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The effects of adsorbed hydrogen on the N2 adsorption and N» isotope displacement rate on Ru/MgO and
Ru-Cs*/MgO were investigated by FTIR. The Hz was found to be adsorbed dissociatively on on-top sites
[1880w(sh), 1801w(sh), and 1717s cm™?], bridging sites [1550w and 1330w cm™!], and threefold sites [1120m
and 933m cm™'] on Ru/MgO, and similarly on three kinds of adsorption sites on Ru~Cs™/MgO. The bridging
hydrogen on Ru/MgO was thermally more stable than the other two. Molecular N could be adsorbed as an
on-top form on Ru. By the small amount of preadsorbed H(a) [H(a)/Rusurs=14%)], the N3 isotope displacement
rate ®Ng(a)—'*Nz(a) in '*N2 on Ru/MgO was largely reduced to 12%, and the reduction on Ru-Cs*/MgO
was more serious (to 4%). The main factors of these reductions were interpreted as direct repulsion of H(a) and
N2 on Ru/MgO and Ru-hydride dipole effect enhanced by doped Cs* on Ru-Cs*/MgO. The common factors
in N2 displacement reaction and the catalysis from N2 are discussed in terms of the hydrogen effect.

Recent developments in spectroscopy have opened
the door to new information about the surface in-
termediate species during catalysis and their detailed
behavior.)) Ruthenium is widely known to be applica-
ble for ammonia synthesis,>® FT synthesis,* and par-
tial hydrogenation of benzene.> Spectroscopic studies
on Ru{0001) single crystal surfaces have revealed im-
portant information such as regular disposition of ad-
sorbed N3,® H,” CO,® coadsorbed N, with O or K,®
CO with NH3,” adsorption sites of H,**~%) or Ru sur-
face relaxation.'®

Hydrogen atoms have been reported to be adsorbed
on the threefold sites of the Ru(0001) face.”**—'*) Ad-
sorbed H forms ordered structures: p(\/gx \/3) R30°
at 0g=33%, p(2x1) at g =50%, (2x2)—3H at Oy=
75%, and 1x1 at 05 =100%.7” With the increase of the
amount of adsorbed hydrogen from 0 to ca. 10 L (1
L=0.133 kPas) on Ru(0001) at 173 K, the work function
(¢) first increased to +25 meV (maximum at 0y~50%)
and then linearly decreased.'® This irregular work func-
tion change was interpreted as due to the sum of two
surface dipole moments at H(a), up (outward perpen-
dicular to the surface) and uy (inward perpendicular
to the surface). A small 8, peak of H(a) which was
weakly-bound and was desorbed around 330 K in TPD
(temperature programmed desorption) roughly corre-
sponded to the outward dipole, and a subsequent large
peak (2 desorbed at 360—440 K roughly corresponded
to the inward dipole. The adsorption site of p(2x1)H on
Ru(0001) has been suggested to be the threefold fcc site
rather than on-top, bridging, threefold hcp, or sublayer
sites'® by the curve-fitting analysis for energy depen-
dence (20—220 eV) of diffraction intensity of the LEED
(low-energy electron diffraction).!?) In the curve-fitting
procedure, Ru surface layer(s) reconstruction was in-
cluded as changeable parameters along with the param-
eters for the position of adsorbed H. The change of dis-

tance between first and second Ru-layers was suggested
to be the reason for the irregular work function change.
The height of H(a) from the first Ru layer may decide
the direction of the surface dipole moment.'®

Nitrogen adsorption on Ru(0001) has been also
studied.®'® The ordered structure of p(v/3xv/3) R30°-
Ny at On2=33% is known, and repulsive interaction of
K and N, has been examined by EELS (electron energy
loss spectroscopy), UPS (ultraviolet photoelectron spec-
troscopy), TPD, and the change of work function (A¢).
The minimum K-N, interaction distance has been esti-
mated to be about v3mRu—Ru (rRu—Ru: Ru—Ru bonding
distance).® Two chemisorbed states § and v have been
observed at 78 K, which were desorbed at 88 and 115
K, respectively.

In the viewpoint of ammonia synthesis on Ru, hydro-
gen plays complex roles.!” The reaction rate of ammo-
nia: synthesis can be expressed as follows in the case of
Fe and Ru:

r = kPn2(Pu2®/Prus?)®®
7 = kPn2Pu2®® Paus %8
7 = kPn2Pu2™%® Puus® (on alkali-doped Ru catalysts)!®

(on Fe catalysts)®

(on Ru catalysts)'®

Considering the inhibition term in the Langmuir equa-
tion, these rate expressions suggest that the metal sur-
face of the Ru or alkali-doped Ru catalysts is covered by
more amount of H(a) than in the case of Fe catalysts.'®
This tendency that hydrogen dominantly occupied Ru
surface site was more prominent when Ru catalyst was
doped with alkali metal K, Na, or Cs (the dependence
on Pys was minus (ca. —0.5)). The simplest under-
standing of the role of alkali metal is the partial electron
donation to the metal surface to make the electron-rich
environment to facilitate the rate-limiting dissociation
step of N2 to N(a), and at the same time, to make H-
(a) more negative and stabilized. Indeed, Cs™ doped
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to Ru/Al;O3 promoted the rate of ammonia synthesis
quite effectively in ambient pressure, but the rate did
not increase so much with the increase of total reaction
gas pressure, unlike the monotonous increase on indus-
trial Fe catalysts, because the amount and blocking ef-
fect of H(a) would be more serious at higher pressures.
However, to our surprise, the ammonia synthesis rate
was rather accelerated according to the increase of re-
action gas pressure when rare-earth metal such as Ce
or Sm was doped in Ru/Al;03,'® or on [Rus(u-Os)s3)-
derived clusters on CeO; (the structure was determined
by EXAFS).29 Thus, the adsorbed state of H(a) on the
Ru catalyst should be studied in relation to the No ac-
tivation.

