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The soft chemistry method has been used to synthesize y-
Fe, 05 nanoparticles: various synthesis temperature were applied
to obtain nanometric powders with crystallite size in the 9—14 nm
range. Powders were characterized by X-ray diffraction (XRD),
Fourier transform infrared (FT-IR) spectrophotometry, surface
area measurements, and electron microscopy (TEM, SEM). It is
clearly shown that these nanometric powders are very well cry-
stallized as indicated by XRD and IR spectra which present
substructural bands attributed to vacancies ordering (P4,32).
Based on these model materials and in the crystallite size range
studied here, cell parameter appears to be not linked to crystal-
lite size. It rather depends both on hydroxide adsorption and
chemical COIIIpOSitiOll. © 2002 Elsevier Science (USA)

Key Words: maghemite; soft chemistry; nanometric crystal-
lites; X-ray diffraction; surface.

1. INTRODUCTION

The physical properties of nanosized materials exhibit
substantial differences from those of micrometric materials
(1). With decreasing particle size, an increasing fraction of
atoms lies near or on the surface. Moreover, the intrinsic
properties are strongly influenced by the surface in the
nanometric scale. Indeed, the surface represents the inter-
face between a solid and its environment. Since the solid
interacts only through this interface with its surroundings,
surface properties are of general interest. For example in
catalysis, the effect of chemisorption on surface electronic
properties has been checked (2). The surface effect could be
explained via two parameters: the surface stress coming
from the volume/surface discontinuity, which will influence
the properties of materials, and the surface energy, induced
by the creation of free chemical bonds near the surface,
which will disturb the thermodynamical properties of ma-
terials. For example, several studies have been reported in
the literature about the lattice parameter dependence on the
average crystallite size. This dependence has been shown for
y-Fe, O3 powders (1) and for BaTiO3 samples (3-5). To
explain this experimental relationship, the Laplace law has
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been introduced. The relationship between lattice parameter
and crystallite size has been explained by surface influence.
Since the surface energy is positive, the original Laplace law
implies that the internal pressure in the crystallite is more
important in fine crystallites than in coarse ones. Therefore,
a lattice parameter decrease would be observed when crys-
tallite size decreases. Since the opposite is observed, a de-
rived Laplace law which introduce surface stress (7) instead
of surface energy has been developed by P. Perriat to take
care of BaTiOj properties in fine powders (6, 7): for crystal-
lite size smaller than 0.08 pm, the material is cubic and the
smaller the crystallite size, the greater the cell parameter.
This derived Laplace law P;, = P.,, + 4T,/D gives the in-
ternal pressure, P;,, as a function of both the external
pressure P.,, and the surface stress per unit areca. With this
model, the cell parameter in the crystallite can decrease
(when Ty is positive) or increase (when T is negative) when
crystallite size decreases. Nevertheless, the surface stress
necessary to explain the experimental lattice parameter vari-
ation with grain size is prohibitive (>10Jm~2). So new
explanations have to be sought (such as noncontrolled para-
meters: adsorption, stoichiometry...). Iron oxides which
play a key role in several important processes have been
chosen for this new study.

The crystalline structure of most of the iron oxide can be
described in terms of close-packed planes of O~ anions
with Fe cations occupying the interstitial octahedral and, in
some cases, tetrahedral sublattices. Often both hexagonal
and cubic polymorphs exist (8). Maghemite y-Fe,O5, the
ferrimagnetic cubic form of Fe(III) oxide is closely related to
the structure of inverse spinel Fe;O,4 but differs from the
latter by the presence of vacancies distributed on the cation
sublattice. Its formula can be written (Fe**)[Fe? 51,310,
where () and [] designate respectively tetrahedral and oc-
tahedral coordination. It has been suggested that the va-
cancies can be distributed at random (space ground Fd3m)
or ordered as the lithium cation in LiFesOg (space group
P4,32) (9-12). In these iron oxides, a change of the cation-
to-anion ratio in the cubic phase leads to a deviation from
oxygen stoichiometry, Fe; -504. 0 is directly related to

0022-4596/02 $35.00
© 2002 Elsevier Science (USA)
All rights reserved.



