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PLATINUM-SUBSTITUTE MATERIALS AS ELECTRCCATALYSTS
FOR OXYGEN REDUCTICN '

by

W. N. Cathey, 1 L. J. Nicks,2 and D. J. Bauer?

ABSTRACT

Many materials including carbides, silicides, phosphides, borides,
nitrides, oxides, and metals were studied by the Bureau of Mines as potential
fuel cell catalysts for electroreduction of oxygen in a 1N H,S80, electrolyte.
The objective of this study was to assess the potential of abundant, low-cost
materials as substitutes for platinum or to increase the catalytic efficiency
of platinum. Several compounds were rejected because of their reaction in the
corrosive environment of the oxygen electrode. However, some of the remaining
were the most active catalysts.

Activity of carbides such as tungsten carbide could be improved by doping
with platinum-group metals, by varying stoichiometry, or by sputtering on a
layer of platinum. While no catalysts were found with activity as high as
platinum, some compounds were shown to be deserving of further investigation.

INTRODUCTION

This report describes a study undertaken by the U.S. Department of the
Interior, Bureau of Mines, to survey a large number of materials with possible
application as oxygen electrode catalysts. The ultimate objective was to
assess the potential of abundant, less costly materials as substitutes for
platinum, or to increase the efficiency of platinum when used as an oxygen
electrocatalyst. Presently, imports account for essentially all of the
U.S. requirement for primary platinum metals.

The development of practical fuel cells for large-scale electrical power
generation could have a significant effect on the Nation's energy situationm.
Because the fuel cell is an isothermal device, it is not subject to the effi-
ciency limitations of the Carmot cycle principle, as are conventional steam-
generating processes.

lResearch physigist,_Reno Metallurgy Research Center, Bureau of Mines, Reno,
Nev. (now with the University of Nevada, Reno, Nev.).

?Research chemist, Reno Metallurgy Research Center, Bureauof Mines, Reno, Nev.

3Supervisory chemical engineer, Reno Metallurgy Research Center, Bureau of
Mines, Reno, Nev.



The major problem hindering the realization of practical fuel cells lies
at the oxygen (or air} electrode. The oxygen molecule is kinetically very
stable, and for oxygen reduction to take place, an active catalyst is neces-
sary to facilitate electron transfer to the cathode. Platinum, which is
presently the most active known oxygen electrocatalyst, produces oxygen reduc-
tion rates on the order of 100 times less than the rate of electro-oxidation
of hydrogen.

If a fuel cell is to be operated with a carbon-containing fuel, the use
of an acid electrolyte is desirable because it easily rejects the carbon
dioxide produced. This places an additional demand on the oxygen electro-
catalyst and, hence, platinum. The catalyst must possess chemical stability
approaching that of platinum to withstand the extremely corrosive conditions
of high oxidation potential in acid electrolyte.

Most of the recent studies of materials other than platinum for oxygen
electrocatalysts have dealt with binary and ternary oxides with known acid
stability. Considerable attention was directed toward the mixed oxides known
as tungsten bronzes (4).* These compounds have the composition A,W0,, where A
is alkali, alkaline earth, lanthanide, or actinide metal, and x may range from
zero to 1. Early work (7, 17) reported high activity for the bronzes; some
were claimed to be nearly as active as platinum. Subsequent investigation
(12), however, showed that the high activity was due to a platinum impurity
introduced during preparation of the tungsten bronze. The bronzes have not
yet been shown to be practical fuel cell catalysts.

The National Bureau of Standards prepared a number of mixed transition
metal oxides with known or expected stability toward acids and evaluated their
electrochemical behavior (3). This study suggested promising materials for
further work, but it did not conclusively show that any of the oxides were
sufficiently active for use in a fuel cell.

A large number of interstitial compounds of Fe, Co, and Ni were prepared
by Akhtar, Grein, and Bienstock (l). They were evaluated as fuel cell cata-
lysts in several different electrolytes; however, ncone were found to be
especially promising for oxygen reduction in acid electrolytes.

