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Abstract

The excellent selectivity and activity of ruthenium-hydroxyapatite {RuHAp, HAp = Cao(PO4)g(OH),} in the aerobic oxidation of alcohols
has been attributed to isolated, monomeric Ru3+ species as the active sites. Here we reinvestigated these catalysts by a DRIFT study of CO
adsorption and by electron microscopy (STEM) combined with EDX analysis. The study revealed the presence of two major species: isolated
Ru3" ions and hydrated Ru3-oxide particles. The latter structure has high redox activity; it is easily oxidized with oxygen to RuO; and reduced
by hydrogen or CO at ambient conditions. The amount of this phase in the catalysts correlates well with the alcohol oxidation activity in the liquid
phase at close to ambient conditions. In contrast, the redox activity of isolated Ru37t ions is significantly lower (or they might be completely
inactive). These species may correspond to adsorbed Ru37 ions, ion-exchanged Ru3™ at the outer surface of HAp, or Ru3™ ions in Ru-phosphate
formed by a dissolution—redeposition process from HAp. Our final conclusion is that in RuHAp, the real active sites are small hydrated Ru3t-
oxide nanoparticles (1-2 nm) located on the surface of HAp. Application of a low RuCl3 concentration and a short contact time between HAp
and the aqueous RuCl3 solution during catalyst preparation help maximize the fraction of the Ru3*t-oxide phase and thus the catalytic activity.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction mance of RuHAp is attributed to its bifunctional character: the
redox activity of the Ru sites and the basic sites in the apatite
lattice. A thorough structural optimization, including fine tun-
ing of the amount and location of Ru and maintenance of the
hydrated form of RuHAp at the end of the synthesis, resulted in
a 100-fold enhancement of activity in alcohol oxidation [9,12].

Hydroxyapatite-based materials have generated great inter-
est in the past years as solid, recyclable catalysts of a wide
range of organic reactions [1-5]. The broad applicability is
achieved by a partial replacement of Ca2* ions in the lattice X i e
of hydroxyapatite [HAp, Cajo(PO4)¢(OH),] with 1—4 valent . There is no agreement concerning the nature of active sites
metal ions [6-8]. A widely used representative is ruthenium- mn Rq-contalmng hyc'lroxyapatltes.. Kane.da’s. group, who first
hydroxyapatite (RuHAp), which can be prepared by immersion descnb«'ed the synthesis and catalyglf apphcaggg of RuHADp, as-
of HAp in an aqueous RuCls solution (soaking) under ambi- sumed ion exchange between Ru™" and Ca " ions [10‘]‘. The.zy
ent conditions [9]. RuHAp is a highly selective catalyst for the proposed, based on XA”NES data, that ruthenilum in the “hybrid
partial oxidation of alcohols [9—13], amines [14], and organosi- h§terogeneous catalyst” exists as a monomeric phosphatoruthe-
lanes [15] using molecular oxygen as the sole oxidant. The nium complex sprrounded by one chloride atom and four oxy-
catalytic material is also effective in Diels—Alder and aldol re- gen atoms (provided l?y two PO; tetrahedra). In co.ntr.ast, Wuyts
actions [16], as well as in the racemization of configurationally et al. found no chlorine by XPS and ICP analysis in RuHAp

stable chiral secondary alcohols [17]. The excellent perfor- and suggested the presence of mononuclear, chlorine-free Ru’*
species located mainly at the outer rim of the HAp crystals [17].

We confirmed by ICP-OES, XPS, and EXAFS analysis that
* Corresponding author. chlorine is present in RuHAp only in trace amounts, probably
E-mail address: baiker@chem.ethz.ch (A. Baiker). as an adsorbed impurity but not as a component of the active
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species [11]. The EXAFS study indicated that the first shell
surrounding ruthenium on RuHAp consists of two hydroxy lig-
ands and four oxygen atoms bound to two phosphorus atoms.
Recently, Tonsuaadu et al. concluded from EXAFS measure-
ments that the Ru>" ions are surrounded by six oxygen atoms
and chlorine is not present in the first two shells surrounding
the Ru3t ions [13]; this interpretation is in line with our results.

Although it has been proposed based on EXAFS analysis
that Ru-containing hydroxyapatites [10,18] and zeolites [19]
display monomeric Ru species, X-ray-based techniques are not
able to distinguish between species in catalytic systems exhibit-
ing several different types of metal and cationic centers but
rather give an average structure. Thus, EXAFS indicated that
the environment of Ru in the different RuHAp catalysts is sim-
ilar [11]. IR spectroscopy is more sensitive to the nature of
structurally different species. In general, a probe molecule is
chosen in a way that the adsorbate shows a specific absorption
energy, which is different from that exhibited by its neighbors
when these are of different structure. However, infrared spectra
may appear more complex due to surface processes, including
reduction, oxidation, and particle disruption induced by adsorp-
tion of the probe molecule. This drawback can be overcome
by running measurements at the temperature of liquid nitrogen,
which on the other hand are conditions different from that un-
der which the catalytic materials are used. Adsorption of carbon
monoxide followed by infrared spectroscopy is a widely used
tool to characterize well-dispersed metals supported on metal
oxides, because the stretching vibration of CO is sensitive to
the environment and the structure of the adsorption site [20].
Consequently, several features can be observed on the speci-
men in which the metal is present in the form of ions and easily
reducible species that complicate the interpretation of the in-
frared spectra. Adsorption of CO on supported Ru is such an
example.

