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Hydrothermal Synthesis of Monodisperse Magnetite Nanopatrticles
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Magnetite particles with an average size of 39 nm and good monodispersity have been synthesized by
coprecipitation at 70C from ferrous F&" and ferric Fé" ions by a (N(CH)4OH) solution, followed by
hydrothermal treatment at 25C. The magnetite nanoparticles before the hydrothermal step display an
average size of 12 nm and are highly oxidized when they are in contact with air. Complementary
microstructural and magnetic characterizations of nanoparticles after hydrothermal treatment show
unambiguously that they consist of magnetite with only a slight deviation from stoichiondetry0(05),
leading to FggO,.

1. Introduction irradiation’* microwave plasma synthesfspolyol-mediated
] ) ] sol—gel ¥ sonochemistry? oil-in-water emulsion route using
~ Among all iron oxides, magnetite i@, presents the most 5 smajl amount of cyclohexane as the oil phidiseicrowave
interesting properties because of the presence of iron Cat'on%ydrothermal reactiof?2° nonaqueous roufé; 23 etc.
in two valence states, Feand Fé", in the inverse spinel

structure. Magnetic properties of magnetite nanoparticles
have been widely studied because of their relevance to
magnetic recording, biomedical applications, eft.
Moreover, the synthesis of magnetite nanoparticles with
a controlled size has long been of scientific and technological
interest. Indeed, the reduction of the particle size leads to

new and original properties, particularly magnetic properties ., reported because of difficulties encountered with

(superparama_gnetlsrﬁy Various synthetic methods have obtaining a monodisperse magnetite particle size larger than
been reported in the literature for the preparation of nanoscale

. . L 20 nm and controlling the stoichiometry.
Fe0, particles with grain sizes smaller than 20 nm, such as _ _ » ) .
the reduction of hematite E®; by CO/8 coprecipitation of Moreover, controlling the synthesis conditions is a critical
an aqueous solution of ferrous and ferric ions by a Ba%e, point, because the properties of nanoparticles are found to

oxidation of the ferrous hydroxide gels using KN®y-ray ~ Vary with synthesis method$202¢2% The variations in

On the contrary, the process toward higher (20xm <
100 nm) monodisperse magnetite nanoparticles has had only
limited success, although such nanoparticles are of great
interest, mainly for hyperthermia® Indeed, one interest of
magnetite nanoparticles with grain sizes larger than 20 nm
is their ferrimagnetic behavior at room temperature. To the
best of our knowledge, few detailed magnetic studies have
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magnetic properties were assigned to different parameters;o four times to remove excess ions and tetramethylammmonium
such as cationic distribution and vacancies, nonstoichiometry,salt in the suspension, and finally the precipitated powder was dried
spin canting, or surface contribution due to the nanometric using a freeze dryer.

size2324:36-35 Reports on the synthesis of magnetite nano- Maghemitey-Fe,O; was obtained by heating magnetite at 300

particles with controlled grain sizes and careful characteriza- °C for 12h. o _ _ _
tions have been unable to choose between these explanations. 2.4. Characterization of Particles.X-ray diffraction (XRD) data

. . . were collected at room temperature using a D500 Siemens
We report here the synthesis of magnetite nanoparticles, it actometer equipped with a quartz monochromator (Ga K
with an average grain size of 3@ 5 nm, a controlled

0.17890 nm). The lattice parameter calculations were obtained using
stoichiometry, and a ferrimagnetic behavior at room tem- UFIT software3 The average crystallite size was estimated using
perature, by using a hydrothermal process. A hydrothermalthe Debye-Scherrer equationA(26) = 0.9U/(L cos@o)). X-ray
process is one of the successful ways of growing crystals of photoelectron spectroscopy (XPS) was performed using a Ther-
many different materials such as quartz, malachite, etc. ThismoVGScientific photoelectron spectrometer equipped with a twin
technique has also been used to grow dislocation-free single-anode, providing both unchromatized Abkand Mg Ka. radiations
crystal particles, and grains formed in this process could have(1486.6 and 1453.6 eV, respectively). The spectrometer, which was
a better crystallinity than those from other processes. Theequped with a multichannel detector, operated in the constant

