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Abstract

Supported Pt catalysts were prepared by ion exchange of Pt(Il) tetraamine hydroxides)tH,] onto SiQ,, Al,O3, and TiG, and by
adsorption of Pt bis-acetylacetonate [Pt(aglato MgO. All the catalysts except Pt/Ti@vere characterized by in situ X-ray absorption fine
structure (XAFS) spectroscopy after reduction at 30 flowing H,, and the Pt/Si@and Pt/MgO catalysts were examined after subsequent
exposure to 1% NO/He at 25-300. NO decomposition pathways were investigated by temperature-programmed reaction spectroscopy
(TPRS) using a 1% NO/He feed, and steady-state conversions for direct NO decomposition were measufé€l AlG@@composition at
low temperatures (200—-40Q) produces BO and N, and in situ XAFS spectroscopy indicates that the supported Pt particles are partially
oxidized under these conditions. Over each catalyspr@duction begins at-350°C; N,O production declines above 400; and N and
O, are the only detectable NO decomposition products at 600lanometer-sized Pt clusters on g$&nter during heating in 1% NO/He
at 300°C, whereas larger Pt particles supported on,%i@d MgO are resistant to sintering under these conditions. The turnover frequency
for direct NO decomposition over Pt/Si@atalysts is insensitive to Pt particle size. Pt/SiPt/Al, O3, and Pt/TiQ catalysts have equivalent
NO decomposition activities suggesting the absence of support effects for these metal oxides. In contrast, the NO decomposition activity of
Pt supported on strongly basic MgO is significantly lower.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction At higher temperatures, £desorption has been inferred to
be the rate-determining step in catalytic NO decomposition
More stringent NQ emission requirements for diesel en- over Pd/AbOs catalysts[7]. The results of a recent study
gines will require catalytic NQabatement technologies that suggest the same conclusion for PB4 catalyst48]; how-
are effective under lean-burn conditions. Direct NO decom- ever, earlier investigations of the kinetics of NO decom-
position to N and G (without an added reductant) is an position over supported Pt catalysts and polycrystalline Pt
attractive alternative to NOtraps and selective catalytic re-  yielded rate expressions consistent with quasi-equilibrated
duction for this applicatioril]. NO decomposition is ther-  O» adsorption9-11]
modynamically favorable; however, a practical catalyst must NO dissociative chemisorption on Pt surfaces is highly
exhibit high activity at low temperatures (200—3@) in an structure sensitive as evidenced by numerous temperature-
oxygen-rich environmenf2]. Supported Group VIII met-  programmed desorption (TPD) studies conducted on Pt
als, such as Pt, Pd, Rh, and Ru, exhibit varying degreessingle crystald4]. Moreover, the catalytic activity of a Pt
of NO decomposition activity albeit at high temperatures surface for NO reduction (e.g., the CO-NO reaction) de-
(600-800°C) [3-5]. Pt and Pd are the most active of these pends on its NO dissociation efficiency. NO dissociation
metals; however, supported Pt and Pd catalysts deactivategenerally is enhanced for Pt surfaces on which the atoms
rapidly at low temperatures due to oxygen poisorB@]. have lower coordination numbers, i.e., more open crystal
planes and surfaces with high densities of steps and kinks.
msponding author. Tek:1 919 515 6395; faxi1 919 515 3465, For_ ex.a_mple, NO. adsorbs moIecuIarIy_on Pt.(l 11); however,
E-mail address lamb@eos.ncsu.edu (H.H. L’amb). a S|gn|f|c§1nt portion of adsorbed NO dissociates on Pt(100)
Lpresent address: Department of Chemical Engineering, Louisiana [12]. During TPD the adsorbed nitrogen and oxygen atoms
State University, Baton Rouge, LA, USA. desorb associatively to produce Bnd G, respectively. @
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desorption from Pt(100) has the higher activation barrier support (5g) and deionized (DI) water (50 mL) at’Z5 Af-

as evidenced by the TPD peak temperatur&50 K) [13] ter stirring overnight, the solid was recovered by filtration,
consistent with the hypothesis that @esorption is the  washed with DI water, and dried at 8C overnight. Two
rate-determining step in direct NO decomposition. Pt/SiQy catalysts [designated Pt/SiQQ) and Pt/SiQ(2)]