In general, ion exchange by diffusion into the HAp lattice
[21-24] is not the only mechanism considered for the develop-
ment of M"*-promoted HAp. Other favored explanations are
the adsorption of metal ions (e.g., Cd?* [25]) and dissolution—
precipitation-type mechanisms [26-28]. In the light of litera-
ture data and our previous experiments, we doubt that a simple
ion exchange between ruthenium and calcium ions in the ap-
atite channels can describe the formation of active RuHAp. We
found that after contacting HAp with the aqueous RuCl3 so-
lution, the pH increased rapidly and more than stoichiometric
amount of Ca®t and considerable amount of POZ+ appeared
in solution [9]. XRD and thermal analysis revealed that with
increasing contact time between HAp and aqueous RuCls, the
crystallite size and thermal stability of the materials decreased,
and the restructuring was also confirmed by XPS. We observed
some restructuring and a considerable loss of oxidation activ-
ity also by heat treatment of the catalyst at or above 80 °C.
This phenomenon, which is typical for hydrated ruthenium ox-
ide [29,30], cannot easily be interpreted by the assumption of
monomeric Ru species as the active sites formed by cation ex-
change [10,18].

Intrigued by these observations we reinvestigated the struc-
ture of RuHAp with a focus on DRIFT spectroscopy. This study

Table 1
Characterization of the RuHAp catalysts used in the present study
Catalyst Contact time Ru content BET surface
between HAp (Wt%) area
and aq. RuCl3 (m2 /g)
RuHAp-10 min 10 min 2.6 78
RuHAp-24 h 24 h 32 75
14.5 wt% RuHAp-24h 24 h 14.5 85

confirms our former speculation that the real active sites are
probably very small, hydrated ruthenium oxide nanoparticles
deposited on the outer surface of HAp.

2. Experimental
2.1. Catalyst preparation

Starting materials for catalyst preparation were RuClz hy-
drate (36% Ru, 99.9%, ABCR), aqueous ammonia solution
(ca. 25% NH3, Merck), (NH4)HPO4 (98%, ABCR), and
Ca(NO3)2-4H,0 (99%, Strem Chemicals). Stoichiometric cal-
cium hydroxyapatite Cajo(PO4)s(OH), (HAp) was synthesized
by a wet chemical method according to a known procedure
and calcined at 500 °C for 3 h [31]. Next we introduced ruthe-
nium by shaking HAp (1.0 g) with 75 mL of a 6.7 mM aqueous
RuCl3 solution at room temperature for 10 min or 24 h. The
catalysts were filtered off, washed with deionized water, and
dried overnight at room temperature in vacuum. The time indi-
cated in the abbreviation of the catalyst designation (10 min or
24 h) indicates the contact time of the RuCl3 solution with HAp.
The designation of the catalysts, the Ru content determined
by inductively coupled plasma optical emission spectroscopy
(ICP-OES), and BET surface areas are summarized in Table 1.

The RuHAp-24 h catalyst was prepared also with higher Ru
content. In this case, the ruthenium concentration of the aque-
ous RuClj solution was 2.67 x 10~2 M. This catalyst contained
14.5 wt% Ru; the difference between the actual and the calcu-
lated Ru content (17 wt%) originates mainly from the adsorbed
water, which was not removed by drying at room temperature
in vacuum. The abbreviation used for this catalyst is 14.5 wt%
RuHAp-24 h.

2.2. Characterization techniques

The BET surface area and pore size distribution were de-
termined by N> adsorption—desorption at 77 K using a Mi-
cromeritics ASAP 2010 instrument. Before measurement, the
samples were degassed in vacuum at 60 °C. The Ru concentra-
tion of the catalysts (after dissolution in HNO3) was determined
by ICP-OES.

The hydrogen consumption during reduction of the catalysts
was measured using the double-isotherm method [32] (Mi-
cromeritics ASAP 2010 Multigas system). The samples were
degassed for 2 h at 40 °C, then adsorption isotherms were mea-
sured at 40 °C. After the first isotherm was recorded, the cell
was outgassed for 10 min at 40 °C, and a second isotherm was
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measured. The amount of hydrogen (H) consumed for the (par-
tial) reduction of Ru”* ™ in the catalyst was determined by taking
the difference between the isotherms.

For scanning transmission electron microscopy (STEM), the
samples were suspended in ethanol, and some droplets de-
posited on a holey carbon foil supported on a copper grid.
The investigation was performed on a field emission trans-
mission electron microscope Tecnai 30F (FEI; SuperTwin lens
with Cy = 1.2 mm), operated at 300 kV. STEM images were
recorded with a high-angle annular dark field (HAADF) detec-
tor, using almost exclusively incoherently scattered electrons
(Rutherford scattering) for getting images with atomic number
(Z) contrast [33]. An energy-dispersive X-ray (EDX) spectrom-
eter attached to the Tecnai F30 allowed elemental analyses at
areas with diameters of 30-40 nm selected in the HAADF-
STEM images [34].

Diffuse reflectance infrared (DRIFT) spectra were collected
with an Equinox 55 spectrometer (Bruker Optics) at a resolution
of 4 cm~!. The instrument was equipped with a HVC-DRP2
reaction chamber (Harrick) and a liquid nitrogen-cooled MCT
detector. The gas flow rates were always 10 mL/min. The CO
adsorption spectra were taken at 25°C in a 10% CO/Ar flow
on pure catalyst powders and the spectra after adsorption of
CO followed by desorption were taken at different temperatures
in an Ar flow. The results given herein are difference spec-
tra where the spectrum of the sample before admission of CO
to the cell served as the reference. Spectra obtained at differ-
ent temperatures after CO adsorption were acquired with the
same reference, which procedure can cause negative features in
the region of the overtone and combination bands of the phos-
phate groups (2200-1900 cm™!). To obtain information from
the skeletal vibrations of the materials, the single channel spec-
trum of the different samples was ratioed against KBr. In situ
heat treatments were carried out by increasing the sample tem-
perature at 10 °C/min to the desired temperature in an Ar flow,
and held at that temperature for 1 h. Then the temperature was
decreased to 25 °C in Ar. The reduction treatments were carried
out at 300 °Cin a 10% Hy/Ar flow for 1 h. Then the catalyst was
cooled to 100 °C in a 10% Hjy/Ar flow, further to 25 °C in Ar,
and it was kept at 25°C in Ar flow for 30 min. The oxidation
treatments were carried out at 90 °C or room temperature in an
O, flow for 1 h. Then the catalyst was cooled to 25 °C in Ar.
Band deconvolution was performed using the fit utility of the
software OPUS and mixed Laurentzian—Gaussian functions.

