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EQUILIBRIUMPRESSUREMEASUREMENTSIN THEBETA
REGIONOF PALLADIUMPROTIDEANDPALLADIUMDEUTERIDE

by

DeanH. W. CarstensandW. RoyDavid

ABSTRACT
We havemeasuredthepressure-compositionisothermsof the
palladium-deuteriumandpa.lladium-protiumsystemsin the beta
regionof bothand theplateauregionof theprotide. For thesetwo
systems,data weremeasuredat pressuresup to about3.5MPa (500
psi) and at temperaturesfrom 173to 473 K. Thisstudyextendsto
a greaterpressureandtemperatureregimethe workon palladium
hydridesreportedpreviouslyby otherauthors.

We alsoreportresultsof an empiricalanalyticalfit to the data for
thesetwo isotopesystems. For completeness,we haveappliedour
analysisto previouslyreporteddata for the tritide. The datawere
fit to an equationof the form

P = exp{A+ 21n[R/(1-R)] - (1?- CR)/~ + exp[ll + E/~ ,

whereR is the hydrogen-to-metalatomicratio,P is thepressure,
and T is the temperature.A, B, C, D, andE areempirically
determinedparametersanddifferfor absorbingand desorbing
systemsof each isotope. This equationgivesa goodtit to the data
in the betaregionof the absorptioncurvesbut a poorerfit in the
alphaplus beta (plateau)region.

INTRODUCTION
The equilibriumoverpressureof all threeisotopesof hydrogenoverpalladiumhydridehas

1-15Isotiems for thepalladiumprotideSyskm,forattractedmuchinterestover theyears.
example,havebeenreportedup to 100MPa and 477K by Levineand Weale.8Our objectivein
this reportwas to providea largebodyof data for theprotideanddeuterideto be usedwith the
tritidedataof Talcottet a.1.9in developingan analyticalfit to describethe behaviorof the data in
the beta regionof the absorptionisotherms.



As will be shownin a later section,our datado not agreewellwithpreviouslyreportedwork.
Thiswe now believeto be due to a systematicerroror to lackof equilibrium,the latterparticu-
larlyat low temperatures.Despitethe error,we reporttheprotideanddeuteridedata for two
reasons. Firsg it helpsto extendtheknownbodyof datato a largertemperatureregimeand, in
t.hecaseof thedeuteride,to a higherpressureregime. Second,it providesa bodyof data for
testingour analyticalfi~ describedlater.

Also,we performeda smallerseriesof experimentsusinga carefullycalibratedvolumeand large
amountsof protiumaddedin a singleincrement.Theseexperimentsweredesignedto minimize
any systematicerrors,and betteragreementwiththe literaturedatawasobtained. However,the
data shownin latersectionsof this reportwerenot correctedto reflecttheseone-addition
experiments.

At the startof this decade,Serniltovandothersll-13reportedthe existenceof a thirdphaseof
palladiumprotide,thegammaphase,at hydrogen-to-metalratiosabove 1.0. Anotherof our
objectivesin thisworkwas to lookfor thisphase,but we sawno evidenceof sucha phase.

EXPERIMENTALDETAILS
Palladium(99.9%pure) for theexperimentswaspurchasedfromEnglehard(# A-4573,lot
F01161). Usualsamplesizewas 2 g, and thepowderparticleswere2-50m andhad a specific
surfacearearangingfrom0.734to 0.797m2/g. Protiumanddeuteriumgas wereused as they
camefromthecylinderwithno furtherpu.ri!lcation.Beforemeasurements,the palladiummetal
was treatedusinga two-stepprotiumabsorptionand resorptionprocedure. After thisprocedure,
reproducibleisothermswereobtained.