Particle size effects have been studied extensively in sup-were prepared with different Pt loadings. PY/g(0O was
ported metal catalysis, especially for hydrocarbon conver- calcined in flowing @ at 230°C for 2h, and the other
sion reaction$l4]. Studies of model Pd/Sicand Pd/AyO3 catalysts were calcined inat 300°C.
catalysts have shown that NO dissociation is more efficient A Pt/MgO catalyst was prepared by adsorption of
on smaller Pd particles than larger ones, presumably becaus®t(acac) onto MgO from toluene solution. MgO powder
of the higher percentage of edge and corner §té% We (180 n?/g) was pretreated in flowing£at 500°C for 5 h and
are not aware, however, of a similar study of particle size ef- transferred to a pilled glovebox without exposure to air. A
fects for NO dissociation on supported Pt catalysts. The early solution of Pt(acae)(Strem Chemicals) in toluene (100 mL)
work of Boudart and coworkers indicated that direct NO de- was added to 59 of pretreated MgO suspended in toluene
composition over Pt is not structure sensitive, since equiv- (10 mL), and the resulting slurry was stirred overnight in the
alent turnover frequencies (TOFs) were found for By glove box. The light-yellow Pt/MgO catalyst was recovered
catalysts with dispersions of 3.7 and 39%210]. A more by filtration and dried for 5h on a vacuum line.
recent study verified that particle size effects are small for The supported Pt catalysts were stored in sealed vials
direct NO decomposition over Pt/AD3 catalystq8]. in a desiccator. Pt loadinggd4ble ) were determined at

The metal oxide support can influence the catalytic activ- Galbraith Laboratories by ICP-OES with the exception of
ity of supported Pt in a number of different ways, including the Pt/AbOs catalyst. The Pt loading of this sample was
effects on particle size, morphology, resistance to sintering, determined from the Rtz X-ray absorption edge jump using
oxidation resistance, and Pt electronic structure. Moreover, the other catalyst samples as calibration standards.
the support can be directly involved in the catalysis via
spillover (and reverse spillover) of reaction intermediates. 2.2. X-ray absorption spectroscopy (XAS)

We are not aware of an investigation of support effects on
Pt-catalyzed NO decomposition since Sakata et[Ed) Pt L3 edge (11564 eV) XA spectra were measured using
examined Pt supported on a variety of metal oxides in 1978. beam line X-11A of the National Synchrotron Light Source

In this work, supported Pt catalysts were prepared by ion at Brookhaven National Laboratory. The storage ring oper-
exchange of Pt(ll) tetraamine hydroxide [Pt()a{OH)2] ated with an electron energy of 2.8 GeV and a current be-
onto SiQ, Al,0O3, and TiQ and by adsorption of Pt tween 150 and 300 mA. The Si(11 1) double-crystal X-ray
bis-acetylacetonate [Pt(acak)onto MgO. All the cata- monochromator was calibrated using a2 Pt foil. Mea-
lysts (except Pt/TiQ) were characterized by in situ X-ray surements were made in transmission modelghamization
absorption fine structure (XAFS) spectroscopy after reduc- chamber contained flowing 20% ArgNand thel chamber
tion at 300°C in flowing Hy, and the Pt/Si@ and Pt/MgO contained flowing Ar. The XA spectra were collected in four
catalysts were examined after subsequent exposure to 1%anges {200, —30, 30eV, and 8, 16 Al) with step sizes
NO/He at 25-300C. Temperature-programmed reaction of 10 and 0.5eV, and 0.07 and 0.07A respectively. For
spectroscopy (TPRS) was used to investigate NO decom-each sample condition, two or three spectra were recorded
position pathways, and steady-state NO decompositionand averaged to increase the signal-to-noise ratio. All XA
activities were measured at 600. The results provide  spectra were recorded at 25. We were unable to charac-
new insight into the effects of Pt particle size and the metal terize the Pt/TiQ catalyst by transmission R XAS due
oxide support on direct NO decomposition catalysis. to the strong X-ray absorption background.

Each sample (with a weight of 0.1-0.2g) was pressed
into a rectangular slot in a stainless steel sample holder

2. Experimental methods which was then mounted in an in situ XAS cfll7]. Each
sample was reduced at 300 in flowing H, for 1 h, purged
2.1. Catalyst preparation briefly with He at 300C, cooled in flowing He to 25C,

and sealed under He in the XAS cell. After the initial XAS
SiO; (Degussa, Aerosil 200), AD3 (Vista, Catapal A), measurements, the reduced Pt/Siéhd Pt/MgO samples
TiO, (Degussa, P25) and MgO (Martin Marietta Mag- were exposed briefly to flowing 1% NO/He at 25, sealed
nesia Specialties, Magchem AD) were used as received.under this mixture, and the XA spectra measured. Selected
Ultra-high-purity He and Hl, extra-dry Q and a certified samples were heated to 30D in flowing 1% NO/He,
1% NO/He mixture were supplied by National Welders. soaked for 30 min at 300, cooled to<50°C in flowing
Supported Pt catalysts were prepared by ion exchange 0fl1% NO/He, purged with He, and sealed under He in the XAS
aqueous Pt(ll) tetraamine hydroxide with Sj@&l,03, and cell.
TiOy. In a typical preparation, an aqueous solution con- The extended X-ray absorption fine structure (EXAFS)
taining Pt(NH)4(OH), was added dropwise to a slurry of spectra were analyzed using XDAP softwi8] follow-
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Table 1
Summary of NO decomposition activity of supported Pt catalysts
Catalyst Pt loading D2 Conversioft® Rat&-d TOF (s1) Conversiofi® Ratéle

