
t

ize

udies and
ilica were
ate that the
n

as phase
ly metallic
nt only
onditions
this

ow that the
idation
, and most
Journal of Catalysis 220 (2003) 382–391
www.elsevier.com/locate/jca

In situ FTIR, EXAFS, and activity studies of the effect of crystallite s
on silica-supported Pt oxidation catalysts

F.J. Gracia,a L. Bollmann,a E.E. Wolf,a,∗ J.T. Miller,b and A.J. Kropfc

a Department of Chemical Engineering, University of Notre Dame, Notre Dame, IN 46556, USA
b BP Research Center, E-1F, 150 W. Warrenville Rd., Naperville, IL 60563, USA

c Chemical Technology Division, Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, IL 60439, USA

Received 18 March 2003; revised 27 June 2003; accepted 8 July 2003

Abstract

The effect of crystallite size on the activity of silica-supported Pt catalysts during CO oxidation has been investigated by kinetic st
in situ infrared (IR) and extended X-ray absorption fine structure (EXAFS) spectroscopies. Catalysts containing 2% w/w Pt on s
prepared by two different methods, rendering catalysts with dispersion values ranging between 0.29 and 0.80. Kinetic results indic
turnover frequency (TOF) of CO oxidation increases with increasing particle size under O2-rich conditions, confirming that the CO oxidatio
reaction over Pt/SiO2 catalysts is structure sensitive under an oxidizing environment. This characteristic is not only related to the g
surrounding the supported catalyst but also to the crystallite size range analyzed. EXAFS results show the formation of complete
Pt particles upon reduction in H2 at 300◦C for 1 h regardless of the particle size, whereas after a subsequent oxidation pretreatme
the smallest particles are fully oxidized. At room temperature, the oxidized Pt surface does not adsorb CO, but under oxidizing c
(1% CO, 10% O2 in He) the oxidized catalysts show activity atT > 100◦C. Fourier-transform infrared spectroscopy indicates that even
low CO concentration leads to reduction of the oxidized surface under reaction conditions. The results presented here clearly sh
active surface of Pt/SiO2 catalysts during CO oxidation is the metallic Pt, and that different sites on a Pt crystallite have different ox
rates depending on its size. These results show the sensitivity of CO oxidation activity to the preparation method, pretreatment
significantly to the reaction atmosphere.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The average crystallite size and oxidation state of the
face are two of the most important parameters determi
the activity of noble metal-supported catalysts. Boudar
al. [1] distinguished between catalytic reactions wherein
specific activity (moles/time/per active metal area) is in
dependent of the active area (facile reactions) and those i
which the specific activity changes with the specific a
(demanding reactions). The traditional view for CO oxid
tion [2–11] is that this reaction is facile on noble metals
high CO partial pressures, where the reaction rate is n
tive order in CO concentration. In excess oxygen, howe
the reaction rate is zero or positive order in CO concen
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E-mail address: Eduardo.E.Wolf.1@nd.edu (E.E. Wolf).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00296-3
-

tion, and it has been found to be demanding. Several au
have reported particle-size effects on the various elemen
steps involved in CO oxidation [12–17], as well as on
overall reaction rate (moles/second/mass catalyst) at bot
low and high CO concentrations [18–21]. Recently, the
vestigation of the reactivity of gold-supported catalysts
indicated that the highest activity during CO oxidation, e
at room temperature, is obtained on samples with highly
persed small gold particles [22–24]. In general, the role
particle size during oxidation reactions is not yet clear
discrepancies may be found in the literature [25,26].

In many studies of oxidation reactions in our laborato
dating back to the early 1980s [27–29], and more rece
in our study of the role of Cl on Pt-supported catalysts [3
we have carefully measured reaction rates independe
mass transfer effects. In these studies, we have obse
that theconversion and thereaction rate per unit mass were
independent of Pt dispersion. Consequently, when rea

http://www.elsevier.com/locate/jcat
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rates are calculated per unit Pt area, i.e., as turnover nu
(TON) or turnover frequency (TOF), the catalysts with t
largest Pt area (high dispersion) have thelowest TOF. What
makes it difficult to determine uniquely the cause of t
observation is that during oxidation reactions the reac
atmosphere contains oxygen. Hence, it is not clear whe
the surface is metallic, oxidized, or a mixture of oxide a
metallic phases [31,32]. Whereas this is true for suppo
Pd and Rh catalysts, in the case of Pt catalysts, we also f
[30] that, as suggested by Burch and Loader [31b], platin
particles seem to have a strong “memory” of previous
duction pretreatments, as they remain in the metallic s
under oxidizing conditions. We also showed that the ac
surface can be modified by the interaction of the precu
used during preparation (Cl) and the reactant mixtures
der reaction conditions [30,33]. Since most surface ana
techniques are conducted under vacuum or ex situ, it is
always clear whether the same oxidation state is valid
der reaction conditions at atmospheric pressure. Contro
atmosphere EXAFS and in situ infrared (IR) spectrosco
are techniques that can be used under reaction conditio
probe the working surface. These techniques are used in
study, along with activity measurements, to demonstrate
relation between particle size and the oxidation state of
working surface during CO oxidation on Pt/SiO2 catalysts.

