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The near elimination of hysteresis in Pd/Cr2O3 composites
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Abstract

Although its value varies with microstructure, hysteresis always accompanies hydride formation and decomposition in Pd, e.g., it is present
even in nano-crystalline and thin films. Internal oxidation of Pd0.93Cr0.07 alloys leads to a pure Pd matrix containing nano-crystalline chromia
precipitates. It is found that the characteristic hysteresis disappears in this composite of Pd at elevated temperatures and is quite small at
moderate temperatures compared to pure Pd. Some possible reasons for this are discussed.
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. Introduction

Hysteresis is an almost universal feature of first order solid
tate transitions[1]. Its presence means that when such a
ransition is reversed, it follows a different path than that
aken in the forward direction leading to a loss of useful work.
ysteresis is, of course, a reflection of the irreversibility of

he transition.

.1. Hysteresis

For metal-hydrogen systems which form hydride phases
he phase rule predicts an invariantpH2, the plateau pressure,
n the region of co-existence of the dilute and hydride phases.
he formation of the hydride phase can be written as

1
2H2(g) + (b − a)−1MHa = (b − a)−1MHb (1)

herea andb are the H-to-metal atom ratios in the co-existing
ilute and hydride phases, respectively. The reverse of this
eaction is hydride decomposition.

The most common manifestation of hysteresis in metal–
systems is that the minimum plateaupH2 needed for hy-

∗

dride formation,pf , is greater than that for hydride deco
position. Hysteresis is best evaluated quantitatively a
therRT ln(pf/pd)1/2/energy/mol12H2 or, more accurately, a
RT

∫
ln p1/2 dr/energy/mol metal wherer = (H-to-Pd) atom

ratio. Hysteresis should be a minimum for application
metal–hydrogen systems because it represents a loss o
ciency.

Although there have been reports of the absence of
teresis in Pd, these are believed to be spurious[2]. It is clear,
however, that the extent of hysteresis depends upon th
crostructure of the Pd. Compared to bulk Pd, hysteres
Pd black, nano-crystalline, and thin films are found to be
duced. Nonetheless, it is still appreciable even in these f
and, e.g., the change of hysteresis from bulk to Pd bla
quite small[3]. For 50 nm Pd films hysteresis at 382 K is si
lar to bulk Pd but there is a significant decrease at 471 K w
is attributed to critical temperature lowering[4]. Even for
3.1 nm nano-clusters of Pd hysteresis has been reporte[5].

An instance where hysteresis is significantly reduce
in tritium-charged Pd which has been aged allowing th
to decay into He–3 which subsequently accumulates
nano-sized bubbles within the lattice. The presence of
bubbles causes the isotherms to change profoundly res
in a decreased plateaupH and hysteresis together w
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sloping plateaux with a region of initial trapping[6]. Tritium
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aging in 50 wt.% Pd on kieselguhr (silica) depresses bothpf
andpd [7]. As well, a Pd–Rh–Co alloy has shown loss of hys-
teresis upon tritium aging[8]. The present paper is, however,
concerned with hysteresis in Pd and not in its alloys.

1.2. IO of Pd alloys

Binary Pd alloys containing small amounts of readily
oxidizable solute metals such as Al, Mg, Zr, can be internally
oxidized (IOed) to form essentially pure Pd matrix phases
with second phases of nano-sized oxide precipitates[9,10].
After internal oxidation (IO) of, e.g., Pd–Al alloys, a
composite forms consisting of nanocrystalline alumina
precipitates within a matrix of Pd and, because of the great
stability of alumina, the amount of unoxidized Al remaining
after IO is negligible and hence the matrix can be regarded as
pure Pd. The termmatrix will be employed for the Pd in such
a composite and the termannealed for pure, bulk Pd with the
understanding that both the phases are pure and in the bulk
form as distinguished from, e.g., thin films or nano-powders.

Because alumina, which forms from IO of Pd–Al alloys
is very stable, the Pdmatrix is essentially pure and its H2
isotherms would be anticipated to be similar to those ofan-
nealed Pd except in the very dilute phase where some H is
trapped at or near the Pd/oxide interface[9–11]. Although the
initial isotherms at moderate temperatures are similar to those
o g,
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corresponded more closely to Cr2O3 than to other possible
oxides although sometimes their weights exceeded that for
Cr2O3, e.g., 110%.

The IOed Pd0.93Cr0.07 alloy is brittle whereas a Pd0.97
Cr0.03 alloy is not and, after repeated cycling of the IOed
Pd0.93Cr0.07 alloy, it undergoes brittle fracture into small par-
ticles. Without any crushing these particles ranged from about
10 to 150�m with the average size of about 30�m.