This paper is intended to fill the gap between catal-
ysis on the most active Cs*-doped Ru/MgO?") and ad-
sorption results for H(a) and Na(a) on catalyst surfaces.
We reported vryug peak of H(a) (on-top, bridging)??
and vyn peak of Np(2)?® on Ru/MgO, Ru-Cs*/MgO,
Ru/Al;03, or Ru-Cs*/Al;O3. Considering the sta-
ble Ru(0001) face and fewer coordinately-unoccupied
Ru sites (edge sites) on our Ru particle (average di-
ameter of 2.6 nm) on MgO, the N, displacement and
the N, adsorption rates were followed on a H-free and
H-preadsorbed Ru/MgO (fg=14—89%) and on a Ru-
Cst/MgO catalyst (fg=0—50%). The changes of ad-
sorbed amount and the wavenumber of vyn peak for No
were also measured, and the effects of H(a) were clas-
sified to (1) direct repulsion and (2) long-range dipole
effect. The change of dipole effect of H(a) by doped
Cs™ is discussed by comparing the results on Ru/MgO
and Ru-Cs*/MgO.

Experimental

FTIR spectra (JASCO FTIR5300) were obtained for the
disk samples in a quartz cell equipped with NaCl windows
on both sides which was connected to closed circulation sys-
tem. The preparation procedures of catalysts were described
previously.2) Briefly, the solution of Ruz(CO)12 in tetrahy-
drofuran was reacted in air with MgO (130 m?g~!) (Ru 2
wt%), followed by evaporation of the solvent, Ha-reduction
at 773 K (12 h), and evacuation at 773 K (1 h) (Ru/MgO).
MgO was impregnated with CsNOgs in water solution, which
was decomposed under Oz (2 h) and Hy (48 h) atmosphere
at 773 K. The obtained sample Cs*/MgO was impreg-
nated with Ru3(CO)12 in the same way as MgO giving Ru~
Cs*/MgO (Cs/Ru=2.0 in atomic ratio). Measured amounts
(about 0.1 g) of thus-prepared catalysts were pressed to disks
(=20 mm). Before each measurement, each sample disk
was again treated in Ho (773 K, 1 h) and evacuated (773 K,
1 h). The electron microscope measurements indicated that
once formed Ru particles with an average diameter (2d) of
2.6 nm on MgO by the 12 h-reduction showed no further sig-
nificant change of particle size by the subsequent treatment
in H2.

The dispersion (D) of Ru particle was estimated from the
equation:
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D= 4nd?/(v/3/2)rru—ra® _ 1.30
" (4/3)nd3pNa/MW ~ 2d/nm

with the Avogadro number (Na), molecular weight of Ru
(MW), the density of Ru p (12.36 gcm™3) and the "Ru~Ru
(0.270 nm). D was 0.50 when 2d was 2.6 nm. This Ru dis-
persion and hydrogen uptake measurement indicated a 1:1
ratio of H/Rusurs on Ru/MgO. In the estimation of IR peak
area, peak deconvolution were carried out by the non-linear
least square fitting method with Gaussian functions (Fig. 1).
The correlations between IR peak intensity and the amount
of adsorbate in mol (estimation of ey and en2) were obtained
by the estimation of desorbed Hz (49 and 36 pumol ge.; " for
Ru/MgO and Ru-Cs™/MgO, respectively) or N2 (37 and 16
pmol geay ™ for Ru/MgO and Ru-Cs™/MgO, respectively)
according to the decrease of vryn or vnn peaks. The differ-
ence of total hydrogen uptake monitored by a manometer
and that obtained from IR peak of H(a) on Ru particle was
allotted to the increased intensity of vou peak on MgO sur-
face (eon)-

6.7 kPa of hydrogen was introduced to the IR cell in which
the in-situ pretreated disk of Ru/MgO was placed at 183 K.
Subsequently gas phase Hz was evacuated, and the temper-
ature was elevated. At 293, 473, and 548 K or 293, 373,
and 523 K, temperature elevation was temporarily stopped
during the data scanning.

The rates of isotope displacement reactions were ob-
served by introducing 1.5 kPa of 14N; to 5N,-preadsorbed
Ru/MgO at 183 K. The initial rate of vnn peak shift from
2083 cm ™! of '®Ny(a) to 2154 cm™! of *Ny(a) was followed
on Ru/MgO and. the shifts (2048 and 1950—2120 and 2020
cm™?!) were followed on Ru-Cs*/MgO by observing the in-
crease of peak area of 1*N3(a) after peak deconvolution. The
same measurements were carried out on H-preadsorbed cata-
lysts at 6u=0, 14, 36, and 65% for Ru/MgO and at 6u=0, 14
and 50% for Ru—Cs*/MgO. In order to vary the g in small
degrees, the Ho adsorption temperatures were changed, and
also in some runs, Hy gas (0.13—6.7 kPa) was added to
14N, so as to increase 0y. Isotope equilibration reaction
15Ny +14N,—2M*N'®N was monitored by a mass spectrom-
eter with 10 kPa of '®N» and 10 kPa of '*N; at 548 K. The
rate of ammonia synthesis was also measured in 25.3 kPa
of N2 and 76.0 kPa of Hy at 548 K. The increase of vou
mode of hydroxyl group on MgO in Hs was monitored as
the amount of spillover hydrogen from Ru metal particles to
MgO surface at 183—473 K.
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Fig. 1. The peak deconvolution by Gaussian functions
of IR spectra of Ru/MgO (Ru 2 wt%) at 293 K under
6.7 kPa of Hy (a) and corresponding deconvoluted
spectrum under 6.7 kPa of Dy (b).
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Results

