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Catalysis on Ru clusters supported on Ge&D Ni-doped Ce@ was investigated. R(CO), was reacted

with CeQ, followed by heating in vacuum at 678) (or 813 K (i) and then in H at 588-1073 K (T4,).
Activities of both catalysts had th&,, dependence, which has a maximumTas = 873 K for ammonia
synthesis. The rates arwere faster than those dinby a factor of 2.6-1.1 in the range ofy, = 588-973

K. On a sample in which R{YCO);, was supported on previously reduced Ni/G&@ H, at 773 K)iii, the
highest synthesis rate was 1x510 3 mol h™1 ge, * at Ty, = 588 K oniii. The activity ordeiii > i > ii can

be understood in terms of two factors: (A) reduction extent of support and (B) number of active Ru sites.
The two factors conflicted with each other when the treatment temperaturgintitéased. By heating the
samples in Hup to 873 K to satisfy factor A, the aggregation of Ru clustersi for physical blocking of
surface Ru sites by CeQ for ii occurred: factor B was not satisfied. The two factors should be optimized
in catalystiii, where the support cerium oxide was thoroughly reduced through the doped Ni. On reduced
Ni/Ce(,, the Ru cluster implantation can be done at low temperature (588 K). Obtained valygszpft

2.62 A N = 7.1) andrgryo() (O(s) is the oxygen atom at surface) at 2.12 M= 1.2) by EXAFS for
Rus—Ni/Ce0; suggested a flat Ru cluster model comprised of several Ru atoms on reduced Nj/Sletace.

The H(a)/Ru, ratio exceeded unity for catalystandiii, suggesting new H adsorption sites. The temperature-
programmed desorption for hydrogen (simultaneous desorption of HD afat [l at 330-430 K suggested

that the H at the new site and H on Ru surface were exchangeable above 330 K. The “reservoir” effect of
the new site for H on catalysis is discussed in relation to new kinetic design of hydrogenation catalyst.

Introduction when reduced at high temperatures. In this paper, we report
Recently, we studied hydrogen adsorption and ammonia Promoted catalysis over Ru clusters supported onGe@n
synthesis on Ru cluster catalysts by means of EXAFS (extendedNi-doped Ce@ as a first objective. The support was reduced
X-ray absorption fine structure) and FTIR (Fourier transform &t high temperatures-g873 K) in H, (CeQ) or at moderate
infrared spectroscopy):® Several adsorption sites of H were ~€mperatures (623773 K) by spiltover H atoms from doped
detected by FTIR. Thein situstructure change of Ru clusters Ni (NI/CeQ,). The major control factors of ammonia synthesis
was observed by the interaction with, By EXAFS2 The should be the number of active sites, the nature of the Ru/support

promotion of ammonia synthesis was suggested by elongatinginterface, and the electronic effect of supporithe catalyst
the Ru-Ru bonding distance to facilitate the dissociative Preparation procedure, reacting thesf@0O). with previously
adsorption of N.23 reduced N|-doped. Cepoptlmlzed thg;e qontrol factors.

The H adsorption was examined for Rh/Bf@nd Ru/SiG Thf_e second o_bjectlve is the clarification of the prom(_)ted
by solid-statéH-NMR. Two peaks were observed for Rh/EiO reaction mechanism. The_hydrogen uptake exceeded unity for
when heated in babove 573 K. The peak around = —130 ~ Ru clusters on Cefor Ni-doped Ce@ We propose the
ppm was assigned as H atom on Rh particles on the basis ofcondensation of H atoms at the interface between Ru clusters
P, dependence and spittattice relaxation timd;. The peak ~ and the reduced CeQ. surface. The “reservoir” effect of the
intensity decreased when the sample was heated; iabidve interface site on catalysis is discussed.

723 K in relation to the SMSI (strong metadupport interaction) . i

effect. A part off peak around O ppm was implied as “weakly EXPerimental Section

bound H” on Rh particles present at relatively highgg (>2 Cerium oxide was prepared from a 0.2 mol'LlCe(NG;)s-
kPa) compared tax peak H. Two peaks were observed for 6H,0 (Wako, 99.9%) solution. The 5% ammonia was added
Ru/SiQ, around—60 (o) and—30 ppm ) in H,.5 Thea and until the pH of solution was 10. The obtained Ce(QMlas

B peaks were assigned as H on Ru particles and “weakly boundfiltered and repeatedly washed. Yellow powder of GEBET

H” on Ru particles, respectively, on the basis of heat of surface area 57 fryg~1) was obtained by heating Ce(OHh
adsorptionT;, and H/Ru(s) ratio. Thg peak was only observed  air (4 h), evacuating (1 h) at 773 K, and then treating ina®
atPy, > 13 kPa. The weakly bound H was implied to have an 290 K. Ry(CO) (1) was interacted with CeQin distilled
interaction with lower coordination Ru sites becauseiipeak THF (tetrahydrofuran) (Wako, Special Grade) at 290 K for 2
population increased as the Ru particle size decreased. h, with the subsequent removal of THF in vacuum {ReQ).

