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Ruthenium site structures supported on metal oxide surfaces were designed by reacting organometallic Ru
cluster [RYC(CO)g]?> or [Rus(CO)g]> with various metal oxides, Ti®Al,O3, MgO, and SiQ. The surface

Ru site structure, formed under various catalyst preparation and reaction conditions, was investigated by the
Ru K-edge extended X-ray absorption fine structure (EXAFS). Samples GC[R®)¢> /TiO,(anatase)

and [RuC(CO)¢)?> /TiOy(rutile) were found to retain the original Kb framework when heated in the presence

of NO (2.0 kPa) or NO (2.0 kPa} CO (2.0 kPa) at 423 K, i.e., catalytic reaction conditions for NO
decomposition. At 523 K, the RuRu bonds of the RIC framework were cleaved by the attack of NO. In
contrast, the Ru site became spontaneously dispersed ovefdn@tase). When being supported over JIiO
(mesoporous), MgO, or ADs, the RYC framework split into fragments in gaseous NO or NGCO even

at 423 K. The Ryl framework of [Ry(CO)g]>~ was found to break easily into smaller ensembles in the
presence of NO and/or CO at 423 K on support. Taking into consideration the realistic environments in
which these catalysts will be used, we also examined the effect of water and oxygen. When water was introduced
to the sample [R4C(CO)e?>/TiO,(anatase) at 423 K, it did not have any effects on the stabilize Ru
framework structure. In the presence of oxygen gas, however, the Ru hexanuclear structure decomposed into
isolated Ru cations bound to surface oxygen atoms of, {é#Datase).

Introduction Se atom were reported on the basis of the Se and Rh K-edge

A vari XAFS (X-ray absorption fine structure) analy$es.
variety of heterogeneous catalysts has been developed to ) - o ] )
contribute to solve environmental problein$hese environ- In general, catalytic decomposition of nitric oxide (NO) is a
mental catalysts often consist of complex chemical contents andStructure sensitive reactidnit has been recognized that the
in many cases it is not clear which site is responsible for the catalytic performance (conversion and selectivity) is strongly
catalytic performance. Supported cluster catalysts are attractiveinfluenced by the morphology (size and shape) of supported
for its unique and well-defined metal ensemble sites stabilized Metal. The adsorption and catalytic decomposition of NO over
on surfacé. The specific catalysis for the synthesis of chemicals Metal cluster catalysts have been repoftédPalladium cluster
has been reported over Supported C|uster%(DRL[RusN]’ and CatalyStS in H-ZSM-5 exhibited hlgh NO conversion (850%)
[RhyeSe] prepared from the crystal [PPBUsC(CO)d (1, PPN to Ny in the NO+ CHj, reaction. The correlation between its
= (PPh):N), [PPN][RuN(CO)g], and [PPN}[Rh10Se(CO)J] catalytic performance and the morphology of Pd species was
on MgO, La0s, Si0,, Al,03, TiO,, etc376 The relationship of reported by XAFS analyses. Pdions on acidic sites were
the precious metal site structure and its specific catalytic reported to be catalytically active in the presence of’ O
performance was clarified. For example, supported(RiTiO Supported [RCO)4]? /NaY and [P§(CO)g]? /NaY catalysts
catalysts exhibited selective oxygenate (formaldehyde, methanol showed activity 1314 times higher compared to the case of
and dimethyl ether) synthesis starting from GOH,. The conventional Pt/AIO; catalysts for the NO+ CO reactior?
hexanuclear ruthenium unit was retained during the catalytic An intact P{; or Pg cluster framework inside the zeolite cage
reaction and reversible cluster framework expansion/contractionwas suggested to be the responsible site for the catélysis.
was observed by the introduction/evacuation of €QH,.34 Although ruthenium is one of the most reactive novel metals
The carbido carbon inside stabilized thegRamework from (Co, Ru, Rh, Pd, Pt) for the NO decomposition’ 0n|y a little
inside and played a role of the center of “chemical bond spring”. has been reported about the effects of Ru morphology on the
The supported [RiaSe]/TiO, catalysts showed specific high  catalytic performance of NO decomposition. At the atmospheric
reactivity for the catalytic ethanol synthesis starting from,CO  gas pressure conditions of NO (0.5%)CO (2.0%) at 423
+ Ho. The stabilization effects of the Rjunit by the interstitial 523 K, the conversion to Nvas faster on RU/AD?, than in the
cases on Rh/ADs Pd/ALOs or Pt/ALOs.1° Recently, the

* Corresponding authors. E-mail: - yizumi@chemenv.titech.ac.jp and yeactions between Ru carbonyl clusters in solutions and polluting
waky@postman.riken.go.jp. . . .

