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Abstract
Ammonia adsorption, desorption and decomposition to H2 and NZ has been
studied on the flat (111) and stepped (557) single crystal faces of platinum
Qsing molecular beam surface scattering techniques. Both surfaces show
significant adsorption with sticking coefficients on the order of unity. The
stepped (557) surface is 16 times more reactive for decomposition of ammonia
to N, and HZ than the flat (111) surface. Kinetic parameters have been
determined for the ammonia desorption process from the Pt(111) surface. The

mechanism of ammoniadecomposition on the {557) face of platinum has been

investigated.
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The formation and decomposition of ammonia has been studied exten-
sively on supported and unsupported metal cata?ystsk‘ Interest in catalytic
reactions of ammonia stem from an incomplete understanding of the mechanisms
of its catalyzed syﬁ‘thesisa which include the dissociation of dinitrogen
and the formation of N-H bonds as elementary gteps‘,j Studies of the ammonia
decomposition probe the properties of the N-H bonds of ammonia. We have
investigated the kinetics and mechanism of ammonia decomposition on the flat
Pt(111) and the stepped Pt(557) single crystal surfaces. Using molecular
beam relaxation spectroscopy (MBRS)§’3the experiments were conducted in an
ultrahigh vacuum system which incorporated the surface analytical techniques
of low energy electron diffraction (LEED) and Auger electron spectroscopy (AES).
These techniques determine, respectively the surface structure and surface
composition. Use of single crystal samples permitted exploration of the
structure sensitivity of the N-H bond break%ng; The pulsed molecular beam surface
scattering

/ltechnique provided information about the sticking probability and reaction
probability of the incident molecule upon a single collision with the surface
as well as information on the residence time of adsorbed species., The use
of isotope exchange (NH3+D2) permitted exploration of the onset of N-H
bond breaking as the reaction conditions (crystal and reactant temperature,
surface structure, reactant pressure) weve varied. As a result, a physical

picture of the kinetics and mechanism of ammonia decomposition was obtained.
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The experiments reported here were performed using an ultrahigh vacuum
molecular beam surface scattering appartus, shown schematically in Figure 1.
This apparatus has been described elsewhere4 so only details pertinent to
the currert ammonia decomposition studies will be discussed here.

The beam was formed in the source chamber by flow of the source gas
(3~60 Torr) through a 0.01% orifice under nearly effusive conditions. For
most of the experiments reported, the source gas was anhydrous ammonia
(Matheson, 99.99%) used without further purification; however, for the
ammonia-~deuterium exchange experiments, a mixture of anhydrous ammonia and
Do (99.7%) was used. The molecular beam was chopped in the differential
chamber by a slotted disc chopper with a range of chopping frequencies of
5 to 150 cps. The beam was passed into the UHV scattering chamber where
it impinged upon the sample surface. The single crystal samples were heated
radiatively. The crystal temperature was measured by a chromel-alumel
thermocouple gpot welded to the edge of the sample. The scattered reactants
and reaction products were detected by a quadrupole mass filter which is
rotatable in the scattering chamber about the crystal surface. The filtered
ion current was detected by a channeltron multiplier and processed using a
lock=in amplifier to measure the component

of the mass spectrometer signal at the incident beam chopping frequency.

! The scattered beam and product molecule signals were measured using the

. . . . . ] 5 , .
differential or integral modes described previously. In the differential
mode the mass spectrometer is positioned to measure the flux of molecules
emitted at a particular scattering angle. In the integral mode the mass

gspectrometer 1s positioned out of line-of-gight of the crystal surface, and



the modulation in partial pressure of the species emitted from the surface
is measured. The integral mode signal is proportional to the total rate at
which the molecules are emitted from the surface, i.e. it is proportional
to the differential mode signal integrated over all angles of emission.

The amplitude and phase lag of the integral mode signal vary as a
function of chopping frequency because the emitted molecules have a finite
residence time in the UHV chamber before being pumped away. To first
approximation it can be shown that the amplitude, v, and phase lag, ¢,

behave according to Equations 1la and 1b,

2
red sz ¥+ (S/v)z)llz (1a)

tan ¢ = (i)
g

where g is the rate of emission from the surface, w is the chopping fre~
quency, g is the effective pumping speed, and v is the UHV chamber volume.
The effective pumping speed depends on the gas, so the attenuation and
phase lag will vary for the different species detected. Therefore, it is
necessary to determine fér each species the attenuation and phase lag re-
sulting from the finite residence time in the UHV chamber so that these
effects can be removed from the reactive scattering data. The effects of
the chamber residence time can be determined by scattering the gas of
interest from a surface at high temperalbures to assurenegligibly short
surface resident time, and measuring the attenuation and phase lag as a
function of incident beam chopping frequency. In this circumstance,
Figure 2 shows this measurement for nitrogen. The solid line corresponds
to the values predicted by Eq.l, showing that the scattering behavior is

more complex than that predicted by the simple model.



Tn reporting the integral mode data, the scattered beam and product
molecule signal phase lags have been corrected by subtracting the phase lags
produced by the molecule's finite residence time in the UHV chamber, so
that the reported phase lags are the result of crystal surface residence times.
Attenuation resulting from chamber residence time was not corrected for in
reporting the product molecule signal amplitude, but was accounted for in
the reactionmodel calculations.

For differential mode measurements, the product signals were normalized
with respect to the incident beam intensity monitored by positioning the
mass spectrometer in the beam flux. For integral mode measurements,
product signals were normalized with respect to the ammonia integral mode
signal from scattering from the very hot (V1300 K) surface.

Two single crystal surfaces of platinum were studied, Pr(111) and
Pt (557). Their atomic structure is shown schematically in Figure 3. The
samples were mechanically polished and etched in dilute aqua regia. Sample
orientations were verified by the use of back reflection X-ray Laue diffrac~
tion and were within 1° of the desired orientation. Prior to each experiment,
surfaces were cleaned 1n situ by a combination of argon ion bombardment and
chemical cleaning. The surfaces received two 20 minute argon ion treat-
ments at lon energies of 900 eV and 600 eV and a sample temperature of 1050 K.
Argon ion bombardment was followed by 20 minutes of chemical cleaning in
oxygen at a background oxygen pressure of 2xlOw7 Torr, and a sample tempera-
ture of 800 K. After flashing and annealing in vacuum at a sample tempera-
ture of 1200 X, the surface was free of contaminants and well ordered as
determined by Auger electron spectroscopy (AES) and LEED. In the course of

the experiments, the samples were flashed to 1200 K after each data point
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was taken. The frequent flashing prohibited the slow poisoning of the

decomposition reaction and made the data reproducible.

A. NHj; scattering from the Pt(lll) crystal face.
The data obtained for ammonia scattering from the Pr(1lll) crystal

taca are

o3

hown in Figures 4a, 4b, 4c¢, and 4d. The incident ammonia beanm
was Tormed with a source backing pressure of 15 Torr, and the integral
mode was used for detection. The chopping frequencies are 5 cps, 20 cps,
50 cps, and 150 cps. The amplitude and phase of the scattered ammonia
gignal at the'chopping frequency are plotted along with the expeclted vesponse
from the most successful model (see Discussion) to describe the scattering
mechanism.