2. Experimental

2.1. Catalyst preparation

Catalysts were prepared by adding tetraamineplatin
(+2) nitrate (PTA) to silica by two methods: wet impre
nation, or adsorption (Ads), and incipient wetness impr
nation (IWI). Impregnation was followed by calcination
flowing air at different temperatures to yield catalysts w
identical Pt loading but different dispersions. To obtain ca
lysts with high dispersion, PTA was adsorbed on silica
basic pH, whereas for catalysts with lower dispersion, P
was added by incipient wetness impregnation with no
justment in the pH.

2.1.1. Adsorption (Ads) of PTA
Fifty grams of silica (Davison grade 644, 300 m2/g,

1.2 cc/g) were slurried in 400 mL H2O. The pH was ad
justed to 9.5 by addition of concn NH4OH. Separately, 2.0 g
of Pt(NH3)4(NO3)2 was dissolved in 50 mL of H2O and
added to the basic silica solution. Stirring was continued
an hour, and the solid was filtered. The solid was reslur
twice in 300 mL H2O, filtered, and dried at room temper
ture and overnight at 100◦C. The Pt content was determine
by ICP and was found to be 2.05% Pt. Portions of the
talyst were calcined at 100, 300, 400, 500, and 600◦C for
3 h.
rTable 1
Catalyst preparation and Pt dispersion of reduced catalysts

Sample % Pt Method of preparation

1 2.0 Ads: calcined at 400◦C. No CO chemisorption at RT
2 2.0 Ads: calcined at 500◦C. No CO chemisorption at RT
3 2.0 Ads: calcined at 600◦C. No CO chemisorption at RT
4 2.0 IWI: calcined at 400◦C. No CO chemisorption at RT
5 2.0 IWI: calcined at 600◦C. No CO chemisorption at RT
6 2.0 Ads: calcined at 100◦C, reduced at 300◦C (H/Pt= 0.76)
7 2.0 Ads: calcined at 300◦C, reduced at 300◦C (H/Pt= 0.63)
8 2.0 IWI: calcined at 100◦C, reduced at 300◦C (H/Pt= 0.51)
9 2.0 IWI: calcined at 250◦C, reduced at 300◦C (H/Pt= 0.29)

2.1.2. Incipient wetness impregnation of PTA
Two grams of PTA were dissolved in 55 mL of H2O

(pH 5.5) and added to 50 g of Davison silica. The cata
was dried at room temperature and overnight at 100◦C. Por-
tions of the catalyst were calcined by heating at 1◦C/min to
the final temperature of 100, 250, 400, and 600◦C and hold-
ing each temperature for 3 h.

The four samples calcined at temperatures up to 30◦C
(samples 6–9) were further reduced in hydrogen for 1
300◦C and evacuated for 15 min at the same tempera
Volumetric hydrogen chemisorption was determined at ro
temperature by the double isotherm method. The cataly
methods of preparation and hydrogen chemisorption va
(H/Pt) are given in Table 1.

2.2. Catalytic activity

Catalyst activities were determined using two types of
actors. A 10-port parallel microreactor (for high-through
studies) was used first to determine the main effects of p
cle size and pretreatment for several samples in a single
Then detailed kinetic information was obtained in a tubu
flow recycle microreactor.

The 10-port microreactor (ISRI, COMBI reactor [34
was made of stainless steel and had 10 reaction wells (3/8 in.
diameter, 2 in. long), each containing 200 mg of catal
The reactor was interfaced on-line through a multiple-p
valve to a gas chromatograph (GC), which provided
quential composition analysis of the effluent from each
the 10 reaction wells. In some experiments, not all the
wells were used, and in such cases, silica was used in
empty wells to maintain the same flow distribution in ea
well. A valve was used as a restrictor at the exit of the
tal stream to maintain a constant pressure drop throug
each well and to equalize their flow. The catalyst partic
were prepared by pressing the powders, breaking the re
ing pellets, and sieving them between Nos. 18 and 30 T
meshes (1–0.6 mm size). The reactor system has prog
mable electronic flow controllers to meter the various ga
into the reactor, with the total flow rate in each well ma
tained at 60 cc/min (total flow of 600 cc/min). The reactor
was placed in a furnace equipped with a temperature co
to maintain a constant reactor temperature, and several
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mocouples were used to measure the reactor temperat
different points.

The recycle reactor consisted of a quartz tube (12
long, 1/2 in. diameter) equipped with an external diaphra
pump to provide an external recycle loop. A thermoc
ple was placed in a thermowell in the center of the cata
bed to monitor the temperature of the bed. The effluent
rate was 130 cc/min, and the recycle ratio was about 20,
ensure complete mixing. The high flow rate through the
talyst bed (∼ 26 L/min) assured the elimination of mass a
heat-transport diffusional effects.