t Tokyo Institute of Technology. gases (NO, S¢) have been investigated as models of adsorption

*RIKEN. and catalytic removal of such gaseous molecules on metal

10.1021/jp034412g CCC: $25.00 © 2003 American Chemical Society
Published on Web 07/16/2003




[RueC] Structure for Catalytic NO Reduction J. Phys. Chem. B, Vol. 107, No. 34, 2002023

ensemble sité!"12 Ishiguro et al. recently reported the applica- TABLE 1: Catalytic N , Formation Rate at 423 K from NO
tion of clusterl to sulfur dioxide removal by supporting on (2.0 kPa) and COI (2.0 kPa) on [lesJC]/OXIdeS, [RU/A-TiO 2,
TiO,.1415Crystals of [PPN][R&C(COXs(NO)] (2) were isolated ~ &nd Conventional Ru/A-TiO, Catalyst

from a reaction mixture obtained by bubbling NO gas through N formation rate
a CHCl, solution of complex. at room temperature. On further . ; (1’37 mol of

i - preheat reaction 2 min~
bubbling of NO gas, [PPN][RIC(CO)2(NO)3] (3) and.ngC entry catalyst ) gas g of cat- 1)
(COX4(NO)(NO,) (4) were formed. These model reactions show :
that NO gas can easily substitute a carbonyl ligand of the original g [RuCY/A-TIO, gg% NO+ CO 52%)
hexanuclear Ru cluster even at room temperature, but further :

o . c 623 25
addition of NO leads to stepwise cleavage of the metzétal d 423  NO+ CO+ H,0 10.9
bond!! Above 423 K in NO, decomposition of clustérinto (1.7 kPa)
an ill-defined insoluble precipitate has been noted. e 423 NO+CO+ 0, 2.6

In this paper, the structure of supported §R(CO)gl%™ _ (0.56 kPa)
clusters is reported to establish the in situ structural benchmark f  [RUs/A-TiO, 423 NO+CO 3.3
S . . . g convRu/A-TiQ 423 NO+CO 0.41
of the application to catalytic reduction of NO. Appropriate [RUC]/AI 05 423 16
inorganic oxide support material was investigated to finely ;  [Ru,C}/MgO 423 15
control the surface Ru site structure to be most active for the |  [RueC)/SiO, 423 0.83

Catalyt'.c removal of N.O' To cpntrol th? Ru site structure and a Catalysts were heated in NO (2.0 kPa) before the catalytic test.
accordingly the catalytic reactivity, major control factors were s the pressure of NO (2.0 kPa) and CO (2.0 kPa) was fixed.

the basicity/acidity of the support, the extent of saturation of

the surface metal site, and the specific surface area of the XAFS Measurements.The Ru K-edge XAFS spectra were
catalyst. measured at 290 or 13 K using beamline 10B of the Photon
Factory in the National Laboratory for High Energy Physics.

) The accumulation ring energy was 2.5 GeV, and the ring current
Catalysts Preparation. The clusterl crystal was prepared  \yas 406-290 mA. The bending-magnet beamline 10B utilized
by the method described in ref 16. MgO (specific surface area 5 channel-cut double crystal monochromator of Si(311). Samples
200 nt g-*) was prepared from Mg(OHYWako, 99.99%) by \vere placed vertically. The incident and transmitted X-rays were

heating at 773 K fo2 h in avacuum. AyO; (Aerosil C) (100 monitored by ion chambers filled with Ar fdg and Kr for|.

Experimental Section

mi gj), anatase (major phaseg3%) TiO, (Aerosil P25) (50 | sjtu prepared samples were transferred to a Pyrex glass cell,
me g™, rutile (the purity of TiQ > 99.8%) TiQ (JRC-TIO-3,  and transported to the beamline at Tsukuba.
given by the Catalysis Society of Japan) (5% gn'), meso- EXAFS Analysis. The EXAFS spectra were analyzed by the

porous TiQ (1 131 n¥ g%, given by H. Yoshitake at Yokohama  program EXAFSH® The postedge background subtraction was
N?tlo_rllal University), and Si®)(Fuiji-Silysia C-9709008) (273 performed by calculating the three-block cubic spline, followed
m* g) were heated at 673 K f& h in avacuum except for  py the normalization by using the Victoreen equation. Normal-
the case of mesoporous Ti@t 473 K to avoid sintering. Three  jzation was performed &= 4.0 A1 relative to the derivative
kinds of TiG, are denoted as A-Ti) R-TiOz, and M-TiQ, maximum of the absorption edge. The Fourier transforkiof
respectively. The crystal phase component ratio of Azlaéd weightedy function was carried out over the rankg, = 3.0
R-TiO, showed negligible change upon reaction with cludter gng kmax = 13.0-14.0 A1 with the window function of 0.5

in a vacuum and in NO and/or CO gas at 423 K, on the basis A-1 on hoth sides of the region. The inverse Fourier transform
of the X-ray diffraction (XRD) observations. In the case of | a5 performed in the filtering range= 1.0-4.5 A.