The catalytic activity of tungsten carbide (WC) has received considerable
attention in recent years, since it was suggested by Levy and Boudart (11)
that WC is much like platinum in its catalytic activity. Additional work on
the electronic structure of WC (2, 6) supports this point of view.

Materials were selected for the present study mainly on the basis of
their good electrical conductivity, thelr known resistance to acids, and/or
the fact that they contain transition metals whose D-type electrons result in
considerable catalytic activity for other reactions. The main part of this
investigation involved a screening process to eliminate the majority of
materials which could be predicted as unsuitable. Additional work was domne

“Underlined numbers in parentheses refer to items in the list of references
preceding the appendix.



on promising materials in an attempt to improve their activity with inexpen-
sive modifications or to use the materials to improve the efficiency of
platinum utilization.

MATERTAL PREPARATION

The purity of the catalyst material can be of great importance. If
impurities react with the electrolyte, a false indication may be given con-
cerning the acid resistance and catalytic activity of the material.

The appendix table lists the purities of commercially available materials
that were examined. Most of the simple compounds, such as the carbides, sili-
cides, chalcogenides, borides, and nitrides, were purchased from commercial
firms, and had quoted purities of 99.9 pct.

More complex materials were made by methods described in the literature,
but the degree of success in producing these materials in pure form varied
considerably (table A-1).

For the materials reported herein, a considerable effort was made to
eliminate the effects of impurities that could dominate the results. For
example, many of the prepared samples were leached in electrolyte for a few
days prior to testing, and atomic absorption was used to check the leachant
for traces of dissolved metals. Where applied, this provided a sensitive test
for acid stagbility that may be of value for other applications. For the sam-
ples produced by sputtering and carburization, X-ray diffraction analyses were
very insensitive due to the small amounts of sample and, in many cases, the
amorphous nature of the film produced.

Since the main objective of this investigation was to screen catalysts
and not to perfect preparation techniques, no attempt was made to improve the
quality of the materials beyond minimum requirements. Many other materials
were considered and abandoned simply because of problems associated with
upgrading their purity.

ELECTRODE PREPARATION

Most of the electrodes were fabricated by making a powder of the material
to be examined and then mixing the powdered sample with acetone and spreading
the slurry evenly over both sides of a 0.65- by 2.5-cm gold feil. After the
acetone evaporated, the powder was pressed into the gold foil by sandwiching
the powder-covered gold foil between two sheets of tantalum and passing the
sandwich through a small rolling mill. This technique worked well for the
majority of the samples, but, in special cases, other techniques were used.
For example, several samples were prepared by sputtering small but varying
amounts of platinum onto different substrates. The objective was to determine
if the sputtering technique could result in more efficient use of platinum and
whether WC made a substrate superior to the gold. The sputtering was carried
out in a modified vacuum evaporator, which was pumped to about 5 x 107® torr
before admitting high-purity argon gas. One series of samples consisted of
platinum sputtered from a 2-in-diam cathode for 15 sec, 40 sec, and 120 sec.
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The argon pressure was 30 millitorr (mt), the sputtering voltage was 2 kv, and
the current was 5ma. Another series (Pt-1 and Pt-2) consisted of sputtering
platinum onto a gold foil and, simultanecusly, onto WC that was imbedded into
a gold foil. 1In this case, the voltage was reduced to 1 kv, the pressure
reduced to 20 mt, and a current of only a few milliamps resulted. Sputtering
time ranged from 10 to 250 sec, and a separate calibration showed a deposition

rate of 5f2 A/min.
TEST CELL CONSTRUCTION AND OPERATION

Electrode materials were tested in an all-glass electrochemical cell
(fig. 1) operated galvanostatically with a platinum-wire counter electrode.
The 1IN H,S0, electrolyte was prepared from reagent-grade sulfuric acid and
double distilled water; the second distillation was conducted in a glass still.
Electrode potentials were measured relative to a dynamic hydrogen electrode
with Luggin capillary in the same electrolyte. This reference electrode,
similar to that described by Giner (8), was found to be stable for more than
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FIGURE 1. - Electrochemical test cell.



