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As has been proven earlier, ruthenium-containing NaHY zeolites
are able to catalyze the decomposition of ammonia at tempera-
tures from 300 to 450◦C. In such catalysts, ruthenium cations are
still present, even after heat treatment in high vacuum at 400◦C;
they can be detected using ammonia and/or pyridine as probes for
Fourier transform IR spectroscopy. They reside both in supercages
and in sodalite cages. Various intermediates of the decomposition of
the Ru(NH3)6NaY complex on heat treatment in high vacuum were
identified via in situ IR spectroscopy; in particular, evidence for the
formation of complexes with nitrosyl ligands was obtained. It was
shown that partially decomposed (deammoniated) Ru(NH3)6NaY
complexes can be recovered to some extent by readsorption of am-
monia. Ruthenium-containing species were localized either in the
supercages or in the small cavities as shown by IR spectroscopy
employing ammonia and pyridine as probes. The acidic properties
of variously treated Ru(NH3)6NaY zeolites were characterized via
temperature-programmed desorption (TPD) of ammonia, which
was monitored by mass spectrometry. A strong interaction between
ruthenium-containing species and the zeolite framework, leading
to a lack of overtone and combination modes in the near infrared, is
confirmed. Investigations of Ru(NH3)6NaY samples by X-ray pho-
toelectron spectroscopy under the same conditions as applied for IR
and TPD studies revealed that, at variance with the results usually
obtained after heat treatment of Ru(NH3)6NaY in high vacuum, no
significant formation of ruthenium metal species through autore-
duction occurred. Rather, a particular form of a cation-exchanged
Ru, Na-Y zeolite was obtained. c© 1997 Academic Press

INTRODUCTION

Ruthenium has recently received considerable attention
in the field of improved catalysts for ammonia synthesis (1),
in competition with traditional iron catalysts. Ruthenium-
exchanged zeolite NaY was also found to be an active cata-
lyst in ammonia synthesis (2–4). The activity of ruthenium
metal particles inside the cavities of faujasite-type zeolites
was reported to be dependent on the type of cation present
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in the zeolite, the silicon-to-aluminum ratio, and the size
of the metal particles (4). So far, these works have shown
promising catalytic applications for ruthenium-containing
zeolite NaY; however, the materials have been character-
ized mostly by methods other than IR spectroscopy, e.g.,
X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), transmission electron microscopy (TEM). The aim
of the present study was to investigate the acid sites, the ac-
tivated states, and the distribution of ruthenium-containing
species in view of the catalytic properties of the ruthenium-
containing Y zeolite. Combinations of NH3 and pyridine
probing techniques were used that should provide valu-
able information about the activated states of the zeolite.
Fourier transform IR (FTIR) spectroscopy, temperature-
programmed desorption monitored by mass spectrometry
(TPD–MS) and XPS were employed.

EXPERIMENTAL

NH4Y zeolite was obtained from NaY (Degussa) by 10-
fold exchange with 0.1 M ammonium chloride solution at
70◦C. To remove residual salt, the exchanged sample was
washed with distilled water until it was free from Cl− ions
as indicated by adding AgNO3 solution. The ruthenium
complex was exchanged into the NaY zeolite at room
temperature for 24 h by using [Ru(NH3)6]Cl3. The prod-
uct was dried at ambient temperature and eventually
turned deep purple. The materials used had the following
compositions (according to bulk elemental analysis):
NaY, Na56[(AlO2)56(SiO2)136]; NH4Y, (NH4)56[(AlO2)56 ·
(SiO2)136]; Ru[(NH3)6]NaY, Ru9Na29[(AlO2)56(SiO2)136].

The in situ spectra in the mid-IR region were obtained
on a Perkin–Elmer 2000 FTIR spectrometer and were run
in the transmission mode with self-supporting wafers hav-
ing a “thickness” of about 7 mg cm−2. The infrared cell was
sealed with CaF2 windows by Viton O-rings. This quartz in-
frared cell was designed to permit in situ spectrum record-
ing during heating or gas adsorption, and was connected
to an ultrahigh vacuum system (5, 6). The gas dosing was
monitored with a Baratron manometer (Model 220, BHS,
from MKS Co., München, Germany) and a needle valve.
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Pyridine was supplied by Merck, Darmstadt, Germany, pu-
rified by three freeze–pump–thaw cycles, and subsequently
dried over activated Linde 3A sieve; ammonia from Messer
Griesheim, Düsseldorf, Germany, was used without further
purification.

The near-infrared spectra were recorded by diffuse re-
flectance (DRIFTS) on the same Perkin–Elmer 2000 FTIR
spectrometer at a resolution of 4 cm−1 with about 200 scans.
Aluminum foil was used as a reference. The device used for
the investigations by DRIFTS was homemade. The descrip-
tion and further experimental details are provided else-
where (7).

Temperature-programmed desorption of adsorbed spe-
cies was carried out in an ultrahigh vacuum system equip-
ped with a mass spectrometer (Balzers QMG 311, Norden-
stadt, Germany) (8). All the zeolite samples studied were
pressed into wafers of 10 mg cm−2.

For XPS, the starting material was deposited from an
aqueous slurry onto a gold single crystal. This sample was
fixed to a variable-temperature holder, which could be op-
erated in UHV or under atmospheric pressure of hydrogen.
Spectra were taken with a modified Leybold EA 200 ana-
lyzer in the pass energy mode with a resolution of 1.1 eV
and MgKα excitation at 200 W. The sample charging was
corrected using the Al 2s level at 117.5 eV as an internal
standard. This value gave the common binding energies for
silicon, oxygen and carbon, which were checked with the
Na-Y precursor zeolite.

