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Abstract

The effect of crystallite size on the activity of silica-supported Pt catalysts during CO oxidation has been investigated by kinetic studies and
in situ infrared (IR) and extended X-ray absorption fine structure (EXAFS) spectroscopies. Catalysts containing 2% w/w Pt on silica were
prepared by two different methods, rendering catalysts with dispersion values ranging between 0.29 and 0.80. Kinetic results indicate that th
turnover frequency (TOF) of CO oxidation increases with increasing particle size upd@t@onditions, confirming that the CO oxidation
reaction over PtSiO, catalysts is structure sensitive under an oxidizing environment. This characteristic is not only related to the gas phase
surrounding the supported catalyst but also to the crystallite size range analyzed. EXAFS results show the formation of completely metallic
Pt particles upon reduction indHat 300°C for 1 h regardless of the particle size, whereas after a subsequent oxidation pretreatment only
the smallest particles are fully oxidized. At room temperature, the oxidized Pt surface does not adsorb CO, but under oxidizing conditions
(1% CO, 10% @ in He) the oxidized catalysts show activity&t- 100°C. Fourier-transform infrared spectroscopy indicates that even this
low CO concentration leads to reduction of the oxidized surface under reaction conditions. The results presented here clearly show that th
active surface of P8I0, catalysts during CO oxidation is the metallic Pt, and that different sites on a Pt crystallite have different oxidation
rates depending on its size. These results show the sensitivity of CO oxidation activity to the preparation method, pretreatment, and mos
significantly to the reaction atmosphere.
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1. Introduction tion, and it has been found to be demanding. Several authors
have reported particle-size effects on the various elementary
steps involved in CO oxidation [12—-17], as well as on the
overall reaction rate (molgsecongdmass catalyst) at both
low and high CO concentrations [18-21]. Recently, the in-
vestigation of the reactivity of gold-supported catalysts has
indicated that the highest activity during CO oxidation, even
at room temperature, is obtained on samples with highly dis-
a Persed small gold particles [22—-24]. In general, the role of
particle size during oxidation reactions is not yet clear, as

The average crystallite size and oxidation state of the sur-
face are two of the most important parameters determining
the activity of noble metal-supported catalysts. Boudart et
al. [1] distinguished between catalytic reactions wherein the
specific activity (molegtime/per active metal area) is in-
dependent of the active arefadjle reactions) and those in
which the specific activity changes with the specific are
(demanding reactions). The traditional view for CO oxida- " . ) :
tion [2—11] is that this reaction is facile on noble metals at discrepancies may be found in the literature [25,26].

high CO partial pressures, where the reaction rate is nega- d tl_n msnykS:udtlﬁs of cl)x'(igggn rt;r;\ctzlcgns n dour Iaboratorill,
tive order in CO concentration. In excess oxygen, however, ating backto the early s [27-29), and more recently

the reaction rate is zero or positive order in CO concentra- in our study of the role of Cl on Pt-s.upported patalysts [30],
we have carefully measured reaction rates independent of

mass transfer effects. In these studies, we have observed
* Corresponding author. that theconversion and thereaction rate per unit mass were
E-mail address: Eduardo.E.Wolf.1@nd.edu (E.E. Wolf). independent of Pt dispersion. Consequently, when reaction
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rates are calculated per unit Pt area, i.e., as turnover numbermable 1

(TON) or turnover frequency (TOF), the catalysts with the Catalyst preparation and Pt dispersion of reduced catalysts

largest Pt area (high dispersion) have tlogvest TOF. What Sample % Pt Method of preparation

makes it difficult to determine uniquely the cause of this 2.0 Ads: calcined at 40TC. No CO chemisorption at RT
observation is that during oxidation reactions the reaction 2.0 Ads: calcined at 500C. No CO chemisorption at RT
atmosphere contains oxygen. Hence, it is not clear whether 2.0 Ads: calcined at 600C. No CO chemisorption at RT
the surface is metallic, oxidized, or a mixture of oxide and g:g :m ii:ﬁlﬂig 2: gggg: mg 28 22:2:23:222: 2: g
metallic phases [31,32]. Whereas this is true for supported 2.0 Ads: calcined at 10TC, reduced at 308C (H/Pt= 0.76)
Pd and Rh catalysts, in the case of Pt catalysts, we also found 2.0 Ads: calcined at 30TC, reduced at 300C (H/Pt= 0.63)
[30] that, as suggested by Burch and Loader [31b], platinum 2.0  IWI: calcined at 100C, reduced at 300C (H/Pt=0.51)
particles seem to have a strong “memory” of previous re- 20 IWI calcined at 256C, reduced at 308C (H/Pt=0.29)
duction pretreatments, as they remain in the metallic state

under oxidizing conditions. We also showed that the active
surface can be modified by the interaction of the precursor
used during preparation (Cl) and the reactant mixtures un-

der reaction conditions [30,33]. Since most surface analy5|sWas dried at room temperature and overnight atTD@Por-

techniques are conducted under vacuum or ex situ, it is NOtions of the catalyst were calcined by heating 8€1min to

atways clear wheiner he same oxidation state 18 vald Un the final temperature of 100, 250, 400, and 60Gnd hold-
er reaction conditions at atmospheric pressure. Controlle -ing each temperature for 3 h.

atmosphere EXAFS and in situ infrared (IR) spectroscopies The four samples calcined at temperatures up to°800

are techniques that can be used under reaction conditions t({samples 6-9) were further reduced in hydrogen for 1 h at

probe the working surface. These techniques are used in this;ngoc and evacuated for 15 min at the same temperature.

study, along with activity measurements, to demonstrate they,ymetric hydrogen chemisorption was determined at room

relation between particle size and the oxidation state of thetemperature by the double isotherm method. The catalysts’

working surface during CO oxidation on/&i0O; catalysts. methods of preparation and hydrogen chemisorption values
(H/Pt) are given in Table 1.