460

the fraction of Fe?* which is oxidized into Fe**. It can be
positive or negative according to the nature of the defects:
cationic vacancies (6 > 0) or cation interstitial (6 < 0). In
principle, é could be varied in the spinel phase from negative
values to a maximum corresponding to the highest valence
of each cation (0., =& for Fes(; —;0,4). However, the full
range of ¢ has very rarely been investigated for the spinel
phase with a given grain size. In room conditions and even
in less restricted conditions (temperature lower than 500°C
and pO, higher than 107> Pa), the Fe?" cations are not
thermodynamically stable and are almost completely oxi-
dized to Fe®*, so that nanometric compounds homo-
geneous in chemical composition and with 6 ~ 0 cannot be
investigated in room conditions (13). That is why
maghemite (0 = 0,,.¢), rather than magnetite (6 = 0), has
been chosen for this study as a model material. In this paper,
a range of homogeneous y-Fe,O; nanoparticles has been
prepared by a soft chemistry method using ferrous and ferric
chloride salt precipitation. The precipitation was followed
by a thermal treatment to eliminate remaining impurities
and to reach a stoichiometric state where all Fe cations were
oxidized to Fe3* (8 = 6,,,,). The temperature of this treat-
ment was governed by four parameters: elimination of im-
purities [water vapor can adsorb molecularly or
dissociatively, the latter usually resulting in adsorbed hy-
droxyl groups on the surface (14)], oxygen stoichiometry of
the final product, crystallite size, and transition temperature
between y- and a-Fe,O5 [it is well known that y-Fe,O5 is
transformed to hematite a-Fe,O5 at temperatures between
350°C and 600°C as a function of its previous history
(15,16)]. These parameters have been optimized in order to
control the final y-Fe,O; product. The purpose of the pres-
ent paper is to investigate the relationships between the
vacancies ordering and the lattice parameter in the grain
size of y-Fe, O3 samples.

2. EXPERIMENTAL
2.1. Nanoparticles Preparation

Among the numerous methods of nanometer-sized pow-
der synthesis, soft chemistry precipitation has been chosen
(17, 18). Synthesis conditions were controlled to obtain pow-
ders homogeneous in size and oxygen stoichiometry (19).
The preparation was divided into three steps:

(I) Cations precursors, FeCl;-6H,O and FeCl,-4H,0O
(89.40 g and 145.15 g, respectively), were dissolved in 500 ml
of an HCI solution (pH < 0.5). Coprecipitation of this mix-
ture with a 28% NH; solution was conducted under stirring
(700 rpm). The reaction was exothermic so the basic solu-
tion was added slowly. Stirring was maintained for 20 min
to facilitate the aging process known as Oswald ripening.
During all these steps, the temperature was adjusted to
ambient, 50°C, 70°C, or 90°C in order to control the size of
particles obtained.
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(IT) The solution was then centrifuged at 3500 rpm. The
resulting brown powder was washed with bidistillate water
under ultrasonication for 5 min to eliminate chloride impu-
rities. The centrifugation/wash cycle was pursued until “sol”
appearence (about four cycles). A freeze-drying process then
allowed us to collect a highly divided powder. This method
involves solvent extraction under primary vacuum. In this
step, solvent was sublimated and was collected by a nitrogen
trap between the vacuum pump and sample.

(ITT) All powders synthesized by the previous methods
were submitted to a thermal treatment in order to eliminate
remaining impurities and to produce y-Fe,O; nanopar-
ticles. Under air atmosphere, samples were inserted at room
temperature in a tubular furnace, heated at 2°C-min ! up
to 250°C, and then kept in the furnace for 4 h. Maghemite
samples were then cooled slowly to room temperature by
shutting off the furnace.

2.2. Characterization of Nanoparticles

The oxidation reaction and impurities departure in pre-
cipitate (about 15 mg) were studied by thermogravimetry
(SETARAM TAG?24). This symmetric thermobalance was
able to measure weight variations of 0.1 pg.

