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Abstract−−−−Not only was the surface site density in a 0.78% Pt/SiO2 catalyst determined by using selective chemisorp-
tion techniques, but the surface chemistry related to decompositive N2O adsorption on the Pt surface was also described
by in situ DRIFTS techniques. The “O” coverage established by N2O decomposition at 363 K on a clean Pt surface
was equal to that via hydrogen adsorption at 300 K; however, both the coverage of chemisorbed oxygen via O2 chem-
isorption at 300 K and the COirr coverage were somewhat lower than the “O” monolayer coverage. Surface titration
of the “O”-covered Pt crystallites after N2O decomposition at 363 K gave a consistent Pts density with the hydrogen
chemisorption. In situ DRIFTS spectra of CO adsorbed at 300 K on both clean and H-covered Pt surfaces exhibited a
strong peak at 2,076 cm−1 for linearly adsorbed CO with a small extent of multi-coordinated CO near 1,803 cm−1. The
adsorption of CO at 300 K on an “O”-covered Pt surface via dissociative N2O adsorption at 363 K appeared sub-
sequently a band at 2,186 cm−1 due to a tiny amount of PtsO crystallites, which could be completely reduced to H-
covered ones, when titrated with H2 at 300 K. The adequate description for these CO adsorption behaviors on different
surfaces is PtsO+2CO(g)�PtsCO+CO2(g), although to very small extent, the addition onto PtsO occurs. Spectra of CO
adsorbed on the oxidized Pts via N2O decomposition gave consistent surface chemistry with in situ gravimetric meas-
urements. The surface reactions acquired by DRIFTS spectra potentially offer an approach to remove N2O from emission
sources by combining its catalytic dissociation with titration of the chemisorbed “O” atoms using either H2 or CO, par-
ticularly H2 because of complete recovery to a clean Pts.
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INTRODUCTION

Metals highly dispersed on rigid solid supports are widely used
to catalyze industrial petroleum and chemical reactions. A funda-
mental concern in these metal-catalyzed reactions is to see if cat-
alytic activity is closely related to the surface metal density (frac-
tion exposed) in supported metal catalysts. Among the most sensi-
tive and reliable methods for exploring the dispersion of metals as
an answer to this principal question [Sinfelt, 1975], the first priority
to be considered is the selective chemisorption of probe molecules,
such as H2, CO and O2, in which these gases are strongly chemi-
sorbed on the metal surface but not on the support being used, and
the titration of an adsorbed species using another gas molecule, like
the titration of chemisorbed oxygen by H2 [Benson and Boudart,
1965; Vannice et al., 1970]. Hydrogen is well-known to be accom-
modated dissociatively on metals, such as Pt, Pd and Rh, and the
adsorption stoichiometries on surface metal atoms around 300 K
are widely accepted to be near unity [Benson and Boudart, 1965;
Vannice et al., 1970; Wilson and Hall, 1970; Shin et al., 2000; Song
et al., 2002]; however, some cases, such as on highly dispersed Pt
metals, give surface stoichiometries near 2 [Mears and Hansford,
1967; Candy et al., 1980; Humblot et al., 1998]. In the case of CO

chemisorption on metal surfaces around 300 K, the stoichiome
ratios can be dependent upon the crystal planes exposed to on
ing CO, crystallite size, and mode of adsorption (on-top vs. mu
coordinated) [Vannice and Twu, 1983; Bare et al., 1984; Hayde
al., 1985; Haaland, 1987], while the stoichiometry for adsorbed o
gen via O2 has been reported to be lower than that for hydrogen 
O/Pts values near 0.5 are shown on very small Pt crystallites [Me
and Hansford, 1967; Humblot et al., 1998].

