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The interactionof NH
3 with a Fe(110) surfacewas studiedby meansof LEED, AES, UPS,

work function andthermaldesorptionmeasurements.Belowroomtemperaturenon-dissociative
adsorptiontakesplaceinto two stateswith bond strengthsof about17 and 10 kcal/molelead-
ing to the formation of a partially disorderedoverlayerwith a maximum coverageof 0 = 1/6
(~2.9 x 1014 molecules/cm

2)anda maximum work function decreaseby 2.4 eV. Thedipole
momentof the adsorbateis independentof coverage(2.2 Debye) and even largerthanthatof
thefreeNH

3 molecule,which indicatesthatchemisorptionis predominantlytaking placethrough
couplingof theN lone electronpaii to themetal.NH3 ad is characterizedby valenceionization
potentialsof 6.7 and 11.2 eV belowEF. Theadsorptionkineticsfollows a simplefirst-orderrate
law with aninitial sticking coefficientS0 = 0.16.At 350 K a stablesurfaceintermediatecharac-
terizedby ionizationpotentialsof —5.2 and —8.4eV anda 2 x 2-LEED patternisformedwhich
is identified with NHad. Above 400 K completedissociationanddesorptionof H2 takesplace.
TheremainingadsorbedN-atomsrecombineanddesorbasN2 only above 850 K. In contrastto
thepreviouslyinvestigatedFe(1l1)pianeadsorbedammoniaexhibitsno isotopicexchangewith
adsorbeddeuterium which is attributed to somewhatdifferent rateconstantsof the consecu-
tive steps of dissociationand recombination.This effect is alsomaderesponsiblefor the fact
that with Fe(111)and(100) presumablyNH2 adis observedasa transientintermediate,where-
aswith Fe(110)NHad maybe isolatedon the surface.Preadsorptionof N~influencesthead-
sorption energy and sticking coefficient of NH3, but hasno stronginfluenceon the totally ad-
sorbedamount.

1. Introduction

This work is an extensionto the mostdenselypacked(110)planeof Fe of pre-
vious investigationsfrom our laboratorydealingwith the interactionof ammonia
with Fe(100)and(111) surfaces[1,2]. The generalconclusionof thesestudiesas
well of thoseby otherauthors[3,4] was that NH3 adsorbsin themolecularform at
low temperaturesbut dissociatesupon warming to room temperaturewherebyat
leastone intermediatespecies(presumablyNH2,ad)could be detected[1,2]. The
behaviourof the Fe(110) surfaceturnedoutto be similar in many respects,but ex-
hibits also distinct differences.Amongothers,it was possibleto isolatean interme-
diate surfacespecieswhich mostprobablyis identified with NHad and which was
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neverobservedso clearlywith the otherplanes.In addition,theresultsconfirmpre-

vious conclusionswhereafterthekinetics of ammoniasynthesison iron is markedly
influencedby the surfacestructure[5—7].

2. Experimental

Experimentaldetails are describedin previous publications [2,5,8]. The UPS
measurementswere performedwithin a separateapparatus[9] with He II radiation
(h~= 40.8eV) andby datahandlingwith acomputer.For all the otherexperiments
a UHV systemwas appliedwhich wasequippedwith facifitiesfor LEED, AES, ther-
mal desorptionandwork functionmeasurements.Ammoniawasintroducedthrough
a capillary tube with its orifice about 1 cm in front of thesamplesurface.Cleaning
of the surfacewasachievedby previouslydevelopedprocedures[5,8].

3. Results

3.1. Ultraviolet photoelectronspectroscopy

A seriesof photoemissionspectra(hi.’ = 40.8 eV) from an Fe(l 10) surfacewith
different NH3 treatmentsat 175 K is reproducedin fig. la. The correspondingdif-
ferencespectra are shown in fig. lb. After an exposureof 4 L (correspondingto
about 70% of themaximumcoverage)two ratherbroadmaximaoutsidethe d-band
range areobservedwhichare centeredat 6.7 and11.2 eVbelowthe FermilevelEF.
Thesefeaturesare rathersimilar (althoughnot identicalin energy,which is presum-
ably due to different work functions)to thosereportedfor Fe(111) and(100) [2]
and are identified with statesderived from the 3a1 and le levels of free NH3,
respectively.In contrastto the findings with Fe(l 11) and(100)in thepresentcase
the emissionmaxima are not broadeningfurtherwith time, suggestingthat the sur-
face speciesremainsstable undertheseconditions.This effect was ascribedto the
continuouslyprogressingpartial dissociationof adsorbedammoniawith the other
planesevenat temperaturesaslow as 160 K.

No evidenceis found from photoemissiondatafor sucha processto occurwith
the systemNH3/Fe(l10) at 175 K, indicating a higher thermalstability with this
plane.Evenafter warming to 240 K andrecoolingto 175 K in anammoniaatmo-
sphere the same spectrumis obtained(curve c). The spectrumalso remainsunaf-
fectedby evacuationat 175 K, indicatingthatno appreciabledesorptiontakesplace
at this temperature.Thisprocessis howeverpractically completedafter heatingto
240 K as canbe seenfrom curve d. If the sampleis further warmedto 310K in a
residualNH3 atmospherevery weakemissionmaximaat —2, —5.2 and —8.4 eV are
discernible(curvee) which indicate that in this temperaturerange(partial)decom-
position of NI1-I~starts.The first maximumat ~2 eV below EF was alsoobserved
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Fig. 1. Ultraviolet photoelectronspectra(left) andcorrespondingdifferencespectra(right) from
a Fe(110) surfaceat different stagesof interactionwith NH

3. (hv = 40.8 eV. Theorigin of the
energy scalecoincideswith the Fermi level EF.) Curve a: cleanFe(110) surface;b: after 4 L
NH3 exposureat 175 K; C: after warming to 240 K andrecooling to 175 K in anNH3 atmo-

sphere;d: after warming to 240 K in vacuo;e:afterwarming to 310 K in anNH3 atmosphere.

with the otherplanes.Sinceit is locatedwithin the rangeof d-bandemissionwhere
aninterpretationis complicatedit will not be consideredin thefurther discussion.

