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The 30° absorption isotherm for hydrogel dissolved iu a highly active palladiumn black has been measured and found to
agree very closely with an equilibrium desorption isotherm obtained previously by Gillespie and Hall. Partial molar heats
of desorption for the system palladium-hydrogen liave been calculated from the isothermis. Partial inolar heats of absorp-
tion and desorption of hydrogen from palladium liydride also have been measured in an adiabatic calorimeter. These
values are used to calculate the free energy and the entropy change associated with the formation of Pd,H from the elemeits
at 30°. Agreement between the calorimetric heats and those calculated from tlie temperature coeflicient of the equilibriuin
pressure establishes a reasonahle criterion of equilibrium for the systeni.

Introduction the a-phase having a parameter of 3.886 A, and

Palladium is a rapid exothermic absorber of the 8 a parameter of 4.020 A® .
large volumes of hydrogen. Although this phe- The data presented in this paper were compiled
nomenon has been the subject of many previous for the purpose of calculating the entropy for the
investigations,>? no entirely satisfactory explana- system Pd,H at near room temperature. Such a
tion of the nature of the bonding force has been Vvalue is needed in order to determine the absolute

established. The phase equilibria of the hydrogen— entropy of Pd»H at 0°K. from a third law study.
palladium system have been extensively investi- It is best that this be determined on the sample
gated for different forms of palladium (wire, foil, used for the third law study. Therefore, a series of
sponge and black). Hysteresis effects have been equilibriuin pressure and heat of abso_rptlon meas-
quite evident in all the isotherms, especially those urements have been made on a very active palladium
for temnperatures below 160°. black between 273 and 345°K.

By using a special heat treatment technique, Materials.—The palladium used is a special grade of
Gillespie and Hall* obtained, at temperatures as palladiumblackobtained froin Bakerand Company, Newark,

low as 0 and 30°, apparently true equilibrium iso- New Jersey. This gxtremely active palladium is made .for
v their own research purposes, so the inethod of preparation

tl_lerms which are located bet\\(een the usually is not available. The purity is given as 99.9¢;. Although
different absorption and desorption curves. The  the density of bulk palladimn is 12.0 g./ce., the packed
equilibrium isotherin is interpreted as indicating density of this black powder is only 0.6 g./cc.  One sample,

: : . : , ; veiglii 277 g., was sealed into a gold caloriineter and
two solid solutions: one is a hydrogen-poor solution ~ ‘Weighing 34 g : g
’ € ¥ gen-p used for all of the experiinental work. The sauple was

(a-phase), the Oth?r 1sa hydrogep‘.rwh solution (8- ever heated over 100° because the material supposedly
phaS@) of approximate composition PdsH. For sinters at higher temmperatures. Any possible oxide of
both «- and G-phases X-ray analysis identifies the palladium was reduced initially by adding hivdrogen to the

palladium atom array as being face-centered cubic samiple and thell degassing at 98°. Following this redue-
' tion, the sample was exposed only to very pure lieliuni,

(1) Aided in part by contract Nijonr-269, T. O. I1l of the Office of  nitrogen and hydrogen.
Naval Research. Reproduction in whole or in part (s permitted for High purity hydrogen made by electrolysis and purified
any purposes of the United States government. by liquefying and then compressing into a high pressure
(2) A complete biblingraphy of the literature up to 1947 is given  cylinder was used throughout. All portions of the hydrogen
by D. P. Smith in the hook “Hydrugen in Metals,” University of  allowed to react with the palladiuim were first passed through
Chicaga Press, Chicago, I1,, 1048, a trap packed with activated charcoal and immmersed in
(3) (a) P. Wright, Proc. Phys. Soc. (London). 684, 727 (1950);  liguid nitrogen-batl.
(h) R. E. Nurbert, Phys. Revs., 86, 745 (1952). e
(41 1. I Gillespie and 7. P, Hall, T Jour~arn, 48, 1207 (19279, (7)) F. Kroger and G. Geh Jlna, Physik, 5] 16, 171 (1933).
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Apparatus.—The container for the palladium  black
satiiple is a closed gold cylinder fitted at the top with a gold
inlet tube and having au internal volume of 55.6 cc.  Con-
nection between the gold caloriineter aud a glass vacuum
system is Inade through a platinum-rhodium tube which
has an inside diameter of 0.0292 in. and which is gold
welded iuside the calorinleter inlet tube. The calorimeter
contains a 2.5 in. long re-entrant well whicli is gold welded
in the center of the cylinder bottour. The re-entraiut well
is designed for insertion of i1 platitun resistance thermonr-
eter.

