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Abstract The nanocrystalline BaFe12O19 powders were

obtained from citrate sol–gel combustion-derived powder

upon annealing at 800–1100 �C, and explored their struc-

tural, micro-structural, optical and magnetic properties.

The thermal decomposition of citrate sol–gel combustion

product was verified by means of thermogravimetric and

differential thermal analysis. Structural identification of the

citrate sol–gel combustion powder and annealed samples

were investigated by powder X-ray diffraction. Though the

combustion product exhibits cubic spinel phase material,

the annealed powder yields good quality nanocrystalline

hexagonal BaFe12O19 phase materials. The thin plate-like

flakes morphology with random particle sizes

of *100–200 nm with slightly agglomerated particles of

BaFe12O19 phase is analyzed by high resolution scanning

electron microscopy for the good quality annealed sample.

Photoluminescence emission spectrum of BaFe12O19

material reveals broad emission peak at *360 nm under

the excitation wavelength of 270 nm. Interestingly, the

near infrared relative reflectivity of the nanocrystalline

BaFe12O19 materials obtained by citrate sol-gel synthesis

method is higher than the nanocrystalline BaFe12O19

materials obtained by mechano-thermal and co-precipita-

tion method. The present dark brown colored BaFe12O19

materials can be applied as a ceramic color pigment which

includes several applications. The room temperature mag-

netic hysteresis loop of the annealed BaFe12O19 sample

exhibits a ferromagnetic saturation magnetization, Ms of

55.774 emu/g at 15 kOe.

Keywords Hexa-ferrite � BaFe12O19 � Citrate sol–gel

combustion � Annealing � Optical properties � Morphology

Introduction

Barium hexa-ferrite, BaFe12O19 is a permanent magnetic

material which has extensively used in many interesting

magnetic device applications (Durmus et al. 2011; Jiang

et al. 2010; Shang et al. 2007; Vinod et al. 2011) due to its

high chemical stability, corrosion resistivity, low cost, high

resistivity, superior and anti-erosion properties and

mechanical hardness. For the application of the material in

different fields, the material has to be synthesized in pure

form, and subsequently well characterized by different

techniques. For example, different preparation techniques,

such as solid state reaction (Qiu et al. 2005), mechano-

thermal (Balamurugan et al. 2015), molten salt method

(Topal et al. 2007), co-precipitation method (Radwan et al.

2007), citrate sol–gel (Mali and Ataie 2005), hydrothermal

method (Wang et al. 2004) and reverse micelle technique

(Xu et al. 2008) have been followed to design and develop

the micro and nanoscale BaFe12O19 materials. Among

these different methods, we have selected citrate sol–gel

method as it has many advantages which include relatively

simple, cost effective and independence of the processing

parameters, etc. (Mali and Ataie 2005). Hitherto there have

been several investigations reported for the citrate sol–gel

processed BaFe12O19 materials (Durmus et al. 2011; Mali

and Ataie 2005; Birsoza et al. 2010; Xu et al. 2006; Sozeri

et al. 2012; Jiang and Ai 2010; Mali and Ataie 2004; Qiu

and Gu 2006). To obtain the BaFe12O19 materials, different

& S. Balamurugan

scandium.chemistry@gmail.com

1 Advanced Nanomaterials Research Laboratory, Department

of Nanotechnology, Noorul Islam Centre for Higher

Education, Kumaracoil, Thuckalay 629 180, Tamilnadu,

India

123

Appl Nanosci (2016) 6:1199–1210

DOI 10.1007/s13204-016-0531-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s13204-016-0531-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13204-016-0531-1&amp;domain=pdf


molar ratio of Ba:Fe:citricacid have been adopted (Durmus

et al. 2011; Jiang et al. 2010; Xu et al. 2006; Mali and Ataie

2004; Chen et al. 2012; Ting and Wu 2010; Mali and Ataie

2005). According to the previous reports, the sol–gel pro-

cessed materials are characterized by X-ray diffraction

(Murthy et al. 2012; Liu and Xiang 2010; Song et al. 2010;

Ping et al. 2008; Ebrahimi et al. 2012), thermal gravimetric

analysis (Yu and Huang 2003; Yu and Liu 2006), Fourier-

transform infrared, scanning electron microscope (Liu and

Xiang 2010; Song et al. 2010; Ebrahimi et al. 2012),

transmission electron microscope (Murthy et al. 2012),

magnetometer (Durmus et al. 2011; Mali and Ataie 2005;

