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Abstract 

Production of nanomaterials by mechanochemical synthesis is one of the important modern 

methods in new technology. Mechanochemical technique followed by heat treatment has been 

used to produce bismuth-manganese oxide from bismuth oxide and manganese dioxide. X-Ray 

Diffraction (XRD) analysis is conducted evaluate the structure changes during the 

mechanochemical process. Structure transformation from crystalline to complete amorphous 

phase was observed after short time of milling. The amorphization mechanism and reaction 

kinetics are examined in the light of the processing parameters and materials composition. 

Interdiffusion and distraction of the long rang order structure are the proposed mechanisms for 

amorphization. Bismuth manganese oxide phase with chemical formula Bi2Mn4O10 was formed 

after heat treatment at 1073 K. Bi2Mn4O10 partially decomposed to -Bi12.8O19.2 and α-Mn2O3. 

Crystallite size (47.6 - 102.4 nm) of the formed phases after heat treatment is significantly 

affecting the electrical properties. Thermoelectric power (S) of present samples was reported and 

the fraction C of reduced transition metal ions was calculated. The manganese ions concentration 

N were calculated and found to be increasing from 1.11 X1022 cm-3 to 1.38 X1022 cm-3, while the 

average distance between manganese ions R increased from 0.623nm to 0.647nm. The hopping 

carrier mobility (μ) of the prepared samples was also calculated at fixed temperature. From 

studying the conduction mechanism, the present work was found to agree with non-adiabatic 

process of small polaron hopping. 
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1. Introduction 

The combinational properties of multiferroic materials are considered as a main key for 

the importance of their widely found applications such as energy transducers [1] and battery 

electrodes [2]. Recently, Bi2O3-MnO2 nanocomposites have been examined as electrode for 

supercapacitors [3]. Also, bismuth manganese oxide like Bi2Mn4O10 can be used as catalysts for 

methane. The results showed that samples containing small amount of bismuth oxide with 

bismuth manganese oxide enhance catalytic activity [4]. Single-phase of BiMnO3 was prepared 

in high energetic ball mill by mechanochemical synthesis method from Bi2O3 and Mn2O3 powder 

[5]. The perovskite BiMnO3 phase obtained was formed after amorphization of the constituent 

materials [6]. The preparation of perovskite BiMnO3 by solid-state reaction required high 

pressure and high temperature [7, 8]. Bi2Mn4O10 single crystals are formed in the temperature 

range from 1173 K to 1223 K according to Bi2O3 + 2 Mn2O3 + 0.5 O2 → Bi2Mn4O10. The 

orthorhombic Bi2Mn4O10 belongs to a group of mullite-type compounds which have multiferroic 

properties at low temperatures [9]. Mechanochemical process is one of the common methods to 

produce nanocrystalline and/or amorphous phases. During the process repeated welding, 

fracturing and rewelding of powder particles are observed. The powder particles during milling 

trapped between the colliding balls undergo deformation and/or fracture processes [10-12]. 

 

Multiferroic materials have a magneto-electric behavior and exhibited 

ferro/antiferromagnetic and ferroelectric properties at the same time [13]. Generally, the 

manganite perovskite is one of the promising multiferroic materials due to its giant magneto-

resistance. In this study, bismuth- based oxides with perovskite structure is selected as one of the 

extensively studied multiferroic compounds in the last decades. The cubic unit cell of the 

perovskite structure (ABO3) is distorted into an orthorhombic structure. Multiferroic bismuth 

manganite materials such as Bi2Mn4O10 and BiMn2O5 crystalizes in orthorhombic space group 

(Pbam) with two sites octahedral and pyramidal [14-16]. The unpaired electrons and the orbital 

ordering of Manganese cations are responsible for the coexistence of both ferromagnetic and 

ferroelectric properties [14]. The Curie temperature of the bismuth Manganite has value about 

105 K and it exhibit ferroelectricity at the same time after Tc = 100 K [17, 18]. Bismuth 

Manganite materials can be prepared by different methods such as sol-gel combustion method or 

high energy ball milling of the constituent oxides [5]. Preparation using mechanochemical 

synthesis usually refers to solid-state reactions and can be used to prepare related compounds 

such as Bi2Mn4O10 which is formed directly in highly activated nano-sized particles after only 

