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v-Fe,O5 nanoparticles were successfully synthesized by a chemically induced transformation of a-FeOOH. In this method, the
precursor (a-FeOOH) was prepared by chemical precipitation, and then treated with a mixed FeCl,/NaOH solution to produce the
nanoparticles. X-ray diffraction indicated that when the precursor was treated with FeCl, (0.22 mol/L) and NaOH (0.19 mol/L),
pure y-Fe,O; nanoparticles were obtained. However, when the concentration of FeCl, was <0.22 mol/L or the concentration of
NaOH was <0.19 mol/L, a-FeOOH and y-Fe,0O; phases co-existed in the nanoparticles. Transmission electron microscopy obser-
vations showed that in the samples with co-existing phases, the nanoparticles did not have identical morphologies. The pure
y-Fe,0; nanoparticles were polygonal rather than spherical. The volume ratio of a-FeOOH and y-Fe,O; was estimated for the
two-phase samples from magnetization data obtained from a vibrating sample magnetometer. This chemically induced transfor-
mation is novel, and could provide an effective route for the synthesis of other metal oxide nanocrystallites.
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Nanomaterials attract a great deal of interest because of
their distinct optical, magnetic, electronic, mechanical and
chemical properties compared with those of the bulk mate-
rial. The unique properties of nanomaterials are caused by
changes in the band structure with the decrease in particle
radius, and are a result of the quantum confinement effect
[1-7]. Magnetic nanoparticles have been studied extensively
because of their technological and fundamental scientific
importance. Among the many known magnetic nanoparti-
cles, ferrimagnetic Maghemite (y-Fe,O3) has attracted con-
siderable attention. Its structural characteristics permit a
wide range of potential applications including in ferrofluids,
magneto-optical and magnetic recording media, catalysis,
and biology [8-12]. Methods for the production of y-Fe,O3
nanoparticles include the co-precipitation [8], the mech-
anochemical method [11], thermal decomposition [13,14],
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sol-gel preparation [1,15], micro-emulsion techniques [16]
and hydro-thermal synthesis [17,18]. During the synthesis
of nanoparticles, anti-aggregation agents (e.g. surfactants)
and toxic organic solvents are often added to the solution to
control the size of the y-Fe,O; nanoparticles [19]. In addi-
tion, heat treatment, such as annealing and hydrothermal
processes, is often employed to improve the crystallinity
and enhance the ferromagnetism [8,19]. However, these
treatments complicate the process.

Currently, the development of simple and reliable syn-
thetic methods for the synthesis of magnetic nanoparticles
with designed chemical components, which strongly affect
the properties of magnetic materials, is a significant chal-
lenge. Generally, the preparation of y-Fe,Oj particles by
FeOOH transformation is a complex process [20,21] that
can be summarized as follows:

dehydration reduction

a(y)-FeOOH —=t s g (y)-Fe,0, —=t

oxidation

Fe, 0, —————7-Fe,0,.
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In this paper, a single-step method is proposed for prepara-
tion of pure and highly crystalline y-Fe,O; nanoparticles by
the thermal chemical treatment of a-FeOOH at 100°C.

1 Experimental

(1) Materials. All the reagents were of analytical grade,
and distilled water was used as the solvent.

(ii) Preparation of the precursor. In a typical synthetic
procedure for the precursor, hydrochloric acid (HCI, 4.17 mL)
was added to hydrated iron chloride solution (FeCl; solution,
1 mol/L, 80 mL). Sodium hydroxide solution (NaOH solu-
tion, 0.6 mol/L, 500 mL) was then quickly added to the so-
Iution at room temperature. The solution was heated to
boiling point for 5 min with vigorous stirring, and it changed
color from brown to orange. The solution was then allowed
to cool, and the orange precursor slowly precipitated. The
precipitate was washed with HNO; solution (0.01 mol/L)
until it reached pH 7-8.

(iii) Preparation of nanoparticles. To investigate the ef-
fect of the concentration of the mixed FeCl,/NaOH solution
on the phase transition, the following solutions were used:
(1) a fixed concentration of NaOH (0.19 mol/L), and either
0.02 mol/L (sample B1) or 0.07 mol/L (sample B2) FeCly;
and (2) a fixed concentration of FeCl, (0.22 mol/L), and
either 0.10 mol/L. (sample C1) or 0.19 mol/L (sample C2)
NaOH (Table 1).

