¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Topochemical reduction of FeCo-oxide to

".) Check for updates‘
FeCo-alloy nanosystems into a SiO, matrixf

Cite this: Phys. Chem. Chem. Phys.,

2025, 27, 9504 c

Jean Pierre Miranda Murillo,® Alexander Omelyanchik, 2 2° Gianni Barucca,
Gaspare Varvaro, i Ayda Ghary Haghighat,*® Sara Laureti, (2°

Aldo Capobianchi, ©2° Antonio Comite,® Diego Colombara, (2@ Nikolaos Ntallis,®
Kalliopi N. Trohidou, 2 ¢ Fabio Canepa,® Pierfrancesco Maltoni (2 *2° and

Davide Peddis (9 *?°

This study focuses on the synthesis of metallic magnetic nanosystems embedded in mesoporous silica
(SiO,), and the impact of matrix porosity, controlled by temperature treatment, on the efficiency of H,
reduction process. The reduction of FeCo oxides to the corresponding alloy nanosystems was first
optimized, identifying FeCo with 50 at% Fe as the optimal composition due to its high saturation
magnetization (~242 A m? kg% and oxidation onset temperature (~440 °C). Then, the FeCo-oxide
nanocomposites were synthesized into SiO, via sol-gel self-combustion under thermal treatments, to
properly tune the surface area of the silica matrix. By controlling the annealing temperature, the specific
surface area (SA) of the matrix decreases from ~512(1) m? g~ to ~345(1) m? g~ when annealed to 900 °C
in air. Following topochemical reduction in H,, the structural properties of the obtained FeCo-SiO, nano-

Received 22nd January 2025, composites have been analyzed using X-ray powder diffraction and magnetic properties were evaluated to

Accepted 10th March 2025 establish a correlation between matrix SA and reduction capability. The decrease of SA leads to incomplete
reduction at higher temperatures, with the formation of Fe,Ox/CoxOy intermediates. This work underscores

the critical role of matrix porosity in achieving a delicate balance to ensure both the efficient conversion of
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Introduction

The synthesis of nanostructured FeCo alloys has attracted
considerable interest due to their soft magnetic properties
(i.e., low coercivity H,, high magnetic moment and large magnetic
susceptibility) compared to their oxide counterparts.'” Technolo-
gical applications demand a large magnetic energy density and
the ability to operate at both large magnetic fields and high
frequencies, thus requiring a large magnetic moment and a high
Curie temperature.’*® This applies to several sectors such as
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nanostructured oxide to their metallic state and the preservation of their magnetic and structural integrity.

medical,’” power conversion,® media recording,’ and
catalysis,""'* owing to the number of techniques that can allow
the preparation of nanosystems with various morphologies."* >
FeCo-alloys can be integrated into multiple matrices or substrates
to create composite materials with enhanced functionalities.'®™*

The FeCo-alloy is a ferromagnetic system with a saturation
magnetization, M, which may reach up to ~245 A m”* kg " at
300 K, the highest value among binary alloys. This is more than
twice that of common bulk oxides ferrimagnetic iron oxides
(e.g., maghemite, y-Fe,03, My = 72 A m> kg~ and magnetite,
Fe;04, M = 83 A m” kg™ ') or cobalt ferrite (CoFe,O,, M =
80 A m? kg~ 1)."*>* Furthermore, it has a high Curie tempera-
ture T, up to ~1200 K. However, these metallic systems at the
nanoscale face challenges such as chemical instability and
oxidation.”® Typically, these issues have been addressed by
encapsulating the particles within protective matrices, with
amorphous silica (SiO,) being a commonly employed
material.>* " Recently, metal-embedded silica nanostructures
have attracted considerable attention as biocompatible and
stable templates, particularly for embedding noble metals.??
While the reduction of oxide nanosystems within these
matrices, often carried out by hydrogen (H,) treatment during
sintering, is well-established, the role of matrix textural
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properties (i.e. surface area) in this process has been overlooked
in the literature. The permeation of H, driving the reduction of
oxide nanoparticles depends on the thickness and porosity of
the silica matrix, but also on the reaction conditions (annealing
temperature and H, flow).>*> The reported reduction tem-
perature is usually very high, in the 600-900 °C range,*™*°
which is not only energy consuming, but may also generate by-
products such as fayalite (Fe,Si0,),%° that deteriorate the mag-
netic properties.