To stabilize the state of the surface and to ascertain
role of the oxidized vs the reduced surface prior to each
the catalysts were pretreated either in air or H2 at 200◦C for
3 h. The catalyst was then cooled to room temperature
switched to the reaction mixture, and the temperature
increased to about 200◦C. Catalyst activities were measur
under diluted reactant concentrations: 1% CO in an oxi
ing atmosphere with 10% O2, balanced in He.

The product gases were analyzed by gas chromato
phy using a Molecular Sieve 5A column to separate CO
O2 and a Hayasep Q column for CO2, and a TC detecto
The conversion data were reproducible within 5% accur
or better for both the COMBI and the recycle reactors.
action rates were calculated at various temperatures a
than 5% conversion in the 10-port reaction and up to 2
conversion in the recycle reactor. Turnover frequencies w
calculated from the rate and the dispersion values obta
for the freshly reduced catalysts and plotted vs 1/T to obtain
activation energies.

2.3. EXAFS data collection and analysis

Measurements using extended X-ray absorption fi
structure (EXAFS) spectroscopy were made on the inser
device beamline of the Materials Research Collabora
Access Team (MR-CAT) at the Advanced Photon Sou
Argonne National Laboratory. Measurements were m
in the transmission mode with ionization chambers o
mized for the maximum current with linear response (∼ 1010

photons detected/s). A cryogenically cooled double-cryst
Si(111) monochromator was used in conjunction with a
coated mirror to minimize the presence of harmonics [3
Standard procedures based on WINXAS97 software
were used to extract the EXAFS data [37]. Phase shifts
backscattering amplitudes were obtained from EXAFS d
for the reference compounds Na2Pt(OH)6 for Pt–O and P
foil for Pt–Pt.

The sample was pressed into a cylindrical holder w
a thickness chosen to give an absorbance (�µx) of about
1.0 in the Pt edge region, corresponding to approxima
100 mg of catalyst. The sample holder was centered
continuous-flow in situ EXAFS reactor tube (18 in. lon
0.75 in. diameter) fitted at both ends with polyimide w
dows and valves to isolate the reactor from the atmosph
The catalysts were pretreated in the laboratory by flow
t

-

s

.

gases or reactants at temperatures similar to those use
ing pretreatment or reaction. After the prescribed treatm
the sample was cooled to room temperature in the gas
for pretreatment or reaction, and then the cell was isolate
closing the valves fitted at both ends of the tube and mo
to the X-ray hutch for measurement.

2.4. FTIR spectroscopy

Transmission infrared spectra of pressed disks (∼ 14 mg)
of Pt/SiO2 were collected in situ in an IR reactor ce
(ISRI, Inc.), placed in a Fourier-transform infrared (FTI
spectrometer (Mattson, Galaxy 6020) at a resolution
2 cm−1 and 30 scans/spectrum. The IR cell is equippe
with NaCl windows, has connections for inlet and ou
flows, and thermocouples connected to a temperature
troller to monitor and control the temperature. The spe
were obtained in the absorbance mode after subtractio
the background spectrum of the catalyst’s disk under
atmosphere at the corresponding temperature. The sam
were pretreated under various conditions prior to study
CO adsorption and reaction. After pretreatment, the c
lyst was cooled to room temperature in He and 1% CO
added to the feed to measure CO adsorption. During
CO oxidation experiments, 10% O2 was added to the CO
containing feed. In both experiments, the heating rate
1 ◦C/min with a total flow of 120 cc/min.

3. Results

CO oxidation activity measurements were conducte
establish the differences in rate resulting from different p
treatments (calcination, reduction, and oxidation) for Pt
silica catalysts. Structural characterization of the initial s
of the Pt in these catalysts was determined by EXAFS s
troscopy, and finally in situ FTIR studies were conducted
characterization of the catalysts under reaction condition

3.1. Activity measurements: the effect of calcination
temperature

The CO conversion of samples 1–5 was measure
study the effect of the calcination temperature and prep
tion method on the activity. These samples were not redu
before reaction; instead, they were treated in situ in a
200◦C for 2 h to normalize the state of the surface, e
though they had been calcined previously in air at tem
atures from 400 to 600◦C during preparation. A samp
that was calcined and reduced during preparation (No
H/Pt = 0.29) and was subsequently pretreated in air,
oxidized, is included in Fig. 1 for comparison. The conv
sions as a function of temperature, measured in the pa
reactor, are shown in Fig. 1. The reaction rates of CO ox
tion per unit mass of catalyst, calculated as differential r
at less than 5% conversion, are listed in Table 2.
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Fig. 1. Conversion vs temperature of Pt/SiO2 catalysts calcined at differ
ent temperatures during preparation. Feed composition 1% CO, 10%2,
balance He. Total flow rate 60 cc/min in a 10-port reactor.

