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FT-IR spectroscopy andmass spectrometry have been used to study the adsorption and decomposition of nitrous oxide on zirco-
nia. It was determined that zirconia cations in the 4+ oxidation state are the site formolecular adsorption ofN2O,whereas Zr3� sites
are active toward dissociative adsorption of N2O at temperatures as low as 25�C. Catalytic decomposition of N2O on ZrO2 occurs
at temperatures above 350�C and follows first-order reaction kinetics. Experiments utilizing isotopic labeling in conjunction with
mass spectrometry were done to elucidate the details of the reaction mechanism. Based on the results presented here, a mechanism
forN2Odecomposition on ZrO2 is proposed.
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1. Introduction

Nitrous oxide is an environmentally unacceptable
molecule due to its atmospheric lifetime of more than
100 years and its contribution to processes harmful to
the environment [1]. These processes include green-
house warming, the depletion of ozone in the stratos-
phere, and the formation of acid rain. Nitrous oxide is
an undesirable by-product from the industrial synthesis
of adipic acid; it is formed in the last step of the syn-
thesis when a cyclohexanone/cyclohexanol mixture is
reacted with nitric acid to yield adipic acid. Recently, it
has been suggested that N2O emissions from the adipic
acid industry account for 5^8% of anthropogenic
sources of N2O in the atmosphere [1]. Therefore, there
is a great deal of interest in finding ways of reducing
nitrous oxide emission. Several methods for reducing
N2O emission from adipic acid production have been
proposed [2]. They include: (i) thermal decomposition
of N2O at high temperatures to produce N2 and O2, (ii)
methane oxidation to produce CO2, H2O and N2, (iii)
catalytic decomposition and (iv) conversion of N2O to
nitric acid which can then be recycled back to the nitric
acid feed.

Currently, ZrO2 is the leading catalyst for commer-
cialization of nitrous oxide abatement as zirconia and
zirconia-based catalysts have recently been shown to be
effective environmental catalysts for the decomposition
of nitrous oxide [3^5]. In a previous study, we had inves-
tigated the interaction between nitrous oxide and zirco-
nia [3]. It was determined that zirconia catalyzes the
decomposition of nitrous oxide at temperatures above

350�C. It was postulated that zirconium cations were
most likely involved in the decomposition reaction.
However, the mechanistic details, in particular the role
of defect sites and lattice oxygen atoms in the decompo-
sition reaction, were not determined.

In general, it is known that defect sites, the most com-
mon being oxygen vacancies, are important in the sur-
face chemistry and catalysis of metal oxides [7,8]. The
electronic structure of the metal cation at these sites is
significantly altered. Defect sites may be induced during
the pretreatment of metal oxides. For example, heating
ZrO2 in vacuum results in an oxygen-deficient surface.
Infrared spectroscopy and electron paramagnetic reso-
nance of ZrO2 samples have shown that the electronic
structure at defect sites is consistent with Zr cations in
the 3� oxidation state [9].

It is also known that lattice oxygen atoms are often
involved in reactions over high surface area metal oxi-
des. Indeed for most selective oxidation catalysts, lattice
oxygen atoms are incorporated into product molecules,
to be replenished in a later step through the dissociative
adsorption of molecular oxygen on the catalyst [10,11].
Therefore, much research has been done on the role of
lattice oxygen in heterogeneous catalytic reactions [10^
15]. The importance of lattice oxygen in other reactions
involving high surface area metal oxides makes it rea-
sonable to hypothesize that lattice oxygen atoms may be
involved in the catalytic decomposition of N2O to pro-
duce gas-phasemolecular oxygen.

In this study, FT-IR spectroscopy is used to investi-
gate the adsorption and decomposition of nitrous oxide
on zirconia. Mass spectrometry in conjunction with iso-
topic labeling is used to further elucidate the details of
the decomposition reaction.
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2. Experimental

An IR cell similar to the design of Yates and co-work-
ers was used in the experiments described here [16]. The
cell consists of a stainless-steel cube with two differen-
tially pumped KBr windows and a sample holder. The
sample holder consists of a stainless-steel grid held in
place by a set of Ni jaws. TheNi jaws weremounted onto
Ni power feedthroughs for sample heating. The tem-
perature of the sample was monitored by spot-welding
thermocouple wires to the center of the sample grid.

