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I. INTRODUCTION
The subject of this work is the interaCtion of ammonia

with single crystal platinum'surfacés. " The adsorptidn/
dééorption processes, as well as the decomposition reaction
were investigated by means of molecular beam scattering,Aahd
the reaction mechanisms and kinétics have been detérmined.
The surfaces used for these experiments are the Pt(111) and
fhe‘Pt(557) crystal féCes."Also désciibed'iﬁ this work is a
method for.meésuriﬁg systém pumping Speeds using'mbletulaf
beams. | | | '

~Molecular beam-surfaée Scattéring is well.éstabliShéd
as a»powerfui'techniqﬁe for probing the atomic and molecular
. interactions at the gas-solid interface. Usiﬁé well-defined
beams and well characterized surfaces in an uitra—high
Vacﬁum‘eﬁVironmenf,.one can exploré”the'béhéViOr of a mole-
cdlé Céiliding‘wifh:a solid surface. The beam scattering
techﬂique allows for. the Variétion of a number'of expéri—h
mental paréﬁeteré"that.are fixed or not availablélih other
.methods of surface science investigation. The molecular
Beam can be energetically defined using supersonic nozzles,
and even state selected using electromagnetic fields. A
beam is by;nature spatially defined, whiqh allows one to
control the angle at which the impinging molecules strike
the surface. By means of-é universal mass detector that is
rotatable around the interaction zone, angular distributions
of scattered or product molecules can be measured, yielding

information regarding the accommodation of the reactant at



the surface. As one is detecting only the molecules coming
from a single collision with the surface, one can determine,
by means of phase-sensitive detection and time-of-flight,
surface residence times and product velocity distributions.
Of course, as with other methods of surface experimentation,
the surface structure, chemical composition, and temperature
can oe well controlled.

As will be ‘described, the present work takes advantage
of many of the techniques molecular beam scat;ering offers.
While some of the information gleaned from these experiments
could be inferred using another method (e.g., desorption
rate constants can be obtained from flash desorption studies),
only the molecular beam scattering. technique can give direct,
unambiguous, gas-surface interection kinetics and dynamies;
The ammonia/platinum system is particularly difficult to
study by flash desorption and Auger electron spectroscopy
due’to tne problems associated with nydrogen adsorption from
the background;lthe coincidence of nitrogen andAplatinum

Auger peaks, and electron beam effects.



IT. EXPERIMENTAL

The molecular beam apparatus used for these experiments
has been described extensively.l?z' A schematic of the
ﬁachinezis shown in Figure 1. Briefly, the ion-pumped ultra-
high vacuum,thamber, equipped with LEED and retarding field
Auger electron spectroscopy.guns and optics as&well‘as’a
sputter-ion gun, is connected via a 1 mm hole to.a differ-
entially pumped molecular beam source. A quadrupole mass
spectrometer attached to a rotataBle feedthrough in the main
chamber.cén rotate around a crystal mounted on a manipulator.

The crystal-to-ionizer distance is. 3 cm.

A; Modifications

- The changes that have been made to the machlne 51ncewit
was last described are as follows., |

1) Beam line: the glass manlfold that fed the beam
has been'replaced by an all stainless steel manifold. The
new méﬂifeld is designed-tovailow for gas mixing so that fwo
different gases can be fegulated separately and fedAinto fhe
source simultaneouslyl | - | R

2) Source: the ceramic multichannel array wasiremoved
from the heatable source tube. The source now consists of a
stainless steel tube terminating in a round hole 0.010" in
diameter and 0.010" in leﬁgth. Used af experimental backing"
pressures (1-50 torr), the source forms. a beam somewhat more
spatially collimated. than an effusive. source. Nevertheless,
calculations show that the velocity distribution of the beam

can adequately be described as thermal.



3) Electfon multiplier: the Cﬁ-Be dynode electron
multiplier used previously was'found'to degrade too rapidly
under current experimental conditions. Consequently, it was
replacéd by a high speed off-axis channeltron electron multi-
plier (Galileo model 4770) used as an analog device. It was
found that the channeltron also lost gain duriﬁg the course
of an average experiment, but could bé adequately regener-
ated by baking out the entire main chamber af ~120°C over-
night. The deflector plate of the mulfiplier could be used
as a Faraday cup to collect ions. This made it possible to
estimate the multiplier gain. When making these measurements
the deflector plate was biassed 20 volts more negative than
the ionizer electron energy to preventvcollection‘of elec-
"trons, and currents were measured with a picoammeter equipped
with current suppression. It proved difficult to find a
signal.regime in which the channeltron did not saturate and
yet ion current wasvlarge.enough to measure. The multiplief
gain’varied around 105. Scattered and product signals varied
between .01 and 10 ﬁahoamps;_ This corresponds to count rates

. of 10'3-106 counts/second.

B. Materials

The platinum crystals used were wafers ~6 mm in diameter
and ~2 mm thick spark cut from a single crystal rod (MRC MARZ
grade). The majér bulk impurities in the rod (by MRC
analysis) were palladium and silicon (each ~20 ppm).‘ The
samples were oriented by Laue x-ray back diffraction and

polished by standard techniques. Immediately prior to
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placement in vacuum, the crystals were etched in warm dilufe
aqua regia. The surfaces studied, Pt(111) and Pt(557) (or
Pt-S[6(111)x(100)]j are shbwn.in Figure 2. Surface imburi~'
ties most frequently detected by A.E.S. were carbon, calciun,
silicon, phosphorus and sulfur. Methods for surface cleaning
are described below.

Anhydrous ammbnia.(Matheson 99.99%) was used without
further purification. Deuteréted ammonia-(99% D) was obtain-
ed from Merck, Sharpe and‘Dohﬁe. The deuterium used was
purchased from Liquid Carbonic and was 99.7+% pure in D.

Mass spectrometry indicated no impufities in the gases

beyond the rated specifications.

C. Crysfal Cleaning
The routine cleaning procedure was as follows. ' The hot
crystals (T ~ 750°C) were argon. ion sputtered twice with the

ion pump gate valve closed at an argon presshrevof 5 x.lO_5

_torr for 20 minutes, the first time at 800 eV ion energy and

~the second time at 600 eV. 15-20 minutes of oxygen treatment

followed in order to remove surface carbon, at a crystal
temperature of 525°C and an oxygen pressure of 2 xV10-7-torr.
Finally, thefcrystals'were flashed to.950°C for aboﬁt\S
minutes to anneal and order the surfaces. The cleanliness
and structure of the surfaces were confirmed by Auger electron
spectroscopy and low energy electron diffraétion.

When a new crystal was placed in the chamber, or after

the chamber was vented, the surfaces tended to be dirtier,

~and more vigorous cleaning was required. The Pt(557) crystal



had a considerable ameunt of calcium in it, and very high
temperature (T ~ 1000°C) and high energy (1500 eV) sputtering
was required to leech all the calcium out of the bulk. |
Silicon and phosphorus contaminated the Pt(111) surface.

It wasvfound that silicon segregates to the surface at 600°C,
so the crystal was left at that temperature for 30 mihutes,
then sputtered. Repeated cycles of segregation and sputter-
ing successfully cleaned the crystal of surface Si. . High |
energy sputtering, alterneted with oxygen treatments got rid

of the P.

D. Experimental Method
The precess of following a melecular beam scattering

experiment by phase-sensitive detection has been described
’ 1,2,3

.

in detail elsewhere. The molecular beam source was run

with backing pressures between 1 and 30 torr for NH;. This
corresponds to fluxes at the surface of the order of 1013
moleeules NHS/(cmz-sec). Beam intensities &ere not linear
with respect to backing pressure, as shown in Figure 3.
Indeed, for ammonia, source pressures greater than 30 torr
caused no increase in beam intensity, and in fact the ele-
vated source chamber pressufes caused'by high backing pres-
sures (>60‘torr) resulted in attenuated.beam intensities.
Under typical operating conditions (backihg pressure = 5 torr),
chamber pressures were as follows: PSource = 1.5 x 10-S torr,
9

1 x 10-7 torr, P = 1.5 x 10"

Pbuffer chamber _ main'chamber

torr.
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The beam was chopped at frequencies between 5 and 200 Hz -
by a choppingrmotor in the differential chamber. An Ortholoc
9502 lock-in amplifier used in quadrature mode was employed

for detection, referenced to a photodiode-L.E.D. couple at -

" the chopper. Data are in the form of an amplitude and a

phase lag, which are derived by a polar coordinate transfor-
mation from the two lock-in amplifier signals.
The mass spectrometer ionizer was optimized on the

ammonia signal. For an emission current of 2.4 ma, detector

operating voltages were as follows: ‘ion energy = +11 V,
focusing voltage = -8 V, electron energy=-70 V channel—
tron voltage = -3 kV, channeltron deflection voltage = -80 V.

Detection of product or the scattered beam was performed

' by one of two different techniques. A discussion of detector

modes is given in Reference 1. For most experiments, the
rotatable qﬁadrupole mass spectrometer detector was fixed in
a position behind the crystal,vdut of direct line—of-sight

of the direct beam and the mélecules scattered from the sur-
face.’ In this 'background mode* (previously refefred to as
'integral mode'), one measures the intensity of the modulated
background product signal i.e., the modulated chamber pres-
sure of the detected mass. This'detection mode waé found to
be extremeiyluseful under most reaction conditiqns.whefe
choppingvspeeds were low and the signal was not significantly
demodulated‘by fhe pumping speed of the chamber. The modu-
lated chamber background1 is proportional to (1+(m/S/V)2)-%,

where w is the chopping frequency, S the system pumping



speed, and V the chamber volume. . Background mode detection
was also effective in determining the chamber pumping speedé
for various gases, as will be discussed below.

The second detection configuration employed was measure-
ment of number densities of molecules directly scattered
from the surface by placing the detector at positions facing
the crystal. This 'differential mode' was used to obtain
scattered molecule angular distributions for He and NH3; It
was also used for isotope exchange experiments, for which it
was found that the signal-to-noise was too small to observe
isotopically substituted ammonia in the background mode from
a mixed beam of NH3 and DZ’ This was.due to the relatively
high background pressure of ammonia, which exchanged readily
with the modulated deuterium background in the ionizer. In
order to circumvent this problem, liquid nitrogen-filled
cooling shields in the main chamber were used to reduce the
ammoﬁia background.

An attempt was made to examine hydrogen exchange by
employing a mixed beam of NH3 and ND3- This proved unsuccess-
ful, as the ammonia became isotopically scrambled in the steel

source gas manifold.

E. Poisoning

Changes in the chemical composition of the surface during
the course of an experiment created difficulties in the
’acquisition of reproducible data. Unlike in.dther'investiga-
tions,4 no poisoning duefto surface carbon buildup was observed

and the Auger spectra following an experiment showed no



evidence of surface carbon. There were, however, two major
sources of surface poisoning.