Table 2
Reaction rate of calcined catalysts

Sample Method of preparation Reaction rat
(mol CO2/

(s gcat) × 109)

130◦C 185◦C

1 Ads: calcined at 400◦C, reduced, H/Pt= 0.47a 5.76 147.63
2 Ads: calcined at 500◦C, reduced, H/Pt= 0.24a 3.85 139.07
3 Ads: calcined at 600◦C, reduced, H/Pt= 0.11a 0.93 32.01
4 IWI: calcined at 400◦C, reduced, H/Pt= 0.24a 9.13 150.61
5 IWI: calcined at 600◦C, reduced, H/Pt= 0.09a 2.49 54.07
9 IWI: H/Pt= 0.29, oxidized 14.04 147.56

a Chemisorption measured after reduction for 1 h at 300◦C.

The calcined samples (Nos. 1–5) were not active atT <

125◦C but did show activity at higher temperatures. Th
results appeared inconsistent with the fact that there wa
CO chemisorption at room temperature (RT) in the calci
samples. In all cases, however, the activity of the calci
samples was lower than that of the prereduced/oxidized
talyst (No. 9). Fig. 1 shows that the light-off temperatu
(LOT, i.e., temperature at 50% conversion) is similar
samples calcined at 400 and 500◦C (ca. 5◦C difference). For
catalysts calcined at 600◦C, however, the LOT is about 2
and 50◦C higher than those of the 400◦C calcined (Nos. 1
and 4) and prereduced/oxidized (No. 9) catalysts, res
tively.

Portions of the calcined samples 1–5 were later redu
in hydrogen at 300◦C for 1 h to measure their Pt dispersio
These values have been included in Table 2. After red
tion, samples 2, 4, and 9 have nearly identical particle
based on their hydrogen chemisorption values. Thus, the
ferences in activity of these catalysts are not due onl
differences in particle size, but the specific state of the
surface resulting from the different pretreatments. EXA
characterization results, presented later on, helped to cl
this point.
Table 3
Reaction rate of (prereduced) Pt/SiO2 catalysts with different pretreatmen

Sample H/Pt Reaction rate (mol CO2/(s gcat) × 109)

100◦C 130◦C

Calcined Reduced Calcined Reduc

6 0.76 0.0 4.88 6.33 7.44
7 0.63 0.0 9.50 11.84 10.83
8 0.51 0.0 9.77 10.68 9.29
9 0.29 0.0 12.23 14.04 13.40

3.2. Activity measurements: the effect of particle size

The activities of the reduced catalysts, with dispersi
ranging from 0.29 to 0.76 (samples 6–9), were measure
the 10-port reactor. The catalysts were pretreated prio
reaction in two ways: (a) oxidized at 200◦C in air for 3 h
or (b) reduced in a 50% H2–He mixture for 3 h at 200◦C.
After pretreating, the CO conversion was determined fr
ambient to 200◦C using a slow linear ramp of 0.5◦C/min.
Table 3 shows the rate per unit mass of catalysts at 100
130◦C. Fig. 2 shows the TOF, or rate per surface Pt atom
each temperature.

The results in Fig. 2A and Table 3 show that, in agreem
with Fig. 1, the oxidized catalysts exhibit no measurable
tivity below 100◦C, whereas the reduced catalysts (Fig. 2
exhibit significant activity at these low temperatures. As
temperature increases above 100◦C, the rates per gram an
TOFs of the catalysts pretreated by reduction or oxida
become similar. The implications are that, while the oxidiz
catalyst is initially inactive during the ramp in the reacti
mixture, at higher temperature the surface undergoes a t
formation and active Pt sites in the preoxidized and pr
duced surfaces become the same. In other words, the su
is changed by the reactants as the temperature is incre
to reaction temperature in the flowing reactant mixture.

Table 3 also shows that the rates per unit mass on
reduced catalysts at 100◦C and reduced and calcined ca
lysts at 130◦C are similar, even though there is more tha
two-fold difference in the number of exposed Pt atoms
tween the low- and high-dispersion catalysts. Similar tre
have been previously observed for several oxidation r
tions [27,31a], i.e., the conversion seems to be similar e
though the fraction of exposed Pt is quite different. Fr
this, it follows that when the rate per unit mass is divided
the active area to calculate the TOF, significant differen
in TOF are obtained. Fig. 2 shows a fivefold increase in
TOF as the dispersion decreases from 0.8 to 0.3.

The above results were obtained in the multiport, para
plug-flow reactor at low conversion, and thus are subjec
some analytic error. The characteristic autothermal beha
of the plug-flow reactor further limits the conversion, and
potential presence of micro-hot spots can further increas
error in measuring activation energies. To obtain more a
rate kinetic data devoid of heat and mass-transfer effects
rates of CO oxidation were determined for the reduced c
lysts in the recycle reactor.
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recycle
Fig. 2. TOF for CO oxidation on reduced Pt/SiO2 catalysts with different dispersions. Pretreatment: (A) oxidation in air or (B) reduction in H2 at 200◦C.
Feed composition 1% CO, 10% O2, balance He. Total flow rate 60 cc/min in a 10-port reactor.

