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Abstract
Single-phase manganese oxide, α-Mn2O3 , nanoparticles have been prepared successfully using different amounts of 2w/v% 
polyvinylpyrrolidone (PVP) via co-precipitation. The samples prepared with 1 ml, 2 ml, 5 ml and 10 ml PVP are repre-
sented as S1, S2, S3 and S4, respectively. The effect of PVP amount on the structural, microstructural, magnetic and optical 
properties was systematically investigated. Rietveld refinement of the x-ray diffraction patterns revealed the single-phase 
formation of α-Mn2O3 nanoparticles. The average crystallite sizes of the particles was found to be minimum for S2 with 
lowest lattice parameter and highest strain. High-resolution field emission scanning electron microscopy confirmed the 
smallest size of S2 with spherical morphology and smooth surfaces. Energy dispersive x-ray spectroscopy and maps showed 
uniform distribution of the elements favouring the Mn2O3 composition. Raman and Fourier transform infrared spectra dis-
played characteristic bands corresponding to α-Mn2O3. The magnetic susceptibility revealed the antiferromagnetic nature 
of α-Mn2O3 nanoparticles with Néel temperature, TN ~ 80.6 K for S2. The increase in PVP amount above 2 ml increased the 
TN as well as the magnetic frustration. The band gap was found to be maximum (1.8 eV) for S2 nanoparticles. Briefly, the 
smallest size nanoparticles with spherical shape and smooth surfaces were obtained for 2 ml PVP with the lowest magnetic 
frustration and highest band gap indicating the optimum amount of PVP to be 2 ml. Thereby, the results have revealed the 
limiting behaviour of polyvinylpyrrolidone chains operating during synthesis.
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Introduction

Manganese oxides have gained a great deal of attention 
from the scientific community due to their promising 
industrial applications in the domains of nanotechnology,1 
electrochemistry2,3 and biochemistry.4 The manganese 
oxides can form stable structures with various oxidation 
states, Mn2+(MnO), Mn3+(Mn2O3), Mn2+/Mn3+(Mn3O4), 
Mn4+(MnO2) and with various crystallographic symme-
tries such as cubic (space group: Ia3) , tetragonal (I4/m), 
and orthorhombic (space group: Pbca)5–10 at room tem-
perature, which makes it an interesting material display-
ing immense possibilities for modifications in structural, 
electronic structural, optical, magnetic, electrochemical 
and physicochemical properties.5,11–14 Among all the man-
ganese oxides, Mn2O3, also known as bixbyite, is one of the 
most stable antiferromagnetic (AFM) states with more than 
one transition in the range 20-80 K: one ferromagnetic state 
at ~ 43 K and another antiferromagnetic state at ~ 80 K.6 
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Mn2O3 exists with two polymorphs, α-Mn2O3 and β-Mn2O3 
out of which α-Mn2O3 possesses a peculiar electronic struc-
ture with MnO6 octahedral sites on the surface showing a 
high possibility of structural distortions.3 The presence of 
anti-bonding e1

g
 configuration of Mn3+ in MnO6 octahe-

dra are likely to cause variation in the Mn-O and Mn-Mn 
bond lengths developing structural versatility in Mn2O3. 
In addition, the structure of α-Mn2O3 exhibits two phases: 
orthorhombic below 302 K and cubic above 302 K.15–17 
Moreover, the antiferromagnetic nature of Mn2O3 arises due 
to the interaction between the adjacent MnO6 octahedra.18,19 
As a consequence of interesting structural adaptabilities and 
antiferromagnetic nature, Mn2O3 -based composites such 
as Mn2O3/NiO,20 Mn2O3-Co2O3,21 Mn2O3-SnO2,22 Mn3O4/
Mn2O3 nanoclusters23,24 exhibit immense potential for vari-
ous technological applications.6

Furthermore, the efficiency of Mn2O3 -based devices can 
be upgraded by improving the properties of Mn2O3 nano-
structures. For instance, the manganese oxides are used as 
electrode materials for the supercapacitor applications, and 
by improving the efficiency of these electrodes, the per-
formance of supercapacitors can be enhanced.6 Synthesis 
through chemical methods is favorable due to the extensive 
scope to improve the properties of nanostructures during 
the chemical reactions through structural, electronic struc-
tural and morphological modulations. In order to achieve 
enhanced properties, the utilization of various types of 
surfactants and stabilizers have proved to be advantageous 
due to their tendency to stabilize as well as control the par-
ticle size and morphology.25,26 The usage of surfactants 
during synthesis not only prevents agglomeration but can 
also improve the properties of the material. For instance, 
PVP has been found to effectively prevent the agglomera-
tion of Ag nanoparticles in addition to hampering their 
growth.25,27,28The size of nickel nanoparticles was con-
trolled using PVP as reported by Tientong et al.29Likewise, 
Amsaveni et al. prepared Mn2O3 nanoparticles using CTAB 
(cetyltrimethylammonium bromide) and obtained good 
optical and catalytic properties.4 Thus, these reports sug-
gest that the increasing amount of surfactant proportionally 
reduces the size of the particles and accordingly influences 
the related properties. However, very few reports put for-
ward that there is a limit to the amount of the surfactant or 
stabilizer that can give desired properties of the material. 
For instance, Khor et al. reported that the extempore use of 
HMTA (hexamethylenetetramine) can result in sedimenta-
tion of the metals.30 Likewise, Li et al. found that the size of 
barium titanate nanoparticles first decreased with increasing 
concentration of PVP from 0 to 300 g/L, but then increased 
on increasing the PVP concentration beyond 300 g/L.31

