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Fe2O3 nanoparticles with sizes ranging from 15 to 53 nm were synthesized by a modified sol-gel

method. Maghemite particles as well as particles with admixture of maghemite and hematite were

obtained and characterized by XRD, FTIR, UV-Vis photoacoustic and M€ossbauer spectroscopy,

TEM, and magnetic measurements. The size and hematite/maghemite ratio of the nanoparticles

were controlled by changing the Fe:PVA (poly (vinyl alcohol)) monomeric unit ratio used in the

medium reaction (1:6, 1:12, 1:18, and 1:24). The average size of the nanoparticles decreases,

and the maghemite content increases with increasing PVA amount until 1:18 ratio. The maghemite

and hematite nanoparticles showed cubic and hexagonal morphology, respectively. Direct band

gap energy were 1.77 and 1.91 eV for A6 and A18 samples. Zero-field-cooling–field-cooling

curves show that samples present superparamagnetic behavior. Maghemite-hematite phase

transition and hematite N�eel transition were observed near 700 K and 1015 K, respectively.

Magnetization of the particles increases consistently with the increase in the amount of PVA used

in the synthesis. M€ossbauer spectra were adjusted with a hematite sextet and maghemite

distribution for A6, A12, and A24 and with maghemite distribution for A18, in agreement with

XRD results. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821253]

I. INTRODUCTION

Iron oxides like magnetite (Fe3O4), maghemite (c-

Fe2O3), and hematite (a-Fe2O3) have been extensively inves-

tigated because of its magnetic, optical, and catalytic proper-

ties, as well as its low cost. They have been used as catalyst,

adsorbents for organic or inorganic polluents,1,2 as electrodes

in batteries,3 and for bioapplications.4 In particular, magnetic

iron oxides show interesting responses to external magnetic

fields, which are suitable for clinical diagnosis, medical ther-

apy,5 and magnetic separation.6 Generally, nano-sized mate-

rials exhibit novel physical and chemical properties, and

consequently the synthesis of nanostructured iron oxides par-

ticles was intentionally studied.7 Specific properties are also

due to the huge specific area of nanoparticles enabling their

dispersion within composites or giving a high surface reac-

tivity for catalysts. The performances optimization of nano-

materials needs, however, a careful control of many

characteristics (e.g., size, shape, crystalline structure for

polymorph materials, dispersion state, surface state, etc.) on

which their properties depend. In addition, it is desirable that

the fabrication of nanomaterials has to be cheap, easy, and

environmentally friendly.8 Different methods have been

applied to synthesize nanoparticles including thermal and

hydrothermal techniques such as combustion,9 sol–gel,10,11

micro emulsion,12 pyrolysis,13 and even ultrasonic-assisted

methods.14 However, the most methods of iron oxide synthe-

sis present disadvantages such as control of pH, moisture,

and temperature of the medium, the use of expensive equip-

ment, long time to obtain the materials, and the use of or-

ganic solvents, which are harmful to the environment.8,15,16

The present paper reports the synthesis of Fe2O3 nano-

particles using a relatively simple sol–gel method. Water

was used as a solvent, and quick precipitation, combustion,

and calcination were combined in only two steps. We previ-

ously reported the synthesis of NiO, Ni0.04Zn0.96O,

Fe0.03Zn0.97O, ZnO, CuO, and a mixed Zn and Cu oxide by

this method.11,17 The goal of this paper is to study the influ-

ence of the amount of used polymer on the size, crystalline

structure, and properties of the obtained material.

The synthesized nanoparticles were characterized by

infrared spectroscopy (FTIR), X-ray powder diffractometry

(XRD), transmission electron microscopy (TEM), magnetic

measurements (magnetization versus temperature in the

range of 5–1200 K and magnetization versus applied mag-

netic field), and M€ossbauer spectroscopy.

