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FOREWORD

This is Technical Summary Rcport Numher 10 of a research program conducted by the
General Electric Company under contract with the U. S, Army Engineer Research and Development
Laboratories. The purpose of this program is to investigate !.ydrocarbon-air fucl ¢ells for military
epplications. This program continues the rescarch cffort on the direct oxidation of hydrocarbon fucels
first undertaken by General Electric Company in November 1960, under contract DA 44-009-ENG-3771.
Investigatic . .1as continued under contracts DA $4-009-ENG-4853, DA 44-009-ENG-4909 and DA 44-
009-AMC-479 (T). This work is conducted at the Company's Research and Development Center in
Schenectady, New York, and at the Direct Energy Conversion Operation's Research and Development

Laboratory in Lynn, Massachusetts. Program management is the responsibility of the Direct Energy
Convcrsion Operation,

Thesc technical summary reports are issued on a semi-annual basis. The technical content
is reviewed by ERDL prior to publication. The Contracting Officer's Technical Representative is
Dr. Maxine Savitz,

This work is made possible by the suppoit of the Advanced Research Projects Apency (Order
No. 247) under Project Lorraine through the U, 3. Army Engineer Research and Development
Laboratories, Fort Belvoir, Virginia.
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1.0 GENERAL SUMMARY

1.1 PROGR \M SUMMARY

che work rcported herein is a continuation of the tasks discussed in Semi-Annual Technical
Summary Report No. 9, covering the reporting period of 1 January - 30 June 1966, with the addition
of a system study for a direct oxidation hydrocarbon-air fuel cell system for liquid fue!s. Effective
15 Avgust 1966, Tasks II a~1 IV, covering multi-component fuel studics and investigations with alter-
nate acid electrolytes, were discontinued and the remaining technical and engineering effort
re-directed toward the sclection of an optimum direct hydrocarbon-air fuel cell system for use with
liquid hydrocarbon fuel. By agreement witk. ERDL personnel, the report on this system study, inclu-
ded herein, is submitted in lieu of, and fulfills the requirement for a final report under this contract.

The objective of this prog~am still remains to develop a technology which will facilitate the
design and fabrication of practical military fuel cell power sources for operation with ambient air
and conventional hydrocarbon fuels. The system study represents a preliminary analytical evaluation

of the technological results achieved to date when applied to a complete fuel cell power source.

As vedirected by Modification No. 4 to Contract DA44-009-AMC-479(T), the revised task
definitions as of 15 August 1966 are as follows:

Task I - Optimum Dire~t Oxidation Hydrocarbon-Air Fuel Cell System for Liguid Fuels

LU

The experimental information 'obta.i ned to date on this program will be reviewed and the
optimum direct hydrocarbon-air fucl cell system for use with liquid hydrocarbon fuel will be selected.
This will include:

a, Cholice of electrolyte

b. Choicc of cell operating temperature

c. Choice of fuel vaporization or injection procedure

d. Choice of electrolyte containment r.ethod

e. Choice of electrical compositicn
Based on these prime choices of approach and operating conditions an analysis of the total
system will be made which will include detailed heat, water, and mass balance calculations, Major

components will be described in terms of the functions they perform and approximate sizings, and a

preliminary conceptual layout of a 0. 5 KW direct hydrocarbon fuel cell system will be prepared.

Task II - Ca~bon Monoxide and Hydrogen Adsorption on Platinum-~Rhodium Alloys

The rate of adsorption and the steady-state coverage of carbon monoxide and hydrogen will be
studied as a function of potential at 80°C ir 4N sulfuric acid using multipulse potentiodynainic methods

i
H
H
z
=

for rhodium metal and platinum-rhodium alloys.
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Task IIT - Study of Refractory Compounds as Catalyst Supports

Refractory compounds made up of elements from Groups IIl and IV of the periodic table com-

pounded with carbon will be studied to determine their suitability as substrates for electrocatalysts in
fuel cell clectrodes.

These materials will be procesacd into fuel cell clectrodes and evaluated in fuel
rclls in their catalyzed and uncatalyzed form,

Task IV - Allov Electrocatalyst -

Meth Is will be developed for dispersing selected alloy compositions on suitablc supports,
including . efractory carbides, semi-conducting exides and carbons. Electrode fabrication procedures

will be devised for these composite electrocatalysts and the experimental electrodes obtained will be
cvaluated in fuel cells.

Thesc last three tasks are essentially a continuation of Tasks I and II as described in the
last summary report.
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1.2.1 Electrocatalyst Research

Studies with unsupported noble metals as catalysts for hydrogen-carbon monoxide anodes
have been brought to a conclusion with the completion of work with platinum-rhodium and platinum-
iridium, The behavior of these matcrials appears to parallel that of platinum-ruthenium which was

found to be the superior composite catalyst among the group.

As a result of the cncouraging performance obtained with platinum-ruthenium, platinum-
rhodium and platinum-iridium clectrocatalysts with hvdrogen-carbon monoxide fuel mixtures, attempts
have been made to prepare active electrodes by supporting smail amountr of the e metal comnbinations
on substrates. Excellent performance has been obscrved with platirum-ruthenium dispersed on boron
ecarbide and other supports with noblc metai loadings of less than 3 mg/cmz. Somcwhat inferior
performance was observed with supported platinum-rhodium and platirum-iridium cataiysts, but

this may be due to incomplete reduction of the metal halides on the s bstrates,

Selccted metal borides and silicides appear to be potentially useful catalyst supports which

offer advantages over boron carbide.

Work is also contlnuing on the use of stabilized tungsten oxides as catalyst supports and
promoters. Emphasis during the period has been placed upon improving corrosion resistance and
reducing platinum loadings in preparation for future work with hydrocarbon fuels. Fuel cell perfor-
mance data obtaine. during the period with hydrogen-carbon monoxide fuels and 2 to 5 mg Pt/‘cm2
lozdings were similar tn previous rcsults vbtained with 34 mg Pt/cmz. Admixture of such an oxide
with platinum-rutheniumn. alloy catalyst resulted in exceptionally good performance with a hydrogen-
carbon monoxide fuel at 25°C. Parallel runs with Pt-Rh and Pt-Ir alloys admixed with the oxide did

not show this effect.

Improvements have been made in electrodes prepared by spreading a platinum-boron carbide
Teflon mix on a foamed nickel basc which is leached out after curing to give an electrode with an
interconnecting system of macropores, The leakage problem has been markedly improved. Current
density at load voltages of interest has been ircreased by another factor of 1. 6 for cathode operation.
This was accomplished by incorporating a second leachable additive into the electrode. The second
leachable additive preferably has an elongated particle shape sc that it forms small pores bra:ching
out from the macropore system, Control of both total porosity and the ratio of large to small pore
volume is possible with this method of preparation, It appears that the structure contains interface

between micro and macropores distributed throughout the volume of the electrode.

1-3
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A sensitive method for determining platinum In phosphorie aeid by ultraviolet adsorption has
been devised. 1t has been used to show that unreriuced platinum (from diammlne dinitrite decom-
position) on i-oran earbide dissolves slowly in phosphorie aeid at elevated temperatures around 150°C.
After reduction, the dissolution stops. Some loss of Pt has taken plaee in past experiments. Steps to

minimize this loss and measure it can now be take'.,

Teflon-bonded tungsten earbide electrodec have been investigated. They show high actlvity
with hydrogen at 145°C. One electrode sustained 150 ma/‘cm2 only 100 millivolts from the 1eversible
hvcrogen potential. Priopane still showed no activity on this eleetrode. Some of the eviderce suggests

that tungsten carbide acts as an electronieally eonducting support for a surface layer of tungsten oxide,

Hydrogen fuel cell anodes of the nobie metals show varying sensitivity to the presence of CO
in the gas fecd, Studies of the mixed adsorption of CO and hydrogen on microeleetrodes of these
metals provide insight into the mechanistic details of electrode "'poisoning. " While the adsorption of
CO on Pt hss received considerable attention, similar studies on Rh electrodes have been laeking, On
the other hard, considerable background information has beei provided as a result of various volt-
ammetric studies of the adsomtion of oxygen and hvdrogen on Rh. The voltammetrie approach followed

in these studies is similar to that used in previous studies of Pt electrodes.

1t was shown that CO adsorption on rhodium may be studied in a quantitative manner (by
anodic stripping) if a "multip*ize potentiodynamlc’ sequenee is used to establish reprodueible initial
conditions. Aaditionally, eomparisons have been made between the amount of CO and of hydrogen

atoms co-adsorbed unde.” dynamic conditions.

Up to 0. 5 v the CO eoverage on Rh electrodes is essentially constant over the entlre range of
CO eoneentrations and independent of whether or not CO was pre-adsorbed on the electrode at 0, 12 v,
Above 0.5 v, the results do depend on the eoncentration ¢ ¢ CO and steady -state is somewhat sluggishly
established (the mean of the value achieved with and without pre-adsorption at 0.12 v). It seems
reasonable to eonclude that for this highly ir1eversible chemisorption, there is the tendeney for full
monclayer coverage over the entire range of concentrations and potentials, and that only the opposing

rate of oxidation oi CO to CO2 tends to drive the eoverage down at high potentials.

The adsorption isotherm for hydrogen on Rh retains its original form when CO adsorbs, i.e.
that there does not appear to be preferential CO adsorption on sites with the highest heats for hydro-
gen. This may be intev reted in two different ways. One possibility is that ""original' heterogeneity
leads to no signifiennt differenees in the heats of adsorption ¢f CO on various sites. A surface
partially covered with CO simply aets as if the effeetive area haa been decreased and retains the same

adsorption isotherni. The alternative is that heats of adsorption do vary over the surfaee due to

1-4



original heterogeneity, but under conditions of mass-transport controlled adsorption theie is a com-
pletcly random distribution of CO molecules over the various sites. Due to iminobile adsorption,
there is no subsequent re-distribution of adsorbed CO according to the heats of adsorption of the sur-
face sites. Hence, & random distribution of CO molecules is retained as is the form of the original

hydrogen arsorption isctherm.

i.2,2 Mvu'ti-Component Fuels

Work previously reported in this area has been continued and two main aspects vierc covered:

1. The qucstion of relative reactivity of various hydrocarbon additives in a muiti-component
mixture. Her-=, it was shown that aromatics, olefins, and 1o a certain extent, naphthenes, but not
sulfur compounds that are basic in character, are preferentially adsorbed and oxidized at the con-
ditions prevailing at the anode. An attempt was made to explain this behavior in terms of kinet!c

theory.

2. The aspect of extended tests for given multi-component mixtures, This investigation
revealed that a yreat variety of types and roncentrations of additives ‘.o a paraffinic fuel can be tole-
rated at anode conditions involving high potentials (of the order of 600-700 mv DC vs. H2/ H+) an” no
cycling. Methvilcyclopentane was shown to be a particularly interesting constituent, in that it can be
tolerated at high concentrations (50 mole % or more) with no karmful effect on anovde performance,

as compared to pure octane., Furthermore, no -=:rformance cycling was observed.

1.2.3 Investigations with Alternate Electrolytes

The previous work with carbon-supported electrocatalvsts using liquid octane fuel and hydro-
fluoric acid electrolyte at 105°C has been extended to include higher area graphitic and non-graphitic
substrates. The specific performance of the electrocatalysts increases with increasing substrate
specific area up to at lcast 212 and 350 m2/ g for the graphitic and non-graphitic substrates, respec-
tivel' rthc highest areas tested). Based on an >erage standard catl.ode performance, an anode per-
for: 2 level of 0. 83 watt/g Pt at an I-R free cell voltage of 0. 4V, or 0. 69 watt/g Pt at 0.4V I-R
included for an 1/8 inch electrolyte spacer, was achleved using a 212 m2/g graphite supported elec-
trocatalyst at a loading of 10.3 mg Pt/cmz. Further improvements are likely through the use of

higher nrea substratee in an optimized elecirode structure.
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1.3 ANALYSIS OF DIRECT HYDROCARBON/AIR FUEL CELL SYSTEM FOR LIQUID FUELS

Based on the datu asscmbled under previous eontracts, eertain choices of components which
seemed logical from the standpoint of high performance were chosen. Phosphoric acid seemed to be
the best cleetrolyte in spite of the anodic cycling which has been observed in singic eclls, Teflon-
bonded platinum eleetrodes supported on ta talum screens were chosen in spite of their limited life
and high cost. Normal octane was chosen as the fuel, even though it also is expensive. ’he result of
the system study was, therefore, aview of the upper limit in performance attainable today, even

though the system is expensive.

The system analysis of a dircet liquid hydrocarbon system showed the optimum components
and conditions to be:
Phosphoric acid elee.rolyte, about 96 w/o at 150°C, with a 1/16 inch electrolyte.
Platinum electrodes of aetive arca 10 by 15 inches.
Norma! oetane as the fuel and air as the oxidant.

Three times stoichiometric reaction air.

Such a system is capable of delivering 540 "satts net at an ovcrall cfficieney of 20% based on
higher heating value. The svstem s watcr conservative at ambients of 85°F or lower. About 60 watts
is needed for parasitie power if free eonvection eooling is used. Not mueh systcm weight reduection
eould be obtained by decreasing the electrolyte gap by half, but the weight could be reduced by 4075 by
designing for an operating temperature of 180°C. The high concentration of acid needed ut 180°C
poses a problem of eleetrolyte solidification upon eooling after shutdown of the unit. Frec convecetion

cnoled auxiliaries were favored for system simplicity and higher efficiency. A conceptual layout of a

0.5 KW system for the free convection configuration operating at 150°C {s precsented.
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2, 0 DETAILS OF INVESTIGATIONS

2,1 FLECTROCATALYST RESEARCH

2.1.1 Alloy Electrocatalysts Compatible with H_-CO Mixtures (D. W, McKee, L. W. Niedrach,
1.T. Danzig, and A.J. Scarpellinn) “

Work with fuel mixtures containing hydrogen-carbon monoxide has been continued, Studies of
unsupported noble metals were brought to a conclusion during the period, while work with supported
systems was accelerated. Boron carbide, metal borides, and metal silicides were among the sup-

ports considered.

In all of the fuel cell work, Teflon-bonded electrodes having the structure deseribed by
Niedraeh and Alford (2. 1-1) were employed. These were mounted in circular cells of conventional
design. A hydrogen reference electrode was employed, and all measurements were made with a

Kordesch-Marko bridge.

The electrodes were normally evaluated with 5N sulfuric acid as the electrolyte at 25 and 85°C.
Electrolytie hydrogen and the synthetic mixtures in Table 2. 1-1 were employed as fuels, For contin~

uity with the earlier work, mixture C was used as the general reference fuel. Purified oxygen was

used as the oxidant.
Table 2, 1-1

S'nthetic Fuel Mixtures

EH, %co %co, % CH,
A 69.6 0.2 14.9 15.3
B 71.4 1.0 14, 4 14,2
C 77.8 2.0 20 0.25
D 71.3 5.0 12,5 12,2
E 65. 3 9.8 12,7 12,2
F 45.6 29.9 12,2 12.3

2.1, 1.1 Unsupported Noble Metal Alloy Electrocatalysts

The survey of tne Pt -Rh and Pt-Ir systems was completed with investigations of the effect
of CO concentration in the fuel gas on the performance and studies of CO utilization. Data showing

the effect of CO content are summarized in Figure 2. 1-1 and 2, 1-2 in the form of anode vs reference

" (2.1-1) L.W. Niedrach and H. R. Alford, J. Electrochem. Soc., 112, 117 (1965),

L
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polarization eurves.  Ag in the case of Pt-Ru (2. 1-2) the performance declines conslderably as the

¢ hon monoxide content is increasci.

