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Abstract: A three-stage methane gas (CH4) reduction of manganese ore, dissolution, and precipitation from solution procedure was 
conducted to synthesize MnO2 nanorods. Methane gas reduction was carried out at 850, 875, 900, 925, and 950 °C for 120 min. 
Precipitation of the α-MnO2 nanorods was performed in the temperature range of 25−90 °C with a constant reaction time of 90 min. 
The morphology and particle size of the products were determined from scanning electron microscope (SEM) images and X-ray 
diffraction (XRD) patterns. The BET and BJH of the products were found out by the surface area analyzer. Reduction results 
indicated that MnO-rich phase is significantly formed at 950 °C as MnO2 phase disappears. Precipitation results also showed an 
average diameter size of ~ 50 nm for the embedding α-MnO2 nanorods with BET surface area of 174 m2/g. 
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1 Introduction 
 

One-dimensional (1D) nanostructures such as 
α-MnO2 nanorods have attracted scientific interest due to 
their potential applications as conducting interconnectors, 
nanoscale electronic, optoelectronic, and sensing devices 
in various fields [1−5]. For instance, MnO2 nanorods can 
be widely used as cathode materials both in aqueous and 
non-aqueous batteries like Li/MnO2 batteries [6,7]. In 
addition, polymorphic forms of MnO2, α-, β-, γ-, and 
δ-MnO2, mainly different in the way of the basic unit 
[MnO6] octahedral linked [8,9], have various 
electrochemical properties which depend on the 
crystalline structure and morphology of the oxide. 
Results disclose that nanostructured α-MnO2 and 
δ-MnO2 can admit a considerable amount of lithium ions 
in their structures [2−5, 8−10]. Thus, a large capacity of 
rechargeable lithium batteries can be prepared by using 
cathode materials made of nanostructured α-MnO2 and 
δ-MnO2 [6−11]. 

Although δ-MnO2 can be used as a cathode material, 
it is a two-dimensional type of manganese dioxide which 
shows lower surface area in comparison with α-MnO2 

[2,5,8,9,12−14]. One-dimensional (1D) α-MnO2 nanorods 

can be synthesized either by electrochemical or by 
hydrothermal/solvothermal methods [5,4−13]. The 
majority of these procedures are based on the 
hydrothermal methods such as chemical reduction, 
sonochemical procedures, and sol-gel synthetic route 
[7,11−13]. Previous studies have been confined to the 
preparation of the nanostructured MnO2 by using 
analytical grade materials as raw materials [5−8, 10−23]. 

The authors are not aware of any literature data on 
the direct synthesis of nanostructured MnO2 from 
pyrolusite type of the manganese ore. In the present work, 
manganese dioxide nanorods were synthesized by taking 
the advantages of methane gas reduction of pyrolusite 
ore and precipitating of the α-MnO2 nanorods from the 
aqueous solution obtained from leaching step of MnO in 
sulfuric acid under optimum conditions. 

The purpose of this investigation is to elucidate the 
results of synthesizing the single phase α-MnO2 
nanorods by means of hydrothermal route using 
pyrolusite type ore as a raw material due to the affluence 
of the natural manganese resources. The important 
preparation parameters such as methane gas reduction 
temperature of pyrolusite ore and precipitation 
temperature of nanostructured MnO2 from manganese 
sulfate solutions are also clarified in this work. Phase 

                       
Corresponding author: Eltefat AHMADI; E-mail: elt_ahmadi@alum.sharif. edu; elt_ahmadi@yahoo.com 
DOI: 10.1016/S1003-6326(13)62439-5 



Davood MORADKHANI, et al/Trans. Nonferrous Met. Soc. China 23(2013) 134−139 

 

135

transformation, morphological and structural evolution 
of the samples are precisely considered by XRD, SEM, 
and BET analysis. 
 
2 Experimental 
 

A three-stage methane gas reduction of the 
manganese ore, dissolution, and precipitation from 
solution procedure were carried out to synthesize 
nanostructured MnO2 rods. Typical analysis of the 
manganese ore which was determined by XRD and XRF 
methods was as follows (mass fraction): Mn <40%; TiO2 