This study aims to fill this gap by systematically investigating
the influence of matrix porosity, controlled through the thermal
treatment, on the efficacy of topochemical H, reduction of
nanostructured oxide with spinel structure to metal alloys. The
study focuses on nanocomposites of FeCo-oxides in mesoporous
silica synthesized via sol-gel self-combustion, with thermal treat-
ment selectively altering the surface area of the silica matrix. By
controlling matrix porosity, we demonstrated that the reduction
process is driven by the textural features of the matrix controlling
the diffusion of H, and the conversion of oxide particles to their
metallic form. Through this work, we highlight the critical role of
matrix porosity in facilitating solid-state chemical transformation
due to H, access. Overall, our findings underscore the importance
of balancing matrix porosity to ensure both efficient conversion of
oxide nano-systems to metallic states and preservation of their
magnetic and structural integrity.

Experimental
FeCo-oxides and alloys

The synthesis of FeCo-oxides and FeCo-alloys followed proce-
dures outlined in previous studies,* with detailed information
provided in the ESLt{ In summary, Fe(NO3);-9H,O (Sigma
Aldrich, 98%) and Co(NO;),-6H,O (Sigma Aldrich, 98%) were
dissolved in deionized water in the desired ratio, and C¢gHgO-
(citric acid, Sigma Aldrich, 99.5%) was introduced as a chelat-
ing agent.*” The ratio of metallic ions was carefully selected to
adjust the Fe*" at% in the final oxide, ensuring that Fe*" at% +
Co®" at% equaled 100 (with Fe*" at% varying as 100, 67, 50, 33,
or 0). Following adjustment of the pH to 7 using NH,OH
(ammonia solution 30% (aq.), Sigma Aldrich), the solution
was dried to form a thick gel, which was subsequently heated
to induce crystallization, yielding FeCo-oxides powders.

These powders underwent grinding and annealing in a
hydrogen (H,) flow environment (83% H, in N,, flow rate of
65 mL min ") for 5 hours at 500 °C to obtain metal particles.

FeCo-oxides in SiO,

Nanocomposites of FeCo-oxides in silica with a silica content of
70 wt% were synthesized by following a procedure similar to
that outlined by Cannas et al.*® Initially, 5 mmol of Fe(NO3);,-
9H,0 and 5 mmol of Co(NOj3),-6H,0 were dissolved in 23 mL
of deionized water along with 10 mmol of citric acid in a Teflon
beaker under magnetic stirring. The molar concentration ratios
were carefully adjusted, with both Fe**/Co*" and (Co®" + Fe**)/
citric acid set to 1, resulting in a total molar concentration in
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Table 1 List of samples and corresponding annealing details

Sample name Precursor Temperature (°C) Time (h) Atmosphere

NCFO Post synthesis

NCFO_300 NCFO 300 1 Air
NCFO_500 NCFO 500 1 Air
NCFO_700 NCFO 700 1 Air
NCFO_900 NCFO 900 1 Air
NCF_300 NCFO_300 500 5 H,/N,
NCF_500 NCFO_500 500 5 H,/N,
NCF_700 NCFO_700 500 5 H,/N,
NCF_900 NCFO_900 500 5 H,/N,

water (Co®" + Fe’* + citric acid) of 1. The pH of the solution was
then adjusted to 2 by adding NH,OH (30% water solution)
dropwise. Subsequently, tetraethyl orthosilicate (TEOS, Sigma
Aldrich, 98%) was dissolved in approximately 45 mL of absolute
ethanol, and this solution was added to the nitrate solution in
water. The pH was once again adjusted to 2, and the mixture was
stirred for 40 minutes at room temperature. The resulting solution
was then allowed to dry in a preheated oven set at 40 °C for
24 hours. The dried gel obtained was transferred to a pyrex beaker
and heated on a hot plate set to 350 °C. After a short time, the gel
underwent self-combustion, yielding a black powder. This powder
was subsequently ground using an agate mortar, and annealed in
air at different temperatures, reported in Table 1. The oxide
samples were denoted as NCFO_X00 (N = nanocomposite, C =
cobalt, F = iron, O = oxygen), with the subscript X00 indicating the
annealing temperature in air (X00 °C with X = 3, 5, 7, 9).

