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Abstract

The kinetics of NO oxidation was determined on two Pt catalysts with average particle sizes of 2.4 nm (fresh) and 7.0 nm (sintered). The degree
of surface oxidation after reaction, as measured by CO titration and XPS, determined the surface reactivity. The turnover rate (TOR) for NO
oxidation at 300 ◦C with 300 ppm of NO, 170 ppm of NO2, 10% of O2, and the balance N2 and at atmospheric pressure on a Pt/Al2O3 catalyst
with a Pt particle size of 2.4 nm was 3.5 × 10−3 molNO/(molPt s). On the sintered catalyst, the TOR was 14.7 × 10−3 s−1, a four-fold increase
with respect to the fresh one. Measuring the rate of reaction on the fresh catalyst under a set of experimental conditions obtained using the central
composite design statistical method, in which the interaction among the variables temperature and species concentration can be tested, confirmed
the assumption in our previously published results that there is no interaction among the variables. The reaction was nearly first order with respect
to NO and O2 and nearly negative first order with respect to NO2, and the apparent activation energy (Ea) was 81.8 ± 5 kJ mol−1. With respect to
the fresh catalyst, the sintered catalyst showed a similar Ea (80.9 ± 5 kJ mol−1) and apparent reaction orders for NO and NO2, with a lower O2
order (0.7 ± 0.04). After the NO oxidation reaction attained steady state, both fresh and sintered catalysts showed an average oxygen uptake of
about 1.5 times the number of Pt surface atoms. When the oxygen uptake was increased to the equivalent of two oxygen atoms per surface Pt by
a different pretreatment, the NO oxidation TOR decreased by 85% with respect to the original steady-state level. XPS measurements suggested
that over-oxidation of Pt was concomitant with this TOR decrease. Titration studies of surface oxygen using CO suggested that the rate of CO2
formation was also higher on larger Pt particles.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

New regulations imposed by the EPA [1] require reduction
of NOx emissions in the exhaust of lean-burn diesel engines.
NOx abatement techniques under development are based on
two different approaches. The first is the continuous selective
catalytic reduction (SCR) of NOx with either unburned hydro-
carbons (HC) from the fuel or with ammonia or urea injected
into the engine exhaust. It has been proposed that the oxidation
of NO in the exhaust to NO2 over noble metal sites substantially
increases the rate and selectivity of HC-SCR [2–6]. The sec-
ond approach for NOx abatement is the NOx storage/reduction
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(NSR) technology pioneered by Toyota for mobile applica-
tions [7]. The catalyst used for the NSR process comprises a
noble metal component that can catalyze oxidation and reduc-
tion reactions (e.g., Pt) and a NOx storage component (typically
alkali or alkaline earth metals, e.g., K or Ba). During lean op-
eration, NO in the exhaust is oxidized to NO2 over the noble
metal component, whereas NO2 and NO are stored as nitrates
or nitrites on the storage component. The oxidation of NO in the
exhaust to NO2 is found to substantially increase the NSR cat-
alyst performance, because storage of NO2 is more facile than
that of NO over these catalysts [8–14]. As the trap saturates and
loses its storage capacity, it becomes necessary to regenerate it
by providing a reducing atmosphere in which the stored NOx

is released and subsequently reduced to N2 over noble metal
sites. The NSR catalyst is used with an engine that operates
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alternately under lean- and rich-burn conditions to provide re-
generation.

In addition, the oxidation of NO to NO2 is a key reaction
in the continuously regenerating trap (CRT®) for soot removal
[15]. In this case, the strongly oxidizing nature of NO2 is used
to continuously oxidize the soot collected on a diesel particulate
filter at temperatures much lower than those required with oxy-
gen alone. The NO2 is reduced to NO, which is then reoxidized
to NO2 over a Pt catalyst.

Thus, the oxidation of NO to NO2 over Pt is an important
step in several after treatment reactions. Previously, NO oxida-
tion on supported Pt has been studied in experiments contain-
ing only NO and O2 as reactants [16–19] and in the presence
of SO2 [20–22], water [6,23,24], and hydrocarbons [25,26].
Calculations using kinetic modeling [17,27,28] and ab initio
kinetic Monte Carlo simulation [29–32] have also been con-
ducted. However, most studies to date have not considered the
influence of the product NO2 on the rate of oxidation of NO.
Recent studies have shown that the oxidation of NO is inhibited
by the reaction product NO2 on Pt supported by both γ -Al2O3
[33] and SiO2 [6]. The NO oxidation turnover rate (TOR) is
known to be a function of Pt particle size, with larger Pt par-
ticles giving higher rates on both Al2O3 [16,20,26,34,35] and
SiO2 [20,26,35] supports. Xue et al. [20] found this size de-
pendence to be strong on Pt/SiO2 compared with Pt/Al2O3 and
found no size dependence on Pt/ZrO2, although the presence
of SO2 in their studies may affect the trends. The catalyst sup-
port was also found to influence the rate of oxidation of NO to
NO2, with SiO2-supported Pt exhibiting higher rates than Pt on
Al2O3 or ZrO2 [20,35].

Another factor that may influence the activity of platinum is
its interaction with oxygen by either chemisorption or oxida-
tion. Ovesson et al. [31], in a theoretical study, showed that NO
oxidation is not an inherent property of the Pt catalyst itself,
being in fact inhibited (endothermic) on Pt(111) by the strong
oxygen–platinum bonds, and becomes exothermic only at suf-
ficiently high oxygen coverage. Fridell et al. [36] suggested
Pt-oxides formation as a possible reason for the decreased oxi-
dation activity of a Pt/BaO/Al2O3 NOx storage catalyst. Kieken
et al. [29] performed simulations of the steady-state NO decom-
position to N2 in excess oxygen on Pt–Au (100) alloy surfaces
and found that a decrease in the oxygen binding energy led to an
increase in the TOR. Yazawa et al. [37] studied propane com-
bustion and attributed the decrease in the propane conversion
with time to the oxidation of Pt on both Pt/SiO2–Al2O3 and
Pt/ZrO2 catalysts. Platinum oxides formation has also been ob-
served during CO oxidation on Pt/SiO2 [38], Pt(110) [39], and
Pt(100) [40]. This latter study also linked the decreased cat-
alytic activity with time on stream to the formation of surface
oxide species [40]. The Pt–O interactions have also been found
to influence the activity of supported Pt catalysts for the com-
bustion of xylenes [41] and methane [42].

