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I. OBJECTIVE

A study is carried out of the oxygen adsorption mechanism at the
surface of materials that could be incorporated in oxygen electrodes for
operation in aqueous electrolytes or other electrolytes at moderate tempera-
tures. Information resulting from these studies is to provide a new basis

for further oxygen electrode development work.
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IX. ABSTRACT

The work reported here is a continuation of the work done under
a previous contrast DA-36-039-8C-89138.

An improved method for studying the exchange of oxygen with 018
pre-adsorbed on a metal surface is reported. Detailed information on the
nature of the chemisorbed oxygen on silver and the isotopic exchange mechanism
at 200°C was obtained. The rates of chemisorption and dissociation were
determined, which are two distinct processes beyond a certain oxygen coverage.

Oxygen pressure versus temperature characteristics and isotopic
exchange reactions on carefully cleaned silver and silver-gold alloy powder
surfaces are reported. The powders were all p;'epa'red by a spark erosion
method. A strong increase in the exchange activity was obtained at elevated
temperatures by dilution of the silver.

With pure silver at room temperature a dissociative oxygen exchange
was observed vwhich decreased with time. A palladium powder (of conmercial
origin) was active only above 100°C.

In presence of water, the chemisorption of oxygen on silver was
strongly retarded at moderate temperatures. On palladium, under similar
conditions, no exchanged oxygen was found in the gas phase although the
isotopic composition of the water showed that oxygen had exchanged with it.
Oxygen in presence of water at moderate temperatures thus appears to be
reactive only in form of adsorbed OH.
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III. INTRODUCTION

The work presented in this report is a continuation of the investi-
gation under the previous Contract DA-36-039-SC-89138. Most of the methods
enployed in the present work are essentially the same as previously described.
For a better understanding of the methods and the purbose of the measurements
the reader is advised to consult the Final Report (Report No. 3) of the previous

contract.



e, TR

RPN
'

[

-uy N

IV. RESULTS

1. Oxygen Exchange on Gold

A final experiment was performed with a carefully cleaned gold

surface (cf. Final Report, page 46). In the presence of water vapor 0.2

16 + 0]'8 mixture was contacted with the gold at room

2 2
temperature. No measurable amount of 016018 was formed within one week.

atmospheres of a O

The half life of the exchange must have been larger than 40,000 hours. Clean
gold does not activate oxygen with or withcut water present. We calculate
that an electric current (if it could be produced via a dissociative oxygen
adsorption mechanism under our experimental conditiors) would certainly have

to be smaller than 10 1° amp per cm’ of effective surface area.

2. The Exchange of Oxygen with Pre-Adsorbed Oxygen on Silver (V) at 200°C

The exchange experiments with pre-adsorbed oxygen on silver were
continued in order to obtain more information on the mechanism of the exchange
reaction. The previous experiments (cf. Final Report, page 35) had shown
the existence of a molecular chemisorption in addition to an atomic adsorption
at 200°C.

The method has now been improved, allowing the study of the kinetics
of adsorption and exchange in considerable detail. As will be seen from the
experiments described in the following pages, adsorption of oxygen beyond a
certain coverage takes place in form of molecules; adsorption and exchange
then are two distinct consecutive processes. Kinetic data on these separate
processes have been obtained and it is hoped that a correlation with electrcde
mechanisms will be possible when the corresponding electrochemical experiments

have been carried out.
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Experimental Procedure:- Seven runs were made with 20 gn of silver powder

(Bandy and Harman, 99.999% pure) in a vessel of about 140 cc. Proper choice
of the vessel size and surface/volume ratio made it possible to make a large
pumber of measurements in each run without apprecisble depletion of the gas

in the system, Neon (in excess) was admixed to the 01'62 and argon to the

0182. In part of the experiments 01'62 was pre-adsorbed and 0]'82 added later,
in the others the reverse procedure was adopted. Small gas samples were
withdrewn at regular time intervals. The absolute emount in cc (at 1 atm. and
25°C) was determined for each component by measuring the pressure of the sample
in a standard 3 liter volume and by analysis of the composition in the ma;sa
spectrometer (Consolidated Electrodynamics Corp., Model 21-103C). At the
end of a run the entire amount of neon and of argon left in the vessel was
measured by repeated expansion into the standard 3 liter volume and analysig.
The amount of each type of oxygen in the gas phase as well as in the absorbed
phase at any given time can then be calculated. The sample was first degassed
several days on a separate vacuum system at increasing temperatures, cleaned
with oxygen and hydrogen up to 520°C and again pumped. After the first ruzi,
immediately before a nev run was started, the sample was subjected, at 500°C,
to short contacts with oxygen and hydrogen, followed by pwnping' for half an
hour and cooling to the reaction temperature (200°C) in helium.