6 months. Cell current was supplied by a potentiostat-galvanostat; the poten-
tial was measured by a chart recorder through an electrometer amplifier with
an input resistance of 102 ohms.

Oxygen (99.99 pct) or helium (99.999 pct) supplied through a glass frit
directly under the test electrode provided agitation. All tests were made at
ambient temperature and pressure (approximately 23° C and 650 mm Hg).

Each electrode was pretreated in the oxygen-saturated electrolyte by
applying an anodic current of 10-3 amp for a few minutes before beginning the
cathodic test sequence. The prettreatment served to uniformly oxidize the sur-
face of each electrode and to increase the rate at which the electrode reached

"an open-circuit rest potential.
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oxygen was returned after
the voltage was measured
under helium at 10°% and
ax0-5] 107% amp. Figure 2 shows
the test results for the
following representative
samples: platinum sputtered
for 4 min onto the gold foil
electrode, WC with 1 at. pct
ruthenium prepared by car-
burizing W0, with ruthenium,
and TiC-CbC solid solution.
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(2) stability 'in 1N H,SO, with an applied potential, and (3) measurements of
voltage versus current produced when oxygen was bubbled around the cathode,
that is, catalytic activity. A summary of the results is presented in

table A-1. 1In most cases, the first test consisted of placing the sample in
the IN H_SO, acid and observing obvious changes in the material. 1In a few
cases, the acid was analyzed for traces of components of the material being
tested. Any material that failed at this peint was not investigated further
in the subsequent time-consuming tests. Some materials that passed the acid
solubility test demonstrated a lack of stability in the test cell by producing
a voltage that was about the same with both oxygen and helium flowing over the
cathode. 1In these cases, a reaction is denoted in table A-1. Observations
showed that at small currents such as 10-% amp some voltage was produced with
a helium flow, even with platinum electrodes; it was assumed tc be due to
unavoidable impurities in the electrolyte and/or sample material. At higher
currents the voltage with a helium flow dropped to some value less than 100 mv
for the stable, high-purity materials.

Each catalytic activity test produced a large amount of data (fig. 2).
Therefore, for purposes of comparison, table A-1 shows the measured voltage at
a current density of 107% amp per 3.2 cm® of geometrical area. (No attempt
was made to measure the true surface area of the electrodes.) This voltage
represents a good compromise since the spread observed in peak voltages is
higher than it would be at larger currents, yet the current is high enough to
prevent the voltage from being strongly influenced by the small unavcidable
concentration of impurities mentioned earlier. Although the theoretical
equilibrium potential of 1,200 mv was never achieved at open circuit, the open-
circuit voltage for the platinized platinum standard, 1,050 mv, was typical of
that obtained in other test cells of the type used here. No attempt was made
to achieve the theoretical voltage for the reaction, and the open-circuit
voltages are not quoted because of their dependence on small concentrations of
impurities. The voltages in table A-1 are quoted to the nearest 10 mv; how-
ever, the overall reproducibility of the data, including variations in sample
and electrode preparations, is probably 150 mv.

The uncoated gold foil substrate produced 520 mv at 10™* amp. However,
this activity should not be considered a "blank” for the. other tests. Since
both the coating-and-rolling and the sputtering procedures covered essentially
all the gold surface, very little contribution to the measured activity would
be expected from the gold substrate. The very low voltages measured for com-
pounds such as NiaTi (zero mv) showed that the gold foil served as an essen-
tially inert substrate.

