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a b s t r a c t

Ammonium iron citrate (C6H8O7 �nFe �nH3N) was used as a precursor for preparing both iron-oxide thin

films and nanoparticles. Thin films of iron oxides were fabricated on silicon (111) substrate using a

successive-ionic-layer-adsorption-and-reaction (SILAR) method and subsequent hydrothermal or

furnace annealing. Atomic force microscopy (AFM) images of the iron-oxide films obtained under

various annealing conditions show the changes of the micro-scale surface structures and the magnetic

properties. Homogenous Fe3O4 nanoparticles around 4 nm in diameter were synthesized by

hydrothermal reduction method at low temperature and investigated using transmission electron

microscopy (TEM).

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Iron oxides (Fe2O3 and Fe3O4) are technologically important
materials engaged in the gas sensors [1–5], tunneling magnetore-
sistance (TMR) [6,7], recording medium [8,9], biocompatibility
[10–13], and medical application [10,14]. A variety of deposition
methods like molecular-beam epitaxy (MBE) [15], sputtering [6],
pulsed laser deposition (PLD) [16,17], metallo-organic deposition
(MOD) [18], plasma enhanced chemical vapor deposition (PECVD)
[19], and atomic layer deposition (ALD) [20] have been widely
used to fabricate iron-oxide films. It was shown that many metal-
oxide films have been accomplished, using the successive-ionic-
layer-adsorption-and-reaction (SILAR) deposition as a low-cost
and simple fabrication technique [21–23]. Moreover, the combi-
nation of SILAR deposition followed by hydrothermal dehydration
and annealing became a process for preparing homogenous and
crystallized metal-oxide films at quite low temperature.

Nanoscale materials in applied single-electron devices, cata-
lysts, and optical/electrical/magnetic devices have been inten-
sively studied and such nanomaterials have been synthesized by
using hydrothermal and reduction process [24–29]. The hetero-
geneous reaction in the presence of aqueous solvent or minera-
ll rights reserved.

ering in Energy and Applied

of Korea.
lizers under high pressure and high temperature leads to
insoluble materials due to their dissolution–recrystallization
process [30]. The reduction route refers to gaining electrons in
process from reducing agent on the basis of the value of standard
Gibbs free energy change (DG0). The hydrothermal synthesize of
magnetite (Fe3O4) and maghemite (g-Fe2O3) nanoparticles at a
low temperature have been used [31–35]. Iron nitrate 9-hydrate
and ferrocene for synthesizing iron-oxide nanoparticles were
specially utilized as iron precursors along with surfactants as
well as reducing agent (hydrazine) [31,32]. Furthermore, a
(NH4)2SO4 � FeSO4 �6H2O precursor only in the presence of
hydrazine was also exploited for the formation of iron oxides [33].

I herein report both the fabrication of iron-oxide films and
synthesis of iron-oxide nanoparticles using ammonium iron
citrate as a complexing precursor. The deposition and crystal-
lization of iron-oxide films on the use of SILAR method followed
by hydrothermal and/or furnace annealing were performed. The
surface topography of iron-oxide films was investigated by AFM
images, and their magnetic susceptibility (w) as a function of field
(H) was attained as well. A simple hydrothermal-reduction
process at 150 1C was used for synthesizing homogenous iron-
oxide nanoparticles about 4 nm in diameter.
2. Experimental details

Iron-oxide films on Si (111) substrate were prepared
using aqueous solutions of 0.15 g ammonium iron citrate
(C6H8O7 �nFe �nH3N Alfa, 99.998%) and 0.03 M NaOH (Analytical
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Fig. 1. X-ray diffraction patterns of calculated: (a) a-Fe2O3 (ICSD 22505), (b) Fe3O4

(ICSD 30860), (c) g-Fe2O3 (ICSD 79196) and observed iron-oxide thin films (d)

hydrothermal at 200 1C, (e) in air at 600 1C and (f) under 4% H2/Ar at 600 1C.
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Reagent). The substrates were attached to the arm of a Gilson 223
XYZ robotic sample changer and immersed in the Fe-complexing
solution, water, NaOH solution, and water for 0.03, 0.06, 0.03, and
0.096 min (700 cycles), respectively. The water prepared in the use
of a Millipore Milli-Q AcademicTM ion-exchange system was
vigorously stirred near the substrate using a magnetic stir bar in
rinse bath. As-made films were cut into four pieces and then each
piece of film was transferred to a sealed Teflon-lined Parr
ReactorTM. The films were hydrothermally heated at 200 1C,
directly annealed in air at 600 1C, or annealed under 4% H2/Ar at
600 1C in a furnace. X-ray diffraction measurements using CuKa
radiation were done using a MiniFlex+ (Rigaku) diffractometer.
The surface topography was examined with a NanoScopeII atomic
force microscopy (AFM, tapping mode). Magnetization measure-
ments were carried out using a SQUID magnetometer in the
temperature at 300 K at applied fields 20 kOerHr�20 kOe.

