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Abstract

The synthesis, the chemical, morphological, structural characterization and the magnetic properties of amorphous iron
oxyhydroxy phosphate nanoparticles are reported. Aggregated spherical particles (diameter: 5-12nm) are obtained showing a
ferrihydrite-like behavior similar to that of the bacterial ferritin iron oxyhydroxy-phosphate core. A superparamagnetic behavior is
observed with blocking temperatures ranging from ~20 to ~50K depending on the iron and phosphate content.
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1. Introduction

Amorphous metal oxides have relevant industrial
applications in a variety of sectors, e.g. in solar energy
transformation, magnetic storage media, electronics and
catalysis [1]. Furthermore, iron oxide polymers accom-
plish important functions in biology, agriculture and the
environment. In fact, in the first case, iron (III)
oxyhydroxy polymers or clusters containing thousands
of iron atoms are present as polynuclear aggregates of
nanometer dimensions in the protein ferritin and in the
related material, hemosiderin. For ferritin isolated from
bacterial sources however, a high phosphate content
induces the formation of amorphous iron (III) oxyhy-
droxy phosphate [2].

In agriculture, in iron oxide-rich soils, interaction of
phosphate with iron oxide soil minerals leads to a
restricted bio-availability of phosphate for plant nutri-
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tion [3]. Finally, changes in iron supply to oceanic
plankton are thought to have a significant effect on
concentrations of atmospheric carbon dioxide, by
altering rates of carbon sequestration, the basis of a
theory known as the ““iron hypothesis™ [4].

Despite of many investigations [5-7] reported so far,
some aspects, e.g. regarding the composition of the
active iron oxide species and the interactions with
phosphate ions, need further study. In fact, many
research groups in the last 30 years [8] investigated both
the mechanism and the formation of iron oxides by
hydrolysis and polymerization of iron salts in water. A
fascinating result was the comprehension of the role
played by counter ions in determining well-defined
particle shapes. For example by hydrolysis and poly-
merization of 3.8 x 107> M FeCl; in aqueous solution at
100°C, rhombohedral hematite crystals (minor and
major axis: 18-33 nm) are obtained. The particle shape
is determined by the presence of chlorine ions that, as
weak complexing agents, induce the particle growth in
preferential directions [9]. Other ions can induce
morphological transformations. As a matter of fact, an
addition in the reaction of small amounts of phosphate
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ions induce, due to their light adsorption on iron oxide
via complexation of Fe'', the formation of acicular
hematite nanoparticles [10,11] as the final product.

To explore and study the behavior of phosphate ions
during the formation of iron oxides, the concentration
of phosphate has been varied keeping constant the
concentration of the iron salt. Besides crystalline iron
oxide and iron oxyhydroxy phases, we have observed
the formation of amorphous iron oxyhydroxy phos-
phate and ferrihydrite nanoparticles. Due to their
importance in nature and the scarcity of chemical
information in the literature, we have investigated in
this work their formation and their morphological—
structural and magnetic properties.

2. Experimental
2.1. Material and method
Sodium phosphate monobasic dihydrate p.a.

(NaH,POy4 - 2H,0) and ferric chloride hexahydrate

Table 1

p.a. (FeCly-6H,0) were purchased from Acros and
Fluka respectively and used as received. The solutions
were prepared using Water Plus from Carlo Erba.

Iron oxyhydroxy phoshate particles were prepared by
adding to a 1500 mL aqueous solution of 1 x 10~*M (S1),
2x 107*M(S2), 4% 107*M (S3) and 6.8 x 107*M (S4)
NaH,PO, at 100°C, 278 mg (6.8 x 10~*M) FeCl; - 6H,0.
The reactions were stirred under reflux for 3 days. The
precipitates were repeatedly centrifuged and washed with
water to remove all extraneous ions. The product yield,
referred to iron, was 80-85% (Table 1).

TEM measurements were performed with a JEOL
4000 FX microscope equipped with an Energy Dis-
persive microscopy (EDS) spectrometer operating at
400kV.

X-ray diffraction measurements were performed with
a SEIFERT XRD 3000 automated powder diffract-
ometer.

TG-DTA measurements were performed with a STA
781 REDCROFT STANTON 1500.