The fate of the carbon monoxide fn th  fuel was investigated under various load conlitions by
analyvzing the effluent gases from working fuel cells with a mass spectrometer, The fuel in each case
was a 112-3'}' CO mixture and the aperating temperature was 83°C.  Kesults obtained with typleal
anodes of platinum -rhodium and platinum-tricium are summarized in Table 2, 1-2 and Figuve 2, 1-3.
This figure which shows the apparent percent of the current carried by carbon monoside oxidation
as a function of currcnt density, also includes similar data for platinum and platinum -ruthenium
electrodes for comparison purposes. All of these data were obtained with a constant fuel flow rate

i

that corresponded to about twice the stoichinmetric rate at 230 ma, cm”,

In all cascs, a small amount of carbon dioxide was formed at open civeult, probably
through the water 1s shift reaction. Because this is included in the ealceulation of the current

carried by carbon monoxide oxidation, a minimura occurs in all of the plots of Figure 2, 1-3,

Related data showing the anode vs referenee voltage plotted against the hydrogen and carbon
monoxide oxidation eurrents for the four catalysts apoear in Figurc 2, 1-4. The performance eurve

shown for pure hydrogen is representative of that for all four electredes.

From these data it is evident that the behavior of all of the composite catalysts is similar
in that little oxidation of earbon monoxide occurs at the low polarizatlons encountered over a wide
range of current densitles. The platinuin stands out in that cxtensive carbon menoxide oxidation
begins at relatively low current densities and a steep rise in the polarization simultaneously

oceurs,

As noted previously (2. 1-2), the Improved performanee of the composite catalysts there-
fore appears to relate to the availability of a larger number of sites for hydrogen oxidation with thesc
materials. Because of this, limiting hydrogen oxidation currents are not encountered in the
operating range of interest. A transition from a potential region ccntrolled by hydrogen oxidat{on
kinetics to one dominated by earbon monoxide oxidation kinetics is therefore avoided. That the
differerces in behavior do not specifically reflect the differences in the overvoltage assoeiated with
carbon monoxlde oxidation 18 indieated by the curves for this reaction to the left in Figure 2, 1-4,
The plots for the three composites fall on both sides of that for platinum, yet all three show similar

improvements in performance,

e - —_— - —_ s

(2.1-2) D.W. McKee, L.W. Niedrach, I.F. Danzig, and H.]. Feliger, Teehnical Summary Report
No. 9, Hvdrcearbon Air Fuel Cells, 1 January - 30 June 1966, ARPA Order No. 247,
Contract No. DA $4-009-AMC-47¢ (T), p. 2-4.
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Figure 2.1-3. Effect of Current Density on Percent of Total
Current Associated with CO Oxidation
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Figure 2. 1-4. Relatidnships Between Anode Potzntial and
Oxidation Currents
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Table 2,1-2

Behavior of Carbon Monyxide on Pt-50% Rh and Pt-51, 2% Ir Electrodes
Cells AL-77 and 79

Temp. 85°C, 5N H,,SO4, Fuel H2-5% CO, Electrode Area 11.4 cn\z.

i Anode vs q i
Sample ' 2 Ref, CO Oxidized co, co. ,
No. ma/cm volt % ¢ (STP)/min, % ma/cm
(Pt - 50% Rh Electrode Fuel Flow Rate = 39 cc(STP)/min.)
1 0 0. 002 n, 52 0.010 - (0.12)
2 0 . 002 .48 . 0094 = (0. 12)
3 50 .019 .41 , 0080 0. 20 0.10
4 88 .033 . 36 . 0070 .10 . 088
) 132 . 050 .33 . 0064 . 062 . 082
6 176 0n87 .31 . 0060 . 043 . 076
7 219 . 115 .29 . 0057 . 033 . 072
8 263 . 155 .30 . 0058 . 028 .074
9 307 . 260 1. 00 . 0195 . 080 .25
10 50 .021 . 46 . 0090 .23 .12
11 20 .010 .43 . 0084 .52 .10
12 8.8 . 005 . 40 . 0078 1,13 . 098
13 4.4 . 000 .40 . 0078 2.24 . 098
14 338 . 434 20.7 . 40 1. 50 5.1
15 301 . 287 1. 63 . 032 .13 .39
16 320 , 368 6.12 . 119 .47 1,50
17 176 . 065 .32 . 0062 . 045 . 079
(Pt - 51,2%Ir Electrode Fuael Flow Rate = 38 cc(STP/min.)
1 0 -0. 001 0. 56 0. 011 o (0.14)
2 4.4 . 000 .62 .012 3.4 0,15
3 8.8 . 004 .48 . 0091 1.3 .11
4 20 .011 . 44 . 0084 .93 .11
5 50 . 025 .ol . 0097 .24 .12
6 88 . 060 . o8 .011 .16 .14
7 132 . 100 .89 , 017 .16 .21
8 176 . 135 1.73 . 033 .24 .42
9 219 .175 4,20 . 080 . 46 1.01
10 241 .191 5. 82 111 .58 1,40
11 263 . 210 9,12 . 173 .83 2.18
12 285 . 235 12,7 . 241 1.06 3.02
13 307 . 279 20.8 .39 1.62 5.0
14 329 . 295 21.8 .41 1.59 5.2
15 350 . 316 24.6 .47 .67 5.9
2-5
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With regard to the final sharp rise in potential at 300 ma. cm” tor all of the catalysts, thls
appears {o be assoeiated with mass transport effects in the boundary laver at the eleetrole-gas
fnterface. It has been found previousiv (2. 1-2) that at thesce relatively sigh eurrent densitics, fuel

flow rates In excess of two thmes the stoichiometrfe rate are required te avold these effeets,

At present, it is not clear whether the additional hydrogen oxidatlon sites available on the
somposite eatalveis result from differenees in surface areas, intrinsic differences in the extent of
carbon monoxlde adoorption, or differences in morphology and structure, ¢, g, , pore size and dis-
trthution,  The data fur spectfie surface areas would tend to preciude the former, but either of the
twe 1 omaining alternatives are attractive,  Additicnal wo.k will be required to resolve this point,
In this eonnection, direet measurements « { adlayer composition in the presenee of mixtuies of CO
and H, and relative heats of adsorption of these adsorbates on the various noble metals and allovs

would be of eonslderable interest.

2.1, 1.2 Supported Alloy Eleetrocatslysts

A. New cwports for Electroeatalvsts

One practical appreiach to the problem of cost reductlon in fuel cells is the use of a support
to attenuate the noble metal electrocatalyst.  The supnort stabilizes the active metal phase ina
hlgh degree of dispersion and thereby enhances the aetivity p v unit weight of the costly noble metal,
In fuel cell applieations, catalyst supports must meet certain stringent requirements which do not
arlse in conventional catalysts. Thus, the substrate materlal must be of 1o’ ,etrieal reslstivity,
of moderately high surface area and small particle slze, and reslstant to the eorroslve environment
of the het acld electrolyte, So far, very few macerials have been tound which meet these requirements

and ondyv boron earblde and graphite have been found satisfactory for fuel cell use.

Preliminary studies have {ndicated that certain refractory metal compcunds, in partieular
metall’c borides and silicides, are potentlally useful support materlals for platinum metals and
alloys as fuel cell electrocatalysts. Tests are betng earried out tn fuel cells uslng hydrogen and
hvdrogen-carbon monoxlde mixed fucis and anodes contalning platinum and platinum group metal
altovs dispersed on tantalum boride and tungsten, molybdenum and tltanfum slifcides, Some typlcal

physical properties of these materfals and of boron carbide are given in Table 2,1-3.




ZJable 2. 1-3

Physical Properties ot Electrocatalyst Supports

Electrical

Dunsity, Kuoon ikindness, o . Surinee
. . Re st tivity, Cost, ,
Compound goem hg min” ohin-cin ¥ 1b Aven, m” g
-4
TaB, 11, 0 MHIY se oy o b oo
- (hiph purity)
_“
'”51_, 4.4 =70 123 x to ' 16 Go 8
. ~6
WSl , 03 1o d5 810 1o |
—~f
MoSi H, 2 1240 2hx o Lo
B4C 205 2R04) variable 6,3 2% Ht

Although high purity Tafi, is at present conslderably more expensive than eommeveial boron
carbide, t%» silicides are much cheaper and are obtainable in pure form and of unllorm particle size,
Bororn carbtde has the disadvantage that the commenrcial produc, v ries considerably in composition
and frequently contains lron impurity and free graphite which affects its phyvsical properties and per
formance in the fuel cell. It is also very hard and reduction in particle size to u useful level is «
very tedious operation. On the other hand, verr satisfactory clectrodes have been made trom

commereial powdered silicides with 1o furtaer treatment or processing.
The performance of these support materials in 1 -CO fuel colls is discussea below,

As described in the previous section, eertain mcutal combinaticns, notably Pt-Ru, Pt-fh
and Pt-Ir, have siiown markedly greater tolerince for carbon monoxide in mixed H,-CO fucls than
has heen observed for platinum alone, The electrodes tested in this work all contained massive gquan-
tities f noble metal, generally around 34 mg- cm2 of electrode surface. For economic and practical
reasons it is, thereforc, desirable to reduce this platinoid metal content without undue sacritice of

9
performance. A desirab.e loading of noble metal would be in the range of 1 to 5 mgsem™,

The metal powders previous., used hove been found to possess high surface areas (exceeding
100 mz,f'g in some cases) and a well developed pore structure. It is, tt -~‘ore, nossible that the
observed behavior tow:cds H2-00 fuels arises from mass transvort effects in the narrow pores of
‘he catalysts, Such diffusior effects would not be likely to occur with supported catalysts containing
only small amounts of the active metal phase and it Is not, therefore, obvious that such supported
catalvsts will show the same tolerance for O exhibited by the alloy blacks. Encouraging performance

nas, however, been observed for blnary metal catalysts, especially those containing Pt-Ru, supported

4
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on a viarlety of substrates,  These results have given rise to the hope that satishiuctory catalyvsts for

synthetic reformer pas ean he preparcd using very small loadings of platinum group metuls.

B. Preparation of Supported Cutalvsts

Noble metals were generally deposited on the substrate materials by thermal decompaosition
and reductiorn of surtable complex salts.  For exaniple, platinur and ruthenium were co-ieposited by
a variety of methods, including: cvaporation of mixed solutions of platinum "P” salt (I)initrito—
< wmmino piatinum, l’t(Nli,:)‘)(NO_))f)) andd ruthenium nitrosshydroxide, RLNO(OH)“" H_O; piatinum
P osualt wnd ruthenium nitmt_c; and platinum P salt and vuthentum chloride and ehloroplatinic acid
and rathenium chloride, A final metal composition of Pt-20%Ru was juitianly chosen as this was
within the optimum composition range observed with the unsupported metal catalyvsts, The samples
were generally reduced at 150°C in flowing, hvdrogen, ground and sereencd to 1064 mesh before fubri-

cation into eleetrodes by the "painted screen” technique.

Platinum and rhadivm were co-depogited frow mined sojution: of platimun P salt aned
ammonium rhodium nitrite, (NH ‘)_,NuRh(l\'O.))l,, evaporated to dryness, ther reduced in hydrogen,
- - )
Piatinum-iridium catalvsts were prepared from platinum "P" salt and irldium chioride solutions and

piatinum-palladium catalysts from tite nrined " P salt solutions.

Details regarding preparation of a typical supported Pt; Ru ele~trode are given in Appendix 4.1, 2,

C. Performance of Pt-Ru Supported Catalyvsts

Typical data for a catalvst preparation containing 2. 6 mg noble metai (N, M, ),"C'm2
(Pt—'_’ﬂ’?l{u) - B4C are shown in Figure 2. '-35, Anode vs referenee data for a standard Pt hlack are
also shown for comparison purposes. ‘The test cells used 3N sulfuric acid at %5°C and synthetic gas
mixtures containing 2, 5amd 107 CGin H . All measurements were made with a Kordesch-Marko
bridge In the usual way. It is evident that, in spite of the low noble metal loading, the performance
of the supported catalyst is considerably improved over that of the standard platinum electrode and a
Pt—B4C clectrode under the same conditions. A comparisorn of the performance of this cleetrode with
a Pt-29%Ru unsupported alloy electrode is shown in Figure 2.1-6 for a 5% CO-H ) mixture. Figure
2. 1-7 shows anode vs reference data for a (Pt-iZO"'Ru) - :',40 electrode containing the very low load-
ing of . 6 mg N. M., cm: which still shows an improvement over tne standard Pt eleetrode over a wide

range of current density.

The performance of clectrrodes incorporating borides and silicides as supporting materials
for the Pt 'Ru are shown in Figures 2, t-~ thru 2. 1-19, Uniformly good performanee was found in each
case, supgesting that the improved tolerance for carbon monoxide is due neither to some effeet of the

suhstrate nor to the pore structire of the eatalyst but rather to son.e intrinsic property of ruthenium,

"
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Figure 2.1-5. Performance of 10% (Pt - 20%Ru) - B4C (2.6 mg N.M./cm )
Anode with H? - CO Mixtures at 85°C
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Figure 2.1-6, Comparison of Performance of Pt Black, 10% (Pt - 20%Ru) -

B 4C and Pt - 29%Ru Allov Electrodes with 5%CO - H2 at 85°C
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Figure 2,1-7, Performance of 5% (Pt - 20%Ru) - B ,C (1.6mgN. M. /em")
Anode with H2-00 Mixtures at 85°C
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Figure 2.1-8. Performance of 10% (Pt - 20 xRu) - TaB, (4.9 mg N. M. /cmz)
Anode with H2-00 Mixtures at 85°C
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Figure 2. 1-9. Performance of 10% (Pt - 20%Ru) - WSi_ (7.4 mg N. M. /cmz)
Anode with HZ-CO Mixtures at 85°C
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Figure 2. 1-10. Performance of 10% (Pt - 20%Ru) - T1812 (.. 2mg N. M, /cmz)
Anode with l12—00 Mixtures at 85°C
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Generally, the best catalysts were prepared from mixed solutions of Pt "P" salt and
Ru(OH) 3(N(‘.)) or Ru(Noa) g’ chloride salts giving somewhat inferior perforinance with the mixed fuels
but not with pure hydrogen. It is uncertain whether this reduced activity is due to poisoning of the
electrode by halide or as a result of incomplete reduction of ruthenium chloride to the metal. The
effect of variation in the Ru/Pt ratio on the support and the influence of initial reduction temperature
on the catalyst activity is currently being studied.

D, Behavior of Other Bi-Metallic Supported Catalysts

The high level of performance towards H 2-00 mixed fuels found for unsupported Pt-Ra and
Pt-Ir blacks has not generally bee:. maintained in supported catalysts containing these metal com-
binations. Typlical data for a 10% (Pt-so% Rh) - 'l‘nB2 electrode and for a 20% (Pt - 50% Ir)- B 4C
electrode are shown in Figures 2, 1-11 and 2, 1-12, Some improvement over the behavior of pure
platinum is indicated, but the electrodes were generally inferior to those containing supported Pt-Ru.
This somewhat unexpected result may be due to the difficulty of finding suitable thermally unstable
salts of rhodium and iridium which can be used to deposit these metals on the supports. There is

evidence that the halides are not completely reduced under the conditions used. Alternatively, the
improved tolerance for CO shown by the unsupported Pt-Rh anc Pt-Ir blacks may be related to the

surface morphology of these catalysts, rather than to some intringic property of Rh or Ir. Additional
methods of depositing these metals on substrates are at present being investigated,

2,1,1.3 Conclusions

Platinum-rhodium and platinum-iridium catalysts, like platinum-ruthenium, show an excep-
tional tolerance for carbon monoxide in hydrogen. In the platinum-iridium system, maximum
activity is obtained with a Pt-50% Ir catalyst. In the rhodium system, high activity is evident over
the range from about 10 to 100% rhodium. The experimental results suggest that the excellent per-
formance of all these catalysts results from the availability of a Iarger number of sites for preferen-
tial hydrogen adsorption and oxidation than in the case of platinum. Promotion of the oxidation of
carbon monoxide does not appear to be the determiring factor.