Hydrogen Adsorption on Ru/MgO. When hy-
drogen was introduced on Ru/MgO at 183 K, a strong
main peak was observed at 1717s cm™? [Fig. 2(a)] with
weaker peaks at 1880w(sh), 1801w(sh), 1550w, 1330w,
1120m, and 933m cm~!. In 6.7 kPa of Hy at 293 K the
spectrum was essentially the same, except that peaks at
1880 and 1801 cm~! were weaker [Fig. 1(a)]. Peaks ob-
served in Ds (6.7 kPa, 293 K) at 1355w(sh), 1285w(sh),
1230s, 1107w, and 950w cm~! [Fig. 1(b)] corresponded
to peaks in Hy at 1880w(sh), 1801w(sh), 1717s, 1550w,
and 1330w cm™!, respectively [Fig. 1(a)]. Because of
the strong absorption by the support MgO, no shifted
peaks in D2 corresponding to those in Hs at 1120 and
933 cm™! were detected.

We assigned the peaks at 1880, 1801, and 1717 cm ™!
to on-top H. The stretching mode for u;-H of transi-
tion metal hydride complexes?*?* and the H(a) on sup-
ported transition metal catalysts?6—2%) were reported to
be at 2250—1700 cm~! (Table 1). As the peaks at 1880
and 1801 cm™! were only observed at 183 K [Fig. 2-
(a)], they may be twin-type H(a). The EELS spectra of
adsorbed hydrogen on Ru(0001) surface have been re-
ported at 1113 (v,s) and 847 (v5) cm™?! at 180 K, which
were shifted in D, to 831 and 540 cm™1,'® or at 1137
and 823 cm™! at 105 K [Table 1(a)].'¥ As only three-
fold H has been reported on Ru(0001) surface”!°—1%
our IR peaks at 1120m and 933m cm™! can be assigned

~
—
N~
—

8
S

Absorbance

-1
Wavenumber/cm

The IR spectra of adsorbed hydrogen on
Ru/MgO (Ru 2 wt%) at 183 K under 6.7 kPa of H;
(a), after the evacuation at 183 (b), 293 (c), 473 (d),
and 548 K (e). Hydrogen was not adsorbed on MgO
at 183 K in 6.7 kPa of Hz (f).

Fig. 2.
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Fig. 3. The reduction rate of IR peak for adsorbed hy-
drogen on Ru/MgO (a) and Ru-Cs*/MgO (b) as a
function of the temperature; @: on-top, O: bridging,
B threefold. The heating rate was 4 Kmin~?.

to threefold H on Ru particles. The blue-shifts of 83—
110 cm ™! for vs mode from EELS data would be due to
the modification of the symmetry of H(a) to change the
energy gap of v,s and v and also to the electronic mod-
ification of ruthenium particles by support MgO.?") Vi-
brational data for other threefold H on Rug cluster®® or
metal single crystals®'*? were reported [v=1230—550
cm~!, Table 1(a)]. These two peaks (v,s and vs) were
desorbed while keeping the intensity ratio when heated
in vacuum [Fig. 2(b)—(e)]. The two peaks at 1550 and
1330 cm™! can be assigned to v,s and v of bridging
H(a), respectively, when we consider the wavenumbers
of on-top and threefold H(a) assigned above and the
bridging H of organometallic hydride Ruy cluster (1585,
1290 cm~1).253%) These two peaks (v,s and vg) were
desorbed, also while keeping the intensity ratio when
heated [Fig. 2(b)—(e)]. 6.7 kPa of Hy was introduced
at 183 K to MgO disk sample pretreated in Hj, and
this was evacuated at 773 K. No adsorption peak was
observed [Fig. 2(f)].
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Table 1. Vibrational Spectroscopic Data for H-Metal Complexes or Clusters(a) and Adsorbed H(a) or N2(b) on
Metal Single Crystals or Supported Metal Catalysts
Sample Gas T.a/K VRun//cm ™1 Method Ref.
On-top Bridging  Threefold
(a) H
H2Ru(CO)4 — — 1980 IR 25
H2Ru(CO)2(PPhs), — 1878, 1823 IR 25
Fe-Al,03-K20 101 kPa R.T. 1954, 1902, Raman 26
1870
[HRh(p-Os)2]/TiO2 — — 2048 FTIR 27
Rh/Al,O3 10® kPa 298 2013 FTIR 28
Fe, Co, Ni, Rh, Pd, and Ir/Al2O3 — —  1940—1850 IR 29
H4Rus(CO)12 — — 1585, 1290 Raman 33
H4RH4(CO)12 - — 1284 IR 25
H2Ru6(CO)1s — — 708, 660, FTIR 30
652
Ru(0001) Saturated 180 1113, 847  EELS 13
Ru(0001) Saturated 105 1137, 823  EELS 14
Ru(110) — — 1136, 1031, EELS 31
685
Pd(111) 2 L% 120 998, 773  EELS 31
Pt(111) 60 L 90 1230, 550  EELS 32
Ru/MgO 6.7 kPa 173 1870m(sh), 1330m FTIR 22
1760s
Ru/MgO 6.7 kPa 183  1880w(sh), 1550w(sh), 1120m, FTIR  This work
1801w(sh),. 1330w 933m
1717s
Ru-Cs*/MgO 6.7 kPa 183 1781s 1540w(sh),  1233m, FTIR  This work
(Cs/Ru=2) 1407w 940m
(b) N2 (on-top)
Sample Gas Taa/K vnn/em™? Method Ref.
Ru(0001) 23 L 40 2331m(sh), 2194s EELS 16
Ru(0001) 4L 78 2189 IRAS 6
Ru(0001) Saturated 85 2195 EELS 6
K-Ru(0001) (6x=0.05) Saturated 85 2150 EELS 6
O-Ru(0001) (0=0.25) Saturated 85 2239 IRAS 6
O-Ru(0001) (0=0.5) Saturated 85 2250 EELS 6
Ru/MgO 6.7 kPa 160 2168s, 2100m(br) FTIR 23
Ru-Cs*/MgO(Cs/Ru=1) 6.7 kPa 160 2070m(br), 1910m FTIR 23
Ru/MgO 6.7 kPa 183 2154 FTIR This work
Ru-Cs*/MgO(Cs/Ru=2) 6.7 kPa 183 2120s, 2020s(sh) FTIR This work