1) Bulk calcium - In the early stages of these experi-
ments;'alldwing the Pt(557) crystal to remain at temperatures
above 1250 K for an extended length of time resulted in loss
of catalytic activity for ammonia decomposition. . Calcium,. .
presumably segregated out of the bulk, was,the>only surface
impurity'deteCted.by Auger following such a high témperature
poisoning. The calcium was eventually depleted by means of
the cleaning procedure described abové,,

2) Sufface nitrogen - The ammonia decomposition reac-.
tion is self-poisoning. At a fixed temperature nitrogen and
hydrogen production dropped, while the scattered ammonia
signél_gréw as a function of the time the crystal wasveqused
to the beam.f This self-poisoning phenomenon is rapid. and
~at temperatures at which decomposition took place readily
(750-800 X) product signals dropped significantly within
three minutes of exposure. The activity of the crystal could
hot be restored by leaving the CrYStal'ig vacuo. The surface
'species causing the poisoning could be removedzby flashihg
the crystal to 1200-K for five mindtes.. Therefore, in order
to obtain accurate, reproducible data; the crystél was
flashed’foliowingvthe measuring of each data pointJA,Whilei
this poisoﬁiﬁg was observed_to.sbme extent to all temperatures
below 1000 K,‘it proved to'be most troublesome at temperatures

where decomposition takes place to a significant extent.



F. Crystal Mounting and Orientation

‘A standard Varian manipulator head with flip rod through
the center was.used. Two}different‘crystal holders were
used, one equipped with a spring loaded azimuthél rotator:
and the other capable of holding up to three crystals. Both
are described by Gale.1 Figure 4 .shows how the crystals were
mounted on the multiple-crystal'holder.' Small pieces of
ceramic tubing were attached to the top and bottom of the
crystal by means of spotwelded strips of Ta foil. The crys-
tal was then placed against a Ta foil-covered ceramic block
and stainless steel wire was run through the tubes and tied
to a small; fiberglass insulated, stainless steel épring
that rests on the back of the ceramic block. In this way the
crystal was held against the block firmly, withdut being

electrically grounded. The crystal was heated radiatively

~via the resistive heating of the Ta foil on the ceramic block.

Crystal temperatures were determined by a chromel-alumel
thermbcouple spotwelded to the edge of the crystal.

A sighting cathetometer with calibrated rotatable cross-
hairs was used to measure the a;imuthal ahgle_of the Pt(557)
crystal. The angle of the scope cross-hairs was calibrated
against LEED photographs. Absolute determination of the up-
and downs%airs directions of the steps was accomplished by
: helium‘scattering, It has been showns_that helium will
‘scatter specularly from.a stepped crystal's microscopic
surface, i.e., the terraces. Thus, comparing the maximum
in the angular distribution of scattered helium to that

expected from the macroscopic surface, the step direction

10
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and, if the resolution is satisfactory, the angle from the
low Miller index plane from which the crystal was cut can be
determined. Results of such’an helium écattering experiment
are shown in Figure 5, for the Pt(557) crystal used in the
experiments. Plotted against detector angle is the scat-
tered signal dividédfby'the'difect beam signal. The crystal
was fixed at-a polar angle of incidence of 45° with the step
edges perpendicular to the ‘beam direction. The crystal
temperature was 1110 K and the beam was chopped at a fre-
quency of 100 Hz. As can be'seen in Figure 5, the scatter-
ing maximum occurs about 20° further out from the incident
beam than would be expected from specular scattering off the

macroscopic surface. As the scattered angle will reflect

‘twice the angle between macroscopic and microscopic surface

normals, this result indicates that the surface terraceés

are about 10° from the macroscopic surface. This agrees to
within the machine's resolving power with thel9.45° angle
expected for a Pt(557).surface. That the specular angle is
further out from.the incident beam than macroscopic specular
scattering impliésvthat the beam is incident on the open
side ofvthevsteps.

Crystal angles are defined as follows: polar angle of
incidence (6) is measured from the crystal's macroscopic
surface normal, or the back-reflection of a He-Ne laser beam
aimed -through the source collimating orifices. The sign of
the polar angle has significance only in conjunction with_
the azimuthal angle. Azimuthal angle (a) 1s defined as.0°

when the step edges lie parallel to the plane defined by

11
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‘the beam and the detector. When both azimuthal and polar
angles are greatef than zero the beam impinges on the open
side of the steps (see Fig. 6).

An aluminum tube with a small foot at its end was hung
from a mini~feedthrough at the top of the chamber, permit-
ting the azimuthal rotation mechanism to be 'kicked' from
one side to the other, allowing both positive and negative
azimuthal rotation without crystal readjustment. This made
available azimuthal rotation 0° < a < 127° and'

-147° < a < -43°,

For temperature depeﬁdence experiments on the Pt(5§7),
polar angles used were 6 = 45 and 55° with o = +90°.

On the Pt(111), thé angle uSed‘was 8 = 45° for the temper-

‘ature dependence runs.



III. FVALUATION OF SYSTEM PUMPING SPEEDS BY THE MODULATED

MOLECULAR BEAM METHOD

If absolute’quantitative product yields.are\desired
from a backgreund mode experiment, it is imperative that the:
chamber's pumping speed fbr each reaction preductdie known .
The background mode measures the modulated background of a
species in the reaction chamber. Thie ie a functioh of the
species' residence time in the chamber. That the chamber is
pumped by a titanium sublimation pump.and occasionally by
liquid nitrogen filled cold shields as well as a 400 2/sec
ion pump implies that some direct measurement of pumpihg
speeds for the various gases under experimental conditions
is required. The modulated molecular beam technique provides
a simple and accurate means for such a measurement{6

The rate of chanoe of concentratlon of any gas 1n a
pumped chamber is JUSt the dlfference between the leak rate
of gas into the chamber (or rate at Wthh product desorbs;‘
from a surface into the gas phase) and the rate at whlch the
gas 1is pumped out of the chamber. If the leak rate is time
independent,fan equilibrium concentration will be reached,v
provided the leak rate is not too high or the pumping speed
too small. If the leak rate 1is medulated, the'namber“densfty
of gas particles in the chamber will have a time dependence,
and will be a function of the chopping frequency. This is
the case for a chopped molecular beam or a proddct desorbing
from a surface where the reactant is modulated The chamber

pumping speed can be determlned u51ng the ana1y51s technlque
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developéd'by Jones et 21.3 Where n(t) is the time dependent

number density of molecules in the chamber, I is the unmodu-
lated leak rate into the chamber, g(t) is the gating function;
S the system pumping speed and V the‘chamber-volume, the rate

of change of number dénsity is given by

dn(t) _ _ S

a5 Iog(t) \V n(t).
If S/V is a constant (this will not necessarily be the case
in a real system with sublimators and walls capable of
pumping), the first Fourier components of n(t) and g(t) can

be used to exactly determine the system pumping speed.

fl
=
+

n(t)

g(t)

]
oQ
o]
+
o
=
(¢]

where n and g, are the zeroth order, and n, and g, are the

first order components of the number density and gating
function, respectively. w is the beam modulation frequency.
Diffefentiating and substituting,

int

iwt) S

iwnl_e = Io(ept gy ¢ - v,

Equating terms of same order,

=V
n, S ogo
Iogl

M T Tw+sS/vV -

Focusing on the first order expression, one gets, upon trans-

forming to polar coordinates,



R
1}

Togp/(wh s s/

tané w/(S?V),

where rel? is the reaction product vector measured by the
lock-in amplifier. If normalized against the leak rate

into the chamber,

=1/ (s/MHE.

. In a pumping speed determination experiment, a beam isb
elastically scattered from some surface in the chamber.
The direct beam intensity'and the modulated backéfound are
measured as a function of chopping fréquency. The amplitud§
and phase lag of the modulatedbbackgrdund are referenced to

the amplitude and phase 1ag of the direct beam. Beéause‘of‘_

| experimental conditions (e.g., the detector measures only a :

fraction of the direct beam, the ionizer volume is different

for the background and direct beam measurements), the normali-

zed béckground'amplitude is not equal, but proportionél to
1/(w24;(S/V)2)%.' Given w, by measuriﬂg r and ¢ fhe effec-
tive pumping rate S/V and the proportionality constant can
be determined. v |
The chambef'pumping'speédé for nitric oxide, water,
ammonia, and nitrogeh were measured in this Qéy; and the
results are shown in Figures 7-10. The beams were scattered

off hot Ta foil, the temperature of which was raised until

the measured phase lag ceased to change. Further assurance

of non-interactive scattering (at least on the time scale of

intérest) was provided.by scattering'the beams from the

15
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ceramic crystal holder or a stainless steel retaining screw .
on the crystal manipulator, and obtaining the same results.
The data was fit to the above described complex func-
tional form by either the BCQNDR or the MINUIT minimiZation
programs,7 and the best fits are presehted along with the
data in Figures 7-10. It is clear from the data that while
some gases in some pumping situations behave moré linearly
than others, none of the gases tfuly fit the simple model.
While in all cases the amplitude data can be well modeled, .
the phase lag, a more sensitive méasure of residence times,
is invariably a poor fit. »The closest fit 1is for ammonia
when the chamber was pumped by the liquid nitrogen cold
shields and titaniumvsublimation pump along with the ion
pump. Comparing with the ammonia data for the ion pump only
system, it becomes clear that wall effects play a large role
in the chamber pumping speed. By this token, one might con-
clude that a gés with a low sticking probability on the
~walls should fit the model better. As is seen iﬂ Figﬁre 10,
nitrogen does indeed behave almost as expected. The nitrogen
pumping speed is sufficiently small (50 sec-l)-that little
information can be drawn from fhe amplitﬁde data, because
even the smallest usable chopping frequencies are on the
order of S/V. Thus, for most of(the frequency range,
r « 1/w, yielding no pﬁmping speed information. With nitric
oxide and ammonia in the uncooled chamber the model under-
estimates the high frequency phase lags. In fact, the NO
phase lag becomes greater than 90°. This implies résidence

times on the order of the chopping frequency in the chamber,



presumablyvon the chamber walls. With the wallé cooled,

any condensable molecule that strikes a wall stiéks and ié
’permanently (with respect to the‘modulation frequency) pumped
_ out‘of the gas phase} ‘A phase lag greater than 90° éignifies
some sequential process that the molecule undergoes,”eacﬂ
stepjcqntributing up to 90° of phase lag. In the preseht‘
CircumStance.this most probably means that a gaé molecﬁiew

is adsorbing.and desorbing on the chamber walls more thaﬁr
once before it is finally pumped’ away, and its résidence:;/
time'during_each wall collision is a large‘ffaction of the
shorter chopping periods (1/w). FQf almos£‘a11 gases,'the
low frequency data are too high. Indeed, most of thg_plofs
look as though there will be a finite phase lag ét iéroﬁv
frequency. This is an experimental arﬁifaét; caused b? |
unsteadiness in the=chopper‘motor.when it ié_run atvlqﬁJ%
frequency; | -

While comparisons have not been made of thisgféchnique
wifh other pumping speed determination methods, thé md1ecular
beam method-is self-consistent and poténtially'very powerful.
A more sophisticated kinetic scheme could be formulated and
pumping,speeds'as a function of time,.chambgr fempeféture,
édurce pressure, and pumping conditions could be determined.
Even when applied in the simple manner descfibed abové, it
can yield reliable and useful information, particularly fqr
moletules with large wall sticking coefficients (where.the
'walls'act as pumps) and for molecules with Vefy small sticking

coefficients (where there are no wall effects).
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IV. AMMONIA ADSORPTION AND DECOMPOSITION ON PLATINUM: A
' SURVEY OF THE PREVIOUS WORK

The catalytic decomposition of ammonia hés been studied
since the early part of thié century. Primarily of intereét
in conjunctionvwith ammonia synthesis, this reaction has
been thoroughly examined in the torr pressure ‘range and
higher on a variet} of metal catélysts. The basic réaction
kinetics were'mapped out by Temkin in 1940,8 though other
schemes have since been suggested. The general spread of
high and ultrahigh vacﬁum technidués has led, in the past
10-15 years, to a.reexamination of the ammonia decomposition
reaction under low pressure conditions and with better char(
acterized catalysts. Recently this reaction has been studied
in an effort to understand the kinetics involved in the
catalyzed decontamination of exhaust gases.

