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Abstract:

Four different structures of manganese dioxide particles with good dispersity were obtained
by hydrothermal and co-precipitation methods. The magnetic measurement reveals that the
a-MnO, exhibit a spin-glass like behavior below 50 K which is different from the bulk a-MnO,.
The B-MnO; and the 8-MnO, exhibit a transition from paramagnetic to antiferromagnetic state at
92 K and 20 K respectively, and the y-MnO, keeps the paramagnetic state during the temperature
range of measurement. Besides, the 3-MnO, possesses the highest magnetization while the
B-MnO, has the lowest magnetization. The thermodynamic properties of these manganese
dioxides were further studied using heat capacity measurements, and the results confirmed the
magnetic transition at corresponding temperatures revealed in the above magnetic measurements.
Through fitting the heat capacity curve, standard molar heat capacity, entropy and enthalpy at
298.15 K (0.1 MPa) and transition enthalpy were obtained in this work. Based on the
characterization results, it is supposed that the impurity ions/molecular and vacancies are the main
factors that contribute to the magnetic performance of 3-MnQ,, although the layer structure

thought to be an origin of ferromagnetic interaction.
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Introduction:

Manganese dioxides are promising materials for many technology and it may exist as several
crystallographic modifications (a-, B-, y-, &, and 8)"" . Due to the crystal structure largely
determines the functional properties of MnO, materials, including their magnetic properties,
electrochemical characteristics, molecular absorption and catalytic properties, many efforts have
been made on preparation of the family of manganese dioxides with particular crystallographic

faces and novel morphologies in the past decades’.
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Figure 1. Schematic of phase of (a) a-MnO, (b) B-MnO, (c¢) 6-MnO, (d) y-MnO,

Manganese dioxides may include layered and one-dimensional tunnel units, which are
composed of corner- or edge-shared MnOs octahedral units. For example, as the precursor
material for the lithium ion batteries, an important feature of a-MnO, is the presence of
mesoporous channels formed by the stacked MnOgy octahedrons, as shown in Fig.1 (a), which
could host K', Na", NH," or Li" ions to stabilize this structure.* The framework of these
mesoporous channels, called octahedral molecular sieve structures, can form infinite alternating
I1x1 and 2x2 tunnels by sharing the edges and corners of the MnOg octahedrons. Besides the
above mentioned cationic species, neutral molecules, such as water, could also reside in the

tunnels.” B-MnO, is one of the most stable manganese oxides with tunnel structure, which has
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single chains of MnOg edge-sharing octahedra and possesses narrow 1x1 tunnels (Fig.1 (b)). 6

8-MnQ; is a layer manganese dioxide, as shown in Fig.1 (c), consisting of two-dimensional
(2D) sheets of edge shared MnOg octahedral. Since there are electrostatic attraction or van der
Waals forces existing between the inter layers, the inorganic layered materials can be delaminated
into unilamellar nanosheet units with the thickness in the order of around 1 nm and the lateral size
ranging from sub-micrometer to several tens of micrometers. An important characteristic of the
nanosheets in all materials synthesized thus far is the presence of cation vacancies, whose negative
charge is typically compensated by interlayer metal cations or portions. The layer-structured
3-MnO, has been widely used as cathodes for rechargeable lithium batteries and as catalysts for
oxidation-reduction processes.”® For y-MnO,, as shown in Fig.1 (d), it has an intergrowth tunnel
structure which contains f-MnO, domains with a relative size of (1x1) and ramsdellite domains
with the size of (2x1). With larger tunnels presenting a very privileged pathway for Li-ion
diffusion, the MnO, and its chemically formed analogues have been widely used as cathodic
materials in many cylindrical and flat batteries, and have also been considered for applications in
button batteries.”

