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Structural and magnetic properties of nanocomposite, consisting of Fe,P particles dispersed in a porous
carbon matrix, have fully been investigated using X-ray diffraction, Méssbauer and ac and dc magneti-
zation measurements. Besides production of the nanocomposite, using an activated carbon (prepared by
chemical activation of a char with HsPO,), impregnation with a Fe3* salt in aqueous medium and
subsequent heat treatments under N, flow, we found a formation of hexagonal Fe, _ P and orthorhombic
FeP in a mass ratio of 4:1, respectively. Low temperature Mdssbauer spectra revealed that a large fraction
(ca. 28%) of the material is in the paramagnetic state, suggesting that part of the Fe, P phase appears in
the form of very small particles. A metamagnetic phase transition was also observed for non-stoichio-
metric Fe, P nanoparticles. It is observed at about 150 K, well below the ordering temperature of the
Fe,P phase (230 K), and is dependent on the dc-probe fields. Also, the Fe,_,P nanoparticles were found
to have a hard-like magnetic character at low temperatures, with coercive field Hc of 1.3 KOe. Con-
sidering these interesting magnetic and hyperfine properties and also the large specific surface area of
the porous carbon matrix, which is not severely reduced after impregnation with the Fe-containing

compounds, one may point to promising technological applications of the produced nanocomposite.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The existence of size-dependent magnetic and catalytic prop-
erties in nanostructured materials has been extensively demon-
strated in many studies [1-4]. Based on that, extensive efforts have
been undertaken targeting the production of nanocatalysts, either
non-supported (“free” particles) or supported in a specific matrix
[5-8]. A class of materials that has systematically been studied
from production as well as characterization viewpoints is that
related to transition-metal (TM) compounds (e.g., oxides, carbides,
nitrides, phosphides, etc.), since these TM-based products can
catalyze many reactions [2,9-12], besides often presenting pecu-
liar magnetic properties [1]. In particular, while the Ni,P nano-
product has been prepared by a wide variety of methods [13-18],
the supported Fe,P catalytic product has not received so far much
attention as the previous one, mostly due to its poor activity in
hydro-treating reactions [2]. Nevertheless, it was recently shown
that the Fe,P catalysts can favor NH; decomposition [19], enhan-
cing the potential of this material for technological applicability.
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These observations have motivated the search for alternative
methods for the production of free or supported Fe,P nano-
particles. An example is a recent report on a novel carbothermal
route for the synthesis of Fe,P nanoparticles supported in carbon
nanotubes [2]. Other investigated synthesis methods include the
reaction of Fe(CO)s with alkyl phosphine [20] and the solid-state
reaction between FePO4-2H,0 and KBH,4 [8].

Concerning the Fe-P system, nearly non-stoichiometric Fe, _,P
series has a hexagonal-type structure ( P62m space group) with
lattice parameters close to a=5.852A and c=3.453 A. Conse-
quently, from the crystallographic viewpoint, it is difficult to dis-
tinguish the pure Fe,P compound from the rest of the series. In the
hexagonal-like structure, the Fe atoms occupy two non-equivalent
sites named hereafter as Fe-I and Fe-II. The Fe-I atoms are located
at the corners of a distorted tetrahedron of four P atoms, while the
Fe-Il atoms occupy a site with pyramidal-like symmetry formed
with five P atoms [21]. On the other hand, from the magnetic
viewpoint, the non-stoichiometric Fe,_,P series is very sensitive
to the Fe-content [22,23]. Two important features should be ad-
dressed: (i) the paramagnetic-ferromagnetic (Tc=Curie tempera-
ture) transition temperature of the ordered Fe,P compound is
reported to be in the interval of 215-235 K (it depends on sample
preparation conditions, i.e., different crystal quality: amount of
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impurities, of defects, etc) [22-25]; (ii) for Fe-content in the in-
terval of 0.03 < x < 0.06, the Fe, _,P series shows a metamagnetic
phase transition (MPT), with a first-order character and Tc-values
much smaller than those found in the stoichiometric phase, i.e., ca.
150 K [22,23]. These magnetic features can be used to characterize
the Fe,P phase embedded in a desired matrix (support) and con-
sequently to improve their interest from basic as well as from
technological viewpoints.