Conclusions for the different classes of materials fellow: Most of the-
tested carbides, silicides, and phosphides produced low voltages indicating
little if any catalytic activity. Many of the borides, chalcogenides, and
nitrides reacted, and those that did not react produced low voltages. One of
the carbides (WC), which has been examined as a catalyst for other reactions
(9, 20), appeared tc be promising and was chosen for further studies to be
discussed below.



Several solid solutions of carbides, nitrides, and carbonitrides were
examined with some improvements realized. For example, three of the 50 at.
pet binary solid solutions (TaC-ZrC, CbC-ZrC, and TiC-ZrC) had significantly
higher activity than either of their constituents. Solutions of TaC-CbC and
TiC-CbC were about the same, but TiC-TaC was lower in activity than either
constituent. As an additional check, TaC-CbC and TaC-ZrC were prepared but
were not arc melted. They produced activities about the same as expected from
the activities of the constituents. Although the improvements in activity of
the solid solutions are interesting and suggest possibilities for further work,
the magnitude of the improvement was not large enough to warrant further work
in the screening studies reported here.

No similar improvements were observed for solid solutions of nitrides or
carbonitrides, although it is interesting to note that the (TiN), (ZrN),.,
and the (TiN), _(CbN),, . were much more stable in the 1IN H;S50, acid than the
TiN or ZrN separately. Mixing TiC, ZrC, or CbC with TiN also produced a more
stable solid solution than the pure TiN, but no improvement in activity was
observed.

None of the mixed oxides that were examined produced very high voltages
although many of them were stable in the conditions of the oxygen electrode.

A few pure metals and intermetallic compounds were examined. As expected,
the pure platinum and ruthenium were quite active, and gold was considerably
less active. Low activity, coupled with acid resistance and high ductility,
was the reason gold made a suitable substrate for test electrodes. O0f the
intermetallics prepared, only TiRu exhibited significant electrocatalytic
.activity and may be deserving of further work.

A series of experiments was made to determine whether the activity of
platinum electrodes might be enhanced by applying the platinum by sputtering.
Also of interest was the effect of the substrate on the activity of sputtered
platinum. When either gold foil or WC was sputtered with platinum, the elec-
trocatalytic activity was found to increase to a maximum, as coating thickness
was increased to about 20 A, Beyond that thickness, activity was unchanged.
Activity tended to be higher for the gold substrate electrodes than for the
WC substrate. In any case, the sputtered electrodes did not exhibit signifi-
cantly greater activity than other\glatinum samples.

Several commercially prepared catalysts (Graphimet)® having platinum-
group metals intercalated in the graphite lattice were tested and found to be
very active. Unfortunately, it is difficult to compare the various metals in
Graphimet with the same metals in our doped carbide samples because of the
very high surface area of the Graphimets versus the low surface areas of the
doped carbide samples.

The previous work with WC (2, 6, 11) suggest its use as an oxygen electro-
catalyst. 1In the present investigation, WC was found to be most active of the

SReference to brand names is made for identification only and does not imply
endorsement by the Bureau of Mines.



carbides tested, but not nearly as active as platinum. Various modifications
then were made to WC in attempts to improve catalytic activity. It should be
recognized that W,C, which is often an impurity in WC, is not very active; how-
ever, it is stable at the oxygen electrode so that small amounts of W,C impuri-
ties represent no significant problem.

Two WC samples were damaged by radiation; one with a proton beam, the
other with gamma rays. No significant change in activity was observed when
these were compared with the as-received WC.

A first attempt at doping consisted of firing the WC at 1,400° C with
ruthenium powder mixed into the WC and into pure carbon. The ruthenium, in
concentrations of 0.1, 1, and 3 at. pct did not produce higher activity than
the pure WC. The sample of pure carbon with 1 at. pct of ruthenium did not
perform nearly as well as WC with 1 at. pct of ruthenium.

