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Carbon-encapsulated FeNi nanoparticles for
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Developing robust and efficient catalysts for magnetic induction heating (MIH) offers a sustainable
approach for biomass valorization under mild conditions. Herein, we report a green and scalable synthetic
method to prepare FeNi-based magnetic nanoparticles (MagNPs), with different atomic compositions,
encapsulated in N-doped graphitic carbon (Fe;Nix@N-G), via single-step pyrolysis of glucose and urea.
These bimetallic nanoparticles serve both as efficient heating agents and active catalysts. Among them,
Fe;Nip 25@N-G demonstrated excellent catalytic performance in the magnetically induced hydrogenation
of levulinic acid (LA) in aqueous solution, achieving full conversion and complete selectivity to
y-valerolactone (GVL) under mild conditions (63 mT, 320 kHz, 2 kW). Furthermore, the reactivity of
Fe1Nip 25@N-G was tested in the magnetically induced hydrogenation of other biomass-derived sub-
strates of interest, such as 5-hydroxymethylfurfural (HMF), levoglucosenone, and vanillin, showing good
activity and selectivity in all cases under mild reaction conditions. Finally, the robust encapsulation of the
FeNi NPs in N-doped graphitic carbon strongly improved the stability of the catalyst in aqueous media,
enabling its reuse up to four times under acidic conditions (pH ~2), for LA hydrogenation, and up to eight
times under neutral conditions, such as HMF.

This work advances green chemistry by developing FeNi-based catalysts on N-doped graphitic carbon from glucose graphitization through a low-cost one-step

pyrolysis method. This material enables the magnetically induced hydrogenation of levulinic acid in water under mild conditions, without using organic

solvents.

The key green chemistry achievement lies in attaining high yields in the hydrogenation of biomass-derived molecules in water, such as levulinic acid (100%
yield to GVL) and/or HMF (91% yield to BHMF), using magnetic induction heating as an energy-efficient technology. Both synthesis and catalysis maximize

the use of renewable feedstocks, atom economy, and energy efficiency, and avoid hazardous solvents (principles 1, 2, 5, 6, 7, and 9).

A greener development could be achieved by reducing metal leaching under acidic conditions, enhancing catalyst durability. This improvement would also

enable the integration of this strategy into continuous flow systems to significantly increase productivity.

Introduction

thermal convection, conduction, and radiation, such as flame
and resistance heating in conventional furnaces, present draw-

The energetic efficiency of catalytic processes is one of the
main concerns in developing cost-effective and environmen-
tally friendly industrial alternatives to traditional petrochem-
ical routes. Commonly, conventional heated systems based on
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backs, such as heat loss and heat transfer limitations. In this
sense, magnetic induction heating (MIH) shows great potential
as a viable substitute for traditional heating methods."* This
novel technique is based on the ability of ferromagnetic and
conductive materials, commonly known as magnetic nano-
particles (MagNPs), to release heat through hysteresis losses
when exposed to an alternating magnetic field (AMF).*"® MIH
has attracted significant attention as a non-contact method for
heating chemical reactions, primarily due to its unique advan-
tages, such as localized and selective heating, which greatly
improve the heat transfer of the process. Furthermore, this

This journal is © The Royal Society of Chemistry 2025
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technique demonstrated a series of benefits, such as the
ability to heat and cool rapidly, resulting in high energy
efficiency.””® As a result, induction heating presents a promis-
ing solution for incorporating chemical reactions into systems
with intermittent energy production.’® Furthermore, the high
capacity of MIH to quickly reach elevated temperatures allows
the system to exceed the boiling point of the solvent by
forming a vapor layer around the MagNPs. Thus, the reaction
can be conducted under milder conditions (pressure and
temperature) compared to conventional heating
technologies."** In this regard, some of us have recently
determined the surface temperature (Tg,r) of magnetically
heated MagNPs (Fe,,C@Ru) in solution through a catalytic
approach.” It was found that the Ty is significantly higher
than the local temperature (Tjoca1) measured in solution, which
explains the remarkable catalytic performance of MagNPs
when magnetically heated. Nonetheless, early research has
indicated that elevated magnetic field amplitudes in aqueous
media reduce the catalytic activity of these MagNPs due to par-
ticle sintering, thereby shortening their lifespan.'* To address
this issue, our research group synthesized a new carbon-encap-
sulated MagNP catalyst (FeCo@Ni@C), which effectively hydro-
genated a variety of biomass-derived oxygenated compounds
(such as furfural, 5-hydroxymethylfurfural, and vanillin) in
water, being the first reported example of magnetically
induced catalysis in aqueous media.’> The main drawback of
the previous study lies in employing the organometallic
approach to synthesize MagNPs. This complex synthetic
approach requires expensive organometallic precursors, and
typically requires handling under inert atmospheres due to
their low stability in air and/or water.'® Therefore, it becomes
crucial to explore novel, simpler, and cost-effective synthetic
strategies to produce MagNPs on a large scale while guarantee-
ing their stability under an AMF. In this context, a promising
and previously unexplored approach involves the use of metal
nitrates as precursors of the MagNPs, along with their encap-
sulation within graphitic carbon via the high-temperature
pyrolysis of glucose. This low-cost and facile graphitization
process has been extensively studied over the past century,
beginning with the introductory work of Acheson in 1896,"
who demonstrated that the incorporation of metal catalysts
such as Fe, Co, or Ni can significantly reduce the graphitiza-
tion temperature of carbon precursors (from >3000 °C to
~800 °C)."® Since then, numerous studies have explored the
use of Fe in combination with simple carbon sources, such as
glucose or sucrose, due to Fe’s abundance, low toxicity, and
catalytic efficiency for promoting graphitization.'® This
approach enables the one-step synthesis of well-encapsulated
MagNPs in a carbonaceous matrix derived from renewable
biomass resources.”>*' For instance, Niu et al. synthesized
carbon-encapsulated Fe;O, nanoparticles from glucose for the
removal of organic water pollutants.>”> For the same purpose,
in 2019, Defilippi and co-workers obtained Fe;C NPs sup-
ported on carbon nanocomposites through the pyrolysis of a
mixture of Fe(acac); and different carbon sources, such as
glucose, sucrose, and chitosan.?® Other studies have reported
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the synthesis of MagNP-based materials using comparable meth-
odologies, but without exploring catalytic applications. For
example, Hunter et al. investigated the influence of different
carbon sources, including glucose, on the formation of meso-
porous graphitic materials using Fe(NOs),.>* Gyergyek et al. syn-
thesized magnetic Fe;O, nanoparticles via pyrolysis of glucose
and citric acid-coated Fe precursors, merely suggesting potential
uses in magnetic catalysis without conducting any catalytic test.>®
These examples confirm the feasibility of glucose-based graphiti-
zation strategies using simple iron salts. However, most of these
works focused on material synthesis or environmental appli-
cations, and none explored the use of such materials in catalytic
hydrogenation reactions under magnetic induction heating.

