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t Abstract

It is shown that a convenient method for obtaining ve~ fast rates of H2 absorption by
Pd is by its oxidation or by the internal oxidation of Pal-M alloys where M=a solute
more readily oxidizable than Pd such as Al. While the oxidation of Pd enhances the
rates it does not affect its H2 volubility because its oxidized layers are rapidly reduced
upon exposure to H2 even at low temperatures. The internal oxidation of Pal-M alloys
gives a matrix of pure Pd containing internal oxide precipitates, i.e., a
composite. The volubility of H2 in the Pd matrix should be equivalent to
Pd.

Pal/alumina
that in pure

Introduction

Bulk Pd is known to oxidize from about 475°K to 1100”K [1,2,3,4,5] with the oxidation conllned
to the surface and near surface regions; at 1100”K the oxide becomes unstable in air and
decomposes to Pd. The oxide is readily reducible by H2(g). Not much is known about the
penetration of the oxide layer into the bulk but, according to Chasten [1], “when a Pd foil heated in
the temperature range from about 673 to about 1125°K is cooled either slowly or by quenching, a
tarnish film is plainly visible. The film never flakes away nor is its formation accompanied by any
appreciable weight gain.” Peuckert [4] found more recently that bulk Pd formed a “thick” (>5 rim),
from the viewpoint of a surface scientist, uniform adlayer of PdO after oxidation at 900°K in 0.1
MPa 02.

PdO is a metal deficient p-type semiconductor and therefore the growth of the oxide layer occurs
by Pd2+diffusion from the metaVoxide interface region to the surface [6] and the simultaneous
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transport of vacancies from the surface inwards towards the metal/oxide interface. This is the basic
mechanism for the oxidization of metals such as Fe, Ni, and Cu.

Internal oxidation occurs at elevated temperatures in 02(g) with an alloy containing a solute which
is more readily oxidized than the solvent metal. The solute becomes internally oxidized within the
alloy forming a metal/intemal oxide composite [7]. Internal oxidation is a convenient way to
introduce dispersion hardening into alloys [7]. Binary Pd alloys containing small amounts of
readily oxidizable solute metals such as Al, Mg, and Zr, can be internally oxidized to form an
essentially pure Pd matrix containing second phases of nano-sized oxide precipitates [8,9]. In order
to relieve internal compressive stress caused by the formation of the oxide precipitates with larger
volumes than the solvent metal, metal atoms are transported to the surface while there is a counter-
transport of vacancies to the interface [10,11]. Nodules of solvent metal atoms have been observed
at the surface resulting from the internal oxidation [10].

When charging with hydrogen, Pal-rich alloys, like Pd itself, exhibit two solid phase regions, the
dilute and hydride phases. According to the phase rule such a two phase region should have a
constant pH2, the so-called plateau pressure. Pd-All alloy-H systems have greater plateau pressures
and narrower plateaux than Pal-H [12]. The plateau two phase region of a Pal-Al alloy after
complete internal oxidation, changes to that of pure Pal-H confiing that the Al has all been
oxidized to form A1203precipitates within an essentially pure Pd matrix [9], i.e., a metal/ceramic
composite forms. Significant dislocation densities were not observed in the internally oxidized
alloy by TEM [9,13, 14], however, after hydriding/dehydriding (cycling) these alloys, extensive
intergranular cracking could be seen [15] and a large dislocation density after cycling could be seen
as found for Pd [16].

TEM of internally oxidized Pal-Al alloys shows [9,13,14] that the precipitate size is greater after
internal oxidation at 1273°K than at 1073°K [15] and Huang [14] found that the precipitates
resulting from oxidation at 983°K were about 10X smaller than those resulting from internal
oxidation at 1273°K. The approximate sizes of the precipitates resulting from internal oxidation
can be estimated for the various oxidation temperatures as: 100 nm(1273°K), 30 nm(1073°K) and
<10 nm(983°K). The alumina precipitates formed after internal oxidation at 983°K were too small
to be characterized by conventional TEM and their size was estimated from the amount of
irreversibley trapped H [14]. Hydride formation, in contrast to hydrogen solution in the dilute phase
of Pal-H, occurs by interface penetration and the abrupt volume expansion accompanying the
hydride phase change causes dislocation formation and plastic deformation [17,18].

Dissolved hydrogen has been employed as a probe of metal/oxide interfaces for several internally
oxidized Pal-M alloys where M is, e.g., Zr, Mg, Al [8]. After the traps at the Pal/oxide interface are
filled by H [8], the H diffusion constant was found to be the same as that of H in the dilute phase of
Pal-H [8].

It has been found in our studies that the absorption of H2(g) is much faster in internally oxidized
Pal-Al alloys than in the unoxidized alloys or in Pd [9]. The purpose of this research is to
investigate these enhanced kinetics in some detail. It should be stressed that the kinetic data to be

1ThissymbolismindicatesthatPdis themajorityelementin thealloy.
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reported do not qualify for fundamental surface studies because ultra-high vacuum conditions were
not employed and the H2 dissociation step at the surface is a possible rate-limiting step for H2
absorption. Consequently there will be no attempt to determine rate laws or rate constants. Instead,
the purpose of the study is to compare the rates of H2 absorption before and after oxidation (l?d) and
after internal oxidation of Pal-Al alloys and to understand the conditions of oxidation and internal
oxidation needed to obtain fast H2 absorption in these systems under the conditions usually
employed for H2 absorption studies, i.e., grease-free, all metal systems with an initial vacuum of the
order of 10-3Pa.

