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ABSTRACT: Most transition metal oxides have a cubic
rocksalt crystal structure, but ZnO and CoO are the only
stable transition metal oxides known to possess a
hexagonal structure. Unprecedented hexagonal wurtzite
MnO has been prepared by thermal decomposition of
Mn(acac), on a carbon template. Structural character-
ization has been carried out by TEM, SAED, and a
Rietveld analysis using XRD. The experimental and
theoretical magnetic results indicate magnetic ordering of
the hexagonal wurtzite MnO. Density functional calcu-
lations have been performed in order to understand the
electronic and piezoelectric properties of the newly
synthesized hexagonal wurtzite MnO.

ransition metal oxides are an important group of

materials, because they form a wide variety of structures,
display many interesting properties, and have numerous
applications.'~* Most transmon metal oxides have a cubic
rocksalt crystal structure,” but ZnO and CoO are the only
stable transmon metal oxides known to possess a hexagonal
structure.®” Since hexagonal CoO was observed in 1962,
hexagonal metal oxide structure has not been discovered for
five decades. Manganese ox1de (MnO) is also known to have a
cubic rocksalt crystal structure® and has attracted strong interest
for its applications as catalysts, lithium-ion battery materials,
and contrast-enhancement agents for magnetic resonance
imaging (MRI). 9712 The synthesis of hexagonal wurtzite
MnO is unprecedented thus far. Magnetically ordered Mn**
with a hexagonal wurtzite structure suggests the possibility of
coupling magnetism and electric polarization, which would
offer an extra degree of freedom in the design of conventional
sensors, actuators, and energy storage devices."®> Theoretical
study of hypothetical hexagonal wurtzite MnO has suggested a
large piezoelectric response with typical magnetic properties,
and its synthesis would have a major impact on further research
in this field.

Herein, we report synthesis and characterization of hexagonal
wurtzite MnO on a carbon template. In a typical synthesis, a
carbon template for the synthesis of hexagonal wurtzite MnO
was prepared from glucose under hydrothermal conditions at
160 °C, which is higher than the normal glycosidation
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temperature, leading to aromatization and carbonization.

The carbon template has a spherical morphology with a
diameter in a range of 500 + S0 nm (Figure S1 in the
Supporting Information). A light brown slurry of Mn(acac),
(acac = acetylacetonate) in benzylamine with the carbon
template was quickly heated to 180 °C under an Ar
atmosphere. After being refluxed for 3 h, the reaction mixture
was cooled to room temperature, producing hexagonal wurtzite
MnO.

To obtain a reliable structural description of this new
material, a Rietveld analysis using X-ray powder diffraction data
was carried out. The single line fitting technique of the total
pattern analysis solution program was used to extract the
contribution of the crystalline phase from the diffraction
pattern. Preliminary indexing of the diffraction pattern was
performed using the pattern decomposition method, and the
pattern was finally indexed by the space group assigned as
P63mc (No. 186, hexagonal wurtzite phase). A subsequent Le
Bail profile fit was performed to extract the diffraction
intensities and to refine the unit-cell parameters. The extracted
intensities were used in the direct method (EXP02009)"” for
the structure determination. The model determined using the
direct method was refined by the Rietveld method (GSAS)."®
Figure 1 shows the Rietveld refinement patterns of hexagonal
wurtzite MnO using the X-ray powder diffraction data (the final
refined parameters are presented in Supporting Information
Table S1). The interatomic distances of hexagonal wurtzite
MnO have a short axial bond of 1.963(7) A and three longer
equatorial bonds of 2.0789(24) A with a ratio of 0.944. The
bonding angles of O—Mn—O in a tetrahedral coordination by
oxygens are 110.55(17)° and 108.38(17)°, respectively (Table
S2).