Room-temperature XRD patterns were collected on a
Siemens D5000 automatic powder diffractometer, operating
at 35 mA and 50 kV (20). Fluorescence effects were mini-
mized by using CuKp radiation and correction for instru-
mental broadening was determined from a standard
reference material, annealed BaF,. Pattern decomposition
was carried out by means of both the profile fitting program
PROFILE (available in the PC software package DIF-
FRAC AT supplied by SIEMENS) and the Rietveld method
using the XND 1.22 software (21) to obtain parameters
defining the position, height, area, integral width, and shape
of Bragg reflections. Pseudo-Voight peak profile analysis,
using the Langford method (22, 23), was performed to deter-
mine both the average crystallite size (size of a region over
which the diffraction is coherent) and crystallographic im-
perfections (microdistorsions, stacking faults, etc.). The
powder lattice parameters were deduced from XRD line
positions using a least-squares refinement method with in-
house software taking into account the effect of sample gap.
This technique is used for data analyses in order to obtain
reliable lattice parameters despite the effect of sample ad-
justment on line positions (24).

Surface area measurements have been performed using an
AUTOSORB apparatus and 150-200 mg of powder. Sam-
ples were outgassed in situ at 200°C and the measurements
were performed at liquid N, temperature with N, adsorbing
gas. The generalized equation of BET has been used in
calculation of surface area values from the isotherm of
nitrogen adsorption. The mean apparent particle diameter
was inferred from surface area wusing the equation
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¢(nm) = 6000/4.86S where S is the surface area (m2-g~1).
TEM characterization, using a Jeol 200CX, has been per-
formed in order to investigate both the shape and the
granulometric distribution of the nanoparticles.

For absorbent preparation, maghemite nanoparticles
(2 mg) were supported on 100 mg of potassium bromide
(KBr). Samples were mixed and ground using an agate
mortar and pestle. After grinding, samples were pressed into
a disk, of 13 mm diameter, using a pressure of 150 kg-cm 3.
All spectra were recorded on a Perkin-Helmer 1725X FTIR
spectrophotometer.

3. RESULTS AND DISCUSSION

Powders prepared by soft chemistry were characterized
by X-ray diffraction and surface area measurements. If the
synthesis temperature was higher than 20°C, the spinel
phase was obtained directly whatever the temperature
(Fig. 1a). Figure 1b shows that a preparation temperature
below ambient formed only goethite (a-FeO(OH)) com-
pound. Temperature higher than 20°C is necessary to ob-
tain directly the spinel form. Table 1 gives the evolution of
surface areas and lattice parameters versus synthesis tem-
perature of the spinel phase obtained. It shows that surface
areas decreases when synthesis temperature increases: tem-
perature provides grain growth rather than germination
phenomenon. Although ferric and ferrous chlorides have
been dissolved in stoichiometric proportions, large devi-
ations from oxygen stoichiometry relative to significant
oxidation of Fe?™ cations to Fe** cations were observed
after precipitation. Such an oxidation was quantified by
X-ray diffraction from quantitative determination of cell
parameters by least-squares refinements (Table 1). All pre-
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FIG.1. XRD patterns of (a) Fey(; - 5 O4 powder (synthesis temperature

90°C) obtained by soft chemistry and exhibiting the spinel structure lines
and (b) goethite a-FeO(OH) powder obtained from low-temperature syn-
thesis (about 0°C and below).
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TABLE 1
Bulk and Surface Properties of Precipitates®
Synthesis temperature (°C) Amb. 50 70 90
BET surface area (£ 1m?-g~!) 169 132 116 100
Lattice parameter (4 0.001 A) 8.368 8.372 8.378 8.377

“Surface area was obtained by N, coverage measurements and lattice
parameter was calculated from the XRD pattern using refinement of line
shape position.

cipitates had a cell parameter equal to about 8.370 A. This
value has to be compared with the lattice parameters of
Fe;0, (6 = 0), 8.396 A, and y-Fe,O; (5 = ), 8.346 A, which
both have the spinel structure. Since the relationship be-
tween 0 and the cell parameter is approximatively linear (25)
a large oxidation of about 65% of the Fe?* cations was then
clearly evidenced. During precipitation and immediate
characterization under air atmosphere, oxidation of Fe?™*
cations takes place in crystallites due to their nanometric
sizes. As Fe? ™ cations are not thermodynamically stable in
air, a significant amount of Fe? " cations can be oxidized.
Such an oxidation phenomenon has been explained on the
basis of very significant stresses generated in the crystallites
during the oxidation mechanism (26).