Experimental

Pd foils of purity 99.9% and 99.98% was employed and the latter was carefully polished for SEM
studies of the surface changes caused by oxidation. Unless otherwise noted, the purity of the Pd
employed was 99.9%. Pd was oxidized in a tube furnace in the laboratory atmosphere and after
oxidation the Pd was either rapidly cooled or quenched where the former means that the sample is
quickly removed from the fhmace and placed onto a metal sheet and the latter refers to sliding the
sample directly into cold water. Pd was weighed before and after oxidation to determine the extent
of oxidation.

Pal-Al alloys of compositions XA1<O.05were prepared by arc-melting the pure elements, annealing
the buttons and then rolling into foil of dimensions about 2 cm x 0.3 cm x 110 ~m. These alloys
were internally oxidized in the laboratory atmosphere in a tube furnace and were either rapidly
cooled or quenched after internal oxidation. The percentage oxidation was determined from the
weight gain and/or the hydrogen absorption isotherms. The internally oxidized alloys were
generally ductile but became brittle after hydriding/dehydriding.

The kinetic measurements were made in a volume of approximately 70 cm3 with foil samples of
total weight approximately 1.7 g. The hydrogen was of ultra-high purity. The temperature of the
kinetic determinations was generally 273°K which was controlled by an ice/water bath.

The oxidized Pd and alloy foils were examined by SEM both perpendicular to the cross section and
to the large faces. The foil cross sections were mounted in cold-setting epoxy, ground and polished
to a 3 pm finish. They were then etched for about 1 h in a solution of KI and KCN and
ultrasonically cleaned in distilled water.

BET measurements were made on cycled internally oxidized Pal-Al alloys and the areas were about
2000X greater than the geometric areas of the foils.

Results and Discussion

SEM of Palladium and Alloys



SEM photomicrographs were taken after oxidation of Pd for different times at several different
temperatures. It is clear that the oxide layer is not confined to a very thin surface layer but
penetrates appreciably into the Pd.
The extent of penetration was established here from weight changes after oxidation and from SEM
viewed parallel to the face of the foils. For example, the former showed that after oxidation in air
at 873°K for 90 h the percent oxidation was 0.4-4%which corresponds to a penetration of about 0.2
urn and the SEM results indicated that the penetration was about 1 um. It is difficult to estimate the
penetration from the SEM because pores were visible below 1 urn and there was no sharp
boundary, but, nonetheless, both measurements indicate an appreciable oxide layer.

The percent oxidation was about 0.3% after 20 h so that there was not a very
Large increase from 20 to 90 h indicating that the oxidation essentially
Stops after a limited penetration in agreement with Chasten’s remarks [1].

The oxidized foils were analyzed using the Energy Dispersive Analysis unit by X-rays (EDAX)
attached to the SEM, this analysis was restricted to the surface regions.

Oxidized Palladium

For the samples oxidized at 873”K, PdO was the predominate component with a trace of Si02.
After oxidation at 1273”K, larger amounts of Si02 were found on the surface. The Pd was of
99.98% purity but, nonetheless, Si02 was found on the surface after oxidation. This is a common
observation for quite pure precious metals which still contain very small amounts of Si impurity
which diffuse to the surface during high temperature oxidation to form Si02 [19].

SEM micrographs were taken of polished Pd (99.98%) after oxidation in the atmosphere at 873°K
for various times. Figure la shows the sample after 2 h oxidation; some oxide formation is visible
along the scratches and a few small pores are visible. Figure lb shows the surface after 24 h
oxidation where dramatic changes have occurred compared to the 2 h oxidation la. The surface is
covered with oxide with triangular shaped pores and many cracks appear in the oxide layer.

Oxidized/Reduced Pd

After reduction with H2 at 573°K (24 h), Pd which had been oxidized at 873°K no longer showed
the presence of any PdO from elemental analysis using EDAX.

Figure 2a shows Pd which had been oxidized for 24 h at 873°K and then reduced. It is clear that the
contraction of the lattice due to reduction of PdO causes larger pores to develop; the scratches are
no longer visible. Figures 2b and c show Pd which had been oxidized for 72 h and then reduced. It
is clear that the surface is quite porous with both large and small pores. The whitish precipitates
seen in Figure 2Care due to different contrast arising from Pd nodules above the plane of the other
Pd.

Oxidized/Reduced/Cycled Pd
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Cycled refers to Pd which has been hydrided and dehydrided at a moderate temperature. Cycling
oxidized/reduced Pd did not cause intergranular cracking; the cracking which is seen Figure 3 was
caused by cutting of the sample which exposed inner walls lined with pores of various sizes which
presumably arise from the vacancy transport to the surface during oxidation. The pores are only
seen along grain boundary walls near the outer surface of the sample.

