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The high-pressure behaviors of MnzO,4 nanorods were studied by high pressure powder synchrotron X-ray
diffraction and Raman spectroscopy. We found that the initial hausmannite phase transforms into the
orthorhombic CaTi,O4-type structure, and then to the marokite-like phase upon compression. Upon
decompression, the marokite-like phase is retained at the ambient pressure. Compared with MnzO4 bulk
and nanoparticles, MnsO4 nanorods show obviously different phase transition behaviors. Upon
compression, the phase transition sequence of MnsO4 nanorods is similar with the nanoparticles, while
the decompression behavior is consistent with the bulk counterparts. The hausmannite phase shows
higher stability and smaller bulk modulus in MnsO4 nanorods than those of the corresponding bulk and
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Accepted 26th October 2020 nanoparticles. We proposed that the higher phase stability and compressibility of the nanorods are
concerned with their nanosize effects and the rod morphology. Both the growth orientation and the

DOI: 10.1035/d0na00610f suppressed Jahn-Teller distortion of the MnzO4 nanorods are crucial factors for their high pressure
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Introduction

High-pressure research on nanomaterials has attracted wide
attention because of the emergence of many exceptional
behaviors of nanocrystals under high pressure.”® Previous
research has revealed that the high-pressure behaviors of
nanomaterials are significantly different from that of the bulk
counterparts, in which the nanosize and the shape have been
considered to be crucial factors.””” Recently, the effects of the
nanosize and morphology on the phase transitions have been
observed in several nanomaterials.'** For example, the phase
transition from the hexagonal 4H to the face-centered cubic
(fcc) phase has been observed in Au nanoribbons under high
pressure, which is different from the other metals.”> The
increased phase transition pressure and size-dependent phase
transition selectivity have been revealed in anatase TiO, nano-
materials."** Moreover, the shape-tuned phase transition
sequences have been reported in TiO, nanowires* and ZnS
nanorods.”® Amorphous forms have been achieved via the
application of high pressure in several nanomaterials, such as
PbTe nanoparticles,® TiO, nanoparticles*® and nanoribbons,*
Y,0; nanoparticles,® and VO, nanosheets.”” These studies have
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demonstrated that the phase transition behaviors depend on
not only the size but also the morphology. But the effects of the
nanosize and morphology on the high pressure behaviors are
various in different systems.

As one of the typical manganese oxides, Mn;0, has attracted
a great deal of research interest because of its special physical
and chemical properties, which provide wide-spread applica-
tions in cataluminescence sensing materials and catalysts.?®*®
For example, Mn;0, shows an excellent sensing characteristic
for volatile organic compounds.*® What is more, Mn;0, is
a binary oxide with the AB,0, formula. Previous studies have
shown that the spinels with the AB,0, molecular formula have
important technical applications in superhard materials and
magnetic materials.>>** The cations A and B are distributed in
different positions to form different spinel structures. As
a typical spinel with superior physical properties, Mn;0, exists
in the hausmannite phase with a tetragonally distorted struc-
ture under ambient pressure. The structure characteristic is
that the Mn>" and Mn®" ions occupy the center positions of the
tetrahedral and octahedral, respectively. And MnOg octahedra
are stretched along the [001] orientation resulting from the
instability of the Mn** ion, causing the tetragonal structure with
space group I4,/amd.** As for its high-pressure structure, there
have been high-pressure studies on bulk Mn;O, and Mn;0,
nanoparticles.®” It was known that the bulk hausmannite
Mn;0, transforms into the marokite-like phase above 11.5 GPa,
and keeps stable up to 47.3 GPa, while the Mn;0, nanoparticles
have been found to undergo two phase transitions with a new
phase at 14.5-23.5 GPa. The size effects are considered to be
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a dominant factor causing the abnormal phase transition
behaviors between the Mn;O, bulk and nanoparticles.*
However, the phase transitions of Mn;O, nanorods have not
been reported so far. The influences of the size and morphology
on the behaviors of Mn;0, nanorods are still unknown. Thus,
this inspired us to explore further the phase transitions for the
Mn;0, nanorods.

