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Abstract

After a brief overview of the reasons why, in spite of the high fraction of framework Ti(IV) atoms, Engelhard titanosilicate
(ETS-10) cannot be used as competitive catalyst in partial oxidation reactions, we draw the attention on the fact that the high
cation density of ETS-10 can be the key property for potential new catalytic applications of this recent material. Among
all, cation exchange with Gti can yield to Cu-ETS-10, a promising material for environmental catalysis. We so present a
detailed characterization of this material using BO and NO as probe molecules. In spite of the rather high complexity of
the obtained spectra, a comparison with similar experiments (described in the literature or ad hoc performed for this work) on
other Cu-exchanged zeolites and onpOulispersed on silica and on MCM-41, allows a full interpretation of the spectroscopic
properties. It is shown that copper is present both as counterion and in the form@h@noclusters dispersed in the ETS-10
channels and in the external surface. Finally, IR spectroscopy has been used to demonstrate that Cu-ETS-10 is active in the
decomposition of NO. © 2001 Published by Elsevier Science B.V.
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1. Introduction

Engelhard titanosilicate (ETS-10) is a new microp-
orous crystalline material belonging to the family of
Ti-substituted silicates containing Ti in octahedral co-
ordination [1,2]. Because of its inherently disordered
nature, preventing the use of conventional diffraction

achieve this goal, high resolution transmission elec-
tron microscopy, powder X-ray diffraction, solid state
NMR and molecular modeling techniques were used.
They proved that ETS-10 framework is composed of
corner-sharing Si@ tetrahedra and Ti§ octahedra
linked through bridging oxygen atoms, and that two
sets of perpendicular 12-ring channels having an el-

approaches, the structure of ETS-10 was solved only liptical cross-section BA x 4.9 A are present. The

5 years after its synthesis by Anderson et al. [3-5]. To recent single crystal study by Wang and Jacobson [6]

has confirmed the model of Anderson et al. To have a
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titanosilicates and mixed octahedra—tetrahedra frame-
work oxides, the reader should refer to the review of
Rocha and Anderson [7].
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It is worth noticing that the Ti@ octahedra in  leading to the L, Na", K, Rb™ or Cs" forms
ETS-10 are linked together with formation of linear [10,21] and that the cation exchange with alkali-metal
-+ . —O-Ti-O-Ti—-O-Ti-O— - chains (each Ti atom cations represent a reliable mean to tune the basic-
being also linked, in the perpendicular plane, to four ity of the material. This property has been exploited
Si atoms through oxygen bridges). Sankar et al. [8], by Anderson and co-workers [22] and by the group
performing Ti K-edge extended X-ray absorption fine of Sivasanker [23,24], who have studied the bifunc-
structure (EXAFS), have confirmed the octahedral co- tional reforming reaction of hexane to benzene over
ordination of Ti proposed in Refs. [3-5] highlighting Pt-supported basic ETS-10. The high basicity of
the local structure around titanium. The presence of ETS-10 is evidenced in the conversion of isopropanol
such linear - - —O-Ti—O-Ti—O-Ti—O— - chains rep- to acetone [25] and in the dehydration wbutanol
resents the realization of a monoatomic quantum wire [7].
hosted in a silicaceous matrix exhibiting interesting  The high cation density suggests that the exchange
and promising optical properties [9-11]. capacity towards di-valent cations should be facil-

The octahedral coordination of Ti in ETS-10 is itated. Indeed, ETS-10 has been shown to be par-
different from that found in other titanosilicates such ticularly selective in the hosting of Bb [26] and
as Tif [12] or TS-1 [13-15], where Ti is tetrahe- Cd?t [7] cations. Very recently, Otero Areén et al.
drally coordinated, like silicon, to four framework O [27] reported an IR investigation on M§-ETS-10.
atoms. This implies that Ti atoms in ETS-10 have Finally, the group of Ragaini [28—31] has performed
already saturated their coordination sphere and thatan extensive study of the Fisher—Tropsch chemistry
they cannot interact with molecules adsorbed in the performed with cobalt and ruthenium-exchanged
channels. This was demonstrated by Sankar et al. [8], ETS-10.
who have showed that the Ti K-edge XANES spectra  The promising exchange capabilities of this tita-
of ETS-10 are not affected by interaction with lig- nosilicate, together with the fact that copper-exchanged
ands, contrarily to what observed for TS-1, where Ti zeolites have recently attracted a great interest as
is able to modify reversibly its coordination sphere catalyst for the direct conversion of NO into2N
[14-16]. As a consequence, ETS-10 is not suitable and @ [32-35] have encouraged us to prepare a
for oxidation catalysis employing 40> under mild CW-ETS-10 sample. In this contribution, we will
conditions as is the case of TS-1 [13,14]. describe for the first time the spectroscopic proper-

It should therefore be concluded that the octahe- ties of Nb, CO and NO interacting at liquid nitro-
dral coordination of titanium in ETS-10 makes the gen temperature with copper cations hosted inside
chemistry of Ti of no catalytic interest. Nevertheless, ETS-10. Comparison will be made with IR data ob-
the insertion of a Ti(IV) atom in a 6-fold coordi- tained on Cu-ZSM-5 [36], Cu-Y [37], Cu-mordenite
nated framework site implies the transfer of two [38], Cu{3 [39] and on Cu grafted on MCM-41 [40].
electrons to the lattice which so becomes negatively Comparison will also be made with the IR spectra
charged. The resulting negative charge of the frame- of N2, CO and NO adsorbed on other cationic form
work SisoTigO1041% unit is balanced by the presence of ETS-10. To understand the spectroscopy of CO
of Na* and K" counterions located in the channels on Cu-ETS-10, a comparison with the spectra of
[17-19]. The high number of framework T8i/Ti = carbon monoxide dosed on &b dispersed on sil-

5) and the fact that each Ti needs the presence of twoica [41] and on MCM-41 [40] will be made. In this
monovalent counterions, make the number of coun- contribution, new IR experiments have been ad hoc
terions rather high. This fact implies that ETS-10 is a performed by dosing Nand NO on CyO dispersed
microporous material exhibiting remarkable cation ex- on silica.

change capabilities. As a consequence, ETS-10 shows

potential application in the fields of bi-functionality

induced by metal loading [7], of photocatalysis [7,20] 2. Experimental

and of base catalysis [7] (vide infra).