Here we report on the preparation and characterization (of
structural, magnetic and hyperfine aspects) of a nanocomposite
consisting of Fe,P nanoparticles dispersed in a porous carbon
support. The chosen support was an activated carbon (AC) pre-
pared from the chemical activation (with H3PO4) of the endocarp
of babassu coconut (scientific name: Orbigny aphalerata Martius).
This lingocellulosic material is an abundant solid residue of the
production of babassu oil in Brazil, presenting high lignin content
and leading to the production of activated carbons with high
porosity (mostly due to micro-pores) [26,27]. After chemical acti-
vation with H5POy4, a large amount of P-containing groups remain
in the AC structure, mainly as phosphate [28]. In the method here
described, the P-rich AC is impregnated with an aqueous solution
of Fe>* ions, leading to the production of nanostructured iron
oxides embedded in the porous AC structure [29]. The reaction at
temperatures in the range 700-900 °C of these iron oxides with
the P-containing groups present in the AC results in the formation
of Fe phosphate and, at even higher temperatures (1000 °C), these
are reduced to Fe,P and FeP species.

Following this method, we were able to prepare Fe,P particles
with crystallite sizes of ca. 80 nm embedded in a porous carbon
matrix with an initial specific surface area (SSA) of about
2000 m?/g, a feature that enhances the technological applicability
of the produced nanocomposite in catalysis, for example. More-
over, since the Fe,_,P series has iron as one of its natural con-
stituents, Mdssbauer spectroscopy (MS) is the most suitable ex-
perimental method to determine hyperfine parameters (electron
and spin densities at the Fe probe as well symmetry of the Fe-
environment) and consequently to give information on the types
and amounts of Fe phases present in the produced material. It is
worth pointing out that despite the Fe,_,P compounds having
similar crystallographic and hyperfine parameters, MS is capable
of identify different Fe—P phases that are formed after heat treat-
ments at high temperatures. Moreover, since the magnetic prop-
erties of the Fe,_,P series are sensitive to the Fe content, sys-
tematic magnetization measurements were performed, under
applied magnetic fields and in a broad temperature range, in order
to better characterize the material composition and their magnetic
properties.

2. Experimental procedure
2.1. Preparation of samples

2.1.1. Production of the activated carbon (AC)

First, the endocarp of babassu coconut (EBC) was cut in small
fiber-like fragments (with ~1 c¢cm length) and impregnated with
phosphoric acid (H3PO,), following a standard chemical activation
procedure [28,30,31]. Approximately 200 g of the EBC precursor
was inserted into a beaker together with 85% H3PO,4 in a molar C:P
of 1:2. A volume of water, covering completely the EBC and the
HsPO,4, was then added. This suspension was stirred during 24 h at
room temperature (RT) and then dried at 110 °C for 12 h. The
H5PO4-impregnated EBC powder was next submitted to a heat
treatment at 700 °C during 1 h under a controlled N, gas flow.
After cooling down to RT, the resulting product was repeatedly
washed with distilled water under vacuum in a glove box until a

neutral pH was obtained. The AC obtained by this method ex-
hibited a specific surface area (SSA) of about 2000 m?/g, de-
termined using the BET method [32].

2.1.2. Synthesis of the nanocomposites

The AC-supported Fe-containing nanoparticles were obtained
following a precipitation method [33], using iron nitrate [Fe(NO3)3
-9H,0] as the iron source and ammonium hydroxide (NH4OH) as
the precipitating agent. First, 133 g of AC, 57.7 g of Fe(NOs)s - 9H,0
and 250 mL of distilled water were mixed in a beaker; these
amounts were chosen to give ca. 6 wt% of Fe in the nanocomposite.
Next, an aqueous solution of NH4OH (1.4 mol/L) was gradually
added (~10 mL/min) and the mixture was stirred for a period of
24 h at RT, resulting in a gel-like product. The material was re-
peatedly washed with distilled water and filtered, until a neutral
pH was obtained for the filtrate, and then it was dried for 2 h at
110 °C. This product was heat-treated under N, gas flow at a
heating-rate of 5 °C/min at several temperatures from 700 up to
1000 °C, with a residence time of 2 h at each final temperature.
The highest temperature (1000 °C) was chosen to stabilize the Fe—
P compounds in the AC support, as shown below. The as-prepared
nanocomposite is here referred to as Fe-P/AC and the products
obtained after the heat treatments are named as Fe-P/AC-XX,
where XX stands for the heat treatment temperature (in °C).