RESULTS AND DISCUSSION

1. Deammoniation

It has been established that Ru(NH3)3+
6 exchanged into

the supercages of Y zeolite will hydrolyze with zeolite-
sorbed water and become partially oxidized to
form [Ru(NH3)5OH]2+ or [(NH3)5RuORu(NH3)4O ·
Ru(NH3)5]6+, Ru-red, or will undergo decomposition
when the sample is exposed to air (9–11). The in situ
IR spectra of samples deammoniated at various tem-
peratures are shown in Figs. 1 and 2. The samples were
deammoniated at a heating rate of 5◦C min−1 and the
spectra were recorded at different temperatures. After
preevacuation at 25◦C, the spectrum (Fig. 1.1) reveals the
presence of four bands at 1870, 1640, 1450, and 1350 cm−1;
a shoulder at 1330 cm−1 was also observable. The change
in the coordination sphere of the ligands on raising the
temperature was confirmed by the frequency shift of the
band of coordinated NH3 (1350–1345 cm−1). The symmetry
of the ruthenium hexammine complex was altered as a
consequence of the partial removal of coordinated NH3

ligands. This change in the coordination symmetry was
also evidenced by Goldwasser et al. with the electron
spin resonance (ESR) technique (12). They reported that

FIG. 1. In situ IR spectra of Ru(NH3)6NaY on deammoniation by
heat treatment in high vacuum at 25 (1), 50 (2), 75 (3), 100 (4), 150 (5),
200 (6), 250 (7), and 300◦C (8); region of deformation vibrations.

the crystal field symmetry around Ru3+ decreased from
tetragonally distorted octahedral to orthorhombic in the
case of outgassing at room temperature.

The band at 1640 cm−1 became narrower after room
temperature evacuation. This band is attributed to the
deformation vibration mode of adsorbed H2O that was
originally trapped in the zeolite. At lower temperatures it
overlaps with the band due to coordinatively bound NH3 at
around 1620 cm−1. The IR spectra of water molecules, which
formed hydrogen bonds with H+ in the zeolite cages, exhibit
a broad band in the range 2800 to 3500 cm−1. Thus, H2O
prevents the observation of NH stretching bands within
this region at low temperatures. The band at 1870 cm−1

was in the typical range of coordinated nitrosyl ligands and
indicated the formation of [Ru(NH3)5(NO)]3+ in the su-
percages of zeolite Y. Under our experimental conditions,
the oxygen atom of the NO ligand may originate from the
water molecules previously existing inside the cages of the
zeolite.

During the decomposition of Ru(NH3)6NaY zeolite at
elevated temperatures, a variety of intermediates were ob-
served. At 200◦C, a new band at 1925 cm−1 gradually
formed coupled with a further frequency shift of the band
due to coordinated NH3 to 1300 cm−1. In fact, the pres-
ence of additional ligands on the metal can influence the
bonding between the metal and the nitrosyl group. Thus,
electropositive ligands will reduce the ability of the metal
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FIG. 2. In situ IR spectra of Ru(NH3)6NaY on deammoniation by
heat treatment in high vacuum at 25 (1), 50 (2), 75 (3), 100 (4), 150 (5),
200 (6), 250 (7), and 300◦C (8); region of stretching vibrations.

to provide d electrons for 2π∗ backbonding, which will,
hence, result in a weakening of the metal–ligand bond and
a strengthening of the N–O bond. Therefore, the band at
1925 cm−1 could arise from several different ruthenium–
nitrosyl complexes such as [Ru(NH3)4(NO)(OH2)]3+ and
[Ru(NH3)4(NO)(OH)]2+ in which the counterligands, NH3,
H2O, and OH, might possibly form hydrogen bonds with
framework protons or be in contact with Na+ cations. Evac-
uation at 250◦C gave more types of nitrosyl species as indi-
cated by bands at higher frequencies of 1930 and 1890 cm−1

and at lower frequencies of 1840 and 1800 cm−1. The gener-
ation of these lower-frequency NO bands, i.e., at 1840 and
1800 cm−1, indicated that the counterligands had a more
electronegative character. When outgassing above 100◦C,
the formation of complexes such as [Ru(NO)(NH3)1,2(Oz,
OH, H2O)4,3]3+ may occur. That is, at this temperature,
the ruthenium atom might be attached to the zeolite wall
and bound to the framework oxygen atoms (Oz), which
might account for these bands. An alternative explanation
would be that the ligand OH (without hydrogen bonding or
cation influence) lowers the nitrosyl stretching frequency,
and simultaneously, the oxidation state of Ru decreases
from (+3) to (+2). The increase in ν̃(NO) to values above
1900 cm−1 might then be due to incorporation of NO2 lig-
ands, which could form on oxidation of NO (13). At tem-
peratures higher than 300◦C, the IR spectrum no longer
showed ligand bands, and this suggested that most, if not
all, of the ligands could be removed by evacuation above

300◦C. Hereafter, the deammoniated Ru(NH3)6NaY ma-
terial is denoted as Ru/NaHY, which should be taken to
indicate that it also contains OH groups (see later).

On preevacuation of the zeolite at 25◦C, a broad absorp-
tion in the range from about 2800 to 3500 cm−1 and three
distinct bands at 3610, 3640, and 3658 cm−1 were observed
(Fig. 2). The band at 3658 cm−1 is usually ascribed to OH
groups attached to extraframework cationic species.

On outgassing at higher temperatures, bands at 3634 and
3545 cm−1 gradually appeared and became well resolved
above 300◦C. It is generally accepted that the OH stretching
vibrations are due to high-frequency (HF) hydroxyl groups,
located in the supercages, and low-frequency (LF) hydroxyl
groups in the sodalite cages, generated by proton attach-
ment to the zeolite Y framework according to the Hirschler–
Plank mechanism (14, 15). Both the OH (HF) and OH (LF)
bands of Ru/NaHY shifted to lower frequencies in compar-
ison with those in HY zeolite, viz., 3640 and 3550 cm−1. This
may imply that the O–H bond was modified by the presence
of ruthenium species. The band areas of OH (HF) and OH
(LF) in highly exchanged HY zeolites were 36 and 64%, re-
spectively. If one assumes that the extinction coefficients of
both OH (HF) and OH (LF) bands on HY and Ru/NaHY
were comparable, the OH groups, generated via the ion-
exchange process, were estimated to be equal in number
on both OH (HF) and OH (LF) sites and in total about
45% of those in HY zeolite. Only a small band at 3740 cm−1

of terminal SiOH could be detected and was not affected
by the deammoniation process. Moreover, a fraction of the
OH (HF) and OH (LF) groups may have formed via NH3

ligand replacement by interaction with residual H2O (hy-
drolysis). This would result in the formation of OH ligands
and exchange of Na+ by NH+

4 , giving rise to OH groups of
the framework on deammoniation.