It has been shown that alkali-metal cations can  The ETS-10 sample used in this study was kindly
easily substitute the original Naand K counterions supplied by Engelhard (Iselin, NJ). Chemical anal-
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ysis showed a N&/K* ratio of 2.64, and powder 3. Resultsand discussion

X-ray diffraction showed good crystallinity and

confirmed the expected structure type. No additional  Copper zeolites can be prepared in over-exchanged
diffraction lines were found. After conventional ion form [32] by exchange with water solution of cupric
exchange procedures with Nalh(s described else-  salts. For over-exchanged form we intend a form,
where [21], the achieved N#KT ratio was 5.30. containing more than one ®uon per two framework
We shall refer in the following to this sample as the Al. These over-exchange@Cu/Al > 0.5) zeolites
sodium-exchanged form or as Na-ETS-10. MCM-41 show the highest activity for the decomposition of
sample, with SIAl ~ 20 and pore diameter 6§40 A, nitrogen oxides.

has been kindly supplied by EniTecnologie laborato-  With the aim of reaching high exchange levels, since
ries of San Donato Milanese (MI), Italy. Commercial 1992, our group has proposed an alternative exchange
silica (Aerosil from Degussa,& ~ 330 n?g~1) has procedure consisting in the interaction of CuCl in the

been used. vapor phase with the zeolites in the protonic form
To obtain a Cu-exchanged ETS-10, Na-ETS-10 [32,43-46], resulting in the 8DH1)AI + CuClyas —
powder was exchanged twice with Cu(i)@(Aldrich, Si(OCu")Al + HClgas reaction. This exchange ap-

analytical grade) as described in Ref. [42] for the proach allows the direct insertion of cuprous ions and
preparation of C#F-ZSM-5. The so-obtained sam- the virtual achievement of a 200% exchange (i.e. a
ples will be hereafter labeled as Na-Cu-ETS-10(A), Cu/Al ratio of 1). We were unable to follow the same
and Na-Cu-ETS-10(B), after the first and second ex- route for the preparation of a Cu-ETS-10 sample, since
change, respectively. MCM-41- and silica-supported it needs thermal treatments at a temperature where
CwO samples have been prepared by impregnation the protonic form of ETS-10 is unstabléor this rea-
of the support with an aqueous solution of Cu@®© son, the conventional exchange route has been adopted
and followed by a high-temperature treatment in (see Section 2). Due to the potentially high cation ex-
vacuo (873K for MCM-41 and 1073K for silica) change capabilities of ETS-10 discussed in Section 1,
as extensively described in Refs. [40,41], respec- this inconvenience is of secondary importance for the
tively. The latter sample is labeled as QISIO, achievement of rather high copper loadings.
(10% Cu/Si wt. ratio), while the former is labeled as It must be, however, underlined that, over Cu-
Cu-MCM-41 and CyO/MCM-41 for low (1% Cu/Si exchanged zeolites catalysts prepared by ion exchange
wt. ratio) and high (10% Cu/Si wt. ratio) Cu loading, with aqueous solutions of a €t salt, IR, UV-Vis,
respectively. EPR, XPS, XANES and EXAFS studies have shown
Samples for IR studies were compressed into [32,42,47,48] good evidence for the presence of both
self-supporting wafers and degassed in dynamic vac- isolated C&* and Cu" ions and of several oxocations
uum (residual pressure=10~“Torr) inside an IR such as [Cu-O-Ct] and [Cu-O-CW}", together
cell allowing in situ high-temperature treatments, gas with copper oxide aggregates, £ nano-crystals.
dosage, and low-temperature measurements to beln view of the high Cu loading, a great heterogene-
made. Na-ETS-10, Na-Cu-ETS-10(A) and Na-Cu- ity of copper species is expected for Na-Cu-ETS-10
ETS-10(B) were degassed at 673K for 2h, while samples.
Cu-MCM-41, CypyO/MCM-41 and CyO/SiO, sam- It is widely recognized [42,48-51] that an effective
ples were degassed at 873K (MCM-41) and 1073 K reduction of samples containing hydrated cupric ions
(silica). The IR spectra were recorded, at 2ém  can be obtained during activation under dynawaic-
resolution, on a Bruker IFS66 FTIR spectrometer. Al- uum. This fact is often called “self-reduction” of t.
though the IR cell was permanently cooled with liquid  Different chemical Céi* — Cut pathways have been
nitrogen, the actual sample temperature (under the proposed in the literature to explain the process. We
IR beam) was likely to be ca. 100-110K. The wafer will not enter in this complex debate here and we shall
spectrum taken before gas dosage was used as a blanKust accept the phenomenon as a matter of fact. For a
All spectra shown in this paper are blank subtracted. more detailed discussion, the reader should refer to the
UV-Vis diffuse reflectance experiments have been recent works of Dossi et al. [51] and Turnes Palomino
performed with a Varian CARY5 spectrophotometer. et al. [42]. On these bases, we expect that also in our
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case Ctr will be certainly present after activation in
vacuo at high temperature.