It is helpful to introduce the sticking coefficlent, s, which
we define as the fraction of the incident molecules which are adsorbed into
states with detectable residence times. The 'nonsticking' molecules could
adsorb into a state with a residence time which is finite yet too short to
be detected (<0.2 ms). Inspection of Figure 2b reveals the salient
features of ammonia scattering from Pt(l1l). At low temperatures the ammonia
residence time is long compared to the modulation period and the molecules
desorb at random times with respect to the chopped beam. These dephased
molecules contribute Lo the zero frequency (d.c.) component of the scattered
ammonia signal and are not detectable at the fundamental frequency. Thus
only the molecules which do not stick contribute to the amplitude at low
temperatures. At high temperatures the residence time of the molecules is

shorter than the modulation period, and all of the ammonia desorbs in phase.



The transition from the low temperature to the high temperature behavior
cccurs at temperatures Where the residence time becomes comparable to

the modulation period. 1In the transition region, there is a sudden increase
and decrease in the phase lag as a function of crystal temperature along
with the change in ammonia signal amplitude. The temperature of the transi-
tion increases as the chopping frequency increases.

A fraction of the incident ammonia molecules decomposes on a single
scattering from the surface. The hydrogen product molecule phase and
amplitude data from ammonia decomposition on the Pt(1l1ll) surface are shown
in Figure 5. The H, signal was collected in the integral mode and is shown
normalized to the 1250 K ammonia signal. No correctionwas made for the
differences in detection efficiencies for the two gases. However, the
maximum H, signal corresponds to about 17 ammonia decomposition as deter-
mined by comparison of the data shown in Figure 5 to the amount of de-
composition observed on the Pt(557) surface. The signals are small and
the background noise large, which leads to the scattering in the graph.

Due to the difficulties of the measurements, the data monitored at the
lowest chopping frequency, 5 cps, is the most reliable and the only
one shown.

The rate for H, production from NH; decomposition increases,
then decreases with temperature, reaching a maximum at approximately 750 K.
The H, phase lag at 5 cps is large for temperatures less than 750 K,
indicating that the H, production from NHs; is slow at the lower temperatures.
From this limited data the kinetics of ammonia decomposition on the Pr(111)
surface appears to be similar to that on the (557) surface. The major

difference is the fraction of incident ammonia decomposed; the (557) surface
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is approximately 16 times more reactive for decomposition (see below).

The angular distribution of the scattered ammonia was measured
at 1250 K and was found to be nearly cosinelike about the surface normal
(Figure 6a). A cosine scattering distribution is usually assumed to infer
adsorption and thermal accommodation, although recent measurements have
shown that this is not always the caseq6 The angular distribution observed
could imply that a significant fraction of incident ammonia is still adsorbing
and desorbing at the higher temperatures and is thermally accommodated
on the surface.

Residence times for adsorbed ammonia molecules are long at 375 K,
on the order of 0.1 second. If an angular distribution is measured with a
chopping frequency of 100 cps, the stitking molecules will be largely de-
phased and effectively masked from the observed distribution. It is then
possible to observe the scattering of the 'nonsticking’ molecules (those
with mean residence times less than 0.2 ms). Such an angular distribution
is shown in Figure 6b. The scattering distribution has a large component
which peaks near the specular angle (50°) as well as a diffuse background.
There are two potential contributions to the diffuse background. The
sticking molecules will make a small contribution to the amplitude at 100
cps. The second source is large angle scattering of the nonsticking mole~
cules. The specular behavior exhibited by a significant fraction of the
nonsticking polecules would dimply elastic or inelasticscattering without
adsorption.

The dependence of the sticking coefficient, as determined by the
low temperature amplitude of the scattered ammonia signal, on beam intensity,
ig shown in Figure 7. The sticking coefficient decreases with increasing

beam intensity. This could result from a coverage dependence in the sticking



coefficient which has been observed in other systemsc7 The variation

in the sticking coefficient over experimentally accessible beam pressures
is small. The sticking coefficient is apparently still rising at the low-
est pressure, which -implies that we can only measure a lower bound to the
zero coverage sticking coefficient.

The sticking coefficient was constant for changes of beam tem—
perature from 300 to 500 K, and was only weakly dependent on the angle of
incidence of the beam.

Figure 8 shows the differential mode signal amplitude for product
ND5; (m/e=20) from & scattered mixed beam of NH; and D,. The beam angle of
incidence was 45°, the detector was placed at the surface normal. The beam
source backing pressure used wasg 55 Torr. The ratio of D, to NHy partial
pressures in the source was 4.5/1.0. The Bxcess D, was required to be able
to carry out the reaction independent of the deuterium surface concentration.
However, practical values of the ratio were limited by the need for enough
NHs to detect the products and by the pumping speed of the source chamber.
For this experiment the product amplitude signal is normalized with respect
to the amplitude of the ammonia signal in the direct beam. The amplitude of
the product NDs; signal reaches a maximum at 600 to 650 K, and declines for
higher and lower temperatures. The NDj product signals were too small to
allow reliable phase lag measurements. If the exchange reaction on the
Pt{111) surface is similar to that on the stepped Pt(557) surface, then
the decline in the amplitude of the NDs; signal at lower temperatures is at
least partly due to signal dephasing caused by the long surface residence
time of the molecules. (see below)

B. NHs scattering from the Pt(557) crystal face

The data obtained for ammonia scattering from the stepped Pt(557)



crystal face are shown in Figure 9. The magnitude of the scattered ammonia

gignal along with the ammonia signal phase lag are plotted as a function of
crystal temperature in Figures 9a, 9b, and Y9c¢ for incident beam chopping

L

frequencies of 5 cps, 20 cps, and 50 cps, respectively. The behavior of
s PS, 1 Y

the scattered ammonia is qualitatively similar to that on the Pt{l1ll) surface

(Figure 4). There is significant adsorption as indicated by the sharp phase

lag wmaximum and the decline in scattered signal amplitude at lower temperatur

There are minor differences in the scattered ammonia signal for
the two surfaces., The maximum phase lag is significantly smaller for the
stepped Pt(557) surface and the signal amplitude at lower temperatures is
slightly larger. There is a gradual dip in the amplitude of the scattered
ammonia signal for temperatures between 600 K and 900 K. This fall in
anplitude is due to decomposition on the surface as can be seen from the
Hy and N, product signals in Figure 10a. Figure 10b shows the corrected H,
and N, phase lags as a function of crystal temperature for a 5 cps chopping
frequency. Other niltrogen containing products were searched for, but none
were found.