3. Results and discussion
3.1. DRIFT spectroscopy

The infrared spectrum of hydroxyapatite (HAp) (Fig. 1a) ex-
hibits characteristic features related to the skeletal vibrations
of the lattice phosphate groups (below 1300 cm™!) and of the
surface (above 3580 cm™!) and lattice (3571 cm™1) hydroxyl
groups [35]. Addition of Ru to HAp (Fig. 1b) does not result
in the appearance of any additional spectral feature, unless the
sample is heated above 100 °C, in which case a new signal ap-
pears at ca. 1880 cm™!, as reported earlier [9]. The surface of
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Fig. 1. DRIFT spectra of HAp (a), RuHAp-10 min (b), RuHAp-10 min
pretreated in Oy at RT (c), RuHAp-10 min pretreated in Ar at 90°C (d),
RuHAp-10 min pretreated in Ar at 90 °C and after CO adsorption (e), and
RuHAp-10 min pretreated in Hyp at 300 °C (f).

the as-prepared material is covered by water, as indicated in
Fig. 1 by the broad band extending over the 3700-2500 cm ™!
range and by the band at ca. 1640 cm™!. Signals between 1600
and 1300 cm ™! are characteristic of carbonate species produced
after exposure of the sample to air.

The time-dependent adsorption of CO on the as-prepared
RuHAp-10 min at room temperature is shown in Fig. 2. In
the early stages of adsorption, three bands are discernible at
ca. 2066, 2051, and 2012 cm~!. After 1 h adsorption time,
five bands appear in the IR spectra at 2135, 2075, 2049, and
2006 cm™!, and a broad band below 2000 cm™!. All five bands
resist desorption at room temperature (30 min in an Ar flow;
Fig. 2b). The band at 2135 cm™! is partially covered by the sig-
nals of gaseous CO and becomes clear only when purging with
Ar (Fig. 2b). Identical experiments on HAp did not result in the
appearance of adsorbed CO, which typically exhibits a band at
ca. 2170 cm~! only at low temperature [36,37].

Band deconvolution reveals that the spectrum obtained after
1 h adsorption time is actually composed of additional bands
besides those that are clearly visible (an illustration of decon-
volution is given in Fig. 2d). Two bands at 1971 and 1933 cm™!
have to be taken into account on the low-energy side of the com-
plex envelope, and two other bands at 2081 and 2069 cm™! to
fit the band at 2075 cm™'. Moreover, the asymmetry of the band
at 2006 cm™! suggests that it is composed of two bands close
in energy, but their involvement is not required for a good de-
convolution.

The negative feature at ca. 1650 cm™" reveals that water
molecules are displaced during CO adsorption. Water desorp-
tion likely is also the origin of other spectral changes. The
high-frequency region (not shown) exhibits a broad negative
feature with a maximum at approximately 3520 cm~! accom-
panied by a broad positive band at ca. 3250 cm~!. Similarly,
the weak negative band at 3695 cm™! and the positive signal
at 3570 cm~! indicate removal of water adsorbed on the P-OH

1
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Fig. 2. (a) Time-resolved DRIFT spectra taken during CO adsorption at 25 °C
on RuHAp-10 min. (b) DRIFT spectrum recorded after 30 min under Ar flow
subsequent to CO adsorption. (c) DRIFT spectra of RuHAp-10 min after ad-
sorption of CO followed by desorption in Ar at 25, 100, 150, 200, and 250 °C.
(d) Deconvolution of the DRIFT spectrum shown in (b).

and OH groups of the apatite network, respectively. Formation
of additional carbonate species was not observed during CO
adsorption. Assignment of the observed spectral changes above
3000 cm™! to specific changes produced by adsorption of CO is
not straightforward because of the presence of large amount of
adsorbed water. (Removal of water by heat treatment at elevated
temperature may solve this problem [38,39], but this treatment
induces significant restructuring and a loss of catalytic activity
of RuHAp [9].) Therefore, the following discussion is limited
to the features appearing in the carbonyl region of the spectra.
Adsorption of CO caused the reduction of Ru** ions in
RuHAp-10 min and the amount of the evolved CO; co-product
reached a maximum after ca. 7 min (Fig. 2a). Evolution of CO,
can be followed by the band at 2049 cm ™! that appeared rapidly
and was then slightly attenuated compared to the other bands.
Reduction of Ru"* by CO adsorption renders identification
of Ru-species in the original sample more difficult. Accord-
ing to the literature, reviewed by Hadjiivanov and Vayssilov
[20], all bands observed in Fig. 2 are most likely characteristic
for ionic Ru carbonyl species [Ru"*(CO), with x,n = 1-3].
Table 2 summarizes the assignment of the major signals ob-
served on RuHAp and on several other Ru-containing mate-

