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Abstract: Although about 200,000
metric tons of y-MnO, are used annu-
ally worldwide for industrial applica-
tions, the y-MnO, structure is still
known to possess a highly ambiguous
crystal lattice. To better understand the
v-MnO, atomic structure, hexagon-
based nanoarchitectures were success-
fully synthesized and used to elucidate
its internal structure for the present
work. The structural analysis results,
obtained from the hexagon-based
nanoarchitectures, clearly show the co-
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the so-called y-MnO, phase and veri-
fied the heterogeneous phase assembly
of the y-MnO, state, which violates the
well-known “De Wolff” model and de-
rivative models, but partially accords
with Heuer’s results. Furthermore, het-
erogeneous Yy-MnO, assembly was
found to be a metastable structure
under hydrothermal conditions, and
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the individual components of the heter-
ogeneous y-MnO, system have struc-
tural similarities and a high Ilattice
matches with pyrolusite (f-MnO,). The
as-obtained y-MnQO, nanoarchitectures
are nontoxic and environmentally
friendly, and the application of such
nanoarchitectures as support matrices
successfully mitigates the common
problems for phase-change materials of
inorganic salts, such as phase separa-
tion and supercooling-effects, thereby
showing prospect in energy-saving ap-

existence of akhtenskite (¢-MnO,), py-
rolusite (f-MnQ,), and ramsdellite in

diffraction

Introduction

About 200000 metric tons of y-MnO, are used annually
worldwide for industrial applications, and significant efforts
are expended in a continual attempt to optimize and im-
prove the material.'! Despite the significant importance of
v-phase MnO,, it possesses a highly disordered structure and
an undefined, inexact crystal lattice.’!’ Various structural
models have been put forward to elucidate the internal
structure of y-MnO, by the refinement of its X-ray powder
diffraction (XRD) data. De Wolff proposed that y-MnO, is
a random intergrowth of the pyrolusite and ramsdellite
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plications in future “smart-house” sys-
tems.

structures.”] To better explain the characteristically broad
and diffuse diffraction peaks in y-MnO,, Chabre and Pan-
netier introduced the additional concept of microtwinning in
describing the y-MnO, structure.” Later, Anderson et al. in-
corporated akhtenskite (e-MnQO,) as one of the possible
phases in y-MnO,, and their model describes y-MnO, as a
binary mixture of e-MnO, and pyrolusite-ramsdellite inter-
growth crystallites with different crystalline domain sizes."!
Heuer et al. described y-MnO, as a heterogeneous phase
system that includes ~30% &-MnO,, 15% -MnO,, and
~50% ramsdellite.’! The key reason for these various struc-
tural models of the y-MnO, internal structure lies in the
poor quality of XRD patterns obtained from most of y-
MnO, samples, in which broad peaks and high background
noise caused y-MnO, to be poorly characterized by XRD
techniques. Due to the lack of efficient characterization
methods that can give direct evidence for the structure of y-
MnO,, the understanding of its structural model is still
rather ambiguous. In this regard, electron diffraction (ED)
and high-resolution transmission electron microscopy
(HRTEM) may provide an alternative but more effective
way to obtain direct evidence for the y-MnO, structure. The
advantages of ED and HRTEM over XRD arises from
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higher energy electrons and stronger atomic scattering,®! al-
lowing more of the two dimensional distribution of recipro-
cal lattice points to be revealed. Furthermore, ED can be
combined with direct imaging of the sample, that is, high-
resolution imaging of the crystal lattice, giving more direct
evidence of the structure. Naturally, careful sample prepara-
tion will be important for the direct structural characteriza-
tion. The sample to be studied must be electron transparent,
meaning the sample thickness must be of the order of
100 nm or less; also, the selected area for ED and HRTEM
should be representative of the structural characteristics of
the whole sample. In this case, for y-MnO,, its mineral sam-
ples (nsutite) were not appropriate for such characteriza-
tion.! Of course, a well-designed nanostructure with appro-
priate thickness and uniform morphology may provide an al-
ternative opportunity to directly probe the internal crystal
structure of y-MnO, by ED and HRTEM. Herein, we intro-
duce the large-scale hexagon-based nanoarchitectures of
“layer-cake-like” and “intertexture-like” nanoarchitectures
to the structural analysis of y-MnQO,.