The structural, magnetic, electrochemical and catalytic properties of these forms of bulk
manganese dioxides have been previously studied by various experimental measurements and
theoretical calculations.'® For example, Manceau ef al .analyzed different crystallographic MnO,
samples using X-ray absorption spectroscopy for determining the local structure around the
absorbing atoms materials."" Paik Y. ef al. investigated the local environments and mobility of
deuterons in manganese dioxide tunnel structures through variable temperature *H MAS NMR."?
Strobel et al. employed Transmission Electron Microscopy (TEM) to study the accurate structural
data and the possible correlations between structure and electrode behavior.” Besides, Cockayne
et al. performed density functional theory (DFT) to investigate the magnetic property of a-MnO,,
and they also provided quantitative predictions of the short-range antiferromagnetism(AFM), an
indirect bandgap, and optimal K-O distances for tunnels containing K*, OH", H,0, or H;0" in this
material."* Noda ez al. discussed the Geometrical structures and band dispersions of a-, -, 8-, and
A-MnO, crystals with collinear magnetic orders by DFT."”” The catalytic oxidation of the
formaldehyde by different crystal structures of a-, B-, 8-, and A-MnQO, catalysts was tested at low

temperature, and the tunnel structure and active lattice oxygen species were thought to be the main
4
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factors of the excellent performance of 8-MnO,.'" The transport properties and magnetic
susceptibility of single crystals of f-MnO, was investigated by Hirohiko Sato et al., and they
found that the transport properties could be accompanied by a large anomaly around Ty (92 K),
below which a helical magnetic long-range order could form."” Parida er al. identified and
characterized various forms of manganese dioxides and observed the following sequence in the
order of magnitude of the paramagnetic susceptibility values: 8- > a- > y- > 3-MnO, at 27 °oc.'®

In the last decades, a plenty of MnO, nanomaterials with different structures and
morphologies have been synthesized and reported for their potential applications for catalytic and
cathodic materials, however, the detailed study of their magnetic and thermodynamic properties
have been rarely reported, especially their thermodynamic properties in the temperature range
from 1.9 K to 300 K. According to the previous results, the ground state of o-MnO, is
antiferromagnetic due to the symmetric nature of Mn-O-Mn bonds. By contrast, a-MnO,
nanowires prepared through a hydrothermal method have been discovered to show
ferromagnetic-like behavior at very low temperature,'”” and the geometrical frustration on the
triangular lattices and the mixture of Mn*" and Mn*" ions have been considered to contribute the
ferromagnetism. The magnetic properties of -MnO, nanorod was investigated by Kumar et a/. at
room temperature,”’ and their study showed that the magnetic domains in nanosclaed materials
could be less compared to their bulk counterparts. Also, Wang et al. synthesized of various MnO,

nanostructures (a-, -, 6-, and e-MnO,) and found that all the nanostructures could show a

Published on 21 April 2018. Downloaded by Dalian Institute of Chemical Physics, CAS on 23/04/2018 02:38:48.

ferromagnetic-like transition at different Curie temperatures.”’ Based on these studies, it is
obvious to see that the physical properties of manganese dioxides could be largely affected by the
particle sizes and morphologies of materials.

To fully exploit the intrinsic properties of MnO, materials, a fundamental understanding of
their magnetic and thermodynamic property is needed. In this contribution, we have synthesized
various a, B, y and 3-MnO, particles using the hydrothermal and co-precipitation method, and
studied their thermodynamic and magnetic properties affected by their structures. It was found that
the MnO, samples with different phases could present different magnetic behaviors and magnetic
transitions, which were confirmed by the thermodynamic studies using the heat capacity
measurement. The thermodynamic parameters and the magnetic results indicated that the water

and impurities contained in the lattice may significantly affect the magnetic properties of MnO,
5
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particles.

