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Steady-state kinetics of the NO—CO reaction on Rh(111): extrapolation
from 10~1%to0 1 bar
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Ultrahigh vacuum studies indicate that the mechanism of the NO-CO reaction on Rh(111) involves reversible adsorption of
NO and CO, NO decomposition, nitrogen desorption, and a Langmuir-Hinshelwood reaction between CO and oxygen. Employing
available experimental data for the rate constants of these steps, we have calculated the steady-state reaction kinetics in a wide range
of pressures and temperatures. At relatively high pressures (Pno = Pco = 0.01 bar), the results of simulations are in marginal agree-
ment with the experimental data. Analyzing the difference between the theory and experiment makes it possible to understand the
type of changes which might be introduced into themodel in order to improve the agreement with the experiment.
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One of the motivations of the development of surface
science is connected with expectations that the kinetic
data obtained at ultrahigh vacuum (UHYV) can be extra-
polated to practical conditions. During the past decade,
there have been a few attempts to make such extrapola-
tions. The available examples include ammonia syn-
thesis on Fe [1], NO-CO reaction on Rh [2,3], CO
oxidation on Rh [2] and Pt [4], hydrogen oxidation on Pt
[5], water—gas shift reaction on Cu [6] and methanol syn-
thesis on Cu[7].

Among the treatments mentioned above, the analysis
of the NO—CO reaction on Rh(111), which is the present
subject, given by Oh et al. [2] was considered to be very
successful (see, e.g., a review by Taylor [8]). The mechan-
ism of this reaction, based primarily on the results of the
temperature-programmed desorption (TPD) measure-
ments, was assumed to be as follows:

NOgus = NOugs (1)
COgas = COags 2)
NOygs — Nags + Oads 3)
2 Nags — (N2)gas (4)
NO,gs + Nags — (N2) g5 + Oaas Q)
COuis + Oats — (CO2) a0 6)

Employing for these steps the rate constants obtained
from UHV surface chemistry studies, Oh et al. have
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quantitatively described the steady-state reaction
kinetics at temperatures and pressures interesting from
the practical point of view (T =400--700 K and
Pno =~ Pco =~ 0.01 bar). The simulations carried out
indicated that the Rh(111) surface is predominately cov-
ered with nitrogen atoms (e.g., fn = 0.96 and 0.99 at
Pyno = Pco = 0.01 bar and T = 500 and 675 K, respec-
tively), i.e., the nitrogen desorption is a rate-limiting
step. Nitrogen atom removal was expected to occur pri-
marily via step (4) or (5) at relatively high or low tem-
peratures, respectively.

New experimental data on the NO-CO reaction on
Rh(111) obtained during the nineties have shown that
the model employed by Oh et al. [2] needs to be revised.
The two key findings are connected with N,O produc-
tion [9-12] and nitrogen desorption[13,14].

At UHV conditions, N,O formation is lacking on
Rh(111) both in TPD and steady-state regimes (refs.
[15,16] and ref. [17], respectively). At relatively high
pressures (about 0.01 bar), N2O production on Rh(111)
was assumed to be negligible as well and was not directly
monitored [2,18]. For supported Rh catalysts, this chan-
nel is known to be important at low temperatures and
low conversions (just around and after light-off),
whereas N, formation dominates at higher temperatures
[8,19]. Belton et al. [9-12] reexamined the NO-CO reac-
tion on Rh(111) at relatively high pressures and found
that the rate of N,O formation can be comparable with
that for Ny, just as for supported Rh. Another important
conclusion from their studies is that dissociative read-
sorption of gas-phase N,O does not seem to be efficient
enough on Rh(111) to produce significant amount of N,
{11] (a reaction scheme including readsorption of N2O
has been analyzed by Cho [3]).