With regard to the present work, which is an examina-
tion of the decomposition reaction under.ultrahigh vacuum
and essentially single collision cdnditions, the felevance
of earlier, high'pressure; work is questionable. Liftie or
no infofmation about elementary surface processes can be

gained from experiments on dirty surfaces or from experi-

ments in which gas phase interactions are important. More

of interest is the work that has been done under conditions
similar to those of the.pfésent work.

Gland has studied the adsorption and decomposition of
ammonia on a Pt—S[lZ(lil)x (111)] surface using LEED, Auger

electron spectroscopy and thermal desorption spectroscopy.9
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Ammonia was adsorbed on this surface at -75°C. The initial
sticking coefficient of the NHS.was found to be approximateiy
unity, Electron beam exposure increased the amount adsorbed.
In experiments with minimum electron beam exposure (in order
not to perturb the gas/surface system), Gland found the
'saturation coverage of ammonia to be approximately 1/20th of
a monolayer, as determined by nitrogen/platinum Auger peak
ratios. Flash desorption showed that about half the adsorbed
ammonia decomposed into N, and H,, while half desorbed as
ammonia. No ammonia fragments (NHZ’ NH, H or N) were
detected. The ammonia showed two desorption peaks, at 407 K
and 315 K, corresponding to desorption energies bf approxi-.
mately 96.3 and 77 kJ/mole, respectively. Peak.desorption.

of N, from the flash occurred at 526 K with a shoulder .

2
around 625 K. This)high temperature shoulder grew with
increased exposure of the adsorbed NH; to the electron beam.
H2 also showed a éhouldered_peak, at 378 K. The nitrogen.
desorption behavior was similar to that from atq@ié nitrogen
which led ‘Gland to belieye the nitrogen desorptiﬁn,is from
a,dissociéted state, in spite of the fact that the desorption
~peak shows first order behavior as a function of coverage.

He also concluded that the hydrogén'préduced from
amﬁonia is 1in a dissociated state on the surface. It 1is
generally accepted that hydrogen.is dissociati&ely adsorbed
on platinum surfaces.l_0 While the fact that increased elec-

tron beam exposure of the surface suggests that NH3 adsorption

may be activated, it is proposed by Gland that the electron
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beam serves to induce hyergen desorption from-a saturated-
surface, thus allbwing more ammonia to adsorb. This possi-
bility‘is lent credence by virtue of the fact that the total
amount of desorbed hydrogen'does not increase proportionatély
to the amoﬁnt‘of desorbed nitrogen.

That the surface hydrogen may occupy sites that could
otherwise be available for ammonia adsorption has also been
.suggested by Frennet.11 As will be mentioned below, it is
estabiished at higher pressures that hydrogen acts to inhibit
decomposition reaction.

Mummey and Schmidt also used A.E;S.‘and T.D.S. to look
at ammonia adsorption oﬁ platinum.4 A high purity poly-
‘crystalline ribbon was subjected to very small (~10L) and
very large (109L) room temperature exposures of ammonia.

At low exposure, the primary surface species detected by
flash desorbtion wés hydrogen (reported surface density
ratios NHS: Nzi H2 were 1: 5:'30), though flash.desorption
from the heavily dosed surface showed nitrogen to be the
predominant surface speciesv(density ratios NHS:'NZ: H2

were 1: 16.8: 1.6). With the 10L exposufe, desorption peaks
came at 465 K for NH3, 635 K for N2 and 440 X fbf HZ.' Peaks
shifted to 530 K for NHB’ 520 K with a high temperature
shoulde1-for NZ’ and 635 K for HZ' The authors suggest that
with low exposures ammonia adsorbs associatively while at
high exposdfes decomposition takes place leaving a consider-
ablé amouﬂt of nitrogen on the surface. They also postulate

the existence of ammonia fragments on the heavily dosed surface.

'v.‘\ )
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Robertson and Willhoft examined the decomposition reac-
tion on platinum filaments at preésures le._4 torr as a
function of temperature and catalyst pretreatment.12
Filaments that were,flashéd 1£ vacuo to just below melting
temperaturq before each measurement were found to have a
high initial activity which fell to a»stéady value, for |
pressures ~1O_4 torr. . At these pressures, the reaction
probability was fit to an Arrhenius—typerexpression. From
660-1900 K, the reaction probability could be fit by a pre-
exponential factor of 0.05 and an activation energy of .
4 kcal/mole. From 440-660 K pre-exponential factors on two
different filamenfsvwere 7.9.x 104 and 1.3 X 103 and acti-
vation energies were 23 and 17 kcal/mole, respectively.
The reaction probability as a function of NH3 pressure
between 1.2 x 107 and 7 x 107/ torr was also measured, and
an apparent reaction order of 0.63 was determined. The
_reaétion was also run, in fhe presence of hydrogen which,: it
was found, retarded the decomposition.  Robertson and
Willhoft also did experiments in an ”ultrahigh vacuum"
chamber. Reaction pressures are not noted, but .a high
temperature activation energy of 4.1 kcal/mole and an
activation energy of 50-60 kcal/mole below 500 K were deter-
mined.  Under clean filament conditions (not established
by any,analytical'teéhniqﬁe) the reaction probability was
found to be monotonic inéféaéing as a function of temperature,
~but a peak in the reaction probability. was found around 900 K

if the filament was not flashed between measurements. The
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authors attribute this to carburization. Carburized Wires
also showed activities 20 times greater than 'clean' ones.
This increased activity is attributed to carbon dissolved in
the filament.  The authors found their data to be compatible
with earlier, higher pressure studies.i

Fogel et al. studied ammonia decomposition at 10-4 torr
over a .4 mm platinum plate by sécondary ion mass spectros-
.copy.13 Using a primary beam 6f 20 keV aréon ions, they
. followed the reaction és a;function‘of catalyst temperature.
On an active surface (i.e., one that has been cleaned of
carbon by long oxygen‘exposureé), they-found secondary iqns
of mass 2 fall to a steady number at arquﬁd 800 K while mass 
28 ions rise a factor.of 2 between SOO‘K.andllloo K. At
‘this temperature the mass 28 signai peaks and subsequently
falls off at higher temperatures. The secondary ions at
masses 17 and 16 are fairly steady over the témperature range,
though mass lSvrises sharply at ~SOO'K. ‘Data obtained by
standard gas phase mass spectrometry shows masses 2 and 28
gradually increasing with time while masses 17, 16 and 15
start dropping at around 800 K. The mass 15 signal drop is
more gradual than thét at mass 17 or 16. In contrast to
Robertson and Wiilhoft's work, Fogel et al.'s S.I.M.S.
measurements show virtually no temperatufe dependence of the
S.I.M.S. signals on 'inactive' suffaceé presumed to be 6arbqn
poisoned. |

While it is not completely clear what the significance

of the data is, the authors show that the peak in the mass



28 secondary emission can at least in part be attributed to
surface carbon monoxide: They also conclude that the de-

composition reaction occurs in two stages,
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from thé'risé in the M/e = 15 secondary ion signal and the
more gradual drop in the gas phase signal at'that'mass.
They finally postﬁlate-a strongly bound Pt—NH3 éufface
species below;800 K on the basis that 1) there is no
detectable.decompOsition héré and 2) the secondary PtN~
and PtNZf signals become measureable dnly below this
temperature.

In the coufse of investigating the oxidation of
ammonia on a platinﬁm wire, Hoenig and Tamjidi observed
that the.adsorption of ammonia caused the exo-electron
emission from a 1100 K wire to drop by a factor of 2 below
the vécuum 1eve1.14> This increase 1in the work functioh
suggesté either that the‘adsorbed spéties acts as an elec-
tron écceptor or‘that‘fhere is'éignificant surface recon-
struction upon adsorption. Aithough Gland, using LEED, did
not observe any rédiéal'reconstruction of his stepped Pt
crystal upon NH3 adsoi’ption,9 the polycrystalline filaments
used by Hbenig and Tamjidi could have undérgbne_éome work
function increasing reconstruction. If the adsorbed ammonia
acts as an electron acteptor, this could suggest that the

surface species is some ammonia fragment.
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Melton and Emmett followed the decomposition in the

'10_4 - 107% torr range on platinum wires by mass'spe'ctrom'etry.15

They looked for ions as well as neutrals containing nitrogen

and found NH +, NH, N, N NH and NHZ_ in the gas phase at

4 27 2
.‘1473 K. N, production started at ~600 K and rose sharply

and was a linear function of‘NH3 pressure around 10_4 torr.
Using a mixture of NH3 and D,, they detected both NH3D+ and
NH, ",
ions. These data’ corroborate Kemball's work

though only trace amounts of doubly substltuted ammonia.

16 in the torr

pressure range, in Wthh it was proposed that NHZD is always
the initial product in the ammonia-deuterium exchange, with

NHD, and ND

2
steps.

; formation taking place in later surface reaction

Among the experiments performed at higher pressures,
there are.a few experiments that have a bearing on the pres-
ent work. Loffler and Schmidt showed that in the 1072 _~101
torr prossure range between 500 and 1400 K, ammonia decompo-
sition on single crystal wires and various single crystal
faces of platinum could be fit to a Langmuir-Hinachelwood
unimolecular rate oquation.17, They found the relative activ-
ities_of the Pt surfaces studied to be as.follows:polycrystal—
line ~ (210) > (110) > (111) > (100). Morrow and Cody used
infrafed absorption to look at ammonia‘adsorption on sup-

18

ported platinum. In their experiments, run between room

temperature and 500 K, they saw a single adsorbed species,
i.e., coordinately bound NHS‘ Addition of small amounts of

H, to adsorbed ND precipitated rapid H-D exchange without

2 3



decomposition of ammonia (at least no infrared peaks that
could not be assigned to NH3 or partially deuterated ammonia).
The spettra were essentially the same as those obtained by

adsorbing a 1:1 NHB/ND mixture. No peaks'that could be

3
attributed to Pt-H were observed.. It is significant, though
not completely obvious how exchange can take place-without

the presence of ammonia fragmenfs.

