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The dynamic behavior of NO and CO adsorbates over a 0.2 wt%
Rh/Al2O3 catalyst was studied under net-oxidizing conditions by
in situ infrared spectroscopy combined with pulse transient tech-
niques. The observed sequence of adsorbate and CO2 concentration
profiles during the pulse reaction studies reveals that Rh+(CO)2 is
an active adsorbate which reacts with adsorbed oxygen to form CO2.
The observed transient behaviors of Rh+(CO)2, Rh–NO−, and CO2

during the pulse reactions can be explained by the proposed NO–CO
reaction mechanism in which (i) Rh–NO− dissociates to form ad-
sorbed nitrogen and oxygen and (ii) adsorbed oxygen further reacts
with Rh+(CO)2 to produce CO2. Addition of air to the NO–CO reac-
tant stream produces a net-oxidizing environment for the NO–CO
reaction. Adsorbed oxygen from air reacts with Rh–NO+ produc-
ing the nitrato species and providing more Rh sites for the NO–CO
reaction at 473 K. At 573 K and above, adsorbed oxygen reacts
with Rh+(CO)2 producing CO2, blocks the reduced Rh0 sites for
Rh–NO−, oxidizes Rh0/Rh+ to Rh2+ sites, and inhibits the NO con-
version and N2O formation. Rh sites are readily reduced and return
to their initial state and the catalyst returns to its initial activity
when air is withdrawn from the reactant stream. Preservation of
the reduced Rh sites for Rh–NO− is required to maintain the cata-
lyst activity for the NO–CO reaction under net-oxidizing conditions.
c© 1998 Academic Press
INTRODUCTION

Rhodium has been a major component in the three-way
catalytic converter because of its high activity and selec-
tivity for catalyzing the NO–CO reaction. However, the
reaction on the Rh catalyst is strongly inhibited by oxygen.
The oxygen inhibition effect has limited the use of the Rh-
containing three-way catalytic converter to controlling NO
emission from the exhaust of stoichiometrically operated
engines (1–5). Expanding the operating window or shifting
the air to fuel ratio from 14.7± 0.3 to greater than 17 (for
lean burn and diesel engines) produces an exhaust stream
containing excess oxygen, which deactivates Rh catalysts.

The presence of oxygen decreased the activity of Rh for
the NO–CO reaction even at a high ratio of carbon mon-
1 To whom correspondence should be addressed.
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oxide (a reductant) to nitric oxide (an oxidant) (6). The loss
of Rh activity may be due to the following: (i) Rh is more
active in the CO–O2 reaction than in the NO–CO reaction
(7). Excess O2 rapidly reacts with CO to form CO2, result-
ing in low NO conversion and the depletion of reductant
CO. (ii) Excess O2 competes with NO for the adsorption
sites and poisons the activity (8). A key step in the NO–CO
reaction is the dissociation of NO to form adsorbed N and
adsorbed O atoms. This step requires a vacant neighbor site.
Site blocking by the adsorbed O atoms may inhibit NO dis-
sociation. (iii) Excess O2 may deactivate the Rh surface by
formation of a near-surface oxide (probably Rh2O3) which
is catalytically inactive for this reaction (9).

Oxygen in the reactant or exhaust stream that chemisorbs
on the Rh surface, forming adsorbed oxygen (10), may af-
fect not only the reactivity of adsorbed NO and CO, but
also the Rh surface state. Depending on Rh surface states,
CO may chemisorb on the Rh surface in the linear, bridged,
and gem-dicarbonyl form; NO may chemisorb as anionic,
neutral, cationic, and gem-dinitrosyl form. Transient in-
frared studies of the NO–CO reaction on Rh/SiO2 have sug-
gested that anionic NO, Rh–NO−, undergoes dissociation
to produce adsorbed nitrogen and adsorbed oxygen atoms
(which further react with Rh+(CO)2 to form CO2) at 473
and 523 K (i.e., below light-off temperature) (11). Above
light-off temperature at 573 K, adsorbed Rh–NO− and lin-
ear CO react to produce CO2 and N2. Little is known about
the effect of oxygen on the reactivity of the adsorbates dur-
ing the NO–CO reaction. This paper reports results of a
study on the effect of air on NO and CO adsorbates. In situ
IR spectroscopy was employed to monitor the concentra-
tion of adsorbates on the catalyst; mass spectroscopy (MS)
was used to determine the composition of the effluents dur-
ing the pulse transient study of the NO–CO reaction.