240 minutes of high energetic milling [5].  
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The conductivity in nanostructure materials that contain large amounts transition metal 

ions (TMO) is described by small polaron hopping (SPH) mechanism between such ions [19, 

20]. The carrier concentration (C) is related to the concentration of TMO in multivalence states 

[21-24]. The thermoelectric power or Seebeck coefficient (S) of the nanostructured materials that 

contain large amounts of (TMO) is great, which is required for many applications. Generally, 

Heike's formula [21] can be applied to evaluate the S and C values. In this study we focused on 

the structure, D.C. electrical conductivity and Seebeck coefficient of the resultant mixed oxides. 

The present work intends to examine the effect of mechanical milling process on Bi2O3 and 

MnO2. The electrical properties of the produced samples were measured at different annealing 

time. 

2. Experimental  

High purity oxides of bismuth (Bi2O3) and manganese (MnO2) (Aldrich 99%) were mixed using 

a stainless-steel vertical ball mill attritor with 500 r/m for different milling time. The prepared 

samples were pressed at 5 tons into a pellet with 12mm diameter using a uniaxial press. The 

pressed powder samples were heat treated at 873 K for 2h then calcining at 1073 K for 5h in 

open atmosphere. The X-ray diffraction patterns of the milled powder samples and heat treated 

were characterized using “SIEMENS D5000” X-ray Diffractometer with target CuKα radiation. 

Transmission Electron Microscope (TEM) using “JEM 2100 HRT” was carried out for the 

samples with 10h and 50h of milling to investigate their structure. The experimental density for 

the heat-treated samples was measured using Archimedes principle in order to calculate the other 

needed parameters in this study. As shown in Fig. 1 we investigate the D.C. electrical behavior 

of the samples, the temperature dependent-D.C. conductivity was calculated from the measured 

resistance using “Keithley 197” multi-meter. K-type thermocouple connected to a digital 

thermometer was used to measure the temperature inside non-inductive controllable electric 

furnace. The thermoelectric power or Seebeck coefficient was measured using the setup in Fig. 2 

where two identical heaters with their accompanying K-type digital thermometers used to arise 

the temperature at the two sample’s surfaces with difference ΔT, the induced voltage measured 

by “Agilent 34401A” multi-meter.  
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3. Results and discussion 

3.1 Structure 

Figure 3 shows XRD patterns of mechanically treated MnO2  Bi2O3 system for different 

time. After one hour of treatment sharp crystalline peaks intensity decreases. The XRD peaks 

show significant broad due to crystallite size reduction and micro-strain increasing. This 

broadening behavior could indicate the starting of amorphization. After 10h of treatment all 

crystalline peaks mostly disappeared and hallow pattern tendency is observed. With increasing 

milling time up to 30h complete amorphization of the sample was observed. The milling time 

extended to 50h examining the recrystallization phenomenon. As shown in XRD there is no 

tendency for recrystallization appeared. The amorphization is controlled by diffusion; the faster 

transformation rate is related to the higher diffusion rate. During mechanical treatment, the exact 

nature of the stress acting process is rather complex. Since the extension of solubility limit is 

observed with milling, a dominant stress at atomic level expected. This type of external stress 

would be expected to accelerate the amount amorphization in the structure.  

The crystallite size (D) and micro-strains (ε) of the mechanical milled sample can be 

estimated by using the full width at half maximum of the major peaks (). Hall-Williamson 

relation was used to separate these factors: 𝛽 cos 𝜃 =  𝐾𝜆 𝐷 + 4𝜀 sin 𝜃                                                    (1) 

where () is the Bragg angle,  is the wavelength and K is the Scherrer constant (shape factor) 

usually from 0.8 to 1. 