rials that are relevant for the present discussion. Ru carbonyl
bands at around the same frequency as that shown in Fig. 2
have been observed previously in the literature, although some
assignments are still debated. Adsorbed CO on Ru cations is
typically ordered into carbonyl species of type I (Ru’-CO),
type II [multicarbonyl, Ru"*(CO),] and type III [dicarbonyl,
Ru"*(CO),], which are characterized by a low-frequency sig-
nal (LF, type I), a set of high-frequency signals (HF; and HF,,
type II) and by a set of HF, and LF signals (type III), re-
spectively. The characteristic absorption bands corresponding
to each feature appear commonly at 2060-2000 cm~! (LF),
2160-2120 cm~! (HF)), at 2110-2060 cm~! (HF,) [40]. For
example, the band at 2135 cm™! (HF) that is typically associ-
ated with a component at 2055 cm ™! (HF,) was assigned to the
asymmetric and symmetric stretching of a Ru>*(CO), species
[41], whereas the bands at 2070 (HF,) and 2004 cm~! (LF)
were assigned to those of a Ru>*(CO), species on oxidized
Ru/ZrO,. The bands at 2142 and 2084 cm~! were assigned to
Ru""*(CO)3 multicarbonyls on oxidized Ru/TiO5, a part of the
band at 2084 cm ™! to Ru"*—CO monocarbonyl, and the band
at 2036 cm™! to ionic dicarbonyls [40]. Following the assign-
ments discussed in the literature, we attribute the bands at 2135
and 2075 cm™! in the RuHAp-10 min sample to Ru**(CO)3
multicarbonyls. However, part of the latter band may also cor-
respond to a Ru**(CO), dicarbonyl, which is accompanied by
the additional band at 2006 cm™!. This explains why two bands
are needed to fit this band in the spectrum of adsorbed CO.

The asymmetric broadening below 2000 cm™' entangling
two signals at 1971 and 1934 cm™! (as from spectrum decon-
volution) has already been observed [42]. Bands at 1995 and
1950 cm™! were assigned to the monocarbonyl form of CO
linearly bonded to oxidized ruthenium in different oxidation
states, with the general formula Ru”* O, (CO). In the case of
Ru/MgO, a signal at 1975 cm™! was associated with bridged
species of the type O—Ru—C(O)-Ru-O [43]. In our case, the
signals at 1971 and 1934 cm™! probably indicate the presence
of Ru*™ entities in RuO, (x < 2) clusters.

The stability of the adsorbed species on RuHAp-10 min
was probed by heating the sample preequilibrated with CO
to 250°C in an Ar flow. The corresponding series of DRIFT
spectra is shown in Fig. 2c. As mentioned previously, purging
the sample at room temperature did not cause changes in the
spectra of the adsorbates, but all species disappeared by heat-
ing to 250 °C. The band at 2135 cm™! and the signals below
2000 cm™! vanished almost completely already at 100-150 °C,
indicating that these species are weakly bonded. This behavior
supports the assignment of the latter features to CO adsorbed
on Ru oxide-like phase (RuO,, x < 2), which is different from
the RuO; phase, because CO adsorption on bulk metal oxides
is negligible at room temperature. The other bands were attenu-
ated with increasing temperature, and their intensity dropped
dramatically between 150 and 200 °C, a behavior often re-
ported for type II (multi)carbonyls. Moreover, by increasing the
temperature to 250 °C, the bands initially present at 2075 and
2006 cm~! were blue-shifted to 2084 and 2016 cm™!, respec-
tively. The shift of the former band supports the presence of two
components at 2081 and 2067 cm™!, the one at lower energy
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Proposed assignments of the carbonyl species following CO adsorption on Ru-containing hydroxyapatite (RuHAp-10 min), compared with available literature on

supported ruthenium catalysts

Entry Material Species Frequency (em™1 Ref.
1 RuHAp-10 min, (RuOX)Ru”+(CO)3 2135 (HFy) and 2067 (HF») This work
as-prepared and oxidized Ru3+(CO)2 2081 (HF;) and 2006 (LF)
Ru"*CO 2049
(RuO, )Ru*t(CO) 1971 and 1934 (LF)
2 RuHAp-10 min, reduced Ru’-CO 2042 This work
Ru-CO 1900-1600, broad
Ru”+(C0)3 2142 and 2081
3 Ru/ZrO5, oxidized Ru?t(CO), 2135 (HF} ) and 2055 (HF,) [41]
Ru?*(CO), 2070 (HF,) and 2004 (LF)
4 Ru/TiO,, oxidized Ru"*(CO)3 2142 (HF;) and 2084 (HF,) [40]
Ru"t-CO 2084 (HF;)
Ru"*(CO), 2084 (HF,) and 2036 (LF)
5 RuO,/TiOy RuO, (CO), 2134-2132 (HFy) and 2090-2080 (HF») [42]
RuO,(CO) 2000-1985 (LFq) and 1950-1935 (LF,)
6 Ru/SiO3, partially oxidized (RuO)zRu”+(CO)3 2136 (HF) and 2080 (HF») [51]
(RuO),Ru"*+-CO 2080 (HF5)
7 Ru/SiO,, reduced (SiO);Ru"H(CO)3 2144 (HF,) and 2082 (HF,) [51]
8 Ru/Al,O3 (RuO), Ru** (CO)3 2130 (HF;) and ~2070 (HF,) [44]
(AlO);Ru"t(CO)3 2140 (HF}) and ~2080 (HF5)
Ru2*(CO), ~2080 (HF;) and 2015 (LF)
Ru"t-CO ~2080

appearing less stable. The less stable component at 2067 cm ™!

is likely associated with the band at 2135 cm™! and thus to
tricarbonyl species [Ru”(CO)3], which could also be associ-
ated with the RuOy-like phase [(RuO,)Ru"*(CO);] [44]. The
persistence of the bands at 2084 and 2016 cm™~! with tempera-
ture indicates that they are coupled and belong to a dicarbonyl
Ru3+(CO),. This species is likely associated with the presence
of isolated Ru> ions.

The band at 2049 cm~! disappeared between 150 and
200 °C. Although it well coincides in position with the char-
acteristic band of Ru® CO species [40], its behavior in Fig. 2a
is not typical for dispersed metallic ruthenium because its inten-
sity does not decrease under inert gas at room temperature, but
is slightly attenuated during CO adsorption. In fact, the band
for the Ru’~CO species found during CO adsorption on re-
duced RuHAp-10 min at about the same position (2042 cm™!)
is slightly attenuated by purging with Ar at 25 °C (see later in
Fig. 5). The band at 2049 cm™! in the as-prepared sample might
be assigned to a HF, band of type III (di)carbonyls [41] or to
monocarbonyl species (Ru”TCO) [20].

