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Abstract
Pure Fe3O4 and Mn-doped Fe3O4 nanoparticles were synthesized by simple wet chemical reduction technique using

nontoxic precursors. Manganese doping of two concentrations, 10 and 15%, were employed. All the three synthesized

nanoparticles were characterized by stoichiometry, crystal structure, and surface morphology. Thermal studies on as-

synthesized nanoparticles of pure ferrite (Fe3O4) and manganese (Mn) doped ferrites were carried out. The thermal analysis

of the three as-synthesized nanoparticles was done by thermogravimetric (TG), differential thermogravimetric, and dif-

ferential thermal analysis techniques. All the thermal analyses were done in nitrogen atmosphere in the temperature range

of 308–1233 K. All the thermocurves were recorded for three heating rates of 10, 15, and 20 K min-1. The TG curves

showed three steps thermal decomposition for Fe3O4 and two steps thermal decompositions for Mn-doped Fe3O4

nanoparticles. The kinetic parameters of the three as-synthesized nanoparticles were evaluated from the thermocurves

employing Kissinger–Akahira–Sunose (KAS) method. The thermocurves and evaluated kinetic parameters are discussed in

this paper.
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Introduction

Ferrite (Fe3O4) has an inverse spinel structure and shows

ferrimagnetic properties. The octahedral sites of the

structure are occupied by Fe2? and Fe3? ions, whereas the

tetrahedral sites are occupied by Fe3? ions only [1]. The

number of Fe3? ions at the tetrahedral and octahedral sites

is equal and possesses opposite spins. Thus, they cancel

each other leaving the octahedral site Fe2? ion spins to

contribute to the resultant magnetic moment. The ferrite

nanoparticles have potential technological applications

ranging as of in magnetically guided drug delivery, in

magnetic resonance imaging (MRI), as magnetic recording

media, as magnetic fluids for the storage and/or retrieval of

information, as catalyst, as sensors, as pigments, etc. [2].

Study shows that the particle size and the magnetic prop-

erties of the ferrites regulate the application. The other

limitation in case of ferrites is that the magnetic iron oxide

(Fe3O4 and c-Fe2O3) nanoparticles undergo phase transi-

tion to nonmagnetic phase (a-Fe2O3) when taken to tem-

perature above 750 K. Thus, the phase transition at about

750 K hinders the use of the magnetic properties of the

material at high temperature [3]. In the transition from

magnetite (Fe3O4) to maghemite (c-Fe2O3), the crystal

structure remains inverse spinel, but for charge compen-

sation, the vacant cation sites appear at the octahedral

positions [4]. Further transition from maghemite (c-Fe2O3)

to hematite (a-Fe2O3), the structure changes to rhombo-

hedrally centered hexagonal configuration of the corundum

type in which two-thirds of the octahedral sites are occu-

pied by Fe3? ions. The neighboring spins belonging to

different magnetic sublattices are aligned in an almost

antiparallel manner and canted by about 5�, leaving a weak

ferromagnetic moment pointing in a direction perpendic-

ular to the basal plane. Thus, a-Fe2O3 is said to behave as a

weak ferromagnet or a canted antiferromagnet [4]. There-

fore, for applications beyond phase transition temperatures
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([ 750 K), the augmentation of c-Fe2O3 (maghemite) to a-

Fe2O3 (hematite) phase transition temperature is a pre-

requisite. The transition temperature is dependent on sev-

eral physicochemical parameters [4]. Studies showed that a

protective layer of magnetite nanoparticles enhances the c-

Fe2O3 to a-Fe2O3 phase transition temperatures [5, 6].

Investigation showed that doping too enhances the phase

transition temperature [7–12]. Different elements like Co,

Ni, Zn, Cu, Mn, Cr, and Al have been used as dopants [13].

The c-Fe2O3 to a-Fe2O3 phase transition temperature was

found to increase to 913 K by 1% Zn doping [14]. It has

been observed that the transition temperature has increased

to * 839, 843, 871, and 874 K by doping with 0.09% of

Cu, 0.37% of Co, 0.48% of Ni, and 0.89% of Mn,

respectively [15]. Lai et al. [16] studied the effect of

Mn(III) doping on c-Fe2O3 to a-Fe2O3 phase transition at

ambient atmosphere. Recently, it was observed that c-

Fe2O3 nanoparticles dispersed in silica matrix have a high

resistance against grain growth and transforms into hema-

tite at 1113 K [17]. Thus, ferrite has been doped by dif-

ferent elements to tailor the phase transition temperature.