Not only can incomplete monolayer coverage of oxygen be form
when introducing O2 onto metal surfaces, but any bulk oxidatio
as with Cu, also occurs; therefore, these lead to difficulty in de
mining surface stoichiometries. Such an improbability additiona
exists if O2 can react with or adsorb on the support being used
in the representative case of carbonaceous materials. An altern
approach to avoid and/or alleviate such problems may be the c
isorption of “O” atoms via the adsorptive decomposition of N2O
under specified conditions, as first employed by Dell et al. [19
to characterize metallic Cu surfaces according to the following
action,

2Cus+N2O(g)�Cus-O-Cus+N2(g), (1)

where the subscript s represents a surface metal atom. Subse
evidence for the formation of only a single Cu2O (designated the
Cus-O-Cus surface) layer during N2O decomposition at tempera
tures near 373 K on unsupported and supported copper metal
provided early by Scholten and Konvalink [1969], and that surf
reaction was additionally verified from a UPS study [Narita et 
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1982]. However, adsorption stoichiometries different from that in
Eq. (1) have been indicated with Ag and Ru surfaces [Seyedmonir
et al., 1984; Berndt and Muller, 1999]. Under UHV conditions at
low temperatures, very weak interaction of N2O with Cu, Ni and
Pt has been deduced from UHV studies for its adsorption on single
crystals of Cu, Ni, Pt, Rh, Ru, and W [Fuggle and Menzel, 1979;
Daniel et al., 1981; Umbach and Menzel, 1981; Kim et al., 1982;
Hoffman and Hudson, 1987]. At higher temperatures, dissociative
N2O adsorption occurred on Re, Rh and CaO [Gasser and Marsay,
1970; Barker and Gasser, 1973; Shun et al., 2001] but not on Pt (111)
[Avery, 1983].

Recently, we first investigated decompositive N2O adsorption on
metallic Pt surfaces at much higher temperature and pressure, i.e.,
363 K and 76Torr, compared to typical UHV conditions. The mono-
layer coverage of chemisorbed oxygen on Pt via the N2O dissocia-
tion was slightly greater than that established by O2 chemisorption
at either 300 or 363 K but the same as that obtained by H2 chem-
isorption, and this oxygen was completely titratable using H2 at 300
K. Such a surface stoichiometry of these reactions could be described
successfully to be [Kim et al., 2001, 2002]:

Pts+N2O(g)�PtsO+N2(g), (2)

PtsO+3/2H2(g)�PtsH+H2O(ad). (3)

This paper primarily focuses on O coverages established via the
titration of the oxygen atoms, produced through Eq. (2), by either
CO or H2 and to compare them with those obtained by H2 and CO
chemisorption, thereby assuring the earlier novel method for deter-
mining a Pt dispersion value and verifying surface chemistry of the
titration technique. With that information, this study inquires about
subsequently potential processes for catalytic N2O reduction by con-
secutive use of dissociative N2O adsorption at low temperatures on
supported Pt following the titration of the chemisorbed oxygen.

EXPERIMENTAL

SiO2 having a surface area of 220 m2/g (Davison 57) was ground
to a 60/80 mesh size and used for preparing a supported Pt catalyst.
Prior to the Pt being loaded onto the SiO2, it was calcined at 773 K
for 4 h in flowing O2 (Korea Speciality Gases, 99.999%, and MG

Ind., 99.999%) at 1.5 L/min. A 0.78% Pt/SiO2 catalyst was obtained
by an ion exchange method. The calcined SiO2 was first brought
into an NH4OH solution with a pH value of 9.8, and then an aqu
ous solution of Pt(NH3)4Cl2 (Aldrich, 99.995%) was slowly added
dropwise to that mixture. The pH value of the solution-solid m
ture was maintained by periodically adding dropwise the NH4OH
solution to it. Details of such procedures regarding the ion excha
technique have been described elsewhere [Benesi et al., 1968;
et al., 2001].