Internally Oxidized Pal-AlAlloys

SEM was carried out on fully and partially oxidized Pal-Al alloys before and after cycling.
Internally oxidized (1073”K) Pal-Al (1.5 at%) foils were analyzed by EDAX as described above.
Nodules resulting from internal oxidation of other alloys have been described elsewhere [10,11]
and they have been observed here. The nodules observed on the surface and within the cracked
grain boundaries were shown by EDAX analysis to be pure Pd. The nodules form as non-faceted
particles of various sizes which can be seen all over the surfaces (Fig. 4a). They often coalesce
leading to a spongy structure beneath the surface (Fig. 4b). Aside from the nodules, the surfaces of
the internally oxidized alloys consisted mainly of PdO with an occasional, relatively large, A1203
precipitate. Therefore, in addition to internal oxidation of Al, some surface and subsurface
oxidation of Pd takes place when the temperature of oxidation is below about 1173”K. A few
alumina precipitates have been identified but they are not a dominant feature. After cycling, in
contrast to pure Pd, extensive intergranular cracking is evident and some grains have lifted
completely out of the plane of the alloy revealing an underlying porous structure. Cycling also
causes transgranular cracking. Figure 4b shows some pores on the surface and larger ones along
the grain boundary walls. After internal oxidation at 1273”K, the pores were smaller than after
internal oxidation at 1073”K.

H2 Isotherms for Oxidized Pd and Internally Oxidized Pal-AlAlloys

Pd which had been oxidized showed evidence for reduction of PdO by H2 because H20 appeared
during measurement of the dilute phase H2 solubilities (273”K). After evacuation of the H20
formed by reduction at 273°K or else after intentional reduction with H2 (573”K, 0.5 bar, 3 h) and
evacuation (573”K), the subsequent H2 isotherms for both the dilute and two phase regions were
identical to Pd which had not been oxidized. Reduction with H2 (573”K, 0.5 bar, 3 h) after
oxidation will, for convenience, be referred to as a reduction treatment. Reduction of PdO by H2
was found to take place at 273°K whereas “temperature-programmed reduction of supported PdO
shows that reduction occurs above 423°K” [20]. The reason for this difference in reduction
temperatures may be because the present case it may occur via H atoms dissolved in Pd and, even
though the surface and near surface layers have been oxidized, H2 can still dissolve in some
accessible, unoxidized regions whereas Pd is not present initially in supported PdO [20].

Before describing the kinetics of H2 absorption, H2 isotherm measurements of the unoxidized and
internally oxidized (1273°K) Pal-Al alloys will be described. The plateau pressures of the
homogeneous alloys increase with increase of XA1[12]. After their complete internal oxidation, the
absorption isotherms for the XA1=().()15,0.03 and 0.045 alloys all fall onto a single isotherm curve
with plateau pressures similar to, but slightly lower, than for for the Pal--H isotherm. Isotherms for
Pal--H vary somewhat depending on the geometry of the Pd and its microstructure, for example, Pd
annealed at 1373°K has a lower and more horizontal plateau than one annealed at 1133°K [21]. It
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seems that after internal oxidation, the alloys have H2 isothems more closely resembling the higher
temperature anneal whereas the sample of Pd employed for the 273°K isotherm determination,
which was annealed well below 1373°K, has a slightly different plateau behavior.

Kinetics of H2 Absorption

Kinetic data for absorption of H2 were obtained mainly along the two-phase plateau region because
this is the most important region for possible applications and also, because of the nearly invariant
plateau pressures, it is easier to keep the initial driving force constant than in single phase regions.
Because the rates were believed to be slower than at lower temperatures, and consequently easier to
follow, they were measured mainly at 273°K. (It turned out that the rates for H2 absorption for the
internally oxidized Pal-Al alloys were almost the same at 273°K and 343°K). These kinetic data
may be affected by variables such as the temperature of their internal oxidation, the Al content of
the alloy, the number of previous cycles, the thermodynamic driving force and the fraction of
conversion to the hydride phase; some of these variables were maintained constant when
comparing the rates.

Relationships between pH2 and time, which will be referred to as the rates or kinetics of H2
absorption, have been determined here for many different samples. Rates were initiated and
measured starting at approximately the same two extents of conversion to the hydride phase along

the absorption plateau, EO. 16 to =0.28 and 0.29 to =0.45, where these increments of r are the
amounts of H taken up during the rate measurements in each region. There was little difference
between the observed rates measured at the two different H contents along the plateau.

Since the kinetics for the different samples were measured using the same initial dosing pH2, the
initial driving force is the same for the completely internally oxidized Pal-Al alloys and for
oxidizedheduced Pd, the driving force is proportional to RTln(p/pPkt), where p is pH2 at any time
and pplatis the final, plateau pH2[22,23]. The foil samples employed were all approximately the
same mass and dimensions. The kinetic data for the oxidizedheduced Pd and internally oxidized
alloys were quite reproducible from sample-to-sample which is surprising for such a heterogeneous
reaction which is expected to be very surface sensitive.

Most kinetic data have been plotted as log pH2 versus t because the kinetics are so fast for the
internally oxidized Pal-Al alloys that if a direct pH2 scale were employed, the majority of the data
points would be compressed into a small pH2 region near the plateau.

Palladium

Pd foils were mechanically and then ultrasonically (acetone) cleaned in order to have unoxidized
Pd as a reproducible reference for kinetic measurements for comparison with the oxidized form.
For convenience, this form of Pd or Pal-Al alloy will be refened to as unoxidized with the
understanding that the foils have been carefully cleaned mechanically and ultrasonically. The
kinetics of H2 absorption were found to be relatively slow at 273°K for unoxidized Pd despite the
repeated cleaning (Fig. 5).

