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The adsorptionand decompositionof NH3 on a Fe(110) surfacehasbeenstudiedby means
of secondaryion massspectroscopy(SIMS) in the temperaturerangebetween130 K to 800 K.
Although thereis somefragmentationof molecularNH3 by SIMS, NHad is unambiguouslyiden-
tified as an intermediatesurfacespeciesby this method.Furthermorethe conclusionsreached
in previouswork on thebasisof LEED, AES, UPS,work functionandthermaldesorptionmea-
surementson theadsorption,partial andtotal decompositionof NH3 onaFe(110) surfacecould
be fully confirmed.

1. Introduction

Iron forms stronghydrogen,carbon,nitrogenandoxygenbondsandbecauseof
this pronouncedreactivity it is a widely usedcatalyst for thesynthesisof hydro-
carbonsandammonia.Therefore,the surfacechemistryof this metalhasbeenex-

tensively studiedin the pastandsome recentpapersreport verydetailedresultson
the interaction of ammoniawith clean low index surfacesof iron single crystals
[I—-3j. Grunze et al. [I] studied the adsorptionand decompositionof NH3 on
cleanandnitrogen coveredFe(l 11)and Fe(l00) surfacesandby UPSidentifiedat
leastone intermediatesurfacespecies(presumablyNH2 ,ad) beforecompletedisso-

ciation of NH3,ad into Nad + Had at 320K occurs.A somewhatdifferent behaviour
wasreportedby Weisset al. [21for the interactionof NI-I3 with Fe(l 10). On this
surfaceNH3 adsorbsnon-dissociativelybelowroom temperatureandat 350 K a sta-
ble surfaceintermediate,most probably NHad, is formedexhibitinga 2 >< 2 LEED-
pattern. Above 400 K completedissociationoccursandH2 desorbs,finally above
850 K theremainingchemisorbedN-atomsrecombineanddesorbasN2.Preadsorbed
N inhibits the formationof the intermediateNHad-speciesat 350K.

SIMS hasprovento yield detailedinformation on the chemicalstateandchanges
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of solid surfacesdown to l0~6of a monolayercoverage[4] andin many casesit
can evenprovide reliable quantitativeresults [5,6,71. The presentpaperpresentsa
reinvestigationof theadsorptionand decompositionof NH3 on Fe(ll0) asreported
in [21, with the aim to checkthe SIMS-methodin this kind of surfacereactionsys-
tem and especiallyto provide an unambiguousidentification of the intermediate

surfacespecies.

2. Experimental

Experimentswere performedin a stain1es~steel UHV-apparatusequippedwith
SIMS, LEED and AES as describedearlier [71.Typical operatingconditionswere

vacuumin the low l0~10Torr range,primary ions: Ar+ of(5-—l0)nA/cm
2 current

density at I keV energyin thestaticSIMS modeand0.2 jiA/cm2 at 1.6 keV in the
sputteringmode,respectively.

Ammonia wasintroducedthrougha movablecapillarytube systemmountedon
a manipulatorand ending in front of the Fe sample.As describedearlier [1] this
devicewaschosenin orderto avoid contaminationsandmemoryeffectsof thestain-
lesssteel chamber.It wasadjustedto achievesaturationof the surfacewithin about

10 mm.
The single crystal sample exposingthe (110) planehadalreadybeenusedpre-

viously [2] and similar cleaning procedureswere applied:(i) sputteringat 970 K

with a total Ar~dose of 5 X 1014 ions/cm2,(ii) sputteringat room temperatureup
to 1017 ions/cm2with annealingcyclesup to 770 K in betwcen,(iii)shortannealing
at 770 K for few minutesbeforeeveryexperimentalrun. Thecleanlinessof thesur-
facewascontrolled by SIMS (seebelow)andin addition to that by AES and LEED.
In the AES-spectrum(2nd derivative)the pe:ik to peakheight of carbonrelatively
to that of iron (651 eV) was far lessthan0.1. The LEED patternexhibitedonly
well-developedsubstratelatticespots.