In this work, the high pressure behaviors of Mn;04 nanorods
with diameter 30-50 nm were studied up to 42.3 GPa, using
high-pressure powder X-ray diffraction and Raman spectros-
copy. Compared with the Mn;0, bulk and nanoparticles, Mn;0,
nanorods show unusual high pressure behaviors, especially in
the aspect of mechanical properties. The different high-
pressure behaviors of Mn;O, nanorods have been discussed
in terms of the unique cation distribution in the Mn;0, struc-
ture, the size effects, and the shape of Mn;0, nanorods.

Experimental section

The 30-50 nm Mn;O, nanorods used in our work were prepared
by a two-phase approach.*® The first step is to prepare vy-
MnOOH nanorods as a precursor by the hydrothermal method.
Then, the y-MnOOH nanorods were calcined at 400 °C in argon
for 4 h for converting into Mn;0O, nanorods. The samples were
characterized by transmission electron microscopy (TEM) (200
kv, HITACHI, H-8100) and high-resolution transmission elec-
tron microscopy (HRTEM) (JEOL JEM-3010). The structural
feature of the samples was characterized using X-ray diffraction
(MicroMax-007HF, Rigaku, Japan) with Cu Ko radiation (wave-
length 1.5406 A). High-pressure studies were performed in
a DAC (400 um cullet size, T301 stainless-steel gasket ~40 pm
thickness, and 110 um diameter hole). A small number of
Mn;0, nanorods were loaded in the sample chamber of the
DAC along with a small ruby. In order to ensure a quasi-
hydrostatic pressure environment, we used a 4 : 1 methanol-
ethanol mixture as a pressure transmitting medium. The pres-
sure inside the sample chamber was calibrated by the fluores-
cence shifts of the ruby. High-pressure XRD experiments were
performed at the 16-BMD beamline of the High Pressure
Collaborative Access Team (HPCAT) facility, and the 4w2
beamline of the Beijing Synchrotron Radiation Facility (BSRF),
with the incident light wavelength at 0.4066 A. Then the Dioptas
software was used to integrate the 2D XRD images, and convert
them into 1D diffraction patterns. Rietveld fitting of the XRD
patterns was achieved in the GSAS software. High-pressure in
situ Raman spectra were collected by using a Renishaw inVia
Raman Microscope. The samples were excited at 514.5 nm by
using an argon ion laser.

Results and discussion

Fig. 1(a) shows the representative TEM images of the Mn;O,
nanorods. We can see that all nanorods have a highly uniform
size, with the diameter evenly distributed in the range of 30-
50 nm. The HRTEM image in Fig. 1(b) demonstrates that the
nanorod is a single crystal structure. The measured crystal
plane spacing is 0.305 nm, corresponding to the (112) crystal
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Fig. 1 (a) TEM images of MnsO4 nanorods at different magnifications.
(b) TEM (the inset) image of a single MnzO4 nanorod and the corre-
sponding HRTEM image.

plane of Mn;0,, which is perpendicular to the growth direction
of the rod, indicating that Mn;0, nanorods grow along the [112]
direction. The XRD pattern of Mn;0, nanorods under ambient
conditions also shows that the samples have a hausmannite
structure (Fig. S1, ESIT).

The selected high pressure XRD patterns for the Mn;0,
nanorods up to 42.3 GPa are shown in Fig. 2(a). Mn;O, nano-
rods have a tetragonal structure (hausmannite phase) with
a space group I4,/amd. At 1.4 GPa, we obtained a = b = 5.7574
(6) A, c = 9.3965 (4) A, and V = 311.168 A’; the fitting results are
shown in Fig. 2(b). As pressure increased, all diffraction peaks
of the initial hausmannite phase move to a higher angle, which
indicates the pressure-induced shrinkage of the unit cells.
Clearly, the first phase transition starts to occur at ~15.3 GPa,
with two new diffraction peaks at ~7.4° and ~9.2°. As the
pressure increases to 17.2 GPa, a series of new diffraction peaks
appear, accompanied by the significant weakening of the
diffraction peaks of the initial hausmannite phase. Further
increasing pressure to 18.9 GPa, several new diffraction peaks
enhanced remarkably, at ~9.0°, ~11.2° and ~12.0°, which come
from the second high pressure phase. Above 22.0 GPa, the
diffraction peaks of the first high-pressure phase weaken
significantly and even disappear, indicating the second phase
transition completion. Obviously, Mn;O, nanorods undergo
two high-pressure phase transitions during the compression.
This is similar to the previously observed phase transitions in
Mn;0, nanoparticles.?” The first high-pressure phase was
considered in previous studies as an orthorhombic CaTi,O,-
type structure (Bbmm).*> To determine the second high-pressure
phase structure, the orthorhombic marokite structure (Pbcm)
was used to match the XRD experimental patterns. Fig. 2(c)
shows a refinement result of XRD data at 29.6 GPa. Obviously,
the second high pressure phase is the marokite-like phase. The
cell parameters a, b, ¢ and the cell volume V are assigned to be
2.8746(5) A, 9.3491(4) A, 9.2084(9) A and 247.483 A®, respec-
tively. Fig. 2(a) gives the diffraction pattern of the released
Mn;0, nanorods at ambient pressure. The refinement result is
shown in Fig. S2.1 It is noted that the marokite-like phase can
be stable under ambient conditions, without the appearance of
the hausmannite phase and the orthorhombic phase. The
decompression sequence of the Mn;O, nanorods is consistent
with that of the bulk Mn;O,, whereas the coexistence of