CeQis an effective promoter or support of Ru catalysts, and The obtained CePwas impregnated with Ni(N§,-6H,0O
the importance of metalsupport interaction is often implied  (Wako, 99.9%) to give 0.25 wt % Ni and treated in {2 h)

N . at 773 K, followed by a procedure similar to the case o§/Ru
iz @y agapondence.  should be - addressed.  E-mall oo, (Rug—Ni/CeQy). The loading of Ru was 1.7 wt %. Al

@ Abstract published ithdvance ACS Abstractdday 15, 1996. procedures of sample preparation and transfer were performed
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in argon (99.99%) or in vacuum. Incipient supported clusters 1.6
were heated (elevating rate of temperature 4 K)im vacuum 1.4
up to 673 or 813 K, followed by the treatment in for 1 h
(588-1073 K). The catalysts were denoted agRNi/CeO,-
673ev, for example, where the evacuation temperature was
noted. Subsequent treatment temperature4ifTh,) is noted
in each description.

The conventional Ru/Ceatalyst was prepared frofiin
air. 1was interacted with Cefand decomposed (the color of

rate/10-3 mol h-lg,!
o
[o2]
1

the solution turned from orange to dark yellow) in THF for 12 021 22—

h (1.0 wt % Ru). After evaporation of the THF, the powder 0 — T

was heated in @(1 h) and then in KW (1 h) at 773 K before 500 600 700 800 900 1000 1100

being used as catalyst. The weight of the catalyst was 8:015 Temperature in Hy/K

0.030 g for Ry/Ce, Rwis—Ni/Ce(,, and conventional Ru/  Figure 1. Dependence of ammonia synthesis rates at 588 K on
CeQ. hydrogen treatment temperatuig;{) over Ru/CeQ-673ev @), Rw/

The ammonia synthesis reactions were carried out under 101C€Q-813ev @), Rus—Ni/CeQ-673ev ), and conventional Ru/CeO
kPa of reaction gas(,/Pn, = 3.0) at 588 K in a flow system ©).

(flow rate 60 cnd min~2). The produced ammonia was analyzed kmin = 3 andkmax = 12.6-13.5 A"L. The Hanning function

by the decrease of electron conductivity (208 mScm™?) in was multiplied byk-width of (Kmax — kmin)/20 on both ends.

the SO, solution (<0.004 N). The linearity of the correlation  The inverse FT was performed in theange off min = 1.04—
between the produced amount of Blldnd the decrease of 1 34 andrma = 2.71-2.98 A multiplied by the Hanning
electron conductivity was checked. The chosen reaction tem-fnction with ther-width of 0.1 A on both ends. The curve-
perature was relatively low (588 K) to realize differential fitting analysis was performed in theregion of 4-12 A-% on
working conditions. The catalytic rates were stable in 36 h, the pasis of plane wave single scattering theory, using empirical
and the rates at 2 h were listed for all the catalysts in this paper. phase shift and amplitude functions extracted frbfar Ru—C

The rates on RyiCe(Q-673ev and Ret-Ni/CeO-673ev catalysts  [yond, Ru powder for RaRu bond, Ru@for Ru—0 and Ru-+

were relatively unstable only when treated in Ht lower Ru (next-nearest coordination in RpCbonds, and [RuGH
temperatures (588673 K) before catalysis. They increased in (CO)J, for Ru(~C—)O bond. The EXAFS spectra for these

2 h (within 30%), and a smaller increase was observed during reference compounds were taken at room temperature. The

2—10 h (within 10%). ) ) residual factor (B was calculated by the following equation
Hydrogen uptakey) measurements were carried out in a

closed circulating system connected to the manometer. The = [1K3°PK) — K32 12ak/ 132K 2 dk
equilibrium gas pressurd®) was varied in the range =20 R f' 2K by f' 7

kPa, and thé of adsorption isotherm The impurities (as molecular content) for the (99.99%, Toyo
Sanso Co., Ltd.) and 1(99.99%, Syoko Co., Ltd.) gas were
vy i=(ap) P ¥+ pt H,O < 10, N, < 50, O, < 10, CO< 10, CQ < 10 ppm, and

total hydrocarbons< 10 ppm (as carbon content). The
was obtained by the extrapolation of obtained data (five to sevendeuterium content in total hydrogen wa99.8% for the D
points;ais a constant). The samples were kept in ice (273 K) gas. The gas was introduced to the EXAFS or IR cell after
during measurements. As fast uptake (adsorption ontRu  purification by passage through a liquid nitrogen trap.
hydrogen spillover from Ru to support surface) terminated in1 = The supported Ru clusters were suspended in ethanol
h followed by linear increase of uptake during10 h (hydrogen  (exposed in air during few minutes), and mounted on a TEM
spillover), uptake on Ru/ was estimated by subtracting the (transmission electron microscope) apparatus (JSM-T220, JEOL).
H spillover amount during initial 1 h from total (observed) The dispersion®) of a Ru particle was estimated from the
uptake amount at 1 h. The temperature-programmed desorptioraverage diameter of Ru particlesdfzby TEM by using the
(TPD) was monitored in the closed circulating system connected fo|lowing equation assuming the closest packed structure of Ru

to the mass. The samples were treated (i) in 76 kPaxdflH  surface (Avogadro numbex,, molecular weight MW, inter-
h) at 293 K, evacuated (0.5 h) at 293 K, and then treated in 76 atomic distancer,_ry, and the density of Ru).

