temperatures up to about 130oC. 
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Part a - Dual Electrode Structures 

-a 

I i 

n 
! 

u 

1 

n 

Previous studies have established that the dual electrode structure, com- 
posed of two platinum-Teflon sheets, gave high performance with air in buffer elec- 
trolytes (5). Furthermore, one of these sheets could be replaced by a silver-Teflon 
sheet, with no loss of performance under certain conditions (6).  Initial attempts 
to evaluate the function and activity of each sheet independently, by electrically 
insulating them, were not successful. However, further work has made progress in 
this area. The dual platinum-Teflon -lectrode was tested in a 1 M each carbonate- 
bicarbonate b-.ffer of pH 10.6 at 60UC with air. Teflon-riag spacers were positioned 
between the two sheets of this structure, and by careful pressure adjustment a 
leakproof seal was obtained, with the sheets elecurically insulated from each other. 
/ithwugh the geometrical arrangement of the dual electrode system was disturbed, it 
was possible, by measuring the performance of each component independently, to obtain 
a clear picture of their relative activities.  As shown in Table C-2, the two per- 
formtmces were similar at 1 ma/cm2. At 50 ma/cm2 however, the inner, electrolyte- 
facing sheet,failed, due to air starvatid.i. The outer sheet, although inferior to 
standard dual electrode performance, did not fiil. When a single platinum-Teflon 
sheet was backed on the electrolyte side by a porous Teflon sheet, it was only slightly 
inferior to the standard performance. This confirms that the inner rheet is function- 
ing primarily as a barrier. Any metal present in its structure is not-significantly 
active catalytically, although it may influence the porosity and hydrophobicity of 
the sheet. 

Table C-2 

Effect of Dual ElecLrode Arrangement on Performance 

Electrode 

Electrically 
Connected 
Component 

Polarization from Oxygen! 
Theor.y at Indicated 

ma/cm2, volts     j 
1 10 50  1 

1 Duel Platinum-Teflon Both 0.20 0.28 0.43 

n     ii      ii Air-side 0.25 0.35 0-62 

!!         II           11 Electrolyte-side 0.25 0.50 1.27 

Singla Ilatlnum-Teflon 
with Porous Teflon 
Sheet Facing Electrolyte 
  

0.23 0.29 0.47 

other tests involving nickel-Teflon sheets were also made. A dual nickel- 
Tefloa electrode was tractive, and a nickel-Teflon sheet backed by a platinum-Teflon 
sheet shoved only the .. tivity of the air starved platinum. Thus nickel has no 
catalytic activity in ti. .s system. The reverse configuration was less active than, 
for example, simply a porous Teflon sheet backing a platinum-Teflon electrode. 
Finally, a triple silver-Teflon electrode showed no advantage over a dual electrode. 
Details of all tests discussed ir Part a appear in Appendix C-5 . 
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Part b - Concentrated Buffer Electrolyte 

The concentrated solution composed of cesium di- and trlbasic phosphates 
has been discussed previously (6).  In addition, its behavior with carbon dioxide 
has been described in Phase 2 of this report, where the poor air electrode perform- 
ance obtained in "equilibrated" electrolyte is mentioned.  Tests have also been 
carried out of air electrode activity in fresh electrolyte, not contacted with carbon 
dioxide. These have been conducted primarily in 3,3 M each di- and trlbasic phos- 
phate, with dual silver- or platinum-Teflon electrodes at about 130CC. Runs have 
also been carried out with single sheet electrodes and under several operating and 
structural conditions. 

All electrodes in the concentrated buffer showed very poor activity at 
125 or 130oC.  Humldlfication of the air stream did not help, but application of 
2-1/2 inches of pressure Improved the polarization about 100 mv at 100 ma/cm .  Also 
of some benefit wac? the use of a more porous silver-Teflon sheet on the electrolyte 
side, or dilution cf the buffer to 0.7 M in each component.  This latter change 
helped even though the operating temperature was lowered f.o 80oC.  None of these ac- 
tivity changes was sufficient, however, to bring the performance to a satisfactory 
level.  Appendix C-6 contains the data for these runs. 

Since very poor cathode activity has been obtained in both the carbon di- 
oxide treated and fresh concentrated buffers, the debit does ni>t appear to be 

associated with the composition changes which occur during equilibration. Rather, 
it is probably due to one or more of the factors discussed in Phase 2, high chloride 
ion concentration, low gas solubility, or wetting problems.  Further work will seek 
to veri.fy these possibilities and improve, air electrode performance, particularly 
with the silver-catalyzed system. 

Part c - Comparison of Cesium and Potassium Carbonates 

Because of the poor activity obtained with air electrodes in concentrated 
cesium phosphate buffer, a study was initiated to compare cesium salts with potas- 
sium salts.  It was hoped to determine the presence of any specific cation effects. 
Performance tests were carried out with air and dual silver-Teflon electrodes in 
6 M cesium carbonate, 6 M potassium carbonate, and a 4 M potassium and 2 M cesium 
carbonate solution at 112 to 1180C. Table C-3 illustrates that the potassium solu- 
tion was superior to the cesium solution, especially at higher current densities. 
In fact, the performance in the former system represents the best activity yet ob- 
served for silver catalysts in buffer electrolytes. The mixed solution was equivalent 
to this level.  Further data is presented in  pendix C-6 . 
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Table C-3 

Perfoiraance of Silver Cathodes 
in Cesium and Potassium Solutions 

Dual Silver-Teflon Electrode ; Air 

Electrolyte Temp. 0C 
Polarization from Oxygen 

Theory at Indicated uia/cnK. volts 

6 M Cesium Carbonate 
6 M Potassium Carbonate 
4 M Potassium Carbonate + 
2 M Cesium Carbonate 

118 
112 
112 

1 10 20 50 

0.36 
0.32 
0.32 

0.44 
0.39 
0.38 

0.48 
0.41 
0.-0 

0.45 
0.45 

The cesium carbonate solution allowed better performance than the con- 
centrated cesium phosphate buffer.  Since the former material contained a much higher 
chloride content than the latter, it appears that this impurity may not be influenc- 
ing the activity. The mixed solution, which matches the potassium solution in activ- 
ity, tends to confirm this. These results may mean, rather, that the cesium ion 
concentration is important. The alkali metals vary with atomic number in their ac- 
tivity coefficients, the direction of change being dependent on the anion(14). With 
a proton accepting anion such as carbonate or phosphate, the larger cation, cesium, 
will have a larger activity coefficient than a smaller cation, potassium. This 
effect explains the higher boiling point of a 6 M cesium carbonate solution, 1290C, 
compared to 1170C for 6 M potassium carbonate, and may be related to the poor cathode 
performance in cesium solutions. However, satisfactory oxygen activity has been 
reported in concentrated cesium carbonate, using platinum-Teflon electrodes (15). 
This suggests that catalytic o~ structural factors may overcome any debits inherent 
in cesium solutions. Further work is planned to define more definitely the influence 
of impurities and investigate the specific effects of cesium ions, particularly their 
interactions with cathode catalyst and structure variables. 

Part d - Interaction of Methanol with Silver Cathode 

Two problems which can arise at the cathode when using soluble fuels are 
ohaaical oxidation of the fuel and also increased polarization. The silver-6 M 
potassium carbonate system, having demonstrated high performance levels, also 
offered the possibility of reducing methanol interactions because of the negligible 
anodic activity of silver. Earlier work, with a less active system, has suggested 
this to be the case (6), but more extensive tests at practical polarization levels 
were needed for confirmation. These have now been carried out, with dual silver- 
Teflon electrojes in 6 M potassium carbonate at 1050C. Not only was the effect of 
methanol on polarization measured, but also the oxygen and carbon dioxide contents 
of the exhaust air stream were determined. 

These experiments have demonstrated that methanol has no effect on the 
silver cathode polarization. For example, the polarization at 100 ma/cm2 did not 
change from the original 0.62 volts with successive additions of methanol, the 
final concentration reaching 6.3 vol %. The original, methanol-free value was 
about 100 mv higher than reported in Part c, primarily due to a porous Teflon sheet 
placed on the air side of the dual electrode to restrict leakage which developed 
during the run. Simultaneously with the polarization measurements, the oxygen 
and carbon dioxide contents of the exit air stream were being monitored, using 
a Beckman F-3 oxygen analyzer and a Beckman IR315 carbon dioxide analyzer. Within 
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the sensitivity of these instruments, corresponding to about 5 jna/cin2, no change 
in the content of these gases was detected.  Therefore, if chemical oxidation was 
occurring, it was at a rate equivalent to less than 5 ma/cm?.  Similar runs at 
other current densities  gave comparable results, as shown in Appendix C-7. 

Phase 4 - Buffer Electrolyte Total Cells 

The high activity exhibited by the dual silver-Teflon cathode in 6 M 
potassium carbonate electrolyte, coupled with its insensitivity towards methanol, 
prompted a brief look at its performance in a total cell. 

Part a - Total Cell Performance 

A cell was assembled using a dual silver-Teflon air electrode and the 6 M 
potassium carbonate electrolyte.  The anode was made up from a screen containing 
P-type catalyst, backed by two AA-1 platinum-Teflon sheets. With this interface- 
maintaining structure, methanol was fed as a vapor in a nitrogen stream.  At 105oC 
with air the cell had a maximum power output at the terminals of about '  mwatts/ 
cnr.  No effort was made to minimize ohmic polarization, and with tbe i  i of 100 
and 200 mv at 50 and 100 ma/cm2 subtracted out, the power densities rose to 23 and 
37 mwatts/cm2 at these currents.  Substituting oxygen for air further uiproved the 
output to an IR free value of 51 mwai;ts/cm2 at 100 ma/cm2.  The cathode performance 
was very close to that obtained in half-cell tests, 0.48 volts with air at 50 «ia/cm2,       1 . 
These results, details of which are shown in Appendix C-8 , demonstrate that the dual 
silver-Teflon air electrode can be operated satisfactorily in a total cell.  Further 
work with total cells will determine if potassium carbonate can reject carbon dioxide 
under practical operating conditions. 

Phase 5 - Non-noble Catalysts for Methanol Oxidation 

A number of different types of non-noble metal catalysts have been prepared 
and evaluated for methanol activity.  These include compounds of transition metals 
which have shown activity in hydrocarbon reactions.  Also, a number of metal alloys 
were prepared by co-reduction of their salts.  Both of these types of catalysts were 
prepared on carbon supports.  Other unsupported alloys were made by melting the 
metals together in an arc furnace.  Tests were run in the 1 M each potassium di- 
and tribesic phosphate buffer of pH 12, and also in potassium hydroxide.  The latter 
electrolyte was used to avoid missing catalysts which might be active only at the 
higher pH, but, with some modification, covtld be made active in buffer.  Finally, 
some experiments were carried out in concentrated buffer in an attempt to chemically 
reduce metal oxides with decane as the first step in a possible redox system. 

Part a - Transition Metal Compounds 

Several compounds of transition metals which are active in hydrocarbon 
reactions were prepared on carbon as a conductive support.  These consisted of 
tungsten and nickel-tungsten sulfides and cobalt and nickel molybdates.  They were 
evaluated at 80 and 90"C in pH 12 phosphate buffer containing 1 M methanol.  None 
of these were active catalysts under these operating conditions. A catalyst which 
consisted of 30 wt % of cobalt molybdate on carbon was evaluated in 6.9 M potassium 
hydroxide and would sustain currents of about 10 rna/cm^, with a polarization of about 
0.4 volts at open circuit.  The data indicate that these catalysts require tempera- 
tures higher than can be achieved in practical methanol fuel cells to be effective. 
The performance of these catalysts is listed in Appendix C-9. 

.; 
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Part b - Crystal Lattice Parameters and Catalyst Activity 

Platinum and its alloys are the most active catalysts for the anodic 
oxidation of methanol. To evaluate the relation between crystal lattice parameters 
and catalyst activity a number of non-noble metal alloys having lattice parameters 
similar to platinum were prepared and evaluated as methanol catalysts. The alloys 
were prepared by co-reduction of their salts adsorbed on carbon in an amount leaving 
10 percent metal on the support. Some compositions prepared were Sb-48Ni, Au-35Ni, 
Co-43Sb, 38Au-23Ag-39Cu and Cu-25Au. None of these alloys had activity for oxidation 
of methanol at 80 to 90oC in pH 12 phosphate buffer. The data is listed in 
Appendix C-9 . Thus, attempts to prepare active catalysts based upon the criterion 
of lattica spacing have not been successful. 

Part c - Gold and Gold Alloys as Methanol Catalysts 

Gold and several alloys of gold have been evaluated as methanol catalysts. 
These catalysts were prepared by melting the metals in an arc furnace. The buttons 
formed were inverted and remelted five times to assure homogeneity. The buttons 
were then pulverized to less than 325 mesh powder and fabricated into porous 
electrodes by use of a binder. Of the metals alloyed with gold, nickel, copper, 
silver, and iridium all decreased its catalytic activity while zirconium and 
titanium had little effect on it. Current densities of 100 ma/cm2 could be drawn 
from gold or gold-zirconium catalysts when oxidizing methanol in 6.9 M potassium 
hydroxide at 90oC. However, these electrodes were polarized about 0.6 volts from 
theory at 5-10 ma/cm . This high polarization at low current densities makes them 
unacceptable as practical catalysts. None of these catalysts had activity in a 
buffer electrolyte of 1 M each potassium di- and trlbasic phosphate. The performance 
of these electrodes is shown in Appandix C-9 . 

■ 

j-. Part d - Unsupported Transition Metal Alloys 

; 
-J About 20 transition metal alloys were prepared in which one metal was 

from the group composed of molybdenum, nickel, chromium, cobalt, copper, iron, or 
manganese, all of which have shown catalytic activity for certain hydrocarbon reactions. 
The other metal was from the group made up of titanium, zirconium, tantalum, or 
tungsten, which was added to increase the corrosion resistance. These alloys were 
prepared by melting the metals together in an arc furnace and then remelting five 
times to ensure homogeneity. The metal buttons were next pulverized to less than 
325 mesh particles and pressed into porous disc electrodes by use of a binder. The 
electrodes were evaluated at 80 and 90oC in a pK 12 phosphate buffer electrolyte 
and in 6,9 M potassium hydroxide, each containing 1 M methanol. None of the alloys 
were effective catalysts in the pH 12 buffer electrolyte. In base, a current density 
of 100 ma/cm^ could be maintained with only one of the alloys, Ti-33Ni. However, 
the polarization was 0.7-0.8 volts at this current. Nearly all of the alloys pre- 
pared did not corrode chemically or anodically during evaluation. This was shown 
by spectrographic analysis of the electrolyte after running. 

u 
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This study has shown the.t it is possible to protect non-noble metal 
catalysts from anodic corrosion in base or buffer and that it may be possible to 
utilize the catalytic activity of these transition metals .; the same time. 
Additional alloys will be prepared and evaluated as catalysts based upon these 
experiments. The performance of these alloys as anodes is shown in Appendix C-9 
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Part e - Comparison of Non-noble Catalyst 
Activity In Buffer and Base  

Many of the non-noble metal catalysts prepared have been evaluated in a 
pH 12 phosphate buffer electrolyte and in 6.9 M potassium hydroxide. The performance 
in buffer has been consistently poorer than in the strong alkaline electrolyte. A 
comparison of the activity of four catalysts in these two electrolytes is Included 
in Table C-4 and shows current densities 5 to 100 times greater in potassium 
hydroxide than in the phosphate buffer. 

Table C-4 

Catalyst Activity it  Strong Alkali and 
Phosphate Buffer Electrolyte 

90°C, 1 M Methanol 

Current Density at Indicated 
Catalyst 

Composition Electrolyte 
Polarization from Theory, ma/cnr | 

0.5 Volts 0.7 Volts 

Co-5Ru 6.9 M KOH 10.6 14.5 
1 M K2HPO + 
1 M K3PO44 

0.4 1.6 

C0M0O4 on C 6.9 M KOH 
1 M KgHPO + 
1 M K3P04^ 

0.8 

.09 

2.3 

0.53 

T1-33N1 6.9 M KOH 6.8 22.0 
1 M K2HPO4 + 
1 M K3PO4 

0.25 1.5 

Au-25a: 6.9 M KOH 1.0 13.0 
1 M K2HPO4 + 
1 M K3PO4 

.01 .06 

The reason for this very large difference in activity is not known 
certainly it is not a reflection of the difference in conductivity of the two 
electrolytes as the currents are too small for this to be a factor. In  addition, 
it has been amply demonstrated previously that the active noble metal catalysts 
retain their activity in buffer. 

Part f - Reactions of Redox Agents in Carbonate Electrolyte 

Although certain metal oxides, such as rhenium heptoxide and molybdenum 
trioxide can be reduced by decane when slurried in concentrated acid, it has not 
been possible to carry out the electrochemical re-oxidation step efficiently. In 
the molybdenum case, a soluble reduction product is formed in the acid, which can 
bere-oxi.dlzed at low current densities with favorable potentials. However, higher 
currents cannot be reached, due apparently to the formation of molybdenum polyanlons 
in the acid electrolyte. With the development of concentrated buffers, it became 
feasible to attain the higher temperatures believed necessary for the decane-oxide 
chemical reaction at a high enough pH to minimize polyanion formation. 
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Tests were carried out with 10 gram portions of sodium molybdate, ammonium 
tungstate, and rhenium heptoxide, each dissolved in a 50 ml portion of 6 M potassium 
carbonate and refluxed under decane at 117"C. No reactions occurred, however, even 
when nickel or platinum powders were added as possible catalysts. These three 
reagents were also tested with 1 M methanol in the carbonate solution at 110oC, but 
again no reaction took place. Further tests will be made at higher temperatures 
and with other oxides and catalysts. 

Phase 6 - Slurry Catalyst Systems 

Previous slurry catalyst studies have been conducted with a rotating 
electrode providing the turbulence for maintaining the catalyst suspension (5,6). 
An alternative method, requiring less energy, would involve utilizing the 
immiscibllity and lower density of decane in aqueous electrolyte.  Thus if this 
fuel is sparged through the electrolyte, sufficient turbulence may be produced to 
maintain a catalyst suspension. 

Part a - Catalyst Suspensions with Bubbling Decane 

Tests of the bubbling concept were run with a 15 mm diameter glass chamber, 
with exit and entrance tubes. A glass frit, through which decane could be sparged, 
was placed in the entrance tube, and glass wool in the exit tube to prevent catalyst 
loss. The electrode was simply a stationary platinum gauze in the chamber. Initial 
runs were made with platinum and rhodium powders in 3.7 M sulfuric acid. The rhodium 
agglomerated at the bottom of the chamber almost immediately and could not be suspended. 
The platinum was suspended at first, but as its potential approached to within a few 
hundred millivolts of the decane theoretical open circuit potential, it also 
agglomerated. It was found, however, that powdered carbon could be suspended without 
difficulty. Accordingly, carbon-supported catalyst was used for the remainder of 
the Investigation. 

The catalyzed carbon was used in a variety of systems, by Itself and 
ballmilled with Teflon powder, with and without added surfactant, and in 3.7 M 
sulfuric or 14.7 M phosphoric acids. In addition to the suspension experiments, 
several runs were also performed with the catalyst pressed onto the gauze current 
collector. It was observed in all cases tha'. the carbon slurry was easily flooded 
by fuel, necessitating periodic interruptions in the decane flow. This in turn 
resulted In less turbulence and less energetic movement of the particles. Performance 
improvements resulting from the Intermittent supply of fuel were primarily obtained 
at or near the limiting current region.  In fact all improvements, whether obtained 
by the use of surfactants, higher temperature electrolyce, or Increase in catalyst 
particle density, occurred mainly in this region. For example, the addition of 
0.04 wt % of FC-95 surfactant to the sulfuric acid electrolyte produced only a 50 mv 
improvement at 1 ma, but the limiting current was Increased from just over 1 to 
5 ma. Full details of these runs are in Appendix C-10. The best performance and 
catalyst utilization values were obtained in phosphoric acid at 150oC. At a 
polarization of 0.60 volts, 5 ma could be drawn, giving a utilization of 0.8 ma/mg. 
This is considerably poorer than hat been obtained with static electrodes, apparently 
due to the poor contacting between catalyst particles and the current collector. 
Improvements appear to require the use of other substrates, less easily flooded by 
decane, which would allow increased turbulence in the system. 
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4.4 Task D, Methanol Electrode 

Studies of the methanol electrode in sulfuric acid electrolyte have con- 
centrated on improving various aspects of ruthenium modified P-type catalyst per- 
formance in the methanol-air battery and developing electrode structures to improve 
catalyst utilization so as to reduce noble metal costs. Research for new methanol 
catalysts has been aimed at cheaper non-noble metal materials for use in less corrosive 
buffer electrolytes as described in Task C. 

Phase 1 - Studies of Ruthenium 
Modified P-type Catalyst 

Several studies have been carried out to improve the performance of 
ruthenium modified P-type anodes in the methanol-air battery. These have covered a 
variety of performance characteristics such as sensitivity to methanol concentration, 
effects of anode coatings and water purity on performance, mechanical stability, 
storage, and life. 

Part a - Effect of Methanol Concentration on 
Ruthenium Modified P-type Catalyst Performance 

Quantitative data on the response of anodes to changes in methanol concen- 
tration are necessary in selecting proper concentration levels for cell operation. 
In the present study, the performance of the hydrogen reduced ruthenium modified 
P-type catalyst was determined at various methanol concentrations. The tests were 
made in a well-stirred half cell described previously (5).    The resulting perform- 
ance curves are shown in Figure D-l and the data are tabulated in Appendix D-l. 

Figure D-l 

Methanol Concentration Dependence 
of Ruthenium Modified P-type Catalyst 
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At low current density and/or high methanol concentration,a single Tafel line is 
approached for all performance curves. This indicates that the inherent electro- 
catalytic rate Is not concentration dependent. However, at high currents or low 
methanol concentrations, it appears that mass transport limitations become effective 
and deviation from Tafel behavior occurs. Thus, some of the catalyst sites become 
fuel deficient and the concentration dependence is determined by the electrode struc- 
ture. 

i . 

Concentration dependence has sometimes been measured by potentiostatting 
the anode and measuring current density. In the present case, such a measurement 
would give relationships which are strongly dependent on the chosen potential and wMch 
do not differentiate between catalytic and transport phenomena. Limiting current., 
can be measured with such a technique by potentiostatting the anode at a sufficiently 
high polarization to insure diffusion control of the reaction. These measurements 
were made on ruthenium modified P-type anodes at 0.8 volts from methanol theory in 
3.7 M sulfuric acid electrolyte with various methanol concentrations. The results 
are tabulated in Appendix D-l and are presented in Figure D-2. 

j 

Figure D-2 

Effect of Methanol 
Concentration on Limiting Current 
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At low current densities, the limiting current density is proportional to concen- 
tration and mechanical stirring in the bulk electrolyte has a significant effect. 
This agrees with the usual model of rick's law diffusion across a stagnant 
layer of constant thickness. At higher current densities, the limiting current for 
a given concentiation is increased and mechanical stirring in the bulk electrolyse 
solution has little effect. In this regime the evolution of carbon dioxide at tht 
electrode surface appears to increase mass transport to the catalyst surface, prcbfbly 
by reducing the diffusion layer thickness as described previously (_1), 

Thus, high limiting currents are possible at fairly low methanol concentra- 
tions, for example 350 ma/cnr for 0.25 M methanol. However, in order to minimize 
polarization 1jsses to about 20 mv, the current density for 0.25 M methanol must be 
limiteu to about 100 ma/cm ■ 

Part b - Methanol Electrode Coatings 

Studies in methanol-air cells, Task F, have shown that loss of fuel due to 
chemical oxidation at the cathode is directly proportional to the concentration of 
methanol in the electrolyte chamber adjacent to the membrane side of the cathode. Thus, 
improved performance and efficiency can be achieved by limiting the amount of methanol 
that diffuses from the anolyte chamber through the anode into the electrolyte chambo . 
Although the methanol electrode itself acts as a barrier (_1), the methanol flux couU 
be further reduced by providing an additional diffusion barrier. Therefore, a br^. f 
study was made of the effect on anode performance of a hydrophobic coating on the 
electrolyte chamber side of a methanol electrode. 

A coating of about 5 mg/cnr Teflon 41-BX was sprayed on a small con- 
ventional ruthenium modified P-type anode. The latter was tested in a glass half 
cell at 60oC, with 1 M methanol in 3.7 M sulfuric acid in the anolyte chamber and 
acid only in the counter-electrode chamber. As shown in Table D-l, anode performance 
at 50 ma/cm was not affected by the presence of the Teflon barrier. Hov/ever, ohmic 
losses through the electrode structure increased somewhat from 0.005 volts to 0.020 
vclts at 100 ma/cm^. Complete data are listed in Appendix D-2. 

Table D-l 

Effect of Teflon Coating on Methanol Electrode Performance 

Coating 

Polarization from Methanol Theory 
at Indicated ma/cm2, volts'^-' Ohmic Loss at 

100 ma/cm2, volts 50 100 

Teflon 

None 

0.28 

0.28 

0.32 

0.31 

0,020 

0,005 

(1) 60oC, 1 M CH3OH in 3,7 M H2SO4. 

Thus, anode performance was not seriously impaired by the coated barrier. 
Preyious studies with cells of this configuration showed that, very little methanol 
diffuses through the electrode during the 1-2 hours required to perform these tests 
(6).    However, further tests are required in total cells to establish the overall 
benefit of this barrier for reducing methanol diffusion to the cathode. 
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Part c - Effect of Water Purity on Electrode Performance 

An experiment was carried out to detennine the effect of using less pure 
water on the performance of the present anodes and cathodes. The work was carried 
out in the 1" diameter half cell unit (5) at 60oC using electrolyte mixtures prepared 
with the following types of processed water: distilled and delonized water, distilled 
water, refluxed tap water, and tap water. All solutions were prepared with 1 M 
methanol and 3.7 M sulfuric acid. 

3 . 

The standard Cyanamid AA-1 electrode, with a pressed Permion 10J0 membrane, 
displayed no noticeable change in polarization when tested with solutions prepared 
using the four types of water described above. The anodes showed a slight increase 
in polarization as the  quality of water was reduced, but the maximum degradation was 
only 40 mv. It is important to note, however, that the initial performance of the 
anode in the distilled-dionized water was relatively poor, the polarization at 50 
ma/cm2 being about 20 to 30 mv higher than the best anodes that have been previously 
tested. Thus, it may be possible that the deleterious effects of the low purity 
water were masked by previous contamination of the electrode. These results are 
summarized in Table D-2. 

Table D-2 

Effect of Water Purity on Performance 

Electrode Type of Water Processing 

Polarization from Theory 
at 

50 ma/cm^ 100 ma/cm^ 

Cyanamid 
AA-1 
Cathode 

Ru Mod 
P-type 
Anode 

Distilled - D.I. H2O 
Distilled H2O 
Refluxed Tap H2O 
Tap H2O 

Distilled - D.I. H2O 
Distilled H2O 
Refluxed Tap 1^0 
Tap H2O 

0.45 
0.44 
0.45 
0.46 

0.31 
0.31 
0.33 
0.35 

0.47 
0.46 
0.49 
0.48 

0.35 
0.35 
0,36 
0,38 

Part d - Electrode Vibration Tests   

A small polypropylene test cell was constructed for testing the tolerance 
of various electrode construction techniques to vibration. The cell had two separate 
chambers each containing 1-1/6" diameter electrodes immersed in electrolyte. The 
assembly was mounted on an Ml Type "C" vibrator with a force capacity of 0 to 50 
lbs for frequencies of 5 to 200 cps and displacements of 0 to 1/2", 

A variety of electrodes were tested, Including anodes made with no binders 
and several containing Teflon or an EPR latex. Electrodes were evaluated in this 
cell at 18, 23, and 100 cps with displacements of 0.375" 0,25" and 0,01", respect- 
ively. Vibration tests were also made in which the electrolyte level was lowered to 
the center line of the electrode. This resulted in violent agitation when vibrated 
et the higher amplitudes. In addition, a 240 mg lead ball was attached to the center 
of the electrodes to increase the stress on the electrode. No appreciable catalyst 
loss was evident in any of the tests, showing that the catal'-csi-electrode contact 
was tenacious. 
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Part e - Storage Tests with Ruthenium 
Modified P-type Catalyst 

Previous testing indicated that no significant change in activity occurred 
as a result of storing catalyst powder in either water or 3.7 M sulfuric acid that 
contained 1 M metham. I (6). These tests have been continuing with no change in per- 
formance having occurred after 160 days. The complete tabulation is preserted in 
Appendix D-3. 

The performance debits resulting from long term storage of anodes in sul- 
furic acid were also evaluated as a function of the methanol concentration in the 
electrolyte. These results are needed to assess the types of shutdown and storage 
procedures that will be required. Methanol concentrations of up to 1 M were employed. 

These tests showed that electrodes stored in acid under open circuit con- 
ditions lost of the order of 10 mv when stored in electrolyte containing less than 
0.01 M methanol. However, under the same conditions, about 50 mv was lost with 
methanol concentrations above 0.1 M. Most of this loss occurred after a relitively 
short storage period, remaining fairly stable thereafter. This is illustrated in 
Table D-3 with the more detailed performance data presented in Appendix D-3. 

u 

Table III 

Effect of Methanol Concentration in Storage on Anode Performance 

Methanol Cone, M 

2 
Performance Debit at 50 ma/cm , mv 
After Indicated No. of Storage Days 
1 7 14 30 

0 0 15 10 15 

0.01 0 15 20 0 

0.1 5 55 25 50 

1.0 10 25 50 50 

n 

.i 

Further work is required to define the effect of storage conditions more 
completely. However, based on the data above and past work (6), ther ; appear to be 
no serious problems. 

■ 

Part f - Life Teüts with Ruthenium 
ModlfiiJ P-type Catalyst 

Half cell life tests as previously reported (6) have been continued. The 
data are summarized in Appendix D-4. These cells are operated continuously except 
for a daily 15 minute open circuit, and polarization readings are recorded 30 minutes 
after thr. cell is put back on circuit.  In addition, the cells are occasionally 
reactivated by flushing and overpolarizing -".n methanol-free acid. 

Indications are that, operating in properly purified solutions without sus- 
tained overpolarization, these catalysts suffer a mild activity loss with time, which 
can be regained with the activations described. Five replicate runs of borohydride- 
reduced catalyst lost an average of only .005 v in life tests ranging from 5400 to 
8000 hours. The two best of these are still in operation at 8000 hours and show an 
average improvement of .012 v. More recent tests on the hydrogen reduced catalyst, 
now favored for the methanol-air battery, show an average gain of .005 volts on t\,o 
alls  at 1100 hours, thus indicating that these more active catalysts are as good 
as the borohydrlde catalysts in terms of activity maintenance. 
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It is thought that trace amounts of impurities such as halides are responsible 
for some performance loss.  The daily open circuiting of electrodes regains about 
.02 to .04 volts which is though'- to be due to desorption of poisoning anions. Two 
of the three cells run wf.th calomel reference electrodes (numbers III, IV, V) showed 
very substantial activity decline attributed to leakage from the reference electrode. 

It seems likely that trace amounts of partial oxidation products such as 
aldehydes, keto s, etc, may also cause performance losses and that the acfvation 
procedure serves to burn these off of the electrode. Addition of .03 wt % of acetone 
and propionaldehyde caused a performance loss of .12 volts. This was recovered by 
the activation procedure. 

Some total cell life testing has also b'jen done. The equipment and general 
procedure for small, total-cell life tests was described in (6). A summary of the 
data is presented in Appendix D-4 , and the highlights are in Table D-4. 

, 

Table D-4 

Total Cell Life Tests 

1 \ 

I 

Cell 
Current, 
ma/cm2 

Temp, 
0C 

Cell Voltag e Present Life, 
hours Start 1000 hrs Present 

1 43 60 0.44 0.43 0.^9 3800 

2 46 60 0.43 0.42 o^: 3800 

3 85 80 0.39 0.36 0.29* 2300 

4 83 80 0.43 0.40 0.25* 2800 

* At 2.5 ma/cm --could not support higher current 

u 

r: 

The cells were occasionally reactivated by washing and overpolarizing In 
methanol-free electrolyte, but no reactivations had been undertaken at the 1000 hour 
mark. 