Varied numbers of techniques have been used to syn-

thesize Fe3O4 and doped Fe3O4 nanoparticles [18–21].

They include sol–gel method [18], co-precipitation [19],

reverse micelles [20], and hydrothermal [21]. The authors

synthesized pure Fe3O4 and Mn-doped Fe3O4 nanoparticles

by simple cost-effective routes using cheap and nontoxic

precursors [22, 23]. Detailed thermal decomposition

kinetics of the synthesized Fe3O4 and Mn-doped Fe3O4

nanoparticles which is of great importance for the study of

the thermal stability of Fe3O4 and Mn-doped Fe3O4 has

been carried out in this paper.

The thermal studies on the as-synthesized pure and Mn-

doped Fe3O4 nanoparticles were carried out by measuring

the thermocurves. The kinetic study of the nonisothermal

outcome for decomposition procedure of the synthesized

Fe3O4 and Mn-doped Fe3O4 nanoparticles was carried out

by applying the isoconversional Kissinger–Akahira–

Sunose (KAS) method [24–26]. Such study on pure Fe3O4

nanoparticles and Mn-doped Fe3O4 nanoparticles is

reported for the first time.

Experimental

Synthesis

The pure Fe3O4 and two Mn (10 and 15%) doped Fe3O4

nanoparticles were synthesized by simple wet chemical

reduction technique. The pure Fe3O4 nanoparticles syn-

thesis was carried out by taking 10 mL of 2.5 mol sodium

borohydride (NaBH4; Sisco Chem, Mumbai, India) solu-

tion in a 100-mL glass beaker. It was added dropwise to

40 mL of 0.1 mol ferric chloride hexahydrate (FeCl3�6H2-

O; Loba Chemie, Mumbai, India) solution under constant

stirring. On gradual addition of ferric chloride solution, the

final solution slowly turned darker and ultimately became

complete black. This happened within less than 1 min after

the addition of complete ferric chloride solution. The

reaction was considered complete once the bubble gener-

ation ceased. The final solution was filtered to obtain pure

Fe3O4 nanoparticles. The obtained nanoparticles were

given multiple washes with double-distilled water and

absolute methanol. The obtained pure Fe3O4 nanoparticles

were dried overnight at 50 �C in oven [22].

In the two Mn (10 and 15%) doped Fe3O4 nanoparticles

synthesis, firstly 10 mL of 2.5 mol sodium borohydride

(NaBH4) solution was taken in a 100-mL glass beaker.

Slowly dropwise 40 mL of 0.12 mol ferric chloride hex-

ahydrate (FeCl3�6H2O) solution was added under constant

stirring. Both the chemicals used were of make as men-

tioned in case of pure Fe3O4 nanoparticles synthesis. After

10 min of vigorous stirring of above solution and under

stirring only, 10 mL of 0.18 mol and 0.20 mol manganese

chloride tetrahydrate (MnCl2�4H2O; Chiti-chem, Vadodara,

India) solution was added to it to get 10 and 15% Mn-

doped Fe3O4 nanoparticles, respectively. The optimization

of chemical proportions for synthesis was achieved by

means of trial and error. Nine and six trials were carried out

to optimize the 10 and 15% Mn-doped Fe3O4 nanoparti-

cles, respectively. With the addition of all three solutions,

the final solutions became darker and eventually turned

into complete black within 1 min. The reaction was con-

sidered to be complete once the bubble formation stopped.

The above reaction leads to the production of Mn (10 and

15%) doped Fe3O4 nanoparticles, borohydroxide, sodium

chloride, and hydrogen gas. The generated hydrogen gas

was responsible for the formation of bubbles. The synthe-

sized Mn (10 and 15%) doped Fe3O4 nanoparticles were

given multiple washes with double-distilled water and

methanol. The nanoparticles yields were dried overnight in

oven at 50 �C [23].