nanoparticles before and after hydrothermal treatment alreresolutlon mode with a pass energy of 20 eV. The total resolution
. . .of the system was estimated to be 0.55 eV.
characterized carefully, and results are discussed on the basis o .
The specific surface areas were determined by BEBRd$orp-

of magnetization curve, ZFC/FC (zero-field cooling/field . "+yo particle sizes were deduced using the relaignm) =

cooling) and Masbauer measurements. 6000LS, whereg is the particle diamete, the density, and S the
specific surface. TG and DT analysis were performed using a TA
2. Experimental Details Instruments apparatus with a heating rate 6Cmin in air. The
) ) o morphology of the particles was observed by scanning electron
2.1. Materials. The chemical reagents used in this work were microscopy (SEM) using a JEOL electron microscope 6700 coupled
ferrous chloride tetrahydrate (Fe€lH,0), ferric chloride hexahy- with EDX spectroscopy. TEM and HRTEM images were recorded
drate (FeGJ-6H,0), tetramethylammonium hydroxide ((N(G) with a TOPCON model 002B transmission electron microscope,
OH), 25%), and hydrochloric acid. All the chemical reagents were operating at 200 kV, with a point-to-point resolution of 0.18 nm.
of analytical grade. Raman-scattering experiments were carried out using a micro-
2.2. Synthesis of Magnetite NanoparticlesDistilled water, Raman system at room temperature. The 514.53 nm line of &n Ar
degassed with argon gas for half an hour, was used for the laser with an exposure time of 300 s was used for excitatiGie
preparation 61 M FeCk-6H,0 and 2 M FeGr4H,0 by dissolving Mossbauer spectra were performed at 300 and 77 K using a

iron salts h 2 M HCI solutions. conventional constant acceleration transmission spectrometer with
In a typical experimental procedure, 10 mf @ 1 M FeCk a%Co(Rh) source and a bath cryostat. The spectra were fitted by
solution was mixed with 2.5 mLfa 2 M FeCb solution in a flask. means of the MOSFIT prograf,and ana-Fe foil was used as

The mixture was heated to P& under argon while being stirred  the calibration sample.

with a mechanical stirrer, followed by the slow addition of 21 mL ZFC/FC measurements were performed using a superconducting

of a 25% aqueous solution of N(GJAOH. guantum interference device (SQUID) magnetometer (Quantum
Vigorous stirring was carried on for 20 min. The solution color Design model MPMS-XL) between 4 and 400 K. Hysteresis cycles

could be seen changing from orange to black, leading to a black Were recorded at room temperature by using a vibrating sample

precipitate, and the mixture was then dropped into the Teflon-lined Magnetometer.

stainless autoclave. During the experiment, argon was continuously

passed through the solution to prevent the oxidation of t¢ e 3. Results and Discussion
the system. The autoclave was then put in an oven at’@5fdr L i .
24 h and slowly cooled to room temperature naturally. 3.1. Structural Characterization. The X-ray diffraction

The product was isolated by applying a permanent magnet. The patterns recorded on the powders before (BT) and after (HT)

supernatant was discarded by decantation. Degassed water was theie hydrotherma! treatment are pregented in 'Figure 1'.A"
added to wash the precipitates. This procedure was repeated threéletected Fjlﬁ_ract_lon peaks can be Inde>_(ed in the spinel
structure, indicating that the sample contains neither crystal-

(29) Guigue-Millot, N.; Champion, Y.; Fgh, M. J.: Bernard, F.: Begin- line hematite ¢-F&;03) nor iron hydrOX|des_. Moreover, the
Colin, S.; Perriat, PJ. Phys. Chem. R001, 105, 7125. (210) and (211) X-ray peaks of maghemite (Figure 1c) are

(30) Parars, M. L.; Mariano, J.; Rogalski, M. S.; Popovici, N.; Conde,  not observed in the XRD patterns of nanoparticles before
O. Mater. Sci. Eng., B2005 118 246.