At 1000 hours, the performance of cells 1 and ?.  confirms the conclusion 
reached previously (6), that significant deactivation does not result merely from 
long term operation. The substantial losses in cells 1, 3, and 4 after 1000 hours 
resulted from serious upsets in the normal mode of cell operation. For instance, 
these cells were driven for a long time during an electrolyte flow stoppage, which 
caused severe polarization increases. This situation occurred in the laboratory 
tests t/h'^re the cells were driven by a constant current power supply. Cell 2 also 
suffered nunor flow interruptions, with less serious consequences. 

D 
ID 
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Phase 2 - Studies of Methanol Electrode Structure 

Work has been extfinded to reduce the amount of noble metal catalyst in 
methanol electrodes for use in sulfuric acid electrolyte. Some effects of catalyst 
loading were determined in structures with and without non-catalytic, conductive 
diluent materials. Several attempts were made to increase the accessibility of the 
catalyst to the fuel through structural modifications in both the catalyst and elec- 
trode. In addition, preparations of supported catalysts with low noble metal load- 
ings on carbon were made using various reduction techniques. 

Part a - Effects of Non-Catalytic Diluents 

Previous studies of catalyst loading with ruthenium modified i'-type cata- 
lyst showed that performance was insensitive to catalyst loading over a wide range 
at relatively high loadings. A minimum of 12 mg/cm was required to achieve com- 
plete coverage of the electrode surface.  In order to fabricate electrodes with 
lower catalyst loadings, non-catalytic tantalum particles were incorporated into the 
catalyst paste to insure enough bulk volume for full coverage and conductivity. A 
linear relationship between performance and catalyst content was then found down to 
1 mg/cm^ (6). 

. 

The studies >'lth conductive fillers have been extended to include eight 
other materials. These were finely divided gold, tungsten, graphite, carbon,and 
the carbides of boron, tungsten, zirconium,and tantalum. They were chosen for their 
inertness and conductivity and were intimately mixed with dry, hydrogen reduced 
ruthenium modified P-type catalyst at levels of 5, 7, and 10 mg/cm^ catalyst loading 
depending on bulk volume. Electrodec were stabilized with 0.5 wt 7» of 41 BX Teflon 
emulsion which was added to the moistened mixture. Performance of these electrodes 
was mearured in 3.7 M sulfuric acid, 1.0 M methanol, at 60oC. Results showed large 
differences between the various diluents. The extreme cases were 65 ma/cm2 for gold 
and 0.1 ma/cnr for tantalum carbide, with gold-tantalum (60 ma/cm2) and tantalum 
(45 ma/cm^) the next bestjand zirconium carbide near tantalum carbide with 0.9 ma/cm2. 
When using catalyst utilization as a measure, gold or goId-tantalum were best»with 
6.5 and 6.0 ma/mg,respectively. Next was finely ground graphite with 5.4 ma/mg. 

These results are tabulated in Table D-5 and Appendix D-7. 

Table D-5 

I 
\ 

.  i 

Effects of Various Diluents on Ruthenium 
Modified P-type Catalyst Performance 

3./ M sulfuric acid, 1 M methanol, 60oC 

Current Density at Catalyst Utilization 1 
Catalyst Loading, 

rag/cm 
0.35 volts at 0.35 volts 

Diluent Polarization, tna/cm^ Polarization, ma/mg  | 

Graphite, 50% 5 \                27 5.4        | 
Carbon, 507« 5 14 2.8 
Au, 80% 10 65 6.5 
Ta, 80% 10 45 4.5 
Au, 40%Ta, 40% 10 60 6.0 
W, 807. 10 27 2.7 
WC, 907. 10 17 1.7 
B4C, 907. 10 9 0.9 
TaC, 907. 10 0.1 0.01 
ZrC, 907. 7 0.9 0.13 
[None (standard) 20 120 u.O        | 
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These results show some carbides to be reactive and influencing electrode 
performance negatively, while most others proved to be inert. These latter show a 
similar utilization range to undiluted catalyst but reflect .he lower performance 
typical for the lower catalyst content. 

Part b - Effects of Two-Layer Electrodes and Various Binuars 

Several attempts were made to increase the available catalyst in gold 
or tantalum diluted electrodes by placing most of the catalyst into the upper layer 
of a two-layer electrode,or by using different types of binder and creating voids in 
the structure. Several two-layer electrodes were fabricated with loadings of 5 and 
10 mg/cm^ catalyst on top of tantalum or gold. The diluent was first pressed onto 
the electrode support to prepare a continuous smooth layer. Then the catalyst was 
spread thinly over it and the whole structure pressed again at increased pressure. 
In one electrode, a fraction of the catalyst was also incorporated into the bottom 
layer such that the catalyst content in this layer was 10 wt % with 50 wt % in the 
top layer. 

Performances varied linearly with the amount of catalyst present, regard- 
less of distribution throughout the structure. Data obtained with well mixed diluted 
electrodes and undiluted catalyst at similar loading levels were similar, indicating 
that no additional catalyst had been made accessible to the fuel. Values measured 
in 3.7 M sulfuric acid and 1.0 M methanol at 60oC were 45 and 50 ma/cm2 at 0.35 volts 
polarization when 10 mg/cm2 catalyst ^was used and 25 ma/cm2 with 5 mg/cm2 catalyst 
on top of a gold layer. Only 3 ma/cm*- was obtained with 5 mg/cm^ catalyst on top of 
a tantalum layer. These results are listed in Table D-6 and Appendix D-7. 

Table D-^ 

Effect of Tvo-Layered Electrode Structure 

3.7 M sulfuric acid, 1.0 M methanol, 60"C 

Catalyst Current Density Catalyst Utilization 
Loading, at 0.35 volts at 0.35 volts 

Electrode Composition, wt °U mg/cm2 Polarization, ma/cm2 Polarization, ma/mg 

20% cat-807, Ta 10 50 5.0 
(all catalyst in top layer) 

10% cat-907. Ta 5 3 0.6 
(all catalyst in top layer) 

10% cat-90% Au 5 25 5.0 

20% cat-80% Ta 10 45 4.5 

In another series of experiments to influence the structure and properties 
of electrodes, Kynar, Teflon, and Saran at levels of 3 and j wt % were used as binders. 
Some of these electrodes were also prepared with porosities between 20 and 40%. As 
shown in Table D-7 and Appendix D-7,all plastic additions at these levels,as well as 
increased porosity, caused performance debits of between 50 and 100 mv. Thus, the cur- 
rent density of 50 ma/cm at 0.35 volts polarization in a binder free electrode 
dropped to 28 ma/cm2 with 5% Saran, to 18 ma/cm2 with 5% Kynar,and to 5 ma/cm2 with 
5% Teflon. Structures with increased porosity showed some debits, but generally 
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reflected the influence of the binder used. Thus, a structure with 207» porosity 
without Teflon showed 35 ma/cm^, which dropped to 28 ma/cm2 with 17. Teflon and to 
1 ma/cm2 with 57» Teflon. 

Table D-7 

Effect of Binder and Porosity 
in Tantalum Diluted Electrodes 

3.7 M sulfuric acid, 1.0 M methanol, 60oC 
10 mg catalyst/cm2, 30 and 50 mg/cm2 total loading 

Porosity Current Density 
Binder, Increase, at 0.35 volts 
wt 7. vol 7, Polarization, ma/cm2 

None 0 50 
57, Saran 0 28 
57» Kynar 0 18 
57, Teflon 0 5 
None 20 35 
17, Teflon 20 28 
57, Teflon 30 1 
37, Kynar 30 4 

n   i 
11   i 
i-i    ä 

f i i 

- I 

: I 

Thus, these attempts to place more of the catalyst on the surface of the 
electrode or to make the structure more open to increase fuel accessibility to the 
catalyst were not successful. 

Part c - Effects of Catalyst Loading with 
Ruthenium Modified P-type Catalyst 

Since previous studies of loading effect with undiluted catalysts were 
limited to a minimum of 12 mg/cm , conclusionc concerning catalyst utilization 
limitations in present electrode structures were based on results with diluted cata- 
lyst which indicated significant performance loss at lower loadings. Special tech- 
niques were sought for preparing low lofided,undiluted catalyst loadings to assess the 
effect of reducing catalyst quantity in present methanol electrodes. These electrodes 
were prepared without binders on roughened platinum flags. The ruthenium modified 
P-type catalyst was dried in vacuum and spread on the flag at loadings of 4 to 40 
mg/cm Performances were measured at 60oC on 1 M methanol in 3.7 M sulfuric acid 
electrolyte. 

The results were similar to these for diluted catalyst with a linear 
relationship between current density at 0.35 volts polarization and catalyst loading 
in the range 0 to 20 mg/cm2. Performance increases leveled out at higher loadings 
with constant performance above 40 mg/cm2. Polarization values ranged from 0.32 to 
0.46 volts at 100 ma/cm2 and 0.46 to 0.62 volts at 500 ma/cn2. These results are 
tabulated in Table D-8 and Appendix D-8 and are plotted in Figure D-3. The values 
for tantalum diluted electrodes in this figure were taken from previous measurements 
for comparison (6). 
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Table D-8 

Effects of Catalyst Loading with 
Ruthenium Modified P-type Catalyst 

Polarization from Methanol 
Catalyst Theory at Indicated Current Density Catalyst Utilization 
Loading, 
mg/cm2 

ma/cm, volts at 0.35 volts 
Polarization, ma/cm2 

at 0.35 volts 
Polarization, ma/mg 0 ; 1 10 100 500 

50 0.13 0.18 0.24 Ü.32 0.46 170 3.4       1 
40 0.05 0.16 0.24 0.32 0.46 160 4.0 
20 0.14 0.19 026 0.34 0.49 120 6.0 
18 0.06 0.20 0.26 0.35 0.55 100 5.4 
14 0.08 0.19 0.20 0,36 0.56 80 5.7 
10 0.17 0.21 0.28 0.39 -- 50 5.0 
6 0,16 0.23 0.31 0.42 -- 25 4.3 
5 0.15 0.22 0.30 0.41 0.62 32 6.8 
4 0.22 0.26 0.33 0.46 -" 13 3.2 

u Figure D-3 
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These data show that the use of tantalum had no effect upon electrode 
performance. They also demonstrate that the present methanol electrode with 20-25 
mg/cm' of catalyst can be reduced by no more than one-half without an appreciable 
performance debit. There is a fairly constant catalyst utilization of between 4 and 
6.8 ma/tng over the range from 40 to 5 mg/cm2. 

Part d - Effects of Reduction Techniques on 
Activity of Ruthenium Modified P-type Catalyst 

To study the influence of different reducing methods on the activity of 
the presently used methanol catalyst,ametal salt solution of standard composition was 
reduced with formaldehyde in presence of 1 M sodium aluminate, with a radical anion 
reagent formed from lithium and biphenyl, or with carbon monoxide in 0.0025 and 1 wt % 
aqueous solution. All were carried out at moderate temperatures between 25° and 70oC. 
In the formaldehyde reduction the effects of pH of the reaction solution and the wash 
solution on activity were also tested. Results Indicated somewhat improved performance 
when the pH was adjusted to 11 instead of 8 as in previous prp^rations. Also, the 
aluminate was more completely removed after the reduction with 6 N potassi-im hydroxide 
than with 3 M sulfuric acid, which led to 50 mv higher performance at 100 ma/cm2. 

When the reduction was carried out by sparging carbon monoxide into a 
highly dilute solution of metal salts (0.0025 wt %),  a colloidal catalyst dispersion 
was formed which was completely adsorbed on carbon after 12 hours. In this case, a 
potassium hydroxide treatment,followed by 5°L  sulfuric acid, gave an 80 mv debit com- 
pared to a sulfuric acid wash only. 

Tests of all these compounds were made on Pt flag electrodes with a load- 
ing of 20 mg/cm^ in 3.7 M sulfuric acid with 1.0 M methanol at 60oC. Results were 
compared with results from the most active catalyst prepared by hydrogen reduction 
Results showed almost equal performance for the two preparations.  Debits of 30-40 
mv with the radical anion treated material and another 100 mv debit with the carbon 
monoxide reduced catalyst were observed.  Some typical data were 0.30 volts polariza- 
tion at 100 ma/cm^ for hydrogen reduction to 0.45 volts for carbon monoxide reduction, 
which corresponded to a 24 fold decrease of current density at 0.35 volts. These data 
are listed In Table D-9 and Appendix D-8. They show that present methods are super- 
ior to any of the other three techniques. The performance of hydrogen reduced 
ruthenium modified P-type catalyst has been discussed previously (_6) and recent data 
are presented in Appendices D-5 and D-6. 

Table D-9 

Effect of Reducing Agents on 
Ruthenium Modified P-type Catalyst 

20 mg/cm2, 3.7 M H2SO4, 1.0 M CH30H, 60^ 

Polarization at Indicated Current Catalyst Utilization 
Catalyst 
Preparation 

ma/cm2, volts at 0.35 volts 
Polarization, ma/cm2 

at 0.35 volts 
Polarization, ma/mg 0 1 10 100 500 

H^HO on 
0.09 0.16 0.23 0.30 0.41 240 12.0 
0.09 0.20 0.26 0.33 0.48 170 8.5 

NaAl02, pH 8 
HCHO on 0.04 0.20 0.26 0.32 0.41 210 10.5 
NaAl02, pH 11 
Radical Anion 0.08 0.17 0.25 0.36 0.49 80 4.0 
Reduction 
f"1 reduced In 0.20 0.27 0.35 0.45 0.57 10 0.5 
01 j-ution 
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Part e - Effect of Surface Area on Methanol 

Activity for Platinum Black Catalysts 

Several electrodes were fabricated with platinum blacks of known surface 
area, pore volume, and bulk density to determine a correlation between these para- 
meters and catalyst activity for methanol. These catalysts had been made with form- 
aldehyde-sodium aluminate, radical anlon, hydrogen, and formaldehyde reduction. Cata- 
lyst loading varied between 20 and 70 mg/cm^ according to bulk density-  Test results 
obtained In 3.7 M sulfuric acid, 1.0 M methanol, at 60oC showed the highest catalyst 
utilization of 3.5 ma/mg at 0.45 volts polarization for catalyst reduced with form- 
aldehyde on sodium aluminate, the lowest of 0.7 ma/mg for formaldehyde reduction in 
solution. These two catalysts represent the highest and lowest values of surface 
area and pore volume as shown in Figure D-4 and Table D-10. Appendix D-9 lists the 
performance of these platinum catalysts. 
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Thus, the microstructure of the catalyst is Impprtant in obtaining good 
utilization as in the case of hydrocarbons discussed in Task A. 
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Table D-10 

Correlation Between Surface Area 
and Activity of Platinum Blacks 

Catalyst 
Preparation 

Catalyst 
Loading, 
mg/cmZ 

Surface 
Area, 
m2/gm 

Pore 
Volume, 
cm^/gm 

Bulk 
Density, 
gm/cm^ 

Catalyst 
Utilization 

at 0.45 volts 
Polarization, ma/mg 

HCHO on NaA102 20 30 0,40 0.55 3.5 

Li/Biphenyl 
Radical Anion 

38 26 0.19 0.65 1.7 

Alloyed with Ag, 
then Ag Removed 

70 10 0.05 0.65 1.4 

HCHO 20 8 0.03 0.27 0.7 

Part f - Performance of Supported Methanol Catalysts 

After the completion of the tests with low loadings of undiluted or diluted 
catalyst which had shown a linear performance drop with decreasing catalytt content» 
experiments were conducted with supported catalyst on high surface area materials in 
order to disperse it in a more finely divided form. These experiments were encouraged 
by results with platinum catalyzed carbon where catalyst loading had been reduced by 
one tenth to 1.2 mg/cm2 and performance debits of less than 40 mv were measured. This 
work was extended with attempts to reduce the higher performing ruthenium modified 
P-type catalyst on carbon.  Several reducing techniques were used on impregnated car- 
bon that had been carefully dried at 110oC before and after the impregnation with 
aqueous metal salt solutions.  In one case, the impregnation and reduction was carried 
out separately for each component. In another, the carbon was preactivated with Pt. 
Structural changes were limited to the use of different amounts of Teflon or latex 
binder, vacuum drying the catalyst, and the use of boron carbide and coal as supports. 

The most active catalyst was prepared by a hydrogen reduction between 130 
and 250oC at metal loadings of 20 and 307. followed by a treatment with 0.01 N potassium 
hydroxide and sulfuric acid. This catalyst gave 0.35 volts at 10 ma/cm , 0.42 volts 
at 50 and 0.46 volts at 100 ma/cm at catalyst loadings of 2 mg/cm2.  The catalyst 
utilization at 0.35 volts was 5 ma/mg which is the same as with 20 mg/cm2 unsupported 
catalyst.  These electrodes gave identical values at 1 and 2 M methanol concentration. 
IR-measurements using a Kordesch-Marko bridge device showed IR-values below 20 rav 
at 100 ma/cm2 and around 80 to 100 mv at 500 ma/cm .  Continuous operation at 50 
ma/cm2 of one such electrode showed a 30 mv decline after four hours and no loss in 
the next 20 hours.  The standard electrode preparation was made with 0.5 wt % Teflon 
41 BX emulsion. Larger additions of Teflon or the use of uncured butyl latex as 
binder at concentrations of 1 and 5% gave debits of 50 to 100 mv. Also, reductions 
with potassium borohydride solution, at high temperatures,or in a stepwise fashion 
were detrimental.  Using a ballmilled coal of low conductivity as support gave large 
debits of 200 mv.  However, boron carbide of 800 mesh particle size showed an improved 
open circuit of 0.03 volts polarization from theory, which is in the range of unsup- 
ported catalyst and 200 mv better than all the carbon supported compounds. All these 
results are listed in Appendix D-10 and Table D-Ii and the effects of reduction tech- 
niques plotted in Figure D-5. 
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Table D-ll 

Performance of Supported Methanol Catalyst 

3.7 M sulfuric acid, 1.0 M methanol, 60oC, 
2 mg catalyst/cm^, 0.5% Teflon emulsion 

n 
I 
i ■ 

Catalyst 
Preparation 
(Reduction) 

Polarization from Methanol 
Theory at Indicated ma/cm . volts 

Catalyst 
Utilization 

at 0.35 volts 
Polarization, ma/mjj 0 1 10 50 1U0 

H2 on Carbon at 125"C 0.21 0.27 0.35 0.42 0.46 5.0 

Same, Vacuum Dried 0,17 0.27 0.35 0.42 0.44 5.0 

KBH4 30"C on Carbon 0.22 0.26 0.38 0.50 -- 3.0 

High temp reduction 
on Carbon 

0.34 0.56 -- -- -- -- 

H2 on Carbon, Stepwise 
Impregnation 

0.19 0.27 0.39 0.51 -- 2.3 

Same with 27. Teflon 0.22 0.30 0.46 0.59 — 1.0 

H2 on Carbon 120
0C 

57,  Butyl Latex 
0.26 0.32 0.43 0.58 0.68 1.0 

Hg on Boron Carbide 0.03 0.25 0.35 0.47 
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Thus, while catalyst utilization at 0.35 volts polarization has not been 
significantly increased as yet, these supported catalysts appear to offer a promising 
technique for decreasing noble metal loading. 
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4.5 Task E. Air Electrode 

Studies have been carried out aimed at developing cathode structures 
which do not require the use of membrane backings. Tests have been made on several 
coatings, applied directly to the surface of American Cyanamid M-l platinum-Teflon 
electrodes. Additional air electrode studies, carried out in connection with the 
anode catalyst, buffer electrolyte, and methanol chemical oxidation programs are 
presented in Tasks A, C, and F. 

Phase 1 - Membrane-free Electrode 

The air electrode used in multicell engineering work consists of a Permion 
1010 membrane carefully pressed to the electrolyte-facing surface of a Cyanamid AA-1 
platinum-Teflon electrode. However, fabrication is difficult and the membrane 
used to prevent gross water flow is fragile, easily detachable, and expensive. Be- 
cause of these difficulties, studies were initiated on methods of fabricating 
membrane-free air electrodes. 

Part a - Preparation of Membrane-free Electrodes 

The basic technique used in preparing a membrane-free electrode consisted 
of applying a porous, hydrophobic, acid resistant coating to the surface of a 
Cyanamid AA-1 electrode. Both spraying and painting techniques were used to apply 
Teflon, silicone, and butyl rubber coatings to the substrate electrode. The chief 
criteria used to evaluate these electrodes were performance and leak resistance 
under battery operating conditions. 

Part b - Peformance Evaluations in the Absence of Methanol 

Fabricated electrode polarization measurements were made in a 1." diameter 
half-cell test apparatus, equipped with a reflux condenser and a standard calomel 
electrode. The test cell arrangement and instrumentation were described in a 
previous report (5). Several experimental cathode coatings were tested in methanol- 
free 3.7 M sulfuric acid at 60"c. These included sulfur-containing and sulfur-free 
butyl latexes, Silastic, and Teflon. 

These electrodes were tested with their coated side in contact with the 
air. However, several were also tested with the coated face of the electrodes in 
contact with the electrolyte. In all cases, the electrode, of a given configura- 
tion, performed better when the coated side directly faced the air stream. The 
general level of the polarization values of the coated electrodes was somewhat 
higher, about 50 mv, than the average electrode fabricated with a pressed Permion 
membrane (when tested in methanol-free electrolyte).  These results are Illustrated 
in Table E-l, and detailed data are shown in Appendix E-l. 
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Table E-l 

Polarization Studies of Coated Cathodes 

3.7 M Sulfuric Acid - ÖO^C 

Coating_ 

Polarization At Indicated 
Current Density, volts 
50 100 

Sulfui--containing Butyl Rubber Latex 

Silastlc Diluted in Decane 

Sulfur-free Butyl Rubber Latex 

Teflon "1 3X Emulsion 

Membrane Electrode 

0.45 

0.47 

0.45 

0.42 

0.40 

0.55 

0.51 

0.49 

0.46 

0.43 

j ; 

. ; 

Part c - Effect of t'.ethanol Concentration 

Tests were conducted to evaluate the performance of coated electrodes in 
electrolyte containing different concentrations of methanol. These experiments 
were again carried out wi.th the 1" di^neter half-cell apparatus at 60oC. 

It was found that both the Silastic-coated and Teflon-coated electrodes 
performed comparably to the membrane electrode. At 50 ma/cnr with 1 M methanol 
present the Silastic-coated electrode polarization was only 20 mv higher and the 
Teflon-coated electrode 50 mv higher than the membrane electrode. The difference 
in polarization was even smaller at lower concentrations of methanol as shown in 
Table E-2 and detailed in Appendix E-2. 

Table E-2 

Effect of Methanol Concentration 

Electrode Description 

Polarization, volts, at 50 ma/cm^ and 
Indicated Methanol Concentration. M 

0.5 0.75 1.0 

Teflon-coated Cyanamid AA-1 

Silastic-coated Cyanamid AA-1 

Permion membrane Cyanamid AA-1 

0.51 

0.49 

0.49 

0.54 

0.51 

0.48 

0.56 

0.53 

0.51 
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'rt cl - Effects of Coating Thickness 

Experiments were conducted to determine the effect of coating thickness 
on tie performance of these electrodes. A few Cyanamid AA-1 electrodes, 1" in 
diameter, were spray coated with "Fluorogllde" Teflon emulsion using an aerosol 
can while a few others were drip coated with decane-diluted Silastic using a medi- 
cine dropper. These electrodes were tested in the small 1" diameter half-cell 
apparatus, previously described, using electrolyte containing 1 M ipethanol i:i  the 
Teflon series and no fuel in the testing of the Silastic series. 

The results of these tests implied that the electrochemical performance 
of the above electrodes was relatively insensitive to changes In coating thickness. 
Tie polarization varied only by 50 mv for a 100-fold change in Teflon coating and 
hardly at all for a fourfold change in Silastic coating thickness. These results 
are presented in Appendix E-3. 

On the other hand, the leak rate of electrolyte into the air chamber has 
beet, found to depend on the coating thickness. The Teflon spray coated electrodes 
using this "Fluorogllde" aerosol, displayed a dec»:cso" in leak rate with an in- 
crease in coating thickness whereas tiu; reverse trend was observed with the 
Silastlc-coated electrodes. This can be understood by referring to the photo- 
graphs of the coating structure caken through a 60 power microscope. These photo- 
graphs are presented in Appendix 3-3, Figure E-l. They distinctly show that the 
sprayed Teflon deposits on the surface of the electrode in bundles of agglomerated 
materials. On the other hand, the Silastic coating forms a continuous film which 
becomes more susceptible to cracking as the coating becomes thicker. The leak rate 
data, presented in Table E-3,illustrate this effect. 

Table E-3 

Effect of Coating Thickness on the Leak Rate of Electrolyte 

Coating Type 
Relative Coating 

Thickness 
teak Rate Under a 6" Head of 
3.7 M Sulfuric Acid, cm3/mln 

Teflon ("Fluorogllde") 

Silastic 

1 
10 

100 

1 
4 

2 
1.4 

2.2 
>10 

Part e - Scalt-up Debit 

A Silastlc-coated cathode was fabricated with a 4" x 4" Cyanamid AA-1 
electrode to determine the problems Involved in preparing larger electrodes. This 
electrode and a conventional anode were assembled into a total cell assembly. The 
cell was tested at 60°C, using an electrolyte consisting of 0.75 M methanol in a 
3.7 M Gulf-jiic acid solution. After reaching steady state, cell voltages of 0.26 
volts at 50 ma/cra2 were attained. 
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Open Circuit Potential - 0.54 volts 
Total Cell Potential, at 50 ma.'cm2 - 0.26 volts 
Anode Polarization - 0.28 volts 
IR Loss - 0.04 volts 
Calculated Cathode Polarization - 0.62 volts 

The cathode polarization calculated by difference, was about 100 mv 
higher than that measured for a similar Silastic electrode when tested in the 1" 
half-cell. However, a 1" diameter portion of the 4" x 4" electrode tested in a 
smaller unit, gave a polarization of 0.57 volts, indicating that the true scale-up 
debit was 50 mv. The poor absolute polarization of the 4" x 4" electrode, as com- 
pared with Silastic-coated electrodes tested earlier was probably a result of the 
difficulty experienced in coating the lar^e electrode. 

A spray coated Teflon cathode was also scaled-up to the larger 9" x 5-3/4" 
size and incorporated into a total cell asse bly.  The cell was tested at 60oC 
using 0.75 M methanol in 3.7 M sulfuric acid with air and pure oxygen as the oxi- 
dizing agents. The detailed results are presented in Appendix E-4.  At 40 ma/cm2, 
the total cell potential was only 0.04 volts, with anode and cathode polarizations 
of 0.36 and 0.72 volts respectively. 

It is difficult to estimate a true scale-up debit of the Teflon spray 
coated electrode since the emulsion used to coat the large electrode (Teflon 41 BX) 
differed from that used to fabricate the 1" diameter electrodes previously tested. 
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4.6 Task F, Methanol Fuel Cell 

5 
I. 

1 

Further experience in testing of single and multicell assemblies has re- 
vealed a number of problems requiring further understanding or solution. Particular 
attention was directed toward improved multicell operation and cell design. In 
addition, work was continued on the development of a direct feed fuel cell. 

Phase 1 - Total Cell Operation 

Major efforts were centered on eliminating the ohmic loss associated with 
the use of tantalum screens as the anode structure, evaluating the potential 
performance debits of using partially immersed electrodes, and of having insufficient 
electrode response to methanol. 

r t 

y 

Part a - Ohmic Losses in Anode Screen Structure 

The previous report (£)  indicated that the use of a tantalum screen as the 
basic structure caused significant ohmic losses amounting to more than 0.1 volt at 
100 ma/cm . Tests were, therefore, carried out to determine whether increasing the 
conductance of the paths from the catalyst to the current collector would significantly 
reduce this debit. 

The initial experiments were carried out using the 5.7 cm^ electrodes 
containing 25 mg/ctn^ of catalyst« Tantalum, gold,and gold-coated tantalum screens 
were employed. In some of the tests, the catalyst was diluted with 25 mg/cnr of 
gold. Measurements were made of both polarization and ohmic losses within the 
structure for current densities up to 1000 ma/cm . The results are detailed in 
Appendix F-l. The high current densities were employed to maintain high currents 
on an absolute basis in these small electrodes, comparable to the current flowing 
along the surface of large sized electrodes. 

It was found that increasing electrical conductivity of the structure 
improved electrode performance and decreased internal ohmic losses. Gold coating 
the tantalum screen resulted in a 120 mv decrease in polarization and a 90 mv decrease 
in ohmic losses at 1000 m^/cm2. The use of the gold diluent also decreased elec- 
trode polarization and the ohmic loss. However, it offered little advantage over 
coating the screens alone. This is illustrated in Table F-l. The problem apparently 
overcome was the resistance of the tantalum oxide coating on the wire surface. 

Table F-l 

Li 

n 

Effect of Increased Conductivity on Performance 

Screen/Gold Diluent 
Polarization, volts Ohmic Lo (1) ss, mv 
No Yes No Yes 

Tantalum 0.62 0.56 155 100 

Gold Coated Tantalum 0.50 0.05 45 60 

Gold 0.50 — 30 -- 

(1) At 1000 ma/cm2. 

: 

83 



These results were further confirmed in tssts using electrodes 9" x 5-3/4" 
in size. The polarization at 50 ma/cm^ decreased from 0.47 volts with the tantalum 
screen to 0.36 volt with the gold coated screens. Similarly, the ohmic loss decreased 
by 105 mv. These gold-coated tantalum screens proved to be only 40 rav worse in 
polarization and 10 mv worse in ohmic loss than platinum screens, indicating that 
the very thin gold coating has eliminated the contacting problem between the wire 
mesh and the catalyst. These data are presented in Appendix F-2. 

Part b - Performance of Partially 
Immersed Anodes and Cathodes 

In practical fuel cell applications the electrode occasionally will not 
be completely covered by electrolyte as a result of either changes in orientation 
of the battery or of leakage of electrolyte.  Therefore, half cell experiments were 
run to determine the performance characteristics of partially exposed anodes. A 
normal performance curve was determined with the electrode surface completely covered 
with electrolyte. After part of the electrolyte was drained from the cell so that 
the anode was half Immersed in the electrolyte, the performance was remeasured. 
The cell was then completely drained and allowed to stand overnight, after which it 
was refilled and the performance again determined. The resulting performances are 
shown in Figure F-l. 

Figure F-l 
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Partial immersion resulted in about a 20 mv loss in performance. This loss appears 
directly attributable to the loss in surface area. The resultant performance was 
found to be in agreement with previous results when based on the area remaining 
submerged in the electrolyte. Overnight exposure to the humid atmosphere of the 
cell caused no performance loss. Thus, i:- is seen that the effects of partial 
exposure would be proportional to the lost area» and even total exposure for moderate 
lengths of time causes no evident damage to the catalyst. 

As part of this study, the same performnncc evaluations were made on an 
American Cyanamid AA-1 air electrode clad with the Permion 1010 membrane-  These are 
shown in Figure F-2. Partial immersion gave performances directly predictable from 
the increased working current density of the immersed portion. Overnight exposure 
caused no serious change in performance. 
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Thus, the cell components appear able to withstand upsets in electrolyte 
level with moderate performance declines depending on the amount of exposed surface 
area. 

: i 
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Part c - Methanol Concentration 
Dependency of 9" x 5-3/4" Anodes 

Comparisons were made of the effect of methanol concentration on perform- 
ance of large 9" x 5-3/4" and small 1 inch diameter electrodes. This was prompted 
by the fact that anodes in the sixteen cell stack required higher methanol concen- 
trations than expected. Tests were therefore carried out using well stirred fuel 
chambers in half cell tests to determine whether this debit was associated with 
scale-up of the electrodes or with poor fuel distribution within a cell of the 
multicell unit. The half-cell facilities employed were described In previous 
reports (5, 6). 

Comparable results were found in the performance of the 9" x 5-3/4" anodes 
in the well-stirred half-cell and in the sixteen cell multicell units. Using 1 M 
methanol, both systems were polarized about 0.31 volts at 40 ma/cm2, compared with 
only 0.30 volts for the small 1 inch diameter anodes. However, when the methanol 
concentrations were reduced to 0.25 M, the larger anodes in both systems were 
polarized 0.45 volts compared with only 0.32 volts for the small electrodes. These 
data are shown in Figure F-3 and detailed in Appendices D-l, F-3, and G-10. 
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Figure F-3 
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These lata indicate that contacting of methanol with the catalyst is impaired in the 
large electrodes, perhaps as a result of the larger carbon dioxide evolution and 
hydrostatic heads,and that improved structures are required to make better use of 
methanol at the anodes. 