The hydrogenation of biomass materials is crucial in produ-
cing value-added chemicals for industrial applications, enhan-
cing the transition towards a carbon-neutral society.*®>®
Among these, levulinic acid (LA) is a renewable biomass plat-
form chemical derived from inexpensive and abundant plant-
based carbohydrates, such as cellulose. Consequently, LA is
considered one of the twelve key building blocks that can be
produced through the biological or chemical conversion of
sugars and is well-suited to generate economically important
derivatives.”>*® Among them, y-valerolactone (GVL) is one of
the most valuable products obtained from the hydrogenation
and dehydration of LA.>' Two distinct pathways can be con-
sidered for this transformation, depending on whether de-
hydration or hydrogenation occurs first. GVL is a naturally
occurring, safe, and biodegradable substance mainly applied
in the industry as a food and fuel additive, which can also be
used as a green solvent for biomass processing.***® Typical
catalysts used for the hydrogenation of LA into GVL often
consist of monometallic noble metal-based nanoparticles (Ru,
Ir, Pd, Pt, etc.)*®**77 or even bimetallic nanoparticles (RuRe or
RuSn)**?*° supported over high surface area supports.
However, the benchmark catalysts leading to the best yields for
GVL production are based on carbon-supported Ru nano-
particles (Ru/C).**"**> The major limitation of using this type of
catalyst is the reliance on noble metals, which are costly and
have natural scarcity. For this reason, the use of non-noble
metal-based catalysts has attracted growing interest from the
scientific community,”*™*” nickel (Ni) being one of the most
active first-row transition metals for the hydrogenation of LA.
For example, Komandur et al. have conducted the hydrogen-
ation of LA in the gas phase using a Ni-hydroxyapatite-sup-
ported catalyst, achieving complete conversion and high
selectivity (>90%) to GVL.*®* Another work by Yan and co-
workers reported the use of a Ni/C catalyst, derived from MOF
pyrolysis, to achieve GVL yields of 98% and 86% using dioxane
and isopropanol as solvents, respectively.”’ Similarly, Liang
et al. obtained a complete GVL yield using Ni nanoparticles
over a porous carbon catalyst.>® A common issue in the men-
tioned studies is the extreme reaction conditions, such as high
temperatures (200 °C) and elevated H, pressures (10-35 bar).
Focusing on milder reaction conditions, our research group
has considered the use of MIH in the hydrogenation of LA, by
using a core-shell catalyst based on FeCo@Ni NPs encapsu-
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lated on carbon (FeCo@Ni@C). Concretely, after 20 hours of
reaction and under mild reaction conditions (3 bar H,, 110 °C,
and inductor equipment of 5 kW), the catalyst achieved a low
yield of 29% in the production of GVL, using water as
solvent."® Similarly, Raya-Barén et al. reported the hydrogen-
ation of LA using non-supported water-soluble Ni NPs, which
exhibited a maximum yield of 65%, although without full
selectivity toward GVL.'* To the best of our knowledge, apart
from these contributions, there is only one other report, by
Gyergyek and coworkers, which employed MIH in the catalytic
hydrogenation of LA, achieving complete conversion to GVL
using a Ru-based nanoparticle composite over maghemite and
isopropanol as solvent.*’

Herein, we designed a series of multifunctional bimetallic
FeNi-supported nanoparticles obtained through the graphitiza-
tion of glucose (Fe,Ni,@N-G) for the magnetically induced
hydrogenation of LA in aqueous solution. The FeNi NPs are
ferromagnetic, where iron acts as the heating agent and nickel
as the catalytically active species in the hydrogenation reaction.
In that sense, a clear trend was observed between the amount
of nickel added and the catalytic activity of the FeNi-based
catalyst, yielding remarkable results in catalytic activity and
selectivity towards GVL. Furthermore, a range of high-interest
biomass-derived substrates were also hydrogenated, demon-
strating that the bimetallic Fe;Ni,@N-G catalysts are highly
active in all cases. Finally, due to the efficient encapsulation of
the MagNPs in the carbon matrix, the catalyst demonstrated
stability during several catalytic cycles, without significant loss
of activity.

Results and discussion
Synthesis and structural characterization

The synthesis of bimetallic FeNi NPs supported on layered
N-doped graphite is based on the graphitization of glucose
through a pyrolysis process. This synthetic approach has been
used to design mono- and bimetallic FeNi NPs with different
atomic compositions (see Fig. 1a). Specifically, Fe(NO3);-9H,0
and Ni(NO3),-6H,0 salts were used as metal precursors in
different proportions, along with glucose and urea as carbon
and nitrogen sources to obtain N-doped graphite (N-G). Briefly,
all the reactants were dissolved in distilled water and trans-
ferred into a stainless-steel autoclave, which was sealed and
heated for 18 h at 175 °C under dynamic conditions. Then, the
preformed carbon-based materials were pyrolyzed (750 °C, 2 h,
25 °C min™"), resulting in five different catalysts based on
mono- and bimetallic FeNi NPs: Fe@N-G, Fe;Nig(;@N-G,
Fe;Nip1@N-G, Fe;Nip,;@N-G, and Fe;Nip,@N-G (see SI
section S1.2). The metal contents of the bimetallic carbon-
based catalysts were determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES), showing a
very similar Fe wt% content in all materials, differing only in
the amount of Ni (see SI section S1, Table S1.1). Brunauer—
Emmett-Teller (BET)*> and Barret-Joyner-Halenda (BJH)>?
sorption analyses were performed to determine the specific

1440 | Green Chem., 2025, 27, 11438-11454

View Article Online

Green Chemistry

surface area and porosity of the catalysts. All samples exhibited
similar surface areas, ranging from 240 to 270 m* g~*, with
pore volumes around 0.1 cm’® g™ (see SI section S3,
Table S3.1). These values indicate a relatively large active
surface for this type of graphitic materials.

