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Summary: Fine particles of manganese oxide were synthesized by following the controlled 
precipitation method. For this, an aqueous solution of manganese chloride (0.01–0.06 molL-1) were 
allowed to react with an aqueous solution of ammonium carbonate (0.01–0.03 molL-1) at various 
temperatures (25-60 ºC) for different periods of time (10-40 min)  with and without agitation 
(magnetic stirring/sonication). It was observed that the applied experimental parameters significantly 
affected different properties of the obtained solids. Extensive optimization of experimental 
parameters led to produce powders, composed of particles of uniform morphological features. The 
targeted particles were achieved only under limited experimental conditions. Selected batches were 
calcined at the elevated temperature (800 ºC) with the controlled heating rate of 5, 10 and 15ºC/min). 
Scanning electron microscopic analysis and X-ray diffractometry of the calcined materials showed 
that neither the heating rate nor the final temperature affected the original morphology of the 
particles. Moreover, the same batches of the solids were also characterized by FTIR, XRD, and 
TG/DTA. It was found that the as synthesized particles were highly alike in morphology but were 
weakly crystalline in nature. However, heat treatment of the obtained particles resulted in Mn2O3

particles of orthorhombic crystal system of high crystallinity.
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Introduction 

Regarding nano synthesis and 
nanofabrication, synthesis of fine particles in a 
controlled manner is the ultimate goal to achieve in 
the field of nanoscience and nanotechnology. Along 
with the chemical nature and composition, properties 
of the nanoparticles have also been found to be a 
function of their size, structure, shape, phase, and 
monodispersity [1]. Keeping in view the properties of 
uniform particles, researchers all around the world 
have been successful in the development of 
nanomaterials with diverse morphologies including 
nanospheres, nanowires, nanofibers, nanotubes, and 
nanobelts, etc. [2].

Oxide powders, comprising of nanosized 
particles are gaining the interest of the researchers 
across the globe, due to their importance in powder-
based industries because of cost-effective processing, 
efficiency, better performance, and durability, etc. 
Oxides of transition metals are gaining importance 
for their wide range applications. Among the 
mentioned class of oxides, manganese oxide is an 
eminent member. Due to their extensive usage in a 
number of industries like batteries, adsorption, and 
catalysis, sensors, electrical and magnetic devices [3-
5], synthesis of manganese compounds is being 
carried out on a large scale. Among various oxides of 
manganese, diamanganese trioxide (Manganese II 
oxide), is of high interest for its greater potential in 

many fields including catalysis. Mn2O3 plays a key 
role in decomposition of nitrogen oxide & oxidation 
of compounds like carbon monoxide etc. [6] and it is 
best fit for fabrication of Li―Mn―O oxide cathode 
material for batteries [7]. Mn2O3 also finds its place 
in the fabrication of semiconducting gas sensors for 
detecting gases of environmental concern [8]. 
Keeping in view the extensive usage of the Mn2O3, 
material scientists have tried to synthesize them by a 
number of ways. So far, they have been successful in 
obtaining them by different methods, including the 
low temperature reduction, microwave reflux 
method, microemulsion, hydrothermal, solid state 
reaction, redox reaction, electrochemical method and 
homogeneous precipitation, [9-11], etc. 

In the recent years, development of simple 
ways and means to obtain precursors of Mn2O3

(MnCO3) with different morphological features has 
received great importance. Scientists have been 
successful in obtaining nanosized MnCO3 with 
different shapes and structures by following different 
techniques [12-14].

In this study, an attempt has been made to 
develop uniform fine particles of the precursor 
(MnCO3) of nanosized Mn2O3 particles through 
controlled precipitation mechanism, after extensive 
optimization of several experimental parameters. 

*To whom all correspondence should be addressed.
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Then heat treatment at high temperatures transformed 
the as prepared MnCO3 particles to nanosized Mn2O3

particles. The present study also reported the effect of 
high calcinations rates on the crystallinity and 
morphological features of the test material.