For the synthesis of iron-oxide nanoparticles, 5 mL distilled
water was added to a Teflon-lined Parr reactorTM in a capacity of
23 mL and then 0.02 g ammonium iron citrate precursor was
dissolved in water with stirring for 15 min. Finally, 3 mL
N2H4 �H2O was slowly added to the solution. The solution was
sealed in an autoclave and maintained at 150 1C for 18 h. When the
reaction was finished, the black-solid products were obtained. The
products were washed with ethanol using a centrifuge and then
stored in ethanol to prevent oxidation. Transmission electron
microscopy (Hitachi H-8000, 200 kV) was used for the typical
morphologies of iron-oxide nanoparticles.
3. Results and discussion

The SILAR method could be one of the thin film deposition
techniques in addition to a variety of iron-oxide fabrication
methods as described above. It is essential to choose a metal
cation constituent for preparing homogenous films in point of
SILAR deposition method. Iron nitrate 9-hydrate could be utilized
for the one of typical iron-oxide precursors. For preparing iron-
oxide nanoparticles, the precursor needs to be used with complex
surfactant species like sodium bis(2-ethylhexly)sulfosuccinate,
and moreover, it is known as a hydroscopic chemical as well as an
acidic reagent, when dissolved in water. The ammonium iron
citrate was selected as a cation constituent, NHþ4 ½FeðOHÞcitrate��.
Its advantages over the common precursor are that this simple
complex precursor can diminish the rapid aggregations of metal
cation and hydroxide anion without a surfactant, it can be handled
easily in air, and Fe-complexing in solution showing the mild
pH (�5) can be gently precipitated with anions (OH�) along with
a potential/pH diagram, a pourbaix diagram. All films were
characterized by X-ray powder diffraction to identify the iron-
oxide phases present. The ICSD data (a-Fe2O3 22505, Fe3O4 30860,
g-Fe2O3 79196) were used for indexing the observed iron-oxide
phases shown in Fig. 1(a–f). XRD patterns of Fe3O4 and g-Fe2O3 are
intricate to distinguish two phases even though they have
different space groups, Fd3m for Fe3O4 and P4332 for g-Fe2O3.
Furthermore, both oxides show ferromagnetic behavior in
magnetic property [36]. The broad Si (111) substrate peak on all
films was observed around 2y ¼ 28�29 in Fig. 1(d–f). The (311)
g-Fe2O3 (or Fe3O4) peak (*) around 2y�35.9 was observed from
XRD patterns (Fig. 1(d) and (f)) of both films annealed by
hydrothermal dehydration and under reduction environment.
When the films were annealed in air, the (104) and (110)
a-Fe2O3 peaks (�) around 2y�33.4, 35.8 were obtained in Fig. 1(e).

Fig. 2 shows the AFM images and the partial magnetic curves
of iron-oxide films, which were (a) as-deposited, (b)
hydrothermally dehydrated and annealed at 200 1C, (c) furnace
annealed in air at 600 1C, and (d) under 4% H2/Ar at 600 1C,
respectively. The 3D views at the 5mm scale AFM images are
shown in Fig. 2. Cross-sectional scanning electron microscopy of
as-made films revealed thickness not greater than 150 nm that is
not shown in this report. Like ZrO2 [21], CeO2 [22], and TiO2 [23]
films prepared by SILAR technique, the as-deposited iron-oxide
films reveal similar results of homogenously closely packed
nanoparticles with approximately 25 nm diameters. In
accordance with the broad XRD peaks of the iron-oxide films
annealed hydrothermally at 200 1C in Fig. 1(d), the homogenous
nanoparticles on the films are observed by the AFM image in
Fig. 2(a). The grain morphology of the furnace annealed iron-oxide
films in air or under H2/Ar at 600 1C occurs much bigger than
the one observed in hydrothermally annealed films. As shown in
Fig. 2(c) and (d), the grain morphology of the furnace annealed
iron-oxide films at 600 1C is a couple of hundred nanometers
large, showing substantial surface roughness. The partial
demagnetization curves for iron-oxide films were plotted
at 300 K. The demagnetization curves for the as-made films
(Fig. 2(a)) and furnace-annealed films in air at 600 1C (Fig. 2(c))
were perturbed downwards by 20 kOe. While the curve
for hydrothermal annealed films exhibits an unsaturated
magnetism, the curve for furnace-annealed films under H2/Ar at
600 1C shows a saturated magnetism around 500 Oe. These films
annealed under reducing environment (H2/Ar) might be magnetic
g-Fe2O3 or Fe3O4, which have two oxidation valence states
(Fe2+ and Fe3+). The iron-oxide films annealed in air at 600 1C
show diamagnetic behavior, and thus they are non-magnetic
a-Fe2O3 films, which have an oxidation valence state (Fe3+).
Interestingly, when as-made films were hydrothermally annealed
at 200 1C, the iron-oxide films show superparamagnetic behavior
due to that the coercive force is negligible as shown in Fig. 2(b)
[31]. The iron-oxide films at a low temperature (200 1C) were not
fully capable of being transformed to a-Fe2O3 phase due to the
lack of oxygen sources in sealed hydrothermal vessel. When
as-deposited films with water as an oxygen source were placed in
the hydrothermal reactor, the phase of iron oxides was clearly
transformed to a-Fe2O3. It is associated with the presence of a
sufficient oxygen source (water) to oxidize the films. In the cubic
inverse spinel Fe3O4 structure, Fe3+ ions occupy tetrahedral and
octahedral sites and Fe2+ ions are in tetrahedral site. It is known
that the aligned antiparallel spins of Fe3+ ions, which occupy
octahedral and tetrahedral sites, lead magnetic moment [37,38].
The unsaturated magnetic behavior observed in hydrothermally
annealed films at 200 1C is attributed to the lack of the formation
of the magnetic domains. However, the furnace-annealed films
under reducing environment show the saturated magnetic
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Fig. 2. AFM images and the partial magnetic curves (the inset M–H data corresponds to H from �4 to 4 kOe) of iron oxides: (a) as-deposited, (b) hydrothermal annealed at