The kinetics for H2 absorption by Pd (99.9%), which had been oxidized for
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20 h at 873°K and then reduced at 273°K at a pH2 below the plateau pressure to avoid any hydride
formation are shown in Figure 5 by the curve labeled 1. The kinetics are much faster for the
oxidized Pd than for the unoxidized Pd. Similarly fast kinetics were found for the initial absorption
for all of the other oxidizedheduced Pd sampples. This oxidation treatment allowed equilibrium
data to be obtained at relatively low temperatures for Pd/D2.

Some Pd samples were heated in the atmosphere at 1273°K where the oxidation of Pd does not
occur because the decomposition pressure of 02 is greater than 1 atm. There was negligible weight
gain after this heat treatment and, after this treatment, the kinetics for H2 absorption which were
slightly faster than for the unoxidized (mechanically and ultrasonically cleaned) Pd. The rate
measured during the second cycle of hydriding of this Pd was slower thaq the f~st cycle and similar
to the rate for unoxidized Pd. The rates of H2 absorption, which were similar for unoxidized Pd or
for Pd heated at 1273°K (second cycle), will serve as the standard for comparison with oxidized Pd
or internally oxidized Pal-Al alloys.

The temperature of 1073”K is just above that where the oxidation of Pd occurs, it was found in one
experiment, however, that after such an exposure to the atmosphere at 1073”K and rapid cooling,
about half of the foils had an oxidized appearance and the other half did not. This reflects their
slightly different cooling rates for the two halves of the Pd after their removal from the furnace.
The metallic-appearing foil exhibited kinetics of Hz absorption similar to unoxidized Pd. The rate
for the first cycle is shown along with the rate for the third cycle which is slower (Fig. 6). This
metallic appearing Pd was then heated in 0.05 MPa H2 at 573°K 2 h and the rate was somewhat
faster after this treatment. By contrast the kinetics for the dark, oxidized half after reduction, were
quite fast although somewhat slower than Pd, which had been oxidized at 873”K, because the
oxidation of the former was not very extensive (Fig. 6). After the initial cycle, this darkened
fraction was treated with H2 at 0.05 Mpa for 2 h, the rate was then remeasured and found to be
slightly slower. This indicates that the rates for Pd slow down with cycling despite the H2
treatment. From Figure 6 it is clear that even a short time of oxidation, e.g., during removal from
the furnace, causes a marked increase in the rates of H2 absorption by Pd.

Figure 5 also shows the kinetics for Pd (99.9%) which had been oxidized for 20 h at 873°K and
then rates measured during repeated cycling through the hydride phase. There is a progressive
slowing of the rate up to the 8ti cycle. After the 8th cycle, the sample was treated at 573°K with
0.05 Mpa H2 for 2 h. After evacuation, the kinetics were remeasured and the rate found to be the
same as for the preceding cycle (eighth). It should be noted that the kinetics for the eighth cycle
(Fig. 5) are still much faster than for the unoxidized Pd. After the ninth cycle, the Pd foils were re-
cleaned and re-oxidized, and the rate again increased as expected for oxidized Pd. Further cycles
were not measured. These sequential rate studies during different cycles were repeated with
another Pd sample in a different apparatus where a very similar slowing of the rates with cycling
was found as shown in Figure 6.

An oxidized Pd surface was abraded, removing the oxidized portion, and the rate of Hz absorption
was remeasured and found to be slow similar to that for the unoxidized Pd. Pd of a higher degree
of purity (99.98% as compared to 99.9%) also showed decreasing rates from the first to the second
cycle (Fig. 5). Further cycles were not measured for this sample.
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It seems that the slowing of rates (Fig. 5) is not due to poisoning by gaseous impurities since the
slowing was found to be so similar in the two different apparatuses which would presumably
contain different levels of gaseous impurities. During cycling, Pd undergoes severe plastic
deformation which may decrease its activity towards H2 absorption by progressively removing the
effects of the oxidation.

Z%.Z-A1Ailloys

Rates were measured for unoxidized alloys which had been mechanically and ultrasonically
cleaned similarly to Pd and these were found to be consistently slower than the rates for unoxidized
Pd.

Pal-Al alloys, which had been internally oxidized, always showed enhanced rates compared to
unoxidized Pd. The rates are compared to unoxidized Pd rather than to the even slower rates of the
unoxidized Pal-Al alloys because it is the Pd matrix which absorbs H2 in the Pd/ah.unina
composites. Typical rates for a completely internally oxidized Pdo.g@i).i)lSalloy are shown in
Figure 7 compared to unoxidized Pd and the extremely fast rates for the internally oxidized alloy
are apparent. To appreciate the rapidity of H2 absorption (273°K) for the “maximum”2 rate pH2
versus t plot shown in Figure 7, pH2 falls from 38 kPa to 0.62 ld?a in 25s where the final,
equilibrium plateau pressure is 0.51 kpa. This corresponds to 99.7% of complete reaction in 25s at
the relatively low temperature of 273”K. If the internally oxidized Pal-Al alloys are removed from
the reaction vessel and exposed to the atmosphere, after re-insertion into the reaction vessel, the
rates were found to be the same as before their exposure to the atmosphere.

The kinetic curves for the fully internally oxidized alloy and for pure Pd both approach the same
Pal-Hplateau pressure, and therefore the driving force will be the same for each at a given pH2.
These kinetic results leave no doubt that the rates of H2 absorption are very much faster for a
Pd/A1203composite prepared by internal oxidation of a Pal-Al alloy compared to rates of H2
absorption by either unoxidized Pd or unoxidized Pal-Al alloys.