a) 1L=0.133x10"% kPas.

By the evacuation of gas-phase Hy at 183 K, the on-
top (1717 cm™!) and threefold (1120 cm~!) peaks de-
creased, but the peak intensity at 1330 cm™! (bridging)
was not changed. In Fig. 3(a), on-top and bridging
H were desorbed around 280 and 500 K, respectively.
Compared to the desorption temperature of threefold H
on Ru(0001) (B;: 330 K, B2: 360—440 K),*V) the TPD
peaks of on-top site H and threefold H on Ru/MgO
were within the comparable range. On the other hand,
the remarkable stability of bridging H (ca. 500 K) sug-
gested that the bridging H was located on the lower-
coordination (LC) Ru site (edge site), in contrast to
the on-top and the threefold H, which were located on
the relatively flat surface of Ru particles.

Nitrogen Adsorption on Ru/MgO. Nitrogen

was molecularly adsorbed on Ru/MgO, giving a peak
at 2154 cm™!, as shown in Fig. 4(a). This peak can
be assigned to vnn of linear Ny on on-top site, red-
shifted by 45 cm ™! from full coverage N»(a) (2189 cm™};
On2=33%) on Ru(0001)® by the backdonation effect
due to basic MgO.

The influence of adsorbed hydrogen to the peak in-
tensity and wavenumber of No(a) was examined by the
VNN peak observation in No (183 K) without Hy adsorp-
tion [Fig. 4(a)], with hydrogen chemisorbed (gas-phase
H, was evacuated) at 473, 293, and 183 K [Fig. 4(b),
(c), and (d), respectively] or with 0.67 kPa of H, at 183
K [Fig. 4(e)]. Based on peak deconvolution (Fig. 1),
total peak area of H(a) was 14% for Fig. 4(b), 36% for
(c), 65% for (d), and 89% for (e) compared to Fig. 2-
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Table 2. (a) The Intensities of H(a) and N2(a) Peaks, and the Rates of (b) Isotope Displacement
Reaction, (c) Isotope Equilibration Reaction, and (d) Ammonia Synthesis Reaction on Ru/MgO
Entry I II m v v Vi VI VII X X
H; adsorption T/K 183 293 473 548  no H®
Hz/kPa 6.7 1.3 0 1.3 0 13 0 0
0/%
(a) Ou 100 65 36 14 0
Oz 8.0 25 38 38
r/umolg ™! s?
(b) ®Nz(a)—=1*Ny(a)® 0.53 0.6 1.3 11
(b') N2(g)—Nz(a)® 37 45
(c) P Na(a)+ Ny — 214NN 0.0033
(d) No+3Hy —2NH3Y 0.0024

a) Hz was not introduced. b) Pn2=1.5 kPa at 183 K.

kPa, Py2="76 kPa at 548 K.

Absorbance
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Wavenumber/cm'

Fig. 4. The change of IR peaks of adsorbed Ny on
Ru/MgO in 6.7 kPa of N3 as a function of the cov-
erage of previously adsorbed H (a); H, was not in-
troduced (a). Hz was introduced and evacuated at
473 (b), 293 (c), and 183 K (d). 0.67 kPa of Hy was
introduced at 183 K (e).