FeCo-alloys in SiO,

NCFO_X00 oxide samples underwent reduction under identical
annealing conditions, specifically with a flow rate of 65 mL min ™"
of 83% H, - 17% N, for 5 hours at 500 °C (Table 1). The
corresponding reduced samples were labelled as NCF_X00. To
prevent oxidation, the samples were stored inside an Ar-filled
glove box.

Methods

X-ray powder diffraction (XRPD) was conducted with a MiniFlex
(Rigaku) X-ray diffractometer equipped with a Cu K, anode
(A =1.54184 A) in the 20 geometry using a step size of 0.01° and
1 second per step. Phase identification was performed by
comparison with literature patterns using the Pearson Crystal
Database. The average size of the crystallites was extracted from
Scherrer equation.** The lattice constant of cubic phases was

calculated using equation a = dyxVh* + k% + [2. It should be
underlined that all the XRD patterns reported in this paper
contain a strong background due to the presence of amorphous
silica. In this scenario, both crystallite size and lattice constant
should be considered as a rough estimation. Transmission
electron microscopy (TEM) images were acquired using a
Philips CM200 microscope operating at 200 kV and equipped
with a LaBg filament. The differential thermal analysis and
thermogravimetry (DTA/TG) were performed by using a Labsy-
sEvo 1600 Setaram between 25 and 1000 °C. The surface area
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(SA) of the samples was calculated using an ASAP 2020 Plus MP,
Micromeritics, USA, with the Brunauer-Emmett-Teller (BET)
method at 300 K. Inductively coupled plasma - atomic emission
spectroscopy (ICP-AES) measurements were performed using
an iCAP 6300 DUP ICP-AES spectrometer (ThermoScientific) to
check the composition of each sample.

Field-dependent magnetization loops (M vs. H) were
recorded at 300 K using a Model 10 Microsense Vibrating
Sample Magnetometer (VSM) equipped with an electromagnet
producing a maximum magnetic field of 2 T.

Results and discussion
FeCo-oxides and alloys

Five different metallic samples (with Fe at% varying as 100, 67,
50, 33, and 0) were prepared by reduction in H, of the
corresponding FeCo-oxides powders, previously obtained by
sol-gel self-combustion method. Fig. 1 shows the patterns for
the starting oxides and the corresponding reduced metal
particles, revealing the complete reduction (i.e., absence of
oxide phases) achieved under the explored annealing condi-
tions (see Table 1).

The synthetized oxides are predominantly composed of
cubic spinel ferrite phase (Fd3m space group). Upon reduction,
the samples underwent a significant structural transformation.
The XRPD patterns of the reduced samples reveal characteristic
reflections corresponding to a body-centered cubic (bec) struc-
ture, which is typical for FeCo alloys with Pm3m space group.*®
This bcec structure was observed across the composition range,
with two notable exceptions: the pure iron (Im3m) and the pure
cobalt sample. In the case of pure Co, the XRPD pattern was
indexed to a face-centered cubic (fcc) structure belonging to the
Fd3m space group. The lattice constant a decreases gradually
from 2.870(1) A for pure Fe to 2.845(1) A for FeCo with 33 at% of
Fe as expected for FeCo alloys with more than 20% cobalt
content.*® For pure Co, the lattice constant (3.547(1) A) is close
to the values reported earlier for fcc Co® nanoparticles.*> The
crystal size (D) of all metal nanoparticles is around 30 nm. As
expected, all metallic particles exhibit a higher saturation
magnetization (M;), as extracted from the magnetic hysteresis
loops reported in ESIT (Fig. S1 and S2), compared to the starting
oxide particles (Fig. 2), with a maximum value for the FeCo-
alloys with Fe at% of 50 and 67. The observed values, also