Concomitant with the disappearance of some signals at
150 °C, a new band developed at ca. 1862 cm™!, that also blue-
shifted to 1874 cm™~! with increasing temperature. This feature
is similar to that observed on RuHAp specimen treated above
100 °C under inert atmosphere [9] and on oxidized RuHAp-
10 min (Figs. 1c and 1d). Simultaneously, the HAp material
was progressively dehydrated, as revealed by the increasingly
negative signal at ca. 1640 cm™! due to the removal of water.

Additional insight into the nature of Ru sites was obtained
by oxidizing RuHAp-10 min in situ at room temperature before
CO adsorption. Fig. 3 shows that the position of the bands did
not change significantly on the oxidized sample compared to
the as-prepared catalyst (Fig. 2a). A major difference between

the two samples is the attenuation of the band at 2135 cm™!

and the lower ratio between the signals at 2070 (2008) cm™!
and 2049 cm~! on the oxidized sample. This deviation suggests
that the isolated Ru* ions are less perturbed by the oxygen
treatment at room temperature than the Ru-oxide phase. Trans-
formation of the species representative for the RuO, -like phase
by oxygen is best illustrated by the appearance of the negative
feature at 1887 cm™! with a positive counterpart at 1846 cm™!.
In addition, the extent of CO, evolution on this sample was
about 50% lower than observed on the same catalyst without
preoxidation (Fig. 2a), and this change appears to be related to
the lower intensity of the bands at 2075 and 2006 cm~! and
of the low-energy side of the envelope. Apparently, the oxygen
treatment before CO adsorption slows down the subsequent re-
ductive restructuring of Ru-oxide during CO adsorption.

The nature of the band at ca. 1880 cm™! appears to be an im-
portant feature of the RuHAp catalysts. We previously reported
[9] a band at 1887 cm™! in the DRIFT spectra of heat-treated
RuHAp and RuCoHAp catalysts that is absent in HAp and in
the as-prepared samples (Fig. 1). This band indicates an irre-
versible process involving Ru when the catalyst is heated to
about 100 °C or higher. On the oxidized RuHAp-10 min, the in-
tensity of this band decreased during CO adsorption (Fig. le);
therefore, the band appears in the subtracted spectra during CO
adsorption as a negative band (see later in Figs. 6 and 7). This
band is not present in the IR spectra of RuHAp-10 min re-
duced in Hj at 300 °C (Figs. 1f and 5). The increased intensity
of this band for samples pretreated with O, at room tempera-
ture and higher temperatures in Ar, its absence in the reduced
sample and its disappearance on CO adsorption on oxidized
RuHAp-10 min confirm the presence of an oxidic phase that
in the as-prepared sample is likely strongly hydrated. A band at
1880 cm ™! was previously assigned to the 2v overtone of the
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Fig. 3. (a) Time-resolved DRIFT spectra of CO adsorption on RuHAp-10 min
pretreated in situ in Op. (b) DRIFT spectrum recorded after 30 min flushing
with Ar subsequent to CO adsorption. The temperature was 25 °C throughout
the experiment.

Ru**=0 mode on oxidized Ru/TiO; [40], and overtones have
to be expected in this region for a number of oxides [45,46]. The
fundamental Ru** =0 vibration has been found at ca. 900 cm ™!
on RuO»/silica that strongly supports the appearance of an over-
tone at v > 1800 cm~! [47]. The presence of such signal in
RuHAp-10 min pretreated in O, at room temperature (Fig. 1c)
and in Ar at 90°C (Fig. 1d) is thus justified by the partial ox-
idation of Ru"* ions to Ru** in a hydrated RuO, phase. On
its turn, this phase may be partially reduced on adsorption of
CO (Fig. le), thus affording very similar species to those found
on the as-prepared RuHAp-10 min catalyst (i.e., not oxidized
or thermally treated). Therefore, this oxidic phase does not ap-
pear to correspond to bulk RuO», in agreement with the EXAFS
data, indicating that the average structure of Ru in RuHAp dif-
fers from that of RuO» [11]. The same oxidation process occurs
also when RuHAp-10 min is pretreated in Ar at 90 °C (Fig. 1d).
In that case, the oxygen present on the surface of the apatite
may play the role of the oxidizing agent.

In another series of experiments, RuHAp-10 min was heated
from room temperature up to 300 °C in Ar before CO adsorp-
tion. The carbonyl bands on the DRIFT spectra, obtained after
flushing with Ar, are shown in Fig. 4. The negative band at
ca. 1880 cm™!, which is characteristic of RuO5 [9], increased
with increasing pretreatment temperature. A feasible interpre-
tation is that an increasing fraction of RuO; phase is formed
during heat treatment and reduced afterward on CO adsorption.
The intensity of the pair of bands at ca. 1970 cm™! was gradu-
ally attenuated with increasing temperature and the shoulder at
1936 cm™! vanished above 200 °C. These results suggest that
thermal treatments induce restructuring of RuHAp-10 min. In
particular, the RuO, phase (x < 2) present in the as-prepared
sample and characterized by the carbonyl species at 1970 and
1936 cm™! converts at elevated temperature into a RuO,-like
phase indicated by the band at 1880 cm™~!. Note that in the same
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Fig. 4. DRIFT spectra of RuHAp-10 min after adsorption of CO followed by
desorption in Ar. Prior to CO adsorption, the catalyst was pretreated in Ar at 25
(reference), 50, 150, 200, 250, and 300 °C.

temperature range, HAp undergoes phase transition from mon-
oclinic to hexagonal [48] and strongly dehydrates [36,37].