EXPERIMENTAL

The Rh/Al2O3 catalyst containing 0.2 wt% Rh was pre-
pared by incipient wetness impregnation of RhCl3 · 3H2O
(Alfa Chemicals) solution onto a γ -alumina support (Alfa
Chemicals, 100 m2/g). The low loading of Rh was used to
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FIG. 1. Schematic diagram of the experimental approaches.

mimic the low content of Rh in the automotive three-way
catalyst. The ratio of the volume of solution to the weight
of support was 1 cm3 to 1 g in the impregnation step. After
impregnation, the catalyst samples were dried overnight in
air at room temperature and reduced in H2 flow at 673 K
for 8 h. The average Rh crystallite size of the 0.2 wt%

Rh/Al2O3 catalyst was determined to be less than 30 Å (FTIR) spectrometer; variation in the effluent gas composi-

by X-ray diffraction (XRD). The number of surface Rh

FIG. 2. (a) Transient IR spectra of adsorbates during a 10 cm3 pulse of air into a flow of NO–CO–He (10 : 30 : 100 cm3 min−1) at 473 K and 0.1 MPa.

tion from the IR reactor cell was measured continuously by
(b) The difference spectra between each subsequent spectra (e.g., differenc
7.4 and 3.7 s; difference spectrum at 11.1 s is resulted from the difference be
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atoms including both Rh+ and Rh0 was estimated from the
amount of linear CO and gem-dicrabonyl desorbed during
temperature-programmed desorption and infrared study.
The total number of CO adsorption sites was 29µmol CO/g
catalyst, corresponding to a dispersion of 94%.

An IR reactor cell capable of operating up to 873 K was
used for this study (12). The catalysts were pressed into self-
supporting disks (13 mg each). One of the disks was placed
in the IR reactor cell and the rest were broken down into
flakes and placed at the exit line (1/4 in. O.D.) in the imme-
diate vicinity of the infrared beam path to increase the con-
version of reactants. A K-type thermocouple (1/16 in. I.D.)
was inserted into the IR cell in contact with the catalyst
disk.

Figure 1 illustrates the experimental approach which in-
cludes (i) pulsing 10 cm3 of air into a steady-state NO–
CO–He (1 : 3 : 10) flow at 140 cm3/min and (ii) pulsing 10 cm3

of NO–CO–air (1 : 3 : 20) into a steady-state helium flow at
30 cm3/min and temperatures between 473 and 633 K and
at 0.1 MPa. The specific ratio of the reactant mixture corre-
sponds to that of the exhaust from the lean burn engine at
an air to fuel ratio of 18.1 (13). These experiments were
aimed at determining the effect of adsorbed oxygen on
the dynamic behavior of NO and CO adsorbates as well
as the rate of NO conversion and product formation.

The change in the concentration of adsorbates during
pulses was monitored by a Fourier transform infrared
e spectrum at 7.4 s is resulted from the difference between the spectra at
tween spectra at 11.1 and 7.4 s).
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a quadrupole mass spectrometer (MS). The mass-to-charge
ratios (m/e, i.e., amu) determined by the MS were m/e= 30
for NO, m/e= 46 for NO2, m/e= 32 for O2, m/e= 44 for
N2O and CO2, and m/e= 28 for N2 and CO. Separation of
the contribution of N2 and CO to m/e= 28 is not possible
due to the overlapping of intense secondary m/e. The sec-
ondary ionization of CO2 at m/e= 22 is used to separate the
CO2 and N2O contribution to the m/e= 44. The ratio of the
area under the response curves of m/e= 44 and m/e= 22
was determined to be 50.8 : 1 (m/e= 44 : m/e= 22) from a
calibration study injecting a known amount of CO2 into he-
lium carrier gas. Pulse injection of air, as well as NO–CO–
air, limited the amount of oxygen entering the MS chamber,
prolonging the lifetime of the MS filament, thereby avoid-
ing frequently shutting down the MS.