Characterization

The X-ray energy dispersive analysis (EDAX) technique

attached to Philips XL-30 ESEM scanning electron

microscope was employed for stoichiometric elemental

determination of the synthesized nanoparticles. The crystal

structure of the nanoparticles was ascertained by powder

X-ray diffraction (XRD) technique. The XRD of the

nanoparticles was done using Philips X’Pert MPD X-ray

diffractometer employing graphite monochromatized CuKa

radiation (k = 1.5405 Å). The XRD patterns were recor-

ded in the 2h range of 10� to 90� with scanning rate of

10� min-1. The surface morphology study was carried out
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using scanning electron microscopy (SEM) employing

SEM LEO 1430 VP attached with in-lens SE detector for

high-resolution topographic imaging.

The thermal studies on the as-synthesized pure Fe3O4

nanoparticles and Mn-doped Fe3O4 nanoparticles were

carried out. The thermogravimetry (TG), differential ther-

mogravimetry (DTG), and differential thermal analysis

(DTA) curves of the as-synthesized nanoparticles were

recorded simultaneously. The thermocurves were recorded

in the temperature range from 308 to 1233 K. Three

heating rates of 10, 15, and 20 K min-1 were employed for

the measurement of thermocurves. All thermocurves were

measured in nitrogen atmosphere using Seiko SII-

EXSTAR TG/DTA-7200 thermal analyzer with gas flow

rate of 100 mL min-1. The sample mass was kept between

10 and 11 mg for all the three samples.

Results and discussion

EDAX

The elemental composition was determined by the energy

dispersive analysis of X-ray (EDAX) technique of the as-

synthesized pure Fe3O4 and 10 and 15% Mn-doped Fe3O4

nanoparticles. The EDAX was done for five different spots

on each of the samples, and the average of the five spots

was taken as EDAX data of that sample. The obtained

elemental EDAX data along with the standard data are

given in Table 1 . The data show that the nanoparticles

samples are in perfect stoichiometry.

XRD analysis

The structural characterization of the as-synthesized

nanoparticles samples was done by X-ray diffraction

(XRD) technique. The recorded XRD patterns are shown in

Fig. 1a. The XRD analysis using Powder-X software

showed that the samples possess cubic structure with lattice

parameters, Table 2, in good agreement with the reported

data (JCPDS: 01-88-0315). The analysis of the obtained

lattice parameter shows that the value is highest for pure

Fe3O4 and decreases for 10% Mn-doped Fe3O4 followed by

an increase in the value for 15% Mn-doped Fe3O4

nanoparticles samples. The values of the lattice parameters

and their variation with Mn doping concentration agree

with earlier observation [27]. All the XRD peaks matched

with the magnetite Fe3O4 phase, thus confirming that all

the three synthesized nanoparticles are single-phase mag-

netite Fe3O4. The precise scrutiny of the major (311) peak

positions relative to each other clearly showed shifting of

the peak due to doping as shown in Fig. 1b. The Vegard’s

law states that dopant alone cannot produce its own XRD

peak but can shift the host peak [28]. Thus, the shift in

major peak position confirmed Mn doping of Fe3O4

nanoparticles.

The Scherrer’s equation and the Hall–Williamson’s (H–

W) relation were employed for the determination of the

crystallite sizes L using the XRD data. The details of the

determination of the crystallite size L using Scherrer’s

equation and H–W relation for the as-synthesized

nanoparticles are given in another paper of the authors

[22, 29]. The obtained L values from the Scherrer’s

equation and H–W relation are tabulated in Table 2. The

determined L values from the Scherrer’s equation and H–

W relation are in agreement with each other for each

sample. The L data show that the crystallite size increases

with doping concentration. This is because of the increase

of the lattice parameter with the increase of doping

concentration.

SEM analysis

Fig. 2a–c shows the SEM images of the as-synthesized

pure Fe3O4 and Mn-doped Fe3O4 nanoparticles. Fig 2a

shows the SEM image of pure Fe3O4 nanoparticles. Fig. 2b

is the SEM image of as-synthesized 10% Mn-doped Fe3O4

nanoparticles, whereas Fig. 2c is the SEM image of 15%

Mn-doped Fe3O4 nanoparticles.