The effectsof NH3 dissociationbecomemoreclearly evidentfrom fig. 2 which
reproducesspectrarecordedafter interactionat higher temperatures.Curve a was
obtainedafter interactionof 2 X 10—8 Torr NH3 at 340 K for 200 s( 4 L) and
showstwo additionalmaximaat 5.2 and8.4eV belowEF.Thesepeaksare relative-
ly narrowwhichindicatesthat thesefeaturesare arisingfrom a single surfacespecies
andarenot dueto compositecontributions(aswas thecasewith Fe(100)and(111)
under comparableconditions). This speciesremains stable and can also not be
pumpedoff at this temperaturewhich would be thecasewith molecularlyadsorbed
NH3. It hasto beidentifiedwith a partly dissociatedmoleculeof the type NH~(x =

1 or 2), andthelater discussionwill demonstratethat thereis in fact greatevidence
for the formationof NHad.

Completedissociationtakesplaceuponfurtherheatingthe sampleto 500 K. As
canbeseenfrom curve b the spectrumnow containsa pronouncedpeakat —4.9 eV
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Fig. 2. Ultraviolet photoelectronspectra(h~= 40.8 eV) from Fe(110).Curvea: after interac-
tion of the cleansurfacewith 2 X 10—8 Torr NH

3 for 200 s at 340 K (~NH~1);b: aftersubse-
quentshortheatingto 500 K (~Nad) c: aftersubsequentheatingto 950 K (~cleansurface).

which is identified as with previousstudieswith Nad [2,5]. It shouldbenotedthat
adsorbedhydrogenatomsproducedonly a relativelyweakmaximumaround5—6eV
belowEFwhich is only discerniblewith He I-radiation (h~= 21.2 eV), but notwith
He II as applied in the presentmeasurements.In additiondesorptionof hydrogen
will be completedat 500 K [10].

Curve c of fig. 2 wasrecordedafter further increasingthetemperatureto 950 K
and is identical with the spectrumof the clean Fe(l 10). At this temperaturerecom-
binationof theadsorbednitrogenatomsanddesorptionasN2 arecompleted[6].

If a cleanFe(110) surfaceis exposedto NH3 at 650 K only thespectrumcharac-
teristic for Nad is observed,i.e. completedissociationis so fast that theexistenceof
an intermediatespeciesis no longerdiscernible.

3.2. Augerelectronspectroscopy

In the presentcontextAES wasmainly applied for an estimateof thenitrogen
contentof the surface.The relativeN concentrationwas determinedasin previous
work throughthe peakheight ratio y of the Augersignalfrom N at 380eV to that
of Fe at 650 eV. With Fe(lOO)adsorbednitrogenatomswere observedto form a
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c 2 X 2-LEED patternwhich correspondsto U = 0.5 or a surfacedensityof ~N =

6 X iOH cm2.
This concentrationgave rise toy = 0.9. If no surfacereconstructionoccurs(as is

the casewith N/Fe(l00)but also with NH
3 adsorbedon Fe(l10)) this correlation

between‘~andy may reasonablywell be appliedfor an estimateof the absoluteN
contentof othersystems.

With a Fe(110) surfacesaturatedwith adsorbedNH3 at 130 Ky = 0.39wasde-
termined.It wascheckedwith independentmeasurementsthatan electronbeamwill
mainlycausedissociationof adsorbedNH3 moleculeson thesurfaceandonlyaminor
amountof desorptionof N-containingspecies,so that the N-concentrationon the
surfaceshouldnot bemarkedlyaffectedby electronbombardment.Accordingto the
just mentionedargumentsy= 0.39correspondto a surfacedensity~N = 2.6X 1014
cm

2. Since the Fe(ll0) planecontains17 X 1014 surfaceatomsper cm2,this re-
sults in a saturationcoveragewith adsorbedNH

3 moleculesof U = 0.15.This num-

ber wifi besupportedby theresultsof the LEED observationswherea value0 = 1/6
was derived.

3.3. Therrnaldesorption

Fig. 3 showsa seriesof thermaldesorptionspectrafor rn/c = 17 which were re-
cordedwith a heatingrate of 9 K/s after differentexposuresof the Fe(l 10) surface
to NH3 at 125 K. Calibration of theexposurewasachievedby measuringthework
function changes~p prior to desorptionwhich were then comparedwith corre-
sponding~.‘p-valuesresultingfrom normal gasinlet into thevacuumsystem(i.e. not

~NH3

i~ ~~~IBL _________

150 200 250 300 350 400

Fig. 3. Thermal desorptionspectrafor NH3 afterexposinga cleanFe(110)surfaceto varying
ammoniadosesat 125 K. (Heatingrate9 K/s.)
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throughthecapillary tube). In ordertoexcludepossiblecontributionstothethermal
desorptionspectrafrom spuriousamountsof H20 (whichwould alsoyield a signal

at rn/e = 17 in the massspectrometer)similarmeasurementswere madefor m/e= 16
for whichmassthecontributionfromNH3 is (dueto fragmentationin theion source)
of nearlythe samemagnitudeas for rn/e = 17 whereasH20 would contributevery
little to this mass.The spectrafor rn/e = 16 look identical to those reproducedin
fig. 3 so that interferenceby H20 desorptioncanbe excluded.

The spectrashow the formation of two desorptionstates,~ and~2’ with peak
temperaturesat about165 and255 K. The~32-peakshifts slightly to lowertempera-
tureswith increasingcoveragewhich is ascribedto a slightly decreasingheatof ad-
sorption, whereasthe temperatureof the -state remainsconstant.It is suggested
thatdesorptionfrom bothstatesfollows first-orderkinetics.By assuminga “normal”
preexponentialfactor of 1013 51~desorptionenergiesof 10 and 17 kcal/molefor
the - and/32-states,respectively,are estimatedfrom the peaktemperatures.

The areasbelow the thermal desorptiontraces are proportional to the corre-
spondingNH3 coveragesandwereevaluatedin orderto achievea calibrationof the
respective~.‘p-valuesdiscussedin the next section.During heatingan NH3 covered
surface,nearlycompletedesorptionof this moleculeandonly negligible decomposi-
tion occurs.Thisbecomesevidentfrom AES measurementsperformedafterdesorp-
tion as well as from the UPSdatadescribedin section3.1.