In the present study, we investigate the kinetics of the NO
oxidation reaction on two Pt/Al2O3 catalysts having different Pt
dispersions or particle sizes. An experimental design using sta-
tistical methods (central composite design) varied the species
concentrations and the temperature simultaneously to measure
the interaction among these variables. The results support the
previously published kinetic results [33] obtained by changing
one variable (temperature or concentration) while keeping the
others constant, the one-at-a-time method. Another set of one-
at-a-time variation experiments is used to study the reaction
kinetics on a catalyst having a lower Pt dispersion. Flow re-
actor experiments and XPS measurements are used to monitor
the decrease in conversion of the catalysts under reaction and
other oxidizing conditions. Strong chemisorption of oxygen on
Pt or Pt oxidation are suggested as potential causes of catalyst
deactivation.

2. Experimental

2.1. Catalysts

The Pt/Al2O3 catalyst used in this study was supplied by
EmeraChem in monolithic form. Based on a known liquid up-
take of bare monolith, the appropriate amount of γ -Al2O3 was
mixed as an aqueous slurry. The bare monolith was dipped into
this slurry, drained, dried, and then calcined at 500 ◦C for 1 h.
The monolith was then dipped into the Pt-containing aqueous
solution such that a final Pt loading of approximately 50 g ft−3

of monolith was attained. The Pt salt precursor was amine-
based.

The monolith had a Pt loading of ca. 0.3 wt% (per total
monolith weight) and a cell density of 200 channels/in2. The
percentage of metal exposed or metal dispersion, defined as the
ratio of the number of surface Pt atoms to the total number of Pt
atoms, measured by H2–O2 titration [43], was 42% for the fresh
monolith. Two 1-inch-long monolithic samples, both weighing
ca. 3 g and having a cross-section of 60 cells, were used for the
experiments. One of the samples was heat treated in dry air at
600 ◦C for 6 h to increase the Pt particle size (or to decrease the
dispersion); we call it the “sintered catalyst.” The other sam-
ple was used without any heat treatment (i.e., Pt dispersion of
42%); we call it the “fresh catalyst.”

2.2. Experimental setup

The experiments were performed in a bench-top flow stain-
less steel reactor. High-temperature Zetex insulation was wrap-
ped around the catalyst sample, and the assembly was placed in
the reactor tube. The insulation material blocked the space be-
tween the monolith and the wall of the reactor, minimizing the
gas flow bypassing the catalyst. Glass beads were placed up-
stream of the catalyst sample to ensure mixing and uniformity
of the gas flow. The reactor was placed inside a temperature-
controlled furnace. To minimize temperature gradients before
entering the reactor, the inlet gas was passed through a sepa-
rate preheater consisting of a coiled 1

4 -inch-diameter tube inside
a furnace. Thermocouples were placed 6 mm before and after
the catalyst sample to verify inlet and outlet gas temperatures.
A reactor bypass loop after the preheater, and thus at the reactor
conditions, was used to verify the nominal inlet concentrations
of NO and NO2 after each catalytic rate measurement. The gas-
phase rates were negligible compared with the catalytic ones.
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All TOR calculations were done relative to the gas-phase by-
pass concentrations, and hence reflected only the reaction over
the catalyst and not the gas phase.

2.3. Reaction kinetics measurements

The NO oxidation apparent activation energy and reaction
orders with respect to NO, O2, and NO2 were estimated from
data for both fresh and sintered catalysts. Before the experi-
ments were performed, the catalyst samples were pretreated
at 150 ◦C with 10% O2 in N2 for 1 h, followed by reduction
with 0.5% H2 in N2 for 1.5 h with a constant total flow rate of
6.5 L min−1. The reactor was operated in a differential manner
by restricting the NO conversion to <10% and by using excess
NO2 in the feed so that the contribution of the NO2 formed to
the total NO2 concentration was negligible. The NO and NOx

(NO + NO2) concentrations in the outlet gas were detected
with a chemiluminescence detector (California Analytical In-
struments HCLD 400). The data reported here were taken after
the catalyst was on stream for at least 1 h and steady state was
reached.

On the sintered catalyst, the estimate of the apparent activa-
tion energy was determined from data collected by randomly
varying the temperature between 279 and 300 ◦C, while main-
taining the feed composition at 300 ppm NO, 170 ppm NO2,
10% O2, and balance N2 and the total flow rate at 6.6 L min−1.
Similar one-at-a-time variation experiments were conducted to
estimate the effect of reactant and product concentrations on the
NO oxidation rate. The concentrations of the various species
were varied over the ranges 80–480 ppm for NO, 10–25% for
O2, and 100–240 ppm for NO2, at a constant baseline temper-
ature of 300 ◦C. To measure reproducibility and any catalyst
deactivation, the last point in a sequence was a repeat of the
first point. The actual estimates and their confidence limits for
apparent reaction orders and activation energy were obtained by
a log-linear least-squares analysis assuming a constant error in
the oxidation rate.

For the fresh catalyst, a kinetic model has been postulated
and parameter estimates generated from similar one-at-a-time
variation-type experiments [33]. To confirm these results, an
additional set of experiments was generated for the fresh cat-
alyst using a central composite design [44]. Part of the central
composite design varies all four factors (temperature and the
concentrations of NO, O2, and NO2) simultaneously, which
allows the analysis to capture any interactions between the pa-
rameters (discussed in Section 3.1). Another part of this de-
sign uses a one-at-time variation approach to measure extreme
points around the base or center point. The complete design
consisted of 32 experiments in which the runs from the above
two parts were mixed randomly and the four factors were var-
ied over the ranges 240–320 ◦C, 100–500 ppm NO, 3–25% O2,
and 25–300 ppm NO2 and included 8 repeat points at approxi-
mately the center of these ranges (285 ◦C, 300 ppm NO, 16.3%
O2, and 120 ppm NO2). By placing the center points at con-
stant time intervals throughout the experiments, it was possible
to measure reproducibility as well as monitor the deactivation
of the catalyst over the life of the program. Care was taken to
ensure that these statistically designed experiments remained in
the differential reactor regime.

The experiments were conducted with a total flow of approx-
imately 6.6 L min−1. The criteria suggested by Dekker et al.
[45] were used to check external heat and mass transfer limita-
tions. The Carberry number (Ca) and the parameter for external
heat transfer limitation—given as |(kg(−�H)Cb/hTb)γ Ca|,
where kg and h are extraparticle mass and heat transfer coef-
ficients respectively; Cb and Tb are steady-state bulk concen-
tration and temperature, respectively; and γ = Ea/RTb—were
of the order of 10−4 (�0.05), suggesting negligible transport
effects.

