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and room temperature CO oxidation†
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Layered zeolite precursor MCM-22P can be stabilized as interlayer

expanded structure MWW-IEZ with enlarged pores by silylation

producing –O–Si(OH)2–O– bridges. It adsorbs two times more

cerium than MCM-22 and becomes activated for CO oxidation to CO2

at room temperature. This represents one of the most notable activity

enhancements upon modification of layered zeolites.
Zeolites are valuable catalytic materials1 widely used in indus-
trial processes2 with exceptional activity and selectivity
produced by their framework structures with ordered micro-
pores and strong acid sites resulting from Al incorporation.3,4

These inherent zeolite characteristics can be further expanded
and enhanced by modication with metal ions as exemplied
by the lanthanide stabilization of zeolite Y making it a superb
cracking catalyst5 and Ti-ZSM-5, which is very active for oxida-
tions.6 However, the very qualities that make zeolites excep-
tional, i.e. rigid frameworks with xed micropores, oen
prevent their functionalization with transition metals because
of size constraints or charge incompatibility. New opportunities
appeared with the discovery of zeolite framework formation as
layered materials.7 It enabled spatial modication,8 especially
expansion, similar to the well known behavior of 2D solids.9–12

As shown below, structural expansion can produce new results,
which may be prohibited by the rigidity of 3D frameworks, by
combining zeolitic activity with new metal functionality. The
eld of layered, 2D zeolites13 is expanding14 including remark-
able ndings like the rst top down synthesis of a new zeolite15

and preparation of ZSM-5 as nanosheets by design.16 The title
zeolite of this work MCM-22, with the framework denoted
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MWW, is the archetype and leading representative of 2D
zeolites. Its layers contain internal 10-ring sinusoidal channels
and 12-ring cavities on the surface. The latter form 0.7� 1.8 nm
supercages accessible through elliptical 10-ring apertures in the
3D framework MCM-22.7 Expansion of the interlayer distance
increases access to these surface cavities containing Brønsted
acid sites. MCM-22 is a commercial catalyst for aromatic
alkylation with exceptional selectivity attributed to its surface
cavities.17 More than ten frameworks demonstrated formation
of layered forms18 and their ranks continue to grow.11,19 Many
more,20 possibly all zeolites9 may allow formation of 2D species.

The precursor MCM-22P contracts upon calcination
producing the complete MWW framework but it can be
stabilized as expanded zeolite by silylation21 with insertion of
O2Si(OH)2 interlayer bridges. The product, called interlayer
expanded zeolite, MWW-IEZ, has 12-ring openings between
layers.22 It is shown here to allow increased adsorption of Ce3+

with generation of new activity – CO oxidation at room
temperature (RT), which has been monitored quantitatively
by IR. The standard 3D MCM-22 has much lower capacity
for Ce and is inactive showing no CO adsorption at RT.
The observed activation seems to be related to increased Ce
access to Al centers and generation of metal species in the
formal 4+ state.

The oxidation of CO is currently of great interest because of
the desire and mandates to remove toxic components from
exhaust gases. Many metal23 and oxide catalysts24 are active for
this process. Gold nanoparticles are very active at low temper-
atures and better than platinum metals.23 Recent examples of
active materials include cerium/ceria with noble metals25,26 and
ZSM-5,27,28 Zn in ZSM-5,29 rare earth in MCM-4130 and ceria
hollow nano-spheres.31 Rare earth incorporation into zeolites
provided the rst breakthrough in zeolite catalysis5 but proved
problematic with important medium pore high silica zeolites.
The present result with MWW-IEZ demonstrates that expansion
of zeolite structures may enhance incorporation of metal ions
and expand catalytic potential, especially oxidation, which for
zeolites is still below expectations.
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (A) IR spectra of CO adsorbed at �100 �C on cerium–zeolites,
commercial Ce2O3 and CeO2. (B) UV-Vis-DRS spectra of cerium–
zeolites.
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Results and discussion

Detailed description of experimental procedures is provided in
the ESI.† MCM-22P and MCM-56/49 were prepared using gels
with Si/Al¼ 24 and 12, respectively. MCM-22P was silylated with
CH3Si(OCH2CH3)2. The XRD, N2 sorption and spectroscopic
characterizations were based on standard procedures.