Because no reducing agent is applied in the preparation of
RuHAp, it is not expected that metallic Ru would be present
in the as-prepared catalysts. To prove this assumption, CO ad-
sorption was studied on RuHAp-10 min after reduction of the
sample in flowing Hy at 300 °C (Fig. 5). Adsorption of CO is
shown by four bands at 2142, 2081, 2042, and 1972 cm— 1.
An important deviation is the rapid development of the bands
compared with the unreduced samples. The presence of metal
particles on which CO forms linear carbonyls is indicated by the
band at 2042 cm™! (type I carbonyls, Ru’~CO). The broad band
between 1900 to 1600 cm™~! can be ascribed to Ru,—CO bridge
species [49,50]. The assignment of these features to metallic
Ru is supported also by the slight attenuation of the bands on
replacement of CO by Ar [20].

The probable origin of the HF; and HF, bands of Ru"*
cations after reduction at relatively high temperature is the par-
tial oxidation of Ru® by CO in a complex process involving the
hydroxyl groups of the support, or disproportionation and dis-
sociation of CO [20]. The bands at 2142 and 2081 cm™~! appear
to follow different kinetics than those assigned to CO adsorp-
tion on metallic Ru. The slight increase in frequency of the
HF; band (2142 cm™!) on the reduced sample compared with
the band developed on the as-prepared catalyst (2135 cm™!)
reveals the existence of two different species producing tricar-
bonyls on CO adsorption. Similarly, a set of three bands at 2144
(HF,), 2082 (HF,), and 2047 (LF) cm™~! was found on CO ad-
sorption on reduced Ru/SiO; and the set changed into bands
at 2136, 2080, and 2032 cm~! on the partially oxidized sam-
ple [51]. Similarly, two different tricarbonyl species absorbed
at 2140-2080 cm~! and 2130-2070 cm™! on Ru/Al,O3 [44].
Therefore, in analogy to the literature data, we tentatively as-
sign the HF; and HF; bands observed in Fig. 5 to tricarbonyl
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Fig. 5. (a) Time-resolved DRIFT spectra during CO adsorption at 25 °C on
RuHAp-10 min pretreated in situ at 300°C in Hjp. (b) DRIFT spectrum
recorded after 30 min under Ar flow after CO adsorption at 25 °C. Adsorp-
tion time (a): 1, 3, 5, 9, and 60 min.

species adsorbed on isolated Ru** ions directly bound to the
apatite support.

The left panel of Fig. 6 shows the spectra of adsorbed CO on
all three untreated RuHAp catalysts. The position of the car-
bonyl bands is the same in the case of RuHAp-10 min and
RuHAp-24 h, whereas there is a blue shift by 6 cm™! in the
case of 14.5 wt% RuHAp-24 h, probably because of the higher
Ru content of this sample. The spectra appear very similar but
differ significantly in the intensity of the low-energy shoulder
below 2000 cm ™!, which we assigned to the presence of a RuO,
phase (x < 2). The intensity decreased in the sequence RuHAp-
10 min > RuHAp-24 h > 14.5 wt% RuHAp-24 h. Therefore,
the highest fraction of this phase seems to be present in RuHAp-
10 min.

The right panel of Fig. 6 shows the spectra of adsorbed CO
on the RuHAp catalysts pretreated in Ar at 150 °C. The most
evident difference between the samples is the change in the in-
tensity of the negative band at 1880 cm™!, which is the most
negative in case of RuHAp-10 min and becomes less negative
in the same sequence as the bands below 2000 cm~! decrease.
This band is barely seen in the case of 14.5 wt% RuHAp-24 h.
These differences indicate that the pretreatment at 150 °C in-
duced the formation of the highest amount of the RuO; phase
in the RuHAp-10 min catalyst. In other words, the oxidizabil-
ity of the RuHAp catalysts is correlated with the amount of the
RuO, phase (x < 2). A careful inspection of the spectra reveals
also that the bands of the dicarbonyl and monocarbonyl species
on Ru’* ions were enhanced from RuHAp-10 min to RuHAp-
24 h, which agrees well with the previous interpretation of the
fraction of the RuO,-like phase.

The DRIFT spectra of the three RuHAp catalysts oxidized
at 90 °C before CO adsorption are shown in Fig. 7. The left
panel displays the spectra recorded on the neat catalyst pow-
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RuHAp-24h
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Fig. 6. DRIFT spectra of RuHAp-10 min, RuHAp-24 h, and 14.5 wt%
RuHAp-24 h after adsorption of CO followed by desorption in Ar. Prior to CO
adsorption the catalysts were either pretreated at 150 °C in Ar (right) or they
were used without pretreatment (25 °C, left).

ders, whereas the right panel shows the spectral region of the
overtone of the Ru**=0 fundamental in the spectra measured
against KBr. As already observed in Fig. 6, the negative band at
1880 cm™~! is practically absent in the spectra of the 14.5 wt%
RuHAp-24 h, independent of the pretreatment (Fig. 7, right
panel). On the other hand, the band has the highest intensity on
the oxidized RuHAp-10 min sample, corroborating that the ox-
idized RuHAp-10 min catalyst shows the highest amount of the
RuO» phase, followed by the oxidized RuHAp-24 h, in agree-
ment with the data shown in Fig. 6. This phase is partially
reduced by adsorption of CO, as it is clearly indicated in the
right panel of Fig. 7.