Transmission electron microscopy (TEM) analysis of FeNi-
based catalysts revealed the formation of well-distributed
nanoparticles with a mean size distribution that increases
with the Ni loading. For example, Fe@N-G exhibited a size of
8.5 + 3.1 nm, while Fe;Ni, 4@N-G presents an average diameter
of 10.1 + 4.5 nm (see Fig. 1). In all cases, the nanoparticles
present a spherical morphology and are perfectly distributed
over a homogeneous graphite layer, providing excellent stabi-
lity to these systems (vide infra). The synthesis of carbon-based
supported nanoparticles from the graphitization of glucose
has been previously described, as we mentioned throughout
the introduction. However, this approach has never been
explored with the aim of synthesizing MagNPs for application
in magnetically induced catalysis for biomass valorisation.
Additionally, due to the inclusion of urea in the pyrolysis
process, the obtained graphite layer is doped with N atoms, as
confirmed by elemental analysis (see SI section S3, Table S3.1),
which enhances the stability of the system by facilitating the
interaction between the metal and the support.”* This was cor-
roborated by performing the same synthetic procedure without
adding urea (Fe;Nig,;@G). TEM images revealed that the
undoped MagNPs were larger in size (22.4 + 15.7 nm) and the
nanoparticle dispersion was considerably poorer (Fig. 1g). This
difference in size and dispersion indicates that the nitrogen
atoms in the N-doped graphite support play an important role
in facilitating the stabilization of the FeNi-based NPs in this
synthetic approach.

The composition and crystalline structure of the different
MagNPs were investigated by high-resolution TEM (HRTEM)
and scanning transmission electron microscopy dark field
(STEM-DF) coupled with energy-dispersive X-ray (EDX) spec-
troscopy. HRTEM micrographs of FeNi-based catalysts revealed
the formation and crystallinity of the nanoparticles in all the
magnetic catalysts synthesized. Notably, according to the
obtained images, the MagNPs consist of a FeNi-alloy well-
encapsulated in a carbon layer (Fig. 2a). HRTEM micrographs
of Fe;Nij,;@N-G indicated the existence of crystalline NPs
mainly composed of two different crystalline structures, since
two different lattice fringes can be observed. Specifically, in
Fe,Niy ,s@N-G, lattice fringes with interplanar distances of
1.44 A and 2.09 A can be identified, which can be attributed to
the (200) plane of the body centred-cubic (bcc) structure of Fe
(bce-Fe; JCPDS: 03-065-4899) and the (111) plane of the face-
centred cubic (fcc) structure of alloy-FeNi ( fcc-FeNi; JCPDS: 00-
047-1417) (Fig. 2a and Fig. S4.1, see SI section S4).
Furthermore, HRTEM images of Fe;Niy,5;@N-G showed that
the MagNPs are well covered by a carbon layer of approximately
3 nm in thickness (Fig. 2b). By further analysis of this layer, a
lattice spacing of 3.1 A was estimated, close to the (002) plane
of C,N,0.°® This precise encapsulation of the FeNi NPs should
protect them from sintering at the high temperatures reached

This journal is © The Royal Society of Chemistry 2025
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Fe,Ni,@N-G

Fig. 1

(a) Synthesis of FeNi NPs supported on layered N-doped graphite (Fe;Ni,@N-G) with different atomic compositions. TEM micrographs and

the corresponding size histograms of (b) Fe@N-G, (c) Fe;Nip0s@N-G, (d) Fe;Nig 1@N-G, (e) Fe;Nip 2s@N-G, (f) Fe;Nig 4@N-G, and (g) Fe;Nip 25@G.

during the magnetically induced catalysis (vide infra). The for-
mation of the FeNi alloy has been confirmed by STEM-HAADF
imaging coupled with EDX analysis. In particular, EDX
elemental mapping and line scan profile of Fe;Ni, »5@N-G cor-
roborate that both metals are present in an intimate mixture
in the same nanoparticle, forming an FeNi alloy with an
atomic composition of Fe;Ni, ,6, which matches well with the
ICP results (see SI section S1, Table S1.1).

X-ray powder diffraction (XRD) analysis also revealed the
crystalline nature of the FeNi NPs in all the synthesized cata-
lysts. Remarkably, the XRD pattern of the monometallic Fe
NPs (Fe@N-G) differs significantly from their bimetallic
counterparts. As shown in Fig. S5.1 (see SI section S5), the
XRD of Fe@N-G exhibits peaks corresponding to bcc-Fe and 6-
Fe;C (JCPDS: 00-035-0772), suggesting that Fe undergoes a
partial carburization during the graphitization of glucose
(750 °C under N,). In contrast, the FeNi-based catalysts do not
exhibit peaks corresponding to Fe carburization, suggesting

This journal is © The Royal Society of Chemistry 2025

that Ni inhibits the carburization process during pyrolysis.
Instead, the bimetallic FeNi-catalysts exhibit peaks at 26:
~43.8° and ~44.7° corresponding to fcc-FeNi and bcc-Fe,
respectively, with a small peak at 26: 26.5° due to the N-doped
carbon-coating formed during the graphitization process,
corresponding to graphite (JCPDS: 03-065-6212; see Fig. 3a), as
previously observed in the HRTEM analysis (Fig. 2b). No peaks
related to oxidized species, such as Fe;O, or NiO, can be
observed, confirming that the bulk of the Fe;Ni,@N-G catalysts
are fully reduced, which are the active species in the hydrogen-
ation reactions (vide infra). As shown in Fig. 3a, as the amount
of Ni increases, the peak intensity related to the fcc-FeNi also
increases without a significant shift, while the peak corres-
ponding to the bcc-Fe phase decreases. According to Vegard’s
law for solid solutions, the alloy-FeNi phase resulted in a stoi-
chiometry of approximately Fe;Ni, in all cases, regardless of
the amount of nickel present in the sample (Fig. 3b). This
suggests that while the overall nickel content in the system