2.4. XPS studies

The XPS study was done in a Perkin–Elmer PHI 5300 sys-
tem. Sample treatment was performed in the reaction cell at-
tached to the system. The samples could be exposed to various
gas mixtures at 1 atm and transferred to the UHV chamber with-
out being exposed to ambient air. About 100 mg of powdered
catalyst (either fresh or sintered) was loaded into a cylindrical
mold and made into a pellet 1.42 cm in diameter and 1.3 mm
thick, using a bench-top hydraulic press under 5000 psi pres-
sure. The analysis was performed on both catalysts after each
of the following pretreatments: (i) reduction in 5% H2/N2 at
300 ◦C for 1 h, then cooling in N2 to room temperature, fol-
lowed by either (ii) exposure to 150 ppm NO/air at 300 ◦C for
1 h, then cooling in the same gas mixture to room tempera-
ture, or (iii) exposure to 1% NO2/air at 300 ◦C for 1 h, then
cooling in the same gas mixture to room temperature. The XPS
spectra were recorded using nonmonochromatic Al-Kα radia-
tion. The binding energy (BE) values referred to the Fermi level
were calibrated using the Al 2p energy of 74.7 eV [46]. The
X-ray power was 150 W, and the pass energy for the analysis
was 8.95 eV for all measurements. The XPS spectra were fit-
ted by CasaXPS software (Casa Software Limited) assuming
line shape to be a Doniach–Sunjic function [47] with Gaussian
and Lorentzian contributions of 70 and 30%, respectively. The
Shirley-type background [48] was subtracted. The Pt 4f doublet
separation was fixed at 3.3 eV [46], and the 4d3/2:4d5/2 and the
4f5/2:4f7/2 area ratios were set to 0.67 and 0.75, respectively.

2.5. Oxygen uptake measurements by CO titration

The uptake of oxygen by the catalysts exposed to various
pretreatments was determined using the same reactor setup used
for the kinetic measurements described above. The catalysts
were subjected to the following pretreatments: (1) oxygen ex-
posure at room temperature with 15% O2/N2 (ca. 100 Torr O2)
for 30 min, (2) NO oxidation reaction mixture exposure under
standard conditions (300 ◦C, 300 ppm NO, 170 ppm NO2, 10%
O2, balance N2) for 1.5 h, and (3) catalyst deactivating mixture
exposure with 1000 ppm NO2, 10% O2, and a balance of N2
at room temperature overnight, followed by NO oxidation TOR
measurement again under the standard conditions noted above.

After each of these pretreatments, the flow was switched to
He (488 cm3 min−1) to purge out any residual gases from the
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pretreatments, and the reactor temperature was set to 160 ◦C.
Some of the weakly bound oxygen could desorb during the
purging treatment, but this amount was small, as evidenced by
the agreement on the fresh catalyst between the Pt area mea-
sured by H2–O2 titration and this method (discussed in Sec-
tion 3.3). At this temperature, the flow was changed to 2%
CO/He (488 cm3 min−1), and simultaneously the exit gases
were analyzed in an FTIR gas analyzer (Thermo Electron Corp.,
Nicolet Antaris IGS) for CO2. The CO2 trace was followed un-
til it decreased to below detection (typically about 5 min). The
resulting CO2 trace was integrated and, by assuming the reac-
tion stoichiometry CO + O = CO2, the total amount of oxygen
on Pt was calculated.

3. Results

3.1. NO oxidation kinetics results on the fresh Pt/Al2O3

catalyst

A nonlinear least squares analysis was used to fit the data
from the designed experimental program on the fresh cata-
lyst (described in Section 2.3), excluding the rate data that
showed catalyst deactivation (described later), to a power rate
law model of the form

(1)rf = exp

(
A − Ea

RT

)
[NO]α[O2]δ[NO2]γ ,

with rf as the forward rate of reaction (s−1), exp(A) as the pre-
exponential factor (s−1), Ea as the apparent activation energy
(J mol−1), T as the temperature (K), [Ci ] as the gas-phase vol-
ume fraction of species Ci in the reactor effluent, and α, δ, and
γ as the apparent forward reaction orders. The rates were ex-
pressed as TORs, defined as moles of NO reacted per second
per mole of surface Pt. The forward rates (rf) were calculated
from the measured overall rates (rov) using the expression

(2)rf = rov

(1 − β)
,

where β is the approach to equilibrium given as

(3)β = [NO2]
K[NO][O2]1/2

,

with K as the equilibrium constant. The β values in our experi-
ments ranged from 0.02 to 0.17, indicating that the reaction was
far from equilibrium. The data were fit using the statistical soft-
ware JMP 5.0.1 (SAS Institute, Inc.), assuming that the errors in
the response (i.e., TOR values) are normally and independently
distributed and homoscedastic (i.e., do not depend on the re-
sponse). The pre-exponential factor obtained as a result of this
fit was exp(15.1 ± 1.03) s−1. Table 1 gives the parameter esti-
mates for Ea and the apparent reaction orders, along with the
log-linear least squares parameter estimates generated previ-
ously [33]. In both cases, there is a near-first-order dependence
of the TOR on O2 and NO concentrations and a near-negative
first-order dependence on NO2 concentration with an apparent
activation energy of 81.8±5 kJ mol−1 over the temperature and
the concentration ranges studied (240–320 ◦C, 100–500 ppm
NO, 3–25% O2, 25–300 ppm NO2). The observed rates and
the model calculated rates and their 95% confidence intervals
are compared in Fig. 1. Noting that the results from Ref. [33]
(first row of Table 1) were obtained from the one-at-a-time ap-
proach (where the apparent reaction orders were measured only
at 300 ◦C, and the Ea was measured only at 300 ppm NO,
170 ppm NO2, 10% O2, balance N2), whereas the results in this
work were obtained by simultaneously varying the temperature
and concentrations over the above-mentioned ranges, the sim-
ilarity between the results of these two experimental designs
(central composite vs. traditional one-at-a-time variations), as
shown in Table 1, validates the assumption that the apparent ki-

Fig. 1. Comparison between the observed turnover rates and the model calcu-
lated rates for fresh Pt/Al2O3 catalyst. The 95% confidence intervals of the
calculated rates are also shown. The open squares are the data from the cen-
tral composite design while the solid circles show the model predictions for the
rates observed during the one-at-a-time variation experiments.
Table 1
Summary of the NO oxidation reaction kinetics on fresh and sintered Pt/Al2O3 catalysts

Catalyst PMEd (%) Ea (kJ mol−1) NO order O2 order NO2 order TORc (×10−3 s−1) Ref.

