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THE INTERACTION OF OXYGEN WITH Ni(100)AND THE REDUCTION
OF THE SURFACE OXIDE BY HYDROGEN
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The interactionof oxygenwith Ni(100) hasbeenstudiedwith ellipsometry,Augerelectron
spectroscopyandlow energyelectron diffraction. The observationsof other workersarecom-
pletely confirmed.The sametechniquesand procedureshavebeenusedto studythereduction
of thesurfaceoxide with hydrogen. It is found that the reduction reactionrequireshydrogen
atoms,adsorbedon exposednickel atoms.At temperaturesbetween150 and250°C andhydro-
gen pressuresup to i0~

5Torr, thereductionproceedsviaa nucleationandgrowthtype mecha-
nism,with anactivationenergyof 23 kcal/mol.

1. Introduction

The interactionof oxygen with nickel single crystalshasbeenstudiedby many
authors [1—8].The low index facesbehavequite similarly. First, a chemisorption
stageis observedwith Augerelectronspectroscopy[1—3],with a saturationcover-
age of 0 = 0.5 for Ni(100), followed by thegrowth of oxide islandsof two to three
layersof NiO. The sameobservationshavebeenmadewith photoelectronspectro-
scopy [4,6]. LEED andRHEEDstudies[3,5] haverevealedthe existenceof p2 X 2
and c2 X 2 atomic overlayersin the chemisorptionanda complicated“NiO” over-
layerin thesubsequentoxidationstage.

The reductionof the surfaceNiO with hydrogenseemsto be less wçll studied,
althoughanextensiveliteratureon the reductionof bulk orsupportedNiO particles
exists [9—12]. In thesesystemsthe reductionproceedsvia a nucleationandgrowth
mechanismdescribedby the theoryof Avrami [13], though kinetic studiescanbe
hamperedby transportproblems[14].

In the presentpaperwe reporton our resultson the oxidationof Ni(100) with
02 and the subsequentreductionof the surfacenickel oxidewith H

2. Ellipsometry
was chosenasthemeansto monitor thesurfaceoxygencoverage,which allows con-
tinuous accumulationof kinetic dataas in previouswork [15,16]. Auger electron
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spectroscopyand LEED have beenusedto correlatethe observedellipsometric sig-
nals with surfacecoverages.A more detailedinterpretationof ellipsometricdatain
the (sub)monolayerregionis difficult aswill beshownin a future publication [17].

2. Experimental

The experimentswere carried out in the vacuumsystem describedpreviously
[18], with facilities for AES—LEED andsimultaneousellipsometry measurements.
The basepressurewas ~u10—1OTorr. Thecrystalwasthe sameasthatusedin previ-
ous experiments[19]. After sputter-cleaningand annealingthe crystal a small
amountof carbonalwayssegregatedto thesurface(~O.05monolayer).

Ellipsometry was done at an angleof incidence~o= 68.2°,X = 6328A with ei-
thertwo-zoneor off-null irradiancemeasurements.Thevaluesobtainedfor the clean
Ni(100) crystal(~= 133.08±0.12, ~Ji= 34.53±0.04)leadto optical constantsn —

1k = 2.33 ±0.04 — 1(4.30±0.08)which arein goodagreementwith thosereported
previously for Ni(l 10) [18].

3. Results

The effect of adsorptionof oxygenon Ni(l00)on thechangein the ellipsometric
parameter~ is shownin fig. 1 . It canbe seenthatthevalueof ~ is virtuallyconstant
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Fig. 1. Typicaloff-null curvesfor thereactionof oxygenwith Ni(100). Notethe absenceof any
changein ~ in the chemisorptionstage(~40L). Full curve: T = 25°C,p = 7.3 X iO8 Ton;
dashedcurve:T = 50°C,p = 1.1 X 10~Torr.
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up to an exposureof 40 L(1 L= 106 Torr s= 1.33 iO—4 Pa s),afterwhich a size-
ablechangeoccursup to6~= — = 1.65 deg.This changereflectsthe formation
of a surfacenickel oxide by incorporationof oxygenandreconstructionof theNi
surface,as evidencedby parallel AES—LEED measurements.Fig. 2 showsthenor-
malised oxygen Auger peakheights(ho/hNi),takenat 515 eV for oxygenand848
eV for nickel,versus6~and~ji measuredafter adsorptionof increasingamountsof
oxygenby the crystal.Between25 and 150°Cthe slopeof thestraightpart of the
curve is independentof the crystal temperature.Thenon-linearpartof thecalibra-
tion curve (ho/hNi <0.7) correspondsto the formationof the Ni(l00) c(2 X 2) 0
structureasdeducedfrom LEED photographs.It may thusbe concludedthat in the
reconstructionregionho/hNj = (0.94±005) &~,that is, ~ is (roughly) propor-
tional to the amountof incorporatedoxygen.In the pressurerange 10—8 to 10—6
Torr theobservedchangesin ~ dependonly on theexposure.