RESULTS

Pulse Injection of Air into the NO–CO Flow

The catalyst disk in the IR cell was not subject to any
pretreatment prior to the reaction studies in order to em-
ulate the ambient environment of the three-way catalytic
converter. Figure 2a shows that exposure of the catalyst
to the steady-state NO–CO–He flow at 473 K produced
Rh+(CO) at 2100 cm−1, a Rh–NO+ band at 1916 cm−1,
a high wavenumber Rh–NO− at 1757 cm−1 (14–18), and
nitrate/carbonate bands below 1620 cm−1 (19). High wave-
number Rh–NO− denotes adsorbed NO exhibiting an in-
frared band in the 1740–1770 cm−1 region (in contrast to the
low wavenumber Rh–NO− in the 1630–1690 cm−1 region)
(16–19).

The 10 cm3 air pulse caused the following changes in the
IR intensity of the adsorbates: (i) a decrease in the intensity
of Rh+(CO), Rh–NO+, and high wavenumber Rh–NO−,
and (ii) an initial increase and then a rapid decrease in
the carbonate at 1587 and 1377 cm−1 and the nitrate at
1615, 1564, and 1305 cm−1 (14, 19). The subtle change in
infrared spectra can be further discerned by the sequential
difference spectra, shown in Fig. 2b, which highlights the
difference between the successive spectra in Fig. 2a. An in-
crease in the coverage of the adsorbate is manifested by
the positive band in the difference spectrum; a decrease in
the coverage of the adsorbate is manifested by the negative
band in the difference spectrum. After air left the reactor,
Rh+(CO), Rh–NO+, and the high wavenumber Rh–NO−

bands gradually recovered to their initial intensities. Vari-
ation of Rh–NO+ and the high wavenumber Rh–NO− in-
tensity with time in Fig. 3c clearly shows the slow recovery
of the high wavenumber Rh–NO−, reflecting the slow rate
of reduction of oxidized Rh to Rh0 sites.

Variation in the m/e intensity profile in Figs. 3a and 3b
shows that the presence of air caused an increase in CO2

(m/e= 22) concentration and a decrease in NO concentra-

tion, indicating that the NO conversion was enhanced by the
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FIG. 3. (a) MS concentration profiles. (b) Concentration profiles of
CO2 and N2O. (c) Integrated absorbance intensity of adsorbates.

presence of O2 at 473 K. Further, NO–CO and NO–CO–air
pulse reaction studies at 473 K, shown in Table 1, confirm
the surprising promotion effect of oxygen on the NO–CO
reaction.

The fifth column in Table 1 lists the NO conversion for the
steady-state NO–CO reaction as a function of temperature.
The conversion increased from 473 to 573 K and leveled
off. At 573 K, exposure of the catalyst to the steady-state
NO–CO–He flow shown in Fig. 4a produced Rh+(CO)2 at
2095 and 2027 cm−1, linear CO on Rh0 at 2068 cm−1, a
weak Rh–NO+ at 1906 cm−1, high wavenumber Rh–NO−

at 1757 cm−1, carbonate bands at 1587 and 1377 cm−1,
and a nitrito band at 1470 cm−1. Al–NCO at 2245 cm−1
and Rh–NCO at 2189 cm−1 overlapped with N2O at 2239
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FIG. 4. (a) Transient IR spectra of adsorbates during a 10 cm pulse of air into a flow of NO–CO–He (10 : 30 : 100 cm min ) at 573 K and 0.1 MPa.
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(b) The difference spectra between each subsequent spectra.

and 2206 cm−1. The strong and intense band at 2095 cm−1

is due to the overlapping of the asymmetric vibration of
Rh+(CO)2 with Rh+(CO). The spectral difference in Fig. 4b
reveals that the shoulder of the 1587 cm−1 band contains a
low wavenumber Rh–NO− at 1630 cm−1.