Three MWW materials were investigated in calcined forms:
the standard MCM-22 zeolite (Si/Algel ¼ 24), its IEZ derivative
with discrete O2Si(OH)2 interlayer bridges, and high Al MCM-
56/49 (Si/Algel ¼ 12) containing randomly packed MWW layers
with some 3D ordering concluded from XRD. The identity and
good quality of materials were conrmed by XRD and N2 sorp-
tion (Fig. 1 and 2). MWW-IEZ showed a distinct peak at 6.4� in
XRD, proving an interlayer distance of 2.7 nm and increased
micropore volume due to the expanded structure. For MWW-
IEZ the N2 adsorption isotherm shows a considerable slope at
intermediate pressures indicating increased access to the
interlayer space, i.e. the external surface of the layers. Basic
composition and acidity properties are listed in Table 1.

The pyridine adsorption measured by FTIR indicated high
Brønsted acid site concentrations (BAS) of over 600 mmol g�1,
consistent with previously reported data.32 The unmodied
zeolites MCM-22 and MCM-56/49 showed a slight increase of
the BAS aer incorporation of Ce3+.

The expanded IEZ form adsorbed 2 times more cerium ions
with about the same Al content as MCM-22. A signicant
reduction in the BAS ensued. The enhanced Ce adsorptionmust
be related to the expanded interlayer distance, which appears to
allow diffusion of ions between the layers. The incorporation of
Ce into high silica zeolites (Si/Al > 5) cannot occur by the
standard balancing of the 3+ or 4+ charge by 3 to 4 Al centers,
which are unlikely to be grouped close enough. The overall
effective charge on such ions may be reduced33 through inter-
actions with the oxide lattice, proton losses from coordinated
water and other not fully accounted for phenomena.

The XRD patterns show the absence of either CeO2 or Ce2O3

oxides suggesting that the sizes of postulated oxide-like clusters
are below the detection limit for this method.
Fig. 1 XRD for CeO2, Ce2O3 and Ce-MCM-22, Ce-MCM-22-IEZ, and
Ce-MCM-56/49 zeolites, (a) calcined and cerium-exchanged, (b)
cerium-exchanged and vacuum activated samples; N2 isotherms for
calcined samples.

This journal is © The Royal Society of Chemistry 2014
The nature of incorporated Ce was established by IR aer CO
adsorption at low temperature (�100 �C). The spectra, shown in
Fig. 2A, indicated only Ce3+ species in the MCM-22 zeolite while
MCM-56 and MWW-IEZ contained Ce in both 3+ and 4+
oxidation states in different proportions. Ce4+ enables oxidation
of CO as temperature increases. In all cases, the band at 2175
cm�1 due to CO on OH groups is present. CO adsorbed on
MCM-22 reveals a shoulder at 2165 cm�1, the same as when
adsorbed on bulk Ce2O3. It suggests that most of the Ce is
located at the external surfaces of the zeolite crystals, in the
form of small Ce2O3-like clusters. The Ce-MCM-22-IEZ and Ce-
MCM-56/49 show an additional IR band at 2190 cm�1, which
can be assigned34 to CO adsorbed on Ce4+. The position is at
higher frequency than in commercial CeO2 (2175 cm�1) sug-
gesting greater coordinative unsaturation of Ce4+.35

The increasing adsorption of Ce ions, apparently caused by a
greater number of Al sites accessible to them in different MWW
forms, results in increasing oxidation to Ce4+ and activation of
CO. MCM-56/49 is more open than MCM-22 and has a higher Al
content, which is presumably conducive to generation of Ce4+

centers that retain adsorbed CO and cause its oxidation. For Ce-
MCM-22-IEZ the share of Ce4+ is the highest, probably because
the increased separation of the zeolite layers produces enough
room for the Ce4+ cations to be located in exchangeable posi-
tions replacing some acidic protons.