A typical,all-metalSieverts’apparatuswas usedfor the measurements.It consistedof a stain-
less steelfurnace(volume16cc),whichcontainedthe metal,connectedto a measuringvolume
(20cc) and a pressuretransducer.The temperaturesof the measuringvolumeand the furnace
werebothmeasuredwith thermocouplesto permitaccuratedeterminationsof hydrogen-to-metal
ratios. The temperaturesof each,althoughdifferen~weremaintainedconstantby a suitable
heater(for the furnace)andinsulation(forboth). The interconnectingvolumewas small(4 cc),
to minimizeerrors. Duringtheexperimentalruns, the systemwas automated so that anHP85
computercontrolledthe temperatureand tookdatameasurements.The experimentalapparatus
wasconstructedfor pressuresonlyup to 3.5MPa (500psi), and the transducerhad a similar
range. It was designedfor relativelylargeramountsof gas andmetalthanwas the apparatus
describedin our previousrepo~g whichhelpedto minimize measurementerrorsarisingfrom
temperaturedifferencesat variouspointsof the apparatus.

The experiment.alprocedurefor this seriesof experimentswas as follows. To obtaina seriesof
datapoints,a measuredquantityof protiumor deuterium(togivea hydrogen-to-metalratioof
about0.7) was addedto the metalandthe temperaturewascycledup anddownat approximately
constantcompositionbetweenthe two temperatureextremes(173and473 K) whiledata were
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takencontinuously.Eachup anddowncycletookabout24 hourswithhalf-hourpausesateach
extremeto allowequilibration.

For eachrun, the cycleswererepeatedat least the timesto checkfor reproducibility.Data
pointswere takeneveryminuteandstoredon tapefor lateranalysis. Followinga givenrun, a
measuredamountof gas wasremovedfromthe systemandthe processrepeatedto givea new
seriesof datapoints. Theseremovalsandmeasuringprocesseswererepeateduntil the pressures
droppedto theplateauregion.

The datawere then transferredto a largerdesk-topcomputer(HP9845)forplottingand data
analysis. For the protideanddeuteride,the data for eachrun wereplottedon the CRTscreenand
digitizedeveryten degrees. The digitizeddata (an averageof the severalruns)were thenused
for plottingand analysisand werefit to an analyticalform(discussedlater)by a nonlinearleast
squaresmethodbasedon the algorithmof Marquardt.

RESULTSANDDISCUSSION
Inthefollowingsix figureswe presentthedata for the protide(Figs. 1 and2), the deuteride
(Figs.3 and4), and the tritide(Figs.5 and 6). In all threecases,the fiitfigure is for the system
absorbinggas, the second,for desorbinggas. In allplots, isothermsfor the highertemperatures
are shownon the left,with temperaturedecreasingas the isothermsprogressto theright. Actual
datapoints arerepresentedby eitherclosedor opencircles. To aid thereaderin identifying
isotherms,the openpointsanddashedlinesshowtemperaturesat 50degree intervals.

The lines throughthepointsshownon the six figuresrepresentour mathematicalmodelof the
data,whichis discussedin moredetail later.

On comparingtheprotideanddeuteridedata withthe tritidedata,we noted a significantdis-
crepancyin theresultsobtainedfor the betaregion. Examiningtheplots for the threeisotope
systemsin the beta~gion of thecurvesrevealsthatalthoughthe curvesshift to the righton
goingfrom the tritideto the deuterideto the hydride,the first shift is appreciablyless than the
second. This is not whathas beenreportedby otherauthors. LasserandKlatt,l for example,
foundthe shift fromthe tritideto the deuterideonly slightlysmallerthan that fromthe deuteride
to the hydridefor the risingcurvesin the betaregion.

The differenceis mademoreobviouswhenour data arecomparedwith thosein the literature.
(Mostof the datareportedby previousauthorshavebeensummarizedby Santandreaand
Behrens2in theirreviewarticleon palladiumhydrides.) Comparingdata fromdifferentstudiesis
difficultbecausein general,authorstendto presentplots ratherthanactualdatapoints. Thus,our

13WickeandNernst,discussionwillconcentrateon the dataof Perminov, 14andLasserand
Klatt,l all of whomeitherpresentedtablesof dataor gavean empiricalanalyticalformulathat
facilitatescomparison. Thesethreestudiesalsoappearto representthe bulkof thereporteddata.