The exceptional tolerance for carbon monoxide exhibited by platinum-ruthenium blacks has
been found also with supported Pt-Ru >atalysts containing very low concentrations of noble metal. On
the other hand, the performance of Pt-Rh and Pt-Ir combinations is re duced when these metals are
deposited on & substrate. Preliminary results indicate that selected metal borides and silicides are
potentially useful materials for catalyst supports.
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Figure 2. 1-11. Performance of 19% (Pt - 50%Rh) - TaB, (7.0 mg N. M. /crrz)

Anode with H2—Co Mixtures at 85°C &
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Figure 2.1-12, Performance of 20% (Pt - 50%r) - B 4 (7.3mgN, M./em”)
Anocde with H2-CO Mixtures at 85°C
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Metal! Oxide - Noble Meta! Cataiysts (L. W, Niedrach, J. Haworth)

Work has been continuing on the promotian of platinum catalysts with metal oxides, particu-
iarly those bascd upon the lower oxides of tungeten. In the past, these oxides have shown exceptional
activity in promoting the electro-oxidation of carbon monoxide and impure hydroger. on platinum when
the noble metai was present in high concentration in simple admixtyre with the oxide, 1t is anticipated
that these and related oxides will serve as useful supports and promoters for hydrocarbon oxidation
reactions. Before this application can be eveluated it is fclt desirable to develop suitable materials
and procedures for the purpose. This includes improved corrosion resistance, methods of incorpo-
rating the noble metal catalyst into the structure, and methods of preparing satisfactory eleetrodes. -
For these purpuses it has been considercd advantageous to perform evaluation work with impure -
hydrogen as the fuel,
Durirg the prosent reporting period, effort has been concentrated on reducing platinum load- i
ings from i4 mg, z:m2 to the range of 1 to 5 nu{;"o:-m2 and to examine the corrosion resistance of oxides
in the chromia-tungsten oxide system. This system has proven to be the most attructive one to date,
During the present period, electrode apositional variables have heen examined and attention has
been given to the optimum distribution of the platinum catalyst, i.e., direct support on the oxide,
si.pport on another substrate such as graphiie or boron carbide, or a combination of both. In
addition, a very preliminary look has been taken at the behavior of the oxides mixed with composite

noble metal catalysts, Pt-Fu, Pt-Rh and Pt-Ir.
2.1.2.1 Procedures

A, Preparation of Materials

In order to ohtain highly disperscd oxides as the base materials, a precipitation method was
employed for their preparation. The general approach invelved precipitation of hydroxides of
chromium, titanium or nioblum from solutions of their chlorides with ammonium hydroxide. These
: precipitatcs were wet-blended with tunggiic acid, ngo L having a surface area of about 12 mzi'g'm.
After air drying at 150°C, the mixes were reduced at 600-800°C in flowing hydrogen for periods of 4
hours. After cooling in argon the materials were ready for use, In a few cascs, alternative treat-
ments were employed in an effort to induce further activity. One of these variations involved the use
of nitrate solutions to avoid contamination with chlorides. In another approach the starting materials,
air dried chromium hydroxide-tungetic acid mixtures, were heated in air at 679°C prior to reduction
at 600°C in hydrogen. Another set of chromium hydroxide-tungstic acld mixlaies was < ycled through
a hydrogen reduction, an alr oxidation and a sccond hydrogen reduction, ali at 609°C, It war. hoped

through these treatments to obtain more uniform products that would show enchanced activity.

o



A number of platinized oxides were also prepared for use in electrodes or in corrosion tests.
One method of platinization involved treating the reduced oxide with a solution of chloroplatinic arid
in water. The amount of water wis limited to that required for thorough mixing with the solid. After
drying at ambient temperature in a vacuum desiceator, the catalyst was treated for two hours witt
hydrogen at 150°7. Alternatively, samples were treated with "P" galt (Pt(NHs) 2(N02) 2), dried in
air at 105°C for one hour, and oven dried for an additional hour at 150°C in ajr, This procedure was

adapted from that previously described (2. 1-3) for the platinization of boron carbide.

A number of samples were platinized hy treating the unreduced chromium hydroxide-
tungstic acid with a platinum salt solutior, air drying at 105-150°C, and subsequently reducing at
600°C in hydrogen for 4 hours. Several platinum saits were used in these preparations, H2PtCIG.
Pt(NHs) 4012 and Pt(NHa)z(NO2) 2

Properties of ‘ir: oxides used during this period are summarized in Table 4, 1-1 of Appendix
4.1, Included are prepacationsl variables, 7.-ray diffraction duta, resistivities and surface areas as

determined with a Perkin-Elmer-Shell Sorptometer using nitrogen as the adsorbate.

Platinized boron carbide samples were prepared by the method of Grubb (2, 1-3) using "'P"
salt. Platinized graphite used in some of the work was commercially available msa:erial (American
Cyanamid - Improved 25% Pt on Graphite, Lot No. S-7547-49),

B, Preparation of Electrodes

Early work with supported catalysts indicated that the conventional composition and prepara-
tion procedures for Teflon-bonded electrodes would have to be modified, In a number of cases
delamination of the electrode was encountered. Comparisons of performance for variable pressure
conditions, as well as variable Teflon content, indicated that considerable effort would be required
to optimize any one catalyst system and that this would not necessarily optimize another, On the
other hand, early work with the "nainted screen' method indicated good performance but at some
possible gacrifice in structural streagth.

The "painted screen' method differs from the "pasted sereen" method of Grubb in a rumber
of respects. A "catalyst paint" is prepared in a polyethylene dish with the catalyst powder in the
Teflon T-30 and water mixture. This is then painted onio the clean 4C mesh platirum screen with a

(2.1-3) W.T. Grubb andJ. G. Lucas, Technical Summary Report No. 6, Hydrocarbon - Air Fuel
Cells, July 1, 1964 - December 31, 1964, ARPA Order No. 247, Contract Nos.
DA44-009-ENO-4909 and DA44-009-AMC-479(T), p. 4-143,
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camel's mai1 brugh in lavers unti! all of the eatalyst paini is ugcd,  Each coat is eured over a hotplate

at 223°C and then the electrode 1s gllowed to cool before the next coat is applied. A half-hour cure
! on the hotp!ite is followed by spraving of the Teflon film ir a manner previously described, The
electrode is flnally cured between the platens of the 350°C Bet press but with no pressure or contact

§ tu the Teflon side of the electrade,

In order to obtain a pood smooth paiat and have a good electrode structure, finely ground

powders must be used. The clectrode structure has been found adequate for the current studies of

e

catalyst behavlor, They normally are used in a eell for approximately a day with polarization data

gy

heing taken for varfous fucl mixtures, When more of the catalyst variables have been optlmlzed it

will be neccesary to optimize the electrede strueture. This will be approached by varying temper-

ature and pressure as well as the binder concentration,
C. Fuel Cell Tests

The electrodes were mounted in cells of conventional deslgn wlth a hydrogen electrode serving
£ a reference. Tests were run at £5°C with a 5N sulfuric acid electrolyvte, Electrolytie hydrogen
and synthetic mixtures C, D and E of Table 2, 1-1 were employed as fuels. The latter contained 2,
' 5 and 10% CO and vavrying amountg of CO?_ and Cll4 in hyvdrogen, Mixture C was used in most of the

work. Purified oxygen was used as the oxidant at the counter electrode,

: n. Resistivity Measuremonts

Resistlvity measurements wore made on the powdsred samples with a 1 Ke Gereral Radio

bridze using a provedure previously deseribed (2. 1-4). The powders were compressed in a 1/4 inch

dizmetef dle of heavy wall glass tubing, Brass plungers werc employed and a standard torque of 5

T

in. -1b was applied to the serew drive for compression. It is estlinated that the compresslon force

Mt

was about 10,000 psi, The thickness of the pressed pelicts was between 0,03 and 0. 10 em, While

S

the reslstivitles have little significance in an abgolute sense, they do permit comparlsons among

sampl s and they were found useful in following gross resisiance changes that occur during corrosion

tests.

E. Corrosion Tesis

Apart from prellminary rurs with 85% phosphoric acid at 150°C 1n preparation for future work
with hvdrocarbons, all corrosion tests were run with 5N sulfuric acid at 85°C. The tests were

[={ed

conducted under reflux in air and in an atmosphere of nitrogen cantainlng ¢, 5% hydrogen, 1t had

2 1-4 W.T. Grubb, Ref. 2,1-3, p. 5 - 4 fi. )

-
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previously beezn found that this nit1 agn-hydrogen mixture poised the system at a potential « [ about
0. 075 V positive with respect to pure hydrogen in the same system (2. 1-5), This potential is in the
normal range of anodie polarizationin a desirable fuel ccil,

In most cases the oxide samples werc platinized at the 9% level prior to test. This was
accomplished using chloroplatinic acid as previously described, For comparison purposes, a jew

samples were exposed In the absence of platiram. The exposure time Was 9 days (about 216 hours).

Upon completion of the tests the samples were recovered by filteration, After washing they
were dried overnight in a vacuum dessieator and thelr resistivities were measurcd, Portlons were
also submitted for X-rav diffraction analysis. The filtrates were analyzed for tungsten and the added

mectal.

2.1,2.2 Chromia stebilized Oxides with Low Platinum Loadings

A, Effeet of Type of Support, Tetlon-loading and Composition

It was felt that the most attractive approach to lower platinum loadings would be through the
use of supports, Three directions were eonsidered: 1) direct support on the oxide; 2) support on
B 4C; and 3) support on graphite. In the latter two cases, oxides werc physieally admixed with the
platinize supporis during eleetrode fabrication, just as had been previously done with platinum black

catalysts,

An initial comparison of thc performance of platinized boron earbide and graphite in the
presence and absence of 0.1 Crgoa. Wox ig shown in Figure 2.1-13, Detalled data concerning
electrode composition are given in Tabjes 1. 1-2A thru 4, 1-2C of Appendix 4.1. While it is clear that
the addition of the oxide results in beneficial effects in hoth eases, it was not certain that optimum

electrode compositions were employed, particularly with regard to the Teflon content.

In a subsequent series of experiments, the Teflon content was varied with both types of elec-
trodes. Performance data show.ing the effect of Teflon content are summarized in Figures 2.1-14
and 2.1-13. It is elear that the range of Teflon contents permissible with the two supports are quite
different, and that the most satisfactory performances were obtained with the boron carbide support.
In the latter case, a fairly wide range of Teflon contents may be used without great vi -i2. s in

performances, Amounts less than 10% seem to result in some addit'onal improvement iu performance

(2.1-5) L.W, Nledrach: Technical Summary Report No. 9 Hydrocarbon-Air Fuel Cells, January 1 -
June 30, 1966, ARPA Order No, 247, Contract No. DA44-009-AMC-479(Y) p. 2-290.
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but this range has not heen invosiicated further to date, partly because it is suspeeted that the strue-

tures may be lacking in strength.

An additional variable taat was examined with the boron carhide support was the effeet of the
amount of added oxide. The data summarized in Figure 2, 1-16 indicate that a 1:1 ratio of the carbide
to the oxide Is I a satisfaetory range In that moderate deviations In either directios cause little

change in elertrode performance.

Additional exploratory work also indicated that platinization of the oxides themselves is
feasihle.  As Illustrated by the data in Figures 2, 1-17 and 2, 1-1§, these naaterials periorm satistac-
torily in admixture with unplatinized B4C or when used alone. It is felt that with some of the oxides
having higher elcctrical resistivities, performance may benefit from adding a conductor such as

boron carbide to the clectrode structurce, This p. int has not been fully resolved,

On the basis of this work, boron carbide was adapted as a standard material for usc as a
support or as a conducting diluent in preparing electrodes for the work that follows. A ratio of
0. 310 gm oxide to 0. 310 gm boron carblde was also usesd and Teflon contents in the range of & to 13%
{0. 06 to 0. 10 ec of T-30 suspenslon) were used. Since it is possible that optimum electrode composition
may ehange f-om oxide to oxide, fu.ther investigation of these variables will be in order at a later

date when other system variables have heen settled.

B. Effcct of Cr:V Ratio in the Oxide

While the previous work with the chromia-stabilized oxides and high platinum icadings
indicated some decline in activity with increasing chromium content (2, 1-5), the superice corrosion
resistance of the high-chromia oxides justified additional work with these materials. The periormance
of a series of catalysts covering the range from 0,1to 1,0 C‘.r203 per WO‘ has been re-examined in
admixture with platinized boron carbide (5 mg, Pt,."c-m2 of clectrode area). Data arc summarized in
Figure 2, 1-19. A small increase in anode polarization again appears to be evident as the chromia
content is increascd. The penalty associated with chromia additions is not considered severe,

however, in the light of the corrosion data given in Seetion 2.1, 2, 5.

In part, the effect of increasing the chromia content may result from the associated increases
in electrical resistivity of the oxide. It is anticipated that this may be circumvented by suitable

“doping" of the material.

On the basis of these results, most of the subsequent work was performed with oxides con-

taining 0.8t0 1.0 Cr,__,O3 per WOx.
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C. Fifect of Conditions of Preparation of Oxides

Two variables were examined, the reduction temperature and the effeet of pre-treatments
prior to a final reduction step at 600°C. For the former, reduction temperatures ot 600°C, 700°C
and B00°C were used. It was hoped that the higher temper ‘ures would result in improved conduc-
tivity and, therefore, improved perfoimance. The results with 0.8 Cr2 03. WOx and 1,0 Cr

203'

\VOX in Figures 2.1-20 and 2. 1~21 {ndicate only minor effects from changing the reduction temperature.

The meaning is somewhat obscured, however, because of the compositional changes that occurred
in the catalysts with temperature (see Table 4. 1-1 of Appendix 4. 1). Because of this, the effect of
reduction temperature will be investigated further by performing the rcductions in contrelled atmos-

pheres. In this way the final product will be determined by egquilibrium rather than kinetic factors.

With regard to pretreatments, two were considered. In the firsgt, the starting mixture, air
dried precipitated chromium hydroxide mixed with tungstic acid, was heated in air at #00°C prior to
reduetion at 600°C in hydrogen. In the gecond, the starting mixture was reduced in hydrogen at 600°C,
re-oxidized in air at 607°C, and then reduced in hydrogen at 600°C. While slight differences in
appearance, X-ray diffraetior pattern, and gurfgce arca regulted from these treatments, no gignificant
improvements in performance resulted from these more involved preparation procedures. The
materials were tested only with gross foadings of platinum black (34 mg/ cm2 of electrode area) and

the ata are summarized in Table 4. 1-2C of Appendix 4. 1.

D. Effect of Platinum Loading

A few attempts were made to reduce the platinum loadings below & mg/"cm2 of elect;ode area.
In most of these experiments the platinum was supported on boron carbide with the amount adjusted to
give the desired electrode loading while retaining the amount of platinized carbide constant at 0. 31 gm,
Performance data obtained with fuels containing 2 and 5% carbon monoxide are summarized in Figures
2.1-22 and 2.1-23. An additional performancc curve obtained with an electrode containing platinized
Cr203. WOX at the 3 mg Pt/cm2 level but in the absence of boron earbide was pregented in Figure
2.1-18.

While the results showed the anticipated trend towards poorer performance with lower plati-
o
num loadings, it is felt that lcadings below 5 mg Pt/ cm” are within grasp ae other variables are

optimized.

E. Alternative Routes to Pla.inized Oxides

Ag an alternative to platinization of the reduced oxides, some attention was given to

introducing the pla‘inum before the reduction step. Three different saits were cmployed, H2PtCI e
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Pt(NHs) 4012, and Pt(NHB)Z(NO2) o The preparation precedure is previcusly deseribed.  The product
materials were then admixed with platinized boron carbide and Teflon in the usual fashion to pre-
pare electrodes, Performance daia obtaincd with these materials are summarized in Figuves

2.1-24 and 2, 1-25. Considerable scatter is evident and no definite trends are evident. In no easc,

however, did the performance exceed that previously obtained with earlicr eleetrodes.