FeCo-oxides FeCo-alloys
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Fig. 1 XRPD patterns of the nanostructured FeCo-oxides before (left) and
after (right) the reduction process in H,.
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Fig. 2 Saturation magnetization, Ms, and coercivity, poH., of different
samples of nanostructured FeCo-oxides before (black dots) and after (blue
dots) the reduction process in H, atmosphere.

reported in Table 2, closely align with the theoretical M, for those
FeCo compositions,">*” also predicted by DFT calculations,***°
which highlights the maximum of the saturation magnetization
in the region of 35-50 Co at% for systems above 20 nm in size
(see ESLf for more details, Fig. S3) closer to bulk values,*
confirming the effective reduction within the used conditions.
Then, to assess the stability of the obtained alloys against
oxidation, TG experiments were conducted (see Fig. S4 in ESIL,} for
TG analysis). Particularly, the onset temperature of oxidation for
FeCo with 50 at% of Fe was found at ~440 °C, relatively higher
than that for other compositions, suggesting its suitability for
applications requiring higher thermal stability and oxidation
resistance. Considering also the notable M value, this alloy was
chosen as a model sample for investigating the structural and
magnetic properties when it is embedded in a silica matrix.

FeCo-oxides and alloys in SiO,

At first, a sample of FeCo-oxide in SiO, 30/70 wt%, denoted as
NCFO, was prepared with a synthetic approach integrating tradi-
tional sol-gel techniques, involving the hydrolysis and condensa-
tion of alkoxide precursors, with nitrate-citrate sol-gel self-
combustion.”* This procedure has successfully yielded nano-
particles consisting of CoFe,0,/Co50, spinel phases (due to the
Co:Fe 1:1 ratio®"), dispersed within an amorphous silica matrix.
The XRPD patterns for the NCFO samples are reported in Fig. 3.
Only the (311) reflection of the Fd3m space group of the main
spinel CoFe,0, phase appears in the pattern of the NCFO

Table 2 Saturation magnetization (Ms), coercivity, (uoHc), average crystal-
lite size ((D)), and lattice constant (a) of the samples after reduction of
FeCo-oxide particles at 500 °C for 5 h in a H; flow

Fe (at%)
Fe (at%) [ICP-AES] M; (Am?kg ') uoH.(mT) (D) (nm) a (A)
100 219(4) 6(1) 31(6) 2.870(1)
67 62.8(6) 242(6) 10(1) 29(4) 2.861(1)
50 45.4(5) 242(5) 14(1) 29(3) 2.854(1)
33 29.7(3) 222(1) 9(1) 33(6) 2.845(1)
0 166(4) 10(1) 30(4) 3.547(1)

This journal is © the Owner Societies 2025
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Fig. 3 (Left) XRPD patterns of the samples obtained by the sol-gel self-
combustion synthesis and after thermal treatment at 300 °C, 500 °C,
700 °C, and 900 °C for 1 h in air. (Right) corresponding XRPD patterns after
treatment in H, at 500 °C for 5 h.

nanocomposite, whereas the other expected reflections are
hidden by the amorphous silica matrix (70 wt%), whose hump
is visible between 20°-30° (Fig. 3). The predominance of this
spinel phase becomes more conspicuous following annealing up
to 900 °C, attributed to growth and possibly potential reorienta-
tion of the initial particles. However, the average crystallite size
remains relatively small (<7 nm) due to the constraining effect of
the silica matrix, which prevents significant particle growth.>* The
confirmed high porosity of the matrix for NCFO, as indicated by
BET analysis in Table 3, diminishes post-annealing in air, from
512 m> g~ ' for NFO to 345 m®> g ' for NCFO_900 (~30%),
implying that the lower SA will potentially affect the subsequent
reduction process making it less effective.>*°