Ross and Stonehart (14) reported that WC, which is deficient in carbon,
is more active as a catalyst. Savata and Zdbronsky (18) showed that the
presence of chloride during carburization of tungsten greatly increases the
number of carbon vacancies in the WC lattice. Furthermore, it has been shown
(14, 18) that by adding small amounts of certain metals, the effect e¢f chlo-
ride can be moderated or increased. For example, the addition of nickel
almost completely eliminated chloride-induced defects, but 1 at. pct copper
with chloride resulted in a highly defective structure.

To evaluate the effects of these modifications on the electrocatalytic
activity of WC, a modified WC was prepared using a procedure similar to that
of Savatd and Zabronsky (18). Tungsten oxide (WOz) was mixed with a solution
of either ammonium chloride or a metal chloride to make a paste with the compo-
sition shown in table A-1. The paste was heated at 850° C for 10 hours in a
stream of 350 cm®/min H, plus 6 cm®/min CH, to give complete conversion to WC.

No significant improvement in catalytic activity was observed for the WC
preparations modified with NH,Cl, CuCl, or NiCl,. When additions of platinum-
group chlorides were made, activity was increased substantially; however, the
increase was apparently due only to the activity of the platinum metal rather
than the effect of any chloride-induced defects. The direct addition of ele-
mental ruthenium to WC produced the same activity as did the ruthenium-
chloride-modified carburization technique.

SUMMARY

. Transition metal silicides, phosphides, borides, chalcogenides, oxides,
nitrides, and most of the carbides either gave low catalytic activity or
reacted with the electrolyte. Some increases in activity were produced with
solid solutions of carbides and by doping carbides with platinum-group metals.

The conclusions from this work fall into two categories: fundamental and
applied. When trying to unravel the extremely complex nature of catalyst
behavior, it is important to recognize such facts as the improved activity of
(’I‘aC)O.E(ZrC)C_5 compared with either TaC or ZrC and the relative activities



of the various transition metal carbides, silicides, etc. Even the differ-
ences observed in activity between platinum sputtered onto gold and platinum
sputtered onto WG are important for a fundamental understanding of electrode
catalysts. However, no practical replacement for the expensive platinum-group
metals was found, nor was a successful scheme devised for making more effi-
cient use of these metals.

The data presented should be of assistance to catalyst researchers and
may speed the development of an efficient catalyst material suitable for use
as a substitute for platinum in such applications as fuel cells.
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APPENDIX
TABLE A-1. - Results of e¢lectrochemical tests
Material Millivelts
(nominal Preparation or source Analysis comments?® at 107*
concentration) amp®
CARBIDES
TiC. . i 99+% QP 400
CraCpuvvvrnnns 99.9% QP 300
Y/ o (R 99.5% QP 3400
TaC........... Commercial product NA 400
CbC........... 99+% QP 360
WC-A.voveunnn. $9.9% QP, X: WC, 500
Tr W;C
SILICIDES
CraSi......... X: CrzS8i, Un 190
MoSig......... 99.7% QP, X: MoSig; 340
excess Si removed by
acid leach.
TiSigesuevecnn. | 99.2% QP, X: TiSi,, 300
Commercial product Tr Un; excess Si
removed by acid
leach.
VSimeerivnnnnn 99.5% QP, X: VSi, 230
ZYSig..vvunen, 99.7% QpP, X: ZrS8i,, 200
) Tr Si
PHOSPHI DES
CrP.vuninnnnnn 300
MOP. ... veuunnn 400
CogP.vvv-vn 370
NigP.....on.n Fused-salt electrolysis 99+7% QP typical. 240
TaP. - cv.erenn. with halide-pyrophosphate Major impurities: O, 190
TiP.vvivernnnn electrolyte and metal oxide C, transition metals 150
VP v eiiincnns 210
FesPoov oo RXN -
ChP.. ... 420
BORIDES
VBoewcvennnens N RXN
CrB......ou .. 430
MnB........... RXN
CopB/CO3B.- - - - - Commercial product 99% Q@ 0
NiB.......vnt 80
MoB........... 330
FeB.......ou. RXN
CeBaevennnann. 99.9% qp 220
CHALCOGENIDES
NiTe.......... 99% QP 550
VT wreunrnes 99% QP 490
CusTe......... Commercial product NA RXN
TiSg-vvvvnnnn 99.5% QP RXN
ZrSg . iiinean NA RXN

