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Abstract

The direct catalytic decomposition of NO on Rh/Al2O3, Rh/C, Pd/Al2O3, and Pd/C catalysts was investigated at 673 K
by in situ infrared (IR) coupled with mass spectroscopy (MS). NO decomposition on these catalysts initially produced N2

and adsorbed oxygen. Different catalysts exhibit different capabilities for manipulating adsorbed oxygen. Rh/Al2O3 shows
little activity for oxygen desorption, resulting in loss of catalyst activity; Rh/C shows the ability for promoting the adsorbed
oxygen–carbon reaction, removing oxygen in the form of CO2; Pd/Al2O3 shows some activity for O2 desorption. Use of
carbon as a support for Pd promotes O2 desorption, resulting in improvement of NO decomposition activity. The in situ IR
results provide evidence to support the behavior of adsorbed oxygen on carbon-supported Rh and Pd catalysts. ©2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

NO is a major pollutant in the exhaust of various
combustion processes. The growing concerns for the
environment have resulted in increasingly stringent
NO emission standards [1–3]. Removal of NO from
the exhaust streams of automobiles, power plants, and
other combustion processes has become a challenging
task.

Depending on the nature of the combustion process,
various approaches for NO removal have been devel-
oped. The catalytic approaches for the removal of NO
include:

1. the reaction of NO with CO [1–4];
2. selective catalytic reduction with NH3 and hydro-

carbons [5,6]; and
3. the direct decomposition of nitric oxide [7–10].

∗ Corresponding author. Tel.:+1-330-972-6993;
fax: +1-330-972-5856.

The advantages and disadvantages of each approach
are listed in Table 1.

The direct decomposition of NO, 2NO→ N2 + O2,
is the most attractive approach for NO removal, be-
cause of its simplicity [7]. It is thermodynamically fa-
vorable at temperatures<2000 K. For the NO decom-
position catalyst development, the two critical issues to
be addressed are catalyst activity and durability [11].

Studies on the proposed elementary steps for NO
decomposition have revealed that the low activity of
the catalysts is due to their inability to desorb oxy-
gen produced from NO dissociation [8,10]. Oxygen
from dissociated NO is strongly bonded to the cata-
lyst surface, poisoning NO dissociation sites and in-
hibiting further NO dissociation. Various approaches
to remove adsorbed oxygen from the NO dissociation
sites include:
1. thermal desorption;
2. autoreduction of the surface in He flow [8]; and
3. spillover of adsorbed oxygen [10].
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Table 1
Advantages and disadvantages of individual approaches

Approach Disadvantages Advantages

Catalytic reduction of NO
with CO over three-way
catalysts (Pt–Rh or Pd)

ineffective under net
oxidizing conditions
sulfur poisoning high
Pt and Rh metal costs

simultaneous removal of CO, NO and hydrocarbons

Selective catalytic reduc-
tion with NH3

special handling and storage of NH3

special metering system to avoid
NH3 slippage very high capital costs

high NO removal efficiency in the presence of O2.

Selective catalytic reduc-
tion with hydrocarbons

further improvement in the selec-
tivity to N2 is needed. Hydro-
carbon slippage.

potential for high NO removal
efficiency in the presence of O2

Direct decomposition of NO chemical simplicity to form N2 and O2.
perovskite type catalysts low activity and conversions eliminating the use of reducing agents
Cu-ZSM-5 a narrow temperature

window of operation and
susceptible to water and
SO2 poisoning

Pt/Al2O3 based catalysts low activity due to inability to desorb oxygen
Tb- promoted catalysts loss of catalyst activity in the presence of O2.

One possible approach is to use carbon as a support for
the catalyst system, facilitating the removal of oxygen
by the formation of CO2. Recent studies have shown
that activated carbon has the capability to reduce NO
to form N2 and CO2 [12–14]. Near 100% conversions
of NO were achieved using an Ni or Co catalyst sup-
ported on activated carbon at temperatures >713 K.
The NO conversions on carbon-supported catalysts de-
creased in the presence of O2 [15].