Birsoza et al. 2010; Xu et al. 2006; Sozeri et al. 2012; Jiang

and Ai 2010; Mali and Ataie 2004; Qiu and Gu 2006) for

quality, phase formation, thermal decomposition, surface

morphology, and magnetic property of the synthesized

BaFe12O19 materials. From our recent near infrared (NIR)

reflectivity study (Balamurugan et al. 2015), the BaFe12O19

material obtained by mechano-thermal process has been

identified as NIR reflective color pigment due to its high

NIR reflectivity in the region of wavelength

1750–2000 nm. Subsequent to our recent study, in the

present work we have explored the detailed studies on the

synthesis and characterization of citrate sol–gel derived

BaFe12O19 materials by powder XRD, TG–DTA, FT-IR,

NIR, PL, HRSEM-EDX, and vibrating sample

magnetometer.

Experimental

Materials preparation

The nanocrystalline BaFe12O19 powders were prepared

by citrate sol–gel auto combustion method using

Ba(NO3)2, Fe(NO3)3.9H2O and citric acid as precursors

in the molar ratio of 1:12:13. The appropriate amount of

commercially available Ba(NO3)2 (1 g) and

Fe(NO3)3.9H2O (18.5436 g) were first dissolved in

minimum quantity (20 ml) of deionized water in separate

borosil glass beaker. The pH of the solutions of

Ba(NO3)2 and Fe(NO3)3.9H2O were 6 and 1, respec-

tively. Then, 10.4531 g of citric acid was dissolved in

deionized water and its pH value noted as 2. Then, both

nitrate solutions were mixed together and stirred well

using a magnetic stirrer at 300 rpm for 15 min. After

mixing, the citric acid solution was added dropwise in

the nitrate solution and stirred well for 30 min which

resulted in a deep red solution with a pH value of 2. The

ammonia solution was added dropwise to the above

solution to adjust the pH value to 7. The resulting

solution was stirred for 30 min at *75 �C in a magnetic

stirrer and continued the heating in a heating mantle

until it gets ignited. The temperature was monitored

using the thermometer. Time variation and temperature

were noted during gel formation, fuming, ignition and

combustion processes. Gel formed at *150 �C and

ignition started at *170 �C. Reddish yellow combustion

flame was appeared inside the beaker when the tem-

perature reached about 190 �C. After completion of

combustion above *360 �C, the ash color powder was

obtained. The final citrate combustion product was col-

lected from the beaker, and subsequently annealed at

800, 900, 1000 and 1100 �C for 2 h in a in a groove

rolled muffle furnace. After completion of annealing, the

furnace was cooled to room temperature.

Materials characterization

The quality and phases of present samples were examined

by means of powder X-ray diffraction (Bruker, D8

Advanced) method using Cu Ka radiation (k = 1.54156 Å
´

)

at room temperature. The XRD raw data were analyzed

with the JANA2006 software (Petricek et al. 2006), from

which the cell parameters were calculated by the least-

square method. The thermal decomposition of the com-

bustion product was traced by thermal gravimetric and

differential thermal analyses in air atmosphere from room

temperature to 1000 �C in a thermal analysis system (TG/

DTA6300 module EXSTAR series, Seiko Instruments Inc.,

Japan). The Fourier-transform infrared (FT–IR) spectra

were recorded on a Perkin-Alpha optic instrument equip-

ped with KBr beam splitter spectrometer at a resolution of

4 cm-1. A very small amount of present series powder

sample was mixed finely with little amount of KBr and

pressed in a cylindrical (13 mm) die under three ton

pressure to obtain a thin disk like pellet. The FT-IR spectra

were recorded at ambient conditions in the wavelenumber

range from 4000 to 400 cm-1. The photoluminescence

(PL) spectra of the annealed powder samples were per-

formed in a spectrofluorometer (ELICO SL 174) using 150

Watt Xenon Arc lamp as the excitation light source. The

near infrared (NIR) spectra of all the combustion product

and annealed materials were performed in an NIR spec-

trophotometer (ELICO SL 153) using a quartz halogen

lamp as the light source. The surface morphological images

and the elements present in the selected BaFe12O19 powder

sample were analyzed by the field emission scanning

electron microscope; FESEM (F E IQuanta FEG 200)

attached with energy dispersive X-ray analyzer. The

magnetic hysteresis curve of the selected BaFe12O19

powder was measured by vibrating sample magnetometer

(VSM) with a maximum applied field of 15 kOe at room

temperature.
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Results and discussion