3. Resultsand discussion

3.1. SIMS-spectraoft/ic clean Fe(11O)-surfàce

Main peaksin thespectrumof positive secondaryions from thecleanedFe(l 10)-
+ + + . . - + +surface(fig. I) are theiron ions Fe ,Fe

2,Fe3 andalkali contaminations(Na , K ).
The latter, however,have an extremelyhigh detectionprobability with SIMS and
therefore only representsurfaceconcentrationsin the rangeof about l0~~of a
monolayer. In addition also spuriouscontaminationswith carbonandoxygen are

detected(FeC~,FC2C+,FeO+, Fe20+),the correspondingcounting ratesarevery
low, however.This representsthe detectionlevel of SIMS for C and0 when in the
AES-spectrapracticallyno C and0-peakswere visible. In SIMS somehydrogen(1fF)
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Fig. 1. Massspectrumof positivesecondaryions from a cleanFe(110)surfaceat roomtempera-
ture. Primaryions: Ar~,F = I keV, j = 8nA/cm
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Fig. 2. Massspectrumof negativesecondaryionsfrom a cleanFe(I 10) surfaceatroomtempera-
ture.The surfaceis cleanaccording to AES and LEED standards,all appearingions areknown
to havehigh yieldswith SIMS.
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is also seenbut again this speciesis known to have a high detectionprobability. it
arisesprobably from the ion-getterpumps of our apparatus.Correspondinglythe
spectrumof negativesecondaryions (fig. 2) shows someimpurities (1 I~. 0 , F -

CN~andCL) which again easilyappearin SIMS evenat very low levelsol surface

concentration.in summary,thesespectracharacterizea surfacewhich is cleanac-
cording to AES- and LEED-standards,the remainingfeaturesin SIMS beingtypical
for this method.

3.2. Adsorption ofNH
3 at low temperatures

The sample was cooled to 130 K wherebyno observablechangesin the SIMS-
spectra occurred.Then the gas inlet valve was openedand Nil3 admitted to the
Fc(110) surface.During the NH3-cxposuretlse following changesin the massspec-

truni of the positive secondaryions could he noticed(fig.3): Ions of the coinposi-

tions Fe,1(NI I3),~with ii, iii = 1, 2 andNl-l~with ii = 0. 1. 2. 3. 4 appeared,siniul-
taneously the hydrogensignals (11+. I l~) increasedand the Fe~signals reacheda

saturationvalue with the exception of Fe+whichbecameconstantonly after 10non -

Interruption of the NI-I3 -exposuredid not result in anychangesof the signalsfrom
the saturated surface, therefore adsorptionof NII~ to Fe(1 10) at 130 K is oh-

I ______

Begin of NH3-exposure

E iO~- Fe NH3~

7/ ~1/ ~ Fe~
~ 2 / / S__~,

10 /,/ /

~ / N H

Time in mm
fig. 3. Time dependenceof typical SIMS signalsfrom l-e(1 10) when cxposcdto Nil3 ar 1 =

1 35 K beginning at t = 9 inn, the surfacesoonreachesa stateof saturation. (The dashedline at

= 9 olin indicatesthe opening of the valve, subsequentlythere is somedelay causedby the

capillary system.)
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Fig. 4. Massspectrumof positivesecondaryionsfrom a Fe(110) surface,saturatedwith ammo-
nia at 135 K. The pronouncedpeaksof FeNH~,Fe(NH3)~,Fe2(NH3)~andFe2(NH3)~Indi-
catenon-dissociativeadsorptionof NH3.
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Fig. 5. Massspectrumof negativesecondaryions froma Fe(110) surfacesaturatedwith NH
3 at

I 35 K. Themostprominentfeatureis theNl-I~-peak(mass16 includeslargecontributionfrom0).
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viously irreversible. The pronouncedappearanceof Fe,1(Ni-I3)~2ions clearly indi-

catesmolecular adsorptionwithout dissociation in completeagreementwith the
fIndings of Weisset al. [21. In this work molecularlyadsorbedammoniawasidenti-
fied by UPS by the occurrenceof valenceionization potentialsof 6.7 and 11 .2 eV

below the Fermi level ‘~Fwhich wereattributed to the 3a1 ( N lone pair)and Ic
(°‘ N—H bond)levels, respectively.