(a) (100%) (Hz 6.7 kPa, 183 K) [Table 2(a)]. While
the wavenumber of vy peak gradually shifted to the
low-energy side: 2154 [Fig. 4(a)] — 2153 [Fig. 4(b)] —
2138 cm™?! [Fig. 4(c)] according to the decrease of the
amount of No(a), a new peak of vy appeared at 2189
cm~! as a shoulder of the peak of 2137 cm™! with a
large increase of preadsorbed hydrogen up to g =65%
(183 K) [Fig. 4(d), Table 3]. Further increase of Oy
to 89% reduced total peak area of vnn, but the ratio

c) Pn2=20 kPa of N3 at 548 K. d) Pn2=25

Table 3. The Wavenumber of vny (cm™!) of Ad-
sorbed N2 on Ru/MgO or Ru-Cs*/MgO with the
Function of Hydrogen Coverage

(a) Ru/MgO
Ru 0u/%
0 14 36 65 89 100
2154s 2153s 2138s  2189m 2190m ND
2137Tm  2136m
(b) Ru-Cs™*/MgO
0u/%
0 14 50 100
2120s 2118w(sh) 2120w ND
2020s(sh) 2026s 2020w

ND: not adsorbed.

of the two and the wavenumbers showed no significant
difference [Fig. 4(e) and Table 3(a)]. With regard to
the initial shift to low frequency with the decrease of
N» amount in Fig. 4(a)—(c) (with the increase of Oy
preadsorbed), the following experiment was added. We
gradually decreased fn2 from 38 to 1.1% by changing
the No gas amount under H-free condition, and found
that the vy peak also gradually red-shifted (from 2154
to 2106 cm™!). This shift was contrary to the reported
blue-shift of N2 on Ru(0001).%

The correlations between the amount of pread-
sorbed H and that of N2 (chemisorbed + physisorbed
or chemisorbed only) at 183 K are shown in Fig. 5
(solid lines). The first adsorption was regarded as
chemisorption + physisorption, and subsequent uptake
after the evacuation for 5 min was regarded as physi-
sorption. The estimation of Ny(a) by gas chromatogra-
phy for the Ru/MgO powder indicated that the fully
chemisorbed Ny (at fg=0) was 31% of the surface
Ru. Although the steep reduction curve of the amount
of chemisorbed Ns implied that one hydrogen atom
blocked two or more adsorption sites of Na, the total
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Fig. 5. The change of the adsorbed amount of Nj
as a function of preadsorbed total amount of H on
Ru/MgO (solid line) and on Ru-Cs*/MgO (dotted
line); @, M: physisorbed + chemisorbed N2 O, A:
chemisorbed Ns.

(=chemisorbed + physisorbed) amount decreased mod-
erately, suggesting that adsorption of physisorbed Nj is
controlled by some factors.

Dependence of N, Isotope Displacement Rate
on the Amount of H(a) for Ru/MgO.  The
substitution reaction rates of 5Ny(a) (2083 cm™!) for
14N, (2154 cm™!) were observed at 183 K on Ru/MgO
or H-preadsorbed Ru/MgO (H; adsorption tempera-
ture: 183, 293, 473 K). The rates with chemisorbed H
(fa=14—65%) were 5—12% (0.53—1.3 pumolg=!s~1)
of that without H(a) (11 umolg=!s~1) [Table 2(b)]. A
very small amount of H adsorbed (fy <14%) retarded
molecular N4 displacement reaction in the order of one.
The adsorption rate of Ny was also observed by FTIR at
183 K on H-free catalyst sample and that with 85=14%
(without preadsorbed N3). The observed rates [45 and
37 umolg~!s™1, respectively; Table 2(b’)] were faster
than N, displacement reaction [11 and 1.3 pmolg™'s7!,
respectively; Table 2(b)] under the same conditions.

The Effect of H(a) on the Reactivity of N2(a)
on Ru-Cst/MgO. 6.7 kPa of H, was adsorbed
on Ru-Cs*/MgO at 183 K in the same manner as on
Ru/MgO. The main on-top H peak on Ru-Cs*/MgO
[Fig. 6(a)] was quite weak compared to that on Ru/MgO
at 183 K [Fig. 2(a)], but at 293 K in 6.7 kPa of H,,
the total H peak area [Fig. 6(b)] became comparable to
Fig. 2(a) (73% of that on Ru/MgO at 183 K on g-cat ba-
sis). In the estimation of Rug,,s on Ru-Cs*/MgO, this
peak intensity and Hy uptake measurement at 293 K (36
umol g, ~1-Hy) were taken as standard (=100%). The
five peaks observed at 1781s, 1540w, 1407w, 1233m, and
940m cm™?, blue-shifted from those on Ru/MgO due
to further electron donation by Cs* than only by MgO,
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Fig. 6. The IR spectra of adsorbed hydrogen on Ru—

Cs*/MgO (Ru 2 wt%, Cs/Ru=2.0 in atomic ratio)
at 183 (a) and 293 K (b) in 6.7 kPa of Hs, evacuated
at 293 (c), 373 (d), and 523 K (e).

were assigned to on-top, v,s and vs of bridging, and vug
and vs of threefold H, respectively. When we elevated
the temperature, each adsorbed H peak decreased [Fig.
6(c), (d)]. All three kinds of H desorbed around (or less
than) 340 K [Fig. 3(b)].