The reaction of hydrogenwith oxidisedNi(100)wasstudiedat crystal tempera-
turesbetween150 and250°Candhydrogenpressuresof 10—6 to i04 Torr. The
clean, annealed,crystal had previously beenexposedto oxygen at temperatures
below 100°C.Interactionwith hydrogencausedthe oxygencoverageto decreaseas
shownin fig. 3. In the absenceof hydrogenthe oxygenAugersignaldecreasedby

in a periodof~2h at 210 C, whereaswith hydrogenvirtually all oxygendis-
appearedwithin 15 mm. No effecton ~ wasobserveddue to hydrogenadsorbedon
eitherthe oxidisedor theclean Ni crystal.Thereactionrate,definedas(~~max)~

X d(~~)/dton the straight line portion of the curvesis proportional to thesquare

I~(deg)

ho/hNI 20

110
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Fig. 2. Plot of the relativeoxygenAuger signalh
0 (515 eV)/hNl (848eV) asa functionof 6

(lower scale)and 6i~,(upperscale,open circles). o: lip at 25°C;•: 6~at25°C;~:6~at50°C;
+: 6~at150°C.
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Fig. 3. Removalof oxygen from oxidised Ni(100) by H
2 as determinedby ellipsometry at

207°C.Full curve:p(H2)= 2 X 10~Torr; dashedcurve:p(H2) = 18 X 10~Ton.

root of the hydrogenpressure.In contrastto the oxidationreaction,~hereduction
of nickeloxide thusdoesnot scaleas exposure(p t). The reductioncouldbe stopped
at an arbitrarypoint on the curvesof fig. 3 by evacuatingthesystem.After readmis-
sion of hydrogenthe reductionsimply continued,i.e. therewasno initial incubation
periodor horizontalpart of the~ versust curve.An instantaneousdecreaseof ox-
ygen coveragewas also observedon reducinga partially oxidisedNi(lOO) surface.
An incubationtime for the reductionis henceexhibitedby a fully oxidisedsurface
only ~ 1.7 deg).

LEED picturestaken at different degreesof surface oxidationshowedthe re-
portedp(2 X 2) andc(2X 2) structuresin thechemisorptionstage [1] followed by
the formation of a complicatedNiO overlayer [5] asillustratedin fig. 4. Uponad-
missionof hydrogenthis structuregradually revertedto a c(2 X 2) overlayer.After
a slight reduction the NiO and c(2 X 2) structurescouldbe seensimultaneously.
Finally,at6~ 0, only thec(2 X 2) structureremained.

The c(2 X 2) structurecouldbe transformedinto thep(2 X 2) patternafterpro-
longedhydrogenexposure(~ul06L), without alteringthe valueof~ 0. This ob-
servationis consistentwith theoxidationexperiments,which showthatthefirst half
monolayerof oxygencannotbedetectedby ellipsometryatthechosenwavelength.
Similarly, argon ion bombardmenthasbeenshownto changethec(2 X 2) structure
into p(2 X 2) [1]. It is noteworthy,however,thatevenafter exposuresto hydrogen
at temperaturesaround200°C andpressuresup to i0~Torr a smallamountof ox-
ygenalwaysremainedon thesurface.