The adsorption of probe gases, such as N2O (BOC, Medical Grade,
99.9%, and Korea Specialty Gases, Semiconductor Grade, 99.99
H2 (MG Ind., 99.999%, and Korea Specialty Gases, 99.999%) 
CO (Matheson, 99.99%), on 0.78% Pt/SiO2 was conducted by using
a stainless steel high vacuum system, giving a dynamic vacuum
low 10−7 Torr (1Torr=133.3 Pa), equipped with a Balzers Type TP
170 turbomolecular pump (Pfeiffer Vacuum Technol.) backed 
an Edwards Model RV12 mechanical pump. Changes in pres
during the volumetric measurements of N2O, H2, and CO were de-
tected with a differential pressure gauge (Type 270B, MKS Ins
connected to a Baratron Type 310CA pressure sensor. A det
description of such an adsorption system has been provided 
where [Na et al., 1993; Dandekar and Vannice, 1998]. Prior to
troducing the light gas molecule into the volumetric system, we p
treated the catalyst in situ in a chemisorption cell placed in a cylin
drical electric furnace using one of the two pretreatment proto
described in Table 1. All gas flow rates in the course of the pretr
ment were maintained at 32 cm3/min by using Tylan Model FC 260
mass flow controllers. All gases used were purified by passing th
through commercial moisture traps and oxytraps (Alltech Ass
except that only moisture traps were employed for N2O, as described
previously [Kim et al., 2001].

An appropriate amount, typically 0.50 to 0.70 g, of the 0.78
Pt/SiO2 was routinely reduced by using pretreatment I, and first 
hydrogen adsorption at 300 K was measured at pressures ra
from 40 to 350 Torr. The titration of oxygen (designated “O” 
distinguish it from oxygen via O2 chemisorption) deposited on the
Pt surface via N2O decomposition at 363 K was conducted, and t
titration reaction is designated “H2-N2O titration” as earlier studies
[Kim et al., 2001, 2002]. Both total and reversible uptakes for 2

in those reactions were determined by extrapolating the linea

Table 1. Pretreatment protocols for 0.78% Pt/SiO2

Pretreatment I
(1) Heat to 673 K at a rate of 4.5 K/min and hold for 1 h in flowing He (760 Torr).
(2) Reduce in flowing H2 (760 Torr) for 1 h at 673 K.
(3) Cool to 648 K in H2.
(4) Evacuate at 648 K for 30 min.
(5) Cool to 300 K and continue evacuation for 1 h at 300 K.

Pretreatment II
(1) Reheat to 648 K and hold for 15 min in flowing H2 (760 Torr) after using pretreatment I.
(2) Evacuate at 648 K for 30 min.
(3) Cool to 363 K in vacuum.
(4) Expose to 10% N2O (76 Torr) in a He flow at 363 K for 30 min.
(5) Evacuate at 363 K for 30 min.
(6) Cool to 300 K and continue evacuation for 1 h at 300 K.
March, 2003
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gions, occurring from 150 to 350 Torr, of the isotherms to P=0 to
correct for adsorption on the support, as described elsewhere [Ben-
son and Boudart, 1965; Wilson and Hall, 1970]. After the initial
reduction, all other adsorption measurements at 300 K were also
preceded by either pretreatment I or II. The O monolayer by ad-
sorbing O2 at 300 K on the Pt surface was titrated with H2 via the
standard titration reaction, designated as “H2-O2 titration,” to allow
comparison with the H2-N2O titration. Adsorption of CO at 300 K
on the oxidized Pts via pretreatment II, i.e., CO-N2O titration, was
conducted with subsequent measurement of CO uptakes on a clean
surface. The dual isotherm technique used by Yates and Sinfelt [1967]
was used to determine CO irreversibly adsorbed on the Pt surface
at 300 K.