(31) Dormann, J. L.; Fiorani, D.; Tronc, Adyv. Chem. Phys1997 98, and after hydrothermal treatment (panels a and b of Figure
@2 _2r82. £ Fiorani .. Nociss M. Testa. A. M.: Lucari. .- D'Orasi 1). The calculated lattice parameterare 0.837% 0.0004
ronc, t.; Florani, D.; Nogse M.} 1esla, A. IVl.; Lucarl, F.; 'Orazio, _
F.; Grenehe, J. M.; Wernsdorfer, W.; Galvez, N.; ChangC.; Mailly, nm and 0.8393+ 0'0902 nm before and after the hydro
D.; Verdaguer, M.; Jolivet, J.-R.. Magn. Magn. Mater2003 262, thermal step, respectively, and have to be compared to the
6

(33) Tronc, E.; Ezzir, A.; Cherkaoui, R.; Chawe C.; Nogus, M, maghemite § .FQOa) and magnetite (k@) ones, 0'8:.346
Kachkachi, H.; Fiorani, D.; Testa, A. M.; Greciee, J. M.; Jolivet, nm (JCPDS file 39-1346) and 0.8396 nm (JCPDS file 19-
J.-P.J. Magn. Magn. Mater200Q 221, 63. ) 629), respectively. Before hydrothermal treatment, the phase

(34) Chinnasamy, C. N.; Narayanasamy, A.; Ponpandian, N.; Chatto-
padhyay, K.; GUeult, H.; Greneche, J. M. Phys.: Condens. Matter
200Q 12, 7795. (36) Evain, M. Unpublished UFIT program; Institut des Materiaux de
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Figure 1. XRD patterns of the F#©,4 nanoparticles (a) after and (b) before . )
hydrothermal treatment and of (c) maghemite. The positions of the additional Figure 2. Raman spectra of (a) synthesized samples ofOFefter
peaks of the maghemite structure are marked with asterisks (*). hydrothermal treatment and (ip}Fe.0s.

. . . . . Table 1. Lattice Parameter and Crystallite Size of Magnetite before
has an intermediate lattice parameter, showing that a partial and after Hydrothermal Treatment from XRD Results and Average

oxidation probably occurs in air. Indeed, ?Fecations in Grain Sizes Deduced from BET Measurements and TEM

nanoparticles are not thermodynamically stable und@? i _ Observations

Because of their nanometric sizes, they are easily oxidized _ lattice parameter S o Qeer Drew
T(°Q) (nm) Pxro(nm)  (M?g)  (nm)  (nm)

into FE*. The cell parameter decreases quite linearly as the
deviation from stoichiometry(in Fes_3504)?%%° increases;
by taking into account the value of the cell parameter of

magnetite before hydrothermal treatment, we expect a largetion of HT magnetite nanoparticles (Figure 3 and Figure 4a).
oxidation of about 65% of the Fe cations?® Moreover, a  |ndeed, the average particle size (from the counting of about
relationship between the stoichiometric deviationin 100 particles) of magnetite nanoparticles before and after
magnetite Fe ;0, and the lattice parameter reported by Yang hydrothermal treatment is 12 2 nm and 40+ 5 nm. The
et al. giveso ~ 0.09-0.1% After hydrothermal treatment,  glectron diffraction pattern measured from a large zone
the crystalline phase has a lattice parameter very close to(Figure 4b) presents spots/rings that can be indexed to the
the magnetite one. Indeed, the same relationship gives, inmagnetite structure. The HRTEM image shown in Figure
our case, Fve:0.0104. This deviation in stoichiometry may  4¢ exhibits planes with interplanar distances of 0.48 nm that
be attributed, as for nanoparticles before hydrothermal gre characteristic of (111) spinel planes. No stacking faults
treatment, to a surface oxidation of#Feshowing that the  gre visible. The growth axis is [111] as often observed for
hydrothermal step leads to an improved stoichiometry of magnetite particles. These observations and the good agree-
powders. ment between the average particle sizes determined by

Raman spectroscopy also allows us to differentiate the iron several methods suggest that the nanoparticles are monoc-
oxide phase&254942 The Raman spectrum of HT nano- rystalline and quite monodisperse.
particles is displayed in Figure 2, together with the maghemite TG and DT analyses in air for HT magnetite and
one. It exhibits the characteristic bands of magnetite at 668 maghemite appear in Figure 5. The TGA curve of HT
and 535 cm! assigned to the 4 and Tpq transitions, which  magnetite displays a weight loss from room temperature
can be easily distinguished from maghemite ones at 720,
500, and 350 cm22:2540-42

The average crystallite sizes of the powder before and after
the hydrothermal treatment have been estimated using severa
methods (Table 1). First, the Deby&cherrer formula used
from the (311) reflection leads to 12 2 nm for BT
nanoparticles and 3% 5 nm for HT nanopatrticles. These
values are in agreement with those calculated from the BET |
surface area measurements (Table 1). SEM and TEM
micrographs confirm the homogeneous patrticle size distribu-

0.8379+ 0.004 12+ 2 117 10+£2 1242
250 (HT)  0.839% 0.002 39+ 5 31 385 40+5
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mingaux, Suchet: Paris, 1996.