Therefore, in order to understand the limiting behaviour 
of the amount of surfactant used to control the growth of 
nanoparticles, we have synthesized Mn2O3 nanoparticles 

using different amounts of 2w/v% PVP solution in the pre-
sent work and investigated their structural, microstructural, 
optical and magnetic properties. Simple co-precipitation 
method was followed for the synthesis of the nanoparticles 
which does not require the use of hazardous chemicals, 
high temperatures or pressures. The synthesized nano-
particles were characterized through XRD, HR-FESEM, 
Raman spectroscopy, FTIR spectroscopy, magnetization 
and UV-vis absorption spectroscopy in order to investigate 
the effect of different PVP amounts on various properties of 
the nanoparticles.

Experimental Methods

Chemicals Required

Mn2O3 nanoparticles were synthesized using Mn 
(NO3)2xH2O (178.95 g/mol), ammonia solution (35.04 g/
mol), and polyvinylpyrrolidone (PVP)—K30 (40000 g/mol). 
All the chemicals were purchased from Sigma Aldrich with 
purity > 97%.

Synthesis Procedure

The Mn2O3 nanoparticles were prepared using co-precipita-
tion method. Two solutions were prepared simultaneously: 
solution 1 and solution 2. To prepare solution 1, 0.1 M of 
hydrated manganese nitrate was dissolved in 100 ml of DI 
water. The mixture was stirred magnetically at room tem-
perature for homogeneous mixing. After 1 h of mixing, the 
ammonia solution was added dropwise up to a pH of 9. To 
prepare solution 2, 2 g of PVP K30 was dissolved in DI 
water for a final volume of 100 ml in order to make 2w/v% 
PVP solution. After 30 min, 1 ml of solution 2 was added 
dropwise into solution 1. The stirring continued at room 
temperature for 24 h. Afterwards, the precipitates were sepa-
rated through centrifugation followed by washing several 
times with DI water and ethanol. After washing, the pre-
cipitates were dried at 50°C in a hot-air oven for 18 h. Thus-
obtained precipitates were ground and annealed at 500°C 
for 2 h in an open-box furnace. Similarly, the samples were 
prepared with 2 ml, 5 ml and 10 ml PVP. Thus-synthesized 
samples are labelled as sample with 1 ml PVP, S1; sample 
with 2 ml PVP, S2; sample with 5 ml PVP, S3; sample with 
10 ml PVP, S4.

Characterization

The resultant products were characterized using various 
techniques viz. x-ray diffraction (XRD), high-resolution 
field emission scanning electron microscopy (HR-FESEM), 
energy dispersive x-ray spectroscopy (EDS), Raman 
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spectroscopy, Fourier transform infrared (FTIR) spectros-
copy, dc-magnetization and UV-Vis absorption spectros-
copy. The XRD patterns were obtained using a PANalytical 
X’pert Pro x-ray diffractometer (λCu-Kα = 0.15406 nm) in 
the range 20° ≤ 2θ ≤ 80° (step size = 0.016715° and scan 
speed = 1 s). HR-FESEM micrographs and EDS maps were 
scanned using a Merlin compact at 5 kV and 15 kV, respec-
tively. To acquire the EDS maps, the surfaces of the samples 
were coated with platinum which acted as the conducting 
agent. The coating was performed for a time period of 180 
s. The Raman spectra were obtained using a JASCO NRS-
3300 laser Raman spectrometer at room temperature. The 
laser source with wavelength ~ 532.24 nm (laser power: 3.9 
mW, exposure time: 10 s) was employed to collect the sam-
ples. FTIR spectra were measured using a FTIR-4200 from 
15,000 to 20 cm−1 at room temperature. The magnetization 
measurements were carried out using the VSM module of 
the cryogen-free VersaLab developed by Quantum Design. 
The UV-Vis absorption spectra were obtained using a V-670 
spectrophotometer.