kPa of D» (1 h) at 293 K (adsorption A), or (ii) treated i@t

293 K (1 h) (adsorption B). The elevation rate of temperature 4\7Td2/(\/3/2)rRle2 6.7
was 4 K mirm?. D= 3 =JA Q)
The EXAFS spectra of Ru K edge were measured at the (4/3)rd”pN,/MW

beamline 10B and 6B (2.5 GeV, current 36260 mA) of the
Photon Factory in the National Laboratory for High Energy
Physics (Proposal No. 93G150). The X-ray radiation was Catalysis. When incipient R&/CeQ cluster was heated in
monochronized through double crystals of Si(311), and the vacuum, the carbonyl ligands were totally desorbed as CO (and
spectra were obtained in transmission mode with ionization a few CQ) until 673 K. Figure 1 shows ammonia synthesis
chambers at 166293 K. The sample was transferred to an rates at 588 K on RiCeQ, heated in vacuum at 673 or 813 K.
EXAFS Pyrex cell (0.073< Aut < 0.25) with Kapton films. At Ty, = 588 K, the rate for RglCe(-673ev was faster by 1.2
The analysis was performed by the program EXAFSH written times than that for R#iCe(Q-813ev (Table 1a,c).

by Yokoyama, Hamamatsu, and Ohta (the University of Tokyo, = The two cluster catalysts were treated in hydrogen (76 kPa)
1994)2 The background subtraction was performed by calculat- between 673 and 1073 K (Figure 1 and Table 1). The rates on
ing the cubic spline with three blocks, and the obtained function Ru/Ce(-673ev had a maximum &, = 873 K. Similarly,
ut(k) — uot(k) was normalized by using Victoreen parameter the rate over RyCe(-813ev reached a maximum &, =
uo(A) = CA® — DA% The Fourier transform (FT) of thk®- 873 K. The maximum synthesis rate for fRDe,-813ev was
weighted EXAFS oscillation was carried out over the range of 63% of the maximum for RgiCeQ-673ev (Figure 1), suggest-

Results
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TABLE 1: Rates of Ammonia Synthesis on Ru Catalysts
Supported on CeQ?
rate/10°3
entry catalysts Th,/K mol h™1 gear®
a Rw/Ce-673ev 588 0.24
b 873 12
c Rw/CeO-813ev 588 0.20
d 873 0.75
e Ru—Ni/Ce0,-673ev 588 15
f conventional Ru/Ce® 773 0.69

@ Temperature= 588 K. Total pressures 101 kPaPn,/Pn, = 1/3.

TABLE 2: Amounts of Hydrogen Uptake for Ru Catalysts
Supported on CeQ

H/RUotaf
catalysts Th/K (molar ratio)
Rw/Ce(Q-673ev 1.5
588 1.2
Ruw—Ni/Ce0-673ev 4.3
588 4.1
conventional Ru/Ce® 773 0.5

aBy manometer, at 1 h in H{1.3—-20 kPa) at 273 K. The amount
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Figure 2. TPD spectra for hydrogen on #CeQ-673ev (a), conven-

of H spillover for 1 h was subtracted from the observed total uptake at tional Ru/CeQ (b), Ru,—Ni/CeO-673ev (c, d). Sample was inzH

1h.

ing that the heating in severe condition (813 K in vacuum)

(76 kPa) at 293 K, evacuated at 293 K and then in(T® kPa) at 293
K (adsorption A) for partsac. Sample was in P(76 kPa) at 293 K
(adsorption B) for part d. ) D2; (——) HD; (- - -) H2. The heating

induced the aggregation of Ru clusters and reduced the numberate was 4 K min®.

of surface active sites. The rates on conventional RufGe®

also shown in Figure 1. It produced ammonia at rates similar ascribed to inversely spiltover H from cerium oxide surface to

to those of RYCeO-673ev aroundy, = 673—-773 K, but the
rate began to decrease abdug = 773 K.

The synthesis rates on RtiNi/Ce0,-673ev were faster than
the others in all the range diy, (Figure 1). In contrast to the
Th, dependence for other catalysts, the rate ogRi/CeC;,
monotonously decreased with the increasdgf The maxi-
mum rate atTy, = 588 K (Table 1e) was larger than 9:8
104 mol h1 gear L on [RusN]—Cs/MgO (2.5 wt % Ru, 101
kPaf or 6.9 x 10~% mol h™1 gear * on Ru-Cs/MgO (2 wt %
Ru, 80 kP&) at 588 K, suggesting super-catalytic activity of
Rus—Ni/Ce0, which can exceed the present industrial catalysts
under the reaction conditions in this work.

Ru clusters because the H(a) on cerium oxide (as hydroxyl, etc.)
was desorbed only as,B in the absence of Ru clusters.