2.1.2.3 Chromia Stabilized Oxides with Noble Metal Alloy Catalysts

In view of the improved performance of impurc hydrogen with nobie metal alloys as well as
turgsten oxides, it was felt desirable to determine whether additional advantages wouid acerue from
combining the two types of catalysts. Preliminary cxperiments have been performed with such com-
binations, and results are summarized in Figure 2, 1-26, In this figurc anodic polarization curves

are shown for electrodes containing the following catalyst loadings:
No. 902 34 mg/cm2 Pt black + 3.0 m;z,/'cm2 0.1 Crzo3 ‘WOX
No. 937 34 mg/cm2 Pt-29 w/o Rualloy +3.0 mg/cm2 0.1 Cx203- WOx
No. 938 34 rng/'cm2 Pt-51 w/o Ir alloy + 3.0 mg/f:m2 0.1 Cr203- WOx
No. 950 34 mg/cm2 Pt-50 w/o Rh alloy + 3.0 mg/cm2 0.1 Cr203~ WOx

2
In all cases, 3.0 mg/cm” Teflon was used as a dinder and 1.6 mg/cm2 Teflon was used in

the hydrophobic film. The electrolyte was 5N H2SO 4 The fuel mixturc consisted of 78% Hz,

2.0% CO, 20% CO2, and 0.25% CH4. Operation was at 25 and 85°C.

At the relatively high catalyst loadings employed, little advantage was secn for the alloys

over straight platinum at 85°C. At room temperature the system based upon the platinum-ruthenium

alioy combined with the tungsten oxide performed unusually well.

Additional work is planned in this area, although emphasis will be placed on swudies of

oxides combined with supported alloys.

2,1. 2,4 Other Stabilizing Agents

In the previous report some work was discussed in which other oxides than chromia were

employed in an effort to stabilize the tungsten oxide. This work was continued with titanium oxide
and niobium oxide.

In the case of titanium oxide, the previous work was extended to 3T102- WOx and pure T102.

{Previously, 0. 1Ti02- WOx , 0.3 TiOz- wox and T102- Wox had been examined.) In addition to pure

Tioz, two other oxides were prepared in which the conductors B 4C and graphite were mixed with the

titanium hydroxide precipitate before the material was fired in hydrogen at 650°C. The three samples

-
W
3
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were prepared without tungsten because it had previously been fe . that the earlier data may have

indicated some activity from hydrogen-fired titania itself. All of the results obtained with titanium=-
containing oxides are summarized in Figure 2, 1-27 and in Table 4. 1-2 of appendix 4.1, While the
performance of Tioz- WOx is slightly better than that of the chromia stabilized oxides, this materiai

has not been found as resistant to corrosion. None of the tungsten-free oxides showed promise.

Further work with titania-containing systems is not planned.

Performance data for the nfohbium oxide system are summarized in Figure 2,1-28, These
materials all show moderate perfoimance, however, preliminary corrosion data are not ercouraging.

A decision with regard to further work with this system will await the results of corrosion tests which
have not vet been completed.

2,1, 2.5 Corrosion Stue, -

Results showing the resistance of chromia stabilized oxides towards corrosion by 5N H250 n
at 85°C are sumniarized in Table 4, 1-3 of Appendix 4.1 and Figures 2, 1-29 and 2, 1-30, Interpre-
tation is complicated by several factors: 1) much of the attack results in the formation of insoluble
WO3 and its hydrates; 2) the resistivity of the starting materials, both platinized and unplatinized,
changes as the chromium content is varied; 3) the resistivity meagurements on the pressed powders
are not highl” precise; and 4) surface areas have not yet been determined for all of the powders.
Nevertheless, a definite indication of increasing corrosion resistance with increasing chromium con-
tent is evident, This trend is supported most strongiy by the resistivity data for the samples corroded

in air, the X-ray diffraction reaults for the corroded samples, and the analytical data for chromium in
the filtrates.

The results of the chromium analyses in Figure 2, 1-29 indicate that the potential of the sys-
tem is quite important and that attack is markedly greater at high potentials (under air), particularly
at low chromium contents, In Figure 2. 1-29 the data are plotted in two ways: 1) in terms of total
chromium lost to the filtrate from a 500 mg sample; and 2) in terms of the percent of the oxide
attacked. The latter data were derived on the assumption that attack of the tungsten and chromium in
the samples was directiy proportional to the amounts of the two metals in the oxides. The fact that
the attack in the air and nitrogen (hydrogen) atmospheres is essentially identical for the 1:1 oxide

(CrZOS-—“’Ox) is particularly significant since it indicates that overpolarization of an electrode con-

taining this oxide should not lead to degradation. Similarly, such an electrode could be exposed to
air without concern.

It is clear from the data of Figure 2. 1-30 that serious changes in the properties of the WO2

and low chromium oxide catalysts result even from the relatively small attack that occurs at low
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potentials under the nitrogen-hydrogen atmosphere. Mu-~h amaller effects are observed as the
chromjum content increases, and the resistivity data are in agrecment with the chromium analyses

in indicating that little attack of the 1:1 oxide occ rs even in air,

Related tesias have also been run with TiO, and Nb_)OE "stabilized" tungsten oxides, The
results tend to confirm observations of the previou-s report-(2. 1=3) that chromium oxide is the most
effective additive. Additional tests are required, howevcr, to confirm that the resistance of cataivtic
activity towards decay parallels the corrosion resistance. It would aiso appear desirabie to inves-
tigate means of reducing the electroric resistivity of this oxide since this may weli lead to improved

catalyst performance.
2.1.2,.6 Conclusions

Considerable success has been realized i improving the corrosion “=sistance of tungsten
oxide towards acid electrolytes. Chromium additions have been most effective in this regard, and
reduced oxides containing Cr : W ratios close to one appear to be most desirable. Such oxides
appear to be promising catai;st supports. When used in conjunction with impure hydrogen fuels
containing carbon monoxide, they effectively promote anodic oxidation with 2to 5 mg/'cmZ platinum
loadings. The systems are reaching a stage of development that should warrant investigations with

hydroearbons.

2,1.3  Activated Boron Carbide Electrodegs (W.T. Grubb, L.H. King)

2.1,3.1 Platinum-Activated Boron Carbide Electrodes on Hydrocarbon Fuels

e

A. Ceneral

Meks.etpstae

During the present reporting period some studies have been carricd out concerning the
effect of conditions on the reduction of platinum supported in oxidized form on boron carbide. It has
been found deairable in the past to prepare clectrodes from electrocatalyst containing unreduced
platinum and reduce it in situ after the finished electrode has been aggembled into a fuel cell. An
especially convenient way to do this is to ~educe the clectrode with a hydrocarbon fuel. Propane is
especially convenient as both 4 reducing agent and a test fuel for evaluating the effectiveness of an
electrode or electrocatalyst variation being tested. In the current experiments, it has been found that
propane reduction at geveral temperatures showed a wide rangce of rate. It was also found that the
heat *reatment of the electrode during its fabrication had a pronounced effect upon the rate of reduction :
of the plat.num by provane at a given temperature. In cases in which the reduction of platinum was
very slow a: 150°C, it was found that the oxidized form of platinum dissolved slowly in the phosphoric

acid and could be detected in t... effluent from the coll by taking the ultraviolet spectrum of 1 complex
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of platinum formed by the addition of hydrochloric acid to the solution, It became evident that the
amount of platinum dissolved before reductior. could - resent a significant fraction of the total
platinum present.  Subsequent to this, analysis for piatinum in & nitric acid lcach employed during
the preparation of the electrode revealed that some platinum was also present in this solution. It
1s evident that significant losses of platinum have occurred in the past with electrodes of this type.
Future work will aim to prevent suci loss, In porticular, conditions which promote rapid reduction
of the supported platinum "oxide™ at as low a tempcraturc as possible {to reduce dissoluiion before
reduction) are indicated. No platinum dissolution was detected after reduction. In addition to thi::,
elimination of the nitric acid leaching step in preparing electrodes will be evaluated. Somc of the
conciusions veached in this part of the work will be valuable for future experiments using other

refractorv carbideg as supports.

B. Effect of Tempcrature upon Reduction of Supported Platinum "Oxide"

Three similar electrodes vere prepased using standard proceduscs previously described
(2. 1-6), but without nickel foam and not pressed. These were heated in assembled fuel cells to a
given temperature and propane supplied to the anode (oxygen to the standard platim.m black cathode).
Cell voltage was monitored continuously with a recording voltmeter and at selected times with a
potentiometer. The cell was kep! on open circuit. A typical voltage vs time plot is shown in Figure
2.1-31. The reduction we: corsidered complete at a cell voltage of 0. 6V. The time for reduction
varied from about 5 hours at 100°C down to about 2 minutes at 150°C, see Table 2. 1-4.

Table 2,1-4

Elcctrode Reduction Times and Temperatures

Reduction Reduction Platinum
Temperature, Time, Loading,
‘C mia, m :cmz
100 308 4.8
125 67 4,2
150 2.0 5.2

(2.1-G) W.T. Grubb and L. H. King, Techrical Surumary Report No. 9, Hydrocarbon-Air Fuel Cells,
ARPA Order No. 247, Contract No. DA44-003-AMC-47%T) p. 2-1 (1966).
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C. Effect of Electrode Heat 1reatinent Variable Upon the Reduction of Supported

Platinum "Oxide” by Propanc

In the preparation of Teflon-bonded platinu: 1 dblack or other electrodes it is standard practicve
to heat the electrode countaining uncured Tefl a bine er and electrocatalyst to about 250°C to decom-

pose wetting agent present in the T-30 suspension ased as a source of Teflon (2, 1-7). This is

normally carried out on a hot plate starting from room temperature and holding at 250°C for about 30

minutes including heat-up time, Such a method vias alsn uzed in preparing platinum -activated boron

carbide elecirodes. It was discovercd that elect rexles prepared during this and the previous reporting

period were actually recelving tho above heat tromtment ai 260°C due to culibration changes in the hot
plate used. This was not thought to be significa i since the electrode wag subsequently cured at 350°C.
Howevey, it has been found that this hus o disth et eiliet upsm the rate of reduction of the electrode

with propane,

Using the mcthod described above, the s =luction times of shffcrent eleetrodes by propane

gas at 145°C were deterinined. These values =:= sives in Fable 2. 1-3 for electrodes with piatinum
3

loading of 5 £ 0.5 mg/em

Electrode (b £ 0,5 mg_l_’_ﬁ E

Heat Treaiment i1 Hoedyetion Time at
Temp, °C 45°C, min,

260 (Electrods No. 427) 120

2580 5

305 i

The results of Table

thiv boron carbide substrate in these eleetrodes is

i-.: indicaie that

2= giztises dHammine dinitrite salt used to activate

L
i

=rled into a tarm readily reduced to

v

platinum when the electrode is heat-treated at 260" ¢ &3 8 minutes {-}lowed by a short, 2 minute

cure at 350°C. Tightly complexed residual oxides & =itsgen may remain at 260°C and be removed

only at higher temperature. The slow reduction o lghi st oof itself be a disadvantage, except that

»

such slow reducticn adds te the aforementioned pl ginum dissadution preblem.

D. Anpalysis for Platinum {n Cell Ele lyie Effluent

H =

The first electrode of Table 2, 1-5 sper f some two hours at 145°C in unreduced condition with

o

f .
electrolyte flowing through the cell, It was no! ki thai the effluent electrolyte was slightly colored
‘

and began to emerge water-white after reduct’ §n had takes place, Suspecting that the form of

(2.1-7) L.W. Niedraci. and H. R, Alford, J. Electrovhen, Boe, 112 117 (1863),

T

B = 2Hef
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platinum which was hard to reduce alse might be that which was dissolving in the phosphoric acid
electrolvte, a portion of the electrolyte was measured for ultraviolet absorption and no bands were
found. Addition of some HC! to this sample caused little change. However, after standing for 72
hours at room temperature, bands developed which were identical to those obtained from a dilute
solution of chloroplatinic acid in concentrated phosphoric acid. The electrolyte collected after

reduction showed no absorption bands under the same conditions.

The ultraviolet spectra were obtained with a Perkin-Elmer Model 202 Spectrometer using
automatic scanning from 200 to 390 millimicrons. The other conditions and solutions compositions are
indicat~ in Figures 2. 1-32 thru 2, 1-34. Figure 2, 1-32 shows the absorption spectrum of chlor-
oplatinic acid, Figure 2,1-33 is the ab orption specirum of the electrolyce from the first cell of
Table 2. 1-5 after the addition of HCl anc after 72 hours standing at room temperature, Figure
2. 1-34 shows the absorption spectrum of a second sample of the cell electrolyte (with HC1 added)
after several different time intervals at room temperature, The slow formation of the absorbing
complex is characteristic of a number of noble metal complexes (2.1-8), The zero has been shifted
in all curves b 0, 2 absorbance units and is actually near 0 at 390 millimicrons. The effluent from
the cell contains platinum in an amount which can be detected by ultraviolet absorption of the chioride
comglex and car be estimated quantitatively by comparison with known solutions of chloroplatinic acid
in phosphoric acid-hydrochloric acid solvent of the same composition. For quantitative estimation
of the platinum concentration, the absorption peak at about 260 millimicrons is the more repro-

ducible and useful of the two peaks and is found to obey Beer's law ag gshown in Figure 2, 1-35,

Quantitative estimate of a few milligrams of Pt per liter of phosphoric acid is easily made.
However, it was found that below about 0, 3 mg/1 the band is lost in a background absorption and
estimates below this point cannot be made by the method described.

The first electrode _f Table 2, 1-5 was found to have lost 18, 5 mg of platinum out of a total

of 102 mg, which lowered its platinum loading from 5.7 2 to 4. 68 mg/’cmz.

As noted earlier, electrodes during preparation are leached in 50 vol & nitric acid for 1
hour at about 100°C. An analysis of this leachant for platinum by a different method (see Appendix
4. 2-1) showed that from an electrode similar te the cbove, 8,5 mg of platinum were removed during
this etep (in 130 ml of leachant solution). This loss of platinum will further reduce the platinum
loading of electrode No. 427 to 4. 20 mg/cmz.