Figure 7 shows that the initial rate for the Pdo.g@O.Olsalloy after internal oxidation at 1073°K is
very fast and the “maximum” rate obtains during the second cycle. By contrast, after internal
oxidation at 1273°K, the initial rate was much slower than that after internal oxidation at 1073°K
and the rate for the second cycle was slower than the initial rate after oxidation at 1073”K. After
five cycles, this alloy which had been internally oxidized at 1273°K, reached the same “maximum”
rate.

The rates of H2 absorption for a P@.g7Alo.walloy internally oxidized at 1273°K are shown in Figure
8. The “maximum” rate is reached after about two cycles. This alloy was cycled 10 times and there
was basically not much change in rates measured after the second cycle. The rates after the initial
cycle are significantly faster than the “maximum” rate for oxidized Pd (873°K, 20 h) shown by the
dashed curve.

2 Quotation marks are employedbecauseit is believedthattheseratesarenottruemaximumratesbutarelimitedby
heattransfer.
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Figure 9 shows the rates for the internally oxidized P&gg5Alo.M5alloy (1073”K, 72 h) where it can
be seen that many cycles are needed in order for the rate to reach the “maximum”. By comparison
with Figure 7, it can be seen that more cycles are needed to reach the “maximum” rate after internal
oxidation at 1073°K for the pdo.ggs~o.oosalloy than for the l’d&ggs&(jls alloy.

From Figure 6 it was found that more cycles are needed to reach the “maximum” rate for the
p&ggsA&Olsalloy after internal oxidation at 1273°K than at 1073”K. These trends were found for
other Pal-Al alloys: the higher the internal oxidation temperature employed, the more cycles are
needed to attain the “maximum” rate. And the number of cycles needed to reach the “maximum”
rate after internal oxidation at a given temperature, decreases with increase of the Al content in the
alloy. Thus, after internal oxidation at 1073°K, the P&gg5Alo.w5alloy required more than five
CyCkS to reach the “maximum” rate and the l’do.ggs~().()lsalloy required only two cycles and the
rate for the first cycle was much slower than the corresponding rate for the P@.wAlo.walloy.

In contrast to oxidized Pd, the rates of H2 absorption for the filly internally oxidized Pal-Al alloys
did not slow down with cycling. They always increased with cycling or else remained constant at
the “maximum” rate at least up to ten rate measurements during each of ten consecutive cycles for
the P&g7Alo.07alloy after internal oxidation at 1273°K or else up to 6 cycles after internal oxidation
at 1073°K (Fig. 8). Although fewer cycles were carried out, the same results were found for other
internally oxidized Pal-Al alloys at temperatures in the range from 1073”K to 1273°K. The
internally oxidized alloys are harder and do not plastically deform as much as pure Pd during
cycling. This may be related to why the latter rates slow down with cycling whereas the former do
not,

Figure 10 illustrates an important distinction between the behavior of the internally oxidized Pal-Al
alloys and oxidized Pd. The P&g7Alo.07alloy was internally oxidized at 1073”K for 72 h which
resulted in complete internal oxidation,; its rates were then characterized up to six cycles (Fig. 10).
The alloy was then removed from the reaction vessel and etched in strong acid causing a 14%
weight loss. The rates were then redetermined (Fig. 10) and the initial rate after etching is very fast
compared to the unoxidized Pd and the rate during the second cycle is very close to the “maximum”
rate for the internally oxidized alloy. Experiments where smaller amounts of the internally oxidized
alloy were removed by abrading gave similar results. As noted above, abrading oxidized Pd
resulted in slow rates comparable to unoxidized Pd. This demonstrates that not only are the outer
layers and sublayers of the internal oxidized Pal-Al alloys effective for H2 absorption, but also
newly generated surface originally within the bulk of the internally oxidized alloy. This proves that
the enhancement of rate found for internally oxidized Pal-Al alloys cannot be due to the oxidation
of the Pd in the alloy but is due to the internal oxidation.

A fully internally oxidized (1273”K, 24 h) P&g85Alo.015alloy, which exhibited the normal enhanced
kinetics, was annealed in vacuo at 1173°K for 72 h. After this annealing, the kinetics were as slow
as for unoxidized Pd. Upon cycling the former, however, its rates progressively increased until
after the fifth CyCk they were similar to the second cycle for a l?do.ggs~().()lsalloy oxidized at
1273”K. This suggests that cycling in the presence of internal alumina precipitates causes the
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annealed Pal/composite to progressively crack intergranularly which progressively increases the
rates by exposing more active surface.

Partially Internally Oxidized Pal-AlAlloys

Pal-Al alloys which were partially internally oxidized at, e.g., 873”K, also exhibited rather fast
kinetics. The driving force at the same dosing pH2 is smaller than for Pd or for the fully internally
oxidized Pal-Al alloys because the final plateau pH2 is that of the unoxidized Pal-Al alloy and this is
greater than the plateau pH2 for Pd. This effect is, however, rather small as compared to the trends
observed. The degree of partial internal oxidation (873”K) was generally about 5 to 10% including
a minor contribution from Pd oxidation. A typical result is shown in Figure 11 where the rates are
shown for a partially oxidized P@.g55Alo.w5alloy where measurements have been made for each of
20 successive cycles. The initial rate is almost as fast as that for the fully internally oxidized alloy,
however, the rates progressively slow down with cycling rather than remain constant or increase as
do the rates for the fully internally oxidized alloys (e.g., Fig. 7) but, nonetheless, after 20 cycles the
rate is still quite fast (Fig. 11).