The precursor was added to 540 mL of the FeCl,/NaOH
solution, and then the solution was heated to boiling point
for 30 min. During this time, the solution gradually changed
color from orange to black. The solution was then allowed
to cool, and the nanoparticles slowly precipitated. The pre-
ipitate was washed with HNOj; solution (0.01 mol/L) until it
reached pH 7-8, and then dehydrated with acetone to btain
a powder.

(iv) Characterization. The crystalline phases of the syn-
thesized particles were identified using a XD-2 X-ray dif-
fractometer (XRD) (Beijing Purkinje General inst., China)
using Cu Ko (4=0.1541 nm) radiation. The morphologies of
the precursor and nanoparticles were observed by a Tecnai
10 transmission electron microscope (TEM) (Philips, Neth-
erlands). A EV11 vibrating sample magnetometer (VSM)
(ADE, USA) was used to measure the magnetic properties

Table 1 XRD and TEM measurements on samples A, B1, B2, C1 and C2
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of the product at room temperature.

2 Results and discussion

XRD patterns showing the crystalline structure of the sam-
ples are given in Figure 1. For the precursor (sample A), the
positions of the major diffraction peaks and their relative
intensities corresponded to those of a-FeOOH (Goethite,
PDF#29-0713). For sample C2, the positions and relative
intensities of the major diffraction peaks corresponded to
v-Fe,05; (Maghemite, PDF#24-0081). In XRD, it is difficult
to distinguish y-Fe,O; and Fe;04 (FeO-Fe,0s3) because they
produce similar diffraction peaks. However, in alkaline so-
lution, Fe?* is unstable and Fe** cannot reduce to Fe*.
Consequently, the Fe;O, phase was ignored in the analysis,
although some FeO and/or Fe,O; may be adsorbed on the
particles. Samples B1, B2 and C1 were all two-phase mate-
rials of a-FeOOH and y-Fe,0s. This indicates that, depend-
ing on the concentration of FeCl, or NaOH, a-FeOOH is
partially transformed into y-Fe,O;. With samples B1 and B2,
lower concentrations of FeCl, were used and the products
were two-phase materials. However, as the concentration of
FeCl, increased for sample CI1, the proportion of the
a-FeOOH phase reduced. With sample C2, the concentra-
tion of NaOH was 0.19 mol/L, and a-FeOOH was com-
pletely transformed into y-Fe,O;. The XRD results show
that the concentrations of FeCl, and NaOH have an impor-
tant influence on the phase composition of the products.

TEM observations showed that there were agglomerated
and well dispersed regions of nanoparticles in the precursor
(sample A). For the two-phase a-FeOOH/y-Fe,O; materials
(samples B1, B2 and C1), the morphologies of the nanopar-
ticles were not identical. The pure y-Fe,O; nanoparticles
(sample C2) were almost all polygonal structures. Typical
TEM images are shown in Figure 2. High-resolution TEM
results confirmed that sample C2 was crystalline (inset in
Figure 2, C2).

The magnetization curves of the samples are shown in
Figure 3. The precursor (sample A) exhibited paramagnetic
properties and all the other samples showed hysteresis (inset,
Figure 3). The magnetization (at 9x10* kA/4 mm) and coer-
civity of all the samples are listed in Table 2. For the

Sample FeCl, (mol/L) NaOH (mol/L) Phase composition Remarks
A 0 0 a-FeOOH Spherical particles, agglomerate
Bl 0.02 0.19 a-FeOOH+y-Fe,05 Floccule form, rod type
B2 0.07 0.19 v-Fe,03+a-FeOOH Polygonal particles, flake type
Cl1 0.22 0.10 v-Fe,03+a-FeOOH Polygonal particles, rod type
C2 0.22 0.19 v-Fe,0; Polygonal particles
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Figure 2 TEM micrographs of samples A, B1, B2, C1, C2 and high
resolution TEM micrograph of sample C2.

nanoparticles containing both a-FeOOH and y-Fe,O; (sam-
ples B1, B2 and Cl), the differences in the magnetization
correspond to the phase ratio.
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The above results indicate that there are both single na-
noparticles and pre-existing bulk aggregates in the pre-
cursor. During treatment, the a-FeOOH nanoparticles could
form more bulk aggregates. These a-FeOOH aggregates
were transformed into y-Fe,O; nanoparticles by heat treat-
ment with a mixed solution of FeCl, (0.22 mol/L) and
NaOH (0.19 mol/L) as follows:

o-FeOOH (aggregate) — y-Fe,O, (nanoparticle)+H,O.