Interactions of ammonia and ofher metals besides platinum
have also been studied under ultra-high vacuum conditions.
Kunimori et al., did a high resolution AES study of ammonia
on palladium at foom temperéture and observed only chemi-
sorbed molecular ammonia.’19 Gasser and Green looked at the
temperature dependence of the steady state decomposition on

20 They saw no decomposition below

a reduced Re filament.
~500 K. Between 600 and 800 K, the probability‘of decompo-
sition was observed to be a steady 4%. Above SOOlK, the
authors claim that the decomposition probability rose sharply,
but desorption of NH3 from the chamber's walls prohibited
measurements at these temperatures. Ammonia decomposition
on W has been studied by several authors.21 There is dis-
agreement as to the reaction order at low pressures though
there seems to be a correlation between the Sutfaﬁe coverage
of nitrogenic épecies and the N, production fate,

Several decomposition studies have been carried out on
iron.22 Structural sensitivity was observed oh,single CTYyS-
tal faces and decomposition takes place at temperatures.és

low as 300 K. Surface intermediates, NHX (x=1 or 2) have

been detected on Fe surfaces by photoelectron spectroscopY;
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To summarize the previous work, decomposition of
ammonia on platinum 'turns on' at ~500 K. Below this
temperature, it appears that ammonia is associétively
adsorbed on platinum, though hydrogen exchange can take .
Aplace. From isofope experiments there is evidence that
exchange takes piace one hydrogenic atom at a time.
Decomposition rates increase with temperature, though uhder
certain experimentél conditions the decomposition peaks or
levels-off. The more open crystal faces of Pt seem to be .
most catalyticaliy active. Activation energies for ammonia

desorption appear to be on the order of 18-25 kcal/mole;



V. RESULTS
A. Pt(111)

1. Crystal Temperature Dependence of Ammonla Adsorptlon
and Decomposition

The results of the crystal temperature dependence experi-

ments, taken in.the background mode, are shown in. Figures
1la-d and 12. Measured amplitudes (r) have been divided by
the scattered ammonia signal at 1250 K (r1250 K)’ AThis 'hot
‘crystal' amplitude was determined to be the éame as the

amplitude of ammonia scattered from hot tantalum, the cera-

mic crystal mount, and a stainless steel screw on the crystal

mount. It was thus concluded to be the maximum amplitude
attainable in the background mode by scattering ammonia in-
the chamber. On the time scale of these experiments (the
chopping frequenCy f < 150 HZ)”rlZSO K is independent of .
gas/surface interaction, and so will be referred to as
'elastic scattering'. Dividing all. amplitude measurements
by,r1250 K removes the effects of beam fluctuetions, pumping
speed, and changes in detector gain.. It also serves to
normalize the data from different experimental runs; The
phase data for ammonia is also referenced to elastically
scattered ammonia. The plotted phase lags (A¢) are the
change in phase lag from the_elastically scattered signal
(Ad = ¢ - ¢1250 K)' This should be a true measure of sur-

face residence time because all non-surface contributions to

“the phase lag, including the chamber pumping speed, have been

27
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cancelled out.  To correct for pumping speed differences;
the hydrogen phase lags have been referenced to an elastically
scattered hydrogen beam. The product phase lags have been
further corrected by subtracting the calculated difference
in phase lags due to different chopper-to-crystal transit
times for ammonia and hydrogen. Unless otherwise noted,
all amplitude and phase data described has been normalized -
in.the above hanner.

Data was taken at four modulation frequencies, 5, 20,
50, and 150 Hz.Sourée pressurés were 5 to 15 torr. No
other decomposition products besides Hz'and N, were detected,.
though fragmentation in the ionizer brohibited all possible
measurement of NHZ’ NH, H, or N. The nitfogen signal was
about a factor of 5 smaller than the hydrogen signal, and so
was essentially lost in the noise. Because the signals wefe
small, hydrogen production could only be measured‘at 5 HZ.

The scaftered ammonia signal is essentially flat above
~550 K. The normalized amplitude is near unity, and the
phase lag is, to within experimental error (+5°), 0°. At
lower temperatures the am?litude drops sharply. In the high
frequency plots it can be seen that the scattered ammonia
amplitude levels off at the lowest measured temperatures.
In the discussion below it will be shown that this low
temperature asymptoté in the amplitude is a measure éf l-s,
where s is the initial sticking coefficient of ammonia on

the surface.



The ammonia phase lag begins to rise as the amplitude
starts to drop. It reaches a maximum of 36 + 5°, indepen-
dent of chopping frequency, and then drops back down at
lower temperatures. This behavior, along with the tempera-
ture dependence of the amplitude, is indicatiye of simple
adsorption-desorption kinetics (see beloW).

The hydrogen.amplitude (Fig. 12) risés fairly'sharply
between 650 K and 775 K. It peaks at 750-800 K, and falls
gradually at higher temperatures. The peak_temperature
hydrogen signal represents between -1 and 1% décomposition
of ammonia. This.is much smaller than the error in the
ammonia amplitude data (~4%), and no drop due t0~decomposi-
tion is detectable in the ammonié signal. There is essen-
tially no hydrogen phase lag above 750 K. Below 750 K the
phase lag rises gradually. Below 600 K the measured hydro-
gen signals are tod small to yield reliable phase information.
The maximum measured phase lag is about 60°.

2. Beam Pressure Dependence'of the Low Temperaturé

Amplitude

In anticipation of the result that the low témperature
ammonia amplitude represents 1l-s the scattered ammonia
amplitude at 375 K was measured at 150 Hz as a function of
beam pressure. Plotted in Figure 13 is 1-r25c /T1oc0 x
(or s) vs Ty750 K° As can be seen, the sticking coefficient
drdps ~10% as rhe beam is raised by a factor of three. This
small change could be regarded as a weak coyerage'dependence

to the sticking coefficient. Because this effect is so slight,



it will be assumed, for.the purpose of model fitting, that
the sticking coefficient is coverage‘indepeﬁdent.
3. Beam Angle of Incidence Dépendence of the Low

' Temperature Amplitude

The 375 K ammonia amplitude was measured as a function
of beam angle of incidence. Results are plotted in Figure
14, for a 15 torr beam‘chopped at 25 Hz. Data could only
be taken at‘éngles 6 > O°_becau$e of problems inherent'in
“the geometry of the machine, but it is reasohable to assume
thatvangle of incidence data on a Pf(lll) éurfaceAis sym-
metrical around normal incidence, 6 = 0°. While the data is
scattered, the signal is flat to within less than 15% over
the‘range of angles measured. One might argue that Tzoc g
falls off at the steeper angles. This is possible from the
appearance of the data, but the falloff is much mofe gradual
than. the cosine behavior that would be expected if there were
an activation barrier to adsorption. To within the error of
the data however, there is ﬁo angle of incidence depeﬁdence
to r;5c y, and hence to the sticking coefficient. If ammonia
adsorption on Pt(ill) is an activated process, the barrier
is below detection’limits (less than .5 kcal/mole). A slight
falloff of signal at steeper angle of incidence could reflect
the coverage dependence of the sticking coefficient: at more
grazing angles of incidence, the surface area of the crystal
that the beam subtends isbgreater. Therefore, increasing'the

angle‘of incidence is equivalent to decreasing the beam pres-

sure at the surface.



4. Angular Distributions of Scattered Ammonia

Measurements were made of‘the séattered ammonia angular
distributions for two crystal temperatures, 1250 K and 375 K.
The modulatlon frequency used was 100 Hz and the source
backing pressure was 15 torr. The unnormalized differential
mode amplitudes as a functioh.of detector angle are shown in
Figure 15. Arrows on the abscissas indicate the beam angle .
of incidence. At the high crystal temperature ammonia
scattering is broad and cosinelike, peaking at the surface
normal (a cosine distribution has been drawn in). At 375 K,
however, the peak of the distribﬁtion is at the spécular
angle and the distribution is narrower. This behavior, as
will be discussed below, is consistent with linear adsorption
vand'desorption kinetics.
B. Pt(557)

1. Crystal Temperature Dependence of Ammonia Adsorption

' and Decomposition

‘The results of the crystal temperature dependehcg
expefiments on-the Pt(557) éurface are shown in Figures 16-18.
Chopping frequencies used were S, 20, and SOVHZ and>source
pressures.Were 5 and 15 torr. The data has been normalized
in.the same way'as thé Pt(111) data. The nitrogen phase lag
dafa in Figure 18a is referenced to an eiastically scattered
hitrogen beam. As with Pt(111), no other products of de-

composition besides hydrogen and nitrogen were detected.
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At all measured}choppihg frequencies, both H, and N,
amplitudes rise sharply between 650 aﬁd 700 K, peak at
around 725 K and fall off gradually at higher temperatures.
The extent to Which decomposition takes place oh the Pt(557)
surface is much greater than that on the Pt(111). At peak
temperatures the hydrogen amplitude is ~15 times greater
for the stepped surface than for the (111) surface, (see
Figure 19). The amplitudes have not been corrected for dif-
ferences in pumping speeds and detector transﬁission factors
betweeh ammonia and the products. Hydrogen and'nitrogen.
have smaller chamber pumping speeds than ammonia. Therefore,
their backgrouhd-mbde amﬁlitudes look artificially large
- compared to the ammonia signals. Nitrogen data was only
taken at 5 Hz because signal-to-noise was poor. The shape‘
of the nitrogen amplitu&e curve is about the same as that
for hydrogen, correcting for the amplitude‘differences.

At temperatures where decomposition is significant, the
scattered ammoniaramplitude esséntially follows the product
signals, falling with the onset of decomposition and slowly
rising as decomposition téils off. At tempefatures below
the decompoéition region, the ammonia ampiitude looks similar
to the ammonia amplitude frbm the (111) face. The low temper-
ature asympto£¢ is larger for the stepped surface, however.
This implies-a smallef sticking coefficient on the Pt(557).
The phase lag data (Figs. 17) for‘ammonia are also similar to
that on thé (111). The maximum phase lag is smaller, however,

only ~14°. The magnitude of this phase lag is independent of



cho?ping frequency. There also appears to be some structure
in the ammonia phase lag between 600 and SOO,K; especially
in the 5 Hz data. These phase lags are small,-however, and
the error in phase 1lag is ~5°.

The hydrogen phase 1égs (Figs 18) are similar to those
6n the (111) surface._ There is no phase lag at high temper-
atures'But Ap rises on the low temperaturelside of the hydro-
gen peak. The temperature at which the phase lag begins to
rise 1increases With increasing chopping frequency. The
effects of dephasing are always more visible at higher fre-

quencies because at high frequencies the surface residence

time represents a larger fraction of the chopping period.

‘The nitrogen phase‘behavior is different from that of hydrogen.

Dephasing occurs ~200° higher for nitrogen than for hydrogen

at the same chopping frequency. The nitrogen phase lag

becomes greater than 90° at ~600 K. ‘This indicates sequential

elementary processes leading to nitrogen production. There
is no evidence for such a series process fof hydrogen
production. 