Thermogravimetric analysis of citrate sol–gel

combustion product

The combustion product obtained by citrate sol–gel method

was studied by TG–DTA analysis and their respective TG

and DTA curves are demonstrated in Fig. 1. The weight

loss of *1.6 % is seen in the TG curve from the initiation

up to *400 �C. This weight loss can be assigned for the

liberation of the surface absorbed species of the as-pre-

pared combustion product. Followed by about *2.8 % of

weight loss is seen between *400 and *780 �C. This

weight loss may be related to the removal of residual

volatile species present in the combustion product. No

significant weight loss (*0.2 %) is observed

between *780 and *850 �C. Further no weight loss is

noticed in the TG curve above 900 �C, which is confirming

the formation of main BaFe12O19 phase material. The

weight losses seen in the TGA curve concur with

endothermic thermal events seen in the DTA curve

at *375, *500 and *850 �C. A small exothermic-like

peak is observed at *850 �C in DTA curve is due to the

phase formation temperature of BaFe12O19 materials

(Vinod et al. 2011).

Powder XRD structural analysis

Figure 2a–e illustrates the powder XRD patterns of as-

prepared citrate sol–gel combustion product, and subse-

quently annealed at different temperature powder samples.

The XRD pattern of as-prepared (Fig. 2a) material clearly

indicates that the expected BaFe12O19 phase was not

formed in the combustion process. From the literature, we

learnt that the formation of BaFe12O19 phase was found to

involve two steps, that is the formation of BaFe2O4 phase,

followed by the reaction between BaFe2O4 and iron oxide

(a- or c-Fe2O3) (Shang et al. 2007; Mali and Ataie 2004,

2005; Qiu and Gu 2006). According to Mali and Ataie

(2005), the XRD pattern of their as-burnt powder indicates

the presence of c-Fe2O3 as a major phase and some other

minor phases, namely a-Fe2O3, BaCO3, BaO2 and

BaFe12O19. At first sight we can say that the XRD pattern

of our citrate sol–gel combustion product implies the for-

mation of cubic spinel phase. Therefore, we tried to iden-

tify the formation of cubic spinel phase for the possible

nominal composition BaFe2O4 and Fe3O4 from the XRD

pattern of combustion product, though BaFe2O4 is not

reported as a cubic phase in literature. First, we tried to

extract the lattice parameters for the composition, BaFe2O4

for a cubic structure using space group, Fd-3m (227) with

formula unit, Z = 8, taking MgFe2O4 as standard cubic

phase (Ohbayashi and Iida 1967). All the reflections of

combustion product match for the cubic spinel phase (for

example, BaFe2O4), except one strong impurity peak

(2h = 23.94�). Using JANA 2006 software, the cubic lat-

tice parameter, a = 0.835(1) nm is obtained which is in

good agreement with the cubic spinel phase (Ohbayashi

and Iida 1967). While the BaFe2O4 phase is reported

(Candeia et al. 2007; Pawar and Pardeshi 2014) as an

orthorhombic spinel like space group, Bb21m (36) with

lattice parameters, a = 1.9042 nm, b = 0.53838 nm and
Fig. 1 Thermogram profiles of citrate sol–gel derived as-prepared

material: TGA (a), and DTA (b)

Fig. 2 XRD patterns of as-prepared (a) and annealed BaFe12O19

materials: 800 �C (b), 900 �C (c), 1000 �C (d), and 1100 �C (e). The

symbol asterisk indicates the impurity of a-Fe2O3 phase
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c = 0.84445 nm (JCPDS 46-0113), our citrate sol–gel

combustion product material exhibits almost cubic spinel

type BaFe2O4 phase (see, Fig. 3a). A strong peak seen at

2h = 23.94� in Fig. 2a is owing due to the presence of

BaCO3 phase (Pawar and Pardeshi 2014). Quite similar

cubic spinel structure of CoFe2O4 phase was found in the

literature for the cobalt substituted, Ba1-xCoxFe12O19

phase (x = 1.0) (Chavan et al. 2016). Further, we tried to

find out the formation of cubic spinel Fe3O4 phase from the

XRD pattern of combustion product which exhibits

a = 0.836(1) nm, is in good agreement with the cubic

spinel (Fe3O4) phase (see, Fig. 3b). Therefore, we believe

that our citrate sol–gel combustion product is crystallized

mainly in cubic phase (with the nominal composition either

BaFe2O4 or Fe3O4). But other possible phase cannot be

completely ruled out as there is a signature for the growth

of extra peaks (2h = 34.11�, 34.74� and 44.76�) and its

intensities are close to the background level. As we are

Fig. 3 XRD pattern of as-

prepared combustion product

refined for the cubic phase:

BaFe2O4 (a) and Fe3O4 (b).