The adsorption of “O” atoms via N2O decomposition at 363 K
on the Pt catalyst was gravimetrically conducted by using a Per-
kin-Elmer TGS-2 thermogravimetric system with an instrumental
sensitivity of 0.1µg, as described earlier [Dandekar and Vannice,
1998]. An appropriate amount of the catalyst (ca. 7 to 20 mg) was
loaded into the sample-holding pan and reduced in situ at 673 K
for 1 h in a mixture of 30% H2 in Ar flowing at a rate of 60 cm3/
min according to pretreatment I. The catalyst after cooling to 363 K
was exposed to a flowing mixture of 10% N2O in Ar for 30 min
and then a flow of pure Ar to remove N2O reversibly accommo-
dated on the catalyst. The net weight gain due to the “O” atoms on
Pt was determined by subtracting the initial weight from the final
one. Essentially the same manner as that for measuring an “O” up-
take via the N2O decomposition was used for CO adsorption at 300K
on the catalyst after pretreatment II to clarify surface chemistry re-
garding the volumetric CO-N2O titration reaction. All gases used
were purified in a fashion similar to that described above, but Ar
was specially cleaned to an impurity level less than 1 ppb by passing
it through an Aeronex GateKeeper purifier (Model 400 K, Supelco).
Details of such gravimetric measurement procedures used here were
given in our previous work [Kim et al., 2001].

A Mattson Research Series 10000 spectrophotometer, coupled

with a Harrick Scientific DRA DRC (diffuse reflection cell) attach
ing three NaCl windows, was employed for in situ DRIFTS meas-
urements. After a sample (ca. 100mg) of 0.78% Pt/SiO2 was loaded
into the DRC and initially underwent pretreatment I, it was scan
at 300 K to obtain an interferogram as a background for Fou
transforming the sample spectra. Following this, a gas mixture
10% CO (76 Torr) in Ar was passed through the cell for 30 min
300 K and a second interferogram was taken in the presenc
CO; then a final spectrum was collected after the DRC was pu
with pure Ar for 30 min. The catalyst, on which oxygen had be
chemisorbed by either pretreatment II or I following exposure
10% O2 in Ar at 300 K, underwent the procedures similar to th
described above. Spectra of CO adsorbed at 300 K on either of 
oxidized surfaces were compared with those for CO on these
faces that had been exposed to 45% H2 in an Ar flow at 300 K. Each
interferogram in the presence and absence of CO at 300 K 
Fourier transformed by using a background which had been colle
prior to introducing the CO. All interferograms were recorded w
a 4-cm−1 resolution and a scan number of 1000. Details of suc
DRIFTS system and spectra-collecting protocols have been prov
earlier [Klingenberg and Vannice, 1999; Huang et al., 2000; K
et al., 2001, 2002].

RESULTS

0.78% Pt/SiO2 was subjected to pretreatment II thereby depo
ing the “O” atoms onto the Pt surfaces via dissociative N2O adsorp-
tion at 363 K and the extent of “O” coverage of the Pt was de
mined by the H2-N2O titration; the value was around 34.1µmol
H2/g, as shown in Table 2. COirr coverage via the volumetric CO-
N2O titration was 23.3µmol/g and increased significantly compare
to that on the reduced Pts, as listed in Table 2. The conventional H2

titration value for oxygen chemisorbed via O2 adsorption at 300 K
is also included to compare with that established from the H2-N2O
titration. The total hydrogen uptake on this Pt catalyst was 11.5µmol

 Table 2. Adsorption of N2O at 363 K and H2, O2 and CO at 300 K on 0.78% Pt/SiO2

Pretreatment

Gas uptake (µmol/g) Surface site densitya

Crystallite
size, dp
(nm)b

Volumetric Gravimetric Htot Otot COirr “O” irr

H2-N2O titr. H2 O2
c CO H2-O2 titr. CO-N2O titr. “O” d CO-N2O titr. Pttot Pttot Pttot Pttot

Tot. Tot. Tot. Irr. Tot. Irr. Irr. Irr.

II 34.1 0.57 2.0
I 11.5 0.58 2.0
I 10.4 0.52 2.2
I 17.6 0.44 2.6
I 31.9 0.53 2.1
I 23.6 0.59 1.9
II 23.3 0.58 2.0
I 25.4 0.63 1.8

Note. No COirr  uptake on bare SiO2 after any pretreatment.
aAssuming H/Pts=O/Pts=CO/Pts=1.
bAssuming dp (nm)=1.13/D, where D is Htot/Pttot, Otot/Pttot, COirr /Pttot, or “O”irr /Pts.
cNo reversible adsorption.
d“O” uptake via dissociative N2O adsorption at 363 K.
Korean J. Chem. Eng.(Vol. 20, No. 2)
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H2/g. Uptake values were very reproducible even with different sa
ples and there was no difference in gas uptakes between repea
pretreated and single-pretreated sample, which consistently ag
with previous results [Kim et al., 2001]. A typical set of isotherm
is shown in Figs. 1 and 2.