In orderto elucidatepossibleisotopeexchangeprocesseswhichcouldberegarded
as evidencefor transientdissociationandrecombinationof theadsorbedammonia
moleculesthe following experimentswere performed:

(i) A cleansurfacewas first exposedat 130 K to 4.5 L D2(OD = 0.3 [10]) and
then to 6 L NH3. Subsequentlythermaldesorptionwasperformedwherebythemass
spectrometerwas set to rn/e = 18 (NH2D). Howeverno formationof NH2D could

be observed.The same result was obtainedwith a higherconcentrationof pread-
sorbedD(OD = 0.65). In bothcasesonly NH3 cameoff thesurface.

(ii) The surfacewasfirst exposedto 3 L D2 at 130 K and thenagainto 6 L NH3.
Now thermal desorptionof HD (m/e = 3) was followed. The amountof HD was
rathersmallandonly about10%of theamountobservedif thesurfacewasexposed
to 3 L D2 and4 L H2. That HD is formedat all in the caseof coadsorptionof D2
and NH3 is due to the fact that during increasingthe temperaturethelatter mole-
cule dissociatesto a small extentinto Nad + Had asbecomesevidentfrom applica-
tion of the othertechniques.

The abovefindings differ clearly from those made with Fe(111) where under
similar conditionsthe formation of smallamountsof NH2D andevenof very small
concentrationsof NHD2 couldbe detected[2]. This indicatesthatwithFe(l10) the
probability for partial dissociationandsubsequentrecombinationof adsorbedam-
moniais considerablysmaller.

If the cleansurfaceis exposedto NH3 at 340 K andsubsequentlyheatedup no
ammoniadesorption(rn/e = 17) is observed.According to the UPS measurements
under theseconditions completedissociationinto NH~+ (3 ~X)Haü takesplace
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which obviously do not recombineinto NH3 upon further increasingthe tempera-
ture. By contrastNTIX decomposesfurther into Nad + XHad. From the UPSmea-
surementsit becameevidentthat thislatter processis completedat 500 K, at which
temperaturethe recombinationof

2Hadanddesorptionof H
2 takesplace.Thermal

desorptionspectrafor H2 could thereforeprobablyyield someinformation on the
rate-limiting stepof the two consecutivereactionsforH2 evolutionfromdissociation
of NH~(i.e. NH~-~ Nad + X Had, 2 Had -+ H2) andon the maximumsurfacecon-
centrationof this species.For this purposea cleansurfacewasat first saturatedwith
adsorbedhydrogenat 140 K. From previousstudies[10] it is known that this is
equivalent to a surfaceconcentrationof 1.7 X 1015 H-atomsper cm

2. The corre-
spondingthermaldesorptionspectrumis reproducedin fig. 4 by curve a. In thenext
experimentthesurfacewasexposedto NH

3 at 340 K until no furtherchangeof the
work function(z~p= —0.6 eV) occuredwhich was consideredto indicatesaturation
of the surfacewith NH~+ (3 ~_X)Had. Curve b in fig. 4 showsthesubsequentlyre-
corded thermaldesorptionspectrumfor H2. Curve c was recordedafter a smaller
NH3-exposure,characterizedby ~p = —0.23 eV. After desorptionof H2 the re-
maining surfaceconcentrationsof Nad were monitoredby AES, yielding valuesof
y = 0.25 and0.13 for the two runs,respectively.

It is remarkablethat curves b and c exhibit only a singledesorptionmaximum.
The peaktemperatureis shiftedto slightly higher temperature(~l0K) asif H2 de-
sorbsfrom a cleanFe(110) surface,and the high-temperaturedecreaseof PH2 oc-
curssomewhatsteeper.The whole processof H2 evolutionoccursaccordingto the
following steps

I I I I I

T H2

300 350 400 450 500

Fig. 4. Thermaldesorptionspectrafor H2 from Fe(110).Curvea: afterexposinga cleansurface
to 112 at 140 K up to saturation;b: afterexposinga cleansurfaceto NH3 at340 K up to satu-
ration, characterizedby a work functionchange~ = —0.6 eV; C: afterexposinga cleansurface
to NH3 at340 K up to ~p = —0.23 eV.
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NH
3~+NHx+(3_X)Had, (1)

(3 _X(Had -~~(3—x)H2 , (2)

NH~~~Nad +XHad (3)

XHad~+~XH2. (4)

If step (3) would occurwith a smaller rate than reaction(2), two maximawould
be expectedin the thermaldesorptionspectrumof H2. The first one shouldpracti-
cally coincidewith that for H2 desorptionfrom a clean Fe(l 10) plane(eventually
slightly influenced by effects due to interactionsbetweenHad and the remaining
NH~species),and thesecondone shouldbe determinedby theactivationenergyof
step (3) and shouldoccur at a higher temperature.In fact sucha behaviorwasnot
observedwhich indicatesthat dissociationof NH~is fasterthan or comparablein
rate with desorptionof H2. This conclusionwill further besupportedby resultsof
work function measurementswhich indicatethat dissociationof NH~occursin the
temperaturerange of 400—450K.

The areabelow curve b of fig. 4 is 37% of that from curve a.Thiscorrespondsto
a concentrationof 6.3 X 1014 H-atoms per cm

2.The correspondingN-concentra-
tion derived from y = 0.25 is 1.7 X 1014 cm2 leadingto a H : N ratio of 3.7 in-
steadof 3. This resultis quitesatisfactoryin view of theapproximationsunderlying
the quantitativeanalysisof the AES data. For curve b theresultingnumbersare
3.4 X 1014 H-atoms/cm2and0.9 X 1014 N-atoms/cm2.The peaktemperatureof
curveb is slightly lower thanthat for curve a. Thisdisplacementishowevertoosmall
to accountfor a simplesecond-orderrateprocesswhich conclusionwasconfirmed
by recordinga whole seriesof thermaldesorptionspectraat variouscoverages.This
is in contrastto hydrogendesorptionfrom a cleanFe(l 10) surfacewheredesorp-
tion follows secondorder kinetics [10] andindicatesthat in the presentcasethe
processis a compositeone,i.e. that the stepsNH~~ Nad +XHad (first-order)and
2 Had -+ H

2 (second-order)occur within the sametemperaturerange.
From the NH3 exposurenecessaryfor the formationof a certain NH~-concen-

tration at 340 K (as derived from the H2-thermaldesorptionandN-Auger data)a
roughestimatefor the reactionprobabilityfor the stepNH3 NH~+ (3 — X)Had

at this temperaturewasmade,yieldinga valueof about0.2 ±0.1. This is ofthesame
order of magnitudeas the initial sticking coefficient for adsorptionof NH3 at low
temperaturesasoutlinedin section 3.4.