The micro-strains estimated by Hall-Williamson relation varied from 0.078 (%) to 0.210 

(%) with crystallite size ranged from 47.6 nm to 102.4 nm. Usually, the amorphization reaction 

during mechanical treatment is related to the strain generated in the samples which enhance 

Fig. 1: D.C. conductivity measurement setup Fig. 2: Thermoelectric power measurement setup 
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destabilization of the crystal structure. The amorphization in this case occurs through the 

destruction of the long-rang structure to the short-rang order. Fig. 4 shows TEM image of the 

mechanically treated MnO2  Bi2O3 powder after 10h and 50h of milling. Fine structure with 

laminar feature was observed for the 10h ball milled sample due to repeated impact process. The 

electron diffraction pattern of 10h milled sample with spot confirms fine structure formation 

while that of 50h sample shows completely amorphous nature. Halo is formed around the bright 

center spot where the electrons are scattered randomly by the short-rang order amorphous 

structure of specimen. Amorphous bismuth manganese oxides investigated as intercalation hosts 

for rechargeable lithium batteries [22]. 

 

 

Fig. 3. XRD patterns of mechanically treated MnO2  Bi2O3 for different time 
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Fig. 4. TEM of 10h (a) and 50h (b) of mechanically treated MnO2  Bi2O3 

Although, preparation of perovskite BiMnO3 was successfully observed by high energy 

planetary ball mill [6]. Unfortunately, preparation of such perovskite by vertical ball mill 

(attritor) technique is not possible. This result could be due to the ball mill energy required is not 
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sufficient. Also, it is reported, preparation of perovskite BiMnO3 by solid-state reaction required 

high pressure (6 GPa) and high temperature (1173 K) [7, 8]. 

Figure 5 shows XRD patterns of heat-treated mechanically milled MnO2  Bi2O3 samples 

at different time. Bismuth manganese oxide phase with chemical formulas Bi2Mn4O10 was 

formed after 5h of heat-treatment at 1073 K. It is obvious that; after 10h of milling plus heat 

treatment mechano-chemical reaction take place resulting orthorhombic Bi2Mn4O10 (01-074-

1096) with space group Pbam (No. 55). The orthorhombic Bi2Mn4O10 formed phase show (001) 

preferred orientation with heat treated one- and five-hours milling samples. The heat treatment of 

ball milled 30h and 50h samples revealed small amount of tetragonal Mn3O4 phase with space 

group I41/amd (No. 141). As expected, the orthorhombic phase decreases with increasing 

milling time at the same heat treatment temperature. It is concluded that, Bi2Mn4O10 decomposes 

to α-Bi2O3 and α-Mn2O3 [4]. Also, BiMn2O5 has a structure, which contains octahedrally 

coordinated Mn4+ions and Mn3+ions located in square pyramids [23]. 

In the present work, the decomposition clearly observed with 50h milled sample where 

cubic system with space group I23 (No. 197) -Bi12.8O19.2 (01-081-0563) and tetragonal system 

with space group I41/amd (No. 141) α-Mn2O3 are formed. Table 1 shows quantitative analysis, 

crystallite size and micro-strain of the heat-treated samples. Recently, Bi2Mn4O10 compound has 

been investigated as an anode material for advanced Li-ion battery systems [24, 25]. Variation of 

lattice parameters as a function of milling time at the same heat treatment temperature (1073 K 

for 5 hours) is illustrated in Table 2. 
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Fig. 5. XRD patterns of ball milled MnO2  Bi2O3 for different time heat-treated at 1073 K 

 

Table 1: Quantitative analysis, crystallite size and micro-strain of heat-treated samples at 

1073 K for 5 hours 

Mechanical treatment 

time (hours) 
1 5 10 15 30 50 

Bi2Mn4O10 (%) 81 88 66 68 36 39 

α-Mn3O4 (%) 7 7 9 8 10 11 

-Bi12.8O19.2 (%) 12 5 25 24 54 50 

Average Crystallite 

size D(nm) 
47.6 58.1 110.3 95.7 94.6 102.4 

Micro-Strain (%) 0.078 0.11 0.21 0.136 0.146 0.21 
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Table 2: Variation of lattice parameters as a function of milling time at constant heat treatment 

temperature (1073 K for 5 hours) 

Phase a b c Note 

Bi2Mn4O10 

7.52 8.53 5.77 1h 
7.51 8.53 5.77 5h 
7.54 8.53 5.69 10h 
7.46 8.53 5.76 30h 
7.48 8.53 5.76 50h 
7.54 8.53 5.77 01-074-1096 

-Bi12.8O19.2 

10.19 1h 
10.18 5h 
10.14 10h 
10.09 30h 
10.26 50h 
10.23 01-081-0563 

 

3.2 Thermoelectric power and D.C. Conductivity  

Thermoelectric power was measured versus temperature for the prepared samples with 

milling time 10h, 30h and 50h. Fig. 6 shows the Seebeck coefficient (S) variation for each 

sample, the value decreased from -108 µV/K at 10h milling time to -128 µV/K at 30h and 

then increased to be -88 µV/K at 50h.  