(wt.%) (300°C reduction) (mol NO/mol Pts) (300°C reduction)  (500°C reduction) (mol NO/mol Pts)
Pt/SiGx(1) 0.65 0.56 30.0 0.0066 0.0117 - -
Pt/Si%(2) 1.89 0.38 42.1 0.0035 0.0091 44.1 0.0037
Pt/Al,03 0.62 - 26.6 0.0060 - 17.2 0.0036
P/TIiO, 0.75 - 19.6 0.0035 - 19.1 0.0034
Pt/MgO 0.78 - 8.9 0.0014 - 12.4 0.0020

apt dispersion estimated using Pt—Pt coordination number measured by in situ EXAFS after NO treatmef€Cat 300

b Steady-state NO conversion for a 1% NO/He feed at°€DO
€ Catalysts were reduced in situ at 3@ in Hy prior to testing.
dRate extrapolated to 0% conversion for a 1% NO/He feed.
€ Catalysts were reduced in situ at 5@ in H, prior to testing.
f Catalyst derived from [Pt(acad)precursor.

ing procedures described in more detail elsewfit®¢ The
EXAFS spectrum was isolated from the XAS data and nor-
malized using the height of the edge jump at 50eV. The
resulting y data were fitted iR space yielding the EXAFS
structural parametersy (coordination number)R (inter-
atomic distance)Ao? (relative Debye—Waller factor), and
AEp (inner potential shift). Reference files were derived
from the EXAFS spectrum of Pt foil measured at’25and
[NaoPt(OH)] measured at liquid-nitrogen temperature.

2.3. Temperature-programmed reaction spectroscopy

TPRS experiments were conducted using a fixed-bed mi-

PC. Before each run, a fresh sample (0.3 g) was loaded in a
clean quartz reactor tube. The reactor tube was installed in a
split tube furnace with a Type K thermocouple placed near
the center of the reactor bed. The catalyst was reduced in
flowing Hz (40 mL/min) by heating from 30 to 300 (500¢

at 5°C/min and soaking at 300 (500 for 1 h. The sam-

ple was then cooled in flowing He to 3C. A typical TPRS
experiment was conducted by heating from 30 to 80@&t
5°C/min in flowing 1% NO/He (27 mL/min). The sample
was soaked at 60@ for 1h to measure the steady-state
NO decomposition activity. Subsequently, the sample was
cooled to 30°C in flowing 1% NO/He.

croreactor connected to a quadrupole mass spectrometeé Results

(QMS) (Stanford Research Systems RGA 100) via a Balz-
ers (TYP GEV 010) high-pressure gas inlet system. The
QMS signals at mass-to-charge/€) ratios of 2(H), 4(He),
18(H,0), 28(N» and CO), 30 (NO), 32(8), 44(CQ and
N20), and 46(NQ) were monitored during each experiment,

Fig. 1 shows the normalized Rz XANES spectra of the
Pt/SiQy(1) catalyst after reduction in flowing4hat 300°C,
after subsequent exposure to 1% NO/He at@5and after
heating in the reaction mixture to 30G. TheLz XANES

and these were recorded together with the temperature by aspectrum of a 2pm Pt foil is shown for reference, and a

15
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...... NO exposure at 25°C
- - — Reduction at 300°C
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0y 77— T1 T
20 -10 0 10 20 30 40 >0
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Fig. 1. Normalized Pt3 XANES spectra of Pt/Sig]1) after reduction in flowing K at 300°C, after subsequent exposure to 1% NO/He at@5and
after heating in the reaction mixture to 30D. TheLs XANES spectrum of a 2am Pt foil is shown for reference.
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Fig. 3. Fourier transformsk{-weighted, Pt—Pt phase-corrected) of the
EXAFS spectra of Pt/Sigfl) after reduction in flowing Kl at 300°C,
after subsequent exposure to 1% NO/He at@5and after heating in
(© the reaction mixture to 30CC.

amplitude of the highk EXAFS oscillations increases sig-
nificantly after heating the catalyst in 1% NO/He at 3@0
Moreover, EXAFS oscillations due to backscattering from
2 4 6 3 10 12 Pt higher shells are also evident. The FT EXAFS spectra
K (A of the reduced catalyst and the catalyst after NO exposure
at 25°C exhibit prominent first-shell Pt—Pt peaks-a2.65
and~2.75 A, respectively. After heating the catalyst in 1%
NO/He at 300C the first-shell Pt—Pt peak at2.75A in-
creases markedly in intensity and higher shell Pt—Pt contri-
butions appear (as indicated by arrows). The results obtained