M-TiO,, the XRD data remained unchanged; i.e., itwas always  The curve fitting analysis was performed in the rakgg =

in the amorphous state in these reaction conditions. Cldster 4 andKmax = 12.0-13.0 A1 by the empirical phase shift and
was reacted with MgO, ADs, A-TiOz, R-TiOz, M-TiO2, and  gmplitude functions extracted from the EXAFS of model
Si0; at 290 K for 2 h inpurified tetrahydrofuran (Wako, Special  compounds: Ru powder for RtRu bond (2.67 A), Ru®
Grade, no stabilizer), and THF was subsequently removed in apowder for Ru-O bond (1.98 A), Rg(CO)» crystal for Ru-C
vacuum. The loading of Ru was 1.5 wt % for all the samples. pong (1.93 A), [RuGKCO)], crystal for Ru¢-C—)O bond (3.03
The supported carbido Ru clusters are denoted agJRu &) and [PPN}[RusC(CO)q crystal for Ru¢-C—)Ru bond (4.09

support. A).5 The fit quality was evaluated by calculating tRefactor
Noncarbido [PPNJRug(CO)g] (5) cluster crystal was pre- (R).

pared by the method described in ref 17. CluSteras supported
on A-TiO; in THF solution in a manner similar to the case of . ob cale x 12 obsy A |2
clusterl. This supported Ru cluster is denoted asgRuTiO . R= f|k3X W — KW dk/f|k3x W1~ dk
The Ru loading was 1.5 wt %.

All the process of cluster catalysts preparation and transfer
to reactor or sample cell was carried out in an argon (99.99%) Effects of Support. The catalytic reactivity of [R¢C]/A-
or helium (99.99%) atmosphere. The incipient supported clustersTiO, for the NO reduction was preliminarily examined in the
were heated in 2.0 kPa of NO for 30 min at 4223 K. heating temperature range 42823 K (Table lac). Sample
Alternatively, the supported cluster was heated in NO (2.0 kPa) [RusC]/A-TiO, previously heated in NO at 423 K showed
+ CO (2.0 kPa)t+ O (0.56 kPa) or in NOt+ CO + H,0O (3.1 highest activity of N formation as high as 5. 107 mol of

Results

kPa) fa 3 h at 423 K. N> min~1 gea L in the NO + CO reaction. In the following
Conventional Ru catalyst was prepared by the impregnation structural study, we focused on the Ti@ase because the
of A-TiO, from an aqueous solution of Ru(NO)(NR(Ru 1.5 catalytic test results were best in the case rather than the cases

wt %). Obtained powder was calcined in air at 623 K for 2 h using other supports (Table 1).
and heated in 20 kPa ofztat 623 K for 2 h (denoted as Ru/ The EXAFS spectrum for [RIC]/A-TiO, heated in NO (2.0
A-TiOy). kPa) at 423 K is shown in Figure 1. The best-fit result of the
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Figure 1. Ru K-edge EXAFS for [RsCJ/A-TiO2 in NO (2.0 kPa) at 423 K: (a) raw spectrum; (b) tkieweighted EXAFS oscillation; (c) its
associated Fourier transform; (d) the curve fit analysis. Key) dbserved; {-) calculated.

TABLE 2: Structural Parameters Based on the Curve Fit Analysis for the Ru K-Edge EXAFS for Supported Ru Cluster
Catalysts and Reference Metric Data of Cluster Crystals

Ru—C or Ru(=C—-)O or
Torehed? reaction Ru—0O Ru—N Ru—Ru Ru(-N—)O Ru-C-)Ru g

entry catalysts (K) gas N r(A) A@?2 N r(A) A@? N rA) AW N rd) A2 N r(A) A(0?? (%)

a [RuCJ/A-TIO, 423 3.0 191 90 35 287 21 3.0 3.05 1.4 0.7 3.99 23 17

b NO—CO 15 211 -0.2 35 287 42 21 3.08 3.2 0.6 4.050.2 26

c NO—CO—H20 20 212 28 35 287 56 23 3.08 7.3 0.6 4.07 1.4 38

(3.1 kPa)
d NO-CO-0, 1.7 2.05 59 0.6 1.83—-29 0.6 294 0.11 4.0
(0.56 kPa)