(40) Yang, J. B.; Zhou, X. D.; Yelon, W. B.; James, W. J.; Cai, Q.;
Gopalakrishnan, K. V.; Malik, S. K.; Sun, X. C.; Nikles, D. H.
Appl. Phys.2004 95, 7540.
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Figure 6. Fe 2p peaks in the XPS spectra ogBgnanoparticles (a) after
and (b) before hydrothermal treatment.

XPS spectra given in Figure 6 display bands assigned to
Fe (2p) in magnetite before and after hydrothermal treatment.
The Fé' and Fé" ions are distinguishable by XPS. Indeed,
when F&" ions are present at the surface, the satellite of the
2p3/2 peak around 719 eV characteristic of thé'Fens in
y-F&03 becomes less resolved, mainly because of the main
2p3/2 and 2p1/2 peaks broadening and the rising intensity
of the Fé" satellite at about 716 eV. Moreover, a peak
FSigAuEr% 4. t(ta) TEM _mi?jrff)graphégb) selected arei_ fflectron Otl)ilffractign shoulder is observed around 709 eV, the intensity of which
(SAE) paten acaured o 35 e raropericle sesembly #nd.decreases when the stoichiometric deviaton in_f;

increased* 4’ The presence of P¢é at the surface of the
hydrothermal magnetite is confirmed by the quasiabsence
of the satellite around 719 eV between the main Fe 2p peaks
(arrow in Figure 6) and the presence of a faint shoulder below
710 eV. By contrast, this satellite is observed in the XPS
spectrum of magnetite before hydrothermal treatment to-
gether with a reduction of the contribution around 709 eV.
Nevertheless, the intensity of the shoulder at 709 eV is quite
low in the HT magnetite spectrum, confirming that some
surface oxidation of P& has occurred. However, the
comparison of these spectra shows that kens are always
observed on the surface of HT magnetite nanoparticles and
T supports the idea that the HT magnetite nanoparticles do not
_ fempermE OO o ~ present a layer of maghemite at their surface.
(F(;%‘érneg'mgﬁgrgﬁai‘t‘irc‘fggm HT magnetite (solid circle) and maghemite 3.2. Messbauer Spectrometry.Main characterization

techniques show that the powders consist of magnetite.
followed by a weight gain between 100 and 2@and a  However, more-specialized techniques such asdWauer
weak loss above 25. This complex behavior results from  spectrometry are useful for determining the oxidation degree
the simultaneous dehydration of the powder and oxidation and the distribution of cations, whereas magnetic measure-
of F&#". The transformation of magnetite into maghemite ments are needed for describing the magnetic behavior of
corresponds to the feature at around T€Din the DTA  the synthesized magnetite phase. As shown in Figure 7, the
curve?! This is confirmed by the DTA/TGA experiment  M@sshauer spectra at both 300 and 77 K seem similar to
conducted on maghemite: no feature is observed on anythose usually observed for magnetite. At 300 K, one
curves except the weight loss due to dehydration of powders.distinguishes two resolved sextets, one attributed & Fe
The competition between dehydration and oxidation f Fe  the A site of spinel magnetite (the outer sextet) and one
prevents us from evaluating the weight gain corresponding attributed to F&5* in the B site; the Mesbauer spectrum at
to F&* oxidation in HT magnetite. The final phase trans- 77 K displays a sextet with broadened and symmetrical lines,

formation of maghemite into hematite is observed at around as expected. The latter spectrum can be well-described using

500 °C*® This was also confirmed by the DTA/TGA

experiment conducted on maghemite, where a similar feature(4) Aronniemi, J. P.; Sainio, J.; Lahtinen,Surf. Sci 2005 578 108.

is observed at around 50C in the DTA curve. (45) Jung Chu, WMagn. Reson. Imaging995 13, 675. .