Finally again some isotope exchangeexperimentswere performed: A clean
Fe(l10) surfaceat 140 K was exposedto H2 and D2 in a waywhich causedabout
equalcoveragesof both atomic species,°D 0.30,

0H 0.25. Thetotal coverage
correspondsjust to completefilling ot thej3

2-state [10]. Curvea of fig. 5 showsthe
resultingdesorptionspectrumfor HD, i.e. rn/e = 3, which is causedby completeiso-
topic equilibrationwithin theadlayer.For thenext experimentthesurfacewasfirst
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Fig. 5. Thermaldesorptionspectrafor 1-ID from Fe(110).Curve a: afterexposingacleansurface
at 140 K to H

2 and D2 up to partial coverages
0H = 0.25 and0D = 0.30; b: afterexposinga

cleansurfaceat 140 K to D
2 up to

0D = 0.30andsubsequentwarmingup to 340 K and expo-
sureto NH

3.

exposedto 3.5 L D2 (yielding °D 0.3)at 140 K and then warmedup to 340 K
andexposedto NH3. The amountof Had releasedfrom thelatter wasequalto

0.25 as derivedfrom the N-concentrationbuilt up on the surface.The resultingde-
sorptionspectrumfor HD isreproducedby curveb of fig. 5 whoseareais about90%
of that from curve a. This indicatesthat also in this case practically completeiso-
topic mixing occursandexcludesthepossibilityof directH2 formationthroughreac-

tionsof thetype 2 NHad-~ 2 Nad + H2 or NH2 ad Nad + H2.

3.4. Workfunctionchanges

As canbe seenfrom fig. 6, curve a, thework function of a Fe(110)surfacede-
creasescontinuouslywith increasingNH3 exposureat 120 K until afterabout 15 L
a saturationvalue of ~p = -2.4 ~V is reached.Calibration of ~ againstthead-
sorbedamountwasachievedby comparing~p-values with the areasbelow thecor-
respondingthermaldesorptiontraces.As can be seenfrom fig. 7 alinear correlation
betweenboth quantitiesnearlyup to saturationis found, i.e. ~p 0. This result is

somewhatsurprisingsincein view of the high dipolemomentof theadsorbatecorn-
plex depolarizationeffectswould havebeenexpected.Sinceaccordingto theanaly-
sis of theLEED andAES datathesaturationcoverageis °max= 1/6 thework func-
tion changecan be used asa convenientmeansfor monitoring theabsoluteNH3
coverage,providedthat the temperature(<180 K) is low enoughso that decompo-
sition of ammoniacanbe excluded.

By converting~p into U-valuesandfrom curveaof fig. 6 thestickingcoefficientof
NH3 at 120K as afunction of the coveragewasevaluated.Fig. 8, curvea, showsa
plot of the resultingdataas a function of 1

010max The initial sticking coeffi-
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Fig.6. Work function change,~, asa functionof NH
3 exposureat120K.Curvea: startingwith

acleanFe(110)surface;b: startingwith asurfacepartially precoveredwith N~~(y= 0.6).

cient at 0 -÷0resultsto bes0 = 0.16. The straightline indicatesthat theadsorption
kineticsmaybe well describedby a first-orderLangmuir model.

If the temperatureof asurfacenearlysaturatedwith adsorbedNH3(z~p= —2.17
eV) is continuouslyincreased(0.5 K/s) thework functionis also continuouslyrising
as shownby fig. 9, curve a.Two processesmaybe distinguished.First theworkfunc-
tion changesstronglybetween140 and340 K which accordingto the thermalde-

sorptiondatais causedby desorptionof NH3. The arrow in fig. 9 indicatesthetem-
peratureat which this processwill be certainly finished. Due to the lower heating
ratewith thepresentexperiments~p exhibitsabreakalreadyat about280K from

whereon this quantity remainspracticallyconstantup to 400 K. Within this tem-

~ I I
200

10 ~~15~Aø~

Fig. 7. Variation of the relativeamountof adsorbedNH3 (asderivedfrom theareasbelowthe
thermaldesorptionspectraI pdt) with the correspondingwork function change.
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Fig. 8. Adsorption kinetics: Variation of the sticking coefficient for NH3 adsorptionat 120 K
with l0/Omax.Curvea: initially cleansurface;b: surfaceprecoveredwith Nad(y = 0.6).

peraturerangeasmallconcentrationof the reactionintermediate,NH~,is stableon
the surfaceandstartsto decomposearound400 K. This latter processwill be ac-

companiedby desorptionof H2 andis completedat about450 K. A smallamount
of adsorbedN atomsremainson thesurface,giving riseto arelativeAuger signaly =

0.05 andto awork function whichis nearlyidenticalwith that of thecleansurface.
Curve b shows the result of a similar measurementwith asmaller initial NH3-

coveragewhich is characterizedby ~p = —1.2 eV. Desorptionof NH3 startsnow at
a somewhathighertemperaturewhich is in accordancewith the TDS data,Thepla-

I I I I I I I

150 201 250 300 350 400 450

Fig. 9. Variation of the work function change,~p, with temperatureupon continuouslyin-
creasingthe sampletemperature(0.5 K/s). Curvea: cleansurfacealmostsaturatedwith adsorbed
NH3 at 140 K ~ = —2.17 eV); b: cleansurfaceonly partiallycoveredwith NH3~ = —1.20
eV;c: surfaceprecoveredwith Nad(Y = 0.6, ag = —1.75 eV).
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teauexhibitsa smallerwork function changethan before,indicatingthatnow also
the concentrationof NH~is lower. If a cleansurfaceis exposedto 2 X 10~Ton
NH3 at 345 K a stationarydecreaseof the work function by 0.70 eV is reached,
which increasesslightly to ~ip = —0.65 eV upon pumpingoff the NH3 atmosphere.
This latter effect is ascribedto desorptionof NH3 which wifi be presenton thesur-
face with a small concentrationin a reversibleadsorption—desorptionequilibrium
undertheseconditionsof pressureandtemperature.Sinceit is knownfrom theother
measurementsthat sucha treatmentwill causethe exclusiveformationof anNH~-
adlayer,~p = —0.65 eV is regardedas thework function changecausedby thisspe-
ciespresentwith its saturationconcentration.