The iron content was determined with an induc-
tively coupled plasma atomic emission spectrometer

Experimental conditions for preparation of iron-oxide, -oxyhdroxy, -oxyhydroxy phosphate and ferrihydrite nanoparticles with crystalline phases

identified by X-ray diffraction and particle size by TEM

Prep No. Sample FeCl; (M/L)  Na H,PO4M/L) R: Fe/PO, T (°C) React. time (days) Phase® Shapeb Size® (nm)
1 5.4%1072 14x1073 38.6 100 3 p-FeOOH Rod°®
d 500 1 Amorphous® )
2 3.0x 1072 3.8x107* 79.0 100 10 a-Fe,04 Ac 400/700
3 2.0x 1072 3.8x 1074 52.6 100 3 a-Fe,04 Ac. 400/90
4 20x1072 3.5%x107* 57.1 100 3 a-Fe,0; Ac. 300/150
5 1.0 x 1072 2.6x107* 38.4 100 3 a-Fe,0; Ac. 90/25
6 1.1x 1072 27%x107* 38.6 100 10 a-Fe,0; Ac. 100/200
7 1.1x 1072 55x107* 19.1 100 12 7-FeOOH Rod. 150/40
8 6.8x 1073 2.1x107* 32.3 100 12 y-FeOOH Rod.
9 5.0%x 1073 1.0 x 107 50.0 60 7 »-FeOOH Rod.
10 3.8x107° 9.0x 1073 41.8 100 2 7-FeOOH Rod.
11 3.0x 1073 100 4 a-Fe,0;4 Rom.t  18/33
12 3.0x 1073 8.0x107° 37.5 100 2 Amorphous  Sph.P See text
13 26x%x1073 6.4x107° 40.6 60 10 y-FeOOH Rod.
14 21%x1073 6.4x107° 32.2 60,100 3,9 y-FeOOH Rod. 500/80
15 S1 6.8 x107* 1.0x107* 6.8 100 3 Amorphous  Sph. See text
16 S2 6.8 x107* 20x107* 3.5 100 3 Amorphous  Sph. See text
17 6.8x107* 20x107* 3.5 100 30 Amorphous  Sph. See text
d 600  2h Amorphous  Sph.
18 S3 6.8 x107* 40x107* 1.7 100 3 Amorphous  Sph. See text
19 6.0x 107 1.1x107° 53.1 100 45 y-FeOOH Rod. 300/70
20 6.8x107* 20x107* 3.4 85 15 Amorphous  Sph. See text
21 S4 6.8 x107* 6.8x107* 1.0 100 3 Amorphous Sph. See text
22 6.8 x107* 1.0x107* 6.8 85 3 Amorphous  Sph. See text

#Phase determined by X-ray diffraction measurements.
®Shape and size determined by TEM measurements.
“Rod-like shape.

4Thermal treatment of the above reported sample.

¢ Amorphous iron oxyhydroxy phosphate.

fAc.: acicular shape, average size of the minor and major axis, respectively.
£Rom.: rhombohedral, average size of the minor and major axis, respectively.

"Sph.: spherical.
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(Perkin—Elmer), the atomic P/Fe ratio by EDS and the
H,0 loss by TG-DTA measurements.

S1: Sp: Fe: 45.6%; P/Fe: 0.16; theoretical for [FeO
(H20)2]3PO4+ 1.7 [F6203' 1.8 Hzo]l Fe: 47.90/0;
P/Fe: 0.16. H,O loss: sp: —19%, theoretical: —22%.
S2: Sp: Fe: 41.8%; P/Fe: 0.31; theor. for [FeO
(H,0),]5PO4+0.2 [Fe,O3-1.8 H,0]: Fe: 41.5%;
P/Fe: 0.29. H,O loss: sp: —24%, theor: —27%.

S3: Sp: Fe: 36.5%; P/Fe: 0.57; theor. for [FeOg¢>
(H,0),]; 7POy4: Fe: 35.4%; P/Fe:0.59. H,O loss: sp:
—20%, theor: —23%.

S4: Sp: Fe: 34.7%,; P/Fe: 1.2; theor for FePOy: Fe:
37.0%; P/Fe:1. H,O loss: sp: 0%, theor: 0%.

Infra red measurements were performed with a
Perkin—Elmer 16F PC instrument.