Figure 4a shows that the air pulse into the NO–CO–He
flow caused an increase in the surface concentration of
Rh–NO+ and the high wavenumber Rh–NO−, and a de-
crease in the surface concentration of Rh+(CO), Rh+(CO)2,
and the low wavenumber Rh–NO−. The variation of ad-
sorbate coverage can be clearly discerned by the differ-
ence in spectra in Fig. 4b. The variation of Rh+(CO)2,
Rh–NO+, and CO2 intensities is also plotted in Fig. 5 to

TABLE 1

Conversions Obtained during NO–CO–O2 and NO–CO–He Pulses
on Rh/Al2O3 Catalysta

NO–CO–air NO–CO–He

Temperature (K) Pulses NO CO O2 NO NOSS
b CO

473 1st 8.8 10.8 24.2 4.1 7.5 5.3
2nd 8.0 12.2 20.7 3.5 2.7

573 1st 30.3 62.5 16.3 87.2 18.1 26.8
2nd 35.0 62.5 14.5 90.5 23.1

633 1st 25.1 64.5 38.8 97.3 16.9 32.0
2nd 32.3 63.2 33.9 96.4 27.6

673 1st 36.3 66.2 43.2 100.0 19.2 33.9
2nd 32.5 51.9 31.3 100.0 — 26.4

a Conversion X = [(N0
A − NA)/N0

A]× 100%, where N0
A is the moles of

A fed to the reactor and NA is the moles of A leaving the reactor.

b NO conversion at steady-state NO–CO–He (10 : 30 : 100 cm3/min).
compare with that of gaseous reactant and product concen-
tration. The increase in CO2 concentration in Fig. 5b indi-
cates the increased rate of CO oxidation while the increased
NO concentration in Fig. 5a reflects the reduced rate for
NO conversion during the air pulse. The reduced rate of NO
conversion appears to result in a low rate of N2O formation.
As air left the IR cell, the adsorbate and the catalyst activity
returned to their initial state.

As the reaction temperature rose to 633 K, the NO con-
version approached 19% (shown in Table 1) while CO and
NO adsorbates on the Rh surface in Fig. 6 show low inten-
sity compared with those at low temperatures. The major
IR bands observed during the NO–CO steady-state flow re-
action are Al–NCO at 2245 cm−1 (20), nitrito at 1470 cm−1,
carbonate at 1587 and 1377 cm−1, chelating bidentate ni-
trato at 1564 cm−1, and Rh–NO− at 1630 cm−1. The intensi-
ties of the bands for adsorbates on Al2O3 are considerably
greater than those of Rh+(CO)2 at 2095 and 2027 cm−1. The
low intensities of the Rh+(CO)2 bands may be attributed to
mass transfer control of the overall reaction process. This
results in almost complete consumption of reactants near
the catalyst pellet surface before reactants enter the pore.

An inset between 2200 and 1800 cm−1 in Fig. 6 high-
lights the effect of air on Rh+(CO)2 and Rh–NO+. The air
pulse decreased intensities for all of the IR-observable ad-
sorbates except the carbonate band at 1377 cm−1. The in-
crease in NO concentration at m/e= 30 and the decrease
in N2O concentration, shown in Figs. 7a and 7b, indi-
cate that air decreased both NO conversion and N2O
formation. As air left the reactor, N2O formation im-
mediately recovered to the initial level while Rh–NO−,
Rh+(CO) , and Al–NCO gradually returned to their initial

state.
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FIG. 5. (a) MS concentration profiles. (b) Concentration profiles of
CO2 and N2O. (c) Integrated absorbance intensity of adsorbates.