Fig. 2. PtLs EXAFS spectra of Pt/Sig{1) after reduction in flowing K
at 300°C (a), after subsequent exposure to 1% NO/He &tQ%b), and
after heating in the reaction mixture to 30D (c).

manual edge alignment has been performed in-86 to by fitting the EXAFS spectra in the ranges aB2< k <
0eV range. The Atz XANES spectrum is comprised of two 11-5_'&_1 and 10 < R < 3~QA are given inTable 2
components: the 3 — 5d edge resonanceq white line) Fig. 4 shows the normalized Rt XANES spectra of the

and the continuum X-ray absorption threshold. Thevhite PUSIG(2), P/ALO3, and P/MgO catalysts after reduction
line area is proportional to the density of unoccupied d statesin flowing Hz at 300°C and after subsequent treatment in
above the Fermi level and, hence, is sensitive to Pt oxidation 1% NO/He at 300C (except for Pt/AdO3). TheL3 XANES
state and chemical interactions with adsorbed species. Thespectrum of the PUSi§)2) catalyst after reductiorF{g. 49
XANES spectrum of the Pt/SiD1) catalyst after reduction  is very similar to that of Pt foil suggesting the presence
is closely similar to that of Pt foil from-20 to~4 eV; how- of Pt crystallites. In contrast, thks white line areas of
ever, there are significant differences at higher energies. Thethe P/AbO3 and Pt/MgO catalysts after reductiofig. 4b

L3 white line is broadened and has additional area in the and ¢ respectively) are significantly larger than that of Pt
region between 5 and 15eV. Moreover, the XAFS oscilla- foil indicating that the Pt was not completely reduced. The
tions beginning at-10 eV are much weaker in the XANES Pt/Al>O3 catalyst in particular contains a significant per-
spectrum of the Pt/Sig)1) catalyst. Thd_3 white line area centage of oxidized Pt, and for this reason we did not mea-
of the catalyst increases significantly upon exposure to 1% sure its XA spectrum after treatment in NO. An increase in
NO/He at 25 C; however, the XAFS is qualitatively simi-

lar to that of the reduced catalyst: the white line is broad- .. »

ened, and the XAFS oscillations are weak. In contrast, the exaFs fitting results for PUSIg(1) catalyst

XANES spectrum recorded after heating the catalyst in 1%

NO/He at 300 C for 30 min exhibits a sharper more distinct Treatment Shell N RMA A’ (A AR (V)
white line and larger XAFS oscillations. 300°C, H PPt 58 266  0.0042 6.9
The PtL3 EXAFS spectra of the Pt/SiDL) catalyst after PO 05 201 0013 0
. T . 25°C, 1% NO/He PPt 58 276  0.0051 16
the above-mentioned in situ treatments are showign 2, PLON 22 185 0017 88

and the correspondink?-weighted, Pt—Pt phase-corrected 300°C, 1% NO/He Pt-Pt 86 276 00023 26
Fourier transforms are shown F]g. 3 The EXAFS oscil- Typical errors in EXAFS parameters arel5% for the coordination

lations are very weak, especially at highfor the reduced number, N, +0.01 for the interatomic distanc®, and £15% for the
catalyst and the catalyst after NO exposure at@5The Debye-Waller factorAc2.
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Fig. 4. PtL3 XANES spectra after reduction in flowingptat 300°C and
after subsequent treatment in 1% NO/He at 300 (a) Pt/SiQ(2), (b)
Pt/Al;03, and (c) Pt/MgO. Thea.3 XANES spectrum of a 25m Pt foil

is shown for reference.
X2

k ® Fourier Transform

(b)

white line area is observed for the Pt/${@) and Pt/MgO
catalysts after heating in flowing 1% NO/He at 3@ The
Pt/SiQx(2) catalyst exhibits a smaller increase in white line
area after this NO treatment than the Pt/K) catalyst. The
Pt L3 white line areas of the Pt/MgO and Pt/$i(Q@) cata- X2
lysts are approximately equal after NO treatment at°q00
The Ptz EXAFS spectra of the Pt/Si(R2), Pt/AbO3, and ; ; ; ; ;
Pt/MgO catalysts after reduction ikt 300°C are shown 1 2 3 4 5
in Fig. 5. The amplitude of the high-EXAFS oscillations is RA)
greater for the P_US'QZ) catalyst; moreover, t,here are higher Fig. 6. Fourier transformsk{-weighted, Pt-Pt phase-corrected) of the
frequency contributions due to backscattering from second, exars spectra of (a) PUSi@2), (b) Pt/AbOs, and (c) PYMgO after
third, and fourth nearest neighbor Pt atoms. The EXAFS reduction in flowing H at 300°C.
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Table 3