UV-visible diffuse reflectance spectra were obtained
with a CARY 5 spectrophotometer equipped with an
integrating sphere coated with MgO.

Magnetization measurements were carried out by a
commercial SQUID magnetometer in the temperature
range 5-300 K.

Moéssbauer spectrometry was carried out by a
conventional transmission Mdssbauer spectrometer,
using a >’Co source in Rh matrix. Calibration was done
using a 25 um thin natural iron foil.

3. Results

3.1. Chemical, structural and morphological
characterization

To study the role of the phosphate ions during the
hydrolysis of FeCls, aqueous solutions of 6.8 x 107*M
FeCl; were reacted for 3 days at 100°C in the presence of
1x107*M (SI), 2x 107*M(S2), 4 x 107*M (S3) and
6.8 x 107*M (S4) NaH,PO,, respectively.

Microanalysis of the iron and phosphorus content
and thermogravimetric measurements are consistent, for
samples SI1 and S2, with the formation of iron
oxyhydroxy phosphate [FeO (H20),]; PO, and different
amounts of ferrihydrite x[Fe,O5; 1.8 H,O] (S1: x = 1.7,
S2: x =0.2) and for sample S3 with iron oxyhydroxy
phosphate [FeOy 62(H,0),]; /P04, whereas sample S4 is
formed by iron phoshate FePO, (see the experimental
part).

Bright field TEM micrographs evidenced in all
samples agglomerates of small particles with diameter
of 5-12nm ca. (Fig. 1). Diffuse rings were observed in
all diffraction patterns indicating the presence of
disordered structured material; bright spots of about
4nm are observed in TEM dark field micrographs of
S1-S2 samples (Fig. 2) S1 showing the highest fraction.
They could indicate the presence of a short range
crystalline structure constituted by the 2-line ferrihydrite

2USI1A AR AKU  HBAK  {BBne —

40 00 rem

Fig. 2. TEM dark field micrograph of SI.

as supported also by X-ray diffraction measurements
(see below).

X-ray diffraction measurements on the as-prepared
oxyhydroxy-phosphate particles (S1 and S2) showed
only two broad peaks centred at 20 = 35 and 20 = 62
ca., indicating the presence of the 2-line ferrihydrite
structure (Fig. 3a), whereas for S3 and S4 no peaks
could be identified. When the samples were treated at
1100°C for S5min, the diffraction measurements re-
vealed, in addition to a broad peak centered at 20 = 24
ca. denoting an amorphous state, peaks attributable
to a crystalline Fe;PO; fraction (JCPDS-ICDD 37-61)
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Fig. 3. (a) X-ray diffraction powder spectrum of S2 as prepared and
(b) after heating at 1100°C for 5min.

(Fig. 3b). The formation of iron phosphates after
thermal treatment at high temperatures of powders
resulting from the reaction of FeCly; and NaH,POy is
known in the literature [12].

3.2. TG-DTA measurements

The TG and DTA curves of S2 are shown in Fig. 4.

The TG curve denotes, in the range 30-200°C, a
weight loss of about 19%; no other changes are
observed below 1000°C. TG curves of the other samples
are similar to that of S2 differing only in the weight loss
% (see experimental part). DTA curves of the iron
oxyhydroxy phosphate samples S1-S3 are very similar:
after two endothermic peaks at 80°C and 130°C,
attributable to desorption of water and condensation
of hydroxide ligands, respectively, a broad exothermic
peak centered at 370°C is present in all samples,
probably due to polymerization processes of iron
phoshate groups. The two exothermic peaks at 650°C
and 720°C can be attributed to solid—solid phase
transitions [12].

3.3. IR and UV-visible measurements

In all S1-S4 samples the IR measurements show the
presence of broad bands in region 1100-850cm ™!
attributable to stretching vibrations of the phosphate
groups [13] (Fig. 5). A well-defined strong band at
1262cm ™', present only in S1, is attributed to P-OH
stretching vibration. A strong absorption at 950 cm ™!
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Fig. 4. TG-DTA of S2.
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Fig. 5. IR spectra of a-Fe,O;, f-FeOOH and S1-S4.

observed in S1 and as a shoulder in the other samples
and absent in the «-Fe,O; and FeOOH spectra, is
attributed to phosphate vibrations [13]. It is worth
noting that when moving from the S1 to S4 samples (i.e.
increasing the phosphate content), the bands widen out
indicating an increasingly amorphous state. The reflec-
tance (Fig. 6) and the Kubelka Munk remission function
spectra (Fig. 7) differ from those of the most common
iron oxide and iron oxyhydroxide phases, showing a
strong similarity indeed with those of ferrihydrite [14].

