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Natural battery-grade manganese dioxide with 69.78 mass% MnO; and 14.50% MnCOz was subjected
to solid-state treatment to prepare a hybrid system with B-MnO2 and NaxMn3O7 phases. The heat
treatment was carried out at 400°C using NaOH/MnO; molar ratios ranging 0.4 to 1.2 and
NaNO3z/MnO2 molar ratios ranging 0 to 0.8. The structures of the samples were analysed using X-ray
diffraction and differential scanning calorimetry. The electrochemical properties were evaluated
through cyclic voltammetry, and the specific capacitance (Cs) values were calculated. The XRD results
confirmed the formation of Na,Mn3Oy>. The highest Cs (34.21 F g!) was obtained in the sample with
24.15 mass% Na.Mnz07. A thermodynamic analysis was also carried out to estimate the effect of the
NaOH and NaNO3 contents and of the temperature on the formation of Mn-based species.

Keywords: solid state treatment; Na2Mn3zO- species; specific capacitance.

1. INTRODUCTION

In recent years, NaxMyO; (M = Mn, Ni, Co) materials have been considered possible
supplements to lithium-ion batteries due to the abundance of sodium and the low cost of the material
[1,2]. Among these cathode materials, NaxMnyO, species are considered promising due to their
theoretically high capacity, ease of synthesis and environmentally friendly nature. Various NaxMnyO;
materials have been successfully prepared by several methods, such as solid-state [3-6], hydrothermal
[7,8], sol-gel [9,10] and molten salt synthesis procedures [11].

Matsumae [12] prepared sodium manganese oxide, including a-NaMnO., B-NaMnO; and
Nao.7MnOg, as a cathode material for sodium-ion secondary batteries by a microwave heating method
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with a boron addition. Manzi [13] reported a physico-chemical comparison of a- and B-NaMnO:
compounds as materials for application in electrodes for secondary sodium batteries. Tsuchimoto [14]
reported that Na>xMns3O7 electrodes had a highly reversible oxygen-redox capacity with small
polarization using spectroscopic and magnetic measurements. Whitacre [15] prepared NasMngO1g by a
solid-state synthesis route combining Na;COz and Mn;Oz at 750-800°C for 8 h and found that the
system was electrochemically stable in an aqueous 1 M NazSO4 electrolyte. Marlina [16] synthesized
Na>Mn307 by mixing Na2COz and MnO: in a solid state method and by mixing Na,COs and MnCl. by
a sol-gel method, followed by calcination at 800°C for 3 h.

Low grade manganese ore has been used to prepare MnO, materials, where it is first reduced to
MnO. Then, soluble MnO is leached by dilute sulfuric acid to obtain a MnSQj4 solution, and finally,
structural MnO. can be prepared by the redox reaction in a mixed solution of MnSO4 and KMnOg [17].
Zhao [18] chemically prepared manganese dioxide from low-grade rhodochrosite (MnCQOz3) ore by
leaching with sulfuric acid, purifying, crystallising and decomposing MnCOs, before finally refining
MnO.. These leaching methods decrease the contents of ore impurities such as silica and iron oxides.

In the present work it is proposed to prepare a hybrid mixture of B-MnO. and Na2MnzO~
components from natural battery-gradel manganese dioxide, which is used in the manufacture of dry-
cell batteries, to improve the specific capacitance of this material. The manganese ore concentrate
contains pyrolusite (B-MnO.) and rhodochrosite (MnCQOs) in a mass ratio of 4.8/1 (MnO2/MnCQOs),
along with small amounts of silica, corundum, iron oxide and CaO. The solid state treatment partially
transforms MnO and MnCO3 into Na2Mn3zO- by reacting with NaOH and the oxidant agent NaNOs, at
400°C in a controlled atmosphere. The chemical composition and microstructure of the Na,Mnz0O7
samples are examined by chemical analysis, X-ray diffraction (XRD) and differential scanning
calorimetry (DSC). The electrochemical properties of the Mn-based materials are investigated by
cyclic voltammetry (CV), and on the basis of the CV data, the specific capacitance values are
calculated. A thermodynamic analysis is also carried out with FACTSage software [19] to estimate the
effect of the content of NaOH and NaNOs and of the temperature on the thermodynamic stability of
the different Mn-based compounds.

