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We have studied the reaction of N atoms adsorbed on Rh(111) to make gas phase N,, using a
combination of temperature programmed desorption and kinetic modeling. Electron beam dissocia-
tion of adsorbed NO was used to prepare surfaces with the highest N atom coverages (=0.5
monolayer) yet reported. Surfaces with coadsorbed N and O were also studied. Our experiments
and modeling show that N atoms desorb as N, from Rh(111) in at least three distinct desorption
states with reaction rates that vary by about four orders of magnitude. Comparison of the N,
formation rates reported here with those measured during reaction of CO and NO at 16 Torr shows
that under reaction conditions the surface most likely has an intermediate coverage of nitrogen
atoms. In addition, our results show that at high N atom coverages N, is formed at least 50 x
faster than under reaction conditions, indicating that N atom recombination is not the rate limiting

step in the reduction of NO by CO over Rh(111).

1. INTRODUCTION

Rh is virtually irreplacable in the current
generation of automotive catalytic convert-
ers, primarily because of its superior activ-
ity in the reduction of nitrogen oxides (NO,)
to nitrogen (/-3). However, because of the
cost of Rh and availability considerations,
itis unlikely that the amount of Rh in current
catalysts can be increased to meet future
standards which will require both lower NO,
emissions and greater catalyst durability.
One part of our effort to utilize Rh more
effectively focuses on the kinetics of NO,
reactions over Rh single crystals. By study-
ing such a well-defined model catalyst we
are able to specify with a high degree of
certainty the rates and product distributions
for important probe reactions. In a previous
paper we reported the reaction rates and
product distributions for the CO + NO reac-
tion over Rh(111) at moderate pressures
(1-100 Torr) (4). In that paper we concluded
that the mechanistic details for the reaction
could not be specified with a high degree
of certainty due to the lack of good rate
constants for N atom reactions on Rh(111).
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In this paper we focus on the N, + N, —
N&* reaction on Rh(111). Our goal is to gen-
erate a rate expression which describes the
N, formation rate over a wide range of N
atom coverages. We emphasize reaction in
the high coverage regime because previous
papers suggest that relatively high N cover-
ages are present during reaction at moderate
pressures (20 Torr) (5, 6).

The experiments we report here fill an
important gap in the understanding of N
atom reactions on Rh(111). Much has been
written on the interactions of NO with Rh
single crystals (7-/0) and with planar Rh
model catalysts (//, 12); however, to our
knowledge no one has reported a rate con-
stant for the N + N reaction (ky,\) at N
coverages (6y) above 0.25 monolayer (ML),
without complications due to other surface
reactions (e.g., NO dissociation), and in the
absence of other surface species (e.g., oxy-
gen). The latter condition is appropriate
since CO oxidation proceeds at a rate that
is at least as fast as N, formation on these
surfaces (5, 6), which leads to low oxygen
coverages. These three qualifying condi-
tions are important because they are the pre-
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ferred conditions for the determination of
rate constants that can be applied to reac-
tions at higher pressures. Currently, the best
estimation of ky , y is for low coverages of
N atoms generated by thermal dissociation
of NO during an NO TPD (9). Relatively
low coverages of N atoms are obtained in
this NO TPD experiment because up to half
of the nitrogen desorbs from the surface as
NO instead of dissociating to give N atoms.
These results are a helpful starting point to
our understanding of the reactions of NO
over Rh surfaces; however, it is very diffi-
cult to extract a rate constant for high N
coverage from NO TPD data for several rea-
sons. First, during an NO TPD experiment
at least three processes can take place at
temperatures where high N coverages de-
sorb: NO desorption, NO dissociation, and
N, desorption. When three reactions occur
in the same temperature range, independent
determination of the rate constant for a sin-
gle reaction is difficult (this is not a problem
at low NO coverage where N recombina-
tively desorbs at a temperature where no
other reactions occur). Second, it is known
that adsorbed oxygen (from NO dissocia-
tion) alters N + N recombination rates on
Rh(111) (9). Finally, N coverages obtained
during NO TPD are about half of those pre-
dicted in previous papers which modeled
the CO + NO reaction rates at moderate
pressures (10-100 Torr) (5).