EXAFS fitting results for supported Pt catalysts after reduction at’@00

X. Wang et al./Catalysis Today 96 (2004) 11-20

Catalyst Shell N R (A) Ac? (A2 AEp (eV)
PUSIN(2) PPt 97 277 0.0009 3.7
Pt/Al,O3 Pt—Pt 6.1 2.75 0.0077 0.2
Pt-O 2.2 2.02 0.0080 3.6
Pt/MgO Pt—Pt 7.0 2.76 0.0071 1.5
Pt-O 0.8 1.96 0.0087 0

Typical errors in EXAFS parameters arel5% for the coordination
number, N, £0.01 for the interatomic distanc®, and £15% for the
Debye-Waller factorAo?.

higher shell Pt—Pt contributions consistent with the f.c.c.
crystal structure. The first-shell Pt—Pt peaks for the BtAl
and Pt/MgO catalysts are much weaker, and there ardRjlow-
features indicative of Pt—O backscattering (particularly for
the Pt/AbOs catalyst). The results obtained by fitting the
EXAFS spectra in the ranges of@2< k < 11.5A-1 and
1.0 < R < 3.0A are given inTable 3

The EXAFS spectra of the Pt/Si(®) and Pt/MgO cat-
alysts after heating to 30C in flowing 1% NO/He (not
shown) are closely similar to those of the reduced catalysts
(shown inFigs. 5 and ¥ indicating that the supported Pt
particles do not sinter under these conditions.

The temporal TPRS profiles for the Pt/SiQ), Pt/SiG(2),
Pt/Al,03, and PYTIQ catalysts after in situ reduction at
300°C are shown inFig. 7. The temperature program,
product (N, O2, N2O) and reactant (NO) QMS traces are
displayed versus on-stream time. The switch from He to
1% NO/He flow results in the partial pressure transients
observed within the first 100 s on stream. NO consumption
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and concomitant PO and N evolution are observed be-
tween 150 and 25QC over each supported Pt catalyst. The
TPRS product profiles are plotted with respect to temper-
ature inFig. 8 The Pt/AbOs catalyst shows transient NO
decomposition activity beginning at 150—about 50C
lower than the other catalysts. The Pt/g(®) and Pt/TiQ
catalysts exhibit weak PO production maxima at approxi-
mately 250°C. Direct decomposition of NO to Nand Q,

as evidenced by £evolution, commences at approximately
350°C over each catalyst. NO consumption increases pro-
gressively as the catalyst temperature is increased, a@d N
production diminishes markedly above 4@ For each
catalyst, steady-state NO decomposition activity is achieved
after ca. 1 h on stream at 60G. When the raw QMS sig-
nals are calibrated to account for the relative sensitivities of
the detector and inlet system, the steady-stat®p ratio

is found to be very close to the expected 1:1 stoichiometry.
The N;O selectivity is negligible under steady-state reaction
conditions at 600C. A sharp NO consumption peak and
a small N evolution peak are observed for the PH/Bk
catalyst during rapid cooling in flowing 1% NO/He after
NO decomposition catalysis.

Fig. 9 shows the temporal TPRS profiles for the Pt/MgO
catalyst after reduction at 300 and 5@ A large NO con-
sumption peak is observed at 28D for the catalyst re-
duced at 300C (Fig. 99. The concomitantwe = 28 and
44 gas evolution peaks are due primarily to CO and,CO
(as evidenced by a stromye = 12 fragment). These TPRS
features are virtually eliminated after reduction at 500
(Fig. 9b), and only modest amounts obMnd NO are pro-
duced at low temperature. Direct decomposition of NO4o N

—m/e 28
----mle 32

0 2000 4000 6000

On-Stream Time (s)
700
600
500 O
1 400 &
2
——ml/e 28 300 S
b (4]
----mle 32 Qo
...... 200 €
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100
[\ : "x"--TT‘ 0
0 2000 4000 6000 8000 10000 12000

On-Stream Time (s)

Fig. 7. 1% NO/He TPRS profiles of supported Pt catalysts (time abscissa): (a) RUBI®) Pt/SiQ(2), (c) P/ALOs, and (d) PYTIQ.
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Fig. 9. 1% NO/He TPRS profiles (time abscissa) of Pt/MgO prepared
using [Pt(acag)] after reduction in flowing H at (a) 300°0C and (b)
500°C.

the steady-state NO decomposition activities of the catalysts
after 300°C reduction decrease in the orderyRt,O3 ~
Pt/SiOx(1) > Pt/Si0x(2) ~ PYTiO, > Pt/MgO. The
Pt/SiG(2) and PU/TiQ catalysts have equivalent activities;
the Pt/SiQ(1) and Pt/AbO3 catalysts are significantly more

Fig. 8. 1% NO/He TPRS profiles of supported Pt catalysts (temperature active; and the Pt/MgO catalyst is significantly less active.