To sum up, the DRIFT study uncovered some fundamen-
tal features of the RuHAp catalysts. The presence of two major
species in the as-prepared catalysts could be confirmed: isolated
Ru?t ions and Ru-oxide particles. The latter structure proba-
bly corresponds to a strongly hydrated Ru>*-oxide; the pres-
ence of RuO; could be excluded, in agreement with a former
EXAFS study [11]. This hydrated oxide can be (partially) oxi-
dized by pure oxygen to hydrated Ru**-oxide (RuO») already
at room temperature, and reduced by CO to a lower valence
state carbonyl species or by hydrogen (at 300 °C) to metallic
Ru (Ru?). In contrast, the isolated Ru3" ions are less reactive
in oxidation by oxygen at 25-90 °C, indicating their lower re-
activity in redox reactions. (In this respect, the DRIFT study
is not conclusive: Isolated Ru** ions may either be less reac-
tive than hydrated Ru®*-oxide or not reactive at all.) It is also
shown that the oxidizability of the investigated RuHAp cata-
lysts correlates well with the amount of hydrated Ru’*-oxide
phase (RuHAp-10 min > RuHAp-24 h > 14.5 wt% RuHAp-
24 h).
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Fig. 7. (Left panel) DRIFT spectra of RuHAp-10 min, RuHAp-24 h, and
14.5 wt% RuHAp-24 h after adsorption of CO followed by desorption in Ar.
The catalysts were pretreated in O, at 90 °C prior to CO adsorption. (Right
panel) DRIFT spectra of the same specimen before pretreating with O, (solid),
after pretreating with O (dot) and after CO adsorption (dash dot).

3.2. Reducibility of RuHAp

According to the probable reaction mechanism of alcohol
oxidation with oxygen on RuHAp, the Ru-alcoholate interme-
diate undergoes B-hydride elimination to afford the carbonyl
compound and Ru-hydride [10]. The hydrido-Ru species is in-
active in alcohol oxidation [11] and needs to be reoxidized
by oxygen to complete the redox cycle. The presence of re-
duced Ru sites in the working catalyst was proven by EX-
AFS analysis [11]. An important conclusion from this mech-
anism is that the active Ru species should be easily reducible
to achieve reasonable reaction rates. It is known from earlier
studies [9,10] that the order of activity of Ru-hydroxyapatites
in the aerobic oxidation of alcohols is the following: RuHAp-
10 min > RuHAp-24 h > 14.5 wt% RuHAp-24 h. Because
bulky substrates may not reach some Ru sites located in the
narrow channels of HAp, we applied hydrogen, the smallest
possible reducing agent, to characterize the reducibility, and
thus indirectly the alcohol dehydrogenation activity, of Ru-
hydroxyapatites.

The reducibility of the catalysts was determined at 40 °C.
The difference between the hydrogen consumption in the first
and second runs yields the amount of H, consumption (H), ac-
cording to the double-isotherm method [32]. The amount of hy-
drogen consumption related to the amount of ruthenium (H/Ru)
in the catalysts is used to compare the reducibility of the Ru
sites in the catalysts. Table 3 shows that RuHAp-10 min con-
tains the highest specific amount of reducible Ru, followed by
RuHAp-24 h and the 14.5 wt% RuHAp-24 h. This order is the
same as the reactivity order derived from alcohol oxidation re-
actions and indicates that the contribution of poorly accessible
Ru sites in the HAp matrix does not distort the correlation. In

Table 3

Hydrogen consumption (H) in the reduction of RuHAp catalysts at 40 °C
Sample H/Ru (at%)
2.6 wt% RuHAp-10 min 100

3.2 wt% RuHAp-24 h 69

14.5 wt% RuHAp-24 h 38

addition, the specific reducibility of the catalysts by hydrogen
correlates well with the amount of Ru>T-oxide phase derived
from CO adsorption by DRIFT.

3.3. TEM analysis

HAADF-STEM images of the RuHAp samples reveal that
the apatite crystals are more or less homogeneously covered
by bright spots of 1-2 nm in diameter (Fig. 8). The bright
spots represent the sites where Ru is located because Ru is
the strongest scatterer in this system (highest atomic number).
The presence of Ru in the apatite matrix was confirmed by
EDX analysis (not shown). Interestingly, no significant differ-
ence could be observed between the images of the different
RuHAp samples; the size and distribution of the Ru clusters
appear very similar on all three catalysts. On the basis of the
DRIFT analysis, it is very probable that the bright spots cor-
respond to hydrated Ru-oxide nanoparticles, dispersed on the
apatite surface.

The possibility that the observed features appear as a conse-
quence of the reduction of Ru3* to metallic Ru by the electron
beam can be discarded. In fact, there is no significant change
between the HAADF-STEM image of RuHAp-10 min before
and after reduction in flowing hydrogen at 300 °C (Figs. 8a and
8d). In contrast, after pretreatment of the same catalyst in oxy-
gen at 90 °C the Ru-containing nanoparticles are redispersed
and the bright spots are barely distinguishable (Fig. 8e). In the
light of the DRIFT results, this change is probably correlated
with the (partial) formation of Ru**-oxide.

3.4. Catalyst structure: Nature of active redox sites

To identify the Ru-containing species in the Ru-exchanged
HAp catalysts, we used DRIFT spectroscopy of CO adsorption,
electron microscopy, and hydrogen reduction under close to
ambient conditions. Although the infrared spectra were rather
complex due to changes in the oxidation state of Ru induced
by CO adsorption at room temperature and the concomitant
evolution of CO», interpretation of the spectra is supported by
the abundant information available in the literature on various
supported Ru-containing catalysts [20,40-42,44,51]. Our study
confirmed the presence of isolated, monomeric Ru3t cations
in all three RuHAp catalysts investigated here (Table 1). The
isolated Ru>* cations produce carbonyl species on CO adsorp-
tion that are stable against desorption up to ca. 200 °C. Until
now, these species have been considered the active sites in the
aerobic oxidation of alcohols in the liquid phase, at around
40-110°C [9-13,17]. Besides monomeric Rut cations, we
could identify a hydrated Ru"*-oxide phase by DRIFT study
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Fig. 8. HAADF-STEM images of (a) RuHAp-10 min, (b) RuHAp-24 h, (c) 14.5 wt% RuHAp-24 h, (d) RuHAp-10 min pretreated with Hy, at 300 °C,
(e) RuHAp-10 min pretreated with Oy at 90 °C, and (f) RuHAp-10 min after benzyl alcohol oxidation. The HAp crystals are covered by Ru particles (bright

spots).

in all catalysts. The oxidation state of the Ru in the Ru"T-oxide
phase should be 3+, because the Rut and Ru?* oxides are un-
stable, and the presence of Ru** in the as-prepared material
could be excluded. In addition, the oxidation state of Ru3" in
RuHAp was confirmed by EPR analysis [17]. The complemen-
tary HAADF-STEM study provided a strong support to this dis-
covery by visualizing the nanosized Ru3*-oxide particles. This
phase produced the asymmetric broadening below 2000 cm™!
and the tricarbonyl species at 2135 and 2081 cm™!. RuO, could
not be detected in any of the untreated (“as-prepared”) cata-
lysts.