In order to improve upon previous esti-
mates of &y, ., we have prepared N atoms
on Rh(111) via electron beam dissociation
of NO. In this way we have been able to
make clean N atom coverages of up to 0.5
ML (N atoms/surface Rh). Using a combi-
nation of TPD and simple kinetic modeling
we show that N atoms recombine and de-
sorb from Rh(111) in three different states.
We also calculate desorption rate constants
for each state. In addition, we compare our
data to previous results for the CO/NO reac-
tion (4), giving some insight as to what the
surface N is like under moderate pressure
reaction conditions.
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2. EXPERIMENTAL ASPECTS
2.1. Apparatus

The experiments were performed in a
standard ion-pumped vacuum system simi-
lar to that described elsewhere (/3). The
system is equipped with a double pass cylin-
drical mirror analyzer for Auger electron
spectroscopy (AES), a four grid LEED sys-
tem, a high resolution electron energy loss
(HREELYS) spectrometer, and an apertured
quadrupole mass spectrometer (QMS)
for temperature programmed desorption
(TPD). The Rh(111) surface was oriented
to within 1° of the desired crystallographic
direction and polished with § um diamond
polish prior to mounting. The sample was
mounted with Ta wires spot-welded on the
back of the crystal to allow for resistive
heating and LLN, cooling. The crystal was
cleaned with cycles of sputtering at 875 K
using 2 KeV Ar ions followed by annealing
to 1350 K until all AES detectable contami-
nants (except carbon) were removed and
sharp LEED patterns were obtained. At that
point the C was removed by slow cycling
under a flux of O, between 800 K and 1250
K. This procedure removed C from both the
surface and the near surface regions of the
crystal. Subsurface C migrates to the sur-
face at high temperatures, reacting with sur-
face O atoms to make CO (/4). All TPD
spectra were taken with the crystal placed
about 2 mm from the aperature of the QMS.
The sample was heated at 10 K/s and nine
masses were obtained simultaneously dur-
ing the experiment.

2.2. N Atom Preparation

In order to obtain high N atom coverages,
four thoriated iridium filaments were
mounted in parallel on Ta posts to provide
electrons to bombard preadsorbed NO on
Rh(111). Typically, NO was admitted
through a doser, raising the background
pressure by 5 x 107" Torr. The Rh(111)
crystal was held at 120 K and, when it was in
front of the doser, a saturation NO coverage
was achieved within 30 sec. Next the sample



N + N — N; REACTION RATES

was placed about 5 mm from the electron
source with a + 100 V bias applied to the
sample and the filament current adjusted so
that 1.2 mA of current was passed to the
Rh(111) crystal for 5 min. During bombard-
ment the sample temperature increased
from 120 to 150 K. When the sample was
examined with AES after ¢~ beam bom-
bardment, we found that most of the oxygen
had been removed from the surface. The
high N/O ratio (=8 N per O) indicates sig-
nificant NO dissociation occurs during bom-
bardment and that the dissociation occurs
via electron stimulated desorption of oxy-
gen. Next, the sample was heated to at least
415 K (higher temperatures if lower N cov-
erages were desired) to remove any residual
NO that might remain on the surface. TPD
experiments confirm that no NO desorbs
from the ¢~ beam bombarded surfaces;
however, we suspect that if a small amount
of NO remained after ¢~ beam bombard-
ment it would dissociate during the TPD
experiment. Finally, we used adsorbed CO
to clean off (via CO, formation) the oxygen
contamination that might still be present.
The oxygen cleaning procedure was as fol-
lows: (1) about 3 Langmuirs of CO was
dosed at 120 K, (2) the surface was heated
to at least 415 K (higher if lower N coverages
were desired), (3) the surface was cooled to
120 K, and the process repeated. We esti-
mate that under the worst conditions resid-
ual oxygen coverages were approximately
0.05 ML (from AES and TPD) and residual
CO coverages (which desorbs at lower tem-
peratures than does N) were about 0.1 ML.
To avoid conflicts of CO and N, signals in
the QMS we monitored mass 14 as a mea-
sure of N, desorption.

3. RESULTS
3.1. N, Desorption from N Adsorption

Figure 1 shows the TPD data for a series
of different N coverages on Rh(111). Using
our N atom preparation method, the maxi-
mum amount of adosrbed N obtainable is
0.49 ML (+0.18/—0.15 ML). This maxi-
mum coverage was limited because we had

275

INTENSITY (ARB. UNITS)

300 400 500 600 700 800 960 1000
T{K)

FiG. 1. N; desorption from N adsorbed on Rh(111)
by electron beam dissociation of adsorbed NO. The N
coverages in ML are 0.04, 0.08, 0.13, 0.20, 0.31, 0.44,
0.49.

to heat to at least 415 K in order to remove
residual NO and scrub off undesirable oxy-
gen using CO (see Section 2.2). N atom cov-
erages were estimated by comparison of the
N, TPD area of Fig. | to N, desorption data
from saturation NO TPD data taken under
the same conditions as those in Fig. 1. We
rely on a previous paper by Root et al. (9)
which reported that 0.37 ML of N atoms
desorb as N, after the heating of a saturation
NO layer sufficient to remove molecular NO
(495 K). We assign a relatively large error
(+33%) to our method of coverage calibra-
tion (see Section 4.1.3).