(2. 1-8) L.E. Orgel "An Introduction to Transition Metal Chemistry, " John Wiley and Sons, Inc. New
York, N.Y., 1960, pp. 103 ff.
(2.1-9) H. Taube, Chem. Rev. 50 69 (1952).
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Figure 2.1-31, Reduction of Platinum "'Oxide" on Boron Carbide by Propane at

100°C as Measured by Propane-Oxygen Cell Voltage vs Time

i Il

Figure 2. 1-32. Ultraviolet Absorption of H

i
270 300 350 390
WAVELENGTH - MiL L IMICRON

2I-’tClﬁ in14. 4 M H3P04. 0.2 M
HC1 Concentration 0. 731 mg/100 ml Pt as HZPtCIG. Cell

Pnth Length 1. 000 cm, Slit Setting 25, Scan Speed Fast.Refer-
ence Cell Path Length 1, 000 cm, Ref. Solution 14.7 M H3P0 .
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Figure 2.1-33. Ultraviolet Absorption of Phosphoric Acid Electrolyte from
Cell No. 427. HCI Added to Give 0. 2 HCl, Other Conditions

as in Figure 2,1-32. Curve 1, 0 Hrs and Curve 2, 72 Hrs
After HCl Addition.
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Figure 2,1-34. Ultraviolet Absorption of Electrolyte from Cell No, 427,
Curve O, Before HCI addition; Curve 1, Just After HCl
Addition; Curve 2, After 4 Hr; Curve 3, After 12 Hr; Curve 4,
After 23 Hr; Curve 5, After 31 Hr; and Curve 6, After 59 Hr.
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Performance Curve for Platinized Boron Carbide Anode No,
427 Against Standard Pt Black Cathode with Proupane Fuel,

Oxygen Oxidant, Electrolyte 14.7 M H3PO 4 at 150°C.
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E. Performance of Electrodes on Propane

Electrode No. 427 was operated on propane fue] at 150°C using 14.7 M H3P0 4 96 electrolyte.
The performance curves are shown in Figure 2.1-33. This electrode is considerably short of the
2
performance of the best electrodes at its calculated platinum loading of 5,7 2 mg/em” but it is not

2
had based on the corrected value of 4. 20 mg/em’,
F. Conclusions

It has been sometimes thought that the slowest practicable rate of reduction of surported
platinum "oxide' will give the beat results, This will not be true at elevited temperatures unless
the particular oxidized form of platinum is resistant to dissolution in the electrolyte. In the present
case it has been found that platinum daimmine dinitrite should be decomposed at a temperature
greater than 260°C and preferably at bout 280°C in order to facilitate its reduction. The less com-
pletely decomposed platinum diammine dinitrite {8 probably more readily dissolved in phosphoric
acid at elevated temperatures. In the future, electrodes of this type will be heat-treated at 280°C
or higher and their reduction » ith propane in the cell will be carried out during the heat-up period
beginning at about 10¢°C. The effectiveness of these measures will be monitored by platinum

analysis of the electrolyte from the cell.

2,132 P}atinnm-Activated Boron Carbide Electrodes of the Leached Nickel Foam (V. C.) Structure

A, General

The previous work has been extended during this period with the exploration of new variables
and some optimization of those already identified as important. Air performance at room tempera-
ture and at 80°C with 6N sulfuric acid electrolyte was taken as the standard performance test for
these electrodes. The method of preparation gives a high degree of porosity concentrated in the
large pores formed from leaching out the strands of nickel foam and leaving active material between

these large pores which is probably rather highly compressed and not very porous.

The concept of producing an electrode in which small pores branch out from the large pores
has heen explored. This has been achieved by incorporating a second leachable additive into the
mixture of activated boron carbide and Teflon. This technique gave a considerable improvement
in air cathode performance (relative to platinum loading). The better of two second additives tried
was the one which has elongated, needle-like particles and would be expected to form a larger number
of small pore-large pore intersections. An electrode of this structure produced the highest ratio of
performance to platinum loading so far achieved. In wet-proofed electrodes, electrolyte will tend

to fill the large pores prefcrentially while the small tributary pores remain filled with gas. A

i



partleularly lavge amount of electrocatalyst surface covered with electrolvte film and still possess-
ing pood access to the bulk gas phase and low electroivtic resistance to the bulk electrolyte pnase is
probably achieved by this structure, It may be considered a dual porosity electrode in which the
interface hetween large and small pores wanders throughout the volumne of the electrode in three

dimensions,

i3, Electrodes Prepared Using a Second Leachable Additive

The most effective electrode strurturce produced in the current serics was achieved by
combining two approaches aliady described:
1. The leaching out of nicke! foam of extremely high porosity to form a pore system of
intcrconnected tunnels in a Teflon-bonded electrode,
2. The simultaneous leaching out of a particulate additive to form smaller pores inter-

sccting with these larger pores.

In compilation of Appendix 4. 2, 2, electrodes No. 436, 444, 446, 461, and 473 were pre-
parcd in this manncr using cither a sillea gel, Cab-0-8i1*, or a caleium metasilicate, Cab-O-Lite®,
as the second leachable additive. The current density at 0, 7 volt iR-free obtained from a cell with
a standard platinum black anode supplied with pure hydrogen and the test cathode supplied with
ambient air (no forced circulation) was used as an index of performance. This was divided by the
platinum loading of the cathode > pet a purformance index in ma, mg of Pt, By this criterion, the

two 5% Cab-0-Lite electrodes proiaced 68, . and 72.  ma,/mg, a 205 Cab-0O-Lite electrode 50, 3

6
ma/mg, a 5. 6% Cab-0-8il electrude 3%.-, anda &% Cab-0-8il electrode 33‘4 ma/mg. The best

electrode without a second leachable additive produced 39, 4 ma/mg.

The best electrode preparcd with Cab-0Q-Lite as the second leachable additive exceeded the

best of all the other electrodes of the leached nickel foam structure by about 22%. The better of

the two Cab-0O-Lite electrodes gave the performance shown in Figure 2, 1-37. For comparison,

a standard platinum black cathode of high (45. 5 mg/cmz) platinum loading is included. By the
criterion or ma/rag at 0.7 volt the new electrode is about 9 times as good as the standard platinum
black electrode. The new electrode achieved a much higher limiting current and was better than the

Pt black electrode at current densities above approximately 450 ma/'cmz,

1t is somewhat surprising that the total % vold volume of ‘he dual porosity electrodes is not

e

generally greater than the leached nickel foam electrodes. This is caused either by the approximate

nature of % void vcume calculation or the fact that the total porosity veally is about the same hut has

* Godfrey L. Cabot Co., Boston, Mass.
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Figure 2. 1-37. Afr Performance of Electrode No. 473 at 3. 65 mg/cm2
Plat:num Loading vs H 2 Pt Black Anode 45.5 mg/cmz. Com-

parison Air Cathode Pt Black, 45.5 mg/cmz, Electrolyte
6N HZSO 4 Room Temperature.
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a more favorable distribution with respect to pore size.

Optimization of the percentage of particulate additive needs to e carried out, in addition to

testing of ihe dual porosity electrades on air and other reactants at high temperature,

It was planned to test electrode No. 473 on hydrocarbons and air at eleveted temperature

in phosphoric acid. Unfortunately, it was damaged in removal from the low temperature afr housing.

A similar electrode will be evaluated in the future,

In general, the many variables involved in preparation of these electrodes have been
adjusted to more nearly optimal values and performance haz improved considerably, The ma/mg at
0.7 volt had an average value during the current reporting period of 4. 5 compared with 30. 3

during the preceding period. The lust electrode of this period produced 72. . ma;/ mg.

The shape of particles in the second leachable additive appears to be important. The
more effective calcium metesilicate additive possesses elongated particles as shown i{n Figure
2.1-38, The less effective aflica additive has rather spherical particles a8 shown in Figure 2, 1-39,
(These are agglomerates of much smaller particles of silica.) On geometr. . zrounds, it might
be expected that the elongated particles would produce more small pores intersecting the tunnel-

like macropores.

Some simple computer programs wers writien for the purpoge of calculating percent void
volume and other electrode parameters of leached nickel foam e.ectrodes. This eliminated many
straightforward but tedious calculations especizally the void volume calculation, Appendix 4,2, 2
contains a table of all the electrodes prepared and tested during the last two contract periods and
includes a complete set of parameters, some of which were obtained from the computer calculations

not included in the previous report.

C. Leakage Prevention with Leached Nickel Foam Electrodes

This electrode structure is easier to make than a standard pasted electrode with no nickel
foam pressed into the current collecting screen because the screen-foam aggregate presents a
means of holding the activated boron carbide-aqueous Teflon dispersion slurry in a uniform layer,
For this reason, adventitious pinhcles as such can be all but eliminated. However, the pores formed
by removal of the nickel foam can be large er.ough to leak under some head of electrolyte. That
is, a good electrode tends to be entirely leak-tight, but electrolyte may begin to go through the
larg ;t of the macroporcs under a heud of only a few centimeters. Some means of overcoming

this defect is needed.
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Figure 2.1-35. Particles of Calcium Metasilicate (Cab-O-Lite)

Photographed at 58X
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Figure 2. 1-39. Particles of Silica Gel (Cab-0-8il)

Photographed at 58X
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Some initial experiments have heen performed which show promisc that a hydrophilie layer
next to the electrode on the electrolyte side strongly reduces e leaking tendency. To test this
idea, a Millipore* filter of 0. 3 mieron avcrage pore diameter was mnounted in a cell and held against

the elcetrolyte side of the eleetrode by a platinum screen,

This had the effeet of incrcasing the electrolyte head which could he tolerated without
leakage and, in fact, at an electro.ytc hcad of & few contimeters this barrier eompletely stopped the
electroiyte from leaking through the electrode. This test was periormed on an electrode which in

the absence of the Millipore filter was one of the leakiest electrodes made in ihis series.

It is, of course, undesirable to have to hold a barrier against the electrodc mechanically,

1t 'is planned to investigate some bonded barrier layers.
D.  Conclusions

Activated boron carbide electrodes continue to show promise for both anode: and cathode
structures of low platinum content. Great interest attaches to determining if the improvements in
aeat treatment and reduction procedures can be combined with the structure improvements to yicld
better phosphoric acid cathodes and better performance on hydrocarbon fuels than previously
observed. The attainment of controlled porosity of nickcl foam removal has produced much more
consistent limiting current behavior than previously obscived in air electrodes. The use of two or
even more leachable additives to obtain a controlled ratio of small and large pores promises to
improve the utilization of electrocatalyst surface. This could lead to even better performance at
current densiiies; of practical interest. An interface between tunnel-like macropores and microporous
walls that is distributed throughout the volume of the electrode may alsc be interesting from the

point of view of theories of electrode struecture.

2. 1.4  Electrodes with Other Carbides (W.T. Grubb, L.H. King)

2.1, 4.1 Tungsten Carbide Electrodes

During the current period some initial experiments have heen performed with Teflon-bonded,

tungsten carbide electrodes containing no precious metal,

‘Pasted, unpressed electrodes were prepared with the finest availabic tungsten carbide
powder (from :!. Starck, Goslar, Germany). Intwo electrodes, the percentage of Teflon binder
(based on total weight of electrocatalyst) was 9. 5% (electrode No. 1) and 6. 7% (electrode No. 2).

These electruties were given the same heat treatment and cure used for boron carbide electrodes.

’-"_l\;ﬂlllpore Filter Corp., Bedford, Mass.
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Figure 2, 1-40 shcws performance curves in 14,7 M HaPO A at 145°C for these electrodes in a
complete fuel cell with a standard platinum black electrode as the oxygen cathode in the cell. Elec-
trode No. 1 was first operated on propane and then on argon and gave curients which were identieal
in the two cases and indicated that the electrode was self-oxidizing in the potential region of 0.6
volt anode overvoliage (vs a reversible hydrogen electrode in the same electrolyte). Gas chroma-
tographic analysis showed that 002 was produced in these experiments. This is thought to be due
to the oxidation of the tungsten carbide -.1.". not to propane oxidaticn, since it was present with
argon as the "fuel. " This has been c_iiscussed in the preceding report (2. 1-6). It is assumed that
tungsten cxide forms on the surface and mev b%e in a porous, high-area state due to the manner in
which it is formed from tungsten cartide with varbon dioxide evolution taking place. Hydrogen was
briefly evolved from electrode No. 1 and it was then placed under load with hydrogen as fuel. Its
performance was surprisingly good under these conditions. A current density of 150 ma/cm2 was
maintained at steady state with an overvoltage of only about 60 milllvolts against reversible hydrogen
electrode. The curves in Figure 2.1-40 all show the cell voltages free of ohmic loss. The resis-
tance of the ceil with electrode No. 1 was somewhat higher, 0.24 ohm vs. 0.13 ohm, than usually
observed witn this cell geometry (3/8 inch, 0.95 cm electrolyte gap). This also suggests the for-
mation of #.n oxide flm on the electrode. Electrode No. 2 was run first on hydrogen s shown in
Figure 2. 1-40. Its performance was lower and the cell resistance was normal (0. 13 ohm). This
suggests that the anodizing of electrode No. 1 made it more effective ior subsequent hydrogen
oxidation, Electrode No. 1 was subsequently operated at room temperature and it produced a
current density of 100 mt!./cm2 at an overvoltage (vs reversible hydrogen) of 0. 28 volt. The perfor-

marce curve i{s shown in Figure 2, 1-41.

The anodizing of metal carbides seems to present an interesting method for forming metal
oxides on an electronically conducting support, It is possible that ruch materials with or withcat
the addition of noble metals to the surface layer will have more interesting electrocatalytic prop-
erties, At present, of course, the long-term stability of such materials is entirely unevaluated '
and there is no evidence to suggest hydrocarbon activity at present. The high activity of the anodized
surface of tungsten carbide for hydrogen at elevated temperature is encouraging. It appears to
exceed the activity of anodized titanium carbide (2. 1-7), although neither system has been optimized

and the titanium carbide was of somewhat lower surface area.

(2.1-7) L.W. Niedrach and H.R. Alford, 4. Electrochem. Soc. 112 117 (1965).
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2. 1. 4.2 Conciusions

Further exploratory work with transgition metal carbides and mixed carbides is indicated in
hone of finding sonie hydrocarbon activity., Failing this, minimal amounts of platinum activation may
be especially effective if the carbide substrate or a surface oxide layer on it can take over some of
the functions of the nohle metal electrocatalyst. If the surface oxide layer is indeed porous due to
002 evolution accompanying its torr‘nation, then platinum in the pores would find itself in very inti-
mate contact with both the oxide and the conducting carbide underneath it. Such systems should have

an excellent chance of displaying synergistic effects if they exist.

2.1,5 Multipulse Potentiodynamic Studies of the Adsorption of Carbon Monoxide arnd Hydrogen on

Rhodium Elec‘rodes (S. Gilman)

2.1.5.1 Carbon Moroxide Adsorption

A, Introduction

Hydrogen fuel cell anodes of the noble metals show varying sensitivity to the presence of CO
in the gas feed (2. 1-10). Studies of the mixed adsorption of CO and hydrogen on microelectrodes of
these metals may provide insight into the mechanistic details of electrode "poisoning, "

While the adsorption of CO on Pt has received some attention in past years (2. 1-11 thru
2. 1-14), similar studies on Rh electrodes have been lacking. On the other hand, considerable back-
ground information has k2en provided as a result of various voltammetric studies (2. 1-15 thru

2. 1-20) of the adsorption of oxygen and hydrogen on Rh. The latter work has been reviewed by

(2.1-10) D.W. McKee, L.W. Niedrach, I.F. Danzig and H,I. Zeliger, Technical Summary Report
No. 9, Hydrocarbon-Air Fuel Cells, 1 January - 30 June 1966, ARPA Order No. 247,
Contracts Nos. DA-44-009-ENG-4939, DA-44-009-AMC-479(T), DA-44-ENG-4853, p 2-4.

(2.1-11) S. Gilman, J. Phys. Chem. 66, 2657 (1962); 67, 78 (1963).
(2.1-12) T.B. Warner and S. Schuldiner, J. Electrochem. Soc., 111, 992 (1964).

(2.1-13) R.A. Munson, J. Electroanalyt. Chem., 5, 292 (1963).
(2.1-14) S.B. Brummer and J.1. Ford, J. Phys. Chem. 69, 1355 (1965).
(2.1-15) M. Breiter, C. Knorr and M. Volkl, Z. Elektrochem. 59, 681 (1955).

(2.1-16) M. Z._Elek 60,
(2.1-17) K. Franke, C. Knorr, and M. Dreiter, Z Elexicuw >m. 63, 226 (1959).
(2.1-18) W. Bold, and M, Breiter, Z. Elektrochem, 64, 897 (1960).
F.
M.

Will and C. Knorr, Z, Elektrochem. 64, 258, 270 (1960).
Breiter, K. Hoffmann and C. Knorr, Z. Elektrochem. 61, 1168 (1957).