The majer difference between the (111) and (557) surfaces of Pt
is the increase reactivity of the stepped (557) surface for ammonia de~
composition. Here the H, product signal is voughly 16 times larger than
that from the flat (111) surface (Figure 5). At 700 K, where the H, product
gsignal is at its maximum, approximately 187 of the incident ammonia decom-
poses, as can be seen by the corresponding dip in the scattered ammonia
amplitude (Figure 9).

The H, and N, phase lags are large for temperatures less than

700 K (¥Figure 10b), suggesting slow rates in the pathways for H, and N,

[S%:
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production. It is clear that the N, phase lags are significantly larger
than the H, phase lags. The mean time for the decomposition products to
appear in the gas phase is much greater for N, than for H,. The large
phase lags account for the steep rise in the H, and N, signal amplitude
near 700 K. The phase lags demodulate the signal and decrease the detected
amplitude. The zero frequency H, product amplitude would increase much more
gradually and should mirror the fall in amplitude of the scattered ammonia
signal. The H; signal amplitude and phase lag as a function of crystal
temperature for 20 cps and 50 cps chopping frequencies are shown in the
appendix with the reaction model mechanism behavior (Figure A3). The data
is not corrected for the differences in sensitivity for H, and NH; or for
the frequency dependent attenuation of the integral mode "signal resulting
from the scattered molecules' finite residence time in the UHV chamber.

The dependence of the H, and N, phase lags on the beam intensity
at 725 K is shown in Figure 11. The N, phase lag shows a detectable rise
at decreasing beam intensities, whereas the H, phase lag is essentially
constant. This indicates the nature of the rate limiting steps in the
respective NH; decomposition reaction pathways, as is discussed below.

Figure 12 shows the dependence of the amplitude of scattered NHs,
Hz, and N, on incident ammonia beam intensity (or incident flux). For the
purpose of determining apparent reaction order, the scattered amplitudes and
incident beam dintensity are plotted logarithmically. The scattered ammonia
amplitude at 1250 X was used to measure beam intensity because of the satur~
ation of the Channeltron multiplier at the high 1on flux encountered in
direct beam measurementg. The reactlon orders in ammonia determined from
the slopes are 0.87 for H,, and 0.98 for N,. Scattered ammonia has a slope

of 1.05. Within error, these values are unity.
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To determine the effect of angle of incidence on the decomposition
reaction the incident angle was varied by rotating the crystal manipulator
and the Hy signal amplitude was recorded at 725 K. No change was observed
in the amount of H, produced with changing angle of incidence. The crystal
was mounted such that the beam was normal to the step edges.

The decomposition showed no dependence on beam temperature. To

beam source
weasure the beam temperature dependence, the /oven temperature was raised
to 475 K, and the measurements of Figures 9 and 10 were repeated. There was
no detectable change in the ammonia or Hp signals for all crystal temperatures.

To observe the isotope exchange on the stepped Pr(557) surface,

a mized beam of NH; and D, was produced. The gases were mixed by adjusting
the gas flows through two leask valves in the source manifold. The ratio of
D, and NH; partial pressures in the source was 2.7/1.0. The beam angle of
incidence was 45°, and the scattered products were detected in the differ-
ential mode at the angle of the surface mormal. All possible isotope
species were observed with qualitatively similar temperature dependencies
(Figure 13). In this experiment there 1s additional exchange in the source
and on the walls of the chamber. The background signals have been subtracted
from the data, but contribute to the scatter in the data. The NH,D signal
(m/e=18) has been corrected by subtracting the expected signal from cracking
of the ND,; and NHD, products in the ionizer. The small amplitude of the
differential mode exchange product signal and the subtraction of the baigw
ground signals caused large errors in the exchange product phase lag data.
The phase lag ervors are inversely proportional to the signal amplitude and
.
s0 are smallest from 550 K to 750 K. In this temperature range the NDs
(m/e=20) phase lag is zero. Above 750 K the error in phase lag increases

dramatically, but the phase lag appears to remain constant near zero.



Below 550 K the error in phase lag again dncreases, and it appears that
the phase lag increases steadily with lower temperatures to about 400 K,
which is the lowest temperature at which data was taken for the exchange
reaction. Therefore, the low temperature falloff in exchange product
signal amplitude is due to dephasing of the signals. The true exchange
probability (zero frequency limit of the signal amplitude) would not fall
as rapidly and may continue to increase.

It is interesting to compare the temperature dependence of the
exchange reaction to the temperature dependence of the decomposition reac-—
tion (¥Figure 14). Here the results of two experiments are plotted in the
same figure--ithe ammonia and hydrogen signal amplitudes from the decompo-
gsition experiments (Figures 9 and 10), and the NDs; amplitude from the ex~
change experiment. These signal amplitudes are affected by signal dephasing.
The figure shows that the exchange reaction has essentially ceased where the

for maximum NHs; decomposition is reached. The temperature range
temperature range/of the exchange reaction overlaps the lower portion of
the temperature range for the decomposition reaction (500-700 K).

To dinvestigate isotope effects for the incident ammonia, a beam

of NDs (Merck, Sharpe, and Dohme, 99%) was formed with a source backing

Torr
pressure of 5 / and scattered from the Pt(557) surface. The incident beam

was chopped at 20 cps, and the amplitude and phase}i% scattered NDs and
product D, were measured. The behavior of NDs on the (557) surface of Pt
is very similar to the behavior of NHs;. The normalized scattered signal
amplituae at 20 Hz reaches .25 for NDy, compared to .40 for NHs at 375 K.
The respective maximum phase lags at low temperatures are V14 and V24 for
NH; and NDy. This indicates a slightly larger adsorption probability for

NDs than for NH,;, which may be due to easier conversion of translational

to vibrational energy via the more closely spaced vibrational levels in NDs.
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At all temperatures measured, the phase lag for the product D,
signal is essentially equal to the Hy phase lag from NH; scattering. The

product D, signal ampl

itude appears to be a few pevcent larger than the
H, signal amplitude indicating a slightly higher probability for decompo-
gitlon per incident molecule for ND; than for NHs, which is most probably

due to the larger sticking coefficient for ND,.

tscussion
A, Ammonila adsorption-desocrption kinetics on Pr(lil)
The methods for analysis of modulated molecular beam reaction
scattering data and the behavior of a number of linear and nonlinear

. . .. 253,8-11
reactive surface processes have been discussed in detail.™”™’

We have
used least squares fitting of surface reaction models to analyze the
Pr(l1ll) ammonia scattering data,lz In this circumstance the decowmposition
channel 1g neglected since about 17 of the incident ammonia decomposes.
Several surface reactions models were proposed, then the parameters for
aach model were adjusted to give the best least squares agreement to the
data. The simplest model which gave good agreement with the observed
scattering data was chosen. Our data for ammonia scattering from Pur(llil)
was adequately fit by a model with temperature independent adsorption
followed by a desorption process with one rate-limiting step.