3.4. Magnetic susceptibility measurements

The results of magnetization vs. 7 measurements,
performed according the ZFC (zero-field cooling) and
FC (field cooling) procedures, are reported in Fig. 8.
The curves exhibit the typical features (maximum of
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Fig. 6. (a) Reflectance spectra of S1-S3 and (b) reflectance spectra of
iron oxides [9].

ZFC magnetization, low-temperature splitting between
FC and ZFC susceptibility) of an assembly of magnetic
nanoparticles whose particle moments thermally fluc-
tuate freely in the high-temperature superparamagnetic
state and are blocked at sufficiently low temperatures.
For an assembly of independent particles, with volume
distribution (V), implying a distribution of anisotropy
energy barriers Ep (Eg= K,V for uniaxial anisotropy)
and then of relaxation times (7) [15], as the temperature
decreases, progressively, according to such distribution,
the particle moments freeze. The temperature of the
ZFC maximum (7y) is related to the average blocking
temperature (7'g) according to relationships which
depend on the volume distribution function [16]. For a
particle of volume V| with uniaxial anisotropy, kg T =
K,V Int, /19 (kg is the Boltzmann constant, K, is the

02
Maghemite
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01 Hematite
0.0
038
06 S2
g g
S 04 =
o o
5 <
= =]
= 02 <
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é 00 2 o
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Fig. 7. Kubelka Munk remission function vs. wavelength of S1-S3
and iron oxides [14].

anisotropy constant; f#;, is the measuring time; 7) =
107°—10"'!s, according to the Néel-Brown model).
Therefore, Ty increases with the average particle
volume. In the presence of interparticle interactions,
Twm is expected to increase with increasing interaction
strength, leading to an increase in the -effective
anisotropy energy barrier [17].

The results show an increase of Ty; with decreasing
phosphate content. This reflects an increase of the
strength of dipole—dipole interparticle interactions with
an increase of the iron/phosphate ratio, i.e. moving from
S4 to S1 samples.

The increase of the strength of interparticle interac-
tions is confirmed by the change of the behavior of the
FC susceptibility, moving from a Curie like behavior,
for sample S4, as expected for independent particles, to
a plateau below Ty, as usually observed in strongly
interacting particles, showing a collective blocking of
moments, as in spin-glasses [18].

The increase of the FC magnetization at low
temperature, observed for the S2-S4 samples, suggests
the existence of a fraction of still unblocked, very small
particles at low temperatures.

Hysteresis cycles at SK up to 5T show no saturation
and an increasing coercive field moving from S4 to S1
samples (Fig. 9). This is consistent with the increase of
the fraction of the speromagnetic ferrihydrite phase with
decreasing phosphate content.

3.5. Mdssbauer measurements
The hyperfine parameters deduced from Mossbauer

spectra taken at different temperatures are shown in
Table 2.
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Fig. 8. ZFC-FC susceptibility vs. 7' (H = 20Oe ) of S1-S4.

Spectra taken at 300 and 80 K show a central doublet
for all samples. The isomer shift values suggest that iron
atoms are in the Fe®* state and although the values are
slightly larger than the reported data, they agree quite
well with those of ferritin [19] and ferrihydrite [20]. The
high value of the quadrupolar splitting (usually 0.5-0.6
in crystalline ferric sites in iron oxides) indicates poor
cristallinity and agrees very well with the value of
ferryhydrite [19].

The fit values corresponding to the 4.2K spectra,
where all iron atoms are in the blocked state, agree with
those of ferryhidrite [15,21]: a negative value for the
quadrupolar shift and a low hyperfine field value (clearly
ruling out hematite). It must be taken into account that
ferritins are a family of iron-storage proteins containing
a core of a hydrous ferric oxide-phosphate mineral
which is similar in structure to the mineral ferrihydrite.
Measurements at 4.2K confirm the role of phoshate
concentration in the formation of iron oxyhydroxy
phoshate nanoparticles. The higher the phosphate
concentration, the lower the crystallinity fraction of
the sample, as it is supported by a decrease in the
average hyperfine value and a wider magnetic hyperfine
field distribution for sample 3, as seen in Fig. 10.