Recombination of nitrogen atoms on Rh is usually
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explored by employing TPD [15,16]. In such experi-
ments, nitrogen is produced via NO adsorption and
decomposition. If NO decomposition occurs thermally
in the course of TPD, it is accompanied by NO desorp-
tion. In the framework of this scheme, one cannot obtain
nitrogen coverages above 0.25 ML (1 ML corresponds
to 1.6 x 1015 atoms per cm?). In addition, the kinetics of
N, desorption is affected by the presence of oxygen on
the surface. To overcome these shortcomings, one needs
to employ non-standard ways of nitrogen adsorption.
Experiments of the latter type have been done by Bugyi
and Solymosi [13] and Belton et al. [14]. To form the
nitrogen overlayer, the former group used atomic nitro-
gen generated in a high-frequency discharge tube. The
latter one employed electron beam dissociation of
adsorbed NO (oxygen was cleaned off via the O + CO
reaction). The results obtained indicate that at appreci-
able coverages the rate of nitrogen desorption is high
already at relatively low temperatures (slightly above
400 K). This finding in turn changes an interpretation of
the NO TPD spectra. In particular, one can conclude
that the low-temperature N TPD peak, observed during
NO decomposition on Rh(111) and attributed in the past
to step (5) [2,15], is rather connected with nitrogen asso-
ciative desorption (step (4)).

Simulations of associative desorption of N atoms
from the Rh(111) surface in the framework of the lattice-
gas model [20] make it possible to compare the N, de-
sorption rate calculated at different coverages with that
measured during NO decomposition on Rh(111) at
steady-state conditions. At temperatures and pressures
interesting from a practical point of view, the measured
rate is of the same order of magnitude as the calculated
one if the coverage of nitrogen atoms is about 0.45.
Thus, the steady-state nitrogen coverage cannot be as
high as that predicted by Oh et al. [2]. The analysis of the
kinetics of the NO—CO reaction on Rh presented by Cho
[3] and explicitly based on the assumption that the N, de-
sorption rate (step (4)) is negligible compared to the rate
of N, formation via other steps also does not appear to
be correct.

In the present communication, we outline briefly the
results of our analysis of the kinetics of the NO—CO reac-
tion on Rh(111) (a complete version of the paper will be
published elsewhere [21]). The mechanism we employ is
basically the same as that used by Oh et al. [2]. The only
difference is that, referring to the N, TPD data [13,14],
we ignore step (5). N2O formation is ignored as well (like
in ref. [2]). The latter is reasonable at UHV conditions
[15-17]. At relatively high pressures, the rates of N, and
N;O formation may be comparable at some tempera-
tures, but both rates are much lower compared to the
adsorption/desorption rates of NO and CO. Under such
circumstances, one may assume that the N»- and N,O-
formation channels operate in parallel and almost inde-
pendently. Thus, the second channel is not expected to
perturb the first one considerably. In other words, the
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N,O-formation channel can just be added if desired.
Taking into account all these points and also that the
mechanism and rate constants for N,O formation are in
fact lacking at present, it seems to be justifiable to omit
this step in the simulations.

Assuming the adsorbed overlayer to be uniform
(avoiding this approximation is not straightforward at
present), we employ the following kinetic equations for
describing steps (1)-(4) and (6):

dfno/dt = K3 Profy — kS8 0n0 — kdeefNoby 5 (7)
dfco/dt = K25 Pcoby ~ k500 — kifcobo (8)
dbn/d = kgecOnoby — KiS0%, (9)
dfo/dt = kdecOnoby — k:Bcobo (10)

where k2%, kdes k... and k, are the rate constants for
NO and CO adsorption and desorption, NO decomposi-
tion and CO oxidation, respectively, fy: = Ono + fco
+ On + fo is the total coverage, 6, = 1 — 8y /0; is the
fraction of vacant sites, and 6; = 0.8 is the saturation
coverage which is assumed to be the same for all the par-
ticles (# = 1 corresponds to 1 ML),