In spite of a strong dependence of the adsorbate intensity
on temperature, similar effects of adsorbed oxygen were ob-
served for adsorbates and their reactions at 573 and 633 K.
The major effects of adsorbed oxygen are summarized as
follows: (i) it decreases the rate of NO conversion and N2O
formation and the intensity of Rh+(CO)2, (ii) it increases
the rate of CO conversion and the intensity of Rh–NO+, and
(iii) it inhibits the formation of Rh–NCO and Al–NCO. The
significant decrease in Rh+(CO)2 intensity during the air
pulse suggests that adsorbed oxygen either blocks the Rh+

site for CO adsorption as gem-dicarbonyl (i.e., Rh+(CO)2)
or reacts with gem-dicarbonyl to form CO2. To further
reveal the role of gem-dicarbonyl and adsorbed oxygen in

the NO–CO and NO–CO–air reaction, pulse reactions were
ET-OXIDIZING CONDITIONS 99

carried out at 573 K where Rh+(CO)2 exhibited intense twin
bands.

Pulse NO–CO–Air and NO–CO Reactions

Figure 8 compares variation of adsorbate intensities with
time during the pulse reaction studies at 573 K. Variations
of Rh+(CO)2, Rh2+(CO), Al–NCO, Rh–NO+, and gaseous
CO2 intensities are plotted along with gaseous reactant and
product MS intensities in Fig. 9. Since the catalytic sequence
involves adsorption of reactant, conversion of adsorbed re-
actants to products, and the desorption of adsorbed prod-
ucts, the concentration (i.e., IR intensity) profile of an active
adsorbate should lead that of products. Close examination
of adsorbate and CO2 profiles shown in Figs. 9c and 9d
shows that Rh+(CO)2 was the first adsorbate to appear for
both reactions; its IR intensity profile paralleled and led
that of CO2 during the pulse NO–CO–air reaction and
lagged behind that of CO2 during the NO–CO reaction. The
rapid decrease in Rh+(CO)2 intensity was followed by an
increase in the Rh–NO+ intensity for the NO–CO–air reac-
tion. In contrast, the absence of O2 allowed the Rh+(CO)2

intensity to gradually decay as the NO–CO pulse traveled
through the catalyst disk. All of these experimental obser-
vations point to Rh+(CO)2 as the active adsorbate partic-
ipating in the reaction with adsorbed oxygen. In contrast,
Rh2+(CO), Rh–NO+, and Al–NCO are the spectator ad-
sorbates whose responses lag behind that of gaseous CO2

product.
Table 1 compares the conversion of reactants during the

pulse NO–CO–air and NO–CO reactions at various temper-
atures. The observed effect of O2 on the NO–CO pulse re-
action is consistent with those observed for the steady-state

FIG. 6. Transient IR spectra of adsorbates during a 10 cm3 pulse of air

into a flow of NO–CO–He (10 : 30 : 100 cm3 min−1) at 633 K and 0.1 MPa.
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FIG. 7. (a) Corresponding MS analysis of the effluent from the reac-
tor. (b) Concentration profiles of CO2 and N2O. (c) Integrated absorbance
intensity of adsorbates.

reaction. The presence of O2 increased the NO conversion
at 473 K and decreased the NO conversion at 573 K and
above. The absence of O2 allowed more than 90% NO con-
version while the presence of O2 limited the NO conversion
to below 40% at temperatures above 573 K.

DISCUSSION

Reaction Mechanism for NO–CO Reactions on Rh/Al2O3

The types of adsorbed NO and CO reflect the state of
the Rh surface on which they chemisorb. The observation
of Rh+(CO)2, linear CO on Rh+ sites [Rh+(CO)], linear CO
on Rh2+ sites [Rh2+(CO)], Rh–NO+, and Rh–NO− during

the NO–CO reaction indicates that the Rh/Al2O3 surface
ND TAN

contains both Rh0 and Rh+ sites under reaction conditions.
Changes in adsorbate and gaseous reactant/product con-
centration during the pulse and steady-state NO–CO reac-
tion on Rh/Al2O3 were found to resemble those observed
for the reaction on Rh/SiO2. The observed sequence of ad-
sorbate and product formation on the Rh surface may be
described by the mechanism in Table 2 which has been pre-
viously proposed and discussed for the reaction on Rh/SiO2