The extent of “O” deposition on 0.78% Pt/SiO2 via N2O decom-
position at 363 K was gravimetrically determined. For this, the c
alyst sample was subjected to pretreatment II in the gravimetric 
tem. A measurable weight change appeared when 10% N2O was
additionally introduced in a flow of pure Ar, as shown in Fig.
The net weight gain due to the “O” coverages on the Pt surface
2.6µg, corresponding to an “O” uptake value of 23.6µmol/g when
using Eq. (2). The gravimetric measurement of CO uptake at 30
on the Pt following N2O decomposition at 363 K gave about 5.8µg,
as seen in Fig. 4, that can be an estimate of 25.4µmol COirr /g with
an assumption of complete titration of “O” atoms on Pts by CO at
300 K. No accommodation of atomic oxygen via N2O decomposi-
tion at 363 K was found with bare SiO2 in an earlier gravimetric
measurement [Kim et al., 2001]. Adsorption of CO at 300 K 
pure SiO2 clearly obeyed Henry’s Law, with no COirr adsorption
occurring and less than 1µmol/g of total uptake at 300 Torr CO
and 300 K [Kim et al., 2001]. In addition, there were no apprec
ble Pt peaks in an XRD measurement with the catalyst that had 
pretreated by using the same protocols as that employed for th
sorption measurements.

In situ DRIFTS spectra taken after CO adsorption at 300 K 
an “O”-covered surface obtained via N2O decomposition at 363 K
on 0.78% Pt/SiO2 using pretreatment II are shown as a function
exposure time in Fig. 5. After a 0.5-min exposure in flowing 10
CO (76 Torr) in Ar at 300 K, peaks at 2,487, 2,341, 2,186 and 1,

Fig. 1. Titration isotherms on 0.78% Pt/SiO2 after pretreatment
II: (�, �) CO-N2O titration; (�) H2-N2O titration. Open
and closed symbols are the respective total and reversible
uptakes at 300 K.

Fig. 2. Adsorption isotherms on 0.78% Pt/SiO2 after pretreatment
I: (�,� ) H2 adsorption; (�,�) CO adsorption; (�) O2

adsorption; (�) H2-O2 titration. Open and closed symbols
are the respective total and reversible uptakes at 300 K.

Fig. 3. Gravimetric measurement for dissociative N2O adsorption
at 363 K on 0.78% Pt/SiO2 reduced at 673 K.
March, 2003
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cm−1 appeared along with a predominant band at 2,076 cm−1 and a
weak shoulder at 2,091 cm−1. The latter two bands are not appa
ently marked in Fig. 5, because of magnification of less intense pe
however, their position is quite similar to that given later in Fig.
All bands were unchanged in their position and intensity after
exposure of 30 min, except for the 2,341 cm−1 peak that decreased
with time. A 30-min purge with pure Ar at 300 K retained all ban
but that at 2,341 cm−1 and caused downwards shift of the 1,827 
1,815 cm−1; therefore, the principal difference in these spectra is 
dependence of the 2,341 cm−1 band intensity on time as well as it
disappearance with the Ar purge. No peaks were detected with 
SiO2 [Kim et al., 2002]. These time-dependent spectra indicate 
the “O” atoms established by dissociative N2O adsorption at 363 K
can react with gas-phase CO during the titration, although a v
small amount of PtsO species is still left on the Pt surface. It is o
particular interest to note that these spectra are very similar to
taken with a reduced sample following O2 chemisorption at 300 K.