Rates were determined for some partially internally oxidized Pd 0.955 Al 0.045 alloys after
abrading the surfaces removing about 1.7% of their mass. After this, the rates slowed down
markedly in the order of the initial percent of the internal oxidation as would be expected. The
P~cg55Alo.w5alloy partially internally oxidized to 3.6% had a slower rate after abrading than
unoxidized Pd. This is because the rates for the unoxidized Pal-Al alloys are slower than for
unoxidized Pd. The alloy internally oxidized 5.5% after abrading had a rate similar to unoxidized
Pd and the rate for an alloy internally oxidized to 9.6% had a quite fast rate indicating that the
abrading did not penetrate enough to affect the enhanced rates due to internal oxidation.

Comparison of Rates and Temperature Dependence of Rates

A comparison of the rates after the following oxidation treatments is shown in Figure 12: Pd
(873”K, 2 h), partially (873”K, 4 d), and completely (1073”K, 72 h) internally oxidized
pdo.gssAIO.Olsalloy. The rates are plotted as pH2 rather than log pH2 and, because of the linear pH2
scale, it appehrs as though final pH2 values are equal but they do differ according to the plateau pH2
of Pd and the l?do.gssAII).Olsalloy. The rates shown are the fastest for each, i.e., those for the initial
cycles of the first two and the second cycle for the last. It can be seen that the fully internally
oxidized alloy is somewhat faster than the others although they are all very fast compared to the
unoxidized Pd.

Rates were measured at 273,323, and 343°K for unoxidized Pd and for a completely internally
oxidized P4.97A10.07alloy. The rates for the latter were nearly independent of temperature over this
range whereas the former depended strongly on temperature. For unoxidized Pd the rate was quite
slow at
273°K but became relatively rapid at 343”K. This suggests that for unoxidized Pd the rate-limiting
step for Hz absorption which has an appreciable activation energy such the surface dissociation.
For the internally oxidized alloy the rate over this whole temperature range is controlled by a non-
activated step such as heat transfer.
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A rate for the completely internally oxidized P~.g7Alo.walloy was measured at 233°K and it was
much slower than at 273°K indicating that its rate-limiting step changes becoming an activated step
at the low temperature. At this low temperature the internally oxidized P&.wAlo.w alloy has a
clearly faster rate than oxidized (873”K) Pd.

Enhanced Rates after Internal Oxidation of Pd—Ti Alloys

Pd-Ti alloys with&>> Xm can also be internally oxidized to form Pd/’Ti02 composites. Since
Ti02 is quite stable, small precipitates should form after internal oxidation at 1073”K. Several Pd-
Ti alloys with 2 and 4 at% Ti were internally oxidized at 1073”K and 1273°K resulting in 100 * 5%
formation of Ti02. The “maximum” rates after the former oxidation conditions were within
experimental error of the internally oxidized Pal-Al alloys. The rates slowed down with cycling
after internal oxidation at 1273”K. Some experiments have been carried out after adding finely
divided Cu for heat transfer to an internally oxidized (1073”K) P&gGTiO.walloy. The rate was
slightly faster with the Cu present.

The Possible Origin of the Enhanced Rates

It should be stressed that, in common with other heterogeneo~s kinetic phenomena, these kinetics
are quite complex. The rate of H2 absorption along the plateau region involves the consecutive
steps:

‘1.dissociative chemisorption of H2 followed by the transition to interstices just below the surface,
2, bulk diffusion through the hydride phase to the internal hydride/dilute phase interface,
3. the interface reaction whereby the dilute is transformed to the hydride phase.

All of these steps must have the same rate during H2 absorption. If one of them has the slowest
inherent rate constant, it is the rate--determining step and the others adjust to its rate [24].

An important observation is that oxidized Pd and the partially internally oxidized alloys @sohave
enhanced rates compared to the unoxidized Pd or the Pal-Al alloys; this proves that steps 2 (internal
diffusion) or 3 (phase transition) are not the rate-limiting ones for H2 absorption by unoxidized Pd
or Pal-Al alloys because, otherwise, the large enhancement of rates for oxidized Pd, or partially
oxidized alloys, would not obtain. Step 1 therefore appears to be the rate limiting one for
unoxidized Pd and the Pal-Al alloys. After internal oxidation of the Pal-Al alloys, the rate of step
1 increases so that it may no longer berate controlling.

The SEM micrographs (Figs. 1-3) clearly show that the oxidation of Pd causes the surface area to
be substantially increased by roughening and pore formation and internal oxidation of the Pal-Al
alloys causes Pd nodule formation on the grain walls surfaces and extensive pore formation leading
to a honey-combed appearance of the grain walls. Intergranular cracking and embrittlement also
occur. These observations are consistent with a large increase in the rate of step 1.
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SEM micrographs show that the composite, which undergoes some intergranular cracking after
internal oxidation, shows more extensive cracking as a result of the lattice expansion and
dislocation movement accompanying the cycling. This occurs presumably because of the Pd
nodules and alumina precipitates which form preferentially at the grain boundaries. Other
photomicrographs have revealed some transgranular cracking of the composites. Pd does not
undergo extensive intergranular cracking and does not become brittle after cycling and instead
extensive plastic deformation takes place.