Finally we shouldmentionthat thereductionrateis enhancedby aboutan order
of magnitudeby switching on the Auger gun during hydrogenadmission.On the
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Fig. 4. (a) LEED patternof fully oxidised Ni(100) at98 eV and 200°C.(b) Assignmentof dif-
fraction pattern in (a), c.f. ref. [5]. ii: NiO(111)//Ni(100),NiO[J10]//Ni[011J, I: NiO(111)//
Ni(100), NiO[ r1o}/INi[orl], a: NiO(100)//Ni(l00), NiO 1001]//Ni[001] or Ni

203 [0011/I
Ni[001].

otherhand,thereductionwasmuchslowerwhenthe fully oxidisedsurfacewasleft
overnightor whenthe amountof oxygenwashigher thancorrespondedto ~~ 2

deg (>4 X 1015 at/cm
2, vide infra). In the former case the LEED pattern also

changed,showingsimultaneouslythe NiO andc(2 X 2) overlayer.

4. Discussion

The linearity between~~ and the relativeoxygenAugersignalin theincorpora-
tion stage(fig. 2) enablesusto obtainthe oxidationkineticsdirectly from the mea-
suredellipsometriccurves,providedwe cantaketherelativeoxygenAuger signalto
be proportionalto thesurfacecoverage.This pointhasbeendiscussedby Holloway
andHudson [1], who showedthis to be approximatelycorrect.The saturationcov-
erageof oxygenatroomtemperatureandpressuresup to 1 0~Torr hasbeenshown
to be 3.32 X 1015at/cm2 [5], whencewe obtain in theincorporationregion

N=2.0X1015~, (1)

whereNis the surfacecoveragein atomspercm2.
Following earlierwork [1,5] we describetheoxidationcurvesby anAvrami type

of equation[1,13]

N=Nm{1 —exp(—crp~
0t

2fl, (2)

whereNm is the saturationcoverage,a a constantdependingonly on thetempera-
ture and p

02 the gaspressure.The time dependence,t
2, hasbeenassumeda priori
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Table 1
Valuesof ~ (eq. (2)) andinduction timest

0 (expressedin L) for theoxidationof Ni(100) atdif-
ferenttemperatures

T t0
(°C) (108Torr

2 s2) (L)

(a) (b) (c) (b) (c)

25 3.0 — 1.6 — 26

40 — 1.0 — 30 —

50 — — 0.85 — 26
100 1.2 0.3 0.61 40 56

(a)ref. [1];(b) ref. [5];(c) this work.

as appropriateto two-dimensionalgrowth [13]. A discussionof eq. (2) is given in
the appendix.The exponentn canbedeterminedexperimentallyandis found to be
equalto 2. Valuesof aare given in table 1. Also includedare thevaluesof t

0 (ex-
pressedin L), the time at which eq.(2) starts to be applicable.The valuesare in
good agreementwith thoseof otherauthors,which showsthat our ellipsometricap-
proach can be used with confidenceto monitor the oxygencoveragein excessof
half a monolayer.Fig. 5 showsa comparisonbetweencalculatedandobservedoxi-
dation curves.The reductionof the surfaceoxide canbe describedby an equation

1 2~10~

OA1degl

0 100 200 300

Fig. 5. Comparisonof calculated(full lines)andobservedkineticsofoxidation (lower scale)and
reduction(upper scale)of Ni(100). •: oxidationat roomtemperature,p (02)=7.3X 10~Torr;
o: reductionof surfaceoxideby H2 at187°C,p(H2) = 3.2 X iO

5 Torr.
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analogousto eq..(2):

N=Nm exp(—I3p~t2). (3)

However,in contrastto the oxidation process,the reductionhasm = 1, aswe have

foundby plotting theslopeof theexperimentalcurvesat the inflection point
I (dN\_ (2I3P~

2\1/2

Nm\dt) ~ e ) ‘ ()

versus at constanttemperature.A plot of eq.(3) is alsoshownin fig. 5.
Table lists the valuesof j3 at differenttemperaturesandthevalueof theinduc-

tion time t0 (in L). As shown in the appendixa valueof m = 1 in eq.(3) resultsif
hydrogenis dissociativelyadsorbedon theNi/NiO surfaceand in equilibriumwith
the gas phase.Surfacediffusion of H atomsor the actualH20 formationmust then
be ratelimiting. In eithercasethe existenceof H atomsis requiredfor thereduction
to take place. This is corroboratedby the experimentswherethe Augergun was
switchedon during the reduction,which increasedthe reactionvelocity consider-
ably.Thetemperaturedependenceof j3 (in Torr~s