An X-ray diffraction pattern of the finely divided IOed
(998 K) Pd0.93Cr0.07 alloy showed that the alloy has been
completely IOed because there is no evidence for any un-
oxidized alloy and the reflections correspond almost exactly
with finely divided Pd, however, they are broader indicating
lattice strain.

3. Results and discussion

3.1. Dilute phase

The dilute phase solubilities of the Pd/chromia compos-
ites for the initial absorption consist of a trapping region
wherepH2 ≈ 0 followed by a region where the solubility
is enhanced to various extents as compared toannealed Pd
depending on factors such as the oxidation temperature and
the solute concentration. The dilute phase solubilities of
e ycled
P we
h trong
t s
a bout
2 est
w ll not
m ase
b se it
d

3

g.,
3
C
c le
t The
e -
p een
t thin
fi uch
f om-
p s are
r IOed
P
t xide
p d Pd.

23 to
5

f annealed Pd, after hydriding and dehydriding, cyclin
Oed Pd–Al alloys, behave, especially at high temperat
nalogously[12] to the results to be reported here, but

rends are much more pronounced for the IOed Pd–Cr a
ny differences between the H2 isotherms for Pd/oxide com
osites and annealed Pd, must be attributed to the micro

ural features of the Pdmatrix caused by the nano-crystalli
xide precipitates and not to any atomic impurities suc
noxidized solute atoms in the Pd because of their negli
oncentration and the fact that small amounts of solute a
≤0.5%) have negligible effect on the H2 isotherms of Pd.

In the present investigation hysteresis will be show
early disappear after cycling a Pd0.93Cr0.07 alloy which has
een IOed at the relatively low temperature of 998 K.

ower the temperature of IO, the smaller are the precipi
hich form[13] and it will be shown that the smaller the p
ipitates, the greater the decrease of hysteresis. Small p
tates are also more effective in causing dispersion harde
f IOed alloys[13].

. Experimental

Pd–Cr alloys were prepared by arc-melting the pure
ents, annealing the buttons and then rolling them into
f dimensions about 2 cm× 0.3 cm× 110�m. Pd–Cr alloy
ere IOed in the laboratory atmosphere in a tube furn
ainly results for the Pd0.93Cr0.07 alloy IOed at 998 K wil
e presented. The oxidation product of a number of P
lloys were determined from their weight gains and th
ach are large, greatly exceeding that of annealed or c
d and larger than any other IOed Pd–M alloy which
ave examined. The positive intercept is caused by s

rapping at or near the interface[9,11]. The dilute solubilitie
re shown to increase slightly after cycling and, after a
0 cycles, 10 of them at 273 K, the solubility is the larg
hich has been observed in this research although sti
uch greater than that for the initial cycle. The dilute ph
ehavior will, however, not be discussed in detail becau
oes not exhibit hysteresis.

.2. Two phase region

Before the initial cycle of hydriding/dehydriding at, e.
23 K, bothpf andpd are lower for the IOed (≤1100 K) Pd–
r alloys, i.e., the Pdmatrix, than forannealed Pd. After
ycling, the formation plateaupH2 decreases further whi
he decompositionpH2 increases, to decrease hysteresis.
xtent of these changes depends uponXCr and the IO tem
erature. These results differ from the differences betw

he plateaux of different forms of Pd, e.g., Pd black or
lm, where the average plateau pressures do not differ m
rom that of annealed Pd. In contrast to the Pd/chromia c
osites, some of the H capacities of these other form
educed compared to annealed Pd. The behavior of the
d0.93Cr0.07 alloy is closer to that of T-aged Pd[6] than to

he forms of Pd mentioned above suggesting that the o
recipitates play a similar role as the He bubbles in T-age

Isotherms were measured at temperatures from 3
13 K for the 20× cycled, IOed (998 K) Pd0.93Cr0.07 alloy
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Fig. 1. Hydrogen isotherms at 323K̇. ©, annealed Pd,�, Pdmatrix from
IO of the Pd0.93Cr0.07 alloy. The filled and open symbols are for absorption
and desorption, respectively.

(Figs. 1–4) where it can be seen that there is an almost com-
plete elimination of hysteresis at≥493 K. Similar behavior
is found for a Pd0.95Cr0.05 alloy IOed at 1098 K but the de-
crease of hysteresis is greater for the Pd0.93Cr0.07 alloy and
therefore most attention will be given to it.Table 1gives val-
ues of hysteresis at different temperatures forannealed and
thePd matrix from IO of the Pd0.93Cr0.07 alloy as evaluated
at r = 0.3.