 

Fig. 6. Seebeck coefficient of the sample at different milling time, 10h at (a), 30h at (b) and 50h at (c) 
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The negative value of Seebeck coefficient indicates n-type conductivity. The obvious increase of 

|S| with increasing temperature (300K – 480K) is backed to the small-polaron conduction 

mechanism with reducing the concentration of the Mn3+ ions [26]. Thermopower (Seebeck 

coefficient) was used to determine the concentration ratio (C) from temperature independent 

Heike equation as: 𝑆 =  𝑘𝑒 [ln ( 𝐶1−𝐶) + 𝐴]                                                        (2) 

For small polaron hopping conductors, A is neglected. The ratio of the concentration of reduced 

transition metal increases from 0.022 to 0.027. 

In order to examine electrical properties, D.C conductivity (σ) and reciprocal of 

temperature (1/T) of the present samples have been showed in Fig. 8. As shown, the Arrhenius 

formula by Mott can be used to describe the behavior of D.C conductivity: 𝜎 =  𝜎0𝑒𝑥𝑝 (−𝑊 𝑘𝑇⁄ )                                                      (3) 

where w is the activation energy, k is Boltzmann constant and σ0 is a pre-exponential factor. As 

illustrated in Fig. 7, the logarithmic D.C conductivity variation against the reciprocal of 

temperature for the heat-treated samples at 1073 K for five hours. The behavior represents the 

Arrhenius plot between 300K and 425K. The deviation from linearity (at high temperature 

regime) occurred around θD/2 (353-369K depending on milling time). The obtained values of 

Debye temperature θD at the end of the linear dependency of the D.C. conductivity were varied 

from 706K to 770K as listed in Table 3. The linearity after this point (706K) is not best 

preserved which indicates small polaron hopping (SPH)  [27]. 
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Fig. 7. dc conductivity of ball milled MnO2  Bi2O3 for different time heat-treated at 1073 K for five hours. 

 

Thermoelectric power and conductivity measurements confirming presence of a small number of 

electrons, due to incomplete oxidation of the sample. It is reported [28], the perfectly 

stoichiometric manganite CaMnO3 should not contain Mn3+ cations. In the n-type manganite, 

Mn4+ ions offer available sites for charge carriers, take into account the spin state of the Mn4+ 

ions. With increasing temperature concentration of Mn3+ disproportionation increases which 

influencing charge carriers through forming Mn2+ and Mn4+ from 2Mn3+. Oxygen 

addition/removal from the structure of the manganite plays significant rule in the electrical 

properties. The conduction through small-polaron transport between Mn3+ and Mn4+ ions[28]. 

From the above results of |S| and 𝜎, the samples can be used as thermoelectric transducers due to 

the large values of |S| at room temperature, the best sample is that with 50h milling because its 

own the largest values of both Seebeck coefficient |S| and D.C. conductivity. 

Activation energy value of 0.4 eV was observed for Bi12MnO20–BiMn2O5 compound with small 

polaron mechanism of electric conductivity and values of disordered Bi12MnO20–BiMn2O5–Fe 

ceramics  were varied in the range of 0.22–0.37 eV [23]. BiMnO3 has activation energy value of 

0.51 eV [29]. The experimentally measured activation energy for electrical conductivity in 

stoichiometric bismuth manganite BiMnO3 yields a comparable value 0.26 eV [30]. The present 

work activation energy values varied in the range of 0.55 to 0.63 eV depends on the milling time. 

The formed phases and/or crystallite size significantly affecting the MnOMn bond length and 

bond angle. The deformation of unit cell, see Table 2, resulted from the mechanical treatment 
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customized the overlapping of O (p-orbitals) and Mn (d-orbitals). Through double exchange 

mechanism Mn3+–O–Mn4+ electron-hopping conduction allowed.  