[uy
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2.1.2. Incipient wetness impregnation of PTA
Two grams of PTA were dissolved in 55 mL of,8
(pH 5.5) and added to 50 g of Davison silica. The catalyst

2. Experimental 2.2. Catalytic activity

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

The 10-port microreactor (ISRI, COMBI reactor [34])
was made of stainless steel and had 10 reaction welgi(3
diameter, 2 in. long), each containing 200 mg of catalyst.
The reactor was interfaced on-line through a multiple-port
valve to a gas chromatograph (GC), which provided se-
guential composition analysis of the effluent from each of
the 10 reaction wells. In some experiments, not all the 10
wells were used, and in such cases, silica was used in the
2.1.1. Adsorption (Ads) of PTA empty wells to maintain the same flow distribution in each

Fifty grams of silica (Davison grade 644, 300%1g, well. A valve was used as a restrictor at the exit of the to-
1.2 cg/g) were slurried in 400 mL bD. The pH was ad-  tal stream to maintain a constant pressure drop throughout
justed to 9.5 by addition of concn NNDH. Separately, 2.0g  each well and to equalize their flow. The catalyst particles
of Pt(NHz)4(NOz3)2 was dissolved in 50 mL of }D and  were prepared by pressing the powders, breaking the result-
added to the basic silica solution. Stirring was continued for ing pellets, and sieving them between Nos. 18 and 30 Tyler
an hour, and the solid was filtered. The solid was reslurried meshes (1-0.6 mm size). The reactor system has program-
twice in 300 mL KO, filtered, and dried at room tempera- mable electronic flow controllers to meter the various gases
ture and overnight at 10@. The Pt content was determined into the reactor, with the total flow rate in each well main-
by ICP and was found to be 2.05% Pt. Portions of the ca- tained at 60 c¢min (total flow of 600 c¢min). The reactor
talyst were calcined at 100, 300, 400, 500, and BDdor was placed in a furnace equipped with a temperature control
3h. to maintain a constant reactor temperature, and several ther-

Catalysts were prepared by adding tetraamineplatinum
(+2) nitrate (PTA) to silica by two methods: wet impreg-
nation, or adsorption (Ads), and incipient wetness impreg-
nation (IWI). Impregnation was followed by calcination in
flowing air at different temperatures to yield catalysts with
identical Pt loading but different dispersions. To obtain cata-
lysts with high dispersion, PTA was adsorbed on silica at a
basic pH, whereas for catalysts with lower dispersion, PTA
was added by incipient wetness impregnation with no ad-
justment in the pH.
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mocouples were used to measure the reactor temperature agases or reactants at temperatures similar to those used dur-
different points. ing pretreatment or reaction. After the prescribed treatment,
The recycle reactor consisted of a quartz tube (12 in. the sample was cooled to room temperature in the gas used
long, 1/2 in. diameter) equipped with an external diaphragm for pretreatment or reaction, and then the cell was isolated by
pump to provide an external recycle loop. A thermocou- closing the valves fitted at both ends of the tube and moved
ple was placed in a thermowell in the center of the catalyst to the X-ray hutch for measurement.
bed to monitor the temperature of the bed. The effluent flow
rate was 130 ¢tmin, and the recycle ratio was about 20, to 2.4. FTIR spectroscopy
ensure complete mixing. The high flow rate through the ca-
talyst bed ¢ 26 L/min) assured the elimination of mass and Transmission infrared spectra of pressed disk&4 mg)
heat-transport diffusional effects. of Pt/SiO> were collected in situ in an IR reactor cell
To stabilize the state of the surface and to ascertain the(ISRI, Inc.), placed in a Fourier-transform infrared (FTIR)
role of the oxidized vs the reduced surface prior to each run, spectrometer (Mattson, Galaxy 6020) at a resolution of
the catalysts were pretreated either in air erati200°C for 2 cm! and 30 scanspectrum. The IR cell is equipped
3 h. The catalyst was then cooled to room temperature andwith NaCl windows, has connections for inlet and outlet
switched to the reaction mixture, and the temperature wasflows, and thermocouples connected to a temperature con-
increased to about 20C. Catalyst activities were measured troller to monitor and control the temperature. The spectra
under diluted reactant concentrations: 1% CO in an oxidiz- were obtained in the absorbance mode after subtraction of
ing atmosphere with 10%balanced in He. the background spectrum of the catalyst’s disk under He
The product gases were analyzed by gas chromatogra-atmosphere at the corresponding temperature. The samples
phy using a Molecular Sieve 5A column to separate CO and were pretreated under various conditions prior to studying
O2 and a Hayasep Q column for GOand a TC detector. CO adsorption and reaction. After pretreatment, the cata-
The conversion data were reproducible within 5% accuracy lyst was cooled to room temperature in He and 1% CO was
or better for both the COMBI and the recycle reactors. Re- added to the feed to measure CO adsorption. During the
action rates were calculated at various temperatures at les€O oxidation experiments, 10%,Qvas added to the CO-
than 5% conversion in the 10-port reaction and up to 20% containing feed. In both experiments, the heating rate was
conversion in the recycle reactor. Turnover frequencies were1°C/min with a total flow of 120 cgmin.
calculated from the rate and the dispersion values obtained
for the freshly reduced catalysts and plotted ¥& 1o obtain
activation energies. 3. Results

