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Ordered mesoporous materials are interesting because of their
special framework topologies, high surface areas, and control-
lable particle sizes, pore sizes, and pore volumes.'> These
properties make the materials interesting in different application
areas including catalysis,®* sorption,” separation,®” drug
delivery,®® sensors,'® photonics,'" and magnetism.'*'? The first
templated ordered mesoporous materials were synthesized around
1990 using soft templating pathways.'*'> Following the soft
templating pathway different kinds of ordered mesoporous
silicas'®'” and nonsilica materials such as Cr,03,'® y-Al,03,"?
TiO,, ZrO,, Al,03, Nb,Os, Ta,0s, and WO3 were successfully
synthesized.?® Lyons et al. fabricated a series of mesoporous
lanthanide oxides using hexadecylamine as a soft template.?’
Nanocasting is an alternative method to prepare materials that
are difficult to synthesize by conventional pathways.?*** This
hard templating approach has been applied to produce different
kinds of metal oxides, such as C0304,2*2° Cr,03,272® Mn304,%°
o-Fe,03,%° y-Fe,03, Fe;04,%"' 2-line ferrihydrite,'* and NiO.??
Lu et al. reported that in principle it is possible to take the
nanocasting process one step further and use the nanocast carbon
CMK-3 as a matrix for the preparation of ordered mesoporous
silica. Although this brings one only back to the starting point,
it proved the possibility to use ordered porous carbons to
template ordered inorganic materials.>® Following this work,
several ordered mesoporous materials like MgO,** boron ni-
tride,® y-Al,03,%® aluminosilicate,>” Cu0,*® and ZnO*° were
nanocast using ordered mesoporous carbon as a hard template.

Cobalt monoxide, CoO, crystallizes in the rock salt structure
where Co®”" ions are octahedrally coordinated by lattice oxygen.
Nanostructured CoO materials have attracted much attention
because they exhibit superparamagnetism or weak ferromagnetism
and thus have potential applications based on their magnetic
properties.*® Nanostructured CoO materials (nanoparticles or
nanocrystalline samples) have mainly been prepared by thermal
decomposition of metal-surfactant complexes in high boiling
solvents or by controlled oxidation of Co,(CO)g or metallic cobalt
nanoparticles.*'**> Another possible method to obtain CoO is the
reduction of other cobalt oxides such as Co3O4 and Co,03. Zhang
et al. reported the preparation of monodisperse tetrapod-shaped CoO
nanocrystals via an alcoholysis route using Co,03 as precursor and
dodecanol as solvent and reducing agent.** Alcohols have been
used also in other oxide reduction processes. The preparation of
metal powders through alcoholysis or the polyol process has mainly
been focused on ethylene glycol or diethylene glycol or their
mixtures as reducing agents.***> Sinha et. al reported the prepara-
tion of silver nanoparticles using glycerol as solvent and reducing
agent.*®

In this report, we describe the exploration of possibilities for a
pseudomorphic reduction of ordered mesoporous metal oxides by
high temperature treatment with glycerol, which was most thor-
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Figure 1. Low (a) and wide (b) angle XRD patterns of the samples before
(C0304) and after (CoO) glycerol treatment.

oughly studied as an example of the reaction of Co3;0, to CoO.
The glycerol process is a gentle reduction procedure, which
maintains the framework topology on the mesoscale (thus we use
the term pseudomorphic) while changing the oxidation state and
the structure at the atomic scale. Such a pseudomorphic reduction
of a mesostructured metal oxide had previously only been achieved
for the cases of Mn30,%° and Fe;0,*' with hydrogen as reductant.

Mesoporous CoO has not been synthesized either by soft
templating or by nanocasting, and it is difficult to prepare by these
pathways. Thus, it appeared to be an ideal example for this study
by conventional pathways. First, ordered mesoporous Co3;04 was
obtained via nanocasting using KIT-6 as a hard template which
had been aged at 80 °C. Detailed information on synthesis and
characterization of mesoporous Co30, is presented elsewhere.?®
Nanocast Co30y4 has a BET surface area of 113 m* ¢~ ! and a pore
volume of 0.184 cm® g~ ' (see Supporting Information Figure S1
for the isotherm and pore size distribution of Co304). The reduction
of 150 mg of mesostructured Co;0, was carried out at 320 °C in
a fixed bed reactor with a stainless steel inlet (7 mm inner diameter).
A glycerol aqueous solution (50 wt %) was pumped into the reactor
at a flow rate of 1 mL/h with a syringe pump (Pharmacia Fine
Chemicals P-500) and evaporated at the outlet of the capillary. The
reduction time was 15 h, and during the process no carrier gas was
used. Afterward, the reactor was cooled down to room temperature
under a nitrogen flow of 20 mL/h.

The structure of the crystalline phases was examined by X-ray
diffraction (XRD). The low and wide angle XRD patterns of Co304
before and after glycerol treatment are given in Figure 1. As one
can see from the low angle XRD patterns (Figure la), after the
glycerol treatment the ordered mesostructure is preserved, the low
angle pattern is almost unchanged. The (211) and (220) reflections
are characteristic for the cubic ordered structure with Ia3d sym-
metry. The unit cell parameter was estimated from the position of
the (211) reflection to be 22.9 nm.