II. EXPERIMENTAL METHODS AND MATERIALS

A. Materials

Ferric nitrate (Fe(NO3)3�9H2O) (Vetec, Brazil) and

poly(vinyl alcohol) (PVA; MW 146 000-180 000 88%-89%

hydrolyzed) (Aldrich, USA).

a)Author to whom correspondence should be addressed. Electronic mail:

celafs@gmail.com
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B. Synthesis

The iron oxide nanoparticles were synthesized by a modi-

fied sol-gel method.11 Aqueous diluted PVA (10% w/v) and

saturated ferric nitrate solutions were separately prepared and

then mixed at Fe3þ:PVA monomeric unit ratios of 1:6, 1:12,

1:18, and 1:24, and the samples were, respectively, named as

A6, A12, A18, and A24. The solutions were maintained at

room temperature under stirring for 2 h and then heated under

vigorous stirring until total water evaporation. The tempera-

ture was maintained at 150 �C for thermal degradation of the

polymer. The nanostructured material was obtained after cal-

cination of the material under air atmosphere at 400 �C for 4 h

for elimination of residual organic materials from PVA.

C. Analysis

The iron oxide powders were characterized by infrared

spectroscopy (FTIR) with an FTIR-BOMEM-100 Spectrometer

using KBr pellets. The X-ray measurements were carried out

on a Siemens D-5000 powder diffractometer with monochro-

mated Cu-Ka radiation (k¼ 1.54056 Å). Reflection X-ray

powder diffraction data were collected from 10� to 90� in

2h. Particle size was estimated using Scherrer’s equation

d ¼ 0:9k
Bcosh

; (1)

where k is the wavelength, B the full width at half maximum

(FWHM) of the peak, and h the Bragg angle. The (220) dif-

fraction peak of the maghemite and the (104) peak of the

hematite were used for calculation of the average size par-

ticles for each phase. The Rietveld method and the Fullprof

program18 have been used to analyze the x-ray spectra.

The structures of the obtained iron oxides were analyzed

with a 120 kV JEOL JEM-1400 TEM with a Carl Zeiss

EM10 microscope with 80 kV. The samples were deposited

on a pure carbon thin film Cu grid (with 200 mesh) (CF200-

Cu, EMS).

The photoacoustic spectra were performed with a mono-

chromatic light from a 1000 W xenon arc lamp—Oriel

Corporation 68820, monochromator—model 77250, Oriel

Instruments, mechanical chopper—Stanford Research Systems

SR40.

The low temperature (5–300 K) magnetic measurements

were performed in a Quantum Design MPMS XL-7 SQUID,

whereas the room and higher temperatures were performed

in a Lakeshore vibrating sample magnetometer (VSM – 2 T)

equipped with an Ar flow furnace (300–1200 K).

M€ossbauer spectra were taken from a constant acceleration

spectrometer, with a 57Co(Rh) source of 25 mCi of nominal

starting activity. The M€ossbauer spectra were analyzed using a

non-linear least-square routine, with Lorentzian line shapes.

Eventually, a hyperfine magnetic field distribution (Bhf) was

used as histograms in the spectral analysis. All isomer shift (d)

data are given relative to a-Fe throughout this paper.

III. RESULTS AND DISCUSSION

The obtained iron oxides were analysed by FTIR spec-

troscopy, and the spectra are shown in Figure 1. These

spectra show only an alteration of one peak (540 cm�1) in-

tensity, indicating that the chemical composition of A6, A12,

A18, and A24 are similar. Impurities arising either from the

method of preparation or from adsorption of atmospheric

compounds can produce distinct bands in the spectra of iron

oxides (e.g., as at 1400 cm�1, related to residual nitrate19).

The IR bands at 3400 cm�1 and 1600 cm�1 can be assigned

to OH stretching (� OH) and HOH bending (d OH) vibra-

tional bands due to the adsorbed water in the sample.20,21

The bands in the range of 750–400 cm�1 are related to Fe-O

lattice vibration. Maghemite phase presents bands at 700,

660–630, 590, and 430 cm�1 and hematite phase presents

bands at 540 and 470 cm�1, but the positions of the bands

are sensitive to particle size and shape.19,22

It can be observed that the intensity of the bands at

540 cm�1 (related to hematite phase) is higher than the bands

at 590 and 630 cm�1 (related to maghemite phase) for A6

and A12 samples. However, for A18 and A24 samples, the

intensities of these bands are the same. This behavior can be

attributed to different particle size and shape and also to dif-

ferent phase composition of the samples, indicating higher

hematite contents in A6 and A12.