Spectra of CO adsorbed on 0.78% Pt/SiO2 after different pre-
treatments are provided in Fig. 6. Adsorption of CO at 300 K o
clean Pt surface after pretreatment I gave, when purged with a 
of pure Ar, a very strong peak at 2,076cm−1 with a shoulder at 2,085
cm−1 and weak bands near 2,488 and 1,779 cm−1, as shown in Fig.
6(a). After the sample was exposed to 76 Torr N2O at 363 K and
titrated with a flow of 45% H2 in Ar at 300 K, exposure to 10% CO
in an Ar flow following a 30-min purge with pure Ar at 300 K ex

Fig. 4. Gravimetric measurement for CO adsorption at 300 K on
0.78% Pt/SiO2 following pretreatment II.

Fig. 5. In situ DRIFTS spectra of CO adsorbed at 300 K on 0.78%
Pt/SiO2 after pretreatment II. Spectra were taken both as
a function of exposure time under a pressure of 76 Torr CO
and after a 30-min purge with Ar.

Fig. 6.In situ DRIFTS spectra of CO adsorbed at 300 K on 0.78%
Pt/SiO2 after different pretreatments and a purge with Ar:
(a) after pretreatment I; (b) after pretreatment II following
H2 titration at 300 K by flowing 45% H2 (340 Torr) in Ar.
Korean J. Chem. Eng.(Vol. 20, No. 2)
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5)
hibited bands at 2,486, 2,086, 2,073 and 1,778 cm−1, as shown in
Fig. 6(b). No peak near 2,185 cm−1 was indicated with the clean and
H-covered Pt surface. The principal distinctive point between spec-
tra (a) and (b) is that not only could the band around 1,779 cm−1 be
enhanced with the H-covered surface, but the 2,085 cm−1 band for
bridging CO on Pts was also indicated more clearly. However, the
spectrum for CO adsorbed on the Pt surface after H2 titration of the
oxygen chemisorbed at 363 K represents that all chemisorbed oxy-
gen could be removed and H2 titration using N2O can successfully
evaluate the surface metal density in this supported Pt catalyst.

DISCUSSION

Variation in adsorption stoichiometries of gas molecules on metal
surfaces is closely related to the coordination environments that are
of particular interest to be mainly discussed in this paper. Cover-
ages of hydrogen on large Pt crystallites are widely accepted to be
H/Pts stoichiometries near unity [Vannice et al., 1970; Freel, 1972],
while H/Pts values greater than one have been reported for very small
Pt particles highly dispersed on a variety of supports [Mears and
Hansford, 1967; Freel, 1972; Candy et al., 1980; Humblot et al.,
1998]. The latter behavior has been explained by inquiring hydro-
gen spillover, metal-support interactions, and low coordination metal
sites. Near 300 K, both oxygen and CO monolayer coverages are
consistently lower than that for hydrogen [Freel, 1972; Frennet and
Wells, 1985; Wells, 1985]. Incomplete saturation of oxygen, com-
pared to hydrogen, is primarily due to an immobile monolayer for-
mation and/or a lower adsorption capacity on very small Pt crystal-
lites and clusters [Vannice et al., 1970; Wilson and Hall, 1970]. Not
only could CO coverages on metal surfaces depend on the crystal
plane and mode of its accommodation, but adsorbate-induced rear-
rangements, i.e., surface reconstruction, also create the complicity
of surface stoichiometries in CO adsorption [Barteau et al., 1981;
Behm et al., 1983].

Keeping in mind these adsorption phenomena depending on met-
al surface structures, a main focus in this paper is the relationship
between surface chemistry and surface stoichiometries of the titra-
tion reactions on Pts having different surface coordination. The probe
gas uptakes on the 0.78% Pt/SiO2 catalyst give very consistent results
with previous studies. The Pt dispersion indicated is in the range of
0.52 to 0.59, corresponding to crystallite sizes of 1.9 to 2.1 nm by
using the correlation, dp (nm)=1.13/D, given in Table 2. It may be
very difficult to be distinguished easily from the background of silica
itself by XRD, which is consistent with our measurements. The O
and COirr coverages are lower than that based on total H atoms es-
tablished via H2 adsorption at 300 K. This would be due to the for-
mation of bridged-bonded O and COirr  on Pts sites. One half of the
coverage based on the total hydrogen uptake is reversible, in good
agreement with previous studies of Pt dispersed on SiO2 and Al2O3