Fig. 10, curve a,showsthe variationof ~p with time if a surfacewhich is satu-
ratedwith NH~at 340 K (z~p= —0.65 eV) is heatedin vacuowithin 40 sto acon-
stantnew temperatureof 440 K. The work function increasesratherrapidly and
reachesafter about 1 mm nearlythe valueof the cleansurfaceafterwhich timeit
slightly decreasesagainby about0.05 eV. At the endof this experimenttherelative
N-concentrationof the surfacewas determinedto bey = 0.22, theLEED pattern
exi-jibited diffraction spotsas observedpreviouslyafter dissociativeN2 chemisorp-
tion [6]. If the sameexperimentis performedin a NH3-atmosphereof 2 X iO~
Torr curveb of fig. 10 results.The work functionincreasesagainnearlyto thevalue
of the cleansurface.Afterwards,however,it decreasesto a considerablylowervalue
than in the precedingexperiment.After 90 mm ~p = —0.15 eV andy = 0.4 were
recorded.

The explanationis as follows: At 440 K NH~dissociatesandH2 is desorbing
wherebythework functionincreases.The remainingatomicnitrogencausesarecon-

I I I I I I I

0 1 2 3 10 20 40 60 80

Fig. 10. Variation of the work functionchange,~, with time after increasingthetemperature
of a surfacesaturatedwith NHad from 340 K to 440 K within 40 s.Curvea:heatingin vacuo;
b: heatingin anatmosphereof 2 X l0~Torr NH3.
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struction of the surface [6] which hasa lowerwork function than the non-recon-
structedplane.This transformationcausesthe slow decreaseof ~pbeyondthemaxi-
mumin curve a.With curveb theadditionalcontinuousdecompositionof NH3 causes
a still highersurfaceconcentrationof atomic nitrogenwhich enhancesthe surface
reconstructionfurther and thereforea lower ~ is reachedin theend. Dissociative
chemisorptionof N2 itself causesaloweringof thework function by 0.16eV aty =

0.6.
If once NH3 is dissociatedat 340 K into NH~+ (3_X)Had this processcannot

be reversed.If thesampleis cooleddown to 120 K ~p remainsconstantat —0.65
eV. If NH3 ,ad hadbeenformedthework functionshould be loweredfurther dueto
thehigh negativedipole momentof this adsorbatecomplex.

Someinteraction betweenNH~and“ad couldhoweverbe observedat 340 K. A
surfaceprecoveredwith NHX(L~= —0.28 eV) wasexposedat this temperatureto a
112 atmosphereof 2 X l0~ Torr for 10 mm.After evacuationthework functionhad
slightly increasedby 0.03eV. Sincehydrogenadsorptionitselflowersthework func-
tion of Fe(l 10) [10] thiseffectcanonly becausedby partialremovalof NH~through

the reactionNH~+ (3 _X)Had —~NH3 (NH3 will desorbat this temperature).This
qualitative observationgivessomeindicationhow the formation of ammoniamay
proceedvia thereactionintermediateif theH2 partialpressureis high enoughin or-
derto shift theequilibrium into theotherdirection.

3.5. Low energyelectrondiffraction (LEED)

Interactionof NH3 with Fe(110) wasobservedtoform orderedsurfacestructures
which is in contrastto the observationsmadewith Fe(l00)andFe(lll). If a clean
Fe(l 10) surfaceis exposedto ammoniaat 120 K weakadditionalfeaturesappearin
the LEED patternafter1 L and attain maximumintensityafter about15 L. Accord-
ing to the TDS andz~p-measurementsthis exposuremarksthesaturationcoverage.
Even then the quality of thediffraction patternis relativelypoor (indicatingimper-
fect order) so that only a schematicsketchis reproducedin fig. 11. The diffraction

• 0 0 •

• 0 0 • 0 0 •

• 0 0 •

Fig. 11. Sketchof the LEEDpatternobservedafterNH3 adsorptionat120 K. Darkcircles:sub-
stratelatticespots;opencirclesandstreaks:featuresarisingfrom the adsorbateoverlayer.
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patternconsistsof third-order “extra” spotsbetweenthe substratespotsin (111)-
direction andhalf-orderstreaksandcanthereforeby designedas “2 X 3”-structure.
The formation of the streaksindicatespartial disorderof the overlayerstructure.
Diffraction patternsof this type were first describedandanalyzedby Gerlachand
Rhodin for the adsorptionof alkali metalson Ni(l 10) [11]. A structuremodelwill
be presentedin the discussionsection.It is assumedthat the “unit cell” of thispart-
ly disorderedstructurecontainsonlyoneadsorbedNH3 moleculewhich issupported
by the following arguments:

(i) The vanderWaals-diameter(2.07A) is ratherlargeand thereforethe presence
of a secondparticlewithin theunit cell is ratherunlikely. Thiswill becomeevident
from aninspectionof the structuremodelshownin fig. 14.

(ii) The Augerdatadescribedin section2.2yield asaturationcoverageof 0 = 0.15,
whichis in rathergoodagreementwith thevalueof °max= 1/6 derivedfrom thesize
of the adsorbateunit cell providedthat the latter containsjust one particle.That
ammoniais in fact presenton thesurfacein its undissociatedform under thesecon-
ditions is evident from the resultsof the other techniques,mainly from UPS. The
LEED patternfrom theadsorbedammonialayeris relativelyeasilydistortedby the
influence of the electronbeam causinga transformationinto thepatterncharac-

teristic for theNH~specieswhichwill now be described.
Longerexposureof a cleansurfaceto NH3 at 340K leadsto the formationof a

well-developed2 X 2-structurein the LEED patternas reproducedin fig. 12. This
structureis obviously causedby theNH~specieswhichwill be build up on thesur-

Fig. 12. LEED patternfrom a 2 X 2-structureformedby the interactionof NH3 with Fe(110)
at340 K. (U 70eV.)
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faceundertheseconditions,therearehoweverseveralargumentsagainstan interpre-
tationin termsof a simpleorderedoverlayer:

(i) The formationof sharp“extra” spotswasnot directlycorrelatedwith the in-
creaseof the surfaceconcentrationof the NHx -speciesbut dependedon the dura-
tion of annealingat 340 K. In factmaximumintensitywas reachedonly after about
2 h which indicatesthe operationof a slow activatedprocessat this temperature,
whereassaturationwith NH~was reachedafter a few minutes. Surfacediffusion of

NH~canhardly accountfor this effect.
(ii) A 2 X 2-overlayerneedsat leasta coverage0 = 0.25 (namelyif the unit cell

containsa singleparticle).Themaximumcoveragewith NH~as determinedby AES
and TDS was howeveronly of the order 0 = 0.1. It is thereforesuggestedthat the
observed2 X 2-patternarisesfrom a reconstructionof the surfacewhich isinitiated
by thepresenceof NH~.Surfacereconstructionof Fe(l 10)occursalsowith adsorbed
N atoms,presumablyassistedby the strong metal—nitrogenbond [6]. Since the
strengthof the Fe_NHadbondis estimatedto beof the orderof 100 kcal/mole [2]
a similar effect appearsto be plausible in the presentcase,althougha reasonable
structuremodel maynotyet beoffered.