The SIMS-spectraof a Ni-I3 saturatedsurfaceareshownin figs. 4 and5, themost
prominentfeaturein the negativeion spectrumbeingNh-13. The presenceof signals
of type NH~with it <3 will he discussednext.

3.3. Fragmentation of molecularNJ-I3 iii 1/ic secoiidari’ /0/i spectra

From the occurrenceof Fe0(N1-13)~,signals it is concludedthat ammoniaad-
sorbsnon-dissociativelyin Fe(l 10) at T = 130 K. The simultaneousandnon-negli-
gible presenceof ions NI1~with n = 0. 1, 2. 3, 4 might appearto be in disagreement
with this conclusionand hastherefore to he explained.Onecould think of tIme fol-
lowing reasonsfor th1eir appearance:

(i) The correspondingneutral speciesNH,1 are indeedadsorbedon the surface.
Such a conclusion would howeverbe in clearcontradictionwith the UPS results
which revealedevidencefor the presenceof only a single surfacespecies(NH3,ad)

undertheseconditions [21, andis thereforeruled out.
(ii) Molecularly adsorbedNH3 is dissociatedby primary ion impact. In this case

the yield of NH~should dependon energy,currentdensity anddoseof primary ion
impact.Detailedmeasurementshoweverrevealedno suchdependencefor ion ener-
giesbetween0.5 and 1.8 keV at a current density I = 5,iA/crn

2 up to I It Conse-
quently thus possibilityappearsratherimprobable.

(iii) The fragmentationof Nh-I
3 occursduring theemissionprocess,i.e. thereis a

certain probability for crackingmolecularly adsorbedNH3 during ion formation.
The fragmentsthencan be detectedas I-f~,H~,N~,NH~,NI-I~and NH~andreflect
electronicprocessesduring the emissionevent.Experimentallywe foundth1atthesec-

ondaryion yields for the fragment masses14--I 7 (i.e. N~,NH~,Nh-I~,NH~)can be
written as

Y(i) =c~ Y(17)

wh1ere i = 14, 15, 16 andY(/) = yield of massnumberi. The coefficientsc~revealed
to be independentof the primary ion energy and thecurrentdensity as well as to

be independentof NH3 coverageand surfacetemperaturein the molecularadsorp-
tion range. From a whole seriesof measurementsbelow T = 270 K the following
coefficientsweredetermined:

= 0.12±0.02, c15 = 0.14±0.03, c16 = 0.41±0.04.

For surfaceten3peraturesabove300 K h1oweverthecoefficientc15 (i.e. NI1+) starts
to behavedifferentlyaswill bediscussedbelow. It is worthwhile to noticethat these
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coefficientsresemblevery closely to thoseobtainedby electronimpact ionization
of gaseousammonia.Such acomparisonwasperformedin the sameapparatususing

a conventionalionization chamberin front of the massfilter with electronenergies
rangingfroni 30 eV to 80 eV andyielded

c140.14±0.02, c150.18±0.03, c160.45±0.04

for thecoefficients.(It is thereforeconcludedthat in both ionization processes,i.e.
on thesurfaceby SIMS andin thegas phaseby electronimpact,similar elementary
processesoccurwithin thehighly excitedmoleculeleadingto fragmentation).