Fresha 42 82.6±9 1.05 ± 0.08 1.03 ± 0.08 −0.92 ± 0.07 3.5 ± 0.1 [33]
Freshb 42 81.8±5 1.09 ± 0.07 0.86 ± 0.06 −0.85 ± 0.06 3.9 ± 0.2 This work
Sintered 15 80.9±5 1.12 ± 0.08 0.69 ± 0.04 −0.89 ± 0.06 14.7 ± 0.4 This work

a Kinetic parameters obtained by varying one factor (T , [NO], [O2] or [NO2]) at a time and using log linear least-squares fit, as detailed in Ref. [33].
b Kinetic parameters obtained from the simultaneous variations in temperature and species concentrations and using nonlinear least-squares fit.
c TOR at 300 ◦C, 300 ppm NO, 170 ppm NO2, 10% O2, balance N2.
d PME, percentage of metal exposed.
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Fig. 2. Arrhenius plot for NO oxidation on the fresh and sintered Pt/Al2O3
catalysts assuming a differential reactor. Feed: 300 ppm NO, 10% O2, 170 ppm
NO2, balance N2.

Fig. 3. NO oxidation turnover rate (TOR) dependence on O2, NO and NO2
concentrations at 300 ◦C for a sintered Pt/Al2O3 catalyst. Feed for NO or-
der: 170 ppm NO2, 10% O2, 80–480 ppm NO; feed for NO2 order: 10% O2,
300 ppm NO, 100–240 ppm NO2, feed for O2 order: 300 ppm NO, 170 ppm
NO2, 10–25% O2. All feeds have N2 as the balance gas.

netic parameters of NO oxidation reaction are independent of
one another. In other words, the temperature dependence ob-
tained at a fixed species concentration used in Ref. [33] is also
valid over a range of concentrations noted above, and the appar-
ent reaction orders obtained at one temperature (300 ◦C) hold
over a range of temperatures.

3.2. NO oxidation kinetics results on the sintered Pt/Al2O3
catalyst

Fig. 2 shows the variation in NO oxidation reaction rate with
temperature over the sintered Pt/Al2O3 catalyst. Fig. 3 shows
the effects of reactant and product concentrations on the NO
oxidation TOR at 300 ◦C for the sintered catalyst. These re-
sults are summarized in Table 1. Similar to the findings for the
fresh catalyst, the rate of NO oxidation had a near-first-order
dependence with respect to NO concentration and was close
to negative first-order with respect to the product NO2 con-
centration. Thus, NO2 inhibited NO oxidation on the sintered
Pt/Al2O3 catalyst as well. There appeared to be no significant
difference between the estimated apparent activation energies
for the two catalysts; however, the apparent O2 order on the
sintered catalyst was 0.7, significantly lower than the near-first-
order O2 dependence obtained on the fresh catalyst.

For comparison, Table 1 also includes NO oxidation TORs
on fresh and sintered Pt/Al2O3 catalysts under the same reac-
tion conditions. The TOR was found to be significantly higher
on the sintered catalyst. This is also evident from the Arrhenius
plots in Fig. 2. At the standard conditions (300 ◦C, 300 ppm
NO, 10% O2, 170 ppm NO2, balance N2), the TOR on the
sintered catalyst was ca. 4 times higher than that on the fresh
catalyst. As will be shown later, this sintered catalyst had an
average Pt particle size of about 7 nm (compared with 2.4 nm
for the fresh catalyst). This is consistent with the observations
made by several other groups regarding larger Pt particles ex-
hibiting higher TORs for NO oxidation than smaller particles
[16,20,26,34,35].

3.3. Deactivation of the Pt/Al2O3 catalyst for NO oxidation

As mentioned earlier, both the fresh and sintered catalysts
were found to deactivate for the NO oxidation reaction, but
only during changes in conditions, not during reaction. Deacti-
vation of Pt for NO oxidation has also been reported previously
[6,24,34]. Under our experimental conditions, the catalysts
showed stable TORs during reaction (which typically lasted
6–7 h). After reaction, the sample was cooled to room temper-
ature under N2 flow. When the catalyst was again brought to
reaction conditions, it showed varied degrees of deactivation,
which was independent of the variation in the reaction temper-
ature or species concentration under reaction conditions. These
deactivated catalysts would again yield stable rates (although
lower than their original values seen earlier) under reaction con-
ditions but would deactivate further on the shutdown procedure.
The catalyst deactivation during cooling to room temperature in
N2 flow suggested that traces of the oxidizing reaction gas mix-
ture (containing NO, O2, and NO2) left in the system’s dead
volume could possibly be the source of deactivation. In fact, it
was found later that when the catalysts were pretreated with a
strong oxidizing mixture containing 1000 ppm NO2, 10% O2,
and balance N2 overnight at room temperature, the catalysts de-
activated, with the TOR decreasing to about 15% of the original
rates shown in Table 1. However, we found the deactivation to
be completely reversible. Reducing these deactivated catalysts
with 2% CO/He at 160 ◦C would regenerate them completely in
about 3 min, and the oxidation rates would return to their orig-
inal levels seen before catalyst deactivation. Similar regenera-
tion results were obtained with a treatment using 0.5% H2/N2.



394 S.S. Mulla et al. / Journal of Catalysis 241 (2006) 389–399
Table 2
XPS Pt 4f7/2 and 4d5/2 peak positions, FWHM and peak areas for the fresh and sintered catalysts

Treatment Catalyst Pt 4f7/2 Pt 4d5/2

BE (eV) FWHM (eV) Relative aread BE (eV) FWHM (eV) Relative aread

H2/N2
a Fresh 71.7 2.5 0.38 315.1 4.9 0.28

Sintered 71.3 2.4 0.16 314.6 4.4 0.13
NO/airb Fresh 72.2 2.6 0.32 315.8 4.9 0.21

Sintered 71.8 2.3 0.15 315.4 5.0 0.11
NO2/airc Fresh 72.4 2.8 0.36 316.2 5.7 0.27

Sintered 71.9 2.0 0.13 315.6 3.9 0.10

a Reduction in 5% H2/N2 at 300 ◦C for 1 h, then cool in N2 to room temperature.
b Exposure to 150 ppm NO/air at 300 ◦C for 1 h, then cool in the same gas mixture to room temperature.
c Exposure to 1% NO2/air at 300 ◦C for 1 h, then cool in the same gas mixture to room temperature.
d Ratio of the peak area to that of the corresponding Al 2p peak.
Fig. 4. XPS Pt 4f spectra and the curve fit obtained on the fresh catalyst. The
catalyst was reduced in 5% H2/N2 at 300 ◦C for 1 h, then cooled in N2 to room
temperature.