Possible reduction products of Co3;0, are CoO, metallic cobalt,
or a mixture of both. The crystalline phase present after glycerol
treatment is identified by XRD as pure CoO (Figure 1b). Neither
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Figure 2. XPS spectrum of Co 2p for cubic ordered mesoporous CoO.
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Figure 3. Nj-sorption isotherm and pore size distribution (insert) for cubic
ordered mesoporous CoO.

metallic cobalt nor residual CozO,4 could be observed in the XRD
pattern. However, amounts below 1—3 wt % of crystalline
compounds cannot be detected by powder diffraction methods. To
obtain additional information on the possible presence of metallic
cobalt or Co030,4, the samples were also analyzed by X-ray
photoelectron spectroscopy (XPS). The narrow scan of the Co 2p
binding energy range is shown in Figure 2. For an unambiguous
assignment of the binding energy, reference samples were inves-
tigated (not shown here). The spin orbit doublet shows satellite
peaks (shake-off) typical for the Co®" oxidation state. In agreement
with the XRD data, also XPS thus excludes the presence of metallic
cobalt at an appreciable concentration level.

The pore structures of mesoporous CoO were examined by N»-
sorption measurement; the results are presented in Figure 3. The
isotherm is type IV with an H1 hysteresis loop similar to nanocast
C0304. The material has a BET surface area of 55 m*/g and a pore
volume of 0.138 cm*/g. The pore size distribution calculated from
the desorption isotherm by the BJH method is centered at 4 nm.
However, as one can see from the insert in Figure 3, there is also
a peak around 12 nm. The KIT-6 silica template has two pore
systems. During the preparation of the nanocast Co3;Oy, the metal
oxide can grow in one or both pore systems. If it grows
homogenously in both pore systems, a nanocast metal oxide with
a uniform pore size distribution would result. If metal oxide partly
forms only in one of the enantionmeric pore systems of the template,
this leads to a replica with a bimodal pore size distribution.?®*>

Figure 4. TEM images of Co304 (a) and CoO (b) and HR-SEM images
of cubic ordered mesoporous CoO (c, d).

This bimodal size distribution is retained after the pseudomorphic
reduction by glycerol.

The structure and morphology of mesoporous CoO were further
examined by TEM and HR-SEM (Figure 4). The TEM images of
the Co304 before and after reduction are presented in Figure 4a
and b, respectively. As one can see from Figure 4a, nanocast Co3;04
consists of a coupled and an uncoupled ordered subframework. The
well ordered structure of the CoO after the reduction can be seen
clearly from the TEM images (Figure 4a). The particle size of the
sample is in the range 150—1200 nm, and detailed analysis gives
an average crystallite size of ~8 nm for the individual domains
forming the mesostructure, in good agreement with the value
obtained from the XRD pattern by the Scherrer equation (10 nm).
The Co0304 domains prior to reduction had a size of 11 nm,
suggesting that the individual domains retain their identity during
reduction.

HR-SEM images of the sample are in agreement with the N,-
sorption measurements. The HR-SEM analysis reveals two types
of structures in the materials. Figure 4c shows a coupled, dense
framework, while Figure 4d presents mostly an open uncoupled
framework structure; both were found in the same sample. As
mentioned already, if the metal oxide grows homogenously in both
channels of the KIT-6 template, a replica with a coupled subframe-
work and only one pore system could be obtained. If the metal
oxide grows (in part of the template silica) within only one of the
channel systems of the KIT-6 structure, the resulting nanocast metal
oxide will have an uncoupled subframework beside the coupled
subframework. In this case the nanocast metal oxide shows a
bimodal pore size distribution. As one can see from the HR-SEM
images (Figure 4d), in the case of the uncoupled subframework
structure CoO has an average pore size of ~12 nm in good
agreement with N,-sorption measurement (Figure 3, insert).

To further explore the novel glycerol reduction pathway, different
reducing agents and reaction conditions to optimize the preparation
pathway were studied. Longer reduction times, such as 24 h, gave
essentially the same results. The reduction of nanocast Co3O4 could
not be investigated at much lower temperatures than 320 °C,
because condensation of glycerol would occur due to the high partial
pressure and the high boiling point of glycerol. If pure H, is used
as the reducing agent (15 h at 320 °C), a mixture of metallic Co,
Co0, and Co30; is obtained. Additionally, the ordered structure is
destroyed. H; is a very strong reducing agent but not very efficient
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for the reduction of Co304 to CoO. The reduction of Co;04 was
also investigated in the liquid phase. Ordered mesoporous Co3O4
(150 mg) was refluxed in 10 mL of a glycerol aqueous solution
(50 wt %). After 72 h of refluxing, the XRD pattern of the sample
indicates the presence of pure Co3;O4. This confirms that the
reduction does not happen in the liquid phase.

To explore the transferability of the method to other compounds,
we extended the investigations to iron oxide. Recently, we reported
the preparation of ordered mesoporous ferrihydrite via the nano-
casting route.'? Ferrihydrite is a reddish-brown, antiferromagnetic
material. After exposure to a flow of glycerol for 15 h at 320 °C,
we obtained a black ferromagnetic solid. After glycerol treatment,
the reflections in the low angle XRD pattern of the sample have
lost some intensity but the presence of an ordered structure is still
identifiable. The wide angle XRD pattern shows the presence of
the pure crystalline Fe;O,4 phase (see Supporting Information Figure
S2, for low and wide angle XRD patterns). This confirms that the
glycerol process can be applied to other metal oxide systems.
Further studies related to the reduction of ferrihydrite and other
metal oxides are in progress in our laboratory.

In conclusion, we have prepared an ordered mesostructured CoO
by the reduction of nanocast Co30O, using glycerol as reducing agent.
The structure and morphology of the materials were fully character-
ized. HR-TEM and HR-SEM reveal a highly ordered structure, and
the wide angle XRD pattern indicates a single crystalline phase of
CoO. Preliminary results on the glycerol reduction of mesostruc-
tured ferrihydrite reveal that the pseudomorphic reduction process
is more generally applicable, and it is expected that other low
valence state oxides can be synthesized via this method.
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