Green Chem., 2025, 27, 1438-11454 | 11441
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N-G layer

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

Element Line Type k factor type wt% wt% sigma
Fe K series 1.143 78.27 0.64
Ni K series 1.164 21.73 0.64
Total 100

(a) HRTEM image of Fe;Nig2s@N-G, where FFT analysis confirms the presence of fcc-FeNi and bcc-Fe crystalline structures. (b) HRTEM

image of Fe;Nig2s@N-G highlighting the separation of the carbon layers (3.1 A) and the thickness of the carbon coat (ca. 3 nm). (c) STEM-HAADF
coupled with EDX analysis of Fe;Nip2s@N-G, where C is marked in red, Fe in green, and Ni in violet. (d) STEM-HAADF image and EDX line scan

profile of a single nanoparticle of Fe;Nip 2s@N-G.

increases, the proportion of the fcc-Fe;Ni; phase grows, but its
stoichiometry does not shift in favour of nickel. However, the
full width at half maximum (FWHM) of the fcc-Fe,Ni; signal
varies depending on the amount of Ni added. Consistent with
the observations from TEM micrographs (vide supra), the
crystal size (calculated using the Scherrer equation) increases
according to the Ni content of the system, with Fe;Nig ¢s@N-G
exhibiting the smallest crystal size and Fe;Ni, ;@N-G exhibit-
ing the largest (see SI section S5, Table S5.1). Therefore, XRD
measurements indicate that the FeNi-based catalysts are com-
posed primarily of monometallic iron nanoparticles, which are

1442 | Green Chem., 2025, 27, 11438-11454

progressively modified with small but increasing proportions
of the alloyed Fe;Ni; phase, which are ultimately encapsulated
within a carbon shell.

XPS analysis confirmed the chemical composition of these
N-doped graphite materials. Fig. 4 presents the XPS spectra of
Fe(2p), Ni(2p), C(1s) and N(1s) regions in the mono- and bi-
metallic catalysts (Fe@N-G and Fe;Ni,,s@N-G, respectively).
Given that the presence of graphene/graphite layers was
already confirmed by TEM and XRD, curve fitting of the C(1s)
XP region (Fig. 4a) could be satisfactorily accomplished by
using the model developed by J. Baltrusaitis and co-workers as

This journal is © The Royal Society of Chemistry 2025
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(a) XRD diffractograms of Fe;Nip os@N-G (grey), Fe;Nip 1@N-G (red), Fe;Nip 2s@N-G (blue), and Fe;Nip 4@N-G (green). (b) Fitting of the lattice

parameter of the fcc-FeNi alloy phase to a calibration curve generated from the lattice parameters of fcc-Fe®, fcc-FeyNig 4, fcc-Fe;Nig 75 and fcc-Ni°,
demonstrating a resulting stoichiometry of ca. Fe;Ni; for all synthesized-catalysts.

a starting point.”® Both samples exhibit a high degree of simi-
larity, with two main components at 284.8 eV, corresponding
to C-C, C-H (sp®), and 284.4 eV, corresponding to C=C (sp?).
The other peaks correspond to carbon atoms bound to O or N,
such as C=N, C-N, and C-O (ca. 286.0 eV) and O-C=0 (ca.
289.0 €V).>”*® 1t is important to note that while the XRD ana-
lysis of Fe@N-G shows the presence of an iron carbide phase
(6-Fe3C), the substantial quantity of other types of carbon on
the sample surfaces makes it difficult to identify these species
in the C(1s) region. The N(1s) regions of both systems
(Fe@N-G and Fe;Ni,,;@N-G) are also very similar (Fig. 4b),
showing spectra centred at 400 eV that can be fitted using
three components. The main peak at ca. 400.3 eV can be
ascribed to N atoms forming part of organic structures, but co-
ordinated to metal (Fe, Ni) atoms, whereas the peak at ca.
401.3 eV might belong to isolated graphitic and/or pyrrolic
nitrogen atoms, and the peak at ca. 398.2 €V can be assigned
to pyridine and/or imine-like N atoms.>”*>°® All these contri-
butions point to the effective incorporation of the N atoms
into the carbonaceous matrix, in agreement with HRTEM ana-
lyses, as well as to a stabilizing effect over the metal species. As
for the metallic elements, the weak intensity of Fe(2p) and Ni
(2p) regions (Fig. 4c and d) is due to the carbon encapsulation
of the MagNPs, which led to a low response in the XPS spec-
trum. Due to the low signal-to-noise ratio and the presence of
multiplet splitting in these regions, it was not possible to
perform any fitting, and the discussion was based on the
visual inspection of the spectra. Fig. 4c shows the Ni 2p;/, and
Ni 2p,,, peaks (overlapped with an Auger feature from N) for
Fe;Ni, ,5s@N-G, within a BE range of 845-890 eV. The Ni 2p;,,
peak maxima is located at ca. 854.2 eV, which can be associ-
ated with oxidized species. The apparent low intensity ratio
between the expected satellite at ca. 862 eV and the main peak
prompted us to tentatively associate these species with a
nickel-based oxyhydroxide.®® Additionally, an asymmetry on
the low binding energy side of the peak indicates the presence

This journal is © The Royal Society of Chemistry 2025

of Ni(0) in the XPS analysis depth (ca. 852.6 €V).®! Finally, the
Fe(2p) XP region of Fe@N-G and Fe;Nij,;@N-G samples
present a shoulder at 706.8 eV in the Fe(2ps/,) region, charac-
teristic of the iron metal. Apart from that component, in both
XPS spectra, the maxima of the Fe(2p) XP peaks appear around
711.1 and 724.6 eV, suggesting oxidized iron as the predomi-
nant species.’> Additionally, the area of the spectra between
~707 eV and ~710 eV (Fig. 4d), in both catalysts might contain
minor contributions from Fe** in Fe;C (708.1 eV) as well as
Fe”* in FeO (709.7 eV).°>** Comparing the Fe(2p) and Ni(2p)
regions in the XP spectra (Fig. 4c and d), it is apparent that the
Ni signal is more intense despite Fe being more abundant in
the bulk. This observation supports a structural model in
which Ni is preferentially located at the nanoparticle surface,
consistent with partial shell or surface-decorated configur-
ations around a Fe-rich core, resulting in what we describe as a
“cookie-like” morphology (see SI section S6, Fig. S6.3).