Volumes of gas are measured inn a calibrated 3-liter Pyrex
bulb set up inside a 50-gallon insnlated stirred water-bath
whicli is kept at rooin temperature. Mercury from a stor-
age tank iimnersed in the water-bath can be raised into or
lowered from tlie 3-liter bulb in order to transfer the gas to
the calorimeter. The system is patterned after one de-
scribed by Giauque and Johnstou.®  Tlhe teinperature of the
water 15 measured on a wercury thernometer which las
been calibrated against u platinum resistaiice thermoineter.
The pressure of the gas is measured using a 13 1nu. bhore,
copper cased, 1nercury manoineter. Tle wmercury levels
and 1neniscus lieights were referred to a stainless steel,
calibrated 1eter bar by means of a Gaertner Scientific
Corporation M901 cathetometer.

The caloritheter vessel wags iinniersed in the inuer batliof a
double constant temperature hath for the isothermal pres-
sure~composition  study  aud the pressure~temiperatire
studies at fixed composition. Tlie inner bath consists of a
1000-cc. insnlated Pyrex beaker cquipped with a Transite
lid and provided witlt a stirrer, a calibrated platitnn resist-
antce thermotlieter, an wlcalibrated platinuin  resistance
thermometer, and a six-watt light bulb. Tlhe uncalibrated
resistalice thermnometer was used to coutrol the temperature
by mmeans of a Wheatstolie bridge arrangement in which any
unbalance of the bridge resulting fromm a teluperature
chaige in tlie bath of 0.001° or nore is detected by a type
R galvanometer. A light beam reflected fromn the galva-
nometer mirror activates a photocell relay cirenit whicl
turns on or off the six-watt bulb. (lycerol was used as tlie
medium in both inner and outer baths, Tlie outer bath
was controlled by means of a iercury thermostat at a few
teinths of a degree below the temperature of the buter batl,
Measured fluctuations of temperature in the inner bath
amowted to £=0.002°,

Heauts of absorption and desorption were measured in the
salne gold calorimeter vessel after it lad been incorporated
in an assemnbly designed for adiabatic operation withh high
vacuum insulation, This adiabatic assembly is described
in the following paper.” Teinperatures are nieasured with a
strain-free platinu  resistance thermometer, Pt-G-5,
based ou the International Temperature Scale. The calo-
rilneter was lield adiabatic during the addition of gas and
until equilibrium was establislied, or in many cases,
until pressure and teinperature changes were small enough
to allow extrapolation to an approximate equilibrinm.
The lhieat of absorption per mole of liydrogen is calenlated
fromn tlie samte expression used for lieats of adsorptinu,
namely®

Cpal” .
= ,.pi.]_ — Lc.‘li[.) (1)
n n
where AT is tlie temperature rise, # is tlie number of moles
of hydrogen absorbed, AP is the change in pressure during
absorption and Ve is the dead space voluine of tlie calo-
rilneter. The calorimeter was cooled between iicrements of
hivdrogen added so thiat tlie mean temperature for eacl rise
wasabout 30°.  Tlie mean heat capacity of tlie systemn before
and after absorption of livdrogen, Cy, was interpolated to the
mean temperature for tlhie temperature rise.  Tlhe measnred
lieat capacities have been corrected for the heat of desorption,
whicli is assiimed to be equal in magnitude to the ineasured
ltleat of absorption but tegative in sign, and the lieat of

(6) W. F. Giauque and H. L. Johnston, Tms Jourxar, 81, 2300
(1929).