2.3. EXAFSdata collection and analysis CO oxidation activity measurements were conducted to
establish the differences in rate resulting from different pre-
Measurements using extended X-ray absorption fine- treatments (calcination, reduction, and oxidation) for Pt on
structure (EXAFS) spectroscopy were made on the insertion-silica catalysts. Structural characterization of the initial state
device beamline of the Materials Research Collaborative of the Pt in these catalysts was determined by EXAFS spec-
Access Team (MR-CAT) at the Advanced Photon Source, troscopy, and finally in situ FTIR studies were conducted for
Argonne National Laboratory. Measurements were made characterization of the catalysts under reaction conditions.
in the transmission mode with ionization chambers opti-
mized for the maximum current with linear responsel(0*° 3.1. Activity measurements: the effect of calcination
photons detecte@). A cryogenically cooled double-crystal temperature
Si(111) monochromator was used in conjunction with a Rh-
coated mirror to minimize the presence of harmonics [35]. The CO conversion of samples 1-5 was measured to
Standard procedures based on WINXAS97 software [36] study the effect of the calcination temperature and prepara-
were used to extract the EXAFS data [37]. Phase shifts andtion method on the activity. These samples were not reduced
backscattering amplitudes were obtained from EXAFS data before reaction; instead, they were treated in situ in air at
for the reference compounds MNet(OH) for Pt—=O and Pt 200°C for 2 h to normalize the state of the surface, even
foil for Pt—Pt. though they had been calcined previously in air at temper-
The sample was pressed into a cylindrical holder with atures from 400 to 600C during preparation. A sample
a thickness chosen to give an absorbantg ) of about that was calcined and reduced during preparation (No. 9,
1.0 in the Pt edge region, corresponding to approximately H/Pt= 0.29) and was subsequently pretreated in air, i.e.,
100 mg of catalyst. The sample holder was centered in aoxidized, is included in Fig. 1 for comparison. The conver-
continuous-flow in situ EXAFS reactor tube (18 in. long, sions as a function of temperature, measured in the parallel
0.75 in. diameter) fitted at both ends with polyimide win- reactor, are shown in Fig. 1. The reaction rates of CO oxida-
dows and valves to isolate the reactor from the atmospheretion per unit mass of catalyst, calculated as differential rates
The catalysts were pretreated in the laboratory by flowing at less than 5% conversion, are listed in Table 2.
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#9 red/oxid #5 IWL600°C Table 3
Reaction rate of (prereduced)/BiO, catalysts with different pretreatments
03 Sample HPt Reaction rate (mol C&/(s gea) x 10%)
#4 TWI 400°C 100°C 130°C
). o - -
£ 06 #3 ads. 600°C Calcined Reduced  Calcined  Reduced
g 04 #1 Ads. 400°C 6 0.76 0.0 488 6.33 744
z 7 0.63 0.0 %0 1184 1083
)
S 8 0.51 0.0 ar7 1068 929
#2 Ads. 500°
02 ds. S00°C. 9 0.29 0.0 123 1404 1340
0 T .o . .
3.2. Activity measurements: the effect of particle size
100 125 150 175 200 225

T/e The activities of the reduced catalysts, with dispersions

Fig. 1. Conversion vs temperature of/BiO, catalysts calcined at differ- ranging from 0.29 to 0.76 (samples 6-9), were measured in

ent temperatures during preparation. Feed composition 1% CO, 10% o the 1.0-p9rt reactor. The Cat.aI_YStS were pretrgated prior to
balance He. Total flow rate 60 amin in a 10-port reactor. reaction in two ways: (a) oxidized at 20Q in air for 3 h

or (b) reduced in a 50% HHe mixture for 3 h at 200C.
After pretreating, the CO conversion was determined from