2) may be expressedas

lnjl = (25 ±2)— (11.7±1) X 103/T, (5)

which yields an activationenergyof 23 kcal/mol.Due to thedifferencesin reaction
geometry,two-dimensionalsurfacereductionversusreductionof a three-dimensio-

nal crystal, this value is difficult to comparewith thoseobtainedfor thereduction
of bulk NiO [9—11].As shownin the appendixthe activationenergyis eithergiven
by 2-~diff— Fad if surfacediffusion is rate determiningor 2Ereact— Ead if the ac-
tual chemicalreactiondictatesthevelocity of theprocess.

The problemnowariseswhetherthe activehydrogenatomsare actuallyadsorbed
on exposednickel atomsof the original nickel surfaceor on the nickel oxide over-
layer. It has recentlybeenshownby a quantumchemicalcalculationthat H

2 can
only be dissociativelyadsorbedon lattice defectson NiO [20]. The bindingenergy

Table2
Values of ~ (eq. (3)) andinduction times(expressedin L) for thereductionof thesu~facenickel
oxideby hydrogen

T t0
(°C) (10~L) (Torr~s_2)

160 — 0.047
173 26 0.14
190 12 0.22
207 2.1 0.65
212 — 1.33
223 2.1 1.78
232 — 1.96
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of a defectsite is some100 kcal/mol higherthan on a perfectlattice site.Thus,since
Ediff canbe estimatedfrom ref. [20] to be about6 kcal/mol, the initial releaseof
an H atom on a defectmust be ratelimiting. Sinceour observedactivationenergyis
much less than 100 kcal/mol we seeno way to reconcile this hypothesiswith the
experimentalfacts.We thereforeconcludethat the reductionreactionis not deter-

mined by hydrogenadsorbedon the nickel oxide.Alternatively onemay assume
hydrogento be adsorbeddissociativelyon theclean partsof the nickel surfaceonce
the reactionhasstartedandsomefreenickel atomshavebeenexposed.Thisassump-
tion yields,usingEad=23kcal/mol [21], an activationenergyfor diffusion of about
23 kcal/molwhich is muchlargerthan actuallyobserved(Ediff = 7 kcal/mol [22]).
The valueofEad = 23 kcal/molpertainsto adsorptionof hydrogenon a purenickel
crystal. If the actualadsorptiontakesplace on the Ni(100) c(2 X 2)0 overlayer
(which remainsafter the reductionreaction)this value may be lower. However,
evena valueof Ead = 0 leadsto Ediff = 11.5 kcal/mol,whichseemsunreasonable.
In this casethe actualH20 formationmustberatelimiting with anactivationener-
gy of Ercactbetween11.5 and23 kcalbut probablycloserto thelattervalue.

We will now turn to the inductiontimes, given in tables 1 and2. From models
for nucleationandgrowthoneobtainstheequation [23]

4irv
2cj3b

lnt
0A+ (6)

3(kT)
3 ln2(p/p)’

where A is a constant,a the surfacetensionof the new phase,v the volume of a
molecule,p the equilibrium pressurefor the reactionconsidered,p the actualpres-
surein the experimentand b a numericalfactor(0 ~ b ~ 1) referringto the differ-
encesbetweenhomogeneousandheterogeneousnucleation[23]. For the oxidation
reactionwe calculate,usingbulkthermodynamicdatafor NiO, ab113 l0~erg/cm2,
which leadsto a surfacetensionof NiO of l0~to l0~erg/cm2,whichis notunrea-
sonable.Forthe reductionreactioneq.(6) is difficult to usesinceboththe actual
chemicalreaction(reductionof NiO or Ni(OH)x) andthe actualwaterpressureare
unknownin our experiments.If thereforeseemsthatnotmany conclusionscanbe
drawnfrom the inductiontimes. However,from Arrheniusplots of ln t

0 apparent
activationenergiesare obtainedthat are comparableto thoseobtainedfrom a plot
of thetrue rateconstantsaandjl (—2.4 and23 kcal/mol,respectively).

