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MgO has a typical rocksalt structure and possesses a high
melting point and high ionic character. Although the stoi-
chiometry and crystallinity are nearly constant, the morphol-
ogy can vary in terms of shape, particle size, and surface
structure. The MgO(100) facet is unambiguously the most
stable because of its low surface energy, and it is therefore
normally a product after cleavage, and it is the sole surface
generated by current wet chemical methods. Numerous
studies have demonstrated that the shape and size of
crystalline MgO is highly influential on the adsorption
properties and the configuration of the surface species
formed during chemical adsorption. For example, SO, is
found to bind in a monodentate fashion at the edge/corner
sites of the aerogel nanocrystal but prefers bidentate adsorp-
tion on flat (microcrystalline) surfaces."? This selectivity is
also found for acetylene in theoretical ab initio calculations
and solid-state NMR experimental studies in which no stable
dissociation products on the flat (100)-like surface could be
obtained theoretically or experimentally.”! Furthermore,
nanostructured MgO has been reported to be extremely
effective for the destructive adsorption of numerous environ-
mental toxins and several chemical warfare agents (VX, sarin,
mustard gas).®! However, the (111) surface consists of
alternating polar monolayers of oxygen anions and magne-
sium cations and thus, a strong electrostatic field perpendic-
ular to the (111) surface is created.”” Such a surface has
provided a prototype for the study of surface structure and
surface reactions, and has attracted a great geal of attention
from both experimental and theoretical studies.*”) These
studies indicate the importance of size and shape control in
MgO synthesis for its applications: it is not only the surface
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area that matters, but also the surface chemistry. Herein we
report for the first time an efficient wet chemical method to
synthesize MgO nanosheets that possess the (111) lattice
plane as the main surface.

The MgO(111) nanosheets reported herein are likely to
serve as catalysts, catalyst supports, or adsorbents with high
activity and selectivity because of their unique surface
chemistry. Theoretical studies on MgO(111) have suggested
that the polar oxide surface may be of interest for splitting
water and/or hydrogen storage.'” When MgO(111) nano-
sheets were employed for the Claisen—Schmidt condensation
of benzaldehyde and acetophenone, they were found to
exhibit activity superior to other systems, such as AlCl;, BF;,
POCI;, alumina, and recently reported nanocrystalline MgO
samples.['!]

The traditional method for preparing MgO is the thermal
decomposition of either magnesium salts or magnesium
hydroxides, which results in an inhomogeneous morphology
and crystallite size as well as a low surface area. Many
attempts were therefore made to tailor the texture and
morphology of MgO. One of the most fruitful methods has
been an adapted aerogel preparation by high-temperature
supercritical drying of a toluene/methanol solvent system to
yield approximately 4-nm cubic MgO polyhedron crystallites
with {100} surfaces that were rich in edge and corner sites and
with a surface area of 300-500 m?g .1 Furthermore,
mesoporous carbon aerogels and hexagonal arrays of meso-
porous carbon have been employed as hard templates for the
formation of MgO during thermal decomposition of magne-
sium nitrate. These templates have resulted in ordered
mesoporous MgO that mimic the structure of the templates
and have a surface area of 150 and 306 m’g !, respec-
tively.'>1® Recently, a chemical vapor deposition (CVD)
method was developed which produces MgO cubes with
controllable particle size; however, the surface of these cubes
all possess {100} surfaces and demonstrates size-dependent
optical properties.'”! Preparations and studies of MgO(111)
have thus far been limited to deposition on substrates such as
Si(100), Ag(111), and GaAs(001),"**! or alternatively by
mechanical polishing followed by acid etching, ion bombard-
ment, and electron beam annealing (1000°C) in an ultrahigh
vacuum (UHV), high-temperature annealing (800°C) in air,
and also after oxygen plasma cleaning and annealing in a
UHYV as well as various other etching and reconstruction
processes.'I These studies show the diversity and complex-
ity of MgO in terms of its shape and particle size; however, as
far as surface orientation is concerned, to the best of our
knowledge, neither selectivity nor controlled growth of
MgO(111) has been reported for substrate-free systems.