Table 2 ambient to 200C using a slow linear ramp of 0°%&/min.
Reaction rate of calcined catalysts Table 3 shows the rate per unit mass of catalysts at 100 and
Sample Method of preparation Reactionrate  130°C. Fig. 2 shows the TOF, or rate per surface Pt atom, at
(mol COy/ each temperature.
(s Gad) x 10°) The results in Fig. 2A and Table 3 show that, in agreement
130°C 185°C with Fig. 1, the oxidized catalysts exhibit no measurable ac-
1 Ads: calcined at 400C, reduced, HPt=0472 576 14763 tivity below 100°C, whereas the reduced catalysts (Fig. 2B)
2 Ads: calcined at 500C, reduced, i#Pt=0.24" 385 13907 exhibit significant activity at these low temperatures. As the
3 Ads: calcined at 60YC, reduced, iPt= 0-112 093 3201 temperature increases above Q0 the rates per gram and
o e e P04 Sis “Seer  TOFs of the Gataysts pretreated by reducton or oxidaion
9 IWI: H/Pt=0.29, oxidized 104 14756 become similar. The implications are that, while the oxidized
a catalyst is initially inactive during the ramp in the reaction

Chemisorption measured after reduction for 1 h at300 . .
mixture, at higher temperature the surface undergoes a trans-

formation and active Pt sites in the preoxidized and prere-
duced surfaces become the same. In other words, the surface

12;:1 g galtcén;isgmzlcet.s '(tNZSt.hl'_?e:thrri n;;?c:glf ?’ihese is changed by the reactants as the temperature is increased
ut di W activity '9 peratures. to reaction temperature in the flowing reactant mixture.

results appeared inconsistent with the fact that there was no Table 3 also shows that the rates per unit mass on the
CO chemisorption at room temperature .(F\.)T) in the calci.ned reduced catalysts at 10Q and reduced and calcined cata-
samples. In all cases, however, the activity of the calcined lysts at 130C are similar, even though there is more than a
samples was lower than that of the prereduced/oxidized Ca-vo-fold difference in the number of exposed Pt atoms be-
talyst (No. 9). Fig. 1 shows that the light-off temperature een the low- and high-dispersion catalysts. Similar trends

(LOT, i.e., temperature at 50% conv:zrsiqn) is similar for pave been previously observed for several oxidation reac-
samples calcined at 400 and 5W(ca. 3°C difference). For  tjons [27,314], i.e., the conversion seems to be similar even

catalysts calcined at 60, however, the LOT is about 25 thoygh the fraction of exposed Pt is quite different. From
and 50°C higher than those of the 40 calcined (Nos. 1 thjs it follows that when the rate per unit mass is divided by
and 4) and prereduced/oxidized (No. 9) catalysts, respec-the active area to calculate the TOF, significant differences

tively. in TOF are obtained. Fig. 2 shows a fivefold increase in the
Portions of the calcined Samples 1-5 were later FEdUCedTOF as the dispersion decreases from 0.8 to 0.3.
in hydrogen at 300C for 1 h to measure their Ptdispersion.  The above results were obtained in the multiport, parallel

These values have been included in Table 2. After reduc- plug-flow reactor at low conversion, and thus are subject to
tion, samples 2, 4, and 9 have nearly identical particle size some analytic error. The characteristic autothermal behavior
based on their hydrogen chemisorption values. Thus, the dif-of the plug-flow reactor further limits the conversion, and the
ferences in activity of these catalysts are not due only to potential presence of micro-hot spots can further increase the
differences in particle size, but the specific state of the Pt error in measuring activation energies. To obtain more accu-
surface resulting from the different pretreatments. EXAFS rate kinetic data devoid of heat and mass-transfer effects, the
characterization results, presented later on, helped to clarifyrates of CO oxidation were determined for the reduced cata-
this point. lysts in the recycle reactor.
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s #9 d=0.29 #9,d=0.29
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‘I_m 0.03
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T/°C T/°C

Fig. 2. TOF for CO oxidation on reduced /SO, catalysts with different dispersions. Pretreatment: (A) oxidation in air or (B) reduction iat R00°C.
Feed composition 1% CO, 10%p(balance He. Total flow rate 60 gmin in a 10-port reactor.

1o 0.08
' #9 d=0.29
A / [ B #9 d=0.29
0.8 / / 0.06 7
0.6 #8 d=0.51
0.04 4/

0.4 // ) #7 d=0.63
///// 0.02
0.2
,44::4//#6 06
0.0 s

T T T T 0.00 | B L. 2 T T T T
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T/°C T/°C

conversion
T.OF./s"

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

The fractional CO conversion in the recycle reactor
(Fig. 3A) shows again that as in the 10-port parallel reactor, 2
the conversion is quite similar for the two catalysts having
very different dispersion; consequently, the TOF of the low-
dispersion catalyst (low Pt area) is the highest (Fig. 3B). 3
The different conversion—temperature curves obtained in the
10-port reactor vs the recycle reactor are due to the betterl-l-;
heat-transfer characteristics and more isothermal conditionsQ 4 -
of the recycle reactor and the higher accuracy of the GC f=
readings at higher conversion. Because of the absence o=
temperature gradients, which might cause microlocalized -5 -
heating in the parallel reactor, the LOT is higher in the recy-