e 523 1.9 2.00 -2.6 2.0

f 623 1.7 2.08 -0.3 0.8 2.02 -1.7 24 266 49 1.0 287 2.4 0.0

g [RwCJ/R-TIOz 423 3.0 191 74 36 286 49 3.0 3.04 1.5 0.7 4.10 0.6 3.8

h [RuC]/M-TiO, 1.8 2.10 29 10 1.97 55 14 265 99 14 295 5.0 0.2

i [RueCJ/SiO» 25 1.87 1.3 4.1 282 27 25 298 0.5 0.8 4.12 0.0 35

i NO—-CO 1.3 2.06 —1.7 09 201 —-17 40 265 8.7 09 2.89-0.7 0.3 4.05—-1.7 0.9

k  [RusCJ/AI O3 1.3 203 -3.1 1.0 197 -09 0.8 263 46 1.2 2.88 2.5 3.4

| [RueC]/MgO 22 204 0.1 1.0 197 1.1 27 265 91 1.0 287 2.6 2.3

m [Ru)/A-TiO, 1.9 2.05 1.6 0.8 1.76 8.7 0.8 2.90 2.0 1.5

n NO—-CO 19 205 57 06 1.83 3.3 0.6 2.93 1.5 3.2

0 RU/A-TIO, 11.1 268 1.2 0.8

p  [RuC(CO)g? ¢ - 3.3 1.95 4.0 2.89 3.3 3.03 1.0 4.09

q [RC(COWANO)~ ¢ — 3 193 4 2.89 3 303 1 409

aThe unit of A(6?) is 103 A2, P In NO (2.0 kPa) for 30 min¢ NO (2.0 kPa) and CO (2.0 kPa). Temperataraé23 K. ¢ Determined by X-ray
crystallographic analysis. The contribution of NO ligand was considered for claister

curve-fitting analysis for the spectrum is listed in Table 2a. In average bond length of RtN (1.76 A) is similar to that of
its associated Fourier transform (Figure 1c), the peaks at 1.3 Ru—C (1.97 A) and the average bond length of RN-)O
2.0, 2.3, and 3.5 A (phase shift uncorrected) were ascribed to(3.00 A) is similar to that of Ru¢tC—)O (3.03 A) for cluster
Ru—C, Ru—Ru + Ru(—C-)O, and Ru{-C—)Ru bonds, re- 3.1% The obtained bond lengths)(and coordination numbers
spectively. The first and second peaks also include the contribu-(N) of Ru—C (1.91 A withN = 3.0), Ru-Ru (2.87 A withN
tion of Ru—N and RuEN-—)O, respectively, because the = 3.5), RuE-C—)O (3.05 A withN = 3.0), and Ru¢C—)Ru
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Figure 2. Ru K-edge EXAFS for [RsC]/M-TiO; in NO (2.0 kPa) at 423 K: (a) raw spectrum; (b) tkieweighted EXAFS oscillation; (c) its
associated Fourier transform; (d) the curve fit analysis. Key) dbserved; {) calculated.