3



For the mostpart, the threereporteddatasets agreedto withina fewpercentagepoints. An error
envelopeof 1-3%is reasonableagreementbasedon expectedrandomexperimentalerrors. And
althoughour tritidedata agreedwith thoseof LasserandKlatt to this limit,the deuteridedata
weresomewhatlower(by about4%) and thehydridedataevenlower(by 5-6%). In at leastone
case, thatof the hydridedataof Perminovat 373 K, a goodagreementwithour datawas seen.
This appearedto be an isolatedcase,however.

Thus, thereappearsto be a meaningfulsystematicerror in our measurementfor the protideand
thedeuteride. Analyzingconceivablesourcesoferrorsuggests severalpossibilities: (1)
hysteresiseffectsor a lackof equilibriumin the samples,(2)differencesin the formof the
palladiumused, (3) an improperlypreparedsampleor admissionof oxygento the gas supply,or
(4) a systematicerrorcausedby a faultyvolumecalibrationor by a sumof smallsystematic
errorsin the gas additions.

Becausethe datapointswere takenfrombothsidesof equilibrium,we do not suspectlackof
equilibriumas a majorsourceof error. However,the magnitudeof thedifferencetendsto
increaseas the temperaturedecreases,suggestingthat subtleequilibriumeffectsmaybe influenc-
ing the measuredvalues.

For a secondpossiblesourceof error,evidencein the literatureindicatesthat apparentlythe form
of the palladiumsample(black,powder,or massive) doesnot affectthe curvesin the beta
regions. A thirdpossibility,oxidationof the sampleis alwaysconceivableandwoulddisplace
thecurvesin the correctdirection. However,becausewe tookpains topretreatour samplesby at
least twohydridingand dehydridingcycles,we do not believeoxidationto be a source. Of
course,even a very smallleakduringtheexperimentcouldappreciablycontaminatethe sample.

Thus,we now believethe lastpossibility(a volumecalibrationerroror a.sumof smallvolumetric
errors)to be the mostplausibleexplanationof the totalshift in thedata. Becausethe error
increasesat lowertemperatures,lackof equilibriummaybe affectingthedata. Unfortunately,
the apparatushad beendismantledby the timewe realizedthemagnitudeof theerror,makingit
impossibleto checkout thevolumecalibrations.We did do a seriesof “one-addition”experi-
mentswith theprotide,usinganew andcarefullyrecalibratedsystem. For theseexperiments,a
largeamountof gas was addedto a pretreatedpalladiumsamplesuchthat the finalequilibrium
pointwouldlie on somepartof the betaregionof thecurve. Severaldatapointsweremeasured,
with the samplebeingdecomposedbetweeneachmeasurement.Thesepointswereessentially
withinthe errorenvelopedefinedabove(lyingabout2$%0belowLasserandKlatt’sdatapoints).

We measuredplateaupressuresonly for theprotide. Applyinga least squaresfit to theprotide
data (forH/M = 0.3 to 0.4) led to the followingequationsfor theplateau:

in P (MPa) = -4390/T+ 8.33(desorbingdata), (1)



P(MPa) = -476WT + 8.99 (absorbingdata). (2)

As a comparison,we calculatedstandarddesorbingand absorbingheatsof formationof the
protidefromthe fust coefficient,obtaining-8730cal/mole~ and-9470caVmole~ for the two

cases,respectively. The valuescomparewellwith thevalueof-8860 callmole~ calculatedby

GillespieandHa117from theirp-c-tdata. Similarly,Lasserand Klattl foundvaluesof -9320and
-8940cal/mole~ for thepalladiumprotidesystemdesorbingandabsorbinggas. The agreement

is aboutas expectedconsideringthe inaccuraciesin thedatameasurements.