Benzyl alcohol has been found to be a successful medium
for tailoring selected metal oxides with well-controlled
shapes, sizes, and crystallinity under anhydrous conditions.
For example, anatase TiO, nanoparticles in the 4-8-nm size
range,” vanadium oxide nanorods, and tungsten oxide
nanoplatelets and nanowires with uniform morphology®->*!
were synthesized in such a medium from metal chloride
precursors. We present here a simple method for preparing a
sheetlike MgO with a thickness of less than 10 nm and, more
interestingly, which exhibits the highly ionic (111) facet as the
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major surface of the “nanosheet”. In our system, a mixture of
water and methanol was added slowly to hydrolyze the
magnesium methoxide/benzyl alcohol solution to produce the
nanosheets. Theoretical studies suggest that water plays an
important role: as chemisorption of water forms a hydroxy
surface which stabilizes the otherwise unstable (111) surface
of MgO,?" similar interactions can occur in our system.

To synthesize these MgO(111) nanosheets, a stoichiomet-
ric amount of 4-nitro- or 4-methoxybenzyl alcohol was added
to 10 wt % Mg(OCHj;), in methanol. This was followed by the
addition of a water/methanol mixture to the system and
subsequent supercritical treatment and calcination in air. 4-
Nitro- and 4-methoxybenzyl alcohol were chosen for their
strong interaction with the inorganic intermediate Mg(OH)-
(OCHs;), in which the hydroxy groups can interact strongly
with benzyl alcohol molecules (as the latter are stronger acids
than methanol), therefore, facilitating the spontaneous sub-
stitution on the interface during mixing and supercritical
treatment.

The MgO nanosheets have been shown to possess the
(111) plane as the main surface through a combination of
bright-field transmission electron microscopy (BF-TEM),
high-resolution transmission electron microscopy
(HRTEM), and electron diffraction studies. BF-TEM analysis
of the Mg(OH)(OCH;) precursor and the calcined MgO
samples reveal that the material crystallizes with the forma-
tion of nanosheets with a typical diameter of 50-200 nm and a
typical thickness of 3—5 nm (see the Supporting Information
and Figure 1). The majority of the sheetlike nanoparticles are
oriented almost parallel to the support film. However, some
of the sheets are imaged edge on, for example, in the marked
area in Figure 1.

Local energy-dispersive X-ray microanalysis (EDX)
measurements on thin aggregates of the calcined MgO
nanosheets on the carbon support film show that only Mg
and O are present in the sample. Quantification of the Mg and
O intensities reveals an Mg:O composition close to 1:2 for the
sample before calcination, which is in agreement with the
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Figure 1. BF-TEM images showing larger aggregates and scattered
small aggregates of MgO(111) from 4-methoxybenzyl alcohol.
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formulation Mg(OH), or Mg(OH)(OCHj;). An Mg:O com-
position close to 1:1 has been measured for the nanosheets
after calcination, which is in agreement with the formulation
MgO (see the Supporting Information ).

Electron diffraction studies on thin MgO aggregates
proves that the MgO nanosheets crystallize in the well-
known periclase structure. The observed lattice spacings are
in excellent agreement with the literature d-spacings for
periclase® (see the Supporting Information).

HRTEM analysis of isolated MgO nanosheets shows that
their main surface is parallel to the (111) lattice planes. The
MgO(111) facet is composed exclusively of oxygen in one
layer and exclusively magnesium atoms in the other
(Figure 2), thus, the surface of MgO(111) has a strong
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Figure 2. lllustration of the (111) facet of MgO (note the alternating
layers of Mg?* and O*” ions).

electropolarity, either positive or negative. The HRTEM
images of nanosheets viewed edge-on exhibit lattice fringes
with a distance of 0.24-0.25 nm parallel to the main surface of
the nanosheet, which is in good agreement with the {111}
lattice spacings in MgO (Figure 3). The HRTEM images of
isolated nanosheets oriented parallel to the support film
typically exhibit the characteristic lattice fringes of the 111
zone, thus indicating that the sheets lie on the (111) plane,
which is oriented perpendicular to the 111 zone (see the
Supporting Information).