(3.99 A withN = 0.7) (Table 2a) were essentially identical to was 1.4. The Ru hexanuclear structure framework should have
the corresponding values based on XRD crystallographic datasplit into smaller fragments in this case.
of cluster 3 (Table 2q)!112 taking the maximum error of In the cases of [R4C]/AI,Oz and [RyC]/MgO, no peak
coordination number by EXAFSX30%) into account. It is appeared in the region of RaC—)Ru bond in the3-weighted
known that the intensity of the ReC—)Ru multiple scattering Fourier transform of EXAFS function (not shown). Best fit
peak is greatly reduced when thegRuramework distorts from values are listed in Table 2k,l. On the basis of the r, values
octahedral to lower symmetry. According to the symmetry (2.63-2.65 A) and theN values (0.8-2.7), the smaller Ru
change, thér,-c-ry angle decreases from2° This may be cluster split from the six-atom ensemble and/or atomically
the reason that thi for the Ru-C—Ru bond (0.7) was smaller  dispersed Ru cations should be distributed on thgdAlnd
by 30% than the case of clustercrystal. MgO surface at 423 K in NO.
The EXAFS analysis results of [RQ]/R-TiO, heated in NO In the case of [R¢C]/SIO, (Table 2i), best-fit result was
(2.0 kPa) at 423 K were essentially identical to the above casesimilar to the case of [RIC]/A-TiO, and [RyC]/R-TiO, and
of [RugC]/A-TiO, (Table 2a,g). The numbers of CO and NO accordingly to that of the clust& crystal. The GC evaluation
ligands that remained in the EXAFS sample of {RUA-TIO» of the CO ligand number for the EXAFS sample of fRY
were evaluated by the gas chromatograph (GC). They were 12.1Si0, was 13.9 per a R cluster unit. No NO gas derived from
and 1.9, respectively, per one gucluster unit. The number  the sample was detected§ x 1072 mol). The [RyC] cluster
of NO is 3 in the crystal of cluste3. The GC data suggest that supported on Si@retained the Ryframework in NO at 423
clusterl was transformed to clust&by the reaction of NO at K, probably due to the lower reactivity between the cluster and
423 K, supported on the Tisurface. The Ru site to the SiQ surface. Essentially intact clusttmay remain on the
accommodate one more NO molecule may be used instead toSiO; surface. (Structurally) unperturbed clusids less reactive
form bond(s) with surface oxygen atom(s) of BiO with NO gas rather than partially decarbonylated clu%tér.
The EXAFS spectrum for [RiC]/M-TiO, heated in NO (2.0 In summary, the transformation of clustdr to 3 was
kPa) at 423 K is shown in Figure 2. The peak at 3.5 A in the suggested on A-Tigand R-TiQ in NO at 423 K. The cleavage
Fourier transform (c) was not fit well with the empirical of Ru—Ru bond in the R¢C cluster was typically observed for
parameters of the Rt{C—)Ru bond (Table 2h). The RtRu [RusC]/M-TiO», [RusC]/Al 203, and [RyC]/MgO. The retained
bond distance decreased from 2.89 for cluterystal to 2.65 RusC framework in the case of [RQ]/SiO, was suggested to
A. This value is a typical bond distance for the hcp metallic Ru be nonreactive with the NO gas.
crystal. On the basis of the bond distance of-fRwu first Effects of Heating Temperature in NO. The Fourier
coordination, the peak at 3.5 A may be due to the next-nearesttransforms of EXAFS spectra for [RQ)/A-TiO, in NO (2.0
Ru site?! The obtained\ value for Ru-Ru first coordination kPa) at 423-623 K are illustrated in Figure 3. The results of
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not observed. As th&lr,ry Value was as small as 2.4, less
than six Ru atoms reconstituted one Ru cluster (unit) in average.
The carbido carbon should not remain inside the Ru cluster,
and accordingly, the Ru microparticle smaller than 1.0 nm had
the metallic nature rather than ruthenium metal carbide.

In summary, retained RCG framework at 423 K entirely split
into single Ru cations at 523 K. At 623 K, the metallic Ru cluster
was reorganized and the particle size should be very small
(smaller than 1.0 nm) because the-RRu coordination number
was only 2.4.

Effects of Carbido Carbon. The catalytic reactivity of NO
decomposition for noncarbido [RUA-TIO, was compared to
that of carbido [ReC]/A-TiO, both heated in the presence of
NO (2.0 kPa) at 423 K. The catalytic,Normation rate starting

R (A) from NO + CO gas at 423 K on [RIfA-TiO, was found to be
. . . only 65% of that on [RgC)/A-TiO, (Table 1a,f). The EXAFS
Figure 3. Fourier transforms ok®-weighted Ru K-edge EXAF . :
function for [RUGJ/A-TIOS in NO (2.0 kPay at 423 (). 523 (b),sémd data for [R/A-TiO treated in NO (2.0 kPa) at 423 K are
623 K (c). depicted in Figure 4. In our control EXAFS measurement for
unsupported clusteb crystal, the peak attributed to second
the curve-fitting analysis are listed in Table 2a,e,f. The result nearest Rt-Ru bond (diagonal line of octahedral, 3:96.09
at 423 K was already described in the previous section. The A) was not observed in the Fourier transform of Ru K-edge
peak originating from Ru{C—)Ru and Ru-Ru bonds disap- EXAFS spectrum at 290 K. Due to this reason, only the fit value
peared at 523 K (Figure 3b). All the RiRu bonds in the RyC of the first coordination RetRu peak was used to judge the
framework were cleaved and hence the Ru cation was atomicallyretention of the Rg framework in the case of supported
dispersed, stabilized by the bonding with approximately two noncarbido cluster. The best fit consisted of-Rd, Ru—C (or
(in average) surface oxygen atoms at the distance of 2.00 A.Ru—N), and Ru¢-C—)O (or Ru~N—-)0) (Table 2m). The fit
With heating in NO at 623 K, a peak due to RBu bonds including the Ru-Ru bond contribution was rather worse. A
appeared again at 2.4 A in Figure 3c (phase shift uncorrected).plausible Ru site structure was spontaneously atomically
The Ru-Ru first coordination average distance was determined dispersed Ru cations and/or a very small Ru cluster (less than
to be 2.66 A. The diagonal ReC—)Ru coordination peak was  six Ru atoms ensemble) on the TiSurface, in contrast with
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SCHEME 1: Structure Transformation of the Ru