Experimental

The a-MnQO; crystalline phase was prepared by a hydrothermal method reported by Wang et
al’ In a typical procedure, I mmol KMnO, and 1 mmol NH,F were dissolved in 40 mL deionized
water to form a clear solution under magnetic stirring, and then this solution was transferred into a
50 mL Teflon lined autoclave. The autoclave was sealed and maintained at 150 °C for 24 h, and
then cooled to room temperature naturally. The precipitates were filtered and then thoroughly
washed with water. The resulting black precipitate was finally dried in an oven at 80 °C for 10 h.
The B-MnO, was prepared by a hydrothermal method reported by Wang er al.”* In a typical
preparation, 3.0 mmol MnCl,-H,O and 3.0 mmol NaF were simultaneously dissolved in 11.0 mL
deionized water and stirred for 30 min, and then a KMnQOy, solution (0.18 M, 11.0mL) was added
into the above solution and stirred for another 30 min. The obtained slurry was then transferred
into a 30 mL Teflon-lined stainless steel autoclave, sealed, and maintained at 180 °C for 36 h. The
autoclave was allowed to cool to room temperature naturally. The precipitates were filtered and
then thoroughly washed with water. Finally, the products were dried at 50 °C for 24 h in air.

The 8-MnO, was prepared by a hydrothermal method as reported by Feng et al.> A mixed
solution of 0.6 M NaOH and 2 M H,0, was poured quickly into a 0.3 M Mn(NO;), solution and
stirred for 25 min. The precipitate was then subjected to hydrothermal treatment at 150 °C for 16 h
in a 2 M NaOH solution, and the obtained precipitates were centrifuged and washed using
deionized water for many times, and then the 8-MnO, was obtained by drying at 80°C in an oven
for 24 h. The y-MnO, was prepared by a co-precipitation method. A solution of 8 mmol MnSO,
and 8 mmol (NH,4),S,05 were dissolved in 100 ml deionized water simultaneously, and the
solution was then heated to 90°C and kept at the temperature for 12 hours. When the solution was
cooled down, the precipitates obtained were centrifuged and washed using deionized water for
many times, followed by drying at 80°C in an oven for 24 h.

The X-ray diffraction pattern (XRD) was measured on a D/Max2550VB+/PC diffractometer
with Cu Ko radiation (A=1.5406 A) using an operation voltage and current of 40 kV and 40 mA,
respectively. The 20 angle ranged from 10° to 90 °with a scan step of 0.02°. The zero field cooled

(ZFC) and field cooled curves were recorded from 10 K to 300 K in an applied field of 1000 Oe,
6
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and the hysteresis loops were measured at 5 K, 50 K and 300 K under the magnetic field up to 20

kOe, respectively, with a Vibrating Sample Magnetometer equipped in a commercial Physical

Property Measurement System (PPMS). The heat capacity measurement was performed on the

PPMS using a relaxation calorimetric method in the temperature range from 1.9 K to 400 K, and

the measurement uncertainties were verified to be £3% below 20 K and +1% from 20 K to 400 K.

** Thermogravimetric analysis (TGA) was performed on a Setaram Setsys 16/18 analyzer in a dry

air with a heating rate of 10 ‘C/min. The binding energy of the surface and element analysis were

determined by X-ray photoelectron spectra (XPS) with an ESCALAB 250xi X-ray photoelectron

spectrometer using contaminated C as internal standard (C 1s = 284.6 eV).

Results and discussion

The structures:
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Figure 2 the X-Ray diffraction patterns of MnO, nanostructures: (a) a-MnO,, (b) B-MnO,, (¢) 8-MnO, and (d)

v-MnO,.

The XRD patterns of MnO, with different polymorphic forms are shown in Fig.2. It is