It was shown (Fig. 7) for the Pal/alumina composites that more cycles are needed to attain the
“maximum” rate after internal oxidation at 1273°K than at 1073”K. Cycling causes more
intergranular and some transgranular cracking after internal oxidation at 1073”K than at 1273°K
because the precipitates are smaller and more closely spaced after the latter and it is more difficult
to move dislocations. The kinetics are enhanced by the intergranular and transgranular cracking
which results from cycling which exposes a larger surface area, 2000X the geometric area,
accessible to H2 and also some exposure of Pal/alumina interfaces along the grain boundaries which
may play a role in the enhanced kinetics.

It has been shown here that oxidi~ed Pd also has fast rates of H2 absorption and this must also be
caused by the increase of surface due to the oxidation (Figs. 2 and 3). The rates are observed to be
faster for the internally oxidized l’do.g@O.ols alloy than for oxidized Pd at 233°K where heat
transfer may not be a factor (see below). At this low temperature it is clear that the internally
oxidized alloy has a faster rate than oxidized Pd. This suggests that the Pal/alumina interfaces may
also play a role.

It can be argued that step 1 becomes so fast r$ter internal oxidation that heat transfer due to the
exothermicity of the reaction becomes the rate-limiting step for the “maximum” rates (273”K)
found for the internally oxidized alloys. Step 2 will also be faster for internally oxidized alloys
because the diffusion paths are shortened due to both transgranular and intergranular cracking.
Inadequate heat transfer decreases the rate of H2 absorption by briefly increasing the sample
temperature thereby significantly increasing the plateau pH2 and reducing the driving force. Rates
for the internally oxidized Pdo.9GTi0.~alloy were somewhat faster when Cu completely surrounded
the alloy indicating an enhanced heat transfer.

Further evidence suggesting that heat transfer plays a principal role in the “maximum” rates is their
independence of temperature (273°K to 343”K) at the same driving force for the internally oxidized
Pal-Al alloys. Temperature independence would not obtain for the other possible rate-limiting
steps, 1-3. Heat transfer as rate-determining would also explain the apparent coincidence that
internally oxidized Pal-Al alloys with different atom fractions of Al have very similar “maximum”
rates even though their microstructure will not be identical.

Although the completely internally oxidized Pal-Al alloys also undergo cycling, their rates are not
affected perhaps because the alumina precipitates tend to stabilize their structure and the cycling
changes are minimized as compared to pure Pd. The partially internally oxidized alloy has small
changes with cycling and is an intermediate case.
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Conclusions

Surface oxide layers are impediments to Hz absorption by metals such as Nb, Zr, Ti, etc. By
contrast, oxidation turns out to be favorable for H2 absorption by pure Pd because, in contrast to the
oxides of metals such as Nb, Zr, PdO is readily reduced by H2 at moderate temperatures leaving an
active, higher area surface. It has been shown that the rates of hydrogen absorption are
significantly enhanced for oxidized Pd as compared to unoxidized Pd. SEM photomicrographs
show an extensive roughening and pore formation on the surface from the oxidation. The rates
gradually slow down with cycling of the oxidized Pd.

H2 absorption rates were found to be greatly accelerated by the internal oxidation of F’d-Al alloys
where nano-sized alumina precipitates form within a Pd matrix forming Pal/alumina composites.
From the viewpoint of H2 absorption, the internally oxidized alloys are essentially pure Pd. SEM
shows that there is extensive intergranular cracking after internal oxidation and cycling of Pal-Al
alloys and, in contrast to oxidized Pd, this extends throughout the bulk, because if many outer
layers of the internally oxidized alloy are removed, the rate continues to be fast. This allows H20
access to the inner surfaces. Also, in contrast with oxidized Pd, cycling causes the rates to increase,
reaching a “maximum” rate.

The rates were also found to be enhanced after partial internal oxidization of Pal-Al alloys. These
rates were almost the same as the “maximum” rates of the completely oxidized alloys but, in
contrast with the fully oxidized ones, the rates slowed slightly with cycling.

The oxidation of Pd and the internal oxidation of Pal-Al alloys causes profound changes as can be
seen from SEM (Figs. 2, 4) revealing a larger surface area and pore structure which must provide
favorable entry sites for the H(surface) + H(bullc) transition and greatly increase the rate of step 1
so that it is no longer rate-controlling. It is suggested that heat transfer is the rate-controlling step
for the “maximum” rates observed for the completely internally oxidized alloys. If it not the slow
step, the rates of the completely internally oxidized alloys would be even faster relative to the
partially internally oxidized ones or oxidized Pd due to the larger internal surface accessible to H2
and possibly also due to the Pal/alumina interfaces. The metal/oxide interfaces maybe effective
sites for the H2 dissociation. Pd supported on A1203is an industrial heterogeneous catalyst and
synergistic effects between metals and supports have been reported [25]. It is possible that this
may be a contributor to the fast rates found herein a situation where the fractions of the two species
are reversed compared to heterogeneous catalysts.