The order of beginning temperature of desorption t{DHD
< Hj) was the same for conventional Ru/Ca®igure 2b) after
adsorption A. Compared to Figure 2a, the adsorption of D
should be weaker on Ru particles of conventional Ru/Ce0
make the first maximum of Pdesorption as low as around
390 K. The higher temperature peak of (around 690 K)
may originate from inversely spiltover D by the recombination
on Ru. Again after adsorption A, TPD was measured foy-Ru
Ni/Ce(O,-673ev. D and HD began to be desorbed at the same
temperature (around 330 K) (Figure 2c). The temperature where

The isotope effects of hydrogen were examined for ammonia H, began to be desorbed (around 430 K) was similar to those

synthesis in N+ H; and in N + D,. In the case of R
Ce(-673ev and Ry—Ni/Ce0,-673ev heated in Hat 588 K,
strong inverse isotope effectyfry, = 2.0—2.2) were observed.
On the other hand, RICeQ-673ev exhibited no isotope effect
when heated in bHat 773 K. Also, conventional Ru/Ce®ad
no isotope effect, similar to other conventional Ru catalysts.
Hydrogen Uptake and TPD Measurements. Hydrogen
uptake was measured on R0eQ-673ev and Rgt—Ni/CeO,-

for HD in Figure 2a,b (around 450 K).

TPD was observed also for RuNi/CeO,-673ev after
adsorption B. Around 3106450 K, only D, was desorbed
(Figure 2d). HD and klbegan to be desorbed around 450 K
similar to HD in Figure 2a,b or Hin Figure 2c. The inverse
hydrogen spillover (from support to Ru) should occur above
450 K also for Figure 2c¢,d compared to the HD desorption in
Figure 2a,b. The ratio of total desorbed hydrogen amount in

673ev before and after hydrogen treatment (Table 2). ComparedFigure 2 (1.2:0.70:4.0:3.8) corresponded to the uptake ratio in

to 0.5 for conventional Ru/CeQthe H/Ruy ratio exceeded
unity for Ru/Ce-673ev E1.5). After in H, at 588 K, the
value decreased to 1.2. The H{Ruuvalue reached 4.3 for Bu
Ni/Ce0,-673ev and slightly decreased to 4.1 by the hydrogen

treatment at 588 K. No hydrogen was adsorbed on metal-

unsupporteaterium oxide heated in vacuum at 67813 K and/
orin Hy at 588-773 K.

The TPD of hydrogen was measured for;Rie0-673ev,
Rus—Ni/Ce0,-673ev, and conventional Ru/CeOFigure 2a
shows the TPD spectrum for the $20e(-673ev after adsorp-

Table 2 (Ry/CeQ-673ev:conventional Ru/CefRus—Ni/CeO,-
673ev= 1.2:0.5:4.1) except for the relatively higher value for
Figure 2b probably because the amount of spiltover hydrogen
onto support was also included for TPD observation.

Ru Cluster Structures. 1. EXAFS a. Incipient Cluster
When 1 was reacted with CeQin THF, the yellow solution
turned transparent in 3 min, suggesting fast reaction betdieen
and CeQ. In fact, the EXAFS drastically changed on support-
ing on CeQ from EXAFS for1l. The data for incipient Ry
CeQ were well fitted with three waves (RtC, Ru(=C-)O,

tion A. D, and HD began to be desorbed around 330 and 450 Ru—0) with Ry = 1.2% (Table 3a). Alternative fitting with

K, respectively. This difference implied that the adsorption of
hydrogen (H, D) on Ru was weak for BGe(-673ev because
adsorbed H in the first adsorption step in should be easily
replaced by D in the second adsorption step #n Dhe origin

of H atoms of desorbed HD and lesser amounts pt&h be

four waves (three waves and RRu) did not improve the fitting
(R = 2.0%), indicating the cleavage of R&Ru bonds ofl upon
the reaction with Ce®

b. Rw/CeQ. Incipient Ru/CeQ, was heated at 673 or 813
K in vacuum. The FT of the Ru K-edge EXAFS is shown in
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TABLE 3: Results of Curve-Fitting Analysis of Ru K-Edge EXAFS Spectra for Rug/CeO,-673ev, Ry/Ce0O,-813ev, and
Ru3;—Ni/Ce0,-673ev before/after Hydrogen Treatment at 588 K

hydrogen Ru-C Ru—Ru Ru-C-)-0 Ru-0 Ru--Ru
entry sample treatmentat 588 K N r/A N r/A N r/A N r/A N A Ri%
a incip Ru/CeQ, before 31 195 3.0 3.00 20 210 1.2
b Rw/Ce0-673ev before 44 2.62 15 204 4.7
c after 54 262 06 214 2.4
d Ruw/Ce(-813ev before 47 202 6.2 337 21
e after 70 261 1.1 2.08 0.6
f Rus—Ni/Ce0,-673ev after 71 262 1.2 212 17
2 T 10 T T T T T
(a) . ©) _
198 F
6 4
28t - sk
.g =
2 .1 i 2r
= Bo OF
S sl g
é — 2
§ 15 F E 4 F
< sh
14 F <
8+
13 X X . N . . . “0 : . . .
216 218 22 222 224 226 22.8 23 232 [¢] 1 2 3 4 5 6
Photon Energy/keV rl A
5 . r T . T 5 . : .
. (b) o
3t 4 3
2F 2F
e \ 1R
X o0 | (5': ol
o)
=~ 1 By 1k
\‘/’/ U
2 F ~ 2 F
a3F - 3
4+ 4+
5 ) . . s . . : : . .
2 4 6 8 10 12 14 4 5 6 7 8 9 10 " 12
k/A'1 k/A-l