The sample was prepared by pressing zirconia powder
onto a grid. For the IR studies, the zirconia was pressed
into half of a stainless-steel grid, leaving the other side
blank so that gas-phase measurements could be made.
Approximately 13 mg of zirconia were pressed into a
3� 1 cm2 area of the grid. For the mass spectral studies,
the zirconia was pressed into half of a gold-covered tung-
sten grid. Approximately 23 mg of zirconia were pressed
into a 3� 3 cm2 area of the grid. Experiments without
ZrO2 present were done on both the stainless-steel grids
and the gold-covered tungsten grids. N2O did not
decompose on the blank grids at the reaction tempera-
tures used in this study.

The pressed ZrO2 samples were calcined in air over-
night at a temperature of 400�C prior to being placed in
the stainless-steel cube. Once inside the cell, the sample
was activated by heating to the desired activation tem-
perature under vacuum for 30 min. In this paper, the
activation temperature in degrees Celsius is given in
parentheses, e.g. a sample heated to 500�C for 30 min is
denoted as ZrO2(500).

For the IR experiments, the IR cell was mounted on
a linear translator inside of the FT-IR spectrometer so
that both halves of the sample can bemeasured by simply
moving the cell into the IR beam path. Infrared spectra
were recorded with a Mattson RS-1000 equipped with a
narrowband MCT detector. Typically, 250 scans were
collected with an instrument resolution of 4 cmÿ1.
Background scans were collected by recording a spec-
trum of both the zirconia and blank sides of the grid
before and after introduction of nitrous oxide into the
IR cell.

Mass spectral data were collected with a UTI-
Detector II quadrupole spectrometer (QMS). A leak
valve connecting the stainless-steel cube to the mass
spectrometer chamber was opened to maintain a pres-
sure of 3:0� 10ÿ7 Torr into the mass spectrometer
chamber for residual gas analysis (RGA).

High surface area zirconia (78 m2/g) was purchased
from Nanotek. The average diameter of the ZrO2 nano-
particles is 14 nm. The zirconia samples consist of two
crystallographic phases, the monoclinic and tetragonal,
in approximately equal amounts. Ultrahigh purity
nitrous oxide (99.99%) and CO (99.5%) were purchased
from Matheson Gas Products. 15N2O was purchased
from Isotec with a 15N atom purity of 99.3%. C18O2 was

also purchased from Isotec with an 18O atom purity of
96.5%.All gases were usedwithout further purification.

3. Results

3.1.ZrO2 surface characterization as a function of
activation temperature

Changes in the zirconia surface as a function of activa-
tion temperature in the 500^700�C temperature range
were examined. An upper temperature limit of 700�C
was used because heating the catalyst to temperatures
above 700�C results in a significant decrease in surface
area [17]. Figure 1 shows the IR spectra recorded from
3450 to 4000 cmÿ1 of the ZrO2 catalyst held at room tem-
perature after being heated to various activation tem-
peratures between 500 and 700�C. The bands in this
region can be assigned to terminal (t) and bridging (b)
hydroxyl groups on the surface of the two zirconia
phases ^ tetragonal (t) and monoclinic (m) [3]. The set of
bands between 3700 and 3800 cmÿ1 are assigned to term-
inal OH groups, Zr^OH, and the set of bands between
3600 and 3700 cmÿ1 are assigned to bridgingOHgroups,
Zrn^OH (n > 1). As can be seen in figure 1, as the activa-
tion temperature increases, there is a decrease in the inte-
grated areas of the bands due to hydroxyl groups on the
surface. The decrease in hydroxyl group coverage is esti-
mated from the integrated area of the entire O^H region

Figure 1. Transmission infrared spectra recorded from 3500 to
4000 cmÿ1 of ZrO2 as a function of catalyst activation temperature
from 500 to 700�C. The absorption bands in the spectra are assigned to
terminal (t) and bridging (b) OH groups on the monoclinic (m) and tet-
ragonal (t) phases. The bands are labeled as (site, phase), so for example
(t, m) corresponds to a terminal OH group on the surface of the mono-

clinic phase.
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to be approximately 50% for an activation temperature
of 700�C compared to activation of 500�C.