A transmission electron microscopy (TEM) image of the as-
prepared hexagonal wurtzite MnO is presented in Figure 2a.
The high resolution TEM (HRTEM) image in Figure 2b
reveals that the observed lattice spacing corresponding to the
(100) lattice plane is estimated to be 2.93 A. The strong ring
patterns from the selected area electron diffraction (SAED) can
be indexed to the hexagonal wurtzite structure (Figure S2),
which is consistent with the X-ray analysis provided in Figure 1.
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Figure 1. Rietveld refinement patterns of hexagonal wurtzite MnO
using X-ray powder diffraction data. Plus marks (+) represent the
observed intensities, and the red solid line is calculated result. The
difference plot (blue) is shown at the bottom. Tick marks above the
difference plot indicate the reflection positions, which are identified by
Rietveld analysis. The hexagonal wurtzite parameters are as follows:
space group P6ymc (No. 186) a = b = 3.3718(2) A, ¢ = 5.3854(7) A.
Mn at (1/3,2/3, 0.0110) and O (1/3, 2/3, 0. 3755).
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Figure 2. Micrographs of hexagonal wurtzite MnO. (a) Bright-field
TEM image of hexagonal wurtzite MnO on the carbon sphere
template; (b) HRTEM image of hexagonal wurtzite MnO; (c) crystal
structure of hexagonal wurtzite MnO: crystal structure of MnO is
projected along a-, b-, and c-axis, respectively.
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Energy-disperse X-ray (EDX) spectrometry yielded an average
atomic ratio of 48.7:51.3 (Mn/O) within an acceptable range of
experimental error, indicative of the 1:1 atomic composition of
hexagonal wurtzite MnO (Figure S3). The confirmed crystal
structure of hexagonal wurtzite MnO is presented in Figure 2c.
The hexagonal wurtzite structure of MnO can be described as a
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number of alternating planes composed of tetrahedrally
coordinated Mn*" and O” ions, stacked along the c-axis.

The magnetic properties of hexagonal wurtzite MnO were
examined using a super conducting interference device
(SQUID) magnetometer. Temperature dependence of the
magnetic moment was investigated with zero-field-cooled and
field-cooled schemes at 100 Oe as shown in Figure 3a. The
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Figure 3. Magnetic susceptibility for hexagonal wurtzite MnO. (a)
Zero-field-cooled (ZFC, black square) and field-cooled (FC, red
circle) curves measured at 100 Oe; (b) magnetic-field dependence of
magnetization measured at S K (black square) and 300 K (red circle).

magnetic moment of the hexagonal wurtzite MnO samples
gradually increased with a decrease in the temperature and did
not exhibit any magnetic transition down to 2 K. Figure 3b
displays the magnetization (M) of the sample as a function of
the magnetic field (H), acquired at two representative
temperatures of 5 and 300 K. No hysteresis at either S or
300 K was observed; this indicates that the magnetic state in
the temperature range does not change, which is consistent
with the results for the temperature dependence of magnet-
ization. The experimental results reveal paramagnetic behavior
of hexagonal wurtzite MnO, and we were not able to identify an
antiferromagnetic (AFM) transition, from either the temper-
ature dependent or the field dependent mangnetization
experiments, likely due to the nanosize samples of MnO. The
energy differences in different magnetic orderings become
extremely small when the sample size is nanoscale; this is
related to the strong demagnetization effect due to the large
surface area.'”*°

To identify the magnetic structure of as-synthesized
hexagonal wurtzite MnO, density functional calculations were
carried out. Because the on-site Coulomb interactions play an
important role in determining the magnetic and electronic
properties of the MnO system, the GGA + U methods (U= 6
eV) was employed. Details of the ab initio calculation are

dx.doi.org/10.1021/ja302440y | J. Am. Chem. Soc. 2012, 134, 8392—8395



Journal of the American Chemical Society

Communication

described in the method section of Supporting Information.
The energetics of the rocksalt and wurtzite structures with
several antiferromagnetic and ferromagnetic (FM) orderings
have been intensively investigated."**' Our calculations using
the structural parameters of hexagonal wurtzite MnO confirm
that the AFM ordering is more stable than the FM ordering for
hexagonal wurtzite structures. The lattice constants were
optimized as a (= b) = 3.5194(3) A, and ¢ = 5.3794(5) A
after relaxation, using the structural parameters of hexagonal
wurtzite MnO according to X-ray diffraction measurements
(P63mc, No. 186 from Table S1). The lattice constants and
magnetic moments of the Mn atom were calculated by the
GGA + U methods for the hexagonal wurtzite structure with
different magnetic configurations (Table S3). The most stable
structure was calculated to have AFM ordering”' for the
hexagonal wurtzite MnO.

For Mn-doped ZnO, a potential candidate for dilute
magnetic semiconducting (DMS) materials, it is anticipated
that the substitution of Zn with Mn (Zn; Mn,O) would
change the magnetic properties of ZnO from diamagnetism to
ferromagnetism,”>*® because Mn*" in a tetrahedral oxygen
environment is known to prefer ferromagnetic ordering. Thus,
an extreme case of hexagonal wurtzite MnO (Zn;_Mn,O, x =
1) is expected to have ferromagnetism. Our experimental and
theoretical results of magnetism, however, indicate antiferro-
magnetism for hexagonal wurtzite MnO.