For the sake of brevity, only the results of two runs will be
given which represent the two extremes in coverage so far investigated.
Table la gives the mass spectrometric analyses of the fifsf run. The oxygen
adsorption is easily recognized qualitatively from the change of the ratios
Ne /o', ana 4/0'® given 1n the last two colums in Teble la. Table Ib i

a balance sheet, giving the total amounts of the various gases added and

5} sy g e Ak
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withdrawn from the system.
In Fig. 1 the changes taking place in the gas phase are repre-

sented. The amounts (in cc) of various types of oxygen and their totals

16
2

one half is adsorbed. After 50 minutes 0.207 cc of 0182 » plus some 0]'60:"8

are plotted as a function of time. Of the 0.36 cc of O admitted, about

contained in the heavy oxygen, are admitted. It is seen from the curve

"Total Oxygen" that some further adsorption of the mixture takes place.

Immediately upon contact of the 0]'82 » 0]'6 is evolved in molecular form. It

is particularly significant that in the initial 20-30 minutes after contact
of the 0]'82 no 0160]‘8 is formed. The overall atomic exchange reaction thus
consists of two distinct consecutive steps: the molecular chemisorption and
the atomic exchange reaction in the surface layer. The experiment shows
in a particularly clear manner the existence of a molecular chemisorption.
Data of another run, performed at lower pressures, are given in
Tables 2a and 2b (run No. 2). The changes. in the gas phase are represented
in Fig. 2. Here 0182 was admitted first and in smaller amount. The isotopes
vere interchanged to study the importance of isotope effects and to explore
a possible exchange with residual oxygen left in the bulk of the silver. Both
effects exist but were found not to change the results significantly.

The 0]'82 , admitted at a pressure of 0.85 mm Hg, was taken up

quantitatively to give a coverage of 0,116 cc. 0.1%9 cc of 0162 were then

admitted. It is seen from the Figure that there is now an immediate evolu-

tion of 05018, leading to a relatively fast isotopic equilibrium. The

half-life for the 0]'6018 formation now is less than 3 minutes as compared
to & few hours in the first run. This in spite of the fact that the oxygen

coverages differ only by a small factor. The other runs made gave results

AR B P
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intermediate between the two cases discussed.

The essential difference between the two runs is that in the
first all atomic sites are covered with the first admitted doee of oxygen.
The second dose of oxygen then has to cover molecular sites. In the second
case, at least the larger part of the second dose of oxygen is also adsorbed
on atamic sites. This accounts for the very rapid initial exchange in the
second case.

We conclude from our experiments that there are distinct atomic

and molecular sites on the silver. This point had not been clear until
nowt1)>(2)
16

The hump in the O p curve is probably not an experimental inaccuracy,

but is due to a surface rearrangement taking place. Spontaneous gas evolutions

of this type are visible on many of the curves and also appeared in some of
our pressure-temperature experiments at about 200°C.

5. Results with Sperked Powders

a. Experimental: Silver (VI) and silver-gold alloy wires were produced fram
purest materials available (better than 99.999%) by levitation melting and
swaging. Tests by solid mass-spectrometry showed that the low impurity level
wvas maintained. For carbon removal, the wires were heat-treated at tempera-
tures above 750°C for 3 days in oxygen. The wires were then sparked under
high purity water for production of a fine powder. (For details, cf. Final
Report). The reaction vessel, of about 18 cc volume, consisted of a quartz
buld jJoined to Pyrex tubing, a thermistor, a small "finger" for condensing
vater or condensable impurities, and a Hoke metal valve.

1 L i, R i B0 i e . S SRS
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The cleaning treatment finally adopted was the following:-
before £illing in the powder, the system was degassed, with the quartz
bulb kept at about 600°C and thg remainder of the system at 200°C. Occasion-
ally small amounts of 02 wvere admitted for cleaning the su.rfaées. The powder
wvas then deposited in the quartz buld and the system closed by means of a

H, flame (to avoid any contact with carbonaceous gases). After evacuation

the temperature was gradually raised to the given maximum degassing tempera-

ture. Oxygen and/or hydrogen were sdmitted at certain intervals at a gradually

decreasing pressure to clean the surfaces. The gases were occasionally pumped

. into a mass spectrometer for analysis. This was done either directly via a

dry ice trap or, for cleaner work, by condensing the impurities in a liquid-
nitrogen cooled trap and subsequent warming up of the trap after isolating
the reaction vessel. Each time before a new run was made, the powder was
brought close to the maximum degassing temperature and subjected to treatment
vith oxygen (or hydrogen) st decreasing pressures, down to 107> - 10™ mn H,
followed by only a few minutes final pumping and chilling to the reaction
temperature in helium. In this way the diffusion of fresh impurities (carbon
or oxygen) from the bulk to the surface was minimized.