In Fig. 1 ln p
1/2
H2

has been plotted K for the 20× cycled,

IOed (998 K) Pd0.93Cr0.07 alloy rather thanp1/2
H2

because

ln p
1/2
H2

represents hysteresis more directly and it is much
smaller for the IOed Pd0.93Cr0.07 alloy than forannealed Pd
at all temperatures (Table 1). At 473 K, hysteresis has disap-
peared atr = 0.30 but there is still some indication of it near
the phase boundaries especially the upper one (Fig. 3). This
may indicate that there is a greater difficulty in the growth
of either phase in their early stages than when about equal
amounts are present. Nucleation will not be a problem, how-
ever, due to the large defect concentration in the cycled IOed
alloy, e.g., there is no supersaturation of the dilute phase in

Table 1
Hysteresis in units of J/1

2mol H2 for the Pd matrix in IOed (998 K)
Pd0.93Cr0.07 alloy and annealed Pd both evaluated atr = 0.30

T (K) 1
2RT ln(pf/pd) 1

2RT ln(pf/pd)
)

Fig. 2. Hydrogen isotherms at 373 K.�, annealed Pd;©, Pdmatrix from
IO of the Pd0.93Cr0.07 alloy. The filled and open symbols are for absorption
and desorption, respectively.

Pd after it has been cycled whereas there is for uncycledan-
nealed Pd.

At all temperaturesboth the hydride formation and de-
composition plateaux are lower near their midpoints, e.g.,
r = 0.3, for the Pdmatrix than for annealed Pd, i.e., the
equilibrium has been shifted and not just the degree of hys-
teresis. Although it appears as if the decreases of the plateau

F
I tion
a

(cycled, Pdmatrix) (cycled, annealed Pd

273 240 1030
323 122 935
343 97 900
373 68 940
493 ∼0 550
ig. 3. Hydrogen isotherms at 473 K.�, annealed Pd;©, Pdmatrix from
O of the Pd0.93Cr0.07 alloy. The filled and open symbols are for absorp
nd desorption, respectively.
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Fig. 4. Hydrogen isotherms at 493 K, 513 K and 553 K. Solid curves without
symbols at 553 K,annealed Pd; �, annealed Pd at 513 K;©, Pd matrix
513 K from IO of the Pd0.93Cr0.07 alloy; � , Pd matrix at 493 K from IO
of the alloy. The filled and open symbols are for absorption and desorption,
respectively.

pressures are greater as the temperature increases, the de
crease of�µH = RT ln(pf/pd)1/2 is greater (Figs. 2–4) at
the low temperatures. From the data shown inFig. 1at 323 K,
RT

∫
ln p1/2 dr = 720 J/mol Pd and 125 J/mol Pd foran-

nealed Pd and the cycled Pdmatrix in the IOed alloy, re-
spectively, andRT ln(pf/pd)1/2 = 1010 and 95 J/12mol H2
for annealed Pd and the cycled Pdmatrix, respectively, re-
flecting the larger decrease of hysteresis in the center of
the plateau. This hysteresis at 323 K for Pd does not agree
with that shown for a different sample inTable 1 illus-
trating that hysteresis varies somewhat even forannealed
Pd.

Besides hysteresis being small or zero for the Pdmatrix
at elevated temperatures for the Pd/chromia composite, the
isotherms are very sloping while the H capacities remain
unchanged. The sloping increases with increase of temper-
ature (Figs. 2–4) for the alloy IOed at 998 K. Since there
is no hysteresis and the “plateau” region is very sloping at
≥493 K, it can be asked if there are still two phases in the
“plateau” region of the Pdmatrix. The answer to this is pos-
itive because the locations of the most marked changes of
slope in the isotherms indicating the phase boundaries closely
match those forannealed Pd at each temperature. In addition,
the van’t Hoff plots evaluated atr = 0.2, 0.30 and 0.45 at

T = 400 K, 493 K and 513 K all have similar slopes for the
Pdmatrix as in the lower temperature range where there are
obviously two phases and hysteresis for the composite. If the
Pdmatrix were single phase, i.e., above its critical tempera-
ture, it would be expected that its thermodynamic parameters
would differ atr = 0.45 and 0.20. Two phase regions do not
exist for H in amorphous materials due to the spectrum of in-
terstitial site energies[14,15], however, the Pd/chromia com-
posite is not amorphous because its X-ray diffraction pattern
proves its crystallinity and, furthermore, the lattice parameter
of the matrix is identical to pure Pd.