Analyzing TPD data for steps (1)-(4) and (6) [20—
22], we conclude that the rate constants k§s, k&5, kges
k4ec and k; are strongly dependent on coverage, and this
dependence is an essential ingredient of simulations of
the reaction kinetics both at low and high pressures. For
such steps as CO or N, desorption, the dependence of the
desorption rate constants on CO and N coverages can be
described in detail in the framework of the quasi-chem-
ical or Bethe—Peierls approximations taking into
account nearest-neighbour adsorbate—adsorbate lateral
interactions [20,21]. For the whole reaction, the detailed
analysis is hardly possible and we are enforced to limit
ourselves by employing the simplest mean-field approxi-
mation (as it is described in ref. [23]). The input data for
this approximation are the pre-exponential factors, acti-
vation energies at low coverages, and nearest-neighbour
interactionsin the ground and activated states (the terms
“ground” and “activated” correspond in our context to
the language of the transition state theory (TST)). In our
simulations, we use the pre-exponential factors pre-
dicted by TST (table 1). All the activation energies corre-
sponding to low coverages were obtained from TPD
data (as discussed in detail in ref. [21]). The adsorbate—
adsorbate interactions were also estimated (where possi-
ble) from TPD.

Our analysis of the CO, N; and NO TPD spectra indi-
cate that the CO-CO lateral interaction in the ground
state is in fact nearly the same as the N-N interaction,
€co-co ~ en-N = 1.7 kcal/mol [20,21], and that
ENO-NO = €NO-N = eNo-0 [22]. The lateral interactions
in the activated state for desorption are negligible. Using
these and some other data [21], we approximate the cov-
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Table 1
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Kinetic parameters for the NO-CO reaction on Rh(111): K are the rate constants for the reactant fluxes, s the sticking coefficients, v the

pre-exponential factors, and E the activation energies

COadsorption:

CO desorption:

NO adsorption:

NO desorption:

nitrogen desorption:

NO decomposition:
CO+Oreaction:

lateral interactions (in kcal/mol):
number of nearest-neighbour sites:
density of sites:

z=6

ks = s(0)K, 5(0)=0.8, K = 1.8 x 10%(300/T)"/? s~ bar-!
K33, vges = 1016571 ES | = 38kcal/mol
KBS = 5(0)K, 5(0)=0.8, K = 1.7 x 108(300/T)"/*s~! bar~!
K% vge = 101571, B3 = 34kcal/mol
S, vy = 108571, EY,, = 44 keal/mol

llzd;g, Vo = 108571, ES = 19kcal/mol

Y =
e =176 =10,cx =7/6,¢ =0.7

1013571, E? = 26 kcal/mol

Ny =1.6x10%cm™2

erage dependence of the activation energies for CO, N,
and NO desorption as

CO:  Eyes = ES, ~ ze1(0co + 00 + On) ~ zexbno , (11)

Niy:  Eges = Eges ~2(z - 1)e1(6co + 0o + on)

—_ 2(2 —_ 1)62(9N0 s (12)

NO: Edes = Etsies - zez(amt - (95) s (13)
where ¢; = 1.7 kcal/mol is the nearest-neighbour inter-
action typical for CO and N, e; is the nearest-neighbour
interaction typical for NO, z = 6 is the number of near-
est-neighbour sites, and ES,, and E5 are the activation
energies for desorption at low coverages and near
saturation, respectively (for NO, we prefer to use Ej
instead of EJ,, because the former value can be obtained
directly from the experiment). The value of the interac-
tion ez islacking.

Decomposition of an adsorbed NO molecule is possi-
ble provided that it has an empty nearest-neighbour site
for the oxygen (or nitrogen) dissociation product. For
this reason, the NO decomposition rate is assumed to be
proportional to 8. This factor alone is however not suffi-
cient in order to describe correctly the coverage depen-
dence of the decomposition rate because in analogy with
other elementary steps the process under consideration
can also be affected by adsorbate—adsorbate interaction
(for a general discussion, see ref. [24]). The experiment
indicates that at relatively low coverages the rate con-
stant kge. rapidly decreases with increasing coverage
[16]. Data for high coverages are unfortunately not
available. In our calculations, we assume that

E?

dec (14)
where ey is the effective lateral interaction, taking into
account the interactions in the ground and activated
states.