Cluster Active Site Based on EXAFS
cluster 1 ([RugC])crystal
A-TiO :
AT  « AN
7 NO  |x 218 N\
2 and/or CO (@ o Al,O5-.
= and/or H,O |§ 23
M-TIO, ™\
8 incipient
cluster
NO|423 K
o X X
2| 2 NO| @
L8 NOLg
R(A ) NO _ restructured
- : " B atomic o> (unknown
Figure 5. Fourier transforms ofé-weighted Ru K-edge EXAFS structure)
function for [RuC]/A-TiO, in NO (2.0 kPat- CO (2.0 kPa) (a), NO Ngyp,=0.8-2.7
+ CO + H0 (3.1 kPa) (b), and N& CO + O, (0.56 kPa) (c), all at NOT423 K
423 K. N
A-TiO,
the RyC framework being retained in the case of {RUA-
TiO, in NO (2.0 kPa) at 423 K. cluster 5 ([Rug])crystal
Ru Site Structure during Catalysis. The Ru cluster site aThe ligand is not drawn for clarity.

structure of [R¥C]/A-TiO, was investigated during catalysis
in the presence of NO (2.0 kP&) CO (2.0 kPa) at 423 K. The  oxides such as A-Ti@Q R-TiO,, and SiQ. On other supports
reaction condition corresponds to the best removal rate of NO (M-TiO,, Al,Oz, and MgO), the R¢C framework appeared to

in the series of model catalysts (Table 2b). The catalysts undersplit into smaller fragments on surface. Upon supporting
the in situ catalytic reaction condition were quenched and the carbonyl clusters on metal oxide, a general reaction we need to
XAFS spectrum was measured at 290 K. TNg,—ry and assume is the following water gas-shift tyfse.

Nrucc-yru Values were 3.5 and 0.6, being effectively equivalent

to the case of Ru cluster site in only NO at 423 K (3.5 and 0.7, CO (ligand)+ OH (surface)—

respectively, Table 2a). The addition of gas-phase carbon CO, + H (ligand)+ O—Ru (bond)
monoxide did not have significant effects on the Ru cluster
structure supported over A-T{O

In contract, theNry-c-)ru Value in the case of [RC]/SIO,
in NO (2.0 kPay+ CO (2.0 kPa) at 423 K decreased from 0.8
to 0.3 (Table 2j), suggesting the deformation of Ru octahedral
framework. The R unit should have contracted to micro-
particles of hcp metallic nature on the basis of the obtained
Ru—Ru distance of 2.65 A. The reason of the difference of the
Ru site structure is not clear whether in the presence of NO or
in the presence of NG CO (Table 2i,j).

Effects of O, and Water. The N, formation rate at 423 K
starting from NO (2.0 kPa} CO (2.0 kPa) on [RsC]/A-TiO>
increased by 112% when 1.7 kPa of water was mixed with the
reaction gas (Table 1d). When 0.56 kPa efuzas mixed with
the reaction gas, theJNormation rate decreased by 49% (Table
le).

Figure 5 compares the Fourier transformskéfweighted
EXAFS y function in NO+ CO (a), in NO+ CO + H,0 (b),
and in NO+ CO + O3 (c). The results of curve fitting analysis
are listed in Table 2a,c,d. Added water did not have a significant
effect on the FT data (Figure 5a,b). Upon addition gft@the
reaction mixture, the peak around 3.5 A disappeared and the
peak at 2.4 A became very weak (Figure 5c). The transformed

Ru site structure may be similar to that in NO at 523 K (Figure to 623 K, the Re-Ru first coordination peak reappeared but

3b, Table 2e) except that one CO or NO ligand remained to : :
one/two Ru atom(s) when the,@as was introduced to [RG]/ tzf};e bond distance was shortened by 0.21 A (Figure 3c, Table

A-TiO; at 423 K (Table 2d).

In the cases that this reaction proceeds dominantly, loss of
carbonyl ligands should lead to destabilization of the cluster
framework. It has been reported that the reactivity of surface
hydroxyl group of MgO and AIO; toward 1 as well as
analogous anionic Ru carbonyl clusters is higher than those of
TiO, and SiQ surfaces:®