Solid lines at the bottom are the

difference between the observed

and calculated patterns. Vertical

lines at the bottom show the

position of allowed Bragg peaks
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interested in the main phase (BaFe12O19) materials, we

believe that it is needless to stress much about the citrate

sol–gel combustion product.

To obtain the BaFe12O19 phase, the citrate sol–gel

combustion product was annealed at four different tem-

peratures, such as 800, 900, 1000 and 1100 �C for 2 h.

Interestingly, the annealing treatment enhanced the

BaFe12O19 phase formation. The sample annealed at

800 �C exhibits a small peak at 2h = 33.1� due to a-Fe2O3

impurity phase in addition to the main BaFe12O19 phase.

Upon increasing the annealing temperature, the impurity

(a-Fe2O3) peak is almost disappeared and only the

BaFe12O19 phase was present in the annealed powders.

Further. the crystalline nature of BaFe12O19 phase is

improved by annealing at 1000 and 1100 �C. The indexed

peaks (Fig. 2d) are due to hexagonal BaFe12O19 phase

(Balamurugan et al. 2015). High temperature annealing

results the formation of phase pure BaFe12O19 materials,

but it increases the crystallinity/crystalline size which is

supposed less nanostructured. As the phase formation of

nanostructured BaFe12O19 materials is rather complicated

and sensitive to many parameters, it is rather difficult to

predict the ideal annealing temperature of BaFe12O19

materials. However, from our present study we confirm that

1000 �C is the ideal annealing temperature for the forma-

tion of phase pure nanocrystalline BaFe12O19 materials.

Further from the literature (Jiang et al. 2010; Balamurugan

et al. 2015; Topal et al. 2007; Radwan et al. 2007; Mali and

Ataie 2005) we learnt that many reports suggest 1000 �C is

the ideal annealing temperature for the formation of phase

pure BaFe12O19 materials. The structural parameters, such

as lattice parameter, cell volume, density, average crys-

talline size, dislocation density, lattice strain, micro strain

and stacking fault of the present series samples are

extracted from the structural refinement using the XRD

data. The crystalline size (D) was extracted by the Debye–

Scherrer equation which is expressed as D = Kk/bcosh,

where K = 0.9, k is the wavelength of X-ray radiation (Cu

Ka) used for diffraction, b is the full width half maxima

(FWHM), and h is the diffraction angle. The average

crystalline size (D) is found in the range of 32–42 nm for

the annealed samples (see Table 1). The value of D

increases with increase of annealing temperature. The

dislocation density, lattice strain, micro strain, and stacking

fault for the present series samples are extracted from

d = 1/D2 (Sathyamoorthy et al. 2006; Sharma et al. 2011;

Touati et al. 2014; Bindu and Thomas 2014), e = b/

4 9 tanh (Thool et al. 2014), e = b 9 cosh/4

(Sathyamoorthy et al. 2006; Sharma et al. 2011) and

SF = 2p2/45H(3tanh) (Touati et al. 2014; Thool et al.

2014), respectively, and their values are given in Table 1.

From Table 1 we notice that the dislocation density, lattice

strain, micro strain, and stacking fault for the annealed

samples decrease with the increase of annealing

temperature.

HRSEM micrographs and EDX quantitative

analysis of BaFe12O19 nanomaterials

The surface morphology of the selected (annealed at

1000 �C) good quality nanocrystalline BaFe12O19 material

was examined using HRSEM and EDX techniques. The

different HRSEM images taken under different magnifi-

cations are presented in Fig. 4a–d. The lower magnification

images (a, b) seem thin plate-like flakes morphology with

random sizes with moderate agglomeration of nanoparti-

cles. Under higher magnification, the micro images (c, d)

also reveal the same features with the measured size of the

range of 100–200 nm. Agglomeration seems unavoidable

due to the magnetic interaction between the nanocrystalline

BaFe12O19 particles (Jiang and Ai 2010; Sathyamoorthy

et al. 2006). In some cases, the micro image crys-

talline/grain sizes of samples are larger than the crystalline

size estimated by XRD (Ebrahimi et al. 2012; Balamurugan

and Melba 2015). For example, the XRD crystalline size of

present BaFe12O19 nanomaterials is found to be *44 nm,

whereas the HRSEM micrograph showed 100–200 nm.