Figure 3. Ru K-edge EXAFS spectra observed at 293 K for/ReQ-673 ev. (a) Raw spectrum, (l§-weighted EXAFS oscillation, (c) its

associated Fourier transform, and (d) curve-fitting analysis) @bserved; (- - -) calculated.

Figure 3c for the sample heated at 673 K. The main peak small to constitute regular crystals. Alternative fitting with two
around 2.4 A (phase shift uncorrected) can be ascribed to Ru waves RO and Ru+-Ru (Ru metal) did not fit in the entire
Ru bonding. The shoulder on the lower-distance side in Figure wavenumber region, excluding the possibility that the second

3c can be RaO(s) bonding”8 In fact, the EXAFS was well
fitted with two waves Rt-Ru and Ru-O(s) (Figure 3d). The
obtainedrgy-ry (=2.62 A in Table 3b) meant the metallic

shell around 2.5 A was RtRu bonding.
The Ry/Ce(-673ev was put in blat 588 K. The Ru K-edge
EXAFS was fitted with Re-Ru (r = 2.62 A) and Re-O(s)

bonding compared to clusterlike distance 2.85 A (average) for = 2.14 A) (Table 3c). The value dfir,-ry = 5.4 suggested
1.9 The Nru-ru (=4.4 in Table 3b) suggested the Ru cluster that the cluster size was still smaller than 10 Ary-o(s)

size of less than 10 A.
The k3 oscillation in the EXAFS for RglCe(-813ev was

slower than that in Figure 3b. The peak around 1.6 A (phase

decreased by 0.9 ang—os) increased by 0.10 A by heating
in H, at 588 K.
Similarly, the EXAFS was observed for BCe(-813ev

shift uncorrected) was strongest in its FT. The curve-fitting heated in H at 588-773 K (Table 3e). These data were well

analysis was performed with two waves R0 and Ru--Ru
(second coordination in RyCbulk). The best fit result was
rrRe—o = 2.02 A N = 4.7) andrgy-re = 3.37 A N = 6.2)
(Table 3d) tri-0 = 1.98 A (N = 6) andrg,..Ru=3.55 A (N
= 8) for bulk RuQ). The smaller value forgy...ry Mmay be
because the formed [RyfJparticles on cerium oxide were too

fitted with two waves Ru-Ru and Ru-O(s), demonstrating the
transformation of [Rug} into Ru metal clusters at lower than
588 K in H,. With the increase of, from 588 to 773 K, the
structural data did not change very muck,(ry = 2.62+ 0.01
A, Nry—ru = 7.0 % 0.6, rry-o(s) = 2.08 & 0.01 A) except for
the gradual increase Mry—o(s) (1.1 — 2.1).
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Figure 4. Ru K-edge EXAFS spectra observed at 100 K for/ReQ-673ev in H (53 kPa). The captions for parts-d are the same as those
in Figure 3.

¢. Rus—Ni/CeG. For Ry—Ni/Ce0,-673ev heated in Hat to be 0.55 from an average particle size of 24 A for conventional
588 K, the curve-fitting result (Table 3f) was similar to those Ru/CeQ by TEM (eq 1), consistent with hydrogen uptake data
for Rus/Ce-673ev and RylCe(-813ev heated in pat 588 (H/Ruotas = 0.50) in Table 2.
K (Table 3c,e). Nru-ru (=7.1) was a little larger than those

for corresponding samples heated ip &1 588 K (5.4-7.0). Discussion

d. The Interaction of RyCeQ-673@ with H. In the Ru In THF at 290 K, clusted was rapidly reacted with CeO
K-edge EXAFS in H (53 kPa), the shoulder of RtO(s) The EXAFS analysisNry-c = 3.1, Nruc)0 = 3.0, andNru—o
bonding became weaker compared to the main peak effRu = 2.0 in Table 3a) and the TPD for incipient R3eQ; (9.3

(Figure 4c) than in the case in vacuum (Figure 3c). The curve- co desorbed per 1 Rusuggested the formation of monomeric
fitting result indicated _the decreas_e &.—o(s) from 1.5 t0 0.6 [RU(COX(u-O(sY] species (Figure 5a)1 should be reacted with
by hydrogen adsorption. The distanceg—ru and rru-os) Ni/CeQ; similarly. Besides the cleavage of RRu bonds by
increased by 0.030.09 A in H; (Table 4a,b). the coordination of O(s) to [Riicluster in the case of cerium