To control elimination of impurities and oxygen
stoichiometry of maghemite powders, DTG measurements,
under air atmosphere, have been carried out. These
measurements show a mass loss (Fig. 2) attributed to the
elimination of impurities. The weight change owing to oxi-
dation of Fe?* appears to be negligible compared to the
weight loss due to adsorbed water and departure of impu-
rities. The highest mass loss peak at temperature of
20-100°C was consistent with impurities like water
physisorbed on surface. For identical mass samples, mass
loss was related to crystallite size through surface area: an
increase of particle size was accompanied by a decrease of
mass loss. Figure 2 shows that at about 250-300°C, mass
loss was negligible. Such temperatures were necessary to
eliminate remaining impurities. Nevertheless, a compromise
between phase transformation (y- and a-Fe,O3) and elim-
ination of impurities must be found. Indeed, the smallest
particles (9 nm) showed high reactivity: about 270°C, the
hematite compound was detected in samples (Fig. 3a). So,
the thermal treatment temperature must be controlled to
avoid hematite compound formation: it must be lower than
270°C. Calcination under air at 250°C for 4 hours after
a ramp of 2°C-min~ ! have been carried out. During this
treatment crystallite growth was negligible as seen by com-
parison of surface areas of powders before and after calcina-
tion (Tables 1 and 2). Table 2 shows that different
nanometric particles sizes were obtained as a consequence
of the strict control of reactor temperature at the time of
coprecipitation. The XRD patterns corresponding to these
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FIG.2. Thermogravimetric oxidation curves (a) %m = f(T) and differential curves (b) d(Am)/dt = f(T) of y-Fe,O5 samples obtained by soft chemistry

and with crystallite sites of 9, 10.6, 11.4, and 13.8 nm. Air flow was 0.16 1'min~* and temperature ramp 2°C-min 1.

samples were very similar and could be indexed on the basis
of the unit cell corresponding to maghemite crystallized in
the P4,32 space group (10) (Fig. 3b). No hematite was
detected at the resolution device (about 1.5% amount).
Moreover, FTIR experiments (Figs. 5 and 6), which are
more precise than XRD, did not show a-Fe,O5 structural
bands (580, 485, 385, 355cm~!). EELS, XANES, and
EXAFS experiments have also been carried out on these
powders. The patterns obtained (and not yet published)
illustrated only the presence of y-Fe,O3; compound. Cell
parameter refinement led to values in relation to the 8.346 A
theoritical value calculated by the Poix method (25). XRD
patterns were also consistent with crystalline samples with-
out amorphous phase. Indeed, the background level was so
low that the amount of the amorphous compound was
negligible. A calculation of this background level has been
carried out in our laboratory (taking into account Compton
effect, atoms vibrations, etc., but not the amorphous compo-

1

nents) and shows results similar to the experimental ones.
That was the proof that the amorphous component was
negligible. Consequently, there was no particles size below
5 nm which confirmed the narrow crystallite size distribu-
tion (1). Nitrogen BET measurements shows surface area
ranging from 133 to 89 m?-g~ ! (Table 2). TEM microscopy
(Figs. 4a and 4b) illustrates a narrow particle size distribu-
tion and spherical shape. Moreover, the major proofs of the
narrow size distribution of our powders were both the
symmetrical line profile of each diffraction peaks (27) and
the shape factor of this line profile which was intermediate
between 0.6466 and 0.9394 (for example, 0.729 for the (511)
peak). If our products had a wide size distribution, a Loren-
tzian profile would be obtained. According to the Langford
method, the peak broadening was due only to size effects:
after the thermal treatment under air atmosphere at 250°C,
a range of nanoparticles from 9 to 14 nm was obtained with
a controlled stoichiometry similar to that of the maghemite
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FIG. 3. Powder XRD pattern of the Fe,O; sample, obtained by soft
chemistry, containing (a) maghemite and hematite (# ) phases after thermal
treatment at 270°C for 4 hours in air and (b) maghemite y-Fe,O; sample
obtained at 250°C for 4 hours in air. All peaks are indexed and asterisks
illustrate vacancies ordering.