The inconsistency in crystalline sizes obtained from XRD

and SEM/TEM is ascribed to the non-isometric shape of

BaFe12O19 nanomaterials (Yu and Lin 2004) and poly-

crystalline nature of the materials (Ebrahimi et al. 2012;

Balamurugan and Melba 2015). The wide range of XRD

crystalline sizes of BaFe12O19 nanomaterials are reported

as 95 nm (Murthy et al. 2012), 38.2–72.1 nm (Liu and

Xiang 2010), 32.6–71.1 nm (Song et al. 2010), 44–53 nm

(Ebrahimi et al. 2012), and 33 nm (Yu and Lin 2004) for

the citrate sol–gel processed materials by different research

groups. The literature survey on the morphological images

we could see the wide range (30–500 nm and in

somes *6 lm) of particle/grain sizes for the citrate sol–

gel processed BaFe12O19 materials. The particles in dif-

ferent shapes, namely spherical, polygonic, plate-like shape

with random orientation, hexagonal, small elongated,

polyhedrons with clear cut boundaries, hollow spherical,

flaky are reported for the BaFe12O19 materials. Though

agglomeration of nanoparticles appears unavoidable in

most of the combustion derived nanocrystalline materials,

it is possible to prevent the agglomeration by surface

functionalization of the nano ferrites with various types of

organic ligands for example polymers, proteins, pepetides

and small organic molecules (Durmus et al. 2011; Jiang

et al. 2010; Birsoza et al. 2010; Ting and Wu 2010). In the

present citrate sol–gel synthesis, citric acid acts as fuel to

complete the combustion reaction. By modifying the syn-

thesis condition, the surface functionalization of nano

hexa-ferrites with the organic ligands is possible to prevent
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the agglomeration (Durmus et al. 2011; Jiang et al. 2010).

However, this should be confirmed by conducting further

experiments. The surface morphology of the hybrid hexa-

ferrite materials should be evaluated by comparing of hexa

ferrite material before and after the functionalization.

The energy dispersive X-ray (EDX) analysis was per-

formed on the present surfaces of thin plate-like flakes

materials to examine the presence of elemental composi-

tion and the EDX spectrum is displayed in Fig. 5. The

EDX spectrum reveals the presence of Ba, Fe, and O

elements in the BaFe12O19 materials at the correct pro-

portion without any impurity phases. The extracted EDX

quantitative data are given in the Table 2. The appearance

of carbon (C) peak is owing to the carbon grid used as a

sample holder.

FT-IR spectra of present series samples

Figure 6 exhibits the FT-IR spectra taken in the

wavenumber range of 4000–400 cm-1 for the combustion

Table 1 Structural parameters, such as lattice parameters, volume, density, crystalline size, average crystalline size, dislocation density, lattice

strain, micro strain and stacking fault of as-prepared and annealed BaFe12O19 materials

Annealing

temperature

(�C)

Lattice parameters Volume

(nm3)

Density

(g/cm3)

Crystalline

sizea (nm)

Average

crystalline

size (nm)

Dislocation

density 91015

(lines/m2)

Lattice

strain

910-3

Micro strain

910-3

(lines-2/m-4)

Stacking

fault
a (nm) c (nm)

800 0.5887 (8) 2.321 (4) 0.696 (2) 5.30 (1) 35.84 32.06 1.07 2.9 1.11 0.3989

900 0.5888 (9) 2.320 (5) 0.696 (2) 5.30 (1) 34.068 31.97 1.00 2.85 1.09 0.3906

1000 0.5887 (3) 2.320 (1) 0.696 (8) 5.30 (6) 44.43 39.94 0.674 2.49 0.88 0.4118

1100 0.5891 (3) 2.321 (1) 0.697 (8) 5.30 (6) 44.38 41.81 0.581 2.27 0.83 0.4009

a Calculated from 2 to 14 reflection for the annealed samples

Fig. 4 HRSEM micro images

of annealed BaFe12O19

materials taken under different

magnifications: 16,0009 with

5 lm par scale (a), 30,0009

with 3 lm par scale (b),

100,0009 with 1 lm par scale

(c), and 200,0009 with 500 nm

par scale (d)
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product and annealed (800, 900, 1000, and 1100 �C)

materials. The FT-IR spectra of all the present samples

show two IR characteristics bands between 420 and

600 cm-1 which are attributed to the Fe–O stretching

vibration of ferrite materials (Jiang et al. 2010; Parkin et al.

2001). Further few additional FT-IR bands are seen

between 1000 and 4000 cm-1 in all the present samples

due to the stretching vibrations of atmospheric species

(H2O/OH and CO3
2-) adsorbed on the surface of the

materials (Huang et al. 2003; Hong et al. 2004; Qiu et al.