2. Ammonia Readsorption

After pretreatment at 300◦C, most of the ruthenium was
located inside the cages of the zeolite Y (see Fig. 3). It is very
likely that the acid strength and distribution of OH groups
will be altered by the presence of ruthenium species and
thus differ from those in the HY zeolite. By ammonia read-
sorption some valuable information could be obtained. The
reaction of the OH groups with ammonia molecules and
their recovery was monitored by IR. To rule out any factors
that would cause additional differences between the spectra
e.g., changes in the position of the wafer which would cause
a background difference, in situ sample activation and direct
spectrum recording were performed. The wafer was first
deammoniated at 400◦C for 2 h and then exposed to ammo-
nia at 25◦C. For the Ru(NH3)6NaY zeolite, a second experi-
ment with an additional reduction treatment was performed
for the purpose of comparison. The IR spectra obtained
after evacuation at 25◦C were used as a reference spec-
trum, and all the spectra in Fig. 4 were plotted as difference
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FIG. 3. Transmission electron micrograph of an autoreduced Ru(NH3)6NaY sample. Autoreduction occurred on heating the Ru(NH3)6NaY wafer
at a rate of 5◦C min−1 to 400◦C and treatment at 400◦C in high vacuum (<10−5 mbar) for 12 h. The average particle size is 1 to 1.5 nm.

spectra with respect to these references. The maximum and
equilibrium adsorption of ammonia was determined by a
series of dosings until no further increase in intensity of the
NH+

4 bands was observed, and complete reaction of the OH
bands with ammonia molecules had occurred.

It can be seen from Figs. 4b and c that the IR spec-
tra of ammonia readsorbed on the Ru/NaHY after addi-

tional reduction treatment and on HY zeolites were similar.
They differed in the numbers of dosings necessary to reach
saturation, viz., 5 and 10 for Ru/NaHY and HY, respec-
tively. Since the wafers were pressed to identical thickness
(5 mg/cm2) and size (1 × 2 cm2), the relative amount of con-
sumed ammonia may indicate the relative numbers of acid
sites in each sample. From this semiquantitative titration,
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FIG. 4. IR difference spectra of Ru/NaHY and HY after readsorption
of increasing amounts of NH3 onto (a) Ru/NaHY (activated at 400◦C
in HV), (b) Ru/NaHY (activated at 400◦C and subsequently reduced at
400◦C and 266 mbar H2), and (c) HY (activated at 400◦C in HV).

the number of OH groups in the Ru/NaHY zeolite was es-
timated to be about half of that in the HY zeolite, in agree-
ment with the previous estimation from the OH band area.

The IR spectra of ammonia interacting with protons of
HY exhibited NH stretching bands at 3400, 3179, 2912,
and 2775 cm−1 as well as bending bands at 1670, 1479, and
1437 cm−1. When an excess of ammonia was dosed into the
system, the last two bending bands usually merged to give,
in HY zeolite, a broad band with a maximum at 1445 cm−1.
However, it can be clearly seen in Fig. 4a that an additional
set of IR bands, viz., at 3335, 3250, 2740, and 1622 cm−1,
were detected on ammonia readsorption on Ru/NaHY ze-
olite that was subjected only to heating in high vacuum
(see later). The assignments of the bands observed are as
follows. According to the literature (16, 17), the spectral
characteristics of ammonia or ammonium ions are as shown
in Table 1.

TABLE 1

Assignment of IR Bandsa of NH3 and NH+
4

Compound ν1(νs) ν2(δs) ν3(νas) ν4(δas)

NH3 (gas) 3336 968–932 3444 1628
NH3 (solid) 3223 1060 3378 1646
NH+

4 3040 1400 3154 1680

a All data in cm−1.

The bands at around 1440 cm−1 can be assigned to δs (sym-
metric deformation vibration), and the band at 1670 cm−1

is due to δas (asymmetric deformation vibration) of NH+
4

originating from ammonia bonded to Brønsted acid sites,
whereas for the Ru/NaHY zeolite without reduction, the
additional band at 1622 cm−1 might be the asymmetric de-
formation vibrational band of NH3 bonded to Lewis acids
or other cations. The NH3 is not strongly adsorbed on ruthe-
nium metal because there is no empty d orbital to accom-
modate the lone-pair electrons from the N atom. Therefore,
the band at 1622 cm−1 is thought to be due to NH3 associ-
ated with residual ruthenium cations, i.e., NH3–Run+, which
also holds for the bands at 3335 and 3250 cm−1 (see later).
The above assignment of these three bands was also sug-
gested by the observation that they did not reappear in the
IR spectrum after NH3 readsorption when the sample was
further subjected to reduction treatment (Fig. 4b). Since
the control of complete reduction of ruthenium cations
is important with respect to the catalytic application of
Ru/NaHY, the ammonia probing technique could be a use-
ful method to characterize the ruthenium-containing cata-
lyst. As described in the next section, we found, by a com-
bination of ammonia and pyridine adsorption, that indeed
a fraction of the residual ruthenium cations probed by am-
monia were located inside the sodalite cages.

When evacuated only below 300◦C, many of the ruthe-
nium complexes were not fully decomposed and were pre-
sumed to be able to undergo ligand replacement. Figure 5
shows the IR spectra of ammonia readsorption (solid lines)
on the samples that were previously deammoniated at 100,
150, 200, 250, and 300◦C. For comparison, the dashed lines in
Fig. 5 represent the spectra of the samples deammoniated at
the indicated temperatures. The ammonia readsorption on
samples that were pretreated at lower temperatures showed
interesting phenomena. First, the 1270 cm−1 band intensity,
which was due to coordinatively bound ammonia of lower
ligand symmetry, decreased, and the 1320 cm−1 band inten-
sity, which was indicative of coordinatively bound ammo-
nia of higher ligand symmetry, increased. This implies that
NH3 molecules can replace part of the nonammonia ligands
in the ruthenium complex. Second, all the band intensities
from NO species (2000–1800 cm−1), which were generated
by deammoniation at 100, 150, or 200◦C, decreased or even
completely disappeared. This suggests that the NO ligands
could be replaced by NH3 molecules and the ruthenium
ammine complex could thus be regenerated to some ex-
tent. Third, if the sample was pretreated in high vacuum at
300◦C, ruthenium cations, Run+, still remained inside the
zeolite Y cavities as evidenced by the 1625 cm−1 band.