[Palmer and Vannice, 1980; Sen and Vannice, 1991]. The “O” cover-
age value at 300K, whether determined volumetrically or gravimet-
rically, is essentially equal to the Htot coverage, indicating the occur-
rence of Eq. (2) during N2O decomposition at 363 K, thereby for-
ming a saturated “O” monolayer that could be stoichiometrically
titratable using hydrogen at 300 K as described by Eq. (3), which
is consistent with the earlier discussion with a 0.81% Pt/SiO2 [Kim
et al., 2001]. The titration reaction of “O” atoms via N2O decom-

position at 363 K consistently gives an oxygen monolayer form
tion greater than that formed by O2 chemisorption at 300 K. Such a
major difference in surface chemistry of oxygen chemisorption via
N2O and O2 could result from the site pair requirement for imm
bile oxygen dissociation which does not exist for N2O; therefore, the
volumetric oxidation and reduction of the Pt surfaces via the CO-
N2O titration reaction gives readily consistent coverages with the 
lier H2-N2O titration technique. This surface reaction, combined c
secutively with Eq. (2), is expected to be a stoichiometry of:

PtsO+2CO(g)�PtsCO+CO2(g). (4)

The titration reaction, when measured gravimetrically with a g
en sample size, predicts a weight gain of 5.2µg if only Eq. (4) oc-
curs, and the extent of CO irreversibly adsorbed on Pts after N2O
decomposition at 363 K is somewhat greater than that acquire
the volumetric CO-N2O titration. This indicates that the following
process during CO adsorption on the “O”-covered surfaces could
occur:

PtsO+CO(g)�PtsO-CO. (5)

If it is assumed for only a single reaction given in Eq. (5) to be pr
able, the net weight gain expected is shown to be ca. 12.2µg; there-
fore, Eq. (4) is predominant in the course of the titration. In eit
case, the net change in volume is a COad/Pts ratio of unity because
of no significant adsorption of CO2 produced. Consequently, the con
secutive use of the chemisorption of oxygen via the decomposition
of N2O on Pts following CO titration is an alternative approach t
evaluate the Pt dispersion, in addition to the earlier H2-N2O titra-
tion technique.

Prior to using this supported Pt for catalytically reducing N2O
by either H2 or CO at low temperatures, surface-oriented inform
tion regarding the titration reaction of chemisorbed oxygen with 
gas molecule at 300 K could be successfully induced from DRIF
spectra of CO on both clean (reduced and evacuated) and “O”-
ered Pt surfaces. Based on earlier IR and EELS studies of CO
sorption on reduced Pt surfaces [Eischens et al., 1954; Shig
and King, 1976; Froitzheim et al., 1977; Bare et al., 1984; Bars
et al., 1985; Greenler et al., 1985; Hayden et al., 1985; Wells, 1
Haaland, 1987; Gardner et al., 1990; Solymosi and Knozinger, 1
Liotta et al., 1996; Hadjiivanov, 1998; Kim et al., 2001], the C
absorption bands, i.e., 2,486±2, 2,341, 2,186, 2,088±3, 2,076 an
1,803±24 cm−1, observed in the presence and absence of CO at
K (Figs. 5 and 6) can be assigned. The peak near 2,486 cm−1 band
is assigned to be a combination mode of C-O and Pts-C symmetric
stretching vibrations in on-top Pts-CO species [Bare et al., 1984]
The band near 2,341 cm−1 results from a very weak interaction be
tween CO2, created during reduction of the oxygen-covered Pt s
face by gas-phase CO, and SiO2 [Solymosi and Knozinger, 1990;
Liotta et al., 1996]. The 2,186 cm−1 band represents CO adsorbe
on oxidized Pt surface sites [Barshad et al., 1985; Balakrishna
al., 1990; Hadjiivanov, 1998]. The 2,088 and 2,076 cm−1 bands indi-
cate linearly adsorbed CO on metallic Pts atoms having different co-
ordination numbers, while the band around 1,803 cm−1 corresponds
to multi-coordinated (bridge-bonded) CO on metallic Pts [Eischens
and Pliskin, 1958; Greenler et al., 1985; Hayden et al., 1985; Ve
et al., 1988; Gardner et al., 1990].