At 423 K in NO, the Ru hexanuclear framework of [§}/
A-TiO, was retained, whereas at 523 K in NO, the cleavage of
Ru—Ru bonds occurred and resulted in decomposition of the
Ru hexanuclear structure. The effect of carbido carbon in
stabilizing the Ru hexanuclear structure of {RUCO)s(CHz)]~/
A-TiO;, has already been noted either in COH; or in a
vacuum at 523 K.In a homogeneous system with saturated
NO gas at room temperature, stepwise (partial) cleavage of Ru
Ru bonds in the Ru cluster begins to take place when more
than three NO molecules coordinate to the cluster, transforming
clusterl to 2, and then tB.1 At higher temperatures of 423
523 K, nearly all the ReRu bonds of clustet were cleaved
by the effects of NO and precipitated in solution. In contrast,
on the A-TiQ surface, a split single (or Ru ensemble consisted
of less than six atoms) Ru atom was stabilized by the
coordination of surface oxygen atoms (Scheme 1). When heated

The overall trend was that the Ru hexanuclear framework
became Ru ensemble units of fewer atom numbers (even single
Ru atoms) and then the Ru ensemble was reorganized, consisting

The transformation of the Ru active site is summarized in of fewer than approximately six Ru atoms when the temperature
Scheme 1. The carbido Ru hexanuclear framework was retainedn NO was raised from 423 to 623 K. This trend is understand-
at 290 K when clustet was supported on weakly acidic metal able to consider the combination of two opposing factors: (1)

Discussion
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the cleavage of RuRu bonds by NO and (2) the higher surface single Ru atoms dispersed on TiGurface until 523 K. This
diffusion rate of metal atom (ensemble) at higher temperature. structural transformation was in the negative direction for the
As the temperature was raised, the former factor reduced thecatalytic NO decomposition. The dispersed Ru atoms re-
Ru ensemble size whereas the latter factor inversely grew theorganized Ru ensemble consisted of less than six Ru atoms until
ensemble size. Thus, the Ru ensemble size should reach th&23 K.

minimum at 523 K. (3) NO addition and basic support tend to cleave the-Ru
The third and fourth factors are (3) the kind of support and Ru bonds. In contrast, carbido carbon stabilized the, Ru

(4) the presence/absence of carbido carbon inside the startingramework from inside. Elevation of reaction temperature led

Ru cluster crystal framework. Relatively acidic support and the to the aggregation of Ru atoms.

presence of carbido carbon were found to stabilize the Ru (4) The addition of @ to the reaction mixture NOF CO

cluster framework. The effects of factors (1), (3) (basic support), proke the ReC framework into atomically dispersed Ru atoms.

and (4) (noncarbido cluster) were dominant in the case ON The catalytic reactivity of NO decomposition over the Ru

[RusCJ/M-TiO, Al205, MgO, and [RYJ/A-TIO at 423 K. _ species was lower. No evident structural change was observed
Mononuclear surface Ru ion species was suggested as inpy the addition of HO.

Scheme 1 in the cases of [REJ/A-TiO2in NO + CO + O, at
423 K (Table 2d), [ReCJ/A-TiO, in NO at 523 K (e), and
noncarbido [REl/A-TiO2 in NO + CO at 423 K (n). In the
presence of CO gas, 0.6 of RC (or Ru—N) and RC-)O

{or Ru(=N—)O} coordination was observed (Table 2d,n), but
only the Ru-O single peak was observed for [§Q)/A-TiO>

in NO at 523 K (e). Therefore, one CO molecule coordinated
to one/two mononuclear surface Ru ion(s). Mononuclear (1) centi, G.: Ciambelli, P.; Perathoner, S.: RussoCBtal. Today
ruthenium carbonyl species, Ru(COand Ru(CO) were 2002 75 (1—4), 3—15.

Acknowledgment. The experiments were performed under
the approval of the KEK-PF Program Review Committee
(2001G092).

References and Notes

reported in the case of [Ru(N)dl/NaY when heated at 393 (2) Gates, B. CChem. Re. 1995 95, 511522,
K.28 The Ry(CO)y, cluster supported in hydroxylatedAl ;O3 (3) Izumi, Y.; Chihara, T.; Yamazaki, H.; Iwasawa, ¥.Phys. Chem.
was reported to transform into mononuclear [Ru(g®) 1994 98, 594-602.
specieg? (4) 1zumi, Y.; lwasawa, Y CHEMTECH1994 24 (7), 20-27.

The Ru metal surface of conventional Ru/FiGatalysts is (5) lzumi, Y.; Aika, K.J. Phys. Chem1995 99, 10346-10353.
reported to be predominantly occupied by NO underNQO (6) lzumi, Y.; Kurakata, H.; Aika, KJ. Catal. 1998 175 236-244.
gas?® In the case of [R¢C]/A-TiO;, (this study), the number of (7) Ali, A; Alvarez, W.; Loughran, C. J.; Resasco, D.Appl. Catal.,

B 1997 14, 13-22.