Experimental 

Materials

A. R. grade manganese (II) chloride 
dihydrate (Merck), ammonium carbonate (Scharlau), 
ethanol (Scharlau), sodium nitrate (Scharlau), HCl 
(Merck), NaOH (Merck), KBr (Merck), were used as 
received. All the working and stock solutions were 
made in de-ionized water using Pyrex glass vessels. 

Synthesis of Manganese Oxide Precursors (MnCO3)

Manganese oxide precursor particles were 
prepared by using controlled precipitation route, 
where manganese chloride and ammonium carbonate 
were employed as the starting reagents. For this 
purpose, equal volumes of manganese chloride 
(0.01–0.06 molL-1) and ammonium carbonate (0.01–
0.03 molL-1) solutions were mixed in a 250 mL 
reaction vessel at room temperature under 
mechanical agitation or silent conditions and aged for 
various intervals of time (10–40 min). The resulting 
precipitates were then isolated from the aqueous 
medium through membrane filters by vacuum 
filtration and washed extensively with deionized 
water and ethanol. The obtained powders were dried 
in air at room temperature and stored in a desiccator 
for further use.

Synthesis of manganese oxide (Mn2O3) nanoparticles

Heat treatment of the synthesized 
manganese oxide precursor powder was carried out in 
a Nabertherm, M7/11 furnace, equipped with the 
programmable controller. For this treatment, the 
selected samples were heated in the temperature 
range of 30–800 oC at a controlled heating rate of 
5℃, 10 oC and 15 oC min-1. After making the 
necessary setting in the furnace, each sample was 
heated to the final temperature of 800 ℃ and then 
held for one hour at this temperature. The furnace 
was then turned off, and the sample was allowed to 
cool to room temperature inside the furnace. The 
heat-treated powder was stored in a desiccator to 
avoid absorption of moisture from environment on 
the powder surface.

Characterization

Scanning Electron Microscopy (SEM)

The morphological features and 
microstructure of the as synthesized and heat treated 
products were assessed by Scanning Electron 
Microscope (SEM: JSM-6490, JEOL). For carrying 
out SEM imaging, the desired powder samples were 
mounted on aluminum stubs with the help of 
conducting carbon tap and then sputtered with gold in 
an Auto Fine Coater (JFC-1600, JEOL) for a time 
interval of the 30s. The gold coated samples were 
then placed in the sample examination chamber of 
the SEM, and the machine was evacuated by the 
standard procedures. Imaging was done at an 
accelerating voltage of 15kV, and the working 
distance between the tip of the electron gun and 
samples was kept ten millimeters.

Thermogravimetric /Differential Thermal Analysis 
(TGA/DTA)

To study the thermal behavior and 
identification of the phase transformation temperature 
of the as prepared manganese oxide precursor 
particles, the latter were heated in the TGA/DTA 
analyzer (Diamond TGA/DTA Perkin Elmer) in the 
temperature range of 30-800 ℃ in the flow of air at a 
heating rate of 5 oC min-1.

Fourier Transform Spectrometry (FTIR)

Selected batches of the as-prepared and heat-
treated powders were analyzed with Fourier Transform 
Infrared Spectrometer (Shimadzu, IRPrestige-21, FTIR-
8400). In each case, the analyte was thoroughly mixed 
with KBr, transferred to the sample cup of the Diffuse 
Reflectance Accessory (DRS-8000A) and scanned from 
4000 to 400 cm-1.

X-ray Diffractometry (XRD)

In order to get a clue about the crystallinity of 
the desired batches of the as synthesized and heat-treated 
powders, they were analyzed by using X-ray 
diffractometer (JEOL JDX-3532). Cu Kα radiations were 
used for the analysis in the 2θ range of 5-80o. The step 
angle and scan speed were respectively kept 0.01oand 0.1 
s-1 during the scanning process. The obtained data were 
interpreted with the help of software, named as JDX-3500 
and CMPR.
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Point of Zero Charge (PZC)

Point of zero charge (PZC) of the desired 
sample was determined by using a well-established salt 
addition method [15].