(11).
Oxidative disruption (i.e., steps 3 and 4) and reductive ag-

glomeration (step 7) were first proposed by Solymosi and
co-workers (21). The rate of these steps was found to be
dependent on temperature, Rh crystallite size, and type of
support used (11, 21–25). Smaller Rh crystallite size facili-
tates oxidative disruption and resists reductive agglomera-
tion. Indeed, 4 wt% Rh/SiO2 catalysts with an average Rh
crystallite of 63 Å allowed reductive agglomeration to occur
at temperatures above 543 K (11) while 0.2 wt% Rh/Al2O3

resisted oxidative disruption even at 673 K. Reductive ag-
glomeration produced the Rh0 surface which allows the
NO–CO reaction to follow the same pathway proposed for
the Rh0 site on the single crystal surface (11).

The major difference between this mechanism and those
proposed for the reaction on the Rh single crystal sur-
face is the participation of Rh+(CO)2 in CO2 formation.
Rh+(CO)2, which has not been observed on the Rh sin-
gle crystal surface, was preferentially formed on highly dis-
persed Rh and/or Rh+ sites during the NO–CO reaction up
to 633 K. The Rh0 site is the only type of site that has been
reported on the Rh single crystal surface for the NO–CO
reaction from 253 to 900 K (26–29). The difference in the
oxidation state of the Rh site for reaction may explain the
large difference in the NO–CO reaction rate on supported
and unsupported Rh catalysts (29).

Effect of Air on Reactivity and Dynamics
of IR-Observable Adsorbates

The observed effect of air on the NO–CO reaction on
Rh/Al2O3 is a result of the interactions and reactions of

TABLE 2

Proposed Reaction Mechanism for the NO–CO Reaction

Step 1 NO(g) +Rh0 ↔ Rh0–NO−

Step 2 Rh0–NO− +Rh0 → Rh0–N+Rh0–O
Step 3 Rh0–NO− + 2Rh0 → (Rh+)2O2− +Rh0–N
Step 4 Rh+ + 2CO↔ Rh+(CO)2
Step 5 Rh+ +NO(g) ↔ Rh–NO+

Step 6 Rh–NO+ + 2CO(g) ↔ Rh+(CO)2 +NO(g)

Step 7 COad + (Rh+)2O2− → 2Rh0 + CO2

Step 8 Rh+(CO)2 + 2Oad → Rh+ + 2CO2

Step 9 Rh0–NO− +Rh0–N→ 2Rh0 +N2O(g)

Step 10 Rh0–N+Rh0–N→ N2(g) + 2Rh0

Step 11 Rh0–N+ CO → Rh–NCO
ad
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bital of adsorbed NO shifts Rh–NO to a low wavenumber
FIG. 8. Transient IR spectra of adsorbates during (a) NO

adsorbed oxygen with adsorbed NO and adsorbed CO. Di-
rect spectroscopic observation of adsorbed oxygen, NO,
and CO would allow unambiguous identification of the role
of adsorbed oxygen in the NO–CO reaction. Unfortunately,
infrared spectra of adsorbed oxygen cannot be obtained
from this study due to cutoff of the IR transmission by the
Al2O3 support at 1150 cm−1 and below. The interactions
and reactions of adsorbed oxygen with adsorbed NO and
CO have to be elucidated by variation of NO and CO ad-
sorbates during the addition of air to the NO–CO reaction.