In non-adiabatic approximation, the DC conductivity for the hopping polarons proposed by 

Austin and Mott [31-33]: 

σ =  C(1 − C). ν0 N 𝑒2𝑅2kT  exp(−2αR) exp (− WkT)             (4) 

For adiabatic approximation, the term exp(-αR) is neglected and the conductivity is given by: 

σ =  C(1 − C). ν0 N 𝑒2𝑅2kT exp (− WkT)                                (5) 

N is the number of transition metal ion sites per unit volume (transition metal ion density) which 

estimated by: N = ρ NA [ Mole percent of compositionAverage molecular weight of compoition]                (6) 

NA is the Avogadro’s number and ρ is the sample density which experimentally measured from 
Archimedes principle using Toluene liquid as an immersing medium with density 0.8669 g/cm3. 

α is the electron-wave function decay constant (tunneling factor), C is the ratio of the ion 
concentration in the low valence state to the total concentration of the transition metal ions, R is 

average Hopping distance and o is the optical phonon frequency. The activation energy W can 

be described as:  W =  W𝐷    for T < θ𝐷4                                                        (7) 

W =  W𝐻 + (W𝐷2 )    for T > θ𝐷2                                         (8) 

where WH is the polaron hopping energy and WD is the disorder energy (with typical value = 0.1 

eV) [34]. By using Debye temperature D and Planck constant h, the optical phonon frequency o 

can be calculated as [35, 36]: 𝜈𝑜 =  𝑘 𝜃𝐷ℎ                                                                           (9) 

The average distance between manganese (R) is related to number of sites per unit volume by the 

relation: 

𝑅 =  (4𝜋 𝑁3 )−13
                                                                  (10) 

The calculated parameters; molar volume (Vm), molar concentration (N), mean distance 

between ions (R) and the optical phonon frequency (Ѵ0) were listed in Table (3). The modulus of 
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Seebeck coefficient |S| increased from 108 µV/K to 128 µV/K due to mean distance between 

manganese ions “R” and the crystallite size “D” variation. 

Table 3: some physical properties of the prepared samples 

Milling time (h) 10 30 50 

Debye Temperature θD(K) 706 770 738 

Molar Volume Vm(cm3/mol) 34.80 34.68 38.98 

Electric Conductivity σ (Sm-1) 0.00095 0.00033 0.0015 

Activation Energy W(eV) 0.587 0.625 0.554 

Density ρ (gm/cm3) 8.960 8.990 8.000 

Number of Vanadium Ions N ( 1022) 

(cm-3) 

1.7305  1.7363  1.5451  

Average distance between manganese 

R(nm) 

0.623 0.622 0.647 

Optical Phonon Frequency ν0 ( 1013) 0.735  0.802 0.766 

 

At a fixed experimental temperature, it is easy to estimate the nature of polaron hopping, 

adiabatic or non-adiabatic by plotting activation energy against logarithm of the conductivity. By 

calculating the slope and interception as illustrated in Fig. (8 a and b), the resultant temperature 

is T=539.6 K. According to the above results, the conduction is due to non-adiabatic small 

polaron hopping of electrons because there is a big difference between the estimated temperature 

and the selected measurement temperature (401K). Also, the effect of milling time on the pre-

exponential factors (σo) obtained from the straight line fitting the data. The decrease of pre-

exponential factors with milling time confirming again the non-adiabatic mechanism of the 

polaron hopping.   

 

Fig. 8: (a) samples logarithmic D.C conductivity variation with activation energy at 401K, (b) effect of milling 

time on the pre-exponential factors 



14 

 

 

The density of state at the Fermi level N(EF) is estimated from the following expression: 

N(EF) = ¾ πR3W                                             (11) 

The values of N(EF) are listed in Table 4 and acceptable for the localized states. 

The polaron radius (rp) can be calculated from R using the following relation [37] r𝑝  =  (π6)13 . 𝑅2                                                       (12) 

then, the value rp used to obtain the hopping energy WH using the formula: W𝐻  = ( 𝑒24ɛ𝑝) ( 1r𝑝 – 1R)                                          (13) 1𝜀𝑝 = 1𝜀∞ −  1𝜀𝑠                         (14)  

where 𝜀𝑝 𝑖𝑠 effective dielectric constant , 𝜀∞ is the static dielectric constant measured at high 

frequency (1MHz) and εs is the optical dielectric constant. The values of rp, εp and WH are listed 
in Table 4. 