Fig. 3. CO oxidation on (prereduced) Pt/SiO2 catalysts with different dispersions. (A) Conversion vs temperature; (B) TOF vs temperature, using a

reactor.

tor
tor,
ing
w-
B).
the

etter
tions
GC

ce o
ized
cy-

ac-

ox
ac-

tion
The fractional CO conversion in the recycle reac
(Fig. 3A) shows again that as in the 10-port parallel reac
the conversion is quite similar for the two catalysts hav
very different dispersion; consequently, the TOF of the lo
dispersion catalyst (low Pt area) is the highest (Fig. 3
The different conversion–temperature curves obtained in
10-port reactor vs the recycle reactor are due to the b
heat-transfer characteristics and more isothermal condi
of the recycle reactor and the higher accuracy of the
readings at higher conversion. Because of the absen
temperature gradients, which might cause microlocal
heating in the parallel reactor, the LOT is higher in the re
cle reactor.

The Arrhenius plot (Fig. 4) shows that the apparent
tivation energy decreases as the dispersion of the Pt/SiO2

catalysts decreases. These results clearly show that CO
idation on small Pt crystallites is a structure-sensitive re
tion. It should be noted that these differences in activa
f

-

Fig. 4. Arrhenius plot of Pt/SiO2 catalysts with different dispersions.
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Fig. 5. Fourier transform of (A) reduced and (B) oxidized Pt/SiO2 catalysts
with different dispersions: solid, sample 6 (H/Pt= 0.76); dotted, sample 7
(H/Pt = 0.63); dashed, sample 8 (H/Pt = 0.51); and long dash, sample
(H/Pt= 0.29).

energy were not distinguishable from the conversion data
tained in the 10-port reactor. The low conversion require
obtain differential rates in the 10-port reactor does not pe
accurate evaluation of the apparent activation energy(E∗

A).

3.3. EXAFS characterization

The EXAFS and X-ray absorption near-edge struct
(XANES) data were obtained under a controlled atmosph
at room temperature after the catalysts were pretre
(either in air or hydrogen) prior to data collection in t
EXAFS cell. The XANES spectra (not shown) indicate th
with increasing calcination temperature of the silica i
pregnated with PTA, there is an increase in the white-
intensity and a shift of the edge threshold to lower ene
which is indicative of oxidation of Pt2+ to Pt4+. For the ca-
talyst prepared by incipient wetness impregnation, oxida
is complete at 250◦C, while for the catalyst prepared by a
sorption, approximately 75% is oxidized to Pt4+ at 400◦C.
The Fourier transforms for Pt adsorbed on silica and
cined at 400, 500, and 600◦C indicate that at temperature
below 400◦C, there is a large peak at about 1.6 Å, char
teristic of Pt–O [38,39], indicating that the Pt is nonmetal
As the calcination temperature increases above 500◦C, how-
ever, increasing amounts of metallic Pt are observed.

The effect of reduction and oxidation on the struct
of the Pt is shown in Fig. 5 in terms of magnitude of t
Fourier transform (FT) of the EXAFS signal. It should
noted that the magnitude of the Fourier transform is not a
dial distribution function. The peak position does not eq
the bond length, and the number of peaks is not an indica
of multiple bond distances. The peak position is altered
the oscillatory component of the phase shift in the EXA
signal. As a result, a single bond distance such as Pt–P
exhibit multiple peaks in the FT magnitude, due to mu
ple peaks in the backscattering amplitude as a functio
the electron momentum. Reduction in H2 at 300◦C for 1 h
(Fig. 5A) gives multiple peaks around 2.5 Å correspo
ing to Pt–Pt bonds, with the magnitude of the FT increas
with decreasing dispersion, as expected. The EXAFS fits
the reduced catalysts are given in Table 4. The Pt–Pt b
distance of these reduced catalysts with dispersions
Table 4
EXAFS fits of reduced and oxidized Pt/SiO2 catalysts with different dis-
persions

Sample H/Pt Back CN DWF

scatter R (Å) (×103) Eo (eV)

Reduced at 300◦C
6 0.76 Pt–Pt 5.0 2.75 1.0 −3.4
7 0.63 Pt–Pt 6.6 2.75 1.0 −2.6
8 0.51 Pt–Pt 7.3 2.76 1.0 −1.7
9 0.29 Pt–Pt 8.8 2.76 1.0 −1.5

Oxidized at 200◦C
6 0.76 Pt–O 3.7 2.06 0.8 1.4
7 0.63 Pt–O 3.6 2.06 0.8 1.0

Pt–Pt 1.3 2.74 0.7 −1.1
8 0.51 Pt–O 3.1 2.05 0.8 1.6

Pt–Pt 2.2 2.73 0.7 −3.6
9 0.29 Pt–O 2.7 2.05 0.8 1.5

Pt–Pt 3.7 2.74 0.7 −2.9

0.76 to 0.29 are slightly shorter (2.75 Å) than that in Pt f
(2.77 Å) and are consistent with small particles [40,41].