In Fig. 1 at the lowest coverage (0.045
ML) we detect a single N, desorption peak
(state 1) which has a desorption maximum
of 695 K. As the N coverage is increased
the peak maximum for state I shifts to lower
temperatures and broadens signifciantly. At
Oy = 0.3 ML a low temperature shoulder
(565 K), indicative of a second desorption
peak (state Il), is detected. At still higher
coverages state Il increases in intensity
shifts down to lower temperature (535 K) as
a third unresolved state grows in.
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3.2. Modeling of the N + N— N,
TPD Data

To obtain a reasonable rate expression
and rate constants for the N + N reaction,
we have modeled the TPD data of Fig. {.
To model the TPD data we require (1) a rate
equation which relates the desorption rate
from a given state to the N coverage and
the surface temperature, (2) estimates of the
N atom coverage in each state, and (3) a
simple computer program that calculates the
desorption rate as a function of sample tem-
perature, adjusts the surface N coverage
according to the desorption rate, and then
calculates the desorption rate at a slightly
higher temperature.

3.2.1. Rate expression. We assume that
the experimental data are composed of de-
sorption rates from discrete desorption
states. We approximate the desorption rate
from each state as

4o 1
= = g Ohvexpl-(E, — ax®O)/RT],
(D

where —d6/dt is the desorption rate, 3 is
the heating rate, v is the preexponential fac-
tor, Oy is the N coverage in that state, n
is the reaction order, E, is the activation
energy, and ay is the N coverage depen-
dence of E,. This formulation is a fairly
standard variation of the commonly used
Polanyi—-Wigner model (/5). One point to
make is that we have chosen for the sake
of simplicity, to express all of the coverage
dependence of the rate constant in the acti-
vation energy. Our intention is not to sug-
gest that this is necessarily the ‘‘correct™
formulation of this rate equation; we merely
put it forth as a reasonable expression
through which to estimate the desorption
rate.

3.2.2. Coverages. The N atom coverages
are expressed in ML on a per Rh atom basis.
We rely on the previously mentioned paper
by Root ¢t al. (9) in which they report that
0.37 ML of N (N atoms/surface Rh atom)
desorb as N, during TPD of a saturation
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layer of NO on Rh(111) heated to contain
only atomic species. All of our N coverages
were calibrated vs the amount of N, that
desorbs after adsorption of a saturation
layer of NO on Rh(111). We assign a rela-
tively large amount of error to this method
of coverage calibration (33%). Errors in the
coverage calibration are the primary source
for error in our calculation of the desorption
rate constants.

3.2.3. Assumptions. Equation (1) has five
adjustable parameters for each TPD peak.
Our modeling shows that at least three peaks
are present in Fig. 1; therefore, a complete
mode! of the data has 14 adjustable parame-
ters (the coverage in one of the three states
is fixed by the coverage in the other two).
Obviously, with 14 parameters good solu-
tions abound and it is prudent to constrain
the solution set in a reasonable manner. We
do so by assuming (1) that all three states
are second order with respect to N coverage
(n = 2), (2) that higher temperature desorp-
tion states have higher activation energies
than do lower temperature state (intuitively
obvious, but not necessarily true if large
differences in preexponentials are toler-
ated), (3) that ey is greater for the low cover-
age states (this assumption is based on our
observation that state I is the broadest of
the three peaks and state 1II is the most
narrow), and (4) that lower coverage states
have lower preexponentials than do higher
coverage states. This last assumption is
based on transition state theory, which
states that the preexponential factor is pro-
portional to the exponential of AS between
the free reactants and the reactants at the
transition state (/6). Our assumption is that
AS is primarily due to loss of translational
entropy. which is greatest for low N cover-
ages. Under this assumption, it follows that
AS is most negative at low N coverages,
resulting in the lowest preexponentials.
None of these constraints are required to fit
the data, but they do serve to minimize the
range of possible parameter values in the
fit. Although a different set of assumptions
leads to different rate parameters, this dif-
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Fi1G. 2. Fits of the N TPD data of Fig. 1 using the

in ML are 0.08. 0.13, 0.31, 0.44, 0.49.

ferent set of parameters predicts the same
reaction rate as do the ones we have gen-
erated.