The catalyst samples were also analyzed with XPS after
being treated with H2, NO/air, and NO2/air, as described in
Section 2.4. As an example, Fig. 4 shows the Pt 4f spectra
along with the curve fit for the fresh catalyst after the H2 pre-
treatment. Table 2 gives the positions, FWHM, and the peak
areas relative to the Al 2p peak for the Pt 4d5/2 and Pt 4f7/2
peaks. The accuracy of determination of the binding energy is
±0.2 eV, and that of FWHM is ±0.4 eV. For the H2-treated
samples, the Pt 4d and 4f peaks were observed at higher binding
energies compared with the respective Pt0 values of 314.2 eV
and 71.1 eV reported for Pt foils [49]. Such shifts toward high
binding energies have been reported for Pt supported on alu-
mina [34,49–51]. Moreover, the H2-pretreated fresh catalyst
(2.4 nm) had about 0.4–0.5 eV higher binding energy than the
corresponding sintered catalyst with larger Pt particles (7 nm).
Huizinga et al. [50] also found that the binding energy of Pt sup-
ported on alumina decreased as the Pt particles were sintered;
they attributed this to the more effective screening of the core
holes by the electrons of the neighboring atoms in larger par-
ticles. These binding energies thus correlate well with reported
values for Pt0 [49,50], indicating that the reduced samples con-
tain mainly metallic platinum. For the NO/air and NO2/air pre-
treated samples, which were also cooled in the respective pre-
treatment gas, the peaks were shifted even more toward higher
binding energies, with the highest shifts seen for the NO2/air
pretreated samples. Moreover, for a given pretreatment, similar
shifts were seen for both fresh and sintered catalysts. The rel-
ative intensities of the Pt peak to the Al peak were also higher
for the fresh catalyst than for the sintered catalyst, further cor-
roborating the presence of larger Pt clusters on the sintered
catalyst.

To further understand the deactivation of Pt for the NO oxi-
dation reaction, the uptake of oxygen by the fresh and sintered
catalysts after they had been subjected to three distinct oxida-
tion treatments (described in Section 2.5) was measured by a
CO titration method at 160 ◦C. The integration of the CO2 trace
allowed the quantification of the oxygen uptake by the catalysts,
with each CO2 molecule formed corresponding to one atomic
oxygen on the catalyst (CO + O = CO2). Table 3 lists the
amount of oxygen thus measured in units of mol g−1

cat . The ac-
curacy of oxygen uptake measurements is ±1 × 10−7 mol g−1

cat .
As noted by Benson and Boudart [43], the oxygen exposure
at room temperature leads to a monolayer of adsorbed oxygen
with an O/PtS ratio of unity. It was thus possible to calculate
the surface Pt moles on the fresh and sintered catalysts from the
CO titration after the room temperature oxygen exposure, and
hence the Pt dispersion (ratio of surface Pt to total Pt) while
the catalysts were in use. Knowing the total Pt content of the
catalysts, this gave a Pt dispersion of 39% for the fresh cat-
alyst, in good agreement with the 42% Pt dispersion that we
obtained from the independent H2–O2 chemisorption measure-
ment before use, as mentioned earlier. Likewise, for the sintered
catalyst, the Pt dispersion was found to be 15% based on the
CO titration results after this room temperature O2 pretreat-
ment. Fig. 5 shows the CO titration traces normalized by the
corresponding surface Pt moles for the fresh and the sintered
catalysts. The area under the normalized CO titration curve
after pretreatment with O2 is then made to be unity for both
catalysts.
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Table 3
Oxygen uptake of the fresh and sintered catalysts following various pretreatments

Catalyst Uptake of atomic oxygen (×10−6 mol g−1
cat ) PME based

on O2 pretreatment
(%)

Pretreatment
with O2

a
Pretreatment with
reaction mixtureb

Pretreatment with
deactivation mixturec

Fresh 1.77 2.60 3.67 39
Sintered 0.67 0.97 1.33 15

a 15% O2/N2 at room temperature for 30 min.
b 300 ppm NO/170 ppm NO2/10% O2/N2 at 300 ◦C for 1.5 h.
c 1000 ppm NO2/10% O2/N2 at room temperature, overnight.
Fig. 5. Rate of CO2 production on the fresh and sintered catalysts normal-
ized by the corresponding surface Pt moles during the titration. Pretreatments:
(i) O2 exposure: 15% O2/N2 at room temperature for 30 min; (ii) NO oxidation
reaction: 300 ppm NO/170 ppm NO2/10% O2/N2, at 300 ◦C for 1.5 h; (iii) de-
activation: 1000 ppm NO2/10% O2/N2 at room temperature, overnight. Feed
for titration: 2% CO/He, 488 cm3 min−1, 160 ◦C. The linear and the exponen-
tial fit to the titration curve of the fresh catalyst after NO oxidation reaction is
also shown by a solid line.

4. Discussion

4.1. NO oxidation reaction kinetics

From Table 1, it can be seen that for the fresh and sintered
catalysts with varying Pt dispersions or percentages of metal
exposed, the activation energy and reaction orders for the NO
oxidation reaction are similar except for the lower dependence
on O2 concentration seen for the sintered catalyst. The reaction
mechanism that we proposed [33] to explain the observed ap-
parent orders on the fresh catalyst is as follows:

(4)NO + ∗ K1� NO∗,

(5)NO2 + 2∗ K2� NO∗ + O∗,

(6)O2 + ∗ k3→ O2∗,

(7)O2∗ + ∗ k4→ 2O∗,

where ∗ denotes a Pt site and Ki and ki denote the equilib-
rium constant and the rate constant of the ith step, respectively.
Step (6) was proposed as the rate-determining step (RDS), and
O∗ as the most abundant surface intermediate [17,27,52], with
steps (4) and (5) in quasi-equilibrium. Note that step (5) is not
an elementary step, but rather is a combination of NO2 adsorp-
tion and dissociation steps, both of which are assumed to be in
quasi-equilibrium. The rate expression is then obtained as

(8)r = {
k3[L]} [O2]

1 + K2[NO2]
K1[NO]

,

which, under the limiting condition of high O∗ coverage, takes
the form

(9)r =
{

k3[L]K1

K2

} [NO][O2]
[NO2] .

Here [L] denotes the total surface concentration of active metal
sites. Eq. (9) has the same concentration dependence (apparent
reaction orders) as seen in our experiments for the fresh cata-
lyst.