The reduced catalysts were oxidized in a 4% O2/He mix-
ture at 200◦C. The magnitude of the FT (Fig. 5B) indicat
that there is a mixture of oxidized and reduced Pt. In ad
tion, the fraction of oxidized Pt is dependent on the part
size. For example, the most highly dispersed catalyst (N
H/Pt = 0.76) is completely oxidized, while the fraction o
oxidized Pt decreases with increasing particle size.

The fits of the EXAFS data for the oxidized catalysts
also given in Table 4. The Pt–O coordination number of s
ple 6 (H/Pt = 0.76) is near 4 (with no remaining Pt–P
suggesting that the Pt is oxidized to Pt2+. Although sam-
ple 9 (H/Pt= 0.29) has reduced particles of about 30–40
oxidation was incomplete. This suggests that oxidation
metallic Pt is limited to a few surface layers. The Pt–Pt b
length is slightly shorter that of Pt foil, which is similar
that observed for the reduced particles. Upon re-reduc
of the oxidized particles, the hydrogen chemisorption val
and EXAFS are identical to that of the reduced particles
dicating no sintering of the particles when oxidized at be
200◦C.

In summary, the EXAFS results show that calcined
talysts are fully oxidized when calcined below 400◦C, but
higher calcination temperatures lead to formation of me
lic Pt. The amount of metallic Pt increases with increas
calcination temperature. Hydrogen reduction leads to f
metallic particles. The dispersion decreases as the cal
tion temperature increases. The calcined and oxidized c
lysts do not adsorb CO at room temperature, indicating
exposed metallic Pt. Nonetheless, the results shown in
tions 3.1 and 3.2 indicate that both calcined and oxidi
samples can oxidize CO at temperatures above 100◦C. To
analyze this apparent contradiction in more detail, sev
samples were studied using in situ FTIR during reaction c
ditions.
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Fig. 6. IR spectra of adsorbed CO on reduced Pt/SiO2 catalysts No. 6 (H/Pt= 0.76) and No. 9 (H/Pt= 0.29). Feed composition 1% CO in He. Total flow ra
120 cc/min.
uce

re
ion.
ses

te-

is a
.7.
orp-

ed
t-
the
f

ance
in-

nce
ata-

e
ows
a-

ced
-
gas

e
On

band
d in
ni-

d-
w the
ase
t
ida-
s IR
ed

gain.

O
enti-
face
nder

the
llic
ad-
s
-

hile
all
of
ith
rts
3.4. Temperature-programmed in situ FTIR

3.4.1. CO adsorption
FTIR absorbance spectra of adsorbed CO on the red

catalysts No. 6 (H/Pt = 0.76) and No. 9 (H/Pt = 0.29) at
100, 150, and 200◦C are shown in Fig. 6. As expected, the
is a smaller CO band on the catalysts with lower dispers
For both catalysts, the band’s intensity slightly decrea
with increasing temperature, from 100 to 200◦C, due to a
small amount of CO desorption. Although the ratio of in
grated CO absorbances (IA) is similar to the H/Pt ratios of
both catalysts (2.7), with increasing temperature, there
small increase in the IA ratio, e.g., from 2.5 to 2.64 to 2
This is due to the slightly greater percentage of CO des
tion on the catalyst with lower dispersion.

When similar experiments were conducted with oxidiz
catalysts,no CO adsorption was observed at RT, indica
ing no exposed metallic Pt. However, upon increasing
temperature in flowing CO to 100◦C, the CO absorbance o
sample 6 increased to approximately 50% of the absorb
of the reduced catalyst and the intensity of the band
creased with time on stream. After 30 min, the differe
in the CO IA between the oxidized and the reduced c
lyst was only about 15%. At the end of the run (T = 200◦C,
90 min), there wasno difference between the intensity of th
CO band for the calcined and reduced catalysts. This sh
that atT > 100◦C, CO completely reduced the oxidized c
talyst’s surface to metallic Pt.

3.4.2. CO–O2 reaction
Similar FTIR measurements were conducted on redu

Pt/silica, samples 6 and 9 (H/Pt = 0.76 and 0.29, respec
tively), but now in the presence of the same reactant
d

composition (1% CO, 10% O2, balance He) as during th
activity measurements, i.e., under an oxidizing stream.
the reduced catalysts, the intensity of the adsorbed CO
under the reaction mixture was identical to that observe
the presence of only CO gas (i.e., as in Fig. 6). At the ig
tion temperature (around 160◦C), however, there was a su
den decrease in CO absorbance, reaching a value belo
IR detection limit. Concurrently, there is a sudden incre
in the amount of gas-phase CO2. This behavior, while no
shown here, exemplifies the Langmuir–Hinshelwood ox
tion mechanism, and is similar to that reported in previou
studies [28,30]. After ignition, the CO flow was discontinu
while maintaining the 10% O2 flow for 90 min at 200◦C;
thus, the surface was expected to become oxidized a
After decreasing the temperature to 100◦C, the feed was
switched again to the CO/O2 reactant gas mixture. The C
absorbance observed after the switch, however, was id
cal to that of the reduced catalysts, indicating that the sur
was quickly reduced when the flow was resumed, even u
an oxidizing atmosphere (1% CO, 10% O2, He).