2. TEM. No Ru particles were observed for RDeQ-673ev oxide, the higher oxidation ability of cerium oxide surface was
in Hy at 588 K by TEM. Considering the lower limit of  also evidenced as the formation of [Rg@x ~ 2) particles
detection (about 12 A), this does not contradict results with the (Figure 5d) by heating [Ru(C@(-O(s))] on cerium oxide at
Nru-ru = 5.4 by EXAFS (Table 3c). By heating the sample in 813 K in vacuum (Table 3d). By heating at 673 K in vacuum,
H at 773 K, the average Ru particle size was 16 A. Real the incipient [Ru(COYu-O(s))] transferred to Ru clusters of
average size may be smaller because the smatierle A) less than 10 A (Figure 5b) on the basis of tg,ry Of 4.4
particles must not be detected. TNgy-ry Of 6.9 by EXAFS (Table 3b).
for the sample Tw, = 773 K) corresponds to Ru particle size  Reduction of RugCeO; and Catalysis. According to the
of ca. 14 A with the assumption of complete sphere shape. increase off,, ammonia synthesis rates increased up fyat

In the TEM image for Re—Ni/CeO-673ev heated in Hat = 773-873 K and decreased at highBy, than 873 K on Ry
588 K, black particles with an average particle size of 70 A CeQ-673ev, RyCe(Q-813ev, and conventional Ru/Ce(Fig-
were observed. The hydrogen uptake measurement for N¥CeO ure 1). The corresponding curve-fitting results for EXAFS are
heated in Hat 773 K resulted in H/Rptz = 0.10. TheNry—ru listed in Table 3. With the increase ©f, from 588 to 873 K,
(=7.1, Table 3f) by EXAFS corresponds to particles 010  Ngry—ryincreased from 5.4 (Table 3c) to 9.3 for Roe Q-6 73ev,
15 A. Hence, it is reasonable to think that the detected particleswhile it remained almost unchanged around %.0.6 for Ru/
by TEM consisted of Ni. The dispersion of Ru was calculated Ce(Q-813ev (Table 3e).
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Figure 5. Active structures of supported clusters on GeO

The maximum in Figure 1 can be explained by the balance
of two factors. Factor A is the extent of reduction of GeO
The surface part of CeQs reduced to transfer to @8z by the
removal of surface or lattice oxygen. More reduced &eél

As expected from higher reduction extent of support Ni/geO
the ammonia synthesis rates were best ogHRlI/CeO,-673ev
(Figure 1). The number of surface Ru sites should have
decreased by the growth of Ru particles at highgr (factor

higherTy, was able to donate the negative charge to Ru clustersB), resulting in the rate decrease, while factor A was kept

more effectively, and to facilitate the dissociative adsorption
of N, on Ru2 Factor B is the number of surface Ru active

sites. The number of Ru(s) decreased by the aggregation of

Ru cluster as indicated by the increaseNaf-r, according to
the increase offy, from 588 to 873 K for RyCe(-673ev
(Figure 5b,c). In the case of BCe(-813ev Nry-o(s) gradually
increased from 1.1 afy, = 588 K to 2.1 atTy, = 773 K,
keeping Nry-ry @lmost unchanged (Table 3e). Hence, the
number of Ru(s) decreased by the growth of g@g@t the
interface by the increase %, (Figure 5d-f). The reduction

of support was facilitated by the spiltover H from Ru clusters,
and formed Ceg at the interface may further react with
interface Ru atoms to physically cover the Ru particle surface
(SMSI).

On the basis of the difference ®ry-os) (>2.1 and 0.3,
respectively), the extent of Ru site blocking by Ge@vas the
major reason for lower maximum rate for 0eQ-813ev than
that for Ry/CeQ-673ev (Table 1). The optimuify, was lower
by about 100 K for conventional Ru/Ce@han the other two.

unchanged because the reduction temperature in catalyst prepa-
ration for Ni/CeQ was higher €773 K).

Hydrogen Adsorption on Rus/CeO, and Ruz—Ni/CeO,.
The hydrogen uptake measurements (Table 2) and TPD
observations for hydrogen (Figure 2) indicated that the /Ru
exceeded 1 for RiCeQ-673ev and Ri—Ni/CeO-673ev.
Excessive amounts of hydrogen adsorption are reported for Ru/
SiO; (H/Ru(s)= 3.3-5.6)> Rh/Al,03 (H/Rh(s)= 0.70-1.39) 1
Rh/CeQ (H/Rhoty = 0.75-3.97)12 or Pt/zeolite (H/Ruta =
1.4-1.7)13

The TPD were observed for samples after adsorption A
(Figure 2a-c) and adsorption B (Figure 2d). In the range of
300-450 K (region I), B was exclusively desorbed in Figure
2a,b,d. In these three spectra, the incorporation of H (as HD
for Figure 2a,b,d and as Hor Figure 2d) began at450 K, in
good coincidence. It should be noted that only Figure 2c¢ had
HD desorption in region | and that the total desorption amount
(H2 + HD + D») was larger in Figure 2c,d than in Figure 2a,b
by the factor of 3.2-5.7 (they-axes in Figure 2 are common