It is known that due to the highly anisotropic crystal lat-
tice, the crystal can spontaneously form regular morpholo-
gies under the appropriate reaction conditions, in which the
as-formed morphologies are actually the outward embodi-
ment of the highly anisotropic internal structure.®! As for v-
MnO,, previously the fibrous morphology has been predom-
inantly formed as nanowires,”) well-aligned monocrystalline
nanowires,l'” nanowire 3D nanostructures,'!! nanorod 3D
urchins,"? and so forth. Among the reported fibrous nano-
structures, their growth direction was usually along the ¢
axis, which is regarded as the chain growth direction for
MnOg octahedra in y-MnO,. In this regard, the appearance
of one-dimensional nanostructures is certainly not contradic-
tory to the De Wolff model for y-MnO,, because the inter-
growth of pyrolusite and ramsdellite structures has a chain
like structure along the ¢ axis. However, Zhu et al.l'®! have
reported the presence of hexagonal symmetry in the select-
ed area electron diffraction (SAED) pattern of y-MnO, ir-
regular nanosheets and y-MnO, hexagonal nanosheets, as-
sembled in the form of nanospheres, have been reported by
Suib et al.™ Notably, despite different opinions on the v-
MnO, structure, the De Wolff model is still the most accept-
ed model,!” although the presence of hexagonal symmetry
in y-MnO, evidently violates the De Wolff model, since it is
impossible to exhibit sixfold symmetry from the tetragonal
pyrolusite, orthorhombic ramsdellite, or their intergrowth
structures (see Supporting Information). In this regard, the
appearance of a hexad axis in y-MnO, products inspires us
to further probe its internal structure. Of note, among all
the known MnO, phases, only e&-MnO,, known as the miner-
al akhtenskite, definitely possesses hexagonal symmetry in
its atomic crystal lattice.’®! In e&-MnQO,, the single and double
MnOg octahedral chains running parallel to the ¢ axis under-
go many changes of direction at 60/120° upon twinning to
form a hexagonal NiAs-type unit cell with the space group
P63/mmc."! Then the question arises from the appearance
of hexagonal symmetry in y-MnO, samples: would e-MnO,
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as a component in the heterogeneous phase y-MnO, explain
the hexagonal symmetry structure? Or is y-MnO, actually a
hexagonal phase? To answer such questions, further devel-
opment of y-MnO, nanostructures with high purity and
well-defined morphology is certainly an intriguing method.

The y-MnO, hexagon-based nanoarchitectures, including
“layer-cake-like” and “intertexture-like” structures, could be
obtained by a simple hydrothermal reaction of MnSO, and
NaBrO; at 120°C. The “intertexture-like” nanoarchitectures
evolved from the “layer-cake-like” structures by elongating
the reaction time and by implementing the “solid-solution—
solid” growth mechanism. The presence of hexagonal sym-
metry in the synthesized y-MnO, hexagon-based nanoarchi-
tectures violates the known pyrolusite-ramsdellite inter-
growth model for y-MnO,. Due to the small size and mor-
phology uniformity of the grown nanorods, the “intertex-
ture-like” nanoarchitectures give us an alternative way to
further investigate the internal structural details of y-MnO,.
Also, it was found that the “intertexture like” nanoarchitec-
tures are nontoxic and environmentally friendly, and as such
might be used in energy-saving applications in future
“smart-house” systems.

Results and Discussion

The characterization of y-MnO, “layer-cake-like” nanoarch-
itectures: The phase and chemical composition information
for the as-obtained product treated at 120°C for 2 h is re-
vealed by the X-ray powder diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) data. The XRD pattern is
shown in Figure 1a and provides structural information. All
of the reflection peaks can be readily indexed to the well-
known “y-MnO,” (JCPDS card 14-644, a=636 A, b=
10.15 A, ¢=4.09 A), which already appeared in recent re-
ports for y-MnQ,,'*1218 further confirming the as-obtained
product is indeed the y-MnO,. The XPS survey spectrum
(Figure 1b) reveals that the as-obtained sample consists of
the elements Mn and O, while no evident impurities, for ex-
ample, sodium ions or elemental sulfur, are detected. The
Mn 2p core level spectrum (inset in Figure 1b) illustrates
that the observed values of the binding energies for Mn 2p3/
2 and Mn 2p1/2 (641.65 and 653.60 eV, respectively) are in
agreement with the literature values for bulk Mn**.*l All
these results indicate that the sample is y-MnO,, and the
XPS spectra show no evident impurities detected in the
samples (resolution limit: 1 at. %).

The hexagonal symmetry nanostructures for y-MnO,, syn-
thesized by the reaction of MnSO, and NaBrO; at 120°C
for 2 h, were present on a large scale as observed in the FE-
SEM images. Figure 2a shows a typical panoramic FE-SEM
image of the y-MnO, product. The magnified SEM image
(Figure 2b) exhibits the dominant morphology of hexagonal
“layercake-like” nanoarchitectures with an edge length
ranging from about 800 nm to 2 um. Each “layer cake” ex-
hibits well-defined hexagonal geometry with six symmetrical
edges and is composed of clearly distinguished platelet-like
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Figure 1. XRD patterns (a and c) and XPS survey spectra (b and d) of as-obtained y-MnO, “layer-cake-like” existing crystallographlc hexag-
and “intertexture-like” nanoarchitectures, respectively. From the XRD patterns and XPS spectra, the as-ob- Onal symmetry in the sample
tained hexagon-based nanoarchitectures are identified as the so-called “y-MnO,”. and the pyrolusite-ramsdellite

intergrowth model for y-MnO,:

The as-obtained y-MnO, nano-
architectures exhibit a well-defined hexagonal geometry
with six-symmetrical edges, and the corresponding selected
area electron diffraction (SAED) data of the “layer cake”
also show the hexagonal symmetric spots. In this case, the
SAED results seem consistent with the macroscopic mor-
phological symmetry. However, the presence of hexagonal
symmetry in the y-MnO, product evidently violates the De
Wolff model, which described y-MnO, as an irregular inter-
growth of ramsdellite and pyrolusite, because it is impossible
for the pyrolusite, ramsdellite, or their intergrowth structure
to exhibit hexagonal symmetry (see Supporting Informa-
tion).

It should be noted that the De Wolff model for y-MnO,
has been known for more than 50 years and is still widely
used to describe the y-MnO, crystal structure.'*'>!! The
pyrolusite and ramsdellite structures have similar arrange-
ments along the a and ¢ axes and infinite strings of MnOy
octahedra can only grow along the b axis. Furthermore, a
comprehensive description of y-MnO, has also been pro-

Figure 2. The FE-SEM images (a,b) of the y-MnO, product obtained by
the direct reaction of MnSO, and NaBrOj; at 120°C, in which the hexago-
nal symmetry nanoarchitectures are clearly seen. Typical “layer-cake-
like” nanoarchitectures with different orientations are shown in c), e),
and g), and their nanoarchitectures are schematically expressed with the
stacked hexagonal plates as shown in d), f), and h), respectively.

100nm

layers. Close views show that the nanoarchitectures form an

ordered arrangement through the layer-by-layer stacking of Figure 3. a) and b): HRTEM images and ED patterns of the corners of
hexagonal sheets. To better explain how the “layer-cake- typical “layer-cake-like” nanoarchitectures.
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posed based on two kinds of defects, intergrowths and twin-
ning, within the ramsdellite structure.’ These results reveal
that the y-MnO, has two components, pyrolusite and rams-
dellite. As for the pyrolusite ($-MnO,), single chains of
edge-sharing Mn" Oy octahedra share corners with neighbor-
ing chains to form a framework structure containing tunnels
with square cross-sections with one octahedron on each side
of the square.”!! For the ramsdellite MnO,, the Mn'YOy octa-
hedra are linked in double chains, each consisting of two ad-
jacent single chains that share octahedral edges; the double
chains, in turn, link corners with each other to form a frame-
work with tunnels that have a rectangular-shaped cross-sec-
tion with 1x2 octahedra on a side.”” For these two con-
cerned structures, pyrolusite has a tetragonal system with
the space group P4,/mnm and ramsdellite has an ortho-
rhombic system in the Pnam space group, neither of which
can exhibit hexagonal symmetry based on their space
groups. Therefore, a contradiction occurs between the cur-
rent hexagonal symmetry in the sample and the classical De
Wolff model based on pyrolusite-ramsdellite intergrowth.
However, among all the known MnO, phases, only e-MnO,
definitely possesses the hexagonal symmetry in its atomic
crystal lattice, in which the structure of akhtenskite (e-
MnO,) consists of single and double MnOg octahedral
chains that run parallel to the ¢ axis and undergo many
changes of direction at 60/120° upon twinning to form a hex-
agonal NiAs-type unit cell with the space group P63/
mmc.'*'! Therefore, the questions arise once again: does
the appearance of hexagonal symmetry in y-MnQO, originate
from the presence of e&-MnO, as a component in y-MnO, or
does the whole y-MnO, possess the hexagonal-symmetry
structure ?

Further investigations into the structure of “intertexture-
like” y-MnOQO, nanoarchitectures: Although the hexagonal
“layer-cake-like” nanoarchitectures were the dominant mor-
phology in Figures 2 and 3 and the corresponding hexago-
nal-symmetry ED pattern could also be observed in the y-
MnO, sample, it is still necessary to further investigate the
structural details, owing to the presence of many defects in
these nanoarchitectures. Also, the “layer cakes” were so
thick that the electron beam of the HRTEM was not able to
transmit through the sample to achieve reliable ED patterns
and HRTEM images, adding to the difficulty of clearly un-
derstanding the structural details for the whole y-MnO,.
Our experiments find that the one-dimensional nanostruc-
tures of nanorods could be grown radially from the hexago-
nal center by elongating their reaction time (see Supporting
Information), forming the “intertexture-like” nanoarchitec-
tures (Figure 4). The XRD pattern (Figure 1c) for these
nanoarchitectures reveals that the product is still in the y-
MnO, form. The XPS spectra (Figure 1d) further indicate
that the as-obtained product has the Mn/O molar ratio of
1:2.01 and no other impurities can be found (see Supporting
Information). Figure 4 shows that all of the samples are uni-
form “intertexture-like” nanoarchitectures with the diame-
ter of 1-8 um, and the proportion of the “intertexture-like”
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Figure 4. The FESEM image of “intertexture-like” nanoarchitectures.

nanoarchitectures in the whole sample is above 95%. Care-
ful observation (inset in Figure 4) found that these nano-
architectures consist of the nanorods with a diameter of 80—
200 nm and a length up to about 1 pm, and all of the nano-
rods grew radially from the edges of hexagonal core
particles.