Rhodium (Rh) and Palladium (Pd), the major com-
ponents in three way catalytic converters, have shown
excellent activity for the dissociation of adsorbed NO.
To determine the feasibility of using carbon for re-
moval of adsorbed oxygen on Rh and Pd, we have ex-
amined the activity of carbon- and Al2O3-supported
Rh and Pd catalysts, and the nature of the adsorbate
for the NO decomposition reaction. We have found
that carbon promotes the N2 and CO2 formation over
Rh catalyst while enhancing N2 and O2 formation on
Pd catalyst.

2. Experimental

The 2 wt.% Rh/Al2O3, 2 wt.% Rh/C, 2 wt.% Pd/
Al2O3, and 2 wt.% Pd/C catalysts were prepared by
incipient wetness impregnation technique of large sur-

face areag-Al2O3 (Alfa Products, 100 m2/g surface
area) and carbon (activated carbon, Ambersorb 563,
Rohm & Haas, 550 m2/g surface area) with RhCl3 or
PdCl2 solutions. The ratio of the volume of the solu-
tion to the weight of the support used in the impreg-
nation step was 1 cm3 : 1 g. The catalysts were dried
overnight in air at 303 K. They were then calcined in
air at 673 K for 8 h and reduced in flowing H2 at 673 K
for 8 h. The crystallite size of Rh and Pd was char-
acterized by X-ray diffraction (XRD). The crystallite
sizes of Rh in Rh/Al2O3 and Pd in Pd/Al2O3 were
found to be 50 and 64 Å, respectively. The crystallite
sizes of Rh in Rh/C and Pd in Pd/C were found to be
47 and 70 Å, respectively.

Al2O3-supported catalysts were pressed in the
form of self-supporting disks (40 mg each); one of
the disks was placed in the infrared (IR) cell for in
situ transmission IR studies and the other two disks
were broken down into flakes and placed in the exit
line of the IR reactor cell [16]. The additional catalyst
disks were used to increase the amount of desorbing
species and conversions to obtain a strong signal in
the mass spectrometer (MS). Carbon-supported cata-
lysts were diluted with KBr (catalyst: KBr= 1 : 10),
and 20 mg of the solid mixture were placed in
the diffuse-reflectance infrared Fourier transform
(DRIFT) cell in a powder form for in situ IR studies.
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Additional carbon-supported catalyst (90 mg) was
placed in a tubular reactor, which was connected in
series with the DRIFT cell.

The catalysts were reduced in situ in flowing H2
at 673 K for 1 h. Following the in situ reduction of
the catalyst, the NO decomposition study was carried
out at 673 K. The catalyst was exposed initially to He
flow. A 4-port valve was used to switch the He flow
to 1% NO in He flow in a step mode. This NO step
switch technique allows investigating the sequence of
adsorbate and product formation during the NO de-
composition reaction on the catalyst surface. Fourier
transform infrared spectroscopy (FTIR) was used to
monitor the adsorbate concentrations and MS to an-
alyze the change in the concentration of the gaseous
product from the effluent of the IR reactor cell.

3. Results

3.1. NO decomposition on Rh/Al2O3

Fig. 1(a) shows the MS analysis of the IR reactor
cell effluent during the 1% NO step switch reaction
studies on Rh/Al2O3 at 673 K. The IR spectra of the
adsorbates corresponding to the MS profiles are shown
in Fig. 2. To determine the role of adsorbates in the
reaction, the variation in the IR intensity of major ad-
sorbates was plotted vs. time in Fig. 1b. Absence of
adsorbed species prior to the step switch indicates that
the catalyst surface was clean. The step switch from
He to 1% NO att = 0 resulted in the formation of N2.
The absence of NO in the initial period is a result of
near 100% conversion. Ar, the species added in 1%
NO flow, shows that a near-perfect step switch was
achieved. A close examination of MS and IR intensity
profiles in Fig. 1(a) and (b) revealed that the NO step
switch reaction may be divided into three stages. Stage
1 comprises nearly complete NO conversions on the
reduced metal surface, resulting in the depletion of all
the NO adsorbates in the 0–10 min period; Stage 2 is
the emergence of NO adsorbates in the 10–31 min pe-
riod; and Stage 3 is the appearance and slow growth
of gaseous NO profile after 31 min. The wavering be-
havior of the MS profile of N2 during stages 1 and
2 suggests the unsteady behavior of the following
reaction:

Fig. 1. (a) MS analysis of IR reactor effluent during the step switch
from He (30 cm3/min) to 1% NO (30 cm3/min). (b) IR intensity
of adsorbates vs. time, on Rh/A12O3(125 mg) at 673 K.

