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The structural phase transition of MnO, nanorods was investigated using in situ high pressure synchrotron x-ray
diffraction (XRD) and transmission electron microscopy (TEM). At pressures exceeding 10.9 GPa, a second-order struc-
tural phase transition from tetragonal to orthogonal, which was accompanied by fine-scale crystal twinning phenomena, was
observed in MnO; nanorods. On account of the significant contribution of surface energy, the phase transition pressure ex-
hibited appreciable hysteresis compared with the bulk counterparts, suggesting the enhanced structural stability of nanorod
morphology. These findings reveal that the size and morphology exhibit a manifest correlation with the high pressure
behavior of MnO; nanomaterials, providing useful insights into the intricate interplay between structure and properties.
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1. Introduction

The structure and properties of nanomaterials
show distinct differences when compared to their bulk
counterparts.!=3] Factors such as the shape, size, atomic con-
figuration, and surface properties of nanomaterials are key to
influencing the unique properties. Recently, high pressure has
been explored as a method to alter the atomic arrangement
and interactions, which offers a viable approach to modulat-
ing the properties of functional materials and revealing their
engaging behaviors.!*% For instance, in materials such as
TiO,, " H0203,[81 and Y203,[9J particle size impacts both
the structural stability during compression and the tendency
to amorphize. Similarly, in compounds like Zn,SnO4 % and
ZnS, 121 the order of phase transitions under pressure differs
remarkably because of their morphology. Nevertheless, the
influence of size and morphology on high pressure behavior
varies among different nanosystems. Thus, a deeper explo-
ration of how high pressure affects the properties of diverse
nanomaterials in relation to their size and shape is essential for
comprehensively grasping their physical and chemical charac-
teristics.

Manganese oxides prove to be essential across a wide ar-
ray of applications, covering magnetic storage, chemical catal-

[13-16

ysis, electrodes, as well as sensors. J Among these man-

ganese oxides, MnO» has captured considerable interest owing
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to its excellent electrical and magnetic properties. At ambi-
ent pressure, 3-MnO; typically adopts a tetragonal phase with
the space group P4,/mnm, which comprises [MnOg] octahe-
dra with Mn?" located at the center of the octahedra.['”! Re-
search has shown the high pressure behavior of bulk f-MnO,
within the range of 0—50 GPa, revealing a rutile to CaCl,-type
phase transition between 0.3 GPa and 8.6 GPa,!'#2% in agree-
ment with ab initio calculations, which predict the transition
to occur at approximately 5 GPa.?!! Nanostructured MnO,
can possess diverse morphologies like plates, flowers, cubes,

[22-24] pevertheless, the

wires, rods, belts, hollow spheres, etc,
influence of size and morphology on the compression behav-
ior of MnO; remains unclear. For this purpose, investigat-
ing the structural stability and phase transition of manganese
oxide nanomaterials with different morphologies under high
pressure offers valuable insights.

In this work, the structural properties of MnO, nanorods
were investigated up to 41.8 GPa using in sifu synchrotron
XRD and TEM. A second-order phase transition from tetra-
hedral phase to CaCl,-type structure was observed in MnO,
nanorods above 10.9 GPa, which is higher than that reported
for bulk MnO; in the previous literatures. This observa-
tion highlights the distinctive compression behavior of MnO,
nanorods, which is influenced by their size and morphology.

This finding contributes to a deeper understanding of the im-
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pact of morphology and nanoscale dimensions on high pres-
sure behaviors.

2. Experiment methods

To obtain the MnO, nanorods of uniform size distribu-
tion, Y-MnOOH nanorods as precursor were first prepared by
the hydrothermal method, then the y-MnOOH nanorods were
calcined at 400 °C in argon for 4 h for converting into MnO»,
nanorods. The samples were characterized by TEM (200 kV,
HITACHI, H-8100) and high resolution transmission electron
microscopy (HRTEM) (JEOL JEM-3010). High pressure was
generated by utilizing a diamond anvil cell with 400-pum culet
size, and 4:1 methanol-ethanol mixture was used as a pressure
transmitting medium to guarantee a quasi-hydrostatic pressure
environment. The gasket material used in the experiments
was T301 steel, which was first pre-compressed to a thick-
ness around 40 wm and then laser-drilled in the center to form
a 110-pm diameter sample chamber. The ruby ball placed in
the chamber was used to determine the pressure by using the
standard fluorescent R1 peak. In situ synchrotron XRD exper-
iments under high pressure were performed at 4W2 beamline
of Beijing Synchrotron Radiation Facility (BSRF), with the
incident light wavelength of 0.6199 A. Then the Dioptas soft-
ware was used to integrate the XRD images, and to convert
them into diffraction patterns. Rietveld fitting of the XRD pat-

terns was achieved in the GSAS software. 2]

3. Results and discussion

As illustrated in Fig. 1(a), the -MnO; is made up of the
[MnOg] octahedron, where the Mn atom is situated at the cen-
ter and coordinated with six O atoms occupying the corners of

the octahedron.!?°-28) As can be seen from Fig. 1(b), the pre-
pared samples have regular morphology and uniform size. The
diameter of the nanorods ranges approximately from 20 nm to
40 nm, and the length is about 7 um. Figure 1(c) shows the
corresponding HRTEM image of MnO; nanorods, the distance
between the adjacent layers is 0.24 nm, corresponding to the
(101) crystal plane of tetragonal phase MnO,, which shows
that the samples have a good crystallinity.