Detailed data on the coverage dependence of the acti-
vation energy for CO oxidation are not too important
for our analysis because this step is fairly rapid. In our
simulations, we employ the following dependence [21]:

Egee = + zZeeiebiot

B, = E) +2(z~ 1)(€] — &1)bsor (15)

where € = 0.7 kcal/mol is the interaction in the acti-
vated state.

In the kinetic model described, we have in fact two
free parameters, €; and e.. In analogy with other inter-
actions, the values of these interactions are expected to
be in the range from 1 to 2 kcal/mol. Our calculations
indicate that variation of ¢, in this range does not change
the main conclusions obtained. All the results presented
below correspond to €2 = 1 kcal/mol. To estimate e,
we compared the measured and calculated reaction rates
at Pno = Pco = 8 Torr and T = 600 K. With e =0,
the calculated rate is much higher (two orders of magni-
tude) than the measured one. The rates coincide if
zeere = 7 keal/mol (i.e., e ~ 1.2 kcal/mol). With this
value of ze.gr, employed in the simulations, the NO disso-
ciation rate rapidly decreases with increasing coverage.
The latter is in good qualitative agreement with the
UHYV measurements [14b,16].

In summary, almost all the parameters used in our
simulations have been obtained from UHYV studies. We
have deliberately avoided to introduce elementary steps
or free parameters, which are not well established at
UHYV, because our goal was rather to reveal the short-
comings of extrapolation from UHYV to high pressures,
with present knowledge, than to reach a “perfect” fit of
the high-pressure data.

Employing the data collected in table 1, we have ana-
lyzed the reaction kinetics over a wide range of pressures
(see, e.g., fig. 1). In the UHYV limit, the results of our cal-
culations are in reasonable agreement with the experi-
ment [17] (this part of the work will be presented in detail
elsewhere [21]). In this communication, we focus our
attention on the model predictions at relatively high
pressures because the results obtained in this limit are
most instructive from a practical point of view. In parti-
cular, comparing the dependence of the calculated and
measured reaction rates on reactant pressures and tem-
perature makes it possible to get some new insight into
the reaction mechanism.

If the CO pressure is constant (e.g., Pco = 8 Torr,
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Fig. 1. Reaction rate, W (N, molecules/(site s)), and adsorbate cov-

erages normalized to 6, as a function of NO pressure, Pyo (bar), for

Pco = Pnp and T = 500, 600 and 700 K. The dashed line on panel
(b) shows the fraction of vacant sites.

fig. 2), the predicted dependence of the reaction rate on
NO pressure is typical of Langmuir-Hinshelwood het-
erogeneous kinetics. First (at Pno < 0.1 Torr), the reac-
tion rate increases with increasing pressure. Then, it
reaches a maximum (at Pno = 0.3 Torr). Further
increase in Pno results in a decrease of the reaction rate.
At Pno = Pco = 8 Torr, the predicted reaction order
with respect to NO is about —0.7. This value is in mar-
ginal agreement with the experiment which indicates
that the reaction order is only slightly below zero[12].

If the NO pressure is constant (about 10 Torr), the
calculated reaction rate is in fact independent of the CO
pressure [21]. This prediction is in good agreement with
the observed zero reaction order with respect to CO
[12].

The Arrhenius curve for the reaction at Pno = Pco
= 8 Torr is shown in fig. 3. The calculated apparent acti-
vation energy, 53 kcal/mol, can be rationalized if one
takes into account that the reaction is limited by NO dis-
sociation and that NO and CO are close to the adsorp-
tion/desorption equilibrium. The value obtained is
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Fig. 2. Reaction rate, W (N, molecules/(site s)), and adsorbate cov-

erages normalized to 6; as a function of NO pressure, Pno (Torr), for

Pco = 8 Torr and T = 623 K. The dashed line on panel (b) shows the

fraction of vacant sites. Filled circles (panel (a)) indicate the reaction
rate measured by Pedenet al. {12].

however considerably higher than the measured one,
32 kcal/mol [12].