As the surface is dehydroxylated, there is loss of oxy-
gen from the sample and the metal oxide becomes
reduced. In order to determinemore about the electronic
structure of the Zr cations, CO adsorption in conjunc-
tion with IR spectroscopy was used to probe the oxida-
tion state of the Zr surface atoms. It has been previously
shown that the IR absorption frequency for adsorbed
CO differs by approximately 70 cmÿ1 for CO adsorbed
on Zr4� sites compared to CO adsorbed on oxygen-defi-
cient sites identified by EPR spectroscopy as Zr3� sites
[10,18,19].Morterra et al. have shown that CO adsorbed
onto Zr4� sites is marked by a two-band complex at 2191
and 2186 cmÿ1. CO adsorbed onto Zr3� sites results in
absorption bands at lower wavenumbers, near 2125 and
2112 cmÿ1 [19].

The infrared spectra of CO adsorbed on a ZrO2 sam-
ple in the presence of 68 Torr of CO as a function of ZrO2
activation temperature are shown in figure 2. Gas-phase
contributions to the spectra shown in figure 2 have been
subtracted out. The bands at 2191 and 2186 cmÿ1 are
associated with the complex formed from CO adsorbed
on Zr4� sites, in agreement with the earlier results of
Morterra et al. [19]. At lower wavenumbers, two bands
are resolved at 2122 and 2101 cmÿ1. The 2122 cmÿ1 band
is in close agreement with frequencies previously
reported, however, the 2101 cmÿ1 band is lower than
previously reported values. The difference in frequencies
of the bands observed in this study and previous studies
may be due to the differences in the phases present in the
samples. The samples used in this study contain ZrO2 in

both the monoclinic and tetragonal phases while the
samples used in the study by Morterra et al. were 95%
monoclinic. As the 2122 cmÿ1 band agrees with previous
results of CO adsorbed onto Zr3� sites, this is assigned to
Zr3� sites of the monoclinic phase and the 2101 cmÿ1

band is assigned to CO adsorbed on Zr3� sites of the tet-
ragonal phase.

Figure 3 shows a plot of the ratio of the integrated
areas of CO coordinated to Zr3� sites to CO coordi-
nated to Zr4� sites as a function of sample activation
temperature. The plot in figure 3 shows that, at sample
activation temperatures between 500 and 550�C, the
ratio of the integrated areas of the bands associated with
the Zr3�^CO and Zr4�^CO complexes remains nearly
constant. As the sample activation temperature is
increased above 550�C, there is an increase in the inte-
grated area of the band associated with the Zr3�^CO
complex relative to the Zr4�^CO complex. The increase
in the integrated area of the Zr3�^CO complex absorp-
tion band is associated with an increase in the number
of Zr3� sites accessible at the surface relative to the Zr4�

sites. It should be noted that both the Zr3� and Zr4� site
coverage increase with temperature, from 500 to 600�C,
although the Zr3� site coverage increases more at
600�C, as shown in figure 3. At sample activation tem-
peratures above 600�C, the Zr3� site coverage continues
to increase while the Zr4� site coverage begins to
decrease and the ratio of Zr3� : Zr4� surface sites
increases sharply. This is similar to what is observed for
other metal oxides; that is the defect site density
increases with activation temperature as the sample
becomes reduced [7,8]. The importance of both Zr4�

Figure 2. Transmission infrared spectra recorded of CO adsorbed on
ZrO2 activated at different temperatures between 500 and 700�C, at an
equilibrium CO pressure of 68 Torr. Gas-phase contributions to the

spectra have been subtracted out.

Figure 3. A plot of the ratio of the integrated areas of the absorption
band of the Zr3� � � �CO complex to the Zr4� � � �CO complex as a func-
tion of ZrO2 activation temperatures. The plot shows that the Zr3� site
coverage increases relative to the Zr4� site coverage as the sample acti-

vation temperature increases.
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and Zr3� sites for N2O adsorption and decomposition
is discussed below.