We fit the TPD data as follows: First, we
fit the data at very low coverage (04 = 0.08
and 0.045 ML) assuming a single desorption
state (state I). These state I values were then
applied to the data at higher coverage by
adjusting only the state I coverage. Next
we fit @y = 0.135 ML, assuming that both
states I and I1 were present. This fit sets the
rate constant for state I1. Finally, we fit the
remaining high coverage data to determine
the state IIl1 parameters. Several iterations
of fitting data at low and high coverage were
used to converge on a single parameter set
(three different states) that gave good fits for
our entire data set. Spectrarepresentative of
the quality of fit obtained are shown in Fig.
2. The parameters used for the fits of the
data are given in Table 1.

3.3. Filling of the TPD States

Figure 3 summarizes the amount of N that
desorbs from each of the three states, 8,, as
a function of total N coverage on the sur-

00 400 500 600 700 800 900
T{K)

1000

model described in Section 3.2. The N coverages

face. The amount of desorption from each
state is derived from the fits of the data
shown in Fig. 2 and described in Section
3.2. In Fig. 3 the circles represent desorp-
tion from state 1, the squares are for desorp-
tion from state I, and the triangles are from
state I11. The lines represent a smooth curve
drawn through the data for each individual
desorption state. The filled symbols are for
N atom coverages prepared by electron
beam dissociation of NO (Section 2.2) and
the open symbols are the two surfaces pre-
pared by thermal decomposition of NO (see
Section 3.3.1). Comparison of the open and
closed symbols shows that the filling of the
three states is not strongly dependent on our
method of N atom preparation.

Figure 3 shows that state I fills first and
appears to saturate at a maximum of about
0.2 ML of N. State II begins to fill at a total
N surface coverage of about 0.10 ML, with
roughly 0.2 ML of N desorbing in this state
when the initial N coverage is 0.5 ML. State
111 is the third state to fill, with about 0.075
ML of N desorbing in this state when the
initial N coverage is 0.5 ML.
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TABLE 1

Rate Constants for N; Desorption from Rh(111)

State E, v ay Bo
kecal/mol N,/Rh site-sec kcal/mol-ML N kcal/mol-ML O

I 35.7 5.0 x 10 10 17

It 32,6 4.0 x 10 9 =0

HI 29.0 1.2 x 10" 7.5 =0

3.4. Effects of Oxygen

3.4.1. Preparation of the N plus O sur-
faces. To sort out the effect of O on N,
desorption rates, we performed three exper-
iments which compared desorption of N as
N, from surfaces with and without oxygen
present. In Figs. 4a (0.11 ML) and 4c¢ (0.22
ML) we show data for relatively low cover-
ages of N atoms without surface oxygen
present. Thermal decomposition of NO was
used for these experiments because this
method is convenient for preparing surfaces
with one O atom per N atom. The oxygen-
free surfaces were prepared as follows: (1)
a low coverage of NO was adsorbed at 120
K, (2) the surface was heated to 425 K to
dissociate the NO, (3) then CO was ad-
sorbed at 120 K and the surface heated to

0.25
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(ML)

N
1

6.

0.10}

0.05

4 Y
9.0 0.1 0.2 0.3 0.4 0.5

Total N Coverage (ML)

Fi1G. 3. Distribution of N atoms to individual desorp-
tion states as a function of the total surface N coverage.
Circles are for state I desorption, squares are for state
11, and triangles are for state l1I. Open symbols are for
surfaces prepared by thermal dissociation of NO and
filled symbols are for ¢~ beam dissociation.

425 K (removing O as CO,). This process
was repeated three times. For surfaces with
equal amounts of N and O (Figs. 4b and 4d),
step (3) of the procedure was omitted. This
thermal NO dissociation procedure (where
the temperature is below the N, desorption
threshold) gives surfaces with equivalent N
and O coverages of 0.09 ML (Fig. 4b) and
0.20 ML (Fig. 4d).

The high N coverages shown in Figs. 4e
and 4f could only be prepared by ¢~ beam
dissociation of a saturation NO exposure.
Preparation of the oxygen free surface is
described in Section 2.2. For the case with
oxygen, after electron beam dissociation of
NO, the surface was heated to 440 K, then
cooled to 120 K, and then approximately 50
liters of O, were dosed in an attempt to ad-
sorb as many O atoms as possible. For the
data shown in Fig. 3f we estimate an N cov-
erage of 0.47 ML and an O coverage of 0.1
ML (estimated by the downshift of the high
temperature desorption edge).