4. Discussion

A summary of the experimental conditions we have
used for the formation of the different iron oxide
particles is reported in Table 1. Two main competing
factors are responsible for the formation of the different
products: (1) the concentration of the FeCl; salt that
determines the magnetic interactions between the
primary particles and (2) the ratio R=[FeCl;]/[PO3 ]
that establish the role of phosphate ions. For high FeCl;
concentrations (107> M/1) and high R values (80-40), the
driving force is the magnetic interaction between iron
oxide nuclei, whereas phosphate ions adsorbed on their
surface determine the final acicular or rod-like crystal-
line particle shape [10]. For low FeCl; concentrations
(107*M/L) and low R values (7-1), the high phosphate
concentration leads to the formation of amorphous iron
oxyhydroxy phosphate nanoparticles. In the other cases
(high FeCl; concentration and low R values, low FeCly
concentration and high R values) y-FeOOH particles are
obtained.

For example, it is interesting to compare the
preparations 10, 11 and 12 in Table 1: two different
iron oxides, lepidocrocite (y-FeOOH) (prep. 10) and
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Table 2

Hyperfine parameters at different temperatures (g is the isomer shift quoted relative to metallic Fe, I' is the FWHM value of bands, A is the
quadrupolar splitting, 2¢ the quadrupolar shift of the sextet and { Bpy,» the mean hyperfine field)
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Fig. 9. Magnetization vs. H (T = 5K) of S1-S4.

Sample Temp. (K) Ope (mm/s) I' (mm/s) A (mm/s) 2¢ (mm/s) { Bhyp» (T)
(£0.02) (£0.02) (£0.02) (£0.02) (£0.05)
S1 300 0.46 0.44 0.69
80 0.51 0.56 0.75
42 0.48 —0.07 48.0
S2 300 0.44 0.52 0.74
80 0.56 0.60 0.78
42 0.47 —0.09 47.7
S3 300 0.47 0.46 0.72
80 0.54 0.50 0.76
42 0.47 —0.08 453

amorphous iron oxyhydroxy phosphate nanoparticles
(prep. 12) are obtained by comparatively low [PO;°]
(9% 107> and 8x107°M, respectively) and [FeCls]
decreasing from 3.8 x 10> M to 3 x 10> M. A decrease
of [Fe "] determines the prevailing amorphous effect of

the phosphate, whereas if phosphate is absent in the
reaction (prep. 11), well-defined rhombohedral particles
of hematite are obtained.

Finally, it is interesting to note that, among the
possible iron oxyhydroxy phases, only y-FeOOH was
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Fig. 10. M&ssbauer spectra at 4.2K of S1-S3.

observed except in prep. 1 (see Table 1) where f-FeOOH
agakaneite was formed. In this case, in fact,
the CI™ anions, present in high concentration, fill and
stabilize the anion-deficient channels of the f-FeOOH
structure [9].

5. Conclusions

By forced hydrolysis of FeCls in the presence of
NaH,PO,, depending upon the reaction conditions,
acicular a-Fe,O;, y-FeOOH or amorphous iron (I11)-
oxyhydroxy-phosphate nanoparticles are obtained. Two
main competing factors are responsible for the forma-
tion of the different products: (1) the concentration of
the FeClj; salt, that determines the magnetic interactions
between the magnetic nanoparticles and (2) the ratio
R=[FeCl5]/[PO; "], that determines the role of phos-
phate ions. In particular, for low FeCl; concentrations
(107*M/L) and low R values (7-1), the formation of
iron oxide is hindered by a phosphate concentration
comparable to that of the iron, and amorphous iron
oxyhydroxy phosphate is formed. Morphological
(TEM), spectroscopic and magnetic (UV-vis, IR,
Méssbauer, magnetic susceptibility vs. T and vs H)
characterization showed amorphous nanoparticles with
a ferrihydrite-like behavior analogous to the bacterial
ferritin iron oxyhydroxy-phosphate core. Such particles
could represent a good model-material for the study of
the bacterial ferritin core.
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