The ammonia signal (Figure 4) shows adsorption behavior with a
long residence time at low temperature. Frowm the magnitude of the phase
lag at a chopping frequency of 5 cps, we can estimate that the mean resi-

dence time ig of the owvder of 0.1 seconds at 375 K. The sticking molecules

are dephased, leaving the nonsticking molecules as the only contribution
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to the low temperature asymptotic value of the scattered NHs amplitude.
The low temperature value of the signal amplitude shoGld approach the
value 1l~s so that the sticking coefficient is s=0.75.

The ammonia phase lag behavior can be explained in terms of the
separation of the scattered molecules into two fractions. The fraction
1-g of molecules which are nonsticking, and the fraction s which stick.
Each fraction contributes to the scattered ammonia signal with its own
amplitude and phase. The nonsticking molecules contribute a temperature
independent component to the normalized scattered ammonia gignal. This
component has an amplitude of 1l-g and zero phase lag. The fraction of
molecules that stick contributesacomponent of amplitude s and zero phase
lag at high temperature. With decreasing temperature the phase lag of this
component increases and the amplitude decreases. The total normalized
scattered ammonia signal is a vector sum of the two components; the net
effect is that the phase lag passes through maximum and then approaches
zero with decreasing temperature.

Changes in beam temperature in the range of 300-500 K have no
effect on the sticking coefficient. It appears that the adsorption prob-
ability is nearly independent cof the incident beam angle of incidence and
the incident beam intensity.

Measurement of the angular distribution of the scattered ammonia
gives an indirect indication of adsorption. The scattered ammonia dis-
tribution at 1250 K is diffuse, which is an indication that at that tem~
perature there is adsorption-desorption behavior for a significant fraction
of the incident molecules. This analysis of the ammonia scattering from

the Pt(111) surface leads to the simple model that was constructed and is



ashown here.

Adsorption, s Desorption
NH; (ads) > NHs(g)
kdmAexprEg/RT)
181

ent. o The data. T consists of an associ

tive adsorption followed by a desorption process with one rate limiting

step. The probability of adsorption, s, was assumed to be coverage and

pendent. The desorpitdon process could be one firvst-order

steps leading to desorption as long as one of

-

s : . P .3 Y . .
Using the notation of Olander, et al.,” the normalized integral

. . . Lo o . , J
mode scatiered ammonia signal, NHs/I , corresponding to the reaction model
0

above is sk

"d

o~
o]
p—a

.. /T = (l-s)+
o :

for incident beam f£lux, IO, chopping frequency, w, sticking coefficient, s,
and desorption rate kde The amplitude, v, and phase lag, ¢, behavior are

given by . - (1ws)é+ S(Z“S)kdz (3a)
NHs Bﬁ;@;ﬁ’“’

and sk
tan gy, =0 N
M ot 2 s (3b)
o +Kd SO

flor this adsorption-desorption model, it is possible to extract approximate
values for the kinetic pavameters from the data. As previously noted, s

can be determined from the low temperature behavior of the scattered

ammonia amplitude, ¥ —y  leg gt low temperature.
The temperature for which the vhase lag 1s a maximum, T {(w)
max
satisfies the rvelation belfween kd, w, and s
k (T = g/l-g
kd\ié ’(w)) sV 1l-g (4)
max

imum value of the phase lag is
s

tan ¢ T
nax

2

(5)

)
2
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Further, the desorption energy E. determined the temperature width of the

d

phase lag data around the maximum phase lag. By expanding the tangent of
the phase lag as a Taylor series Bbout the maximum, the width in tempera-

ture of the maximum can be shown to be approximately

2 RT?
TFWHM ~ émax (6)

Eq

A

The kinetic parameter resulting from the least squares minimization

for the reaction model are
s=0.73 )
10210A=1034ff9secﬁ

EdzlS,éiﬁ,é kcal/mole.

The curves representing the expected response of the reactionmodel are
plotted with the data in Figures 4a, 4b, and 4c. Within the limits of the
errors in the data and the assumptions made in the model, the agreement
between the calculated and measured scattering behavior is good. The
agreement lends some justification to the assumption made in the reaction
model that the sticking coefficient is nearly independent of coverage or
beam and crystal temperature for the coverages examined, and that the
decomposition does not greatly affect the adsorption-desorption processes.

The sticking coefficient measured here agrees fairly well with
other experiments for ammonia on platinum which give values of s near unity.
As noted above, the value is a lower limit to the zero coverage sticking
coefficient.

The ammonia desorption energy was measured by Gland 13 on a stepped
platinum surface with large terrace width. Due to the widths of the
terraces, this surface could be expected to behave gimilarly to a Pt(l11)

surface. The desorption energy measured by thermal desorption was 18.4
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kecal/mole, which is larger thao the 15.4 kcal/mole measured here. However,

e

e . 13 -1, » o ]
factor of 1077 gec’ ™ 4n calculating the de-

agsuned & pre~exponential

of the pre-axponential measured h

yields a lower desorption energy of E631409 kcal/mole w

meters determined for the rate limiting step in the desorp-

: . ot Fantor  AmD Eeglnh0 1,
¢ unusual. The g xponential factor, A=2.5%x10" "gec ~, 1o wi

he range of preexpopentd

1 factors for a surface diffusion step, which

, e e e 1 d0 re -1 14 .
18 expected to be in the vrange of 10" -10""gec ., It may be that the rate

oy

“fugion to an active site followed by desorption.

However, the activation energy, 5 =15.4 kcal/mole, is gquite high for

d

The activation energy is more consistent with desorption as the rate
limiting step. There is some theoretical disagreement on the values for

preexponential factors for desorption; however, they are generally con-

. . } , 3 -1 15
sidered to be in the range of 10*? to 10*° sec lﬂ 2,16 Tt is not clear how the

preexponential factor might change if the ammonia were adsorbed in sowme
complex manner to the surface. For example, the ammonia may be bound

through the unitrogen with additional weak binding of one or more of the

hydrogen atoms o neighboring platinum atoms.

foces

kinetics of ammonia decomposition on the stepped Pr(557)

The Pr{557) surface is approximately 16 times more reactive in
ammonia decomposiiion than the low index (111) face, affording ecasier study
ol the mechanisne of decomposition.

Ouy model for the mechanisms of ammonia scattering and decompo-

gition, if succs

gsful, must explain the following experimental observations
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obtained for this complex reaction on the Pt(557) crystal face.

a. The temperature dependent behavior of the decomposition
probability, with ammonia adsorption~desorption to around 500 ¥, increased
probability of decomposition above 500 X to around 800 K, and declindng
decomposition probability at higher temperatures.

b. The first-order dependence in incident beam intensity on
the decomposition probability,

¢c. The large phase lags observed for the H, and N, product
signals at lower temperatures,

d. The first-order behavior in dincident beam intensity for the
H, signal phase lag and the higher order dependence for the N, signal
phase lag.

First the temperature behavior of the decomposition reaction is unusual.
Previous studies of ammonia decomposition on platinum had penerally shown
a monotonic increase of reactivity with increasing temperature, with the
exception of certain samples used by Robertson and Willhoftal7n19 Unfor-
tunately, they could not establish their sample conditions by any analytical
technique. Due Lo the slow selfZpoisoning of the decomposition reaction
it is possible that the decomposition behavior observed here would not be
found at higher ammonia pressures.