(46) Fuijii, T.; de Groot, F. M. F.; Sawatzky, G. A.; Voogt, F. C.; Hibma,
T.; Okada, K.Phys. Re. B 1999 59, 3195.

(43) Xisheng, Y.; Dongsheng, L.; Zhengkuan, J.; Lide]JZPhys. D: Appl. (47) Kendelewicz, T.; Liu, P.; Doyle, C. S.; Brown, G. E., Jr.; Nelson, E.
Phys.1998 31, 2734. J.; Chambers S. ASurf. Sci.200Q 453 32.
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Figure 7. Méssbauer spectra of HT magnetite nanoparticles at 300 and 77 K with those obtained witty-Fe;:03—Fe&0O; solid solutions
K. with similar stoichiometry deviatioi5 shows that the
Table 2.5"Fe Mtssbauer Parameters for HT Magnetite Recorded at hydr(_)thermally syntheglzed magnetite is nOt_SL_JCh a solid
300 and 77K solution. Indeed, if the Mssbauer spectra are similar at 300

K, they are different at 77 K, as the spectrum is deconvoluted

isomer shift relative ' - ; ]
relative width at half  quadrupole hyperfine subspectral with only two sextets for the solid solution. It confirms XPS
to a-Fe* (mm/s) -height (mm/s) shift (mm/s) field" (T) _are& (%) results, i.e., that the stoichiometry deviation is due to the
300K presence of oxidized Fe ions at the surface of the
A 0.32 0.46 —0.00 49.1 45 ;
B 066 0.53 004 457 55 hanoparticle. _ _ _
77K Nevertheless, the value of the isomer shift of Fim the
0.40 0.40 0.00 50.7 42 A site is higher than that generally reported for the micro-
8-?3 8-21 —8-83 4515'3 %g metric magnetite. This suggests that some charge transfers
0.86 0.69 0.02 160 15 m|ght occur _alsc_) in the A .S|te, wh|_ch could be dt_Je to a
1.15 0.70 2.19 345 4 cationic distribution not as ideal as in bulk magnetite.
2 Standard deviation equal #0.01.° Standard deviation equal $0.2. 3.3. Magnetic Measurements.
¢ Standard deviation equal tal. Figure 8 shows a typical magnetization curve and hyster-

at least five components that are attributed t6"Hecated esis loop for the nanoparticles. The saturation magnetizations
in tetrahedral sites, Fe in octahedral sites, Fe with of the particles before and after hydrothermal treatment are
intermediate valence states, and'Fe octahedral sites. The  59.8 and 82.5 emu/g, respectively. Those values are lower
values of the hyperfine parameters, which are listed in Table than the theoretical value of the bulk magnetite (92 emu/
2, are consistent with those generally reported for magnetite,g) 52 as already observed by Goya et al. (75.6 emu/g for 150
except for the sextet area leading to &'re/Fe*"**ocaratio nm nanoparticled} and Panda et al. (67.8 emu/g for 12 nm
of 0.81, whereas the theoretical ratio is equal to 0.50, and nanoparticles)® A decrease inVis is often observed with
for the content of P& at 77 K, which is known to be about  nanoparticles and is attributed to the surface contribution:
10%:9®It is important to emphasize that the intensity ratio - spin canting, surface disorder, stoichiometry deviation, cation
of sextet A to sextet B is very sensitive to the stoichiometry distribution, and adsorbed species (water) as evidence from
of magnetite!319404950The intensity ratio, which exceeds TGA experiment€453 The temperature dependence of the
0.50, is generally attributed to a superstoichiometry in ZFC and FC magnetization for HT magnetite is presented
oxygen or cationic vacancies. In the present study, therein Figure 9. The ZFC curve displays two transition temper-
would be oxidation of F& on the B site in F& accom- atures: one around 122 K that corresponds to the Verwey
panied by vacancy formation, giving the general formula transition temperatureT() of pure magnetite and the other
Feta[Fe>"-asF€5<5]04*". Calculations of the stoichi-  at about 50 K, previously reported and attributed to a spin-
ometry deviation from relative subspectral area with two
different reported formulas) = 0.063 in Fg-,0,*° andd (48) Doriguetto, A. C.; Fernandes, N. G.; Persiano, A. I. C.; Nunes Filho,
= 0.057 in Fg_404,%° give a general formula of £gQs. E.; Grenehe, J. M.; Fabris, J. I:Phys Chem. Miner2003 30, 249.