observed that all of the diffraction peaks in Fig.1 (a) can be perfectly indexed to the a-MnO,
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(JCPDS 44-0141), indicating that the a-MnO, crystalline phase has the space-group symmetry
14/m(87) with a body-centred tetragonal lattice type, and no other impurities are observed. The
calculated lattice constants are a = 9.750 A and ¢ = 2.861A. The average crystallite size estimated
from peak (211) and (310) using Scherrer formula is about 93 nm. The XRD pattern of the
as-prepared B-MnO, crystals are shown in Fig. 1(b). It can be seen that all the diffraction peaks
can be easily indexed to a pure tetragonal phase (space group: P4,/mnm) of B-MnQO, with lattice
constants of a = 4.399 A and ¢ = 2.874 A (JCPDS 24-0735). No peaks of any other phases are
detected, indicating the product has a high purity. The sharp peaks suggest the f-MnO, is highly
crystalline and the crystallite size is near 15 pm. The 8-MnQO, crystal has the space group
symmetry P6s/mmc(194) and its XRD pattern is shown in Figl.(c). The diffraction peaks at
d-values of 0.719, 0.358, 0.249, and 0.243 nm can be indexed to the birnessite (JCPDS 80-1098),
and the d-values of 0.719 nm suggest that the single crystal water sheet are formed in the sodium
manganese oxides. > The calculated crystallite size of 8-MnO, is about 110 nm. The XRD pattern
of y-MnO, is shown in Figl.(d). The highly broadened reflections (at 22.2°, 37°, 38°, 42° and 56°)
can be identified as y-MnO, (JCPDS 42-1316), indicating the crystal size is smaller than others.
Due to the relative low intensity of the reflection peaks, it also can be obtained that the degree of
the crystallinity is low and the stresses could remain in the lattice. The calculated crystallite size of
the y-MnO, sample is about 40 nm. As reported, y-MnO, is normally the product of intergrowth of
elements of ramsdellite and pyrolusite, and thus no complete single crystal will emerge in the
structure, leading to the low crystallinity of y-MnO,.*’

Since the metal oxide nanoparticles tend to absorb water on their surface in air, we have
performed a thermogravimetric measurement on these samples to determine the water contents in
these samples. As shown in Fig.S1, the TGA curves of these four types of MnO, were recorded
from room temperature to 1100 °C. The weight losses lower than 200 °C would be caused by the
desorption of water at the surface of the crystal, while the losses at 600°C, 860°C and 490°C for
these samples may correspond to the phase transformation from MnO, to Mn,0O3, from Mn,0O; to
Mn;04, and from y-MnO, to B-MnO, phase, respectively.”*>® Considering that heating at a higher
temperature would cause the phase transitions of the MnO,, we believe that the weight loss before
400 °C is the water loss from the samples. In this regard, according the obtained results, the

weights of incorporated molecular water in each sample can be calculated in their molecular
8
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formula form to be a-MnO,-0.16H,0, B-MnO,-0.01H,0, 8-MnO,-0.17H,0 and y-MnO,-0.20H,0.

The magnetic properties:
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Figure 3 The ZFC and FC magnetization curves of o-MnO, (a), B-MnO, (b), 6-MnO, (c) and y-MnO, (d)

respectively.

The magnetic properties of the as-synthesized a, B, y and 5-MnO, samples were investigated
using the vibrating sample magnetometer on the PPMS, and the zero-field-cooled (ZFC) and
field-cooled (FC) magnetization data in the range from 10 K to 300 K under 1000 Oe are
presented in Fig.3. It is well known that all the oxygen octahedral in 0-MnO, are connected to
each other by point or ridge sharing, and therefore the antiferromagnetic order is preferable in this
case. However, both ZFC and FC susceptibilities of the a-MnO, undergo a sharp rise at 52 K and
diverge at lower temperatures, while they are virtually identical above 50 K, as shown in Fig.3 (a).
Besides, there is a cusp on the ZFC curve at 7y = 47 K which is absent on the FC curve. This

transition temperature is higher than the Neel temperature of bulk a-MnO,(Tyy =24.5 K),” and it
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looks like the a-MnO, may present an obviously ferrimagnetic transition at 77 =52 K. It was
generally explained as the reduction in oxidation state of Mn*". Mn®* existing in the lattice in
order to compensate for the charge, and the distribution of Mn®" and Mn*" may cause a change in
magnetic ground state. Similar transitions are also observed in the ions doped a-MnO, materials,”
*! and Mn;0, impurity phase also could be the reason for this high hump due to its ferromagnetic
transition near 50 K. The value of ZFC becomes negative when temperature is lower than 36 K,
which could be caused by the negative exchange coupling among the ferromagnetic sublattices.*”
However, this transition cannot be observed in the heat capacity measurement, where a transition
peak should appear at the transition temperature.