2Rh+ 2NO → 2Rh− O + N2 (1)

Reaction (1) is a global reaction and its elementary
steps will be discussed later.

During Stage 2, Rh–NO+ at 1893 cm−1, Rh0–NO−
at 1644 cm−1, nitrate ion at 1361 cm−1 and bridging
bidentate at 1540 cm−1 began to develop at 11 min
as a result of modification of Rh surface by adsorbed
oxygen, i.e. Rh–O. Rh–O slowly converts the re-
duced Rh sites to Rh+ sites, which chemisorb NO as
Rh–NO+. Fig. 1(a) shows that as the Rh–NO+ inten-
sity approached 90% of its saturated level; gaseous
NO emerged at Stage 3, indicating the loss of catalyst
activity. The loss of NO decomposition activity allows
populating of non-dissociated NO on the surface, such
as Rh0–NO− and Rh–NO+. Rh0–NO− and Rh–NO+
may react with adsorbed N, already existing on the
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Fig. 2. IR spectra of adsorbates during the step switch from He
(30 cm3/min) to 1% NO (30 cm3/min) on Rh/Al2O3at 673 K.

surface, resulting in N2O formation. The formation of
N2O from adsorbed N and NO is further supported by
the crossover between the decrease in the N2 profile
and increase in the NO profile as shown in Fig. 1(a).

3.2. NO decomposition on Rh/C

Fig. 3(a) shows the MS analysis of the IR
reactor-cell effluent during the 1% NO step switch re-
action studies on Rh/C at 673 K. The IR spectra of the
adsorbates corresponding to the MS profiles are shown
in Fig. 4. The step switch from He to 1% NO resulted
in 100% conversion of NO and the formation of N2
during the first 50 min of the reaction. The step switch
also caused the development of the adsorbates at 1400,
1277, 1151 and 1101 cm−1 and approached saturation
at 20 min as shown in Fig. 3(b) and Fig. 4. The band
at 1400 cm−1 has been assigned to oxygen species on
carbon surface in the form of esters, phenols or carbon-
ates [17,18]. The band at 1277 cm−1 could also be due
to oxygen species on the surface, resulting from C–O
stretches in species like aromatic ethers. The bands
at 1151 and 1101 cm−1 were assigned to the C–N

Fig. 3. (a) MS analysis of IR reactor effluent during the step switch
from He (20 cm3/min) to 1% NO (20 cm3/min). (b) IR intensity
of adsorbates vs. time, on Rh/C (100 mg) at 673 K.

species on the surface [19]. The assignment of these
species was further verified by IR studies of O2 and N2
adsorption on carbon-supported catalysts surface [20].

Comparison of the results in Figs. 1 and 3 shows
that the NO reaction on Rh/C differed from that on
Rh/Al2O3 in the development and formation of both,
the adsorbates and products. The major products on
Rh/C are N2 and CO2. CO2 emerged at the moment
when the C–O species at 1402 cm−1 showed a drastic
increase in its intensity. The result suggests that the
C–O species is a precursor toward CO2 formation.

3.3. NO decomposition on Pd/Al2O3

Fig. 5(a) shows the MS analysis of the IR reactor
cell effluent during the 1% NO step switch reaction
studies on Pd/Al2O3 at 673 K. The IR spectra of the ad-
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Fig. 4. IR spectra of adsorbates during the step switch from He
(20 cm3/min) to 1% NO (20 cm3/min) on Rh/C at 673 K.

sorbates corresponding to the MS profiles are shown in
Fig. 6. Like the reaction on Rh/Al2O3, the NO decom-
position process on Pd/Al2O3 can be divided into three
stages. Stage 1 is near-complete conversions of NO;
Stage 2 is the NO adsorbate development; and Stage 3
is the emergence of NO and O2. The major difference
between Pd/Al2O3 and Rh/Al2O3 is that Pd/Al2O3
catalyzes the formation of significant amounts of O2.