3.2.Room temperature adsorption ofN2OonZrO2

activated at different temperatures

The IR spectra of N2O, 14N2O and 15N2O, adsorbed
at room temperature on ZrO2 activated near 500�C in
the presence of 20 Torr of N2O is shown in figure 4. Gas-
phase contributions have been subtracted from the spec-
tra. For adsorbed 14N2O, the spectrum is characterized
by two intense bands at 2242 and 1237 cmÿ1 assigned to
the asymmetric (�as) and symmetric (�s) stretching
modes, respectively, [3] of adsorbed 14N2O. These two
bands, �as and �s, shift by approximately �18 and
ÿ45 cmÿ1, respectively, from the gas-phase values. In an
earlier study [3], we have shown that the shift in frequen-
cies of these vibrational modes is characteristic of N2O
bonded to the zirconia surface through the oxygen atom.
Through the use of site-blocking molecules, it was
shown, that N2O molecularly adsorbs on Zr4� sites. For
adsorbed 15N2O, the spectrum is characterized by two
intense bands at 2171 (�as) and 1221 (�s) cmÿ1. These
bands undergo a frequency shift by ÿ71 and ÿ16 cmÿ1,
respectively, from adsorbed 14N2O, as expected. Upon
evacuation of gas-phase N2O, absorption bands due to
molecularly adsorbed N2O disappear from the spec-
trum, indicating that molecular adsorption of N2O on
Zr4� sites is reversible.

As shown previously [3], there is an increase in the

integrated area of the �as and �s absorption bands of
adsorbed N2O for samples activated at 700�C compared
to 450�C. This is consistent with an increase in the sur-
face coverage of Zr4� sites as the surface is dehydroxy-
lated. Interestingly, there are no new absorption bands
present in the spectrum that can be associated with N2O
coordinated to Zr3� sites. However, as discussed below,
there is evidence for N2O decomposition at these
reduced sites.

Although there is no catalytic decomposition of N2O
on ZrO2 at room temperature, there is the possibility
that N2O dissociates on the ZrO2 surface at this tem-
perature to some limited extent. In order to determine if
N2O dissociates on ZrO2 at room temperature, CO
adsorption was used as a probe to determine if the cover-
age of surface defect sites, Zr3� sites in particular,
change upon N2O adsorption. If N2O decomposed on
Zr3� sites via the extraction of the oxygen atom in N2O,
then the coverage of these sites should decrease after
reaction. The spectra recorded of adsorbed CO before
and after room temperature adsorption of N2O on
ZrO2(650) are shown in figure 5. The integrated area of
the absorption band due to the Zr3�^CO complex
decreases by 23% from its initial value after N2O adsorp-
tion. The integrated area of the Zr4�^CO complex
remains approximately constant before and after N2O
adsorption. The CO adsorption data suggest that N2O
decomposes on Zr3� sites at temperatures as low as
25�C.

Figure 4. Transmission infrared spectra of 14N2O and 15N2O adsorbed
onZrO2(500) in the presence of an equilibriumpressure, approximately
20 Torr, of gas-phase nitrous oxide. Gas-phase contributions to the

spectra have been subtracted out.

Figure 5. CO adsorbed on ZrO2(650) before N2O was adsorbed, top
spectrum, and after N2O was adsorbed and evacuated, bottom spec-
trum.Gas-phase contributions have been subtracted from the adsorbed
spectra. There is a 23% loss in area of the absorption bands due to the

Zr3� � � �COcomplex afterN2O adsorption.
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3.3.N2Odecomposition onZrO2 at temperatures above
350�C

The N2O decomposition reaction at higher tempera-
tures was monitored with both IR spectroscopy and
mass spectrometry. As discussed previously [3], catalytic
decomposition of N2O on ZrO2 occurs at temperatures
above 350�C. N2O (70 Torr) was introduced into the
sample cell that contained ZrO2(500) and the gases from
the reaction cell were leaked into the QMS chamber so
that a RGA scan could be recorded. Another RGA scan
was taken of the gas phase after reaction ofN2O onZrO2
for 1 h at 500�C. Under these conditions, approximately
60% of the N2O reacted. Figure 6a shows a ``difference''
RGA scan, i.e. the RGA scan recorded after reaction for
1 h minus that from before reaction. Positive features,
lines going up, at m=e � 28 and 32 are due to formation
of molecular nitrogen and oxygen, respectively, as the
reaction proceeds. Negative features, lines going down,
atm=e � 46 and 30 are due to the decrease in pressure of
N2O as the reaction proceeds. The m=e � 46 ion is asso-
ciatedwith the parent,N2O�, andm=e � 30 is associated
withNO�, amass fragment ofN2O.