3.4.2. Oxygen induced changes in the N
TPD data. Looking first at the lowest N
coverages we studied, without oxygen pres-
ent on the surface, 0.11 ML of N desorbs
primarily out of state I with a small amount
of desorption from state II. These two peaks
overlap to give a desorption maximum at
670 K. When a surface is prepared with 0.09
ML of O and 0.09 ML of N we find that the
N, desorption rate peaks 40 K lower at 630
K, which results in a pronounced shift of
30 K in the high temperature edge of the
desorption peak. A secondary effect is seen
as a subtle change in the peak shape which
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FiG. 4. Effect of oxygen on N, desorption from N
adsorbed on Rh(111). Figures 4a, 4c, and 4e¢ are data
for surfaces without oxygen where the N coverages
are (a)0.11 ML, (c) 0.22 ML, and (e) 0.49 ML. Figures
4b, 4d, and 4f are data for surfaces with both N and
O where coverages in ML are (b) 0.09 N: 0.09 O, (d)
0.20 N: 0.20 O, (f) 0.47 N: 0.10 O.

indicates a change in relative populations of
the two states.

In Figs. 4¢ and 4d, we examine the effect
of increased O and N coverage. Figure 4c
shows the desorption data taken from 0.22
ML N without surface oxygen present. The
peak maximum is at roughly 620 K. When
desorption data were taken from a surface
with 0.20 ML of N and 0.20 ML of O, the
peak maximum and the high temperature
edge shifted down by 55 K and the peak
shape changed.

At the highest surface N atom coverages,
we were unable to achieve comparable N
and O atom coverages. Thus in Fig. 4f,
0Oy = 0.47 ML but we estimate that @, =
0.1 ML. However, even this low (relative
to N) O coverage dramatically changes the
shape of the TPD peak, shifting the low tem-
perature onset down by about 45 K and high
temperature tail down by about 35 K. Fur-
ther, the well-defined inflection between
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states 1 and II is eliminated, changing the
peak shape quite dramatically.

3.5. Modeling: Effect of Oxygen

In order to understand the effect of oxy-
gen in a more quantitative fashion, we mod-
eled the data of Fig. 4 in a manner very
similar to that described in Section 3.2. We
assume that the effect of oxygen can be ac-
counted for as an oxygen-coverage-depen-
dent modification to the activation energy.
Thus, Eq. (1) is modified to

df

L o
—E—E®NV

eXp[—(Ea - aNGN - a()@())/Rﬂ, (2)

where ag is the O coverage dependence of
E,. To fit the data of Fig. 4, we maintained
the same parameters that were used for the
three N desorption states, adding only the
ag term. Also, we allowed the relative cov-
erages of the three states to vary from that
seen for desorption from the pure N sur-
faces. The fits we achieved for the surfaces
with O are of the same quality as those
shown in Fig. 2 for N only surfaces. The
parameters used for the fitting are listed in
Table 1.

In Fig. 5 we plot the amount of N in each
of the desorption states as a function of N
coverage. The filled symbols represent de-
sorption data from surfaces without surface
O. The open symbols are for surfaces with
a mixture of both N and O. Going from the
lowest total coverage to the highest total
coverage the individual coverages of O and
N for the three oxygen containing surfaces
are (1) 0.09 ML N :0.09 ML O, (2) 0.20 ML
N:0.20ML O,and (3)0.47 ML N :0.10. ML
O (estimated—see section 3.2.1). Figure 5
shows that adsorbed oxygen tends to shift
desorption out of state I and into states II
and I1I.

4. DISCUSSION

We conducted these experiments with
two primary goals in mind. First, we wanted
to measure, independent of competing reac-
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F1G. 5. Amount of N desorbing in a given TPD state
vs total N coverage. Closed symbols represent surfaces
with nitrogen only. Open symbols are for surfaces with
both N and O.

tions, the recombination rate for N atoms
at high coverage on Rh(l11) to get better
rate constants for the N + N reaction.
These rate constants are required in order
to better understand reactions over Rh sur-
faces that occur at much higher pressures.
Second, we wished to better understand the
effect of oxygen on N desorption so that
we could rationalize our results with those
obtained from NO TPD.

4.1. N, Desorption from N Adsorption

4.1.1. Desorption states. Nitrogen atoms
recombinatively desorb in multiple desorp-
tion states from Rh(111) as is evidenced by
the inflections in the desorption data in Figs.
1d—f. Our modeling of those data (see Sec-
tion 3.2 and Fig. 2) shows that a minimum
of three states are present. This conclusion
is independent of the specifics of the model
used to fit the desorption data (Fig. 1) and
is dependent only on the width of and the
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inflection points in the desorption spectra at
high N coverages. If one fits Fig. If (@ =
0.49 ML) using two very broad states, then
the parameter set used at ®y = 0.49 ML
gives very poor fits of the lower coverage
(O = 0.3 ML) data. This simple observa-
tion is the essence of our conclusion that at
least three desorption states are present in
our N atom TPD data. It is our viewpoint
that three different states result from three
distinctly different surface phases and/or or-
dered structures of N on Rh(111) or from
three different N-N near neighbor interac-
tions based on coverage. Unfortunately, the
adsorbed N atoms gave no distinctive
LEED patterns, nor were we able to detect
with HREELS a Rh-N stretch due to N
atoms. We feel that it is unlikely that the
TPD peaks correspond to different N ad-
sorption sites, since it is generally accepted
that N atoms reside in threefold hollow sites
(7, 8).