The quality of the formed graphite layer can be confirmed
by Raman spectroscopy.®® In all cases, two major bands are
observed: one at ca. 1358 cm™" (D peak) and another at ca.
1584 cm™' (G peak), along with a broad 2D peak around
3000 cm™", which is associated with 1-2 graphene layers. The
number of defects in the N-G support is related to the intensi-
ties of the D and 2D bands, and these peaks are quite intense
for all the materials obtained (see SI section S7, Fig. S7.1).
These defects in the N-doped graphite are exceptional anchor-
ing points for the FeNi nanoparticles,®> enhancing the
carbon-metal interaction, which may improve the activity and
stability of the catalysts. However, vibrations associated with
the interactions of carbon, oxygen or nitrogen atoms with the
metallic nanoparticles (Fe and/or Ni) could not be observed.

Due to their application in magnetically induced catalysis,
the characterization of the encapsulated FeNi NPs also
included both magnetic and calorimetric measurements.
Magnetic properties were analysed using vibrating sample
magnetometry (VSM), measuring hysteresis cycles at 5 and

Green Chem., 2025, 27, 1438-11454 | 11443


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc03853g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 September 2025. Downloaded on 4/30/2026 9:01:09 PM.

(cc)

Paper
a)| — Csp2(graph) ——C-0/C-N
Csp® (C-C,C-H) ——0O-C=0
0 .
.g FG1NIOAQ5@N-G
e}
8
&
‘n
c
[
£
Fe@N-G
B i o oo o o o e
296 292 288 284 280 276
Binding Energy (eV)
C) Ni2p,,,
r 1 1
N 0,0H
)
'c
=
g
S
2
‘®
c
[
E
Fe,Nij ,s@N-G

885 880 875 870 865 860 855 850
Binding Energy (eV)

View Article Online

Green Chemistry

O
N—"

— Pyrrolic N/Isolated Ny, —— N, M
—— Iminic N/ Pyridinic N

0 Fe;Niy ,s@N-G

=

o

S

s

2

]

c

2

=
Fe@N-G
———r———
408 404 400 396 392

Q.
N—"

Intensity (arb. units)

Fe(0)»
L o o o S NN S N B
730 725 720 715 710 705
Binding Energy (eV)
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300 K (see SI section S8, Fig. $8.1-S8.5) to determine the satur-
ation magnetization (M), remanent magnetization (Mg), and
the coercive field. From Table 1, at 300 K, the remanence

Table 1 Values of Ms, Mg and SAR of Fe;Ni,@N-G catalysts

Ms (A m2 kgCo_]) My (A m2 kgCo_])

SAR?
Catalyst 5K 300 K 5K 300 K Wweg™
Fe@N-G 130 110 42 18 72
Fe,Nio.os@N-G 152 124 34 10 24
Fe;Nio,@N-G 165 145 30 14 32
Fe,Nij »s@N-G 169 131 32 9 50
Fe,Ni, ,@N-G 177 159 46 24 68

“SAR estimated with a 93 kHz coil operating at 47 mT.

1444 | Green Chem., 2025, 27, 1438-11454

ratios (Mg/Ms) are slightly above or below 0.1, indicating that
the systems are ferromagnetic, but close to the boundary
between superparamagnetic and ferromagnetic behaviour. As
expected, My values become significantly higher at 5 K than at
300 K, where thermal fluctuations suppress magnetic stability
at room temperature. Therefore, at 5 K, the remanence
increases for all samples, indicating a transition into a blocked
state where the nanoparticles behave as mono-domain ferro-
magnetic particles.®® Interestingly, despite the lower magnetic
moment per atom of Ni, M values generally increase with Ni
incorporation, particularly at 300 K. It is likely that strong mag-
netic interactions stabilizing the fcc-FeNi alloy phase are
behind this phenomenon.®” However, other effects may also
account for this circumstance, and the exploration of this lies
beyond the scope of this work. On the other hand, the My

This journal is © The Royal Society of Chemistry 2025
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decreases at first with Ni incorporation (i.e., Fe;Nig os@N-G), to
then increase again with higher amounts of Ni (ie.,
Fe;Niy 4@N-G). Here, two effects are probably counteracting
each other at the extremes of the compositional range studied.
Fe would in principle enhance magnetic anisotropy, but the
average particle size becomes larger (Fig. 1) when increasing
the Ni content. Last, any significant exchange bias could be
measured in the poH axis at 5 K, thus proving the absence of a
significant layer of oxide at the NP surfaces.®®

On the other hand, calorimetric characterization was con-
ducted through specific absorption rate (SAR) measurements
using an AMF at 93 kHz and 47 mT. SAR quantifies the
heating efficiency of the nanoparticles (see SI section S1.1),
which is crucial for any application involving their activation
under an AMF. The SAR measurements (Table 1) reveal that
Fe@N-G exhibits the highest SAR (72 W g™ '), as expected for a
hard magnetic material with a higher efficiency in dissipating
heat under an AMF. Although the SAR values of the FeNi alloy-
based catalysts are lower than that of the monometallic Fe
catalyst, a similar trend to what is observed in the values of My
was detected within the alloy series. As the Ni content
increases, the SAR first decreases (24 W g~ for Fe;Niy os@N-G)
to then increase (68 W g™' for Fe;Nigos@N-G). Again, a
complex interplay of changes in anisotropy, particle size distri-
bution, and magnetic relaxation upon Ni incorporation should
account for these results. Overall, these measurements high-
light that these FeNi-based systems exhibit tuneable magnetic
and heating properties, with Fe-rich compositions retaining
better magnetization and heat dissipation performance.