The SEM images of pure Fe3O4 nanoparticles and 10

and 15% Mn-doped Fe3O4 nanoparticles, clearly show that

the nanoparticles are formed from the assortments of

Table 1 Obtained and standard EDAX data

Element Fe3O4 pure 10% Mn-doped Fe3O4 15% Mn-doped Fe3O4

Observed

mass/%

Calculated

mass/%

Observed

mass/%

Calculated

mass/%

Observed

mass/%

Calculated

mass/%

Fe 74.50 72.35 58.76 59.51 53.39 56.64

O 25.50 27.65 31.24 33.15 30.61 32.41

Mn – – 10.00 7.34 15.00 11.05

Total 100.00 100.00 100.00 100.00 100.00 100.00
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several nanosheets having voids among themselves. Simi-

lar SEM features have been reported earlier for Mn-doped

Fe3O4 nanoparticles [30].

The thermal analysis of the as-synthesized nanoparticles

samples is discussed in details in the next section. After the

thermal analysis, the residual samples were collected and

were characterized by SEM. Fig. 3a–c shows the SEM

images of the pure Fe3O4 nanoparticles and 10 and 15%

Mn-doped Fe3O4 nanoparticles after they have been ther-

mally analyzed. The images show that the compact assor-

ted nanosheet structure, Fig. 2, becomes completely

dismantled into bits of individual sheets.

Thermal analysis

The TG curves of pure and Mn-doped Fe3O4 nanoparticles

are shown in Fig. 4.

The TG curves analysis shows that the pure Fe3O4

nanoparticles decompose in three steps, whereas the 10 and

15% Mn-doped Fe3O4 nanoparticles decompose in two

steps. These three steps and two steps decompositions are

substantiated by the respective DTG curves, Fig. 5.

The DTG curves show that the pure Fe3O4 nanoparticles

have three peaks, whereas the 10 and 15% Mn-doped

Fe3O4 nanoparticles show two peaks. The decomposition
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Fig. 1 a X-ray diffraction patterns of as-synthesized nanoparticles, b (311) peaks shift
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Fig. 2 SEM images of the as-synthesized a pure, b 10%, and c 15% Mn-doped Fe3O4 nanoparticles

Table 2 XRD parameters
Sample Lattice parameter/Å Crystallite size L/nm

Scherrer’s equation Hall–Williamson plot

Pure Fe3O4 8.392 7.20 6.58

10% Mn-doped Fe3O4 8.365 7.15 6.89

15% Mn-doped Fe3O4 8.368 7.89 7.25
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starting temperature, total weight loss, DTG peak position

and shift, etc. observed from the thermocurves for different

heating rates are tabulated in Table 3.

The study of the data of Table 3 shows that as the

heating rate increases, the TG weight loss percentage

decreases for all the three samples. Also, the DTG peak

positions shift toward high-temperature values with

increase in heating rate. Both these observed phenomena

corresponding to TG and DTG analyses are due to heat

transfer limitation with faster rate of heating.

WD = 4.6 mm
5 μm

EHT = 05.00 kV
Mag = 10.00 KX

WD = 5.2 mm
5 μm

EHT = 05.00 kV
Mag = 10.00 KX

WD = 4.1 mm
5 μm

EHT = 05.00 kV

Mag = 10.00 KX

(a) (b) (c)

Fig. 3 SEM images of residual samples after thermal analysis of a pure, b 10%, and c 15% Mn-doped Fe3O4 nanoparticles
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The simultaneously recorded DTA curves for the three

samples are shown in Fig. 6. The DTA curves show that in

the initial temperature range, the behavior is exothermic

(above zero level) followed by an endothermic nature

(below zero level) till nearly 800 K, after that the DTA

nature is again exothermic (above zero level). The initial

exothermic nature may be due to the trapped water mole-

cules converting to water vapor owing to increase in tem-

perature and leaving the sample. The water vapor leaving

the sample is corroborated by the weight loss observed in

the same temperature region of the TG curves. Also, the

restructuring of the nanoparticles might be taking place at

the initial temperature. The restructuring of nanoparticles

releases heat, which is observed here as an exothermic

feature. It is also observed that the first exothermic peak

shifts toward higher temperature values with increase in the

heating rate. This behavior is observed in case of all the

three samples. This is due to the heat transfer limitation

with increase in heating rate. The endothermic curves have

a peak around 580 K, and this is due to the reported ther-

mal decomposition at 603 K [31]. This transition is owing

to initiation of magnetite (Fe3O4) to maghemite (c-Fe2O3)

decomposition [14].