The desorption of adsorbed ammonia is frequently used
as a method to discriminate the strength of interaction of
different sites. As we already found, there are at least two
types of acidic sites, namely, protons and ruthenium cations,
that occur in the Ru/NaHY zeolite. Therefore, the ammonia
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FIG. 5. IR spectra of Ru(NH3)6NaY heat-treated at increasing temperatures and reloaded with ammonia. Dashed lines: prior to NH3 readsorption;
solid lines: after readsorption of NH3.

desorption after readsorption of ammonia on Ru/NaHY
and HY zeolites was further monitored by in situ IR spec-
troscopy. After reloading with ammonia, the wafer was first
evacuated at room temperature for 0.5 h, and subsequently
in situ IR spectra were recorded during heating from 25
to 320◦C at a heating rate of 5◦C min−1 for each sample.
Figure 6 shows five to six selected in situ IR spectra of NH3

desorption from NH3-loaded Ru/NaHY and HY zeolites.
Again, all of the spectra in Fig. 6 were plotted as differ-
ence spectra with respect to the IR spectra obtained after
degassing at 30◦C. The calculated absorbances of the OH
bands were plotted as a function of the evacuation temper-
ature and are shown in Fig. 7. From the system NH3–HY
zeolite (Fig. 7b), more NH3 associated with OH (LF) acid
sites desorbed already at lower temperatures, probably due
to the local structural environment of the respective acid
sites.

In contrast to NH3–HY, the OH (HF) groups of Ru/
NaHY (Fig. 6a) appeared first, followed by the OH (LF).
An explanation for this observation could be that a num-
ber of the ruthenium-containing species were in the so-
dalite cages and sited near the OH (LF) groups. This may
strengthen the interaction between the ammonia molecules
and the Brønsted sites inside the sodalite cage. In fact,
earlier results from XRD have shown that ruthenium-
containing species exist not only in supercages but also
in sodalite cages (18), and they probably affect the OH
group properties in Ru/NaHY zeolite by either through-
space or through-lattice oxygen interaction. In the case of
NH3–Ru/NaHY, it is obvious that the NH3–Run+ bands
at 1622 cm−1 (see Fig. 6) disappeared at higher temper-
atures than did the bands around 1450 cm−1 originating

from NH3 interacting with Brønsted acid sites. The bands
at 3335 and 3250 cm−1 exhibited similar behavior. Thus,
these three bands (at 1622, 3335, and 3250 cm−1) were as-
cribed to a second set of adsorbed ammonia species, viz. to
NH3–Run+ species.

FIG. 6. IR difference spectra of (a) Ru/NaHY and (b) HY after
reloading with NH3 and subsequent desorption at 90 (1), 150 (2), 210 (3),
250 (4), 290 (5), and 310◦C (6).
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FIG. 7. Recovery of the OH bands of (a) Ru/HNaY and (b) HY after
reloading with NH3 and subsequent desorption at increasing temperatures.

3. Pyridine Adsorption

Pyridine adsorption has been proven to be a power-
ful tool for the characterization of acid sites in zeolites.
Three infrared bands of the pyridine deformation mode
in the range 1400–1650 cm−1 can be used to distinguish
surface acid sites: (i) bands between 1430 and 1460 cm−1

provide information about Lewis acid sites which might be
associated with pyridine attached to so-called true Lewis
acid sites (Al-containing extraframework species), or pyri-
dine coordinatively bonded to cations; (ii) bands in the re-
gion 1540–1550 cm−1 are due to pyridinium (PyH+) ions
formed on the consumption of Brønsted acidity; (iii) the
contribution of both Lewis and Brønsted acid sites show
bands around 1490 cm−1. Therefore, the acid sites in this
ruthenium-containing Y zeolite could also be elucidated by
the pyridine probing technique.

After activation at 300◦C for 2 h, the Ru/NaHY zeolite
was exposed to pyridine vapor at 100◦C for 1 h. Subsequent
outgassing at 100◦C was performed to desorb weakly inter-
acting pyridine molecules. Prior to the IR measurement,
the wafer was cooled to room temperature, evacuated at
room temperature, and then stepwise heated to 300◦C for
in situ IR investigation. The high-frequency region of the
pyridine desorption experiments is shown in Fig. 8. Surpris-
ingly, a very broad band formed at room temperature and
covered the whole range of initial OH bands. In the case of
HY, pyridine reacts with the OH (HF) groups and the cor-
responding IR band vanishes. The present observation with
Ru/NaHY suggests a weaker interaction between OH (HF)

groups and pyridine molecules. There is no evidence for a
lower strength of the OH (HF) of Ru/NaHY compared with
HY zeolite. Therefore, it seems more likely that a fraction
of the OH (HF) groups in the Ru/NaHY sample are par-
tially shielded by small ruthenium-containing particles in-
side the supercages. In other words, these OH (HF) groups
in the Ru/NaHY zeolite were less accessible to pyridine
molecules compared with those in HY zeolite. This causes
a weaker interaction with the OH (HF) groups, which re-
sults in broadening instead of vanishing of the respective
band.

On raising the temperature to 300◦C, both types of OH
groups partially recovered (Fig. 8), and the intensity of the
1546 cm−1 band decreased to some degree (see Fig. 9). The
OH (LF) band appeared more quickly than the OH (HF)
band. Obviously, the OH (LF) band was only overlapped
by the band resulting from perturbed OH (HF) groups.