(2.1-19)
(2. 1-20)
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Frumkin (2. 1-21). The voltummetric approach followed in this and the subsequent section is
similar to that used in previous studies of Pt electrodes (2. 1-11),

B. Experimental
1, Chemicals

The electrolyte (4N H2SO 4) was prepared using triply-distilled water and Vycor-distilled
sulfuric acid. Reagent grade CO and argon were used. Mixtures of these gases were prepared,

bottled and anaiyzed by the Mathieson Co.
2, Electrodes

Platinized Pt counter and —eference electro. 3 were employed. The Rh test electrode was
not .ound to vary gradually in its properties in a manner which might be ascribed to adsorption of

Pt ions.

The test electrode was fabricated of 99, 98% pure Rh wire, 0. 030 inck in dlameter. Tic
wire was degreased, etched in aqua reglt  -ashed and driec. it wast* resistively heated alnicst
to the melting point in an ultra-high vacunm system, This 3erved to anneal the samp.e and to
cleanse the surface further (actual evaporation of metal was cbserved). The treated wire was then
sealed into a soft ground glass foint {using a hydrogen flame) 8o as to expose 0, 08 cm2 of surface.
The electrode was given a light final etch in aqua 1egia. Electrodes prepared using :+  flon sup-
port instead of glass had similar electrochemical properties. but exhibiied a time-vuriation in
properties characteristic of impurity adsorption (see below). This must be ascribed to slow

out-diffusion of organic materials from the Teflon.

The charge, SQH' corresponding to saturation coveri:ge of the electrode with hydrogen
atoms, was 0, 25 mcoul/cmz. If it £ assumed that all of the low index crystal faces are equally
reoresented on the surface and that one hydrogen atom is adsor’;ed per Rh atom, then a perfectly
smooth surface would correspond to SQH = 0,22 mcoul/cmz. On that basis, the "roughness factor"

(ratio of true to geometric area) of the clectrode was 1, 16,

3. Test Vessel and Electronic Equipment

The electronic equipment was described previously (2. 1-11). The test vessel was made of

pyrex glass, had separate compartments for counter, test, and reference electrodes and was

(2.1-21) A, N. Frumkin, Chapter 5 in "Advances 'n Eleetrochemistry and Electrochemical
Engineering," Vol. 3, Edited by P. Delahay, Interscience Publishers, Inc., N.Y., 1363,

2-48




equipped with & glass paddle-stirrer (water-sealed). All electrodes were attached wita ground
glass joints and the cell was air-tight.

4. Electrolyte Prctreatment

After "activating' the te.t electrode, its propcrtics werc found to vary in a manner charac-
teristic of contamination by impuritics dissolved in the electrolyte (see below). The following
procedvre was employed in purifying the solution.

A "cleanup" electrode was fabricated of platinized platinum screen. This electrode had a
geometric area of 40 cm2 and a surface area of 4000 cm2 based on H-deposition measurements.
'The electrode was degreased, cleaned in hot chromic acid solution and rinsed in distilled water,

It was then immersed in 200 cc of 4 N Hz SO 4 contained in a beikker which also contained a large
smooth Pt counter electrode. The cleanup electrode was made cathodin under current flow of

1 ampere for 2 minutes to desorb foreign anions. A similar anodic current was passed to desorb
cations and organic matcrials and to generate the "'oxygen' film which prevents re-adsorption of
materials, After changing the electrolyte, the cycle was repeated. The passivated electrode was
then withdrawn from the beaker and transferred to a 200 cc volune of electrolyte in the test vessel.
The electrnde was then reduced at 0.4 v, and the potential was held at 0.7 v for 4 hours with the
solution stirred vigorously with the paddle~-stirrer (360 rpm). Under these circumstances, the
electrode "getters' ions and organic substances from the solution, The electrode was then

withdrawn from the test vessel without previously interrupting the circuit,

5. Experimental Conditions

All measurements were made at 80°C in a thermostatted air bath. All potentials are
referred to a reversible hydrogen electrode in 4 N H2 SO4. All currents and changes are reported

on the basis of the geometric area of the electrode,

C. Procedwres and Results

1, Steady-State Oxidation of CO and Hz

A slow (0. 04 v/sec) linear anodic sweep was applied to obtain the current-voltage curves
of Figure 2, 1-42, To renew the surface of either the Pt or Rh electrode before each mezsurement,
the electrode was Leld at 0 v for 10 sec, at 1. 8 v for 2 sec, at 1,2 v for 10 sec, and at 0 v for 0.1
sec. The electrolyte, saturated with either CO or Hz, was paddle-stirred (360 rpm) throughout

the experiment,

oA o
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Figure 2. 1-42, Current-Voltagc Curves Measured for Smooth Pt and Rh Elec-
trodes During Application of a Linear Anodic Sweep of Speed
0,04 v/sec. The electrolyte was saturated with the gas at 80°C
and the solution was paddle-stirred (360 rpm) throughout the
experiment. The hatched areas correspond to regions of
oscillation of the current.
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2, Preparation of a Ronroducible Rhodium Surface

A clean Rh surface will becorie contaminatec iu t!.s; course of an experiment, cither due to
intentional exposure to an adeorbsate /70) or to unintentional adsorption of solution tmpuritics, It
is possible to rencw the surface in situ by the application of potentiel pulses, as in the case of Pt
electrodes (2. 1-11), The sequence of Figure 2. 1-43 was found to serve this purpose. in this
sequence, the electrode is normally held at 0 v in a thoroughly reduced state (Step A). At this low
Jotential, the coverage with anior s will be small, but the coverage with organic materials may
be quite extensive. At the high potential of Stop B, even large coverages with organic materials ‘
are eliminated. However, the anodic film {s so extensive as to reyuvire very lengthy (more than 1
sec) reduction for it removal. To cope with this problem, the surface was reduced at 0,12 v
(Step D). This results in only moderate coverage with refractory organic materials, readily elim-
fauted during application of the -1oderately high pctential of Step E. The modlerate anodic film of
Step E suffices to prevent adsorption or reaction of CO and other organic materials while the
solution adjacent to the electrode is equilibrated with the bulk. For the exper‘ment of Figure 2, 1-43,

a 90 gec period was allowed (during Step E) for the solution to become quiescent so as to limit

—

subseque nt transport of the adsorbate to ordinary diffusian. This quiescent period was eliminated
when soiution aitation was required during the subsequent adsorption step, In Step F the elec-
trode was redw ed, exposing a clean and reproducible surface to the electrolyte. The state of the
surface could be explored by means of the lineas anodic sweep, Step G.

Trace 1 «f F’gure 2, 1-43a was obtained fcr T, = 20 msec to 10 sec (unstirred solution)

F
and corresponds ma nly to oxygen adsorption on the clean Rh surface. Trace £ was obtained after

TF = 100 bec and is indicative of some change in state of the surface, This change becomes more {
pronounced with stirring (trace .) suggesting transport-controlied adsorption of impurities from
the solution., After p=2-electiolysis of the solution (see section 2, 1.5, 1. B), the trace char,; <ter-

istic of the clean sur .ice was obtained up to T_, = 100 sec, even in the stirred solution (see trace

F
3 of Figure 2. 1-43b). A elight impurity effect ic still noted fer 'I‘F = 1009 sec (trace 4 of Figurz
2.1-43b). After T_ = 0.1 msec, trace 1 of Figure 2, 1-43b was recorded, and is indicative of

F
grossiy incomplete red.ction of the surface. The reduction is still somewhat incomplete after

'I‘F = 1 msec (trace 2 of Figure . 1-43b). The reduction process was also followed through
measurement of the corresponding currert in Figure 2. 1-44, In Figure 2, 1-44a it 18 seen that
the reduction appears largely complete within 2 msec, but more sensitie measurement (Figure

2, 1-44b) reveals that the process is not entirely complete for TF> 20 msec,

After the 2lectrode is reduced at 0. 12 v (for morc :Low. 2. 1 gec) the potential may br raised

to some higher value before applying tue M ar anodic fweep, Tor votentials up to 0.5 v, appled

- ——
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for up to 100 sec, the trace recorded was the portion anticipated from trace 1 of Figure 2, 1-43a.
For potentials of 0.6 v or more, the subgsequent sweep currents w.ninished rapidly with time

corresponding to irreversible formation of the anodic film,

3. Measurement of CO Coverage by Anodic Stripping

In the experiment of Figure 2. 1-45, traces "1" were measured in argon-gaturated

eiectrolyte for T_, = 10 msec to 100 sec, and corresponds mainly to oxidation of the clean Rh sur-

F
face. Traces "2" were obtained in electrolyte satu, uted with a CO - argon mixture, and corre-
cpond mainly to combined oxidation of adsorbed CO and of the Rh gurface. Using Figure 2.1-45d
as an example and assuming that the charges corresponding to capacitive charging and to oxidation

of the surface are equal for traces 1 and 2, we have the following relationship:
= = A '
4Q=Q, - Q¥ Q,*+Qg, ()

where Q2 is the area under trace 2 from points atob
(;@1 ir the area under trace 1 from points a to b
QC o is the charge corresponding to anodic stripping of adsorbed CO

preseat before apolication of sweep G

QC 0’ is the charge corresponding to oxidation of CQ arriving at the

surface by diffusion, after initiation of sweep G.

For tue low concentration of CO and the relatively high sweep speeds involved here,
Q..»Q CO" and if the other assumptions are correct then:

2Q¥ Q) @

Cco

If QC o corresponds to complete oxidation of CO to C02, then AQ should be constant over _

the entire range of sweep speeds, This was testec for v = 4 to 1000 v/sec, and the results appear
in Figure 2, 1-46, It is apparent from this figure that results exhibit a scatter amounting tc only

3% average deviation from the mean value,

4. Measurement of the Rate of Adsorption of CO

The rate of accumulation of CO may be measured by anodic stripping by means of the
scquence of Figure 2. 1-47, In addition to the pretreatment steps discussed in Section 2 above,
steps F and H were introduced to eliminate surface oxygen or hydrogen whenever potential U was
considerably removed from 0,12 v. The adsorption of CO occurred 1iom ¢ quiescent solution,
Figure 2, 1-47a and b correspond to increasing coverage of the surface with CO at 0.12 v, Values
of QC o determined from such traces are plotied against the square root of the adsorption time In

Figure 2,1-48, Similar experiments were performed to determine maximun: CO coverages from
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Figure 2. 1-45. Determination of CO Adsorbed on Rh by Anodic Stripping.

Adsorption occurred during step F and the traces were record-
ed during the linear anodic sweep (step G) of the sequence,
Traces 1" were recorded after Tl-‘ = 0.1 sec in argon-

saturated 4 N H280 o Traces "2" were recorded in electrolyte

saturated with a gas mixture of 10% CO + 90% argon after
adsorption for Ta ds - 100 sec.

2-54




23$/7A008 : 4

(Rl 095 ) DNINMILS < 30OV wLIA &

I w 9 2 3 ] 2 | ] ¥
$ 06+

470A - TWILNILO4 LA LA 20 sC 20O
T T T T T
s3sw-3y X ) $0
—
60
-
or .
»
§
~
~
s 3
-~
33§ 001 : "9 (g
235 0001 = 0% (v |
235 0890 : % (¢
23% 0910 : %% (2
335 0100 + %% 11
(a
104 - WINILOE 91 2z .0 %0 20
T T Y T 7T
e -1y X X 60
v T T T A
233 001 O : %9, (g
23S 000 O : 5ROy (. -
233 00 : * L 1 .
, -{50 »
$
o
3
~

(®)

b 2 ‘.08 18 OO

aand yjm pareanies gem OS H N ¥ 94l "@dusnbes [epusido ayy
Jo 1 doams Supmp papIooal axam 8:7%13 Yy} pus ‘uadfxo pus
uaBoxpAy aovjINg SIBUIWI[S 02 PaONpPOIIU] olom H pus J 8das
*aouanbag ay} Jo n daeys Burinp parandoo QD jo uopdiospy

“Bupddig oppouy £q 9wy uopdrospy OO 3y) Jo UOHBUTILIaRA “L¥-1 2 aan3r g

‘gBalIe payoIwy oM} 3y}
JO 9ouaaIIp 9y} Aq UsAL3 87 3318YD oY) SIYM ‘PSP-T 2 N3 g
3O 980} 98 Yons 83081} WO} PAUjULIalep 98m 931870 ay],

‘adxwy) Suyddiag appouy 0D ay) jo souspuadaq-Lousnbaxd ‘91 ‘2 Bl g

qIS/IA- N
0001 001 ol

—-d-- L) L | ---- LJ L —-d--

<L __ o o

»0

$0

10°

W3/ MOM - OV

2-55




m

o8 P
0o —0
03 Q 8
o4
-
€ [
-
N 19V
3 osk vev 1av
¢ v
b1 0 ~- ¢ 900V/SEC
\ 009 onv
4 a » - -
S 08" 28 108 08 308" 10as T, Oas
oz bk A [ ] [ o € F ¢ u I
[ ] & WITH PADDLE - STIRRING (380 APM)
O u dizv
O usodv
QI & uidev
€© us0dv
° 1 i 1 L i 1
(-3 ] 10 (R} 20 2% 3.0
'.“lll sec?
1 1 1 1 it 11ttt 1 1 1 1 L 1 1 1 1 J
o3 02 o4 08 Q9 10 20 30 40 S0 60 T0 80 %0 W
T, - SEC

Figure 2. 1-48. Adsorption of CO on Rhodium. Values of the anodic stripping
charge, QC o vere determined from traces such as thoge of
Figure 2. 1-47 as CO adsorbed from a solution of 4 N sto 4
saturated with pure CO. Fractional ard absolute coverages of
*he electrode are directly proportional to Q co’

ot
(-2}




stirred solution (Figure 2, 1-49). Traces corresponding to partia! CO-coverage it various

potentials ar: comparec in Figure 2, 1-50.,
D. Discussion

A, Steady -State Oxidation of CO and Hydrogen

The polarization curves of Figure 2. 1-42 are useful in establishing the approximate range
over which the adsorbates of interest will be unstable with resprect to oxidation. Results for the

more extensiv. | -studied Pt surface are included for comparison.

With hydrogen as depolarizer, a plateau current is ohserved for both Pt and Rh (Figure
2.1-42a and b), and corresponds to mass transport limitation. For Pt, the current declines above
the potential (0. 8 v) at which surface oxidation becomes significant. For Rh, the decline comer at
a lower potential (0.6 v), corresponding to t+he tendency for the Rh surface to undergo oxidation at
correspondingly lower potential (see trace 1 of Figure 2.1-43a). For both metals, the passivation

effect becomes complete within a few tenths of a volt after the iniiial decline.