At low temperature {(350-500 K) there are large changes in NH; ampli-~
tude and a sharp maximum in ammonia phase lag similar to the behavior on
the Pt(111l) surface, indicative of significant adsorption and subsequent
rate limiting desorption. Although there is substantial adsorption, there
is no iIndication of decomposition in this low temperature range. In the

second region (500-800 K) the H, production increases with the simultaneous
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fall in amplitude for the scattered, unreacted ammonia. The Hproduction
veaches a maximum at approximately 700 K at which point approximately 18%
of the incident ammonia decomposes. This behavior could be modeled by a
branch mechanism with desorption predominating at low temperature, and the
decomposition branch becoming significant and perhaps predominant at the
higher temperatures.

In the high temperature region the decomposition probability declines,
reaching 1% or less of the incident ammonia at 1250 K. Three mechanisms
which could account for the decline in decomposition products and simul-
taneous rise in the scattered unreacted NH; signal are an additional de-
sorption branch, a temperature dependent sticking coefficient, and a
failure of the adsorbed ammonia to fully equilibrate with the platinum
surface. These models are discussed in greater detall in the appendix.

The decomposition probability is first order in incident beam
intensity (Figure 12) which implies that mechanisms affecting adsorbed
molecular ammonia must be first-order. Or, specifically, there cannot be
higher order interactions between adsorbed ammonia states which are capable
of desorbing or between adsorbed ammonia states and intermediates or
products.

Assuming the steps are active sites for decomposition, it is necessary
to determine if diffusion from terraces to the steps is significant. The
large phase lags for N, and H, product signals (Figure 10) indicate that
the decomposition is slow. If there is diffusion to the steps, competition
for active sites should lead to a decline in the decomposition probability
for higher surface concentration. Since the decomposition probability is

inear in beam intensity, it appears that diffusion is not dmportant to
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first approximation.

Figures 10b shows large phase lags for N,30d H, for temperatures
below 800 K and 700 K, respectively. The N, phase lags are greater than
the H, phase lags, indicating a lounger surface residence time before the
appearance of N, in the gas phase. The N signal phase lags become greater
than 90°, so there must be more than one slow step in.the pathway of N,
formation via the decomposition of ammonia and its desorption from the
surface. The H, signal phase lag is essentially independent of beam in-
tensity, as shown in Figure 11, which implies that the rate determining
step in the H,; pathway must be one that is first order.

It 4s likely that atomic diffusion leading to recombination and
desorption is one of the steps in the H, production pathway. The hydrogen
recombination and desorption process has been measured in this laboratyozo
The times measured for recombination and desorption were much shorter than
the H, production times from ammonia measured here which suggests that
hydrogen diffusion, recombination, and H, desorption should be relatively
fast steps in the H, production pathway.

The N, phase lag (Figure 12) shows definite higher order effects.
Therefore, there must be a slow higher order step in the N, production
along with any first order steps. We have assumed that the higher order

step i1s Na “ diffusion and recombination.

d
Three basic reaction model mechanisms were tried with a number of lesser

modifications to each one to give altogether 10 model mechanisms.

Figure 15 gives the model (Model A) that best fits the experimental data.

The kinetic parameters (rate constants, preexponential factors, and activa-

tion energies) that were calculated for this complex branched model are
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iisted in the figure. The scattered ammonia signal amplitude and phase

lag data and the product H, amplitude and phase data are compared to the
behavior predicted by reaction model mechanism A in Figures A2a-c and A3a-c,
respectively, in the appendix. The fit, which is qualitatively correct,

has several quantitative discrepancies, but model A is the most probable

of the several models that we have tried. Possible causes for the quanti-
tative discrepancles and their implications are discussed in the appendix
along with a description of the less successful models.

In spite of the quantitative discrepancies, the model of Figure 15
demonstrates that incorporation of the points discussed here in a reaction
model mechanism can yield qualitative agreement with the data.

The models discussed do not directly address the hydrogen—deuterium
isotope exchange in the adsorbed ammonia, cr the source of poisoning of the

In the hydrogen—deuterium isotope exchange,

ammonia decomposition. /all deuterated species were detected. The peak in
the exchanged species signal amplitudes occurred near 675 K. The phase lag
in the m/e=20 signal increases rapidly for temperatures less than 600 K.

It appears that the decline in amplitude at low temperatures is due to long
surface residence times and dephasing. At high temperatures the exchange
probability might decline due to shorter residence times of NH; and D, or
due to eventual decomposition of the exchanged species. It seems unlikely
that the exchange is proceeding through partial dissociation and recombina-
tion. Any partial dissociation would release free adsorbed hydrogen. Since

21 partial dissociation
//  would presumably

hydrogen surface diffusion is believed to be fast,
lead to Hy production. Yet at 500 K there is significant exchange and

esgsentially mno H, production. Hence, it appears that hydrogen-deuterium

exchange occurs through an intevaction of adsorbed ammonia molecules and
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surface deuterium atoms, perhaps through the formation of intermediate
Pt~NH,D species.

The cause of the poisoning could not be determined. It slowly in~
hibited ammonia decomposition, and the rate of poisoning seemed highest
at the temperatures where the decomposition probability was greatest.
After poisoning the activity of the surface could be restored by heating the
crystal in vacuum for approximately three minutes at 1200 K. Auger spec-
troscopy failed to show any detectable chemical contamination on the poisoned
surface. Flash desorption from the poisoned surface occasionally showed
a barely detectable strongly bound peak at mass 28, and occasionally a
much smaller peak at mass l4; Thowever, the peaks were not consistently
reproducible. The inhibition of the decomposition reaction could result
from formation of a small amount of strongly bound nitrogen at the active
sites. However, its formation would involve a small fraction of the NH;
molecules at most and, except for the slow inhibition observed, would not
be a gignificant part of the ammonia interaction. Melton and Emmett22
found that in contrast to ammonia adsorption on iron, ammonia adsorption
on platinum vields only a small amount of strongly bound nitrogen con-

taining species.

Conclusion

There is evidence that ammonia adsorbs associatively on the (111)
and (557) single crystal faces of platinum, the adsorption occurring with
a large sticking coefficient (.74 on Pt(111), and .54 on Pt(557)). Ad-

sorption leads to subsequent desorption or decomposition with final
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decomposition products N, and H,. We have found that the (557) crystal face
1g approximately 16 times more reactive for ammonia decomposition than the
(111) face, presumably due to the higher density of steps. Increased
reactivity of stepped surfaces has been observed previously, for instance,

in some hydrocarbon reactionsZB and in dissociative hydrogen acksor;;‘)tiont,55’24L

From kinetic model f£it to the data we have found that the activation
energy for the desorption process on the (111) surface is Eyg=15.4 kcal/
mole with a preexponential A:Z=5x10l°secml,

For ammonia scattering fromthePt(557) surface, the probability for
decomposition to mnitrogen and hydrogen is near zero below 500 K, increases
steadily to approximately .18 at 750 X, then declines steadily towards zero
up to 1200 K, which is the highest temperature investigated.