Part d - Effects of Methanol at the Cathode 

The diffusion of methanol to the cathode and its subsequent consumption has 
been a recurring problem in using the soluble fuel (1. to £).  This results in reduction 
of cell voltage and coulombic efficiency.  Therefore a study of this reaction was 
made with the present methanol fuel cell components in order to determine its basic 
characteristics. These tests were made in a well-stirred half cell assembly similar 
to cells described previously (5). A constant, uniform methanol concentration was 
maintained in the stirred anolyte adjacent to a Permion 1010 membrane clad cathode. 
The performance of the cathode was measured and the conversion of methanol to carbon 
dioxide was determined. 

The effect of methanol concentration in the stirred anolyte between the 
anode and cathode on the performance of the cathode is shown in Figure F-4. Low 
methanol concentrations of 0.125 M or less result In less than a 25 tnv polarization 
increase at 40 ma/cm . However, higher concentrations can result in substantial 
losses, for example 120 mv for 1 M methanol. These results are tabulated in 
Appendix F-4. 

LJ 

Figure F-4 
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The loss of fuel due to direct oxidation of methanol at the cathode wad 
also determined by measuring the oxygen and carbon dioxide contents of the effluent 
air stream as described in Appendix F-5. Figure F-5 shows that the rate of diruct 
mjthanol oxidation increases linearly with the methanol concentration in the well- 
stirred anolyte. The rate is expressed in terms of the current density that rfould 
be produced if the same methanol consumption went to produce useful electrical energy 
by electrochemical oxidation at the anode. 

Figure F-5 

Effect of Methanol Concentration on Direct Oxidation at the Cathode 
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This linear dependence of rate on concentration suggests that the overall reaction 
rate is controlled by diffusion of methanol through the interface maintaining mem- 
brane which is pressed against the cathode. 

The effect of current density on the direct oxidation of methanol at the 
cathode was found to be negligible over the range 0 to 80 ma/cm^ as shown in Figure 
F-6. This also shows that the rate is not potential dependent over this range of 
operation of the electrode, 0.79 to 0.85 volt from hydrogen. 
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Figure F-6 

B Effect of Current Density on Direct Oxidation of Methanol at the Cathode 
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However, increased volumetric air flow at a given current density did result in 
increased rates of methanol oxidation as shown in Figure F-7. 
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Figure F-7 

Effect of Air Rate on Direct Methanol Oxidation 
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While this does not agree with the simple diffusion mechanism of methanol through 
the membrane, it is possible that the other factors affecting methanol and electrolyte 
transport in the cell are affecting this simplified picture. 

Nevertheless, these half cell studies do confirm the findings in total 
cells that excessive transport of methanol to the cathode can cause substantial 
losses in methanol-air fuel cell performance. Effective control of methanol con- 
centration in the anoly^e and reduction in diffusion rates appear to be the best 
means for controlling this reaction. 

Part e - Effect of Using Surfactants 
on Total Cell Performance 

A small performance decline after three to four hours of operation 
occasionally occurred during the initial testing of the sixteen cell methanol 
battery. Normal performance was regained after open-circuiting the battery for 
about one hour. The suspected cause of this decline was holdup of carbon dioxide 
bubbles within the cell chambers. These bubbles probably covered a portion of the 
electrode surface thus restricting the access of electrolyte. One possible remedy 
tested was to reduce electrolyte surface tension to allow release of smaller, more 
mobile gas bubbles from the anode surface. Therefore, a study was made to determine 
the effect of FC-95 surfactant on the operation of a methanol cell. 

90 
I 1 



3* 

The tests were run in a glass cell using 5.7 cm^ electrodes and 1 M methanol 
in 3.7 M sulfuric acid at 60oC. The cell design is shown in Appendix f-6. As shown 
in Table F-2, adding 0.05 wt 7« FC-95 reduced cell voltage by 20 mv due to decreased 
cathode performance. Lowering the electrolyte surface tension adversely affected 
the position of the gas-liquid interface within the cathode. Conse')uently, surfactant 
studies were not carried out in the sixteen cell stack. Complete data are given in 
Appendix F-7. 

Table F-2 

Effect of Surfactant on Methanol Cell Performance 

FC-95 Surfactant 
Concentration, wt % 

2     (1) 
Performance, ex IR, at 50 ma/om , voltsv  | 

Cell 
Voltage 

Electrode Polarization from 1 
Respective Theory at 50 raa/cm^ | 

Anode Cathode     1 

0 
0.05 

0.40 
0.38 

0.30 
0.30 

0.47 
0.50 

(1) 1 M CH.OH in 3.7 M H2S04 in anolyte chamber at 60
oC. 

5 times stoichiometrlc air rate. 

L 
Phase 2 - Direct Feed Methanol Cell 

An alternative method of operating a methanol-air fuel cell is by direct 
addition of methanol fuel to the enolyte in the cell. This is in contrast to the 
present mode of operation in which the fuel-electrolyte solution is circulated 
between the cell and an external sump. Direct fuel addition to the cell would 
eliminate the need for an electrolyte pump and represents a potentially simpler 
type of operation, particularly for low power units. While research to develop an 
effective electrolyte pump has been encouraging, studies of direct feed have con- 
tinued to assess its utility in methanol cell operation. 

Part a - Comparison of Direct Feed with 
Circulating Fuel-Electrolyte 

A key requirement in a direct feed cell is the avoidance of Large rr.ithanol 
concentration gradients in the anolyte. Uniform concentration, such as that achieved 
in the circulating cell is necessary uo produce good anode performance and minimize 
methanol loss to the cathode. The initial studies of this problem were reported 
previously (6). The 4" Teflon direct feed cell used in the present work was designed 
as a result of these studies and is shown in Figure F-8. It utilizes two porous 
Teflon diffuser elements for methanol fuel injection while minimizing back flow of 
water and electrolyte. These elements are carefully sealed in the cell wall to 
prevent leakage. This cell is equipped with an external circulating system so that 
it can be switched from direct feed to circulating fuel-electrolyte operation. In 
this way, a convenient comparison between the two modes is possible. 
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Figure F-8 

Direct Feed Methanol Cell 
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Uith this cell, several comparisons vvore made between direct feed and 
circulating operation. Cell voltage, anode polarization, and methanol oxidation 
at the cathode were determined. These data are presented in Appendix F-8. Both 
types of operation generally performed at similar levels in all of these comparisons. 
However, methanol loss through oxidation at the cathode remained high for both 
modes of operation. Thus, chemical oxidation varied from 20 to lfiü% of the electro- 
chemical oxidation depending on the sample of Permion 1010 membrane used. The best 
performances in the same cell assembly are compared in Table F-3. 
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Table F-3 

Comparisons of Direcf. Feed and Circulating Fuel-Electrolyte 

60oC, 3.7 M H2S04 

1          -   ..   ■     -   - 

Direct Feed Circulating 
r     - - j 
1 Current Density, ma/cra 40 40        1 

Cell Potential, volts 0.47 0.45 

1 Anode Polarisation from Theory, volts 0.31 0.33        | 

| Cathode Polarization from Theory, volts 0.40 0.39 

Chemical Oxidation of Methanol at the 
Cathode, equivalent ma/cm2 

10 8 

Feed Rate                       1. 

1 

2 x stoichiometnc 0.5 M methanoi 
in 3.7 M H2SO4 
50% electro- 
chemical conv. 
per pass       | 

Part b - Studies with Methanol Diffusion Barriers 

As a result of the half cell studies on methanoi oxidation at the cathode 
discussed in Phase 1, Part d, two types of methanoi diffusion barriers were tested 
in this cell in preliminary experiments aimed at reducing the fuel loss. These 
barriers were placed in the interelectrode space between the anode and membrane 
clad cathode. One of the barriers used was a Dacron felt, about ()0 mils thick, 
which was intended to eliminate convective currents and thereby effectively lengthen 
the methanoi diffusion path. The alternate approach was to use an immobilized 
electrolyte in the interelectrode space. This electrolyte was a gel made from 
3.7 M sulfuric acid and polyethylene oxide., Polyox. 

Both techniques were successful 
cathode. The Dacron felt cut fuel loss t 
that observed in the best previous direct 
was obtained indicating good methanoi dis 
40 ma/cm . However, cell performance was 
at 40 ma/cm2. The immobilized electrolyt 
more effective in reducing methanoi loss 
with similar anode and cell performance, 
stable and performance declined with time 
aid summarized in Appendix F-J. 

in reducing methanoi oxidation at the 
o an equivalent 4.4 ma/cm2, about one-half 
feed test. Excellent anode performance 

tribution, 0.28 volts polarir.ation at 
somewhat lower than expected, 0-43 volts 

e in circulating fuel-electrolyte was even 
to as little as an equivalent 1.5 ma/cm2 

However, the gelled electrolyte was not 
These data are comnared in Table F-4 
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Table F-4 

Effect of Diffusion Barriers 
on Methanol Cell Performance 

60oC, 3.7 M H2SO4 

Dacron Felt Polyox Gel 

Current Density, ma/cm 40 40 

Cell Potential, volts 0.42 0.43 

Anode Polarization from Theory, volts 0.28 0.29 

Chemical Oxidation of Methanol at the 4.4 1.5 
Cathode, equivalent ma/cm2 

Thus, a direct feed cell can give comparable performance to the circulating 
cell, even at low levels of methanol oxidation at the cathode. As such, it represents 
a potential alternative approach to methaaol-air fuel cell operation. 

irt c - Natural Air Convection Methanol Cells 

A further simplification in methanol cell operation would result from the 
elimination of the forced air system. Therefore, a test was made to evaluate the 
performance of a methanol-alr cell operating with natural convective air flow. The 
test was made with direct methanol feed in a standard cell assembly except that the 
air chamber was removed to permit easy access for diffusion of oxygen to the cathode 
surface. Thus, this ceil •• ■"? operating with no auxiliaries. Cell performance is 
shown in Figure F-9 and the data are summarized in Appendix F-8. 
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Figure F-9 

Performance of Natural Air Convection Methanol Cell 
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While this performance is poorer than in previous studies at about 25CC 
with forced air circulating, this cell was able to generate up to 14 mwatt/cm2.  It 
shows that substantial current densities, up to 100 ma/cm, can be sustained without 
auxiliary power. This type of operation might prove useful in aiding startup. 
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4.7 Task G, Prototype Development 

Engineering research has continued on the development of a methanes-air 
prototype fuel cell stack, its auxiliaries, and controls. Emphasis has been placed 
on improving the operation of tnulticell units containing sixteen cells. 

Phase 1 - Self-Contained Methanol Multicell Unit 

A sixteen cell methanol multicell unit vas constructed, its performance 
evaluated, and then delivered to the U.S. Army Electronics Command in January, 1965. 
The technology leading "o the designs of the Individual components and the operating 
procedures is discussed in this and previous semi-annual and final reports (^ 
through 6). 

Part a - Description of the Multicell Assembly 

The unit, as delivered, consisted of two parts, a Multiceil Assembly and 
an Auxiliary Rack. The Multicell Assembly, shown in Figure G-l, was a finished 
piece of hardware, 11-1/4" wide x 12" high x 11-1/2" deep. It housed the sixteen 
cells and the air blower. These components were engineered into the unit. They 
occupied about sixty percent of the available volume. 

Figure G-l 

Methanol Multicell Assembly 

96 
.: 

- - 



i 

r 

.. 

I 

The remaining empty volume served to represent space that will be required by the 
methanol feed and water balancing systems. These have not yet been engineered into 
the assembly. Their components were mounted on the Auxiliary Rack. Descriptions 
of the Multicell Assembly, the Auxiliary Rack, and their operation are presented in 
greater detail in Appendices G-l and G-2. 

Part b - Components of the Methanol Multicell Unit 
s 

i Several modified components and procedures were used in the assembly of 
the Methanol Multicell Unit.  The sixteen 9" x 5-3/4" anodes were loaded with 25 

Omg/cm of the ruthenium modified P-type catalyst pressed at 3000 psl, without a 
binder, into gold-plated tantalum screens. Half-cell data, discussed previously in 
Task F, showed that gold plating considerably reduced the ohmic losses usually ob- 
tained with plain tantalum screens. Previous studies showed that no significant 
advantages in anode performance or life were obtained by using higher catalyst load- 
ings, lower pressing pressures, or Teflon binding agent (6). American Cyanamid 
AA-1 electrodes were used as cathodes. Electrolyte-equilibrated Permion 1010 mem- 
branes were pressed carefully to the cathodes at 1500 psi. Sheets of 20 mil thick 
filter paper were used as platen-facing to equalize the pressure distribution, thus 
preventing membrane rupture by the cathode screen structure. To further insure 
against membrane damage, the current collectors were not pressed together with the 
membranes and cathodes. Instead, they were attached to an additional polypropylene 
spacer placed in the cathode compactment. These spacers were also used in the anode 
compartments and served to distribute more equally the pressure of the rib-type 
polypropylene springs on to the current collector. Thus, better contact was obtained 

r- between the electrod'-s and the current collectors. 

Finally, the carbon dioxide escape slots on top of the anodes were raised 
above the electrolyte level. This prevented methanol-containing electrolyte from 
circulating between the anode fuel chamber and the inter-electrode space, where 
methanol might contact the cathode and be consumed. 

i ^ 

Part c - Performance of the Methanol Multicell Unit 
f • 

The performance of the Methanol Multicell Unit was determined prior to 
delivery to the U.S. Army Electronics Command.  The unit delivered 50 watts output 
immediately upon startup from ambient conditions. After 50 minutes of operation, 
power outputs of close to 100 watts were sustained. The performance characteristics 

I          during these tests is shown In Figure G-2. 
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Figure G-2 

Performance of Multlcell Unit 
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The substantial improvement in performance over that obtained in prior 
units is attributed to the improved anode structures. As shown in Figure G-3, 
average cell voltage at 50 ma/cm2 increased 2rom  0.19 volts to 0.35 volts upon sub- 
stitution of gold-plated tantalum screens for the conventional tantalum screens. 
About 707o of this increase resulted from the reduced ohmic losses in the anode, as 
discussed in Task F, Phase I. Additional data are given in Appendices G-3 and G-4. 
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Figure G-3 

Effect of Gold-Plated Tantalum Screens on Performance of Multixell Unit 
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' ' Phase 2 - Operating Characteristics 
of Sixteen Cell Stack 

»J 

A second sixteen cell stack containing 9" x 5-3/4" electrodes was 
assembled to test more fully tht performance, and the effects of the major operating 
variables on the operating characteristics of larger units. 

Part a - Performance of Sixteen Cell Stack 

The assembly procedures and modified components used in this unit were 
substantially the same as those employed for the Methanol Multicell Unit described 
in Phase 1. One exception was the use of a mi re thoroughly washed ruthenium modified 
P-type anode catalyst prepared with hydrogen reducing agent. The average performance 
of this catalyst at 50 ma/cm was 0.29 volts polarized compared with 0.31 volts for 
the catalyst used previously. 

The new stack performed significantly better than the assembly described 
in Phase 1. Initial testing showed that average cell voltage at 50 ma/cm2 was 0.41 
volts, compared with 0.46 and 0,50 volts, the best results obtained previously 
in single 9" x 5-3/4" and 4" x 4" cells, respectively. These data are illustrated 
in Figure G-4. Additional details are given in Appendix G-5. 

. 
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Figure G-4 

Comparative Performances of Methanol Fuel Cells 
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In terms of practical output, the battery delivered 120 watts maximum 
power at about 5 volts, as shown in Figure G-5. This is equivalent to a power 
density of about 25 mwatts/cm . For comparison, maximum power levels of 40 rawatts/cm 
have been reached in single 4" x 4" cells. 
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Figure G-5 

Power Output of SixteenVCeLU Stack 
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Electrode polarization was the major source of performance loss within 
the methanol stack. For example, at 50 amps/ft2, ten times ätoichiotnetric air 
rate, 0.25 M methanol feed, and 50% conversion per pass, an average cell in the 
sixteen cell stack produced 0.41 terminal volts.  At these conditions, typical 
electrode polarization losses were 0.31 volts for the anode and 0.42 volts for the 
cathode. An ohmic loss of 0.06 volts also existed. Figura G-6 shows the distribution 
of cell voltage losses as a function of current density. 
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Figure G-6 

Distribution of Losses in Sixteen Cell Stack Performance 
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Battery performance was stable with time. As shown in Figure G-7, average 
cell voltages declined only 30 mv after 275 hours on current load, or a total stack 
life of four months. Stack behavior was studied intensively during this period and 
occasionally the stack was operated under severe conditions of methanol and air 
starvation. Nevertheless, maximum power after these tests averaged 111 watts, about 6 
percent lower than Initially. Detailed data are given in Appendix G-6, 
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Figure G-7 

Performance Stability with Time 
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Stable anode structures were probably responsible for the low performance 
decline of the sixteen cell stack observed during this period. Fifteen of the 
9" x 5-3/4" anodes were found to be essentially intact upon inspection when the stack 
was disassembled after 213 hours on current. Catalyst retention was excellentj only 
one anode showed signs of catalyst loss. 

The gold-plating on the tantalum screens was also examined and found to 
be intact. This probably contributed to the rather stable ohmic losses obtained 
in the stack and shown in Table G-l. Previous data with a stack containing anodes 
prepared with plain tantalum screens showed increases in ohmic losses of 30 mv at 
100 ma/cm2 during the first 94 hours on current (6). Complete ohmic loss data are 
given in Appendix G-7. 
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Table G-l 

Ohmic Loss Data for Sixteen Cell Stack 

Stack Operation 
on Current, hours 

Average Ohmic Loss per 
Cell at 100 ma/cm2, mv 

1 

20 

45 to 213 

114 

117 

126 

Part b - Effect of Major Variables on Performance 

The methanol fuel cell battery must be able to provide stable performance 
that is, be insensitive to large changes in key operating variables such as electrolyte, 
methanol, and air flow rates. This, in turn, will minimize requirements for adequate 
battery control. Therefore, tests were made to determine the effect of major 
process variables on the performance of the sixteen cell unit. 

Inlet methanol concentrations to the sixteen cell stack were varied in 
once-through operation from 0.25 to 1.25 M methanol in 3.7 M sulfuric acid. Elec- 
trolyte flow rates were varied to give 25 to 75 vol %  nominal methanol conversion 
per pass through the cell. W:.de ranges of methanol conversion rates and inlet 
methanol concentrations were tolerated without seriously impairing stack perform- 
ance. Figure G-8 shows that maximum performance was maintained over a twofold 
change in inlet methanol concentration, from 0.5 to 1.0 M, and a threefold change in 
methanol conversion rate, from 20 to 60 vol % per pass, through the stack. 

Figure G-8 

Effect of Methanol Concentration and Conversion 
 Rate on Stack Performance  
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At low methanol concentrations and high conversion levels, the methanol 
electrodes showed signs of fuel starvation. For example, at a conversion level of 
50 vol ?„, average anode polariza*-.^ m increased from 0.30 volts at 1.0 M inlet 
methanol concentration to 0.44 volts loss at D.25 M methanol. On the other hand, 
reducing methanol cc.icentration improved cathode performance by limiting the amount 
of methanol that reached the cathode by diffusion through the anode. As a result 
of these self-compensatiiig effects, the performance of the sixteen cell stack was 
optimum at about 0.75 M inlet methanol concentration, as shown in Figure G-9. 
Complete data are giver in Appendices G-8 to G-IO,  The effect of methanol con- 
centration on electrode performance is also discussed in Task F. 

Figure G-9 

Effect of Methanol Concentration on Cell and Electrode Performance 
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Part c - Fuel Distribution in Sixteen Cell Stack 

Uniform supply of fuel to each of the cells in the stacked assembly is 
important for maximum stack pelformance.  Previous studies indicatec: that fuel mal- 
distribution might be a probleir.  However, these data were confounded with possible 
anode composition effects (_6).  Therefore, the possible existence of fuel mal- 
distribution was restudied using the present sixteen cell stack. 

i n i i 
i i 

Anode polarisation data showed that significant maldistribution problems 
did not exist. This is shown in Figure G-10, where the equivalent anode polariza- 
tions at 60°C are plotted versus cell position for two runs at 40 ma/cm^, 50 vol % 
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conversion,and 0.25 M or 0.75 M methanol inlet concentration, respectively. The 
low concentration data are particularly important, because minor maldistribution 
problems should be magnified during operation with methanol deficient concentrations. 
Complete data are listed in Appendix G-8 to G-10.  Detail; of the procedure used 
to calculate equivalent anode polarization values are given in Appendix G-8 

These data, together with the corresponding cathoce performance distribu- 
tion data presented previously (_6), indicate that large-scale fuel distribution 
problems are absent in the sixteen cell stack assembly. However, the present studies 
were made using an intermittent-action adjustable-diaphragm Mace pump to deliver 
the feed solution and any changes in pump type could alter this conclusion. 
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tart d - Effect of Air Rate on Performance 

The effect of changes in air rate on the performance of the sixteen cell 
stack was also determined. The air flow •■ate is a key variable in the overall 
operation of a self-contained methanol battery. Air flow may be used to control 
electrolyte temperature by adjusting the rate of water removal from the stack. 
Therefore, it is important: thai stack performance be stable over a wide range of 
air flow rates. As shown in Figure G-ll, performance of the sixteen cell battery 
was insensitive to changes in the air flow rate, above about three times the stoichio- 
metric requirement. Complete data are given in Appendix G-8 to G-10. 
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Figure G-ll 

Effect of Air Rate on Performance 
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Part e - Thermal Characteristics of Sixteen Cell Stack 

Temperatures within the stack must be kept below about 90oC. At higher 
temperatures,performance suffers due to malfunctioning of the cathodes, and loss of 
fuel via vaporization. Furthermore, the polypropylene ce.'.ls, themselves, tecome 
distorted through thermal creep. 

Therefore, temperature distributions within the sixteen cell battery were 
measured. As illustrated in Figure G-12, individual cell temperatures ranged from 
57 to 740C under typical operating conditions. This wide temperature distribution 
resulted from the introduction of cool air and electrolyte into either side of 
the battery through the manifold system. No attempt was made to equalize this tem- 
perature distribution by heat conservation techniques or by altering the flow patterns 
through the battery. Nevertheless, the data in Figure G-12 show that cell voltages 
were not greatly effected, although the effect of the imposed temperature was evident. 
Complete data are given in Appendix G-8 to G-10. 
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Figure G-12 

Effect of Temperature Profile on Distribution of Cell Voltage 
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The fact that the cells delivered useful power at lower temperatures is 
of considerable importance in achieving rapid startup. As an example, the data 
illustrated in Figure G-13 show that the battery delivered 5 volts or 12 mw/cm2 at 
a current density of 40 ma/cm2 immediately after startup at a normal laboratory tem- 
perature of 27°C. Steady-state performance was attained in about 20 minutes. 
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Figure G-13 

Typical Startup Characteristics From Ambient Conditions I 
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The stack also exhibited considerable latitude in its ability to reject 
heat.  This heat dissipation is accomplished in large measure by vaporizing addi- 
tional quantities of water from the surfaces of the cathodes into the effluent air 
stream.  The sensible heat of the stack components and contents is thereby reduced. 

As an example, a series of runs was made at widely differing conditions. 
These r.Aged from 26 to 62°C inlet air temperature and 27 to 520C inlet electrolyte 
temperature. In addition, several runs were made with saturated air streams. As 
shown in Table G-2, these variations in inlet conditions resulted in only a 90C 
variation in maximum cell temperature within the battery, from 77 to 860C. This 
corresponded to a change in average cell temperature from 67 to 730C. Furthermore, 
average cell performance was not affected, averaging 0.40 volts at 40 raa/cm^ with a 
standard deviation of + 0.02 volts (one sigma limit). This is well within the nor- 
mal precision limits of battery data. 
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Table G-2 

Effect of Varying Inlet Temperatures 
on Thermal Stability of Methanol Stack 

Current Density: 40 ma/cm2 

Methanol Concentration: 0.75 M 
Conversion per pass: 50 vol % 

Air Inlet 
Electrolyte 

Inlet 
Temp, 0C 

Maximum 
Cell 

Temp, 0C 

Average 
Battery 
Temp, 0C 

average 
Cell 

Voltage Temp, 0C Humidity 

26 Dry 27 77 67 0.40 

52 Dry 36 77 68 0.41 

51 Dry 52 83 72 0.38 

52 Dry 51 77 67 0.39 

48 Saturated 27 78 69 0.42 

51 Saturated 27 79 69 0.37 

52 Saturated 38 83 71 0.42 

51 Saturated 49 78 65 0.41 

52 Saturated 49 86 73 0.43 

62 Saturated 50 84 72 0.39 

Part f - Water Loss Rates from the Sixteen Cell Stack 

A self-contained methanol fuel cell 
recovering water from the exhaust air stre~ 
net water, excess water is lost from the elec 
the cathode surface. This water loss mechani 
because the required heat of vaporization is 
heat of the electrolyte and cell components, 
out to establish the range of water loss rate 
operation over a range and electrolyte inlet 
These data are needed for proper sizing of a 

system must have a device for 
Although the cell reactions produce 

urolyte by means of vaporization from 
sm nelps to control cell temperature, 
obtained by decreasing the sensible 
Therefore, experiments were carried 

s from the sixteen cell stack during 
temperatures and inlet air humidities, 
water recovery device. 

Measured total water loss rates were about 2 to 3 cc/min for stack opera- 
tion with dry inlet air, compared with maximum values of 5 to 6 cc/min obtained 
with hot, humid air. The water production rate during these tests was about 1,1 
cc/min, from both the electrochemical and chemical oxidation of methanol. As shown in 
Figure G-14, water loss rates with humid air leveled off at inlet air temperatures 
above 40oC. This means that the net water loss rate decreased. The net loss rate 
is the difference between the total loss rate and the rate of water input from the 
humid air stream. Of course, decreasing the net water loss rate also decreased the 
rate at which heat is removed from the stack. However, as shown in Part e, the 
temperatures within the stack never exceeded the maximum allowable temperature of 
90oC. Complete data are given in Appendices G-8 to G-10. 
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Figure G-14 

Effect of Inlet Air Conditions on Water Loss Rate 
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A very close correlation was found between the measured total rate of 
water loss and the water loss rate calculated on the assumption that the exhaust 
gas was saturated with water at -he measured temperature in the exit air manifold. 
This is shown in Figure G-15. Hence, it may be possible to control water removal 
rates by monitoring the exhaust ^as temperature. 
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Figure G-15 

Comparison of Measured With 
Calculated Water Loss Rates 
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Part g - Chemical Oxidatim la 
the Sixteen Cell Stack 

The parasitic consumption of dissolved methanol at the fuel cell cathode, 
in addition to reducing cathode performance and contributing to decreased overall 
fuel utilization,     generates heat and thereby produces additional temperature 
control problems. Therefore, studies were made to define the effect of stack 
operating variables on the extent of chemical oxidation. 

As expected, these studies showed that chemical oxidation was minimized 
when operating at low methanol inventories within the stack.  As shown in Fig- 
ure G-16, low inlet methanolconcentrations of about 0.2S M, and high methanol con- 
version rates of 60 to 807« gave chemical oxidation rates of about 5 ma/cm^ when 
expressed on the basis of equivalent methanol consumption. However,, these levels 
of methanol concentration and conversion do not correspond to the levels required 
for maximum stack perforuance.  The dotted curve In Figure. ('-16 shows that chemical 
oxidation values of about 15 ma/cm2 can be reached by operating at 70 vol 7. con- 
version level and 0.75 M methanol. Complete data are given in Appendices G-8 to 
G-10. 
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Figure G-16 

Effect of Operating Variables on Chemical Oxidation 
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Tests in the multlcell unit confirm the result In smaller single cells 
that the rate at which raethanol reaches the cathode is controlled by diffusion 
from the anolyte chamber. This is shown by the data plotted in Figure G-17. Here 
chemical oxidation rates are plotted against a variety of methanol concentrations: 
cell inlet concentration; cell outlet concentration, calculated from the rates of 
chemical and electrochemical methanol consumption; average anolyte chamber concen- 
tration, calculated from the inlet and outlet values; and true concentration 
adjacent to the cathode membrane. The latter values were obtained from well-stirred 
half cell studies reported in  Task F, Phase 1. 
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Figure G-17 

Effect of Methanol Concentration on Chemical Oxidation 
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/The cell inlet methanol concent.i-ation line underpredicts the "true" data 
line, suggesting that inlet electrolyte does not by-pass around the anode directly 
into the chamber adjacent to the cathode membrane. Also, ti.j cell outlet concen- 
tration line considerably overpredicts the extent of chemical oxidation. This 
means that the cell is not acting as a well-mixed vessel with considerable back flow 
of exiting electrolyte over the top of the anode. On the other hand, the line 
corresponding to the average anolyte composition appears to give the best fit. This 
would be expected on the basis of an increased drivin; force for methanol diffusion 
ti ■ ough the anode into the center chamber of the cell. 

The effect on chemical oxidation of water flux rate through the cathode 
was also evaluated. A possible mechanism for increased methanol transport to the 
cathode is the "drag-along" phenomenon, wherein the net water flux from the center 
chamber through the cathode acts to pull along more methanol molecules than expected 
from the diffusional concentration gradient alone. A range of water flux rates was 
obtained by operating the sixteen cell stack at various inlet air temperatures and 
humidity. Net water loss rttes were thereby varied from essentially zero to about 
4 cc/min. 
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As shown in Figure G-18, there was no effect on the rate of chemical oxida- 
tion. Thus, diffusion alone appears to be the mechanism controlling methanol trans- 
port to the cathode. 
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Figure G-18 

Effect of Water Transport Rate  on Chemical Oxidation 
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Part h Performance of Methanol Fuel 
Cell Stack Ustrg Formaldehyde 

A possible approach to improving the startup capabilities is the use of 
trioxane. Trioxane is a stable, white solid, which presents no special handling 
or toxicological problems. It sublimes at 460C, melts at 640C, and boils at 1160C 
without decomposing. When added to concentrated sulfuric ccid, it catslytically 
depolymerizes to form its monomer, formaldehyde. A formaldehyde-air cell has a 
greater theoretical voltage than a methanol air cell, 1.30 volts. Furthermore, it 
is somewhat more reactive than methanol. Therefore, greater heating rates should 
be possible. 

To demonstrate this, the performance of the 16 cell stack was evaluated 
substituting 1 M formaldehyde for methanol at normal ambient conditions. No effort 
was made to modify stack operation to accomodate the change. The power output 
from the stack increased to 174 watts, at 5.1 volts. Furthermore, it was necessary 
to chill the circulating electrolyte to 160C to keep the temperature from rising 
al-we 880C inside the stack. As shown in Figure G-19, the average cell voltage was 
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about 0.1 volts greater than th it obtained using methanol. This should also be true 
at lower temperatures and therefore should permit more rapid startup at lower tem- 
peratures. However, further information in low temperature tests is still needed. 
Complete data for operation with formaldehyde fuel are given in Appendix G-ll. 

Figure G-19 
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Phase 3 - Auxiliaries and Controls 

Additional efforts have been centered on developing the necessary compact 
auxiliary equipment required for the operation of a self-contained battery. Of 
particular importance is the development of a reliable methanol concentration con- 
troller and a low power electrol>^e circulating pump. 

Part a - Methanol Analyzer System 

The development and operation of a current-scanning,methanol analyzer for 
use with multicell units has been discussed in previous reports (3, 4, 5, 6). It 
has become apparent, however, that the methanol response and life cnaracteristics 
of the platinized electrodes under scanning conditions, especially in the presence 
of soluble,cell contaminants, are too variable for use as a controller. Studies 
were carriedout to test the applicability of a new analyzer concept. This technique, 
in essence,measures the limiting current of an electrode under conditions where 
methanol flow to the electrode is limited by a membrane rather than the variable 
nature of the catalyst. 
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The basic analyzer element consists of a diffusion-restricting membrane 
pressed tightly to the surface of a platinum black electrode. Permion 1010 membrane 
and Cyap'mid AA-1 electrodes pressed together at 1000 psig have been found suitable 
for the purpose. In operation, the element is arranged in the container of fuel- 
electrolyte solution so that methanol diffuses through the membrane at a slow rate 
and contacts the electrode. The potential of the electrode is maintained at about 
0.85 volts versus a hydrogen evolving electrode, a level where methanol oxidation 
is diffusion limited. Under these conditions, all the fuel reaching the electrode 
is oxidized co CO2 and the current in the system is directly proportional to the 
methanol arrival rate, which in turn is linearly proportional to the fuel concen- 
tration on the other side of the membrane, providing temperature is held (.instant. 
Current response of the system to changes in fuel concentration can then be used to 
control fuel input circuits. 

