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ABSTRACT 

The manganese oxides composite was synthesised via a simple molten salts 
method using a purchased MnCl2•2H2O as structuring agent. The structural 
details of the sample are important to be studied and previously rarely 
reported. It was characterised using X-ray diffraction (XRD) and data 
analyses including fitting process were done by Search-Match and Origin 
software. The Vesta software was used to draw a diagram crystal structure 
of the as-prepared composite. The experimental results indicated that the 
composite has two phases, Mn3O4 and MnO2, in value of approximately 
74.22% and 25.78%, separately. The composite was highly crystalline 
with 74.69% compared to 25.31% for amorphous. The crystallite size 
of the Mn3O4 and MnO2 were calculated in an average of 22 and 24 nm, 
respectively. However, the lattice strain of the as-prepared composite was 
obtained between 7.1 x 10-3 and 7.4 x 10-3. The lattice parameters for the 
Mn3O4 compound was a = 5.705 Å and c = 9.473 Å, whereas a = 9.390 Å, 
b = 2.477 Å, c = 4.705 Å correspond to the MnO2 compound. The obtained 
results concluded that the composite containing two different types of system 
structure (tetragonal and orthorhombic). 

Keywords: X-ray diffraction, crystallite size, lattice strain, lattice 
parameters
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Introduction 

Manganese oxide a promising materials and is widely used in energy fields 
such as supercapacitor and battery due to the low cost of raw materials, and 
the fact that manganese is considered more environmentally friendly than 
other noble metal oxides [1-7]. In general, the manganese oxide exists in 
many structural shapes such as cubic, tetragonal, and also orthorhombic 
structural system [8-10] and these shapes have its identifiable characteristic 
and behaviours [11]. The study about structural and elementary compositions 
on this material is crucial in order to identify their capability and suitability in 
the energy storage applications. Both the crystallinity and/or the amorphous 
phase compositions depend upon the molten salts processing parameters 
and are believed to affect the performance of the device (for instance, the 
device in energy storage applications) when employing the material in the 
system [12-15]. To verify the element or phase composition in the research 
study, X-ray diffraction is one of the recommended techniques and aligned 
with what proposed by a large group of researchers in materials science 
[1-4, 11-16].  

X-ray diffraction methods have long been applied to characterise 
manganese oxide and related metal oxide materials. However, the 
quantitative phase analysis methods described to date for manganese 
composite has usually been developed to measure simple features of the 
diffraction patterns, such as crystallinity or phase content, rather than 
providing complete phase analysis. The simple fitting technique and the 
lattice strain parameters are another issues that are not or rarely addressed, 
make the results are insufficiently available as the reference information 
for the researchers to identify the appropriate materials for the proper 
applications. 

The purpose of this paper is to describe an X-ray diffraction 
quantitative phase analysis technique applicable on the Mn oxides composite 
crystal including calculation of crystallinity percentage, phase, crystallite 
size, lattice strain, and lattice parameters via the analysing the XRD data 
by using the Search-Match, Origin and Vesta software.
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Experimental details

The composite was prepared using lithium nitrate (LiNO3, 99%), lithium 
hydroxide monohydrate (LiOH•H2O, 99%), hydrogen peroxide (H2O2, 
32%), and manganese chloride (MnCl2•2H2O, 98%). All chemicals were 
purchased from Sigma Aldrich Chemical Reagent Company and used 
without further purification.

The starting precursors for the composite sample were weighed as 
follow: 1.72 g (100 mmol) of LiNO3, 0.21 g (20 mmol) of LiOH•H2O, and 
0.40 g (10 mmol) of MnCl2•2H2O. The mixed precursor was mechanically 
ground until it is literally homogeneous. An amount of 1.42 g (50 mmol) 
of H2O2 was dropped cautiously under a fume hood and stirred for a few 
minutes. The mixture was transferred in a beaker and dried at 100°C for 
24 hours in a vacuum oven and further heated at 300°C for three hours in 
a muffle furnace. The beaker was cooled down naturally before the heated 
sample is collected and washed for several times with distilled water and 
acetone using a centrifuge to remove any possible residual reactants and 
impurities. The product was dried in a vacuum oven at 100°C for 12 hours, 
giving the final as-prepared sample. 