The IR spectra of Pt/silica calcined at 400◦C (sample 4,
in Table 1) were also obtained after exposure of CO/O2
at different temperatures. This sample, according to
EXAFS results (see Table 4), initially contains no meta
Pt. The IR results (Fig. 7) accordingly show no CO
sorption at room temperature. At 100◦C, however, there i
a small broad band at 2105 cm−1. As the temperature in
creases, however, a band at 2077 cm−1, corresponding to
linearly adsorbed CO on metallic Pt, begins to increase w
the band at 2105 cm−1 decreases. At the same time, sm
amounts of gas-phase CO2 are observed. The amount
metallic Pt from the CO absorption band correlates well w
the activity of this catalyst, as shown in Fig. 1. Ignition sta
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Fig. 7. IR spectra of 400◦C calcined Pt/SiO2 (sample 4) during CO oxi-
dation. Feed composition 1% CO, 10% O2, balance He. Total flow rate
120 cc/min.

at about 160◦C, but it is not as abrupt as that for the reduc
samples. Above 180◦C, the surface coverage of CO is lo
A cartoon depicting these IR results is displayed on the r
of Fig. 7. Initially, the fully oxidized surface adsorbs sm
amounts of CO. As the temperature increases, despite
large excess of O2, the surface starts getting reduced, p
haps by an Eley-Rideal mechanism. The oxidized Pt sur
continues to reduce at higher temperatures. At about 150◦C,
the Pt particles’ surface is fully reduced with a high CO c
erage. As the temperature increases further, the rate o
oxidation increases and CO coverage decreases, as i
case of the reduced catalyst. In other words, as shown b
activity results, the state of the surface is dictated by the
action environment. Contrary to expectations, flowing a
oxidizing mixture containing 1% CO over the Pt surface
tually does not result in an oxidized surface, but instead
reduced surface. Obviously, these results will vary depe
ing on the concentration of oxygen and CO in the feed.

4. Discussion

The model that emerges for CO oxidation is that, eve
the presence of an oxygen-rich mixture, the active sur
is metallic Pt. The EXAFS analysis of the catalysts calcin
near 400◦C are predominantly Pt4+ oxide before reaction
Although oxidized Pt is initially inactive at low temper
ture (< 100◦C), the activity becomes equivalent to that
reduced Pt atT > 100◦C. The FTIR results show that C
is not adsorbed on oxidized Pt at low temperatures. W
e

increasing temperature, however, oxidized Pt is reduce
CO even with a large excess of O2. Thus, while metallic Pt
is readily oxidized by pure O2 at reaction temperatures, th
presence of low CO concentrations is sufficient to reduce
oxidized Pt surface.

Herz and Shinouskis reported similar IR results on a/
Al2O3 catalyst [42]. These authors observed a rapid shi
an IR band from 2120 to 2070 cm−1 as the reactant mix
ture is switched from a 1% O2/He mixture at 250◦C to a
1% CO/He. In another IR study on a Pt/Al2O3 catalyst An-
derson [43] also reported the presence of a carbonyl sp
band at 2125 cm−1. This author attributes this band to C
adsorbed at Pt2+ sites coexisting with metallic Pt and ind
cates that this species is unreactive in the presence of ox
at temperatures between 200 and 300◦C.

This study clearly confirms previous results showing t
on highly dispersed (reduced) catalysts, the rate per
mass is similar to that of catalysts with low dispers
(Fig. 3A). The resulting corollary is that the turnover nu
ber, TON, increases with decreasing particle size (Fig. 3
i.e., the activity per surface Pt increases with increasing
ticle size. Careful kinetic results obtained in a recycle rea
showed that the apparent activation energy also decre
slightly as the particle size increases. It follows that cha
ing particle size not only changes the number of Pt sites
also changes the activity per site, clearly showing the st
ture sensitivity of the CO oxidation reaction.

For CO-rich conditions, where the catalytic surface
mostly covered by CO and the reaction rate is inverse o
with respect to the CO partial pressure, CO oxidation
been found to be structure insensitive on Pd(100), Pd(1
Pd(111) [3], Pd/α-Al2O3 [6,7], Rh/α-Al2O3, Rh/SiO2,
Rh/θ -Al2O3 [8,9], Pt/SiO2, and Pt/Al2O3 [4,11]. On the
other hand, under O2-rich conditions, CO oxidation is re
ported to be a demanding, or structure-sensitive, reactio
various catalysts from single crystals [12,19] to model ca
lysts with small Pd or Pt clusters supported on flat supp
[16,19,21], to supported catalysts [2,18,27], similar to
results presented in Section 3.2.