3.1. UV-\is study of the prepared
an activated samples

Na-ETS-10 sample has no absorption in the 30,000—
7500cnt! range and exhibits a sharp edge at
~32,600cm! (~4.03eV) due to the Tir0?>~ —
Ti*O~ ligand to metal charge transfer (LMCT)
[9-11] (see spectrum 1 in Fig. 1). Since the energy
value of this LMCT is dictated by quantum confine-
ment effects in the mono-atomie- —O—Ti—-O-Ti—O—

Kubelka Munk
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40000 30000 20000 10000
Wavenumber (cm’™)

Fig. 1. UV-Vis spectra collected in the reflectance mode of:
(1) hydrated Na-ETS-10; (2) hydrated Na-Cu-ETS-10(B); (3)
Na-Cu-ETS-10(B) dehydrated at 383K; (4) Na-Cu- ETS-10(B)
dehydrated at 673 K; (5) GO bulk. The UV-Vis spectrum of the
CwO/SIO; sample is not reported, since its edge corresponds to
that of CyO bulk [41].
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-+« quantum wire, we do not expect any significant
shift upon cation exchange with Cu(Ni. The in-
variance of the LMCT edge for Na-Cu-ETS-10(B)
sample (i.e. the sample exchanged twice) is demon-
strated in Fig. 1 (spectrum 2). In this spectrum, the ap-
pearance of a new band centered around 12,706 cm
(typical d—d transition of the HCU?+ cation) is the
direct proof that cupric cations have been successfully
inserted in the ETS-10 sample. Dehydration of the
sample by evacuation at 383K causes an increase of
the d—d transition intensity together with a blue shift of
the maximum at 13,400 cnd (spectrum 3 in Fig. 1).
This is exactly the expected behavior of the d-d
band upon loss of the coordinated water molecules,
and similar spectra have recently been reported for a
CU?t-ZSM-5 sample [42]. The same experiments per-
formed on the Na-Cu-ETS-10(A) sample (not reported
for brevity) yield to similar although less intense
spectra, as expected for a less-exchanged sample.
Upon increasing the thermal treatment tempera-
ture (spectrum 4 in Fig. 1), the spectrum of sample
(B) (and sample (A) as well, not reported) change
abruptly. However, the modification is completely
different from that observed for Gi-ZSM-5 [42].
Starting from 473K, in C&"-ZSM-5 a progressive
decrement of the d—d band is observed up to its total
disappearance on samples activated at 673 K, witness-
ing that Cd* — Cu™ reduction is occurring [42].
On sample Na-Cu-ETS-10(B), the appearance of two
strong and complex edges in the 16,500—-20,000cm
region is observed. To understand this phenomenon,
a comparison with the UV-Vis spectrum of £ is
useful (spectrum 5 in Fig. 1). In fact, cuprous oxide
has a well-defined gap at 16,280th (evidenced
by the very sharp edge in Fig. 1) which coincides
with the first edge of Cu-ETS-10(B) at 16,300th
This can be explained in terms of the formation of
a consistent amount of GO particles. The second
edge at about 20,000cth is slightly blue-shifted:
we think that this is due to confinement effects in
CwO nano-particles (these effects can be observed
only if the size of the cuprous oxide crystals is in the
nanometer/subnanometer scale, see the abundant liter-
ature quoted in Ref. [10]). In conclusion, the UV-Vis
spectra reveal a bimodal distribution of £ parti-
cles. We think that the larger ones are located on the
external surface, while the smaller ones are encaged
inside the zeolite framework. Due to their smaller
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dimension, the particles encaged in the zeolite will
play a dominant role in the adsorptive properties.
Upon thermal treatment at high temperature, the
d—d band of the Cif is still observable (see inflection
at about 12,000 crm'). However, the dominating fea-
tures of CuO in the region of interest prevent a quan-
tification. Based on our experience, we shall assume
that most of the cupric cations have been reduced
to Cu" and that they belong to two families: ex-
traframework Ct counterions (like in Cti-ZSM-5)
and Cu ions in CypO particles. This assumption
will be strongly confirmed by the IR studies reported
hereafter.
The presence of GO in Cu-zeolites prepared with
this cation exchange method is not unexpected, and
already claimed by several groups (see above). Note
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Table 1
N-N stretching frequencies of di-nitrogen adducts in zeolites,
zeotypes, and on supported Qu

Sample v(NN) Reference
(em™)
Na-ETS-10 2333 This work and [21]
K-ETS-10 23315 [21]
Na-Cu-ETS-10(A) Na site 2331 This work
Na-Cu-ETS-10(A) Cul site 2281 This work
Na-Cu-ETS-10(B) Na site 2329 This work
Na-Cu-ETS-10(B) Cu site 2285 This work
CwO/SIO 2283 This work
Cu™-mordenite 2299 [54]
Cut-ZSM-5 2295 [36]

Na-Cu-ETS-10(A) and Na-Cu-ETS-10(B), parts (a),

also that we have already used the same preparation(b) and (c), respectively. Part (a) reports the al-

method for supporting G on silica or on MCM-41
[40,41]. It is in fact well known that CuO, formed
by thermolysis of Cu(N@)2, has the propensity to
lose oxygen atoms when heated at high tempera-
tures in vacuo: this implies that a thermal treatment
of the samples causes the “self-reduction” of CuO
into CwpO. We think that the formation of GO
particles in ETS-10 is likely favored by the high cop-
per concentration inside the exchanged (hydrated)
material.

3.2. IR spectroscopy of adsorbed Na

The use of di-nitrogen as probe molecule is partic-
ularly suitable, since the N-N stretching frequency is
expected to appear in two definitively different spec-
tral regions for the N&. - - N, and for the Cdi- - - Ny
adducts. It is a matter of fact that the interaction of N
with alkali-metal cations, being only of electrostatic
nature, yields @(NN) in the 2335-2325 cmt range
[21,52,53], while the interaction with cuprous ions
inside zeolites gives a(NN) in the 2300-2295 cmt
region [36,54]. For sake of comparison, Table 1
reports the N—N stretching frequencies of di-nitrogen
adducts in zeolites, zeotypes and orp,Oudispersed
on silica. The use of Nwill thus allow a spectro-
scopic determination of the exchange level for acces-

ready known sharp and well-defin@dNN) band of
Na' - - N, adducts in ETS-10, at 2333 cth[21]. The
spectra reported in part (b) show the same band, now
reduced at about 50%, and a new broader absorption
in the 2300—-2275 cmt range. The fact that the for-
mer component is further reduced, while the latter is
further increased after a second cation exchange (part
¢), allows the straightforward assignment of the low
frequency band to Cl - - N, adducts. By measuring
the intensity decrement of the 2333thband, it is
inferred that about 50 and 70% of the originalNa
accessible cations have been substituted after the first
and the second copper exchange. Nothing can be said
for inaccessible cations.