To identify and quantify the iron oxides phases and to

evaluate the size of each phase, x-ray diffractograms were

measured. XRD-patterns of all samples are shown in Figure 2.

The diffraction patterns are in perfect agreement with the

standard JCPDS 39-1346 (maghemite) and JCPDS 87-1166

(hematite). The samples A6, A12, and A24 present peaks of

the two indicated phases (hematite and maghemite) while

sample A18 only shows peaks related to maghemite phase.

The quantitative data analysis of the crystalline phases

(carried out by Rietveld refinement) and the particle sizes

(determined by the Scherrer’s equation) are presented in

Table I.

It is observed that changing the molar ratio of the

Fe3þ:PVA monomer from 1:6 to 1:18, there is a decrease in

the peaks intensity of hematite phase and an increase in the

peaks corresponding to maghemite phase. In the A18 sample

diffractogram the hematite peaks are not visible, indicating

that this phase in not present and that this sample consists

only of the maghemite phase. When the Fe3þ:PVA unit

FIG. 1. FTIR spectra for obtained iron oxides, with zoom in the region of

800-400 cm�1, showing the bands related with Fe-O vibrations. Inset: FTIR

spectrum of A6 for the entire region of wavenumber.

104311-2 Silva et al. J. Appl. Phys. 114, 104311 (2013)
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monomer ratio is further increased to 1:24, the XRD analysis

shows hematite and maghemite peaks again, suggesting that

it is only possible to prepare maghemite using a specific met-

al:monomer ratio (near 1:18). Both hematite and maghemite

nanoparticles average size show a decrease as the amount of

polymer in relation to iron ions is increased (data showed in

Table I).

The main polymer function in the reaction liquid me-

dium is to provide a polymeric network to hinder cation mo-

bility allowing local stoichiometry to be maintained and

minimizing precipitation of unwanted phases. In aqueous

PVA solutions, many metals can be stabilized at the polymer

via interactions with OH groups.23,24

In opposition to results obtained in previous studies

using PVA sol-gel method for the synthesis of metal

oxides,25,26 we observed that the PVA amount directly influ-

ences obtained particle size and crystalline phases. Further,

PVA is believed to have selective interaction between differ-

ent planes of iron oxide crystal, thus enhancing the growth

of one specific phase. Therefore, with different PVA and

iron salt concentrations, we can control the phases and sizes

of the particles. During the decomposition of these metal ion

containing precursors, nascent metal oxides forms, which are

basically small atomic clusters with proper chemical homo-

geneity, embedded in this porous carbonaceous material.

These nascent metal oxides finally produce the desired phase

of Fe2O3 nanopowders. The decomposition of carbonaceous

material produces gases (such as CO, CO2, NOX, and water

vapor) that help the precursor material to dissipate the heat

of combustion and thus inhibit the sintering of fine particles

during the process to produce nanosized oxides.27,28

Average particle size of the obtained iron oxide powders

was measured by TEM. The micrographs for the samples A6

and A18 are shown in Figures 3 and 4. It can be observed

that A6 sample presents two crystalline phases, with differ-

ent morphologies, hexagonal and cubic corresponding to

hematite and maghemite phase, respectively. Average sizes

observed by TEM micrographs for A6 sample are in agree-

ment with the results obtained by Scherrer’s equation, in the

range of 50 nm for hematite phase and 30 nm for maghemite

phase. It can be observed that A18 sample is composed by

cubic particles with average size of 15 nm, also in agreement

with the results obtained by Scherrer’s equation.

Intending to study the optical properties (such as absorp-

tion and optical band gap energy) of the obtained iron oxides

(hematite and maghemite are n type semiconductors), the

photoacoustic UV-Vis spectra for A6 and A18 samples

(Figure 5) were measured. In both cases, a broad absorption

was registered near the 280–550 nm range of the spectrum.