Results and Discussion

Structural Analysis

The phase formation and crystallographic information of 
the synthesised nanoparticles are obtained from the inves-
tigation of XRD patterns through Rietveld refinement per-
formed using the FullProf Suite program.32 Figure 1 displays 
the Rietveld refinement of the sharp and precisely defined 
diffraction peaks indicating the nanocrystalline nature of 
the samples. The black data points represent the observed 
patterns while the superimposed red lines represent the 
theoretically calculated patterns. The vertical green lines 
designate the Bragg positions of the reflecting planes. The 
difference between the observed and calculated patterns is 
indicated at the bottom of all the patterns with the blue line. 
The enlarged view of the fitted experimental and theoretical 
data points is displayed in the inset of Fig. 1. The Rietveld 
refinement is helpful to get important information about the 
crystal structure through indexing of the pattern, determina-
tion of the crystal symmetry, space group, intensities, lat-
tice parameters and full width at half maxima (FWHM).33 
Indexing of the peaks has been done using the refined Bragg 
positions. The nanoparticles are found to possess cubic sym-
metry with space group Ia3 corresponding to the α-Mn2O3 
phase of the bixbyite in accordance with the JCPDS number 
65–7467 displayed in the lowest stack of Fig. 1.34,35 The 
planes assigned to the peaks are marked in the diffracto-
gram (see Fig. 1). No foreign peak was detected correspond-
ing to PVP, secondary phases of manganese oxide or any 

other impurities indicating the single-phase nature of the 
nanoparticles.

To obtain the values of the structural parameters, it is 
very important to assess the quality of fitting of the refined 
patterns, both qualitatively and quantitatively. The qualita-
tive information about the quality of fitting can be observed 
by checking the difference between the observed and cal-
culated patterns. The smaller the difference, the better the 
fitting. This difference is very small for all the samples in 
the present case as shown by the blue lines (see Fig. 1). 
Further, the quantitative information about the quality of 
fitting can be obtained using some statistical parameters 
such as agreement factors, also known as reliability factors 
(R-factors) and χ2 values. To determine the values of these 
statistical parameters, the refinement procedure follows 
the least-squares approach to minimise the errors between 
the observed and the theoretically calculated data in order 
to achieve least-squares fit. This is done by minimizing a 
residual function which estimates the values of the R-factors. 

Fig. 1   Rietveld refined patterns of samples S1 to S4 and JCPDS card 
number 65-7467 of α-Mn2O3 (lowest stack); the black line indicates 
the experimentally observed data points, the red line refers to the 
theoretically calculated patterns, the blue line indicates the differ-
ence between the two, the vertical green lines are the Bragg positions; 
inset shows the enlarged portion of peak (222) demonstrating the fit-
ting of observed and calculated data points (Color figure online).
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This provides a good criterion to determine the quality of 
the refinement. The R-factors are estimated as Rp, Rwp and 
Re which represent the profile, weighted and expected values 
of the R-factors.33,36

The values of R-factors quantify the quality of the refine-
ment and are displayed in Table I. Out of all these param-
eters, Rwp is of most importance because it comes directly 
from the square root of the weighted minimized quantity. 
For an ideal case, the value of Rwp is expected to be 1. But 
practically it is difficult to achieve; therefore, we look for 
the best possible value, i.e., Rexp that can be achieved. In the 
present case, the obtained value of Rwp  ~ 1.6 and Rp ~ 1.1, 
which are acceptable and indicate good quality fitting. The 
ratio of Rwp/Rexp reveals the “goodness of fit” and is indi-
cated by the parameter χ2. The refinement should converge 
at χ2 > 1 and it should never be less than 1. χ2 = 1 is the 

ideal case. χ2 less than 1 indicates that the parameters may 
have been over-refined or too many unnecessary parameters 
have been introduced. Similarly, very large values of χ2 (>> 
1) indicate the under-refined parameters. A value of χ2 is 
slightly greater than 1 (χ2>1) is acceptable; however, this 
still does not assure the correctness of the model because 
the correctness of the model also depends on other factors of 
refinement such as R-factors. The accuracy of these statisti-
cal parameters is governed by observing them throughout 
the refinement process.37 The guidelines followed during 
the refinement procedure are well described by McCusker 
et al.38 The fitting in the present case converged with χ2 ~ 
1.1 for all samples (Table I). Thus, the overall acceptable 
values of the statistical parameters and the small difference 
between the observed and calculated patterns shows the 
good quality of fitting of the XRD patterns. In addition, the 
refined structure of cubic α-Mn2O3 corresponding to sample 
S2, with xmin = zmin = -0.1; xmax = zmax = 1.1 and ymin = ymax 
= 0.0, is displayed in Fig. 2a.