The areas of the powders were measured by krypton adsorption and
usually were carried out in situ after a certain series of experiments vas
terminated. More frequent determinations proved impractical because of
contamination of the powders by the measurénent. Since a certain amount of
sintering always took place during the prolonged experiments, the given areas
may in scme cases be only reliable to a factor of approximately 2.

L U
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b. 25% Silver-Gold Alloy:- Some preliminary measurements were already

reported (Final Report, p. 50). These were carried out after pretreatment
of the powder at 280°C with oxygen. An approximate temperature dependence

162 + 01'82 exchange reaction is shown in Fig. 3,

of the half life ¥ of the O
curve 1. A pressure-temperature plot was already given in the Final Report
(Fig. la). It showed the same general characteristics as previously obtained
with 100% silver, but the adsorption, both at -195°C (physical) and above
room temperature (chemical) was stronger with the alloy. This is in part
due to the larger surface area of the alloy, which was determined to be
14,000 n® (1.5 gn). The coverage amounted to only 1.3% of a monolayer.

The powder was then further degassed and treated with hydrogen
up to 500°C. Two pressure-temperature curves thus taken are shown in Fig. 4.

Again the same type of behavior is seen, but the adsorptions are
now weaker than in the first run (Final Report, Fig. 19) because of the
higher relative oxygen coverage.

The isotopic oxygen exchange reaction was also measured again.
The results are shown in Fig. 3, curve 2. The first 4 pointe, giving a good
straight line, point 5 was taken 1 day later, point 6 2 days later. 'J.'he
deviation of the last point from the straight line probably indicates poison-
ing of the surface at the relatively low temperatures.

The surface area at the end of these experiments amounted to
1,600 cn®. This 1is 9 times smaller than the area found after run No. 1
(curve 1). The exchange rate is about 20 times slower than in run No. 1.
The discrepancy by a factor of 2 may be due to the uncertainty in the

surface areas at the actual time of the runs, {seae above, p. 12). At any

Sidplb R o |
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rate, the pretreatment of higher temperatures and cleaning with hydrogen
does not seem to have had a considerable effect on the rates observed above

200°C.

c. 4% Silver-Gold Alloy:~ This sample was pretreated with oxygen to 280°C.

A pressure-temperature curve, shown in Fig. 5, was then taken. The curve
is similar to the previous curvesbut the amount of chemisorption now was
much smaller; it only caused a 25% pressure drop before the presaure' increase
at 200°C. This confirms, at least qualitatively, that the concentration of
silver on the surface ifolelf has actﬁally become smaller and that spark
erosion is a suitable method for the production of alloy surfaces.

The results of the oxygen exchange measurements are indicated
in Fig. 6, Ag 4%. The half-life at 200°C is seen to be about one half of
the half-life obtained with Ag 25%. (The latter curve is the same as the
upper curve in Fig. 3.) The surface ‘area‘ was T4OO <:m2, as compared with
1600 cm of the 25% sample. The rate per unit area, therefore was only about
2 times lower for the 4% sample while the silver content was about 6 times '
lower than for the 25% sample. Thus, the rate of the dissociative exchange
reaction per surface silver atom appears to be slightly improved by the
dilution of the silver. Also, the apparent activation energy, calculated
from the curves sppears somevhat decreased. (29,500 as compared to 33,000
cals/mole).

The dilution effect, however, appears considerably greater when
comparing the 2 alloy curves with the corresponding curves obtained with

a silver sample prepared by the same method ("Ag VI"), as described later.
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In Table 3 results of a desorption experiment are given, per-
formed immediately after the last exchange experiment on the 4% alloy
at 194°C. The reaction vessel was evacuated for about 10 seconds, when

16 018

the gas phase contained about 23.8% 0 (see analysis, first line).