Catalytic studies

The catalytic performances of Fe@N-G, Fe;Nig¢s@N-G,
Fe;Niy1@N-G, Fe;Nij,;@N-G, and Fe;Niy,@N-G have been
studied during the magnetically induced hydrogenation of
levulinic acid (LA) in water under 5 bar H,. LA has been
selected as a model molecule because its reduction to
y-valerolactone (GVL) is highly significant, as GVL is a com-
pound of great interest as a potential substitute for petroleum-
based fuels®*®® and a promising green solvent.”” However,
most of the catalysts reported for GVL production from LA are
water-incompatible, requiring the use of organic solvents.
Since real biomass products dissolve primarily in water, which
is considered the greenest solvent due to its nontoxicity and
environmental compatibility,”* it is crucial to design robust
catalytic systems that operate in aqueous media. Therefore, we
conducted the magnetically induced hydrogenation of LA in
aqueous media under an AMF, which also poses an additional
layer of complexity due to the commonly poor dispersability
and limited stability of MagNPs in water.">

For the magnetically induced reactions, an AC magnetic
field oscillating at 320 kHz with a maximum power of 2 kW
was used (see SI section S2). Initially, the reaction conditions
were optimized for the applied magnetic field, temperature,
catalyst loading, and H, pressure, as shown in Table $9.1 and
Fig. $9.1 (see SI section S9). Under the optimized reaction con-
ditions (0.4 mmol LA, 30 mg of Fe;Ni,@N-G catalyst, 8 hours,

This journal is © The Royal Society of Chemistry 2025
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63 mT, and 5 bar H,), the activity and selectivity of the
different catalysts were compared. Regarding the monometallic
catalyst, as shown in Table S9.1 entry 1, Fe@N-G exhibited no
catalytic activity, confirming that Ni is the active species
responsible for the hydrogenation of LA, while Fe serves
merely as a crucial component of the heating agent. This
observation aligns with literature reports, as Ni-based catalysts
are widely used in the hydrogenation of biomass molecules
due to their capacity to efficiently dissociate and chemisorb
H2.72

For the bimetallic catalyst, an increase in Ni-loading led to
higher conversion rates. For example, after 4 h of reaction,
chosen to avoid comparing catalyst performance at high con-
version levels, the Fe;Nig os@N-G catalyst achieved only 17%
conversion (Table S9.1, entry 2). In contrast, Fe;Niy;@N-G or
Fe;Niy 5 @N-G showed significantly higher conversions of 46%
and 63%, respectively, with Fe;Ni, 4@N-G, the catalyst with the
highest Ni-content, achieving a maximum conversion of 92%
(Table S9.1, entry 5). These results indicate that a higher
number of catalytically active sites (Ni) improves the overall
conversion in the magnetically induced hydrogenation of LA.
Interestingly, the selectivity toward GVL remained consistent
at 100% for all Ni loadings, with no intermediates or over-
hydrogenated products detected.

Besides, a clear trend can be observed in the local tempera-
ture (Tjoca) reached by the catalyst under the influence of the
oscillating magnetic field, which depends on the hard-soft
magnetic nature and the loading of the ferromagnetic nano-
particles. As can be observed by comparing entries 1 to 5 in
Table S9.1, the magnetic catalyst that achieves the highest
Tiocal (Measured using an IR pyrometer) is the monometallic
Fe-based catalyst (Fe@N-G). This observation is in good agree-
ment with the SAR measurements and expected since Fe is
magnetically harder than Ni. Therefore, Fe tends to reach a
higher Tjoca (151 °C). When Ni is incorporated into the mag-
netic catalysts, the measured Tj,., decreases compared to
Fe@N-G. However, as the Ni content increases, the Tjycq gradu-
ally rises from 99 °C for Fe;Niy¢s@N-G to 146 °C for
Fe;Niy 4@N-G. This trend is consistent with the SAR measure-
ments, where the SAR values initially decrease and then
increase with the Ni content (see Table 1). Remarkably, even
though none of the FeNi-based catalysts surpass the tempera-
ture reached by Fe@N-G, all of them are more active in the
hydrogenation of LA. Therefore, this demonstrates that Ni is
the active species responsible for the hydrogenation reaction.

Given that Fe;Niy,5@N-G contains a moderate amount of
Ni and exhibits a higher TOF value than Fe;Ni, ,@N-G, we
further explored the correlation between the observed Tjocal
and the performance of the catalyst under magnetic heating.
To do that, the activation energy (Ea) of Fe;Nij ,;@N-G for the
hydrogenation of LA was determined using the Arrhenius
equation under conventional heating, assuming the same reac-
tion mechanism under both conventional and magnetic
heating. This allowed us to establish a correlation between
conversion and temperature, enabling an estimation of the
real surface temperature (Ts,,) of the catalyst, as demonstrated
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previously.'® Plotting the apparent kinetic constant (k) for the
hydrogenation of LA (1) to GVL (3) at different temperatures
(ranging from 80 to 160 °C; see SI section S9, Fig. $9.2) results
in an estimated Ea of 20.9 k] mol™" for Fe;Niy,s@N-G
(Fig. 5b). As shown in Fig. 5c, the conversion increased propor-
tionally with the reaction temperature, reaching a maximum of
63% at 160 °C after 8 h of the reaction. In all cases, the FeNi-
based catalysts appear to be completely selective towards the
production of GVL (3), with only small traces (<1%) of 4-hydro-
xypentoic acid (2) observed. Then, by introducing the apparent
kinetic constant obtained through magnetically induced cata-
lysis (see SI section S9, Fig. $9.3) into the Arrhenius plot built
upon the conventionally heated experiments (Fig. 5b), we were
able to estimate the Tg,.r of Fe;Nig »5@N-G during the magneti-
cally induced hydrogenation of LA (Fig. 5d). The T, values of
the MagNPs increase linearly over the entire range of the mag-
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netic field, reaching a maximum Ty, of ca. 183 °C at 63 mT.
These Tgur values were significantly higher than the Tjoca of
the solution measured using an IR pyrometer, indicating a
higher temperature at the catalyst surface. This result was
expected since, in almost all cases, the conversions achieved at
early reaction times through magnetic induction exceeded
those obtained via conventional heating (Fig. 5d). For example,
by comparing the results obtained at 100 °C under convention-
al heating (entry 2, Fig. 5c) with those obtained at 49 mT
(Tiocar: 93 °C; see entry 3, Fig. 5d), it can be observed that the
apparent kinetic constant is significantly higher in the case of
the magnetically induced reaction (ko mr: 0.151 min™" vs.
K100 oc: 0.125 min~'). Similarly, when comparing the conver-
sion results after 8 h, a conventional heated reaction con-
ducted at 100 °C resulted in 33.4% conversion, whereas apply-
ing a magnetic field of 49 mT resulted in a higher conversion