I I I
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~2000 -
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+NH3)2
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Ts~inK

Fig. 6. Variation of sometypical SIMS signalsduring slow heatingof a Fe(1I0) surfacepre-
viously saturatedwith NH3~dat low temperature,indicatingcontinuousdesorptionof NH3.
(Scalefactorsindicatethat thesecountingrateshavebeenmultipliedbeforeplotting.)
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3.4. Thermallyactivatedchemicaltransformationof adsorbedammonia

The surfacewassaturatedwith adsorbedammoniaat 135 K andthen thesample
temperaturewas continuously increased(2 K/mm), while SIMS signalswere mea-
suredas a function of surfacetemperature.Fig. 6 showsthe resultsfor theionyields
of FcNH~,Fe(Nil3)~.andFe+, clearly demonstratinga continuousdecreaseof sig-
nals typical for molecularlyadsorbedNI-h3 with1 a simultaneousincreasein the Fe+
signal which is typical for the iron surfaceitself. Thevery samedependenceon sur-

+ + + +face temperaturewas observedwtthi the stgnals Fe7NH3, Fe2(NFI3)2, 1-12, H on
theone hand,and Fe~on the other. In thenegativesecondaryion spectra-- again
investigatedduring heatingof a surfacesaturatedwith NH3 at low temperature- a
decreaseof ion yields is observedwhich is very similar to the temperaturedepen-
denceof FeNFl~and Fe(NH3)~as shownin fig. 6. This statementholds for all nega-
tive ions of interestin connectionwith Nil3, i.e. IL, Ih~,N, Ni-V. NH~,NI-l~,
and NH~,thus indicating a continuousdesorptionof NH3 with increasingsurface
temperature.

A somewhatdifferent behaviouris revealedby the signalsof NFI~andNi h~:these

¶25 I I I I

NH;

-- —— _O0 ~

~75 -

I~:
1~0 - 2l~l0 - 250 ‘ 300 ‘ 3~ ‘ 4à0

Fig. 7. Changeof NH~signal andrelatedfragmentaryions duringslow heatingof a Fe(1I0) sur-
face which was saturatedwith NH3 ad at low temperature.The behaviourbelow 230 K was
controlledin a differentrun. (For discussionseetext.)
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yields practicallyremainconstantup to a surfacetemperatureof 275 K and then
drop ratherrapidly to zero (at about350 K) as canbe seenfrom fig. 7. From these
findings it is concludedthat adsorbedammoniais completelyremovedfrom thesur-
faceat 350 K. This is in completeagreementwith theresultsof thermaldesorption
spectroscopy(TDS) wherewith a considerablyhigherheatingrate (9 K/s) desorp-
tion of NH3 was completedat this temperature[2]. Since in thepresentcasethe
temperaturewasincreasedmuchmore slowly, however,a small fraction of thead-
sorbedNH3 doesnot desorbbut is decomposedin another(intermediate)surface
species.As can be seenfrom fig. 7, above280 K theNl-f~-yield is no longerpropor-
tional to thatof NH~(whichwould beexpectedif it is only an ionizationfragment)

but decreasesmuchlesswitl1 increasingteniperature,indicatingthe transientbuild-
up of a small amountof NHad. This conclusionwill be clearly confirmedby there-
sultsdescribedbelow.No simple explanationcanbegivenfor thedifferentbehaviour
of Fe0(NH3)~1- andNh-l~-yields,respectively.It is not clearat presentwhetherthis
reflectsdifferent origins of the ion groups from thesurface(e.g.different binding

sites)or anothereffect on theion yield whichdependson surfacetemperature.Next,
the freshly cleanedFe(l 10) surfacewasexposedto NH3 at room temperature.The
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Fig. 8. Changeof secondaryion yields for NH~and relatedions during heatingof a Fe(l 10)
surfacewhich wascoveredwith NH

3 at roomtemperature.The NH~-yieldexhibitsanuncorre-
lated behaviour.
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correspondingSIMS spectraagain indicatedmolecularadsorption.Startingfromthis
initial state,the samplewasslowly heatedwhile simultaneouslytheNH~-ion yields

(mi = 0, 1, 2,3) weremonitored.Theresult is shownin fig. 8 andindicatesthat NH~
decreaseswith increasingsurfacetemperature,reaching1/10 of the initial valueat
T = 345 K andhascompletely disappearedat T = 365K. The yields of NH~show

a similar dependenceon surfacetemperaturewhereastheNHtyield behavestotally
different. From theabovediscussionit is clear, that aslong asmolecularammonia