The small change in lattice parameter can be established 
from the shift in the peak positions as displayed in Fig. 2b 
for peak (222). The values of the lattice parameters are dem-
onstrated in Fig. 2c showing that they remain almost the 
same (~ 9.40 Å) with an uncertainty of ±0.0004 Å. The 
change in lattice parameter with respect to the PVP amount 

Table I   R-factors and χ2 values obtained by Rietveld refinement

Samples Rp Rwp Rexp χ2 RBragg

S1 1.22 1.63 1.55 1.10 1.30
S2 1.22 1.62 1.53 1.11 0.93
S3 1.23 1.62 1.52 1.14 0.95
S4 1.25 1.64 1.56 1.11 1.07

Fig. 2   (a) Crystal structure of sample S2 prepared with 2 ml PVP; (b) 
Enlarged view of peak (222) of samples S1 to S4 indicating variation 
in 2θ value as compared to sample S1; (c) Lattice parameters with an 

uncertainty of ± 0.0004 Å; (d) Crystallite size with an uncertainty of 
4.0 nm; (e) Strain displayed relatively for samples S1 (1 ml PVP), S2 
(2 ml PVP), S3 (5 ml PVP) and S4 (10 ml PVP).
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is small; however, it is supported by the change in peak 
positions (see Fig. 2b) which are obvious with the increase 
in cell volume. The lattice parameters obtained in the pre-
sent case are comparable to the earlier reported values for 
α-Mn2O3. For instance, Son et al.,35 Karuppaiah et al.20 and 
Ribeiro et al.3 reported the lattice parameter ~ 9.4 Å. Fur-
ther, the average crystallite sizes (DXRD) and strain (ε) have 
been calculated using the following equations39:

where K=0.89 is the shape factor while β and θ are the 
FWHM and positions of Bragg’s reflections, respectively. 
The values of FWHM and peak positions were obtained 
from the results of Rietveld refinement. The FWHM depends 
on the peak shape parameters, U, V and W, which can be 
described by the expression38:

The values of the peak shape parameters especially 
depend on the selection of the peak shape function employed 
during the refinement procedure which was selected as 
pseudo-Voigt in the present case. The FWHM corresponding 
to the significant intensity peaks, (211), (222), (400), (332), 
(431), (440), and (622), were used to determine the crystal-
lite sizes. The values of the crystallite sizes were found to be 
36, 32, 38 and 39 nm for S1, S2, S3 and S4, respectively, as 
presented in Fig. 2d. The amount of PVP seems to directly 
influence the crystallite dimensions. The minimum size is 
obtained to be 32 nm for S2 and a maximum size of 39 nm 
is obtained for S4. It is evident that the size of the particles 
decreased when the PVP amount increased from 1 ml to 2 
ml, and thereafter it increased progressively with increasing 
PVP amount. This shows that an adequate amount of PVP is 
very essential to reduce the crystallite dimensions, beyond 
which it affects the size in an inverse way indicating the 
limiting behaviour of PVP chains. The crystallite sizes of the 
nanoparticles obtained in the present case are comparable to 
that reported by You-Hyun et al.35 and Jiao et al.40 It is inter-
esting to note that Najjar et al. reported the particle sizes of 
Mn2O3 nanoparticles, prepared without adding PVP, ranging 
from 65 to 111 nm as a function of pH and found the size to 
be decreasing with increasing pH (9–13), i.e., the smallest 
size (65.91 nm) was obtained for the highest value of pH 
(13).41 However, in our case, the crystallite sizes obtained 
are below 40 nm for all the samples with a pH value of 9. 
This confirms the effective assistance of PVP during synthe-
sis. Furthermore, the strain calculated using Eq. 2 is found 
to vary inversely with the crystallite size. The values of the 
strain obtained has been demonstrated in Fig. 2e. The inverse 

(1)D
XRD

=
K�

�Cos�

(2)� = 4�tan�

(3)�2 = U tan
2(�) + V tan(�) + W

relationship between the crystallite size and strain can be 
observed from Fig. 2d–e which reveals that as the crystal-
lite size decreases, the strain in the lattice increases and vice 
versa. The strain is found to be maximum (3.16 x 10−3) in 
the nanoparticles of smallest size and is minimum (2.56 x 
10−3) in the nanoparticles with largest size. A possible rea-
son for the development of strain in the nanoparticles is the 
generation of defects which may be line defects and planar 
defects/stacking faults. Both types of defects can cause vari-
ation in the lattice parameters and strain which is indicated 
by the change in peak positions of XRD patterns. The line 
defects can be calculated by the dislocation density using the 
formula 1/D2, where D is the crystallite size.42 In the present 
case, the values of the dislocation density have been found 
to be very low, of the order of 10−4 m−2 in all the samples, 
whereas the stacking faults may be estimated using the fol-
lowing equation43:

where Δ2� = [{2 �
222

 - 2 �
321

}expt−{2 �
222

 - 2 �
321

}stand]. 
The values of the stacking faults have been found to be of 
the order of 10-6 for all the samples. The values of both the 
dislocation density and the stacking faults are too small to be 
considered significant for introducing the strain. Therefore, 
it seems that the effect of PVP chain attached to the crystal-
lite is more prominent than the defects in the crystallites. 
Here, it can be interpreted that the decrease in the crystallite 
size increases the surface pressure which correspondingly 
increases the strain. Therefore, the highest strain has been 
found in the smallest size crystallites. A similar type of rela-
tionship between the strain and the nanoparticle size was 
reported earlier by Deotale et al. who found the maximum 
strain in the smallest size particles.44

Microstructural Analysis

The morphology and particle sizes of the nanoparticles are 
investigated using the HR-FESEM micrographs as displayed 
in Fig. 3a–d. The effect of PVP amount on the morphol-
ogy and size of the nanoparticles can be observed. At a 
low PVP amount (S1), the morphology deviates from the 
spherical shape and manifests elongated particles, as can 
be observed in Fig. 3a. As the PVP amount increases to 
2 ml (S2), the morphology becomes more spherical along 
with the decrease in particle size (see Fig. 3b). However, as 
the PVP amount is increased beyond 2 ml, the agglomera-
tion of the particles begins and particle size increases (see 
Fig. 3c–d). Thus, it can be seen from the micrographs that 
in sample S2,  the majority of the particles show a spheri-
cal shape and have the smallest size. Further, the average 
particle sizes have been calculated by fitting the histograms 

(4)� =
Δ2�

−45
√
3∕�2

�

tan �
222

+
tan �

321

2
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Fig. 3   (a–d) HR-FESEM micrographs of samples S1 to S4, respectively, and (a’–d’) fitted histograms displaying particle size distribution; aver-
age particle size obtained from fitting are displayed with each histogram.
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of particle size distribution which are presented in Fig. 3a’-
d’. The histograms show a broad particle size distribution 
except for sample S2 which demonstrates the narrowest par-
ticle size distribution. The narrow size distribution indicates 
that PVP uniformly influences the growth of a large number 
of particles. The particle size has been found to decrease 
when the PVP amount is increased from 1 ml (S1) to 2 ml 
(S2); however, as the PVP amount is increased beyond 2 
ml, the particle size starts increasing and becomes maxi-
mum for the sample with 10 ml PVP (S4). The minimum 
particle size obtained for S2 nanoparticles may be attributed 
to PVP which acts as a surfactant and hampers the multi-
dimensional growth of the nanoparticles.20 However, when 
the amount of PVP increases in the aqueous medium, the 
number of ions within the boundaries of the PVP chains 
also increases which may lead to the electrostatic repulsions 
resulting in the increase of the sizes of the nanoparticles.45 
Thus, the minimum particle size is obtained for S2 (39.1 nm) 
and the maximum particle size is obtained for S4 (52.7 nm). 
The variation trend of the average particle sizes agrees well 
with the XRD results.

The elemental composition and atomic % of the nano-
particles have been extracted using energy dispersive x-ray 
spectroscopic (EDS) analysis. The EDS spectra of all the 
samples along with the atomic % and element distribution 
maps are displayed in Fig. 4a–d which provides the qualita-
tive information of the chemical composition of the sam-
ples.46 In the maps, Mn is denoted in red, while O is denoted 
in green. The spectra contain the peaks corresponding to 
the Mn Kα and O Kα confirming the presence of manganese 
(Mn) and oxygen (O) indicating major contributions in the 
samples. The peak corresponding to carbon is due to the 
carbon tape used to place the sample to take measurements. 
The spectra display the uniform distribution of these ele-
ments pointing towards the formation of stoichiometric and 
homogeneous Mn2O3 nanoparticles.

Vibrational Spectroscopic Analysis

The identification of Mn species in manganese oxides cor-
responding to a particular phase is not easy by standard 
characterization tools only because manganese oxide exists 
in multiple phases including bixbyite, hausmannite, spinel, 
manganite, todorokite and many more.47 The mixture of 
some of these phases might be present in the samples, few of 
which may result in the overlapping of Bragg’s reflections.47 
Therefore, it becomes essential to support the outcomes of 
structural analysis with other competent techniques. Accord-
ingly, Raman and FTIR spectroscopy has been employed to 
identify the phase and investigate the modification in the 
Mn-O and Mn-O-Mn vibrational modes of cubic Mn2O3 
with respect to the PVP amount.