The IR spectra of the low-frequency region are shown
in Fig. 9. A series of bands appeared in the range 1400 to
1700 cm−1, i.e., at 1627, 1615–1605, 1590, 1546, 1490, and
1446 cm−1. The band at 1627 cm−1 is due to an overlap
of bands originating from pyridine attached to Brønsted
and Lewis sites (1632 and 1620 cm−1, mode 8a, 8b). When
pyridine was adsorbed on activated NaY (not shown in the
figures), more pronounced bands at 1595 and 1440 cm−1

were observed. Thus, the bands at 1590 and 1440 cm−1 were
presumed to originate from pyridine coordinated to Na+

cations. Since the Na+ cations are weak acceptors and the

FIG. 8. In situ IR spectra of Ru/NaHY after pyridine adsorption at
100◦C, predesorption at the same temperature, cooling to 35◦C, and subse-
quent pyridine desorption at increasing temperatures; region of stretching
vibrations.
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FIG. 9. In situ IR spectra of Ru/NaHY after activation at 300◦C (high
vacuum, 2 h), pyridine adsorption at 100◦C, predesorption at the same
temperature, cooling to 35◦C, and subsequent pyridine desorption at in-
creasing temperatures; region of deformation vibrations.

pyridine adsorbed on them was mostly removed by 100◦C
desorption pretreatment, the band intensity was relatively
small in the case of Ru/NaHY.

The band at 1446 cm−1 exhibited stronger thermal sta-
bility and thus was ascribed to pyridine adsorbed on ruthe-
nium cations, i.e., Py–Run+. Since the ruthenium complex
was shown to undergo ligand replacement below 300◦C,
more Py–Run+ species should be formed on exposure of
the Ru(NH3)6NaY zeolite to pyridine vapor at room tem-
perature. Subsequent heating should enable the pyridine
molecules to partially replace NH3 ligands. This experi-
ment was performed under 5 mbar pyridine pressure. The
in situ IR spectra are shown in Fig. 10. It can be seen that at
30◦C the bands associated with pyridine molecules only oc-
curred at 1590, 1540, 1486, and 1440 cm−1. The bands at 1590
and 1440 cm−1 represent the interaction of pyridine with
Na+ cations. The disappearance of the broad NH+

4 band
around 1450 cm−1 (compare, e.g., Fig. 1) together with the
formation of the band at 1540 cm−1 confirmed that the pyri-
dine molecules had interacted with framework OH groups
at 30◦C. The shapes of the bands due to NH3, H2O, and
NO ligands were more or less perturbed but with no ob-
vious decrease in intensity at 30◦C. On a gradual increase
in the temperature from 30 to 300◦C, the Py–Run+ band at
1448 cm−1 was generated as expected. Thus, the assignment
of this band was confirmed. By comparison of the intensity
at 1448 cm−1 with that of PyH+ at 1540 cm−1, it is obvious
that the amount of Py–Run+ species in this experiment was

much larger than that in the experiment shown in Fig. 9, in
which it is most likely that part of the ruthenium species was
already autoreduced on evacuation at 300◦C. Furthermore,
when the wafer was first activated under high vacuum and
then reduced by H2, the readsorption of pyridine gave an IR
spectrum with no bands at 1448 cm−1 because the residual
ruthenium cations were fully reduced. Thus, the assignment
of the 1448 cm−1 band to Py–Run+ was confirmed, and it was
concluded that it is possible to probe the existence of resid-
ual ruthenium cations within the supercages by pyridine
adsorption.

As found in Section 2, the residual ruthenium cations can
also be determined by the smaller probe molecule NH3. To
clarify whether the ruthenium cations all resided inside the
supercages or not, the following experiment was conducted.
A Ru (NH3)6NaY wafer was first activated at 300◦C under
high vacuum. This treatment has been shown to provide
ruthenium cations almost free of ligands (see earlier). Sub-
sequently, the wafer was exposed to 1.0 mbar ammonia at
100◦C, followed by removal of the weakly bonded ammonia
by 1 h evacuation at 100◦C (Fig. 11.1). After this treatment,
pyridine was allowed to replace any species that occurred in
accessible sites, i.e., supercages. The wafer was heated un-
der pyridine vapor at 100◦C for 2 h, then evacuated at that
temperature for 1 h. It is obvious that both OH (HF) and
OH (LF) groups were perturbed by pyridine molecules and
pyridinium ion bands were generated (Fig. 11.2). They were
similar to the bands in the spectrum of immediate pyridine

FIG. 10. In situ IR spectra of Ru(NH3)6NaY on exposure to pyridine
(0.5 kPa) at 30◦C and subsequent heating to increasing temperatures under
pyridine pressure.
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FIG. 11. IR spectra of Ru/NaHY (1) after ammonia adsorption fol-
lowed by evacuation at 100◦C, (2) after (1) and subsequent interaction
with pyridine at 100◦C, and (3) on immediate pyridine adsorption and
evacuation at 100◦C.

adsorption on Ru/NaHY (Fig. 11.3); however, the bands at
3350, 3250, and 3080 cm−1 remained and overlapped with
pyridinium ion bands. Those bands were ascribed to the
NH3–Run+ species which were obviously inaccessible to
pyridine molecules. Most probably, they represented the
NH3–Run+ species which were located inside the sodalite
cages of Y zeolite. In conclusion, residual ruthenium cations
survived vacuum pretreatment below 400◦C and they could
be located in both supercages and sodalite cages.

4. FTIR Measurements in the Near-Infrared Range

Near-infrared (NIR) spectroscopy can be used to investi-
gate the overtones of OH stretching vibrations themselves
as well as their combination vibrations with the in-plane and
out-of-plane bending modes in zeolites (19–21). Recently,
the assignment of the bands of HY zeolite in the NIR range
was achieved by using the diffuse reflectance technique
(22). The advantage of this technique is that the band inten-
sities in the NIR region are much greater compared with
the transmittance technique. Here, both the Ru(NH3)6NaY
and the NH4Y zeolites were compared in the NIR range.