The curve obtained for CO on Pt (Figure 2, 1-42d) is similar to that previously measured
in perchloric acid (2.1-11), it differs markedly from the corresponding curve for H g on Pt, in
that there is no plateau current, and in that the passivation occurs more gradually after the initial
onset. A plateau current is lacking because by the time the overvoltage is sufficiently high for the
sluggish oxidation of CO, oxidation of the surfice has already begun, leading to passivation. The
result is a peak current which is close to the expected mass transport limit. Because the surface
is not completely passivated against CO oxidation until high potentials are impressed, a potential

of 1. 8 v has generally been used (2. 1-11) in surface pretreatments when rates of adsorption were
studied,

The curve for CO on Rh (Figure 2.1-42c) is similar to that for CO on Pt. One significant
difference is that lower overvoltages are required for initial oxidation of CO. The initial passiva-
tion of the surface comes at a potential wlich is somewhat disproportionately lows - than for Pt.
The balancing effect of these two opposite tendencies is a peak current for CO o .dation which is
somewhat ¢maller for Rh than for Pt. Another significant difference between CO oxidation on Rh
and Pt is that the passivation efiect on Rh is complete at significantly lower potentials than on Pt.
The practical result is that surface pretreatment at only 1. 2 v is satisfactory for holding off CO

adsorption and oxidation in the studies of CO adsorption rates.
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B. Preparation of a Reproducible Rh Surface

eriments similar to those of Figure 2. 1-43 reveal that a reproducible surface state
may be generated by anodic pulsing and that this state i{s stable over a period of time (up to 1000
sec) consistent with electrolytc purity. Judging from such traces, the surface state may be repro-
duced to within a few percent, over many months of experfinentation, and many hundred cycles of
pretreatment and measurement. An ozcasional electrode was found to undergo abrupt change in
electrode area, and this is believed to have resulted from accidental exposure to a high-speed

periodic triangular potential-time signal,

C. Measurement of CO Adsorption Rates

1
From Figure 2, 1-48, it is evident that the plot of QCO Vs, Ta:i: is linear ::ati]l approxi-

mately 80% of fuly coverage is achieved, Assuming conditions of linear diffusion for the short

time involved, and assuming that the adsorption of CO is diffusion-controlled, then the relatonship

between charge and time mus* be (2, 1-22):

n
49,0 5 _ xF p¥’¢ 3
dT, ads T1/2 - 1/
ads
or the integral expression:

o - (2o ro*/%c ) o1/2 @

co 71/2 ads
n = number of electrons required to oxidize and desorb one molecule of

adsorbed CQ\.,
F = Faraday constant
D = Diffusion coefficient of CO
(o
The solubility of CO in water at 80°C is 7.62 cc/1 (S. T. P.). (See 2.1-23,) Making appropriate
correction for the vapor pressure of 4 N sulfuric acid, and assuming the solubility of CO in the acid

Concentration of dissolved CO

is the same as in pure water, C = 2,02 x 10"7 moles/cmd. Assuming that n = 2 and that the slope
of the linear portion of Figure 2, 1-48 (0. 48 mcoul/secl/z) is equal to the term in brackets of

Equation 4, we deduce a value of D of 1,08 x 10-4 cm/sec, This is larger than the value deduced

(2.1-22) H.A. Laitinen and I. M. Kolthoff, J. Am. Chem. Soc., 61, 3344 (1939).
(2. 1-23) "Solubility of Inorganic and Organic Compounds, " Vol. 1, part 1, edited by H, Stephen
and T. Stephen, Macmillen Co., N.Y., 1963, p. 364,
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(2. 1-11) at 30°C by a factor of 3.5. A factor of 2 (2%/°C) is reasonable (2, 1-22) for the increased
temperature. The additional factor of 1.7 could derive from an error of only 30% in estimating
the solubility of CO. The evidence therefore stronglv suggests that the adsorption of O is
initially diffusion-controlled at potentials lower than 0.5 v and that the method for determining the
surface coverage is quantitative. At 0.5 v, according to Figure 2. 1-48, the adsorption rate is
smaller than that at lower potentials. This is probably due to the onset of signific t CO oxidation
at that potential,

D. Structure of the Adsorbed Layer

For an organic substance it is always possible that the parent molecule will undergo a
major change in composition (bond-splitting, oxidation, rr reduction) in the course of adsorption.
Such a process might be expected to depend on the potential, To obtain an indication of structural
variation of the adlayer, the sweeps for anodic stripping were compared at approximately equal

values of the charge, Q From Figure 2,1-50, we see that the traces are almost identical

co’
for potentials extending from - 0. 2 to 0. 5 v, suggesting constant structure of the adlayer over this
wide potential range. For CO on Pt, the res lts were similar, except that some variation was

suggested at very low (-0. 2v) potential (2.1-24).

E. Steady-State Surface Coverage of Rhodium with CO

The absolute coverage, T co (moles/ cmz), -of the surface is related to the charge Qc o hy:

Qo = 2F o (5)
Values of Q co were determined over a wide range of potentials and of CO concentrations
(Figure 2.1-49), Up to 0.5 v the coverage is essentially constant over the entire range of CO
concentrations, and independent of whether or not CO was pre-adscrbed on the electrode at 0.12 v,
Above 0.5 v, the results do depend on the ccncentration of CO and steady-state is sumewhat
sluggishly established (the mean of the value achieved with and without pre-adsorntion at 0. 12 v),
It seems reasonable to conclude that for this highly {rreversible che.nisorption, there is the ten-
dency for full monolayer coverage over the entire range of concentrations and potentials, 2nd that

only the opposing rate of oxidation of CO to CO2 tends to drive the coverage down at high
potentials.

(2.1-24) S. Gilman, J. Phys. Chem, 70, 2880 (1966).
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2.1, 5.2 Mixed Adsorption of CO and Hyvdrogen

A, Introduction

In Section 2,1.5. 1, it was show. that CO adsorption on rhodium may be studied in a
quantitative mauner (by anodic stripping) if a "multipulse potentiodynamic' sequence is used to
establish reproducible {ritial conditions., In this section, comparisons will be made between the

amount of CO and of hydrugen atoms co-adsorbed under dynamic conditions.

B. Experimental

Chemicals and equipment were as previously described. The rhodium test electrode was
similar to the one used previously. It had a geometric area of 0. 08 cmz, and the charge, SQH'
corresponding to "saturation ceverage' with hydrcgen atoms had the value 0, 23
m:oul/cmz. The ""roughness facto: ' fur this electrode was 1, 06 if SQH = 0,22 mcoul/cm2 is
taken to correspond to R.F. = 1,0. As previously all values of current and of charge will be

reported on the basis of the geometric area. All measurements were made at 80°C ina

4N stO 4 electrolyte.

C. Procedures and Results

1. Determination of CO Coverage Through Anodic Stripping

In a solution saturated viith CO, the adsorption occurs within 1 second. Under those
conditions, the adsorption is diffusion-coutrslled until approximately 80% complete and exhibits a H
linear dependence on the square root of time, A linear dependence on the first power of timne may
be obtained by using a more dilute solution of CO and by agitating the solution, as in the experi-
ments of Figure 2, 1-51, The results of Figure 2, 1-51 show the desired dependence of surface
coverage (proportional to QC o) upon adsorption time for potentials less than 3. 5 v, and for cover-

ages less than approximately 0. 8.

2, Determination of ""Saturatiun Coverage' with Hydrogen Atoms

The sequence of Figure 2, 1-52 was used in determining the charge, SQH' corresponding
to saturation coverage of the surface with hydrogen atoms. As previously discussed, steps A-E
of the potential sequence serve to cleanse the surface and to protect it against adsorption of or
reaction with a dissolved adsorbate, During step F, the protective "oxygen" film is reduced and
dissolved materials may adsorb. Step G quickly eliminates adsorbed hydrogen. In step H, hydrogen
atoms are deposited on the surface and the corresponding cathodic current is recorded. Trace 1
of Figure 2, 1-52 was obtained in argon-saturated electrolyte, The current which flows up to

point b corresponds mainly to deposition of atomic hyrrogen, but also contains contributions to

IR
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charging of the ionic double layer and to evolution of molecular hydrogen gas. Past point b the
current becomes steeply cathodic cor #sponding to a sharply increasing rate of H2 evolution, For
Rh, the ratcs of hydrogen atom deposition and H2 evolution are significantly sluggish so that the

potentials of the cathodic trace have no simple thermodynamic significance at this sweep speed

Assuming that the hydrogen atom monolayer is approximately complete before gas evolu-
tion becomes very rapid, we may attempt to derive the corresponding chargec by means of the
construction lines on trace 1 of Figure 2,1-52, The vertical linc ac was drawn from the point of
intersection of tangents bc and dc. The line ae was drawn as an extrapolation of the capacitive
current measured above 0.1 v. The arca aecbs is taken as SQH' Keeping v congtant at 60 v/sec,
SQH was measured for values of Ta ds from 0. 01 to 100 sec in the argon-satur-.‘ed solution. This
charge was found to maintain the average value of 0, 23 mcoul/cm2 witk an average deviation of 3%.
At much ionger values. of Ta ds or when the solution was agitated, SQH was found to decrease,

This corresponded to the adsorption of impurities, as already detected through anodic stripping.
Keeping Ta ds constant at 1 sec, and varying v from 10 to 1000 v/sec, SQH was again found to

remain constant with an average deviation of 5%.

The effect of CQ adsorption upon SQI' was examined in traces 2 - 6 of Figure 2,1-52, As
i
«n previous studies (2, 1-25), it was ascertained that the cathodic sweep causcd no desorption of

adsorbed CO. For the CO - containing solution, values of SQH are plotted against the adsorption
time in Figure 2, 1-53.

3. Determination of Hydrogen Atom Coverage by Anodic Stripping

At any potent‘al, the charge corresponding to transient hydrogen-coverage may be deter-
mined by application of a linear anodic sweep. In the sequence of Figure 2, 1-54, steps A-E serve
as electrode pre-treatment. The surface is quickly reduced at potential U (step F) and hydrogen
atoms are quickly adsorbed on the clean surface. There 18 subsequent 8low desorption of hydrogen
as CO udsorbs from solution. The amount of hydrogen present at any moment may be determined
by applying sweep H and recnrding the resulting current-time transient, Trace la was obtained
for Ta ds 0.1 sec and corresponds to the essentially clean surface. The initial current maximum
corresponds mainly to the stripping of adsurbed Fydrogen. After the minimam, the current rises
again as both the surface and adsorbed CO are oxidized. To correct for the non-hydrogen currents,
trace 1b was measured after applying step G which quickly eliminates adsorbed hydrogen. Trace

1b was back-extrapclated (c-3) to correct for capacitive charging and the resulting closed area

(2.1-25) S. Gilman, J. Phys. Chem. 67, 78 (1963).
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Figure 2. 1-53. Variation of Saturation Coverage with Hyd»ogen as CO is
Adsorbed on Rh. The saturation coverage with hydrogen is

proportional to the charge, SQH' and was deiermined from

traces such as those of Figure 2, 1-52. The accumulation of
CO is given by Figu. » 2.1-51, The 4 N H2804 solution was

sat'rated with a gas mixture of 1% CO, 99% argon at 80°C, and
paddle-stirred (360 rpm) throughout the experiment.

Figure 2. 1-54. Determination of the Hydrogen Atom Coverage at Potential U,
Yoo During the Adsorption of CO. The adsorption occurred during

step F from 4 N HZSO h saturated with a gas mixture of 1% CO,
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abca defines QH. Traces 2 and 3 show how QH may also be determined when the surface is largely
covered with CO. Values of QH were obtained both in the CO - free (Figure 2.1-55) and €O -
containing solution (Figure 2. 1-56).

D. Disc. .sion

1. Structure of the CO Adlayer

‘’rom Figure 2. 1-51, the absolute coverage, I co’ under transient conditions may be

obtained:

Qo = ¥ feo ®)

It is seen that the rate of adsorption (which 18 mass tran-.port control’ed up to large coverages)

is Independent of potential cver tue entire range of hydrogen adsorption (below 0. 15 v). Decreased
rates of adsorption above 0.5 v ave probably entirely due to the com;xet!tlve oxidation uf CO to
002. Under the same conditions, Figure 2.1-53 reveals how SQH varies with CO adsorptic .

For SQH' the following relationship may hoid:

R N F(s Ty) o - m rco) ™

where = "saturation coverage" (moles/cmz) of the swrface with H atoms in tte

r
S H
presence of some adsorbed CO
( SrH)o = "gaturation coverage" of the surface with H atoms in the absence of
adsorbed CO.

m = number of hydrogen sites ohscured per molecule of CO adsorbed.

Dividing the slope of the plots of Figures 2,1-53 and 2, 1-51 gives the value of m st any {nstantan-
eous value of the coverage with CO. With some scatter, m was found to have a constant value of
0. 9 until the coverage is almost complete., This implies that one adsorbed CO molecuie cccupies
one hydrogen adsorption site. This situation contrasts witi that found for Pt at lower temperature
(2.1-25), In the latter case, the results suggested that each adsorbed CO molecule occupies two

+ -ogen adsorption sites ("bridged" structure) in the earlier stage of adsorption, and only one site
("unear" structure) in the later stage of adsorption, These analyses assume, of course, that CO
and hydrogen adsorption sites are simitar, and that hydrogen adsorption 18 blocked in only a
direct manner by the formation of the surface-organic bord,
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Figure 2, 1-55, Hydrogen Coverage on a Clean Rh Electrode. The hydrogen
coverage {8 proportional to the charge QH‘ measured in the

argon-saturated electrolyte by the method of Figure 2. 1-54,
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Figure 2.1-56. Hydrogen Coverage on an Rh Electrode Partially Covered with
CO. The charge QH was measured by means of the procedures

of Figure 2.1-54 while CO was adsorbing from 4N H250 4 sat-

urated with a gas mixture ol .% CO, 99% argon (80°C), paddic-
stirred at 360 rpm. The accumulation of CO under the same
circumstances 18 given by Figure 2. 1-51,
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2. The Hydrogen Adsorption {sotherm and CO Adsorption

The plot of Figure 2.1-55, obtained in argon-saturated electrolyte, is similar to that
obta «ed by Will and Knorr (2. 1-26) and by Bold and Brelter (2. 1-27) by integration of slow
periodic triangular potential-time sweeps, The abscissa of Figure 2.1-55 might alternatively be
represented in units of the logarithm of hydrogen partial pressure (through the Nernst equation)
and hence the plot is an experimental adsorptior isotherm. Such isotherms have been studied
in detail by Bold uand Breiter (2. 1-27), who found that the apparent heat of adsorption of hydrogen
decreases irregular’y with increasing hydrogen coverage. Such an observation suggests hetero-
geneity of the surface. Such heterogeneity may generally be "original” (corresponding to such
structural variations as im;erfections. crysta. orientations, etc.) ¢ - "induced" (caused by the

very act of adsorption).

Figure 2.1-56 shows that the hydrogen coverage at any fixed potential drops off linearly
with increasing time (and hence increasing coverage with CO, according to Figure 2, 1-51) until
high coverages are achieved. The empirical relationship followed for coverages less than approx-

imately 80% of maximum is:
= (s \ ( _.fco
eﬂ (eHIO 1 1.4 ) @)

fractional coverage with hydrogen atoms = QH/ SQ H

, o 9
where: "

(°H), = o in absence of adsorbed CO
(] H
0

"

fractional coverage with CO= Qco/ co)
maximum

The significance of the factor 1. 4 in Equation 8 is that (accoring tu the extrapolations of Figure

co

2.1-56) 0 N would drop to zero only if the surface coverage wi’h CO exceeded by 40% the maximum
amount observed in Figure 2,1-51. From Equation 8 it must be concluded that the adsorption
isotherm retains its original form when CO adso:bs, i.e., that there does not appear to be prefer-
ential CO adsorption on sites with the highest h22's for hydrogen adsorption. This may be inter-
preted in two different ways. One possibility is that "original" heterogeneity leads to no significant
differences in the heats of adsorption of CO on various sites. A surface partially covered with CO
rimply acts as if the effective area had been decreased and retains the same adsorption isotherm. The
ilternative is that heats of adsorption do vary over the surface due to original heterogen=ity, but

(2.1-26) F. Will and C, Knorr, Z. Elektrochem. 64, 258, 270 (1960).

i

(2.1-27) W. Bold and M. Breiter, Z. Elektrochem. 64, 897 (1960).
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under conditions of mass transport controlled adsorption there is a completely random disiribution
of CO moleculi:s over the various sites. Due to immobile adsorption, there is no subsequent
re-distribution of adsorbed CO according to the heats of adsorption of the surface sites. Hence,

a random distribution of CO molecules is retained as is the formn of the original hydrogen

adsorption isotherm,

E. Conclusions

Polarization curves for oxidation of hydrogen and CO on Rh are similar to those for Pt.
One major difference is that the passivation of CO and H2 oxidation occurs at lower potentials for
Rh than for Pt, corresponding to earlier oxidation of the Rh surface. A second major difference
is that the oxidation of CO occurs at lower potentials on Rh than on Pt. The difference in reactiv-
ities for CO on the two metals might be understood through careful study of the adsorption of CO

and of the oxidation of adsorbed CO. The adsorption process for Rh was examined in this work,

The adsorption of CO on Rh was found to be diffusion controlled from -0.12 to 0. 5 voit.
Over the same range of potentials, the steady-state coverage with CO (based on hydrogen-
codeposition measurements) was found to correspond approximately to a monolayer of singly-bound
CO molecules. At higher potentials the coverage decreases (presumably due to competitive
oxidation of CO to COz) and the coverage depends on the partial pressure of CO. Over the entire
range of potentials, the evidence suggests that the atructure of the CO adlayer remains constant.