In summary, the high-pressure reaction kinetics, pre-
dicted by a model constructed on the basis of UHV data,
isin poor agreement with the experiment. Below we con-
sider three types of modifications of the model that can
improve the agreement,

() Employing the reaction mechanism proposed
above, it was possible to change the coverage depen-
dence of the activation energies for some steps as
follows:

(a) Near saturation, the coverage dependence of the
activation energies for NO and CO desorption might be
much stronger than those used in simulations. In this
case, the temperature and pressure dependence of the
fraction of vacant sites and accordingly of the NO disso-
ciation rate would be weaker.

(b) One might assume that the activation energy for
NO decomposition increases much more strongly with
increasing N coverage than predicted by eq. {14) with
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Fig. 3. Reaction rate, W (N, molecules/(site s)), and adsorbate cov-

erages normalized to 6, as a function of temperature for Pco = Pno

= 8 Torr. The curve marked by V (panel (b)) shows the fraction of

vacant sites. The dashed line in panel (b) indicates the ratio of the

adsorption and desorption rates for NO (for CO, the results are in fact

the same). Filled circles (panel (a)) represent the reaction rate measured
byPedenetal. [12].

zeerr = 7 kecal/mol. Noting that the N coverage increases
with increasing temperature (fig. 3b), one would then
obtain lower values of the apparent activation energy for
the reaction and in addition, the predicted reaction order
with respect to NO would be closer to zero. Both these
effects would improve the agreement with the experi-
ment. Physically, however, it is not quite clear why N
atoms should suppress NO decomposition more
strongly than NO or CO molecules do. Really, we might
suspect the opposite, if for example the decrease of the
NO-decomposition rate with increasing coverage is con-
nected with steric hindrance.

(c) To reduce the apparent activation energy for the
whole.reaction, one might simply reduce the activation
energy for NO decomposition at low coverages and
simultaneously reduce the pre-exponential factor for
this step (see a relevant discussion in ref. [25]). It is diffi-
cult, however, to rationalize a low value of the pre-expo-
nential factor in the case of a uniform surface. One
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possibility is that NO decomposition on Rh(111) occurs
primarily on defects, e.g., steps (this mechanism seems
to operate on Pd(112) [26] and Ru(0001) [27]). If the lat-
ter is the case, the defects have to be explicitly involved
into the reaction scheme.

(ii) The agreement between the theory and experiment
might be improved somewhat by introducing more than
one type of adsorption site (the difficulties with identifi-
cation of adsorption sites are discussed in ref. [16]). We
do not expect however that such a modification will
result in a considerable decrease of the apparent activa-
tion energy for the reaction.

(iii) At high coverages, one might have to relax the
assumption that NO decomposition (step (3)) followed
by N3 desorption (step (4)) is the dominant step for N,
removal, due to site blocking. Here new steps might have
to be considered, e.g., direct recombination of N atoms
from undissociated NO,

2NO,45 — (N2)gas +20,4s and
2NO,q4s — (NZO)gas + Oads

Clear experimental evidence for these steps is, however,
lackingat present.

The results of our simulations illustrate one of the
main difficulties of extrapolation of the data obtained at
UHYV conditions to atmospheric pressures. The problem
is that the former data (e.g., the Arrhenius parameters
for NO decomposition) correspond to relatively low
coverages. In contrast, the adsorbed overlayer is close to
saturation at high pressures. Even if the reaction
mechanism is the same in both cases, the behaviour of
the rate constants near saturation is not sufficiently well
known and can barely be obtained from low pressure
data.

Concluding this letter, we note that the understanding
of the NO-CO reaction on Rh(111) is still limited and
thus of considerable interest for further experimental
and theoretical studies.
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