If the surfaceexhibiting the 2 X 2-LEEDpatternis further heatedto 400K it
transformsinto the N—I-structuredescribedpreviously [6]. This processproceeds
parallelto the completedissociationof NH~anddesorptionof H2. Furtherincrease
of the temperatureto 500 K causesthe appearanceof diffraction spotsfrom the
N—Il-structure [6]. The samesequenceof patternsis observedif the cleansurface
is exposedto NH3 at T> 400 K. Heatingto 950 K leadsto the desorptionof N2
and theLEED patternof the clean,unreconstructedFe(ll0) planeis restored.

3.6. Experimentswitha surfaceprecoveredby atomic nitrogen

Since it cannotbeexcludeda priori that thecatalyticsynthesisof ammoniapro-
ceedsundersteady-stateconditionson Fe surfacesexhibiting anappreciableconcen-
tration of chemisorbednitrogena seriesof experimentswith N-precoveredsurfaces
was performed.For this purposethe samplewas first exposedto NH3 at400K until
the desiredconcentrationof N atoms(asmonitoredby AES)wasbuilt up.Thelatter
showup in thephotoemissionspectrumasa peakat —4.9eV (seesection3.1).Upon
additionalexposureto NH3 at 190 K new maxima,centeredat —7.1 and—11.3 eV,
appearwhich have to be ascribedto molecularlyadsorbedammonia.Theseaddi-
tional featuresdisappearcompletelyupon warming to 300 K dueto desorptionof
NH3. The UPS differencespectrumshowsclearly that thesurfaceconcentrationof
Nad did not further increaseduring this procedure.This indicatesthat preadsorbed
nitrogen inhibits the dissociationof adsorbedammoniain a similar manneras ob-
servedpreviouslywith Fe(l00)and Fe(111) [2].

Fig. l3a—c show different seriesof thermaldesorptionspectrafor NH3 which
was adsorbedat 125 K on surfacesprecoveredwith variousamountsof atomic ni-
trogen (as characterizedby the AESy-values).In fig. 13a threedesorptionstates,
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Fig. 13. Thermaldesorptionspectrafor NH
3 afterexposingFe(110) surfaceswith varying con-

centrationsof preadsorbednitrogento ammoniaat 125 K. (a) y = 0.45;(b)y = 0.55;(c)y= 0.65.

~ and~ are discernible.Thepopulationof thelatterdecreaseswith increasing
N-concentrationas can be seenfrom fig. 1 3b and I 3c. This observationtogether
with the fact that the peak temperatureof the i3~-statenearly coincideswith that
of the j32-state of the cleansurface(see fig. 3) suggeststhat this statearisesfrom
NH3 moleculeswhich are adsorbedon the still bare andunreconstructedparts of
the surface.Similar argumentspresumablyapply for the j3~-statewhich coincides
with the13~-stateof the cleansurface.

The 13~-stateon the otherhandis identified with adsorptionon sites which are
formedby the reconstructed“surface nitride” phase.Its desorptionenergyisesti-
matedto be around 13 kcal/mole. The work function changerevealedagainto be
proportional to the total amount of adsorbedNH3 and can thereforeserveas a
measurefor this quantity. Subsequentexposureto D2 and NH3 at 130 K did not
leadto any measurablyNH2D evolution during thermaldesorption.Thereis there-
fore no indicationfor intermediatedissociationandrecombinationof adsorbedam-
monia,in agreementwith the fmdingswith the cleansurface.

Curve c of fig. 9 showsthe variationof the work function with temperatureif a
N-precoveredsurface(y = 0.6) wasinitially exposedto NH3 at 140K. In contrast
to the findingswith thecleansurface~ reachesits initial valueat 300 K indicating
completedesorptionof NH3 withoutany intermediatedissociation.
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Curve b of fig. 6 showsthevariationof thework function with NH3 exposureat
120 K if the experimentis startedwith a surfaceprecoveredby nitrogen(y = 0.6).
The maximumvariation is ~p = —l .9 eV. If it is assumedthat thedipole moment
of adsorbedNH3 is unaffectedby the presenceof preadsorbednitrogen(which is
supportedby the proportionalitybetween~ and NH3 coverage)then this result
meansthat the adsorbedamountis somewhatsmaller thanon a cleansurface.Anal-
ysis of fig. 6, curve b, then yieldsan initial sticking coefficients0 = 0.10which is
markedly smaller thanwith the cleansurface.A plot of s versus(1—O/O~~x)yields
againa straight line asshownby curve b of fig. 8.

4. Discussion

4.1.AdsorptionofNH3

NH3 is molecularlyadsorbedon a cleanFe(l 10) surfaceatlow temperaturesin a
mannersimilar to that reportedfor the (100) and(111)planes [2]. GaseousNH3
exhibitsa photoelectronspectrumwith two bandscentredat —11 eV and —17 eV
with respectto the vacuumlevel which are identified with 3a1 ( N lone pair)and
le (= N—H bond)levels,respectively [12].