For this purpose, 0.1g of manganese oxide 
powder was dispersed in 500 mL of 0.01 M NaNO3

solution by sonicating the dispersion for two hours. Then 
a series of 100 mL reagent bottles were arranged, and to 
each bottle, 50 mL of the above dispersion was added. 
The next step was to adjust pH of these solutions in the 
respective bottles from 2-10. For this purpose, 0.1N HCl 
or NaOH solutions were used to set the required range of 
pH, and the pH was measured by a pH meter (NeoMet 
model number, pH-250L, Korea). The suspensions were 
agitated for a period of 24 h using water bath shaker 
(WSB-30 model). After aging, pH of each suspension 
was measured as pHi (pH initial), and then 1g of NaNO3

salt was added to each bottle. The suspensions were again 
agitated for 24 h in water bath shaker and pH of the 
dispersions was measured as pHf  (pH final). PZC was 
then estimated from the plot of ∆pH (pHf - pHi) versus 
pHi.

Results and Discussion

Manganese oxide precursor was precipitated 
in the form of manganese carbonate, applying an 
aqueous solution of ammonium carbonate as the 
precipitant with manganese chloride solution. The 
precipitation reaction can be expressed as:

MnCl2.2H2O+(NH4)2CO3+H2O→MnCO3+2NH4Cl+3H2O      (1)

Reactant mixtures, comprising ammonium 
carbonate and manganese chloride were aged at room 
temperature in stoppered glass vessels under various 
conditions including stirring, sonication and under silent 
(without any external agitation) conditions for various 
periods of time. Each mixing resulted in precipitated 
solid. Scanning electron microscopic analysis of the 
obtained solids showed that particle's morphology and 
uniformity was a function of the experimental conditions, 
applied. Monodispersity in particle's morphology was 
achieved within limited compositions of the reactant 
mixtures and aging time. This revealed that the surplus 
ionic species affected the development of primary 
particles either by agglomeration or by the surface 
precipitation process. 

Fig. 1 shows the SEM images of the particles 
obtained under conditions given in the caption. All the 
three images show that particles were of spherical 
morphology, having a size of about 2 μm. The existence 
of nanoparticles on each of the large particle suggested 
that second nucleation might have occurred; giving rise to 

nanoparticles, which then got adhered to the larger 
particle by the process of homocoagulation.

The particles obtained under sonication as 
well as under silent conditions, i.e., Fig. 1A and 1C 
showed that under these conditions the obtained 
particles were not uniform and some sort of 
agglomeration was present. On the other hand, 
particles obtained under magnetic stirring (SEM, Fig. 
1B) possessed a high degree of uniformity in shape 
and size. The presence of monodispersity made the 
particles given in Fig 1B as material for further 
characterization. Moreover, researchers have 
produced manganese carbonate in various 
morphologies by following some other types of 
experimental processes as well [12, 17]. It is 
mentioned that since particle's morphology play a 
vital role in all powder based hi-tech applications; 
therefore, we consider that the particles produced in 
this work may serve as excellent material to be used 
in processes like adsorption and catalysis.

Powder sample shown in Fig. 1B was 
analyzed with FTIR. The recorded spectrum (Fig. 2), 
composed of absorption bands at different positions, 
corresponding to different types of chemical groups 
on particle’s surface as described below:

The obtained spectrum shows the existence 
of absorption bands at various frequencies that 
suggested the presence of different chemical groups 
in the tested material. A major band appeared at 
3200-3600 cm-1  corresponded to the stretching 
vibration of the water molecule [18];  a small dip at 
1625-1637 cm–1, corresponded to the bending 
vibration of H2O molecule [19]. In the same way, the 
band located from 1800-400 cm–1 stands for CO3

2–

anions. This peak suggests that the as prepared 
substance is carbonate of manganese (MnCO3) [19].  

A broad absorption peak at 1400-1500 cm–1 and a 
narrow one at 1050 cm–1 can be assigned to 
asymmetric stretching vibration mode of CO3

2–

anions while the bands at about 862 and 712 cm-1 

stand for the bending vibration of CO3
2– anions [20]. 