The sample phase identification, crystallinity, crystallites size, crystal 
structure, lattice strain and lattice parameters of the as-prepared composite 
were analysed using the data from X-ray diffraction (XRD) pattern. The 
XRD patterns of the as-prepared products were recorded on a MiniFlex 
II diffractometer equipped with an X’celerator using CuKα radiation (λ) 
0.1542 nm, operated at 30 kV and 30 mA in the 2θ range between 10° and 
70°. The obtained data were analysed by using Search-Match, Origin and 
Vesta software to confirm the reliable information of the composite.

In order to investigate the phase of the composite, the d-spacing and 
the intensity of peaks were determined using the Search-Match by matching 
the peaks of standard minerals in the given database. The crystallinity of 
the composite was verified using the XRD data which fitted first using the 
Origin software. In general, the crystallinity was evaluated by dividing 
the area under all peaks with the area under the whole diffractogram. The 
percentage of phases and crystallinity of studied composite were calculated 
using the eq. (1) [17-19]
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	 % of phase A=100 x  Aphase A

		           Aphase A+ Aphase B	 		  (1)

Where Aphase A is the area of phase A and Aphase B is the area of phase B.

In the estimation of crystallite size, the Scherrer length was calculated using 
the eq. (2) [19-22]

L= 0.9λ
     	 B cos θB 					     (2)

Here, λ is the wavelength of X-rays, B is the broadening line in radians 
at FWHM of the peak, and θB is the glancing angle. The Scherrer length 
was calculated from a few peaks, and the average value from it was taken 
as the final result.

The lattice strain is one of the factors which give the defect of the 
diffractogram and it essentials to be counted in the analysis of XRD data 
with the aim to reduce the imperfection of the pattern and this parameter is 
calculated by using Eq. (3) [20-25]

	 ε=B  × cos θB 
	             sin θB  					     (3)

Where B is the FWHM of the peak and θ is the Bragg angle. 

The last part is to determine the lattice parameters of the as-prepared 
composite. This data is very beneficial in order to draw the diagram of 
the crystal structure of composite. The lattice parameters were calculated 
involving the Bragg’s law equation and two plane spacing equations (the 
tetragonal system and the orthorhombic system structures);
   
The Bragg’s law equation (4) can be found as follows [26-28]:

	 λ=2d sinθ				              (4)

Here, λ is the wavelength of X-rays, d is the d-spacing at specified peaks, 
and θ is the glancing angle.
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For the tetragonal system structure, the equation (5) [29] is

	   						      (5)

The orthorhombic system structure equation (6) is similar to [29], and its 
expression as follows:

 	  						      (6)

Where, dhkl is the d-spacing at specified hkl plane, a, b and c are the lattice 
constants or parameters which can be determined by X-ray diffractogram 
(XRD).

Results and Discussion 

Figure 1 shows the X-ray diffractograms of Mn3O4–MnO2 composite, 
before (a) and after (b) fitted process.The diffractogram indicates a high 
crystalline structure and is identified as the combination of two phases, 
Mn3O4 and MnO2. The first phase can be indexed to the Mn3O4, hausmannite 
structure (space group I41/amd) (JCPDS 02-1062). The Mn3O4 peaks can 
be noticed at 2θ = 29.34, 31.36, 32.68, 36.57, 37.99, 44.83, 51.03, 56.34, 
58.97 and 64.97° which can be assigned to the (112), (200), (103), (211), 
(004), (220), (105), (303), (321), and (314) planes, and is a well agreement 
with a tetragonal structure with lattice constants of a= 5.75 Å and c = 9.42 
Å, respectively. The second phase is corresponding to the MnO2, ramsdellite 
structure (space group Pnma) (JCPDS 42-1316). The peaks of MnO2 are 
observed at 2θ = 18.90, 21.23, 48.40 and 68.03° which consigned to the 
(200), (101), (302), and (610) planes, and is a well arrangement with an 
orthorhombic structure with lattice constants of a = 9.39 Å, b = 2.47 Å and 
c = 4.71 Å. The pattern is also similar to [31], who studies on a similar 
type of compound.
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Figure 1: XRD Patterns for an As-Prepared Compound: (a) Before and (b) After 
Fitted

The d-spacing value for the respective peaks for both phases is 
tabulated in Table 1. The values for individual peak were identified by 
using a Search-Match software and compared them with the provided data 
from the databank of the software. From the result, it can be seen that the 
d-spacing values of Mn3O4 and MnO2 phases are almost well-matched to 
the specified values in the JCPDS database which it can be confirmed that 
the analysed sample was the combination of Mn3O4 and MnO2 phases. 