The Raman spectra of PVP assisted Mn2O3 nanoparti-
cles are depicted in Fig. 5 in the spectral range of 200–1000 
cm−1. The vibrational modes in Raman spectra are due to the 
electron-phonon interactions caused by the incident radia-
tion.48 In general, the Raman spectra of Mn2O3 (bixbyite) 
result in five Raman active bands at 263, 308, 512, 631 and 
670 cm−1 representing the out-of-plane vibrations in asym-
metric and symmetric Mn-O-Mn species with bridging 
oxygen in which the high-intensity main band is observed 
at 631 cm−1.49,50 This band corresponds to the characteris-
tic Raman frequency of vibrations in Mn-O Raman active 
modes of α-Mn2O3. In the present study, the samples exhibit 
the strong Raman active main bands in the range 631-635 
cm−1 corresponding to α-Mn2O3. Moreover, the band fre-
quencies resulting from the change in the local structure can 
be categorised in three different regions: corresponding to 
the wagging (200–450 cm−1), bending (450–600 cm−1) and 
stretching (600-750 cm−1) of Mn-O Raman active modes. 
Therefore, the main band observed in the present case can 
be associated with the stretching vibrations of Mn-O.35,51 
The shifting in the Raman active bands with increasing PVP 
amount may be associated with the structural modifications 
relative to the PVP amount. Further, the intensity of the 
Raman bands is observed to be influenced significantly by 
the PVP amount. The intensity is found to first decrease for 
S2 as compared to S1 and then increase for S3 and S4 with 
increasing PVP amount. Thus, minimum intensity observed 
for S2 may be attributed to the reduced particle concentra-
tion and size of Mn2O3 nanoparticles.52

The FTIR spectra of Mn2O3 nanoparticles with differ-
ent PVP amount is displayed in Fig. 6 within the range 
400–4000 cm−1. The spectra give information about the 
organic species present in the samples. The spectra display 
bands at 512, 570, 674, 1628 and 3437 cm−1 corresponding 
to stretching and bending vibrations. The bands observed at 
low wavenumbers, 512.4 and 674.2 cm-1 , correspond to the 
stretching vibrations of Mn-O and asymmetric stretching 
vibrations of Mn-O-Mn, respectively.35 The band observed 
at 570 cm−1 is the characteristic band corresponding to the 
α-Mn2O3 phase.51 The assignment of the peaks is in agree-
ment with the published literature.53 Karuppaiah et  al. 
reported the two strong bands observed in the range 500–600 
cm−1 correspond to the Mn-O vibrational modes.20 Further, 
the FTIR bands at higher wavenumbers are due to the pres-
ence of hydroxyl groups.54 Therefore, the bands observed 
at 1628.2 and 3437.4 cm-1 correspond to the bending and 
stretching modes of the O-H group.41 The presence of the 
O-H group may be assigned to the water retained by the sam-
ple due to moisture absorption.53 It is evident from the spec-
tra that the peaks do not shift with respect to PVP amount 
indicating no change in the vibrational modes; however, 
the decrease in intensity of the 3437 cm-1 band has been 
observed and found to be lowest for S2, which indicates that 
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Fig. 4   (a–d) EDS spectra of samples S1 to S4 showing peaks corresponding to O Kα, Mn Kα and corresponding maps showing element distribu-
tion. Table indicating wt.%, wt.% sigma and at.% of the samples is demonstrated with the respective spectra.
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a minimum quantity of O–H is present in S2. Further, no 
peak was detected corresponding to PVP indicating that the 
PVP has been evaporated during annealing. Thus, the FTIR 
analysis shows that all the samples exhibit similar spectra 
and confirm the single-phase formation of α-Mn2O3.

Magnetization

The antiferromagnetic nature of the α-Mn2O3 nanoparticles 
has been investigated through the temperature dependence 
of magnetic susceptibility (χm). The magnetic susceptibility 

of the samples was measured in the temperature range 
50–380 K by applying an external magnetic field of 500 Oe 
under field-cooled (FC) and zero-field-cooled (ZFC) condi-
tions as shown in Fig. 7a. The susceptibility is found to 
increase with decreasing temperature and becomes maximal 
at a temperature ~ 80 K indicating an inflection representing 
the blocking of spins resulting in decrease of susceptibility 
below 80 K. The temperature at which the susceptibility 
becomes maximum corresponds to the antiferromagnetic 
transition and is known as the Néel temperature (TN).3 The 
value of TN ~80 K, observed in the present case, is as per the 
literature.6 Interestingly, TN observed for sample S1 is 81.8 
K which decreases for S2 becoming 80.6 K and then again 
increases for S2 (81.3 K) and S3 (81.6 K). The value of TN 
closer to the expected one (80 K) is observed for S2 (80.6 
K). The variation trend of TN is similar to the variation trend 
of the particle size indicating that the trivial change in TN is 
attributable to the change in particle size. Thus, the increas-
ing particle size also increases the antiferromagnetic transi-
tion temperature. In addition to the lowest TN, the magnitude 
of the susceptibility is also found to be the lowest for S2. 
Also, sample S1 shows visible bifurcation which reduces for 
other samples. Further, the linear region of 1/χm vs. tempera-
ture (T) is fitted using the Curie-Weiss law in order to find 
the paramagnetic Curie temperature (θP) as shown in Fig. 7b. 
The values of θP are indicated in Fig. 7b and found to follow 
the same trend as TN. The values of θP and TN have been 
used to find the magnetic frustration in the system by calcu-
lating the frustration parameter (f) using equation f = ||