The TORs on the sintered catalyst were found to be about
4 times higher than those on the fresh catalyst under identical
conditions, as noted in Table 1. Such a dependence of TORs on
Pt dispersion/particle size has been reported previously [16,20,
26,34,35]. Although Xue et al. [20] found about a nine-fold in-
crease in NO oxidation TOR in the presence of SO2 at 300 ◦C
on Pt/Al2O3 catalysts as the Pt particle size increased from
2.4 nm to 6.3 nm, Lee and Kung [16] reported a >100-fold
greater TOR at 265 ◦C on a Pt/Al2O3 catalyst with a Pt particle
size of ca. 23 nm compared with one with ca. 1.2 nm particles.
We also compared our TORs with those found in the literature.
Table 4 shows a compilation of the rate data in the literature
obtained by integrating the data provided in the original papers
using our kinetic model and normalizing to our reaction condi-
tions. Our TOR fits well with the observed trend of increasing
rate with increasing Pt particle size. Moreover, the TOR on our
sintered catalyst is in good agreement with the rate reported by
Despres et al. [6] on their Pt/SiO2 catalyst with nearly the same
Pt particle size (ca. 7 nm).

Some researchers [34,35] have attributed the decreased TOR
for NO oxidation with decreasing Pt particle size (or increas-
ing Pt dispersion) to the resistance/stability of larger particles
toward platinum oxides formation (which show lower rates
for NO oxidation than those on metallic platinum) or to their
weak oxygen adsorption ability compared with smaller parti-
cles, based on their TPD measurements and flow reactor exper-
iments. Similar influence of Pt particle size on catalyst activity
has been observed for other reactions, including the combustion
of xylenes on carbon aerogel-supported Pt catalysts [41] and
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Table 4
Literature values for turnover rates of NO oxidation to NO2 on Pt, revised from [23]

Catalyst Pt loading (wt%) Pt particle sizeb (nm) Turnover ratea (×10−2 s−1) Ref.

Pt/Al2O3 0.27 1.2 0.23 [16]
Pt/Al2O3 (fresh) 0.3 2.4 0.35 This work
Pt/Al2O3 (sintered) 0.3 7 1.5 This work
Pt/SiO2 2.5 7 4.2c [6]
Pt/Al2O3 2.3 22 16 [17]
Pt/Al2O3 2 200 25 [27]

a Rates per unit of surface Pt atom corrected to 300 ◦C, 300 ppm NO, 170 ppm NO2, 10% O2, balance N2.
b Calculated using d (nm) ≈ 1/(Pt dispersion), except for Refs. [6,27], where XPS intensities and SEM micrograph were used, respectively.
c 5% water was also present in the feed.
methane combustion on Pt/Al2O3 [42]. Those authors [41,42]
observed that the lower TOR of small Pt particles was due to
the stronger Pt–O bonds formed by Pt during the reaction. Sim-
ilarly, Boudart et al. [53] found a marked susceptibility to oxy-
gen poisoning for well-dispersed Pt catalysts compared with
sintered, less dispersed catalysts or Pt foil while measuring the
TOR for cyclopropane hydrogenation at 0 ◦C. Hartmann et al.
[38] also found that small Pt clusters oxidize more easily than
larger particles. Putna et al. [54] suggested that the interaction
of oxygen with small Pt particles is stronger than that on the
larger particles, or that the repulsive interactions between oxy-
gen adatoms are less important on the surfaces of the small par-
ticles. Small Pt particles should have a higher concentration of
low-coordination sites, whereas for the larger particles, the con-
centration of thermodynamically favored, closely packed (111)
sites should be greater. Brown et al. [55] have reported a lower
O2 initial sticking probability (0.06 vs. 0.34), a lower Pt–O
bond energy (405 vs. 427 kJ mol−1), and a lower O2 initial ad-
sorption heat (316 vs. 360 kJ mol−1) on Pt(111) compared with
Pt(110). Thus, the reason for the higher TORs for NO oxidation
on larger Pt particles could be that, both thermodynamically and
kinetically, the (111) surfaces may be more difficult to oxidize,
or they may interact more weakly with oxygen than the more
open surfaces.

4.2. Deactivation of Pt

During the flow experiments, the catalysts were found to
give stable rates under reaction conditions but would deacti-
vate when cooled under oxidizing conditions. The deactivated
catalysts were found to regenerate when exposed to a reductant
(CO or H2). These observations suggest the oxidation of Pt as a
possible reason for the observed deactivation. The shifts in the
binding energy of Pt seen in the XPS spectra after similar pre-
treatments also indicate the oxidation of Pt. In a similar study,
Despres et al. [6] also found a persistent deactivation of their
Pt/SiO2, Pt/Al2O3, and Pt/ZrO2 catalysts for NO oxidation on
pretreatment with a mixture of NO2 and O2 at 250 ◦C, but pre-
treatment with O2/N2 alone caused no change in the catalyst
activity. The initial activity of the deactivated samples in that
study was completely restored either by thermal regeneration
in static air at 650 ◦C or by treatment with a reducing agent like
NH3 or NO in N2 at 250 ◦C. Those authors also observed that
temperatures below 650 ◦C were not sufficient to completely
regenerate the catalysts thermally. Berry [56] showed that the
oxide on the surface of Pt wire was thermodynamically stable at
low temperatures and high oxygen pressures and that the tem-
perature required for rapid dissociation of the oxide in 1 atm
air was in the 600–650 ◦C range. This is consistent with our
results showing that the catalysts deactivated by cooling under
oxidizing conditions would not regenerate when reheated to our
reaction temperature of 300 ◦C. Olsson and Fridell [34] also
found an activity decrease with time during the NO oxidation
reaction on Pt/Al2O3 catalyst for a feed containing a mixture
of NO and O2 in Ar at both 250 and 300 ◦C over a 3-h period,
with more pronounced deactivation at 250 ◦C than at 300 ◦C. It
must be mentioned again that, contrary to the observations of
Olsson and Fridell [34], our Pt/Al2O3 catalyst showed no de-
activation during the 6–7 h of reaction, as noted earlier. Olsson
and Fridell also found that their Pt/Al2O3 catalyst deactivated
for the dissociation of NO2 to NO at 350 ◦C over a 3-h pe-
riod. Treatment with O2/Ar alone was also able to deactivate
their catalyst, and cooling it in NO2/Ar mixture resulted in its
complete deactivation for the NO2 dissociation reaction. The
catalyst was partially regenerated by exposure to a NO and O2
mixture. According to studies of NO oxidation and NO2 disso-
ciation [6,34], the presence of NO2 promotes the oxidation of
Pt particles and causes a decrease in catalytic activity. Those
studies further showed the formation of platinum oxides (PtO,
PtO2) by XPS measurements, suggesting that this deactivation
resulted from platinum oxides or strongly chemisorbed oxygen.
Segner et al. [57] and Parker and Koel [58] demonstrated that
NO2 indeed is a very effective source of surface oxygen because
of its high sticking coefficient. Based on the chemical shift, our
XPS results also indicate a higher average oxidation state of Pt
on catalyst deactivation (by NO2 pretreatment) than after reac-
tion. Even after deactivation, however, oxidation of the Pt did
not go beyond PtO; if it had, then the PtO2 binding energy shift
of ca. 3 eV would have corresponded to a PtO2 shoulder in the
XPS spectra, which we would have been able to observe [6,34]
but did not.