2. EXPERIMENTAL

The experimental design was based on the composition of the manganese ore concentrate,
which mainly contains pyrolusite (B-MnQOz) and rhodochrosite, as shown in Table 1 (moisture was
excluded).

Table 1. Chemical composition of the manganese ore concentrate. ni/nmno2 represents the ratio of the
moles of each component to the moles of MnO..

Component mass% Ni/NMno2
MnO, 69.78 1
MnCOs 14.50 0.1570
SiO» 6.85 0.1420
Al,0s 3.50 0.0427
Fe203 3.27 0.0255
CaO 2.1 0.0466
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The particle size of the manganese ore was lower than 74 um (< mesh 200). The ore
concentrate was characterised by X-ray diffraction, scanning calorimetry and chemical analysis.
Subsequently, the solid state treatment of the manganese ore samples was carried out using NaOH and
NaNOs at different NaOH/MnO, and NaNO3z/MnO, molar ratios, as shown in Table 2.

Table 2. Experimentally used molar ratios of NaOH and NaNOs.

Sample NNaoH/NMno2 NNano3/NMno2

A-1 0.4 0

A-2 0.4 0.4
A-3 0.4 0.8
B-1 0.8 0

B-2 0.8 0.4
B-3 0.8 0.8
C-1 1.2 0

C-2 1.2 0.4
C-3 1.2 0.8

Chemically pure NaOH and NaNOs powders (above 99.5 mass% purity) were homogeneously
mixed with manganese ore, placed in a nickel crucible and heated in an alumina tube furnace with an
argon atmosphere. The samples were heated to 400°C and kept at this temperature for four hours in
order to reach equilibrium. The temperature was measured with an R-type thermocouple (Pt - Pt, 13%
Rh). The samples were cooled to room temperature and the reaction product was washed with a dilute
acidic HCI solution to remove water-soluble salts and thereby obtain a solid product that was enriched
with NazMnzO7. Then, the samples were prepared for characterisation by X-ray diffraction (Bruker
AXS diffractometer model D8, equipped with a Cu Ka radiation source), differential scanning thermal
analysis (Mettler Toledo TGA-DSC-1) and chemical analysis.

The electrochemical evaluation of the synthesized materials was performed by means of the
cyclic voltammetry technique using an EG&G potentiostat/galvanostat (Princeton Applied Research,
model 273A). A typical 3-electrode electrochemical cell consisting of a saturated calomel reference
electrode, ECS (E°=0.2415 V/ENH) placed inside a Luggin capillary, a graphite counter electrode and
a working electrode. The working electrode was prepared using 0.0004 g of Vulcan carbon, 10 ul of
Nafion and 60 pl of acetone. Cyclic voltammetry measurements were carried out at a scan rate of 2
mV s? over the voltage range of —0.9 to 0.4 V. The specific capacitance (Cs) values of the electrode
materials were also calculated from the voltammetry results.
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3. THERMODYNAMIC ANALYSIS
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Figure 1. Effect of the amounts of NaOH and NaNOs on the amounts of Mn-based compounds at
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Figure 2. Effect of temperature on the amounts of the Mn-based compounds.

The FACTSage computational thermodynamic package [19] with the Equilib module was used
to determine the concentration of the different chemical species once they reached chemical
equilibrium. The user provides the initial amounts of the chemical species contained in the system
along with the temperature and pressure. Then, the program calculates the most stable species with the
Gibbs free energy minimisation method. It is worth mentioning here that to complete the FACTSage
database, we included the molar enthalpy (H°208) and molar entropy (S°298) of Na2Mn3zO7 at 298.15 K
which was estimated by the methods reported by Aronson [20] and Spencer [21], respectively. The
Neumann-Kopp Rule [22] was applied to calculate the standard molar heat capacity of NaxMnzO7, C,°,
from the contribution of the heat capacity of the oxides Na>O and MnO:
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He28 = —2,120.0 kI mol™ ; S°s=273.30 J mol™* K™ (1)
Cp° =278.721 + 0.0667 T — 5.7964x10° T-% — 14.088x10°° T J mol-! K- (2)