There is also present a sharp peak at 2490 cm–1, 
which can be ascribed to the adsorbed CO2 [20]. The 
peak at 2489 cm−1 confirmed the presence of 
carbonate anion. Also, a weaker band at 1798 cm−1

was attributed to a combined band of Mn2+ and CO3
2–

[21]. In addition to these all, The existence of two 
sharp bands located at 725 and 860 cm-1 along with a 
broad band in the range of 1400 cm-1 were the 
characteristic bands of MnCO3 [22]. Keeping in view 
the above findings, the particles presented in Fig. 1B 
may be titled as MnCO3.
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Fig. 1: Scanning Electron Micrograph (SEM) of the manganese oxide precursor particles (MnCO3) obtained 
at room temperature by mixing of manganese chloride and ammonium carbonate in the molar ratio of 
1 by sonication (A), stirring at room temperature (B) and under silent (without any external agitation) 
condition (c).
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Fig. 2: Fourier Transform Infrared (FTIR) spectrum of the particles shown in Fig. 1(B).
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Fig. 3: X-ray diffraction (XRD) patterns of the particles sown in Fig. 1 (B).

The same particles (SEM, Fig.1B) were 
investigated with x-ray diffractometer. The obtained 
diffraction patterns (XRD, Fig. 3) showed that the 
test particles demonstrated some crystallinity [23, 24] 
and the observed peaks were characteristics of 
manganese carbonate, Rhodochrosite in 
Rhombohedral crystal system with JCPDS-ICDD 
4401472. The crystallite size determined according to 
the Debye- Scherer equation (Eqn. 2) [25] was found 
to be 38.28 nm.  

D = [(Kλ) / ß cos ɵ] (2)

where, 

D = Crystallite size
K =Shape factor (0.98)
λ = Wavelength of x. rays (1.54 Ao)
ß = Half angle of diffracted peak
ɵ = Angle of diffraction of x. rays

The presence of crystallinity in the particles 
showed that aggregation of the precursors of the full-
grown particles occurred in a controlled manner 
under the given set of conditions and thus resulted in 
crystallinity in the end product. However, conflicting 

results have been given in the literature regarding the 
bulk properties of manganese carbonate, prepared 
through different precipitation methods [13, 26]. 
Some researchers produced it in crystalline form 
while others reported it in amorphous form. As such, 
it may be established from the work performed in the 
current study as well as that reported in the literature 
that the bulk properties of the precipitated manganese 
carbonate can be tuned by proper optimization of the 
composition of the starting reactant mixtures and the 
applied precipitation conditions [27].

Thermal analysis of the selected batch (Fig. 
1B) was carried out in a thermogravimetric analyzer 
in the temperature range of 30 to 800 oC. For this 
purpose, the sample was heated in the air atmosphere 
at the heating rate of 5 oC min-1, and the obtained 
thermograms are shown in Fig. 4. Inspection of 
obtained thermograms showed two weight loss 
regions. The first weight loss occurred during heating 
the sample up to 150 oC while the second weight loss 
was obtained at a temperature ranging from 300 - 440 
oC. Among the mentioned weight losses, the first one 
was smaller in magnitude while the second one was 
of high magnitude. Loss of water, adsorbed on the 
surface of the test material caused the first weight 
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loss whereas the second was caused by phase 
transformation from manganese carbonate to 
manganese oxide. In order to confirm the mentioned 
statement, we believe that the changes caused due to 
thermal treatment took place according to the 
reaction given in Eq.3, as there was a small 
difference between the theoretical weight loss (40.06 
wt %), calculated from Eq.3 and the weight loss 
found practically (41.60 wt.%).  

2MnCO3.H2O(s)→2Mn2O3(s)+CO(g)+CO2(g)+2H2O(g)       (3)
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Fig. 4: Thermal analysis of the particles shown in 
Fig. 1B.

These findings also helped us to conclude 
that the material shown in Fig. 1B is hydrated 
manganese carbonate (MnCO3.H2O). Literature
reveals that other peoples also have prepared 
manganese oxide from thermal treatment of 
manganese carbonate irrespective of the 
morphologies of the precursor (manganese carbonate) 
[13, 28].