The NIR spectra of NH4Y and Ru(NH3)6NaY samples
after deammoniation at 400◦C are shown in Fig. 12. In the
case of NH4Y, heat treatment at 400◦C removed essentially
all of the H2O and NH3 molecules, and the NIR spectrum
of the resulting HY exhibited a series of well-known bands
at 7120, 6937, 4663, and 4604 cm−1. They are the first over-
tones of the stretching vibrations of OH (HF) and OH (LF)

groups and the combinations of these fundamental vibra-
tions with the corresponding in-plane OH bending modes
(22). The band at 3944 cm−1 is due to the combination with
the out-of-plane OH bending mode.

With Ru(NH3)6NaY zeolite, irrespective of whether it
was only deammoniated at 400◦C in vacuum or addition-
ally subjected to reduction, it is interesting to note that this
zeolite had almost no OH overtones and very weak com-
bination bands in the NIR range, while the fundamental
OH stretching vibrations were still very intense. To make
a reasonable comparison, NIR spectra of both HY and
Ru/NaHY were converted into Kubelka–Munk units, and
then the relative overtone, combination, and fundamental
band intensities were quantitatively estimated. It was found
that the intensities of the overtone and combination bands
were always 2 and 7% of those of the fundamental bands of
the HY sample; however, with Ru/NaHY, the overtone and
combination band intensities were only less than 0.5 and
1.0% those of the fundamental bands. These results were
well reproduced. A tentative explanation may be provided
by the following consideration.

Recently, it was proven by XPS that, after the above treat-
ment, ruthenium in Y zeolite is not present as oxide particles
and also not covalently bonded to the zeolite host structure
(23). Formation of RuO2 on the external crystal surface may
only occur on interaction with a limited amount of lattice
oxygen. Furthermore, if most of the ruthenium species were
formed outside the zeolite cavities, the host composition
would be similar to that of NaHY and the sample should

FIG. 12. NIR DRIFTS after deammoniation at 400◦C of (1)
Ru(NH3)6NaY and (2) NH4Y in high vacuum.
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exhibit overtone and combination bands due to the remain-
ing OH groups. Thus one has to assume an effect of the
ruthenium-containing cationic species on the NIR spectra,
even though in the case of NaHY, LaNaHY, and CaNaHY
zeolites spectra with bands of OH overtones and combi-
nation modes of relatively high intensity were observed
(24). According to previous results (see earlier), however,
it is likely that a fraction of the ruthenium was considered
to reside as Ru/O-containing clusters in the sodalite cages
and/or in supercages with a high extent of dispersion and
should exert a certain interaction on the Y zeolite frame-
work. This causes, most probably, a deformation of the local
geometry of the zeolite skeleton. In such circumstances, the
combination of the OH fundamental vibration mode with
the OH bending modes may be hindered. Thus, the NIR
results would support the conclusion that ruthenium metal
or metal clusters reside inside the cages of the zeolite and
interact with the zeolite framework.

5. TPD Measurements

Temperature-programmed desorption of adsorbed am-
monia is known to provide information about the distribu-
tion of the strength of acid sites; however, in the presence
of ruthenium, the ammonia desorption may become more
complex. The combination of TPD and mass spectrome-
try (TPD–MS) has the advantage of monitoring the var-
ious desorbing species simultaneously and was therefore
used to investigate the ruthenium-containing zeolite. Two
series of experiments were conducted: (i) TPD–MS from
as-prepared NH4Y and Ru(NH3)6NaY zeolites (deammo-
niation); (ii) TPD–MS from HY and Ru/NaHY which were
pretreated at 350 and 300◦C in vacuo, respectively, and
reloaded with ammonia: after deammoniation, the zeolite
was cooled to 120◦C, evacuated overnight, and subjected to
readsorption of NH3 (0.5 h); physically adsorbed molecules
were desorbed at the same temperature for 1 h.

During temperature-programmed heating the signal in-
tensities of m/z = 2 (H2), 16 (NH2 and O), 18 (H2O), and
28 (N2) were continuously monitored.

5.1. TPD–MS profiles of NH4Y and Ru(NH3)6NaY.
The TPD–MS profiles of NH4Y and Ru(NH3)6NaY are
shown in Fig. 13. In the case of NH4Y, both H2O and NH3

were released from weaker sites between 100 and 200◦C.
Above 200◦C, NH3 was desorbed from stronger Brønsted
acid sites. The amount of H2O desorbed at this stage was
less than that in the first stage. With Ru(NH3)6NaY it is not
surprising to find the TPD profiles more complicated than
those of NH4Y. Desorption of H2O and NH3 predominated
at temperatures below 300◦C. According to the previous
results (see Section 1), these H2O and NH3 species came
mainly from the various intermediates of the decomposi-
tion of the ruthenium complex. Above 300◦C, the TPD–MS
profiles of N2 species became evident. Careful inspection of
the TPD features of N2 species disclosed the fact that there

FIG. 13. TPD–MS spectra of (a) Ru/NaHY and (b) NH4Y.

were two desorption bands, viz., at 380 and 450◦C, in the
TPD–MS curve of N2. This phenomenon was more or less
pronounced when using different heating rates. It can be
seen from the H2 TPD–MS curve that the H2 generated by
catalytic decomposition of NH3 was consumed by reduc-
tion of the ruthenium cations below 400◦C. This reduction
accounted for the first N2 desorption peak at 380◦C. Above
400◦C, the ammonia molecules were still decomposed by
the reduced ruthenium metal, and both N2 and H2 signals
could be detected.

5.2. TPD–MS profiles of NH3–HY and NH3–Ru/NaHY.
The TPD–MS profiles of HY and Ru/NaHY, which had
been reloaded with NH3, are shown in Fig. 14. The profile
of HY showed simply a broad band due to NH3 desorp-
tion between 200 and 400◦C. No H2O was released within
the temperature range of ammonia desorption; however,
for the NH3–Ru/NaHY, a different behavior can be recog-
nized from Fig. 14. First, there were still H2O molecules,
which were mainly evolved at 320◦C. Second, N2 molecules
were formed, starting at 280◦C, with maxima at 330, 380,
and 450◦C. Finally, a pronounced H2 peak appeared with
a maximum around 450◦C. Obviously, the Ru-containing
sample was not completely reduced after the experiment
which provided the spectra of Fig. 13a. Thus, after reloading
with NH3 and heating again, desorption of NH3 occurred
accompanied by NH3 decomposition (on already formed
Ru0), and further reduction of Ru3+ (under formation of
water) took place. Above 400◦C, decomposition of NH3 re-
sulting in the evolution of N2 and H2 was the dominating
process.