This difference may be because both Ru particle growth and on the basis of per gram of catalyst). Hence, we believe that

the blocking of Ru site by Cef3 inhibited catalysis in
conventional Ru/Ce®

Reduction of Rus—Ni/CeO;, and Catalysis. In the catalyst
preparation, the amount of hydrogen consumption was %.04
10~* mol of Hp gear ! for Ni/CeQ, in Hp at 773 K for 12 h:
17.4% of incipient Ce@was converted to GOz (CeQy —
CeO g1). The stoichiometry Ce(y, was reported by the
thermogravimetry after heating Ce@owder in H at 773 K10
The particles around 70 A were detected by TEM, and H/Ni

the Ry—Ni/Ce(; had a different kind of adsorption site for H,
compared to the R{CeQ, or conventional Ru/Cef

The H incorporation in region Il (450750 K) seems due to
inverse hydrogen spillover, similar to H spillover initiated at
~413 K on Rh/TiQ.# The inversely spiltover H should have
reacted with D on Ru sites to form HD (Figure 2a,b). However,
Ru;—Ni/CeG, had again different desorption character. Namely,
a significant amount of Hwas also desorbed in region Il of
Figure 2c besides HD. The total desorption curve of HID,

uptake measurement (0.10) also supported the data. On thdn Figure 2c was similar to that of £in Figure 2d.

other hand, the Ru cluster size of RiNi/Ce0,-673ev in B

at 588 K was estimated to be 4@5 A on the basis oRNgy-ry

= 7.1 (Table 3f). As the RtO(s) bonds were observed by
EXAFS (Table 3f), the Ni and Ru clusters should be attached
on the cerium oxide surface separately. Geometrically, it is
not likely that the Ru clusters bonded to the larger Ni particles
also coordinate to O(s) of cerium oxide with averadie—os)

of 1.2. The EXAFS curve-fitting analysis in Table 3f without
Ru—Ni bonds should be valid.

Taking these facts into account, we propose an interface

adsorption site for H in the case of RtNi/CeO,. The H on

this new site was not replaced by D even in Becond
adsorption step before TPD for Figure 2c), different from
replaceable H on ordinary Ru sites where onpmias desorbed

as in region | of Figure 2a or Figure 2b. This new site for H
on Ry—Ni/CeO, should be different from ordinary Ru sites
(D2 in region 1) or cerium oxide surface sites (H as HD or H

in region II). The H of HD in region | in Figure 2c can be
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TABLE 4: Results of Curve-Fitting Analysis of Ru K-Edge EXAFS Spectra for Rug/CeO,-673ev in Vacuum or in H, (53 kPa)

Ru—Ru Ru-0O
entry Tu/K ambient gas N r/A A(0?)/103 A2 N r/A A(c?)/103 A2 R/%
a vacuuri 4.4 (d0.7)  2.62 (-0.02) 2.8 1.540.4) 2.04 (-0.03) 5.6 4.742.4)
b H. 45(0.6)  2.65 (0.02) 0.45 0.640.3) 2.13{0.02) —06 3.8 (¢1.9)
c 588 vacuurh 54 2.62 2.9 0.6 2.14 —5.6 2.4
d Hy?2 55 2.65 0.8 0.7 2.14 —4.7 2.3

aQObserved at 290 K2 Observed at 100 K.

understood to be derived from this new site, in equilibrium with ~ Relevance to Catalysis. The reaction mechanism of am-
D(a) on ordinary Ru sites at~330 K on the basis of the  monia synthesis on Ru catalysts was investigafed. No N,
coincidence of the beginning temperatures of HD and D adsorption was reported on Ru/MgO (183 K) or-Rist/MgO
desorption in Figure 2c~330 K). The reason why Hwas (293 K) in N; + Ha. The adsorbed amount of.Nber Ru(s)
not formed in region | of Figure 2c besides HD and B decreased drastically when the adsorbed H increased fer Ru
unclear. The very fast recombination of H from the proposed Cs"/MgO at 293 K. These results demonstrated preferable
new site with D(a) on Ru sites near the interface may be the adsorption of H on surface Ru sites rather tham' Nn fact,
reason. P, pressure dependence of ammonia synthesis rate-0ds
Figures 4 and 5 show the structure change for Ru clusters ofto +0.5 for Ru catalysts compared tal.5 for Fe catalyst!’
Ru/Ce-673ev by interaction with H The bonding distances  demonstrating that adsorbed H retarded catalysis by the strong
rrRu—Ru (2.62 A) andrru-o(s) (2.04 A) in vacuum were enlarged  blocking of Ru active sites not to afford enough ensemble sites
by 0.03 and 0.09 A, respectively, in,HTable 4a,b). The for N2 dissociative adsorption for Ru catalysts.
relaxation induced by H adsorption was also observed faf Ru In the TPD for Rg—Ni/Ce0,-673ev (Figure 2c), the ratio of
Ce(»-673ev heated in Hat 588 K. rgry-oi) Was already HD and D, desorption was about 2:1 (D/H 2) in region 1, in
enlarged to 2.14 A by heating in Hit 588 K (Table 4c), and  fast equilibrium of hydrogen between the “new site” (interface
it did not show further change by hydrogen adsorption (Table H site or weakly bound H site) and normal Ru surface sites. In
4d). Therry-ru changed from 2.62 to 2.65 A by H adsorption, region Il of Figure 2c, the peak ratio of HDjhvas about 1:1.
same as the change by the H adsorption og/&e0-673ev The stronger intensity of Hpeak than HD peak in Figure 2c
(Table 4a,b). The relaxation of metal cluster by hydrogen compared to in Figure 2a or Figure 2b suggests that theds