abscissa): (a) Pt/SiL), (b) Pt/SiQ(2), (c) Pt/ALO3, and (d) PUTIQ.

and Q (as evidenced by £evolution) begins at 300-35C,
and a unigue MO evolution peak is observed at approxi-
mately 500°C. Steady-state NO decomposition activity is
observed at 600C; however, the catalytic activity is sig-

Additional NO decomposition activity measurements were
made on selected catalysts after reduction at°&)0and
these data are included Table 1 The steady-state NO de-
composition rates for the Pt/Si(2), Pt/AlL O3, and Pt/TiQ
catalysts after 500C reduction are equivalent within exper-
imental uncertainty. The primary effect of the higher reduc-

nificantly lower than the other supported Pt catalysts. After tion temperature is to reduce the activity of the Pi(2d
NO decomposition catalysis, a sharp NO consumption peakcatalyst bringing itin line with PUSigl2) and PUTIQ. The

accompanied by Nland NO evolution is observed during
rapid cooling in flowing 1% NO/He.

The steady-state NO conversions measured at6d0r
the supported Pt catalysts after reduction in & 300°C
are listed inTable 1 The measured conversions are not dif-

NO decomposition activities of the latter catalysts are not
changed by increasing the reduction temperature. The cat-
alytic activity of Pt/MgO increases after reduction in Bit
500°C, but it remains significantly less active than the other
supported Pt catalysts.

ferential and, hence, cannot be used to determine reaction

rates directly; however, NO decomposition over Pt is known

to obey first-order kinetics with respect to N@-11] The
reaction rates given ifable 1were calculated from the

4, Discussion

measured conversions by assuming plug flow behavior and The Pt/SiQ(1) catalyst after reduction in Hat 300°C

first-order kinetics. The rates represent the steady-state accontains small £1nm) Pt clusters that exhibit a Pt—Pt
tivities of the catalysts extrapolated to 0% conversion for a nearest neighbor distance that is 0.09 A shorter than in bulk
1% NO/He feed. This approach does not account for any ratePt with a large relative Debye—Waller factor. Reifsnyder et
inhibition due to Q produced by the reaction. On this basis, al. [19] examined a similarly prepared Pt/Si@atalyst by
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in situ XAFS spectroscopy at liquid-nitrogen temperature and Pt/AbOs catalysts indicates that the Pt is in the form
and obtained high-quality EXAFS data that are fully con- of a PtQ-like species with a Pt—O coordination number of
sistent with the results presented herein. We infer that the ~6 and a Pt—O distance of 2.04 A. By assuming that the
short Pt—Pt distance and large disorder of the Pt—Pt shelloxidized Pt remains as Pt(IV) with an octahedral Pt—O coor-
are typical of silica-supported Pt clusters in the absence of dination environment, we estimate that/3 of the Pt in the
chemisorbed hydrogen. Exposure of the supported Pt clus-Pt/Al,O3 sample was not reduced at 3UD. The average
ters to NO at 25C results in an increase in Pt white line Pt oxidation state oft4/3 is consistent with the XANES
area, relaxation of the Pt—Pt bond length, and the appearancspectrum of the Pt/AOs catalyst. Correction of the av-
of low-Z backscatterers in the EXAFS spectrum; however, erage Pt—Pt coordination number of the P#@d catalyst
the average Pt—Pt coordination number does not changeto account for the oxidized Pt increases the Pt—Pt coordi-
indicating that the clusters do not aggregate under thesenation number of the metal particles t69. The EXAFS
conditions. The lowZ backscatterers are N and/or O atoms spectrum of the Pt/MgO catalyst contains a contribution
at an average distance of 1.85A. The large Debye—Waller from O backscatterers at 1.96 A consistent with unreduced
factor of this shell suggests a broad distribution of Pt—N/O [Pt(acac)] species. Using a Pt—O coordination number of
distances arising from a mixture of molecularly adsorbed 4 for [Pt(acac)], we estimate that-20% of the Pt in the
NO, Nags and Qgs The increase in Pt3 white line area Pt/MgO sample was not reduced at 3@ Correction of
can be explained by electron transfer from the Pt 5d orbitals the average Pt—Pt coordination number of the Pt/MgO cat-
to the 2r* orbital of molecularly adsorbed NO and/or by alyst also increases the Pt—Pt coordination number of the
the presence of Msand Qgsspecies. For comparison, the metal particles to~9. These estimated Pt—Pt coordination
Pt—N distance for a single bent nitrosyl ligand in agRtar- numbers represent approximate lower bounds for the fully
bonyl cluster is 1.80 A20], and density functional theory  reduced Pt/AlOs and Pt/MgO catalysts (e.g., after 50D
calculations for NO adsorbed on Pt(100) surfaces provide reduction). In contrast to the nanometer-sized Pt clusters
the following values: Pt—=NO (linear atop), 1.82 A,PNO in the reduced Pt/Sig)l) catalyst, the larger supported
(bridge), 1.98 A; Pi-N (bridge), 1.87 A; and B+O (bridge), Pt particles in the Pt/Sigd2) and Pt/MgO catalysts resist
1.96 A [21]. We do not, however, observe significant sintering under flowing 1% NO/He at 30Q.
backscattering from the nitrosyl O atom of adsorbed NO. Our TPRS results are in good agreement with previous
A large increase in the first-shell Pt—Pt coordination research on direct NO decomposition over supported Pt
number and the appearance of Pt higher shells were ob-{3,5,8-10] The data evidence that at low temperatures (less
served after heating the Pt/SiQ) catalyst in 1% NO/He  than 400°C) NO is decomposed to produce® and N.
at 300°C for 30 min. These observations indicate that the For the Pt/SiQ and Pt/AbO3 catalysts, the low-temperature
original Pt clusters aggregate to form Pt crystallites under N>O and N traces are nearly coincident leading us to sug-
these conditions. L66f et al. previously reported rapid sin- gest that these species are produced by parallel surface re-
tering of <1 nm Pt particles ony-Al,O3 upon exposure  actions. The following sequence of elementary surface steps
to dilute NO mixtures at temperatures as low as 200 can account for O and N formation at low temperatures
whereas the supported particles resisted sintering in Ar and[4,24]:
H> at temperatures up to 70CQ [22]. Moreover, the loss