(49) Balasubramanlam C.; Khollam, Y. B.; Banerjee, |.; Bakare, P. P;
The values of the isomer shift lead to an estimate of the Fe Date, S. K. Das, A. K - Bhoraskar 5. Wlater. Lett.2004 58, 3958.
valence state, i.e., the Fe content; assuming the isomer shiftso) Simmons, G. W.; Leidheiser, H., JApplication of Mmsbauer
Of F& e FE&"oua and F&geis at 0.25, 0.40, and 1.00 at \5;gﬁcltrogcl%%>cohen R. L., Ed; Academic Press: New York, 1976;
300 K, and 0.40, 0.54, and 1.15 at 77 K, respectively, one (s1) schmidbauer, E.; Keller, M. Magn. Magn. Mater2006 297, 107.
obtains FeydO4. Thus, the HT nanoparticles consist of (52) i*%n D. H.; Wang, H. L.; Luo, I. Magn. Magn. Mater1994 136,
magnetite with a slight deviation from stoichiometry, leading (53) Panda, R. N.; Gajbhiye, N. S.; Balaji, &.Alloys Compd2001, 326
to an Fe 0, compound. Comparison of the spectra at 77 50.
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45 the HT magnetite nanopatrticles, which display a stoichiom-
etry deviation, should present a decreas&nThe position

of Ty at 122 K and the Mssbauer results, which show that
the powders are notyaFe0;—Fe0, solid solution, confirm

that only the surface of nanopatrticles presents a stoichiometry
deviation and that the main volume is made of stoichiometric
magnetite. These results, high oxidation ofFan 12 nm
nanoparticles, and only surface oxidation in 39 nm nano-
particles are in agreement with the fact that'Fexidation
increases with decreasing particle size. The nonstoichiometric
part certainly explains the observed decrease in saturation
magnetization by comparison with the bulk values.
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Figure 9. ZFC/FC curves of magnetite nanoparticles (a) after and (b) before ~ We have successfully prepared magnetite nanoparticles
hydrothermal treatment under a field of 500 Oe. with an average size of 39 nm and a good monodispersity
i ) ) ) ] by a hydrothermal process using a (N(§4©H) solution
glass transition or spin reorientation of Fe magnetic mo- 45 4 hase. XRD and TEM studies reveal that the hydrothermal
ments®® Further characterizations, such as frequency- process leads to the formation of larger grains with controlled
dependent ac susceptibility measurements, will be performedggichiometry. The different techniques of characterization
to clear up this phenomena. The valueTafis similar 10644 10 a complete and unambiguous characterization of HT
that reported for bulk magnetité.Ty has been reported to  magnetite powders and let us say that the nanoparticles
be very sensitive to the stoichiometry, because the Fe .qnist of magnetite slightly oxidized on the surface with a
vacancy increase in the g0, leads to a decrease in the global composition of Fe:0s. The magnetic measurements
strength of the FeFe exchange on B sites. Indeeld, is show that the powder obtained after hydrothermal treatment
reported to decrease from f58:{0, at 125 K t0 FegsdO4 at has ferrimagnetic behavior at room temperature with satura-
100 K. This is clearly observed in magnetite nanoparticles jon magnetization of 82.5 emul/g, near that of bulk magnetite.
obtained before hydrothermal treatment, which present largethe microstructural and magnetic characterizations of the
deviations from stoichiometry (Figure 9)y is identified at 4 types of synthesized magnetite nanoparticles lead us to
around 100 K, and no transition is observed at 50 K. Thus, ¢jaim that the stoichiometry of magnetite has an important
effect on the magnetic properties.

4. Conclusion

(54) Aragon, R.; Shepherd, J. P.; Koenitzer, J. W.; Buttrey, D. J.;
Rasmussen, R. J.; Honig, J. Nl. Appl. Phys1985 57, 3221. CMO0O60805R