The N2O decomposition reaction between 400 and
600�C showed that, similar to other studies onmetal oxi-
des, N2O decomposition over ZrO2 follows first-order
reaction kinetics in N2O pressure [20^23]. The kinetics
of the decomposition reaction were monitored with IR
spectroscopy. Infrared spectra were recorded of the gas
phase at 10min intervals, the initial pressure of N2Owas
100Torr. The integrated areas of both gas-phase absorp-
tion bands were measured as the reaction proceeded.
The data obtained at 500�C are plotted in figure 7. The
rate constant is determined to be 0:24� 0:03 minÿ1 per
gram of catalyst at 500�C. The error in the measurement
represents one standard deviation in the values obtained
for five different runs. The kinetics were not affected
very much by catalyst activation temperature for sam-
ples activated between 500 and 700�C. However, the
Zr3� site coverage decreased significantly after the
decomposition reaction, as measured by post-reaction
CO adsorption.

In order to definitively determine whether N^O bond
breakage exclusively occurred during N2O decomposi-
tion, 14N2O and 15N2O were reacted over ZrO2(500) at
500�C. 1.2 Torr each of 14N2O and 15N2O was intro-
duced to the sample cell connected to the QMS chamber.
The reactant gas was leaked into the QMS chamber and
a RGA scan fromm=e � 1^50 of the gas was taken. The
leak valve was closed and the ZrO2 catalyst was then
heated to 500�C for 1 h and allowed to cool back to room
temperature before a second RGA scan after reaction
was taken. A resultant difference RGA scan is shown in
figure 6b.Negative features atm=e � 44, 45, and 46, cor-
responding to 14N2O, 14N15NO, and 15N2O, respec-
tively, correlate with a decrease in the pressure of nitrous
oxide after decomposition. The small amount of

14N15NO initially present in the reaction cell corre-
sponds to an impurity in the 15N2O gas. Positive features
are seen at m=e � 28, 29, 30 and 32, corresponding to
14N2, 14N15N, 15N2 and 16O2, respectively. Although the
initial pressures of 14N2O and 15N2Oare nearly the same,
the 15N2 peak appears to be smaller than the 14N2 peak.
This is because m=e � 30 corresponds to two species
15N2 and 14NO. 14NO is mass fragment of 14N2O.
Therefore, the peak has two contributions, 15N2, which
is increasing during decomposition, and 14NO, which is
decreasing during decomposition. The negative feature

Figure 6. Difference RGA scan after the catalytic decomposition of
N2O on ZrO2. Scans are shown for several isotope experiments. The
positive features in the scan correspond to gases produced during reac-
tion and the negative features in the scan correspond to gases that had
reacted. (a) Difference RGA scan after N2O decomposition at 500�C
on ZrO2(600). (b) Difference RGA scan after decomposition of a mix-
ture of 14N2O/15N2O for 1 h at 500�C over ZrO2(500). There is no evi-
dence for isotopic scrambling to produce 14N15N. The very small
amount of 14N15N formed in the reaction is due to the decomposition of
the 14N15NO impurity in the 15N2O sample. (c) Difference RGA scan

afterN2
16O decomposition at 500�Con 18O-labeled Zr18O2(600).
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at m=e � 31 corresponds to 15NO, a mass fragment of
15N2O.

If complete isotopic scramblingwas to occur, it would
be expected that the ratio of the intensity of the three
molecular nitrogen ions 14N14N : 14N15N : 15N15N
(m=e � 28 : 29 : 30) after decomposition would be
1 : 2 : 1 after taking into account mass fragmentation.
However, if there was no isotopic scrambling, there
would only be a very small positive feature at m=e � 29
due to the small amount of 14N15N that decomposed
formed from the decomposition of the 14N15NO impur-
ity. As clearly observed in the difference RGA scan
shown in figure 6b, there is only a small amount of
14N15N produced relative to the amounts of 14N2 and
15N2. The small 14N15N signal can be attributed to the
decomposition of 14N15NO impurity in the 15N2O
labeled gas. From this experiment, it is concluded that
isotopic scrambling does not occur and the N^N bond
remains intact during the decomposition reaction.