See footnotes at end of table.
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TABLE A-1. - Results of electrochemical tests--Continued
Material Millivolts
(nominal Preparation or source Analysis comments? at 10-%
concentration) amp?
NITRIDES
VN. oo ons 3 99.5% QP, X: VN RXN
0:N = 0.13:0.85
CrN/CreN ....... 99.8% QP; X: CrN, RXN
CroN; O:N = 0.02:
0.59
ZEN . oo X: ZrN, Tr Zr0,, Zr; RXN
_ J 0:N = 0.04:0.8
TAN v oeirens Commercial product 99% QP, X: TiN; O:N = RXN
0.02:06.79
WoN/WN. .o es X: Nomcrystal; 0:N = 310
0.4:0.8
CON.....vvienn 99.9% QP, X: CbN; O:N 300
= 0.4:0.73
TaN. «er s .. \ 99.5% Qp, X: Un, TaN 370
. MIXED CARBIDES
Tac/CbC.. ... ... 3 X: Several phases. 420
r Powder leached. No
metal in leachant.
TaC/ZrC........ X: Single phase. 560
Powder leached. No
metal in leachant. )
ChC/ZrC.. .. on . X: 2 phases. Powder 480
leached. ©No metal
in leachant.
TiC/CbC. . ... ] & Arc melt. See reference 16 X: Single phase. 420
Powder leached. No
metal in leachant.
Ti¢/TaC........ X: 2 phases. Powder 330
leached. Ti detected
in leachant.
TiC/Z¥C.. ... ... X: 2 phases. Powder 530
leached. No metal
vy \. in leachant.
CoaWaC.v v " X: COoaWsC, Tr W RXN
}Induction furnace 1,600° C,
NigW,Cov'vvnnnn 2 hr in He X: NisW,C RXN
TaC/CbC........ 430
TaC/2xC........ }Mixtuw; not fired NA { 400
MIXED NITRIDES
TiN/ZrN........ 370
TiN/CbN........ }Arc melt. See reference 16 P;:::; il.fla;}elzgl:xanlzo { 170
TiN/VN......... ) » RXN
CARBONITRIDES
TiN/TiC. .. :v. .. 450
TiN/ZxC........ :}.Arc melt. See reference 16 Powder }eaChEd' No 310
TiN/CBC. .\ vn. metal in leachant. 250