Despite the above results, less attention has been g
to highly dispersed oxidation catalysts. Akubuiro et al. [1
analyzed zeolite Y-supported Pt catalysts with particle s
ranging between 18 and 1000 Å. They found that for b
high and low CO concentrations (0.3 and 2% CO, CO/O2
ratio = 0.45), the TOF increased as the particle size
creased up to approximately 30 Å. At high CO conc
trations, the activity remained constant with larger part
sizes. For low CO concentrations, there was a small decr
in the TOF between 30 and 50 Å, with no other change
activity for larger particles.

The previous results for CO oxidation may be categori
into three groups. Several studies have been conducte
large particles, generally larger than 25 Å under stoichiom
ric reaction conditions. In this case, CO oxidation isfacile,
or the TON is independent of particle size [2,6–11]. S
eral studies have also been made on metal particles bet
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Fig. 8. Crystallite model used for Monte Carlo simulations. Pt crysta
model and proportion of sites for different Pt particle sizes.

about 10 and 60 Å, also under stoichiometric conditions
and with crystallites between 30 and 75 Å [17,44]. For th
catalysts, there is only a small change in the TON w
particle size. Finally, a number of studies have shown
on small metal particles, generally, less than about 20
CO oxidation is structure sensitive under both CO-rich
CO-lean conditions [13,15b,18,20,21,45].The present st
with particles between 10 and 40 Å, is similar in size to
third group. The reaction conditions were highly oxidizin
i.e., CO lean.

To explain the change in intrinsic activity with size, w
need to consider a model of a Pt crystallite such as
one depicted in Fig. 8. Such a model has been propose
Mavrikakis [46] and was used in our Monte Carlo simulat
studies of the CO oxidation reaction [47,48]. As the size
the particle changes, the ratio of Pt atoms at the corner, e
and flat surfaces will change, and we can calculate the n
ber of these atoms for different crystallite sizes (Fig. 8).

As the crystallite size increases, the fractions of Pt at
at low coordination sites, i.e., corners and edges, decr
dramatically while the fraction of atoms on planer faces
creases with a relatively small increase in the particle s
For an average size of 14 Å, for example, the fraction o
atoms in planer surfaces is only 12.5%, whereas for a p
cle of 38 Å, more than 60% of surface atoms are on pla
faces.
,

e

Since a detailed description of the Monte Carlo simu
tions is beyond the scope of this paper, only the main res
are presented next. Using the crystallite model presente
Fig. 8, supported catalysts with dispersions 0.29 and
were considered in the simulations. For each catalyst
number of crystallites on the support was varied in or
to maintain thetotal number of metal atoms constant. Th
is equivalent to analyzing catalysts with different dispers
but the same metal loading. Initially, the TOFs of both ca
lysts were calculated assuming that the rates of adsorp
surface reaction, and desorption were the same in co
edges, and plane sites. In this case, it was not possible
the experimental data to the theoretical results, since the
ulation yielded that both supported catalysts have the s
overall activity.

We found that the experimental rates agree with the
ory only when the rate of surface reaction on low coordi
tion Pt, i.e., corners, edges, etc., is at least 10 times sm
than that on the planar faces. This is reasonable if one
siders that at corner and edge sites the more strongly
sorbed reactants must overcome an additional energy b
to diffuse and react, thus lowering the rate of surface re
tion in these sites. Based on transient kinetic experim
on a Pt(112) single crystal, Szabó et al. [14] found that
on Pt plane surfaces is more reactive than when adsorb
step sites. Siera et al. confirmed this conclusion for CO
dation on Pt–Rh (111), (100), (410), and (210) single cry
surfaces [49]. These authors report that CO oxidation
curs at a relative low temperature on flat surfaces, but
higher temperature on stepped surfaces. As the Monte C
simulations indicate, for large particles there is only a sm
increase in the number of more reactive planer atoms
increasing particle size, and this is offset, at least in par
the loss in dispersion. Therefore, little change in the T
is expected for larger particles, as was observed. All s
ies, therefore, are consistent with the interpretation tha
surfaces have a significantly higher CO oxidation activ
compared to low coordination edge and corner atoms.

5. Conclusions

Two different methods have been used to prepare si
supported Pt catalysts with different dispersions. Calci
or oxidized catalysts do not adsorb CO at room tempera
but atT > 100◦C these catalysts show activity during C
oxidation. In situ FTIR results clearly indicate that met
lic Pt is the active phase of Pt/SiO2 catalysts. A model ha
been proposed to describe the changes in the catalytic
face upon exposure to CO, even at low concentrations. T
changes lead to reduction of the oxidized surface, allow
CO adsorption and the subsequent reaction with adso
oxygen.

Kinetic studies complemented with EXAFS and in situ
results confirmed that, under O2-rich conditions, the CO ox
idation reaction is structure sensitive on Pt/SiO2 catalysts,
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as the specific activity (TOF) increases with increasing p
ticle size. The reason for this structure sensitivity is lik
to be the difference in activity of catalytic sites present
flat surfaces compared to that of low coordination sites,
edges or corners. Because the relative proportion of pla
step, and corner sites in a crystallite depends on its size
activity for CO oxidation of a silica-supported Pt catalys
affected by the average particle size, especially for cata
with small crystallites or high dispersions.
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