The composites annealed at several temperatures were then
treated in a reducing H, atmosphere at 500 °C. XRPD patterns
of the reduced NCF samples reveal distinct reflections at 20 =
44.7,65.2, and 82.4° corresponding to the Pm3m spacegroup of
the FeCo alloy with 50 Fe at%, validating the successful
reduction to the metallic alloy phase (up to NCF_500). None-
theless, additional reflections were observed in the XRPD
patterns of samples NCF_700 and NCF_900 at 20 ~36.3,
~42.0, ~61.7, and ~78.1°, suggesting the presence of inter-
mediate phases such as Fe or Co monoxides (FeO and CoO,
respectively) or a spinel (Fe, ,Co,);0, phase, possibly arising
from incomplete reduction attributed to increased particle size,
and decreased SA. Additionally, the estimated crystallite size of
the alloy nanocomposites remains quite constant across the
series independently of the thermal treatment in H, (see

Table 3 Iron content (Fe at%), specific surface area (SA), and average pore
size for NCFO, NCFO_500 and NCFO_900 samples

Sample name Fe (at%) SA (m? g™ Av. pore size (nm)
NCFO 55(3) 512(8) 5(1)
NCFO_500 55(3) 413 (7) 5(1)
NCFO_900 55(3) 345(5) 4(1)

This journal is © the Owner Societies 2025

View Article Online

PCCP

Table 4 Average crystallite size ((D)) and lattice parameter (a) of the
FeCo-oxides (NCFO) and FeCo-alloys (NCF)

NCFO NCF
Annealing X00 °C (D) (nm) a (nm) (D) (nm) a (A
Post synthesis n.d. n.d. 23(5) 2.865(11)
300 n.d. n.d. 15(4) 2.841(13)
500 5(3) 8.38(6)  19(3) 2.840(11)
700 4(3) 8.50(6)  20(2) 2.875(6)
900 7(3) 8.41(7)  23(6) 2.867(7)

Table 4). This lack of dependence is presumably due to the
silica matrix and its confinement effect, which however makes
the size estimation not trivial due to the amorphous contribu-
tion in the pattern. TEM images (see Fig. 4) offer valuable
insights into the morphology of both pure FeCo-alloy particles
and their corresponding nanocomposites.

FeCo-alloy grains have irregular shapes with sizes ranging
from 50 to 400 nm (Fig. 4a) and are interconnected giving rise to
highly porous structures. The inherently high porosity observed in
the FeCo-alloy validates the selection of this material as the ideal
starting system for this topochemical reduction process. When
the silica matrix is added to form the nanocomposites, the FeCo-
alloy grains are trapped inside the porous amorphous matrix.
Fig. 4b shows a typical cluster of FeCo-alloy grains (dark arrows)
inside a finely porous amorphous matrix (for sample NCF). In
principle, the abundant active sites provided by the finely dis-
persed nanophase within this structurally open matrix should
enhance diffusion kinetics and catalytic activity.>>>* The same
trend was confirmed for the set of samples in Table 1. In
particular, when NCFO is annealed at higher temperatures, ferrite
particles crystallise while remaining confined in the matrix,
Fig. 5a. Selected area electron diffraction (SAED) measurements
were performed (inset of Fig. 5a). All the visible diffraction rings
can be attributed to the cobalt ferrite phase, suggesting that the
Coz0, phase, if present, is poorly crystallised. TEM dark-field
images were performed to evidence the crystallites in the amor-
phous matrix. Fig. 5b was obtained with the diffraction spots
encircled in the SAED image of Fig. 5a’s inset and the crystallites
corresponding to those diffraction spots appear brighter in the
image. The subsequent reduction process yields the expected

Fig. 4 TEM images of the CoFe-alloy with 50 at% (left, (a)) and the CoFe-
alloy/SiO, (NCF) composite (right, (b) obtained by the NCFO sample
reduction.

Phys. Chem. Chem. Phys., 2025, 27, 9504-9510 | 9507
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100 nm

NCFO_500 NCFO_500

NCF_500

Fig. 5 (a) Bright-field TEM image showing the crystalline phase (arrows)
inside the silica amorphous matrix. The inset is a typical selected area
electron diffraction (SAED) pattern taken on a large sample area. (b)
Corresponding dark-field image obtained with the diffraction spots circled
in (a) insetM (c) bright-field TEM image showing the reduced crystalline
phase (arrows) inside the silica amorphous matrix. (d) Bright-field TEM
image of the sample NCFO_700: the crystallites inside the silica amor-
phous matrix are indicated by arrows.