The exothermic nature of DTA curves after nearly

800 K in case of all the three samples and for all the three

heating rates was due to the decomposition of the

nanoparticles. The decomposition of the nanoparticles

samples is substantiated by the SEM analysis of the ther-

mal analyzed residual samples, Fig. 3. Minor peaks are

observed in the temperature range of 930–950 K for dif-

ferent heating rates. These peaks are prominent in case of

pure Fe3O4, but are minor kinks in case of doped samples.

The kinks smoothen with increase in doping concentration

from 10 to 15%. These exothermic peaks correspond to the
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Fig. 6 DTA curves of pure Fe3O4 and 10 and 15% Mn-doped Fe3O4 nanoparticles for three different heating rates of 10, 15, and 20 K min-1

Table 3 Total TG mass loss in percentage, DTG peaks position and shift observed

Sample Heating rate/

K min-1
Decomposition starting

temperature/K

Total mass

loss/%

DTG peak/K

1st

peak

Shift 2nd

peak

Shift 3rd

peak

Shift

Fe3O4 10 311.33 9.85 321.91 0 565.69 0 862.64 0

15 311.94 8.62 334.31 12.4 576.11 10.42 871.36 8.72

20 311.99 8.46 335.13 13.22 583.13 17.44 881.79 19.15

10% Mn-doped

Fe3O4

10 312.13 10.79 323.61 0 553.99 0 – –

15 312.98 10.57 337.22 13.61 559.30 5.31 – –

20 313.83 9.96 343.60 19.99 566.54 12.55 – –

15% Mn-doped

Fe3O4

10 314.57 18.86 324.68 0 556.54 0 – –

15 314.99 11.89 340.84 16.16 565.69 9.15 – –

20 315.53 11.58 345.31 20.63 570.15 13.61 – –
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maghemite (c-Fe2O3) to hematite (a-Fe2O3) phase transi-

tion, Fig. 7 [32]. The higher value of transition temperature

(930–950 K) in present pure Fe3O4 nanoparticles sample

compared to reported transition temperature may be due to

dissimilar synthesis process. It is also observed that with

increase in Mn2? doping concentration, the c- to a-phase

transition temperature increases as confirmed by

smoothening of kinks. This indicates that Mn2? doping

augments the phase stability of the magnetite nanoparticles

in conformity with earlier report [33]. The mechanism

involved is that, during phase transformation from

maghemite to hematite, the lattice rearranges by relative

sliding of the atomic layers and breaking of several Fe–O

bonds. The effect of metal substitution on the thermal

stability of maghemite can be explained as; with incorpo-

ration of substituting metals builds new bonds with oxygen

(Mn–O) in the spinel structure and alters the strength of

Fe–O bond. This is confirmed from the variation of lattice

parameters obtained from XRD analysis, Table 2. The

lattice parameter decreases with Mn doping compared to

pure Fe3O4, thus the bond strength of Mn–O is more than

the Fe–O leading to thermal stability of Mn doped mag-

netite. The decomposition leads to generation of heat

shown over here as exothermic nature. The effect of

heating rates on the DTA curves after nearly 800 K is

negligible. This can be understood that due to high tem-

perature of nearly more than 800 K, the decomposition of

nanoparticles has started thus heating rates have no effect.

Kinetic studies

The isoconversional method was employed for determi-

nation of the kinetic parameters of the as-synthesized pure

and Mn-doped Fe3O4 nanoparticles from the recorded

thermocurves. The isoconversional method can be solved

in linear and nonlinear mode. The techniques of the linear

mode are Friedman (FR) [34], Flynn–Wall–Ozawa (FWO)

[35, 36], Kissinger–Akahira–Sunose (KAS) [37], and Li–

Tang (LT) [38]. In these linear mode techniques, the acti-

vation energy is calculated from the slope of a straight line.

In nonlinear modes, there are the integral [39, 40] and

differential [41] methods, where the activation energy is

calculated from a specific minimum condition. The non-

linear differential method and the modified nonlinear

integral method use integration of the rate equation over

small ranges of variables, lead to results similar to those

obtained by the Friedman linear differential method. The

nonlinear integral method [39] shows the results close to

those derived applying the FWO and KAS methods [42].

Thus in this paper, the linear isoconversional KAS method

was used.