See footnotes at end of table.
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TABLE A-1. - Results of electrochemical tests--Continued
Material T Millivolts
(nominal Preparation or source Analysis comments at 10-*
concentration) amp>
MIXED OXIDES
La03/3Cbs0g - . [ { X: LaCbz0g, minor 300
Oxide mixture in induction LazCbyo0z, -
Pr,05/5Cbo0s . - furnace, 1,250° C, 2 hr in X: Prz03°5Cby0;, minor 270
He. See reference 15. Un. '
Pr,05/3Cby0; . . X: Pry03+3Cbz0,, Tr 290
Un.
La,0,/2Ti05. .. Oxide mixture in induction X: Lag03-2Ti0; RXN
furnace, 1,450° C, 30 min
in He. See reference 10.
Lay04/4.08 Oxide mixture in induction X: LaTig0,gs, Tr Un 350
TiO,. furnace, 1,500° C, 2 hr )
in He.
Lay0s/Mg0/Rul, X: Major perovskite
Las0a/.5Mnz05/ Oxide mixture fired at X: Major perovskite,
Rud, . 1,150° ¢, 24 hr in air. Tr Un.
Lag03/Ni0/Rul, X: Major perovskite. RXN
Oxide mixture fired at
La, 55Pb.45Mn0s 850° €, 24 hr in air. See X: LayPby _,MnO
La.gPb.5MnO reference 21.
Laz0s/Cra0s .. - Oxide mixture fired at X: LaCrOs 230
Prg03/Crz0s. .. at 900° C, 24 hr in air. X: PrCros 390
Euy05/Cry05. .- ¥: EuCrOsz, Tr Un 320
2Ce0,/Mn 05. - - X: CeMnOa, Ce0,
Lay0s/Mns0s . - - Oxide mixture fired at X: LaMnOs
Gd,03 /Mng03 . . . 1,000° C, 24 hr in air. £: GdMnO5 RXN
Euy05/Mng05. .. See reference 19. X: EuMnOs
Y503 /Mns05. ... X: YMnoj
METALS AND INTERMETALLIC
RU............ Commercial product......... 99.9 @qp 760
Ru/C.......... Graphite and 1 at-pct Ru NA 490
' fired at 1,400° ¢, 48 hr
in He.
Au. ... oo Foil, Engelhard............ NA 520
- R Sputtered. ... ... ... . X: Un 490
Pt-A....covvnv. Platinized Pt wire......... NA 840
Pt-B.......... Foil, Engelhard............ NA 790
Pt-C.......... Platinized C rod........... NA 870
PtWOz....00.. 1 at-pct Pt (solution) and NA 690

See footnotes

W0, . Fired at 650° C,
2 hr in air.

at end of table.
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TABLE A-1. - Results of electrochemical tests--Continued
Material . Millivolts
(nominal Preparation or source Analysis comments! at 10-*
concentration) amp®
METALS AND INTERMETALLICS --Continued

Pt-la......... Pt sputtered onto Au-foil T 600
electrode. 20 mT Ar pres-
sure, 1 kv. Sputter
10 sec.

Pt-1b......... Prepared as above. Sputter 780
30 sec.

Pt-lc......... Prepared as above. Sputter 680
60 sec.

pe-1d......... Prepared as above. Sputter 660
120 sec.

Pt-le......... Prepared as above. Sputter 850
240 sec. Sputter rate of

Pt-2a......... Pt sputtered onto WC % 522 A/min. 550
imbedded in Au-foil elec-
trode. 20 mT Ar pressure,
1 kv. Sputter 10 sec.

Pt-2b......... Prepared as above. Sputter 670
30 sec.

Pt-2c...vvnvnnn Prepared as above. Sputter 550
60 sec.

Pt-2d......... Prepared as above. Sputter 580
120 sec.

Pt-2e......... Prepared as above. S8Sputter 760
240 sec. J

Pt-3a......... Pt sputtered onto Au-foil A 870
electrode. 30 mT Ar pres-
sure, 2 kv. Sputter Sputter rate much
15 sec. % higher than Pt-1

Pt-3b......... Prepared as above. Sputter and Pt-2 samples. 860
40 sec.

Pt-3c......... Prepared as above. Sputter 850

: 120 sec. J
ChbGeg.vvernn.. X: CbGe,, Tr Ge. 250
Metals fired at 1,600° C, Remove Ge with

1 hr vacuum. See nitric’ acid.

CbGeg:-..--... reference 5. X: Cb.Ces, CbyGe, 340

Tr Un.

YRUs . v vivennns Arc melt. Anneal 900° ¢, RXN
24 hr in He.

TiRu.......... ¥: TiRu. Powder 700

{j leached. No metal
Arc melt ,
in leachant.

NizTi......... X: NizTi, Tr Un 0

C/lRu......... Graphimet. 1Intercalation NA 490
compound with 1 wt-pet Ru.