Figure 3 shows how each of the three
states fills as the total N coverage is in-
creased. The desorption states fill with a
trend that is quite familiar for TPD data ex-
hibiting multiple states. Figure 3 shows that
state | is approaching saturation at around
0.2 ML. States 1I and III, however, show
no tendency toward saturation at total sur-
face N coverages of 0.5 ML; therefore, we
cannot offer an estimate of the saturation
coverages for these two states. To reiterate,
although we have obtained the highest
atomic N coverages (0.5 ML) ever reported
for Rh(111), N uptake in these experiments
is most likely limited by our adsorption pro-
cedure (Section 2.2) and not by the surface
capacity. We speculate that 3/4 ML is more
representative of the true saturation cover-
age for N. In fact, due to the large error in
our coverage calibration method, the maxi-
mum coverage we obtained could be 0.67
ML. We base our estimate for the ‘‘true’
saturation N coverage on two previously
reported observations. First, Root er al. (9)
showed that during NO TPD, dissociation
of NO led to a surface that contained simul-
taneously 0.37 ML of N and 0.37 ML of O
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for a total surface coverage of 0.74 ML.
Second, it is likely that N atom adsorption
is similar to O atoms which saturate at 0.83
ML (9).

4.1.2. Rate constants. The primary goal
of this paper is to provide rate constants for
the N + N reaction that can be used to
model reaction kinetics at much higher pres-
sures. In order to extract rate constants
from TPD data, modeling is required. In our
view, the prudent course is to model the
whole desorption spectrum by evaluating
the desorption rate equations over the entire
temperature and coverage range of the ex-
periment. Using the assumptions set out in
Section 3.2.3, we find that a very good fit
to our data is achieved when the parameters
shown in Table | are used. In Fig. 2, the
model and data are compared and the qual-
ity of fit that we obtain with the model is
shown.

The values that we report in Table 1 are
consistent with previous papers (9). When
comparing to previously reported values,
the only meaningful comparison one can
make is for desorption in the low coverage
limit (state 1). For N, desorption from low
coverages of adsorbed NO, Root et al. (9)
report £, = 31.0 kcal/mol and v = 3 X
10'% !, which makes A%°X = 1.3 N,-s™ .
Our state I values in Table 1 give essentially
this same value, £*°K = [.28 N,-s !, when
evaluated at a low coverage of 0.1 ML. This
comparison is good evidence of the validity
of our experimental methods and also shows
that the N atoms we produce by electron
beam dissociation of NO are in fact ‘‘the
same as’’ those generated by more tradi-
tional methods.

It is important to explicitly spell out the
usefulness of the parameters listed in Table
1. Obviously, the values we arrived at are
a direct result of our choice to use Eq. (1)
as the rate expression and the list of assump-
tions in Section 3.2.3. Unfortunately, when
TPD data of the type we present here are
modeled, it is impossible to discriminate our
model from several other equally valid for-
mulations. For instance, one might propose
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that all of the coverage dependence of the
rate constant is in the preexponential. Or
one might not restrict all of the reactions
to be strictly second order in N coverage.
However, regardless of the details of the
formulation, all reasonable models must
predict the same overall desorption rate at
agiven temperature and N coverage in order
to fit the experimental data. This point is
made quite well by the comparison to Root
et al.’s results given in the preceding para-
graph. Further, different models give three
states with roughly the same coverages that
we present in Fig. 3. Of what use then are
the values listed in Table 1? The values pro-
vide a good estimate of the desorption rate,
from a given state, at a specific N coverage
and surface temperature. Strictly speaking,
they are only valid over the range of temper-
atures for which we have desorption data.
However, luckily for us this temperature
range corresponds quite well to the range
of temperatures over which higher pressure
kinetic studies for NO reactions have been
carried out (4, 5, 17).