Since the addition of toluene was found to make a
dramatic difference to the aerogels,>° we also investigated
the effect of adding toluene to our systems. TEM analysis of
Mg(OH)(OCH;) nanosheets prepared with toluene added to
the mixture shows similar features to those prepared without
toluene. However, the nanosheets are typically larger, with a
thickness of up to 25 nm and a diameter of up to 500 nm (see
the Supporting Information). These larger sheets do not form
uniform MgO sheets on calcination, but instead form highly
porous sheets of MgO (Figure 4). Nevertheless, these porous
sheets exhibit the same preference for the (111) lattice plane
that forms the surface of the nanosheets (see the Supporting
Information). Even though the 220, 422, and 440 reflections
observed (see the Supporting Information) correspond to an
almost single-crystalline domain, in most cases the crystals
exhibit a rotational disorder around the [111] zone axis.
Furthermore, part of the MgO is typically hydrolyzed to give
rise to the weak set of {220} and {420} diffraction spots of
Mg(OH),, which presumably arise from hydrolysis of the
MgO nanosheets during preparation of the TEM sample. Our
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Figure 3. HRTEM images and local Fourier transforms of two isolated
MgO nanosheets obtained with 4-methoxybenzyl alcohol (Figure 3a
corresponds to the marked area in Figure 1).

comparitive studies indicate that a water-free mixture does
not produce MgO(111) nanosheets (see the Supporting
Information).

TEM provides compelling evidence for the existence of
MgO nanosheets. It seems water plays an important role in
the formation of such nanosheets because a C—C bond-
formation mechanism can prevail in the water-free
system™®*" instead of an acid-base interaction between the
solid powder and the benzyl alcohol. Although we are still not
sure of the surface species formed during the formation of
Mg(OH)(OCH,), comparison of our work and that of
literature studies">! strongly suggest that an acid-base
interaction between Mg(OH)(OCH;) and benzyl alcohol is
essential for the formation of MgO nanosheets, which implies
that we can tailor the preferential growth of metal oxides by
careful choice of the media. As many defined oxide surfaces
are a result of acid or base etching, we may use either a mild
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Figure 4. BF-TEM image of highly porous MgO nanosheets obtained
by calcination of Mg(OH) (OCH;) nanosheets prepared in the presence
of toluene and 4-methoxybenzyl alcohol.

acid or base in the precursor solution and heat the system to
the supercritical phase to strengthen the acidity/basicity so
that we can control the growth of a preferential surface.

It has been established for the base-catalyzed Claisen—
Schmidt condensation reaction that the shape and the
presence of exposed crystal facets are crucial parameters for
the utilization of magnesium oxide as a solid base catalyst.""
Polar anionic surfaces are of particular interest for the
reaction, and therefore we have evaluated the catalytic
activity of the MgO(111) nanosheets. Catalytic activities
were determined for the Claisen—Schmidt condensation of
benzaldehyde with acetophenone at 110°C over magnesium
oxide samples with different crystallites (Figure 5). CM-MgO
samples are generally large cubic crystals, the NA-MgO
samples are thin hexagonal platelets about 150 nm in
diameter and 10 nm thick with large exposed areas of the
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Figure 5. Claisen—-Schmidt condensation of benzaldehyde with aceto-
phenone using different crystallites of magnesium oxide at 110°C.
(NAP-MgO: aerogel-prepared MgO; NA-MgO: conventionally prepared
MgO; CM-MgO: commercial MgO.) [a] From reference [11].
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(100) crystal facet, while the NAP-MgO samples are very
small, irregular stacks of square plates with numerous crystal
faces, edges, and corners. As shown in Figure 5, NAP-MgO
displays higher activity in the reaction than NA-MgO and
CM-MgO. This result has been attributed to the NAP-MgO
possesing a single-crystallite polyhedral structure!"! which has
high surface concentrations of edges and corners and various
exposed crystal planes (such as (001) and (111)), hence
leading to inherently high surface reactivity per unit area. It is
notable that the MgO(111) nanosheets prepared from the
present method display a much higher catalytic activity for
the Claisen—Schmidt condensation of benzaldehyde with
acetophenone than the best of the reported NAP-MgO
catalysts.'!l Previous studies'!! indicate that the Claisen—
Schmidt condensation is largely driven by Lewis basic O*~
sites, with the Bronsted basic -OH surface groups being less
important in the reaction. The pronounced activity of
benzaldehyde with acetophenone in the Claisen—Schmidt
condensation taken together with temperature-programmed
desorption studies of CO, (see the Supporting Information)
demonstrates clearly that the MgO(111) nanosheets are
Lewis basic and the MgO(111) face, which has O* ions on
the surface, is particularly important for the reaction.
Structure analysis based on the simulation of transmission
electron micrographs has led to a proposal that structures
involving oxygen trimers exist on the surface of MgO(111),
thus providing a possible explanation for the excellent
catalytic activity observed in the Claisen-Schmidt condensa-
tion."