Due to the small size and morphology uniformity of the
grown nanorods, the “intertexture-like” nanoarchitectures
give us an alternative way to further investigate the structur-
al details of the y-MnO, product. These nanorods are thin
enough to be easily transmitted by the electron beam from
TEM to achieve reliable ED patterns and HRTEM images
during the structural characterization process. Firstly, the py-
rolusite ($-MnQO,) was detected based on the careful analy-
sis of HRTEM and SAED results. The inset in Figure Sa
shows a representative SAED pattern taken from a typical
nanorod that was grown from a hexagonal core particle and

(b)

(ol

@ 10Y
5 10A

ol

90" o
3.10A
= (110)

Beta-MnO2
: s Beta-MnO2

Projected along [001]

Beta-MnOz
Projected along [010]

Figure 5. a) and c¢): HRTEM images and SAED patterns taken from two
individual nanorods, in the “intertexture-like” nanoarchitectures. b) and
d): The corresponding atomic models for the HRTEM images in a) and
¢), respectively.
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can be indexed to the reflection of the tetragonal -MnO,
[001] axis. The lattice fringes in Figure 5a show two sets of
perpendicularly lattice spacing of about 3.10 A that corre-
spond to the (110) and (110) planes of B-MnO,. It should
be noted that the HRTEM image and SAED pattern along
the [001] axis have been experimentally determined in the
previous reports,®! confirming the existence of pyrolusite
(B-MnO,) in the sample. Our experimental ED pattern
shown in Figure 5a gives the same symmetrical dotted lat-
tice and lattice fringes. Also, the atomic model of $-MnO,
projected along the [001] axis exhibits tetragonal symmetry.
The [110] and [110] axes are indicated by the arrows in Fig-
ure 5b, giving further evidence for the existence of -MnO,.
Moreover, the SAED pattern and HRTEM image (Fig-
ure 5¢) taken from another nanorod confirms the presence
of p-MnO,. The two interplanar spaces of about 2.39 A with
the angle value of 66.3° correspond to the (101) and (101)
plane of tetragonal $-MnO,. The SAED pattern in the inset
in Figure 5c reveals the single-crystalline nature, and can be
indexed to the [010] axis of tetragonal -MnO,. The atomi-
cally crystal structure projected along [010] is shown in Fig-
ure 5d gives the same symmetry as in the SAED pattern,
confirming the indexing of this SAED pattern to -MnO,
and providing more diagnostic and direct evidence for the
existence of the pyrolusite phase in y-MnO,.

In addition, as shown in Figure 6a, both HRTEM image
and its ED pattern give the information that the selected
nanorod contains ramsdellite MnO, according to the

Hexaganal 6-MnO:
Projected along [001]

Figure 6. a) and b): HRTEM images and SAED patterns taken from one
typical nanorod and the marginal area of hexagonal core in the “intertex-
ture-like” nanoarchitectures. ¢) The corresponding atomic model for the
HRTEM image shown in b).

interplanar spacing distances and the angle values of each
crystal planes. The interplanar distances of 2.40 and 3.21 A
match well with the dy; and d,,, spacing of ramsdellite
MnO,, respectively, indicating that the nanorod was growing
along [011] direction. Also, all the orientation angle values
of these planes appeared in the SAED patterns, such as
(010), (201), (210), and (411), and are fairly consistent
with those calculated from orthorhombic crystallographic
parameters of ramsdellite MnO,, providing the further solid
evidence for the existence of the ramsdellite form in the
nanorod of as-obtained y-MnO, sample (see Supporting In-
formation). Of note, other crystallographic forms for MnO,
were also studied with respect to fitting the crystallographic
parameters from the ED pattern and HRTEM image as
shown in Figure 6a, but the crystallographic calculation did

496 —— www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

not lead to improved results and their theoretical angle
values did not agree with the experimental results.