The subsequent samples collected by desorption from the surface are still
not in equilibrium with respect to 016018. The expression [/ 0]'60]'8_72 /
[0, 7 [0'%, 7 shoula be equal to the equilibrium constant = b if the
gas was rapidly randomized on the surface. The lack of equilibrium is in
agreement with the results already reported with 100% silver (Ag V, Chapter

IV 2). The ratio 0162/0182, given in the last column, shows that the gas

gradually becomes richer in 016. This must be due to O16 retained in the
bulk during the degassing period appearing at the surface. An isotope effect
would glve a change in the opposite direction. The effect is much stronger

with pure silver.

d. 100% Silver (Ag VI):- The previous experiments with pure silver had been

carried out with a powder from commercial sources. The uptake of oxygen
at room temperature had been found to be very slow (cf. Final Report). This
suggested that the silver surface might not be atomically clean. E\zrthemore

the strong paramagnetism found (by means of the low temperatﬁre parahydrogen

. conversion) when the silver was pretreated with hydrogen also suggested the

presence of impurities. For this reason, and also in order to permit a
better comparison with the performance of the alloy powders, a silver powder
(Ag VI) produced by our sparking method was tested. For comparison, the ,
same experiments were performed after hydrogen - and after oxygen - pretreat-

ment.
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4a-1. %-pretreated Silver: The powder was cleaned with oxygen up to
420°C and wvas then treated for several hours with hydrogen up to S00°C at I
pressures up to 1 cm. On pumping a slowv desorption of gas was observed at
500°C which at first mainly cons‘isted. of hydrogen, but later mainly of water

vapor. After 1 hour about 6 x lO'u

mm gas vas collected in the 18 cc volume
of the reaction vessel in 4 minutes; over 85% of this was water vapor. At
400°C no measurable desorption occurred in the same time span. In this state

the vessel was cooled to -195°C and a pressure-tempsrature run vas made with

oxygen. Fig. T shows the result. Contrary to the previous results obtained
with silver, a fast chemisorption to very low press\.'\res (~ 1o'h mm) took place
at -86°C, the lowest temperature at which the continuous temperature rise
started (cf. Final Report, p. 7). The physically adsorbed gas desorbing at
-86°C is seen to be readsorbed immediately. The fast uptake probably is
characteristic for a clean surface.

When the powder was evacuated for 2 hours at 500°C, further
desorption of water was observed. The sample was then cooled to -195°C
and the parahydrogen conversion was measured. A fast conversion vas
obtained with a half-life of only 2 minutes. A previous, presumably less
pure, silver sample (Ag IV, Final Report, p. 27) has given a similar result.
It was then tentatively concluded that the strong paremagnetism ceusing the
observed conversion is probably due to carbonaceous impurities. In view
of the fact nov observed that large amounts of hydrogen are retained by the
surface, it is more likely that this main impurity, presumably in form of
OH ions, is the cause of the paramagnetism (see Discussion).

After pumping overnight at room temperature the isotopic oxygen

cxchangg' 'reaction 0162 + 0182 -y 2 016018 vas measured. The results

st AR R %
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are presented in Table 4. The "half-life 7 " was calculated under the

assumption of an exponential decay between two subsequent measurements,

the equilibrium value of 0:]'60]'8 being given by an equilibrium constant = 4,

For a roughly equimolar mixture of O]'62 and 0]'82 , the equilibrium concentra-
16 18

tion of 0T 0 is 50%. As seen, a fairly fast formation of 0]'601'8 now occurred

at room temperature, not previously obtained with the other silver samples.
This must be a true 0]'62 + 01'82 exchange on a clean surface. An exchange of
oxygen with an adsorbed OH ion (or any impurity oxide) would lead to a decrease
in the 0182 concentration, initially equal to the increase in Ol6 18:
-0H16 + 0182 e A -OHla + 016018. This was not found to be the case at room
temperature. The continuous slowing down of the reaction (increasing 7 ) is
probably due to poisoning by impurities arriving at the surface from the bulk

or the gas phase,

d-2. Oxygen-Pretreated Silver: After alternate oxygen treatment and
pumping for 24 hours at 500°C, a preslsure‘-temperature run vas &again made.
As Figure 8, curve 1,shows, again a strong uptake was obtained at low tempera-
tures. The rate of chemisorption was not as high as after hydrogen pretreat-
ment (Fig. 7), but thc percentage of surface covered with oxygen probably vas
larger in the present case because of a decrease in surface area that may have
occurred during the high temperature treatment between the two series of
measurements. The absolute amounts of oxygen admitted to the system were the
same. With a surface area determined to be 1330 cm2 (for about 1-1/2 gn of

silver) the coverage now amounted to about 0.1 monolayers.*

Note: The oxygen coverage in all cases was calculated as though the oxygen
was physically adsorbed, i.e. by assigning to the adsorbed oxygen "molecule
an area of 16 AQ. This was done because the true number of adsorption sites
was not known.