compound (Table 2) and without crystallographic imperfec-
tions. These observations show that it is possible to control
crystallite growth for the y-Fe, O3 oxide. Now it is essential
to provide evidence for the crystallinity and the purity of
these products.

Infrared spectra of the y-Fe,O; nanoparticles have been
reported (Fig. 5) to show the absence of chloride impurities
after thermal treatments. In Figs. 5a and 5b, some notice-
able absorption bands appeared, even after thermal treat-
ment, at ~ 3400, 1640, and in the 800-400 cm ~ ! region. The
high-frequency bands (3400 and 1640 cm ™ ') were assigned
to hydroxide and water, respectively, on the maghemite
surface. Low-frequency bands (800-400cm™!) were as-
signed to spinel y-Fe,O; structure. Interpretation of these
two bands has been proposed by R. D. Waldron (28) and W.
B. White (29): v; band (580 cm ™) refers to Fe-O deforma-
tion in octahedral and tetrahedral sites while v, band
(420 cm 1Y) refers only to Fe-O deformation in octahedral

TABLE 2
Bulk and Surface Properties of Nanometric y-Fe,O; Powders”
Synthesis temperature (°C) Amb. 50 70 90
BET surface area (+ 1 m?-g~!) 133 116 108 89

Particles diameter (+ 1 nm)
deduced from surface

area measurements 9.3 10.6 11.4 13.8
Lattice parameter (+ 0.001 /OX) 8.347 8.349 8.347 8.346
Particles diameter (XRD data)

(42.0 nm) 8.4 9.2 10.7 12.3

“Surface area was obtained by N, coverage measurements and used to
determine particle diameter. Lattice parameters were calculated from XRD
pattern using refinement of line shape position.
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FIG. 4.
y-Fe, O3 sample, obtained by soft chemistry, after thermal treatment at
250°C for 4 hours in air with its corresponding SAD pattern (b) which
shows good crystallization. This sample has an average crystallite size of

(a) Bright-field image of the spherical shape nanocrystalline

15 mn and surface area of about 89 m?-g~ 1.

sites. The 900-1400 cm ~ ! bands on the precipitate spectrum
(Fig. 5a) showed the presence of impurities like chlorides.
After thermal treatments, these bands disappeared and ad-
ditional substructures bands (730, 696, 636, 560, 482, and
442 4+ 2 cm™ ') were visible on the enlargement of the in-
frared spectrum at the lowest wavenumbers (Fig. 6). These
well-resolved absorption bands were due to the ordered
spinel structure which exhibits a larger number of IR bands
than the disordered material (29, 30).

Vacancies in the y-Fe, O3 compound could be ordered as
previously stated in the introduction (31). The ordering
scheme adopted by y-Fe,Os, like LiFesOg, depends on both
the crystallite size and synthesis route (9). It was suggested
that vacancies ordering changes the symmetry of the spinel
phase (cubic Fd3m to tetragonal P4,2,2,) (28) or appears
without any distortion of cubic cell (cubic Fd3m to cubic
P4,32) (12). This change in symmetry (space group: Fd3m to
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FIG. 5. Infrared spectrums of maghemite nanoparticles supported on

potassium bromide (a) before and (b) after thermal treatment at 250°C for
4 hours showing the presence of hydroxide (3400cm™!) and water
(1640 cm ~ 1), appearance of y-Fe,Oj3 structure bands (< 800 cm™'), and
departure of some impurities such as chloride (900-1400 cm™!). From
bottom to top, spectrum (a) and (b) 9, 10.6, 11.4, and 13.8 nm.