Hexagonal e-MnO, was also found at the typical margin
of hexagonal core particle. Since the presence of the rams-
dellite phase in the y-MnO, sample makes it impossible to
assign the obtained so-called “y-MnO,” to a hexagonal
phase, and only e-MnO, possesses the hexagonal symmetry
among all of the MnO, crystallographic forms, then the hex-
agonal symmetry dots in the SAED provide the evidence
for the presence of e-MnOQ, in this case. The interlayer spac-
ing in Figure 6b is about 2.42 A, which is consistent with the
d value of the (100) crystal plane of ¢e-MnO, (JCPDS card
30-0820), from which it can be deduced that the HRTEM
images were obtained from the projection direction of
[001]. The atomic model of e-MnQO, in Figure 6¢ also sup-
ports the hexagonal symmetry in &-MnO,, showing good
matching for the symmetry and the atomic arrangements of
&-MnO, in the “y-MnO,” sample.

Briefly, the combined analysis of the SAED pattern and
the HRTEM images indicates that the “intertexture-like”
nanoarchitectures of y-MnQO, contain three phases, akhten-
skite (e-MnQ,), pyrolusite (f-MnQO,), and ramsdellite. That
is to say, y-MnOQ, is a heterogeneous phase system, which vi-
olates the De Wolff model and its derivative models for y-
MnO,, but partially confirms Heuer’s results.”! In addition,
the conclusion of heterogeneous phase assembly of y-MnO,
is consistent with the XRD refinement results, in which the
XRD pattern of “y-MnO,” also could be known as the
three-phase XRD fitting of akhtenskite (¢-MnQO,), pyrolusite
(B-MnO,), and ramsdellite.** Furthermore, the three
phases in “y-MnO,” are independently located at different
positions in the “intertexture-like” nanoarchitectures, and
the hexagonal-symmetry structure only lies in the hexagonal
core particles and cannot be found in any of the nanorods.
The hexagon-based morphology of e-MnQO, is in fact the
outward embodiment of its hexagonal internal structure.
Meanwhile, the pyrolusite (f-MnO,) and ramsdellite are
only found in the nanorods, but not the hexagonal core par-
ticles; the growth morphology of the one-dimensional nano-
rods actually embodies the linear MnOjg octahedral chains in
the internal crystal lattice of f-MnO, and ramsdellite.'**!
From the viewpoint of macroscopic morphology characteris-
tics, the morphologies in the y-MnO, sample were usually
the outward embodiment of the internal crystal lattices of
its phase components, providing an alternative clue as to the
morphology of the y-MnO, structure.

The state transformation from heterogeneous “y-MnQO,” to
B-MnO,: As described above, the known y-MnO, is in fact
the heterogeneous phase system made up of akhtenskite (e-
MnOQO,), pyrolusite (f-MnO,), and ramsdellite. Moreover,
our comparable experiments find that the heterogeneous v-
MnO, only transforms into one of its components: 3-MnO,,
which is the most stable structure among all the phase com-
ponents of y-MnO.,.

Systematic experiments were carried out to investigate
the reaction parameters that are required for the vy-phase

Chem. Eur. J. 2009, 15, 492—-500
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formation and its transformation from y-MnO, to $-MnO,.
At the relatively low reaction temperature of 120°C, the
squares in Figure 7a represent y-MnO, and fill the entire

| ] 'r—MlnC)a
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Figure 7. The state transformation between y- and 3-MnO, with the evo-
lution of [Mn?*] and [BrO; ] at the reaction temperature of 120°C (a)
and 150°C (b).

concentration range of BrO,~ and Mn?*, showing that only
v-MnO, forms under these conditions. That is, y-MnO, is
stable and easily formed at the relatively low temperatures
in the concentration range of 0.01-0.09 molL™" for BrO;~
and 0.02-0.16 molL™' for Mn*'. At the elevated reaction
temperature of 150°C, there is a state transformation from
v-MnO, to B-MnO,, as shown in Figure 7b, in which the
points under the line can be assigned to y-MnO, and (-
MnO, is distributed above the line. The equation corre-
sponding to this line [Eq. (1)] can be found by linearly fit-
ting the selected points adjacent to the y-MnO, area.

[Mn?*] = 0.022+1.67 - [BrO; "] (1)

It can be seen that the high concentration of [Mn?*] plays
a more crucial role than that of [BrO;7] for the formation of
B-MnO, in the reaction systems. In detail, a high concentra-
tion of [Mn”**] usually leads to the formation of B-MnO,
keeping other reaction parameters constant. For example,
when the [BrO;7] concentration is 0.01 molL™" during the
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reaction process, a low [Mn?>*] concentration of 0.02 molL™!
gives the y-MnO,, while a higher concentration, above
0.04 molL™', leads to the formation of the B-phase MnO.,.
Similar cases can also be found in the case of other [BrO;]
concentration systems, confirming that higher [Mn?*] con-
centrations favor the formation of $-MnO,. In contrast, in-
creasing the [BrO;7] concentration did not favor the forma-
tion of f-MnO, when a low concentration of [Mn**] is used.
For example, at the [Mn?*] concentration of 0.06 molL™!,
the higher [BrO;"] concentration above 0.02 molL™" result-
ed in the y-MnO,, suggesting that a higher concentration of
BrO;™ is a disadvantage for -MnO, formation. According
to the Gibbs free-energy formula [Eq.(2)], an increased
concentration of the reactants can lead to the formation of
more stable final products.