et

S o BB o L s v T2



19

L e e R T R O W

o T e v

062 6°61 1°62 0’16 922 062
#°12 6Lz T°1¢ 134 ose
0°¢e 6°62 ) & (4 091 062
0°62 142 9°05 et 052
6Lz 122 10§ 66 0se
(3% 4 9°81 2°0s LS 0s2
€ e LSt 0°05 114 052
o1 &4 G°¢T 0°64 ST 0se
9°0Y f°o1 0°64 o] 052
000Y ~ 9t 0°L 2°gn 06 002
a4 9 2'gh (V4 002 1 *OoN atdumg
0'94 2'9 gLy 0 ¢°¢ ©vIjTWpPR AIMIXTH /1T
¢€2°62 €o°ge ©6° 94 G901 GAT 8
G6°6¢ on*02 659°g¢ 04 (TA L
20°01 lg gt IT°04 13 10T 9
(01014 91 0 g Lt 16" 14 00ST w2 S 1€/0T
8 Th 18°¢T ge il son e 1
09°2h o2t 00°GH 961 e <
ec ¢ l2'1t e Gh (414 w2 2
06 °irh 62°6 12°9%4 14 w2 T *ON sTdweg
05¢ 99 9% 629 S8 94 o} e 6°¢€ PaljTWPE AMIXTH O0%¢/0T
*sutw ¢ STOoH * suTwW Do BH uwm a3eq
2 3311-318H e 0.0 2 *dma, 98 awy], dwd] danssaig
et 8191 91
INTRLVDLDS OH WALV ‘IA BV NO SONVHOXH modo + mwao

N TMEve

e e e e e
N S S R S, T M e



[ um—y
+ 1

20

A second dose of gas was added on the following day at room
temperature to give a total coverage of about 0.3 monolayers. The curve
obtained (Fig. 8, curve 2) now resembled the curves obtained with the less
pure silver powders (Final Report, Fig. 10): the chemisorption is now much
slover and more incomplete before it becomes reversible at 230°C (changing
slope). In part, this behavior may have been due to accumulation of impurities
during the long time elapsed since cleaning of the surface. Some condensable
impurities were now detected in the gas phase. The pressure dips indicated
in curve No. 2 occurred when the glags-"finger" was immersed in liquid nitrogen.

The strong and fast chemisorption with Ag VI, irrespective of whether
hydrogen or oxygen pretreated, indicated that the sample prepared by the spark-
ing method has an atomically cleaner surface than the previous commercial samples
(Ag I-V, Final Report).

The 0162 + 82

surface. The results are again similar to those obtained for the hydrogeh pre-

0l reaction was also remeasured on the oxygen-pretreated

treated surface, although the rates are now somewhat lower at room temperature.
As seen from Table 5, an exchange occurred at room temperature having an
apparent h;lf-life changing from about 1200 to 13,000 minutes, as compared fo
350 to 3400 minutes with the Hz-pretreated sample.

It can be seen fram both Tables, 4 and 5, that above 200°C the
amount of 0160:L8 formed is Just about equal to the amount of 0]'82 disappear-
ing with time from the gas phase. The fact that the oxygen pretreated sample
shovs the same effect (compare also Final Report, page 31) proves that the
exchange is not caused by the preseance of hydrogen: -0H1'6 + 0]'8 -Oﬂ'w + 016018.

2 =
The reaction taking place here appears to be an exchange of 0182
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with dissociatively adsorbed 0]'6 (which can be considered a surface-"oxide").

T

This in turn at higher temperature rapidly exchanges with oxygen in the sub-

surface layers, not successfully removed during the pumping. The surface --

& ——
. i

sub-surface exchange is so fast that most of the dissociatively adsorbed
! surface gas remains 016. The effect 1s a consequence of the very high
solubility of oxygen in silver. The exchange with the sub-surface is slow
< at 200°C, (the temperature chosen for the experiments with pre-adsorbed oxygen -
| Chapter.IV 1), but rapidly incresses as the temperature is raised. .At the
higher temperatures also a rapld depletion of the oxygen from the gas phase
was noticed. (In the later experiments with palladium where similar effects
were noticed, argon was admixed to the oxygen allowing the observation of
sorption effects from a change in the argon/oxygen ratio).