To estimate the effects of the NaOH and NaNOs contents and of the temperature, the molar
amounts of each component, shown in Tables 1 and 2, were considered in the FACTSage software,
which can be expressed as:

MnO; + 0.157MnCOs + 0.142SiO; + 0.0427Al,03 + 0.0255Fe203 + 0.0466Ca0O + xNaOH +
yNaNO3 (3)

where x and y are considered to be between 0 and 0.8.

Figure 1 shows the calculated composition of the chemical species in terms of the content of
NaOH and NaNOs at 400°C, where it is observed that the combined effect of these fluxes can produce
a complete transformation of MnO, and MnCOs to Na2Mn3z0O7. As the alkali hydroxide to manganese
dioxide ratio is increased, the yield of higher valence materials also increases. In addition, the presence
of the oxidising agent (NaNOz3) prevents the formation of Mn2Os. According to the thermodynamic
calculation, the minor components SiO», Al.Oz, CaO and Fe»O3 do not react at this temperature; thus,
not all of them are shown in Figure 1. Figure 2 shows that the processing temperature is important to
avoid the formation of Mn>Os and to obtain the highest content of NaMn3O7, which depends on the
contents of NaOH and NaNO:s.

4. RESULTS AND DISCUSSION

4.1 Chemical analysis

Flame emission spectroscopy (FES) was used for the determination of Na in the heat treated
manganese ore. The Na content was considered to completely form the Na2Mn3O7 component. Table 3
shows the Na content, and hence the obtained NaMn3O7 amount in each sample. It is observed that by
increasing the contents of both NaOH and NaNOs in the treatments the sodium content also increases.
The highest Na2Mn3O7 amount is obtained in sample C-3, which is treated with the following molar
ratios, NaOH/MnO; = 1.2 and NaNO3z/MnO; = 0.8.

Table 3. Chemical composition and specific capacitance of the heat treated samples.

Sample mass% Na mass% NaMnsO~ Cs(Fg™
A-1 13 9.13 13.78
A-2 1.7 11.93 15.70
A-3 2.6 18.25 24.31
B-1 1.62 11.37 16.04
B-2 2.0 14.04 19.12
B-3 2.90 20.36 27.50
C-1 2.46 17.27 25.18
C-2 3.15 22.11 30.13
C-3 3.44 24.15 34.21
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The initial MnCOs content of the ore concentrate (14.5 mass%) should provide 13.57 mass%
Na2Mn3z07, if assuming complete transformation; however, some samples have less than this value, as
shown in Table 3. This result means that in these samples, rhodochrosite is partially transformed into
pyrolusite. Thus, the heat-treated samples can be considered a hybrid system consisting of 3-MnO; and
Na:Mn307.

4.2 DSC results
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Figure 3. DSC pattern of the manganese ore concentrate.

Figure 3 shows the DSC pattern of the initial manganese ore concentrate. The resolution of the
individual steps in the DSC curves can be improved by examining the derivative curves (Figure 3.a)
which represents the rate of mass loss; the peaks more accurately indicate the specific temperatures
characteristic of the different component changes.
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NaOH/MnO- = 0.8 and (b) NaNO3/Mn0O,=0.4 and NaOH/MnO2=1.2.

This figure shows an endothermic peak at approximately 243°C with 0.85% weight loss, which
may be ascribed to the removal of structural water [23,24], and an endothermic decomposition reaction

of rhodochrosite between 480° and 630°C [23]:
MnCOsz — MnO + CO>

This reaction immediately overlaps the reduction (Mn** to Mn®") and oxidation (Mn?* to Mn%*)

reactions:

MnO,; — % Mn203 + % O2
MnO + ¥ Oy — % Mn203
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An endothermic reduction takes place at approximately 855°C:

Mn203 — 2/3 Mn304 + 1/6 O2 (7)

Figure 3.b shows that the mass loss during reactions (4) to (6) was approximately 4.14%,
whereas the mass loss during reaction (7) was approximately 0.97%.