In Ny at 183 K on Ru-Cs*/MgO, the strong sin-
gle peak at 2154 cm™! on Ru/MgO [Fig. 4(a)] shifted
and split to 2120s and 2020s(sh) cm™?! [Fig. 7(a)]. The
On2 on H-free Ru-Cst/MgO was 57% [Tables 3(a) and
4(a)] of fn2 on H-free Ru/MgO. The adsorbed Nj
at 2020 cm™! must be more influenced by Cs* to be

2120

2020

003

Absorbance

1 1
() )
S S
N -— -1
Wavenumber/cm

Fig. 7. The change of IR vnn peaks of adsorbed N3 on
Ru—Cs*/MgO in 6.7 kPa of Ny at 293 K as a function
of the coverage of previously adsorbed H(a); Hy was
not introduced (a), H2 was introduced and evacuated
at 373 (b), 293 K (c).
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(a) The Intensities of H(a) and N2(a) Peaks, and the Rates of (b)

Isotope Displacement Reaction, (c) Isotope Equilibration Reaction, and
(d) Ammonia Synthesis Reaction on Ru-Cs™/MgO

Entry I I 1o IV V VI VII
H, adsorption T/K 203 373 523 no HY
H:/kPa 6.7 1.3 0 0 0
0/%

(a) Ou 100 50 14 0

On2® 0 1.3 10 22

r/umolg ™t s™?

(b) ®Nz(a)—=*Ny(a)® 0.48 11
(b’) N2(g)—Na(a)® 8.5 50
(c) P Na(a)+4 Ny —2M NN 0.029
(d) Ng+3H; —2NH3Y 0.039

a)—d) Footnotes are the same as in Table 2.

red-shifted by 134 cm™! from 2154 cm™! for Ny on
Ru/MgO. Another peak at 2120 cm~! was less affected
(A=34 cm™?!), but the effect was still comparable to
Avny for Ny on metallic K-Ru(0001) (A=45 cm™?)
[Table 1(b)].® The former Ru site should be located
nearer to the Cst part.

The influence of preadsorbed hydrogen on the peak
intensity of Ny(a) was more serious on Ru-Cs*/MgO
[Fig. 7(b), (c)]. Lower wavenumber peak at 2026 cm™?
became dominant at 0g=14% [Fig. 7(b)]. At 6u=50%,
two very weak peaks were observed [Fig. 7(c)]. This
can be interpreted that, at higher 0y, greater percent-
age of Ny was forced to be adsorbed on the Ru site
nearer to Cs*. The amounts of chemisorbed or total
N, were plotted as a function of 8y in Fig. 5 (dotted
line). It is evident that the H(a) on Ru-Cs*/MgO
more effectively poisons the N adsorption than on
Ru/MgO. The molecular Ny displacement rate on Ru—
Cs*/MgO was reduced from 11 pumolg=!s™! (6g=0)
t0 0.48 pumolg=!s~! (fg=14%) [Table 4(b)], but it was
unable to be measured at 8y=>50% because the vyn
peak intensity (In2=1.3%) was too weak. The adsorp-
tion rates of Ny at 183 K on H-free sample and that
at Oy =14% were 50 and 8.5 umolg~!s™!, respectively
[Table 4(b’)]. The decrease was more extensive (to 17%)
than that (to 82%) on Ru/MgO [Table 2(b')].

N2 Isotope Equilibration and Ammonia Syn-
thesis Reactions. The rates of isotope equilibra-
tion reaction of N2 and ammonia synthesis reaction on
Ru/MgO and Ru-Cs*t/MgO at 548 K are listed on
Tables 2(c), (d) and 4(c), (d). The equilibration re-
action rate on Ru—Cs*/MgO was 8.8 times faster than
on Ru/MgO, and the acceleration by doped Cs* was
more evident in ammonia synthesis (16 times).

Hydrogen Spillover. In addition to on-top,
bridging, and threefold H species on the Ru particle,
an increase of broad peak around 3450 cm~! was ob-
served at 183—473 K (Fig. 2); this can be assigned
to hydroxyl group bonded to lower-coordinated magne-

sium on MgO surface judging from the relatively lower
wavenumber.?>26) The initial growth rate of this peak
increased as the increase of temperature in Hy, but the
peak area was saturated (0.5—5 h) on the same level in-
dependent of the reaction temperature. The formed hy-
droxyl quantity corresponded to about three times that
of surface Ru atoms. Hydrogen spillover rates at 183 K
on Ru/MgO (1.9 pmolg~!s~!) and Ru-Cs*/MgO (0.83
umolg~! s™1) were far faster than N, isotope equilibra-
tion or ammonia synthesis at 548 K (Table 4), indicat-
ing that the H-spillover is faster equilibrium than steady
state reaction rate in ammonia synthesis reaction.

Discussion

Hydrogen Adsorption. Three types of adsorbed
hydrogen on Ru particles were detected for MgO-sup-
ported Ru catalysts by IR. The main peak at 1717
cm™! and the shoulder weak peaks at 1880 and 1801
cm™! were assigned as on-top, those at 1550 (v,s) and
1330 (vs) cm™! as bridging, and those at 1120 (v,s) and
933 (v5) cm™! as threefold species on Ru/MgO (183
K) based on H on single crystal, hydrido-complexes or
clusters, and H on other supported metal catalysts. On
Ru—Cs*/MgO, the peak at 1781 cm~! was assigned as
on-top, those at 1540 (v,5) and 1407 (vs) cm™! as bridg-
ing, and those at 1233 (v,) and 940 (v5) cm™! as three-
fold species (293 K). Each mode of on-top and bridging
peaks had corresponding shifted peaks in Dy. The sta-
bility of bridging H (ca. 500 K in TPD) on Ru/MgO
suggested hydrogen on the LC Ru sites. Chemisorbed
amount of H on Ru/MgO corresponded one by one to
surface Ru atoms, similar to p(1x1)H on Ru(0001).”