Itis worth noticing that the 2285 cnt band is more
resistant to degassing than that at 2333 tniThis
reflects the higher interaction energy of the'Cu Ny
adduct with respect to the Na. - N, one.

The band ascribed to Cu--N; adducts is rather
broad (FWHM = 17 cnt1), especially when com-
pared with that of the 2333 cm band (FWHM =
2.5cm™1), or with the width of the band observed
for Cu™-..N, adducts in a Ch-ZSM-5 prepared
from CuCl (FWHM = 6cm! [36]). This observa-
tion proves that the Cucations in an ETS-10 sample
obtained after thermal activation of the correspond-
ing cupric sample have heterogeneous structures.

sible cations, i.e. those present in the 12-membered The value of the frequency maximum merits few

rings forming the channels.
Fig. 2 reports the IR spectra of di-nitrogen dosed
at increasing equilibrium pressures on Na-ETS-10,

comments. In fact, in sample (B), it is located at
2285cn! (at P(No) = 5Torr): this frequency is
definitively lower than those obtained by Kuroda et al.
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Fig. 2. Liquid nitrogen IR spectra of Ndosed at increasing equilibrium pressures (from?.@® 5 Torr; 1 Torr~ 1333 Pa) on Na-ETS-10,
Na-Cu-ETS-10(A) and Na-Cu-ETS-10(B) samples, parts (a), (b) and (c), respectively. The inset in part (c) reports the same experiment
performed on the GiO/SiO, sample. The inset in part (b) reports a magnification of the highest coverage spectrum in the 2310=2265 cm
range; the vertical arrow indicates the high frequency shoulder attributed to the N-N stretching frequepadsbibed on isolated Cu
counterions inside the ETS-10 channels.
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Fig. 3. (a) IR spectra of CO dosed on Na-Cu-ETS-10(B) sample at about 77 K; (b) IR spectra of CO dosed on Na-Cu-ETS-10(B) sample
at RT; (c) IR spectra of CO dosed on £WSiO, (pressures between 19 and 10 Torr).
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[54] on Cuf-mordenite (2299 cmt) or by Bordiga
and co-workers [36] on C+ZSM-5 (2295 cnTl).
To advance a reasonable explanation of this
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low-temperature spectra are concerned, the band of
the Na -..CO adducts formed on the fraction of
unexchanged sodium cations cannot be observed as

observation, we have performed the same experimentwell, since it is totally overshadowed by the much

on the CyO/SiO, sample (see Fig. 3c). Ndosed
on CypO/SIO, gives rise to a very weak absorption
at 2283cm! (FWHM = 10cnT 1), together with a
high frequency shoulder developing only at the high

strong spectral features of Cucarbonyls (which
appear in the same spectroscopic region, but have
a considerably higher extinction coefficient due to
the relevant role played byt-back donation in the

N, pressures. On the basis of a previous SEM and Cu"- .- CO bond [46]).

TEM study on pure and silica-supported 2Qu[41],
we ascribe the 2283 ¢t band to Cd - - - N» adducts
formed on Cu sites of the unpolar G®D(111)

facelet or terrace. The high frequency band is tenta-

tively ascribed to Cti--- N, adducts formed, either
on less dominant facelets, or on the less coordi-
natively unsaturated cuprous cation of the (111)
face [41].

The spectroscopy of CO interacting with cuprous
ions in ETS-10 is rather complex: the spectra recorded
at RT and the low coverage spectra of the low-
temperature experiment show the presence of two
very broad bands (in the 2160-2120chand in the
2200-2170 cm intervals). The broad nature of these
bands well agrees with the heterogeneity of*Cu
cations already monitored by>Nvide supra, Fig. 2).

From these considerations, we conclude that the At the highestPco, the low-temperature spectra (in

broad absorption in the 2300-2275¢chrange, on

(A) and (B) samples is due to the simultaneous pres-

ence of a dominant band at 2285d=n(due o N
adsorbed on GD nano-crystals) and to a less intense
component at about 2295 crh (due to N adsorbed
on Cu" counterions). The latter component can be
better appreciated in the inset of Fig. 2b, where a
magnification of the highest coverage spectrum is
reported in the 2310-2265 crhrange.

By comparing the intensity of the band due to
Cu™- - - N> adducts on Cz0/SiO>, and that measured
on Na-Cu-ETS-10(B), we infer that GO is under
highly dispersed form. This observation agrees with
the observed energy gap of thefQuparticles hosted
in ETS-10 (20,000 cmt), blue-shifted with respect
to that of bulk CyO, due to confinement effects (see
Fig. 1).

The minor IR absorption at 2315 crhobserved at
the highest pressures in Fig. 2c is of difficult attribu-
tion. We just mention that it has not been detected in
the sample Na-Cu-ETS-10(A).

3.3. IR spectroscopy of adsorbed CO

The IR spectra (recorded at nominal 77K tem-
perature and at RT) of increasing doses of CO on
the Na-Cu-ETS-10(B) sample are reported in Fig. 3a
and b, respectively. As CO does not interact with
Na" cations at RT, the spectra reported in Fig. 3b
concern only copper carbonyl adducts. As far as

Fig. 3a) show two new, and rather narrow, bands at
2191 and 2162cm'. This fact contrasts with the
broad character of the precursors described before. In
spite of the evident complexity of the spectra reported
in Fig. 3 (a and b), their interpretation can be made
in a straightforward manner on the basis of a detailed
comparison with the results obtained on QdSIO,
and on Cd-ZSM-5, Cu"-B, Cu"-mordenite and
Cu™-Y (Figs. 3c and 4, respectively).