Figure 4 shows the DSC patterns of samples B-2 and C-2 after the solid state treatment of the
ore concentrate. There is no peak for the rhodochrosite transformation at approximately 533°C, which
means that this component is completely transformed, first to MnO and then to MnO> or NaxMnzOx.
There is a small peak between 550° and 570°C for the MnO>—Mn2O3z transformation, and one peak

between 879° and 923°C for the Mn20O3s—Mn304 transformation. Similar DSC patterns are obtained
for the other samples.

4.3 Structure of the heat treated manganese ore

A
o A SiO, O B-MnO,
® MnCO; O Na,Mn;O;
Manganese ore
AO
= o] A o A-1
s I
:'? A
0
5 (e ©
= It o o a4 © A-2
A i RO TR wat
0 o]
A
(m] op A o A-3
20 30 40 50 60 70 80 90 100

20 (degree)
Figure 5. XRD patterns of the samples treated with molar ratio of NaOH/Mn0>=0.4.

The powder XRD patterns of the manganese ore concentrate as well as the samples heat treated
with a molar ratio of NaOH/MnO- = 0.4 are shown in Figure 5. There are four peaks at approximately
20 = 28.62°, 37.37°, 42.79° and 56.57°, which demonstrate the presence of pyrolusite 3-MnO- (JCPDS
No. 24-735). The peaks of rhodochrosite (JCPDS No. 44-1472) and quartz-SiO. (JCPDS No. 78-1254)
can also be observed. Small peaks at approximately 32.13° and 45.35° are observed in samples A-2
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and A-3 which correspond to the NazMn3O7 species (JCPDS No. 78-0193), whereas the peaks of
MnCO3z cannot be observed in these samples.
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Figure 6. XRD patterns of the samples treated with molar ratio of NaOH/MnO>=0.8.
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Figure 7. XRD patterns of the samples treated with molar ratio of NaOH/Mn0O>=1.2.

Figures 6 and 7 show the XRD patterns for the samples treated with NaOH/MnO = 0.8 and
1.2, respectively. In these samples the peaks at 24.97°, 32.13°, 36.18°, 45.35 and 65.31° corresponding
to Na2Mn3O7 are more clearly observed, especially for the samples obtained with high NaNO3z/MnO-
molar ratios (B-3 and C-3), this result corresponds with the highest amount of NaMnz07 obtained in
these samples.
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It has been reported that Na2Mn3zO- is obtained by solid methods from NaNOs and MnCOs; thus, the
structure of the as-synthesized materials was analysed by using high-resolution X-ray diffraction
[25,26]. Stoichiometric amounts of the precursors were used in these works to completely obtain
NaxMnz07.

4.4 Electrochemical performance of the heat treated samples

2.5

Current (mA)
o
W

-1

- -0.8 -0.6 -0.4 0.2 0 0.2 0.4
Potential (V vs SCE)

Figure 8. CV curves of the samples treated with a molar ratio of NaOH/Mn02=0.4.

The electrochemical properties of the heat treated manganese ore specimens were determined
by cyclic voltammetry at room temperature. Figure 8 shows the measured CV curves of samples A-1,
A-2 and A-3 recorded at a scan rate of 2 mV st and between —0.9 and +0.4 V vs. Hg/HgO in a three-
electrode cell with activated carbon. The presence of a pair of redox peaks is observed, corresponding
to the charge/discharge plateaus of the voltage curves. Specifically, in the cathodic sweep of these
three samples, at approximately —5 to —0.4 V vs. Hg/HgO, current peaks are observed which are due to
the reduction of Mn*" accompanying the insertion of Na* ions. In the reverse direction, oxidation peaks
are observed between —0.3 and —0.2 V vs. Hg/HgO, which are due to the removal of Na* ions. Thus,
the capacitance originates from the fast and reversible Faradaic redox mechanism [27].