2.2. Characterization

The as-prepared material was analyzed by thermogravimetry
(TG) and differential thermal analysis (DTA), using an apparatus
from TA Instruments Model 6000; the experiments were con-
ducted from RT to 1100 °C, with a heating-rate of 10 °C/min and a
N, flow of 50 mL/min. The iron content in the nanocomposites was
determined by atomic absorption spectrophotometry of Analytic
Jena, operating at the mode of atomization of flame (the used
resonance line was of 248.3 nm). The specific surface area of the
samples was obtained by physisorption of N, at 77 K (Autosorb-1,
Quantachrome Instruments), using the BET method with 11
points. The powders (with ca. 0.2 g) were purged under vacuum
during 2-3 h at 200 °C previous to the beginning of the adsorption
experiment. The nanocomposites were analyzed by powder X-ray
diffraction (XRD), using a Shimadzu diffractometer, model XRD-
6000, operating with Cu-K,, radiation (A=1.5418 A) and equipped
with a graphite diffracted-beam monochromator. The XRD pat-
terns were collected at RT from 20° to 90° 26 at a step of 0.5° and
with 10 s per step. The XRD profile was fitted using the MAUD
(Materials Analysis Using Diffraction) software (freeware) [34]. >’Fe

Mossbauer spectra were collected in a broad temperature range
(from 15 to 300 K) in a Janis closed-cycle system, with the drive
operating in constant acceleration transmission mode with a 50
mCi®’Co/Rh matrix source. A spectrum of an «a-Fe foil yields a
linewidth of 0.29 mm/s when recorded in high velocity scale
(~ 4+ 10 mm/s). The Mdéssbauer data were stored in a 512-channel
MCS memory unit and numerically fitted using the NORMOS
program [35], as will be discussed below. In Mdssbauer experi-
ments, the >’Co/Rh source was kept at 300K (RT), while the
sample temperature was changed, which results in a second-order
Doppler shift (SODS) effect in the Mdssbauer spectra. The isomer
shift (0) values are quoted relative to metallic Fe at RT. Magnetic
data were measured using a vibrating sample magnetometer
(VSM) facility adapted in the Quantum Design/Evercool-II Physical
Property Measurement System (PPMS). Magnetization versus
temperature [M(T)] and magnetization versus applied field [M(H)]
curves were recorded within a broad temperature interval (10-
400 K) for different applied magnetic fields (H,pp). Specifically, M
(T) curves were obtained using two different in-field protocols:
field cooling (FC) and field heating (FH). In the FC-protocol, at
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300K, a magnetic field value is applied (probe-field) and the
magnetization data are recorded while the sample is cooled down
from 400 K to 10 K. Subsequently, the FH-protocol is proceeded
and the M(T) data are obtained starting from the lowest tem-
perature, while the sample is warmed up under the same probe-
field. In general, a thermal hysteresis observed during the FC- and
FH-protocols may be associated with first-order-type magnetic
transitions, such as those found in non-stoichiometric Fe,_,P
compounds caused by magnetoelastic effects [22,23]. Alternating
current (ac) magnetic susceptibility (y) experiments were also
done using the PPMS setup over the same temperature interval. In
these experiments, a static magnetic field (dc), with a magnitude
in the range from 50 Oe up to 10 KOe, was applied in addition to
the probe ac-field (with magnitude of 10 Oe and frequency of 1 or
10 KHz).

3. Results and discussions

We first show the properties of the composite materials ob-
tained after different stages of heat treatment. In the sequence, we
will discuss the magnetic and hyperfine characteristics of the Fe-P
nanoparticles formed after annealing at 1000 °C under a N, gas
flow. The Fe-content and the SSA of the as-prepared nano-
composite are equal to 5.7 wt% and 1600 m?/g, respectively, evi-
dencing that this is a highly porous material, presenting good
dispersion of the Fe-containing species [29]. The TG and DTA
curves recorded for the as-prepared material are shown in Fig. 1.
After a strong initial weight loss around 100 °C, associated with
the release of water adsorbed in the porous carbon support and
also eventually bound to the synthesized iron oxides, a broad
endothermic event is observed, starting at 300 °C and accom-
panied by a smooth weigh reduction. Then, a steep weight loss is
detected just above 900 °C, matching a DTA endothermic peak at
950 °C. As it will be detailed below, these events are mainly at-
tributed to the process of reduction of the iron oxides and iron
phosphate, in agreement with previous findings on similar car-
bon-based nanocomposites containing nanostructured iron oxides
[29].