<0.2%; Al2O3 <15%; Fe2O3 <4%; CaO <3%; SiO2 <10%. 
Initially, manganese ore was crushed to the size fraction 
of 3−5 μm and reduced isothermally by a flow of about 
0.5 L/min gaseous methane in a fixed bed reactor 
utilizing recrystallized alumina boats. The boat load 
weighed 10 g with a height of 5 mm. Methane gas 
reduction tests were performed at different temperatures: 
850, 875, 900, 925, and 950 °C for 120 min with purified 
methane gas. Next, dissolution step was carried out for 
90 min in 250 mL of 1 mol/L H2SO4 solution at 
temperature of about 80 °C to prepare manganese sulfate 
solution with the Mn concentration of 43.94 g/L. 
Subsequently, the synthesized solution was heated up to 
the required temperatures under continuous 
electromagnetic stirring. The stirring rate remained 
constant during each test and was about 250 r/min. 
Finally, in the precipitation stage, the solution was fed 
with 250 mL of aqueous ammonium persulfate solution 
(0.7 mol/L) at different temperatures in the range of 25 to 
90 °C for 90 min to precipitate α-MnO2 nanorods. After 
reaction for 90 min, the precipitates were filtered and 
rinsed with distilled water and ethanol to remove any 
chemical species possibly remaining in the final products 
and kept in ethanol. Phase transformation, morphological, 
and structure evolution of the samples and particle size 
of the products were also rigorously considered by X-ray 
diffraction (XRD, Powder Metallurgy 9920/50, Philips, 
Holland), scanning electron microscope (SEM, VEGA, 
TESCAN Czech Republic). The BET specific surface 
area was determined by nitrogen adsorption at 77 K 
using a surface area analyzer (Micromeritics ASAP 2000 
system).  
 
3 Results and discussion 
 

Among manganese oxides (MnO, Mn3O4, Mn2O3, 
and MnO2), MnO has a strong capability of dissolution 
in sulfuric acid media [24,25]. Thus, the reduction 
processes of the manganese ore containing MnO2 phase 
and small amount of other oxides were conducted in 
methane gas (CH4) to obtain MnO phase. Manganese 

sulfate solution, being utilized in precipitation stage, was 
produced by the dissolution of MnO in sulfuric acid 
media. The reduced ores were dissolved under an 
optimum condition to obtain desirable MnSO4 solution 
with the concentration of about 43.94 g/L Mn. 
Subsequently, precipitation step of MnO2 nanorods was 
carried out using aqueous ammonium persulfate 
((NH4)2S2O8). Figure 1 exhibits the XRD patterns of the 
manganese ore after the methane gas reduction process at 
five different temperatures of 850, 875, 900, 925, and 
950 °C for 120 min. The formation of MnO phase as 
well as intermediate phases was investigated rigorously. 
The XRD pattern of the raw manganese ore is presented 
in Fig. 1 also. It is clear that the peaks of raw manganese 
observed in Fig. 1 belong to MnO2, Mn2O3, Mn2SiO4, 
SiO2, CaCO3 and small amount of iron oxides. 
Considering the fact that MnO phase has strong 
capability of dissolution in sulfuric acid, the reduction 
process of the manganese ore was carried out to yield the 
MnO-rich phase. 
 

 
 
Fig. 1 XRD patterns of methane gas reduced ores at different 
temperatures for 120 min: (RM) raw manganese ore; (a) 850 °C; 
(b) 875 °C; (c) 900 °C; (d) 925 °C; (e) 950 °C 
 

As can be seen from Fig. 1, increasing the reduction 
temperature resulted in decreasing the ratio of oxygen to 
manganese in the samples. The XRD patterns of the 
manganese ores partially reduced at temperatures of 850 
and 875 °C are represented in Figs. 1(a) and (b). Clearly, 
it can be seen that the formation of MnO phase started 
slightly at the reduction temperature about 875 °C.   
Figs. 1(c)−(e) demonstrate that by increasing the 
reduction temperature from 900 to 950 °C, the amount of 
intermediate phases decreased and the amount of MnO 
phase increased. Eventually, MnO-rich phase was 
completely formed at the temperature of 950 °C as MnO2 
phase disappeared. 

From the XRD results presented in Fig. 1, the 
reduction of MnO2 to MnO follows the sequence: 
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MnO2→Mn2O3→Mn3O4→MnO              (1) 
 

Not only does heating the manganese ore under 
methane gas result in decomposing of MnO2 phase and 
forming of Mn2O3 (bixbyte) phase, but also Mn2O3 
transfers to Mn3O4 (hausmannite) at temperature above 
850 °C as well. The corresponding reactions for the 
reduction of MnO2 and formation of MnO from MnO2 
phase in methane gas (CH4) can be summarized by the 
following reactions [26−29]: 
 
8MnO2(s)+CH4(g)→4Mn2O3(s)+2H2O(g)+CO2(g)  (2) 
 
12Mn2O3(s)+CH4(g)→ 

8Mn3O4(s)+CO2(g)+2H2O(g)               (3) 
 
4Mn3O4(s)+CH4(g)→ 

12MnO(s)+CO2(g)+2H2O(g)               (4) 
 

The sum of the three reactions is as follows: 
 
4MnO2(s)+CH4(g)→4MnO(s)+2H2O(g)+CO2(g)  (5) 
 

The standard Gibbs free energy change ( ΘΔ 298G ) of 
reactions (2)−(5) can be determined from ΘΔ 298H  and 

ΘΔ 298S  data of compounds and elements (Table 1). The 
thermodynamic data show that the relevant ΔGΘ values 
for the reduction of Mn2O3 are more negative than those 
calculated for the reduction of Mn3O4; on the other hand, 
Mn2O3 could be very easily reduced to MnO phase 
[26−29]. 
 