Of special utility is the comparison with the spec-
tra of CO on CyO/SiQ, (Fig. 3c). According to
Ref. [41], the band at 2132 cm (lowest dosage)
progressively shifting to 2127 cm upon increasing
the CO pressure, is assigned to*Cu- CO adducts
formed on mono-coordinated Cusites of the unpo-
lar Cp,O(111) facelets of GO microcrystals and
the bathochromic shift is ascribed to the progressive
building up of lateral interactions among adjacent ad-
sorbates. Upon increasing tigo, two components
at 2162 and 2127 crd show up, which are assigned
to the asymmetric and symmetric stretching modes
of the complex Cu- - (CO), [41]. Both bands un-
dergo a red shift (from 2162 to 2154 and 2127 to
2120cntl, respectively, Table 2) with CO coverage.
Also in this case, the shift is ascribed to lateral in-
teractions among adsorbates. The spectra of CO on
pure CyO polycrystals are similar and the frequen-
cies of the relevant bands are reported in Table 2. In
no cases, the formation of Cu. - (CO); adducts has
been observed on GO.
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Fig. 4. IR spectra of CO dosed, at liquid nitrogen temperature, oh-Z3M-5 (bottom dotted lines), Cumordenite (bottom full lines),
Cut-B (top dotted lines), and CuY (top full lines) zeolites. Parts (a), (b) and (c) reports low, medium and high CO equilibrium pressure
spectra, respectively, approximately corresponding to mono-, di- and tri-carbonyl complexes.

Coming now to the spectra of CO on Cueolites V(CO) in Table 2). Contrarily to what observed for
(ZSM-5, 3 and mordenite), it is worth recalling thatat both CypO/SiO, and pure CpO, the position of these
low CO equilibrium pressures (Fig. 4a), a single band bands is not affected by the CO equilibrium pressure,
is observed for the monocarbonylic complex (see since adsorbate—adsorbate interactions are not present.

Table 2

C-0, 1a(CO),, (m =1, 2, 3), stretching frequencies of carbonyl adducts irf-@eolites, CuO/silica and CwO?

Sample v(CO) 1 (CO)2 vh(CO)2 11(CO)3 Im(CO)3 vh(CO)3 Reference

(cm™1) (cm 1) (cm™1) (cm1) (cm1) (cm1

Cu*-ZSM-5 2157 2151 2178 =2138 2167 2192 [36]

Cut-B 2157 2152 2180 2146 2167 2193 [39]

Cu'-mordenite 2159 2150 2180 =2145 =2165 2190 [38]

Cu*-Y Site Il 2159 2148 2178 =2138 2165 2188 [37]

Cut-Y Site II* 2143 2135 2168 =2138 2165 2188 [37]

Cut-MCM-41 2159 2152 2180 2138 2171 2194 [40]

Na-Cu-ETS-10(B) =2155 =2150 =2180 =2135 2162 2191 This work
isolated Cd site

Na-Cu-ETS-10(B) 2141 =2130 =2165 Not observed Not observed Not observed  This work
Cw0O site

CwO/SIO, 2132-2127 2127-2120 2162-2154 Not observed Not observed Not observed [41] and

this work

Bulk Cup,O 2127-2121  2121-2113 2158-2145 Not observed Not observed Not observed [41]

Cwp,O/MCM-41 =~2141 =2133 =2155 Not observed Not observed Not observed [40]

Na-ETS-10 2178 Not observed Not observed Not observed Not observed Not observed [21]

2When needed, label “a” (a: I, m, h) refers to low, medium and high frequency components of the adduct. For comparison, also the
v(CO) observed on Na-ETS-10 is reported. For,OiSiO; and bulk CyO samples, an interval of frequencies has been reported for
v(CO), 11(CO)2 and L (CO)2, since the frequency position of the band was pressure dependent [41]. Very recently, the assignment of the
band here labeled ag(CO)3 to a third, low frequency component of the QCO); complex inside zeolites has been questioned, and the
alternative hypothesis that it could be due to liquid-like CO physisorbed on the zeolitic walls has been put forward [55].
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On Y zeolite, the situation is slightly more complex
since two different Cti- - - CO adducts characterized
by 1(CO) = 2159 and 2143 cm' are observed. This
IR evidence is supported by Rietveld refinement of
XRPD data collected at the BM16 beamline at the

ESRF, where two different cationic sites have been de-
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which are able to extract the Cucations from the
original positions. In other words, the €(CO)
complexes do not have “memory” of the structure
of the original Cd sites. This last statement has
been supported by independent EXAFS [46,55] and
synchrotron radiation XRPD [37] experiments.

termined in the supercage [37]. These sites have been Coming to CyO supported on MCM-41 [40], we

labeled as Il and 11: the second lies in a more shielded
position and is responsible of the band at 2143&m
On all zeolites, by increasing the CO equilibrium pres-
sure (Fig. 4b), the formation of Gu- - (CO), adducts

is observed, as proved by the formation of two new
bands at 2135-2151 and 2168-2178¢niTable 2)

just underline that samples with low copper content

(like sample Cu-MCM-41, C(5i = 1 wt.%) show CO
bands very similar to those observed in zeolites,
while samples with high Cu content (sample Ou
MCM-41, Cu/Si = 10 wt.%) show additional compo-
nents similar to those of CO on @Q (see Table 2).

assigned to the asymmetric and symmetric stretching These observations led to the conclusion that the im-

modes of the complex [36,38,39]. According to the
presence of two different sites (Il and)lin Y zeolite,
two doublets have been observed.