Fig. 2(a) and (b) displays the XRD patterns and the Mdssbauer
spectra, respectively, of the as-prepared sample and of the nano-
composites obtained after heat treatments performed at 800 and
1000 °C (results of the samples annealed at temperatures close to
800 °C are similar to those present for the 800 °C sample). From
Fig. 2(a), Bragg peaks are found at angular positions corresponding
to the SiP,0; compound in the XRD pattern of the as-prepared
material, indicating the occurrence of a chemical reaction between
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Fig. 1. TG and DTA curves recorded for the as-prepared material.
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Fig. 2. Room temperature XRD patterns (a) and Mdssbauer spectra (b) recorded for
the as-prepared and heat-treated nanocomposites at the indicated temperatures.
The components used to fit the Mdssbauer spectra A, B, C, D1 and D2 are also
shown in (b) with different colors.

the activating agent (H3PO,4) and the Si-containing groups natu-
rally present in the endocarp of babassu coconut [36]. The heat
treatments performed up to 800 °C do not lead to substantial
structural changes; the only noticeable feature is a slight nar-
rowing of the peak at 20 ~43°, which is (together with the peak at
260 ~25°), associated with the turbostratic structure of the carbon
matrix [37], pointing to a moderate carbon crystallite growth. It is
worth mentioning that the main Bragg peaks, due to common Fe
oxides, also appear in this angular range (26 ~43°) and thus the
presence of nanocrystals of these oxides in the heat-treated na-
nocomposites cannot be disregarded [29,38].

When the as-prepared nanocomposite is heat-treated at
1000 °C in an oxygen-free atmosphere, a set of well-defined Bragg
peaks emerges in the XRD pattern, as shown in Fig. 2(a). The
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presence of these peaks indicates the formation of a new crystal-
line phase, as a consequence of thermal evolution and possible
chemical reactions involving the Fe- and P-containing species
present in the nanocomposites. Since the chemical activation with
HsPO, led to the production of a highly porous support, it can be
inferred that the Fe-P phases are well dispersed within the pore
network of the activated carbon matrix.

The RT Mossbauer spectra of the nanocomposites, shown in
Fig. 2(b), suggest that all Fe-containing phases are in a para-
magnetic or superparamagnetic (SPM) state. For the as-prepared
nanocomposite, a doublet component (indicated as A in Fig. 2(b)),
with hyperfine parameters typical of Fe*3-oxides (§=0.38 mm/s
and quadrupole splitting (AQ)=0.74 mm/s), was used to fit its
spectrum. The hyperfine parameters of the A-component suggest
that initially the decomposition of the Fe(NOs)s; - 9H,0 compound
leads to the formation of Fe,O3; nanoparticles, according to the
hyperfine parameters reported in Ref. [39]. When the heat treat-
ment temperature rises to equal and above 700 °C, two new
paramagnetic RT contributions (B and C) appears in the spectra
and their fractions enhance at the expense of the A-component.
The B- and C-components have hyperfine parameters (5%
=0.37 mm/s and AQ®=0.92 mm/s and 6°=1.1 mm/s and AQC
=2.58 mm/s) close to those found in FePO, and Fe,P,0,; com-
pounds [40], respectively. The results observed for the C-compo-
nent indicate a reduction process of the Fe*3-phases as the tem-
perature increases in an oxygen-free and carbon-rich environ-
ment. At 1000 °C, the spectrum is completely different from those
obtained for samples annealed at lower temperatures. This spec-
trum is formed, at least, by two other paramagnetic components.
In fact, it was fitted using the two known quadrupolar doublets
(D1 and D2), originated from both iron sites of the Fe,P crystal
structure [Fe-l (pyramidal site) with &6=0.17 mm/s and
AQ=0.10 mm/s and Fe-II (tetrahedral site) with 6=0.47 mm/s and
AQ=0.50 mm/s] [24,41,42]. It is important to note that all (A, B, C,
D1 and D2) components have their line widths broader
(I"~0.68 mm/s) than those expected for related crystalline phases
[24,41,42]. Thus, this line broadening effect can indirectly be at-
tributed to the nanoscale character of the Fe-containing phases in
the nanocomposites, including the material heat-treated at the
highest temperature (1000 °C). For this reason, a systematic
characterization on the structural, hyperfine and magnetic prop-
erties of this nanocomposite (here referred to as Fe-P/AC-1000
sample) has been done and presented below.