FIG. 2. XRD pattern of A6, A12, A18, and A24 samples. The Miller indices

of reflection are assigned as * for maghemite and # for hematite.

TABLE I. Maghemite and hematite amount (in wt. %) and particle size of

each phase for the obtained samples by modified sol-gel method.

Sample

a-Fe2O3

(wt. %)

Average size

of particles in

a-Fe2O3 phase (nm)

c-Fe2O3

(wt. %)

Average size

of particles in

c-Fe2O3 phase (nm)

A6 53 53 47 31

A 12 22 50 78 17

A 18 0 … 100 15

A 24 5 37 95 17 FIG. 4. TEM micrographs of the A18 sample, composed by cubic particles

of 15 nm of average size (Zeiss EM10 at 80 kV).

FIG. 3. TEM micrographs of the A6 sample presenting two different mor-

phologies (JEOL JEM-1400 at 120 kV).

104311-3 Silva et al. J. Appl. Phys. 114, 104311 (2013)
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These spectra reflect structural and other properties of the

materials. They are the result of three types of electronic

transitions: (i) FeIII crystal or ligand field transitions, (ii)

interactions between magnetically coupled FeIII ions, and

(iii) ligand (oxygen)-metal charge transfer excitations from

the O(2p) non-bonding valence bands to the Fe(3d) ligand

field orbitals. The charge transfer transitions involving FeIII-

O are mainly responsible for absorption of visible light. The

electronic transitions 4A1 6A, d-d eletron pair transition,

and 4T2 6A1 present the respective band positions range in

420–440 nm, 520–570 nm, and 670–700 nm for hematite and

420–430 nm, 490–500 nm and 650–700 nm for maghemite.19

From the photoacoustic spectra data, the band gap

energy were calculated (Figure 6), according to solid band

theory, using the Tauc’s equation29

ðah�Þ ¼ Aðh� � EgÞm; (2)

where a is the absorption coefficient, A is a constant related

to the effective mass of the electrons and holes, m is 0.5 for

allowed direct transition, 2 for allowed indirect transitions,

and Eg is the energy gap. A direct band gap follows the law:

ðah�Þ2 ¼ Aðh� � EgÞ , so if there is a direct band gap, a plot

of ðah�Þ2 versus h� would have a linear region with slope A

and whose extrapolation to a(h�)¼ 0 would give the value

of Eg. On the other hand, data from indirect band gaps meet

usually the Tauc law: ðah�Þ1=2 ¼ BTaucðh� � EgÞ, where

BTauc (Tauc parameter) is the slope of the linear region in a

plot of ðah�Þ1=2
versus h�, whose extrapolation to a(h�)¼ 0

would give the value of the indirect band gap30 (Figure 6).

The band gap values were found to be approximately the

same for both samples, exhibiting an indirect transition at

nearly 1.54 eV and direct transition at 1.77 and 1.91 eV,

respectively, for A6 and A18 samples. Higher values of

direct band gap have already been reported in the literature

for bulk or nanoparticle iron oxides (2.84 eV for low-

dimension nanoparticles and 2.2 eV for both bulk hematite,

30 nm Fe2O3 and 8 nm Fe2O3).31,32 It is possible that the

energy gap is influenced by size of the obtained iron oxide

nanoparticles as well as the presence of two different crystal-

line phases, since most of the researches reports only band

gap energies for hematite phase of iron oxide, and in this

case, the samples present also a fraction of maghemite

phase.33 The indirect transition has been identified as a spin-

forbidden Fe3þ 3d!3d excitation while the direct transition

corresponds to the O2� 2p!Fe3þ 3d charge transfer.34,35

The magnetization curves for all samples (Figure 7) were

measured as a function of temperature (5–300 K), for an

applied magnetic field of 500 Oe, using zero-field-cooling

(ZFC) and field-cooling (FC) procedures. In the ZFC meas-

urements, the samples were cooled down, from 300 K to 5 K,

without the presence of an applied magnetic field. After reach

5 K, the magnetic field was applied, and the magnetization

was measured during the temperature run. In the FC measure-

ments, the samples were cooled down to 5 K with the same

magnetic field applied during the ZFC. After reach 5 K, the

magnetization was acquired during the temperature run.