Table 3 summarizes the effect of air (i.e., adsorbed oxy-
gen) on the surface concentration of IR-observable adsor-
bates. An interesting effect, adsorbed oxygen promotion of
NO conversion, may be attributed to the removal of ad-
sorbed oxygen by the reaction of Rh–NO+ with adsorbed

TABLE 3

Effect of Air on the Surface Concentration
of IR-Observable Adsorbatesa

Adsorbates 473 K 573 K 633 K 673 K

Low wavenumber Rh–NO− NA − − −
High wavenumber Rh–NO− − + NA NA
Rh–NO+ − + + +
Rh+(CO)2 NA − − −
Rh+(CO) − − NA NA
Carbonate (CO2−

3 ) + NA NA NA
Nitrate (NO−3 ) + NA − NA
Rh–NCO NA − NA NA
Al–NCO NA − − −
Rate of NO conversion + − − −

a (−) decrease, (+) increase, (NA) not available.
CO–air and (b) NO–CO–He pulses at 573 K and 0.1 MPa.

oxygen, forming nitrato species:

Rh–NO+ + 2Oad ↔ (NO3)ad +Rh+.

The nitrato species appears to decompose back to Rh–NO+

when gaseous oxygen leaves the reactor. The occurrence of
this reaction step is supported by the increase in intensity of
nitrato species with a concomitant decrease in Rh–NO+ in-
tensity at 473 K, shown in Fig. 2. This reaction would allow
removal of adsorbed oxygen without consuming reducing
agent (i.e., CO), facilitating dissociation of high wavenum-
ber Rh–NO−, and thus enhancing NO conversion. Further
study is required to determine whether promotion of NO
conversion by air at 473 K ceases when nitrato species is
saturated on the catalyst surface.

The effect of adsorbed oxygen on the nitrato species is
less obvious at 573 K than at 473 K. The role of adsorbed
oxygen in the NO–CO reaction at 573 K may be revealed
by comparing the concentration profiles of adsorbates and
gaseous CO2 products in Figs. 4 and 5. Two fundamental
questions that can be addressed by these profiles are how
adsorbed oxygen inhibits the NO conversion and whether
Rh+(CO)2 participates in CO2 formation.

Table 2 suggests that the first step of the NO–CO reac-
tion is the dissociation of the low wavenumber Rh–NO−.
Rh–NO− is an anionic NO species formed by the trans-
fer of a partial charge from the reduced Rh to the anti-
bonding orbital of adsorbed NO−; the Rh–NO− as a whole
should be considered a neutral species (11). The rationale
for Rh–NO− dissociation is that a great amount of electron
transfer from the reduced Rh surface to the antibonding or-

−
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FIG. 9. MS analysis of the effluent from the reactor, integrated absorbance intensity of adsorbates, and formation rates of CO2 and N2O during
ig

may be ascribed to a decrease in reduced Rh sites for NO
the NO–CO–air pulse, (a), (c), (e) and NO–CO–He pulse, (b), (d), (f) in F

and results in a weakening of the N–O bond and a strength-
ening of the Rh–N bond (11, 17). This suggests that the
low wavenumber Rh–NO− may be the precursor for NO
dissociation.

As listed in Table 2, the reaction steps involved with Rh-
NO− can be expressed in the form of the consecutive and
parallel reactions

NO+Rh0
r+1

r−1

Rh–NO−
Rh0–N + Rh0–O

(Rh+) O2−+ Rh0–N0

Rh0 r2

,

22Rh r3
. 8.

where r+1 is the rate of NO adsorption, r−1 is the rate of NO
desorption, and r2 and r3 are the rates of NO dissociation.
Since Rh–NO− is the intermediate in the consecutive reac-
tion pathway, the intensity of Rh–NO− should be propor-
tional to r+1/(r−1+ r2+ r3). A decrease in NO conversion
reflects the decrease in r2 and r3; a decrease in Rh–NO−

intensity further suggests that the decrease in r+1 is more
than that in r2 and r3. Thus, the low NO conversion rate
(r2+ r3) and Rh–NO− intensity in the NO–CO–air reac-
tion when compared with those in the NO–CO reaction
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adsorption through either (i) the blocking of Rh–NO− sites
by adsorbed oxygen or (ii) the oxidation of Rh0 to Rh+/Rh2+