Fig. 3 shows the fitted XRD pattern of the Fe-P/AC-1000 sam-
ple. Two crystalline Fe-P phases (Fe,P and FeP compounds) were
used in this fitting, as indicated in the figure. The fitting results
allow us to estimate that 80% of the diffracting phases are asso-
ciated with non-stoichiometric Fe,_,P-like compounds, whereas
20% are due to the FeP phase. The calculated average crystallite
size of the Fe,P is about 80 nm, a value larger than that of 40 nm
reported by Yao et al. for Fe,P nanocrystals supported in carbon
nanotubes [2]. A positive aspect about the Fe,P-based nano-
composite (here described in terms of possible technological ap-
plications) is that the volume of Fe, _,P nanoparticles dispersed in
the carbon support can easily be increased, by changing the
amount of Fe salt used in the synthesis. Considering that the
surface area of the support is still very high (~1600 m?/g), there
seems to be plenty of room for increasing the Fe loading in these
nanocomposites, while keeping the high dispersion of the
nanoparticles.

Temperature-dependent Mossbauer spectra of the Fe-P/AC-
1000 sample are plotted in Fig. 4. As reported in the literature
[24,41-46], for temperatures lower than Tc=230K, the two Fe
sites of the Fe,P structure have different magnetic hyperfine fields
(Bnp): Bfg~'=11.7 T and Bf¢-"1=18.1T, for the pyramidal (Fe-I) and
tetrahedral (Fe-II) sites, respectively. In addition, it is reported that
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Fig. 3. XRD pattern of the Fe-P/AC-1000 sample and the fitting obtained con-

sidering a mixture of the hexagonal structure of the Fe,P phase [22] and the or-
thorhombic structure of the FeP phase [41].

low temperature Mdssbauer spectra of an Fe,P single crystal ex-
hibits reduced line width (/"~0.32 mmy/s) [42] and the presence of
non-stoichiometric Fe, _,P contributions may change the spectra
line shapes [46]. The 15 K-spectrum exhibited in Fig. 4 can only be
fitted with four components (subspectra), whose hyperfine para-
meters are listed in Table 1. Two of these components are mag-
netically ordered subspectra with hyperfine parameters similar to
those found in Fe,P [24,41,42,44-46], except for their large I -va-
lues; these magnetic components are therefore associated with
ordered Fe,_,P compounds. The other subspectra are two doub-
lets, which suggest the occurrence of paramagnetic phases in the
studied material, even at 15 K. Two possible models can be as-
sumed to explain the existence of the doublets at 15 K: either the
SPM effect of magnetically ordered Fe,_,P small particles and/or
the presence of the FeP phase, also seen in the XRD data above
discussed and commonly found when Fe-P systems are synthe-
tized [41]. The following parameters of the doublets are obtained
from the fitting of the 15 K-spectrum: 6=0.26 mm/s and
AQ=0.30mm/s and 6=0.47 mm/s and AQ=0.70 mm/s. Con-
sidering the SODS effect, which causes a shift of the spectrum to
more positive velocities when the temperature is reduced [47], as
clearly seen from the &-values of the two magnetic subspectra
displayed in Table 1, a pure attribution of these two doublets to
the Fe, P compounds cannot fully describe our experimental
data. Thus, we may also consider the presence of the FeP phase in
agreement with the XRD data. However, the total fraction of these
doublets is slightly larger (28% of Fe-containing phases) than the
value obtained from the XRD data (20%). The apparent discrepancy
in these fraction values could be an indication of the presence of
SPM Fe,_,P phases even at temperatures as low as 15K, con-
tributing to the relative areas associated with the doublets in the
Mossbauer spectra, but not distinguished in the XRD pattern (it
basically increases the diffraction line associated with the Fe,_,P
phases). In brief, the two broad doublets used to fit the RT Moss-
bauer spectrum of the Fe-P/AC-1000 sample are, in fact, due to
Fe,P as well as FeP phases, both in paramagnetic state at 300 K.
As the sample temperature increases, two effects can be noted
from the Mossbauer spectra: (i) The Byevalues of the Fe-I and Fe-II
sites gradually reduce, as expected for conventional ferromagnets
(see Table 1); (ii) The contribution associated with the
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Fig. 4. Temperature-dependent Mossbauer spectra recorded for the Fe-P/AC-1000
sample. The components used to fit the spectra are also shown.