#9.d=0.29
E'l\: 13.1+0.2 kecal/mol

#6, d=0.76 #7, d=0.63
cle reactor. E =22.0£0.6 kcal/mol\ E’,=17.20.7 keal/mol
The Arrhenius plot (Fig. 4) shows that the apparent ac- 6 4+— . = — .
tivation energy decreases as the dispersion of th8iPg 24 25 26 27 28 29 30 a1
catalysts decreases. These results clearly show that CO ox- 10T (K'1)

idation on small Pt crystallites is a structure-sensitive reac-
tion. It should be noted that these differences in activation Fig. 4. Arrhenius plot of iSO, catalysts with different dispersions.
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2 A i Pt-0 Table 4
; IF{"}-.\\\ " EXA.FS fits of reduced and oxidized f8iO, catalysts with different dis-
= { ER in\ persions
£0.01 A B T I'W  pe
4 ] t-Pt
2 3 b | N Sample HPt Back CN DWF
= n 4 /“v
E" Y . v/ B ,»\\\ scatter RA) (x10%)  Eo(eV)
= /. : N A Reduced at 300C
— . ! L 1 —— 6 0.76 Pt—Pt 5.0 2.75 1.0 —-34
0 2 3 1 2 3 7 0.63 Pt-Pt 6.6 2.75 1.0 —26
RI[A] R[A] 8 0.51 Pt—Pt 7.3 2.76 1.0 -17
9 0.29 Pt—Pt 8.8 2.76 1.0 -15
Fig. 5. Fourier transform of (A) reduced and (B) oxidized$O, catalysts Oxidized at 200C
with different dispersions: solid, sample 6 (Pt= 0.76); dotted, sample 7 6 0.76 Pt—O 3.7 2.06 0.8 a
(H/Pt= 0.63); dashed, sample 8 {IRt= 0.51); and long dash, sample 9 7 0.63 Pt—O 3.6 2.06 0.8 a
(H/Pt=0.29). Pt—Pt 1.3 2.74 0.7 -11
8 0.51 Pt-O 31 2.05 0.8 a
energy were not distinguishable from the conversion data ob- PPt 22 273 o7 —36
tained in the 10-port reactor. The low conversion required to 0.29 Pro 27 2.05 08 o
P : q PPt 37 274 07 -29
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obtain differential rates in the 10-port reactor does not permit
accurate evaluation of the apparent activation eneggjy.

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

The EXAFS and X-ray absorption near-edge structure  The reduced catalysts were oxidized in a 4%/ Be mix-
(XANES) data were obtained under a controlled atmosphereyre at 200C. The magnitude of the FT (Fig. 5B) indicates
at room temperature after the catalysts were pretreatedinat there is a mixture of oxidized and reduced Pt. In addi-
(either in air or hydrogen) prior to data collection in the o the fraction of oxidized Pt is dependent on the particle
EXAFS cell. The XANES spectra (not shown) indicate that gjze. For example, the most highly dispersed catalyst (No. 6,
with increasing calcination temperature of the silica im- H/Pt= 0.76) is completely oxidized, while the fraction of
pregnated with PTA, there is an increase in the white-line ,..4i-ed Pt decreases with increasing particle size.
intensity and a shift of the edge threshold to lower energy,  pe fits of the EXAFS data for the oxidized catalysts are
which is indicative .Of @?'daﬂon of Iﬁf. to Pt For the €@ alsogivenin Table 4. The Pt-O coordination number of sam-
talyst prepared by incipient wetness impregnation, oxidation ple 6 (H/Pt=0.76) is near 4 (with no remaining Pt—Pt)
is complete at 250C, while for the catalyst prepared by ad- suggesting that' the Pt is oxidized to?Pt Although sam- '
sorption, approximately 75% is oxidized to*Ptat 400°C. ple 9 (H/Pt= 0.29) has reduced particles of about 30-40 A,

The Fourier transforms for Pt adsorbed on silica and cal- ~ =~ ; . L
cined at 400, 500, and 66€ indicate that at temperatures oxidation was incomplete. This suggests that oxidation of
’ ’ metallic Pt is limited to a few surface layers. The Pt—Pt bond

Feerlig\tlivctc;ol;tci,cﬂgir;?:;]i rll?jrigztﬁ%atl;]:tttﬁgo;ttii.r?oﬁ}nzr;:ﬂ?; length is slightly shorter that of Pt fpil, which is similar tq

As the calcination temperature increases above 60Bow- that obsgryed for the reduced particles. Uppn re.-reductlon

ever, increasing amounts of metallic Pt are observed. of the oxidized particles, the hydrogen chemisorption values
and EXAFS are identical to that of the reduced patrticles, in-

The effect of reduction and oxidation on the structure © ™ - o= ) -
of the Pt is shown in Fig. 5 in terms of magnitude of the dicating no sintering of the particles when oxidized at below
0°C.