3.4. 18O exchange betweenC18O2 andZrO2

Additional mechanistic studies were done to deter-
mine if lattice oxygen atoms became incorporated into
product O2 molecules. 18O labeling of either N2O or
ZrO2 would address this issue. It was determined that
18O labeling of the ZrO2 catalyst was the most practical
method. 18O incorporation into ZrO2 was accomplished
with C18O2 in a procedure adapted from that used by
Yanagisawa et al. for exchange of oxygen with MgO
[24].

Initially, 60 Torr C18O2 was introduced to ZrO2(600)

at room temperature and then heated to 600�C for 1 h.
Figure 8 shows a difference residual gas analysis before
and after heating. As can be seen, there is a decrease in
the amount of C18O2, while there is an increase in the
amount of C16O18O. The mass spectral data show that
there is single exchange of oxygen under these conditions
and that 18O atoms are incorporated into the ZrO2 sam-
ple. Further experiments have shown that at this reac-
tion temperature, the exchange reaction has proceeded
to its fullest extent after just 3min of reaction.

The amount of 18O incorporation into the ZrO2 cat-
alyst was calculated as follows. First, the number of 18O
atoms exchanged between gaseous carbon dioxide and
the surface was determined. It was found that approxi-
mately 20% of the C18O2 reacted. The number of C18O2
molecules reacted was determined to be near 2� 1020

and because a single exchange takes place, this corre-
sponds to the number of 18O atoms incorporated into the
zirconia catalyst. Next, the surface density of oxygen
atoms was estimated from the bulk density of ZrO2 [25],
assuming a surface depth of 2 Ð. In these calculations,
the average of the densities for the monoclinic and tetra-
gonal phases was used. The surface coverage of oxygen
atoms is established to be 1:1� 1015 cmÿ2.

The surface area of the ZrO2 nanoparticle powders
used in this study is 78 m2/g. For the exchange experi-
ment, 0.0234 g of ZrO2 were pressed into the grid, giving
a total surface area of 1.8 m2. Therefore, there are
approximately 2� 1019 surface oxygen atoms. Given
that 2� 1020 18O reacted (vide supra), it is concluded
that approximately ten layers underwent exchange. This

Figure 7. Kinetic data for N2O decomposition on ZrO2(600) at
500�C. As shown in the plot above, the loss of N2O follows first-order

reaction kinetics.

Figure 8. Difference RGA scan after heating C18O2 at 600�C for 1 h in
the presence of ZrO2(600). As in figure 6, the positive features in the
scan correspond to gases produced during reaction, C18O16O, and the

negative features correspond to gases that had reacted.
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is admittedly a rough calculation, but it does show that
18O atoms have been incorporated into the zirconia cat-
alyst at the surface and in the near-surface region.

3.5.N2Odecomposition onZr18O2

After the sample had been 18O labeled, the N2O
decomposition reaction was done at 500�C for 1 h.
Figure 6c shows the difference RGA scan before and
after decomposition. For the labeled catalyst, besidesN2
and 16O2 formation, there is also 18O16O and a small
amount of 18O2. Neither 18O16O nor 18O2 are formed in
the absence of N2O. These results indicate that lattice
oxygen atoms become incorporated into product O2
molecules during decomposition.

There is also some formation of N2
18O (m=e � 46)

that corresponds to a product of the back reaction
between N2 and adsorbed oxygen atoms. This raises the
question of whether the 18O in the products is the sole
result of decomposition of this back reaction. In a sepa-
rate experiment, the rates of formation of N2

18O and
16O18Oweremonitored. It was found that the rate of for-
mation of 16O18O decreased before the amount of N2

18O
reached its peak. If 16O18O was formed only from the
reaction of N2

18O, the rate of its formation would be a
maximum when the amount of N2

18O was a maximum.
Therefore, this indicates that there is another source of
18O for 16O18O besides the decomposition of N2

18O and
that this source is depleted before the amount of N2

18O
has reached its highest value. The only other source of
18O would be from the labeled ZrO2 catalyst. The evi-
dence shows there is direct incorporation of lattice oxy-
gen atoms into product oxygenmolecules.