200 1C, (c) furnace annealed in air, (d) under 4% H2/Ar at 600 1C.
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Fig. 3. X-ray diffraction patterns of calculated (a) g-Fe2O3 (ICSD 79196), (b) Fe3O4

(ICSD 30860) and observed (c) Fe3O4 nanoparticles.

Fig. 4. TEM image of Fe3O4 nanoparticles.
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behavior because the energy barriers can be overcome when films
were heated at a high temperature (600 1C).

As mentioned above, nanosized iron oxides have been
synthesized using various precursors in the hydrothermal reduc-
tion method. The ammonium iron citrate as a precursor for
preparing iron-oxide nanoparticles was not used previously, to my
knowledge. The ammonium iron citrate is easy to dissolve in
water ðNHþ4 ½FeðOHÞcitrate��Þ presenting mild pH�5, and more-
over, this complex precursor can play a role of a surfactant during
hydrolysis process to form homogeneous nanoparticles. When the
ammonium iron citrate was dissolved in water, N2H4 �H2O was
slowly added to the solution. The color of solution turned into
black from colorless. The hydrothermal reduction process at
150 1C using a Teflon-lined Parr reactorTM was performed. Black
solid products were attained after the reaction. The product was
characterized by X-ray powder diffraction for phase identification
as shown in Fig. 3. In X-ray diffraction patterns, five intense peaks
are indexed by (220), (311), (400), (511), and (440), which are
matched with Fe3O4 and g-Fe2O3 phases. The relatively broad
peaks (k) around 2y�18.5, 37.5 are indexed by (111), (222)
Fe3O4 diffractions. It is hard to tell apart whether the product is
Fe3O4 or g-Fe2O3 phase, but the X-ray diffraction analysis indicates
that possibly it is close to Fe3O4 nanoparticles. No preferred
orientation from the powder X-ray diffraction of Fe3O4 nano-
particles was detected.

Transmission electron microscopy (TEM) provides the typical
morphologies of as-synthesized Fe3O4 in Fig. 4. TEM images
indicate a very uniform size distribution of Fe3O4 nanoparticles.
Previously, the size-controlled synthesis for magnetic Fe3O4

nanoparticles was performed for the first time in the use of
Fe(acac)3 in phenyl ether, alcohol, oleic acid, and oleylamine [39].
In this work, Fe3O4 nanoparticles around 4 nm in diameter (Fig. 4)
were also able to be generated by the use of ammonium iron
citrate precursor, hydrazine, and water. Using the hydrothermal
reduction method, the synthesis of homogeneous Fe3O4

nanoparticles doped with metals such as Au, Ag, or Pt applying
to the biomedical purpose is underway.
4. Conclusions

Ammonium iron citrate was readily chosen as a precursor to
fabricate iron-oxide films and prepare nanoparticles. Iron-oxide
films were successfully deposited on Si wafer using SILAR method.
As the results of XRD and magnetic investigations, the g-Fe2O3 or
the Fe3O4 phase was obtained by hydrothermal or furnace-
annealed (under H2/Ar) films and a-Fe2O3 phase was achieved
by furnace-annealed (in air) films. AFM images of iron-oxide films
reveal different morphologies under various annealing conditions.
Especially homogenous Fe3O4 nanoparticles about 4 nm in
diameter were synthesized by hydrothermal reduction method,
and the morphology was investigated by TEM.
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