(0] OH
;S /IWOH *+Hy /WOH -H20 O0N_-0 ™
—_— —_—
o) o)
levulinic acid y-valerolactone

LA (1)

4-hydroxypentoic acid
2

3

-1.0
b) (Ea=209Kimol] ©)
15 LN . ., a
15 ‘. . Entry T(°C) Co,(,;s:ilon S:Iectlwty (Z;)
2.0 S i
S 1 80 234 <1 >99
£ 56l 2 100 334 <1 >99 |
. 3 120 419 <1 >99 |
3.0 4 140 55.6 <1 >99 5
s | | | | 5 160 63.3 <1 >99
2,0 2,2 24 2.6 2.8 3.0

1000/T (K"

d) Entry Magnetic Field o occ 4 (min) Tour (°C)! Conversion (> —eiectivity (4"
(mT) 2 3
1 29 52 0.052 64.6 13.3 <1 >99
2 40 79 0.100 96.7 31.4 <1 >99 ;
Y 3 49 93 0.151 120.6 432 <1 >99
K 4 57 105 0.252 154.8 67.3 <1 >99
5 63 120 0.363 183.1 >99 <1 >99

Fig. 5

(a) Schematic representation of LA hydrogenation. (b) Arrhenius plot of the conventionally heated conversion of LA into GVL using the

Fe;Nip 25@N-G catalyst. (c) Hydrogenation of LA catalysed by Fe;Nip 2s@N-G under conventional heating at different temperatures. (d) Determination
of the T+ during the magnetically induced hydrogenation of LA catalysed by Fe;Nip2s@N-G. ? Reaction conditions: 30 mg of Fe;Nig2s@N-G
(~9 mol% Ni), 0.4 mmol LA, 1 mL H,O, and 5 bar H, for 8 h. Conversions and selectivities were determined by GC and GC-MS using dodecane as the
internal standard, with carbon balances consistently in the 95-100% range. Product identities were further confirmed by NMR. ? Blank test was per-
formed in the hydrogenation of LA and the conversion was negligible. € Tioc,, Was measured using an IR pyrometer. ¢ Estimated T, were calculated
by the interpolation in the Arrhenius equation.
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of 43.2%, although the measured Tjoca is slightly lower. This
result suggests that the real temperature reached at the surface
of the FeNi NPs is definitely higher than the one measured
with the IR pyrometer, as evidenced after interpolation in the
Arrhenius equation, which indicates a Tg,+ of 120 °C.
Furthermore, by comparing the magnetically induced conver-
sion of LA after 8 h at 49 mT (T, ca. 120 °C) with the result
obtained under conventional heating at 120 °C, we can observe
that the conversions are almost identical, reaching 43.2%
(entry 3, Fig. 5d) and 41.9% (entry 3, Fig. 5¢) of LA conversion,
respectively. The same trend can be observed when comparing
the results obtained under conventional heating at 100 °C with
those achieved by applying a magnetic field of 40 mT (Tjecar:
79 °C). Both catalytic reactions reach a very similar conversion
value after 8 h, ~30% LA conversion, despite the significant
temperature difference (see entry 2 Fig. 5c, and entry 2
Fig. 5d). As mentioned before, this phenomenon should occur
because the Ty, of the catalyst in the reaction conducted at
40 mT is indeed higher than the T, observed, with
Fe;Niy ,5@N-G reaching a Ty of ca. 97 °C at 40 mT.

In terms of energy efficiency, a comparison between mag-
netic induction heating and conventional heating using a hot
plate (Heidolph, 0.825 kW) reveals a significant difference in
energy savings. As previously mentioned, the main advantage
of MIH lies in its rapid and direct heating of the catalyst itself,
unlike conventional heating technologies that rely on external
heat transfer. Firstly, when comparing the time required by
both technologies to reach the target reaction temperature
(Tiocat = 120 ©C), the first difference becomes evident.
Conventional heating requires approximately 19 min to reach
the desired temperature, consuming around 262 W h, while
MIH can achieve the same temperature in less than 1 minute,
with a power consumption of only 34 W h. Therefore, during
the heating ramp, MIH is nearly 8 times more energy-efficient
than conventional heating. Secondly, when comparing the
energy consumption required to reach the same conversion,
further advantages of MIH become evident. For instance, to
achieve a LA conversion of ca. 40% at Tjocq Of 120 °C with
Fe;Ni, ,5@N-G, conventional heating requires 8 hours of reac-
tion time, which implies a consumption of 6.6 kW h. In con-
trast, the same conversion can be achieved by MIH in only
2 hours, with a power input of less than 4 kW h. Furthermore,
for nearly complete conversion of LA into GVL (96.2%) at
120 °C, conventional heating would require 22 hours, resulting
in a total power demand of 18.2 kW h, whereas MIH reaches
full conversion in just 8 hours, representing a significantly
lower energy consumption (see SI section S9, Fig. $9.4).

As shown in Fig. 5d (entry 5), Fe;Ni»s@N-G exhibits out-
standing catalytic performance in the hydrogenation of LA,
achieving complete conversion into GVL in water under 5 bar
of H, at 63 mT, which corresponds to a Tjocar Of 120 °C.
Furthermore, no signs of size growth, agglomeration, or loss of
the bimetallic character were observed by TEM and
STEM-HAADF analysis (see SI section S4, Fig. S4.2 and $4.3),
in contrast to what was observed in other studies where LA
hydrogenation was addressed with FeNi-based nanoparticles.**