If thework function of clean Fe(ra5 eV) is takeninto accountthesemaximawill
be locatedat about —6 and —12 eV on an energyscalewhich refersto the Fermi
level of iron. The peakobservedwith adsorbedNH3 at —11.2 eV arisesclearly from
ionisation of the N—H bonds(le levels) which are believedto be only slightly in-
fluencedby theformationof the chemisorptionbond.The “relaxationshift” is— in
contrastto otheradsorptionsystems— rathersmall which isascribedtothefactthat
in thepresentcasethe adsorbatecomplexexhibitsa ratherhigh negativedipolemo-
ment [13]. The secondpeakobservedwith adsorbedNH3 is locatedat —6.7 eV
andarisesfrom a chemisorptionstatederivedfrom couplingthe loneelectronpair
at theN-atom(3a1 level) to themetal.The separationbetweenbothmaximais only
4.5 eV in theadsorbedstateascomparedwith 6 eV with gaseousNH3 molecules.A
similar effect wasalreadyobservedwith theotherFe planesandis ascribed(at least
in part)to the loweringof the 3a1-level dueto formationof thechemisorptionbond.

The adsorbedammonialayer formsa partly disorderedstructureof a typeasfirst
describedby GerlachandRhodin [11] for the case of alkali metal adsorptionon
Ni(l 10). Following the analysispresentedby the authorsa structuremodel is pro-
posedas shown in fig. 14. This model takesaccountof theargumentsgiven in sec-
tions 3.2 and 3.5 whereafterthe maximumNH3 coverageas estimatedfrom AES
data as well astheeffectiveareaoccupiedby an NH3 moleculeallow only for a sin-
gle adsorbedparticlewithin the overlayerunit cell.

As canbe seenfrom fig. 14 theNH3 moleculesare locatedwithin everythirdrow
formed by the (11 1)-directionwherebyevery secondsite is occupied.Theinterac-
tion betweenneighboringrowsof NH3 moleculesis tooweaksothattheseareshifted
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Fig. 14. Structuremodel for NH
3 (large hatchedcircles) adsorbedon a Fe(110)surface(small

opencircles).

randomlywith respectto eachothergiving rise to thestreaksin the diffraction pat-
tern. The total coverageof suchanarrangementis 0 = 1/6,correspondingto aden-
sity of adparticlesn5 = 2.9 X 1014 cm

2 which is in agreementwith the estimate
derivedfrom theAES data.The exactgeometryof theadsorptionsitescanof course
only beobtainedfrom a dynamicalanalysisof the LEED data. Since,however,with
many other adsorptionsystemshighly coordinatedsitesare occupiedsuchan as-
sumptionappearsalso to bejustified in the presentcase.

The initial adsorptionenergyis estimatedfrom the 13
2-peakof the thermalde-

sorptionspectrato be about 17 kcal/mole,indicating weak chemisorptionwhose
order of magnitudecanbe qualitatively accountedfor by coupling of the N lone
electronpairof NH3 to themetal.It is assumedthat the ratherlargedipolemoment
of the adsorbatecausesin additionan appreciableelectrostaticcontributionto the
bond energy.With increasingcoveragethe adsorptionenergydecreasesasbecomes
evident by the formation of the13~-statein the thermaldesorptionspectrumwith
an effectiveadsorptionenergyof about 10 kcal/mole.This effectis ascribedto re-
pulsive interactionsbetweenneighboringNH3 molecules.Sincebothstatesstrongly
overlapin theTDS tracesa determinationof theirrelativepopulationsbecomesques-
tionableand thereforeany moredetailedconclusionson the natureof theseinter-
actionsremainspeculative.An estimateof the dipole—dipoleforceson thebasisof
the proposedstructuremodelandof themeasuredwork functionchangerevealsthat
this effectcarmotaccountfor the full amountof the repulsiveenergy.Insteadit has
to be assumedthat in additionindirectinteractions(viathemetal’svalenceelectrons)
come into play,althoughsuchan effect doesnot reflect itself in theUPS and~p-
data.
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From the data presentedby fig. 8 it follows thekineticsof adsorptionfollows a

rathersimplelaw: The rateof adsorptionvariesproportionalto 1_U/Umax andobeys
thereforefirst-orderkineticswithin asimple L.angmuir-typemodel.Thatmeans,there
is no needfor assumingtheexistenceof a weakly held precursorstate,but if a NH3
moleculestrikes from the gas phasea free adsorptionsite it will be adsorbedwith a
probability equal to the initial sticking coefficient(s0 = 0.16), otherwiseit is re-
flected. Within sucha model it appearsalso quite reasonablewhy s0 is not equalto
unity sinceobviously only a limited rangeof all possibleorientationsof the imping-
ing NH3 moleculeswill lead to a coffision with thesurfacewhich enablesthe forma-
tion of the chemisorptionbondduring thetime of interaction.

It was foundthat thework function of Fe(ll0) decreaseslinearly with NH3 cov-
erageuntil at saturation(n5 = 2.9X 1014 cm

2) ~ = 2.4eVis reached.Fromthese
dat-athedipolemomentof the adsorbatecomplex,p~,is easilyderivedthrough

= ~o ~

where e~= 8.85 X 10_14 A s/V cm (note that 1 A - s • cm = 3 X 10~~Debye).It
resultsthat ‘~= 2.2 Debye,which is evenlarger than thedipole momentof the free
NH

3 molecule(p 1.47 Debye [14]).
This result supportstheproposedmechanismof thechemisorptionbond,where-

after throughcoupling of the nitrogenatom to themetal electronicchargeis trans-
ferredfrom the N lone electronpair to the metal (in a similar manneraswith CO
chemisorption)thusincreasingtheeffectivedipole momentof the adsorbate.

4.2. Surfaceintermediates

As was observedwith Fe(l 11) and(100) [2] and also in the presentcase,NH3
decomposescompletelyat elevatedtemperaturesand leadsto theformationof N2
andH2. Thesespeciescome off the surfaceat practically the sametemperaturesat
which theydesorbif thesurfacewaspreviouslyexposedto thesecompounds[6,10]
so that not the decompositionof NH3 or its NH~-fragmentsbutrecombinationof
the atomsis suggestedasbeingtherate-limiting steps.As will bediscussedbelow,this
statementishowevernot completelycorrect for thehydrogenevolution.

Nad is theonly speciesexistingon the surfaceabove500 K sinceall H-containing
compounds(H2 andNH3) desorbbelowthis temperature.Atomically adsorbedni-
trogenis easily identifiedfrom the UPSdatawhich exhibitat this stagea singlepeak
outsidethe d-bandregionat 4.9 eV belowEF which is in accordancewith previous

studies [2,6] identified with chemisorptionlevels derivedfrom coupling the N2p-
statesto themetal. In addition, the LEED and i~p-dataare completely consistent
with this conclusion.