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) XRD patterns of MnsO4 nanorods taken on compression, and unloaded at ambient pressure, in which the solid circle and the hollow
circle represent the diffraction peaks of the CaTi,O4-type structure and the marokite-like phase, respectively. XRD data of the MnzO4 nanorods
at (b) 1.4 GPa and (c) 29.6 GPa were refined. Red solid curve is the result of the Rietveld refinement with the (b) hausmannite phase (/4,/amd) and

(c) marokite-like phase (Pbcm) model.

hausmannite and marokite phases was observed in the recov-
ered Mn;O, nanoparticles.*> The unusual decompression
behaviors of Mn3;0, are similar to the CdS. Previous studies on
CdS have found that the shape of nanomaterials plays a crucial
role in determining the reversibility of phase transitions.**
Similarly, the different decompression behaviors between the
Mn;0, nanorods and Mn;0, nanoparticles are also caused by
the shape of Mn;0,.

In order to confirm the phase transition, we also imple-
mented an in situ Raman study on Mn;0O, nanorods. Fig. 3 gives
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the measured Raman data of the Mn;O, nanorods and the
functional relationship between Raman displacement and
pressure. In the Raman spectrum at 1.1 GPa, three Raman
peaks located at 666, 379 and 325 cm™ ' are observed, which is
consistent with the hausmannite Mn;0, in previous reports.*>*
The stronger Raman peak at 666 cm ™" is considered to be the
A, mode, which is caused by the stretching vibration of the
Mn**-0 band. With enhancing pressure to 17.2 GPa, the Raman
peak of the hausmannite phase weakens significantly. At the

same time, the A;; mode begins to show a shoulder shape, with
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Fig. 3 (a) Raman spectra of MnzO4 nanorods under high pressure, (b) pressure dependence of Raman modes.
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anew Raman peak at ~655 cm ™ . Additionally, two extra Raman
peaks in the range of 500-660 cm™ " appear above this pressure.
This indicates that a structural phase transition occurs. Above
21.0 GPa, the A;; mode starts to disappear and three additional
Raman modes appear within 300-450 cm ™", indicating that the
second phase transition occurs. We found that all the Raman
modes above 17.2 GPa belong to the marokite-like phase, and
the Raman modes of the first high-pressure phase are not
observed. This may be caused by the absence of the Raman
active mode in the first high-pressure phase. During decom-
pression, the Raman spectra of Mn;O, nanorods are shown in
Fig. S3.1 It is noted that the Mn3;0, nanorods do not undergo
phase transition and remain in the marokite-like phase when
the pressure releases. These results are in good agreement with
the high-pressure XRD consequences.