(7) Donald M. Nace and J. G, Aston, ibid., 79, 3623 (1937).

(8) G. L. Kington and J. G. Aston, {bid., 78, 1929 (1951). In
equation 1 a term, due to temperature rise, has been neglected since
thés term is insignificant. This i{s the term n,R(07/dug)s 1 eq. 14
of this reference.
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compression.  The equation for making these corrections
to the measured valnes is

(-0 cal
AT AT
where C, is the measured lieat capacity and Ax is the in-

crease il the munber of moles of gas in the dead space.

After eacll measurement of lieat evolved by o given
quantity of gas, the calorimeter was cooled to the initial
temperature and one or two licat capacity measureients
were 1nade between tle initial and final temperatures of the
lieat of absorption measurement. The heat of absorption
was calcilated by a series of reiterations of cg. 1 and 2
since g and Cp appear in both equations.

The Absorption Isotherm.—A 30° isotherm for
the absorption of hydrogen in palladiuin black was
determined in the isothermal apparatus. The
isotherm is shown as the solid curve in Fig. |
where it is compared with the 30° isotherin obtained
by Gillespie and Hall.* Since the Gillespie and
Hall isotherm is a desorption isotherin brought to
equilibrium by the use of a 360° heat treatment
prior to each pressure measurenient, the sinnlar-
1ty between these isotherms indicates that true
equilibriuin has also been reached in the absorption
isotherm of this paper. Equilibrium, as revealed
by the constant pressure portion of the isotherm,
has never reportedly been obtained for the ub-
sorption of hydrogen in palladiun below 160°
without a heat treatment. The reason for the
lack of hysteresis in the present investigation is
undoubtedly inherent in the extremely finely divided
state of the palladium black used. Pressure
equilibrium for the isotherm was obtained i two
to six hours after addition of a hydrogen incre-
ment. Three of the experimental points of the
isotherni were obtained after allowing the pressure
to comie to equilibrium overnight, but the pressure
increased only 0.02 mm. after the second honr.
The pressure during the horizontal portion of the
isotherm varies only £0.20 mm. from an average
of 17.35 mm. This value 1s 1.43 . (AF = 5l
cal.) below the value obtained by Gillespie and
Hall.

After sutficient hydrogen had been absorbed in
the palladium to pass the second break in the iso-
therm, about 129 of the hydrogen was desorbed.
The pressure fell to a low value quite rapidly, and
the calorimeter had to be heated to 807 in order to
desorb such a large quantity of hydrogen. This
desorption curve, as shown in Fig. 1, 1s identical
with that obtained by Gillespie and Hall on desorp-
tion of hydrogen where the 360° heat treatment was
not previously applied.* No increase in pressurc
occurred over a period of four days alter desorptionr
of hydrogen. By heating the system again and
holding it at SO° for 24 hours, the pressure after
the system was cooled to 30° differed from that
before the second heat treatiment by only 0.10 unm.
Reabsorption of hydrogen raises the pressure to a
point where it coincides with the original absorp-
tion isotherm. A second set of desorption and
reabsorption isothers is shown in Fig. 1.

Isosteric Heats of Desorption.—The palladium
hydride at a composition of about 0.40 atom of
hydrogen per atom of palladium was heated to +5°
and pressures were measured at a series ol tem-
peratures from 145 to 753°. The temperature was
controlled with an accuracy of =0.002° mrd