Fig. 5 EDX spectrum of annealed BaFe12O19 material

Table 2 Quantitative elemental analysis of annealed (1000 �C)

nanocrystalline BaFe12O19 materials

Element Atomic number Series Wt% At.%

Ba 56 L 7.66 1.30

Fe 26 K 39.84 16.68

O 8 K 41.60 60.80

C 6 K 10.89 21.21

Total 100 100

Fig. 6 FT-IR spectra of as-prepared (a) and annealed BaFe12O19

materials: 800 �C (b), 900 �C (c), 1000 �C (d), and 1100 �C (e)

Fig. 7 PL emission spectra of different annealed BaFe12O19 mate-

rials: 800 �C (a), 900 �C (b), 1000 �C (c), and 1100 �C (d). The

excitation wavelength, kex = 270 nm

Fig. 8 NIR spectra of as-prepared (a) and annealed BaFe12O19

materials: 800 �C (b), 900 �C (c), 1000 �C (d), and 1100 �C (e)
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2005). A minor broad IR bandseen at *3480 cm-1 in all

the samples is due to O–H stretching band of H2O (Huang

et al. 2003). The IR bands seen at *1640

and *1452 cm-1 for all samples can be indexed for the

anti symmetrical and symmetrical stretching vibrations of

carbonate species (Hong et al. 2004). The band lying from

1380 to 1400 cm-1 corresponds to the antisymmetrical and

symmetrical stretching vibrations of COO- (Huang et al.

2003).

PL emission spectra of BaFe12O19 materials

The room temperature PL emission spectra of different

annealed (at different temperatures such as 800, 900, 1000,

and 1100 �C) BaFe12O19 materials are presented in Fig. 7.

The PL emission spectra are taken under the excitation

wavelength, kex = 270 nm for all annealed samples. The

PL emission spectrum of BaFe12O19 material exhibits a

broad emission peak at *360 nm. Similar to the present

BaFe12O19, the BaFe12O19 material prepared by co-pre-

cipitation method has also shown a PL emission peak

at *360 nm under excitation wavelengths of 270 nm

(Balamurugan and Resmi 2015). The fluorescence intensity

increases upon annealing the combustion product at

900 �C, and then decreases significantly with increasing

annealing temperature to 1100 �C.

NIR spectra of BaFe12O19 materials

The NIR spectra measured in the spectral region,

1500–2500 nm for the combustion product as well as dif-

ferent annealed BaFe12O19 materials are shown in Fig. 8a–e.

Fig. 9 Visual appearance

(color) of present series

samples: as-prepared (a) and

annealed BaFe12O19 materials:

800 �C (b), 900 �C (c), 1000 �C
(d), and 1100 �C (e)
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From this figure we notice that the annealed hexagonal

BaFe12O19 phase materials reveal high (85–110 %) NIR

relative reflectivity at *1750 nm, whereas the combustion

product shows *28 % NIR relative reflectivity in the

wavelength range, 1500–2500 nm. Among the different

annealed samples, the BaFe12O19 material obtained after

annealing at 800 �C shows higher (*110 %) NIR relative

reflectance than other annealed samples. Though annealing

yielded single phase of BaFe12O19, it suppressed the NIR

reflectivity of the annealed materials which may be due to

the increase in the crystalline size of the annealed samples.

The visual appearance (dark brown color) of the present

series samples are shown in Fig. 9a–e. From this we could

see no significant variation in color of the present pigments.

It is important to note that the NIR relative reflectivity of the

nanocrystalline BaFe12O19 materials obtained by citrate sol–

gel synthesis method is higher than the nanocrystalline

BaFe12O19 materials obtained by mechano-thermal (Qiu

et al. 2005) and co-precipitation method (Balamurugan and

Resmi 2015). The present dark brown colored BaFe12O19

materials can be applied as ceramic color pigment which

includes several applications.

Like the present hexa-ferrite, BaFe12O19 materials, there

are several spinel ferrites and other ferrites are also found

to use as NIR pigment (Candeia et al. 2007; Chaudhry et al.

2015; Benda and Kalendová 2013; Costa et al. 2008;

Opuchovic et al. 2015; Liu et al. 2015). As the NIR pig-

ment has found potential applications in solar reflective and

color pigment, currently the research is focused to identify

the different novel pigments. Our recent article summarizes

the literature survey on the NIR reflectivity of some binary

oxides and complex oxide systems (Balamurugan et al.

2016). Generally, binary oxides show high NIR reflectivity

in the NIR region. However, some complex oxide systems

(Balamurugan et al. 2016) also show high NIR reflectivity.