At any potential in the hydrogen region, the (reversible) fractional hydrogen coverage
decressed linearly with increase of CO coverage. This dependerce does not vary with potential,
This implies that CO does not adsorb preferentially cn "active sites' under the (diffusion-
controlled) conditions of these experiments.
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2.2  MULTI-COMPONENT FUELS

2.2.1 Extended Life Tests With Multi-Component Fuels {(Unsupported Platinurn Anodes)

(J. Lennon, E. Luksha, E. Weissman)

In the previous repoart (2. 2-1) certain long-term aspects of the electrochemical oxidation of
multi-component fuels were presented, It was found that several additives, up to 5 mole %
naphthenes, 5 mcle % olefins, and 1 mole % aromatics do not affect anode performance on a cumu-
lative detrimeria. basis for extended periods of operation. It was also shown that the overall decrease

in anode pzrformance can be intolerably severe if the abovementioned concentrations are exceeded.

This report represents a completion of the work on multi-component fuels started during
the previous report period (2.2-1). The concentrations of the "'unreactive' components studied was
extended up to 50 mole % in an effort to determine whether the tolerance to certain species changes
in the presence of high concentrations of others. These tests were conducted directly on a long-term
basis since no further short-term screening was needed. In addition, some uncertainties in the

previous data, <specfally those involving methylcyclopentane, were siudied in further detail.

2.2.1.1 Experimental
The experimental apparatus used in this investigation was described in an earlier report
{2. 2-2). The electrodes, both anode and cathode, contained 35 mg It/cm2 (85 wt % Pt-15 wt % TFE)

on gold-coated tantalum screens for anodes and platinum screens for cathodes.

The following procedure was used for the collection of the experimental data. After
establishing the desired gas flow rates, usually 20 p 1 fuel/min. corresyanding to 10 times the
stoichiometric octane requirement at 1. 0 amp and 10 times the stoichiometric requirements of
oxygen (from air), and isothermal conditions (350°F), an open-circuit potential was recorded and
data for an initial polarization curve were obtained. Thereafter, the cell was maintained at 1.5 amps
(30 ASF) and the cell potential and current were continuously recorded on dual-channel strip chart
Varian recorders. IR-free potential data were obtained by means of . Kordesch-Marko bridge,

The circulating electrolyte was maintained at 95-98% H3P0 4 by means of controlled
addition of water to the electrolyte sump,

(2.2-1) Technical Summary Report No. 9, Hydrocarbon-Air Fuel Cells, 1 Jan-30 June 1966, ARPA
Order No. 247, Contract DA44-009-AMC-47%(T), p. 2-121 ff,

(2. 2-2) Technical Summary Report No. 5, Hydrocarbon-Air Fuel Cells, Jan-June 1964, ARPA
Or”: No. 247, Contract DA44-009-ENG-479(T).
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Polarization curve data points, usually obtained at the end of each experiment and at pre-

+
scribed Intervals, were taken by first activating the anodes to greater than 0. 80 volt vs, HZ/H and
waiting for the cell output to stabilize (usually 3 to 4 minutes). In this way, cycling disturbsnces

were avolded. A more thorough description of the iife testing procedure was giv~n earlier (2.2-1).

During tlis report period, 27 life tests of different fuel cells with "unreactive" components

were performed. The fuels tested are listed in Table 2. 2-1,

2.2.1. 2 Interpretation of Test Data

Generally, in all tests with octane-based fuels, four distinctly different periods of operation
were observed:

1. Induction period

2. PRipple period

3. Onset-of-cycling period

4, Cycling period

A detailed description of these various modes of operation was described previously
(2.2-1). Two exceptions from this generalized four-step sequence were noted, when there was no
cycling at all. First, when anode performance penalties produced anode potentials in excess of

+

680 mv (HZ/H ). This result was to be expected in view of previous results on anode performance
at high potentials (2. 2-1).

The second, and more important exception, was noted when anodes were operated on fuels

containing high concentrations of methylcyclopentane. The absence of cycling and the unusually good
performance for these types of fuel will be described in the following section.

The life test data was interpreted using the same rationale established in the previous
report (2. 2-1, pg. 2-123). The anode performance effects of the various additives were compared
after an initial 25-hour period, Measurements after longer periods of time would have included
the bias contributed by electrode structure deterioration.

2,2.1.3 Results and Discussion

The long-term tests of the fuels listed in Table 2, 2-1 were made in order to corroborate
existing data and obtain additional information regarding the performance of multi~component fuels.
For comparison with n-octane, see Ref, 2.2-1, pg. 2-124ff. Detailed tabulations and graphical
representation of all the life tests are given in Appendix 4.3, The following are suinmaries of each

category of t -*.
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Neo Fuel

A 163 1 taluene
s{acteps i
5% MCH?
13 Mepes
T4t leo ¥ B-oxline

203 1% toluene
5% actene-2
% MCH
15% MCP
14t 100 ¢ ngrtane

H, 0% 1% wluene
5% ovlene -7
153 MCH
30F MCP
4% n-octane

[\ ie3 5% tolusres
107 oelene-2
10% MCH
0% MCP
45% 180 * n-octane

in4 -ibtd -

107 5% lolucen
5% octens -
5% MCH
155 MCP
108 u ¢ Iso-ortane

D. 150 7% wivene
93% a-octane

[ 19% wiuene
308 n-octane

208 10% 1cfuese
5% n-octane

201 3% gotens -2
5% n-octtne

E. 207 5 octene -2
95% n-octaoy

2 5% octene-2
#3% n-octane

¥ 199 ik MCH
208 »-octne

192 10% MCH
0% n-ocune

154 15% MCH
#5% n-octane

193 208 MCH
»0% n-octane

197 203 MCH
0% p-octane

s 30% MCH
76X n-octane

0% MCH
50F a-oriane

208 708 MCH
363 n-octane

G. 18 L MCP
7ok n-octane

124 308 MCP
0% n-ovtane

H na 163 MCH
nevep
0% ot tane

o 203 MCH
403 MCP
40% s-octane

* MCH - Methylcysiahexane
% UCP - Meuthyicyclopertane

Iebls 2.8 1
Semmary of Life Test Dute

Anode va H_H'D.C

c o, P.D.. Putenlial,
Axy wxy valt
2 hod 10.5 o g0
64 17 4 . 515
in 13 9.0 >0
1 » 1z a o a0
& 16. % G 5
tix £ [ e
29 Tz o 219
i 3 s 0.485
L] w7 0 beg
i) p 6.0 0. 00
n 3.0 0.810
i 3 .5 a. 780
L] 45 9. 730
i s o9 Q 536
& LR 0. 30
14 3 0.0 10
1o Lo .m0
1 » (N} 0.300
&0 12,0 0. 590
® %0 0.0 >0
15 1s 0.920
1 » 2.2 0.510
0 L 5 9.4l0
Y 0 (%] 9. 440
[ (X >0
1 2 6n 0.425
& 1.8 o.Nns
130 » 0.9 1.0
2 24 0.766
t 0 7.4 0,579
1 » (1Y) 0,368
s 3.2 0. 440
E] » (X} 0.300
1 0 nT 0. 529
72 30 s 9.530
L1 15.5 9. 550
' 30 9.0 0.320
& 1.4 0. 550
179 » [ 9, 5%0
30 3.9 0.700
1 » 1.9 0.563
w0 0.0 1o+
350 30 1.2 0,800
1 » [T 0, 306
' 144 8,600
168 1 (X3 0. 58
" .0 0.062
1 » 0.4 0,520
6 3w 0.550
1 »® 10.2 9.508
: [ 12.0 o.910
142 » “9 9. 026G
&8 ° 250
1 » 53 o. 840
50 14 2. 500
143 ® 34
o0 30
1 »® 20 0.510
&0 9 >Lo
1 » 57 o, 870
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93 36 3.0 0.750
© 9.0 >0
1 30 19} 9,365
& e 9,430
4 » 1Ly 0. 440
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1 » "1 9. %0
90 2.8 9,423
040 »® 4.0 9,900
1 » [X] 0.545
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% PR 0.770
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) 10.8 v ol
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L] 9.0 1.0
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A. 74% lso_+ n-octane + 15% ethyleyelopentane + 5% octene - 2 + 5%

methylcyciohexane + 1% toluene

It has been shown (2. 2-1) that additions not exceeding 1 mole % aromatics, 5 mole % olcfins,
and 5 mole % naphthencs did not aftcet anode performunee by more than a 50 mv penalty to the
polarization obtaincd when oxnidizing pure n-octane. This eonelusion had been demonstrated on the
basis of four separate tests, of an average duration of 121 hours, Spccifically, th auditires tested
were: 1 mole % toluene, 5 mole % octene-2, and 5 mole % methyleyclohiexane. It will be recalled
that addition of 15% methyleyclopcentane to this fucl resulted in an unexpected additional anode
performance penalty of 40 mv., On the basis of no performance penalty for 15 mole %
methylcyclopentane, when prcsent as a single additive, or good performance when run pure (slightly

better than n-octane), this extra 40 mv polarization was rather unexpected,

To further check this point, two additional cells were operated on this particular fucl com-
biration, At the end of the initial 25 hour period, the DC anode vs. HZ/H+ potential wus greater than
625 mv at 30 ASF in both cases. The previous two tcsts showed DC anode voltages of 640 mv under
similar circumstances. It is noted that the 1 mole % toluene, 5 mole % octcne-2, 5 mole %
methylcyclohexane combination produced anode potentials ranging from 580-609 mv vs, Hz/ H+. The

added performance penaity discussed above has therefore been confirmed by the latest results.

B. 49% n-octane + 30% methyleyclopentane + 15% methyleyclohexane

+ 5% octene-2 + 1% toluene

A fuel consi: ting of 1 mole % toluene, 5 mole % octene-2, 15 mole % methylcyclohexane,
30 mole % methylcyelopentane, with n-octane brought the DC anode potential, at 30 ASF, to 660 mv
V8, Hz/ I-l+ after an initial 25 hour period, Initial power density was greatcr than 10 WSF. Hewever,
as with other high-percent additives (e»cept methylcyclopentanc when taxken as a single additive)
performance decayed to less than 6. © - - after the initial 25 hours of operation. The cycling

pattern followed the scquence described in Section 2.2. 1, 2,

C. 70% n + ico-octane, + 5% toluene + 5% methyleyclohexane

+ 15% methylcyclopentane + 5% octene-2

This cell was run with the relatively high concentration of aromatics, 5 mole %. As was to
be expected, initial performance was low (~8.0 WSF at 30 ASF) and it decreased abruptly after 1
hour (< 6.0 WSF at 30 ASF); after 25 hours the ecll would not support 30 ASF. During its operation
the cell cycled as described in Section 2, 2, 1,2, DC anode potential vs. HZ/H+ after 15 hours was
700 mv.
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D. 93% n-ociane + 7% toluene

This cell was operated in order to investigate long relative reactivit, effects at higher con-

coentrations of aromatic additives to u hase octane fuel, The initial performance was low (9. 2 WSF

at 30 ASF) and decreased with time. After onc uour the power output decrease.d to approximately

7.0 WSF and after 25 hours to approximately 6.0 WSF, After 150 hours the DC anode potential vs,

o *
H,/H was 650 mv, "Typical” cycling was apparent throughout the test,

90% n-octane + 10% toluene

Two move cells were opcrated with 10% toluene as a single additive. Initial performance in

hoth cases was approximately 7.0 WSF, Performance decreascd abruptly within one hour to

< 5.0 WSF and after five hours to approximately 3.0 WSF. In both cases, DC anode potential vs,

o+
H,/H was greater than 730 mv, At these potentials, no cycling was present, as expected from

previous findings on the subjcct (2, 2-1, pg. 2-171).

E. 95% n-octane + 5% octenc-2

Three tests were conducted using 5 mole % octcne-2 as a single additive. Intwo of the
tests, the DC anode potential did not exceed 600 mv vs, HZ/"H+ at 30 ASF after the inftial 25 hours
had elansed, The other did exceed 650 mv vs, H,),'H+ reference during the initial 25 hours (as
great as 650 mv after 20 hours). There was no i;nmediatc explanation of this variation from
expected performance. All of the cells exhibited g ~d initial performance (12. 3 WSF at 30 ASF
average). One dccayed to approximately 7.5 ASF after the initial 25 hours of operation. Cycling
occurred in the previously described sequence in all cases.

F. n-octane with 10-70% methylcyclohexane

In this scries of tests, varying additions of methylcyclohexane were cvaluated. A plot of
the IR-included #node potential vs. H2/ H+ indicates a linear trend of performance degradation with
an increase in the concentration of methyleyclohexane in the fuel (Figure 2, 2-2). Initial performance
varied from 8.0 - 10. 0 WSF at 30 ASF and the rate of performance decay appeared to increase with
an increase in the naphthene concentration. Interestingly enough, cycling was absent only for the
case of 70 mole % methylcyclohexane, although the DC anode potentials for the naphthene concen-

tration range 30-70% were all higher than 650 mv within several hours after the siart of a given run.

G. n-octane with 30-50% methylcyclopentane

One of the interesting results obtained in the two tests, was the performance of fuels con-

taining relatively large amounts of methylcyclopentine. In both instances, the DC anode potentials

RIS
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+
did not rise above 580 mv vs. H/H at 30 ASF after the initial 25 hours of operation. Furthermore,

no cyelivg was = zident in cither test,

‘the cell fed with 50 mole % methylcyclopentane was operated in excess of 500 hours with no

+
cyeling and with a maximum DC anode potential of 630 mv vs, H_/H at 30 ASF.

2
H. n-octane with 20-40% metnyleyclopentanc in the presence of 10-20%
methylcyclohexane

As indicated 1n Table 2, 2-1, two tests werc conducted in this catcgory. The initial perfor-
mance of both cells was similar (approximately 9 WSF at 30 ASF) and after 25 hours both cells
o+
reached a DC anode potential of 680 mv ve, H,_ /M at 30 ASF. As expected, tt >re was no cycling

under these conditions.
L Gencral

The overall results of these tests appear to confirm the fact that while anode operation is
possible with a great variety ol additives over a relatively wide range of concentrations, the per-
formance penalty will be severe at higher concentrations of additive. The only desirable byproduct
of this situation is the absence of performance cycling. This is represented in Figure 2. 2-1 where
DC anode potential measured after the initial 25 hours of testing is plotted vs, mole % additior to
the base octanc fuel. For more than 1 mole % toluene, 5 mole % octene-2, and 5 mole %
methylcyclohexane, it is seen that there is an increase in performance penalty with any additive

including methylcyclopentane.

A plot of anode potential after 25 hours is presented in Figure 2. 2-2 for various concen-
trations of single additives (naphthenes). A similar performance degrauation trend is observed for

increasing additive concentrations.
2,2, 1.4 Conclusions

It has been shown that a platinum-catalyzed fuel cell anode, operating at stcady-state on
octane at temperatures of the order of 350°F with concentrated phosphoric acid as an electrolytc, can
tolerate a much greater variety of types and concentrations of organic fuel additives than previously

thought possible.

A remarkable feature of thc rcsults of the test program described here is the high reactivity
of methylcyclopentane, when taken as a single additive to n-octave. Not only can this paraffin-
naphthene mixture be oxidized with naphthenc concentration of up to 50 mole % and conceivably higher,
but the resulting anode potential is of the same order of magni<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>