4.1.3. Uncertainty in the rate constants.
No discussion of the rate constants is com-
plete without some assessment of the uncer-
tainty in those values. In this paper, uncer-
tainty in the rate constants (Table 1) comes
primarily from uncertainty in the N cover-
ages. As stated above, we calibrate our cov-
erages relative to the amount of N, gener-
ated during TPD of saturation NO. Previous
papers, combining XPS and TPD measure-
ments, determined that 0.37 ML of N de-
sorbs as N, from a surface saturated with
NO and then heated to 495 K (9). Since
about 40% of the N atoms desorb below 495
K then this result suggests that 0.6 ML of
N and 0.6 ML of O are generated during
desorption of saturation NO on Rh(111). To-
tal coverages of 1.2 ML during this TPD
experiment seem unlikely and we estimate
that a more reasonable upper limit is 0.5 ML
of N, given that 0.5 ML of O also results
from NO dissociation. As a lower limit, we
feel that it is unlikely that less than 0.25
ML of N is generated during NO TPD. This
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conclusion is based on a comparison of the
amount of O that desorbs from an NO-satu-
rated surface with the amount of O that de-
sorbs from an oxygen-saturated surface (9).
The error associated with determining the
amount of N from NO TPD translates into
roughly a factor of 2 error in the coverages
in our experiment. Thus, at highest cover-
age O is somewhere between 0.34 and 0.67
ML. For our calculations we used 0.49 ML.

The uncertainty in the coverage can be
very straightforwardly translated into un-
certainty in the rate constant. The following
argument applies for all three states listed
in Table 1. If in our modeling we have under-
estimated the N coverage, say that at satura-
tion in Fig. 1 Oy = 0.67 ML instead of 0.49
ML, then we must decrease v and ay to
compensate. All of the preexponentials in
Table 1 would be lower by (0.37/0.67)> =
0.3 and the values of ay would be lower by
(0.37/0.69) = 0.5. Conversely, if we postu-
late that the maximum coverage in Fig. 1
were 0.34 ML instead of 0.49 ML, then all
preexponentials would be increased by
(0.49/0.34)* = 2 and the values of ay would
be increased by (0.49/0.34) = 1.4. Roughly.
the maximum uncertainty in the coverage
results in about a factor of 7 uncertainty in
the rate constant (estimated at 650 K with
0.25 ML N).

4.1.4. Implications for catalysis at higher
pressures. Figure 6 compares the N, forma-
tion rates taken from our TPD experiment
(solid lines) to N, formation rates measured
during reaction of 8 Torr NO with 8 Torr
CO (dashed lines) (4). There is excellent
agreement between the state 11 N, formation
rates and the high pressure reaction data
despite the very different environments in
which they were measured. In the discus-
sion which follows, we are assuming that
the N, that is formed during the NO/CO
reaction over Rh(I11) is generated by an
N + N surface reaction. N, formation rates
for the three TPD states were calculated
using the parameters in Table 1, assuming
an N coverage of 0.3 ML in each desorption
state. The CO/NO reaction rate data was
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taken from a previous paper (4). As one can
see from Fig. 6, N, formation rates from
the different desorption states vary by four
orders of magnitude. But the important
point is that state 1l desorption parameters
best describe the formation rates seen dur-
ing moderate pressure reactions.

It is clear from Fig. 6 (®, = 0.3 ML) that
desorption from state 1 is 100 times too slow
to be an important pathway for N, formation
under moderate pressure CO/NO reaction
conditions (4). Examination of Fig. 3 shows
that state I adsorption would in all likelihood
be saturated before 0.3 ML ; therefore, state
I coverages greater than 0.3 ML are not
reasonable. Thus, we conclude that reaction
of N atoms in the state I surface phase is not
responsible for N, formation under reaction
conditions. The logical extension of the con-
clusion is that the total surface coverage
must be high enough to give significant cov-
erages in at least state Il1. This sets a lower
limit of ® = 0.25 ML under reaction condi-
tions.

Looking now at state III desorption we
can say that if the coverage of this state
were 0.3 ML, then N, would be formed
about 50 x faster than the N, formation rate
under reaction conditions. State I1I desorp-
tion rates are comparable to the measured
N, formation rates under reaction condi-
tions when 6, = 0.04 ML. The data in Fig.
3 suggest that this would occur when the
O = 0.40 ML, 6, = 0.20 ML, and ¢, =
0.15 ML. Under these conditions N, forma-
tion due to states 11 and 111 would be compa-
rable. Thus, we can not completely elimi-
nate state 1II as a pathway for N, formation
under reaction conditions; however, the
coverage in state III would be quite small
and the surface N atoms would have to be
simultaneously desorbing from both states
II and I11. Although concurrent desorption
from multiple states is well known for TPD
measurements where both surface tempera-
ture and nitrogen coverage are changing si-
multaneously, we feel that under steady-
state reaction conditions at high pressures
all of the surface N atoms are equivalent