4.Discussion

4.1.Molecular and dissociative adsorption ofZrO2 at
room temperature

It was shown here that as the catalyst activation tem-
perature increases, the surface becomes dehydroxylated
and oxygen deficient. The defect site density, i.e. the cov-
erage of Zr3� sites increases by a factor of two as the acti-
vation temperature is raised from 500 to 700�C.
Previously we had shown that N2O molecularly adsorbs
on Zr4� sites at room temperature in the presence of gas-
phase N2O [3]. Results from this study show that not
only doesN2Omolecularly adsorb onZrO2 at room tem-
perature but there is some decomposition as well. The
decomposition of N2O is evident by a decrease in the
amount of Zr3� sites after N2O adsorption, as deter-
mined by a decrease in the adsorption capacity for CO
on these sites. The amount of decomposition is small as
there is no significant loss of gaseous N2O or any signifi-
cant formation of N2 or O2 at room temperature. These
results suggest that a limited amount of N2O decom-

poses at room temperature and the oxygen atom
extracted from the N2O molecule on Zr3� sites remains
on the surface at T � 25�C. The decomposition of N2O
on ZrO2 at low temperatures, between 183 and 303 K,
was also recently observed byAika and Iwamatsu [26].

4.2.Active sites forN2Odecomposition onZrO2 above
350�C

At temperatures above 350�C, N2O undergoes cat-
alytic decomposition on ZrO2 to yield N2 and O2 exclu-
sively. CO adsorption in conjunction with IR
spectroscopy, showed that the Zr3� site coverage
decreased significantly after reaction ofN2O at tempera-
tures above 350�C. The data suggest that Zr3� sites are
active sites for N2O decomposition at high temperatures
as well as at low temperatures.

4.3.Role of lattice oxygen atoms inN2Odecomposition
onZrO2

The role of lattice oxygen atoms in metal oxide cata-
lyzed reactions is typically investigated through the use
of 18O labeling experiments. Using H2

18O as the precur-
sor, Li andKlabunde found forMgOwith a surface area
of 130 m2/g, 1.9 layers were exchanged at a reaction
temperature of 500�C and 9.3 layers at a temperature of
700�C [27]. For MgO with a surface area of 390 m2/g,
1.5 layers were exchanged at 500�C and 7.9 layers at
700�C. It was found that at temperatures below 500�C,
exchange occurred only at the surface. This is consistent
with previously reported results of isotope exchange
between ionic solids and diatomic gases [28^30].

In a study by Yanagisawa et al. using C18O2 to label
the oxygen atoms in MgO, it was found that both single
and double exchange of oxygen atoms occurred with
C18O2, depending upon the temperature at which the
reaction was done, with double exchange favored at the
higher temperatures studied [24]. In this study, C18O2
was chosen as the labeling reagent because it could
potentially undergo double exchange with the lattice
oxygen atoms of ZrO2. However, the mass spectral data
clearly show that single exchange preferentially took
place at 600�C. In addition, our calculations indicate
that exchange is not limited to the surface, but that 18O
may migrate into the lattice a few layers. The possible
participation of lattice oxygen atoms in the nitrous
oxide decomposition reaction was then studied by reac-
tion of N2O on Zr18O2. The incorporation of 18O from
the Zr18O2 catalyst into product oxygen molecules is
observed, as the mass spectral data clearly show the
production of 18O16O. This mass spectral/isotope
experiment establishes that lattice oxygen atoms
become incorporated into product oxygen molecules
and must be included as a step in the detailed reaction
mechanism of N2O decomposition on ZrO2 as discussed
below.
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4.4.Reactionmechanism forN2Odecomposition on
ZrO2

The mixed labeled nitrogen experiment, 14N2O/
15N2O (figure 6b), shed additional light on the reaction
mechanism of nitrous oxide decomposition on zirconia.
The experiment showed that isotopic scrambling of
14N2O and 15N2O to form 14N15N does not occur. This is
an important result for two reasons. First, it clearly
establishes that the nitrogen^oxygen bond exclusively
breaks in the decomposition reaction. Second, as dis-
cussed in section 1, there is some interest in recycling
N2O produced in adipic acid synthesis back to the nitric
acid feed. The results presented here show that zirconia
would not be a good catalyst for the conversion of
nitrous oxide to nitric acid as the N^N bond remains
intact.