Table 1

Hyperfine parameters obtained from the fittings of the Mossbauer spectra shown
in Fig. 4. The subspectra indicated with asterisks (*) are attributed to the Fe-I1 and
Fe-II sites of the Fe,P compound [34].

T (K) Sites 5 (mm/s)* AQ (mmy/s)® Br¢ (T)° RA (%)¢
15 Fe-; 0.26 0.3 - 12
Fe-p; 0.47 0.7 - 16
*Fe-| 0.41 - 1.7 40
*Fe-y, 0.66 - 181 32
180 Fe-| 0.26 0.5 - 19
Fe-, 0.47 0.77 - 25
*Fe-| 0.38 - 9.2 34
*Fe-y; 0.61 - 14.5 22
200 Fe-| 0.26 0.5 - 22
Fe-, 0.47 0.74 - 29
*Fe-| 0.38 - 8.5 30
*Fe-y, 0.61 - 13.2 19
300 Fe-| 0.17 0.1 - 42
Fe-;; 0.47 0.5 - 58

@ 5: isomer shit.

b AQ: quadrupolar splitting.

€ Byr: magnetic hyperfine field.
9 RA: relative area.

paramagnetic phases (RA - in Table 1) enhances, which is an ex-
perimental evidence that part of the Fe; _,P compounds is mag-
netically disordered below the T¢ value (~230 K) of the pure Fe,P
compound [23,46]. Therefore, the fractions of the non-stoichio-
metric Fe,_,P and the pure Fe,P compounds can now be esti-
mated. In other words, at 180 K we would expect that the Fe,P
phase would be still magnetically ordered, but the fractions of the
doublets have increased from 28% at 15K to 44% at 180 K. Con-
sequently, the increase of the doublets fraction with the tem-
perature should be related to the paramagnetic character of non-
stoichiometric Fe, _,P compounds and/or to the occurrence of SPM
Fe,P nanoparticles. Thus, from the temperature-dependent
Mossbauer data, it can be inferred that the Fe-P-containing par-
ticles in the Fe-P/AC-1000 sample are formed by a broad dis-
tribution of magnetic ordering temperatures and/or particle sizes.
It is important to note that the Mdssbauer spectra recorded at 220
and 230 K (T¢ of the Fe,P compound) are not fitted due to the fact
that magnetic and electric interactions are in the same order of
magnitude. To fit these spectra, we would need to use a full Ha-
miltonian approach, which would not bring new features for the
interpretation of these data, according to Ref. [44]. At 300 K, we
recover the spectrum shown in Fig. 1(b), which was fitted with
two broad doublets, now well characterized, i. e., these two broad
doublets should be attributed to Fe,_,P and FeP phases with dif-
ferent particle sizes.

As mentioned above, non-stoichiometric Fe, P compounds
have similar crystallographic and hyperfine properties when
compared with the ordered Fe,P phase [21,24,41,44], but they
exhibit different magnetic behaviors. In principle, the non-stoi-
chiometric Fe,_,P compounds have lower T¢ and present a first-
order-transition like feature at the interval 0.03 <x <0.06 [23].
Fig. 5 displays a set of results of magnetic characterization of the
Fe-P/AC-1000 sample, performed with ac-probe and dc-bias field
in a broad temperature range and with different frequencies (in
the case of the ac-magnetic susceptibility data). The FC and FH M
(T) curves displayed in Fig. 5(a) show a thermal hysteresis in a
temperature interval between 50 and 200 K, depending on the dc-
probe field magnitude. At 10 kOe, this thermal hysteresis practi-
cally disappears; a result that is similar to that found in Ref. [23]. In
fact, the presence of the thermal magnetic hysteresis in FC and FH
protocols has frequently been found in non-stoichiometric Fe,_,P
compounds [23,46]. In these systems, this effect is attributed to a
MPT caused by a substantial change in ¢ and a lattice parameters of
the hexagonal structure at a defined temperature (magnetoelastic
effects) [22,23,46]. Thus, the MPT can be modified by applied field
[23,46] and by external pressure [46].