Dehydration of solid hydrates is a solid-state phe-

nomenon and is given as [43, 44]:

A(solidÞ ! B(solid) þ C(gas)

The kinetics of such reactions can be understood by

taking into consideration the in-between equations. The

reaction rate depends on the degree of conversion a (the

ratio between the weight loss at moment t and the total

weight loss at the end of dehydration) and its temperature

dependence factor. Thus,

da
dt

¼ kðTÞf ðaÞ ð1Þ

where t is the time, T is the temperature, k(T) is the

Arrhenius rate constant, and a is the degree of conversion

given by,

Fe3O4 γ–Fe2O3 α–Fe2O3

∼ 580 K

Heating

940 K

Heating

b

a c

b
a

c b
a

c

O–2

O–2

Fe+2
Fe+3

Fe+3

O–2
Fe+3

Fig. 7 Schematic illustration showing the decomposition and temperature range of the thermal transformation of Fe3O4 to c-Fe2O3 to a-Fe2O3
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a ¼ Wi �Wt

Wi �Wf

ð2Þ

where Wi, Wt, and Wf are the initial, actual, and final mass

of the sample, respectively, and f(a) is the reaction model

associated with a certain reaction mechanism. The direct

temperature dependence of the rate constant is obtained by

replacing k(T) with the Arrhenius equation in Eq. (1),

k ¼ A exp � Ea

RT

� �
ð3Þ

where A (the pre-exponential factor) and Ea (the activation

energy) are the Arrhenius parameters, and R is the gas

constant (8.314 J mol-1 K-1).

The KAS [34] method is an isoconversional linear

integral method given in Eq. (4) form as:

ln
b

T2
P

¼ ln
AR

gðaÞEa

� Ea

RTP

ð4Þ

where b is the heating rates, and Tp is DTG peak temper-

ature; g(a) = (Wa - W)/W, where Wa is the total mass loss

in the reaction, and W is the mass loss at absolute tem-

perature T; and Ea is the activation energy. For a = con-

stant, the plot of ln(b/TP
2) versus 1/TP, obtained from

thermocurves recorded for three different heating rates

gives a straight line whose slope allows calculation of the

activation energy. The KAS plots for all the three as-syn-

thesized pure and Mn-doped Fe3O4 nanoparticles are

shown in Fig. 8. The activation energy Ea for the three

samples was calculated from the slopes of the plots and is

tabulated in Table 4.

The frequency factor A, enthalpy change DH*, the

entropy change DS*, and the free energy change (Gibbs

function) DG* were calculated using the following

Eqs. (5–8) [45],

k ¼ A exp � E

RT

� �
ð5Þ

DH� ¼ E � RT ð6Þ

DS� ¼ 2:303 log
Ah

kBT

� �
R ð7Þ

DG� ¼ DH� � TDS� ð8Þ

Here, T is the DTG peak temperature, k is rate constant,

kB is Boltzmann constant, and h is Planck’s constant. The

obtained values of Ea, A, DH*, DS*, and DG* for the as-

synthesized pure Fe3O4, 10% Mn, and 15% Mn-doped

Fe3O4 nanoparticles are tabulated in Table 4. The three

steps in pure Fe3O4 as well as two steps in 10 and 15% Mn-

doped Fe3O4 nanoparticles shown in Table 4 were decided

from the TG steps as well as from the number of DTG

peaks. The data show that the Ea has the maximum values

in the last steps of each sample. That means in pure Fe3O4,

it is step 3, whereas in case of 10 and 15% Mn-doped

Fe3O4, it is step 2. The maximum values of Ea in the last

steps are due to the phase transition leading to decompo-

sition of the compounds in these temperature ranges. The

obtained results of maximum value of the activation energy

in the last region for the three samples are supported by the

values obtained from the enthalpy change and entropy

change. The enthalpy change values are highest in the last

step. That means maximum heat is absorbed in this last

step of respective samples leading to decomposition of the

sample. The decomposition of the sample increases the

entropy which is also highest in this last step. Hematite is

more stable phase than maghemite as the former has a more

compact crystal structure (hexagonal) than the later (cu-

bic). So during the phase transition from maghemite to

hematite, the excess energy is released from the system

which gives rise to an exothermic peak. The amount of

energy released or absorbed (DH*) during a phase
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Fig. 8 Kissinger–Akahira–Sunose (KAS) plots for a pure Fe3O4, b 10% Mn-doped Fe3O4, and c 15% Mn-doped Fe3O4 nanoparticles
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transition determines the feasibility of a transition. For

DH*[ 0, the energy is absorbed by the system.