All the ZFC-FC curves (Fig. 7) show irreversibility

below Tirr (temperature below which the ZFC and FC curves

are separated), and these temperatures are found to be

Tirr� 297 K for the all samples. This behavior is typical of

FIG. 5. Photoacoustic UV-Vis spectra of A6 and A18 samples.

FIG. 6. Determination of Eg from Tauc’s equation for (a) direct transitions (m¼ 0.5) and (b) indirect transitions (m¼ 2). The curves in bold line are the extrap-

olation of the Tauc’s equation.

104311-4 Silva et al. J. Appl. Phys. 114, 104311 (2013)
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the blocking process for an assembly of superparamagnetic

nanoparticles. A broad peak below room temperature can be

viewed in the ZFC magnetization curves, with a maximum

at Tpeak �258, 254, 215, 260 K for A6, A12, A18, and A24,

respectively. As the maghemite particle size increases (for

A6 and A12 samples), the Tpeak shifts towards higher tem-

peratures. This behavior is expected since bigger particles

needs more thermal energy (KbT, where Kb is the

Boltzmann constant and T is the absolute temperature) to

overcome the potential barrier (KV, where K is the magnetic

anisotropy and V is the particle volume). In the case of the

sample A24, interactions between the alpha and gamma

phases change the average anisotropy constant (K) into an

effective one (Keff) that modifies the blocking temperature

and the spin-lattice relaxation time.36

In order to study the behaviour of the Fe2O3 nanopar-

ticles above room temperature, the magnetization was

recorded during the temperature run (5 K/min) for an applied

magnetic field of 10 kOe (Figure 8).

All samples behave on the same way, and for clarity,

only the changes in magnetization of the samples A6 and

A18 are presented. As can be seen, there are two strong

increases in magnetization. The first one that begins at

�650 K and reaches a maximum at �745 K is related with

the maghemite-hematite phase transition (MHPT). Many

factors can influence on the MHPT temperature, e.g., maghe-

mite particle size, heating rate, preparation method, etc. For

nanoparticles, one can find this transition temperature rang-

ing from 470 to 770 K, whereas for bulk samples, the range

is 770–870 K.37 After the MHPT a decay in magnetization is

expected since the ferromagnetic maghemite turns into an

antiferromagnetic hematite. The second and more defined

FIG. 7. ZFC (open symbols) and FC (solid symbols) magnetization curves

of A6, A12, A18, and A24 samples at H¼ 500 Oe.

FIG. 8. Dependence of magnetization on temperature in a magnetic field of

10 kOe.

FIG. 9. Room-temperature magnetization vs magnetic applied field curves.

FIG. 10. Mossbauer spectra for A6, A12, A18, and A24 samples taken at

room temperature.

104311-5 Silva et al. J. Appl. Phys. 114, 104311 (2013)
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peak has a maximum at �1015 K and is related to the hema-

tite N�eel temperature.

The magnetization versus magnetic field curves, per-

formed at room temperature, are shown in Figure 9.

The maximum applied field of 20 kOe was sufficient to

saturate all the samples that presented the same trend on the

curves. As can be seen from the inset in Figure 9, the highest

magnetization saturation (55.1 emu/g) was achieved by the

sample A24 (5 wt. % hematite and 95 wt. % maghemite),

against 44.3 emu/g of the sample A18 (100 wt. % maghemite).

This can be explained by the presence of defects in the

hematite nanoparticles caused by oxygen vacancies near the

surface.38 These defects could destroy the antiferromagnetic

superexchange interaction of the Fe3þ-O2–Fe3þ leading to a

ferromagnetic ordering.39 Moreover, it is very difficult to

determine exactly the saturation magnetization value without

a large error bar. This limitation comes from the undeter-

mined non-magnetic contributions to the measured mass

needed to calculate the sample magnetization.