Due to the impact of citrate sol–gel synthesis method, the

present hexa-ferrite BaFe12O19 materials have also com-

petent to binary oxides to show high NIR reflectivity.

Magnetic properties of nanocrystalline BaFe12O19

material

The magnetic hysteresis loop (M–H) for the selected

(1000 �C) BaFe12O19 sample was recorded at room tem-

perature with increasing magnetic fields up to ±15 kOe;

-15 kOe B H B 15 kOe. The M–H curve is depicted in

Fig. 10. The resultant magnetic values of the coercive field,

(Hc), magnetization (Ms), and retentivity (Mr) are found to

be 3705.3 Oe, 55.774, and 30.313 emu/g, respectively.

These Ms, Mr, and Hc values are comparable to the litera-

ture values reported for the BaFe12O19 phase materials

(Durmus et al. 2011; Jiang et al. 2010; Shang et al. 2007;

Vinod et al. 2011; Mali and Ataie 2005; Birsoza et al.

2010; Xu et al. 2006; Sozeri et al. 2012; Jiang and Ai 2010;

Mali and Ataie 2004; Qiu and Gu 2006; Parkin et al. 2001;

Hong et al. 2004; Rafique et al. 2013; Castro et al. 1997;

Ounnunkad and Winotai 2006). The ratio Mr/Ms of the

present BaFe12O19 sample is found to be 0.543 which is

comparable to the reported values (Shang et al. 2007;

Birsoza et al. 2010). The wasp-waist-like shape of the

hysteresis loop reveals that the major BaFe12O19 phase

may contains trace amount of magnetic impurity (a- or c-

Fe2O3) phase that cannot be detected by the limit of XRD

technique. Such a wasp-waist-like shape of the hysteresis

loop was reported in the literature for the BaFe12O19 phase

(Mali and Ataie 2005; Wang et al. 2007). Table 3 sum-

marizes the room temperature magnetic properties of the

hexagonal BaFe12O19 phase materials obtained by sol–gel

combustion methods (Durmus et al. 2011; Jiang et al. 2010;

Shang et al. 2007; Vinod et al. 2011; Mali and Ataie 2004,

2005; Birsoza et al. 2010; Xu et al. 2006; Sozeri et al.

2012; Jiang and Ai 2010; Qiu and Gu 2006; Parkin et al.

2001; Hong et al. 2004; Rafique et al. 2013; Castro et al.

1997; Ounnunkad and Winotai 2006). From this Table 3

we notice the important magnetic characteristics of

BaFe12O19 and/or some doped BaFe12O19 phase materials.

Though the BaFe12O19 materials have been synthesized

largely by citrate sol–gel method and characterized by

various techniques, to our knowledge the optical studies

based on NIR reflectivity and photoluminescence charac-

terizations have not been reported for the citrate sol–gel

synthesized BaFe12O19 materials. Thus, we believe that the

NIR reflectivity and photoluminescence characterizations

presented here for the citrate sol–gel synthesized BaFe12-

O19 materials is the novelty of this work. Further, the TG/

Fig. 10 Magnetic hysteresis loop of annealed BaFe12O19 sample

recorded at room temperature
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Table 3 Literature survey on magnetic properties of BaFe12O19 materials obtained by sol–gel combustion method

Applied

magnetic field

Saturation

magnetization (Ms)

Remanence

(Mr)

Coercive field (Hc) Magnetic features of BaFe12O19

materials

References

At room

temperature

up to

15 kOe

– – – Hysteresis curves do not saturate at

high fields, which is a characteristic

feature of fine particle systems with

grain sizes smaller than 1 lm

Durmus et al.

(2011)

15 kOe 61.4 emu/g – – – Jiang et al.

(2010)

12,000 Oe 53 emu/g – 5.3 kOe – Shang et al.

(2007)

9 kOe 40.443 emu/g 22.287

emu/g

5689.28 Oe – Vinod et al.

(2011)

– 61.2 A m2/kg 405.9 kA/m The best magnetic properties and

micro-structural characteristics are

obtained for the sample calcined at

1000 C for 1 h

Mali and

Ataie

(2005)

At room

temperature

(25 �C)

15 kOe

67 emu/g and it is close

to the theoretical

value of 72 emu/g

– 4.5 kOe The ratio of Mr/Ms for the bulk

BaFe12O19 powders (bulk refers to

the without coating) is around 0.55

which indicates that particles are

within the single domain limit

(i.e.,\1 lm)

Birsoza et al.