Interestingly,a well-definedothersurfaceintermediatemay be formedandiden-
tified during thedecompositionof NH3 on the surface.Underproperly chosencon-

ditions (i.e. exposureto gaseousNH3 at 340 K) obviously reactionstep (1) as for-
mulated in section3.3 namelyNH3,ad NHx,ad + (

3_X)Had, is completedwhereas
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the consecutivestepsof furtherdecompositionanddesorptionare still tooslow, so
that sucha mixed overlayeris build up. Unfortunately recombinationof the split-
of H-atoms to H2 andfurther decompositionof the NH~-speciestakeplaceat quite
similar temperatures,sothat the H2-desorptionspectrumexhibitsonly a singlepeak.
If the dissociationof NH~would havebeenthe slowerstep theH2 desorptionspec-
trum would exhibit two peaksfrom whoserelativepopulationsthe stoichiometry
of the NH~-speciescould easilybe derived.Since this is notthecaseotherarguments
are neededfor its identification andcharacterizationwhich are partly basedon a
comparisonwith the fmdings obtainedwith other Fe planes: Intermediatestages
during thedissociationof NH3 were also observedwith Fe(l11) and(100),although
in thesecasesa completeisolationwasneverpossiblebut only a superpositionof
featuresarising from different species.Partial dissociationof NH3 lead to the ap-
pearanceof anadditionalmaximumat about 9.5 eV belowEF in thephotoelectron
spectrum[2].

Quite similar observationswere recentlymadeby Grunze [15] during theinter-
action of N2H4 with Fe(l 11). Argumentswere presentedthat this speciesis to be
identifiedwith NH2ad [2,15] which meansthat in thereactionsequence

k1 k3
NH3,ad ~ NH2~~+ Had~±NHad +

2Had Nad + 3Had

k
1 > k~and k3 > k2, i.e. NH2,ad will accummulateon the surface(at properly

chosentemperatures),whereasonceNHad is formedit rapidly decomposesfurther.
In additionit was observedthat NH2,ad could recombinewith adsorbedhydrogen
(or deuterium)atomsgiving rise to a j33-statein thedesorptionspectrumof ammo-
nia at about 350 K. That meansthat the reactionstepsk2 andk1 exhibit com-
parablerates.The behaviourof Fe(l 10) is qualitatively different: The thermalde-
sorptionspectrafor NH3 exhibit only a very slight indication for a(33 -statedesorb-
ing aboveroom temperature.Consequentlyalso no evidencefor anH/D-isotopeex-
changewith the desorbingammoniawas found. This result suggeststhatk1, is so
slow that no H/D-exchangewith ammoniais observed.Thisconclusionmeansthat
with Fe(l 10) the speciesNHad is built up on the surfacefor whichadditionalsup-
port is given from the following points:

(i) The UPS spectrumof this speciesis characterizedby two peaksat 5.2and8.4
eVbelowEF whosesmallhalf-width indicatesthat in factonlyasinglespecies(apart
from Had whoseUPS intensityat ~5 eV is ratherlow) is presenton the surface.
With Fe(lOO)and(111) the transientspecies(NH2,ad) exhibitedmaximaat 6 and
9.5 eV. Evenif onetakesinto accountthatwith Fe(l10) alsotheNH3-inducedpeaks
arelocatedcloserto the Fermilevel by 0.6eV (which is ascribedto thehigherwork
function of this plane)therestill remainsa differenceof 0.5 eV betweenthe 9.5 eV
peakon Fe(Ill) andthat at 8.4eV on Fe(110),indicatingthat thesefeaturesbelong
in fact to different species.As outlinedpreviously [2] photoelectronspectrafrom
free NH2 and NH radicals are not available.Onecan think of a comparisonwith
spectraof N2H4 andN2H2 but thespectraof thesecompoundsare relativelysimi-
lar [16,17] so that no decisionon the basisof the “fingerprint” approachmay be
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made. In addition,Grunze [15] hasrecentlydemonstratedthat the photoelectron
spectrumof hydrazineadsorbedon N2H4 differs appreciablyfrom thoseof its dis-
sociationproducts.

(ii) Currentstudieson the systemNH3/Fe(ll0) by meansof secondaryion mass
spectroscopy(SIMS) [18] revealedthe predominantreleaseof the NH-ion if the
samplewas exposedto NH3 at 130 K. This observationis in agreementwith the
presentfindings whereafterunder theseconditionsammoniais non-dissociatively
adsorbed.If the same experimentis performedaboveroom temperaturethe pre-
dominantspeciesrecordedis NH~which is identifiedwith thespeciesNH~discussed
in the presentstudy.Even if the possiblecomplicationsconnectedwith the inter-
pretationof SIMS dataare takeninto accountthis result seemsto clearly indicate
that thesurfaceintermediateunderdiscussionis in fact adsorbedNH.

It is interestingto note that Melton andEmmett [19] observedthetransientoc-
currenceof N and NH in the gas phaseif an iron filament wassuddenlyflashedin
anNH3 atmospherefrom 350 to 1270 K which pointstowardsthe existenceof the
samesurfacespeciesas concludedfrom thepresentwork.

The transientz~p-measurementsreproducedin figs. 9 and 10 indicatethat NHad
dissociateson the surfacearound400 K at which temperaturealso recombination
anddesorptionof hydrogenstarts.This is the reasonwhy thethermalspectrafor H2
exhibit only a single (predominantlydesorptionlimited) maximum(fig. 5). The dis-
sociationenergyof free NH is about 75 kcal/mole [14], but theactivationenergy
for this processin theadsorbedstateis certainlymarkedlysmallerdue to theenergy
gainedby the formationof M~~NadandM~I~ladbondsas discussedpreviously[2].
The completeisotopicequilibration of thehydrogencomingoff the surfaceclearly
demonstratesthat no intramolecularformationof H2 from eitherNH3 ad or NH2 ~
is taking placebut that insteadthe H-atoms are first split-off individually to fo’rm
Had-species.

AlthoughNHad(+Had)causestheformationof LEED “extra” spotsnostructural
model canbe offeredsince,from the argumentspresentedin section3.5, thesurface
is believedto be reconstructedundertheseconditions.For the samereasonno basis
for a discussionof the associatedwork function changein termsof thedipole mo-
ment of the adsorbatecomplex is seen.All that canbe said is that the sign of ~p is
in the expecteddirection.
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