Part b - Laboratory Testing of the Methanol Analyzer 

Feasibility studies were carried out in the unit shown in Appendix G-12 
For convenience, membrane-electrode circlets were mounted in a modified polypropylene 
3/8" tubing connector. The methanol-3.7 M sulfuric acid solutions were stirred by 
means of a magnetic stirrer in the cell, and a slow nitrogen sparge at the external 
side of the membrane on the analyzer element. 

All studies indicated a linear relationship between current output and 
methanol concentration. Ihis is illustrated in Figure G-20. 
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Analyzer Response to Methanol Concentration 
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Measurements of the temperature dependence of current at a fixed fö.jl concentration 
Indicated an activation energy of about 4.8 to 5.0 kcal/mole in several studies. 
This low value is ir accord with the transport limited conditions imposed.  Complete 
data are contained in Appendix G-13. 

Part c - Effect of Impuritief and Life 
r j 

Under transport limiting conditions, the quantity of catalyst on the 
analyzer element is far in excess of that necessary to effectively oxidize the 
arriving fuel.  In this case, soluble electrode contaminants would not be expected 
to seriously affect the cell operation. This was confirmed in tests In which several 
Impurities were added to the electrolyte.  For example, the addition of 28 ppm of 
soluble ruthenluiii produced no effect on an operating unit. 

These preliminary studies indicate performance is stable with time. The 
unit used for Impurity testing was operating in excess of one thousand hours before 
it was shut down with no change in performance.  Complete data are contained in 
Appendix G-13. 

n 
Part d - Methanol Analyzer Temperature Compensation 

The response of the methanol analyzer current to changes in temperature 
corresponds to an apparent activation energy of 4.9 kcal/mole.  This is equivalent 
to about 2.4% change per 0C at a fixed methanol concentration.  A temperature cor- 
rection arrangement is required to incorporats the analyzer in a control system 
where the electrolyte stream through the analyzer cell is changing temperature. A 
temperature correction circuit was therefore designed and tested. The design is 
shown in Figure G-21. 

The correction method is based on adding two voltages in the proper ratio 
so as to cancel the temperature effect on current measurements from the analyzer 
cell.  One voltage is an adjustable fraction of the voltage drop across a small 
resistor in series with the analyzer cell.  This voltage Increased 2.4% for each 
degree centigrade of temperature change. The second voltage is also a fraction of 
the voltage drop across a small resistor In series with the analyzer cell.  However^ 
the level of this voltage is a function of the resistance of a thermistor in the 
stream being analyzed.  This voltage decreases about 3.5% for each °C temperature 
rise.  The proper ratio of the two voltages for good temperature compensation is 
chosen by adjusting the slider position on a potentiometer connected between the 
uncompensated and overcompensated voltage supply points.  Typical data are 
shown in Table G-3. 
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Figure G-21 
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Diffusion-Type Methanol Analyzer 
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Compensator 

/ 
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2000 n 
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Table G-3 

U 

0 

Methanol Analyzer Temperature Correction 

0. 5 M 0H30H in 3.7 M H2S04 

Temperature, 0C 
Indicated Methanol Concentration. M    1 
Calculated Measured 

25 0.495 -. 
30 0.498 -- 
35 0.502 0.500m 

0.500U; 40 0.500 
45 0.500 0.500, 

O.SOO*' ; 60 0.500 

(1) By definition 
(2) By calibration 
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This correction arrangement will be redesigned to work at lower voltage and 
resistance levels and will be incorporated in a transistorized fuel cell control system. 

Part e - Electrolyte Circulating Pump 

A prototype model of a compact, low-power, electrolyte-circulating pump was 
designed and constructed.  The pump is a gear pump mounted in a cubical polypropylene 
case measuring 1-3/4" per side, with 5/8" diameter gears and bearings of Teflon. 
Alternate shafts were used made of polypropylene and tantalum sealed with a viton 
gasket.  The pump is pictured in Figure G-22. 
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Figure G-22 
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The pump delivered the target flow rate, 20 liters per hour, against a 12" 
head with a power expenditure of only 0.75 volts. Altnoug-i only 2% efficient, its 
power requirement is significantly Joss than any commercially available pump. How- 
ever, the low power requirements and the limited materials of construction made 
sealing around the shaft difficult and bearing wear was a problem.  These materials all 
have a high coefficient of friction on each other and on Teflon, and have shown 
evidence of rapid wear.  Therefore, the pump was modified to operate submerged in 
the electrolyte reservoir tank to eliminate the leak problem.  In addition, the 
bearings have been lined with 6-mil gold foil to reduce bearing wear. The pump is 
presently undergoing extensive life testing. 
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,- SECTION 5 

CONCLUSIONS 

5.1 Task A, Hydrocarbon Electrode 

; 

Phase 1 - Hydrocarbon Adsorption Rates 

A successful method was developed for measuring hydrocarbon adsorption 
rates, free of mass transport effects. This will aid future catalyst research. It 
was possible to calculate approximately correct values of the limiting current 
of operating electrodes, from measured adsorption rates. This indicates that platinum 
surface area in Teflon-bonded porous-diffusion electrodes is being utilized effect- 
ively. Thus, significant catalyst improvements can be made only by altering chemical 
or microstructural properties. It was also found that hydrocarbons are adsorbed only 
on half of the available platim-n sites. The active sites correspond to the "Type 
II" hydrogen sites, long recognized in chronopotentiometric or voltammetric studies 
on platinum. However, the Type I hydrogen sites are also involved in the adsorption 
process, since the placing of adsorbed hydrogen atoms on these sites causes desorption 
of the fuel. The Type I sites may be occupied normally by water molecules, which are 
necessary for the adsorption process. The two-site hypothesis should help explain 
many phenomena observed in the electro-oxidation of organic fuels. Studies are under- 
way to alter the ratio or the nature of the two types of sites and to determine the 
consequent effect on hydrocarbon performance. 

Phase 2 - Studies of the Effects of the Physical 
Nature of Platinum Catalysts on Performance 

Micro-structure, rather than chemical properties,has controlled the per- 
formance of platinum black catalysts. The activity of platinum catalysts prepared 
by a number of chemical procedures was correlated with the pore volume of the 
platinum black and with the apparent openness of structure, based on electron micro- 
scope studies. The rates of adsorption or electro-oxidation of fuel were essentially 
the same and surface area was not a significant variable. Thus, future catalyst 
preparations should aim at maximum structural openness, where the crystallites are 
arranged in networks of low-coordination number. 

I 

Phases 3 and 4 Increasing Pl&tinum Utilization- 
Electrode Structure Studies 

The use of a carbon support has significantly increased platinum utiliza- 
tion with hydrocarbon fuels, thus lowering catalyst costs. The base level of 8 ma/mg 
for unsupported platinum was raised to about 16 ma/mg by the simultaneous use of en 
improved impregnation procedure and a silica co-support. In addition, separate elec- 
trode structure optimization studies showed tha' very thin electrodes gave improved 
performances, about 25 ma/mg. The successful cornbinatlon of these two effects will 
lead to a practical hydrocarbon electrode. 

Phase 5 - High Surface Area Alloys 

It is still necessary to study prospective alloy catalysts in a high sur- 
face area form. The performance obtained with smooth metals cannot be extrapolated 
to predict the operation of practical catalysts.  In particular , the distinction 
between corrosion and catalytic activity is difficult when the surface area is low. 
However, the preparation of high surface area alloys by chemical reduction has so 
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far proven difficult.  The extent of alloying has been low and the electrochemical 
activity has not been stable or reproducible enough to allow for meaningful inter- 
pretation. However, the principles for the choice of alloys still appear to be 
valid, so that more work with better preparation procedures is warranted.  The use 
of ternary Raney alloys tullowed by controlled leaching appears to be a promising 
route to follow. 

Phase 6 - Mixe<L Peroyskites 
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The acid resistance of the perovskites, their ability to be tailored into 
relatively conductive forms, plus their ability to incorporate prospective catalytic 
metals, makes them very promising for use in fuel cells. However, the technique of 
incorporating oxide ion deficiencies in the lattice to improve conductivity has not 
proven satisfactory.  This approach usually results in compounds which fail to meet 
the conductivity anJ corrosion resistance requirements simultaneously. It was also 
shown that acid corrosion of oxide deficient crystals caused the loss of all con- 
ductivity improvement generated by the deficiency. However, it is known that oxides 
of this type can be made conductive by the inclusion of multiple valence states of 
the metal in the lattice. Therefore, stoichiometric perovskites containing the full 
complement of oxide ions and multiple valence states to provide conductivity look 
most promising in this area. Some of the partially tetravalent manganese compounds 
listed in the appendix tables have already shown favorable properties. 

Phase 7 - Transition Metal Complexes and Redox Catalysts 

None of the cyano and cyclopentadienyl complexes so far examined have shown 
any significant activity or co-activity with platinum. However, application of the 
principles of homogeneous catalysis to the fuel cell problem should still be possible 
and promising complexes are to be evaluated as uncovered. The uranyl system also 
appears to be a promising redox-couple worthy of further examination. 

I 

5.2 Task B, Hydrocarbon Fuel Cell 

Phases 1 and 2 - Studies in Hydrocarbon Fuel 
Cells-Hydrocarbon Cell Design 

Performance of liquid decane and oxygen in realistically sized cells has 
reached 20 mwatts/cnr in short term tests at 150oC, the same level observed in 
smaller cells. Although the separation of the porous Teflon barrier previously 
noticed at the anode remains a problem, other aspects of scale-up seemed satisfactory. 
Transport of decane through the anode with resulting accumulation in the interelec- 
trode space was a problem.  The mechanism of this transport is not known. Addi- 
tional test facilities to study this problem have been designed. 

5.3 Task C, New Systems 

Phase 1 - Pyrophosphoric Acid Electrolytes 

Pyrophosphoric acid is capable of supporting high performance levels with 
hydrocarbon fuels and oxygen at temperatures in excess of 200oC.  Butane has a much 
higher limiting current at 200oC, although at lower current densities it is not 
significantly more active compared with performance in phosphoric acid at 150oC. 
Water vapor addition to hydrocarbon fuels is required for maximum activity.  On the 
other hand, oxygen performance at the higher temperature is greatly improved at all 
levels of current density. Carbon electrodes containing as little as 5 mg/cm2 of 
catalyst were found less active than sintered platinum-Teflon electrodes, but 
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optimisation of structural variables should help to minimize this loss. Although 
pyrophosphoric acid has demonstrated sufficient conductivity and buffering capacity 
for fuel cell use, It is highly corrosive, and suitable materials will have to be 
found before it can be u&jd extensively.  A filled Teflon-type material known as 
Ruion has already indicated chemical and structural stability in pyrophosphoric acid 
as described in Task B. 

Phase 2 - Buffer Electrolytes 
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The steady state pH achieved by concentrated buffers may not correspond to 
that expected from equilibrium considerations if cell configuration and operating 
temperature allow rapid escape of carbon dioxide.  Further work is required to clarify 
this point. Methanol, hydrogen, and oxygen perform poorly In carbon dioxide-treated 
concentrated buffers.  The limitation is not related to buffer capcity, but may re- 
flect impurities in the salts or anomalous wetting and solubility effects.  Cesium 
fluoride can be added to dilute buffers to raise the operating temperature, with- 
out affecting methanol performance.  Finally, pyrophosphate salt buffers hydrolyze 
too readily for fuel cell applications. 

Phase 3 - Air Electrodes for Buffer Electrolytes 

In the dual electrode structure, only the sheet facing the air supply is 
active.  The inner sheet maintains the interface, and therfore it requires no cata- 
lyst.  Nickel is not an active cathode catalyst in buffer electrolyte.  The dual 
structure electrode, with either silver or platinum catalyst is not active in con- 
centrated buffer solutions, probably for reasons similar to those discussed in Phase 
2. However, in 6 M potassium carbonate, both catalysts are equally active, demon- 
strating for the first time that a non-noble caualyst can match the performance of 
platinum in a buffer electrolyte.  In addition to cost, the silver electrode has the 
further advantage of insensitivlty to methanol.  No polarization debit or chemical 
oxidation is observed in the presence of the fuel. 

Phase 4 - Buffer Electrolyte Total Cells 

The advantages demonstrated by the silver cathode in half cell tests were 
firmed in total cells.  Using 6 M potassium carbonate electrolyte and a P-type 
de, 18 mwatts/cm were achieved with the non-noble air electrode. 

Phase 5 - Non-noble Catalysts for Methanol Oxidation 

No non-noblt active anode catalysts have yet been prepared, although 
several alloys and transition metal compounds have been found stable in buffer or 
potassium hydioxide.  Lattice spacing is apparently not a critical parameter in 
these studies.  In those cases where some performance has been observed, the level 
is higher in potassium hydroxide than in buffer electrolyte.  The reason for this 
is not clear. 
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Phase 6 - Slurry Catalyst Systems 

The use of slurried, catalyzed-carbon particles, supported by the turbulence 
of bubbling decane through the electrolyte, offers no performance or catalyst utiliza- 
tion advantages over static systems. 
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5.4 Task ü, Methanol Electrode 

Phase 1 - Studies of Ruthenium Modified P-type Catalyst 

Studies with ruthenium modified P-type anodes have been carried out to 
provide additional information concerning various aspects of p«jrfo-."mance in methanol- 
air batteries.  The effect of methanol concentration has been established.  In 
battery applications, at current densities up to 100 ma/cm2, the methanol concentra- 
tion should be maintained above 0.25 M methanol to prevent significant performance 
losses. Better control over methanol diffusion and chemical oxidation at the cathode 
should be possible through the use of barriers, as discussed in Task F.  A feasible 
debit-free barrier was formed by spraying Teflon on the anode. The present ruthenium 
modified P-type anodes continue to give evidence of good chemical and mechanical 
stability in life tests and as shown in studies with vnrious types of water and at 
several vibration levels. 

Phase 2 - Studies of Methanol Electrode Structure 

Research has continued to reduce catalyst cost in methanol electrodes by 
Improving noble metal catalyst utilization in acid electrolyte.  Studies of electrode 
structures similar to those currently employed showed that performance varies linearly 
with catelyst loading in the range 1 to 20 mg/cm2.  Thus, a reduction by more than 
one-half from the present 25 mg/cm2 noble metal level would cause significant per- 
formance losses. The same result was found in a number of diluted catalysts con- 
taining various non-catalytic, conductive materials. Because of the similar per- 
formance in these studies, it is concluded that present electrode structures cannot 
be significantly Improved wi^h respect to catalyst utilization. However, the initial 
results with catalyst supported on conductive substrates are promising. These 
supported catalysts offer a technique for effectively distributing small amounts of 
noble metal uniformly on the electrode surface. In addition, the supported catalysts 
should tend to provide better microstructure, for example higher surfact area and 
pore volume. This was shown by the results obtained with 1.2 mg/cm2 of platinum on 
carbon. In addition, improved catalytic activity of ruthenium modified P-type cata- 
lyst has been demonstrated on supported structures containing only 2 ug/cm of noble 
metal. The sensitivity of catalyst performance to variations in preparative pro- 
cedures suggests that further improvements in performance are possible. 
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5.5 Task E, Air Electrode 

Phase 1 - Membrane-free Electrode 

Interface-maintaining electrodes, Sacked by a Hydrophobie coating applied 
directly to the air side of the electrode, can be prepared and operated successfully. 
However, a scale-up debit exists and further work is necessary to minimize this 
factor. 

5.6 Task F, Methanol Fuel Cell 

Phase 1 ■ Total Cell Operation 

The anode performance debit for the 9" x 5-3/4" electrodes resulting from 
the poor conductivity of tantalum screens was corrected by gold-coating the screens. 
Slight additional improvement was found possible by adding etjual amounts of gold to 
the catalyst. Other tests showed that temporary partial immersion of electrodes does 
not .mpair catalytic activity with performance remaining proportional to the fraction 
of tfU! electrode still immersed in the electrolyte. The large 9" x 5-3/4" anodes were 
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I       found to require greater methanol concentrations than expected, as a result of poorer 
contacting of the catalyst with methanol.  The consequent higher methanol concentra- 
tions also result in higher than desired rates of chenical oxidation of methanol. 

Phase 2 - Comparison of Direct Feed with 
Circulating Fuel-Electrolyte 

Performance equivalent to that of the electrolyte-circulating system can 
||       be obtained by using porous diffusers for feeding methanol directly to a cell chamber. 

Comparable power densities, voltages, and chemical oxidation rates at the cathode 
5^       were found.  Substantial reduction in the rates of chemical oxidation of methanol, 

to satisfactory levelfi, is attainable using Dacron felt diffusion barriers, or 
**       alternatively, a gelled electrolyte.  In addition, natural  convection, rather than 

blowers, can be used to supply air to individual cells at currents as high as 100 
T|       ma/cm. 

**       5.7 Task G, Prototype Development 

0 Phases 1 and 2 - Self-Coatained Methanol Multlcell Unlt- 
Operating Characteristics of Sixteen Cell Stack 

The operation of the sixteen cell multlcell unit demonstrates the feasibility 
Oof constructing and operating a stable, self-sustained, methanol battery that responds 

quickly to load changes.  Power outputs could be further Increased to 120 watts with 
the use of improved catalyst preparative techniques, the gold-coated tantalum screen 

0       structures, and some design changes in the unit. This corresponds to about 25 mwatts/ 
cm?. Most of the voltage debits were attributed to polarization at the two electrodes. 
Fuel and air distribution to the cells were good. The average cell temperature and 
temperature distributions at steady state attained the levels expected; the average 

I«       temperature was about 70°C for a wide range of operating conditions. Water loss from 
the stack was somewhat higher than expected and was found to correlate with the ex- 

*       haust gas temperature. Chemical oxidation rates at optimum conditions were high, 
about 15 ma/cnr. This rete can be reduced to 5 ma/car  with about a 20% performance 
Oloss. Tests with formaldehyde substituted for methanol as fuel resulted in power 

outputs of 35 mwatts/cm , indicating that trioxane, 3 solid polymer of formaldehyde, 
could be useful during cold startup as a methanol unit. 

Phase 3 - Auxiliaries and Controls 

I 
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A new diffusion controlled analyzer has demonstrated linear response to 
methanol concentration, insensitivity to impurities, and long life. With the 
successful testing of a temperature compensation circuit it Is now ready for further 
development as a controller. A small, low power pump, constructed for circulating 
electrolyte, has demonstrated an ability to operate on less than 1 watt. 
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I SECTION 6 

PROGRAM FOR NEXT INTERVAL 
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Catalyst cost is the primary factor presently limiting the use of the 
hydrocarbon-air fuel cell. Since the latter part of 1964, when high petformance 
with liquid hydrocarbons was achievfd, attention has been focused on the problem of 
catalysis. A number of technically valid ideas on how to formulate inexpensive, 
non-noble metal catalysts have been generated, and these approaches will be inves- 
tigated in the next program period.  In addition, progress has been made on in- 
creasing the utilization of noble metal catalysts' using conductive supports, and 
this work will be continued to determine the extent to which utilization can be 
improved. 

The successful operation of a multicell methanol stack has been achieved. 
Futurs work will emphasize thf development of a self-containe»! methanol bactery 
with an integrated process and electrical system. A program of testing and evaluation 
of th'i components will be undertaken to improve the reliability of the unit.  In 
addition, research on methanol cells will continue with the main objectives of 
reducing catalyst cost and improving electrode performance. 

The past and projected distributions of effort on each of these tasks are 
as follows.  The emphasis will depend on the rates of progress in each area. 

Effort Expended in 1965. % 
Actual Projected 

^ask Title January-June 

35 

July-December 

A Hydrocarbon Electrode 37 
B Hydrocarbon Fuel Cell 2 3 
C New Systems 15 13 
D Methanol Electrode 15 16 
E Air Electrode 2 1 
F Methanol Fuel Cell 7 5 
G Prototype Development 24 25 

Research and development is expected to concentrate,during the second half 
of the year, on the areas discussed below. 

6.1 Task A. Hydrocarbon Electrode « 

Catalysis will continue to receive the most attention in future research 
efforts.  The work will continue to be directed toward the use of liquid hydro- 
carbons in the Jet fuel boiling range. Emphasis will be placed on investigations 
of non-noble metal catalysts. However, in order to maintain a balanced effort, 
further work will be undertaken to Imprc/e the utilization of platinum.  The goal 
of this work will be reduction of platinum loading to less than one mg/cnr and the 
use of the lowest possible temperatures consonant with adequate performance will 
be emphasized. Operation at temperatures up to 200-300oC will be studied to define 
the optimum level.  The program on non-noble catalysts will continue to develop two 
approaches. First, catalytically active metals of Groups VII and VIII will be in- 
corporated into compounds stable enough for use in acid electrolyte.  Second, alloys 
of non-noble metals and other compounds with poor acid stability will be prepared 
and evaluated in buffer electrolytes. The demonstrated activity of noble metal 
catalysts justifies their further development only if catalyst loading can be 
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substantially reduced.  The approach will continue to be to disperse the catalyst 
on conductive supports as well as to explore techniques for increasing intrinsic 
activity. 

Research on acid resistant, non-noble metal compounds wil.l continue on the 
mixed oxides and will expand into the mixed interstitial carbides of transition 
elements.  The workirg principles leading to acid stability and conductivity will 
continue to be defined prior to the determination of catalytic activity. 

The cata.'ytlc properties of non-noble metal alloys and of mixed oxides 
with poor corrosion resistance will ba evaluated in buffer electrolytes. Alloys 
will be chosen on the. basis of average d-band vacancies and adsorption tendencies. 

Carbon and other conductive refractories will be examined as supports for 
noble metal catalysts.  Techniques for increasing the activity of supported catalyst 
such as the use of silicates and molecular sieves as ancillary substrates with carbon» 
will be explored.  The possibility of using some of the interstitial compounds of 
this program as supports will be considered.  Since thin electrodes increase catalyst 
utilization, further development: of electrode structures is planned. 

If warranted by catalyst developments, s.udies will be initiated to modify 
or develop particular electrode structures using new catalysts. In all of the 
catalyst studies, gaseous hydrocarbons will be used as model fuels In preliminary 
tests. Attractive catalysts will be tested with liquid hydrocarbcn.s, generally at U 
100 to lOO'C. 

The feasibility of a liquid-phase steam reforming process for hydrogen gen- 
eration will be assessed. A successful liquid phase operation could remove a major 
disadvantage of steam reforming, the low thermal efficiency. Work will be carried 
out to determine the rate of reaction and hydrogen reductivity with liquid phase 
operation at 150 to 250oC using an active, non-noble metal catalyst. 

6.2 Task B. Hydrocarbon Fual Cell 

Engineering research on total cells operating at 150oC will be extended to 
produce an operable design with existing electrodes. Emphasis in this program will 
be on development of components. , . 

I ■  i 
6.3 Task C. flew Systems LI 

Discovery of a new electrolyte, pyrophosphoric acid, which can be operated 
at 250-300oC, has raised the possibility of using operating temperatures higher than 
previously possible.  The capability of this system has now been defined for massive 
platinum electrodes. Work wf.ll be continued to determine the exten' to which platinum 
loa^'-ig can be reduced in this system.  Limited studies on materials of construction 
will  ?. continued in order to assess the corrosion problems inherent in this system. 

The capabilities of low temperature buffer electrolyte systems have been 
demonstrated in half-cells.  Further work will be carried out to assess the per- 
formance of a total cell operating with potassium carbonate electrolyte. Estab- 
lishment of a suitable means for rejecting carbon dioxide from the system will be 
of prime Importance since cathode performance is sensitive to pH. Further work 
will also be carried out on the concentrated, high temperature buffer systems to 
determine whether air electrode performance can be improved. M 
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Other areas to be Investigated include the dynamic electrode and exploratory 
electrolytes. Work on the dynamic electrode will be undertaken to define the extent 
to which catalyst utilization can be Improved.  Exploratory work on electrolytes 
for use at 250 to 300°C will be carried out. 

6.4 Task D. Methanol EL.jtrode 

Incentives still exist for research on the methanol electrode, although 
active catalysts were developed in 1964. About 25% of the total efficiency loss 
in the methanol-air cell can be attributed to the anode catalyst. Thp/afore, prom- 
ising catalysts prepared in the program of Task A will be evaluated for methanol 
activity. In addition, studies will be made to reduce catalyst loading consistent 
with performance, stability, attrition, and fabrication requirements by using con- 
ductive supports such as carbon. 

6.5 Task E. air Electrode 

Effective structures for air electrodes in acid and buffer electrolytes 
are now available. However, the initial polarization of oxygen catalysts remains 
an unsolved problem and continued catalyst research is planned. This program will 
be integrated with the anode catalyst studies and promising compositions will be 
evaluated for oxygen reduction activity. Further work on membrane-less air electrode 
will also be undertaken since this could reduce the cost and improve reliability. 

6.6 Task F. Methanol Fuel Cell ?  I s 
=    ■ 

Large methanol fuel cells, alone and in multicell units, have demonstrated 
[good performance. However, further definition of chemical oxidation and the mass 

and energy flow in these cells is needed for advanced cell and battery design. Work 
to reduce chemical oxidation by reducing the rate of transport of methanol to the 
cathode will be undertaken. The use of barriers in the interelectrode space and 
immobilized electrolyte will be investigated. A study of systems which could be 
used for heat and water balancing will be made. Also, alternate anode designs will 
be considered to improve methanol contacting with larger electrodes. 

i t*j 

L 

1  f 

6.7 Task G. Prototype Development 

The major goal of the program on prototype development will be the design 
r^        and construction of a self-contained methanol battery which will deliver at least 

60 watts. The battery p?-kage will contain a multicell stack, a fuel supply, aad 
t-i        an integrated process p  . lectrical system. The cell stack is already essentially 

developed, and most of the effort will be directed toward features required to in- 
f-|        tegrate the system fully. Methanol and acid concentration controllers will be 

tested for reliability. These and the electrolyte circulation pump will be incor- 
porated into the system.  In addition, a water economy unit will be developed for 
the system. 
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SECTION 7 

IDENTIFICATION OF PERSONNEL AND DISTRIBUTION OF HOURS 

7.1 Background of New Personnel 

William R. Epperly (M.S., Chemical Engineering, Virginia Polytechnic Institute) 
is currently section head responsible for all fuel cell research activities. 
He was formerly section head of separations research. He has been with Esso 
Research since 1957 and during most of his career has been involved in research 
and development of separations processes.  In addition, he has worked on hydro- 
carbon conversion processes such as steam reforming, hydrogen treating, and 
pyrolysis. He has four U.S. patents, thirueen patents pending, and one publi- 
cation. 

Herbert H. Vickers (Mechanical Engineering Degree, Southampton University, 
England) has a total of 38 years txperience in various areas of construction 
and research. He has spent 28 years with Esso Research on a variety of special 
assignments including design and construction of process equipment, developing 
testing procedures, and fuel cells. He holds over 20 patents and has published 
5 technical papers. 

Martin Lieberman (M.S., Chemical Engineering, The Polytechnic Institute of 
Brooklyn) joined Esso Research in April, 1965. He has been engaged in studies 
of various problems relating to the methanol battery. Prior to his employment 
with Esso,he spent 5 years in various aspects of semiconductor development 
where he worked on transistors and thermoelectric power plants. He has also 
studied heat recovery and air pollution systems. He has one patent which is 
pending. 

7.2 Distribution of Hours 

The following are the technical personnel who have contributed to the 
work during the reporting period 1 Jan. 1965 - 30 June 1965 and the approximate 
number of hours of work performed by each; 

Morton Beltzer 928 
George Ciprios 822 
William R. Epperly 718.5 
I-Ming Feng 826 
Carl E. Heath 120 
Eugene L. Holt 834 
Hugh H. Horowitz 871.5 
Donald E. LeClair 536 
Duane G. Levine 870 
Martin Lieberman 440 
John M. Matsen 956 
Andreas W. Moerikofer 850 
Charles E. Morrell 880 
Eugene H. Okrent 804 
Robert K. Resnik 762 
Joseph A. Shropshire 928 
Barry L. Tarmy 849 
Charles E. Thompson 932 
Herbert H. Vickers 688 
Elliot A. Vogelfanger 888 
James A. Wilson 740 
Abraham A, Zimmerman 900 

Total   17,143 
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APPENDIX A-l 

EQUIPtlENT USED FOR BUTANE 
ADSORPTION RATE MEASUREMENTS 

The apparatus used for Che flowing electrolyte experiments is shown in Figure A-l, 

The platinum black powder was held at the upper face of an 18 mil porous tantalum 
sheet by the downward flow of electrolyte. The two liter flask containing 3.7 M 
JUSO, was briskly stirred and saturated with Instrument Grade butane.  Electrical 
connections were made to the porous tantalum plate (via a gold current collector), 
an auxilliary electrode in the flask, and a saturated calomel electrode with Luggin 
capillary about 1/4 inch above the surface of the tantalum plate. The tantalum was 
cleaned by gentle wire brushing and a once-through application of aqueous HF followed 
by deionized water prior to each use. 

Fotentiostatted triangular or sawtooth voltage signals were applied to the working 
electrode from a modified Anotrol Model (4101) Research Controller fed by the output 
of a Servomex LF 51 function generator. The resultant I-V(t)functions were recorded 
on a Moseley Model 135 x-y plotter and coulombic quantities of fuel oxidized were 
obtained by integration of the desired peaks using a planimeter. 

The parts of the flow system shown in Figure A-l are identified as follows: 

A - Teflon Stopcock 

B - Gold Current Collector 

C - Porous Tantalum Plate 

D - Powdered Platinum Black 

E - Clamp 

F - Insulation (over tape heaters) 

G - 2-Liter Flask 

H - Luggin Capillary 

I - Counterelectrode 

J - Butane Sparges 

K - Thermometer, with Therm-O-Watch Relay 

L - Saturated Calomel Electrode 

M - Condenser 

N - Make-up Addition Bottle 
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Figure A-l 

Flow System for Butane Adsorption Measurements 
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APPENDIX A-2 

SUMMARY OF BUTANE ADSORPTION RATE MEASUREMENTS ON PIATOTOM - CONTimjOUS SCAK 

Platinum Black,  3.7 M ^SO^,  Scan 0-1.12 Volts Versus S.C.E. 

Temperature) 
°C 

95 

95 

95 

95 

100 

90 

80 

95 

Flow Rate. 
cc/mln 

23.5 
36 
45 
53 
54 

9 
12 
16 
28 
35.5 
58 
64 

21 
17 

18 
31 
40 
43 

64 

64 

64 

64 
64 
64 
64 

cn 

Butane 
Accumulated > 

mc/mR 

16.7 
25.5 
32.7 
32.8 
32.4 

8.76 
10.1 
14.1 
20.4 
24.7 
31.5 
32.1 

21.6 
16.6 

26.6 
31.3 
33.0 
31.0 

43.2 

28.2 

21.8 

15.6 
22.2 
32.9 
45.9 

Catalyst 
Loading , 
mg/cnr 

25 

10 

25 

10 

10 

10 

10 

10 

Continuous 
Scan Rate, 
volts/sec 

0.022 

0.022 

0.022 

0.022 

0.028 

0.028 

0.028 

0.055 
0.036 
0.022 
0.016 

Remarks 

3.8 cm2 total area,Engelhard Pt 
black 

Engelhard Pt black - variation in 
catalyst loading. Same scan as 
above. 

Lithium - Reduced Ft 

Formaldehyde • Reduced Platinum 

Temp Study Ä E* ^ 10 k cal/mole 

Engelhard Pt black 

Scan Rate Study 
Engelhard Pt black 

(1) Did not reach flow-independence levels. 

i i i 
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Figure A-2 

Expected Butane Adsorption During Scan 
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APPENDIX A-3 
TYPICAL BUTANE ADSORPTION RATE CURVES 
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APPENDIX A-4 

SUMMARY OF BUTANE ADSORPTION RATE MEASUREMENTS ON PLATINUM - SAWTOOTH SCAN 

38 mg Engelhard platinum black, 95°C, 3.7M KSO.,  Scan to 1.12 volts versus S.C.E. 