The bandwidth of polaron associated with the electron wave function overlapping on the near 

sites J can be calculated from using the following relation [37] 𝐽 ≈ 𝑒3[𝑁(𝐸𝐹)/(𝜀𝑜𝜀𝑝)3]1/2    (15) 

The values of bandwidth of polaron J are recorded in Table 4.  

The small polaron coupling constant γp represents the interaction between polaron and electron  γ𝑃  = 2 W𝐻h 𝜈𝑜                                                             (16) 

The calculated values of γp are 12.57–23.40 for the present samples. It is noticed that the value of 

γp> 4, this usually suggests a strong electron-phonon interaction45 . The values of small polaron 

coupling constant γp are recorded in Table 4.  

The charge carrier mobility (µ) in the non-adiabatic hopping regions is calculated using the 

formulas  

µ =  (e𝑅2kT ) (1h) ( π4 W𝐻kT)1/2  𝐽2 exp − WkT                             (17) 

The obtained carrier mobility by using parameters listed in Tables 3 and 4 at T= 401 K for the 

present samples. The calculated values of  carrier mobility are found to be in the range 1.685 x 

10-6 cm2 V-1 s-1 to 2.689 x 10-6 cm2 V-1 s-1), which is << 0.01 indicating that the electrons are 
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localized mainly at manganese ions [34]. The values of hopping carrier mobility (µ) are 

registered in Table 4.  

Table 4 polaron hopping parameters  

Milling time (h) 10 30 50 

WD (eV) 0.00645 0.0505 0.0483 

WH(eV) 0.584 0.600 0.530 

єP 56.2 28.7 27.8 

rp (nm) 0.251 0.251 0.261 

J(eV) 0.236 0.630 0.661 

N(Ef) (cm-3)  1021 1.68 1.58 1.59 

γp 12.57 22.61 23.40 

µ (cm2 V-1 S-1) 

 10-6 
1.685 2.874 2.689 

 

4. Conclusion 

1. Amorphization of the prepared samples is observed to take please after 10h of 

mechanical milling in vertical ball mill attritor. 

2. Bismuth manganese oxide Bi2Mn4O10 was formed after heat-treatment. 

3. Preparation of perovskite BiMnO3 by vertical ball mill attritor technique unfortunately is 

not possible. 

4. The conduction of the prepared samples is well-explained by Mott’s small polaron 

theory, it is attributed to non-adiabatic hopping of small polaron (SPH)   

5. The modulus value of Seebeck coefficient of the samples with 10h, 30h and 50h milling 

time is inversely proportional to the obtained crystallite size. 

6. The hopping carrier mobility μ was investigated and found varying from 1.685 x10-6 cm2 
V-1 S-1 to 2.689x10-6 cm2 V-1 S-1.  

7. The polaron radius rp increase from 0.251nm to 0.261nm, while the density of states at 
the Fermi level N(EF) decreased from 1.68 x1021 eV-1 cm-3 to 1.59 x1021 eV-1 cm-3.  

8. The non-adiabatic nature of polaron hopping mechanism was established in different 

ways.  

9. The sample with 50h milling time has the largest polaron radius and can be used as a 

thermoelectric transducer due to the large modulus value of Seebeck coefficient |S| and 

D.C. conductivity. 
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Figures

Figure 1

D.C. conductivity measurement setup



Figure 2

Thermoelectric power measurement setup



Figure 3

XRD patterns of mechanically treated MnO2  Bi2O3 for different time



Figure 4

TEM of 10h (a) and 50h (b) of mechanically treated MnO2  Bi2O3



Figure 5

XRD patterns of ball milled MnO2  Bi2O3 for different time heat-treated at 1073 K



Figure 6

Seebeck coe�cient of the sample at different milling time, 10h at (a), 30h at (b) and 50h at (c)



Figure 7

dc conductivity of ball milled MnO2  Bi2O3 for different time heat-treated at 1073 K for �ve hours.



Figure 8

(a) samples logarithmic D.C conductivity variation with activation energy at 401K, (b) effect of milling
time on the pre-exponential factors