Fourier transform (FT) of the EXAFS signal. It should be )
noted that the magnitude of the Fourier transformis notara- " summary, the EXAFS results show that calcined ca-
dial distribution function. The peak position does not equal @lysts are fully oxidized when calcined below 4@ but

the bond length, and the number of peaks is not an indicationhigher calcination temperatures lead to formation of metal-
of multiple bond distances. The peak position is altered by lic Pt. The amount of metallic Pt increases with increasing
the oscillatory component of the phase shift in the EXAFS calcination temperature. Hydrogen reduction leads to fully
signal. As a result, a single bond distance such as Pt-Pt carinetallic particles. The dispersion decreases as the calcina-
exhibit multiple peaks in the FT magnitude, due to multi- tion temperature increases. The calcined and oxidized cata-
ple peaks in the backscattering amplitude as a function of lysts do not adsorb CO at room temperature, indicating no
the electron momentum. Reduction ir Et 300°C for 1 h exposed metallic Pt. Nonetheless, the results shown in Sec-
(Fig. 5A) gives multiple peaks around 2.5 A correspond- tions 3.1 and 3.2 indicate that both calcined and oxidized
ing to Pt—Pt bonds, with the magnitude of the FT increasing samples can oxidize CO at temperatures above’COd0

with decreasing dispersion, as expected. The EXAFS fits for analyze this apparent contradiction in more detail, several
the reduced catalysts are given in Table 4. The Pt—Pt bondsamples were studied using in situ FTIR during reaction con-
distance of these reduced catalysts with dispersions fromditions.
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1o T=100°C T=150°C T=200°C
ratio,,=2.50 | ratio ,=2.64 | ratio ,=2.70
08 - . .
8 s . .
c —
s #6,d=076 | 46, d=0.76 | #6,d=0.76
o
» 04 . .
Q9
- |
49, d=0.29 #9, d=0.29
0.2+ #9, d=0.297] i
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-1
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Fig. 6. IR spectra of adsorbed CO on reduced P#Si&lalysts No. 6 (HPt=0.76) and No. 9 (HPt= 0.29). Feed composition 1% CO in He. Total flow rate
120 cgmin.

3.4. Temperature-programmed in situ FTIR composition (1% CO, 10% £) balance He) as during the
activity measurements, i.e., under an oxidizing stream. On
3.4.1. CO adsorption the reduced catalysts, the intensity of the adsorbed CO band

FTIR absorbance spectra of adsorbed CO on the reducedinder the reaction mixture was identical to that observed in
catalysts No. 6 (MPt= 0.76) and No. 9 (HPt=0.29) at the presence of only CO gas (i.e., as in Fig. 6). At the igni-
100, 150, and 20%C are shown in Fig. 6. As expected, there tion temperature (around 16Q), however, there was a sud-
is a smaller CO band on the catalysts with lower dispersion. den decrease in CO absorbance, reaching a value below the
For both catalysts, the band’s intensity slightly decreasesIR detection limit. Concurrently, there is a sudden increase
with increasing temperature, from 100 to 2@ due to a in the amount of gas-phase @Orhis behavior, while not
small amount of CO desorption. Although the ratio of inte- shown here, exemplifies the Langmuir—Hinshelwood oxida-
grated CO absorbances (IA) is similar to th¢R4 ratios of tion mechanism, and is similar to that reported in previous IR
both catalysts (2.7), with increasing temperature, there is astudies [28,30]. After ignition, the CO flow was discontinued
small increase in the IA ratio, e.g., from 2.5 to 2.64 to 2.7. while maintaining the 10% ©flow for 90 min at 200C;

This is due to the slightly greater percentage of CO desorp-thus, the surface was expected to become oxidized again.
tion on the catalyst with lower dispersion. After decreasing the temperature to 2@ the feed was

When similar experiments were conducted with oxidized switched again to the C@; reactant gas mixture. The CO
catalysts,no CO adsorption was observed at RT, indicat- absorbance observed after the switch, however, was identi-
ing no exposed metallic Pt. However, upon increasing the cal to that of the reduced catalysts, indicating that the surface
temperature in flowing CO to 10, the CO absorbance of was quickly reduced when the flow was resumed, even under
sample 6 increased to approximately 50% of the absorbancean oxidizing atmosphere (1% CO, 10%,®le).
of the reduced catalyst and the intensity of the band in-  The IR spectra of Ptilica calcined at 400C (sample 4,
creased with time on stream. After 30 min, the difference in Table 1) were also obtained after exposure of /O
in the CO IA between the oxidized and the reduced cata- at different temperatures. This sample, according to the
lyst was only about 15%. At the end of the ruh£ 200°C, EXAFS results (see Table 4), initially contains no metallic
90 min), there waso difference between the intensity ofthe  Pt. The IR results (Fig. 7) accordingly show no CO ad-
CO band for the calcined and reduced catalysts. This showssorption at room temperature. At 190, however, there is
that at7 > 100°C, CO completely reduced the oxidized ca- a small broad band at 2105 cth As the temperature in-

talyst’s surface to metallic Pt. creases, however, a band at 2077 émcorresponding to
linearly adsorbed CO on metallic Pt, begins to increase while
3.4.2. CO-O; reaction the band at 2105 cnt decreases. At the same time, smalll

Similar FTIR measurements were conducted on reducedamounts of gas-phase GQre observed. The amount of
Pt/silica, samples 6 and 9 (#Pt=0.76 and 0.29, respec- metallic Pt from the CO absorption band correlates well with
tively), but now in the presence of the same reactant gasthe activity of this catalyst, as shown in Fig. 1. Ignition starts
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E increasing temperature, however, oxidized Pt is reduced by