Additionally, it can be observed in Fig 3. (b) that both ZFC and FC magnetization curves
showed sharp peaks at 92 K, and this profile could be concluded to show the typical
antiferromagnetic behavior with the Neel temperature of 92 K. The small separation between FC
and ZFC curves below Ty could be attributed to uncompensated surface spin in antiferromagnetic
nanocrystals. This is in line with that f-MnQO, crystal show a magnetic transition into helical state
at 92 K, below which it has a well-known screw type incommensure magnetic structure, with the
pitch of screw about 4% shorter than 7/2¢.” Furthermore, it can be seen from Fig. 3 (c) that the
ZFC and FC magnetization curves of 8-MnO, crystal also show peaks at 20 K, corresponding to
the paramagnetic to antiferromagnetic transition, which is also confirmed by the heat capacity
measurement. This transition temperature is higher than that of nano-wall of the 6-MnO, type
found by Zhu et al., which has a transition at 9.2 K,27 but lower than the transition from
paramagnetic to ferromagnetic happened at 32 K in the one dimensional hierarchical layered
S-MnOz.34 These two curves are identical above the magnetic transition and show the feature of
paramagnetic order. As for the y-MnO, shown Fig.4 (d), the FC curves exhibit a typical
paramagnetic character and the kink in the ZFC curves may be caused by the canted spin at the
surface of the nanoparticles. With further increasing temperature from 100 K to 300 K, the
magnetization of all samples tends to decrease, indicating a paramagnetic behavior happened in

these samples.

10
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Figure 4 The isothermal field-dependent magnetization curves of a-MnO, (a), f-MnO, (b), 6-MnO, (c) and

vy-MnO, (d) measured at 5 K, 50 K and 150 K, respectively.

The plots of the magnetization against the applied field for these four samples (a-MnQO, (a),
B-MnO, (b), 5-MnO; (c) and y-MnOy) at different temperatures are shown in Fig.4. It can be seen
that, the hysteresis loop of a-MnO, (Fig.4 (b)) exhibits very small coercivities at 50 and 150 K,
and the dependence of magnetization with the applied field is markedly linear and the saturation
magnetization is not reached in the sample even at the maximum applied field of 20000 Oe, which
could be attributed to its paramagnetic state and small anisotropy. However, the considerable
hysteresis with coercivity as large as 6700 Oe can be observed at 5 K, suggesting that a magnetic
transition occurred and large magnetic anisotropy exist in the a-MnO,, and together with linear
dependence at higher field values suggests a canted AFM state below Ty. In Fig.4 (b), it can be
observed that the three loops of B-MnO, at different temperatures are all nearly linear and the
coercivities are very small, and getting smaller with decreasing temperature. Based on the
isothermal filed-dependent magnetization and ZFC/FC results, the B-MnO, should be in

paramagnetic state at high temperature and change to antiferromagnetic state in the temperature

11
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range below 92 K.*' The situation of 8-MnO, is similar with f-MnO,, since the nearly linear
M-H curves and very small coercivities suggest a paramagnetic state and a well aligned
antiferromagnetic state above and below the Ty, respectively. The magnetization of y-MnO, is
also linear to the applied field in the measured temperatures, as presented in Fig.4 (d), indicating a
paramagnetic state occurring in the temperature range from 5 K to 300 K.