To detect the pressure-induced structural evolution, high
pressure XRD measurements of MnO, nanorods were carried
out up to 41.8 GPa. The synchrotron XRD patterns of MnO,
nanorods at selected pressures are shown in Fig. 2(a). At lower
pressure (< 10.9 GPa), all the peaks can be attributed to the
P4,/mnm space group. Upon compression, each diffraction
peak gradually moves to higher angle due to lattice shrink-
ing. When pressure increases to 10.9 GPa, the (101) and (211)
diffraction peaks, which are enclosed by the dashed line, begin
to widen. The enlarged images of these two diffraction peaks
in the range of 8.1-13.6 GPa are shown in Figs. 2(b) and 2(c)
with increasing pressure, each diffraction peak progressively
splits into two, signifying the occurrence of a structural phase

transition.

Fig. 1.

Characterization of the MnO, nanorods with space group
P4,/mnm. (a) Schematic diagram of tetragonal structure, the bigger pink
atoms represent Mn atoms, and the smaller blue atoms represent O atoms.
(b) TEM image of the MnO; nanorods. (c) HRTEM image of the MnO,
nanorods. The arrows highlight the interlayer spacing in 3-phase MnO,.
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Fig. 2. (a) Synchrotron XRD patterns of MnO, nanorods from 2.0 GPa to 41.8 GPa upon compression. The magnified XRD patterns of the (b)
(101) and (c) (211) diffraction peaks between 8.1 GPa and 13.6 GPa. (d) XRD pattern of decompression to the pressure of 2.0 GPa.
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Fig. 3. Rietveld analysis of XRD pattern corresponds to (a) 2.0 GPa and (b) 33.8 GPa. (c) The schematic diagram of tetragonal phase with
space group P4,/mnm and orthogonal structure with space group Pnnm, the bigger pink atoms represent Mn atoms, and the smaller blue atoms

represent O atoms.

Noticeably, the transition pressure points of MnO,
nanorods exhibit an appreciable hysteresis compared with the
bulk counterparts reported by previous studies, 82! indicat-
ing that MnO, nanorods exhibit higher structural stability. The
underlying reason is largely dictated by the unsaturated coor-
dination of surface atoms and thus enhanced surface energy
in MnO; nanorods.?*-3!1 In addition, the width of the diffrac-
tion peak (200) is larger than that of its adjacent peaks around
10.9 GPa, which is the result of the occurrence of fine-scale
crystal twinning in this phase transition.!'®! The formation of
this fine-scale crystal twinning is mainly due to the fact that
the lattice parameters a and b in the tetragonal phase can be-
come the lattice parameters b in the orthogonal phase with
equal probability during the phase transition. Figure 2(d) also
depicts the sample reverted to the initial rutile-type phase dur-
ing decompression, indicate the phase transition of MnO, is
reversible.

As illustrated in Figs. 3(a) and 3(b), the XRD diffrac-
tion spectra of low pressure (2.0 GPa) and high pressure
(33.8 GPa) were fitted by GSAS software, with their corre-
sponding atomic structure diagrams presented in Fig. 3(c).
The high pressure structure of the compressed MnO; nanorods
is predicted based on a global minimization of free-energy sur-
faces using particle swarm optimization methodology as im-
plemented in the CALYPSO code. Consistent with the previ-
ous literatures, upon compression, the octahedron of the crys-
tal is distorted from the tetragonal phase to the CaCl,-type
structure with Pnnm space group.!'8-29 Therefore, we believe

that the split of (101) and (211) diffraction peaks in Fig. 2 can
be attributed to a structural phase transition from tetragonal to
orthogonal.

Through the XRD diffraction patterns, refined lattice con-
stants versus pressure are depicted in Figs. 4(a) and 4(b). It
can be seen that the lattice constant changes discontinuously,
which is consistent with the structural phase variation revealed
in the XRD pattern. The lattice parameter a increases when
the pressure reaches 10.9 GPa and then it remains relatively
stable, which is consistent with the diffraction peak of (200)
moveing to the lower angle during phase transition as shown
in Fig. 2(a). While b decreases much faster than the other two
lattice parameters, with a reduction of nearly 9.5%. As shown
in Fig. 4(c), the volume of unit cell changes continuously upon
compression, which could prove that the phase transition be-
longs to the second-order phase transition.3>331 Furthermore,
according to the change of cell volume with pressure, the solid
line is the Birch—Murnaghan equation of state (EOS) fit to the
experimental data, and a bulk modulus of 227.1(4) GPa is ob-
tained with V = 55.6(2) A3. Similar to the phase transition
pressure, the bulk elastic modulus also differs from that of
bulk MnO,, which is 328(18) GPa.[!8:1 Previous studies in-
dicate for a large number of materials that decrease of particle
size results in an enhancement of elastic modulus. However,
the difference of bulk elastic modulus between bulk materi-
als and nano structures is considered related to the higher de-
fect density under isotropic pressure.**! In addition, as shown
in Fig. 4(d), consistent with the previous literatures, 33! the
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abrupt change in bond length near the phase transition pressure
signifies a structural reorganization, while the marked discon-
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tinuity in the Mn—O bond length further corroborates the oc-
currence of the phase transition of MnO, nanorods.
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Fig. 4. The variation of MnO, lattice parameters (a) a, b, (b) ¢ and (c) unit-cell volume of MnO; nanorods as a function of pressure. (d) Pressure-

dependent variation of the Mn—O bond length.

4. Conclusion

In summary, we performed in sifu high pressure XRD
to investigate the structural evolution of MnO, nanorods. At
around 10.9 GPa, MnO; nanorods transition from P4,/mnm
to Pnnm space group. The phase transition pressure of MnO,
nanorods is higher than its bulk counterpart in consideration
of the much higher surface energy in nanostructured nature,
which suggests the nanorods exhibit more excellent stability.
These results further suggest that the morphology and size of
nanomaterials noticeably influence their behavior under high
pressure, offering meaningful perspectives on the structure-

property relationship.
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