The goal of this research was the determination of the relative rates before and after internal
oxidation of Pal-Al alloys and oxidation (Pal)and this is independent of whether heat transfer is
the rate-limiting step for the internally oxidized Pal-Al alloys rather than a more fundamental step.
If slow heat transfer were to be eliminated, the rates would be even faster than the observed
“maximum” rates” and therefore even faster compared to the unoxidized alloys and Pd.

It has been shown that oxidation is a convenient method for obtaining extremely fast rates of Hz
absorption by Pd or Pal-Al alloys. The oxidation does not significantly change the purity of the Pd
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and consequently the H2 volubility because, in the case of Pd, the outer oxidized layers are rapidly
reduced upon exposure to H2 even at low temperatures and the matrix is essentially pure Pd for the
internally oxidized Pal-Al alloys. The method is being explored for obtaining fast kinetics for some
for Pd binary alloys such as Pd-Rh from the internal oxidation of F’d-Rh-Al alloys. In addition, the
resistance of the internally oxidized Pal-Al alloys towards poisoning of the H2 absorption, by e.g.,
CO, is being examined relative to pure Pd.
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Figure Captions

Fig. 1. (a) SEM of Pd (99.98%) oxidized at 873”K, 2 h. (b) shows Pd (99.98%) after oxidation for
24 h at 873”K. Neither of these samples have been reduced in Hz.

Fig. 2. (a) SEM of Pd (99.98%) oxidized for 24 h, 873°K and then reduced in Hz at 573”K. (b)
shows Pd (99.98%) after oxidation for 72 h at 873°K followed by reduction in H2 at 573°K and (c)
shows the same Pd as b but at a higher magnification.

Fig. 3. SEM of Pd (99.9%) oxidized for 20 h at 873°K for 20 h and then reduced in Hz at 573°K
and then cycled.

Fig. 4. (a) SEM of a PG.97A10.07alloy which has been internally oxidized at 1073”K and cycled
twice. (b) a pdo.ggsAlo.Olsalloy internally oxidized at 1073”K and cycled ten times. The picture is
of a grain wall within a cavity left by a grain which has fallen out of the alloy.

Fig. 5. The numbered curves are sequential kinetic data for absorption (273”K) of H2 by oxidized

pure Pd (99.9%) from r=O.12 to 0.26 in each case (873”K, 20 h). V, unoxidized Pd is shown for

comparison. The A and ❑ refer to the first and second kinetic runs for 99.98°/0Pd which had been
oxidized similarly as the 99.9% Pd.
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Fig. 6. Kinetic data for hydrogen absorption in the range of ~H/M values from 0.16 to 0.28
(273”K) for Pd after heating in the atmosphere and cooling from 1073”K. Half of the Pd was dark
(oxidized) and the other half metallic appearing (unoxidized) as described in the text. O, initial rate

for metallic halfi A, rate during third cycle for metallic halfi ., after third cycle and treatment of

metallic half with H2 at 573”K. A, initial cycle for dark halfi V, after initial cycle and treating dark
half with H2 at 573”K.

Fig. 7. Kinetic data (273”K) determined during successive cycles before attaining the “maximum”
rate for the internally oxidized l?doggsA]O.O1salloy after internal oxidation at 1273°K (24 h) and after
internal oxidation at 1073”K (72 h). These conditions resulted in complete oxidation. The
following symbols are for internal oxidation at 1273°K O, rate during initial cycle; ., rate during

second cycle; A, rate during fifth cycle. The following symbols are for internal oxidation at
1073°1L ❑, rate during initial cycle; ■, rate during second cycle.

Fig. 8. Kinetic data (273”K) determined during successive cycles before attaining the maximum
rate for an internally oxidized P&g7Alo.07alloy after internal oxidation at 1273”K. O, rate during

initial cycle; A, rate during second cycle; V, rate during fifth cycle ❑, rate during eighth cycle. The
dashed curve represents the rate during the initial cycle for Pd oxidized at 873°K for 20 h.

Fig. 9. Kinetic data (273”K) measured during successive cycles before attaining the “maximum”
rate for an internally oxidized P&gg5Alo.oo5alloy after internal oxidation at 1073”K. ●, rate during

second cycle; A, rate during third cycle: V, rate during fourth cycle: O, rate during fifth cycle; ❑,
rate during tenth cycle. (All rates measured from =0.15 to 0.29).

Fig. 10. The effect etching away 14% of the mass of an internally oxidized (1073”K, 72 h)
P&g7Alo.03alloy on its subsequent rates of H2 absorption (273”K, 7=0.12 to 0.26). O, rate during

first cycle afier etching; ●, rate during second cycle after etching. A, sixth cycle for the internally
oxidized P&g7Alo.07alloy without etching.

Fig. 11. The effect of incomplete internal oxidation (5.5%) of a P&g55Alo.w5alloy (873”K, 72 h) on
its subsequent rates of H2 absorption (273”K, zO. 16 to 0.28). O, rate during first cycle; ●, rate

during sixth cycle; A, rate during eleventh cycle; ❑, rate during 15th cycle; V, rate during 20*
cycle. (Lines have been drawn only for the initial and 20ti kinetic curves to avoid clutter.)

Fig. 12. Kinetic data for H2 absorption (273”K) for three differently oxidized samples. A, Pd after
oxidation at 873”K, 2h; ❑, partially oxidized (873”K, ld) P&ggs&.ols alloy; O, completely
internally oxidized P&g@().ols alloy (1073”K, 4 d).
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