A further increase of the equilibrium pressure
(Fig. 4a), causes a total (ZSM-5 [433, [39]) or a
nearly total (Y [37]) CU - - - (CO)2 — Cu' ---(CO)3

pregnation with copper nitrate is a good method for
grafting isolated Ctl cations in the MCM-41 inner
surface when low copper loading are used, and that
the method gives preferentially @0 microparticles
at high Cu loading [40].

After this essential comparison with already under-

transformation, accompanied by the appearance ofstood systems, we can discuss the IR spectra of CO

a new triplet of IR active bands at 2138-2146,
2165-2167, and 2188-2193cCfn (Table 2). This
triplet has been interpreted as the IR manifestation
of Cu'. .. (CO) complexes with a symmetry rather
lower than G, [36,38,39,43] (only two IR active band
are in fact expected in the case of g, Gymmetry). It

is, however, worth recalling that the assignment of the
band at lower frequencies to the third, low frequency,
component of the Ct(CO); complex has been re-
cently questioned [55]. It is a matter of fact that the
low frequency band lies in the 2135-2146THhin-
terval, i.e. very close to the absorption of physically
adsorbed CO (2138cm) [56]. We shall not enter
in this debate here, since the problem of the local
symmetry of Ct’(CO); complexes hosted in zeo-
lites is not relevant for the present work. As far as

dosed on Na-Cu-ETS-10(B) sample. The broad
component with a distinct maximum at 2141cth
appearing at the lowest dosage can be ascribed to
Cut...(CO) complexes formed on GO nano-crys-
tals. On the basis of the data concerning™Gan ze-
olites, the shoulder around 2155 this assigned to
CO adsorbed on atomically dispersed cuprous coun-
terions in ETS-10. Upon increasifto, both species
are transformed into Cu--(CO), complexes. The
two 1(CO), frequencies of Cti(CO), complexes (see
Table 2) do not shift with coverage: this is the proof
that the size of the G nano-crystals on ETS-10 is
so small that the lateral interactions among adsorbed
CO molecules in ordered bi-dimensional layers can-
not build up.

The narrow bands at 2191 and 2162¢m(high

Cu-mordenite is concerned, the additional presence Pco) occur at frequencies very close to those reported
of cations in the less accessible side pocket sitesfor Cut...(CO) adducts hosted in Cuzeolites
leads to the simultaneous presence of mono-, di- and (see Table 2): they are consequently assigned to

tri-carbonyl adducts even at the higher equilibrium
pressures [38], a fact which is originating a broader
and rather unresolved IR spectrum (Fig. 4c). An in-
teresting property of the Cu-.-(CO) adducts is

represented by the small half-width of the IR bands,

tri-carbonyl complexes formed on Cucounterions
inside ETS-10. The narrow character of the'@0O)3
bands is also typical of tricarbonylic complexes.

The spectroscopy of CO dosed on Na-Cu-ETS-
10(A) sample (not reported for brevity) is similar to

which is not influenced by the heterogeneity character that reported in Fig. 3a and b, the only difference con-
of the sites. This relevant fact is explained in terms sisting in the relative intensity of the bands ascribed
of the high complexing power of the CO molecules, to CO adsorbed on GO microcrystals.



100 S Bordiga et al./Catalysis Today 70 (2001) 91-105

0.1au.
0.4 1

2350 2300 2250 2200

a) b)

0.1au. M

0.4 4 I

4
2350 2300 2250 2200

Absorbance units

0.0 0.0 4

T T T F T T T —%
1900 1800 1700 1900 1800 1700
Wavenumber cm-1 Wavenumber cm-1

Fig. 5. IR spectra of NO dosed on Na-Cu-ETS-10(B) sample as a function of the temperature increase from liquid nitrogen temperature to
RT. (a) First stage; (b) final stages. During stage (a),Rke increases from about 1 (at T < 150K, line 1) to 10 Torr (af” = 150K,

line 3). During stage (b), the pressure is constant (about 10 Torr), and the temperature is between 150 (line 4) and 273K (line 15). The
insets report the 2380—2190 ciregion, where some products of the NO decomposition reaction are expected.

3.4. IR spectroscopy of adsorbed NO ions during the thermal activation and that the ob-
served band must be ascribed to"@NO), (n = 1, 2)

Like N2 and CO at 77K, NO is a probe of cationic complexes.
sites in Cu-exchanged zeolites. However, unlike the  The doublets at 1708—-1809 and 1743-1885tm
N2 and CO probes, when the temperature increasesinitially increase (Fig. 5a, curves 2 and 3) and then de-
up to RT, NO can yield a complex redox chemistry crease (Fig. 5b, curves 4-15). The peak at 1775'%cm
related to nitric oxide decomposition. This is shown increases slightly with temperature and does not
in the experiment reported in Fig. 5, where the spectra disappear even at RT (Fig. 5b). The increase with
of NO initially dosed at low temperature on sample temperature of the absorption in the 1915-1880tm
Na-Cu-ETS-10(B), and the spectra obtained during range (Fig. 5a) is indicative of the formation of stable
the successive gradual warming to RT are reported. Cu?*(NO) complexes as a consequence of redox reac-
During the warming procedure, thByo changes tions occurring on the surface. Simultaneously (see in-
abruptly from 7x 10~2 to 10 Torr (at about 150 K). sets), bands typical of adsorbed (gbout 2350 cm?)

The bottom curve of Fig. 5a is the IR spectrum and of adsorbed O (about 2250cml!) appears
(curve 1) of adsorbed NO at the nominal liquid ni- (Fig. 5a) (vide infra). The intensities of the peaks as-
trogen temperaturePyo = 7 x 10~2 Torr NO). This sociated with the weakly adsorbed species decline as
spectrum is rather complex, showing two dominant the temperature increases and tends to disappear at RT.
peaks at 1708 and 1809 cthand two less intense To facilitate a detailed assignment of the bands illus-
peaks at 1743 and 1775 crand a shoulder around  trated in Fig. 5a, an identical temperature-dependent
1885cnT!. The absence of any significant band in experiment has been ad hoc repeated opQZRiO;.
the 1915-1880 cmt range, where the N-O stretch- The spectra resulting from this experiment are reported
ing frequency of C&"---(NO) adducts is expected in Fig. 6a and b.