[Mn*"]’[BrO;]?

0 _ .
AG’ = RT -In( oL

) 2)

In Equation (2) A,G’ is the Gibbs free energy, R=
8.314 JK 'mol™!, and T is absolute temperature.

Therefore, the energy barrier theory from the Gibbs free-
energy formula cannot be applied to explain the state trans-
formations from y-MnO, to $-MnO, in the present reaction
systems. However, high concentrations of [Mn**] has more
advantages for the formation of f-MnO,, which is certainly
related especially to the structural characteristics of the
three phases in y-MnO,. As for the y-MnO, heterogeneous
phase assembly, the akhtenskite (e-MnQO,), pyrolusite (f3-
MnOQO,), and ramsdellite all consist of a hexagonal close
packed lattice of oxygen ions with Mn?* cations occupying
half of the octahedral sites. In this regard, the different ar-
rangements of Mn atoms in such an oxygen framework de-
termine the phase of MnO,.” To better elucidate this, a
schematic representation of akhtenskite (e-MnQO,), pyrolu-
site (f-MnO,), and ramsdellite showing the occupied Mn
atoms (represented by filled cycles) and vacant octahedral
sites (represented by empty sites) is given in Figure 8. Due
to such atomic configurations for MnQO,, it is understandable
that the higher Mn”* ion concentration added the possibility
to form the most stable configuration, that is, the pyrolu-
site.’”! Also, first-principle calculations performed with the
VASP program were undertaken to get the exact energy of
the three kinds of MnO, (e-MnO,, f-MnO,, and ramsdel-
lite). The results revealed that pyrolusite (8-MnQO,) has the
lowest energy when compared with e-MnO, and ramsdellite
as shown in Table 1. Therefore, a high concentration of
Mn’* could easily give the optimized arrangement with the
lowest energy, achieving the stable 3-MnO, phase when a
relatively high temperature is provided. To summarize, v-
MnO, is a metastable, heterogeneous phase composed of
akhtenskite (e-MnQO,), pyrolusite (f-MnO,), and ramsdellite,
and the ramsdellite and e-MnO, components in “y-MnO,”
can transform to the more stable pyrolusite (3-MnO,) under
high Mn?" concentrations. This shows that all of the compo-
nents in “y-MnQO,” have structural similarities and low lat-
tice mismatches with pyrolusite (3-MnO,) and provide an al-
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Figure 8. Schematic representation of the structure of ramsdellite and py-
rolusite, and the lattice gas representation of the Mn?* ion lattice for a)
ramsdellite, b) e&-MnO,, and c) pyrolusite, showing the basal plane of the
hexagonal close packed structure. Only Mn atoms (represented by filled
circles) and vacant octahedral site (represented by empty circles) are pre-
sented.

Table 1. The atomic total energy for three kinds of MnO, structures:
akhtenskite, pyrolusite, and ramsdellite, according to the first-principle
calculation by the VASP program.

Structure Chemical formula E [eV]
pyrolusite f-MnO, -92.70
ramsdellite R-MnO, -91.82
akhtenskite &e-MnO, -91.56

ternative way to understand the structural information of v-
MnO,.

The biosafety of y-MnO, “intertexture-like” nanoarchitec-
tures: To test the biosafety of the MnO, “intertexture-like”
nanoarchitectures, we tested the viability of different human
cell lines after treatment of MnO, “intertexture-like” nano-
architectures by an MTT (MTT =methylthiazolyldiphenylte-
trazolium bromide) assay (see Experimental Section for de-
tails), in which yellow MTT is added to cells and reduced to
purple formazan in the mitochondria of living cells; thus the
concentration of formazan produced directly reflects the
number of viable cells. The cells were treated with 0-
200 ugmL ' of MnO, “intertexture-like” nanoarchitectures
for 24 h and then applied to the MTT assay. To demonstrate
the generalization of our experiments, three human cell
lines, derived from different tissues, were included in this
assay. As shown in Figure 9a,b, when compared with the
pure cells without any treatments, the cells treated with
MnO, “intertexture-like” nanoarchitectures did not show
any apparent loss of viability. The cells are quite healthy
and did not show any viability loss when treated with differ-
ent concentrations of MnO, “intertexture-like” nanoarchi-
tectures and kept for 24 h (Figure 9a). Only when the con-
centration was increased to 200 uygmL~', which is a very
high concentration when compared to previous experi-
ments®! (Figure 9b), was a slight decrease in viability no-
ticeable. Moreover, we also treated cells for different
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lengths of time to examine if the cell viability would be im-
paired when cells were exposed to MnO, “intertexture-like”
nanoarchitectures for longer times. When we treated the
cells with 50 ygmL ™" of MnO, “intertexture-like” nanoarchi-
tectures (Figure 9c), cell growth seems to have been sup-
pressed, but no apparent cell toxicity was observed even