When the concentration of FeCl, was <0.22 mol/L or that
of NaOH was <0.19 mol/L, only some of the a-FeOOH was
transformed into y-Fe,0;. a-FeOOH and y-Fe,O; have sig-
nificantly different magnetic properties. Using the magneti-
zation of single-phase a-FeOOH and y-Fe,O; nanoparticles,
the volume fraction of each phase in the two-phase nanopar-
ticles could be estimated. For these nanoparticles, the mag-
netization can be described as follows:

M=(1-y)M,+yM,,

where M is the magnetization of the two phase system; M,
and M, are the magnetizations of pure a.-FeOOH nanoparti-
cles (sample A) and pure y-Fe,O; nanoparticles (sample C2),
respectively; and y is the volume fraction of the y-Fe,Os
phase. In this experiment, the specific magnetization was
measured directly. Since M=po, where p is the density,
magnetization can be expressed as follows:

[((1-¥)p, +yp, Jo=(1-y)p,0, +yp0,

where p, (4.00 g/cm3) and p, (4.899 g/cm’”) are the densities
of a-FeOOH and v-Fe,0;, respectively; and o, o, and o,
are the specific magnetizations of the o-FeOOH/y-Fe,O;
nano-composite and the single-phase o-FeOOH and y-
Fe,O5 nanoparticles, respectively. When o, 6, and o, in the
same magnetic field are known, the value of y can be ob-
tained. To reduce the error, the values of o, o, and o, in a
high magnetic field (at 9x10° kA/4 mm), which are written
as o', o,/ and o/, should be used, that is,

p,(1-0./c") _
er=nol)lo (-7

Based on the experimental results for the two-phase
samples, y or (1-y) was calculated (Table 2). From the ex-
perimental magnetization curves of samples A and C2, o,
o,, the calculated y, and the first magnetization curves of
samples B1, B2 and C1 can be fitted by

(l_y)pao-a typo, )
(1=y)p, +p,

The fitted curves (Figure 4) were in agreement with the
experiment results. This confirms the estimated y are ac-
curate.
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Figure 3 Magnetization curves of samples A, B1, B2, C1 and C2.
Table 2 VSM data and volume fractions of a-FeOOH and y-Fe,O; nanoparticles for samples A, B1, B2, C1 and C2
Magnetization (A m*/kg) ..

Sample at 9% 10° KA/47m Coercivity (kA/4mm ) a-FeOOH (1-y) v-Fe,0; (y)
A 2.57 0 100% 0
Bl 13.41 57.17 85% 15%
B2 63.65 73.46 2% 98%
Cl1 38.80 43.13 46% 54%
Cc2 64.88 117.58 0 100%
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Figure 4 The measured first magnetization curves of samples A and C2, and the fitted first magnetization curve of samples B1, B2 and C1. Experimental

data (*) and fitted curve (-).

3 Conclusion

In contrast to other preparation methods, the method devel-
oped in this paper is simple, inexpensive, and reliable for
the production of pure and highly crystalline y-Fe,O; nanopar-
ticles. The a-FeOOH precursor was directly transformed
into y-Fe,O; nanoparticles in FeCl,/NaOH solution, and the
concentrations of FeCl, and NaOH played an important role
in the phase transformation. When the a-FeOOH precursor
was heat treated with a mixed solution of FeCl, (0.22 mol/L)
and NaOH (0.19 mol/L), it was completely transformed into
v-Fe,O; nanoparticles. Different volume fractions of each
phase in the a-FeOOH/y-Fe,O; system were obtained by
changing the concentration of FeCl, or NaOH. The a-
FeOOH aggregates may act as seeds to form the y-Fe,O;
nanoparticles, and the sizes of these aggregates determine
the size of the y-Fe,O; nanoparticles. Calculated magnetiza-
tion curves agreed with the experimental data. This is a
novel chemically induced transformation process and prepara-
tion route for y-Fe,O; nanoparticles, and could be used for
the synthesis of other metal oxide nanocrystallites, which
will be the subject of further investigations.