[32,36,57], implies that nearly all cupric ions in At the lowest temperatures (Fig. 6a), two bands
accessible positions have been reduced to cuprousare observed at 1775 and 1881 chdue to adsorbed
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Fig. 6. IR spectra of NO dosed on g0/SiO, sample as a function of the temperature increase from liquid nitrogen temperature to RT.
(a) First stage; (b) final stages. SpectrumPho = 7 x 102 Torr (T = 77 K); spectrum 3:Pyo = 1Torr (T = 150K); spectra 4-12:
Pno = 1Torr (150< T < 273K); spectra 12-16: outgassing at RT.

NO. The latter is ascribed to €t.--NO adducts
formed on a small fraction of non-reduced cupric
cations (vide infra), while the former is assigned to
the Cu™- - - NO complex formed on mono-coordinated
Cu* sites of the unpolar G®(1 1 1) face. Upon in-
creasing temperature and pressure, the 1775cm

band increases reaching a maximum and then de- I
clines. Simultaneously, a doublet shows up at 1709 /
and 1811 cm!. The components of the doublet are

ascribed to the Cli - - (NO), (3 (NO)» = 1709 cntt
and in(NO), = 1811cnt?l) formed following the

reaction Cd ---NO+ NO — Cu™ --- (NO)». These B
assignments are confirmed by the spectra reported in§

part (b) of Fig. 6 where a further temperature increase < |zsms

(at constantPyo) makes the mono-nitrosyl more B

0.25 a.u.

rbance units
N
w
=
&

-

MOR
stable and inverse Cu--(NO), — Cu™-.--NO MOR
reaction takes place. Y X8 Y\J
As was the case for CO, a brief overview on the ' . . . . .
literature concerning the IR spectroscopy of NO on 1875 1800 1725 1875 1800 1725
Cu-zeolites, see e.g. Refs. [32,33,36,39,43,44,47,50, Wavenumbers cm” Wavenumbers cm”

57_59]’ C.an gwde the mterpretatpn of the spectra Fig. 7. IR spectra of NO dosed, at about 100K on, from top
reported' in Fig. 5a and b. For t'hIS reason,.Flg. 7 10 bottom: Cit-ZSM-5, CuF-, Cu-mordenite and Ct-Y zeo-
summarizes the IR spectra obtained by dosing NO |ites. Parts (a) and (b) show low and high equilibrium pressures,
on Cur-ZSM-5, Cu"-B, Cut-mordenite and Ct-Y respectively.
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zeolites: low and high equilibrium pressures (parts
(a) and (b), respectively).

The IR spectroscopy of nitrosyl complexes formed
at low temperature on Cusites in zeolites shows a
poly-addition similar to that observed for carbonyls,
however, Cd- - - (NO)3 complexes have not been ob-
served. At low equilibrium pressure, the formation of
Cut...NO adducts gives a single N-O band in the
1811-1814 cm? range (se@(NO) in Table 1), with
the only exception of Ct-Y, where NO adsorbed on
the more shielded1lposition results in a second com-
ponent atb(NO) = 1788cnt! [37]. This result is
analogous to what was obtained with CO.

The increase of NO equilibrium pressure causes
the splitting of the mono-nitrosyl band into the
asymmetric and symmetric stretching modes of the
Cut. .. (NO), complex §(NO)2 andvh(NO); in the
1728-1734 and 1824-1827 chrange, respectively,
see Table 3). For ZSM-5 an@, even at the lowest

observed in the low-temperature spectra are in fact
two doublets due to Cu-.(NO), adducts formed

on CwO (5 (NO), = 1708cnt! and 1h(NO), =
1810 cn1?, strong) and on Cticounterions i (NO)»

= 1740 cnt! andvh(NO), = 1830 cntt, weak) and

two unresolved bands in the 1790-1770¢megion

due to the corresponding Cu. - NO complexes. As
expected, both doublets increase during the first stages
of the experiment (Fig. 5a) and then decrease at higher
temperatures (Fig. 5b), where the absorption due to
the two mono-nitrosyl complexes dominates. The
symmetric and asymmetric stretching frequencies of
di-nitrosyl complexes formed on GO nano-crystals

is very close to those observed on QiSO sample,
while the corresponding doublet ascribed to adducts
formed on Cd counterions lies at frequencies about
10 cnT ! higher with respect to those measured for the
same adducts in the other €uzeolites (see Table 3).
The exact location of mono-nitrosyl complexes is not

NO equilibrium pressure, we observe the presence feasible, due to the strong overlap between the bands

of the two Cu - - - (NO), bands superimposed to that
of the mono-nitrosyl. The increase of the NO equi-
librium pressure yields to the total Gu.--NO —
Cu® ... (NO), transformation (Fig. 7b). This does
not hold for MOR and Y, where the transformation is
only partial.