CO even with a large excess o Orhus, while metallic Pt

Dﬁ

Si0,

/‘ Spr———— is readily oxidized by pure Qat_reagtion tgmperatures, the
low CO coverage presence of low CO concentrations is sufficient to reduce the
o oxidized Pt surfgce. . o
o <o C'OCO Herz and Shinouskis reported similar IR results on & Pt
é AlO3 catalyst [42]. These authors observed a rapid shift of
g $i0, an IR band from 2120 to 2070 cm as the reactant mix-
© . ture is switched from a 1% £JHe mixture at 250C to a
o Pt surface reduced
o) /y CO. high CO cov. 1% CO/He. In another IR study on a Al O3 catalyst An-
.‘é’ co derson [43] also reported the presence of a carbonyl species

band at 2125 cmt. This author attributes this band to CO
adsorbed at Pt sites coexisting with metallic Pt and indi-
150°C i _ cates that this species is unreactive in the presence of oxygen
/‘:&1?5 Rettially tediiced, at temperatures between 200 and 300
b This study clearly confirms previous results showing that
M Ee0: on highly dispersed (reduced) catalysts, the rate per unit
i E mass is similar to that of catalysts with low dispersion
fore . ‘I .// = (Fig. 3A). The resulting corollary is that the turnover num-
2400 2250 2100 1950 Pt-0, no CO adsorbed ber, TON, increases with decreasing particle size (Fig. 3B);
i.e., the activity per surface Pt increases with increasing par-
ticle size. Careful kinetic results obtained in a recycle reactor
Fig. 7. IR spectra of 408C calcined PtSiO, (sample 4) during CO oxi- showed that the apparent activation energy also decreases
dation. Feed composition 1% CO, 10%,(balance He. Total flow rate  slightly as the particle size increases. It follows that chang-
120 cg/min. ing particle size not only changes the number of Pt sites, but
also changes the activity per site, clearly showing the struc-
at about 160C, but it is not as abrupt as that for the reduced ture sensitivity of the CO oxidation reaction.
samples. Above 18TC, the surface coverage of CO is low. For CO-rich conditions, where the catalytic surface is
A cartoon depicting these IR results is displayed on the right mostly covered by CO and the reaction rate is inverse order
of Fig. 7. Initially, the fully oxidized surface adsorbs small with respect to the CO partial pressure, CO oxidation has
amounts of CO. As the temperature increases, despite thebeen found to be structure insensitive on Pd(100), Pd(110),
large excess of & the surface starts getting reduced, per- Pd(111) [3], Pda-Al;03 [6,7], Rh/a-Al»03, Rh/SIO;,
haps by an Eley-Rideal mechanism. The oxidized Pt surfaceRh/9-Al,03 [8,9], PY/SiOy, and PfAl,O3 [4,11]. On the
continues to reduce at higher temperatures. At about@>0 other hand, under £rich conditions, CO oxidation is re-
the Pt particles’ surface is fully reduced with a high CO cov- ported to be a demanding, or structure-sensitive, reaction on
erage. As the temperature increases further, the rate of COvarious catalysts from single crystals [12,19] to model cata-
oxidation increases and CO coverage decreases, as in thésts with small Pd or Pt clusters supported on flat supports
case of the reduced catalyst. In other words, as shown by thg[16,19,21], to supported catalysts [2,18,27], similar to the
activity results, the state of the surface is dictated by the re-results presented in Section 3.2.
action environment. Contrary to expectations, flowing a net  Despite the above results, less attention has been given
oxidizing mixture containing 1% CO over the Pt surface ac- to highly dispersed oxidation catalysts. Akubuiro et al. [18]
tually does not result in an oxidized surface, but instead in a analyzed zeolite Y-supported Pt catalysts with particle sizes
reduced surface. Obviously, these results will vary depend- ranging between 18 and 1000 A. They found that for both
ing on the concentration of oxygen and CO in the feed. high and low CO concentrations (0.3 and 2% CO, /CQ
ratio = 0.45), the TOF increased as the particle size in-
creased up to approximately 30 A. At high CO concen-
4. Discussion trations, the activity remained constant with larger particle
sizes. For low CO concentrations, there was a small decrease
The model that emerges for CO oxidation is that, even in in the TOF between 30 and 50 A, with no other changes in
the presence of an oxygen-rich mixture, the active surface activity for larger particles.
is metallic Pt. The EXAFS analysis of the catalysts calcined  The previous results for CO oxidation may be categorized
near 400C are predominantly Pt oxide before reaction.  into three groups. Several studies have been conducted on
Although oxidized Pt is initially inactive at low tempera- large particles, generally larger than 25 A under stoichiomet-
ture (< 100°C), the activity becomes equivalent to that of ric reaction conditions. In this case, CO oxidatioriasile,
reduced Pt af’ > 100°C. The FTIR results show that CO or the TON is independent of particle size [2,6-11]. Sev-
is not adsorbed on oxidized Pt at low temperatures. With eral studies have also been made on metal particles between

]

Si0,

-1
wavenumber / cm
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plane edge Since a detailed description of the Monte Carlo simula-
tions is beyond the scope of this paper, only the main results
are presented next. Using the crystallite model presented in
Fig. 8, supported catalysts with dispersions 0.29 and 0.80
were considered in the simulations. For each catalyst, the
number of crystallites on the support was varied in order
to maintain thetotal number of metal atoms constant. This

is equivalent to analyzing catalysts with different dispersion
but the same metal loading. Initially, the TOFs of both cata-
lysts were calculated assuming that the rates of adsorption,

corner base surface reaction, and desorption were the same in corner,
edges, and plane sites. In this case, it was not possible to fit

mcomer  Oedge,base M planar face the experimental data to the theoretical results, since the sim-