N + N — N, REACTION RATES

283

1000
iy
2 100 |
2
ﬁ 10 |
=
g 1
> F
E
5 al}
o
g
z oy
et
5
g oo |
=
oy
-]
= 0001 |
.(ml A . L 1 A
1.4 L6 18 20 22 2.4 2.6 28
/T x 1000 (1/K)

Fi1G. 6. Calculated desorption rate from each TPD state vs 1/T at a fixed N coverage of 0.3 ML in
each state. Circles represent the state | desorption rate, squares are for state II, and triangles are for
state 1I1. Included for comparison are the + symbols and dashed lines which are the measured N,
formation rates over Rh(111) using 8 Torr of Co and 8 Torr of NO.

and therefore desorb at the same rate. Pro-
vided all surface N are equivalent, only state
II N desorption can explain the high pres-
sure data. Thus, our results suggest that un-
der the reaction conditions to which we are
making a comparison, the N coverage is not
saturated but instead is somewhere between
0.25 and 0.6 ML. These speculations must
be checked by detailed modeling. We pres-
ent them here primarily to show how the
data we are reporting fit in with previously
measured moderate pressure reaction data.
However, two conclusions can put forth.
First, N atom recombination most likely oc-
curs via the state Il desorption pathway.
Second, N atom recombination is not inher-
ently rate-limiting under reaction condi-
tions. At high N coverage the N + N reac-
tion is 50 x faster than the observed N,
production rate. Therefore, N, production
must be limited by N atom coverage as a
result of either limited NO dissociation and/
or NO adsorption.

4.2. Effects of O

We examined the effect of oxygen in order
to get a more quantitative estimate of how

adsorbed oxygen alters the N + N reaction
rate. These data also help rationalize our N
atom TPD data with N, desorption from NO
adsorption where both N and O are present
(9). The data in Figs. 4 and 5 show two ways
that oxygen affects N, desorption. First, it
increases the desorption rate out of state I
quite significantly. In our model, 0.2 ML of
adsorbed O lowers the state 1 desorption
barrier by 3 kcal/mol; this increases the
state I desorption rate by roughly a factor
of 10 at 650 K. As a result of this increased
state I desorption rate the high temperature
N, desorption edge shifts to lower tempera-
ture and decreases the separation of states
I and II. State I and I1I rate constants are
not strongly altered by O within the cover-
age range we examined. The effect of oxy-
gen may be to force nitrogen atoms into
high coverage islands of atomic N at lower
coverages than on the nitrogen only sur-
faces.

The second effect of oxygen is to increase
the population of the lower temperature
states in comparison to similar N coverages
without oxygen. This is best illustrated by
Fig. 5, where the open symbols represent
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the data taken on surfaces with coadsorbed
N and O. As is evident from the figure, add-
ing oxygen to surface pushes N out of state
I and into state I1I. State II populations are
only mildly affected. This effect explains
why our low coverage activation energy is
somewhat higher than that previously deter-
mined based on NO TPD measurements (9).

4.3. Comparison with NO TPD

It is important that we relate our finding
to previously reported N, desorption data
(9). The most significant comparison that
can be made is to N, desorption from NO
adsorption (9). Our results are very consis-
tent with these previous findings. When NO
is adsorbed on Rh(111), N, from the N +
N reaction is reported to desorb in a single
broad desorption peak (9), as opposed to the
three peaks we report here. The important
difference between our data and those NO
TPD data is that equal amount of N and
O are present on the surface when the N
desorbs as N, from adsorbed NO. In that
paper (9) and this one, it is shown that oxy-
gen strongly affects the N, desorption spec-
trum, primarily by shifting state I desorption
to lower temperature. As a result of this
shift states 1 and Il overlap much more
strongly and are no longer visually distin-
guishable.

5. SUMMARY

We have studied the N atom recombina-
tion reaction over Rh(111) using TPD and
kinetic modeling. By using ¢~ beam dissoci-
ation of adsorbed NO, we obtained the high-
est N atom coverages on Rh(111) yet ob-
tained. Our TPD data show that N atoms
recombinatively desorb in at least three dis-
tinct desorption states. Comparison our re-
sults with previous measurements of the
CO/NO reaction at 16 Torr total pressure
shows that under reaction conditions N
atom recombination most likely occurs via
the state 1I desorption pathway from a sur-
face that is not saturated with N atoms. We
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estimate that N atom coverages are between
0.25 and 0.6 ML. Also, N atom recombina-
tion is not inherently rate-limiting under re-
action conditions. At high N coverage the
N + N reaction is 50 X faster than that ob-
served under reaction conditions. Some
other process, either NO dissociation and or
NO adsorption, must limit the N coverage,
which in turn limits the N, production rate.
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