Figure 20 shows the crystal temperatufe dependence
data for the decomposition of deuteratedzammonia? taken with
a 5 torr beam at a frequency of 20 Hz. Theideuteriqm
amplitude curve is qualitatively similar to, although larger
in magnitude thah, the corresponding curve for NHS’ The ND3
amplitude curve shows morevattentuation at the lowest temper-
atures than does the NH3 data. As will be discussed below,

this implies that ND. has a higher probability for adsorption

3

than NH,. The ND3 phase lag data is qualitatively similar to
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thé-NH3 data, but the low temﬁerature peak is larger, ~29°.
Thé D2 phase lag data is shown in Figure 18b along with the
20 Hz H2 phase lags. They are essentially équivalent.

2. Beanm Temperature Dependence of Ammonia Adsorptlon \

and DecomD031t10n

With effusive or near effusive beams it is difficult to
obtain any real information from beam temperature studies,
owing to the significant high témperature tails and large
half-widths of thefmal energy distributions. Crystal temper-
ature dependencé experiméntS»were perfofmed with a beamv
temperature of 565 K; The results were indistinguishable
from results of'experimenté with a rooﬁ temperature beam.
Thus, within experiméhtal errbr.and within the experimental
limit of the apparatus, there is no.beam energy dependence
to the adsorption or decomposition of ammonia on the Pt(557)
surface.

3. Beam Angle of Incidence Dependence of Ammonia

Adsorption and Decomposition

Figure 21 shows data for the reaction as a function of
6 and a. Hydrogen production was measured at 725 K and
ammonia adsorption was measured at 475 K and 725 K. The
soufce pressuré was 5 torr and the chopping frequency was
5 Hz. The chamber geometry and crystal mounting made ac-
curate measurement of pure 6 and o dependence difficult, SQ
this data was taken by a combination of rotating the crystal
azimuthally and varying the poiar angle. The combination of

rotations was equivalent to keeping o constant at +90° and



varying 6. While the data is sparse, it is clear that

there is no significant dependence on angle of incidence,
either in the decomposifion region or in the low temperature.
adsorption rggion. The angle of incidence data corroborates
the beam temperature data in demonstrating that, to within
experimental error, ammonia adsorptibn on this surface 1is
not activated. From the angle of incidence data, one can
also conclude that adsorption of ammonia is not enhanced by

the presence of steps on the surface.

4. Beam Pressure Dependence of DéComposition

'Hydrogen and nitrogeh production, and séattefed ammonia
were monitored .at 725 K as a function of_incident beém prés4.
sure. Results are shown in Figure 22. For the purpose of
determining reaction order, the amplitude data (Fig. 22a)
has been plotted on a 1ogarithmic scale. The ordinate is
unnormalized amplitude and the abscissa is the_écattered
ammonia amplitude at a crystal temperature of 1250 K. The"
scattered ammonia signal is a better measure of beam pressure
than the.direct beam intensity because the channe1tron satu-
rates with large ion fluxes. The slopes of the pro@uct
amplitude curves, determined byvleast'squafes, yield reac-
tion orders in ammonia as follows: 0.87 for hydrogen and
0.98 for nitrogen. The scattered ammonia data have a slope
of 1.05. These are, to witHin experimental error, the same
value. From the amplitude data, then, the reaction 1is essen-

tially first order in ammonia.
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If a reaction is nonlinear, the product phase lag should
vary with incident beam pressure. Figure 22b shows hydrogen
and nitrogen phase lags as a function of the hot scattered
:ammonia amplitude. There is no variation in the hydrogen
phase lags. Nitrogen, however, shows é slight increase in
‘dephasing at low incident intensities.

Hydrogen production can therefore be considered to be
first order in ammonia concentration. Considefing the phase
lag behavior of ﬁitrogén as a function of beam pressure as
well as crystal temperature (Fig. 18a), there may be an
extra elementary stép in the nitrogen‘prodﬁction pathway that

is nonlinear in ammonia.

5. NHq + D,: The Isotope Exéhange Reaction.
Results of hydrogeniq exchange as a function of crystal
temperature for this reaction are shown in Figure 23. A
mixed beam (55 torr total, 15 fbrr NH3) of ammonia and
deuterium was used, modulated at 5 Hz. This gave a beam
intensity ratio at the mass spectrometer of 2:1 DZ:NHS'
For the reasons explained above, this experiment was per-
formed in the differentialnscatfering mode. The detector
sat at the surface macroscopic normal. Product amplitudes,
M/e = 18,“19, and 20 are referenced to the direct beam ammonia
intensity.Approximately 10% of the incident ammonia shows some
extent of hydrogenic exchange. fProduction of partially and

fully deuterated ammonia peaks between 625 and 675 K. At

higher temperatures production declines, presumably because



of competition between the exchange and decomposition
pathways (see Fig. 24). The amplitude of exchanged ammonia
also drops atvlower témperatures. Most likely this is é
result of the same process (ammonia adsorption/desorption:

see below) which demodulates the NH, amplitude in the runs

3
without deuterium.
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VI. DISCUSSION

A. Pt(111)- Adsorption and Desorptionvof Ammonia

The extent to which decomposifion takes place on the
(111) surface is quite small. Less than 1% of the adsofbed
ammonia undergoes decomposition under the most reactive
conditions (T ~ 775 K). Thus (to within experimental error)
the decomposition pathways do not perturb significantly the
temperature dependence of the ammonia adsorption-desorption
kinefics. Therefore, the behavior of the scattered ammonia
signal as a function of temperature can be considered inde-
pendently of any chemical reactions of the adsorbed ammonia
molecules. X |

The temperature dependence data were fit to the simplest
possible mechanism for the adsorption and desorption of a
molecule from a surface: |

sT g(t) X

NH 2 _ S>NH L S NH )
3(g)

3(g) 3(a)

Here, IO is thevﬁnmodulated beam intensity and g(t) is the
chopper gating function. The model parameter s will be |
referred to as the-sticking coefficient. In the model it 1is
a constant, ihdependent of temperature, modulation'frequency,
- and surface coverage. It represents the probability that a
molecule impinging on the surface will adsorb. In terms of
the experiments, s can be thought of as the probability that
a molecule will undergo a detectable-interaction with the |

surface. The fastest chopping frequency used in these



experiments is 150 Hz, so with a phase lag uncertainty of

5° (the average error in the phase 1ag‘differences), the |
fastest‘interaction detectable by a'phase-lag is about

100 psec. Within the temperature and freqnency range of these
experiments, a constant sticking coefficient was found te be

adequate in the modeling of the data. The other model

- parameter, k, is the standard flrst order Arrhenius form

k= A o E/RT,

It is the temperature dependent probablllty
per unit time that an adsorbed molecule will desorb from
the surface, and can be compared with nreViOusly measured
values of the deeorption rate constant.

The kinetics for the model in the above equation are
worked out using the method of Jones et al.s The rate of
change of the surface concentration of ammonia n(t) is.

é%é;l = sIOg(t) - kn.

As in the pumping speed calculations above, the time-depen- -

dent terms are expanded in a Fourier series to first order,

the surface concentration is differentiated and the terms

)

of same order are set equal to each other.. The first order

terms give: -

iwng sIOg1 - knl

(siogl)/(m+ k).

s
o
v I
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The detected number density is proportional to the sum of
the amount of ammonia desorbed from the suffate (ken) and
the amount of ammonia that does not adsorb ((l—s)Iogl).

This giVes the measured reaction product vector

re’? = [ksI_g,/(iw+k)) + (1-5)10g1'.

Dividing by the high temperature 'elastically' scattered
signal (as described in the results section) cancels out
the proporfionality factors due to the chamber pumping

speed as well as the incident beam parameters:

relA¢ - ks
Tio50Kk 1@tk

+ 1-s,

where r/flzsok and A¢ are the scattered amplitude and phase
referenced to the elastically scattered signal. Solving

for r/r1250K and A¢ (the experimentally derived parameters),

2 I
T = [1 + (s™-2s) ]
T1250K 1+ (k/w) %
. 2 2 -
tanA¢ = wks/ (k™ + w (1-s)) .

At low temperatures (where k‘is small) and high chop-
ping frequencies, the amplitude approaches (1—5). Only the
molecules that have not adsorbed are detected. The residence
time of the adsorbed molecules has become sufficiently long
that the signal due to them is completely demodulated. ' At
high temperatures the desorpfibn rate becomes so rapid that

r/r ~ 1,

1250K



Differentiation of the expression for tand¢ with
‘respect to temperature elucidates the phase lag behavior.
The derivatives show that the change in phase lag goes
through a maximum when k = w(l-s)%. At this temperature,

1
A = tan —_—
'(¢max) 2(1-5);5

r/Ty250K

(O max)

max

The magnitude of this phase peak is thus iﬁdependent of
frequency and is a function solely of the sticking coeffi-
cient. The physical reason for the phase peak is as follows.
The measured phase lag is derived from the vecfof sum of two
terms,_the;reaction,producﬁ vector due to molecules desorb-
ing from-the surface and the reaction product vector of
ammonia that has undergone (immeaéurably) rapid scattering
from the surface. As the temperature drops, the adsorbed
ammonia spénds more time at the surface, so the phase lag
increases. At the same time, demodulation of the signal
occurs. Fewer adsorbed molecules make a.cdntribution to the
total measured signadl. Thus, a maximum value of the phase
‘lag appears at some surface temperature. With lower temper-
atureé, the non-adsorbing (A@ = 0) amﬁonia contributes more
to the total phase lag so that A¢ returns to 0°.

The Pt(111) ammonia data ih Figures lla-d follow this
behavior very closely. A computer least squares fit of the
data'to the calculated amplitudes and phase lags as a func-

tion of temperature and modulation frequency was made using



the MINUIT minimization program.7 The best fit to the data
gives the following values of the adsorption-desorption

parameters:

s = 0.74

X 10 e—lS,SOO/RT.

2.65 x 10

Amplitude and phase curves, ﬁsing these valuesvof s and k
have been drawn in on Figures 1lla-d. The prefactor is in
units of sec_l.and the activation enérgy is in units of
cal/mole.

The.simplicity of the mechanism and the quality of the
fit make this model extremely attractive. The angular dis-
ffibutions in Figure-15 provide iﬁdependent confirmation of
.the model. The high temperature angular distribution is
cosinelike, indicating that adsorption-desorption is taking
place even at 1250 K. If the sticking coefficient had a
temperature dependence such that at high tempefaturés no
ammonié was adsorbing; one’ would expect specular scattering
at high tempérétures. - The model predicts that at low
- temperatures (r ~ 1-s) all adsorbed molecules are iost to
the detector and only the molecules that have not adsorbed
are phase-sensitive detectable. Therefore, one would
expect essentially specular scattering at very iow tempera-
tures. ‘The angular distribution taken at 375 K peaks very
near the specular angle. FOne might expect the distribution
to peak even closer to the normal than it does, cdnsidering

that the molecules that have not adsorbed on the surface are



not undergoing truly elastic scattering. They are only
interaeting with the surface for a shorter time than can be
detected by phase lags.

~The adsorption-desorption mechanism described above
does not, of course, completely describe the ammonia/Pt(111)
esystem. Decomposition of ammonia takes place,.though at high
. temperatures where k is large compared to the chopping
frequencies used in these experiments. A discussion of the
mechanism of ammonia decomposition and some comments on
surface poisoning will be given below.