; 1 

Potential, Adsorption Butane 
volts vs Time, Accumulated, 
S.C.E. sec millicoulombs 

■HI.15 6.2 911 
11.0 1172 
15.4 1211 
17.1 1347 
20.6 1501 
28.3 1723 
33.6 1782 
41.2 2005 
53.3 2225 

40.15 5.4 814 
10.5 1104 
14.8 115? 
15.6 1172 
21.0 1413 
26.1 1413 
35.6 1752 
46.0 1883 

40.10 6.2 1047 
7.5 1038 
9.8 1299 
13.5 1472 
22.5 1821 
24.6 1929 
30.2 1938 
40.3 2441 
51.7 2643 

40.10 6 = 3 1007 
9.7 1132 
14.1 1269 
15.5 1289 
21.4 1675 
29.3 1S37 
40.3 2257 

40.10 6.7 1270 
10.8 1502 
15.5 1598 
21.0 1905 
28.3 2132 
42.0 2537 

40.05 5.4 824 
8.1 1066 
13.6 1338 
18.4 1569 
27.4 1976 
42.0 2450 
54.2 2655 

■HJ.05 6.6 1007 
11.8 1230 
16.0 1442 
21.8 1579 
31.1 1850 
40.9 2315 

Observed Steady State 
Adsorption Current 

Rate, Correction, 
ma/mg       ina/ma   

: i ! : 

0.71 0.82 

0.59 0.82 

1.02 0.58 

1.00 0.58 

1.05 0.58 

0.99 0.33 

0.98 0.33 

Remarks 

Series I. 
% - 0 

Total Adsorption 
Rate • 1.54 ma/mg 

Series II, 
ÖH - 0.02 

Total Adsorption 
Rate • 1.41 ma/mg 

Series I, 
9„ - 0.041 
n 

Total Adsorption 
Rate a 1.59 ma/mg 

Series II, 
9H - 0.056 

Total Adsorption 
Rate • 1.58 ma/mg 

Series III, 
e„ 0.041 

Total Adsorption 
Rate ■ 1.63 ma/mg 

Series I 
eH = 0.173 

Total Adsorp .ion 
Rate »1.32 ma/mg 

Series II, 
9, H 0.178 

Total Adsorption 
Rate - 1.31 ma/mg 

i ; 
:  i 

i   i 
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APPENDIX A-4 (Cont'd) 

SUMMARY OF BOTANE ADSORPTION RATE MEASUREMENTS ON PLATINUM - SAWTOOTH SCAN 

mg Engelhard platinum black, 950C, ?..7M HjSO., Scan to 1.12 volts versus S.C.E. 

D 
D 

I n 
Li 

i 
j 

: 1. 

I n 
1 U 

I n i  u 

Observed Steady State 
Potential, Adsorption Butane Adsorption Current 
volts vs Time, Accumulated, Rate, Correction, 
S.C.E. sec millicoulombs 

1485 

ma/me 

1.14 

ma/mss Remarks 

+0.05 8.5 0.33 Series III, 
11.8 1629 eH = 0.142 
16.7 1821 
22.3 2172 Total Adsorption 
27.0 224? Rate " 1.47 ma/tng 
37.5 2770 

0.0 5.8 736 0.67 0.13 Seriös I, 
7.9 834 eH - 0.296 

10.6 853 
18.2 1057 
26.0 1318 Total Adsorption 
38.0 1550 Rate ■ 0.80 ma/mg 

0.0 7.2 936 0.42 0.13 Series II, 
12.2 988 ÖH - 0.316 
13.9 940 
16.9 1075 Total Adsorption 
17.3 1018 Rate = 0.55 ma/mg 
19.1 1114 
25.6 1114 
25.9 1230 
23.5 1318 

0.0 8.4 1231 0.55 0.13 Series III, 
8.4 1189 eH = 0.311 

12.3 1250 
18.6 1375 Total Adsorption 
20.1 1482 Rate -  0..)8 me/mg 
30.7 1628 
38.8 1880 

-0.025 12.3 1066 0.28 0.0 Series III, 
16.8 1066 eri = 0.449 
23.2 1142 
30.3 1220 Total Adsorption 

Rate - 0.28 ma/mg 

-0.05 9.8 950 -O.C 0.0 Series III, 
15.6 1056 9H = 0.495 
19.9 950 
22.6 1115 Total Adsorption 
31.8 989 Rate - 0.0 ma/mg 
38.5 1027 
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APPENDIX A-5 

ESTIMATION OF EXPECTED BUTANE ADSORPTION DURING 
VOLTAGE SCAN IN FLOWING ELECTROLYTE SYSTEM 

Li 

One further evidence of the decline in butane adsorption rate as potential moves 
positive to +0.15 volts vs S.C.E. was obtained from the maximum butane adsorption 
on platinum black under flow conditions. This value, millicoulombs fuel/milli~ 
coulombs oxide (1.3 volts) ■ 1.61, was abtit equal t that observed previously in 
stagnant systems (1.58).  Since under high flow conditions a significant contribu- 
tion to the observed coulombs is expected as oxilized fuel is replaced during the 
time of the scan, this observation suggests that fuel adsorption rates are very low 
in the middle potential region prior to the onset of oxide formation. 

The expected fuel contribution during the scan was estirated from: 
■t2(v0) 

AQ = /     Ro <i-8bHi-e_) dt 
J  t^Vj) 

where 9. represents the coverage with butane and a 6    term was included to accom- 
modate the fact that surface oxide formation will unaoubtedly interfere with fuel 
adsorption. R0 is the maximum butane rate of adsorption, the value 1.6 ma/mg taken 
at +0.10 volts vs S.C.E. 

Values of 9, and 9  were obtained from the scan curves for saturated and blank elec- 
trodes as a function of potential (time) during the scans at 26 nw/sec. Two ©oxide 
functions were assumed:  (1) one with 90Xide equal to unity at ona-half the total 
coulombs required for 2 electron PtO formation. This would be the case if PtOH were 
formed first or if PtO were formed on half the sites: and (2) ^oxi^g equal to one 
at full 2 electron oxide level. 

The combined function is shown in Figure A -2 , plotted against time. The two in- 
tegrals correspond to additional butane contributions of 10 and 15% respectively 
expected '.uring the course of the scan. Since the observed contribution is essen- 
tially negligible, it is concluded that butane adsorption rate must fall to essen- 
tially zero in the potential range of the scan where re-adsorption of fuel is possible. 
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APPENDIX A-6 

in 

1 

ELECTROCHEMICAL CHARACTERIZATION 
 OF PLATINUM BLACK  

The commercial (Engelhard) platinum black used in the study of butane 
adsorption was electrochemically characterized using the voltage scanning tech- 
nique. Measurements were made using the pressed electrodes described previously, 
immersed in argon-sparged 3.7 M H2SO4 at 80oC. Adsorption-discharge of protons 
to form H* in the region negative to + 0.2 volts vs S.C.E. was defined as a 
function of potential from anodic scans. The coulombs required to reduce the 
oxide formed by anodization to a fixed potential of _1.3 volts vs S.C.E. was 
measured.  A summary of this data is given in_Table A-l, and fractional H* 
coverage plotted against potential in Figure A-3. 

io 
The quantity of coulombs requ 

the surface is seen tu correspond close 
oxide reduction from 1.3 volts vs S.C.E 
atom per platinum atom the surface at 1 
consist essentially of a completed laye 
quired for hydrogen deposition was also 
electrochemical surface area of the cat 
as the value for H. deposition on one t 
about 23 m^/gm was calculated. This va 
found by the nitrogen B.E.T. method. 

ired for the maximum deposition of H* 
ly to one half the number required for 

On the usual assumption of one hydrogen 
3 volts vs S.C.E. is thus believed to 

r of PtO. The quantity of coulombs re- 
used to calculate a rough value for the 

alyst. Using a value of 210 H coul/cm2 

rue cm2(j}, 16), a total surface area of 
lue agrees fairly well with the 28 m^/gm 

Table 4-1 

Hydrogen Deposition on Platinum As 
a Function of Potential 

ID 

1D 
u 

I u 

1 n 
1 11 

Equilibration Potential, Total H., Fraction of 
volts vs S.C.E. mc/mp Max H. 

|                    +0.05 6.54 0.14 

+0.02 12.0 0.25           j 

0.0 15.4 0.32 

-0.02 17.2 0.36 

-0.04 19.7 0.41 

-0.06 22.8 0.48 

j                    -0.08 29.1 0.61 

!                     -0.10 37.2 0.78 

-0.12 42.6 0.89 

1                     -0.144 47.8 1.00 

48 mg sample of Engelhard Pt black; total oxide 
reduction from 1.3 volts vs S.C.E., Q (1.3) = 100 mc/n.g. 

143 

LJ 



Figure A-3 

Hydrogen Coverage versus Potential 
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APPENDIX A-7 

REPLACEMENT OF ADSORBED BUTANE WITH HYDROGEN 

e 

u 
3 
o 

5 

+400 ■ 1 1       1 i —1 1 

+200 - 

A / 
"^^: 

0 

1     B ^"' 

-200 ""~ A^ ̂
 

Gas Evolution 
-400   

/^^ 
\ 

Evident at     _ 
This Potential 

-600 1 /ifr      i 1 1 
-0.2 -0.1 

Potential, volts vs. S. C E. 

0.0 +0.05 

Curve A:  anodic scan, no adsorbed butane. 

Curve B: cathodic scan, no adsorbed butane. 

Curve C: cathodic scan, with adsorbed butane. 
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APPENDIX A-9 

IMPLICATIONS OF A TWO-SITE INTERACTION IN 
THE OXIDATION OF CARBONACEOUS FUELS 

The differentiation of the platinum surface with respect to adsorption of 
two different "types" of hydrogen is well known, and has been the subject of numer- 
ous investigations in recent years. (J.17-20)• As indicated in phase 1, part b, it is 
now apparent that the surface of platinum can also be differentiated with respect 
to butane adsorption.  Franklin and McClelland(20) have also noted relationships 
between H2O2 decomposition and quantity of Type II (more anodic) hydrogen on the 
platinum surface.  If it is assumed that this surface differentiation extends to 
water as well as fuel interactions, a reaction scheme emerges which is applicable 
to oxygenated and olefinic as well as saturate fuels. 

Basic Postulates 

The generalized scheme of fuel reaction is assumed to be: 

(1) H20 ». H20* adsorbed 

(2) Fuel ►-Fuel* (adsorbed) 

(3) M + H20*  ^ M-OH + 1^+6 

(4) M-OH + Fuel*., ^ C02 + H20 + M (etc) 

I 
The basic postulate to be advanced here is that the platinum surface Is differen- 
tiated into two types of sites with respect to water interaction as well as fuel 
adsorption.  Thus, in a general way, if a fuel adsorbs strongly enough to block 
those water sites which normally are active at the most negative potentials, it will 
require high polarization for its oxidation, i.e. by interaction with those water 
sites active at more positive potentials. 

We will define: 

i Ü 
1.  A Type A water site is related in existence to the Type I H site, 

the M + H2O    » M-OH + ff1" + e reaction being slow on these sites 
and occurring at the most negative potentials. 

2. A Type B water site is related in existence to the Type II H site, 
the M + H2O *-M-0H + IT1" + e reaction essentially a fast, equili- 
brium function of potential at more positive levels. 

In addition to these postulates it is assumed that all carbonaceous fuels 
will be oxidized to CO2 if the electrode is severely polarized to significant plat- 
inum oxide formation.  With these assumptions the electrochemical behavior of each 
fuel is thereafter determined by its adsorption behavior.  Butane, formaldehyde and 
ethylene will be discussed as representative of the various classes. 

Adsorption-Reaction of Butane 

Butane, as discussed previously, adsorbs only on Type II sites.  As a 
result, interaction with "A" water sites can occur at the most negative potentials. 
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r i 
This leads to: -^ 

i I 

;H20*(A) (equil) 

C4H10"^Z^.C4H10*(II) (equil in Tafel) 

(7) M + H20*A  ». M-OH(A) V 1^ + e (R.D.S.) 

(8) M-OH(A) + C4H10*(II)  *- M + C02 + H20 (fast) 
| | 

In the Tafel region, equilibration of reaction (6) produces an electron 
discharge limitation with expectation of 2 RT/F behavior starting at low polariza- 
tions.  This agrees well with prpvious observations on the butane system in 3,7 M 
sulfuric acid at 100oC (5.6). The limiting current, as discussed previously, is 
dictated by Reaction 6.  The observed characteristics of butane as well as HCHO and 
ethylene reaction are summarized in Table Ä-2. 

Adsorption-Oxidation of Formaldehyde 

The single carbon oxygenated fuels adsorb strongly on both Type I and II 
sites at equilibrium.Cl>21). The fuel adsorption on Type I sites precludes the adsorp- 
tion of water and type "A" metal-'.rat er intereaction.  Thus the potential equilibrates 
at the more positive levels of type "B" metal water interaction, an increase in po- 
tential of 0.2-0,3 volts.  Interaction of fuel on Type I sites with the fast M, MOH 
reaction on "B" sites would produce a limitation by Reaction 4 with resultant RT/F 
behavior at low currents. This behavior is characteristic of the oxygenated single 
carbon fuels on platinum in acid. (1.2) Thus; 

(9) HCHO S  u HCHO* (I and II) equil 

(10) M + H20(B)^=^M-OH(B) + H
+ + e (equil) 

(11) M-OH(B) + HCH0*(I) *■  M + C02 + H20 (R.D.S.) 

For comparison typical performance curves (E-log I) for butane and formaldehyde are 
shown in Figure Ä-4. 
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Table A-2 

Oxidation Characteristics Of Various 
Fuels  In Sulfurlr, Acid Electrolyte 

Observed 
Characteristic 

Fuel 
Butane HCHO C,H, 

Type I 
Adsorption 

Type II 

None 

Complete 

Complete 

Complete 

Some 

Complete 

Initial Polarization , 
mv versus N. H. E. 100 

450 »Initial Trans- 
ient at 100 3 SO'' 

Tafel Slope 2 RT/F RT/F 2 RT/F** 

Fuel Cone Dependence, 
Tafel Region 0 0 <o' 

Fuel Cone Dependence, 
Limiting Region <l/2 (~l/2, CH3OH) 

* 
1 

t Data of Wroblowa et al, see reference (24i. 

* Diffusion limited, under conditions employed. 

Figure Ä-4 

Comparison of Butane and Formaldehyde Performance 

O.C 100 

Current,    ma/cm 
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Application to OsclllatlonB 

The two site postulate lends Itself well to explanation of oscillatory 
phenomena. Consider the formaldehyde system under galvanostatlc operation. At 
high currents an adsorption limit of fuel on Type I sites occurs while fuel remains 
on Type II sites. Adsorption of water than on "A" sites (related to type I) allows 
a low potential Interaction of M, MOH on "A" sites with fuel on Type II sites. 
Polarization then decreases until "A" sites are blocked by continued fuel readsorp- 
tlon or formation of a refractory A-H product. The resultant oscillation of poten- 
tial would be expected to closely resemble the now-famllar oscillations observed 
with oxygenated fuels in acid solution.(1.2) 

Behavior related to these oscillations, is often exhibited immediately 
after the open circuit Immersion of a freshly prepared oxided platinum electrode 
in formaldehyde-sulfuric acid solution. In this case fin immediate very low polari- 
zation is achieved by A-II interaction, followed by gradual increase in polarization 
as fuel readsorbs on Type I sites, blocking this reaction. This behavior is indi- 
cated ty the dotted line in Figure Ä- 4, 

Similarly, in the case of a low polarization saturate fuel reaction, the 
formation of a stable oxygenated intermediate would be expected to block "A" sites 
as discussed previously. This would lead to increasing polarization until the oxy- 
genated species is removed by B-I interaction, the potential then returning to its 
original levels. Such oscillations are common with the saturate fuels. 

Adsorption-Oxidation of Ethylene 

Ethylene is believed to represent the middle ground between reaction ol 
saturates and oxygenated fuels. At atmospheric pressure the relatively high cover- 
ages(22,23) indicate adsorption on some Type I as well as Type II sites. With the 
olefin, the adsorption on Type I sites is believed to Che sufficiently Incomplete 
as to allow the A-II interaction to occur. This leads to the observed ( 24 ) 2RT/F 
behavior with polarization Increased by the low number of "A" sites available. Since 
the adsorption of ethylene on Type I sites appears to be reversible (22 ) the re- 
action would be expected to have a negative pressure dependence i.e., (dl/dp)-<0 
in the Tafel region as increased coverage blocks "A" sites. These predictions agree 
well with the behavior observed by Wroblowa et al. ( 24 > it would seem probable that 
ethylene reaction would tend to approach that of oxygenated fuels at higher pressures, 
as blocking of "A" sites approaches completion. 

Summary 

In addition to organization of the reaction of carbonaceous fuels, the 
two-site postulate lends Itself well to other aspects of reaction on platinum black. 
Thus the controversial water versus peroxide production upon oxygen reduction might 
very well be considered in a similar light. 

The proposed two-site scheme is not Intended to present u thoroughly com- 
plete and satisfying description of these complex reactions. It does appear, how- 
ever, to bring together a wide variety of observations on seemingly unrelated 
phenomena. 
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APPEMDIX A-10 

BUTANE ADSORPTION - NON-PLATINDM CATALYSTS 

Voltage Scans Covering 1.3 Volts 

Potential of 
Adsorption Adsorption, 

Catalyst Electrolyte tffllB.  'C liBUJViJL. Volts U S.CE. 

NljB 1 M BaOH 80 u -0.83 

1 M NaOH 80 30 -0.83 

1 M NaOH 80 60 -0.83 

NirB 1 M KHjPO^ 
80 30 -0.6C 

1 M K2HP04 

1 M KHjPO^ 

1 M K2HP04 

80 60 -0.60 

Nl-Au 
1 M KH2P04 

1 M K2HP04 

95 30 -0.60 

1 M KH2PO 

1 H K2HPO, 
9J 60 -0.60 

Ni 
1 M KH2P04 

1 M I'2HP04 

80 10 -0.60 

Ph 0.37 M H2S04 80 60 +0.0 

0.37 M H2S04 eo 100 +0.12 

1 M N82C03 

1 M NaHC03 
80 60 -0.55 

1 M Na2C03 

1 M NaHCO 
80 105 -0.55 

1 M K2HP04 

1 M KH2P04 

80 30 -0.4 

1 M K2HP04 80 60 -0.4 
1 M KH2P04 

1 M K2HP04 

I M KH2P04 

80 100 -0.5 

14.7 M H3P04 150 60 +0.05 

14.7 M H3P04 150 120 +0.05 

Ir 3.7 M H2S04 6T 60 +0.05 

14.7 M H3P04 150 60 +0.16 

14.7 M H P04 150 120 +0.16 

Accumulated Fuel, 
mllllcoulombs 

mllllgrar 

nd 

nd 

nd 

19.8 

18.5 

nd 

nd 

nd 

nd 

Trace 

7.7 

16.C 

26 

22.4 

27 

Remarks 

nd  (1) Oxide reduction - 02 
evolution seem fairly nd reversible. 

nd 

nd Anodic oxldatl'.    (dissolution) 
'/eaks (8 -0.4 - 0.5 volts V6 
S.CE. 

nd 

Character of both components 
visible in voltage scan. 

Blank to check oxide. 

Oxidizes very high polarization. 

Q Fuel/0 Oxide - 0.41 

Carbonate Reduction-Reoxidation 

Carbonate taductlon-Reoxidation 

Oxidizes at very high polarlzatloni 

Q Fuel/Q Oxide - 0.18 

Q Fuel/Q Oxide - 0.43 

Oxide poorly defined. 

Note similar value,  H2S04    80oC 

(1)    None detected. 
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APPENDIX A-.14 

i. 
- 
IJ 

:' 

STATISTICAL EVALUATION OF PLATINUM 
. ON CARBON PREPARATION VARIABLES 

I. Estimate of Standard Deviation. 

The data below represent the replications used to establish the 
repeatability of the screening runs on the platinum-on-carbon catalysts. The 
replicates are imperfect, actually including variations in the percent Teflon, 
the means of mixing the carbon and the Teflon,and the pH of the wash water, all 
of which had small effects relative to the improvements being sought. Therefore« 
the calculated variance is undoubtedly higher than the true variance. The 
logarithm of the current density is used in these analyses in accordance with 
electrochemical theory. The current densities have been corrected to a fixed 
catalyst loading and a fixed polarization. 

Table A-3 

Calculation of Independent Measure of Variance 

, 

n 
i 

L 

P 

Description Log Activity 
(3 4?= 0.40 voltsW Sum of Degrees of Catalyst Reduction 

Method(l) Squares Freedom 

Colloidal 
Pt/C Citrate 0.477, 0.602 0.0078 

M " (3) 0.380, 0.505 0.0078 
11 HCHO 1.000, 1.176 0. 0155 
II Citrate (2) 0.270, 0.330 0.0018 
11 CO (2) 0.301, 0.699 0. 0792 

Pt-Ir/C NaBH4 (3) 0.945, 1.265 0.0515 
ii NaBH4 1.000, 1.146, 1.301 0. 0453 

adsorbed Pt 
on c-5SiO High Temp.(3) 1.362, 1.398 

1.447, 1.544 0.0525 5 
1.591, 1.602 

Total 0.2614 

Variance = 0.0201 /= 13 

(1) 
(2) 
(3) 
(4) 

13 

Activation treatment except where noted. 
No activation. 
SCTE electrodes; all others are C-T II type. 
Activity measured in ma/cm^ adjusted to 2 mg/cnr catalyst loading. 

Conclusions 

The standard deviation of the logarithm Indicated a one slgma 
variation extending from 72% to 139% of a given value. 
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II. Effect of Electrode Type 

Two different electrode structures were used in evaluating the 
catalysts prepared. Each of these was evaluated using three different catalysts. 
The numbers given are averages of the logarithims of the specific current densi- 
ties. There were minor differences between the preparations averaged as dis- 
cussed in I but all were activated (See III). 

Table A-4 

Data Used in Electrode Evaluation 

Electrode 
Type 

Logarithm of Avera^e Butane Performance, ma/tng, 
(a 97= 0.40 volts, 14. 7W U3PO4, 150oC. 

CO Reduced 
Colloidal Pt/C 

Citrate Reduced 
Colloidal Pt/C 

Impregnated 
Pt-Ir/C 

G-T II 
SCTE 

0.699 
1.000 

0.239 
0.142 

0.848 
0.804 

Table A-5 

Statist :ical Evaluation of Electrode Activity 

Source 
Sum of 
Squares 

Degrees of 
Freedom Variance 

Variance 
Ratio (1) 

Catalyst Preparation 
Electrode Type 
Interaction 

0.5591 
0.0042 
0.0468 

2 
1 
2 

0.2796 
0. 0042 
0.0234 

13.9 (2) 
0.21 (3) 
1.2 (3) 

Total 

Independent Measure 
of Variance 

0.6101 

13 0.0201 

! 

j i 

(1) Based on Independent Measure of Variance 
(2) Significant at 99+% confidence level 
(3) Not statistically significant 

Conclusions 

While the effect of catalyst preparation is very large and statistically 
significant there is no effect of electrode type.  It is recognized that 
since some of the points represent averages, a more exact but more com- 
plicated analysis could have been done. However, the effect of electrode 
structure was so small that it could not have been made statistically signifi- 
cant by the additional analysis. With this shown, data on both electrode types 
could be combined in the next analysis. 
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III. Benefit of Activation Technique 

Experiments were carried out to determine whether the activation 
technique commonly used with      platinum on carbon catalysts was still 
valuable for the new catalyst preparation techniques. Three different 
catalysts were tested with and without the activation technique (Tables 
Ä-6 and Ä-7). 

Table A-6 

4.. 

ID 

Data Used in Evaluation of Activation Technique 

Logarithm of Average Butane Tcrfcrmance, ma/mg, 
Q71 =  0.40 volts, 14. 7M H PO , 150oC. 

1 3 4 

CO Reduced 
Colloidal Pt/c 

Citrate Reduced 
Colloidal Pt/c 

Adsorbed 
Pt/C-5Si02 

Activation Treat 
No Activation 

0.855 
0.097 

0.190 
-1.001 

1.190 
0.929 

In 

D 

Table A-7 

Statistical Evaluation of Activity 

Source 
Sum of 
Squares 

Degrees of 
Freedom Variance 

Variance 
Ratio (1) 

Catalyst Preparation 
Activation Treat 
Interaction 

2.1757 
0.8137 
0.2165 

2 
1 
2 

1.0879 
0.8137 
0.1083 

54.1 (2) 
40.5 (2) 1 
5,4 (3) I 

Total 

Independent Measure 
of Variance 

3.2059 

13 0.0201 

Ü (1) Based on Independent Measure of Variance 
(2) Significant at 99+% confidence level 
(3) Significant at 95+% confidence level 

I Li 
Conclusions 

1 ii 

The difference between the catalysts is highly significant. The 
activation technique also gives a significant benefit. The interaction is 
probably significant. One of the catalyst preparation techniques does not 
benefit as much from the activtion as the other two. The chemistry of the 
situation verifies that this may be the case, since one of the steps in the 
catalyst preparation probably performs the same function as one of the 
activation steps. 
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APPENDIX A-16 

PUTINIZED CARBON TEFLON ELECTRODES 

; 

i 

i 
4- ■ 

L 

n 

Composition 

7.  Teflon 
% Artificial voids 
Mixing Mode 
Mixing time, mins 

Fabrication 

Molding Pressure, cold 
Heat Treatment Temp. "C. 
Heat Treatment 
Time, mins 

Sintering Pressure 
Sintering Temperature °C. 
Sintering Time, mins 

2 
Catalyst Loading,ng/cm 

Electrode thickness, 
em, leas  screen 

Characteristics 

Mechanical Integrity 

Repeatability 

C-T I 
Carbon- 
Teflon 7 

C-T II 
Carbon- 

Teflon 7 

SCTE 
Carbon- 
Teflon 
41 BX 

Rapid Equilibration 
RSCTE 

(absolute) 

33 
25 

Ball Mill 

33 
25 

Ball Mill 

5-30(15)(1) 

Gelation 

10 

Gelation 
30 30 3-5 mins 3-5 alns 

10,000 
193 

10,000 500 500 

120 

2.5<
2) 

0.060 

0 
383 
120 

2.0(2> 

0.048 

1100-10,000(2200)(1)   2200 
349 349 
2 1 

0.6->5 

0.007-Ü.059 

2,5 or 5.0 

0.028 or 0.059 

Very poor Poor Satisfactory Excellent 
to excellent at low 

depend depends on 
thickness 

thickness 

Poor Poor Good Good 

(1) Preferred. 
(2) Maximum effective in 14.7 M H.PO.. 

3 4 
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AfPKmn A-» (COWP) 

ITOfABATIOII AMD FBOrmilES OF FtHmSaitS 

B.    Cobalt ('.cyoundB 

Reference 

31*). 50 

SUiO-e 

31*0-31» 

3861-40 

3M40-33 

3J61-IH 

3WO.IS 

3«7k-ll 

3951-k 

3951-2 

3952-11 

3952-12 

3951-110 

3952-18 

3951-28 

3951-3 

2en-u. 

3951-5 

san-ks 

san-ii« 

2SM-hl 

3951-26 

3951-27 

3951-21 

3951-25 

3951-2» 

Hoalaal FormulA 

SKO"29,T10.67<'2.93 

B":';J!'33Zr0.6703 

ai<:°äVl"o.903 

Srt:S"75«o.25°3 

^0
H

5^o3 

S'<:°5;33'40.67''3 
S'«€33,S.6?03 

SK»ä?5*o.503 

.503 

SMr .-flreä 

S«« Rrflrtd 

Surne Reflrod 

e'<:oä!5"0.503 

8rto0J5!,*O.ä5<!
8.i') 

8«!<IJ?75%.25%.3S 
8rO°o'ej5'I*0.25o2,30 

artoo!675T,0.2502.30 

Sr0O"6ft0.251>2.ä3 
Sr<:°0?9%.l°2.15 

ä^ofai^O.lüä.oe 

8rt*75"o.251,8.» 

sre',äI75,to0.25<'a.50 

Srt!"J?67i'«<'o.2502.l.3 

Starting Matpr^i. 

UJOJ, COCOj, T102 

BaCOj, COCC.^ T102 

I^jOj, C0OO3, ZP02 

SrCOj. COCO , HfOs 

MOj, OoOOj, Bn)3 

SrCOj, CoOOj, HfOj 

SrCOj, OoCO , Hfo2 

SrOOj, Co, OoO, V205 

SrOOj, CoCOj, T«jO, 

SrOOj, CoO, I^O; 

sreo-, coco3, M0O3 

e        coo, M0O3 

Sro, 000, MoOj 

ÄO, OoO, KoOj 

C«0, 000, H0O3 

PbOOj, CoOOj, lloOj 

rao, ooo, iiotij 

SrtOj, C0CO3, W03 

sreo,, coco3, T.2O5 

stoo3, coo, n^o, 

Srt;o3, oocoj, Ti,o5 

SrO03, OrO, T^o5 

SrtOj, OoC03, TB205 

arC03, CoOCj, TajO; 

SrtOj, OoCOj, 7^05 

arC03, CoC03, Mo03 

SrtOj, CoC03, wo3 

sreo3, coco3, MOO3 

SrC03J OoCO , H0O3 

8rC03, OOC03, Mo03 

Firing Copdltlom 

Ataoaphere 

Air 

1150 

1200 

1150 

1260 

1200 

laos 

1260 

1205 

1260 

1205 

1260 

1205 

lOM 

1205 

1260 

1205 

1260 

 Product Formal* 

-<7).(12) 

S,<:o"297nr..670;..25(6)'(l2> 

au;<,oV33Z'0.67O.,SO 
SKojVfd^jä 

BK:',o"33Bfo.6703.90(li 

8'0°ä:il5»'o,50^, ■J10) 

3'<:oäV,-5«'o.25°3.61(6) 

U0O"5V0.503.02 
8'OoJ?33»0.6702.fle 
3reoä?33T"'o.67('2.91 

.-(6) 

' 0.5"°O.s"2.8 

■,o0.502.e 

(lH) 

SrCoJ^Ho,, 

Moä>0.502.9* 
0*0°"5«<'o.502.93 

K■o.98=*5««o.5o3.0(1,*) 

SrCo"5"o.5<'3.29 
-(6) 

8rtocn75','o.2502.36 
-(6) 

Srt''0n675'>'0.2502.31 
-(6) 
J6) 
.je) 

-(6) 

-(6) 

-(6) 

„(6) 

(6)   ftu*tlal COg lo«B occurred during drying of plllod flrlag «Ixture»; wight change« •eeealjigleie. 
[VJ   Material splUed during flrlagi Mights unreliable, 
in'   X-ray pattern ahowa presence of aore than one phase. 

At rot» t«im«rnt.i— 11)   At room teqwrature. 
X-ray pattern fits perovsklte-type structure. 
Saople ruined during atteapt to reflre in silica boat at 1370*0, 

,   No prciluct could be recovered; eaaple fured lu-o b«t, 
(15)   Corroding solatloo;    0,9?7 H cobalt oulfate la 2.8 H BjSO,,. 

Acid nesutance 
Percent Ifctal Teet TU. 

Retained (Hrs) Conductance (ohffl-W1! 