Table 1 Thermodynamic properties of manganese and 
manganese oxides at 298 K and 1.01×105 Pa [26−29] 

Metal/oxide ΘΔ 298H /(kJ·mol−1) ΘΔ 298S /(kJ·mol−1K−1)
Mn 0 31.98±0.084 

MnO −384.56±2.09 59.77±0.084 

Mn3O4 −1385.25±4.18 153.82±3.34 

Mn2O3 −955.97±5.02 110.35±0.21 

MnO2 519.57±2.09 53.09±0.42 

 
The conversion of methane gas (CH4) to CO2 as a 

function of temperature for different oxygen carrier 
materials was considered by HOSSAIN and LASA [30]. 
These authors reported a possible choice of oxygen 
carrier materials based on thermodynamics data for the 
reduction of some common materials using methane gas 
as the reducing agent in the temperature range of 
600−1200 °C. It has been shown that MnO2/Mn2O3, 
Mn2O3/Mn3O4, Co3O4/CoO and CuO/Cu2O have greater 
tendency to react with methane as compared to 
Fe2O3/Fe3O4 and NiO/Ni; and MnO2, Mn2O3, Co3O4 and 
CuO decompose into Mn2O3, Mn3O4, CoO and Cu2O, 
respectively, at low temperatures. MATTISSON and 
LYNGFELT [31] analyzed the kinetics data and found  

that Mn2O3/Mn3O4, CuO/Cu2O, Fe2O3/Fe3O4 and NiO/Ni 
carrier materials are able to convert CH4 to CO2 almost 
completely. Not only are these oxygen carrier materials 
able to convert CH4 to CO2 entirely, but also carbon 
formation is a possible side reaction in chemical 
reduction processes under gaseous atmospheres 
accomplished by Boudouard reaction [29,30]. The 
conversion of CH4 has also been studied by other 
researchers, and their results have verified the 
decomposition of CH4 into the carbon and hydrogen as 
the following reaction [32]: 
 
CH4→2H2+C(s), 

ΘΔ 298G =−38 kJ/mol, 
ΘΔ 298H =88 kJ/mol 

              (6) 
 

Therefore, the reduction process of manganese 
dioxide starts with the adsorption of methane gas on the 
active sites of the oxide surface and its decomposition to 
reducing agents. The methane gas-reduced ore at above 
950 °C consists merely of MnO phase without 
considerable amount of the intermediate phases (Fig. 1). 
To acquire manganese sulfate solution (MnSO4), 
dissolving experiments were carried out in a 1 L 
cylindrical container immersed into a thermostatically 
controlled water bath. Practically, leaching step timed 90 
min in 250 mL of 1 mol/L H2SO4 solution at temperature 
of about 80 °C to prepare manganese sulfate solution 
with the Mn concentration of 43.94 g/L. Then, 
manganese sulfate solutions were oxidized to form 
manganese dioxide (MnO2) using ammonium persulfate 
((NH4)2S2O8) solution as [2,9−13] 
 
MnSO4+(NH4)2S2O8+H2O→ 
 

MnO2+(NH4)2SO4+2H2SO4                           (7) 
 

Figure 2 indicates the representative SEM images of 
MnO2 powders synthesized by an aqueous reaction 
between manganese sulfate (MnSO4) and ammonium 
persulfate ((NH4)2S2O8) at different temperatures with a 
constant reaction time of 90 min. It can be seen from  
Fig. 2(a) that the MnO2 powders synthesized at room 
temperature show aggregated cactus-shaped nano- 
spheres/clusters consisting of nanorods intertwined with 
diameter of 400−600 nm. 

As presented in Figs. 2(a)−(d), morphological 
changes accompanied with cluster/particle size shrinking 
occurred with increasing the reaction temperature. When 
the reaction temperature (RT) increased to 50, 70, and 90 
°C, the cactus-shaped nano-spheres/clusters inclined to 
smash up and nanorodes can be formed. Hence, at 90 °C, 
nano-spheres/clusters (γ-MnO2) can be hardly seen. By 
means of SEM wall to wall tool, the mean size of the 
nano-clusters was determined to be ~300 nm; the mean 
diameter and length of the embedding nanorods were 
also estimated to be about 50 and 100 nm, respectively. 
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Fig. 2 SEM images of MnO2 powders prepared at different temperatures with reaction time of 90 min: (a) Room temperature;     
(b) 50 °C; (c) 70 °C; (d) 90 °C 
 