The redox peaks of these samples are similar in position and shape, which indicates that the
charge storage mechanisms of these materials are the same. However, the anodic peak increases as the
Na content in the heat-treated sample increases.
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Generally, the oxidation peak and reduction peak move towards high potential and low
potential, respectively, indicating slow ion diffusion, higher diffusion resistance and polarisation
within the electrode material [28]. However, the treated manganese ore samples show that there are
small potential differences between the cathodic and anodic peaks (less than 0.2 V), suggesting little
polarization and fast electrode kinetics.

The specific capacitance was calculated from the CV curves using the following equation:

Co =7 = rmaw Jua 19V ®

where Cs (F g%) is the specific capacitance, Q (C g™ ) represents the voltammetric charge
obtained from the integrated area of the CV curves, v is the potential scan rate (V s1), AV = (Vc-Va)
is the sweep potential range (V), | denotes the response current (A), and m is the mass of the

electroactive material (g).

2.5

Current (mA)
o
(4]

K 0.8 0.6 0.4 0.2 0 0.2 0.4
Potential (Vvs. SCE)

Figure 9. CV curves of the samples treated with a molar ratio of NaOH/Mn0O>=0.8.

The specific capacitance values of samples A-1, A-2 and A-3, calculated from the CV curves
and reported in Table 3, are 13.78, 15.7 and 24.31 F g%, respectively. The specific capacitance of
sample A-3 is higher than that of A-1 and A-2. This result can be due to the content of NaMnzO7
being highest in the tested electrode.

Figures 9 and 10 show the measured CV curves of samples for the B and C series of materials
treated with molar ratios of NaOH/MnO, = 0.8 and 1.2, respectively. A peak is observed in these
samples during the cathodic sweep, corresponding to the reduction of Mn*" and the insertion of Na*
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ions, and a peak during the anodic sweep corresponding to the removal of Na* ions. Again, it is
observed that the samples with more Na2Mn3zO- present a higher integrated area of the CV curves and
consequently a larger specific capacitance. As reported in Table 3, the highest specific capacitance is
34.21 F g, corresponding to sample C-3, which contains 3.44 mass%Na (24.15 mass% NazMnzO»).
Specific capacitance values from 13.78 to 34.21 F g%, as shown in Table 3, agree with values
previously reported for the 3-MnO; and NaMnzO7 phases [14,29].

2.5

Current (mA)
o
(4]

-1

K 0.8 0.6 0.4 0.2 0 0.2 0.4
Potential (Vvs. SCE)

Figure 10. CV curves of the samples treated with a molar ratio of NaOH/MnO,=1.2.

Pyrolusite has a very low specific capacitance [29], but we have shown in this work that the Cs
of natural battery-grade manganese dioxide can be improved by a simple solid-state treatment through
a partial transformation to Na:Mn3O7, which has a higher Cs. The maximum Na;MnsO7 content
obtained in this work is approximately 24 mass%, and further work is needed to increase this content
by increasing the contents of NaOH and NaNOs in the solid-state treatment.

5. CONCLUSIONS

Natural battery-grade manganese dioxide was subjected to high-temperature solid-state
treatment to prepare a hybrid mixture of B-MnO. and Na:Mn3O7 species. XRD confirmed the
formation of Na2Mn3Oy- at the treatment temperature (400°C), while the DSC results revealed that all
the MnCOs3 was transformed into MnO2 or NaxMnzO7. The combined effect of the NaOH and NaNO3
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contents and of the temperature increased the amount of Na,Mn3O7 and prevented the formation of
Mn20s. The Cs increased from 13.78 F g~* to 34.21 F g for the samples with 9.13 and 24.15 mass%
Na>Mn307, respectively. Therefore, we conclude that a higher Cs can be obtained by increasing the
Na2Mnz0- content using this method, which may be attractive for use in energy storage devices.
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