By using the TGA data (Fig. 4), the 
activation energies associated with the observed 
weight losses were estimated using a well-known 
Coats Redfern equation (Eq. 4) [29]

Ln[-ln(1-α/T2]=-Ea/RT+ln[(AR/βE)(1-(2RT/E))] (4)

where, 

α = Frictional decomposed mass of the original 
material at time t,

β = dT/dt (heating rate), 
ln[(AR/βE)(1-(2RT/E))] = approximately constant

T= Absolute temperature, 
R= Universal gas constant

1.4673 1.4740 1.4807 1.4874 1.4941
-13.0

-12.5

-12.0

-11.5
ln [-ln( 1-a/T2]
 Linear fit

ln
 [

-l
n

( 
1-

a/
T

2 ]

1/T x 103 (K-1)

Slope=-12684

R
2

=0.99989

Ea = 1.041 kJ.mol-1

Fig. 5: ln [-ln 1-a/T2] vs 1/T x 103 K-1.

While α was calculated from the TGA data 
by using the following equation (Eqn. 5):

α = (Wi – Wt)/ (Wi – Wf) (5)

By plotting the data in terms of ln[-ln( 1-
α/T2] against 1/T for the weight loss steps, 1.041 
kJ/mol of activation energy was measured from the 
slope of the plot (Fig. 4).  This energy can be 
attributed to the removal of physically adsorbed 
surface water molecules and phase transformation of 
the precursor MnCO3 to Mn2O3.

Heat Treatment

The thermal analysis of the particles given 
in Fig. 1 B, it was noticed that the tested material lost 
almost all of the thermally decomposable material 
beyond 600 oC and remained stable up to 750 oC. 
Thus in order to know the compositions of the heat 
treated products, more experiments were carried out 
in which rather larger amounts of the same materials 
were heated at different heating rates of 5, 10 and 15 
oC min-1 up to 800 oC and hold them at the latter 
temperature for 1h. No sintering was found as a result 
of heating the material at different rates. In addition, 
the particles could be easily dispersed in an aqueous 
and ethanolic medium by the process of sonicaton. 
SEM analysis in Fig. 6 showed that calcination 
reduced the size of the particles shown in Fig. 1B and 
reduction in size was clearly due to loss of material 
during the calcination process. Other researchers 
have reported a similar trend of reduction in particle 
size of the MnCO3 by the calcination process as well 
[18, 20].
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Fig. 6: Scanning Electron Micrographs (SEM) of particles given in Fig 1.B at different calcination rates of 5 
oC /min (Fig. A), at 10 oC/min (Fig. B), and at 15 oC /min, (Fig C) up to 800 oC for one hour.

The scanning electron microscopy shows 
that spherical morphology of the precursor (MnCO3), 
was retained by the resulted Mn2O3 particles and they 
kept their shape integrity to a maximum extent. 
Moreover, it was noted that the obtained Mn2O3

particles were porous with a rough surface.  The 
weight loss due to removal of water and some other 
temperature nonresistant materials is also clear from 
the SEM image (SEM Fig. 6). The behavior of 
reduction in size and enhanced porosity with 
calcination of MnCO3 has been reported elsewhere 
[30, 31]. Furthermore, calcinations of the test 
material disclosed that fabrication of a single particle 
was a result of homocoagulation of submicron sized 
primary particles that formed secondary agglomerates 
of MnCO3 particles [32]. During calcinations at high 
temperature, the morphology of the as synthesized 
particles (Fig. 6) was found to be unaffected by the 
change in heating rate, and the spherical morphology 
was retained in all the three cases confirming the 

stability of the obtained particles under the given set 
of experimental conditions.