The development of Pd–NO+ at 1802 cm−1 at
2.9 min in Stage 2 reflects an increase in the concen-
tration of Pd+ produced by adsorbed oxygen from
NO dissociation. As the intensity of Pd–NO+ reached
a constant level, as shown in Fig. 5(b), gaseous NO
and O2 emerged while the reaction process moved to
Stage 3.

3.4. NO decomposition on Pd/C

Fig. 7(a) shows the MS analysis of the reactor ef-
fluent during the 1% NO step switch reaction studies
on Pd/C at 673 K. The IR spectra of the adsorbates
corresponding to the MS profiles are shown in Fig.
8. The step switch to 1% NO resulted in near-100%

Fig. 5. (a) MS analysis of IR reactor effluent during the step switch
from He (30 cm3/min) to 1% NO (30 cm3/min). (b) IR intensity
of adsorbates vs. time, on Pd/Al2O3(125 mg) at 673 K.

conversions of NO and the formation on N2, during
52 min of the reaction. The development of Pd–NO+
at 1770 cm−1, C=O at 1655 cm−1 [12,18], C–O at
1398 cm−1 and C–N at 1132 cm−1was also observed.
The appearance of Pd–NO+ reflects an increase in the
concentration of Pd+ produced by adsorbed oxygen
from NO dissociation. As in Pd/Al2O3, a significant
amount of O2 was produced with the emergence of
gaseous NO. Comparison of the results of Rh/C in
Fig. 3(a) and Pd/C in Fig. 7(a), reveals that Rh/C cat-
alyzes the formation of CO2, but Pd/C catalyzes the
formation of O2.

4. Discussion

Table 2 shows the activity and selectivity of the dif-
ferent catalysts for the NO decomposition. The amount
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Fig. 6. IR spectra of adsorbates during the step switch from He
(30 cm3/min) to 1% NO (30 cm3/min) on Pd/Al2O3at 673 K.

of oxygen adsorbed from 2NO+ 2S→ N2 + 2O–S
was normalized by catalyst weight. It can be in-
ferred from Table 2 that the carbon-supported cat-
alysts have the ability to uptake more oxygen than
alumina-supported catalysts. Comparison of the
amount of adsorbed oxygen with the number of metal
surface atoms (Table 2) reveals that the oxygen ad-
sorbed on the surface diffuses to the bulk causing the
formation of bulk oxides.

The behavior of the catalyst (i.e. activity, selectivity
and adsorbates on the catalyst surface) may be inter-
preted using the proposed mechanism listed in Table
3. Formation of different products can be explained
by the structure of adsorbates and their reaction path-
ways on the catalyst surface. Prior to the emergence of
gaseous NO (i.e. Stage 1), instantaneous dissociation
of adsorbed NO (Step 2 in Table 3) takes place on both
Pd0 and Rh0 surfaces of the Al2O3-supported cata-
lysts. The facile nature of NO dissociation allows the
immediate formation of N2 (Step 3) and near-100%
conversions of NO on the catalyst surface. Absence
of steric crowding of adsorbed NO molecules on the

Fig. 7. (a) MS analysis of IR reactor effluent during the step switch
from He (20 cm3/min) to 1% NO (20 cm3/min). (b) IR intensity
of adsorbates vs. time, on Pd/C (100 mg) at 673 K.

catalyst surface is attributed to the facileness of Step
2. The instantaneous consumption of the precursor ad-
sorbates for the NO dissociation yielded no adsorbate
IR bands, preventing verification of the nature of the
NO adsorbate in Step 2.