In contrast to the monomeric Ru3t cations, the hydrated
Ru?*-oxide phase was highly active in redox reactions. It was
converted to RuO, already at room temperature with pure oxy-
gen (Fig. 1c) and partially reduced by CO (Figs. 3, 4, 6, and 7).
Under more severe conditions, at 300 °C, also metallic Ru
was formed with hydrogen. The considerable hydrogen con-
sumption already at 40 °C (H/Ru = 0.38-1.0, Table 3) is also
attributed to this phase, because the amount of the hydrated
Ru**-oxide phase correlates well with the amount of hydro-
gen consumed by these catalysts (RuHAp-10 min > RuHAp-
24 h > 14.5 wt% RuHAp-24 h). The amount of hydrated RuO;
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phase, produced by pretreatment with oxygen, and the catalytic
activity in alcohol oxidation with molecular oxygen follow the
same order. All these observations suggest that the real active
species in RuHAp are hydrated Ru>*-oxide nanoparticles lo-
cated at the surface of HAp.

The amount of hydrated Ru*>*-oxide depends on the contact
time between HAp and the aqueous RuCl3 solution, as well as
on the RuCl3 concentration. The infrared data indicate that its
fraction decreased with long contact time and high Ru concen-
tration. To understand this point, we analyzed the mechanism of
incorporation of Ru* ions from aqueous solutions into HAp.
We have shown that on contacting HAp with the aqueous RuCl;
solution, the acidity of the solution decreased and more than a
stoichiometric amount of Ca>* and significant amount of POi_
ions dissolved [9]. Clearly, this process cannot be described
simply as an ion exchange between Ca’t and Ru’* ions. We
assume that the first step in the genesis of RuHAp is the adsorp-
tion of Ru>T ions on the basic sites of HAp, followed by the for-
mation of Ru-hydroxide (hydrated Ru3*-oxide). Dissolution of
HAp accompanied by the precipitation of a new Ru-containing
phosphate phase is also a feasible process [28]. Dissolution is
favored by the higher acidity of the more concentrated RuCl;
solution and the longer contact time. The considerable restruc-
turing and partial loss of the crystalline apatite phase during the
24 h contact time period has been demonstrated by XRD analy-
sis [9].

Extensive exchange of the Ca’>* ions in HAp necessitates
the solid-state diffusion of Ru3* ions into HAp, but the chan-
nels are very narrow (<0.3 nm) and occupied by the OH™
ions [52]. This process is expected to be slow, and the Ru sites
located in the narrow channels are not accessible for bulky or-
ganic substrates. Because no significant negative effect of the
steric bulkiness of the alcohol substrate has been observed [9],
the contribution of Ru3T in the HAp channels can be excluded.
Replacement of some Ca>t ions at the outer surface of HAp
and subsequent production of monomeric Ru’* sites seem to be
more relevant for catalysis. But this process should be fast, and
it cannot explain the changes occurring during extended con-
tact time. The processes occurring during long contact times
(24 h) produce less accessible and/or catalytically less active
Ru species, as indicated by the lower TOF values in alcohol
oxidation. This interpretation is supported by the hydrogen con-
sumption measurements (Table 3) demonstrating the greatest
reduction of the RuHAp catalyst with short contact time. As
mentioned previously, reducibility of the active species is cru-
cial, as hydrido-Ru species are formed during alcohol oxida-
tion.

Finally, there is ample evidence that Ru®*-hydroxide (or
hydrated oxide) [53,54] and hydrated RuO, [29,30,55,56] are
active and selective in the aerobic oxidation of alcohols. In con-
trast, it has been speculated that monomeric Ru* ions in HAp
are active, but to date, no evidence of this has been provided.

Characterization of the active Ru species in RuHAp may be
refined by analyzing in more detail the changes in the high-
frequency region (>3000 cm™!) on adsorption of probe mole-
cules, and by extending the experimental conditions including
vacuum and low temperature, and to adsorption from the lig-

uid phase. Measurements in these directions are presently per-
formed in our laboratory.

4. Conclusion

We have revisited the nature of Ru sites in RuHAp that are
responsible for the activity and selectivity of these catalysts
in the aerobic oxidation of alcohols to aldehydes and ketones
using DRIFT spectroscopy combined with CO adsorption. To
gain insight into the nature of the complex infrared spectra, we
studied the catalysts in the as-prepared state and after exposure
to oxygen and hydrogen, as well as at increasing temperature in
Ar before CO adsorption. A set of six bands was observed on
as-prepared RuHAp in the 2150-1950 cm~! spectral range. The
desorption behavior of the species giving rise to these bands and
their different ratios in the oxidized sample and in that treated at
increasing temperature in inert gas before CO adsorption reveal
that the bands can be attributed to two species: (i) monomeric
Ru®t ions, likely located at the apatite surface, and (ii) labile
Ru;03-xH>0, which is far more active in reduction and oxi-
dation reactions than the isolated Ru3* ions. The presence of
1-2 nm Ru-containing nanoparticles was evidenced by STEM-
EDX. All observations in this study and data from the pertinent
literature are in agreement with our proposal that the highly dis-
persed, hydrated Ru-oxide particles are the true active sites in
the aerobic oxidation of alcohols. Future studies need to clarify
whether this conclusion is also valid for other reactions, such
as the oxidation of amines and organosilanes, that are catalyzed
by RuHAp.
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