Both effects, the change of the 0162/0182 ratio end the slow sorption

of oxygen, are connected with the same phenomenon, viz. an increase in mobility
i of successive layers as the temperature rises, beginning with the surface layer

itself at about 200°C.
2 The results of the exchange on Ag VI are also plotted in Fig. 6.
j The points do not lie on a good straight line because of the dependence of

the rate on prehistory. (The powder was pumped before the high temperature
! point was taken.) Nevertheless the comparison with the Ag-Au alloys shown
in the same Figure is valid. At 200°C no effect of prehistory is found and
the rate at this temperature is far below the rates found with the alloys. A
good straight line was obtained with the 25% Ag-Au alloy. The solubility of
oxygen in the alloys is considerably lower( 5) than 1in pure silver and, accord-
162 /0182

ingly, no change in the O ratio was found with the alloys.
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A temperature-rise experiment was carried out in presence of water
vapor. In this experiment the silver powder was initially kept at -41°C and
a small amount of water in the finger next to the reaction vessel was maiﬁ-
tained at -45° by means of a thémistor controlled iso-octane bath, cooled
by a stream of cold nitrogen (cf. Final Report, Fig. 2). A standard smount
of oxygen was admitted. The result is shown in Fig. 9. The high pressure
peak probably is of no particular physical significance. It appears to be
due to rapid desorption of a large quantity of water initially adsorbed on the
silver. Reestablishment of the equilibrium pressure with the water kept at

-45° was slow. The chemisorption of oxygen above this temperature is seen

to be very slow. At +91°C the water was condensed by placing a liquid nitrogen

bath on the finger containing the water. An appreciable pressure is seen to
remain in the gas phase. In the absence of water {(Fig. 8) the pressure had
practically vanished at this temperature. The direct chemisorption of oxygen
is thus strongly inhiblted by water.

v On evaluating the amount of oxygen adsorbed, we find that about
1/4 of the oxygen in the vessel 1s already adsorbed at -45°C. The estimate
is uncertain, particularly because it is based on the assumption that the

thermistor voltages obtained for the two gases (O2 , azo) are additive.

After cleaning the surface again at 500°C, the adsorption of water
as a function of coverage was measured at 5 different temperatures. The heat
of adsorption, determined from these isotherms, showed a maximum of about 1/5
coverage (as high as 30,000 cals/mole). Such behavior has been previously
re;port;ed(3 ) ; however, before drawing conclusions, we intend to check the

reliability of the results. The slowness of establishment of the equilibrium
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and the relatively small surface area presents considerable experimental

difficulties.
Further work will have to be done on the system Ag + O2 + xzo
at lov temperatures. In particular, the exchange reactions in the presence

of water has not been studied yet.

L. Surface Rearrangement Effects

The small pressure peak found in the pressure-temperature curve
of Fig. 4, curve 1 is probably real and is of the same type as the pressure
bursts found in the oxygen exchange experiments on silver V (Fig. 2). The
phenomenon was observed at about 200°C, i.e. at the temperature at which
the silver surface becomes reactive (OO2 formation, start of reversibility
of the oxygen adsorption). Some kind of surface rearrangement appears to -
take place. This is possibly a rearrangement of the metal surface as recently
observed by Germer(u) with nickel by means of his low energy electron diffraction
technique. Spontaneous gas desorptions and readsorptions as observed by us

do not seem to have been previously reported.

5. Results with Palladium (Pd I)

A palladium powder was tested by the same methods as described
for silver, gold and their alloys. The powder was supplied by Engelhard
Industries and guaranteed to be of 99.99% purity. 4.0 gn were used in a
vessel of 18 cc. The surface area (at the end of the experiments) was 5100

2
cm .

a. Degassing: The powder was degassed for a period of two weeks at a slovly

increasing temperature up to 550°C. Addition of oxygen was found to increase
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the rate of 002 evolution. The oxygen, added et a pressure of about 1 nm Hg,
vas taken up almost quantitatively. Contrary to the rare metals used so far,
Pd forms a stable oxide phase at these pressures. In order to avoid possible
complications due to residual OH on the surface, no hydrogen was used for
cleaning.

b. Exchange with Preadsorbed OlBJ,: After a final pretreatment at 550°C at

decreasing oxygen pressures down to 10‘5 mn followed by 1 minute pumping,

the powder was cooled to room temperature. Small successive doses of 0]‘82

were then adsorbed. The uptake was fast and practically quantitative to a

coverage of about 750 cn® (cf. note, page 18). No desorption took place on

pumping. 1 mm Hg of 0162 was then admitted. No isotopic exchange was found

within 64 hours.