In addition, the magnetization values of the MnO, with different polymorphic forms should
be same in their paramagnetic state at 150 K. However, amongst these samples, B-MnO, has the
lowest degree of magnetization, followed closely by sample 0-MnO, and y-MnQO,, and 6-MnO,
possesses the highest magnetization. This order is similar to the previous results reported by
Parida et al..'® As the temperature decreasing to 5 K, the magnetization value of 3-MnO,, a-MnO,
and y-MnO, at 20 kOe is found to be 4.31 emu/g, 4.16 emu/g and 2.75 emu/g respectively, which
are much larger than that of B-MnO, (0.70 emu/g), as seen from Fig.4. Several reasons can be
attributed to the present observation. According to the previous theoretical results, though the
interlayer magnetic interaction is weak, the ground state of the 8-MnO, is predicted to be
ferromagnetic (FM), while the other tunneled phases are antiferromagnetic state.'™ "> This could
be caused by the different connectivity pattern linking MnQOg octahedral between 8-MnO, and
other phases. However, experimentally, the B-MnO, adopts a helical magnetic configuration and
the other phases are believed to be antiferromagnetic. Except the structural factors, in 6-MnO,, a
layer charge deficit arises from the presence with layers of Mn’" cations and/or vacant layer
octahedral, and could be compensated by the presence of interlayer cations. The content of Mn>"
and defects existed in the samples has larger magnetization contribution and may intrigue the
ferromagnetic interaction between the Mn ions. To evaluate the impurity ions in the 6-MnO,
lattice, the X-ray photoelectron spectra was measured at room temperature and the results were

shown in Fig. S2. This result further confirms that the Na” and Mn®" ions existing in the lattice.
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Figure 5 The heat capacity curves of 0-MnO,, B-MnO,, §-MnO, and y-MnO, in the temperature range from 1.9 to

300 K(a), 60 to 120 K (b), and 1.9 to 30 K(c), respectively.

The thermodynamic property of these MnO, materials was studied by measuring their heat

capacities using the PPMS in the temperature range from 1.9 K to 300 K. According to the TG

results, we have calculated the molecular formula of these samples respectively. The molar heat

capacities of these samples were therefore calculated using these molecular formula and plotted in

Fig. 5 and listed in Table S-I. It can be seen from Fig.5 (a) that the heat capacities of these samples

are similar at high temperatures. The differences of quantities are caused by the H,O molecular

and the impurity atoms. Also, there is a sharp anomaly in the heat capacity appear at 92 K in
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B-MnO,, which is in good agreement with the observation of the temperature dependent
magnetization measurement. Based on previous investigation, the second order phase transition
appearing at 92 K in f-MnQO; is the magnetic transition from paramagnetic to antiferromagnetic.35
Besides, there is a broad anomaly in the heat capacity of 3-MnO, at 16 K, which is in agreement
with results observed the magnetic measurement. However, at first glance, no obvious anomaly in
the heat capacity of a-MnO, can be seen around the temperature where the steep increase of the
susceptibilities is observed. This finding rules out long-range ferromagnetic ordering as the origin
of the sharp rise in the magnetization. Besides, no peaks of impurities appeared in each curves of
MnO, samples, such as Mn,0O3;, Mn;0,4. Combining the magnetic and heat capacities results, we
assigned the transition at 7=47 K to the spin glass behavior in the a-MnO,, which may stem from
the impurity ions and the vacancies.

It is well known that, the heat capacity of a substance at low temperature can be expressed as
a sum of contributions closely related to lattice vibrations, electrons, magnetons, nuclei and
impurities, and each property can be independently described using a proper theoretical model.
Extracting these contributions by fitting the heat capacity data to theoretical models may provide
important information about the physical property of the material.*® To further understand the
physical properties of the transitions, the heat capacities of these samples below 10 K were fitted

to the following temperature-dependent expression,

.
Com = AT~ YT+ BT o+ BST® 4 Brou 1%~ 4+ nsenRGY —77 (1)

where the y7T term represents the contributions from electrons or lattice defects or oxygen
vacancies in the samples; the 4,,77 term represents the contributions from the nuclear hyperfine
structure; the (B3T3+ BsT° ) term of odd powers in temperatures is the harmonic lattice model in
terms of the lattice vibration contribution; the BfSWT8 e term represents the ferromagnetic

behavior in the heat capacity; and the exponential function of St

in the magnetic terms
represents a gap of spin-wave spectrum generated in an ordered magnet when anisotropy occurs.
The last term in the expression is corresponding to the contribution of Schottky anomaly in this
temperature region.