X-ray diffractometric analysis (Fig. 7) of the 
particles shown in Fig. 1B, calcined at different rates 
(5, 10 and 15 oC / min) up to 800 oC, showed the 
production of Orthorhombic Mn2O3 (bixbyite) with 
hkl value (222). The calcined sample exhibited XRD 
peaks which revealed well-developed reflections of 
Mn2O3 (ICCD card number 240508), showing that 
the synthesized samples were pure Mn2O3 as no peak 
of any other phase was detected. This observation 
shows that the obtained end product at either of the 
mentioned heating rates, clearly supported the phase 
transition reaction, mentioned in equation 2. 
However, the variation in heating rates altered the
peak intensities, and much intense peaks were 
obtained at elevated rates than those, obtained at 
lower rates [33]. This pointed to the fact that the 
thermal energy provided by the calcinations 
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controlled the crystalline phase and particle size [34]. 
The crystallite size was found to be 38.26 nm, 38.28 
and 38.25 nm for the sample calcined at 5, 10 and 15o

C per minute. The obtained results showed that 
crystallite was almost independent of the heating 
rates and illustrated nearly same value. Whereas the 
particle size roughly calculated from the 
magnification bar is nearly 1 μm, showing that the 
calcined sample is polycrystalline, i.e. composed of a 
large number of crystals of the same origin. Based on 
the XRD study, particles in Fig. 6C showed a high 
degree of crystallinity (XRD Fig. 7C), therefore, 
these particles were used for further 
characterizations.
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Fig. 7: X-ray diffractometric (XRD) patterns of 
particles given in Fig. 1B, calcined for one 
hour upto 800oC at the rate of 5 oC/min (A), 
10 oC/min (B), and 15 oC/min (C).

Fourier transform infrared spectroscopy of 
the sample (SEM Fig. 6C) also confirmed the 
formation of Mn2O3 as a result of thermal treatment 
of the as prepared particles, MnCO3. The spectrum 
(FT-IR, Fig. 8) obtained for the calcined particles ( 
SEM Fig. 6C)  showed absorption bands at various 
positions that matched well with the spectrum, 
reported for manganese oxide elsewhere [35, 36].  
These bands at 3450 cm-1 were due to the bending 
vibrations of a hydroxyl group of the adsorbed water 
[36]. The absorption bands attained at 670 and 573 
cm-1 in fact referred to the asymmetric and symmetric 
stretching vibrations of Mn-O-Mn bond of Mn2O3 

[13]. The band positioned in the range of 520 cm-1 

could be ascribed to the bending vibration of Mn-O-
Mn bond of Mn2O3.

In order to have an idea about the surface 
charge and particles behavior towards different 

electrolytes along with its susceptibility towards pH 
variation, the PZC of the end product (SEM, Fig. 6C) 
was estimated by the salt addition method. The 
results were plotted in Fig. 9 by plotting ΔpH (pHf–
pHi) versus pHi. Where, pHi and pHf correspond to 
pH of the dispersions of the manganese oxide 
powders before and after the addition of a large 
amount of sodium nitrate salt during the pH 
measurement process. The graph showed that the 
curve intersected the ΔpH=0 at pH ~ 6.00. This pH 
value was chosen as the PZC, and it was a bit at a 
smaller pH side of the PZC values reported by other 
researchers [37, 38] obviously because of difference 
in composition of the electrolyte dispersions.
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Fig. 8: Fourier Transform Infrared (FTIR) spectra 
of the particles in Fig. 6C.
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Conclusions

 Uniform spherical particles of MnCO3 were 
precipitated from aqueous solutions of 
manganese chloride with ammonium carbonate.

 Uniformity of the precipitated particles with 
respect to size and morphology was dependent 
upon the composition of the reactant mixture, 
agitation, and aging in a sensitive manner. 
Monodispersed particles were produced under a 
narrow set of the experimental conditions.

 Calcination at 800 oC transformed MnCO3 to 
Mn2O3 particles, while particle shape integrity 
retained to a significant extent.

 The obtained particles were uniform in size, 
crystalline in nature and possessed high level 
purity as justified by XRD and FT-IR spectrum, 
showing characteristic peaks of desired products, 
i.e., MnCO3 and Mn2O3 only. 

 High temperature calcinations rate improved 
crystallinity of the synthesized Mn2O3 particles, 
while morphology and crystallite size remained 
unaffected.
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