The total peak areas for H(a) (fu) were 14, 36, and
65% after evacuation at 473, 293, and 183 K, respec-
tively [Table 2(a)] on Ru/MgO. On Ru-Cs*/MgO, the
amounts of hydrogen chemisorbed were g =14% at 373
K and 50% at 293 K. Only weak peaks were observed
at 183 K in 6.7 kPa of H, [Fig. 6(a)] compared to the
strong peak at 293 K [Fig. 6(b)]. This can be kinet-
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ically explained by a slower dissociative adsorption of
Hy on Ru-Cs*/MgO. The retardation of adsorption
rate for Hy by alkali metal dopant is known,%2” while
the metal-H bond is stronger on such surfaces.?” In-
deed, our stretching frequency of on-top H (1781 cm™1)
on Ru-Cs*/MgO was higher than that (1717 cm™!) on
Ru/MgO.

N2 Adsorption. In H-free condition, the cov-
erages of Np were 38 and 22% for Ru/MgO and Ru-
Cs* /MgO, respectively. The decrease of No amount by
doped Cs* was consistent with the long-range destabi-
lization of No(a) by doped alkali metal.® Besides the
effect of doped CsT, the decrease of fno by H(a) was
more drastic on Ru—Cs*/MgO than on Ru/MgO, as
seen from the initial decline of Oy, as a function of 0y
in Fig. 5. By dual effects, long-range effect of Cs™
and dipole effect of more negative H(a) enhanced by
CsT, fn2 became only 1.3—10% at 05 =14—50% on
Ru-Cs*/MgO. Generally H bound to transition metal
may be partially negatively charged, and Ny bound to
metal should coordinate through 50 and 40 to have
partially positive charge,® consistent with our results.
However, the wavenumber of vy was shifted toward
high position with the increase of fn2 in Fig. 4, con-
trary to N2 on Ru(0001) metal.® This suggests larger
backdonation from Rudd to No27*; as a result, positive
charge may not be so large for Na on Ru/MgO as on Ru
metal. In line with this interpretation, the doped Cs*
must donate more electron charge through Ru to both
H and N227* on Ru-Cs*/MgO. Doped Cs* ion has
an enhanced dipole effect on H by making H(a) more
negative and Nz(a) less positive.

The vyn wavenumber, first shifted toward lower-en-
ergy, suddenly changed the direction between 0y =36
and 65% [Fig. 4(c), (d)]. In IR spectra the vxn peak
was split to two peaks: original 2137 cm~! and weaker
shoulder peak at 2189 cm™! at 65% of g on Ru/MgO
[Fig. 4(d)]. The blue-shifted peak at 2189 cm~! can be
explained to have stronger NN bonding by the repulsion
with neighboring H(a) atoms. The wavenumber of vnn
for adsorbed N3 peak on Ru-Cs*/MgO was not shifted
[Table 3(b)], and N2 was not adsorbed at high coverage
of By (over 50%) on Ru—-Cs*/MgO.

The Effect of H(a) on the Reactivity of Na.
1. Ru/MgO. The rate of molecular N, isotope dis-
placement reaction °Ny(a)—!%Ny(a) on Ru/MgO was
decreased to one tenth by less than 14% of H(a) [1.3
umolg~s~1, Table 3(b)] compared to 11 pmolg=s~!
over the H-free surface. The population of adsorption
style (on-top, bridging, threefold) for H is not known
because each adsorption coefficient is difficult to esti-
mate, but the H-free Ru atoms (H was not bound)
when 0y =14% should be 58—86%. As the Oyo was
38% in this situation and the isotope displacement rate
was unexpectedly slower on the surface with H(a), the
ensemble area where Ny displacement reaction does not
occur should be the direct and nearest (and/or the next-

Yasuo IzuMIi, Masaki HOSHIKAWA, and Ken-ichi AIKA

[Vol.67, No.12

nearest) Ru sites from H(a) on Ru/MgO. The adsorp-
tion rate of molecular Ny was very fast either in H-free
or H-adsorbed condition (fy=14%) on Ru/MgO [4—
29 times faster than Ny displacement rate; Table 2(b’)],
and the N2 displacement rate was proportional to Pys.
Based on this small decrease of adsorption rate of No
with the H adsorption (6g=14%), we believe that the
contribution of long-range dipole effect of H to the Ny
displacement rate was small compared with the direct
repulsion in the case of Ru/MgO.

The stability of bridging H in TPD experiment
[Fig. 3(a)] implied that this species was bound on LC
Ru site (edge site). At 6g=14% most of the bridging
H still remained (473 K), while only 0—9% of on-top
or threefold site H remained (Fig. 3). It is often dis-
cussed whether the contribution of LC site to the metal
catalysis is lower than that of the flat surface of metal
particle. In this paper, the reaction rate of molecu-
lar Ny displacement was followed not by the number
of products formed, but directly by the number of ad-
sorbed (intermediate) Ny species on the relatively flat
part and/or the LC part. If the LC sites were specifi-
cally active for this reaction and the displacement rate
reduction to 14% was due to blocking of LC site by H(a),
the vnn peak of Na(a) would have shifted. If the “edge
effect” existed in H-free condition, bare LC Ru would
have influenced adsorbed N3 to have a broader vyn peak
than that at g =14%. However, the wavenumbers of
single peak in Fig. 4(a) and (b) were almost at the same
position (2154 and 2153 cm~!), and the peak was rather
sharp in H-free condition. In this context, we believe
that the participation of LC Ru site in Ny displace-
ment reaction was not so large. However, the possibility
cannot be excluded that Ny on LC Ru site and No on
relatively flat-part Ru site were in a fast equilibrium,
one-sided toward the relatively flat-part site, and N3 on
relatively flat-part site was only observed by IR as an
‘adsorbate pool’, keeping the LC site as the real active
site on Ru/MgO.