This work was supported by the National Natural Science Foundation of
China (11074205).

10

11

12

13

Chakrabarti S, Ganguli D, Chaudhuri S. Optical properties of y-Fe,Os
nanoparticles dispersed on sol-gol silica spheres. Physica E, 2004, 24:
333-342

Fang X S, Zhang L D. Controlled growth of one-dimensional oxide
nanomaterials. J Mater Sci Technol, 2006, 22: 1-18

Fang X S, Bando Y, Gautam U K, et al. Inorganic semiconductor
nanostructures and their field-emission applications. J Mater Chem,
2008, 18: 509-522

Olson T Y, Zhang J Z. Structural and optical properties and emerging
applications of metal nanomaterials. J Mater Sci Technol, 2008, 24:
433-446

Fang X S, Bando Y, Liao M Y, et al. Single-crystalline ZnS nano-
belts as ultraviolet-light sensors. Adv Mater, 2009, 21: 2034-2039
Wang X Y, Duan L, Dong G F, et al. Synthesis and characterization
of nano/microstructured crystalline germanium dioxide with novel
morphology. Chinese Sci Bull, 2009, 54: 2810-2813

Barth S, Ramirez F H, Holmes J D, et al. Synthesis and applications
of one-dimensional semiconductors. Prog Mater Chem, 2010, 55:
563-627

Bacri J-C, Perzynski S D, Cabuil V, et al. Magnetic colloidal proper-
ties of ionic ferrofluids. ] Magn Magn Mater, 1986, 62: 3646

Tao S, Liu X, Chu X F, et al. Preparation and properties of y-Fe,Os
and Y,0; doped y-Fe,Os by sol-gel process. Sens Actuator B, 1999,
61:33-38

Bi H, Chen Q W, Sun T, Preparation of ferromagnetic y-Fe,Os
nanocrystallites by oxidative co-decomposition of PEG 6000 and
ferrocene. Soli Stat Comm, 2007, 141: 573-576

Tuutijarvi T, Lu J, Sillanpdd M, et al. As(V) adsorption on ma-
ghemite nanoparticles. J Hazar Mater, 2009, 166: 1415-1420

Yu S, Chow G M. Carboxyl group(—CO,H) functionalized ferrimag-
netic iron oxide nanoparticles for potential bio-applications. J] Mater
Chem, 2004, 14: 2781-2786

Narasimhan B R V, Prabhakar S, Manohar P, et al. Synthesis of



2388

15

16

17

Open Access

Miao H, et al.

gamma ferric oxide by direct thermal decomposition of ferrous car-
bonate. Mater Lett, 2002, 52: 295-300

Asuha S, Zhao S, Wu H Y, et al. One step synthesis of maghemite
nanoparticles by direct thermal decomposition of Fe-urea complex
and their properties. J Alloy Compd, 2009, 472: L23-L25

Casas LI, Roig A, Molins E, et al. Iron oxide nanoparticles hosted in
silica aerogels. Appl Phys A, 2002, 74: 591-597

Hyeon T, Lee S S, Park J, et al. Synthesis of highly crystalline and
monodisperse maghemite nanocrystallites without a size-selection
process. J Am Chem Soc, 2001, 123: 12798-12801

Chen D, Xu R. Hydrothermal synthesis and characterization of nano-
crystalline y-Fe,O; particles. J Soli Stat Chem, 1998, 137: 185-190

Chinese Sci Bull

August (2011) Vol.56 No.22

18

19

20

21

Sreeja V, Joy P A. Microwave-hydrothermal synthesis of y-Fe,O;
nanoparticles and their magnetic properties. Mater Res Bull, 2007, 42:
1570-1576

Iwasaki T, Kosaka K, Watano S, et al. Novel environmentally
friendly synthesis of superparamagnetic magnetite nanoparticles us-
ing mechanochemical effect. Mater Res Bull, 2010, 45: 481485
Maeda Y, Manabe T, Nagai K, et al. High coercive SiO,-adsorbed
v-Fe,O; particles. In: FERRITES: Proc. Inter. Con. (Japan), 1980:
541-544

Hsu J H, Chang C R, Kuo P C, et al. Annealing effect on magnetic
properties of Si-modified y-Fe,O; particles. ] Magn Magn Mater,
1990, 89: 167-172

This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction
in any medium, provided the original author(s) and source are credited.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