The second isotope experiment, using the 18O-labeled
catalyst, showed that surface lattice oxygen atoms in
ZrO2 do participate in the reaction and are incorporated
into the molecular oxygen product from the direct reac-
tion of N2

16O on Zr18O2. Additional experiments were
done to monitor the amount of 16O18O formed during
reaction as a function of time (not shown). It was found
that the 16O18O pressure increased very quickly during
the first fewminutes of reaction, at a rate nearly equal to
that of the growth of the amount of 16O16O. After about
5 min at 500�C, however, the growth in the amount of
16O18O slowed considerably as the 18O in the lattice
become depleted. Within 15 min after reaction started,
the growth in the amount of 16O18O is very slow. The
growth at longer times may be due to the decomposition
of N2

18O. (N2
18O is formed from the back reaction of

N2 � 18O.)
Taking all of the results presented here, the mechan-

ism for N2O decomposition on ZrO2 can be deduced.
First, N2O dissociates on the surface at defect sites, i.e.
Zr3� sites, leaving oxygen atoms adsorbed on the sur-
face. The decomposition reaction most likely proceeds
through an electron transfer reaction at the reduced Zr3�

site to form N2Oÿ as a transient intermediate, as has
been previously postulated for N2O decomposition [20^
23,31]:

N2O�a� ! �N2Oÿ�a�� ! N2�g� �O�a�; at Zr3� sites :
�1�

Adsorbed O atoms from N2O decomposition, O(a), can
react with either lattice oxygen atoms, O(L), or another
adsorbed oxygen:

O�a� �O�L� ! O2�g� �2�

O�a� �O�a� ! O2�g� �3�
Evidence for the reaction shown in eq. (3) can be found
by monitoring the production of 16O16O during reaction
over the labeled catalyst. As discussed above, the signal

intensities of the mass spectrometer signal for 16O16O
and 16O18O initially grow at nearly the same rate. Since
the lattice oxygen atoms at the surface of the catalyst are
18O labeled, the probability of an 16O fromN2O reaction
with an 16O lattice oxygen is minimal. Therefore, the
combination of two adsorbed oxygen atoms from
nitrous oxide decomposition is the only source of 16O, as
shown in eq. (3). It is important to note that 16O18O and
16O16O are produced at approximately the same rates in
the initial stages of the reaction indicating that steps (2)
and (3) proceed at nearly the same rate. The ability of
ZrO2 to provide an additional source of oxygen atoms to
form molecular oxygen may be the reason that ZrO2 is
found to be such a good catalyst for nitrous oxide
decomposition.

Several rate expressions have been derived for N2O
decomposition on metal oxides [20^23]. These rate
expressions are:

rate � kP�N2O� ; �4�

rate � kP�N2O��1� bP�O2�ÿ1=2�ÿ1 ; �5�

rate � kP�N2O�P�O2�ÿ1=2 : �6�

For all of these rate expressions, the rate is first order in
N2O pressure. The rate expression shown in eq. (4)
applies when N2O adsorption is rate-limiting and there
is no dependence on oxygen pressure. The rate expres-
sions shown in eqs. (5) and (6) apply to N2O decomposi-
tion mechanisms that are rate-limited to some extent by
oxygen desorption and therefore, the rate expression has
an oxygen pressure dependence. The rate expressions
given in eqs. (5) and (6) are for two limiting cases of weak
and strong inhibition of molecular oxygen on the reac-
tion rate, respectively. A full kinetic analysis of the rate
data has not been attempted here. Therefore, the rate
expression for N2O decomposition may perhaps not fol-
low the simple reaction rate law given in eq. (4) but may
indeed have an oxygen pressure dependence.

5.Conclusions

In this study, nitrous oxide adsorption and decompo-
sition on ZrO2 were investigated. Several conclusions
can be drawn from the studies presented here. First, at
temperatures below any catalytic decomposition of
N2O, there is evidence for both molecular and dissocia-
tive adsorption on ZrO2. At 25�C, N2O molecularly
adsorbs through the oxygen end of the molecule on Zr4�

sites and dissociative adsorption of N2O occurs on sur-
face defect sites, i.e. Zr3� sites. Second, at higher tem-
peratures Zr3� sites are active toward N2O dissociation
as well. Above 350�C, the catalytic decomposition of
N2O on ZrO2 follows first-order reaction kinetics with
respect to N2O pressure. Third, isotopes studies in con-
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junction with mass spectrometry provided further
insight into N2O decomposition on ZrO2. In particular,
evidence was presented to show thatN^N bond dissocia-
tion did not occur and that lattice oxygen atoms become
incorporated into product oxygen molecules during the
reaction.
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