FeCo phase (NCF_500 in Fig. 5¢), without changing the morphol-
ogy of the composite. If we consider a higher annealing tempera-
ture in air, as shown for NCFO_700 in Fig. 5d, we did not observe
relevant changes, in agreement with the results from XRPD
analysis.

Further details about the reduction process can be obtained
from field-dependence magnetization loops at 300 K (see
Fig. 6). The composite NCFO_900 shows an increase of both
M and poH, from ~5 to 12 A m> kg™ ' and from ~8 to 21 mT,
respectively, when annealed in air at 900 °C for 1 h. This
behavior can be ascribed to the particle’s crystallization and
consequent growth inside the matrix compared to NCFO.>
After the reduction process (Fig. 6 right), the M, of the NCF
sample increases from ~5 to 60 A m> kg™ ', specifically by
~12 times compared to NCFO, consistently with the transfor-
mation in FeCo-alloy. The measured coercivity (~40 mT) is a
bit higher to what is expected for the FeCo alloy, suggesting an
incomplete reduction of the sample or the existence of a thin
passive layer. This was also observed in previous studies, where

10 e 40 NCF
....... NCFO_900

=5 d ~20 /
3 el D / NCFO
2 e & ]
%, NeFo| & ik enaens]
< < O ali
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5 . -20
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-1.0 0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
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Fig. 6 Magnetization (M) vs. applied field (H) at 300 K for NCFO/
NCFO_900 (left), and NCF/NCFO (right).
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Fig. 7 Schematic representation of the annealing process.

they show possible passivation of the alloy inside the matrix.*®
On the other hand, the pattern of NCF_900 reveals a mixture of
phases, making the comparison complex: this is presumably
due to the presence of Fe,Ox/CoxOy and Co ferrite as the FeCo
alloy is probably obtained in low yield or rich in iron,** because
of the much lower SA of NCF_900.

Our investigations demonstrate that annealing in air before
reduction critically influences the matrix porosity, directly
impacting hydrogen diffusion and, consequently, the efficiency
of oxide-to-alloy conversion (see the scheme of Fig. 7). This, in
turn, determines the final magnetic properties of the embedded
nanoparticles, with higher annealing temperatures leading to
incomplete reduction and lower saturation magnetization.

To corroborate and expand the applicability and effective-
ness of the method, we applied the reducing treatment to a
composite, referred to as NFO, having the same composition in

/\‘*‘_\"F‘"
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Fig. 8 XRPD patterns of the iron-based samples obtained by the sol-gel
self-combustion synthesis (top, left) and after thermal treatment in H, (top,
right). Field dependence of magnetization at 300 K for NFO and NF_500
samples (bottom).
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silica and iron oxides (i.e., a mixture of maghemite/hematite),
as shown in Fig. 8. The results suggest a complete reduction of
the oxide phases (right panel) to Iron Im3m (left panel), wherein
the reflections corresponding to the oxides disappear as pre-
viously observed for the oxide phases without silica matrix. The
emergence of the metallic phase is accompanied by the
enhancement of M visible in the hysteresis loop in the bottom
panel of Fig. 8, and thus confirming the reproducibility of the
reducing treatment on composites of different spinel oxides
phases embedded in a porous silica matrix.

Conclusions

This study highlights the role of matrix porosity and thermal
treatment in governing the topochemical reduction of oxides to
metal alloys. By tuning the surface area through annealing, we
controlled the diffusion of H,, which directly impacts the extent
of reduction and the resulting magnetic properties. When the
specific surface area of the matrix decreases due to high-
temperature annealing (from ~512 m> g~ ' post-synthesis, to
~413 m® ¢! at 500 °C and finally to ~345 m> g~ " at 900 °C),
the reduction becomes incomplete, as the limited porosity
restricts hydrogen penetration, preventing the full conversion
of the oxide phase. This effect is particularly evident in samples
annealed above 900 °C, where metallic alloy formation is
hindered, and residual spinel oxide phases persist, leading to
lower M (~80%) in response to the ~30% decrease in SA.
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