(a) 120.0%

l T
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g 80.0% - i\}
2
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>
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Figure 9. Cell viability after treatment of MnO, “intertexture-like” nano-
architectures. a) Cells were treated with the indicated concentration of
MnO, “intertexture-like” nanoarchitectures for 24 h and then applied to
a MTT assay to measure cell viability as described in the experimental
section. b) Pictures of cells treated as described in a). c) Cells treated
with MnO, “intertexture -like” nanoarchitectures (50 pymL™") for differ-
ent lengths of time and then applied to MTT assays to measure cell via-
bility. In a) and c) each data point represents the results from at least
three independent experiments. Vertical error bars are the standard devi-
ations from the mean of the values within three standard deviations.
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after 72 h of treatment. Taken together, the heterogeneous
phase y-MnO, “intertexture-like” nanoarchitectures did not
show evident cell toxicity and is an overall safe and environ-
mentally friendly material.

Energy-saving applications of y-MnO, “intertexture-like”
nanoarchitectures: For most salt hydrates, especially those
proposed for energy saving applications, their asymmetrical
melting and freezing behavior usually decreases their poten-
tial as an energy-storing medium and also limits their useful-
ness for temperature calibration applications.”® The applica-
tion of environmentally friendly y-MnO, “intertexture-like”
nanoarchitectures as the supporting matrix led to perfor-
mance advantages for the mitigation of supercooling effects
and phase separation during the crystalline cooling process.
As shown in Figure 10, although the endothermal peaks for

(a)
24.03°C
- N Exothermal
s
< b Endothermal
‘? ° °
2 |513°C 1235°¢  3598°C
3] Exothermal
c
az’ () Endothermal
k] 2.38°C 36.46 °C
a’ o
x LSQQ c Exothermal
3 °c Endothermal
10 0 10 20 30 40 50

Temperature (°C)

Figure 10. DSC thermal spectra of a) nanoarchitectured MnO,/

CaCl,6 H,0, b) commercial MnO,/CaCl,-6 H,0O, and c) pure CaCl,-6H,0O

systems. Heat rate 5 Kmin~'.

the MnO,-participation system are slightly higher than those
for pure CaCl,6 H,O in the endothermal curves, the nano-
architectured MnO,/CaCl,-6 H,0O system has more benefits
than the commercial MnO,/CaCl6H,0 and pure
CaCl,»6 H,O systems. The exothermal curves for nanoarchi-
tectured MnO,/CaCl,-6 H,0O systems show only one peak
centered at 24.03°C in the exothermal curve (Figure 10a),
while dual sets of peaks appeared for commercial MnO,/
CaCl,6 H,O (12.35°C and —5.13°C; Figure 10b) and pure
CaCl,-6 H,O (18.69°C and 2.38°C; Figure 10c) system. That
is, the supercooling and phase separation phenomena in the
nanoarchitectured MnO,/CaCl,-6 H,O system are inhibited
when compared to the commercial MnO,/CaCl,-6 H,0O and
pure CaCl,-6 H,O systems. Of note, the mitigation of the su-
percooling effect is due to the small size effect of the nanou-
nits and the porous structure that comes from nanoarchitec-
tures, which enables the MnO, to uniformly disperse in the
melting CaCl,»6 H,O during heating. In this case, heteroge-
neous nucleation®! occurs during the crystallization process
resulting in reducing the supercooling effect. However, the
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commercial MnO, has large diameter sizes and cannot be
easily dispersed in the melting CaCl,-6 H,O system during
the heating process and is usually deposited in the container
pan. In this case, the homogenous nucleation! of the phase
change material of CaCl,-6 H,O are responsible for the cool-
ing crystallization process, and is similar to that for pure
CaCl,»6 H,O, and leads to the supercooling phenomena. Put
concisely, the application of the nanoarchitectures as a sup-
porting matrix for phase-change materials mitigates
common problems, such as phase separation and supercool-
ing effects, thereby showing potential application for
energy-saving in future “smart-house” systems.

Conclusions

In summary, the y-MnO, hexagon-based “layer-cake-like”
and “intertexture-like” nanoarchitectures were successfully
synthesized for the first time by a simple hydrothermal reac-
tion of MnSO, and NaBrO;. Based on direct evidence from
the structural analysis of hexagon-based nanoarchitectures,
the y-MnO, state was found to consist of akhtenskite (e-
MnO,), pyrolusite (B-MnO,), and ramsdellite, forming a het-
erogeneous phase, which violates the “De Wolff” model and
derivative models for y-MnO,, but it partially agrees with
Heuer’s results.”! Furthermore, the heterogeneous y-MnO,
was found to be a metastable, hydrothermal structure, and
the components of heterogeneous y-MnQO, have the structur-
al similarity and high lattice matches to pyrolusite (p3-
MnOQ,). The as-obtained y-MnO, nanoarchitectures are non-
toxic and environmentally friendly, and have potential appli-
cation as support matrices, mitigating common problems for
phasechange materials of inorganic salts such as phase sepa-
ration and supercooling effects, and ultimate use in energy-
saving applications in future “smart-house” systems.