NH
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~ ioo ‘10 -

cm 0 -

35050 T51~inK
0 +±_I+~_~

NH2’5
-50 I I

300 350 400
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Fig. 9. Sameasfig. 8, aftercorrectingthe NH~andNH
1’-yieldsfor contributionsof fragmentary

ions from NH
3. Error barscontainstatisticsand uncertainty in the coefficients for fragmenta-

tion. The intermediatesurfacespeciesoriginating from thedissociationof NH3 is NHad and
existsbetween300 K and400 K.
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is presentat thesurface,fragment ions will beformed.Thereforewe subtractedfrom
the raw data for theNHtyields that portion which resultsfrom fragmentation.Ac-
cordingto section3.3 this is determinedbyY(i)=c1 Y(l7),withc~5 (0.l4±0.03)
andc16 = (0.41 ±0.04)for massnumbers15(NH~)and l6(NH~)respectively.The
resulting data representingthe true relative surface concentrationsof NHad and
NH2 ad arereproducedin fig. 9. Thesedatademonstratethat the surfaceconcentra-
tion of NH2 ad is practicallyzero,whereasthaffor NHadpassesthroughapronounced
maximum at about350 K. Above 400 K this speciesobviouslydecomposes.These
resultsarein full agreementwith the findingsof an earlier investigation[2], where
upon interactionof NH3 with Fe(l 10) at 350 K a surfaceintermediateNH~(x=

or 2) could be formedwhich wascharacterizedby a 2 X 2 LEED patternandby
maximaat 5.2 and8.4 eV below FE in the photoemissionspectrum.It was,how-
ever,not possibleto clearly decide on the basisof the UPS datawhetherthis inter-
mediateis adsorbedNH or NH2. This decisioncan now clearly be made from the
presentSIMS measurements.It wasfurther observed[2] that this speciesdissociates
above400 K into Nad andHad, followed by rapid recon3binationanddesorptionof
H2. Nad wascharacterizedby a UPSpeakat about5 eV belowEF. Recombination
and desorptionof N2 wasobservedto take placearound850K. Thesesubsequent
reaction stepswere againconfirmedin thepresentwork. Interactionof NH3 with
the cleanFe(l 10) surfaceabove400 K showedonly a continuousincreaseof the
N~signal,causedby thebuild-up of Nad. This signalstartedto decreasein intensity
only if thesamplewasheatedto temperaturesabove700 K.

Finally an experiment wasperformedin which a N-precoveredsurfacewasex-
posed to NH3 at room temperature.Adsorption of ammoniawas monitoredby
recording the correspondingNH signal. Upon slow heatingof the sampleunder
theseconditions only desorptionof NH3 wasobserved,but no intermediateforma-

tion of Nl~Iad.This observationsupportsagainthe previousconclusions[2] where-
after preadsorbedN inhibits the dissociationof adsorbedNH3. No recombination
of Nad with adsorbedhydrogenwasobservedundertheappliedlow-pressurecondi-
tionswhich is again in agreementwith previousfindings [2].

4. Conclusions

If a cleanFe(l 10) surfaceis exposedto ammoniabelowroom temperaturenon-
dissociative adsorptiontakes place. At 365 K desorptionis on the other hand
completed.Interactionwith NH3 aboveroomtemperaturemay also leadto thefor-
mation of NHad which reachesits maximumconcentrationaround350 K andde-

composesabove this temperatureinto Nad + Had. The formation of this interme-
diateis inhibited by thepresenceof preadsorbednitrogen.

The resultsare in completequantitativeagreementwith the conclusionsreached
previously for this system [2] by applicationof LEED, UPS,AES, work function,

thermaldesorptionandisotopeexchangemethods.While thesetechniqueswerenot
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able to unequivocally distinguish betweenNl~Iadand NFi2ad as possible interme-
diate,this decisioncould clearly be made on the basis of the SIMS data. It is thins
deriionstratedthat themethod of static SIMS is a valuable tool for the identifica-
tion of surfacespeciesand that it can reliably be used for the investigationof sur-

face reactions,particularly if the resultsare comparedwith thedataobtainedwith
other surfacesensitivetechniques.
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