In the middle temperature region (10 K< 7 <70 K), the heat capacities were fitted to an

orthogonal polynomial function shown below,

14
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Com = Ag + AT + A;T? + A3T? + A T* + AsT® + AgT® + A;T7 + AgT® )

And in the high temperature region (>70 K), a combination of Debye and Einstein function was
employed for the fitting,

Com =npD(6p) + ng1E(Bg1) + npyE (6g,) + aT + bT? 3)
where D(@p) and E(8g) are Debye and Einstein functions, 6p and 6z are Debye and Einstein
temperatures, np and ng are Debye and Einstein parameters, respectively; and the (aT +bT2) term
represents the modification for (C,-C,) corrections. The fitting parameters, temperature regions
and corresponding percent mean-square fitting deviations (% RMS) are listed in Table S-II. It can
be seen that the curve fitting % RMS of all MnO, samples are less than 1.98%, 0.62%, 1.0%, in
the low, middle and high temperature regions, respectively, which are much smaller than the heat
capacity uncertainties of 3%, from 7'= (1.9 to 20) K, and 1% from 7= (20 to 300) K. According to
the fitting parameters listed in the Table II, the antiferromagnetic contribution actually exists in
the a-MnO, sample. Combining with the magnetic results, the transition from paramagnetic to
spin-glass state should response for the sharp increase in the magnetic measurement. The 7°
contributions can also be found in the f-MnO, and 8-MnO,, indicating the antiferromagnetic order
at low temperature. In addition, the linear term contribution in y-MnO, and 8-MnO; is larger than
others, suggesting that more vacancies and defects should exist in their lattices, which is in
accordance with XRD results.

Using the fitting parameters as well as the corresponding thermodynamic Equation (4) and (5)

Published on 21 April 2018. Downloaded by Dalian Institute of Chemical Physics, CAS on 23/04/2018 02:38:48.

listed below,

AHY =[] CpmdT )

AST =[] (Cpm/T)AT (5)

the thermodynamic function were calculated in the temperature range from 7 = (0 to 300) K and
results are given in Table S-III. The standard molar heat capacity, entropy and enthalpy at 298.15
K and 0.1MPa were determined to be Cgp,m = 6234 (£0.62) )K" 'mol”, §%,= 62.70 (£
0.62)J-K"-mol”, H’,= 9.94 (£0.10) kJ-mol™; C’,, =54.29 (+0.54) J-K"-mol", §’,=52.49(+
0.52) J-K"'-mol”, H’,=8.73(£0.09) kJ-mol"; C’,,=350.77(£3.5) J-K"-mol", §°,=411.37(+
4.11) J-K"-mol”, H’,=60.210(£0.60) kJ-mol"; C’,,=70.14(£0.70) J-K"-mol”, §’,=68.78(+

0.69) J'-K"mol”, H’,=11.036(%0.11) kJ-mol” for a-MnO,, B-MnO,, 8-MnO, and y-MnO,,
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respectively.

Conclusion:

In summary, four kinds of manganese dioxides with different structures were synthesized by
the hydrothermal as well as co-precipitation methods, and the magnetic and thermodynamic
properties of these four samples were investigated. It was found that the spin-glass transitions
occurred in 0-MnO; at 50 K due to the frustration, while the antiferromagnetic transition happened
in B-MnQO, and 8-MnO, at 92 K and 20 K respectively. The heat capacity measurement confirmed
these transitions at corresponding temperature, and the thermodynamic parameters were calculated
from the heat capacity measurement. These manganese dioxides enormous difference in heat
capacity and magnetic properties are likely not only due to the difference of their tunnel structures,

but also contributed from the water, lattice oxygen and impurity ions concentration in the lattice.
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