Fig. 4 demonstrates the variations of normalized cell
parameters and the unit-cell volume for the Mn;0, nanorods.
From Fig. 4 (a), it is noted that the a and ¢ axes show a signifi-
cant compressional anisotropy. Between 0 and 8.3 GPa, the cell
parameters a and ¢ for the Mn;O, nanorods are reduced by 1.3%
and 2.5%, respectively. The c axis is more compressible than the
a axis, which can be interpreted by the structure of hausmannite
Mn;0, that MnOg octahedra are stretched along the [001]
orientation. In previous studies, the cell parameters a and ¢
decreased by 1.4% and 2.1% for bulk Mn;0, (0.9% and 2.1% for
the Mn;0, nanoparticles), respectively.*> Compared with bulk
Mn;0,, the ¢ axis of the Mn;0, nanorods and nanoparticles
both show higher compressibility than the a axis. Obviously, the
nanosize-effects influence the compressibility of Mn;0,4. The
Jahn-Teller distortion in Mn;0, has been described in previous
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reports as a tetragonal distortion (c/2"/?a), which is considered
to be an important factor in driving the phase transition.*® In
our study, the tetragonal distortion (¢/2"%a) decreases with
pressure from 1.162 at 0 GPa to 1.148 at 8.3 GPa, which
demonstrates that the Jahn-Teller distortion of MnOg octa-
hedra is suppressed.*® However, it has been reported that this
parameter decreases from 1.164 to 1.150 in the range of 0-
8.6 GPa for the Mn;0, nanoparticles (decreases from 1.163 to
1.155 for the bulk Mn;0,).** Similar to Mn3;0,4 nanoparticles, the
decrease of the tetragonal distortion parameter in Mnz;O,
nanorods is much larger than in bulk Mn;0,. We believe that
the suppressed tetragonal distortion inhibits the trans-
formation from the hausmannite to marokite-like phases,
which may be a possible factor for the appearance of the
CaTi,O,4-type structure. Between 22.0 GPa and 42.3 GPa, the
a and c axes exhibit very similar compressibility, which may be
caused by the significantly decreased elongation of MnOg
octahedra along the [001] direction with increasing pressure.
Therefore, the compressional anisotropy between a and ¢ axes
almost disappears in the marokite-like phase.

The volume variation of MnzO, nanorods is shown in
Fig. 4(b). And then the Birch-Murnaghan equation of state was
used to fit the bulk modulus (B,). We selected a certain value of
4 (By) for the calculation of the bulk modulus. From 1.4 to
15.3 GPa, Mn;0, nanorods are in the initial hausmannite
phase. The fitted result shows that the bulk modulus (B,) ob-
tained is 154 + 5.5 GPa. Between 22.0 and 42.3 GPa, the Mn;0,
nanorods are in the marokite-like phase and the bulk modulus
obtained is 176 £ 7.7 GPa. Compared with the hausmannite
phase, the bulk modulus of the marokite-like structure is

(b)
310 |- Hausmannite phase
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I = 4
300 | N
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(a) Variation of lattice parameters a and ¢ with pressure after normalization treatment. (b) Unit-cell volume of Mn3zO4 nanorods as

This journal is © The Royal Society of Chemistry 2020
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significantly larger. Therefore, the compressibility of the
marokite-like phase is lower than the hausmannite phase. It
was known that the bulk moduli of the hausmannite phase
Mn;0O, bulk and nanoparticles are 168 + 18.3 GPa and 202 +
6 GPa, respectively.*” The bulk modulus of the Mn;0,4 nanorods
approaches that of the corresponding bulk, but much less than
that of nanoparticles. Clearly, the bulk modulus in the haus-
mannite phase shows a shape-tuned feature. The Mn;O,
nanorods are more compressible than nanoparticles and bulk
counterparts. A similar behavior has been also observed in TiO,
anatase nanoparticles, in which the bulk modulus of the rod-
shaped TiO, is significantly smaller than the bulk counterpart
before phase transition.?® The author suggested that this may be
attributed to the differences in the number of soft empty oxygen
octahedral units in different crystals, the anisotropic distribu-
tion of crystal chemical defects, and the dependence on the size
and morphology.* But in the CdS nanorods® and ZnO nano-
wires,*” the bulk moduli of the CdS nanorods and ZnO nano-
wires are dramatically larger than their bulk counterparts. In
the report of CdS, it has been revealed that the differences in the
bulk modulus are caused by the different morphologies.**
However, in the study on ZnO nanowires, the author has
proposed that the high crystallinity and defect-free nature of the
nanowires are the main reasons that cause the enhancement of
mechanical properties.’” Therefore, there is still no consensus
on how the morphology affects the value of bulk modulus, and
more detailed and comprehensive studies on nanomaterials
with varying shapes are necessary to better understand these
findings.