adsorption was reported for supported Ru catalystg (ry = not only native to H(a) on cerium oxide but was also native to
0.03-0.08 A andArgry—o(s) = 0.03-0.04 AY and supported Pt the new site H. The new site H was still exchangeable with
catalysts Arppt = 0.12-0.19 A)24 D(a) on the Ru cluster surface in region Il. As the ammonia

Adsorption Sites of Excessive Hydrogen.l. Weakly Bound synthesis temperature (588 K) was within region Il, about half
Hydrogen Weakly bound H was proposed on metal catalysts or an equivalent amount of new site hydrogen may be in
by using NMR: part of a peak around 0 ppm on Rh/Fi@nd equilibrium with hydrogen on surface Ru active sites on the
peakp around—30 ppm on Ru/Si@° In comparison between  basis of the D/H ratios. The contribution of the new H site can
two Ru/SiQ samples (Ru(s)/Rsta = 0.29 and 0.19), “weakly be one important factor for catalysis as a “reservoir” of reactant.
bound H” was implied to have an interaction with lower
coordination Ru sites because fh@eak population increased  Conclusions
as the Ru particle size decreased. The dispersions of Ru in
this study were nearly 100% except for conventional Ru/£eO
“Weakly bound H” on lower coordination Ru atoms or hydrogen
overlayer was possible as a new site for H discussed above
because the largest average Ru particles (24 A by TEM) for
conventional Ru/Ce@are still smaller than those for Ru/SiO
in NMR study.

2. Hydrogen Absorption in RuAnother possibility is the
subsurface hydrogen incorporati®® On the basis of the
Nru-ru = 4.4 by EXAFS for RyCe(Q-673ev (Table 3b), a
monolayer-like flat Ru cluster (packed cluster of 4 atomg
atoms has an averadé,—ry Of 4.3) or octahedral 6-Rw( a

lite larger) pluster Neu-ru OF 4) is postulated on supports. In Acknowledgment. This research was supported by a Grant-
these plausible small clusters, almost no space for hydrogen.

incorporation remains. The larghik,—o(s (=1.5) for Ry/CeOr in-Aid for Scientific Research (No. 05225206) from the Ministry

673ev (Table 3b) suggests a flat structure of Ru clusters (FigureOf Education, Science, and Culture.
5b) rather than a spherical structufiry-os)was 1.2 for Ry—
Ni/Ce0,-673ev (Table 3f), also suggesting flat Ru morphology.
H incorporated in Ru bulk sounds very unlikely as a new site  FTIR. FTIR spectra of Re—Ni/CeO, and Ni/CeQ were
for H. recorded on a FTIR spectrometer (JASCO, Valor lll, resolution
3. Interface Site for Hydrogen The H uptake on RuNi/ 1 cnmr1).3 CeQ with higher surface area (165%g~1, Anan
CeO-673ev was 4.3 H per total Ru atoms (Table 2), and Kasei Co.) was used. Five peaks were observed at 3687m,
subsequent TPD had concomitant HD andddsorption below 2206w, 2087w, 1947vw, and 1895w cinfor Rus—Ni/CeO;-
450 K (Figure 2). These facts suggest the new site for H is 673ev in H at 203 K for 30 min (Figure Al in the supporting
closely related to the reduction of cerium oxide support. information). Compared to the spectrum iafdr 5 min, three
Adsorbed hydrogen was monitored by FTIR; however, we could peaks at 3687, 1947, and 1895 ¢ngrew stronger as the time
not discriminate between “weakly bound H” and “interface site passed in i Three peaks around 3687, 2206, and 2087cm
H” (see the Appendix). were also seen for Ni/CeO Rus—Ni/Ce0,-673ev was evacu-

The Ru cluster supported on reduced Ni/Gets a good
catalyst for ammonia synthesis. The Ru cluster size was less
than 10 A and within 1615 A for Ruy/CeQ® and Ruy—Ni/
Ce0, respectively. The RuO(s) bondings were observed at
2.02-2.14 A for these catalysts. The flat Ru clusters were
suggested as active sites. The amounts of hydrogen uptake
exceeded unity for RCeQ, and Ry—Ni/Ce(,, and H on the
new site was proposed in relation to an excess amount of H
uptake and subsequent TPD for H(a). The interface between
Ru clusters and the reduced Gs@urface is one possible new
site.

Appendix
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