0 21 8.6 x 10-' 

\0Ra    ca    I 

2 2S6'11) 3.0 x 10-3 

0 21 ».6 x IC"' 

0 in'") 2.1 x 10-8 

15 21 7.6 x 10-5 

0 

10 

170(1-) 

189(11) 

8.3 x 10-2 

h.3 x lo-2 

-- -- 7.3 x 10-6 

81,8 321 2.6 x 10-10 

- - 6.6 x lo"10 

M.ll 101 7.5 x lo-6 

-- -- 2.2 x lo-' 

-- - 5.3 x lo"' 

"- -- 5.8 x 10-8 

80.1 101 M x lo"' 

7.3 x 10-" 

-- - 1.2 x lo-10 

J1^ o.o1"' 569 

u.if») 
S45 

o.o'15' 265 

3.9<"' 266 

21,7<15> 546 

6,T(15) 545 

0,0^') 5*8 

o.^1') 401 

o.o'») 565 

5.1 x lo-8 

3.6 x lo-1* 

7.4 x io-6 

1.0 x lo-11 

2.7 x 10-5 

6.6 x IO"5 

1.8 x 10-3. s.9 x 10-3 

(13) 

9.5 x 10-5, 1,6 x IO-1* 

2,0 x 10-3, 3,8 x 10-3 

1.9 x 10-2, 2.2 x 10-2 

3.3 x 10-a, 4.5 x 10-2 

2.9 X IO-2, 2,7 „ io-2 

|1 
IJ   : 

; I 
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APPENDIX   «-20 

CORROSinn TESTS ON PEROVSKIIEa 

Nl+2 Cone  In Acld (H/Ua) 
Ni in Solid 

Teat 
Period 

1 

Accumulated 
Hrs at 86°C 

27.2 

(7. of 0. 
At Start 

100.0 

lRlnal) 
Nominal Formula At Start of Period 

0.000 

At End of Period 

0.00798 

At End 

BaNi"33Ia0.67O3 
83.9 

(Reference  2815-13) (3) 2 40.8 0.00645 0.00664 83.9 82.9 
3 159.6 0.00558 0.0117 82.9 71.7 
4 199 0.00983 0.0145 71.7 60.5 
5 242 0.0122 0.00806 60.5 70.5 
6 265 O.OOS", 0.0119 70.5 60.2 
7 288 0.0260'2> 0.0237 60.2 64.8 
8 308 O.048i;2> 0.0415 64.8 78.3 
9 334 0.0428<2; 0.0446 78.3 74.8 

10 402 0.0534(2' 0.0456 74.8 92.7 
11 451 0.0630<2) 0.0659 92.7 84.7 

SrN10.33Ta0.67O3 1 27 0.000 0.00021 100 99.6 

(Reference 2815-15) (3) 2 40.8 0.00017 0.00019 99.6 99.5 
3 159.6 0.00015 0.00469 99.5 90.6 
4 199 0.00394 0.00652 90.6 84.4 
5 242 0.00548 0.00932 84.4 76.9 
6 265 0.0102(2) 0.00940 76.9 78.4 
7 288 0.0159(2) 0.0119 78.4 86.3 
8 308 0.0260(2' 

0.0269w 
0.0273 86.3 83.8 

9 354 0.0267 83.8 84.3 
10 402 0.^304(2) 0.0283 84.3 87.6 
11 451 0.0513(2) 0.0394 87.6 105. P 

SrN1"33Ta0.67O3 
1 27.2 0.000 0.00047 100.0 99.0 

(Reference 2815-26) (3) 2 40.8 0.00039 0.00028 99.0 99.4 
3 159.6 0.00024 0.00657 99.4 87.3 
4 199 0.00552 0.00646 87.3 82.8 
5 242 0.00543 

0.00833(Z; 
0.00705 82.8 80.2 

6 265 0.0105 80.2 74.8 
7 288 0.0168(2) 0.0148 74.8 78.9 
8 308 0.0284(2) 0.0239 78.9 88.0 
9 334 0.024l(2) 0.0236 88.0 89.1 

10 402 0.0278(2) 0.0249 89.1 95.0 
11 451 0.0489(2) 0.0461 95.0 100.6 

Srt,i"33Ta0.67O3 
1 27.2 0.000 0.00098 100.0 98.0 

(Reference 2815-25) 2 40.8 0.00082 0.00063 98.0 98.4 
3 159.6 0.00054 0.01U 98.4 76.5 
4 199 0.00933 0.00742 76.5 79.4 
5 242 0.00623,,, 0.00343 79.4 87.5 
6 265 0.00528(2) 0.00914 87.5 79.5 
7 288 0.0157(2) 0.0139 79.5 83.3 
8 308 0.0276(2) 0.0243 83.3 90.3 
9 354 0.0244(2' 0.0243 90.3 90.6 

10 402 0.0284(2) 0.0265 90.6 94.4 
11 451 0.0500(2) 0.0333 94.4 129.2 

Ba,,1"5Mo0.503 1 24.7 0.0000 0.00155 100.0 97.0 

(Reference 2814-31) (3) 2 40.5 0.00130 0.00317 97.0 93.4 
3 83.8 0.00266 0.00778 93.4 83.5 
4 135 0.00654 0.0136 83.5 69.8 
5 156 0.0114 

0.0257(2 
0.0115 69.8 69.7 

6 180 0.0174 69.7 85.7 
7 204 0.0306(2) 0.0282 85.7 90.3 

BaNi"5MO0.5O3 
1 24.7 0.0000 0.0330 100 34.6 

(Reference 2815-18) (3) 2 40.5 0.0277 0.0314 34.6 27.2 
3 83.8 0.0264 0.0299 27.2 12.2 
4 135 .. 0.0281 12.2 14.4 
5 156 0.0316(2) 0.0303 14.4 17.0 
6 180 0.0414(2) 0,0447 17.0 10.6 
7 204 0.0855C 0.0569 10.6 32.6 

i     •- 

u 

E     ! 

Ü 

(1) 3.7 M HjSO^ unless otherwise specified. 
(2) Added sulfate of metal in aqueous II2SO4- 
(3) See Reference  (fi). 
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APPENDIX A-20  (CONT'D) 

CORROSION TESTS ON PEROVSKITES 

i 

n 

t 

n 

i 

Test 
Period 

1 

Accumulated 
Hrs at 86°C 

24.7 

Ni     Conc in Acld (M/L)(1) 
Nl  In 

(% of 0; 
At Start 

100 

Solid 
rlglnal) 

Nominal Formula At Start of Period         At 

C.OOOO 

End of Period 

0.0117 

At End 

BBN1O.5
IIW0.5O3 

78.3 

(Reference 2815-34)<3) 2 40.5 0.00983 0.0133 78.3 71.9 
3 83.8 0.0112 0.0176 71.9 59.9 
4 135 0.0148 0.0180 59.9 53.8 
5 156 0.0232(2) 0.0246 53.8 51.1 
6 180 0.0367(,' 0.0328 51.1 58.3 
7 204 0.0756(2) 0.0538 58.3 98.; 

B'N1"33Nb0.67O3 1 27.2 0.0000 0.00932 100 81.9 

(Reference 2815-12)(3' 2 41.4 0.00783 0.00760 81.9 82.4 
3 85 0.00638 0.01532 82.4 65.0 
4 163 o.om. 0.0120 65.0 66.7 
5 251 0.0260(2) 0.0341 66.7 51.1 
6 275 0.0447(2) 0.0327 51.1 74.3 
7 299 0.0506(2) 0.0574 74.3 69.1 

S'>'15!33Nb0.6703 1 27.2 0.0000 0.00953 100 79.0 

(Reference 2815-14)(3) 2 41.4 0.00800 0.0125 79.0 69.1 
3 85 0.00105 0.0256 69.1 35.8 
4 163 0-0215,^ 0.0299 35.8 17.4 
5 251 0.057l(2) 0.0509 17.4 31.2 
6 275 0.0907(2) 0.0639 31.2 90.3 
7 299 0.140 0.142 90.3 86.4 

"^äVo.e?^ 1 19.8W 0.0000 0.0199 100 60.0 

(Reference 2815-17)(3> 2 
458* 

0.0167 0.0299 60.0 33.6 
3 0.0252 0.0273 33.6 28.4 
4 601* 0.0339(2) 0.0384 28.4 30.3 
5 813W 

25.2(5) 
0.0483(,; 0.0483 30.3 30.2 

6 0.0485(2) 0.0481 30.2 31.1 
7 50(5) 0.0647(2) 0.0618 31.1 37.0 
8 76(5) 0.119(2) 0.115 37.0 47.4 

B"'1"33T10.6703 1 20.8 W 0.0000 0.0175 100 65.2 

(Reference 2815-46)<3) 2 45.3W 
459(*) 

0.0147 0.0197 65.2 55.3 
3 0.0166 0.0175 55.3 53.2 
4 814(4) 0.0307(2) 

0.0420(2) 
0.0309 53.2 52.9 

5 "f 0.0524 52.9 32.1 
6 0.0676(2) 0.0680 32.1 31.5 
7 76(5) 0.1237(2) 0.1066 31.5 71.9 

B"'1JV33Zr0.67O3 1 22(4) 0.0000 0.0144 100 71.9 

(Reference 2815-29)(3> 2 ^1 0.0121 0.0199 71.9 56.6 
3 0.0167 0.0230 56.6 44.3 
4 457(4) 0.0194^ 0.0260 44.3 31.2 
5 601 i 0.0379(2 

0.0456(i, 
0.0353 31.2 36.2 

6 812    (5) 25.2 5) 
0.0425 36.2 42.3 

7 0.0437(2) 0.0429 42.3 41.9 
8 50i 0.0529(2) 0.0515 41.9 44.6 
9 76<5) 0.0913 0.0887 44.6 49.7 

Sr0.8Ni"33T'0.67O2.80 
1 19.1 0.0000 0.O353 100 29.0 

(Reference 2815-45)(3) 2 35.3 0.0297 0.0263 29.0 35.3 
3 78 0.0221 0.0212 35.3 37.5 
4 180 0.0178 0.0236 37.5 25.8 
5 221 0.0664(2) 0.0368 25.8 85.3 
6 257 0.0389(2) 0.0567 85.3 49.7 
7 281 0.0476 0.0448 49.7 55.2 
8 305 0.0215 0.0327 55.2 29.1 

S"«o"T*0.503 1 23.3W 0.0000 0.0178 100.0 65.0 

(Reference 2815-25)(3) 2 46t4) 0.0150 0.0109 65.0 73.0 
3 169(*) 0.0091 0.0135 73.0 64.5 
4 457* 0.0113,,. 0.0089 64.5 69.2 
5 812(* 

25.2(5' 
0.0235(2) 0.0229 69.2 70.3 

6 0.0273(2) 0.0373 70.3 50.5 
7 50S^ 0.0474 0.0504 50.5 44.6 
8 76(5) 0.0903 0.0806 44.6 70.1 

(1) 3.7 M HjS04 unless otherwise specified. 
(2) Added sulfate of metal in aqueous HjSO^. 
(3) See Reference (JO. 
(4) Hours in contact with acid at room temperature. 
(5) Hours at 860C in addition to listed hours at room temperature. 
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APPENDIX A-20 (CONT'D) 

CORROSION TESTS ON PEROVSKIIES 

Test 
Period 

1 

Accumulated 
Hrs at 86°C 

26.9 

Nl+2 Cone  In Acid   (M/L)(1) 
Nl In Solid 

a of Original 
Nominal Formula At Start of Period 

0.0000 

At End of Period 

0.00780 

At Start 

100 

At End 

Pb0.9<33TV670! 84.4 

(Reference 3261-3)<3' 2 41 0.00655 0.00868 84.4 80.1 
3 85 0.00728 0.0192 80.1 56.4 
4 163 0.0161 

0.0343w 
0.0218 56.4 45.1 

5 251 0.0355 45.1 42.5 
6 275 0,0458(2) 0.0422 42.5 49.8 
7 299 0.0607(2' 0.0634 49.8 45.5 

Pb0.8<33T',0.67OT 1 26.9 0.0000 0.00754 100 84.9 

(Reference 2815-16)(3) 2 41 0.00633 0.00881 84.9 79.9 
3 85 0.00740 0.0158 79.9 63.1 
4 163 0.0133    . 

0.0312J,' 
0.0460*,.' 
0.0542^' 

0.0181 63.1 33.4 
5 251 0.0356 53.4 45.5 
6 275 0.0326 45.5 71.3 
7 299 0.0636 71.3 52.6 

Sr<75Ta0.25O2.38 1 19.1 0.0000 0.0330 100 40.6 

(Reference 2815-40)<3) 
2 35.1 0.0277 0.0404 40.6 17.7 
3 78 0.0340 0.0340 17.7 17.6 
4 180 0.0284^ 0.0325 17.6 10.6 
5 209 0.0703(2' 0.0567 10.6 35.1 
6 257 0.0956(2) 0.0819 35.1 59.8 
7 281 0.0688 00757 59.8 47.3 
8 305 0.0394 0.0549 47.3 19.5 

SrN1"75T,0.2SO2.38 1 18.9 0.0000 0.0402 100 26.9 

(Reference 2814-37)(3) 
2 35.1 0.0338 0.0291 26.9 45.2 
3 78 0.0245 0.0353 45.2 15.7 
4 180 0.0297,,,, 0.0264 15.7 21.6 
5 209 0.0676(2) 0.0574 21.6 40.1 
6 257 0.0962(2) 0.0865 40.1 57.8 
7 281 0.0796 0.0855 57.8 47.1 
8 305 0.0445 0.0567 47.1 24.9 

SrN1"675Ia0.25O2.30 
1 18.9 0.0000 0.0386 100 29.2 

(Reference 2814-36)(3) 2 35.1 0.0324 0.0327 29.2 28.7 
3 78 0.0275 0.0288 28.7 26.1 
4 180 0.0242 0.0239 26.1 26.8 
5 209 0.0665(2) 0.0559 26.8 46.3 
6 257 0.0949(2) 0.0852 46.3 64.1 
7 281 0.0716 0.0703 64.1 66.5 
8 305 0.0366 

B.    Cobalt 

0.0448 66.5 44.0 

S'Co"33Tfl0.6703 1 53.U 0.0000 0.00597 100 88.0 

(Reference 3951-4) 2 123 0.00501 0.00767 88.0 82.8 
3 194 0.00644, 

0.155(2 
0.463(2' 

0.00827 82.8 79.1 
4 321 0.154 79.1 81.8 
5 488 0.374 81.8 100(?) 

BaCV5Mo0.503 
1 28 0.0000 0.0246 100 50.8 

(Reference 2S15-50)(3) 2 117 0.0207 0.0294 50.8 33.4 
3 139 0.0347 „. 

0.0303*,,' 
0.0265 33.4 29.7 

4 163 0.0323 29.7 25.6 
5 187 0.0432(2) 0.0393 25.6 34.2 
6 211 0.0810(2) 0.0784 34.2 38.8 

(6) 1 24 0.927 1.004 100 76.5 
2 96,5 0.996 1.030 76.5 66.3 
3 265 1.019 1.014 66.3 66.8 
4 425 1.005 1.064 66.8 51.0 
5 569 1.050 1.062 51.0 47.4 

1 

5 

d 

u 

J 

(1) 3.7 M H2SO4 unless otherwise specified. 
(2) Added sulfate of metal  in aqueous l^SO,. 
(3) See Reference (&). 
(6) Corroding medium used In this test:    0.0793 M cobalt sulfate in 2.9 M H2SO4. 
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APPENDIX A-20 (CONT'D) 

CORROSION TESTS ON PEROVSKITES 

| 

i 

n 

! 

D 

Nominal Formula 
Test 

Period 

1 

Accumulated 
Hre at 86°C 

28 

Co+2 Cone  In 
At   Start of Period 

0.000 

Add  (M/L)(1) 

At End of Period 

0.0308 

Co In 
(7. of 0 

At Start 

100 

Solid 
■iglnal)    . 

AC End 

SrCV5Mo0.503 
38.5 

Reference 2815-49)(3) 
2 
3 
4 
5 
6 

117 
139 
163 
187 
211 

0.0259 
0.0319 
0.0347(,' 
0.0480J5' 
0.08371  ■■ 

0.0360 
0.0318 
0.O381 
0.0425 
0.0881 

38.5 
14.2 
14.4 
7.6 

10.6 

14.2 
14.4 
7.6 

10.6 
9.9 

M        (6) 1 
2 
3 
4 
5 

24 
96.5 

265 
425 
569 

0.927 
1.071 
1.097 
1.036 
1.086 

1.088 
1.117 
1.049 
1.104 
1.060 

100 
51.4 
37.7 
54.3 
33.9 

51.4 
37.7 
54.3 
33.9 
42.4 

Ba0o"5W0.503 1 28 0.000 0.0163 100 67.5 

(Reference 28l5-35><3) 2 
3 
4 
5 
6 

117 
139 
163 
187 
211 

0.0137 
0.0236 
0.0294),' 
0.0426},) 
0,0826w 

0.0281 
0.0254 
0.0317 
0.0412 
0.0900 

67.5 
38.6 
34.9 
30.3 
33.1 

38.6 
34.9 
30.3 
33.1 
20.8 

BaCo"33Nb0.6703 
1 28 0.0000 0.00997 100 80.1 

(Reference 2815-39)(3) 2 
3 
4 
3 
6 

117 
139 
163 
?87 
211 

0.00838 
0.0178 
0.0211 2) 
0.0375 * 
0.0794(Z' 

0.0213 
0.0156 
0.0255 
0.0376 
3.0818 

80.1 
54.2 
58.8 
50.0 
49.7 

54.2 
58.8 
50.0 
49.7 
44.9 

BaCV33Ti0.6703 
1 25.3W 0.0000 0.0182 100 63.6 

(Reference 2815-37)(3) 2 
3 
4 
5 
6 
7 
8 

28.3 52(5) 
76(5) 

100(5) 

0.0152 
0.0110 
0.0108 
0.00908 
0.0310(Z) 
0.0824(2) 
0.143(2) 

0.0131 
0.0129 
0.0112 
0.0178 
0.0410 
0.0824 
0.142 

63.6 
68.0 
64.1 
63.5 
46.7 
26.7 
26.7 

68.0 
64.1 
63.5 
46.7 
26.7 
26.7 
26.9 

SrCV297Zr0.67O2.93 
1 27.6^ 0.0000 0.0474 100 5.2 

(Reference 3261-16)(3) 2 
3 

267 W 
28.3(5) 

0.0398 
0.0235 

0.0399 
0.0317 

5.2 
5.0 

5.0 
8.6 

SrCoo!45iSr0.4502.90 1 28.9W 0.0000 0.0500 100 0.0 

(Reference 3261-17)(3) 2 
3 

269%. 
28.3(5) 

0.0419 
0.218 

0.0260 
0.0310 

0.0 
32.0 

32.0 
13.6 

StCoS!75Zr0.25O3 1 23.8<4> 0.0000 0.0501 100 0.0 

(Reference 3261-19)(3) 2 
3 

269^ 
23.3 

0.0426 
0.0360 

0.0428 
0.0361 

0.0 
0.0 

0.0 
0.0 

«rm11    T.       n        <3> SrCo0.75Ta0.2502.38 1 24 0.927 1.139 100 34.4 

(Reference 2814-43) 2 
3 
4 
5 

96.5 
265 
425 
569 

1.118 
1.121 
1.141 
1.138 

1.142 
1.165 
1.161 
1.177 

34.4 
26.7 
13.1 
6.8 

26.7 
13.1 
6.8 

(-5.8) 

SrCV75Ta0.25O2.38(6) 1 24 0.927 1.082 100 52 

(Reference 3951-3) 2 
3 
4 
5 

96.5 
240 
401 
545 

1.066 
1.0862 
1.047 
1,035 

1.151 
1.078 
1.047 
1.090 

52.0 
25.5 
28.2 
28.4 

25.5 
28.2 
28.4 
11.1 

i 

(1) 3.7 M H-SO, unless otherwise specified. 
(2) Added sulfate o£ metal In aqueous H2SO4. 
(3) See Reference (6). 
(4) Hours in contact with acid at room temperature. 
(5) Hours at 860C in addition to listed hours at room temperature. 
(6) Corroding medium used in this test: 0.0793 M cobalt sulfate in 2.9 M H,S0 ,2ou4. 
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APPENDIX A-20(C0NT'D) 

C0RR05I0H TESTS ON PEROVSKITES 

Nominal Formula 
Test 

Period 

1 

Accumulated 
Hrs at 86'C 

SrCo0.675Ta0.2502.30(6) .'4 

(Reference 3951-5) 2 
3 
4 

96.5 
265 
435 

^>0.102.15(6) 1 24 

(Reference 2814-45) 2 
3 

97.5 
266 

S"5o"67Ko0.3302.66<6) 1 24 

(Reference 3951-26: 2 
3 
4 
5 

97.5 
242 
402 
546 

SrCo"75Mo0.2502.50(6) 1 24 

(Reference 3951-21) 2 
3 
u 
5 

97.5 
242 
402 
548 

SrCo"675Mo0.2502.43(6) 1 24 

(Reference 3951-25) 2 
3 
4 

97.5 
242 
401 

SrCV60Mo0.2502.35(6) 1 24 

(Reference 3951-24) 2 
3 
4 
5 

96 
260 
421 
565 

SrCo"75W0.2502.50(6) 1 24 

(Reference 3951-28) 2 
3 
4 
5 

97.5 
242 
401 
545 

At Start of Period 

0.927 

1.121 
1.150 
1.176 

0.927 

1.159 
1.159 

0.927 

1.150 
1.080 
1.096 

0.927 

1.089 

1.105 
1.111 

0.927 

1.245 
1.150 
1.140 

0.927 

1.187 
1.165 
1.115 
1.048 

0.927 

1.066 

1.046 
1.087 

sid m/u0' 
Co  in 

(7. of 01 
At Start 

Solid 
Iglnal) 

At End of Period At End 

1.143 100.0 33.1 

1.175 
1.204 
1.171 

33.1 
16.5 

(-4.9) 

J6.i 
(-4.9) 

1.3 

1.185 100.0 26.0 

1,185 
1.185 

20.0 
12.0 

12.0 
3.9 

-- 100.0 - 

1.175 
1.094 
1.115 
1.102 

35.2 
23.5 

18.2(7) 
35.2 
23.5 
21.7 

1.107 100 44.3 

1.146 
1.125 
1.131 
1.137 

44.3 
26.9 
26.3 
18.3 

26.9 
26.3 
18.3 
0.0 

1.281 100 9.4 

1.175 
1.164 
1.153 

9.4 
12.4 
8.0 

12.4 
8.0 
0.9 

1.217 100 10.6 

1.185 
1.131 
1.062(7) 
1.200 

10.6 
11.4 
19.9 

11.4 
19.9 
35.1(7) 
0.0 

1.082 100 52.3 

1.156 
1.060 
1.105 
1.159 

52.3 
24.6 

1.159 

24.6 
47.1(7) 
29.0 
6.7 

I 
2 

Iron 

Stre"33T'0.6703 

(Reference 3951-6) 

SrFe5"Ta0.5O3 
(Reference 3951-7) 

''•Fe"33T10.5703 

(Reference 2815-36) (3) 

45.2 

136 
253 
311 
381 

45.2 

136 
253 
311 
381 

63.6 

HI 
141 
162 

0.0000 

0.0326 
0.0086 
0.0247 
0.00684 

0.0000 

0.0285 
0.0464 
0.0263 
0.0189 

0.0000 

0.0809 
0.341(2) 
0.726^' 

(1) 3.7 M HjSO, unless otherwise specified, 

(2) Added sulfate of metal in aqueous H2SO4. 
(3) See Reference (fi). 

(6) Corroding medium used in this teat:    0.0793 M cobalt sulfate in  :.9 M HjSO- 

0.0354 100 64.6 

0.0094 
0.0269 
0.0114 
0.00899 

64.6 
87.7 
69.5 
82.5 

87.7 
69.5 
82.5 
80.7 

0.0310 100 69.0 

0.0504 
0.0286 
0.0315 
0.0213 

69.0 
46.9 
64.7 
59.5 

46.9 
64.7 
59.5 
57.1 

O.OB79 100 12.1 

0.0835 
0.334 
0.735 

12.1 
9.5 

15.4 

9.5 
15.4 
6.6 

I 
I 

174 



I. APPENDIX A-20 (CONT'D) 

CORROSION TESTS ON PEROVSKITES 

r-  - 

i 
Test 

Period 
Accumulated 
Hrs at 860C 

63.6 

Fe      Cone n Acid (M/D1  ) 
Fe In Solid 

(% of Orlglna 
At Start          At 

100.0 

1) 
Nominal Formula At Start of Period 

0.0000 

At End of Period 

0.0962 

End 
(II.III)                   (7) 

Sl:Fe0.75        Ta0.25O2.67 
3.8 

(Reference 2815-44)(3) Ul 
141 
162 

0.0885 
0.342^) 

0.728(2) 

0.0868 
0.346 
0.728 

3.8 
5.4 
1.7 

5.4 
1.7 
1.4 

SrFe111    Ta        0        (8) SrFe0.675Ta0.2502.64 63.6 0.0000 0.0983 100 1.7 

(Reference 2815-42)(3) 111 
135 

0.0904 
0.344(2) 

0.0910 
0.343 

1.7 
1.1 

1.1 
1.6 

SrFe111    Ta        0        (9' SrFe0.675Ta0.25O2.64 63.6 0.0000 0.0983 100 1.7 

(Reference 2815-43)(3) HI 
135 

0.0904 
0.344^' 

0.0910 
0.343 

1.7 
1.1 

1.1 
1.6 

SrFe"    Ta        0        (10) 
SrFe0.60Ta0.25O2.23 

63.6 0.0000 0.0918 100 8.2 

(Reference 2814-48) 90 
119 
141 

0.0845 
0.341(2) 
0.729(2) 

0.0863 
0.342 
0.747 

8.2 
6.3 
6.2 

6.3 
6.2 
0.0 

SrFe11    Ta       0        (U) 
SrFe0.90Ta0.1002.15 

63.6 0.0000 0.0936 1C0 6.4 

(Reference 2814-50) 90 
119 
141 

0.0861 
0.3432) 
0.728(2) 

0.0884 
0.341 
0.744 

6.4 
4.1 
6.2 

4.1 
6.2 
0.0 

SrFe11    Ta        0        (12) 
SrFe0.81Ta0.10O2.06 

63.6 0.0000 0.0985 100 1.5 

(Reference 2814-49) 90 
119 
141 

0.0906 
0.343 2) 
0.73l(2) 

0.0889 
0.348 
0.731 

1.5 
4.2 
0.0 

4.2 
0.0 
0.0 

(1) 3.7 M H2SO4 unices otherwise specified. 
(2) Added sulfate of metal in aqueous H2SO4. 
(3) See Reference (fi). 
(7) Product Formula. 80% Fei . Nominal Formula Is SrFeg_75Ta0 2502 „. 

(8) Product Formula.  100% Fe111.  Nominal Formula Is SrFeJIg^II'Ta 2 Oj 38. 

(9) Product Formula. 100% Fe  . Nominal Formula Is Srre0* .Ta. „O, ... 

(10) Product Formula Is SrFe"*0Ta0i2502i51 (95% Fe
111). 

(11) Product Formula Is SrFe^^III)Ta0ilo02i3g(54% Fe
111). 

(12) Product Formula Is SrFe^gJIII)Ta0_10O2i45 (96% Fe
111). 
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APPENDIX A-21 

POLAROGRAPHIC METHODS FOR PEROVSKITE CORROSION TESTS 

All analyses described below are for the mecals in 3.7 M H-SO., the 
acid employed in all corrosion testing 

I. Manganese Analyses. 

A 4.0 ml sample is neutralized with solid lithium carbonate to pH2.0 
and stirred at room temperature until all carbonates are dissolved. Any dis- 
coloration of the solution due to formation of trivalent and tetravalent 
manganese compounds is discharged by heating at this point.  The pH is then ad- 
Justed to 4.0 with saturated lithium carbonate. The neutralized solution is 
diluted to 100ml, and 3.0ml of gelatin solution (0.15g/100ml H2O) added as 
maximum suppressor. The sample is de-aerated in the polarographic c^ll, and at 
least two polarograms giving the maximum wave height possible are recorded and 
measured. 

Calibration data were obtained on solutions prepared by dissolving 
Fisher's Certified manganese in 3.7 M H2SO4. Calibration data are given below; 

+2, 

3 88 X 10 

1 75 X 10" 
3 

5 83 X 10' 
4 

1 55 X 10" 
4 

II. Copper Analysis 

Copper is determined polarographically using the ammonia complex. A 
4.0ml sample is mixed with 15ml 6.ON NH3.  The ammoniacal complex is diluted to 
100ml with deaerated water, and 3.0ml gelatin (0.15g/100ml H2O) added as maximum 
suppressed. To avoid ammonia loss the polarograph cell is not deaerated with N2 

Fisher's certified copper oxide was used in preparing calibration 
solutions.  The wave consists of two distinct portions, corresponding to Cu^1-^ Cu 
and Cu^—^Cu0 reactions.  Calibration data for the overall wave are given below: 

+2 
Concentration of Cu in 

Polarograph Coll, moles/liter 

3.88 X 10-3 

1.55 X 10-3 

6.22 X 10-4 

7.77 X 10-5 

176 

s 
Concentration of Mn in 

Polarograph Cell, moles/liter Diffusion Current, microamps 

'3 27.4 

11.5 

3.75 

0.993 

.. 

Diffusion Current, microamps 

34.0 

15.7 

7.4V U 

0.778 
1    - 

Ü I 

Li l 

:. 



:- 

III.  Sliver Analysis 

Silvev is also analyzed as the ammonia complex. An 8.0ml sample Is 
mixed with 20ml 6 N NH3, the complex diluted to 100ml with deaerated water, and 
1.0ml of ^.2 wt7o Triton X-100 added as maximum suppressor. The polarogram Is run 
without N2 In the cell to prevent ammonia loss. 

Solutions for calibration were prepared by dissolving Fisher's certified 
silver oxids in 3.7 M H2SO4.  Calibration data are given below: 

Concentration of Ag in 
Polarograph Cell, moles/liter 

-3 
Diffusion Current, mlcroamps 

3.17 x 10" 

1.58 x 10' 

7.92 x 10 

3.96 x 10" 

7.92 x 10" 

-4 

21.5 

11.5 

7.35 

4.64 

3.06 

L 

i 

i 

I 

i   11 - 

j 

:: 

1 
1 
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APPENDIX A-23 

PER0V3KITE X-RAY DATA 

= (1) 

Notebook 
Perovskite 

Firing Conditions Perovskite Peaks 
in Pattern 

Extraneous 
Reference Atmosphere 

N2 

Temperature, "C 

1150 

Peaks 

3440-49 BaCr5"3Ti0.6702 84 Strong Moderate 

3261-41 SrMVlZr0.9O3 Air 1200 Strong Very Weak 

3261-45 SrMnJ!45Hf0.50O2 90 " 1260 Strong Weak 

3261-46 SrMnä!45Sn0.5002 90 
ii II Moderate it 

3440-23 UMV5Ti0.5O3 
N2 

1150 ti ii 

3440-14 Srjre0.5Ti0.5O3 
Air 1200 Strong None 

3440-6 SrCoJ!30Ti0.6703 
tt II ti II 

3440-26 LaCo"5
Ti0.503 

N2 1150(2) Moderate 1'oderate 

3440-30 n Air 1200(3) Strong None 

3261-17 SrCoJ!45Zr0.5002 90 
ii II II Moderate 

3261-19 SrCoJ!75Zr0.2503 
II ti Moderate Strong 

3440-23 BaCoJ!33Hf0.6703 
II 1150 Strong None 

3261-41 SrCo;!45Hf0.500 2 !.90 
II 1260 II Moderate 

3440-36 LaNi5'5Ti0.5O3 
II 1150 II II 

3440-37 ^s^o.s0: N2 
it Moderate it 

3440-48 LaN#5Hf0.5003 
Air n II it 

3440-44 LaCu"cTln =0, 
II n Strong Weak 

! n (1) Typical perovskite d-spacings (A) and relative Intensities: 3.90 (W), 2.76 (VS), 2.26 (M), 
1.95 (S), 1.60 (M), 1.38 (W), 1.24 (W), 1.18 (W). 

(2) Fired 40 hours 
(3) Fired 70 hours 
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APPENDIX A-24 

EVALUATION OF CROUP IV PEROVSKTTES FOR OXYGEN ACTIVITY 

3 M KOH, 100° C 

Notebook^'' 
Electrode(2) Reference 

Blank 1(3) 

Blank 2^ 

3440-7 SrMno!30Ti0.6702.93 

3621-45 SrMV45Hf0.50O2.90 

3440-14 SrFe5!5Ti0.503 

3440-15 SrFe5!5Hf0.503 

3440-15 
-^>f0.503(5) 

3440-50 LaCV5Ti0.503 

3440-33 BaCoJ!33Hf0.6703 

3440-44 LaCu"5Ti0.503 

3440-49 BaCr"33Ti0.67O2.84 

Polarization From Oxygen Theory 

At Indicated ma/cmS Volts 

10    50    100    300    400 

0.295 0.395 0.445 0.490      0.520      0.580      0.605 

0.350 0.400 0.455 

0.320 0.350 0.430 0.500      0.560 

0.330 0.380 0.430 0.513      0.555 

0.360 0.410 0.470 0.540      0.680 

0.335 0.410 0.465 0.515      0.550      0.640      0.730 

0.280 0.570 

0.250 0.275 0.390 0.460      0.550 

0.250 0.325 0.410 0.550 

0.310 0.340 0.395 0.465      0.510      0.620 

0.370 0.400 

(1) Reference for perovskite preparation; electrochemical test data recorded in notebook 
3371, pp. 17-35. 