The Pt(557) decomposition data show that the decomposition probab-
ility is first order in dncident ammonia, from which we conclude that the
initial decomposition steps are first ovrder. There are slow higher order
steps in the pathway leading to N, production, but any higher order steps
in the H, production pathway are fast compared to the first order steps.

Several models have been suggested to describe the kinetics of ammonia
scattering and decomposition on the Pt(557) surface. Some of the models

agree qualitatively with the data, but none of the models quantitatively

reproduce the observed kinetics. The models are described in the appendix.
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FPigure Captions

Fig.1 Schematic of the molecular beam scattering apparatus.

Fig.2 Integral mode amplitude and phase lag of N, scattered from hot
(1200 X) platioum surface as a funcitonof incident N, chopping
frequency. Solid lines are behavior predicted by simple model
(Eq. 1 of text).

Fig.3 Models of Pt(557) and Pt(111l) crystal surfaces.

Fig.4 Integral mode amplitude and phase lag of ammonia scattered from
the Pt(111) surface as a function of crystal temperature. Curves
are best fit to simple adsorption-desorption model. (a) f=5 cps,
(b) £=20 cps, (c) £=50 cps, (d) £=150 cps.

Fig.5 Hy production from ammonia on the Pt(11ll) surface. Integral mode
normalized amplitude and phase lag as a function of crystal
temperature., (a) amplitude, (b) phase lag.

Fig.6 Angulayr distribution of ammonia scattered from Pt{l11l) surface.
Amplitude of differential mode signal for a chopping frequency,

£=100 cps. (a) T =1250 K, (b) TX =375 K.

tal
375K /rlZSOK ) on Pt(lll) as a

function of dincident beam intensity. The integral mode scattered

Xtal

Fig.7 Ammonia sticking coefficient (l-r

ammonia amplitude for a crystal temperature of 1250 K is used to
measure incident beam intensity. £=150 cps.

Fig.8 NDs (m/e=20) product amplitude from scattering of a mixed beam
of NH; and D, from a Pt(1l1l) surface. Differential mode, detector
at surface normal.

Fig.9 Integral mode amplitude and phase lag of ammonia (m/e=17) scattered
from the Pt(557) surface as a function of crystal temperature.

(a) =5 cpa, (b) £=20 cps. (c) f=50 cps.

Fig.1l0 Integral mode amplitude and phase lag for H, and N, product signals
as a function of crystal temperature. The chopping frequency of
the incident ammonia beam is 5 cps. (a) amplitude, (b) phase lag.

Fig.11 Ammonia beam intensity dependence of hydrogen and nitrogen
phase lags. ©Signal phase lag at a crystal temperature of 725 K
are plotted as a function of the scattered ammonia amplitude at

1250 K, £=5 cps.



Fig.12

Fig.13

Fig.1l4

Fig.15

Fig.Al.

Fig.AZ.

Fig.A3.

Ammonia beam intensity dependence of hydrogen, nitrogen, and
amnonia signal amplitudes. Signal amplitudes measured at
TXtalm725 K are plotted in unnormalized, arbitrary units. Lines
are linear least quares fit to the data.

NDas (m/e=20), ND,H (m/e=19), and NDH, (m/e=18) normalized product
signal amplitudes from scattering of a mixed beam of NH; and D.
from Pt (557) surface. The signals were measured in the differ-
ential mode; the detector was placed at the surface normal. The
NDH, signal dis corrected by subtracting the expected contribution
from NDy and ND.H. f=5 cps.

Crystal temperature dependence of ammonia ddsorption, decomposition,
and isotope exchange (from NHs+D,) on Pt(557). Ordinate is
signal amplitude in arbitrary units. Curves have been drawn
through the data points to assist the eye.

Homogeneous reaction model. This model gave the best agreement
to the data. The rate constants are those which corresponded to

the minimal value in the least squares fit.

Reaction models for the decomposition and scattering of NH; on
Pr(557); (a) homogeneous model making no distinction between
terraces and steps, (b) heterogenous separation of surface into
sites near and far from steps, {(c) temperature dependence in the
sticking coefficient s for a homogeneous model, (d) and (e)
exanple non-first order decomposition mechanisms.

NHs/Pt(557). Integral mode ammonia signal amplitude and phase lag.
The curves are the best fit to the datafor the reaction model
shown schematically in Figure 15.

NHs/Pt(557). Integral mode H; signal amplitude and phase lag.
The curves are the best fit to the data for the vreaction model

shown schematically in Figure 15.



["bLd

TROOTES|

BLowER—2= TO MECHANICAL PUMP
]

TITANIUM
SUBLIMATOR DIFFUSION
PUMP
TO
MECHANICAL
PUMP SAMPLE
ION
i PUMP BEAM
DIFFUSION\,
PUMP OURCE
PECTROMETER \
SLOTTED DISK
AUGER = \ CHOPPER

ELECTRON GUN
ARGON ION GUN

FLAG CHOPPER

DIFFUSION
PUMP VIEW PORT

XBL785-4948

e 82 -



Normalized amplitude
(scattered incident beam)

I0°

=20~

I ]

3 L‘il!?!j

T

1] Uiﬂ;ﬂﬁi

i l!lillil i 1111:111

10

|00 000
Frequency (w)

1

1 | I I i 1 | ] | 1 1}

200 400 600 800 1000 1200
Frequency (w)

XBL798-2533

Fig.2



=30~

py (11LD

vgL 8011-12082

py (557}

Fig.3



17

NORMALIZED AMMONTA AMPLITUDE (r/%ZSOK} m/e

~31-

NH3/P‘F ()
. ) - : . 4 - : 40
a) f=%cps
° /Mosgh
o L\@
Q [e el 4 v U 2.0
Aciéa - : - O
b) f=20 cps 40
‘,O oo@ oW O Y UG (s} [s] (a3 b4 20 e
© o
s .o @
O éé& s Py O S
1)
; O — <<
' ' ' 40 o
¢) f=50cps
{1l
. )
1.0 [ essor—omoawoos T 20 =
of° 0.
O 2 a.00 2 & & s o O
e 40
(d) =150 cps
UO 5T ZQ
—p® —1 0
S0 Hole; 1300

TEMPERATURE (K)

XBLBOII-6346

Fig.4



NORMALIZED HYDROGEN AMPLITUDE (T/?%ZSQK)

HYDROGEN PHASE LAG (A¢°)

i Ho=—NHx/P1 (1)
f=5Hz
0.2}~ - Py =15 Torr
N o © 9= 45°
N O
o
5 O
o
= 00 00
@,‘ T @ 1 @ Q
» o
I Ko o
O
. 60
. O
O o
0 | | | | ] | ! | i } ! i ! ] i 7
500 600 700 800 900 1000 1100 1200 1300
TEMPERATURE (K)
90
Ho=—NH=/ P11l
8o} 2™ Nitg/Piil)
f=8Hz
701 o Pg= 15 Torr
601 g =45°
50 )
o ©O
40
30 o o)
To) = ©
O O
i i i | I !szgz | i ig% i i | | i
500 600 700 800 900 1000 OO 1200 1300

TEMPERATURE (K)

Fig.5

XBL 798-11049



AMMONIA AMPLITUDE {(c.u.}

AMMONIA AMPLITUDE (a.u.}

g
Ll

2(

=33

NHE/P%(H!)