2. Ru—Cs™/MgO. Compared to H-free condition,
the rates of Ny isotope displacement reaction in 1N, de-
creased drastically to 4% with a small amount of hydro-
gen adsorption (fg=14%) on Ru—Cs*/MgO (Table 4),
more serious than the rate decrease on Ru/MgO (5—
12% at 0y =14—65%) (Table 2). Fewer amount of
N2 (57%) can be adsorbed in H-free condition on Ru-
Cs*/MgO than on Ru/MgO (Tables 2 and 4) and one
adsorbed H atom decreased the amount of Ny(a) more
effectively on Ru-Cs*/MgO than on Ru/MgO (Fig. 5,
dotted line). The fn2 was too low at 0g=>50% [1.3%,
Table 4(a)] to measure the displacement rate. The Nj
displacement rates per fn2 as a function of g were plot-
ted in Fig. 8 on Ru/MgO (solid line) and Ru-Cs*/MgO
(dotted line). Initially, the value was a little larger
on Ru-Cs*/MgO, but both decreased at H=14—65%
reaching to the comparable value for Ru/MgO and Ru-
Cst/MgO. The N, displacement rate per effective Ru
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Fig. 8. The ratio of molecular N2 exchange rate and
On2 as a function of fy on Ru/MgO (solid line) and
Ru-Cs*/MgO (dotted line).

site (for Np) for Ny adsorption on Ru-Cs*/MgO was
supposed to be similar to Ru/MgO.

N, can be adsorbed on only 10% of surface Ru sites,
when hydrogen is adsorbed (fg=14%). By the same
estimation, H-free Ru sites would be 58—86% when
01 =14% also on Ru-Cs*/MgO. Therefore, H(a) on
Ru-Cs*/MgO prevented N, from being adsorbed on a
larger Ru region that Ru/MgO. In this situation, the
direct interaction of H with Ny molecules is improbable
on Ru/MgO. Instead, long-range dipole effect of H en-
hanced by doped Cs* decreased the displacement rate
of Ny in the case of Ru-Cs™/MgO.

Relevance to Catalysis. Although the rates
of molecular N, isotope displacement reaction on
Ru/MgO and Ru—Cs™/MgO were the same, the acceler-
ation of Ny equilibration reaction in H-free catalyst and
of ammonia synthesis reaction were quite extensive (8.8
and 16 times, respectively) [Tables 2(c), (d) and 4(c),
(d)]. Though it was difficult to correlate these rates
with IR data for H(a) because of the higher reaction
temperature in the catalysis (548 K), these two reac-
tions were known to be retarded by H(a).217 1920 As
discussed previously, the molecular N5 displacement re-
action was prohibited on the nearest Ru atoms to H(a)
on Ru/MgO. The prohibited area with H(a) becomes
wider on Ru—-Cs*/MgO through the dipole effect. As
the rate-limiting Ny dissociation step in N5 equilibration
reaction or ammonia synthesis reaction demands (more
than) two Ru atoms to interact Ny through Npl7m,>®
the effects of H(a) and Cs* studied here may not be
applied to the catalysis directly. Nevertheless, the de-
crease of On2 by doped Cs* and also by enhanced dipole
effect of H(a) should also be considered for further de-
velopments of Ru catalysts for catalysis at elevated pres-
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sures where the poison of H(a) should be more serious
on Ru-Cs*/MgO.

The increase of NH3 formation rates was observed
(2—4 times) on [Ruz(u-Os)s]-derived clusters on CeOq
or on Ni-doped CeQ; when the total pressure was varied
from 10% to 10® kPa. Corresponding to this pressure
dependency, only very weak H adsorption compared to
Ru—Cs*/MgO was observed on these catalysts around
10? kPa in IR, suggesting the IR study for H(a) and
reactivities of Ny on partially H(a)-covered surface is
closely related to NHj3 formation activity. This relation
between weak H(a) and positive pressure dependency
for the No—Hj; reaction on [Rus(u-Os)s](-Ni)/CeOq will
be reported in a separate paper.2?

Conclusion

(1) We observed the hydrogen to be dissociatively
adsorbed at on-top, bridging, and threefold sites on
Ru/MgO and Ru-Cs*/MgO by FTIR. The bridging
site H(a) on Ru/MgO, quite stable in TPD (ca. 500 K),
was suggested to be on a low-coordination Ru site such
as the edge site.

(2) The area where the adsorption of N, was inhibited
was wider in the presence of Cs*. This difference can
be interpreted as the direct effects of Cs* and negative
charge donation from Cs* to H and N,27t* through Ru
to enhance the long-range dipole effect of H(a).

(3) The molecular Ny displacement rate became
slower in the order on Ru/MgO and Ru-Cs*/MgO by
the existence of a small amount of hydrogen (g =14%).
The main factors of this decrease were suggested to be
the direct repulsion of N2 and H on Ru/MgO and in-
direct dipole effect of H(a) enhanced by doped Cs* on
Ru-Cs™/MgO.
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