The observedLEED patternat saturationis composedmainlyof two orientations
ofNiO(l 11) on theNi(100)substrate:NiO[l lO]//Ni[011] andNi0[1 10]//Ni[01 1],
each giving rise to six diffraction spotsas shown in fig. 4. At oxygen exposures
greaterthan about150 L very faint anddiffusediffractionspotsappearedjust inside
those of the cleanNi(I00) spots.Thesecanbeascribedto NiO(l00) or to a Ni203
surfaceoxidewhichhasanidenticallatticeparameter(Nix O~,[001]//Ni [001]). How-
ever,no firm evidencefor the presenceof Ni2 03 canbe inferredfrom thepresent
experiments,althoughphotoemissionmeasurementspoint to its existence[6]. Upon
admissionof hydrogen the whole LEED patternshown in fig. 4 graduallydisap-
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peared.This is in agreementwith our assumedreactionmechanism(eq. (3))which
impliesa continuousdecreaseof thesurfaceareaof nickel oxide islands.

5. Conclusions

(i) The reductionof NiO on Ni( 100)withH2 requiresthe presenceof (adsorbed)
H atoms.Theseatomsare adsorbedon exposedcleannickel.

(ii) The reductionfollows a nucleationandgrowth typemechanismwith an over-
all activationenergy of 23 kcal/mol.Therate4imitingstepis the formationof I~I20,
alsowith an activationenergyof 23 kcal/mol.

Appendix

Fora randomdistribution of germ nuclei thesurfacecoverageat time t, N(t), is
relatedto theextendedsurfacecoverageNext(t) by [1,131:

N(t) = [1 — exp{—Next(t)}]N(°°) , (A.1)

whereNext(t) is the hypotheticalcoveragethatwould be obtainedif no overlapof
growing islands is taken into account.For circular islandsgrowing with constant
radialvelocity dr/dtfrom~ nuclei, all presentat t = O,Next(t)is givenby:

Next(t)= ~ 0ir(dr/dt)
2 t2 . (A.2)

If direct impingementfrom the gasphaseat the edgesof the nuclei determines
the radial growthvelocity onehas:

r/dt—p(2irmkfl1/2 A3/2 , (A.3)

whereA is the surfaceareaof an atom.If surfacediffusionis rate determiningone
deriveseasily

dr/dt= D
5(A/l)c5, (A.4)

whereD5 is the surfacediffusion coefficient, 1 the distanceoverwhich theconcen-
tration on the surfacechangesfrom itsunperturbedvaluec~to zeroon theperime-
ter of the island(1 A

1!2). If theactualislandgrowth is ratedeterminingwith rate
constantk onehas:

dr/dt= k A1!2 c
5 . (A.5)

The previousexpressionsdiffer from those given in ref. [11due to thesomewhat
different assumptionswe havemade about the diffusion process.The important
point, however,is that eq. (A.3)predictsa proportionalitybetweenthegrowth rate
andpressure,whereasthe othertwo limiting caseshave a proportionalitybetween
growth rate and surfacecoverage.If, for example,dissociativeadsorptionprevails
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andequilibrium betweengasphaseand adsorbedphaseis assumed,we have

Cs=(kadP)
112 , (A.6)

wherekad = k~dexp(Ead/Rfl,with Ead theheatof adsorption.Hence

dr/dt=Ds(A/1)(kadp)1/2, (A.7)

from eq.(A.4), or, from eq.(A.5)

dr/dt = k A1!2 (kadp)1!2 . (A.8)

For the reductionreactionthegrowth of nickel islandsnot coveredby oxygenis
describedby eq.(A.l) and thusthe oxygencoverageby

N(t) = N(0) exp{—Next(t)}. (A.9)

Substitutingeither eq. (A.7) or (A.8) into eqs. (A.2) and(A.9) gives

N(t) = N(0) exp{~~.1)ZO1TD~(A/1)2kadp t2} (A. 10)

or

N(t) ‘N(O) exp{—Qf
0nk

2A kadp t2}. (A.l 1)

Arrheniusequationsfor thediffusion, reactionandadsorptionrateconstantsleadto
experimentalactivationenergiesfor fi (seeeqs.(3) and(4)) given by

Eexp= _Ead+ 2 Edjff (diffusionrate-limiting) , (A.l2)

or

Eexp= Ead + 2 Ereact (reactionrate-limiting) . (A.13)
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