In summary, we have demonstrated for the first time
experimentally the direct synthesis by an efficient wet
chemical synthetic approach of MgO nanosheets in which
(111) facets form the main surfaces. The obtained MgO
nanosheets can be used as highly active solid base catalysts
and may provide a prototype for the study of surface structure
and surface reactions of polar oxide surfaces. The present
approach may open up new simple routes to prepare well-
defined crystal surfaces of metal oxides.

Experimental Section
Synthesis: In a typical synthesis of the MgO nanosheet structure
(referred to here as IUB-Z-MgO), Mg belt (1.0 g) was cleaned with
sandpaper and acetone. The belt was then cut into small pieces and
dissolved in absolute methanol under a static argon atmosphere.
After the Mg belt had totally dissolved, 4-methoxybenzyl alcohol
(BZ) was added to the mixture in a Mg/BZ ratio of 2:1. After stirring
the mixture for 5 h, a solution of H,O (molar ratio of 2:1 with respect
to Mg) in methanol (30.0 mL) was added dropwise with stirring. The
mixture was then stirred for 12 h before being transferred to an
autoclave. The autoclave containing the reaction mixture was purged
with Ar for 10 min, and then a pressure of 10 bars Ar was imposed
before initiation of heating. The mixture was heated at 265°C for 15 h,
and then the vapor inside vented (thereby removing the solvent in the
supercritical state). A dry white powder was collected and calcined
with a ramp rate of 3°Cmin " to 500°C, then maintained at 500°C for
6 h. The ultrafine white powder produced contained solely IUB-Z-
MgO, with the MgO nanoplates possessing the (111) surface on the
edges.

TEM characterization of the Mg(OH)(OCHj;) and MgO samples
was carried out on an FEI Tecnai F20 S-Twin operated at 200 kV. The
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samples were prepared by spreading an ultrasonicated suspension in
ethanol on carbon-coated copper grids. TEM and high-resolution
images of the nanosheets were acquired with a Gatan 794 CCD
camera. Electron diffraction simulation was performed using the
software MS Modeling (MS Modeling V3.0 by Accelrys).

N, adsorption/desorption isotherms at —196°C were performed
with a Quantachrome Autosorb 1-C system, the data were analyzed
by employing the Barrett-Joyner-Halenda (BJH) method; pore
volume and pore size distribution curves were obtained from the
desorption branch of the isotherm.

Catalytic reactions: A mixture of acetophenone (3 mmol),
benzaldehyde (2.5 mmol), and catalyst (0.175 g) was introduced into
a 50-mL round-bottomed flask containing dry toluene (10 mL) and
stirred in an argon atmosphere at 110°C. Samples were taken at
regular times and analyzed by GC with a flame-ionization detector.
The response factors were calculated for each reactive agent from
pure samples. The reaction products were identified by GC-MS.
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