On the basis of the above arguments it can be concluded
that hysteresis completely disappears for the composite at
≥493 K and is replaced by very sloping plateaux. It seems
that horizontal plateaux have large hysteresis whereas sloping
plateaux exhibit smaller hysteresis in this system, however,
this is not true generally and large hysteresis plus sloping
has been found for some inhomogeneous Pd alloys. For Pd
films [4] there is a critical point lowering where the breadth
of the plateau decreases andTc is lowered for very thin films,
50 nm.

3.3. Thermodynamics

The thermodynamic parameters for the composite were
d K at
r
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etermined from plateau pressures from 273 K to 373
= 0.30. The van’t Hoff plots (Fig. 5) give �H of hydride

ormation and decomposition for the Pd/chromia compo
f −20.9 and 21.5 kJ/mol1

2H2, respectively, as compared
18.6 and 20.3 kJ/mol1

2H2 for annealed Pd. The sum of th
agnitudes of the two plateau enthalpies forannealed Pd

s 19.4 kJ/mol12H2 and for the Pd matrix of the compos
t is 21.2 kJ/mol12H2. The former is close to the calorim
ic value of 19.2 kJ/mol12H2 [16]. It has been shown that t
verage of the magnitudes of the van’t Hoff plots should
first approximation, be the same as the calorimetric v

17]. |�Hav,plat| is 1.8 kJ/12mol12H2 greater for the Pd ma
rix than forannealed Pd. The larger enthalpy magnitude
d matrix than forannealed Pd largely causes the plate
ressure decrease. This may be due to the internal st
hich assist both hydride formation and decompositio
nalogy to a cyclic deformation assisted by the Bausch
ffect.

.4. Possible origin of hysteresis reduction

Hysteresis is nearly eliminated at 323 K after cycling
Oed (998 K) Pd0.93Cr0.07 alloy (Fig. 1), i.e., it falls to abou
ne sixth of the value forannealed Pd evaluated as the ar
f the loop, i.e., per mol Pd. Although it contains a sec
hase of nanocrystalline oxide precipitates, this can st
onsidered to be a marked reduction of hysteresis fo
ecause thematrix is a pure phase.Both plateaux pressure
ecrease after IO but before any cycling. It should be ke
ind that large dislocation densities are formed from cyc
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Fig. 5. Van’t Hoff plots for plateau pressures;©, hydride formation and
�, decomposition forannealed Pd and the corresponding filled symbols
are hydride formation and decomposition for the Pdmatrix from IO of the
Pd0.93Cr0.07 alloy. The plateau pressures have been evaluated atr = 0.30
for both. The solid lines are for annealed Pd and the dashed lines for the Pd
matrix from IO.

Pd through its hydride phase change because of the large
lattice expansion/contraction, 11%, in the ductile Pd[18]. It
is known that small, coherent precipitates interact strongly
with dislocations; this is the basis of dispersion hardening
[13]. These phenomena are analogous to the changes
observed after cycling some Pd-rich alloys[19,20]. In both
cases the disturbances in the lattice interact with the moving
dislocations generated by cycling. In may be that the result-
ing dislocations cause internal stresses which aid in nearly
eliminating hysteresis and in decreasing plateau pressures
A MgH2–Cr2O3 composite prepared by ball-milling has
been shown to increase the rates of absorption/desorption
[21] compared to MgH2. It seems that chromia com-
posites may prove to be useful for hydrogen storage
systems.

The initial hydride formation plateau after IO of the
Pd0.93Cr0.07 alloy is reasonably horizontal (323 K) but af-
ter cycling, it becomes increasingly sloping especially in the
region where hydride conversion is>50%. The pronounced
sloping is not due to impurities in the Pd matrix but must be
due to stresses which develop during cycling. The decompo-
sition plateau is more horizontal than the formation plateau
but it also slopes in the plateau region where the hydride
phase fraction becomes small. It seems clear that the near
elimination of hysteresis is facilitated by stresses from the
microstructures which develop after cycling the precipitate-
c

4. Conclusions

The most important results of this research with the com-
posites resulting from the IO of a Pd0.93Cr0.07 alloy are that
both plateau pressures decrease below those for annealed Pd
and that hysteresis is significantly smaller than for annealed
Pd. Other metal/chromia composites may prove to have re-
duced hysteresis which would be useful for hydrogen storage
purposes.
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