This is suggested by the decreased concentration of BAS.
Most likely some small CeO2-like clusters are formed at the
surface of MWW layers, both internal in the crystal and external,
including surface pockets. The geminal silanols in the inter-
layer bridges appear unchanged and do not interact with
cerium.

The proposed nature of Ce centers on MWW zeolites was
supported by UV-Vis spectra (Fig. 2B), which indicated the
presence of small clusters of oxygen-coordinated Ce4+ and Ce3+

ions. A band near 300 nm is due to CeIV,36 while the band below
260 nm is assigned to CeIII. Both are very sensitive to the envi-
ronment and dispersion of Ce ions.37

The oxidation of CO was observed upon warming of the IR
cell to RT, aer the initial adsorption at�100 �C and desorption
of excess gas. The band for CO interacting with Ce4+ cations
decreased with time, and the adsorbed CO2 band (2360 cm�1)
J. Mater. Chem. A, 2014, 2, 15722–15725 | 15723
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Table 1 Basic properties of the studied materials

Zeolite Si/Al, XRF BET, m2 g�1 Ce (La), wt% BAS mmol g�1 LAS, mmol g�1

MCM-22 13 436 — 664 46
MCM-22-IEZ 13 531 — 621 112
MCM-56/49 8 324 — 678 56
Ce-MCM-22 13 — 0.40 714 95
Ce-MCM-22-IEZ 13 — 0.88 357 70
Ce-MCM-56/49 8 — 0.74 792 72
La-MCM-22 12 — 0.28 721 84
La-MCM-22-IEZ 13 — 0.52 457 110
La-MCM-56/49 7 — 0.45 963 48

Fig. 3 IR spectra recorded every 15 min in the CO (A and C) and CO2

region (B and D) for Ce-MCM-56/49 (A and B) and Ce-MCM-22-IEZ (C
andD). (Note differences in intensities between upper and lower plots.)
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increased, as shown in Fig. 3. Ce-MCM-22 did not show adsor-
bed CO at RT indicating an insufficient content of Ce4+ for
detectable reaction. Both Ce-MCM-22-IEZ and Ce-MCM-56/49
showed oxidation of CO, attributed to the presence of Ce4+. The
expanded IEZ structure was more active, which reects its
higher content of Ce4+.

The participation of Ce4+ is supported by control studies with
La-MWW materials, where 3+ to 4+ metal oxidation is not
viable. Only La-MCM-22-IEZ shows signicant uptake of CO at
�100 �C but no CO is retained at RT and consequently no
Fig. 4 IR spectra of CO adsorbed at�100 �Con activation, reduced by
CO reaction and oxidized Ce-MCM-22-IEZ.

15724 | J. Mater. Chem. A, 2014, 2, 15722–15725
oxidation is taking place (cf. ESI†). These results are important
in supporting the critical role of redox metal centers repre-
sented by Ce in contrast to La.

The restoration of Ce4+ was demonstrated for Ce-MCM-22-
IEZ. Aer evacuation of CO2 at RT the temperature was lowered
to �100 �C but new exposure to CO did not restore the Ce4+–CO
band at 2190 cm�1. This conrms that reduction to Ce3+

occurred upon CO oxidation at RT. When the sample was acti-
vated in pure oxygen (40 min, 450 �C) and the adsorption of CO
was repeated at �100 �C, the band 2190 cm�1 (CO–Ce4+) was
restored to its original intensity (Fig. 4). This demonstrates
potential for the catalytic process, which has been conrmed by
preliminary studies.
Conclusions

The reported results conrm that layered zeolite materials
provide new opportunities because of potential for post-
synthesis modication. The expansion of the interlayer space
enabled increased adsorption of larger metal cations, such as
Ce, resulting in novel enhanced activity. The approach may be
general and can be expanded to other active metals and
processes. MCM-22 is particularly attractive because of conve-
nient availability in diverse active forms.
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