sites.
Removal of adsorbed oxygen from both dissociated NO

and O2 is required to sustain the catalytic cycle of the
NO–CO reaction in either the reductive or the oxidizing
environment. Adsorbed oxygen from dissociated NO has
been shown to react with Rh+(CO)2 to produce CO2 during
the NO–CO reaction (11). The reaction of adsorbed oxygen
from O2 with Rh+(CO)2 was demonstrated in Fig. 9c, which
shows the Rh+(CO)2 profile leading that of CO2 during the
NO–CO–air pulse reaction. The lead–lag relation between
Rh+(CO)2 and CO2 followed the sequence of adsorbate to
product as discussed in the previous section. Further evi-
dence for this reaction is the rapid decrease in Rh+(CO)2

intensity accompanied by an increase in CO2 formation dur-
ing the air pulse into the NO–CO flow shown in Fig. 5c. De-
pletion of Rh+(CO)2 by reaction with adsorbed oxygen dur-
ing the air pulse produced free Rh+ sites for NO adsorption
as Rh–NO+. These proposed steps explain the inverse rela-
tionship between Rh+(CO)2 and Rh–NO+ coverage, shown
in Figs. 5c and 9c, clearly showing that one of the effects
of adsorbed oxygen is to keep part of the Rh surface in
an oxidizing state which adsorbs Rh+(CO)2 and Rh–NO+.
Adsorbed oxygen also oxidizes part of Rh to form a Rh2+

site as evidenced by the persistence of the Rh2+(CO) band
at 2121 cm−1 which followed the NO–CO–O2 pulse reac-
tion shown in Fig. 8a. The delayed response of Rh2+(CO)
with respect to that of gaseous CO2 product in Fig. 9 indi-
cates that Rh2+(CO) is a spectator which is not involved in
the catalytic sequence of CO2 formation, further suggesting
that Rh2+ is inactive for the NO–CO reaction.

Isocyanate species (NCO) on Rh and Al2O3 surfaces,
which were produced from the NO–CO reaction, were con-
sumed during the air pulse into the NO–CO flow and were
inhibited by adsorbed oxygen during the pulse NO–CO–air
reaction. Since both adsorbed NCO and gaseous N2O for-
mation require adsorbed N from dissociated NO, inhibition
of their formation can be attributed to poisoning of the NO
dissociation site by adsorbed oxygen.

CONCLUSIONS

The mechanism of the NO–CO reaction under net-
oxidizing conditions over a 0.2 wt% Rh/Al2O3 catalyst has
been studied by in situ infrared spectroscopy combined
with pulse transient techniques. Dynamic behavior of ad-
sorbates and product formation during the pulse reaction
allows identification of spectator and active adsorbates.
The observed sequence of adsorbate and CO2 concentra-
tion profiles reveals that Rh+(CO)2 is an active adsorbate
which reacts with adsorbed oxygen to form CO2; Rh2+(CO),
Rh–NO+, and Al–NCO are the spectator adsorbates whose

responses (i.e., concentration profiles) lag significantly be-
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hind that of gaseous CO2 product. The observed transient
behaviors of Rh+(CO)2, Rh–NO−, and CO2 can be ex-
plained by the proposed NO–CO reaction mechanism in
which (i) Rh–NO− dissociates to form adsorbed nitrogen
and oxygen and (ii) adsorbed oxygen further reacts with
Rh+(CO)2 to produce CO2.

Addition of air to the NO–CO reactant stream produces
a net oxidizing environment for the NO–CO reaction. Ad-
sorbed oxygen from air reacts with Rh–NO+, producing the
nitrato species and providing more Rh sites for NO–CO re-
action at 473 K. At 573 K and above, adsorbed oxygen reacts
with Rh+(CO)2 producing CO2, blocks the reduced Rh0 site
for Rh–NO−, oxidizes Rh0/Rh+ to Rh2+ sites, and inhibits
the NO conversion and N2O formation. Rh sites are read-
ily reduced and return to their initial state and the catalyst
returns to its initial activity when air is withdrawn from the
reactant stream. Preservation of the reduced Rh sites for
Rh–NO− is required to maintain the catalyst activity for
the NO–CO reaction under net-oxidizing conditions.
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