Table 1: The d-Spacing Values of the Respective Peaks for Mn3O4 and MnO2 
Phases Compound

 
Mn3O4

Peak Current Study JCPDS 02-1062
2θ (o) d (Å) d (Å)

P1 29.34 3.04 3.09
P2 31.36 2.85 2.87
P3 32.68 2.74 2.75
P4 36.57 2.46 2.48
P5 37.99 2.37 2.35
P6 42.46 2.12 2.12

4 

 

consigned to the (200), (101), (302), and (610) planes, and is a well arrangement with an orthorhombic 
structure with lattice constants of a = 9.39 Å, b = 2.47 Å and c = 4.71 Å. The pattern is also similar to 
Yang et al., Gao et al. and Lee et al., who studies on a similar type of compound [30-32]. 
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P7 44.83 2.02 2.03
P8 51.03 1.79 1.79
P9 54.24 1.69 1.69

P10 56.34 1.63 1.64
P11 58.97 1.56 1.57
P12 64.97 1.43 1.44

MnO2

Peak Current Study JCPDS 42-1316
2θ (o) d (Å) d (Å)

PK1 18.9 4.68 4.76
PK2 21.23 4.16 4.21
PK3 48.4 1.88 1.89
PK4 68.03 1.38 1.39

Figure 2 shows area for the individual peak ((a) Mn3O4 and (b) MnO2) 
calculated from the fitted XRD pattern (see Figure 1(b)). The fitting proses 
were performed using the Origin software and the area for every phase was 
calculated based on the area underneath of peaks that has high intensity. 
The total area of Mn3O4 peaks was estimated around 1180.21 units2, while 
for MnO2 the expectable values were at 409.91 units2. These areas are also 
recognised as the crystalline phase and counted in the calculation to obtain 
the percentage of crystallinity/amorphous state of the composite.

 

Figure 2: The Graph Area versus Peak for (a) Mn3O4 and (b) MnO2
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Figure 2: The Graph Area versus Peak for (a) Mn3O4 and (b) MnO2 
 
The specific information of Mn3O4-MnO2 composite including of area for the respective phase, 

baseline, and percentage of crystallinity/amorphous and percentage for every compound is organized in 
Table 2. As mentioned earlier, the area underneath of the peaks are considered as the crystalline structure 
which gives the total area of 1590.12 units2 and for the amorphous structure, its area was taken from the 
baseline of the diffractogram which counted to be 538.72 units2. The percentages of crystallinity and 
amorphous were calculated by using the eq. (1) which their values are 74.69 and 25.31%, respectively. 
The similar equation was also used to calculate the percentage of every phase in the sample, which give 
the value to be 74.22 and 25.78% for Mn3O4 and MnO2, individually.     

 
Table 2: The Specific Information of Mn3O4-MnO2 Sample 

 
 
 
Table 3 represents the result of the full wave at the half maximum (FWHM), B, Scherrer Length, 

L and Lattice Strain,   of the as-prepared sample. The data were evaluated from the selected peaks of the 
fitted diffractogram (Fig. 1b). The Scherrer length for every peak was estimated by using the eq. (2) and 
their average sizes were 22.5 nm and 24.4 nm for Mn3O4 and MnO2. The small size of the Scherrer length 
of Mn3O4 gives the meaning that its particle size is estimated smaller compared to the MnO2 [33]. The 
lattice strain is one of the factors that contribute to the defectiveness of the XRD diffractogram of the 
sample [34]. In this study, the obtained peaks face the phenomenon where the plotted peaks shifted to 
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The specific information of Mn3O4-MnO2 composite including of area 
for the respective phase, baseline, and percentage of crystallinity/amorphous 
and percentage for every compound is organised in Table 2. As mentioned 
earlier, the area underneath of the peaks are considered as the crystalline 
structure which gives the total area of 1590.12 units2 and for the amorphous 
structure, its area was taken from the baseline of the diffractogram which 
counted to be 538.72 units2. The percentages of crystallinity and amorphous 
were calculated by using the Eq. (1) which their values are 74.69 and 
25.31%, respectively. The similar equation was also used to calculate the 
percentage of every phase in the sample, which give the value to be 74.22 
and 25.78% for Mn3O4 and MnO2, individually.    