(2) Electrodes consisted of pressed porous mixtures of carbon, catalyst and Teflon. 
(3) 50 Wt.% carbon 
(4) 25 Wt.% BaS04, 25 Wt.% carbon 
(5) No carbon support. 
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E 
APPENDIX B-l 

GASIFICATION WITHIN HYDROPHOBIC POROUS MATRICES 

The passage of vapors through Teflon bonded electrodes is undoubtedly 
related to the hydrophobic nature of the pores within the structure.  Pressure is 
required to force liquid into such pores as given by the equation used in porosi- 
metrv: 

AP = (y gs Ysl^ 
(y , cos oxf) 

where: AP = pressure difference between liquid and gas 

Vgs 
ysi 
Vgl 

a 

r 
0 

gas-solid interfacial tension 
liquid-solid interfacial tension 
gas-liquid interfacial tension 
surface to volume ratio of matrix 
(=2/r for cylindrical pores) 
average pore radius 
contact angle 

The first expression for AP is general; the second applies to a cylindri- 
cal pore model of the structure.  Since the external pressure is only one atmosphere 
there will be small highly wetproofed pores which will never fill with electrolyte, 
even if a perfect vacuum existed on the gas side. However, in a heterogeneous matrix 
t'aere should be some pores which are filled with electrolyte at room temperature, 
but which fill with gas as the boiling point of the electrolyte is approached.  In a 
sense, the boiling point of the liquid in such pores is lowered below its normal 
boiling temperature.  This can be shown as follows: 

I 
I 
I 
I 
I 

Consider a porous hydrophobic matrix totally immersed in electrolyte.  If 
equilibrium exists between a bubble of vapor and the liquid within such a matrix, 
the pressure within the bubble will be below atmospheric, as given by the porosimetry 
equation.  The amount of boiling point lowering caused by this pressure drop can be 
estimated approximately using the Clausius-Clapeyron equation in the form: 

dP 
dT 

M 
TV„ 

where T is the equilibrium temperature (boiling point) 
A H is the heat of vaporization 
Vv is the molar volume of the vapor 

! 

.1 

Combining the above with the differential form of the porosimetry equa- 
tion using the gas law for Vv  and integrating over a,  one obtains: 

T; ■ r  ~ ln (' 
R_ 
AH 

.Po + a yo-i  cos 8 
Po 
«L ) 

1 
Ü 

where T is the boiling point when 
Po is atmospheric pressure 

a  is zero 

Since cos 0 is negative for hydrophobic matrices, T is less than T .  In 
heavily loaded platinum black electrodes, for example, <r  can be 10°ctn2/cm3.  A 
weighted average value of 0 of only 90.4° will cause gasification to occur within 
the pores 20oC below the normal boiling point.  It is observed that permeation begins 
about 20oC below the normal boiling point.  (In the case of liquid fuels it begins 

1J 
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about 20oC below the fuel-elecrrolyte steam distillation temperature.) Apparently, 
the proper degree of wetproofing Is provided by correct blending and sintering of 
the platinum and Teflon. Excessive wetproofing in a region of the electrode can 
give values of a  Ygi cos 9 greater than one atmosphere. The pores in this region 
will remain free of liquid at all temperatures, as shown by the equation. 

| 
This phenomenon of internal gasification may explain the observation in 

Task A, Phase I that the platinum black in optimized Teflon bonded electrodes func- 
tions at near perfect efficiency. Simple calculations show that butane can diffuse 
only about 0.5 microns into the electrode from its surface at rates only about one 
fortieth the rates actually observed. However, the presence of open pores can pro- 
vide the enlarged interface and the feed channels necessary to account for the high 
efficiencies observed. Furthermore, the opening and refilling of pores with changes 
in temperature may provide the "dynamic interface" cons?dered necessary for efficient 
electrode operation. 
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APPENDIX C-ll 

ANALYSIS OF SLURRY ELECTRODES 
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A pvellmlnary analysis of the operation of slurry type electrodes has 
been carried out to provide a possible means of treating the experimental data 
and optimizing tte system.  The results must be considered tentative due to the 
qualifications and assumpMons given bv.low. Nevertheless a number of Interesting 
relationships emerge. 

n 
The  analysis assumes that a catalyst particle leaves the electrode at 

the potential of the electrode, and floats about In solution reacting with the 
fuel, following the Tafel equation. However, the current serves only to charge 
the double layer capacitance of the particle, thereby changing its voltage. 
When the particle again collides with the electrode. It transfers Its accumulated 
charge and returns to the potential of the electrode, ready to repeat the cycle* 
It Is assumed that collisions between the particles are of negligible Importance. 
This may not be far from the truth, since it is p"obable that only  near the 
electrodes are the velocity gradients in the fluid sufficiently abrupt to cause 
the particles to move to the edge of their watery sheaths and make solid-solid 
contact. Experimental evidence for this is that the current removed from a 
slurry electrode at a given polarization is directly proportional to the solids 
concentration as predicted by the analysis, whereas particle-particle interaction 
might be expected to cause second order non-linear effects. The apparent 
electronic conductivity of stirred suspensions does not contradict this hypothesis, 
since particles leaving one electrode and striking another at a different po- 
tential can give rise to  electronic conduction. In fact the observed conductivity 
can be shown to be related to some of the key parameters of electrode performance. 

These key parameters are the number of particles, the capacity of each 
particle, the "exchange current" of each particle, the Tafel slope, and the 
average time a particle spends in suspension between electrode contacts. The 
average suspension time and the total capacitance of the slurry should be 
obtainable from analysis of potentlostati; charging curves. The exchange current 
and Tafel slope should be determlnable from performance run on static or dynamic 
electrodes under certain limiting conditions. 

The details of the analysis are giver below. The results. In terms of 
dependencies on various parameters, can be summarized as follows: 

• The current Is directly proportional to the slurry concentration. 

• For short suspension times the current is exponentially related 
to the potential but at long suspension times the current is 
linearly related to the potential. 

• The current is relatively insensitive to the system volume at long 
suspension times. 

• The catalyst utilization In terms of the ratio of the current to 
that of an ideal static electrode Improves as the suspension time 
becomes shorter, approaching unity at zero suspension time (static 
electrode). M 

r i 
i u 



M The reason for the less than ideal catalyst utilization is that the time 
the catalyst particle spends at or near its open circuit potential is essentially 
time wasted, since little or no anodic reaction of fuel is occurring. Of course, 
actual static electrodes may also be less efficient than the ideal static 
electrode envisioned here, especially in the case of immiscible fuels. The 
relative catalyst efficiency of the two systems will depend on how closely each 
one can be made to approach the ideal. Other debits of the slurry system such 
as the energy and space requirements have not been considered in this analysis. 

Steady State Performance of Slurry Electrode 

At the surface of a particle a reaction occurs,with the current related 
to the voltage according to the Tafel equation: 

i n 

i - i e 
o 

n/s 
[i] 

i = current per particle (amperes) 

i = exchange current per particle (amperes) 

71 *  polarization (volts) 

s ■ Tafel slope on natural log scale (^olts) 

The current generated moves the potential toward open circuit: 

dt   c [2] 

t ■ time in seconds 

c = capacity of particle 

£  if 

Combining [ij and [2] and integrating one obtains the potential 
of the particle as a function of time: 

~.  ^ iot   ^e/s 7[=r{e-sln(l.~ e     ) 

Ae = polariza^ " of the electrode 

[3] 

According to [3] , the potential of the particle versus time is as 
shown in  Figure C-l, 
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Figure C-l 

Particle Potential Versus Time 

CO 
u 
1-1 
0 
> 

c o 
•H 
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CO 
N 
•H 

a 

Time,  Seconds 

When the particle strikes the electrode It discharges enough coulombs 
to bring It to the potential of the electrode: 

Q = (^ -^e)c 

Q = no. coulombs transferred per strike 

[A] 

The current depends on the number of particles striking the electrode 
per second, p: 

cN 
i = (^-ne)cp = (^-ne)^ 
N = no. of particles in system 

[5] 

t = average time a particle stays In suspension between strikes 

L 

n 

i 
i-i 

■ ■ 

f 

i 
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Inserting   [3]   in   [5]   gives 

I = f^   In (1 + f°Il   e ^e/s) 
■-s sc 

[6] 

This equation shows that the current density is directly proportional 
to the number of particles in the system.  It also sta-.as that at small values 
of t the current follows the Tafel equation: 

T = Ni0e ^ 
(ts small)    

0 
[7] 

I is the current that would be obtained if the particles were 
always at r?6, the electrode potential.  It can therefore be considered the 
current of an ideal static electrode, since approach of t to zero means the 
particl»- never leaves the electrode. 

At large values of t the current is linearly related to the voltage 

i I 

|D 
n 

1ü 

ID 
1 

1 Li 
I 

D 

^^ We) = i£ ln Vs + ^ [8] 

At Intermediate values of t behavior between linear and ex- 
ponential should be obtained. 

The catalyst efficiency can be obtained by taking the ratio of l/le 
using equations [7j and [6j 

I/I = (1/K) In (1 + K) 
e 

where k = Iets 
scN 

[9] 
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A plot of catalyst efficiency versus K is drawn in Figure C-2« 

Figure C-2 

Slurry Catalyst Efficiency 

l.W 1            1            1            1 1              1               1              1 

(U 
H 1 mm. ^ 
H 

•s ^    \ __ 
>> 

s w            \ _ 
•H 
U 
•H 
M-l 0.5 m                           ^^ - 
M-l 
W 

4J —                                                 ^^^ — 
«0 ^ 
H __                                                                                      ^^^^^ _ 

CO 
u 
CO ^^»l^»^^ 

u — 

1              1              1              1 1                     1                       1                      1 
10 20 

Dimensionless Parameter, K 

It will be noted from the above figure that l/I is never greater 
than one.  It reaches one only when K = 0, which corresponds to a static 
electrode. 

To find the effect of a volume change, v, at constant catalyst 
density, one notes that N is proportional to V and that t is also proportional 
to V in a well-stirred reactor.  Thus equation [9] becomes 

1 

Ö 
I ! 

I i 

^ In (1 + | IC,,) 
o        vo 

1° is the ideal current of the standard volume system.  Thus V 
is present only in the logarithmic term so that I is not very sensitive 
to it. 

[10] .. 
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Determination of Parameters from 
Potentiostatic Charging Curve 

*=^ 
If the electrode is potentiostatted at a given voltage and then step 

changed by an amountÄV, a charging current, I , will be observed: 
P 

i  = NU CAV [n] 
'• ■ t 

s 

N is the nutnber of particles whose voltage is unchanged at any time. 

Initially all the particle voltages are unchanged and 

i 

! 

D 

u 

I 
I 

Sdnltl.!) " B^S [12] 
Ls 

Since Nc, the total capacitance of the system, can be found by 
integrating the total charging curve, t can be determined. 

s 

As the charging process proceeds N will become appreciably less 
than N and the shape of the curve will depend on the mixing parameters.  If 
one assumes perfect mixing then the number of unchanged particles striking 
the electrode is simply proportional to the number of such particles in 
suspension: 

d Nu = -Nu 
"dT   ts [13} 

This expression Integrates to 

Nu = Ne [14] 

Substituting this into  [ll] gives the relation between charging 
current and time: 

i=4v^e-t/t8 P   ts [15] 

Thus a plot of In I versus time should give a straight line of 
reciprocal slope t , which should verify the value of t from [l2] or 
else give a measure of the mixing efficiency.  (This type of system, inci- 
dentally should be well suited for an engineering study of mixing efficiency.) 
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Apparent Electronic. Conductivity of the Suspension 

If two wires at slightly different potentials are Inserted Into the 
slurry, current will be passed between them due to the bombardment of each 
electrode by particles which had previously collided with the other electrode. 
If neither electrode Interferes with the flow pattern of the other the same 
t as before will apply.  If the mixing is perfect then there is equal like- 
lihood that the particles striking an electrode will have previously struck 
the same electrode or the other electrode.  In this case the current will be 

1 NcAV 
2 t. 

[16] 

1 Nc 
Note how the apparent conductivity, C = 7 f^ Is related to the 

slope of the performance curve in the limiting case of aquation [s] . The 
performance in that case appears to be "resistance limited". 

In the absence of perfect mixing the factor of 1/2 in equation 
16 would change.  If the flow is laminar and the electrodes are in the 

same streamline, or if there is a pump-around system, the factor would 
approach one.  If the electrodes are far apart or if there are eddy currents 
the factor could become lower than 1/2. 

Qualifications of the Model 

This model does not take into account the distribution of suspension 
times that must exist in a stirred reactor.  However, in a slurry pump-around 
system the concept of a single suspension time may be more valid.  The model 
also dodges the question of contact times.  It can be calculated that the 
time constant for a one micron cube of Pt black discharging on one face is 
of the order of 10"11 seconds, which means that complete discharge will 
occur for any reasonable contact time. However, contact resistances could 
be large enough to prevent complete discharge during one strike. This would 
probably be accommodated by the model as a longer apparent suspension time. 

Also neglected in the model are IR drops in the electrolyte, 
which are apparently large in these systems.  These can probably be treated 
as a distributed current source obeying the relation: 

: 

n 

V% 2»! = ReNi 

R is the resistance of the electrolyte 
e 

V is the system volume 

1 is the current per particle, a function of 7^ the electrolyte 
potential. 

The existence of these potential gradients in the solution causes the reaction 
at the surface of the particles to be faster in outlying regions of the 
electrolyte than near the electrode. The apparent io will probably be 
increased by this effect and the Tafel behavior may also be distorted. Taking 
into account the above complications, as well as the possibility of particle- 
particle collision in the suspension, would probably change the shape of 
all the relations without altering the basic variable dependencies. 

U 

n! 
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ü APPENDIX D-l 

DEPENDENCE OF ANODE POLARIZATION ON METHANOL CONCENTRATION 

Stirred Half Cell Data 
3.7 M H2S04, 60oC, 6.4 cm^ Electrodes 

25 mg/cnr H2 Reduced Ruthenium Modified P-type Catalyst 

: 

Ü 

D 

Methanol 
Molaritv 

.0312 

.0625 

.125 

.25 

.50 

1.0 

Methanol 
Molaritv 

0 
.0078 
.0156 
.0312 
.0625 
.125 
.25 

Current 
ma/cm2 

1 

Anode 
Polarization 
from Methanoi 
Theory, volts 

2 .214 

5 .244 

10 .280 

20 .335 

50 >0.8 

2 .210 

5 .246 

10 .275 

20 .297 

50 >0.8 

10 .270 

20 .295 

50 .336 

100 .395 

10 .264 

20 .285 

50 .324 

100 .351 

10 .262 

20 .285 

50 .315 

100 .342 

200 .365 

10 .260 

20 .280 

50 .310 

100 .335 

200 .355 

400 .380 

5 .240 

2 .210 

1 .190 

LimltlnR Current, ma 

No. Stirring Slow StirrinK 
Moderate 
StirrinK 

3 
19 
34 
72 

160 
610 

2250 

4 
33 
50 

100 
200 
6,10 

2350 

6 
38 
60 

120 
210 
650 

2400 

I 
I 
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APPENDIX D-2 : - 

EFFECT OF TEFLON SPRAY COAT ON 
METHANOL ELECTRODE PERFORMANCE 

Ohmic Loss „ 
at 100 ma/cm , 
voltsW 

0.020 

" 

Electrode Spiay    Polarization from Methanol Theory -   - 
IdentificationC1) Coating'2^    at Indicated ma/cm2, volts^3) 

3372-40 
0    1    5    10   50  100 

Teflon 41-BX 0.04 0.09 0.21 0.24 0.28 0.32 
3372-16 None        0.04 0.13 0.18 0.20 0.28 0.31 0.000 to 0.005 ... I 

u 
(1) Electrodes contain 25 mg/cm of Ru-modified P-type catalyst pressed on 

5.7 cm2i 50 mesh Ta screen at 3000 psl. 
(2) Teflon coating on driver-electrode side of anode. 
(3) 60oC, 1 M CH3OH in 3.7 M H2SO4 in anolyte chamber of glass half cell. 3.7 M 

HjSO, in driver-electrode chamber. 
(4) Measured with Kordesch-Marko bridge. 
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APPENDIX D-6 

STATISTICAL EVALUATION OF 
METHANOL CATALYST ACTIVITY 

A statistical evaluation was made of the activitv differences between the 
potassium borohydrlde and recent samples of hydrogen reduct i forms of ruthenium 
modified P-type methanol catalyst. Performance data were obtained from electrodes 
containing about 25 mf catalyst/cm , tested in 1 M methanol in 3.7 M sulfuric acid 
at 60oC. The data for each cetalyst represent a sample from a population whose 
variance is caused by variations in catalyst preparation procedure per se and also 
variations in electrode fabrication and testing prucedures.  The individual data 
points are Listed In Appendix D-5 of this report and in reference (6). 

Table D-l 

Data for Statistical Evaluation 
of Methanol Catalyst Activity 

Catalyst 
Reduction 

. Agent 

Current 
Density, 
ma/cm 

Number of 
Data Points 

Mean Polarization from 
Methanol Theory, volts 

Standard Error 
(+ 1 sigma) 
"voltsU) 

KBH4 

F2 

50 
100 

50 
100 

19 
19 

12(2) 
12 

0.346 
0.381 

0.288 
0.322 

0.011 
0.020 

0.014 
0.020 

(1) Calculated from standard error 
. 2 

2(x-x)  , where x ■ polarization, 
N-l 

N = number of data points. 
(2) Data for double KOH-washed catalysts. 

a. Significance of Differences between Variances (s ) 

Current 
ma 

Density KBH4 Reduced Catalyst  Hg Reduced Catalyst 
/cm2    Variance(S2)   gUJ   Vp",-„ 'c''x  ~ '7r~ 

50 

100 

0.00013 

0.00039 

Vgriance(S-)_T_ 

18     0.00019     11 

18     0.00040     11 

Variance Ratio, F 

1.46(2) 

1.03(2) 

(1) Degrees of freedom, 0 = N-l. 
(2) Not significant at 90% confidence level. 

b. Significance of Differences between Means 

The above analysis shows that the variances for the two catalyst prepara- 
tions are not signifi-.antly different. Therefore, one may use the conventional "t" 
test to compare the differences between means. 
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I 
I 

Current Density, 
ma/cnr  

50 

100 

Student's 
't" Statistic 

13.3a) 

8.0(1) 

(1) Significantly different at greater than 99% confidence level. 

Conclusions 

The procedures used to prepare either form of the catalyst are under 
essentially the same degree of control, hence their variances are not significantly 
different. However, the mean performance of the H, reduced form of Ru modified 
P-type catalyst is clearly more active than •■.he KBH^ reduced form. 

I 
I 
I 
I 
I 
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APPENDIX E-l 

COATED ELECTRODE PERTOBMANCE STUDIES 

Electrode Methanol 

(1) Ohmlc loss measured with Kordesch-Marko Bridge. 

f : 
Tests Conducted in 1" Diameter Cell at 60 C 
With Electrode Coating Facing Air Stream LJ 

Polarization From 02 Theory 
^»vtwus rwvu««iui     at Indicated ma/cm^, volts Ohraic Losses at 
Number     Description  Conct M   0   _1  _5   10   50  100   100 ma/cm2. volts<l) 

M-3 ■>  Cyanamld AA-1 Coated with 0      0.23 0.27 0.32 0.35 0.47 0.60       0.015 
M-4 ■'  Butyl Ruboer Utex--Alr Side 0      0.25 0.27 0.33 0.39 0.45 0.55       0 

M-7    Cyanamld AA-1 Coated with »J 
Sulfur-free Butyl Rubber Latex 0      0.24 0.29 0.33 0.37 0.44 0.44       0.05 

H-10    Cyanamld AA-1 Coated with 
Silastlc Diluted with Decane 0      0.25 0.31 0.37 0.40 0.47 0.51       0.01 

M-10 0.125   0.43 0.43 0.44 0.44 0.47 0.51       0 
M-10 0.25    0.41 0.42 0,43 0.43 0.45 0.48       0 
M-10 0.5     0.47 0.47 0.47 0.47 0.49 0.50       0 
M-10 0.75    0.51 0.51 0.51 0.51 0.51 0.53       0 
M-10 1      0.52 0.52 0.52 0.52 0.53 0.54 

i f  ; 

83    Cyanamld AA-1 Spray Coated 
with Teflon 41 Bx 0      0.21 0.30 0.32 0.36 0.42 0.46       0.05 

M-15    Cyanamld AA-1 Spray Coated 
with Fluorogllde 1      0.47 0.47 0.47 0.47 0.49 0.53       0                    *-*  | 
Relative Thickness « 1 

H-16   Cyanamld AA-1 Coated with 
Fluorogllde 1      0.45 0.45 0.45 0.45 0.47 0.49       0.005 
Relative Thickness " 10 

M-22    Cyanamld AA-1 Coated with r ; 
Fluorogllde 1      0.48 0.48 0.48 0.49 0.51 0.53       0.01 
Relative Thickness - 100 

^"5   I 

= 
U 

n ; 
£  I    : 

j 1 ; 

Ul 
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APPENDIX E-2 

Electrode 

r 

L 

r 
L 

EFFECT OF SPKAY COATINGS ON CATHODE PERFORMANCE 

I  Theory Polarization From 0; 
Run 

n^2) Oxidant 
Methanol 
Cone , M^3' 

at Indicated ma/cm2 . volts(4) Ohmic Losses at 
Identiflcatlo 0 1 5 10 50 100 100 mfl/cm2, volts* ~'^m~ 

3372-36A Air 0 0.23 0.28 0.33 0.34 0.41 0.46 0.08 
Air 0.1 .37 .36 .37 .37 .43 .51 .08 
Air 0.5 .51 .50 .50 .50 .54 .58 .09 
Air 0 .23 .26 .32 .35 .58 .67 .06 
02 0 .19 .21 .28 .29 .37 .44 .08 
Air 0 " -- — — -- .67 .06 

3372-36B Air 
02 

0 
0 

.23 .28 .32 .35 .40 .43 
.32 

.04 

.04 
Air 0.1 .34 .34 .34 .35 .40 .43 .04 
Air 0.5 .44 .44 .42 .42 .45 .47 .04 
Air 1.0 .47 .47 .47 .48 .49 .52 .04 
Air 2.0 .62 .62 .62 .62 .62 .64 .04 
02 2.0 .- -- -- .- .. .46 .06 
Air 2.0 .57 .56 .56 .56 .59 .62 .04 
Air 0 .21. .25 .30 .32 .40 .41 .04 
Air 0.1 .31 .31 .34 .36 .44 .46 .04 
Air 0.5 .40 .41 .42 .. .. .. _. 
Air 0 .21 .26 .31 .33 .38 .43 .. 
02 0 .21 .23 .25 .26 .31 — .- 
Air 0.1 .39 .37 .45 .44 .47 .48 .04 
02 0.1 .30 .31 .36 .37 .39 .39 .04 

3372-37 0? 0 .21 .28 _. „ mm .39 .03 
C; 0.1 .28 .29 -- — -- .39 .03 
Air 0.1 .31 .32 -- — .45 .49 .02 

3372-40 Air 0 .21 .30 .33 0.36 .42 .46 .07 
02 0 .18 .27 .27 .30 .34 .37 .07 
Air 0.1 .40 .39 .40 .40 .48 .49 .04 
o2 0.1 .32 .32 .32 .32 .. — .. 
Air 0.5 .50 .50 .50 .50 ,51 .54 .06 
Air 1.0 .52 .52 .55 .54 .58 .60 .04 
Air 1.0 .52 .52 .52 .52 .52 .54 .04 
Air 2.0 .57 .57 .57 .58 .58 .60 .02 

3372-40 Air 0 .27 .32 .34 .37 .44 .48 .04 
Air 0.1 .43 .43 .43 .44 .48 .54 .03 
Air 0.5 .58 .57 .57 .57 .58 .61 .03 
Air 1.0 .60 .60 .60 .60 .62 .64 .04 
Air 1.0 .60 .60 .60 .60 .62 .64 .02 

3372-40 Air 0 .25 .40 .49 .64 .80 .. _. 
Air 0 .23 .35 .44 .47 .63 .93 .04 
02 0 .19 .26 .34 .36 .42 .42 .10 

3372-40 Air 0 .33 .35 .46 .54 .81 __ _« 
02 0 .27 .27 .32 .38 .56 .67 .025 
Air 0.1 .77 .77 .78 .79 -- -- -- 

(1) A; Permlon 1010 membrane pressed onto electrolyte side of Cyanamld AA-1 
cathode (5.7 cm2 electrode area). 

B: Same 
C; Same, Teflon screen used as platen face during pressing. 
D: Teflon 41 BX emulsion sprayed on oxidant side of Cyanamld AA-1 cathode. 

No membrane. 
E: Same, but reversed so that Teflon-sprayed side faced electrolyte. 
F: Permlon 1010 membrane pressed onto electrolyte side of Cyanamld AA-1 

cathode. Sprayed Teflon on oxidant side. 
G; Ru-modified P-type catalyst (25 mg/cm2) cathode with Teflon-sprayed 

oxidant side. 

(2) 60oC, 3.7 M H2S04, 50 cc/min oxidant rate. Note: Stolchlometric air rate 
0.095 i, cc alr/mln, where I ■ current density, ma/em2. 

(3) Methanol concentration In electrolyte adjacent to cathode. 

(4) Ex-IR values. 

(5) Ohmic losses measured with Kordesch-Marko bridge. 
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APPENDIX E-3 

EFFECT OF COATING THICKNESS ON POIAPIZATION OF COATED CATHODES 

Temperature : 609C Oxidant: Air-5x Stoichiometrlc 

Coating Type 

Cathode Polarizatic• tf. 
Relative Coating    Indicated ma/cm^, volts 

Thickness 

Electrolyte - 3.7 M H2äO. 

Fluoroglide Spray 
ii      ii 

ii      ii 

1 

10 
100 

Electrolyte - 1 M Methanol in 3.7 M H^O^ 

Silastic--Orip Coated 
II      II  II 

1 
4 

50 

0.49 

0.47 
0.51 

0.37 
C.37 

100 

0.53 
0.49 
0.53 

0.39 
0.39 

Figure E-l 

Comparison of Teflon and Silastic Coated Cathodes 

Sfe 

fel *4 w f  J I 

- - 

' 

11 

: i 

-1 

i 

I 

Silastic 60X Teflon 60X 
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I APPENDIX E-4 

TESTING OF TEFLON SPRAY COATED CATHODE IN 9" x 5-3/4" TOTAL CELL 

Performance at Indicated ma/cm^, volts^ 

i . 

: 

D 

Oxldant U)    Datum(2) r\ 10 20 30 40 50 60 

Air Cell 0.47 0.33 0.32 0.12 0.04 mm mm 

Anode .12 .22 .29 .34 .36 
Cathode .61 .63 .55 .68 .72 
IR .00 .02 .04 .06 .08 

02 Cell 0.50 0.42 0.34 0.26 0.20 0.14 0.10 
Anode .18 .23 .28 .32 .35 .38 .40 
Cathode .52 .53 .54 .56 .57 .58 .58 
IR .00 .02 .04 .06 .08 .10 .12 

(1) Oxldant rates: Air - 8000 cc/min . o? - 1600 cc /min @ STP. 

(2) Cell voltage, anode and cathode polarization, and ohmic losses. 
Latter measured by AC signal method. 

(3) 62-66,5C, 0.75 M methanol in 3.7 M sulfurlc acid fed at 4000 cc/hr. 
Severe leakage of electrolyte from air exhaust was noted. 
Electrode data: Anode was 9" x 5-3/4" 50 mesh screen contain- 
ing 25 mg/cm^ of Ru-modified P-type catalyst. Cathode was Cyana- 
mid AA-1 with Teflon 41 BX spray coat on oxldant side. Electrodes 
were mounted in bi-cell assembly. Run reference 3075-15, 16. 
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APPENDIX F-5 

DETERMINATION OF RATE OF METHANOL OXIDATION 
AT THE CATHODE BY EXHAUST GAS ANALYSIS 

The stoichiometric air rate and the extent of direct oxidation of 
methanol at the cathode are sufficient to fix the oxygen and carbon dioxide con- 
centrations in the exhaust air from a cell. Thus the analysis of these components 
in the exhaust air is of great help :-n evaluating cell performance. A simple 
calculation is as follows: 

Reaction       CH OH + 3/2 0  «. CO + 2 HO 

Basis 1 mole CH OH consumed electrochemicslly 

Inlet Air      79.021% N + inerts 

20.946% 0 

0.033% C0„ 

The carbon dioxide produced by direct oxidation appears in exhaust air 
but the carbon dioxide from the electrochemical reaction is vented elsewhere. 
Exhaust gases are analyzed on a dry basis. 

Picking three times stoichiometric air (based on electrochemical 
consumption) and a direct oxidation rate of 50% of the electrochemical oxidation: 

Li 
Moles inlet gas: 02 = (3/2) (3) = 4.5 

|20.! 
C02=koS    ^-5)  =  0.0052 

Moles 0 Consumed:  3/2 electrochemically 
(.50) (3/2) = .75 by direct oxidation 

2.25 Total 

Moles CO produced in exhaust air stream = .5 

n 

t 1 

Moles outlet gas: 02 4.5 - 2.25 = 2.25 = 11.40% 

N = 17.00 = 86.04% 

CO   .005 + .5 =  .505 = 2.56% 
19.755 100.00% 

228 J 



11 

For ease in actual application, since gas composition rather than direct 
oxidation rate is measured, a plot has been made of carbon dioxide vs oxygen 
concentrations, with percent direct oxidation as a parameter. Cross plotted on 
these lines are lines of constant stoichiometric air rate. Thus, measuring any 
two of the parameters of air rate (from a rotameter), percent oxygen or percent 
carbon dioxide, the third of these and also the per cent direct oxidation is 
found from the plot. 

Gas compositions In present cell analyses are measured with a Beckmann 
F-3 oxygen analyzer and a Beckmann 1R-315 infrared analyzer referenced for CO.. 
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J APPENDIX Qrl 

METHANOL MULTICELL ASSEMBLY 

I 
M 

The Methanol Multlcell Assembl;- representEdthe center of the system. 
Enclosed in the metal case were the sixteen cell stack, the blower along with its 
controls, and meters for monitoring output current and voltage. Tha cells were 

IJ       connected in series to a receptacle located on the front panel. The blower operated 
directly from the stack. The electronic circuitry controlling the air flow produced 

eby the blowervss mounted inside the removable front panel. 

Metal Case 

The metal case was constructed of aluminum in two sections.  The rear section 
housed the sixteen cells. These could be exposed to view by unlatching the metal catches 
at the base, then raising and unhooking the two panels.  The stack couid be detached 
from its base and the front section by removing all the screws except the bottom ones 
that were located along the seam between the front and rear sections.  However, before 
sliding the stack out, the control knob had to be disengaged from its Internal linkage 
by pulling it outward in its OFF position and rotating it counter-clockwise 180°. 
This knob controlled the butterfly valve located between the air blower and the stack. 
Its function was to prevent corrosive vapors from coming in contact with the blower 

I .        during shutdown. The wires connecting the stack to the control panel in the front 
section were permanently attached. 

1 

Sixteen Cell Stack 

The sixteen cell stack consisted of seventeen polypropylete frames, 
gasketed together with viton rubber to prevent leakage. With the exception of the 
two end frames, each frame supplied either electrolyte or air to two adjacent anodes 

ti       or cathodes.  The two end frames supplied air to only the end cathodes. Air entered 
from a common manifold through twenty holes along the top of each frame, flowed through 
the two separate cell compartments anä exited through 14 holes along the bottom into 
a common exhaust manifold. Electrolyte containing methanolwas fed to each frame from 
two inlet manifolds, flowed upwards and out two ports on the top sides of the frames. 
The carbon dioxide was carried out with this recvcle stream and was exhausted outside 
the case. Figures 0-1 and G-2 schematically illustrate the electrolyte and air flow 
patterns to the stack and within the frames. 