          

288 SHEU, KARGE, AND SCHLÖGL

FIG. 14. TPD–MS spectra obtained with (a) Ru/NaHY and (b) HY
after readsorption of NH3.

The peak shapes and maximum desorption temperatures
depended to a certain degree on experimental conditions;
however, the TPD–MS experiments provided reproducible
and reliable results when identical conditions were applied.
Figure 15a suggests that only two types of acid sites existed
in the Ru/NaHY zeolite. Their populations increased with
increasing pressure during NH3 loading. Clearly, at tem-
peratures higher than 300◦C, the adsorbed NH3 molecules
could be activated by ruthenium species within the zeo-
lite cavities and underwent a decomposition into N2 in-
stead of simple desorption as NH3 species (Fig. 15b). This
decomposition of NH3 was also dependent on the degree
of loading with NH3. At low coverage (NH3 pressure of
6 × 10−3 mbar), NH3 decomposition became evident only
at high temperatures (N2 peak at 500◦C) after release of the
small amount of NH3 that was adsorbed on the strong acidic
sites. Higher coverages (under NH3 pressures of 0.045–
1.30 mbar) resulted in the onset of NH3 decomposition sub-
sequent to the release of NH3 from the weaker sites.

The TPD–MS profiles obtained with Ru/NaHY zeolite,
which was pretreated in high vacuum at different temper-
atures or under reduction conditions with H2, are shown in
Fig. 16; a TPD–MS profile obtained from a NH3–HY sample
is shown for comparison (see also Fig. 14b). With the as-
sumption of independent parallel desorption processes (8,
18), the TPD–MS profiles of NH3 were unambiguously de-
composed into three (NH3–HY) or two (NH3–Ru/NaHY,
NH3–reduced Ru/NaHY) different subpeaks. These com-
putational analyses of the NH3–TPD–MS profiles according
to Ref. (7) are summarized in Table 2. The mean standard

FIG. 15. TPD–MS spectra obtained with Ru/NaHY after heat treat-
ment of Ru(NH3)6NaY at 400◦C in high vacuum and readsorption of NH3

at 1.3 (1), 8 × 10−2 (2), 4.5 × 10−2 (3), and 6 × 10−3 mbar (4). Mass signals
of (a) m/z = 16, NH2, and (b) m/z = 28, N2, were monitored.

FIG. 16. TPD–MS spectra obtained after NH3 adsorption on Ru/
NaHY prepared by heat treatment of Ru(NH3)6NaY in high vacuum at
300 (1), 350 (2), and 400◦C (3); in H2 at 400◦C (4). Curve (5) shows for
comparison the TPD–MS spectrum of HY after heat treatment at 400◦C
and loading with NH3. Mass signals of (a) m/z = 16, NH2, and (b) m/z = 28,
N2, were monitored.
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TABLE 2

Analysis of NH3–TPD Profiles Obtained with HY and Ru/NaHY
after Various Treatments

Population (%)
PNH3 Ēn

a

Sample Pretreatment (mbar) (kJ/mole) W.A.b B.A. S.L.A

HY 400◦C HVc 0.130 84 98 125 17 77 6
Ru/NaHY 300◦C HV 0.130 89 111 56 44

350◦C HV 0.130 91 111 60 40
400◦C HV 0.130 88 107 65 35

0.080 86 104 65 35
0.045 83 101 65 35
0.006 83 99 47 53

Ru/NaHY 400◦C HV, 0.130 88 107 82 18
then H2

a Most frequent activation energy of desorption from sites of type n,
see Ref. (7).

b W.A., weak acid sites; B.A., Brønsted acid sites; S.L.A., strong Lewis
acid sites.

c High vacuum.

deviations were less than 4%. In HY zeolite, the NH3 peak
at the low desorption energy [i.e., the most frequent acti-
vation energy of desorption, see Ref. (7)] of 84 kJ mole−1

is attributable to weak acid sites, probably to residual Na+

cations. The second and third peaks corresponding to most
frequent activation energies of desorption of 98 and 125 kJ
mole−1, respectively, were assigned to Brønsted and strong
Lewis acid sites, respectively. In the case of Ru/NaHY zeo-
lites, similarly weak acid sites and Brønsted acid sites with
most frequent activation energies of desorption of 83 to 91
and 99 to 111 kJ mole−1 were found irrespective of whether
the samples were treated with H2 or not. It is unlikely that
ammonia that was physically adsorbed on ruthenium metal
atoms or metal clusters would have survived the 120◦C

FIG. 17. XPS spectra for N 1s of the Ru(NH3)6NaY zeolite evacuated at room temperature (1) and pretreated in high vacuum at 400◦C (2).

desorption pretreatment before conducting the TPD
experiment. Therefore, the lower desorption peak is again
ascribed to desorption of NH3 from weaker acid sites such
as Na+ and/or Run+ cations. The second peak of higher des-
orption energy is ascribed to NH3 desorbing from relatively
strong Brønsted acid sites; i.e., the NH3 molecules could es-
cape without catalytic decomposition by ruthenium metal.

From the population of those two types of sites with am-
monia (see Table 2), it can be derived that the Ru/NaHY
zeolite that was pretreated at 400◦C in vacuum and further
reduced in H2 exhibited a higher fraction of weaker sites.
Thus, NH3 is more easily released from these samples than
from Ru/NaHY, which was not treated with H2. Moreover,
the H2-treated Ru/NaHY contained more metallic ruthe-
nium (see Section 2). Both features rendered the H2-treated
Ru/NaHY the most efficient catalyst for NH3 decomposi-
tion (2).

The broad bands with several maxima in the TPD profile
of N2 in Fig. 16b indicated an inhomogeneous distribution
of ruthenium clusters inside the zeolite cavities. They may
differ in their ability to catalyze the decomposition of NH3

by siting in different cages or by their own structural differ-
ences (extent of aggregation or preferred growth). In any
event, Ru/NaHY was shown to be catalytically active after
H2 treatment and at temperatures between 300 and 450◦C.