Table 2: The Specific Information of Mn3O4-MnO2 Sample 
Mn3O4-MnO2

No. Description Value
1 Total area of Mn3O4 peaks (units2) 1180.21
2 Total area of MnO2 peaks (units2) 409.91
3 Total area of baseline (units2) 538.72
4 % of crystallinity 74.69
5 % of amorphousity 25.31

6 % of Mn3O4 74.22
7 % of MnO2 25.78

Table 3 represents the result of the full wave at the half maximum 
(FWHM), B, Scherrer Length, L and Lattice Strain, θ  of the as-prepared 
sample. The data were evaluated from the selected peaks of the fitted 
diffractogram (Fig. 1b). The Scherrer length for every peak was estimated 
by using the Eq. (2) and their average sizes were 22.5 nm and 24.4 nm for 
Mn3O4 and MnO2. The small size of the Scherrer length of Mn3O4 gives 
the meaning that its particle size is estimated smaller compared to the 
MnO2 [33]. The lattice strain is one of the factors that contribute to the 
defectiveness of the XRD diffractogram of the sample [34]. In this study, 
the obtained peaks face the phenomenon where the plotted peaks shifted to 
lower or higher angles (peak moves or broaden) as analysed using the eq. 
(3). This occurred shifting, most probably due to the heating process with 
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different temperatures as stated in the experimental section. From Table 
3, the average lattice strain for Mn3O4 and MnO2 phases are in between  
7.2 x 10-3 and 7.4 x 10-3. 

Table 3: The FWHM, Scherrer Length and Lattice Strain Information of the 
As-Prepared Sample

Mn3O4

Peak (hkl) 2θ (o) FWHM,B (rad) L (nm) Lattice Strain
P1 112 29.34 0.006 45.3 0.006
P3 103 32.68 0.007 24.6 0.006
P4 211 36.57 0.011 15.4 0.008
P7 220 44.83 0.011 14.1 0.007
P11 321 58.97 0.019 21.0 0.008
P13 314 64.97 0.020 14.3 0.008

MnO2

Peak (hkl) 2θ (o) FWHM,B (rad) L (nm) Lattice Strain
PK1 200 18.9 0.007 19.8 0.011
PK3 302 48.4 0.016 14.7 0.009
PK4 610 68.03 0.004 38.5 0.002

 
The as-prepared composite has successfully investigated having Mn3O4 

and MnO2 phases with tetragonal and orthorhombic system structures. 
Their lattice constants can be obtained from the Eq. (4), (5) and (6). For 
the tetragonal system, the lattice constant must follow the rule of a = b ≠ 
c. From the Bragg’s law (Eq. 4), it can be re-write as sin2 θ = λ2/4d2 and 
combined with the plane spacing equation (Eq. 5), the lattice constants for 
the system will be a = b = 5.71 Å and c = 9.42 Å. The lattice constant for the 
orthorhombic system was calculated using a similar concept by combining 
the transformed Bragg’s law equation with Eq. (6) and follows the law of a 
≠ b ≠ c. The lattice constants for this system were a = 9.39 Å, b = 2.48 Å, 
and c = 4.71 Å. The values are in good agreement with the values provided 
in the JCDPS database for both systems. These lattice constant parameters 
were used to draw a diagram to represent the crystal structure of the as-
prepared composite as depicted in Figure 3. As can be seen on hausmannite 
(Mn3O4), for each manganese atom, its linkage to four oxygen atoms, while 
for ramsdellite (MnO2), each manganese atom is bond to six oxygen atoms 
and also link to another manganese atom as well.  
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                          Hausmannite                                          Ramsdellite

Figure 3: A Diagram of the Crystal Structure of the Different Phases in the 
Synthesised Sample

Conclusion

This present work provides the useful information of as-prepared Mn3O4–
MnO2 composite specifically on its elementary phase, amorphousness/
crystallinity and lattice parameters identifications using an undisruptive 
technique. Based on modest approaches of XRD analysis, the as-prepared 
composite can be confirmed containing 74.22% and 25.78% of Mn3O4 
and MnO2 compounds, respectively. The sample also is dominated by 
crystalline phase with a percentage of 74.69%. From the calculated lattice 
parameters, phases of as-prepared composite tended close to be tetragonal 
and orthorhombic system structures. 
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confirmed containing 74.22% and 25.78% of Mn3O4 and MnO2 compounds, respectively. The sample 
also is dominated by crystalline phase with a percentage of 74.69%. From the calculated lattice 
parameters, phases of as-prepared composite tended close to be tetragonal and orthorhombic system 
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