Figure 10 shows the room-temperature transmission

Mossbauer spectra of the samples A6, A12, A18, and A24.

Table II gives the results of the spectra fitting. The phases

expected in the sample are c-Fe2O3 and a-Fe2O3 as sug-

gested by the XRD results.

c-Fe2O3 has the spinel structure where the cation distri-

bution can be described by the formula Fe3þ[�Fe3þ]O3,

with cations without brackets are on tetrahedral A-sites and

those in brackets are on octahedral B-sites of the cubic spinel

lattice. The symbol � represents the vacante B-sites in c-

Fe2O3. There is only one crystalline lattice site for Fe3þ in

hexagonal a-Fe2O3.40 At room temperature, hematite spec-

trum consists of a sextet with a DE of �0.20 mm s�1, a Bhf

of 51.8 T, and d of 0.38 mm s�1.19,41 The spectrum of maghe-

mite is composed of two sextets, hardly distinguishable at

room temperature, due to the fact that hyperfine parameters

for the two sites are very similar in magnitude. Commonly

occurring effects such as small particle size distributions

tend to cause line broadening and/or a line-shape asymmetry,

and in many cases the room temperature spectrum has to be

fit with a distribution of unresolved A- and B-site hyperfine

fields.42 This fact occurs in this work, where the maghemite

phase was fitted as distribution M. In surveying the literature

for maghemite it was noticed that an inconceivably wide

scatter for the d exists, with the values at room temperature

ranging from 0.04 mm s�1 up to 0.30 mm s�1 for A-site and

from 0.04 mm s�1 up to 0.40 mm s�1 for B-site, and Bhf val-

ues for the two sites were 50.0 T.19,42 The spectra for all

samples were adjusted by introducing one sextet relative to

hematite and a distribution relative to maghemite. It can be

observed that the Mossbauer spectra of hematite and maghe-

mite overlap at room temperature, so it is difficult to quantify

the relative proportions of these phases in the samples. Due

to this, there may be slight difference between the propor-

tions of crystalline phases (a-Fe2O3 and c-Fe2O3) determined

by M€ossbauer spectroscopy and Rietveld refinement.

IV. CONCLUSIONS

Nanosized iron oxide particles have been synthesized by

the modified sol-gel method. Analysis of XRD patterns

showed that the samples have maghemite or hemati-

teþmaghemite phases. There is a tendency of the average par-

ticle size of the iron oxide samples to decrease as the amount

of PVA used in the synthesis increases. On the other hand,

one of the intermediate Fe3þ:PVA monomeric unit ratio used

in the synthesis (1:18) allowed pure maghemite preparation.

For this sample (A18), XRD and TEM results lead to an aver-

age size of 15 nm. The saturation magnetization increases,

increasing the amount of PVA in the synthesis, and has a max-

imum of 55.1 emu/g for A24 sample. M€ossbauer spectrum

confirms the results obtained by x-ray diffraction, indicating

the presence of maghemite and hematite phases. The super-

paramagnetic behavior of the nanoparticles below Tpeak was

confirmed by ZFC-FC measurements. Maghemite-hematite

transition phase and hematite N�eel transition were determined

by magnetization at higher temperature as �700 K and

1015 K, respectively.
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TABLE II. Hyperfine parameters and subspectral areas for the obtained iron oxides.

Sample Sub-espect. Ca (mm/s) db (mm/s) DEc (mm/s) Bhfd (T) Ae (%)

A6 Distribution M 0.58 0.32 �0.02 49.3 56.9

Sextet H 0.29 0.37 �0.18 51.5 43.1

A12 Distribution M 0.30 0.32 0.00 42.4 77.8

Sextet H 0.33 0.38 �0.20 51.2 22.2

A18 Distribution M 0.30 0.34 �0.09 45.8 100

A24 Distribution M 0.30 0.33 0.03 35.5 76.5

Sextet H 0.34 0.37 �0.23 50.9 23.5

aC: linewidth.
bd: isomer shift.
cDE: quadrupole splitting.
dBhf: hyperfine magnetic field.
eA: Area.
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