The data in Figure 13 suggest a weak yet measurable.
dependence of the‘sficking coefficient on beam pressure.
Though it is a good approximation, a constant sticking co-
efficient cannot account for this pressure dependence. Some
~functional ferm, very weakly dependent on surface coverage

would more correctly describe s.

1. Comparison of the Data and the Model:

With due consideration of the errdrllimits on the date,
the quality of the.fit is good. At all frequencies the‘low
temperature amplitude demodulation is well described by the
model. However, the calculated amplitude'curve approaches
unity far more rapidly than does the data. Several surface
processes coﬁid be responsible for this. "First, while
hydrogen exchange was not studied on the (111) surface,
evidence from the experiments on the Pt(557) crystal for low
temperaturevexchange must be considered. If there is some

hydrogen eXchange occurring, this extra elementary surface
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prbcesslcould demodulate the scattered ammonia signal. Such
behavior should be acéompanied by a phase lag, which could
exist but be lost in the uncertainty in the phase data.
Surface poisoning, due to partial'decomposition of the
ammonia into nonvolatile species would also reduce the
scattered ammonia signa1.  Decomposition to.desorbing pro-
ducts should also effect the ammonia signal to some extent.
This reaction pathwax is so insignificant, however, that

the detector's signal—to-noise.ratio would have to be improved
by about an order of-magnithdé'in order to detect such a
change. It is reasonable to conclude that decomposition is .
taking place only at defect sites on the (111) surface.

The phase lag data is also fit well by the model. As
the peaking of the”phase lag is so closely tied to the
sticking coeffiéiént, a small change in the value of s can
significantly alter the shape of the A¢ curve.

2. The Physical Significance of s and k;‘and

Comparison with Previous Measurements

A sticking coéfficient of 0.74 compares favorably with
previous reports of an ammonia sticking coefficient near
unity.9 A high value for s would be expected, considering
that ammonia has a reasonably large dipnle moment for a co-
valently bonded molecule. A certain fraction of impinging
molecules will not have the proper steric or electronic
configuratibn, or energetics needed for adsorption. These
molecules will scatter elastically or inelastically, and

make the sticking coefficient smaller than unity.



~ Alternatively, some molecules may impinge on surface sites
that are already occupied. vThis too will feduCe the
sticking coefficient.

The desorption rate constant does not have expected
values. Prefactors for desorption are generally thought:to
be of the order of the metal-adsorbate bond fréquenéy,

~lOl3 sec_l. If the best-fit pre-exponential factor (2Z.65 X

1010 sec_lj.is to be believed, this desorption process must
be.conSiderably slower than a molecular vibration. Here
again; surface processes like hydrogenic exchange can be
invoked, as such a surface interaction wduld slow down the
desorption pfocess. Another possibility 1is that the adsorbed
ammonia must undergo some’sort of conformational change in
order to desorb. An example'of'this could-be inveréion.

In the gas phase, the ammonia inversion frequency 1s ~106-

sec_l; It must also be noted that low prefactors (around

109 sec-l) have been reported for other systems, e.g., CO

and_O2 on tungsten.23

Gland's T.D.S. measurement of the ammonia activation
energy fér'desorption from the low energy éite (77ka/m01e
= 18.4 kcal/mole) on a Pt-S[(12(111)x(111)] surface was
based on a prefactor of 1013. Substituting the pféfactor
determined here into Gland's data yields an activation energy
for desorptioh of 14.9‘kca1/mole, in good agreement with the
15.5 kcal/mole energy deri?ed in this-Work.b While Gland's

stepped surface is not the same as a (111) surface, its

terrace width is large so that the comparison is reasonable.
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B. Adsorption and Decomposition of Ammonia on the Stepped
Pt(557) Surface

Decomposition of amenia on the Pt(557) surface is a
significant reaction pathway, and must be eonsidered in a
discussion of the mechanism of the ammonia interaction with
this surface. At peak temperature (~725'K),'10% of the
adsorbed ammonia decomposes to produce nitrogen and hydrogen,
an effect approximately 15 times greater than decomposition
on the (111) sutface. Unlike on the (111) surface, the
decomposition has a measurable effect on the detected
amplitude of scattered emmonia.

The amplitude and phaee behavior of reactants and
produtts on the (557) surface is complicated, and any
reaction mechanism invoked to explain the eystem should
describe most,.if not all aspects of this behavior. An
aeceptable‘reaCtion medel must be capable of reflecting
the following experimentally determined observations about
the surface interaction.

* At low tempefature, the‘amplitude and phase behavior
of.NH3 is qualitatively similar to that on the (111) surface.
There is no detectable decomposition in this low temperature
range (T £ SSO-K). A model must therefore be able to des-
cribe low temperature ammonia interactions in terms of
simple adsorption and desorption. The engle of incidence
and beam temperature studies imply that adsorption on the
(557) surface is not activeted, so there should not be a

parameter representing a barrier to adsorption.



* Product amplitudes rise rapidly with increasing témpera—
tures. For eXample, at 5 Hz, the hydrogeﬁ amplitude rises

a factor of 30 over a 150° range. 'Thio sudden 'turning on'
of the decomposition pafhway is-aocompanied.by a diﬁinution
of the hydrogen signal dephasing. At peak hydrogen ampli-
tudes, the Hz‘phase lag has dropped to 0°. This rise in
product amplitude is also accompanied by ‘a comparable drop

in ammonia amplitude.

* At temperatures above ~750 K, the product amplitudes
fall again gradually, so that almost no hydrogen is being
produced at 1300 K. This implies that at temperatures above
750 K there is a more favorable, non-reactive pathway open

- to the reactant. A successful reaction model must give
adsorbed ammonié an alternative to decomposition that pre-
dominates at higher temperatures.

* Hydrogeh productionris experimentally-determinéd to be
first order in ammonia concentration. If there are non-
linear steps in the pathway to hydrogen production and
desorption, these must be weak enough to give an overall
first-order appearance to the reaction. It is possible

that the reaction is truly non-linear. If there is substan-
tial adsorption of hydrogen from the background, the surface
concentration of hydrogen atoms would.be larger than expected
simply from ammonia decombosition. ‘This wouid make the re-
combinative desorption of hydrogen appear first-order, even

if there are non-linear steps in the decomposition reaction.
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* 7 Nitrogen amplitude behavior is similar to that of
hydrogen,'in that it rises sharnly and‘falls gradua11y. The
phase lag information suggests however, that there may be a
step that is not first-order in the nitrogen production
mechanism. There should also be a serial step leading to
nitrogen desorption, as indicated by the temperature depen-
dence of the phase lag (phase lags. >90° implyva series of
reaction steps, each contributing a maximum of 90° of phase
lag). |

* A suitable reaction mechanism should also account for
the hydrogen exchange that takes place on the surface.
EXchange was observed between 450 and 800 K. Exchange pre-
sumably takes place at all temperatures where surfac¢ ammonia
remains intact fof a minimum amount of time. At 700‘K,
assuming‘no decomposition, the surféce residencé.time of NH3
is 200 psec. Exchange is not detectable below ~600 K be-
cause demodulation reduces the exchange amplitude below
detection limits. There are two possible explanations for
the loss of the isotopically exchanged ammonia signal at
higher temperatures. First; the surface residence time of
molecular NH; may be too short for exchange to take place.
The other possibility is that exchange takes place at the
same sites at which decomposition occurs, and at ~700 K'
exchange followed by ammonia‘desorption becomes the less
favorable competitive pathway. Presumably nt high tempera-
tures where decomposition becomes insignificant, desorption

is taking place too rapidly to allow exchange.



* _Self—poisoning of the reaction takes place to some
extent at all temperatures (as evidenced by the time depen-
dence of the ammonia and product signals), but primarily at
femperatures where decomposition takes place readily. While
the fraction of molecules that actually cause the surface
poisoning may be small, this kinetic pathway should be

considered in a reaction model.

1. Kinetic Models for NH;/Pt(557)

In the kinetic models described below, ﬁitrogen produc-
tion, hydrogen exchange, and surface poisoning have been
neglected.4 For nitrogen production and hydrogen exchange,
the detéctor signal-to—noise_ratib was too small to gllow.
precise measurement. No attempt was made to qﬁadtify self-
~poisoning. Some suggéstions will be given on possible ele-
menfary steps that could account for these observed phenomena.

The data was fit to several variations of a single
kinetic model, with differiﬁg amounts of success.‘ The
MINUIT program was again employed to find the best fits to
thé.kinetic pafameters. | ‘

| a. The Basic Model
The basic model employs a secoﬁd ammonia desofption

step to cause the falloff in hydrogen production:

k

/1"'NH3 (g)
k
S 3

—» NH k . NH
3(g) 3(a) —_2 3(g)
8 \NHz(a)/’

&;
H

NH
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As in the adsorption-desorption model,ls is the temperature,
frequency, and coverage independent probability that an
incident ammonia molecule adsorbs on the surface, the sticking
coefficient. The rate constants (k1~k4) are first-order
Arrhenius functions. At_low'temperatures,vk1 is'gfeater than
kz'and the predominant desorbing species is NHS‘ As the
temperature rises, k2 increases and decomposition becomes
more favorable. At very, high temperatures, k3 dominates over
k4 and adsorbing ammonia again desorbs‘without deéomposing.
‘To put a physical interpretapion on the mechanism, k2 repre-
sents activation of the adsorbed ammonia, either diffusion
to the stéps,or some configﬁraﬁional change in the molecule.
NH;(a) is transition state ammonia, capable of decomposing
or desorbing intact. The decomposition process itself is
undifferentiated. It is assumed that all processes leading
frém the activated species to gas phase hydrogen can be sub-
sumed in one rate constant. The parameter k4 reprgsents the
' dissociation of ammonia into atoms and recombihative degorp—
tion of hydrogen. The desorption process limited by k3 is
necessary: once k2 prevails over kl’ there is no way for
kl—type-desorption to'dominate the mechanism.

The analysis of the kinetics is performed as in the (111)
case. Where the variables n and n* are the first Fourier co-
efficients of the surfage-concentrations'of NHS(a) and

*
NHS(a)’ respectively, and all other variables are the same

as in the (111) analysis,

iwn = SIogl - (k1+k2)n.



Rearranging,
. sIOg1
im+(k1+k2) :
iwn* = kzn - (k3+k4)n*?
so

e kzn ) ' kZSIogl .
. iw+(k3+k4) (Tw+k1fk2)(iw+k3+k4) |

The gas phase time-resolved number density of NHs.is)the

detected reaction product vector rel¢NH . As in the Pt(iil)
3

analeis, the reaction product vector is normalized against
a scattered beam of ammonia at 1250 K to cancel out incident

beam and pumping speed effects.

iA¢ k.s k, k,s
= NH; = iw+(i Ky T (Tok +k2)?iw+k K
Pk *K, 1752 K7¥Xy

re + 1-s.
T1250K

The reaction product vector for hydrogen is

iAg k,k,s
re Ho = 2. 4"
2 (1w+k1+ki)(1w+k3+k4)'

T1250K

As Was described above, the hydfdgen phase 1lag waé referenced
to an elastically scatteredvhydrogen beam.