4.3. CO titration studies

CO titration experiments were used in this study to quan-
tify the uptake of oxygen. The total amount of CO2 formed on
the fresh and sintered catalysts after various pretreatments (with
oxygen, NO oxidation reaction mixture, and catalyst deactiva-
tion mixture containing 1000 ppm NO2/10% O2/N2), which
also equals the oxygen uptake quantities, are listed in Table 3
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in moles per gram of catalyst. The CO titration experiment af-
ter the pretreatment with the deactivation mixture also served to
regenerate the catalysts completely, as mentioned earlier.

Inspection of the oxygen uptake quantities in Table 3 reveals
that after pretreatment with the reaction mixture, the oxygen
uptake was ca. 1.5 times the oxygen uptake after room tem-
perature O2 exposure for both fresh and sintered catalysts. In
other words, after the NO oxidation reaction, both catalysts
showed oxygen uptakes about 1.5 times the amount of Pt on
their respective surfaces. Likewise, after the pretreatment with
the deactivation mixture (1000 ppm NO2/10% O2/N2), after
which the NO oxidation TOR under standard reaction condi-
tions decreased from the original value by about 85%, the oxy-
gen uptake increased to nearly twice that obtained on the cata-
lyst surface after the pretreatment with oxygen. This suggests a
similar uptake of oxygen by the fresh and the sintered catalysts,
proportional to their exposed Pt surface area, after NO oxida-
tion reaction and after their deactivation. The similar shifts in
the Pt binding energy seen on the XPS for both the fresh and
the sintered catalysts after pretreatments similar to those de-
scribed above also support this observation. McCabe et al. [59]
reported that the oxidizable fraction of Pt in a series of silica
and alumina-supported Pt catalysts of widely varying Pt particle
size was simply proportional to the fraction of surface Pt atoms.
The location and chemical nature of the additional oxygen after
reaction and deactivation were not determined. The XPS results
support oxidation of Pt but to a lower oxidation state than PtO2.
The additional oxygen not used to further oxidize Pt could be
located below the surface. Legare [60] showed by DFT calcu-
lations that no oxygen atomic adsorption on Pt(111) was stable
beyond 0.5 ML, except by occupation of a subsurface site, and
also that subsurface O species could be stable at temperatures
below 700 K and O2 pressures of �1 bar. Weaver et al. [61]
found using XPS that PtO2 or an intermediate oxide (such as
Pt2O3) was formed at oxygen coverage > about 1 ML while
studying the oxidation of Pt(111) by gas-phase oxygen atoms in
ultra-high vacuum at 450 K. Yeh et al. [62,63] reported that the
platinum-oxide species formed on Pt/Al2O3 by oxygen depends
on the oxidation temperature, duration of oxidation, and Pt par-
ticle size. They found that chemisorbed oxygen, PtO, and PtO2
were the dominant products at oxidation temperatures of 25,
300, and 500 ◦C, respectively, and that the chemisorbed oxy-
gen at 25 ◦C could transform to PtO or PtO2 when the duration
of oxidation was changed from 2 h to >10 h [62]. In addition,
the oxide formed at ca. 500 ◦C changed from PtO2 to PtO as
the Pt particle size changed from <1.3 nm to >2 nm [63]. Mc-
Cabe et al. [59] also obtained similar results. On supported Pt
particles <1.5 nm, the oxygen uptake corresponded to PtO2,
but for particles >4 nm, the oxygen film was characteristic of
chemisorbed oxygen rather than platinum oxide. These results,
combined with our XPS and CO titration measurements, indi-
cate an evolution of the oxygen species from the chemisorbed
state toward PtO on our catalysts as a result of the different ox-
idation pretreatments. The Pt on the deactivated catalysts (fresh
or sintered) was on average more oxidized than that on the cor-
responding active catalysts. This conclusion is supported by
both the increase in the amount of oxygen removed by the CO
titration per surface Pt from 1.5 to 2.0 and by the small increase
in the Pt binding energy in the XPS. Because chemisorption
produces an O/PtS stoichiometry of 1, the foregoing increases
suggest increasing penetration of oxygen into the interior of the
Pt particles and an approach to PtO stoichiometry. It is interest-
ing that the XPS data do not support a model of a PtO shell
and Pt core, because there is no evidence in the spectra for
two distinct phases. One explanation is that at the Pt particle
sizes studied, oxygen diffuses into the bulk, producing only one
phase as observed by XPS. A particle size analysis by TEM is
needed to further analyze this issue. It does appear, however,
that when the particle absorbs a critical amount of oxygen, the
surface of the particle changes to a lower activity chemical state.

We should emphasize that the oxygen to surface Pt ratios of
1.5 and 2.0 reported here do not necessarily define the number
of oxygen layers. To define the position of the oxygen on the Pt
clusters using our data, one needs to assume that the oxygen in-
teraction does not depend on particle size and that a compound
is formed, not just oxygen dissolved into the bulk.

Because on the deactivated catalysts, the oxygen uptake was
about 40% higher than the uptake seen after the NO oxidation
reaction, it appears that there is a window of oxygen amount on
Pt above which the catalyst is deactivated. Ovesson et al. [31]
also found by ab initio kinetic simulations that the catalytic ac-
tivity of Pt(111) for NO oxidation was sensitive to the oxygen
coverage. They found that the surface reaction was endothermic
or inhibited in the low-coverage limit but became exothermic
only at about 0.25 ML O coverage at temperatures above 400 K
due to the lateral repulsive O–O and O–NO interactions. How-
ever, O coverage as high as 0.45 ML was required for activation
at room temperature. They also found that at high tempera-
tures (400 K and above), the reaction could be driven backward
and forward with only slight changes in the O coverage around
0.25 ML, but large changes would be required at low tempera-
tures due to kinetic limitations. Although the above-mentioned
study puts a lower limit on the O coverage, our results serve to
impose an upper bound on the catalyst’s oxygen uptake to keep
the catalyst active.