Experimental Section

The chemical reaction we employed for the synthesis of the y-MnO,
nanoarchitectures can be formulated as Equation (3)

5MnSO, + 2NaBrO; +4H,0 — 5y-MnO, + Br, -+ Na,SO, -+ 4 H,SO,
3)

To prepare y-MnO, “layer-cake-like” nanoarchitectures, an aqueous solu-
tion (50 mL) containing of MnSO, (1 mmol) and of NaBrO; (0.5 mmol)
was put in a conical flask, and was stirred with a magnetic stirrer until a
transparent solution was obtained. The solution was then transferred into
a 60 mL Teflon-lined stainless steel autoclave, sealed, and was slowly
heated to 120°C with a rate of 1°Cmin~". The autoclave was maintained
at 120°C for 2 h. Only by elongating the reaction time to 16 h could y-
MnO, “intertexture-like” nanoarchitectures be obtained. Also, it should
be noted that the comparable experiments were carried out by adjusting
the experimental parameters with the other reaction conditions remain-
ing constant. After the reaction was completed, the resulting black solid
was filtered, washed with distilled water and absolute ethanol to remove
byproducts, and then dried at 60°C in air. The obtained black powders
were collected for the following characterizations.
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Characterization details: The sample was characterized by X-ray powder
diffraction (XRD) with a Philips X’Pert Pro Super diffractometer with
Cuy, radiation (1=1.54178 A). The field emission scanning electron mi-
croscopy (FE-SEM) images were taken on a JEOL JSM-6700F SEM.
The transmission electron microscopy (TEM) images, electron diffraction
(ED) patterns and high-resolution transmission electron microscopy
(HRTEM) images were recorded on a JEOL-2010 TEM at an accelera-
tion voltage of 200 KV. X-ray photoelectron spectroscopy (XPS) meas-
urements were performed on a VGESCALAB MKII X-ray photoelec-
tron spectrometer with an exciting source of Mgy, =1253.6 eV.

Total energy calculations: The VASP!™! program, a periodic DFT pro-
gram that uses the projector augmented wave (PAW) method,” was uti-
lized. The geometric optimization process was carried out by using a con-
vergence of 2meV for VASP. For the VASP calculations, convergence
was attained with an 8 x8x8 Monkhorst-Pack?! k-point grid and plane
wave and augmentation charge cutoffs of 780 and 400 eV.

Materials and methods for biosafety studies of y-MnO, ‘“intertexture
like” nanoarchitectures

Cell cultures: Human cervical carcinoma cell line HeLa, Human non-
small cell lung carcinoma cells (NSCLC) H1299 and Human colon carci-
noma cell line HCT116 were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% (V/V) fetal bovine serum (FBS), 1x
nonessential amino acid (1 equiv),penicillin (100 ygmL™"), sodium pyru-
vate (1 equiv), and streptomycin (100 pgmL~). The culture medium was
purchased from Invitrogen Corporation (GIBCO, Grand Island, NY).
The cells were maintained at 37°C in a humidified 5% CO,-containing
atmosphere.

MTT assay: Briefly, 10000 cells per well of each cell line were seeded in
96-well plate and treated with MnO, nanoparticles (0-200 pygmL™") sus-
pended in culture medium for the appropriate periods of time. Freshly
made MTT (Sigma-Aldrich) solution was added to the culture medium
to reach a final concentration of 500 ugmL~. The cells were put back
into incubator. After an additional 4 h, the culture medium was poured
off and DMSO (200 uL; Sigma-Aldrich) was added into each well. After
complete dissolution of blue crystals, a microplate reader was used to
measure the absorption at 570 nm.

Thermal energy-storage applications: The samples for MnO,/CaCl,-6 H,O
mixture systems were prepared from MnO, sample (20 mg) and
CaCl»6H,0 (1.5g) by vacuum ultrasonification for 30 min at 35°C.
After cooling to 0°C, the sample was thoroughly mixed using an agate
mortar in order to ensure uniform dispersion of the MnO, sample in the
melting CaCl,6 H,O. For differential scanning calorimeter (DSC) meas-
urements, the samples of pure CaCl,-6H,O and MnO,/CaCl,-6 H,O sys-
tems were immediately sealed in an aluminum pan for characterization
by the NETZSCH DSC 200 F3 instrument.
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