CO and NO ligands was estimated to be 12.1 and 1.9 per one i ) o
(8) Li, G.; Ichikawa, M.; Guo, X.React. Kinetics Catal. Lett1996

RusC cluster unit on the basis of the EXAFS and GC analysis. 59

; ; ) (1), 75-86.
The difference of adsorbent (ligand) ratio may be the reason (9) Li, G.: Fujimoto, T.: Fukuoka, A Ichikawa, MJ. Chem. Soc
that [Ru]/A-TiO, exhibited a remarkably higher catalytic NO  chem. Commuri991 1337-1339. T A
reduction rate at 423 K than the case of conventional RWTIO  (10) kobylinski, T. P.; Taylor, B. WJ. Catal. 1974 33, 376-384.

catalyst (Table 1). The preferable CO adsorption was also  (11y wakatsuki, Y.; Chihara, Bull. Chem. Soc. JprL999 72, 2357—
reported in the case of [B(CO)4%/NaY during the NO+ 2363.

CO reactior®? (12) Chihara, T.; Sawamura, K.; lkezawa, H.; Ogawa, H.; Wakatsuki,
Another plausible explanation of the higher NO reduction Y- Organometallics199§ 15, 415-423. ‘
rate on [RYC)/A-TiO;, is the effect of bridging COu,-CO) on (13) Chihara, T.; Tase, T.; Ogawa, H.; Wakatsuki,Chem. Commun.

the Ru cluster site. On conventional Ru catalysts, only terminal 19??4)219;_280' A Liu, .. Nakajima, T.; Wakatsuki, Y. Catal, 2002

_ . _ : shiguro, A.; Liu, Y.; Nakajima, |.; WWakatsukl, Y. Catal.
(on-top) CQ adsorption was observed by FT-IR (Fourier ,,¢ (1), 159-164.
transformed infrared absorption spectroscafn the contrary, (15) Ishiguro, A.: Nakajima, T.: lwata, T.. Fujita, M.: Minato, T.:
three bridging CO exist in the clust8y sharing a common Ru  Kiyotaki, F.; Izumi, Y.; Aika, K.; Uchida, M.; Kimoto, K.; Matsui, Y.;
atom with a terminal NO ligand. A similar cluster structure was Wakatsuki, Y.Chem. Eur. J2002 8 (14), 3260-3268.
demonstrated in the case of [i&)/A-TiO, in NO at 423 K (16) Hayward, C. T.; Shapley, J. Riorg. Chem 1982 21, 3816-
(Figure 1 and Table 2a). 3820. _

In a practical point of view, @and/or HO effects were (17) Eady, C. R.; Jackson, P. F.; Johnson, B. F. G.; Lewis, J.; Malatesta,

. ! . M. C.; McPartlin, M.; Nelson, W. J. HJ. Chem. Soc., Dalton Trant98
considered. Structural transformation of the ruthenium cluster 3g3" 39’ e

was observed in the presence of (3cheme 1), resulting in (18) Yokoyama, T.; Hamamatsu, H.; Ohta, EXAFSH 2.1 The
the partial deactivation of catalytic Nformation (Table 1). University of Tokyo.

Water addition exhibited positive effects on this catalysis,  (19) Based on X-ray crystallographic analysis of clugednpublished
however, the reason was not clarified by EXAFS study in this work by T. Nakajima and Y. Wakatsuki.

paper. (20) Binsted, N.; Cook, S. L.; Evans, J.; Greaves, G. N.; Price].R.
Am. Chem. Sod 987, 109, 3669-3676.

(21) Wells, A. F.Structural Inorganic Chemistrysth ed.; Clarendon
Press: Oxford, U.K., 1984.

(1) The Ru hexanuclear framework was retained forgRl (22) Basset, J. M.; Besson, B.; Choplin, A.; Thelier,Philos. Trans.
A-TiO,, [RUCJ/R-TiO,, and [RuC)/SiO; heated in NO at 423~ R- Soc. London A982 308 115-124. ,
K. Stabilized Ru hexanuclear structure showed high NO . 1%323 ?Bgn,?\?lég_.%élélu,A. M.; Tanaka, T.; Ichikawa, 84Phys. Chem.
conversion and high Nselectivity in the NO+ CO reaction at (24) Platero, E. E. 'de Peralts. F. R Parra. J.JBEUr. Ceram
423 K. The retaingd RC core was found to be the best, guc 1908 18(9), 1307-1312. T T '
designed surface site for the environmental NO removal. (25) Guglielminotti, E.; Boccuzzi, FJ. Chem. Soc., Faraday Trans.
(2) The Ry framework stabilized by the effects of carbido 1991 87 (2), 337-343.
carbon and Ti@surface split into smaller ensemble and finally (26) Davydov, A. A; Bell, A. T.J. Catal. 1977, 49 (3), 345-355.

Conclusions