of Pt dispersion (as measured by CO TPD and transmis- © = NOaus (@)

sion electron microscopy) did not depend strongly on either NO,gs — Nags+ Oads (2)

temperature (above 30C) nor NO concentration (0.1-4%

in Ar). An in situ EXAFS spectroscopy study by Schneider NOags+ Nags — N20 ®3)
. - i o

et al. yielded similar results for a pre-reduced 1.16 wt.% NOads+ Nags— N2 + Oads @)

Pt/Al,O3 catalyst (Vppt = 7) that was exposed to flowing
1% NO/N; at 300°C [23]. A marked increase in the Pt—-Pt Molecular Eg. (1) and dissociativeKq. (2) chemisorption
coordination number and a concomitant decrease in theof NO on Pt are competitive processes at 200-40)0and
Debye—Waller factor were observed. Both groups invoke we suggest that reaction between molecularly adsorbed NO
mobile Pt nitrosyl species as possible intermediates in the and adsorbed N atoms results i@ and N production
rapid sintering of supported Pt particles in an NO ambient. (Egs. (3) and (4)respectively). These low-temperature NO
The EXAFS fitting results for the remaining catalysts decomposition reactions result in net accumulation of oxy-
(Table 3 indicate that the average Pt—Pt coordination num- gen on the catalyst. The increased Ptvhite line intensities
ber decreases in the sequence/SRD,(2) > Pt/MgO =~ after heating in 1% NO/He at 30C evidence oxidation of
Pt/Al,O3. The low first-shell Debye—Waller factor and the supported Pt particles consistent with oxygen poisoning
strong contributions from higher Pt—Pt shells indicate that [3,6]. As the catalyst temperature is increased, th® Ne-
the PY/SiQ(2) catalyst contains well-ordered Pt crystal- lectivity decreases, thed\selectivity increases, and,@ro-
lites. The significant Pt—-O contribution at 2.02 A for the duction commences at approximately 380 The onset of
Pt/Al,O3 catalyst is indicative of Pt oxide species. Analysis O, production corresponds closely to the TPD peak temper-
of the EXAFS spectra (not shown) of the calcined Pt/SiO atures reported for ©desorption from Pt/AlO3 catalysts
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[8] and from the P{100 — (5 x 20) surface after>0.5
langmuirs exposure to NO at 100[K3]. The NbO selectiv-

ity approaches zero at 50CQ, and above this temperature
only N> and @ are produced. We infer that these products
are formed by associative desorption of N and O atoms:

2Nadgs— N2 (5)
20,ds— O2 (6)

The N;:O, stoichiometry is essentially 1:1 for steady-state
NO decomposition at 600, and catalyst deactivation is
insignificant on the time scale of our experiments.
Pt/SiQx(1) is significantly more active for NO decomposi-
tion than Pt/SiQ(2) after 300°C reduction, and the smaller
Pt—Pt coordination number of Pt/SiQQ) after heating in 1%
NO/He at 300C is indicative of a higher Pt dispersioDY
In order to compare the intrinsic activities of the Pt/giO
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tion, organic residues from the [Pt(acg@recursor remain

on the catalyst surface and participate in NO reduction at
~250°C. The temperature-programmed reduction data for
Pt/MgO supports this conclusion; large quantities of;CH
are produced between 300 and 500 After pretreatment of
Pt/MgO in flowing H at 500°C, the large NO consumption
feature at~250°C is virtually eliminated. An explanation
for the increased NO decomposition activity of the Pt/MgO
catalyst after 500C reduction will require additional
data.