Co= Cp— (an) + i (2)
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Fig. 1.—Isotherm at 30° for hivdrogeu in palladium: solid
curves, data of present investigatiou; open circles, absorp-
tion; half-filled circles, desorption; filled circles, absorption
following desorption; daslied curve, data of Gillespie and
Hall.,

pressures determined within +£0.04 mm. A plot of
log p #s. 1/7 for the equilibrium pressure data over
this 30° temperature range is shown in Fig. 2
(open circles). On a large scale plot no curvature
is evident. The slope of this line corresponds
to a heat of desorption of 8870 cal./mole of hydro-
gen, which agrees very closely with the value of
S860 cal./mole obtained by Gillespie and Hall*
from their 30 and 80° equilibrium values (line
with no points in Fig. 2). However, it was found
that on decreasing the temperature from 75 to 45°,
the pressure values did not fall on the same straight
line but established a new straight line (filled
circles). The palladium hydride was heated again,
and the equilibrium pressure was measured at
several temperatures between 43 and 75° (half-
filled circles). Pressures also were measured at
several temperatures on cooling to 50°. All points
obtained after the first 75° heating lay on the
second straight line. The 14 experimental points
from 33 to 75° were least squared to fit a straight
line. The heat of desorption calculated is 9440.8
cal./mole of hydrogen The most probable error
in the experimental data corresponds to =+0.1
mm. pressure at 75° or +0.5 mm. at 53°. The
probable error in the heat of desorption is +0.9
cal./mole of hydrogen if equilibrium could be
assumed.

In the process of measuring heats of absorption
and heat capacities in the adiabatic calorimeter,
additional pressure-temperature data were ob-
served. Log p ws. 1/T plots of the data obtained
are shown in Fig. 3. The sample of palladium
hydride had been comnpletely degassed prior to
these nieasurements and hydrogen added until the
final composition corresponded to 0.487 atom H
per atom Pd (open circles). It was during this
addition of hydrogen that calorimetric heats of
absorption also were measured. The isosteric
heat calculated on the basis of the slope of this line
is 9330 cal./mole. After a period of two months
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Fig. 2.—Pressure—temperature data for Pd + 0.2 H,:
open circles, preheated to 35° only; filled circles, preheated
to 75° and temperature lowered to point; half-filled circles,
preheated to 75°, cooled to 45°, and then raised to point;
line without points, data of Gillespie and Hall.
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during which time the sample was subjected to
temperatures from 15 to 300°K., pressures were
again nieasured from 12 to 73° (half-filled circles).
The plot of these data gives an isosteric heat of
9640 cal./mole. However, after heating to 73°
and cooling to room temperature (filled circles),
the corresponding isosteric heat is 10,300 cal./mole.

This variation of the isosteric heats must be due
to lack of internal equilibrium.

Calorimetric Heats of Absorption and Desorp-
tion.—Heats of absorption were measured calori-
metrically at 30° at various concentrations of
hydrogen. Heats of desorption of hydrogen from
palladium hydride were measured at 68°. The
heat determinations are listed in Table I,

The heat of absorption of hydrogen remained
constant over the entire mixed phase region of
palladium hydride. The average value of the
heat is —9605 cal./mole at an average tempera-
ture of 30.195°. The average deviation of the
heat of absorption is =+435 cal./mole and of the
temperature is +0.146°.
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Fig. 3.-—-Pressure~teinperature data for Pd + 0.2435 H,:
upen circles, inunediately after addition; half-filled circles,
after two months; filled circles, after subsequently lieating
to 73° and cooling to room temperature,
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The heats of desorption do not agree well with
those of absorption or with each other; this is
due undoubtedly to a great lack of equilibrium
during desorption, whereas there is good equilib-
rium for the absorption.

The heat of the reaction

1Pd 4+ H. (] atm.) = 2Pd.H (3)

is the total heat of absorption of hydrogen from
pure palladium to the composition of PdsH based
on a mole of hydrogen. The one determination
of the a-phase heat evolution resulted in a value
of 8948 cal./mole; the average heat evolution
during formation of 3-phase Pd.H is 9603 cal./mole.
Since the o-phase heat evolution, which occurs up
to the atomic ratio 0.1253, corresponds to one-quarter
of the over-all reaction to form Pd.H, the value
of AH® corresponding to equation 3 is given by
AH® = /,(—8948) + 3/ —9605) = — 9440 % 45 cal./mole
()