16 18
c. O 2-o-O 2

were admitted. Practically no exchange was found at room temperature and up

Exchange: After short pumping, 10 mm of the isotopic mixture

to 100°C. In order to follow +the oxygen loss by sorption at higher tempera-
tures, a small amount of argon was added to the isotopic mixture and a new
run was made. Table 6 gives the results obtained on two successive days.
The uptake of oxygen can be seen from the increase in the argon percentage

in the gas. The reaction rates per unit area at elevated temperatures are of

the same order as with silver - faster than with Ag VI, but slower than the
commercial silver samples. Even more than with silver, the rates are uncertain

at the highest temperatures due to the fast bulk uptake of oxygen. The

apparent activation energy for the 016018 formation on the Pd is roughly

35,000 cals/mole.

d. Oxygen Exchange in Presence of Water: 8.5 mm Hg of\water vapor and an

equal amount of a 0]'62 + 0182 + A- mixture were brought in contact with the 5
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palladium at room temperature. The results of this run are given in the
first part of Teble 7. It is seen that no O:I'GO“L8 was formed at room tempera-

ture in 6 days. Some 0]‘60]‘8 was formed at 150°C in 46 minutes. After punip-

ing the gas through a liquid nitrogen trap, the contents of the trap were
released into the spectrometer and - surprisingly - were found to contain
vater of 6% 0]'8 content.

In a better controlled experiment, the pcwder was first carefully
cleaned and degassed at 550°C. The vessel was then saturated with water
vapor of 9.8 mm pressure (in equilibrium with liquid water at 11°C), while
1:.he powder was kept at 300°C. The water vapor was then condensed in the
finger kept at liquid nitrogen temperature and the metal powder was cooled
to room temperature. 8.5 mm of the oxygen mixture were then admitted. The
measurements, given in the same Table.'T show that no 0]'6018 was formed at
room temperature or at 150°C within one hour. After 6 days st roam temperature,

still no change in the 0160:L8 concentration was found. However, the water

again was found to be enriched in 018; it contained 4.6% Hzols.

The only interpretation which we can offer at present 1s that the
oxygen chemisorption on the palladium is irreversible, while the water
adsorption, at least in part, is reversible. An exchange between adsorbed
oxygen and water takes place on the surface. The 1{2018 then exchanges with
vater in the gas phase, while the 0]‘601'8 remains bound to the surface or
diffuses into the bulk.

It appears that at low temperatures and in the presence of water
the activation of oxygen on a palladium (ar.d also silver) electrode would
involve an OH ion or radical rather than the dissociation of oxygen on the

bare metal.
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e. Equilibrium Oxygen Pressure over Pd: Immediately after the exchange

experiment, the oxygen pressure over the oxygenated P4 powder was measured
for & continuously rising temperature (see Figure 10). The pressure was not
in equilibrium with the system. Several equilibrium points were then teken
in the region of 500°C by (a) allowing a dose of oxygen to absorb and to come
to equilibrium and (b) by pumping some oxygen off and allowing the pressure
to come to a stationary value. Equilibrium is only slowly established at
this relatively low temperature. The points in Fig. 10 thus obtained are
seen to lie approximately on a straight line obtained by extrapolating the
log equilibrium pressure versus l/'.l‘-curve for the dissociation of Pd O
(taken from literature(>)) down to the loer temperatures.

In the final cleaning stages of the pallgdium the oxygen admitted

was kept below this pressure (~ 1072 um at 500°C).
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V. FURTHER DISCUSSION AND CONCLUSIONS

By means of an improved mass spectrometric technique, the experi-
ments with pre-adsorbed oxygen on silver (Ag V) have now shown a considerable
amount of detail about the nature of the adsorbed phase and the kinetics of
the isotopic exchange reaction. The existence of a molecular as well as an
atomic chemisorption has now been very clearly demonstrated. The two types
of chemisorption occur on distinct sites: there i1s a sharp transition from
atomic to molecular chemisorption as the coverage increases. Obviouu;y
at higher temperatures - as the coverage decreases at constant pressure -
the atomic adsorption will become the prevalent form. Also the rate constant
of the ;urface exchange will become faster and may overtake the rate constant-
for desorption of the molecules. The rate of ad- and desorption will then
be equal to the overall exchange rate. This is the case, for example, with
hydrogen on transition metals like platinum or nickel which form reversible
hydrogen electrodes. 'An electrochemic.u investigation of the transition to
this state would be of great interest.

At the time when these exchange experiments were performed, it was
not yet realized that the hydrogen used for cleaning the surface at high tempera-
tures was tenaceously held to the surface. Therefore, to make quite sure that
our conclusions are correct, some confirming experiments with pre-adsorbed
oxygen will be made in the future.

The experiments on Ag VI and the silver-gold alloys prepared by
the same method have shown a striking increase in the exchange rate at elevated
temperatures as the silver bécomes more diluted. In the following table the

half-lives 7 are given for silver Ag VI and the two silver-gold alloys at

IR

220°C. The product ¥ x A reduces 7 to equal areas. The gas volume was the

2
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same in all cases. f is the fraction of silver in the alloys.