Fj =100 Hz
8=60°
T=1250K

4 i | i i % | i
0 10 20 30 40 50 60 70 80 S0
ANGLE FROM SURFACE NORMAL (87)

X

{

R 4

NH/P1(111)

| £=100 Hz

g =50° O
T=375 K

i i i i ? | 1 i

0 10 20 30 40 50 60 70 80 90
ANGLE FROM SURFACE NORMAL (67)

XBL 798-11048

Fig.6



~34-

4 s
!O AU B A B A A A A0 B S B B AL SR RS AL S S AN A A BN B

=
~
i
A

50K

06+ NH /Pteitit) -
m/e=17

- 6, =45° -

04+ ]

NH,, STICI FFICI - /
NH, STICKING COEFFICIENT (s) l.-r /T

O ol lA.Axll A l.ljili.lnl;A.A‘ [ JVS SVUE SV WS WIS WIS SN WPNE SN NS PN WTN SN SN WY WU TN U

0.1 0.2 0.3 0.4

AM INTE Y (
NH8 BE ENSTT rlZDGK)

XBL 808-10989A

Fig.7



VGee0l-808 aX

1

(M) FHN LVHIdN

008 Q0L 009 00% 010}~ 00¢

006

ND3 PRODUCT AMPLITUDE
(EXCHANGE AMMONIA/INCIDENT AMMONIA) X108

. Y N ) 0)} ~
O O O @) % O O O
| i ] | | I
o
o ¥ <
3 0=
LMoy o
o B~ +
. " 2@ ij
v de '\{
@ﬁg? Y
w =
. @ o g -
)
|
O O O
. 0o O .
O
0] 0O O O
] @O
- o o B
O
O (€0
o0
@]
| 1 § ] l |

Fig.8



7

%

NORMALIZED AMMONIA AMPLITUDE (r/TZZSOK) m/e

-36-

NHs/Pt (557)

a) f=5 cps 20
o /11250
8 AD
.0
0
b) = 20 cps 20 )
[N
8 <]
é N’
1.0 égli oo o 10
ap® @B 0 gpopo @ X O @ ©)
JE g O <
& a ]
%Aéé& S 4 s Lu
0 R . a 8 [ 0 N
<
1
v ¥ v ¢ v & + + A CL
c) f=50 ¢cps 20
1.0 * o o }i0
24;0@(@ 06 o [e] o0
.
& H
A&Q o é&
0 - gt O
300 500 700 900 OO 1300

TEMPERATURE  (K)

XBL30II-6348



25 @ FUN—— e ; e B R TR
: O
w o oa NHz/Pt (557)
N % o f=5cps
L FE 30 8 o H, m/e =2
N : S N =
£ % QO@ a 2m/e 28
o 0
S <20 C%Ooc;%
) f— O O O
505 © @
T O © o 9 ©
= o0 © o
o = O A o®
O a. @ § A A.QAA O
- O Aé)&AQ i A:A B 2 gl
600 800 (000 1200
E% {6(),.”,,,¢.A T S S SR S—
i b) NH3/Pt (557)
wJ , f=5cps
g% 1201 A o Hp m/e=2
I a No, m/e =28
a.
lk,%
@)
-
-
O
o
an
o &
+ Q@ Bg &> ° &
&3 %A%{.. aad s aaan .%. .Q..l A in
= 1000 1200
TEMPERATURE (K)

XBL 808-10987A

Fig.10



~38.

20

o 40

1.0

XBL 798-11045A

Fig.11



SCATTERED PRODUCT AMPLITUDE (a.u.)

“30-

NH3/PH557)
f=95Hz

T= 725 K
gmm‘%gHg
~==4 NHy

1

I

l l

l

L1 ]

0.2
NHz BEAM INTENSITY (

03

Fig.12

04 05

1.0

"1550K a.u.)

XBL 798-11044 A



=40

9901 L-864 18X

000!l

(M) IYNLVH3IdW3L

009 006 (010) 4

00¢g

006

TIVNDIS VILN3Y344Id
IHG =4

(1SS)+d/SA+ EHN

s

o
=

O
O
o

C0¢g

0¥

00¢

gﬁﬁx (VINOWIWY LNICIONI/ VINOWWY GIONVHIXT)

34NLINdWY LONA0YHd

Fig.13



L A O e R ) B ¥

NHz /Pt 557 f=5Hz

@@

PIINE == Hp=— NH3 /P1(557)
168N = & NDg=<—NHy+Dy/PH(557)

e Y
e § \
Y
@é 2 Y
- %5@ v o 0 Qo 0~
- \aeTe) . I Qv_a—8 —
65?89) © \’%?’%*3‘%&; §S§,= Qeﬁ%ﬁ‘ ﬁ;g N
_ g o —
0,00 \ 8 e g
& s \
e !’ ? \% J—
cO & @
- Og%g ﬁj% \\ 7
%o ®a RN .
! \6 é ® \\
S i —
® \ AN
{ x ®® AN
- A / ‘ N —_—
5N @
~ / /e A\, N N
,/ il \ N
— A ° e > & —
A e 4 .
1 %‘Tj | R RN TN D S e £l sl SO 1%
400 600 800 000 200

Temperature (K)

XBL 798-2530

Fig.14



NHE{@?  —

)

o

=

%

42

ADSORPTION
s
> NH3@g)

- $§
REFLECTION

054
1.9%10% exp (~13.4 KCAL/MOLE) s°!

7.0%10% exp (~17.0 KCAL/MOLE) s~
2.2x10'7 exp (-38.4 K CAL/MOLE) 5!