|
�P

TN

||
|
  3. 

Figure 8a–b shows the field-dependent magnetization meas-
urements of the samples in the range ±30 kOe performed at 
300 K and 50 K. The samples exhibit paramagnetic behav-
iour at both temperatures where magnetization increases 
linearly with applied magnetic field. Further, the compara-
tive analysis of θP, TN and the frustration parameter (f) rela-
tive to the crystallite sizes is represented in Fig. 8c–f, which 
reveals that even though the variation in the magnetic param-
eters is small, it follows a similar trend in accordance with 
the crystallite sizes. This indicates that the PVP amount 
undeniably influences the magnetic properties of materials, 
albeit rather small.

Absorption Spectroscopy

The optical nature of the synthesized nanoparticles has 
been investigated using UV-vis absorption spectroscopy. 
The UV-Vis absorption spectra result from the transitions 
occurring in the material as a consequence of absorption 
of radiation. Figure 9a shows the UV-Vis spectra of sam-
ples S1-S4, recorded in absorption mode in the wavelength 
range 400–800 nm. The absorption edge for all the samples 
has been observed around 520 nm indicating the maximum 

Fig. 5   Raman spectra showing characteristic Raman active band for 
Mn2O3 nanoparticles.

Fig. 6   FTIR spectra of samples from S1 to S4. Peaks ranging from 
510 cm−1 to 680 cm−1 indicate the formation of Mn2O3 and peaks at 
higher wavenumber indicate the presence of a hydroxyl group.
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absorption occurring in the visible range. After the maxima, 
the absorption reduces with increasing wavelength up to 
650 nm above which it shows a slight increase. The energy 

corresponding to the absorption edge gives information 
about the energy required for the electronic transitions from 
the valence band to the conduction band.55 The electronic 

Fig. 7   (a) Temperature-dependent magnetic susceptibility (χm) 
obtained from field-cooled (FC) and zero-field-cooled (ZFC) temper-
ature-dependent magnetization and (b) Variation of inverse of mag-

netic susceptibility with temperature fitted using the Curie-Weiss law 
to find the paramagnetic Curie temperature (θP).

Fig. 8   Magnetic field-dependent magnetization at (a) 300 K, (b) 50 K, (c–f) comparative variation trend of crystallite sizes, paramagnetic Curie 
temperature (θP), Néel temperature (TN) and frustration parameters.
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transitions may be due to the charge transfer excitations 
or the crystal field transitions between the d-orbitals. The 
nature of the absorption curve further gives information 
about the type of transitions, direct or indirect. If the curve 
attains linearity after a certain value, then the band gap is 
considered the direct transition.56 On the other hand, the 
presence of more than one bump indicates the occurrence 
of intermediate transitions revealing the indirect nature of 
the band gaps. Therefore, in the present case, the samples 
exhibit a direct band gap. The values of the direct band 
gap energies (Eg) in eV have been estimated by using the 
well-known Tauc’s equation: (αhν)2 = B(hν–Eg); where α 
is the absorption coefficient, hν is the photon energy and 
B is a constant.57 Tauc’s plots for the present samples are 
displayed in Fig. 9b–e. The point of intersection of the lin-
ear interpolation of the fitted linear region of the curve on 
the x-axis at zero absorption gives the value of the band 
gap energies which are indicated in Fig. 9f. All the samples 
exhibit band gaps in the range 1.5–2.0 eV. It is noticeable 

that Tauc’s plot below the linear region is not smooth, rather 
it is slightly uneven or irregular. This may be attributed to 
the small but uneven increase in absorption above 650 nm. 
The value of band gap first increases from S1 to S2 and 
then decreases with increasing PVP amount. Thus, the band 
gap variation follows the similar trend as the particle size. 
The variation of the band gap with changing particle size 
is in accordance with the model presented by Singh et al.58 
According to this model, when the particle size decreases, 
as from S1 to S2 in the present case, the number of atoms 
forming the particle decreases. Therefore, the electron den-
sity of the valence band and the conduction band decreases 
due to which the spacing between the electronic states and 
band gap increases. On the other hand, when the particle size 
increases, as for S3 and S4, the number of atoms increases 
within the particle. This increases the density of electronic 
states and decreases the band gap. The phenomenon of band 
gap variation relative to the particle size has been demon-
strated in Fig. 10. A similar effect has been reported by Alibe 