The hydrogen amplitude was corrécted for ﬁumpiﬁg speed
and detection efficiency differences betweeh ammonia and
hydrogen by means of én extfa fitting paraméter in the
numerator of the hYdrogen reaction product vector. This

parameter is the ratio between the observed hydrbgen amplitude
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and the hydrogen amplitude that would be measured if the
pumping speeds and detector efficiencies for ammonia and
hydrogen were the same.

Thé computér calculation was performed in two étages.
First the low temperature adsorption and desofption of
ammonia was fit to give values for k1 and s. The 1qw tem-
perature ammonia data (T < 500 K-for 5 Hz, T < 525 K for
20 Hz, and T <550 K for 50 Hz) were fit to the kinetic model
employed for theqNHg/Pt(lll)_system. This yielded parametef

values as follows:

0.49

wn
[}

y 7 ,-13,200/RT

1 7.45 x 10

The remaining parameters were then fit with these values

fixed. The results are .

8 ,-18,300/RT

k, = 1.75 x 10
Ky = 9.74 x Lol5 4-31,000/RT
k, = 6.5 x 10° ¢ 5400/RT

All prefactors are in units of sec-1 and all actiyation‘
energies are in.units of cal/mole.

The temperature dependence of this model is shown in
Figures 16—18.  Several problems‘are apparent in the fit.
First, the ammonia émplitude‘data, while adequately fit in
‘the low témperature region, is not fit at all in the decom-

position region. The calculated curve fails to dip enough
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where decomposition is significant. The ammonia phase data
~is fit well, though the phase peak is a reflection solely of
the low temperature parameters. The fit to the hydrogeni |
data is not as acceptable. The calculated low temperature
rise 1is far too slow to fit the data, although the falloff
at higher temperatures is modeled well. The calculated
temperature dependence of the phase iag, while qualitatively
similar to the data, dephases at too low a temperature.
While the mechanism is physically reasonable, the fit
to thé data is crude. Furthermore, it is not obvious that
the values of the rate constants are sensible ones. The
adsgrption/desorption parameters s and k1 are similar to
those er‘the‘(lll) surface, andvarguments'Similar to those
above can bé made in favor‘of their calculated values. The
rate constant k2’ which is assumed to govern the rate of
diffusion of ammonia to surfacé steps, has a prefactor well
within the generally accepted limits for diffusion rate
consfants.24 .Gland's highienergy flash desorption peak,
reanalyzed using the prefactor determined in this work for
kB’ yields an activation energy of 29.6 kcal/mole. This is
virtually identical to the ks_energy of 31 kcal/mole. 1In
spite of the agreement with Gland's result, the prefactér

of k., is much greater than the expected value for desorption

3
of 1013 sec—l. As the surface processes that k4 reflects
are not obvious, it is not clear how reasonable its calculated
values are. Further discussion of these calculated parameters

is given below, foiloWing a description of the other models

that were fit to the data.



An attempt was made to improve the fit by changing the
“form of kZ' With the assumption that k2 is a diffusion step,
a 'hopping' model was proposed for this parameter. - For this
model the rate of diffusion to the steps is governed by the
‘product of an Arrhenius expression and a probability that a
molecule will hop from the site it occupies to the nearest
step. This is based on an equal probability of an adsorbed
moleﬁule hoppiﬁg from a site to ény adjacent éite of same
symmetry. This model did not significantly improve thé fit
to the data.

b. Other Models‘

The next model tried was based on two observations
regarding the above models. First, the Arrhenius rate con-
stant k2 is incapable of 'turning on' rapidly enough to
account for the observed sharp rise in product forﬁation.

Some functional form other thén an Arrhenius function 1is
required to match the data in this temperature region. Second,
if k2 did not continue to increase exponentially with temper-
ature after producf formation peaks, the falloff of the
hydrogen amplitude could be accounted for by kl’ This would

make the rate constant k3 superfluous. The following kinetic

model was therefore proposed:

kl
/“1?2—>ANH3(g3 X,
S *
NH3 gy = NHg(q) *NHz )y = Ha(g) -

The parameters s, kl’ and k4 are the same parameters as in

the basic model (k4 could describe different reaction steps,

.
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but it still governs the decomposition of activated ammdnia
and the recombinative desorption of Hz). For this mpdel,
however, k2 governs a sudden surface phenomenon, nominally

a surface phase transition. It was assumed thét.the ammonia/
Pt(557) system undergoes a transformation which puts the
ammonia molecules in a configuration»favorable to decomposi-

tion. The rate constant k2 has the following form:

-(T—TO/AT)

k2 = A/ (1l+e

Here, A, To’ and AT are pérameters to be fit. T0 detefmines
the temperature at which the rise takes place and AT deter-
mines the width of the rise. A is a prefactor. The fitting
parameter used to correct for pumping speed and detector
efficiency differences between ammonia and hydrogen was

- replaced by an experimentally determined constant. The
amplitude data for both ammonia and hydrogen werg»fit very
'well by this model. The fit to the hydrogen phase lag data,
however, is slightly worse than the original model fif.

The fundamental problem'with the above models is their
inability to fit the product phase lags. Dephasing occurs:
in the hydrogen signal at the same temperatures at which the
'_hydrogen amplitude rises sharply. It is possible that the
- low temperature hydrogenvamplitude is demodulated as-a con-
sequence of the dephasing. 1If this is the case, the_hydro-
gen amplitude is in essence showing behavior similar to the
low temperature ammonia amplitude. PoSSibly hydrogen produc-

tion does not ‘suddenly 'turn on'. Demodulation could just
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make it appear to do so.. If a kinetic model could describe
the dephasing properly, thé hydrogen amplitude behavior

should be a natural consequence of the kinetics. An extra
serial step in the decomposition of activated ammonia could

accomplish this:

Hefe ( )(a) repreéehts some unknown surface intermediate.
This form of‘the model has yet to be. tested.

A model with a temperature dependent.sticking coeffi-
cient might bé invoked. Such a sticking coefficient would
cause the falloff of hydrogen production without a second
desorption step or an artificial rate constant for k2’
There are three reasons why this type of model was not tested.

1) The angular distribution of hot scattered ammonia |
from the Pt(111) surface clearly demonstrated that adsorption
was taking place even at high temperatures.

2) A constant stickihg coefficient fits the low
temperature ammonia behavior excellently.

. 3) It is not clear what functional form would be
physically reasonable for s(T). The functioﬂ would have to
fit both the low temperature and high temperature data.

c. The Unmodeled Observables

Nitrogen production, hydrogenkexchange and surface
poisoning have been ignored in the above reaction models.
Possible surface processes that account for these observed

phenomena are as follows.
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Nitrogen produqtion should take place from the same transi-
tion state as hydrogen. The basic model will not allow for
product phase lags greater than 90° so a series of steps are
:'neededvto account for the nitrogen phase behavior. |

% .k k

5 6
NHB(a)

——> FRAGMENTS

"Na(g)-
FRAGMENTS répresents-ammonia fragments on the surface. k6
could be a nonlinear rate constant.

Hydrogen éxchangé takes place at temperatures where de-
composition is- not favored (T < 700 K). It is therefore
quitevpossible the adsorbed ammonia rather than the de-
compbsable activated species that undergoes exchénge.
Presumably thé activated species is not préSent long enough

to undergo exchange. For the NH3 + D2 reaction the kinetics

are

o

+ D(a) o NHSD(a) Z NHZD(a) + H( >

NHz () a)

where there is a.steady—State concentratibn of NH4 (H repre-
sents an H or a‘D). The short-lived surface comblex is
implied from the work of Morrow and Cody.18 Presumably
exchangé between ammonia molecules takes‘pléce either
through short-lived NH, and NH4 intermediates or via a
concerted mechanism.

‘While self-poisoning of the reaction was ébserved at
all temperatures below 1000 K, it was most apparent in the
decomposition region. It is reasonable to assume that it is
the result of a partial decomposition of the activated species

into a non-volatile surface fragment:



58

k
—L 5 po1sonN

*
NHz (a) (a) *

Poisoning occurs on the (111) surface as well as the (557),
though not to.the same extent. It~must therefore be concluded
that a small conceﬁtration of non-desorbing fragments can
have a significant effect of the remaining reaction pathways.

2. Comparisdn and Interpretation of the Calculated

Reaction Parameters

The low temperature adsorption/desorption parameters
were fit independently of decomposition, éo they will be
discussed separately. The most significant fact that can be
seen from a comparison of the (111) and (557) amplitude data
is the discrepancy in sticking coefficients. S(lll)(=0'74)
is greater than 5(557)(=0;49). Apparently the surface steps
inhibit ammonia adsqrption. As there 1is no angle of incidence
effect on adsorption, the electronic configuration of the
steps must distort the entire structufe such.that the terraces
no longer behave like (111) planes. This is reasonable
considering the terraces are only 6 atoms wide. While the
steps inhibit.adsorption; they enhance the decbmposifion
process.

The desorption rate constants for the two surfaces are

7 ,-13,200/RT

similar: k1(557) = 7.45 x 10 and k

10 _-15,500/RT

| (111)
2.65 x 10 . The activation energies are almost
identical, but the prefactors differ by over two order of
magnitude. If more molecules undergo hydrogen exchange on

the (557) surface before desorbing, the (557) prefactor would

be smaller than the (111) prefactor. The lower value for the
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prefactor could also be due to surface diffusion of amhonia
before'desorption.z

As was stated above, the basic model rate constant k, is
of reasonable value for a diffusion-controlled step (it is
unfortunate that it fits the data so poorly). The activation
energy of k3 fits well with Gland's results, but the pre-

159 is three orders of magnitude faster

factor (9.74 x 10
than expected. Large desorption prefactors have been pre-
viously reported. If activated.ammdnia is weakly bound to
the surface, the desorption rate cohstanf could be governed
vby rotational rather than vibrational degfees of freedom.
Madix attributes large desorption pfefactors to an increase
in rotational entropy in the transition state molecule. 2>
A second desorption process (desorption from the steps?)
corroborates Gland's observation of two T.D.S. peaks from
his stepped surface.

The kinetic steps répresented by k4 in the baéic model
have a low activation energy and a low prefactor (k4 = 6.5

9 e—5400/RT

x 10 ). As k, represents two or more steps, the

4
value of the prefactor may not be unreasonably low.
Robertson and Willhoft fit their 'ultrahigh vacuum' decompo-
sition reaction probability ‘with an activation enérgy of

12. It is of

4.1 kcal/mole for temperatures above 500 K.
interest to note that the activation energy of k4 is also
remarkably close to the previously reported energy of

hydrogen recombinative desorption on platinum, 4.5-5.2

kcal/mole.26 It is possible, therefore, that hydrogen
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recombination is.rate-limiting for k4.' The production of
hydrogen from ammonia'Was, however, determined to be first
order. This behavior can be rationalized, as was stated
above, if it is assumed that there is adsorption of hydrogen

from the ambient.