Since the heats of absorption are measured directly,
lack of thermodynamic equilibrium should not
greatly affect them, particularly when the equi-
Iibriwin during absorption is as good as it was in
these measurements. The fact that the isosteric
heats are even close to the measured values is
an indication of relatively good equilibrium in
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A. HEAT OF ABSORPTION OF HYDROGEN AT 30°
1 cal. = 4.1833 int. joudes

Clange in Mean ratio Meai temnp, Al,
Phase moles of Hy H/Pd T, °K. cal. mole !
a 0.01653 0.052 305.685 — 8948R
«+ 8 01198 140 303.638 — 9643
a+ 8 01134 212 303.535 =955+
a + 3 01273 JART 303.519 — 9562
o+ 83 009905 308 303,664 — 0564
a + 3 007176 412 303,223 — 906065
o+~ 3 005464 451 30:3.0617 — 9583
w« + 8 L002K800 AT 303.382 — 0665
Av.ofall o + 3 303,355 — 9605 £ 45

B. HEeaT oF DESORPTION OF HYDROGEN AT 6R°

a+ B 0.007878 0.460 341.270 10280
o+ 8 .007851 412 341.753 9304

the absorption measurements. Thus we emnphasize
that the calorimetric heats of absorption are the
only ones that need be considered. Their internal
consistenicy is an excellent confirmation of the esti-
mated accuracy.

Free Energy and Entropy for Formation of
Pd:H.—The change in the standard free energy
for reaction 3 can be calculated from the pressure-
composition relation during the course of the
reaction in which

AF® = 2F°%gmn — Fii*® — 4F%y = 2F%qn (5)

Since reaction 3 represents a solution of hydrogen
in palladium with the two limits being pure pal-
ladium and pure Pd.H, the entire process can be
treated thermodynamically using the conventional
method for handling solutions; that is, the partial
molar free energies of the comnponents are considered

Fram = 2(Fpgdram — 1 Fu)ran (6)

The free energy in the standard state of PdoH
(which is, of course, pure Pd.H) is thus relative to
those of pure palladium and hydrogen in the ideal
gas state at 1 atm. pressure. Since the hydrogen
in Pd,H is in equilibriunmt with hydrogen gas at the
equilibrium pressure, P, the partial molar free
energy of hydrogen in palladium hydride is given by

(Fa)vasse = /+Froqy = OBRT It paywany  (7)
Using the Gibbs-Duhem equation, one obtains
- x=0.5
(Fravda = —“-5/(1'." 0 xdlu praevds oy (8)
=

where v stands for nu/nps.  Since the square root
of the pressure follows a straight line relationship
with composition at the very low concentrations of
hydrogen, the integral is best evaluated in two
parts: the integral of x dp'”/p'” at low concen-
trations, 7.¢., an upper limit of x = 0.04, and the
integral x d In p for the higher hydrogen concen-
trations. The experimental pressure-composition
data used in the evaluation of the integral are taken
from the isotherm of Fig. 1 which is extrapolated
at low concentrations of hydrogen to coincide
with the isotherm of Gillespie and Hall. Graphical
integration of eq. § produced a value of (Fpd)pas =
—18.7 cal./mole. The standard molar free energy
of Pd,H is then evaluated from eq. (6 and 7 to be
F°pan = —1133 = 0 cal./mole. The hydrogen
pressure in equilibrium with Pd,H for this caleu
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lation was taken as the average equilibriuin pressure
for the seven heat of absorption measurements in
the mixed phase region. This average pressure is
1878 =+ 0.91 mm. From eq. 5, AF%ppe =
—2306 + 12 cal./mole.

According to the second law of thermodynamics,
the entropy change for reaction 1 is

éﬁo —_ AF°

ASe = T (9)
At 303.16°K., using the above calculated values for
AH® and AF®, AS®5.060e = —23.50 £ 0.19 e.u.