To determine the morphology of the Mn;0O, nanorods after
compression, the TEM and HRTEM images of the samples after
being unloaded from 42.0 GPa are shown in Fig. 5(a) and (b),
respectively. It is clear that the long Mn;O, nanorods are
crushed into some short nanorods, which may be caused by the
non-hydrostatic pressure conditions and the phase transitions
under high pressure. The HRTEM image shows that the
measured crystal plane spacing is 0.217 nm for the nanorods,
corresponding to the (130) plane of the marokite-like phase
Mn;0,.

Here we discuss the possible reason for the high-pressure
behaviors in Mn;0, nanorods. Previous studies on Mn;O,

Fig.5 (a) TEMimage of the MnzO4 nanorods after being released from
42.0 GPa. (b) TEM with higher magnification and the corresponding
HRTEM image.

This journal is © The Royal Society of Chemistry 2020
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suggested that the suppressed Jahn-Teller distortion, the
structure deformation together with the decrease of volume
are the main factors driving the structure transitions.*® Other
reports have revealed that the Mn**/Mn** ratio of the haus-
mannite phase nanomaterials is slightly lower than that of
the bulk counterpart, indicating that the cation distribution
in nanomaterials is different.?®*® Furthermore, the local
stresses within the nanodomain structure and the cation
inversion may lower the Jahn-Teller distortion of the AB,O,
formula compounds.*® In our case, we prefer the suppressed
Jahn-Teller distortion, the nanosize effects and the shape-
dependence as the primary reasons for the unusual phase
transition behavior of the Mn;O, nanorods. The phase
transition pathway of the Mn;0, nanorods during the pres-
surization is consistent with that of Mn;0, nanoparticles and
significantly different from that of bulk counterparts, which
may be caused by the nanosize effects and the cation distri-
bution in the Mn;0, nanorods. Moreover, compared with the
bulk counterpart, the Jahn-Teller distortion parameters of
the Mn;0, nanorods and nanoparticles show a significant
decrease upon compression. Therefore, the suppressed
Jahn-Teller distortion is also a possible factor for the new
phase (orthorhombic CaTi,O,4-type structure) appearance.
However, compared with Mn;0, nanoparticles, the increase
of the phase transition pressure, the smaller bulk modulus
and the different decompression behavior observed in the
Mn;0O, nanorods can be attributed to the influences of their
rod-shape and growth orientation. The similar morphology
influences on the bulk modulus and decompression behavior
have also been observed in CdS nanorods.** Based on the
above discussions, we believe that our study offers a refer-
ence for better understanding the influences of the size and
morphology on the behaviors of the Mn;O, nanorods under
high pressure.

Conclusions

In summary, we have performed in situ XRD and Raman
scattering to investigate the high-pressure behaviors of
Mn;0O, nanorods. It was found that the Mn;O, nanorods
show a similar phase transition routine with the Mn;0,
nanoparticles and undergo two phase transitions: from the
hausmannite phase to the orthorhombic CaTi,O4-type
structure at ~15.3 GPa, then to the marokite-like phase at
~18.9 GPa. This is different from the direct transformation
from the hausmannite to marokite phase at ~11.5 GPa
observed in bulk Mn;0,.**> The difference in the phase tran-
sition routine results from nanosize effects and the sup-
pressed Jahn-Teller distortion. Compared with the
corresponding Mn;0, nanoparticles and the bulk counter-
parts, hausmannite phase Mn;O, nanorods show a better
stability with the first phase transition at ~15.3 GPa and
a smaller bulk modulus. It is proposed that the nanorod
shape makes it more compressible. In addition, the ¢ axis of
the Mn;0, nanorods shows higher compressibility than the
a axis, which is similar to the Mn;O, nanoparticles. We
propose that this phenomenon results from the stretching of
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the MnOy octahedra along the [001] orientation and the
nanosize effects. While upon decompression to the atmo-
spheric pressure, the Mn;0O, nanorods keep the marokite-like
phase, which is consistent with that of the bulk Mn;O,,
whereas the coexistence of hausmannite and marokite pha-
ses is observed in the recovered Mn;0O, nanoparticles. It is
interesting that the MnzO, nanorods show similar phase
transition sequences with the nanoparticles upon compres-
sion, but retain the high pressure phase like the bulk coun-
terparts. These observations clearly demonstrate that both
the shape and the size-effects are crucial factors for the
behaviors of the Mn;0, nanorods under high pressure. Our
study provides better help to fully understand the influences
of the morphology and size on the phase transitions of
nanomaterials.
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