C. Adsorption and Decomposition of ND3 on Pt(557)
There is not enough data to properly analyze the reaction

of ND; on the (557) surface. From the low temperature data,

3
however, a sticking coefficient of s = 0.70 #* 0{05 can be
.deduced. This is somewhat lérger than s fdr NH. It indi-
cates that the deuterated species has a higher adsorption
probability than NHB; Furthermore, assuming equal pumping
speeds and detector transmission factors, more than twice as
‘ much ND< is decomposed'aé NH3 at peak temperatures. This is
very different from the results repofted by Shindo et 33.,21
who examined the isotopé effect of ammonia decomposition on
tungsten. They pbéerved that the rate of nitrogen production
from NH w55'1.2 times greater than from ND,.

The entire surface reaction is shifted about 25 K to
higher temperature, compared to the NH - data. To draw any 
conclusions about the mechanism of this isotope effect from
the scant ND< data would, however, be unwise. Ammonia

adsorption and decomposition are nevertheless effected by

isotope substitution.
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VII. SUMMARY AND CONCLUSIONS

Ammonia adsorbs associatively on the Pt(111) and Pt(557)
surfaces. The sticking coefficients are high (5111 = 0.74,
Scc7 = 0.49). The probability of adsorption on the.stepped
éurface is 66% smaller than on the flat surface. In.spite
of this, approximately 15 times more adsorbed ammonia de-
composes to broduce N2 and H2 on the stepped surface. ' On
the stepped surface at peak temperatures (725 K), 10% of
the adsorbed ammonia decompqses. Hence the steps enhance
decomposition while diminishing the probability of reactant
adsorption,

There is essentially no reactant angle of incidence
dependence to adsorption on éither crystal, nor to decompo-
sition on the (557) surface. The sticking coefficient on
the (111) surface was shown to have a weak coverage dependence.
The production of hydrogen on the stepped surface was, how-
ever first order in ammonia pressure.

Hydrogenic atom exchange between NH3 and -D2 takes place
on the (557) surface at temperatures where there is little
or no decomposition (T < 700 K). Approximately 10% of |
adsorbed ammonia undergoes exchange. This presumably occurs
through a short-lived NH;D intermediate.:

The interactibﬁ of NH3 with‘Pt(lll) can be described by
a simple adsorption and désbrption model. The best fit para-
meters for;thisvmodel are s =’0,74, k = 2.65 x 1010 enlS’SOO/RT.

Decomposition is not a significént pathway on the (111)
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surface and can be assumed to take place.only_at defect sites
on the.surface.
Ammonia'adsorption and decomposition on Pt(557) is -
considerably more complicated. No kinetic model tested | v-
could adequately match the product phase behavior. Low

temperature adsorption and desorption of ammonia was well

fit by the following parameters: s = 0.49, k, = 7.45 x 107

1
e-ls’ZOO/RT. In the basic model tested, activation of

‘adsorbed ammonia (surface diffusion to steps) was fit by

k, = 1.75 x 108 ¢~18,300/RT

best fit by the rate constant k3 = 9.74 x 10

A second desorption step was’
15 e'31’000/RT.
The surface reaction (decomposition followed by hydrogen
desorption) was found to be governed by the rate constant

9 -5400/RT

k, = 6.5 x 107 e The value of this rate constant

4
~suggests the possibilityAthatAreéombinative desorption of
H, is rate limiting. This model fails to fit the sharp low
temperature rise in hydrogen production.

A betfer fit to the amplitude data was found by employ-
ing an artificial steplike function (representing a surface
phase transformation) for the kinetic step representing
ammonia activation. This model showed no improvement to
the hydrogen phase lag fit.

It was postuléted that the sharp change in hydrogen
amplitude at low temperatures may be a demodulation effect.

'Finally, deuterated ammonia has higher probabilities

of adsorption and decomposition on Pt(557) than does NH-.



Clearly there are several experiments that should be
performed to further elucidate the ammonia/platinum system.
They are as follows:

1) A careful LEED study of the ammonia covered Pt(557)
surface, in order to determine if there is indeed a surface
phase ffansformatidn at ~700 K. |

2) An examination of the temperature, frequency, and
pressure dependence of ND, on Pt(557). This would remove the
possibility of backgfound adsorption of hydrogen interfering
with the reacfion. It would also elucidate the isotope
effect.

, 3) An inveétigation of isotope eXchange employing NH3
and NDs on both surfaces. A dosihg needle could introduce
one of fhe reactants>to the surface to avoid isotope mixing
on walls or in the source. Use of deuterated ammonia rather
than deuterium would better clafify the mechanism of the
interaction; and coﬁfirm that exchange takes place. without
decompoéition. |

4) A careful examination of the temperature and frequency
dependence of nitrogen production on the (557) surface. This
would complete the kinetic model and determine the disposi-
tion of all -the reaction products.

5) A gpectfoscopic analysié of the feécfion. Employment
of‘high'resdlutioﬁ electron energy loss spectroscopy could give
iﬁsight,intb surface intermediateé, elucidate the nature of

the self-poisoning process, and clarify the reaction mechanism.
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FIGURE CAPTIONS

1. Schematic of the molecular beam apparatus used in these
experiments.

2. Models of the Pt(557) and Pt(111) crystal surfaces.

3. Detected incident ammonia amplitude as a functlon of
source backing pressure

4., Front and back of multiple- crystal holder, showing two
mounted crystals.

5. Angular distribution of helium scattered from Pt(557).
Arrow on abscissa indicates beam angle of incidence,
6 = 45°, a = +90°.

6. Definition of angles on a stepped surface. The right
side of the flgure is where 8 and o are greater than
OO

7. Normalized amplitudes and phase lags as a function of
modulation frequency (w = 2nf) from nitric oxide
pumping speed experiments. Curves show functional
fits for a pumping speed of 80 sec-

8. Normalized amplitudes and phase lags as a function of w
from water pumping speed experiments. Curves show
functional fits for a pumping speed of 630 sec-

9. Normalized amplitudes and phase lags as a function of w
from ammonia pumping speed experiments. Shown are
data and curves for the chamber pumped by the ion pump
alone and for the chamber pumped by the ion pump, TSP,
and liquid nitrogen shields. is are to pumping
speeds of 380 sec™l and 595 sec™t, respectively.

10. Normalized amplitudes and phase lags as a function of w
from nitrogen pumping speed experiments. Curves show
functional fits for a pumping speed of 50 sec”

11. Amplitudes and phase lags of ammonia scattered from the
Pt (111) surface as a function of crystal temperature.
Curves are best fits to the simple adsorBtlon desorg
tion model with s = 0.74, k = 2.65 X 101 15,500/RT,

a. £ = 5 Hz. Error in amplitude data is #4%; error
in phase data is +5°.

b. £ = 20 Hz. Error in’ amplitude data is #4%; error
in phase data is +5°.

c. £ = 50 Hz. Error in amplitude data 1is +4%; error
in phase data is +5°. :



d. £ = 150 Hz. Error in amplitude data is +7%; error
in phase data is +5°.

12. Hydrogen production from NH,/Pt(111). Shown are
normalized amplitudes and phase lags as a function of
crystal temperature. Error in amplitude data is
+0.05; error in phase data is +10°. ‘

13. Ammonia sticking coefficient (1—r3 K/rlZSOK) on Pt(111)
as a function of beam pressure. Késcissa 1s the
scattered ammonia amplitude for a crystal temperature

~of 1250 K, £ = 150 Hz.

- 14. Scattered ammonia amplitude from Pt(111l) as a function
"~ of beam angle of incidence from surface normal.
" Crystal temperature is 375 K.. - o

15. Angular distributions of ammonia scattered from Pt(111).
Arrows indicate beam angle of incidence.

a. T

1250 K. Curve 1is a cosine function.

375 K.

b. T

16. Scattered ammonia and product amplitudes from NH,/Pt(557)
as a function of crystal temperature. Curves are best
fits to the basic model described in the text (solid
lines = NH,, dashed lines = H,). Product amplitudes are
not:correc%ed for pumping speé€d and detector efficiency
differences.

a. £ = 5 Hz. Shown is scattered ammonia and product
hydrogen and-nitrogen. Error in ammonia data is
+3%, in hydrogen data +0.33, in nitrogen data +0.1.

- b. £ = 20 Hz. Shown is scattered ammonia and product
hydrogen. Error in ammonia data is +3°, in
" hydrogen data +0.1.

c. £ =50 Hz. . Shown is scattered ammonia and product
hydrogen. Error in ammonia data is +5%, 1in
hydrogen data +0.1.

17. Ammonia phase lag from NHS/Pt(557) as a function of
surface temperature. Erfor in data is #5°. Curves
are best fits to the basic model described in the text.

a. £f.= 5 Hz.
b. f = 20 Hz.
c. £ =

50 Hz.

67



68

18. Temperature dependence of product phase lags from
NHS/Pt(557) and ND,/Pt(557). Error in data is +10°.
Cufves are best fi%s to the basic kinetic model
described in the text for the hydrogen data.

a. £ = 5 Hz. Shown are product hydrogen and nitrogen
phase lags.

b. £ = 20 Hz. Shown are product hydrogen and deuterium
phase lags.

c. £ = 50 Hz. Shown are product hydrogen phase lags.

19. Comparison of nitrogen and hydrogen production from the
(111) and (557) surfaces as a function of crystal
temperature. The hydrogen data from the two surfaces
are directly comparable. The nitrogen data has not
been corrected for pumping speed and detection effi-
ciency differences.

20. ND, amplitude and phase lag and product D, amplitude from
NB /Pt (557) as a function of crystal temperature. D
amglitude has been divided by two and is not correctéd
for pumping speed and detector efficiency differences.
Error in ND, amplitude is +5%; in ND3 phase lag +5°;
in D, ampli%ude +0.1. £ = 20 Hz. . '

21. Beam angle of incidence dependence on ammonia adsorption
and decomposition on Pt(557). Shown are ammonia and
hydrogen amplitudes for a crystal temperature of 725 K
and ammonia amplitude for a crystal temperature of
470 K. £ = 5 Hz. o = +90°.

22. Ammonia beam pressure dependence of hydrogen and nitrogen
production. Plotted are hydrogen, nitrogen, and
ammonia signals at T = 725 K as a function of the
scattered ammonia amplitude at 1250 K. £ = 5 Hz.

a. Signal amplitudes (unnormalized, in arbitrary units).
Lines are linear least squares fits to the data.

b. Signal phase lags.

23. Amplitudes of isotopically substituted ammonia from
NHS + D, on Pt(557). Plotted are differential mode
amplituges of M/e = 18, 19, and 20 as a function of
crystal temperature. 6 = 45°, o = +90°. Detector ¢
looked at surface normal. Error in data is #75 x 10

24. Temperature dependence of ammonia -adsorption, decomposi-
tion, and isotope exchange (from NH:5 + DZ) on Pt(557).
Ordinate is signal amplitude in arbitrary units. Curves
have been drawn through the data points to assist the

eye.
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NORMALIZED AMPLIT‘UDE (r/ rlZSOK)
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NORMALIZED PRODUCT AMPLITUDE (r/rpsok)
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