Severalauthorshaveattemptedto fit thecurvesin the betaregionsof palladiumhydridesto their
data. Perminov13was the first. Notingthat theplotsof logP versusconcentrationwerelinearat
highpressures,he usedan equationof the form

InP = a + bR, (3)

whereR is the hydrogen-to-metalratio. His data werefor theprotideat pressuresup to 1700
atm. Later,WickeandNemst14fit the protideanddeuteridedata,andSicking,15the tritidedata,
withan equationof the form

in P = A i- 21n[R/(1- Z?]-(B - Cl?)/T, (4)

whereA, B, and C are empiricallydeterminedparametersdifferingfor each isotopesysteu R is
thegas-to-metalcompositionratio,P is the pressure,and T the temperature.We attemptedthis
fit usingthe nonlinearregressionanalysisdiscussedin the experimentalsection. Note that for
this analyticalfit, as well as for thosediscussedlater in this section,we used the entiredata set
for each individualisotopesystem,whetherabsorptionor resorption data,a totalof six fits for
eachof the six cases.

The Sickingfit wasnot successfulfor tworeasons. First, as shouldbe obviousfromthe analyti-
cal formof the equation,it returnsto zerotoorapidlyand cannotbeginto accountfor theplateau
regionof the experimentalcurve. Second,and moreimportantin thiscase, the analyticalcurves
werenot wideenoughto accountfor the data. That is, the data at high temperatureswere too far
to the left of the curves,while thedataat low temperatureswere too far to the rightof the curves.
Our second,more-successfulattemptat the fit usedan equationof the form

P = exp(Sicking)+ exp[D+ E/TJ, (5)

whereD and E are two moreempiricalparametersand “Sicking”is theright-handsideof Eq. (2)
above. Note that this is just the Sickingequationwithan addedtermto accountfor the
constantplateauregionof theexperimentaldata.
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Figu.m 1-6showthefits to thisequation. Thefits agreeverywelIin the betaregionsover the
temperatureextremes,but the fittedcurvesfall somewhatbelowthe data in the plateauregions.

In the tablebelowwe have includedthe valuesof the six parametersfor all six casesfor
reference. Theseparametersare for thepressure,as measuredin MPa,andthe temperature,in
degreesKelvin. The numbersin parenthesesrepresentthe statistical90%confidencelimiton the
parameters.

Sefiletov ~d ~oworkersl~lzhavereport~ thepreparationand Crystal StrUCtUre of a new>higher

phaseofpalladiumprotide (thegammaphase),witha compositionof PdH1.2-13Theybelieved. .
theyhadpreparedthisphaseby eitherheatingthe palladiumto 873Kin an atmosphereof
protiumfollowedby rapidcoolingor by bombardingthe metalwithprotiumions. Thephasehad
a tetragonalstructure,as determinedby electrondiffraction.

As mentionedin the Introduction,oneof our objectiveswas to formthis phase. We had hoped
that applyinghigherpressureswouldforcethe palladiumto absorbmoregas andto approachthis
secondphase. However,our absorptiondiagramsshowno evidenceof thisphasein the curves.

Semiletovreportedthat the new protidewas decomposedonlyby heatingundervacuumto
temperaturesabove 1073K. If true, this impliesthat thegammaphaseis morestablethan the
beta,whichdoesnot seemreasonable. It also impliesthat theplateauequi.libriumpressure,ifa
plateauis observedin thephasediagramas thegammaphaseis formed,wouldbe lowerthanthat
for the beta. Thus,if onecouldformthegammaphaseby increasingthepressure,one would
expecta breakin thep-c-tcurvesas the gammaphaseformed.

A
TritideAbsorbing
TritideDeSorbing
DeuterideAbsorbing
Deuteride Desorbing
PmtideAbsorbing
ProtideDesorbing

Parametersfor theFit to Eq. (2) for theThreeHydrides

B c D E
10.23(0.03) 10770(20) 10370(20) 11.93(0.19) -5270(90)
10.30(0.25) 10870(350) 10460(380) 12.50(2.1) -5550(920)
7.93(0.54) 9050(680) 9070(760) 9.86(1.23) -4540(570)
9.58(0.55) 10510(690) 10260(760) 9.81 (0.89) -4620(420)
8.61(0.23) 10110(200) 9780(330) 9.11(0.88) -4710(400)
8.66(0.39) 10050(240) 9540(270) 11.87(1.1) -6060(510)
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