(2010)

3T at room

temperature

60.13 emu/g – 432 kA/m Magnetic properties decreased when

pH[ 10. It is believed that higher

pH ([10) does not adapt to produce

well-crystalline powder

Xu et al.

(2006)

– Varies from 52.4 to

62.3 emu/g with

increasing

temperature

– 4287 Oe The maximum magnetization obtained

is rather far from the theoretical

value of 72 emu/g reported for

BaFe12O19

Sozeri et al.

(2012)

15 kOe 47 emu/g – 700 Oe Exhibiting the characteristics of hard

magnetic materials.

Jiang and Ai

(2010)

20 kOe 49.76 emu/g 26.50 emu/g 4861 Oe The well-shaped BaFe12O19 grains

obtained at relatively low

temperatures can improve the

magnetic properties of the ferrite

Mali and

Ataie

(2004)

– 56.0, 56.2, 57.0, and

57.3 Am2/kg

respectively for the

milling time of 0, 10,

20 and 60 h

– 350.14, 421.76, 421.76, and

425.74 kA/m respectively,

according with the milling

time of 0, 10, 20, and 60 h

The saturation magnetization is not

obviously affected by the variation

of the powder size. The great

variation of the powder size results

in the increasing coercivity

Qiu and Gu

(2006)

– 35.10 emu/g – 2660 Oe – Parkin et al.

(2001)

– 62.0 emu/g 30.4 emu/g 2850 Oe – Hong et al.

(2004)

– 57.8 emu/g – 5285 Oe The main magnetic characteristics

should be due to the high purity

(1 % of impurities), the good

crystalline state, and the small

homogeneous size of the particles

Castro et al.

(1997)

– – – 2–5 kOe The increase in coercivity is due to

finer grains

Ounnunkad

and

Winotai

(2006)
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DTA thermograms (Fig. 1) of our citrate sol–gel synthe-

sized combustion product are rather different from the lit-

erature reports (Durmus et al. 2011; Vinod et al. 2011; Mali

and Ataie 2004, 2005; Song et al. 2010) as it shows the

plausible formation of cubic phase which is confirmed by

XRD analysis (Fig. 3).

Conclusion

The present citrate sol–gel synthesis method yielded good

quality hexagonal phase BaFe12O19 nanomaterials upon

annealing the as-prepared combustion product at

800–1000 �C for 2 h. The powder XRD, TG, FT-IR,

HRSEM-EDX, NIR, PL, magnetization, and UV-visible

absorption techniques were used for the characterization of

the present work. From the XRD results, we noticed that

the phase transformation of cubic spinel phase of the

combustion product to hexagonal BaFe12O19 phase for the

annealed materials. Thin plate-like flakes morphology with

random sizes of around 100–200 nm particles are seen in

the BaFe12O19 materials. The present BaFe12O19 nanoma-

terial has potential application in NIR reflective color

pigment as this citrate sol–gel method has significantly

enhanced the NIR reflectivity of the annealed materials.

The field depend magnetization of the annealed BaFe12O19

sample exhibited a Ms of 55.774 emu/g under the extreme

applied magnetic field of 15 kOe.

Acknowledgments The author S. Balamurugan is thankful to

Tamilnadu State Council for Science and Technology (TNSCST)

(Ref.: AR/PS/2012–2013/209) for the partial support to the present

work. The Pondicherry University, Central Instrumentation Facility

(CIF) is acknowledged for extending the analytical service in the form

of VSM measurement. The HRSEM-EDX for the present sample was

performed at the nanotechnology research centre of SRM University,

India is also acknowledged.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://

creativecommons.org/licenses/by/4.0/), which permits unrestricted

use, distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

References

Balamurugan S, Melba K (2015) Zn1-xCuxO (0.02 B x B 0.1)

nanomaterials prepared by ball milling, citrate sol–gel, and

molten salt flux methods. J Nanosci Nanotechnol 15:4632–4640

Balamurugan S, Resmi SP (2015) Synthesis of nanocrystalline

BaFe12O19 materials by co-precipitation method using KOH

and K2CO3 as precipitating agent. Adv Sci Eng Med 7:183–189

Balamurugan S, Brightlin BC, Kiruba VSA (2015) Synthesis of

BaFe12O19 materials by mechano-thermal route: novel inorganic

pigment with high near-infrared reflectance. J Nanosci Nan-

otechnol 15:9494–9499

Balamurugan S, Dheebikha K, Gokul Raja TS (2016) Nanocrystalline

Gd2Ti2O7 pyrochlore material for NIR reflective pigment

application: micro-structural and optical studies. J Nanosci

Nanotechnol 16:677–688
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