Conclusions

The pure Fe3O4 and 10 and 15% Mn-doped Fe3O4

nanoparticles were synthesized by simple wet chemical

reduction technique. The EDAX of all the three as-syn-

thesized nanoparticles showed that they are stoichiometric

and do not contain any impurity. The XRD analysis of all

the three as-synthesized nanoparticles showed them to

possess cubic structure. The determined lattice parameters

were in agreement with the standard and reported data. The

crystallite sizes determined from the XRD data using

Scherrer’s equation and Hall–Williamson’s relation were

in agreement with each other. The SEM analysis of the

pure, 10 and 15% Mn-doped Fe3O4 nanoparticles showed

that the nanoparticles are formed from the assortment of

several nanosheets. The structures formed from the

nanosheets have voids among themselves. The SEM anal-

ysis of the residual samples of the nanoparticles after

thermal analysis showed that the assorted nanosheets get

dismantled into bits.

The simultaneously recorded TG and DTG curves of the

pure Fe3O4 and 10 and 15% Mn-doped Fe3O4 nanoparticles

in the temperature range of 308–1233 K for three different

heating rates of 10, 15, and 20 K min-1 in nitrogen

atmosphere showed that the thermal decomposition takes

place by three steps for pure Fe3O4 and two steps for both

10 and 15% Mn-doped Fe3O4 nanoparticles. The simulta-

neously recorded DTA curves of all the three as-synthe-

sized samples showed initial exothermic nature followed

by an endothermic nature up to nearly 800 K and above

that it showed exothermic nature. The initial exothermic

nature arises due to vaporization of entrapped water

molecules and restructuring of nanoparticles. The subse-

quent endothermic curves state heat absorption by the

nanoparticles. The heat absorption is substantiated by

weight loss observed in the corresponding TG curves in the

same temperature range. The endothermic curves have a

peak around 580 K, arising due to transition from mag-

netite (Fe3O4) to maghemite (c-Fe2O3). The DTA

exothermic nature above nearly 800 K states decomposi-

tion of the nanoparticles leading to release of heat. Minor

DTA peaks are observed in the temperature range of 930 K

to 950 K for different heating rates. These peaks are

prominent in case of pure Fe3O4, but appear as minor kinks

in case of doped samples. The kinks smoothen with

increase in doping concentration from 10 to 15%. These

DTA exothermic peaks correspond to the maghemite (c-

Fe2O3) to hematite (a-Fe2O3) phase transition. Smoothen-

ing of the peaks in case of 15% Mn-doped Fe3O4

nanoparticles compared to 10% Mn-doped Fe3O4

nanoparticles for all three heating rates affirms enhance-

ment of the maghemite (c-Fe2O3) to hematite (a-Fe2O3)

transition temperature with increase in Mn doping. The

kinetic parameters determined employing KAS method

showed that the values of the activation energy Ea,

enthalpy change, and entropy change are maximum in the

last decomposition steps of each sample. The positive large

enthalpy change values in the last steps state heat absorp-

tion by the samples. Heat absorption by the samples leads

to its decomposition, also being manifested in the TG

curves by weight loss. The samples’ decomposition leads

to disorder being substantiated by larger values of entropy.

The larger weight loss observed in the last steps of each

sample leads to larger values of activation energy Ea as

observed for that steps.
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Table 4 Kinetic parameters evaluated by the nonmechanistic equations for as-synthesized pure and 10 and 15% Mn-doped Fe3O4 nanoparticles

Steps Avg. DTG Peak Tp/K Ea/kJmol-1 A/m-1 DH*/kJmol-1 DS*/kJmol-1 DG*/kJmol-1 R

Fe3O4 1 332.29 43.01 1.69 9 107 40.25 - 12.89 44.40 0.913

2 576.70 153.75 6.09 9 1014 148.96 2.66 164.70 0.987

3 874.92 243.51 2.63 9 1014 236.23 3.92 233.90 0.955

10% Mn-doped Fe3O4 1 340.11 18.76 1.49 9 104 15.89 - 136.54 23.94 0.992

2 564.57 86.60 1.77 9 108 81.90 - 63.78 117.91 0.943

15% Mn-doped Fe3O4 1 345.85 27.54 5.64 9 102 19.98 - 23.27 71.15 0.946

2 562.16 99.04 5.56 9 104 94.36 - 19.17 105.14 0.927
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