TABLE 8

HALF-LIVES 7/ FOR SILVER AND SILVER-GOLD ALLOYS AT 220°C

Half-life Area A 2 x A ?x Ax f Appsrent Activation
" mins. meter? min. n2  min. m Energy cals/mole
Ag VI 10,000 0.133 1,330 1,330 43,000
25% Ag-Au 520 0.205 107 ' 27 33,500
44 Ag-Au 270 0.740 200 8 29,500

On comparing the rates on a basis of equal silver content (column 7 x A x f),

it is seen that the h% alloy produces an exchange rate 170 times faster than

the pure silver. Also, the activation energy 1is lower for the alloys. From

this it appears that the alloys may have interesting oxygen-electrode proper-

ties at elevated temperatures.

When we compare the properties of the sparked silver sample Ag VI

with those of the previously studied silver samples of commercial origin some

remarkable differences become apparent which probably are connected with the

mode of preparation. Sample Ag VI gave a falrly fast exchange at room tempera-

ture, but its activity at elevated temperatures was low. On the other hand,

the silver powders of commercial origin previously studied gave no activity

at room temperature but were more active at elevated temperature. Also,

inspite of the more prolonged heat treatment at higher temperatures given to

the sparked sample Ag VI, it underwent less sintering than the commercial

samples and its surface area remained larger.
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A microscopic study of the surface structure of the various
samples to be carried out  may show some interesting differences.

Pretreatment of silver with hydrogen at 500°C in addition to the
oxygen treatment produced a more active - presumably cleaner - surface at
room temperature, but part of the hydrogen was retained and only slowly
desorbed as water in 1-2 days at 500°C. No direct effect of the retained
hydrogen on the oxygen exchange ra.‘oes - by exchange with OH-groups - could
so far be establish;d. The retained hydrogen may have been the source of
the strong paramagnetism found by the parahydrogen conversion after hydrogen
treatment, and not carbonaceous impurities as previously suggested. Probhbly
AgQOH is formed on the surface, which would be parasmagnetic.

In no case was a reversible oxygen adsorption found at room tempera-
ture in presence of water. With silver it was shown that the presence of .
water lnhibits the chemisorption of oxygen. In case of palladium, no exM@d
oxygen was found in the gas phase although the oxygen exchanged with the water.
This shows that oxygen on these metals at room temperature is labile only

in the form of -OH.
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VI. PROGRAM FOR THE NEXT SIX MONTHS

(1) To round off the reported studies with silver and palladium, the follow-

ing experiments are planned: The exchange experiments with pre-adsorbed

oxygen on silver (Ag V) will be checked to make sure that these were not

influenced by retained hydrogen. They will also be extended to high preasureg.
The kinetics of the oxygen exchange with water will be investigated

and the thermodynamics of the water adsorption will be further studied.

(2) The effect of carbonaceous compounds on the adsorption and exchange of
oxygen on silver and palladium will be explored. These compounds may include

002 , ethylene and ethylene dichloride. (The latter is known to cause selective

poisoning of sites on silver.)

(3) Experiments with pre-adsorbed oxygen (similar to those performed with Ag V)
will be performed on a silver-gold alloy to study the effect of alloying on

molecular as well as atomic oxygen chemisorption.

(4) The experiments will be extended to other systems, such as Pd-Ag alloys

and platinum. Other alloys such as Pt-Au and Pt-Rh may later be studied.

(5) To prepare a suitable system for electrode studies at elevated temperatures,
a cell will be designed operating, for the time being, on fused KOH.

Alkali carbonate mixtures and their solution in nitrates and chlorides,
and other fused salt mixtures will be prepared and their melting point, conduct-
ivity and corrosion properties will be studied in order to see whether they may

provide a suitable electrolyte for operating the cell at moderate temperatures.
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VII. PERSONNEL

Dr. Y. L. Sandler and Dr. S. Z. Beer worked on this project full
time. The messurements on silver Ag V were carried out by the mass spectro-
meter group under W. M. Hickanm. h

Thanks are due to Mr. D. D. Durigon for his efficient help with

most of the experiments.
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IX. CONSULTATIONS AND LECTURES

A consultation concerning the program o_f. the project took place
in August 1962 at the U. S. Amy Electronics Laboratory, Fort Mommouth
with Messrs. Murphy, Wynn, Franke and Dr. Baars.

A paper "Adsorption Mechanism on Oxygen Electrodes: The Silver-
Oxygen System" was delivered at the 1i2nd National Meeting of the American

Chemical Society, Atlantic City, September 1962.
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