80 ulation yielded that both supported catalysts have the same

overall activity.
We found that the experimental rates agree with the the-
ory only when the rate of surface reaction on low coordina-

50 tion Pt, i.e., corners, edges, etc., is at least 10 times smaller

40 than that on the planar faces. This is reasonable if one con-

30 siders that at corner and edge sites the more strongly ad-

20 sorbed reactants must overcome an additional energy barrier

10 to diffuse and react, thus lowering the rate of surface reac-
135 21.5

70 =

Percentage of sites (%)

tion in these sites. Based on transient kinetic experiments
on a Pt(112) single crystal, Szabé et al. [14] found that CO
on Pt plane surfaces is more reactive than when adsorbed at
step sites. Siera et al. confirmed this conclusion for CO oxi-
dation on Pt—Rh (111), (100), (410), and (210) single crystal
Fig. 8. Crystallite model used for Monte Carlo simulations. Pt crystallite gyrfaces [49]. These authors report that CO oxidation oc-
model and proportion of sites for different Pt particle sizes. curs at a relative low temperature on flat surfaces, but at a
higher temperature on stepped surfaces. As the Monte Carlo

about 10 and 60 A, also under stoichiometric conditions [5], simulations indicate, for large particles there is only a small
and with crystallites between 30 and 75 A [17,44]. For these increase in the number of more reactive planer atoms with
catalysts, there is only a small change in the TON with increasing particle size, and this is offset, at least in part, by
particle size. Finally, a number of studies have shown that the loss in dispersion. Therefore, little change in the TON
on small metal particles, generally, less than about 20 A, is expected for larger particles, as was observed. All stud-
CO oxidation is structure sensitive under both CO-rich and ies, therefore, are consistent with the interpretation that flat
CO-lean conditions [13,15b,18,20,21,45]. The present study, surfaces have a significantly higher CO oxidation activity
with particles between 10 and 40 A, is similar in size to the compared to low coordination edge and corner atoms.
third group. The reaction conditions were highly oxidizing,
i.e., CO lean.

To explain the change in intrinsic activity with size, we 5. Conclusions
need to consider a model of a Pt crystallite such as the
one depicted in Fig. 8. Such a model has been proposed by Two different methods have been used to prepare silica-
Mavrikakis [46] and was used in our Monte Carlo simulation supported Pt catalysts with different dispersions. Calcined
studies of the CO oxidation reaction [47,48]. As the size of or oxidized catalysts do not adsorb CO at room temperature,
the particle changes, the ratio of Pt atoms at the corner, edgebut at 7 > 100°C these catalysts show activity during CO
and flat surfaces will change, and we can calculate the num-oxidation. In situ FTIR results clearly indicate that metal-
ber of these atoms for different crystallite sizes (Fig. 8). lic Pt is the active phase of P8I0, catalysts. A model has

As the crystallite size increases, the fractions of Pt atoms been proposed to describe the changes in the catalytic sur-
at low coordination sites, i.e., corners and edges, decreasdace upon exposure to CO, even at low concentrations. These
dramatically while the fraction of atoms on planer faces in- changes lead to reduction of the oxidized surface, allowing
creases with a relatively small increase in the particle size. CO adsorption and the subsequent reaction with adsorbed
For an average size of 14 A, for example, the fraction of Pt oxygen.
atoms in planer surfaces is only 12.5%, whereas for a parti-  Kinetic studies complemented with EXAFS and in situ IR
cle of 38 A, more than 60% of surface atoms are on planar results confirmed that, under@ich conditions, the CO ox-
faces. idation reaction is structure sensitive ory B0, catalysts,

ST 51.1

Particle size (A)
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as the specific activity (TOF) increases with increasing par- [18] E.C. Akubuiro, X.E. Verykios, L. Lesnick, Appl. Catal. 14 (1985) 215—
ticle size. The reason for this structure sensitivity is likely 227.

to be the difference in activity of catalytic sites present on [19] |- Stara, V. Nehasil, V. Matolin, Surf. Sci. 331-333 (1995) 173-177.
flat surfaces compared to that of low coordination sites, like [201 V- Nehasil, . Stard, V. Matolin, Surf. Sci. 352-354 (1996) 305-309.
edges or corners. Because the relative proportion of pIanar,[21] U. Heiz, A. Sanchez, S. Abbet, W.D. Schneider, J. Am. Chem. Soc.

o : L) 121 (1999) 3214-3217.
step, and corner sites in a crystallite depends on its size, thqzz] (a) M. Haruta, Catal. Today 36 (1997) 153-166:

activity for CO oxidation of a silica-supported Pt catalyst is (b) M. Haruta, Cattech 6 (2002) 102—115.
affected by the average particle size, especially for catalysts[23] J. Grunwaldt, C. Kiener, C. Wégerbauer, A. Baiker, J. Catal. 181
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