C/1iPt......... Graphimet 1 wt-pct Pt...... 900

C/lRh......... Graphimet 1 wt-pct Rh...... . }NA 990

C/lPd......... Graphimet 1 wt-pct Pd...... 910

See footnotes at end of table.
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TABLE A-1. - Results of electrochemical tests--Continued
Material | Millivolts
(nominal Preparation or source Analysis comments® at 10-4
concentration) amp?
MODIFIED CARBIDES
WC-Aceerernnn. | Commercial product......... 99.9% QP, X: WC, ( 500
Tr W C.
WC-B.......... WC-A fired at 1,400° C, ' 350
48 hr in He.
WC-C.ovvvvnnn WC-A fired at 1,400° C, ' 470
48 hr in He with sugar
binder.
WC-D.:rvreenan WC-A damaged with proton ‘ 560
beam colon 1.5 Mev,
0.5 ma, over 2 ci® for
45 min.
WC-E..vvvovnnn WC-A 2 cm from 50 me *%7Cs 550
. source, 48 hr.
WC-F.....o.... Carburize 0.5 g WO; with 460

flowing H; and CH, at
850° C, 10 hr. See
reference 13.

WC-G.vvvvv e Same as above, plus 590
10 wt-pct NH,Cl. See
reference 18. }NA J
WC/1Ru-A...... Carburize 0.5 g W05 plus 710

Z at-pct Ru as 10 ml of
metal -C1 solution. Z =1
at-pct Ru. See
reference 18.

WC/INL........ As above. Z =1 at-pct KNi. 580
WC/1lCu........ As above. Z =1 at-pct Cu. 600
WC/0.3Pd...... As above. Z= 0.3 at-pct 640
Pd.
we/led........ As above. Z =1 at-pct Pd. 680
WG/3pd........ As above. Z = 3 at-pet Pd. 690
WC/0.1 Pt..... As above. Z = 0.1 at-pct ‘ 640
Pt.
WC/0.5 Pt..... As above. Z = 0.5 at-pct . 720
Pt.
WC/l Pt....... As above. Z =1 at-pct Pt. 790
WC/2 Pt....... As above. Z = 2 at-pct Prt. 810
WC/5 Pt....... As above. Z =5 at-pct Pt. J 870
1 7Y o Arc melt 2 W+ C.ovvvn it X: WaC, Tr W & C. k 350
Leach 72 hr in
H,50, .
570

WC/0.1Ru-B.... WC + Z at-pct Ru as metal.
: Fire 1,400° C, 48 hr in
He. Z = 0.1,

TN

WC/1Ru-B.,.... As above. Z = 1 at-pct Ru NA 710
WC/3Ru-B...... As above. Z = 3 at-pct Ru 680
CbC/1Ru....... Arc melt. CbC + 1 at-pct , 550
. Ru. Anneal at 1,200° G,

48 hr in He.

See footnotes at end of table.
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TABLE A-1. - Results of electrochemical tests--Continued
Matevrial Millivolts
(nominal Preparation or source Analysis comments?’ at 10-4
oncentration) ampe
MODIFIED CARBIDES--Continued
tgCo/3Ni.. ... Arc melt CrgC, + 3 at-pct Powder leached. Ni RXN
Ni metal. completely removed.
r3Cs/3Ru..... Arc melt CraCy, + 3 at-pct NA 520
Ru metal.
ic/1Co....... Arc melt TiC + 1 at-pct Co Powder leached. Co RXN
as nitrate. completely removed.
iC/INL. ... ... Arc melt TiC + 1 at-pet Ni Powder leached. WNi RXN
as nitrate. completely removed.

A Not available.
The symbols used abbreviate the following:
QP = quoted purity by supplier,
X = X~ray diffraction analysis,
Tr = Trace found by X-ray diffraction analysis,
Un = Unidentified component, and

0:N = Atomic fraction of oxygen: atomic fraction of nitrogen.
RXN indicates electrode material reacted with electrolyte; no stable voltage

determined.
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