The XRD patterns of MnO2 powders synthesized at 
25 and 90 °C for 90 min are given in Fig. 3. The XRD 
graphs exhibit γ-MnO2 and α-MnO2 phases at 25 and 90 
°C, respectively. Furthermore, the XRD results (Fig. 3) 
substantiate the transformation of the γ-MnO2 phase to 
α-MnO2 nanorods by increasing reaction temperature 
from room temperature to 90 °C. The morphological and 
structural evolution of the α-MnO2 nanorods synthesized 
via an aqueous route through +−

24 /MnMnO  reaction was 
studied by FU et al [2]. They deduced that increasing the 
reaction temperature from room to higher temperatures 
results in progressive transformation of γ-MnO2 to 
α-MnO2 crystallites. Williamson-Hall correlation was 
used to determine the average crystallite size of the 
α-MnO2 nanorods. 
 

θελθ sin29.0cos +=
d

b                        (8) 
 
where b is the width of the full peak at half intensity 
(rad), θ shows the position of the peak in the pattern 
(rad), λ is the wavelength of the X-ray (nm), d is the 
average size of the crystallites and ε is the micro-strain in 
the powder. The average crystallite size obtained    
from XRD results was well consistent with the average 

 
Fig. 3 XRD patterns of MnO2 powders synthesized at 25 and 
90 °C for 90 min 
 
crystallite size found from SEM images, specifically 
α-MnO2 nanorods. It is estimated to be about (53±5.0) 
nm for α-MnO2 nanorods prepared at 90 °C. 

The N2 absorption-desorption isotherms of the 
samples were also measured by using the static 
volumetric absorption analyzer. The specific surface area 
of MnO2 nanopowders was calculated using multipoint 
BET-equation. The SBET (BET surface area) of 
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nanostructured MnO2 was plotted with respect to the 
reaction temperatures (Fig. 4). It is evident from Fig. 4 
that with increasing the reaction temperature, the SBET of 
the synthesized powders increases remarkably. This is 
due to the phase transformation of γ-MnO2 phase to 
α-MnO2 nanorods that entirely occurs at higher 
temperatures. 
 

 

Fig. 4 BET surface area of MnO2 nanopowders synthesized at 
different temperatures 
 

Figure 5 indicates the comparison of the typical 
BJH pore size distribution curves of MnO2 nanopowders 
synthesized at 25 and 90 °C. The results of BJH analysis 
exhibit that the pore size distribution of γ-MnO2 and 
α-MnO2 produced at 25 and 90 °C was very narrow and 
centered at 135 and 52 nm, respectively. The curves 
confirm a homogeneous distribution of uniform 
nanopores. It also demonstrates that most of the 
nanopores interposed in α-MnO2 nanorods are smaller 
than 100 nm which affect the catalytic activities of MnO2 
nanorods, significantly. 
 

 

Fig. 5 BJH pore size distribution curves of MnO2 nanopowders 
synthesized at different temperatures 
 
4 Conclusions 
 

Methane gas (CH4) reduction, dissolution, and 

precipitation processes were employed to synthesize 
nanostructured α-MnO2 rods. The reduction results 
demonstrated that MnO phase, the proper phase to 
acquire manganese sulfate solution (MnSO4), is a 
dominant phase emerged from the reduction process 
above 950 °C. The α-MnO2 nanorods with a mean 
diameter of about 50 nm were synthesized via an 
aqueous reaction between manganese sulfate, obtained 
from dissolution process, and ammonium persulfate 
((NH4)2S2O8) at 90 °C within reaction time of 90 min. 
BET results showed that the specimens precipitated at 90 
°C for 90 min had the highest surface area (SBET~174 
m2/g). Furthermore, the pore size distribution of the 
α-MnO2 nanorods was narrow and centered at 52 nm that 
significantly impacts catalytic behavior of MnO2 
nanostructures utilized as cathode materials. 
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甲烷气体还原锰矿和水热沉淀法制备纳米 MnO2 
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摘  要：采用甲烷气体还原锰矿、溶解和水热沉淀方法制备 MnO2纳米棒。甲烷气体还原反应在 850、875、900、

925 和 950 °C 下进行 120 min，生成 α-MnO2 纳米棒的沉淀反应在 25~90 °C 下进行 90 min。采用 SEM 和 X 射线

衍射对制备的产物形貌和颗粒尺寸进行表征。采用比表面分析仪测定产物的 BET 和 BJH 值。结果表明，在反应

温度 950 °C 下，MnO 相大量生成，而 MnO2相消失。所制备的 α-MnO2纳米棒的平均直径约为 50 mm，其 BET

比表面积为 174 m2/g。 

关键词：二氧化锰；纳米棒；甲烷气体还原；沉淀反应 
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