^ Each individual cell contained an anode and cathode, two current collectors, 
two polypropylene support springs, an electrode separator also serving as the frame 

Li       gasket, and a membrane. These components are shown in Figure G-3. The current 
collectors were connected to each other in series on top of the stack by means of 

n       'wo fixtures, whichpressed the individual gold tabs together. 
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Fr.gure G-l 

Electrolyte and Air Flow Patterns to Sixteen Cell Stack 

Electrolyte Out to 
Auxiliary Rack CO2 

Blower' 

Electrolyte & Fuel In 

Figure G-2 

Electrolyte and Air Flow Patterns Within Cell Fra.nes 
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Figure G-3 

Individual Cell Components 
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Electrical Circuitry 

The electrical circuitry Included In the Multlcell Assembly was used to 
supply and monitor the power output from the unit and to control the air output of 
the blower.  Figure '5'-4 illustrates the relationship between these components, most 
of which were mounted on the small removable front panel. 

E  i 

Figure G-4 

Methanol Multlcell Assembly 
Electrical Circuit 

Output 
Connector Blower On/Off 

Control Line 
+ ■* 

*Polarize for proper rotation 

Two small meters on the front panel indicated output voltage and current 
The voltmeter WQ;? a 1000 ohm per volt Instrument with a full scale range of 10 volts. 
Current, up f:o 15 amperes,was indicated on a 50 millivolt meter connected through a 
series resistor across a 15A-100 mv shunt.  The shunt voltage drop was also used as 
feedback voltage to control the air supply blower speed. 

A heavy duty output connector provided two large pins for connection to 
the load and a small pin whlchwas u&ed for blower circuit switching.  Insertion of 
the load plug Into the output connector socket actuated the blower circuit through 
a small wire jumper between the small connector pin at the negative side of the load. 
Removal of the load plug automatically stopped the blower. 

-   i 
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After extended periods of storage the stack voltage on start-up might have been 
below the blower starting level. Therefore, a 1.34 volt mercury battery was pro- 
vided to start and operate the blower under this condition. Electronic circuitry 
in the blower control card automatically switched the blower to the battery when 
the load plug called for power and the stack voltagewere below 1.3 volts. The battery 
was mounted on the back of a small removable plate on the right side of the assembly. 
Undei typical operating conditions the battery might be replaced at six month 
intervals to ensure its operability. 

_  The transistor circuitry used in the blower control system is shown in 
PigureG-5. This includes, a temperature stabilized DC amplifier, voltage reference 
diodes and switching circuits. Two switching transistors were actuated by the 
auxiliary contact in the output plug to connect the regulator circuit to the cell 
stack and the battery to the blower circuit. A small series diode prevented current 
flow in the dry cell loop when the stack voltage became the blower power source. 
The DC amplifier supplied voltage to the blower between a preset level at zero cur- 
rent through the reference shunt and an upper limit which was approached linearily 
as a function of increased current through the shunt. A typical performance curve 
is shown in Figure G-6. 

Figure G-6 

Blower Control Characteristics 
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I 11 

Increasing the voltage to the blower increased the air rate.  Since blower 
voltage was controlled by the current, the air rate also responcfed to changes in cur-_ 
rent.  Typical performance response to changes in blower voltage is shown in Figure&-7. 

to 

o 
> 

Ü 

to 

Figure G-7 

_Effect of Blower Voltage on Stack Performance 

T 

2.0     2.5 

VOLTS ON BLOWER 
3.5 

u 

Two small holes in the front panel to the right of the ammeter provided 
means for adjusting the blower control with a 1/8" diameter screw driver.  The lower 
adjustment hole lined up with the zero set control and was adjusted to about 
1.7 volts at the blower.  The upper adjustment controlled the control slope and was 
adjusted to  provide about 3.5 volts at the blower with a 12 A load on the system. 
A small marked wire behind the dry cell plate was connected to the positive blower 
terminal.  The negative side of the blower was common with the negative battery term- 
inal. Regulation of the blower voltage was independent of stack voltage variations 
provided that the stack voltage exceeded the blower requirements by 0.5 volts. 
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APPENDIX G-2 

AUXILIARY RACK 

As previously indicated, the Auxiliary Rack contains1 the components essential 
to the operation of the individual cells, that had not yet been tailored for encor- 
poration into the Multicell Assembly.  These components «ere standard laboratory devices. 
Together, they contrdled the methanol and sulfuric acid concentrations within the multi- 
cell stack- Functionally they controlled the methanol and water addition rates to the 
multicell assembly. Also, included on the rackwas a load bank of resistors for con- 
veniently dissipating the power produced by the Methanol Multicell Assembly. 

- i 

The Auxiliary Rack 

The Auxiliary Rack, itself, as a laboratory rod framework, 18" wide x 24" 
high x 15" wide. The major components mounted on it were the methanol, water, and 
electrolyte recycle tanks, their pumps, and controls. The overall assembly is shown 
in Figure G-8. 

i |  f 

Flgure G-8 

Auxiliary Rack 

y   i 

A = Electrolyte Recycle, Tank,500 ml 
B = Methanol Tank, 500 ml 
C = Water Make-up Tank, 900 ml 
D = Electrolyte Recycle Pump (Mace) 
T = Methanol Pump (Buchler) 
F = Water Level Control Solenoid 

(Mace N.C) 

G = Level Control Sensor 
H = Electrical Load Panel 
I = Rate and Level Controls 
J = Auxiliary Electrolyte Pump Check Valves 
K = Lab Rod (3/8")Frame: 15" x 18" x 24" 
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The functions of these components 
system represented in Figure 0-9. 
at a rate dictated by the current 
from the system was reflected as a 
was gravity fed through a solenoid 
controller. The electrolyte with 
Multlcell Assembly, its rate also 
Multicell Assembly. 

is best shown in the schematic drawing of the flow 
Methanol was pumped to the electrolyte recycle tank 
flowing from theMulticell Assembly.  Water loss 
drop in the electrolyte recycle tank level.  Water 
valve to this tank in response to a liquid level 
the added methanolwas then circulated through the 
being dictated by the current output from the 

Figure G-9 

Schematic Flow Plan of Auxiliary Rack 
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Methanol, Water and Electrolyte Feed Rate Controls 

The lower chassis on the front of the Auxiliary Rack contalnsl the electrical 
equipment for controlling the methanol feed rate, electrolyte recycle rate and the 
liquid level in the recycle tank.  This equipment was powered by 115 v AC from the 
power line. The front panel of this chasis is shown in FigureG-10. Details of the 
AC power wiring are shown in Figure G-ll. 

Figure G-10 

Front Panel of Feed Rate Controller 

T 

In addition to the main pump power switch, separate switches were provided for the 
electrolyte pump, methanol pump and liquid level controller.  These switches had 
3 positions: "OFF", "CONT." and "AUTO".  The "CONT." position afforded a means for 
running the pumps at their maximum rate setting or for adding water at any time 
the operator desire*.  In the "AUTO" position the pumps and the water level controller 
were actuated by the electronic circuitry in the control chassis. 

For water addition, the 115 v AC, solenoid was actuated by the lack of 
electrolyte at the proper level in the electrolyte recycle tank.  If electrolyte was 
below the proper level, a very small DC current flawed through the circuit formed by 
the platinum wire level sensing probe.  This current was amplified by a transistor 
amplifier and actuated a mercury relay which disconnected the AC power to the liquid 
level control solenoid. 

I 

Pumping rates in the "AUTO" position TEera-varied by changing the percentage 
of time the pump operated.  This was accomplished electronically by changing the time 
constant of an RC circuit in a hybrid timing circuit using a unijunction and two 
NPN transistors. The electrolyte pump control had a basic cycle of about 12 seconds. 
Percentage of time "ON" for this controller was  adjusted from 5 to 95 percent 
depending on the setting of the electrolyte pump RATE dial.  A complete rate 
calibration curve is shown in Figure G-12. The methanol pump rate controller had a 
basic cycle of about 120 seconds and was adjusted by the RATE dial under the methanol 
pump switch. The calibration for this rate controller is also shown in Figure G-12. 

i i 
y 
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Figure G-12 

Electrolyte and Methanol Pump Vernier Calibrations 
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The complete circuit of the electronic controls and the_DC power supply 
to operate the transistor and relay circuitry Is shown in Figure G-13. It should be 
noted that the fuse below the liquid level control swltchvas connected to the DC 
power supply circuit. 

The switch between the electrolyte pump switch and the methanol pump 
switch marked "S" and "D" provided a means for operating the methanol rate control 
directly (position "D") or as a percentage of the rate of the electrolyte pump con- 

However, this switch was generally troller (position 
position. 

'S"). 

Electrical Load Panel 

An electrical load panel was provided as a convenience for dissipating the 
output from the Methanol Multlcell Assembly.  The electrical load, designed to 
handle 15 amps, and 100 watts,was located at the top of the rack. The front panel 
is shown in FlgureTT-lA. 
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Figure G-14 

Front Panel of Electrical Load 

*  © 

m 

The left hand dial controlled a variable 0.5 ohm resistor. Additional series resistors 
were added by the switch on the right In 0.5 ohm steps up to 4 ohms on position 9. 
Position 10 added a 10 ohm series resistor to the load circuit. The circuit and 
resistor values are shown in Figure G-15. 
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Figure G-15 

Electrical Load Panel 
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The lower panel and chassis contained the electrical equipment associated 
with the pumps and liquid level controller. This equipment was powered by 115 v — 

AC from the power line.  Details of the AC power wiring were also shown in FlgureG-11. 

Principles of Methanol Feed Control 

The rate of methanol addition vas programmed into the system rather rhan 
being independently controlled.  The basis of this program is the fact that per- 
formance of the Methanol Multicell Assembly remained  relatively constant over 
narrow, but reasonably controllable, ranges of methanol concentrations and electrolyte 
circulation rates. 

The major factor dictating the size of this performance plateau was the 
methanol concentration in the cells.  Too much methanol resulted in excessive methanol 
at the cathode, and too little starved the anode. However, other factors were also 
Important. For example, a high electrolyte flow rate was undesirable, since it 
meant excessive pump sizes and high power demands. Figure G-16 shows a typical 
plateau pattern for this assembly. As can be seen in this figure, the methanol 
concentration and pump rate could each vary by about 25% without Impairing 
performance. 

Figure G-16 

Typical Plateau for Maximum Performance 
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This latitude was needed to adjust for small errors in pump rates, and changes in 
thfi extent of chemical oxidation within the system. About 5 hours of unimpaired 
operation should have been obtained if the system was operating within the required 

limitations. 

Various plateau prof 'as were obtained at currents up to 18 amperes. These 
were used to determine the rec^..-.nended methanol feed rates and electrolyte, shown in 
Figures G-17 and G-18. The methanol feed rate took into account methanol cousumed 
by chemical as well as by electrochemical oxidation. In addition, somewhat higher 
methanol feed rates were recommended during startup to ensure against the greater 
danger of methanol starvation. I | 

i i 

160 

Figure G-17 
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Figure G-18 

Recommended Electrolyte Recycle Rates 
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CURRENT, amperes 

The tnethanol feed pump was set to feed fuel at a rate of 225 ml/hr. Its 
rate was chaneed by adjusting the back nuts, thus varying the pump stroke. The electro- 
lyte rate wab tlxed at 8.2 liters/hr by setting the vernier on the pump to 8. The 
recommended flow rates, divided by the maximum rates, times 100, gives the required 
percentage of time the pumps were on. Figure G-12 gave the corresponding control panel 
vernier settings needed to accomplish this. Because of the importance of these pump 
rates, it was recommended that they be checked whenever the unit was not operating at 
the expected levels. 

251 



APPENDIX G ■■ 3 

INITIAL PERFORMANCE OF METHANOL MULTICELL UNIT 

Current  Battery Performance _   
Density, 
ma/cm Voltage Power, Watts 

0 10.0+ 0 
3.3 10.0+ 
16.7 8.3 42 
20 7.9 47 
33.3 6.8 68 
40 6.3 76 
50 5.6 84 

(1) Run 3330-8, 65-1-4. 
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„ Density 
ma/cai 

APPENDIX G-4 

METHANOL PERFORMANCE OF SIXTEEN CELL BATTERY 
WITH CONVENTIONAL TANTALUM SCREEN ANODES 

Current Battery Performance 

ii 
o 

10 
20 
40 
50 

Voltage Power, Watts 

11.5 0 
7.8 23 
6.0 36 
4.2 50 
3.0 45 

(1) Run 3330-11, 65-1-29. 0.75 M CH.OH in j.7 M H2S04> 50% nominal conversion 
per pass, 10 times stoichiometric air rate. Anode contained 25 mg/cm of 
Ru modified P-type catalyst prepared by hydrogen reduction pressed at 
3000 psi onto a 9" x 5 3/4" 50 mesh Ta screen. Cathodes were Cyanamid 
AA-1 with pressed Permion 1010 membrane. 
Operating temperatures were: 

Fuel in 38 0C 
Air in 27 
Air out 62 
Cell Range 60-71 

2 
Ohmic losses for battery were 4.26 volts at 100ma/cm . 

Li 

Li 

n 

n 
u 

0 

G 
h 
Li 
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APPENDIX G-5 

INITIAL PERFORMANCE OF SIXTEEN CELL M5THANOL BATTERY 
WITH GOLD-PLATED TANTALUM SCREEN ANODES 

Current Battery Performance ' ' 
Density, ^ 

ma/cnr Voltage    Power, Watts 

0 
20 
33.3 
40 
50 
60 
70 

(1) Run 3330-14, 65-2-10. Run conditions same as those for Run 3330-11, 
65-1-29 listed in Appendix G-4, except for use of gold-plated tantalum 
screens for anodes. Ohmic loss tor battery was 1.82 volts at lOOma/cm2. 
Additional operating data for this run are given in Appendices G-9 and G-10. 

U.6 0 
8.5 51 
7.5 75 
7.3 88 
6.6 99 
6.0 108 
5.6 118 
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APPENDIX G~6 

VARIATION OF SIXTEEN CELL STACK PERFORMANCE WITH TIME 

Current 
£(1) 

Stack Potential, Stack Average Cell 
Density, ma/cr Volts Power, watts Potential, volts 

0 11.6 0 0.72 
20 8.5 51 .53 
33.3 7.75 78 .48 
40 7.3 88 .46 
50 6.6 99 .41 
60 6.0 108 .38 
70 5.6 118 .35 

0 11.2 0 0.70 
10 8.8 26 .55 
40 6.9 83 .43 
50 6.0 90 .38 
80 4.6 110 .29 

20 8.0 48 0.50 
40 6.6 79 .41 
80 4.4 106 .27 

0 11.3 0 0.71 
3.3 9.7 10 .61 

10 9.0 27 .56 
20 8.05 48 .50 
40 6.8 82 .42 
60 5.85 105 .37 
80 4.95 119 .31 

(1) 0.75 M CH3OH in 3.7 M li^SO^, 50% conversion per pass, 8.4 times stoichlometric 
air rate. 

i .« 

o 
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APPENDIX G-7 

VARIATION OF OHMIC LOSSES IN SIXTEEN CELL STACK WITH TIME 

Cell Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Total 
Average per Cell (2) 

: 

Ohmic Losses at 100 ma/cm^at Indicated Hours on Current, mv: 

1        20       45      94      163     21Z 

108 
113 
108 
107 
U9 
113 
125 
117 
117 
113 
125 
113 
107 
113 
108 
119 

1818 
114 

- 121 158 
- 113 117 
- 119 133 
- 113 117 
- 125 135 
- 113 109 
- 137 145 
- 125 125 
- 113 158 
- 121 121 
- 133 141 
- 121 113 
- 129 133 
- 133 141 
- 111 117 
- 137 158 

1868 2016 2020 
117 126 126 

165 123 
125 117 
125 125 
117 123 
127 133 
113 113 
141 141 
137 145 
153 141 
133 133 
137 137 
113 113 
HI 113 
119 125 
12') 117 
141 137 

2020 2020 
126 126 

(1) Measured with AC technique (6). 
(2) Calculated from measured value for total stack. 

. 
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APPENDIX G-8 

EXPLANATORY NOTES ON COMPUTED DATA 

The data presented In Appendices G-9 and G-10 were obtained from the 
sixteen cell stack during Run No. 3330-14. Explanatory notes on the stack com- 
ponents and computational procedures are listed below. 

A. Stack Details 

The stack contained sixteen cells connected In series. The 9" x 5-3/4" 
anodes were numbered FC-108 through FC-123 and contained 25 mg/cm? of the hydrogen- 
reduced form of ruthenium nodlfled P-type catalyst pressed onto a gold-plated 50 
mesh tantalum screen. The cathodes were numbered CYC-94 through CYC-109 and were 
American Cyanamld AA-1 electrodes to which was pressed a Fermlon 1010 membrane. 

n 
u 
n 
I 

B. Computational Procedures 

An electronic computer was used to facilitate the calculations required 
for evaluating stack performance. The tabulated Items listed in Appendices G-9 and 
G-10 are discussed below, as required for clarity. 

1. Run Number and Condition Period; The stack was run Intermlttantly. Per- 
formance was usually noted during steady state at various operating condi- 
tions. Exceptions ware Runs 65-2-19 and 65-3-30, where transient data were 
obtained during start-up: 

Time After Start-Up, min 

u Cordition Run Run 
Period 65-2-19 65-3-30 

I "J - 
2 - 7 
3 - 12 
4 10 17 
5 15 22 
6 20 27 
7 25 32 
8 30 37 
9 35 42 

10 40 47 
11 45 52 
12 50 57 
13 55 62 
14 60 95 
15 70 125 
16 115 155 
17 . 185 
18 175 215 
19 205 275 
20 235 305 
21 265 - 
22 295 - 
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2. Time on Load: Cumulative time on current load. 

3. Mode of Operation: R-recycle, S=single pass or once-through. 

4. Nominal Conversion per Pass: Methanol consumption based on electrochemical 
conversior. only. 

5. Air Rate at STP: Standard conditions were 0oC and 1 atm. 

6. Nominal Stoichiometric Excess Air: Multiples of air rate required for 
electrochemical oxidation of methanol. 

7. Air Humidity: Dry air was essentially bone-dry laboratory air that had 
been passed through a bed of Drierite. Wet air was passed counter current 
to a hot water stream in a packed column prior to entering the stack.  This 
stream was presumed to be saturated at the indicated inlet air temperature. 

8. Temperature: Reactant temperatures and temperaturas within the stack were 
monitored with thermocouples mounted in polypropylene shields. The thermo- 
couples were placed at various depths in several cells. Poth anolyte and 
air chamber measurements were made as follows: 

Chamber 

Anolyte 

Air 

Cell No. 
rnermocouple Location, 

Side of Stack 
Thermocouple 
Depth, inches 

1.5 
1 Back 
5 
6 

Front 
Back 

1.0 
1.5 9 Front 1.5 14 

15 
Back 
Front 

1.5 
1.5 1 Front 1.0 1 Back 4.1 7 

10 
16 
16 

Front 
Back 
Front 
Back 

2.8 
2.8 
4.1 
0.8 

It was noted that air chamber temperatures for cells 7, 10 and 16 formed 
smooth lines when superimposed on a plot of anolyta chamber temperature 
versus cell number. Temperatures for cells that did not contain a thermo- 
couple were estimated by interpolation. Average cell temperature was the 
arithmetic average of the 16 individual cell values. The fuel outlet temp- 
erature was measured some distance fiom the stack and thus does not repre- 
sent a true bulk mixing temperature for the anolyte chamber overflows. 

9. Anode Polarization: Anode polarization was measured relative to a hydrogen 
reference electrode located in the anolyte chamber. Raw data were corrected 
to theoretical methanol potential at the observed cell temperature using the 
following equation derived from previous data (4); 

Anode Polarizp.cion at T0C = Measured Polarization - 0.104 + 0.0013 T cell 

where:  T cell = Cell temperature, "C. 

I I 
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10. Anode Polarization üi  60CC:  In order to determine whether feed maldistri- 
bution existed, it was necessary to correct anode polarization data for the 
effects of cell temperature distribution within the stack. Anode polariza- 
tion data were obtained at a variety of temperatures as indicated below: 

« - 

n 

Temperature, 0C 
Polarization from Methanol 
Theory at 40 ma/cm , volts 

55-57 0.28 
58-59 .27 
58-60 .26 
60 .26 
62-64 .26 
65-66 .26 
70 .24 
75 .23 
80 .22 
95 .18 

.7 

These values, together with data at lower temperature reported previously (6) 
were used to obtain the following correction factor, applicable in the range 
38 to 950C: 

Z » 1.572 . 0.00952 T 
cell 

where: T ,. " Cell temperature, 0C 

Z - Correction factor = Polarization at T*^ 
Polarization at 60oC 

Thus anode polarization data were corrected to their equivalent values at 
60oC. 

D 
i 
y 

f? 

11. Cathode Polarization: Cathode polarization data were calculated b^ sub- 
tracting the sum of (cell voltage + anode polarization at cell temperature 
+ ohmic loss) from 1.20, the theoretical methanol-air cell voltage. 

12. Ohmic Lorses: Ohmic losses were measured at various times during Run No. 
3330-14, and are listed in Appendix G-7. 

13. Chemical Oxidation: The extent of chemical oxidation of methanol st  the 
cathode was determined by measuring the C0? content of the exhaust gas. 

The equivalent current density corresponding to this level of methanol 
oxidation was calculated from: 

2 
Chemical Oxidation, ma/cm - 0.01 Y (0.0899 Q. - 1.5 I) 

1 + 0.0751 

where:   Y  = CO« content of exhaust gas, mole % 

Q. " Inlet air rate, cc/min (? STP 
2 

T m  Electrochemical current density, ma/cm 
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Values of carbon dioxiae content were not obtained for all runs. The com- 
puter printout has assigned a value of "0" to these runs. Values of chemical 
oxidation as low as 0.0 were never observed experimentally. 

14. Voltage Efficiency: 
culated from: 

Voltage efficiency for the sixteen cell stack was cal- 

Voltage Efficiency = Stack Voltage 

(16) (1.20) x 100 

15. Thermal Efficiency: Thermal efficiency was calculated from: 

Thermal Efficiency = (Siack Voltage) (I ,  ) 

(16)(1.23)(I .  + I .  ) 
elec   chem 

x 100 

where: 
elec, chem Electrochemical and chemical oxidation current 

denaities, respectively. 

16. Water Balance Data: Water balance data were recorded for many runs by 
measuring the total condensate collected from the exhaust gas stream after 
it had been chilled to about 18"C in a series of condensers and knock-out 
traps. The final exhaust air was assumed to be saturated at this low temp- 
erature. The gross water loss rate was the sum of the condensate rate and 
the water lost in the final air exhaust. For runs made with dry inlet air, 
the grocs and net water loss rates were identical, although the computer 
tables have listed the latter as 0.0. For runs made with wet inlet air, 
the net water loss represents the difference between the gross loss rate 
and the rate at which water is added to the stack via the saturated inlet 
air strean. This number is occassionally calculated to be negative, meaning 
that more water was added to the system than was recovered from the exhaust 
air stream. The rate of water production is calculated from the total rate 
of methanol consumption via electrochemical and chemicd oxidation. 

260 
; 1 

n 



> 
^ •« X « 
«t >c rsj <c 

a. u 

tu o 
a -o 

z < 
oooooooooooooooo 

1/1 

< 
I 

ts 

< 
I 

z c cs 
— o » h- • 

D <    •■       H 
LU o: ui t- a:     t- 
UJ UJ LU UJ —1 H  UJ 
U. a or j f- IU j 

S 3 ^ D -J V- 
z 1- — B 2 3 

Ik 4            — cj 
is a: _) -j 

X ^J  :jj  IJJ  ac  QC 
1» ai Q. D 3 — — 
rr\ o £ u. u. < < 
T (9 UJ 
U I i- 

^- 
U -I 
I > 
X 

iA LU 
1- O 

oooooooooooooooo  co 
oooooooooooooooo  oo 

> »»   OOOOOOOOOOOOOOOO 

z 

o -t o 

I 

O O IN o •* > 
• o  • a • K 

O M C O X Q 
>J f^ IT O 

_i is        •••• •        •• 
IS 2       OOOOOOOOOOOOOOOO       OO 

3 • 
a Q. 

1- K 
C3    •    • 
l/)  V—   (— 

LL Lfl  — V o o 
B 

t- <  Ul yi i-   *   * 

se LO ►- « > >- 
< • un   • uj 'Jj 1- I o u 
i- « 1^ ? o o < r ? ^ « > I  <  -  K 2       LU aj 

a h_ ^. a. z Lu «i ••   IM   —4 
IS »- H U        -s £ 'JJ ► > u u 
M < LO LO U V o    • >■ a: o 1- 1- — — 
« K ?• o I b- si «5 3 — U. U. 

1   UJ A « UJ •  •     o ■_! LL K Q-  LO L.  a. 
^\ Q. < a UJ >    » « o a -1 ►- sr UJ UJ 
■O        IS ►- 1- 2 LU IS LU B 3 UJ 

2 -1 M *- < N 1- 1- »■ a > IS Q UJ _l 
s o ä ac o < ^ 3 o < • — z T- UJ a T >• K K ac < £ 

cs ^ ?a B of a  •      . a O LU UJ *- 3C 
2 — u QC UJ E 3f £ rf UJ < X 3 -I 'Xl 

O UJ .1 UJ IB — IS ■■ t- t- B B B I 
Z Z £ ? u u. z < z < i- Irt a. a > i- 
3 ra — 3 < 
« o ►- * ea 

UJ ts, 
o > 

UJ a 
o x. 

4- ro 
* c 

ooopoooooooooooo     CO 

eorsJirccfvjpc^or^NiC-^ir.Of*-^ 

UJ 'JJ 

.-I .-( ^ _< —< --t ^     < 

UJ Q 
> t- 

261 



APPENDIX G-9 (Cont'd) 

DETAILED PEKF0RMAMCE   0F   METHAN0L-AIK   SIXTEEN   CELL   STACKC1) 

*m  HS,     65- 
Ci)MPrTI0N   P&Rim 
TIME 0N L0Aü AT STAKT BF RUN, HRI. 

RUN C0NO1TI0NS 

CURRENT DENSITY 

FEED RATE, CC/HK. 
N0M. CBNV. / MASS 
AIR RATE, CC/MIN. AT STP 
N0M, ST0ICH. tXCESS AIR 
AIR HUM1ÜITY 

BATTERY PERFiJRMANCE 

STACK VflLFAGE 

P0WER 0UTPUT, WATTS 
P0HER DENSITY, MWATTS/S«. CM. 
VHLTAGE EFFICIENCY, PCT . 
THERMAL EFFICItNCY, PCT. 

C02 IN Hl!< 0UUET, MBL  PCT. 
rwtH. 0X10., MA/SO. ("-«■ 

CELL 
CELL N0. TEMP., 'C 

1 55 
2 56 
3 58 
4 59 
b 61 
6 60 
7 60 
8 59 
9 57 
10 55 
11 54 
12 54 
U 53 
14 52 
15 51 
16 46 

AVtRAGL 55 
STP. DEV. 3.98 

CELL 
V0LTS 

0.31 
0.35 
0.25 
0.34 
0.22 
0.36 
0.37 
0.29 
0.36 
0.29 
0.25 
0.30 
0.30 
0.27 
0.27 
0.27 

0.30 
0.05 

(- 2 
2 

156 

4Ü.0 CH30H IN FEED» M 0.25 

9600 M0DE 0F 0PERATI0N 0NCE-THRU 
50., TEMPERATURES, °C 

3000f FUEL INLET 50 
K.4 FUEL 0UTLET 37 
DRY AIR INLET 27 

AIR 0UTLET 42 

4.80 

57 
12.0 
25.0 
20.4 

0.30 
7.9 

PiLARlZATI0N, vaLTS 
AN0DE       CATH0DE 

0.42 
0.41 
0.40 
0.<iO 
0.4c 
0.46 
0.45 
0.43 
0.51 
0.44 
0.53 
0.49 
0.45 
0.45 
0.48 
0.48 

0.45 
0.04 

0.41 
0.39 
0.50 
0.41 
0.47 
0.33 
0.32 
0.42 
0.L'7 
0.42 
0.37 
0.36 
0.40 
0.43 
0.40 
0.40 

0.39 
0.06 

0HMIC   L0SS 
V0LTS 

0.066 
0.050 
0.050 
0.047 
0.051 
0,045 
0.056 
0.055 
0.061 
0.053 
0.055 
0.045 
0.044 
0.048 
0.052 
0.056 

0.052 
0.006 

AN0OE   P0L. 
360 °C 

0.40 
0.40 
0.39 
0.40 
0.47 
0.46 
0.45 
0.43 
0.50 
0.42 
0.50 
0.47 
0.43 
0.42 
0.44 
0.42 

0.44 
0.03 

(1)    See Appendix G-8 for additional details. 
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APPENDIX G-U 

OPERATION WITH FORMALDEHYDE AS   "UEL 

A. Operation of Sixteen Cell Battery 

Current Battery Performance 
Density, 
ma/cnr 

16.6 
40 
50 
56.7 
70 
90 

(1) Run 3330-14 65-2-16 made in 16 cell battery after 
9 hours prior operation with methanol feed. Feed 
for this run was 1 M HCHO in 3.7 M HjSO,, once-thru 
at 50% nominal conversion per pass with 15 times 
stoichiometric air rate. Peak battery temperatures 
maintained at 80oC by prochllling feed to about 160C. 

Power, 
Voltage Watts 

10.2 51 
8.8 106 
8.0 120 
7.5 128 
7.0 147 
6.2 167 

B. Anode Performance 

Current  , 
Density, ma/cm 

Polarization from Formaldehyde 
Theory, voltsw 

0 0.16 
1 0.19 
5 0.27 

10 0.27 
50 0.33 
100 0.36 
400 0.44 

(1) 1 M HCHO in 3.7 M H,S0/l &  60oC. Anode was 25 mg/cm2 

Ru modified P-type catalyst prepared with H2 reducing 
agent on 5.7 en/ 50 mesh Te screen. Following are 
estimated relative potentials @ 60oC: 

Formaldehyde + 0.135 volts 
Hydrogen        0.000 
Methanol - 0.007 
Oxygen - 1.204 

1 \ 

284 



APPENDIX G-12 

METHANOL ANALYZER TEST CELL 

" 

»= 

1. 

u 
r 
U 

y 

n 

A. 
B. 
C. 

E. 
F. 

Aperture for CO- exit (N9 sparged) 
Teflon flange        l 

Modified polypropylene tubing 
fitting 
Membrane-electrode analyzer 
element 
Current collector tab 
Magnetic stirrer 

G. Counter electrode 
H. Standard taper joint 
J. Glass flange 
K. Condenser 
L. Thermometer 
M. Serum stopper 
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m APPENDIX G-14 

g FIFTY AMPERE CONSTANT CURRENT LOAD AND DRIVER 
H 

A heavy duty, wide range electrical loading and measuring unit was 
designed and built for cell stack testing. Constant current loading, regulated 
LO + 1%, was provided from 200 ma to 50 amp. Voltage measurement ranges extended 
from 0.5 volts to 150 volts. All equipment was assembled in a single package 
except for the high current DC supplies. Solid state devices were used for 

,-5 rectification, amplification and regulation. A block diagram of the regulation 
system is shown in Figure G-20. 

The main regulator consisted of 12 parallel connected 2N174 trans- 
istors mounted in a commercial stacking device provided with forced air cooling. 
Regulation was accomplished using negative feedback through a high gain voltage 
amplifier and a regulator driver. The regulated current level was established 
by adjusting the reference voltage level which was corp-^red to the voltage drop 
across the regulator shunt by a differential error amplifier. A surgi control 
circuit prevented the development of large current peaks during startup and 
shutdown periods. 

The 50 amp regulated current span was covered in three ranges; 0.2 to 
5.0 amp, 0.2 to 15 amp, and 0,2 to 50 amp.  Range change was accomplished by shunt 
switching. Mechanical coupling in the current range switch provided automatic 
switching of the recorder circuit shunts ss the current range was changed. 

The voltage measuring circuit provided readout up to 150 volts full 
scale. Ranges of 0 to 0.5, 0 to 1.5, 0 to 5.0, 0 to 15, 0 to 50, and 0 to 
150 volts were available. Mechanical coupling in the voltage range control 
switch provided automatic activation of the external DC power supplies needed 
to maintain good regulation below the 5 volt operating level. i = 

U 

n 
n 

L 

n 
u 

LJ 
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