CO adsorption at 300 K on an “O”-covered Pt surface (Fig.
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obtained via N2O decomposition at 363 K exhibits infrared spectra
quite similar to that reported for CO on a variety of silica-supported
Pt samples, representatively EUROPT-1 [Wells, 1985] and 0.81%
Pt/SiO2 [Kim et al., 2001]. Only exception to the spectra of CO ad-
sorbed on the oxidized surface is no complete reduction of some
Pt surface atoms by gas-phase CO at 300 K, as is evident from the
presence of the 2,186cm−1 band. This immediately supports our gravi-
metric results for CO-N2O titration reaction that to a very small ex-
tent, Eq. (5) occurs subsequently. Introduction of H2 at 300 K onto
this surface readily removes all the surface “O” atoms, thereby com-
pletely disappearing the 2,186 cm−1 peak and accompanying an in-
crease in intensity of the 2,086 cm−1 shoulder as seen in Fig. 6(b).
Such behaviors in CO adsorption at 300 K on the oxygen- and hy-
drogen-covered Pt surfaces suggest that very small amounts of Pt
are atomically isolated on the silica surface [Kim and Vannice, 2002],
which can be well modeled by the structures shown in Fig. 7. The
titration of the oxidized surface at 300 K by H2 increases the extent
of bridge-bonded CO because of an enhancement in a roughened
Pt surface. These results indicate that the adsorption of CO at 300
K on an “O”-covered Pt surface via N2O decomposition at 363 K
can be adequately described by Eq. (4). Consequently, the surface
chemistry represented by Eqs. (2), (4) and (5) is very consistent with
our results, acquired from in situ DRIFTS and gravimetric meas-
urement techniques, and can be particularly useful to count surface
site density in supported Pt catalysts, such as Pt-only and bimetal-
lic Pt-Cu crystallites, when any H spillover occurs. Subsequently,
the decomposition of N2O at low temperatures on a reduced Pt sur-
face, coupled with either Eq. (3) or (4), may be expected to be used
to reduce N2O, which contributes to the overall global warming by
9%, from stationary emission sources; such a potential use of this
catalytic process is in progress in another part of this program.

CONCLUSIONS

N2O is readily dissociated on Pt surfaces at 363 K and pressures
around 76 Torr, thereby forming saturated monolayer coverage of
chemisorbed oxygen. These “O” atoms accommodated on the sur-
face metals could be completely titrated by CO at 300 K, as by H2

proposed earlier; thus, these surface reactions are adequately described

by using Eq. (4). The “O” coverage on a 0.78% Pt/SiO2 catalyst
was the same as that established by hydrogen chemisorption a
K. H-covered Pt surfaces via the hydrogen adsorption at 300K afte
N2O decomposition at 363 K gave the strong linearly-adsorbed 
band at 2,076 cm−1 with the weak bridge-bonded CO peak near 1,7
cm−1 and this spectrum was quite similar to that established wi
clean surface, very consistent with the H2-N2O titration reaction.
Exposure of “O”-covered Pt surfaces, obtained via N2O decompo-
sition at 363 K, to CO at 300 K and 76 Torr would almost remo
the “O” monolayer coverages as indicated by a time-dependent 
at 2,341 cm−1 due to CO2 very weakly held on the silica support. A
surface model based on the volumetric and gravimetric consec
titrations is in excellent agreement with in situ DRIFTS spectra of
CO adsorbed on Pts. Consequently, the CO-N2O titration reaction
offers an alternative technique to determine a surface site dens
supported Pt, and the surface chemistry regarding the H2- and CO-
N2O titration may be a clue to catalytically reduce N2O at low tem-
peratures.
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