6. Photoelectron Spectroscopy

To verify the chemical state of the ruthenium which can-
not be detected by vibrational spectroscopy we investigated
the process of thermal activation of the ammine precursor
under the same conditions as in the infrared experiment
with photoemission.

Figure 17 shows N 1s data for the sample at room temper-
ature in UHV and after deammoniation at 400◦C. The main
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peak at 401.2 eV is consistent with an ammonium ion in a
nonbonding insulating environment. At room temperature
there is a second component at 403.4 eV (1.2) consistent
with a partially oxidized ligand such as nitroso or nitrosyl.
The binding energy is distinctly lower than expected for
nitrite or nitrate ligands (expected binding energy above
405 eV). The high energy contribution gradually increases
with heat treatment but never dominates the spectrum, in-
dicating that at no stage of the reaction is a major part of
the ligands present in the partially oxidized state. To relate
this finding to the infrared data it is important to consider
the different probing depths of the two methods. Infrared
data analyze the whole bulk of the sample wafer, whereas
photoemission probes a thin layer of about 10 unit cells
thickness. After deammoniation there is, according to the
photoelectron spectrum, still a significant intensity of am-
monium in the sample. The component at higher binding
energy has disappeared and the total abundance of nitrogen
decreased from 7.7 to 3.7 at.%. It is noted that under hydro-
gen reduction the nitrogen is almost completely removed,
leaving less than 0.3 at.% in the sample. This finding indi-
cates that autoreduction under the conditions chosen here
was at least incomplete within the probing depth of XPS,
and the material may not be the same as after activation in a
more strongly reducing atmosphere. Small masses of sam-
ple release too little ammonia so that a critical threshold
partial pressure of reducing species (molecular or atomic
hydrogen) is not reached.

The consequence of insufficient reduction potential
would be an incomplete reduction of the ruthenium and
the formation of ionic species rather than metal clusters.
This can be verified with ruthenium photoelectron spectra
as shown in Fig. 18. The Ru 3d doublet and the C 1s level al-
most coincide in binding energy, giving rise to the complex
features in the spectra. The narrow component with an-
notated binding energies represents the Ru 3d5/2 emission
line. The binding energy of 283.3 eV for the precursor (1) is
consistent with an ionic molecular species that is embedded
in a nonbonding insulating environment. This environment
affects the relaxation process of the initial photocation and
gives rise to slightly more positive values for the binding en-
ergy than observed for, e.g., the bulk ruthenium compound.

Deammoniation hardly changes the binding energy but
increases the linewidth of the spectrum. This is a strong in-
dication that not a metal species but rather an ionic species
with strong bonding interaction to the zeolite has been
formed in the outer region of the zeolite crystallites. The
strong bonding interaction gives rise to shakeup satellites
and other final state effects in the spectrum resulting in a
broader line.

Reduction in hydrogen (analogous to the treatment in
Fig. 4) produces a mixture of small metal clusters (281.6 eV)
and large ruthenium metal particles (279 eV, overcompen-
sated charging) inside and on the external surface of the

FIG. 18. XPS spectra for Ru of the Ru(NH3)6NaY zeolite evacuated
at room temperature (1); deammoniated at 400◦C in high vacuum (2); and
reduced in hydrogen at 400◦C and 266 mbar (3).

zeolite crystallites. If all metal were removed to the exter-
nal surface of the zeolite crystallites and a supported metal
system were the result of the activation, we would have
expected a massive change in the surface composition. The
ruthenium abundance of 2 at.% did not change in the deam-
moniation cycle and was reduced to 1.5 at.% after hydro-
gen reduction due to the loss of dispersion manifested in
the low-binding-energy peak in Fig. 18.3.

The XPS data show that autoreduction did not result in
the formation of metal clusters in the external layers but
still leaves a cation-exchanged zeolite. This is not a gen-
eral finding but is the consequence of the unfavorable ra-
tio of sample volume to reactor dimensions precluding the
buildup of a sufficiently strong reducing atmosphere during
the process of ligand abstraction. The “naked” ruthenium
has to coordinate to an oxygen function in the absence of a
reducing species which would open the path to metal clus-
ter formation. The detection of a profoundly modified zeo-
lite matrix by vibrational data is the consequence of cation
exchange and not an expression of a strong interaction be-
tween metal clusters and the zeolite matrix.

CONCLUSIONS

All the data obtained with Ru(NH3)6NaY indicate that
autoreduction and reduction by hydrogen lead to signif-
icantly different products. Autoreduction under different
experimental conditions (IR, TPD, and XPS experiments)
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always resulted in incomplete reduction, whereas reduc-
tion in hydrogen was complete. Comparison between the
results of bulk-sensitive IR and TPD and surface-sensitive
XPS showed that metallic Ru0 particles were formed only
in the interior of the zeolite crystallites. The identification
of ionic ruthenium besides metallic ruthenium is in contrast
to earlier XPS observations (2, 3); XPS alone is not able to
detect the coexistence of two valence states of Ru.

The present study has shown that (i) on heat treatment
of Ru(NH3)6NaY in high vacuum, various intermediates of
decomposition can be identified via in situ IR spectroscopy,
in particular complexes with nitrosyl ligands; (ii) OH groups
formed due to the decomposition of Ru(NH3)6NaY are af-
fected by the presence of ruthenium; (iii) the ruthenium
ammine complex can be recovered to some extent via am-
monia readsorption; (iv) siting of ruthenium species in both
the supercages and sodalite cages can be determined by
IR using NH3 and pyridine as probes; and (v) NIR mea-
surements seem to indicate a strong effect of ruthenium-
containing species inside the zeolite structure leading to a
lack of combination bands of the OH stretch and bend-
ing modes. TPD–MS of ammonia from variously treated
Ru(NH3)6NaY (as-prepared, decomposed in high vacuum,
reduced in H2) provides information about the acidic prop-
erties of the materials and the presence of part of the ruthe-
nium as metal particles.
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