At this point, the interpretation of the IR spectra
obtained by dosing NO on Na-Cu-ETS-10(B) sample
(Fig. 5a) is straightforward: the five components

due to the complexes formed on the two cuprous
sites. As a consequence, the corresponding wavenum-
bers reported in Table 3 are only indicative. However,
the fact that the broad band in the 1790-1770¢tm
region is due to the superimposition of more than
one component is supported by the evidence that the
absorption is broad and its maximum (Fig. 5b) shifts
from 1778 to 1787 cm! by increasing the tempera-
ture. The shift can be ascribed to a variation of the

Table 3

N-0, 13(NO),, (m =1, 2), stretching frequencies of nitrosylic adducts int€eolites and in C&O (pure and supporteti)

Sample (NO) (cm™1) 5 (NO), (cm™1) h(NO)2 (cm™1) Reference
Cut-ZSM-5 1812 1734 1827 [36]

Cut-B 1811 1730 1826 [39]
Cu™-mordenite 1812 1731 1826 [39]
Cu*-Y Site Il 1814 1728 1824 [37]

Cut-Y Site II* 1788 Not observed Not observed [37]
Na-Cu-ETS-10(B) isolated Cusite =1787 1740 1830 This work
Na-Cu-ETS-10(B) CpO site =1778 1708 1810 This work
CwO/SIO 1775 1709 1811 This work
CUW?+-ZSM-5 1890 Not observed Not observed [36]
Na-Ci#+-ETS-10(B) 1880 Not observed Not observed This work
Cu?t on CwO/SiO, 1894 Not observed Not observed This work
Na-ETS-10 1898 Not observed Not observed [21]

alabel “a” (a: I, h) refers to low and high frequency components of the di-nitrosylic adducts. For ZSM-5, Na-Cu-ETS-10(B) and
Cw0/Si0O; samples, also the IR frequency of the 2Cu - (NO) adduct formed upon oxidation of Guby NO have been reported.

For comparison also the most intense IR component obtained upon dosing NO on the Na-ETS-10 sample, before cation exchange with

Cu(NQs)2, has also been reported.
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relative ratio between mono-nitrosyl adducts formed 2NO — Nz + O»
on the two Cd sites. It is now worth noticing that
the 1778cm? frequency is very close (3cm) to The spectroscopy of NO dosed on Na-Cu-ETS-10(A)
that found for the Cti---NO complexes formed on sample does not show new relevant bands, conse-
CwO/SiO sample (see Fig. 6 and Table 3). As a quently _these spectra are not discu_ssed in detail. We
consequence, the assignment of the 1778%oom- only notice that the bands c_iue 'Fo mtrqsyl complexes
ponent to mono-nitrosyl complexes formed on,Ou ~ ©n CkO have smaller (relative) intensity.
nano-particles is rather safe. The same does not hold
for the frequency of the Cu - - NO complexes formed
on the less abundant Cicounterions. 4. Conclusion

Once the discussion and the assignments of the
components due to NO adsorbed on cuprous sites has A complete IR study of i, CO and NO adsorbed
been made (1850-1650 cthregion in Figs. 5and 6),  on a Cu-exchanged ETS-10 activated at 673 K under
we can discuss the 1950-1850chregion, i.e. the  dynamic vacuum is reported. In spite of the com-
region where Ctit---NO complexes are expected plexity of the IR spectra, an exhaustive assignment of
[32,36,57]. This band is virtually absent in the spec- the observed components has been made on the basis
tra taken at lowest temperature on Na-Cu-ETS-10(B) Of an accurate comparison with similar experiments
sample (Fig. 5a) and in GO/SLO sample (Fig. 6a).  carried on several Cuzeolites and CzO particles
Upon increasing the temperature, in both cases, adispersed on silica and on MCM-41. Two differ-
continuous increase of this band is observed; this ent families of cuprous sites are evidenced: (i)"Cu
indicates that NO begins to oxidize Cwations to  Sites of CgO nano-crystals formed during sample
CU?*. In other words, both samples become active activation; (ii) Cu" counterions, balancing the nega-
catalyst in the decomposition of NO. This conclusion tive charge of the framework. The size of the Cu
is based on the analogy with the results obtained on nano-crystals entrapped in the channels and cavities
Cut-ZSM-5 [36]. This statement is supported by the Mmust be very small, as evidenced by: (i) the blue shift
evolution of the IR bands in the 2380-2190cthh  of the adsorption edge, with respect to bulk2Cu
region (see inset in Fig. 5a and b), where some Observed by UV-Vis; (ii) the absence of CO-CO
products of the NO decomposition reaction (And interactions (which are on the contrary present on
N,O) are expected. The most intense band lies in the extended facelets and terraces of well-shaped micro-
2260-2230cm! range and is ascribed to the pres- crystals). For these reasons, the hypothesis that part
ence of weakly bonded D species [36]. In the same  Of the CyO nano-particles are trapped inside the

inset, a composite absorption at 2370-2345trs ETS-10 channels is reasonable. The cuprous sites are
also evident; following Ref. [36], we attribute the active in the decomposition of NO, as demonstrated
latter band to N molecules adsorbed on €usites. by a temperature-dependent IR study.

The complexity of both bands can be ascribed to the

heterogeneity of Cu sites in the Na-Cu-ETS-10(B)

sample. As far as the 2370-2345chband is con-  Acknowledgements

cerned, a contribution of NO species cannot be ex-

cluded [60]. These species could be formed in a side  This project has been supported by MURST (Cofin
process through disproportionation of liquid-like NO 98, Area 03). We are indebted to J. Rocha and M.W.
into NO* 4+ (N2O»)~ or into NO™ + N2O + NO,~ Anderson for having supplied a copy of manuscript
ionic species [61]. The absence of the band in the [7] prior publication.

2300-2275cm! region upon direct adsorption of

N2 rules out any assignment based on di-nitrogen

molecules adsorbed on Csites. Of course, the for-  Note added in proof

mation of N> indicates that the NO decomposition into

N2 and G is already initiating following the plausible After the submission of this work some important

scheme: papers have appeared in the literature [62—64]. Ref.
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[62] reports a combined XPS and XANES study on
the thermal Cé" — Cu' reduction and should be

quoted together with Refs. [42,48-51]. It also reports
a combined IR and microcalorimetric study on the
adsorption of CO on Cu-ZSM-5 zeolite. Ref. [63] is

a review article on metal carbonyls where the reader

can be found the C-O stretching frequencies of dif-
ferent Cu ... (CO), (n=1,2,3,4) complexes, to be

compared with those reported here in Table 2. Finally,
Ref. [64] is a review article on the surface charac-
terisation of oxides and halides. In that work several

N-N, C-0O and N-O stretching frequencies have been
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