The CO titration curves were also used to compare the rate
at which oxygen can be removed from the two catalysts by CO,
thereby giving an indication of the reactivity of oxygen on the
two catalysts. Under the flow conditions used for the titrations
(488 cm3 min−1), the results are influenced by the flow dynam-
ics of the gas cell of the IR analyzer used for measurements.
The residence time in the IR gas cell was ca. 20 s, and the
time of titration varied between 1 and 3 min. Thus, the mea-
sured CO2 response was significantly affected by the mixing
dynamics of the IR cell. We tried to separate the IR cell mixing
effects from the actual reaction process by studying the resi-
dence time distribution of the IR cell. The responses to positive
and negative step tracer experiments and also to several pulse
experiments in the IR analyzer did not follow a regime that we
could model. However, because all of the titrations were per-
formed identically, it can be assumed that the titration results
are influenced by the mixing dynamics identically, and thus the
difference in the CO2 traces of Fig. 5 on the two catalysts after
the various pretreatments can be taken as an indication of the
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Table 5
Time constants for the linear rise and exponential decay of CO2 production rate
for the fresh and sintered catalyst during CO titration

Titration following Catalyst Linear time constant
(×10−3 s−2)

Exponential decay
constant (×10−3 s−1)

Pretreatment with O2 Fresh 5.16 ± 1.10 35.0 ± 0.66
Sintered 7.15 ± 0.30 56.7 ± 1.94

Pretreatment with
reaction mixture

Fresh 1.98 ± 0.07 25.2 ± 0.40
Sintered 2.90 ± 0.10 36.6 ± 1.20

Pretreatment with
deactivation mixture

Fresh 1.59 ± 0.04 24.5 ± 0.50
Sintered 1.62 ± 0.04 35.2 ± 1.90

Pretreatment conditions as in Table 3.

differing reactivity of the catalysts toward CO. With this IR cell
mixing caveat, the simplest model found to describe the CO2

production rate (or the oxygen removal rate) consisted of two
main parts: (i) an initial linear increase in the CO2 production
rate with time until about 10% of the total oxygen is removed
and (ii) a near-exponential decay in the CO2 production rate at
later times. The intermediate time region around the peaks of
the curves was not fitted. As an example, Fig. 5 shows the lin-
ear and exponential fits to the experimental titration data for the
fresh catalyst after the NO oxidation reaction.

Table 5 gives the values of the time constants associated
with the linear rise and the exponential decay regions and their
95% confidence intervals for each titration experiment on the
fresh and sintered catalysts. Simple comparison of these time
constants shows a trend toward higher time constants for the
sintered catalyst than for the fresh catalyst for all pretreatments.
A higher linear time constant implies faster CO2 formation or
oxygen removal rate by CO. Similarly, a higher exponential
decay constant also implies a faster removal of oxygen from
the catalyst. Thus, the trend seen in the time constants asso-
ciated with the linear rise and the exponential decay regions
indicates that removal of oxygen by CO is easier from the sin-
tered catalyst, which has larger Pt particles, than from the fresh
catalyst. This could imply that the interaction of oxygen with
larger Pt particles is weaker than that with the smaller parti-
cles, in accordance with observations by several researchers
[41,42,54]. If this trend were the same in the oxidation of NO to
NO2 over supported Pt, then the increase in the TOR associated
with an increase in the metal particle size would be correlated
with a decrease in the platinum–oxygen bond strength, as also
noted by other researchers [34,35]. This should encourage the
development of NO oxidation catalysts with high oxidation re-
sistance. For example, Olsson et al. [24] found that adding an
acidic component like vanadia to Pt/TiO2 catalyst resulted in
stable activity for NO oxidation reaction and suggested that the
electrophilic vanadia pulls the electron density from platinum,
making it more resistant to oxide formation. Similarly, Yazawa
et al. [37] concluded that Pt on acidic supports has a higher
ability to maintain its metallic state and resist oxidation and
hence has higher catalytic activity for propane combustion than
Pt on basic supports. Kieken et al. [29] found that increasing
the atomic percent of Au from 0 to about 44 on Pt–Au(100) al-
loy surfaces increased the steady-state decomposition of NO to
N2 under lean operating conditions by decreasing the oxygen
binding energy and hence the oxygen coverage under reaction
conditions.

5. Conclusion

The reaction kinetics of NO oxidation and the deactivation
behavior for two Pt/Al2O3 catalysts having different disper-
sions have been investigated. The TOR on the sintered catalyst
having a Pt cluster size of 7.0 nm was ca. 4 times higher than
the TOR on the fresh catalyst with a size of 2.4 nm. Based on
experiments designed using a central composite design (CCD)
for the fresh catalyst, we calculated apparent kinetic parameters
that matched our previously published results on NO oxidation
kinetics for the same catalyst [33] investigated by the one-at-
a-time variation of parameters method. The CCD statistical de-
sign probed for interactions among the variables and showed
that the apparent kinetic parameters were valid for all combina-
tions of parameters in the range of temperatures and concentra-
tions tested. The reaction was nearly first order in both NO and
O2 and nearly negative first order in NO2, and the apparent acti-
vation energy was 81.8 ± 5 kJ mol−1. The rate of NO oxidation
on the sintered catalyst had a similar order dependence with re-
spect to both NO and NO2 concentrations and also had similar
apparent activation energy as the fresh catalyst. However, the
apparent O2 order was ca. 0.7, a lower value compared with
the near-first-order dependence observed for the fresh catalyst.
Both fresh and sintered catalysts were found to deactivate when
exposed to conditions that favored Pt oxide formation: low tem-
perature and the strong oxidant NO2. The oxygen uptake by Pt
on these catalysts after NO oxidation reaction and after deacti-
vation by exposure to NO2 was quantified using the CO titration
method. It was found that the oxygen uptake after NO oxidation
reaction and also after catalyst deactivation was proportional to
the exposed surface area of platinum on the two Pt particle sizes
tested. The oxygen uptake was found to be 1.5 and 2 times the
amount of Pt on the surface after reaction and deactivation, re-
spectively, for both catalysts. XPS measurements also showed
similar shifts in the Pt binding energy on both catalysts, after
NO oxidation reaction and after their deactivation, supporting
the presence of only one phase. The activity of these deacti-
vated catalysts could be completely restored by mild exposure
to CO or H2. Based on the XPS and CO titration measurements,
the observed catalyst deactivation was attributed to an increase
in bulk oxidation of the Pt particles toward PtO that is sufficient
to alter the surface to a less active state. Titration results using
CO also show that the higher NO oxidation TOR observed on
large Pt particles may be due to their weaker interaction with
oxygen compared with small particles.
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