In particular, the MPT is observed in a relatively narrow tem-
perature interval (AT=1 K) at about 214 K for a probe field of 5 Oe,
for the Fe;g9sP compound. However, we observed this M(T) ther-
mal hysteresis for FC and FH protocols in a broad temperature
range, which may indicate the occurrence of a distribution of Fe,P
compounds with very different Fe contents and/or particle sizes;
the latter is also known to strongly affect the temperature where
the MPT occurs [48]. On the other hand, the y(T) curves [Fig. 5(b)]
present two peaks for zero and 50 Oe dc-applied magnetic field: a
broad peak centered at about 150 K and a narrower one at 230 K.
The lower temperature peak position (Tmax) is weakly frequency
sensitive, shifting to higher temperatures as the dc-bias field in-
creases [Fig. 5(c)]. In the case of the higher temperature peak, the
ac-probe field magnetic response is reduced as the dc-bias field
increases, which may consistently indicate a critical ferromagnetic
transition of the stoichiometric Fe,P compound in large particles,
according to its Tc-value reported in the literature [22,23]. The
presence of the broad peak (Ti,ax) at 150 K can be associated with
the MPT of the Fe,_,P small particles, consistently with the M(H)
curves shown in Fig. 5(a).
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Fig. 5. Magnetic characterization of the Fe-P/AC-1000 sample.(a) FC and FH M(T) curves obtained for different dc-probe fields, as indicated; (b) temperature-dependent ac-
magnetic susceptibility curves (y(T)) recorded with different frequencies and dc-probe fields; (c) behavior of the lower temperature peak of »(T) as a function of the frequency
and applied dc-fields and (d) temperature dependence of the coericve field (insets: M(H) loops recorded with a scan field of + 50 KOe).

Isothermal M(H) loops, at some representative temperatures,
are shown as insets of Fig. 5(d). For temperatures below 90K,
these loops present high coercive field (H¢) values, which is a ty-
pical behavior of nanocrystalline magnetic materials [49]. The
non-saturation of magnetization in high fields (up to 50 KOe) and
the large Hc-field are features that allow us to classify this nano-
composite as a hard magnet at low temperatures [50,51]. For this
temperature range ( < 90 K), it is also noticed a steep reduction of
the magnetization for low field regions (near where the applied
field direction is reversed). This effect, shown in the 40 K M(H)
loop [inset of Fig. 5(d)], is attributed to large particles of bulk FeP
and Fe,P, which are soft magnets [41,52]. As it can also be noted,
above 180 K the H¢ field value is nearly null, indicating that the
bulk Fe,P particles are magnetically soft (Fe,_,P phases are in
paramagnetic state). It is important to emphasize that in the
temperature range shown in Fig. 5(d) a paramagnetic contribution
is always present, precluding the saturation of the magnetization.
The non-stoichiometric Fe, 4P compounds in nanoscale are
magnetically hard at low temperatures, a result not yet reported to
the best of our knowledge.

4. Conclusion

We have been able to prepare magnetic nanoparticles of Fe, _,P
compounds dispersed in an activated carbon support, which was

produced by chemical activation starting from a natural lig-
nocellulosic precursor (the endocarp of babassu coconut). The Fe-
containing nanocomposites, composed by nanostructured iron
oxides dispersed over the porous support, were synthesized by
precipitation in aqueous medium. After heat treatments per-
formed in non-oxidizing atmosphere up to 900 °C, the reaction
between these iron oxides and the P-containing groups present in
the activated carbon resulted in the formation of Fe phosphate
and, at 1000 °C, these were reduced to Fe,P (with varied stoi-
chiometry) and FeP species. The nanocomposites were character-
ized using X-ray diffraction, Mossbauer spectroscopy and magne-
tization experiments performed in ac- and dc-modes. The mag-
netic nanocomposite, obtained after heat treatment at 1000 °C,
was identified as composed by a mixture of Fe, _,P and FeP phases,
with a broad distribution of particle sizes. By XRD, it was possible
to estimate the fractions of the contributions due to Fe,_,P (80%)
and FeP (20%) nanocrystalline phases (ratio of 4:1). From the
magnetic viewpoint, 28% of the Fe-containing phases were found
by Mdéssbauer spectroscopy to be paramagnetic at 15 K, suggesting
that part of the Fe,_,P nanoparticles is SPM even at such a low
temperature due to their small sizes. Also, the different magnetic
features of the magnetically ordered and SPM Fe,_,P particles
were shown up when we changed external parameters such as
magnetic field, temperature and frequency of the ac-field. We have
also shown that the synthesized nanoparticles exhibit a hard-like
magnetic character. The magnetic nanocomposites were found to
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present large porosity, with high dispersion of the Fe-P phases
over the porous support, pointing to promising applications of
these materials in the field of catalysis.
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