The equivalent NO decomposition activities of the
PU/SiO(2), PY/ALOs, and Pt/TiQ catalysts after 500C
reduction suggest the absence of significant support effects
for Pt on these metal oxides. The lower NO decomposition
activity of the Pt/MgO catalyst may be related to the strong
basicity of the alkaline-earth metal oxide support. There is
recent evidence that the oxidation resistance of supported Pt

catalysts, TOFs were estimated from the steady-state NOjs greater on more acidic supports, and conversely, lower on

decomposition rates at 60C for a 1% NO/He feed. Pt dis-

basic supports, such as MgO. Yazawa et al. employed Pt

persions were estimated from the first-shell Pt—Pt coordina- X ANES to measure the average oxidation state of supported

tion numbers using the following empirical formut2b]:
D =20-0.167N (7)

Pt catalysts after @treatment at 550C [27]. A strong cor-
relation was observed between thg white line area and
the Hammett acidity of the support, indicating greater oxi-

An equivalent expression can be obtained by modeling the dation of Pt supported on more basic metal oxides. A pos-

supported Pt particles as cubo-octahedra, reldting par-
ticle diameterd, (nm), and approximating as d,;l. The
resulting TOFs Table 1) for the two Pt/SiQ catalysts are
nearly equal [0.010% (+20%)] indicating that particle size
effects are insignificant for direct NO decomposition over

sible explanation for this behavior is that increasing metal
oxide basicity decreases the Pt ionization potential due to a
Coulombic interaction with support oxygen anid2s].

The sharp NO consumption feature seen during rapid
cooling of the Pt/A}O3 and Pt/MgO catalysts after NO de-

Pt/SiQ, catalysts. The TOFs are in reasonably good agree- composition catalysisHigs. 7c and 9respectively) results

ment with those reported by Furusawa and Aika for NO
decomposition over Pt/AD3; when corrected for their NO
feed concentration of 0.1% NO/H®&]. These researchers
found almost no variation in TOF with particle size for

from a combination of NO decomposition and N&iorage.
Significantly, this phenomenon was only observed for Pt
supported on more basic metal oxides. Some of the NO ad-
sorbed during rapid cooling is decomposed toddd NO;

Pt/Al,O3 catalysts with Pt dispersions between 0.1 and 0.9 however, the product peaks are too small to account for the
(as measured by Hchemisorption on freshly reduced sam- total NO uptake, indicating that an additional NO consump-
ples). A modestly larger TOF was reported for supported tion mechanism is operative. Temperature-programmed des-

Pt crystallites~150 nm in diameter. The absence of signif-
icant particle-size effects for direct NO decomposition is
somewhat surprising given the structure sensitivity of NO
dissociation on Pt single crystal surfadd$. One possible

explanation is that NO dissociation and @esorption are

both kinetically significant steps in direct NO decomposi-
tion, and NO dissociation is more efficient on small Pt parti-

orption spectra (not shown) evidence that Ni® stored on
the support as surface nitrites and nitrates during cooling of
the Pt/AbO3 and Pt/MgO catalysts in 1% NO/He.

5. Conclusions

cles with a higher density of edge and corner sites, whereas Low-temperature NO decomposition te® and N> over

O» desorption is more facile on larger Pt crystallites with a
higher percentage of (11 1)-type facds.

The higher activity of the Pt/AlO3 catalyst after reduction
at 300°C may be due to the presence of partially oxidized

supported Pt catalysts results in oxidation of the Pt particles
consistent with oxygen poisoning. Sma#l nm) Pt clusters

on SiG sinter during heating in 1% NO/He at 300. The
TOF for direct NO decomposition over Pt/Si@atalysts

Pt species. Recent work by Schiel3er et al. indicates that parat 600°C is insensitive to Pt particle size. The Pt/${Q),
tially oxidized Pt species are active sites for NO reduction Pt/Al,Os, and Pt/TiQ catalysts (after reduction at 50Q)

by propane and propene over Pt/MCM-41 {@%) [26].

have equivalent NO decomposition activities suggesting the

Reduction temperature did not affect the NO decomposition absence of support effects. In contrast, the NO decomposi-

performance of the Pt/Si{R) and Pt/TiQ catalysts. In con-

tion activity of Pt supported on strongly basic MgO is signif-

trast, the reduction temperature of the Pt/MgO catalyst had aicantly lower. Transient NO consumption observed during

dramatic influence on its TPRS profile. After 30D reduc-

rapid cooling of the Pt/AIO3 and Pt/MgO catalysts in 1%
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NO/He (after steady-state catalysis at 80Dis attributed
to NO decomposition and NGstorage on the support.
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