25x%10" exp -13.3 KCAL/MOLE) s!
49%108% exp (-20.0 KCAL/MOLE) s~/
LOx10% exp (-14.7 KCAL/MOLE) s~

Fig.15

XBL8BOII-6332



-43-

NH NH
A ki 3(g) k3 3(g)
ADSORPTION / /
]

e NH g ka
Ny 3@ 2, NHf(q) —-+ DECOMPOSITION

-8 Ny, H
REFLECTION
] NH3z(q) MNHB(@)
ADSORPTION p TERRACE
s “P sITES
——8 NH kx _NH
NH3(g) < s p / 3@ 2 3)
REFLECTION NH3 ) MNHE mﬁwg DECOMPOSITION
STEP SITES Np. Hy
C
ADSORPTION k3 » NH3z(g)
s=g’ (i+é’exp{£/§7‘))
> NH
NHg(g}.,, s 3(@) R\
REFLECTION DECOMPOSITION
N2, Hz
D
k
ADSORPTION L NH3(g)
s
s ——
REFLECTION \
NHZ(@)+ H(g)
k3 FAST
2NHa(q) T Nagg) T 2Hz(g) 2 Hg)— Hp(
E NH
ADSORPTION kw730
S
e
NH3g) g NH3(q)

i-s \\k;{%
REFLECTION

k3
NHg) + NHz(q) = Nogg+ 2Ha ()

NHgy*+ Ha ()

XBL 80!I1-633]

A-1



7/

i

/ ) n/
(/T ogn’ M€

NORMALIZED AMMONIA AMPLITUDE

NH5 /Pt (557)

44

o r/rlZ5O k

AA@

20

(AD°)

LAG

PHASE

0

TEMPERATURE  (K)

A-2

200 HOO

1300

XBL 80l-6347



2
B
o

* NHy /PI(557)

45

80

2

f=5cps

4.0

30

2.0

(AD7)

4.0

3.0

20

LO

O R

[e}e]

PHASE LAG

40

20

)

‘ f ) m/
NORMAL IZED H2 PRODUCT AMPLITUDE {r/rEZSOK m/e

B

I

i

400 600

800

000 1200

TEMPERATURE (K)

A-3

XBL80II-6345



-
Appendiz

NH; Scattering and Decomposition on the (557) Crystal Face of

Platinum: Reaction Model Mechanisms.

Three mechanisms that could explain the temperature behavior of
the probability for decomposition of ammonia on the Pt(557) surface (see
Discussion above) are multiple desorption branch mechanisms, a tempera—
ture dependent sticking coefficient and a failure of the adsorbed ammonia
to fully equilibrate.

Figures Ala and Alb show two examples of multiple desorption
branch models for the adsorption of ammonia on the (557) surface of platinum,
Meodel A is a homogenous model for which no distinction 1is made between
adsorption at steps and terraces. In Model B the surface is taken to be
heterogeneous and is gepavated into sites near surface steps and those far
from steps. For simplicity, the dinitial desorption rates from both sites
have been taken as equal. TIn Models A and B low temperature
desorption occurs through the path k;. As temperature increases, path kg
becomes predominant and initiates the decomposition. At higher temperatures
ks stops the decomposition reaction through desorption of the ammonia. The
exact details of the decomposition steps are not included in Figures Ala and
Alb because of the large number of possibilities.

There is no well defined functional form for temperature dependence
in the sticking coefficient so we have modeled temperature dependent adsorp-
tion in terms of a shortlived precursor state. By starting with Model A
and taking the first adsorbed ammonia state as the precursor with Kk, and k.
extremely fast, Model C is generated. (Figure Alce) The apparent adsorption
probability , s , is

R -1
RT )

s'zs(l+%%9m1 = g(1+A'exp(~
2

which decreases with increasing temperature.

At this point i1s is difficult to determine the nature of the tempervature
dependence if the adsorbed ammonia is not equilibrating with the surface.
At higher temperatures, excitation leading to desorption might be fast enough
to prevent excitation to a high enough energy level in the vibrational modes

leading to decomposition. By measuring the velocity distribution of



47 -

scattered ammonia we hope to investigate the question of equilibration
of ammonia ddsorbed on platinum. These studies are in progress in our
laboratory.
Models A, B, and C are first-order in terms of molecular ammonia.
They assume first order reactions on the surface and during desorption and
the absence of intervaction between adsorbed ammonia molecules or between
adsorbed ammonia and any adsorbed decomposition product or dintermediate.
Models D and E (Figure Ald and Ale) are examples of potential models with
higher order reactions of the various species. Models D and E are sensitive
to NHs; coverage in the decomposition range. Since the decomposition proba=-
bility is first order in incident beam intensity, we conclude that Models D
and E are unlikely, as are any models involving higher order interactions
between surface species from which desorption of NHs can occur.
For the decomposition mechanism the simple mechanisms below were used,
F. NHs(ads) 5 NH, (ads) + H(ads)
NH, (ads) ——s NH(ads) + H(ads)
NH{(ads) - N(ads) + H{ads)
G. NHa{(ads) —— NH(ads)+2H{ads)
NH(ads) = N(ads) + H{ads)
H. NHs;(ads) ——— NH,{ads) + H(ads)
NH,(ads) ——> N(ads) + 2H(ads)
I. NHsz(ads) =—— NH;(ads) —> N(ads) + 3H(ads)

All mechanisms F-I contain the recombination steps.

slow
Nads + Nads T Na(e)
fast |
Haas Hads sy Ha(®)

The three models A, B, and C (Figures Ala-c) were tried with the
deconposition mechanisms F~I above. The model which yielded the best
agreement to the data is Model A with decomposition mechanism F (Figture 15,
Discussion)}. The scattered ammonia signal amplitude and phase lag data
and the H, amplitude and phase data are compared to the behavior predicted
by the reaction model mechanism in Figures A2a-c and A3a-c, respectively.

The heterogeneous model (Model B) with decomposition mechanism H
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gave ~ reasonable agreement with the data. The models with temperature
dependent sticking coefficient (Figure Alc) gave only poor agreement with

the data. As discussed below, models with decomposition mechanisms similar
to I above may be more appropriate than mechanisms ¥, G, and H, However, the
parameters for mechanism T are nearly correlated, thus the reaction model

fitting program could not locate their best values.

There are a number of quantitative discrepancies between the scattering
data and the predictions of the reaction model. The low temperature ammonia
signal amplitude (Figure A2) is fit well. As discussed earlier with
respect to scattering from the Pt(111) surface, the low temperature ampli-
tude is determined by the sticking coefficient, s. The ammonia phase lag
predicted by the model is larger than that observed. With only one active
desorption branch, the phase lag depends on s, which suggests the agreement
might be better with two desorptionbranches with different rates. Such a
model was tried, but with the additional parameters, the reaction model
fitting program was unable to locate a best value for the parameters.

The low temperature rise in hydrogen signal amplitude given by the re-
action model is too gradual and the low temperature hydrogen phase lag is too
small. In models A and B, (Figure Al ) the first decomposition step must be
relatively fast since it is in competition with desorption rate ks, and the
ammonia scattering data shows that the ammonia phase lag is essentially zero
in the temperature range where vrate ks is important. If hydrogen is
liberated in the first decomposition step, the competition with desorption
limits the size of the hydrogen phase lag. Thus models with decomposition
mechanisms similar to mechanism I above, which has an extra activation step
prior to hydrogen liberation, may be more accurate than mechanisms F,G, and H.

All the models with multiple steps for liberation of hydrogen show
complex behavior for the product H, signal phase lag as seen in Figures
A3a-c, The errors in the H, signal phase lag data are too large and the
temperature range in the data is too small to determine if the complex

behavior predicted by those models actually occurs.