Fig. 9   (a) UV-Vis absorption spectrum of samples S1 to S4 as a function of wavelength showing maximum absorption for S2, (b–e) Fitting of 
absorbance using Tauc’s equation to find the band gap, (f) Values of band gaps (Eg) obtained from the fitting of Tauc’s equation.
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et al. who observed the maximum band gap for the particles 
with minimum size.45 Moreover, the values observed in the 
present case are smaller than the previously reported values. 
For instance, the band gap obtained by Gnanam et al. for 
cubic α-Mn2O3 nanoparticles was found to be in the range 
3.36–3.49 eV,5 whereas Amsaveni et al. determined a band 
gap of 2.1–2.2 eV for orthorhombic Mn2O3 nanoparticles.4

Mechanism of Nanoparticle Formation 
and the Limiting Behaviour of PVP

The possible mechanism for the nanoparticle formation is as 
follows: When manganese nitrate is dissolved in DI water, 
the Mn2+ ions are separated from NO3- ions. After the ions 
dissolve, ammonia solution is added which provides hydrox-
ide (OH-) ions to Mn2+ to constitute the precipitates of man-
ganese hydroxide (Mn(OH)2). After that, when PVP solution 
is added, the amide group in PVP replaces the hydroxide 
anions and forms bonds with the metallic cations to eventu-
ally form the Mn2O3 nanoparticles. The attaching of the PVP 
chain limits the nanoparticles ability to expand in size and to 
agglomerate with other nanoparticles. The suppressing effect 
of PVP on the particle dimensions may be because the PVP 
chains increase the surface pressure and restrict the growth 
of particles. In the present case, this happens only up to 2 
ml of PVP (S2). The suppressing boundaries also reduce 
the ionic concentration in the particle. The reduction in the 
ionic concentration of S2 can be verified through the Raman 
spectra in which the minimum intensity has been observed 
for S2 indicating minimum ionic concentration. However, 

as the PVP amount is increased beyond 2 ml, the number 
of ions attached to the PVP chain increases which increases 
the electron density and hence ionic concentration between 
the chains resulting in electrostatic repulsions among the 
neighbouring ions which further increases the particle 
size.48 This phenomenon reveals the limiting behaviour of 
PVP chains which causes the structural and microstructural 
variations leading to the modification of the magnetic and 
optical properties. The schematic showing the formation of 
nanoparticles along with the involved chemical reactions and 
the variation in particle size is demonstrated in Fig. 11.

On one hand, the magnetic properties are very slightly 
altered as a function of PVP amount, while on the other 
hand, the optical properties exhibit a significant change. First 
of all, the values of band gaps observed for all the samples 
is smaller than the earlier reported values for Mn2O3 nano-
particles. Second, the maximum value of the band gap is 
observed for the particles with the smallest size (S2) which 
indicates an excellent assistance of PVP during synthesis.

Conclusions

In summary, PVP assisted α-Mn2O3 nanoparticles were 
prepared using co-precipitation method. The influence of 
PVP amount has been observed on the structural, micro-
structural, magnetic and optical properties. The synthesized 
nanoparticles were investigated using various characteriza-
tion techniques viz. x-ray diffraction (XRD), high-resolution 
field emission scanning electron microscopy (HR-FESEM), 

Fig. 10   Demonstration of band gap (Eg) variation relative to particle size variation.
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energy dispersive x-ray spectroscopy (EDS), Raman spec-
troscopy, Fourier transform infrared (FTIR) spectroscopy, 
dc-magnetization and UV-vis absorption spectroscopy. From 

the interpretation of the results, the following conclusions 
can be drawn:

Fig. 11   Mechanism of nanoparticle formation along with the involved chemical equations.
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1.	 A PVP amount of 2 ml (S2) resulted in the smallest 
size α-Mn2O3 nanoparticles with smooth surface and 
spherical morphology. A PVP amount greater than 2ml 
increased the particle size and caused agglomeration in 
the particles.

2.	 Minimum magnetic frustration was observed for S2 cor-
responding to TN = 80.6 K. Beyond 2 ml, the increase 
in PVP amount increased TN as well as the magnetic 
frustration in the samples.

3.	 Assistance of PVP reduced the overall band gaps of the 
samples as compared to the observed literature, and 
maximum band gap (1.8 eV) was observed for the par-
ticles with lowest average size.
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