Discussion of Results

The change of slope of the straight line obtained
from the pressure—temperature relationship after
heating to 75° obviously involves some change in
the structure of palladium hydride which is brought
about by the increase in temperature. The change
is apparently permanent since the desorption en-
ergy is fixed according to the highest temperature
to which the hydride has been heated. The most
surprising aspect of this effect is that only 109, of
the hydrogen in the palladium had not previously
been heated to 80°. Most of the hydrogen in the
hydride had been heated to 80° when the two
desorption experiments illustrated in Fig. 1 were
accomplished. This indicates that the hydrogen
pressure is determined by a relatively small
quantity of hydrogen which probably is located in
the surface lattices of the metal and which is not
in all cases in internal equilibrium with the hydro-
gen in the interior of the metal. This fact is ex-
plained in the third paper of this series. The fact
that equilibrium pressures are indicative of only
the surface hydride concentration invalidates the
use of isosteric heats at low temperatures for abso-
lute values of the heat of desorption.

Heats of absorption have been measured twice
before calorimetrically, both times at 0°.Y The
ice calorimeter apparatus used in both investiga-
tions is useful only in measuring fairly rapid heats

(9) (a) I.. Mond, W. Ramsay and J. Shields, Trans. Roy. Soc.
(Londown), A186, 657 (1835); (b) L. J. Gillespie and H. A. Ambrose,
J. Phys. Chem., 38, 3105 (1931).
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of reaction, certainly not in observing heat effects
over long equilibrium times. The average of a set
of almost constant values measured by Mond,
Ramsay and Shields®® at 0° is —9362 cal. mole~.
Gillespie and Ambrose®® found —9283 cal. inole 1.
The palladium blacks used by both these investi-
gators are known to exhibit hysteresis effects when
hydrogen is absorbed at low temperatures so that
these values are probably too low on this account.

From the experiments of this paper, the heat of
absorption in the a-phase is found to be lower than
the constant heat of absorption found in the mixed
a- + B-phase. Although Gillespie and Ambrose’s'®
calorimetric investigation detected no difference in
the heat of absorption at low and at high concentra-
tions of hydrogen, their isosteric heats were 6000
cal. mole~! in the a-phase and S800 cal. mole—!
in the mixed phases.

The fact that the several investigations give
better agreement for the calorimetric heats of ad-
sorption than for the isosteric ones must be due to
the fact that they are less affected by lack of
equilibrium.

As mentioned above, the fact that the calori-
metric desorption heats for the mixed «- and 8-
phases are not constant during desorption must be
due to the very great desorption hysteresis evident
in the isotherm of Fig. 1. The reason for desoip-
tion hysteresis, even though absorption hysteresis
does not occur, will be discussed in a following
paper!? because it involves a new mechanism which
is postulated for hydrogen mobility through the
metal.
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Palladium Hydride. II.

The Entropy of Pd,H at 0°K.!

By Do~NarLp M. Nace anND J. G. AsTON

RECEIVED FEBRUARY 13, 1957

The heat capacity contribution due to the absorbed hydrogen atoms in palladium hydride at a composition of nearly
Pd.H was measured in a newly constructed adiabatic calorimeter over small temperature intervals from 16 to 340°K. A

residual entropy of 0.59 =+ 0.18 e.u. has been calculated from experimental data to exist at 0°K.

It is concluded that Pd.H

does not approach a completely ordered state at low temperatures and so is not a true compound. The shape of the heat
capacity curve indicates the probability of covalently bound hydrogen at low temperatures with a dissociation process oc-
curring as the temperature is varied. More evidence for this model is to be given in the succeeding paper.

Introduction
If Pd:H were a true compound, and there were
no hydrogen bonding as in ice, the entropy at 0°K.

(1) Aided in part by Contract N6onr-269 T. O. 1IT of the Office of
Naval Research. Reproduction (n whole or n part is permitted for
any purjroses of the United States government.

should be zero. This principle has been used by
Hildenbrand and Giauque? to establish that at low
temperatures ammonium oxide and ammonium
hydroxide are true compounds. By using calori-

(2) D. L. Hildenbrand and W. F. Giauque, THIS JOURNAL, 78,
2811 (1953).