P4,32) induces additional bands particularly in the well-
resolved high-frequency triad at 700-500 cm ™!, In the liter-
ature, these additional bands were reported to disappear for
crystallite size lower than 10 nm (29); that was not the case
here. The vacancies in y-Fe, O3 particles synthesized in this
study were not distributed at random. With resonant XRD
and neutron diffraction experiments we have shown that the
vacancies were in the octahedral position (32, 33).

Figure 7 shows the lattice parameter variation with crys-
tallite size of y-Fe,O; reported in the literature (1) and in the
case of the well-controlled maghemite particles of the pres-
ent study. The crystallite size modification of our products
does not induce lattice parameter variation. A similar result
has been obtained for controlled titanium ferrite
Fe, 5Tiy 50,4 in the 8-60 nm range (33). The lattice para-
meter variation in the 8.346-8.396A range observed by
Ayyub et al. (1) may be rather due to the lack of control of
the deviation from oxygen stoichiometry of their products.
Indeed, 8.396 A is the lattice parameter of magnetite and
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FIG. 6. Enlargement of infrared spectra of maghemite nanoparticles
supported on potassium bromide after thermal treatment at 250°C for
4 hours showing substructure bands of maghemite. These bands confirmed
the crystallinity of samples even at about 9 nm crystallite size. From
bottom to top: 9, 10.6, 11.4, and 13.8 nm.

8.346 A is that of maghemite. Such a variation may be also
due to the vacancy ordering (in tetrahedral or octahedral
coordination). Figure 7 shows that in the range 9-14 nm
maghemite with controlled vacancy ordering, oxygen
stoichiometry, and surface cleanness does not show any
lattice parameter variation (8.347 + 0.002 A for all these
powders). In the same way, the evolution of the lattice
parameter observed on BaTiO; samples (3-5) has been
explained by the lack of control of hydroxide amount in
these powders treated at different temperature (34). So for
the y-Fe, O3 model materials studied here and in the particle
size range (9-14 nm), the cell parameter appears to be not
linked to crystallite size. However, Hansen et al. (35) demon-
strated in the case of nanometric metal particles that there
were very small changes in bond length with particle size. It
was found that there was a tendency for the distance
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FIG. 7. Correlation between the cell parameter (cubic) and the
XRD particle size in y-Fe,O3; nanoparticles. The variations observed
from P. Ayyub’s data (1) may be due to the lack of control of the
material’s chemical composition. In this study, cell parameters do not
vary significantly with crystallite size (stoichiometry and cleanness
are controlled).
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between the first and the second layers to contract of
2.5-4.5%. This effect was seen in the 0.8-10 nm range.
Moreover, on our y-Fe,O3; model nanoparticles, studies of
water adsorption that we have not yet published show small
changes in lattice parameter versus surface coating. In con-
clusion, the surface has a small influence on the lattice
parameter but only in the case of water adsorption or for the
first atomic layers.

4. CONCLUSION

A size-fixed range of maghemite nanoparticles y-Fe,O;
has been synthesized by a soft chemistry route using precipi-
tation of chloride salts in stoichiometric proportions. Vary-
ing synthesis temperatures lead to different sizes of
nanoparticles from 9 to 14 nm. In order to obtain highly
divided powder, centrifugation and freeze-drying processes
have been used before thermal treatment at 250°C under air
atmosphere. X-ray diffraction and surface area measure-
ments confirmed the nanometric scale. TEM and XRD
showed both their narrow size distribution and their spheri-
cal shape. Absorption bands in IR spectra were assigned to
hydroxide, water, and maghemite structure. Substructure
bands were observed even at 9 nm showing the perfect
crystallographic order of ions and vacancies. No impurities
were revealed after thermal treatment. For these model
materials and in this crystallite size range, particles size does
not influence lattice parameter. The lattice parameter
variation (8.346-8.396 /OX) range observed by Ayyub et al. (1)
may rather be due to the lack of control of the deviation
from oxygen stoichiometry of their products or of the va-
cancy ordering. The effect of surface stress on lattice para-
meter appears to be negligible in the 9-14 nm range.
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