Our previous transient studies have revealed that
Rh0–NO− at 1644 cm−1 and Pd0–NO at 1745 cm−1

are the active adsorbates for NO dissociation to form
adsorbed N and adsorbed O during the NO–CO reac-
tion [21,22]. It is expected that the same adsorbates
may decompose in the absence of CO and serve as
the active adsorbates for NO decomposition. For the
Rh/Al2O3 catalyst, Rh–NO+ was not the active ad-
sorbate for NO dissociation. As it approached the sat-
urated level, Rh/Al2O3 began losing its activity for
NO decomposition. The same trend was observed for
Pd–NO+ and NO conversion activity over Pd/Al2O3.
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Fig. 8. IR spectra of adsorbates during the step switch from He
(20 cm3/min) to 1% NO (20 cm3/min) on Pd/C at 673 K.

The formation of N2O (Step 5) requires both, ad-
sorbed N and adsorbed NO. Our previous studies have
shown this step takes place on the reduced metal sites
[21]. Although different amounts of N2O were pro-
duced on these four catalysts, all the N2O formation
occurred near the crossover point, where the N2 profile
decreased and the NO profile increased. The results
indicate that N2O formed at the optimum concentra-
tion of adsorbed N and adsorbed NO.

The lack of oxygen formation (Step 6) during the
100% NO conversion (i.e. Stage 1 on these four

Table 2
Activity and selectivity of the catalysts for NO decomposition at 673 K

Rh/Al2O3 Rh/C Pd/Al2O3 Pd/C

Amount of oxygen adsorbed (mmol/g)a 1303 1759 912 1800
Number of metal surface atom (mmol/g)b 880.4 937.1 686.5 636.8
W/F (g/cm3 s) 0.25 0.3 0.29 0.3
Steady-state conversion after breakthrough (%) 14.0 100c 20.29 21.59
Yield of O2 (%)d 0.4 0.0 1.74 1.4
Yield of CO2 (%) 0.0 22.6 0.0 0.0

a During stages 1 and 2, and normalized for g basis.
b Calculated from XRD data.
c Conversion during steady-state formation of CO2.
d Amount of O2 produced/amount of NO in the reactant stream.

catalysts) suggests that the NO conversion to N2 at this
stage is not a catalytic process; instead, it is a stoichio-
metric reaction as shown in reaction (1). A process is
defined as catalytic when active sites are regenerated
and the product formation is continuous. The absence
of oxygen desorption during the high NO conversion
is further evidenced by the absence of NO2 formation
(Step 7). It has been well established that NO2 can be
formed from either Step 7 or by the gas-phase reac-
tion of NO with O2. The observations of the present
study agreed well with several studies, which have
suggested that adsorbed O (i.e., S–O, where S is Rh
or Pd) remains on the surface [10,23,24]. Unless the
catalyst has the ability to desorb oxygen, S–O from
reaction (1) will accumulate on the surface and blocks
the sites for NO dissociation resulting in the increase
in the surface coverage of the IR-observable species
(active and spectator adsorbate).

Interestingly, each of these four different catalysts
exhibits different abilities to manipulate adsorbed oxy-
gen. Rh/Al2O3 shows the weakest oxygen desorption
capability, letting most of oxygen to be accumulated
on the Rh surface and losing NO decomposition activ-
ity. The Rh/C catalyst exhibits the ability of spilling
over the adsorbed O from Rh surface onto the carbon
support and reacting with carbon to produce CO2 as
in Step 8 (i.e. gasification of the carbon). Production
of CO2 in Fig. 3a appears to result from migration of
adsorbed oxygen onto the carbon surface to form the
C–O species at 1277 and 1402 cm−1 as seen in Fig.
4. Rh/C catalyst eventually lost its activity for CO2
formation, indicating that Step 8 was interrupted. The
loss of Rh/C activity for CO2 formation is not surpris-
ing. As the carbon, located near the interface of Rh
metal and carbon support, is being removed by CO2
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Table 3
Proposed mechanism for NO decomposition