The electronic structure of hexagonal wurtzite MnO was also
investigated. The total and projected densities of states are
illustrated in Figure 4a. The projected density of states (PDOS)
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Figure 4. Theoretical results by density functional theory calculations
on hexagonal wurtzite MnO. (a) Density of states (DOS) and
projected density of states (PDOS) of the hexagonal wurtzite MnO;
(b) total energy vs volume of ferromagnetic ordering (FM) and the
antiferromagnetic orderings (AFM) for cubic rocksalt (RS) and
hexagonal wurtzite MnO (WZ) structures.
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shows that the contributions both from the 3d electrons of the
Mn atoms and the 2p electrons of the O atoms are dominant at
the top of the valence band, while the 2p electrons of the O
atoms contribute to the bottom of the conduction band. In the
band structure of wurtzite MnO, the top of the valence band
was nearly flat for specific k-points, and the bottom of the
conduction band is at the I'-point. However, the top of the
valence band is at the L-point, and bottom of the conduction
band is at the ["-point in the cubic rocksalt structure. The band
structures of cubic rocksalt and hexagonal wurtzite MnO with
FM and AFM spin configuration are presented in Figure S6.
The band gap energy of hexagonal MnO (AFM) was
determined to be 1.58 eV while that of cubic MnO (AFM)
was 1.99 eV.

The hexagonal wurtzite MnO has approximately 0.1 eV
higher total energy compared to cubic rocksalt MnO, as shown
in Figure 4b. The energy—volume analysis indicates that the
hexagonal wurtzite structure of MnO is stabilized on a potential
energy surface with a larger volume (negative pressure). If a
large volume (extreme negative pressure) is applied to the cubic
rocksalt structure, each Mn atom has six octahedral neighbor
oxygens, and Mn atoms move in the z-direction and bond with
four neighbor oxygen atoms instead of weakening six oxygen
bonds equally. The carbon template has surface oxygen-
functional groups,'® which are hydrophilic and may induce the
formation of hexagonal wurtzite MnO. Furthermore, the
carbon and oxygen functional groups would significantly reduce
the formation energy of a large volume structure, that is, a
hexagonal wurtzite structure.”* From charge and bonding
analyses of the ab initio calculations, the chemical bonding
effect seems to be the main driving force to form hexagonal
wurtzite MnO on the carbon template. Other templates such as
graphite, graphene, fullerene, and silica were used as templates,
but instead of the hexagonal wurtzite phase, only a cubic
rocksalt structure was yielded.

Piezoelectric generators can harvest electrical energy from
the environment by converting mechanical energy into
electricity.”> The hexagonal wurtzite structure does not have
a center of inversion symmetry,”® and thus, a piezoelectric
response is expected in hexagonal wurtzite MnO. Our ab initio
calculation also confirms a double-well like energy surface as a
function of the relative oxygen position in the hexagonal
wurtzite MnO as shown in Figure S7, similar to ZnO. The
amount of polar instability, which is closely related to the
piezoelectric properties of hexagonal wurtzite MnO, is too high
to be overcome by electric field. The piezoelectric constant e;;
is calculated as 0.9973 (C/m?). This value is comparable with
that of ZnO (0.76—1.18 C/m?),”’ which is the highest
piezoelectric tensor among tetrahedrally bonded semiconduc-
tors.

In summary, we prepared new crystal structure on a carbon
sphere template. This unprecedented MnO structure was
identified by a Rietveld analysis using X-ray powder diffraction.
The experimental and theoretical results indicate magnetic
ordering of the hexagonal wurtzite MnO, which may help to
understand the magnetism of Mn** in various oxygen
environments. Density functional calculations provide the
band gap energy (1.58 €V), and an energy—volume analysis
indicates that the hexagonal wurtzite MnO is stabilized on a
potential energy surface with a large volume. The hexagonal
wurtzite MnO has a large piezoelectric constant based on ab
initio calculation.
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Details of synthetic and computation procedures; XRD pattern,
X-ray Rietveld analysis, and EDX results of hexagonal wurtzite
MnO. Crystallographic information file (CIF) is available for
the hexagonal wurtzite MnO. This material is available free of
charge via the Internet at http://pubs.acs.org.
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