Reaction steps Rh/Al2O3 Pd/Al2O3 Rh/C Pd/C

Step 1 S0a+ NO↔ S0 − NO− +b + + +
Step 2 S0–NO− + S0 → S–N+ S–O (S+) + + + +
Step 3 S–N+ S–N→ 2S+ N2 + + + +
Step 4 S+ + NO↔ S+–NO + + −c +
Step 5 S–NO+ S–N→ 2S+ N2O + + + +
Step 6 S–O+ S–O↔ 2S+ O2 + + − +
Step 7 S–NO+ S–O→ 2S+ NO2 + + − −
Step 8 S–O+ C→ S+ C+ CO2 − − + −

a S is Rh0 or Pd0 site.
b Indicates occurrence of the step.
c Indicates absence of the step.

formation, the Rh metal and carbon surface are ex-
pected to undergo dramatic modifications causing ei-
ther decreasing Rh–C interface or losing the contact
between Rh and carbon. SEM studies have shown that
NO reaction with carbon causes pitting [15].

Absence of Step 8, CO2 formation, on Pd/C is in
good agreement with the literature observations [25].
Pd shows the ability to desorb oxygen after saturation
is reached as observed in Pd/Al2O3 and Pd/C. The
difference in the activity of the Rh/C and Pd/C cat-
alysts towards desorption of oxygen could be due to
the difference in the binding energy of oxygen and Rh
(145 kcal/mol), and Pd (87 kcal/mol) [26,27]. Thus, it
may be easier for adsorbed oxygen on Pd to recom-
bine for desorption as molecular oxygen. The differ-
ence in Pd/C and Pd/Al2O3 in oxygen desorption could
be due to dispersion of metal particles (Table 2) or
metal–support interaction. Lack of detailed structural
surface information does not allow elucidation of the
role of metal–support interaction in the oxygen des-
orption.

As discussed earlier, the difference in the activity
and selectivity of these four catalysts for the NO de-
composition and reaction can be attributed to the dif-
ference in their capability to activate each elementary
step listed in Table 3. The facile nature of NO disso-
ciation (Step 2) and N2 formation (Step 3) points to
steps 6 and 8 as the rate-limiting steps for the over-
all reaction. Rh promotes Step 8 for CO2 formation
while Pd activates Step 6 for O2 formation on the
carbon-based catalysts. The rates of these steps, which
are temperature-dependent, are clearly not fast enough
compared to NO dissociation (Step 2) resulting in the

accumulation of adsorbed oxygen and then loss of the
catalyst activity. We have also studied the reaction on
Rh/Al2O3 and Pd/Al2O3 at 573 K. Decreasing the tem-
perature from 673 to 573 K resulted in shortening the
time for near-100% NO conversion (i.e. Stage 1) for
Rh/Al2O3 from 31 to 19 min and for Pd/Al2O3 from
20 to 14 min. Increasing the reaction temperature on
Rh/C and Pd/C to 773 K resulted in extending the ac-
tivity for near-100% conversion for Rh/C from 51 to
4 h and for Pd/C from 52 to 75 min. These differences
could be attributed to the dependence of steps 6 and
8 on temperature, where high-temperature facilitates
the removal of surface (i.e. adsorbed) oxygen.

5. Conclusions

The results of this study can be summarized as
follows:

1. NO decomposition on Rh/Al2O3 produced N2
initially. As oxygen on the surface accumulated,
Rh–NO+ at 1893 cm−1, Rh–NO− at 1644 cm−1

developed, and the catalyst lost NO decomposi-
tion activity.

2. NO decomposition on Rh/C produced N2 and
CO2. The adsorbed oxygen on the metal migrated
to the support, resulting in the development of
C–O stretches at 1402 cm−1, which served as the
precursor adsorbate for CO2 formation.

3. NO decomposition on Pd/Al2O3 produced N2
initially. As oxygen on the surface accumulated,
Pd–NO+ at 1802 cm−1 developed. Further ac-
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cumulation of adsorbed oxygen caused oxygen
desorption and partial loss of the catalyst activity.

4. Use of carbon as a support for Pd promotes O2
desorption. Adsorbed N and O on carbon does not
appear to participate in product formation.

The differences in the ability of the catalyst for ma-
nipulation of adsorbed oxygen resulting in different
NO decomposition activities.
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