This journal is © The Royal Society of Chemistry 2025
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We ascribe this behaviour to the fact that the FeNi NPs are
well-encapsulated by the carbon layer and strongly interacting
with the N atoms of the doped-support, providing the system
with excellent stability.®>”*”* Likewise, no significant
reduction in BET surface area was observed after the magnetic
catalytic reaction (see SI section S10, Fig. S10.1). Compared to
the literature, magnetically heated Fe;Niy,s@N-G stands out
as one of the most active non-noble metal-based catalysts
reported for the magnetically induced LA hydrogenation in
aqueous media (see SI section S11, Table S11.1), under very
mild catalytic conditions. To date, only two examples have
been reported using water as the reaction medium for this
transformation, and the TOF values in those studies are
approximately one order of magnitude lower than the 1.3 h™*
achieved with Fe;Ni,,;@N-G (see entries 12-14 Table S11.1).
This achievement is made possible by carrying out the reaction
by magnetically induced heating, using equipment with only
2 kW of power. This enables LA hydrogenation at much lower
temperatures and pressures than those typically reported in
the literature (above 150 °C and 10-50 bar H,), due to the for-
mation of hot spots on the surface of the MagNPs where loca-
lized high temperatures and pressures are likely present.'"”>
In comparison, conventional heating methodologies require
more severe conditions. For example, Balla et al. successfully
converted LA into GVL using Ni NPs supported on carbon as
the catalyst, but under high-temperature and high-pressure
conditions (200 °C and 30 bar H,).*® Similarly, Kadu et al. syn-
thesized FeNi-based NPs supported on montmorillonite (Ni/
MMT), achieving a 41% conversion in aqueous media with
complete selectivity toward GVL.”® However, the reaction also
required harsh conditions of 200 °C and 35 bar H,, facing
leaching issues after the first catalytic cycle.

To the best of our knowledge, very few studies have been
reported in the literature on the magnetic induction hydrogen-
ation of LA. In 2022, Gyergyek et al. were the first to report the
use of magnetic induction for LA hydrogenation, with a Ru
NP-based catalyst supported on maghemite.”® Their results
demonstrated excellent conversion and selectivity for GVL,
using 2-propanol as solvent, 10 bar H,, and a 6 kW magnetic
induction system (see SI section S11, entry 11 Table S11.1).
Due to the use of 2-propanol as solvent, Gyergyek and co-
workers were able to achieve complete conversion into GVL
with an energy consumption of only 600 W h, despite using
magnetic equipment with a total power of 6 kW. This is par-
tially attributed to the lower heat capacity of 2-propanol com-
pared to water (2.68 J g~' K" vs. 4.18 J g~* K™', respectively),
which allows the system to heat up with less energy input.
Furthermore, when comparing the catalytic conditions used by
Gyergyek with this work, it is worth noting that the solvent-to-
catalyst mass ratio (gsolvent/gcatalyst) is three times lower in their
case (23.3 vs. 66.7, respectively). Another limitation of their
study was the use of noble metal nanoparticles, such as Ru, as
the catalytically active species, which presents several disad-
vantages, including high cost due to limited availability.
Overcoming this issue, later that same year, some of us devel-
oped a new heating agent based on non-noble metal NPs.

Green Chem., 2025, 27, 1438-11454 | 11447
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Specifically, Cerezo-Navarrete et al. reported using a carbon-
based magnetic catalyst (FeCo@Ni@C) for the magnetically
induced hydrogenation of biomass-derived molecules in an
aqueous phase."® However, in that work, a very low conversion
of LA into GVL was observed, achieving only 28.6% of conver-
sion after 20 h of reaction using a 5 kW magnetic induction
system (entry 12, Table S11.1). Some of us, also studied the
hydrogenation of LA magnetically heated, achieving a
maximum conversion of 73%, with no complete selectivity
towards GVL, by using non-supported FeNi NPs stabilized with
L-lysine and a high-power magnetic equipment of 13 kW (entry
13, Table S11.1)."* Therefore, Fe;Niy,;@N-G emerges as the
most active magnetic catalyst based on Ni NPs reported to date
for the magnetically induced hydrogenation of LA, achieving
complete conversion into GVL using H,O as solvent, 5 bar H,,
and a magnetic induction system of only 2 kW (entry 14,
Table S11.1).

Motivated by the obtained results, we further evaluated the
catalytic activity of Fe;Nip,s@N-G in the hydrogenation of
other oxygenated biomass-derived compounds, such as vanil-
lin (4), levoglucosenone (7), and 5-hydroxymethylfurfural
(HMF, 10) in aqueous media (Table 2). For instance, the mag-
netically induced hydrogenation of vanillin (7) using
Fe;Nig ,5;@N-G resulted in a low conversion of 36.1% when a
magnetic field of 40 mT was applied (see Table 2, entry 1).
Nonetheless, it was fully selective to the formation of vanillyl
alcohol (5). To achieve complete conversion with nearly full
selectivity to vanillyl alcohol, it was necessary to extend the
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reaction time to 18 h under the same magnetic field (see
Table 2, entry 2). However, by fixing the reaction time at 4 h
and increasing the applied magnetic field, the conversion
improved, and the selectivity shifted towards the hydrodeoxy-
genation (HDO) product, 2-methoxy-4-methylphenol (6).
Indeed, a nearly complete conversion and selectivity to the
HDO product was achieved upon applying a magnetic field of
63 mT. As shown in Table 2 (entries 2-4), the shift in selectivity
towards the HDO product is attributed to the increased
applied magnetic field, which raises the Tjoca reached during
the reaction, as these parameters are directly correlated (see
Fig. 5d). Specifically, at 40 mT, the Fe;Nij,;@N-G catalyst
reaches a Tjocq1 Of 74 °C, which increases up to 130 °C when a
magnetic field of 63 mT is applied. It is well known that hydro-
genation reactions are favoured at lower temperatures, whereas
HDO reactions are favoured at higher temperatures, explaining
why the selectivity toward 2-methoxy-4-methylphenol becomes
nearly complete at 63 mT.

A similar trend was observed in the hydrogenation of levo-
glucosenone (7), a product generated during cellulose pyrol-
ysis, and recently established as a next-generation biomass-
derived platform molecule.”””® Under a magnetic field of
40 mT, Fe;Ni, »,5;@N-G primarily produced dihydrolevoglucose-
none (cyrene) (8), the product derived from the hydrogenation
of the double bond. Specifically, after 2 h of reaction under a
magnetic field of 40 mT, corresponding to a Tjoca Of 72 °C, a
conversion of 94% was achieved with 81% selectivity toward
cyrene (8). However, increasing the applied magnetic field to

Table 2 Catalytic transformation of various biomass-derived compounds in aqueous media using Fe;Nip.s@N-G as the magnetically active

catalyst?
Entry Substrates Products Field (mT) Time (h) Tiocal” (°C) Conv.” (%) Selectivity” (%)
1 (@) H HO 40 4 76 36.1 5:6=99:1
2 40 18 74 89.4 5:6=92:8
3 57 4 106 68.7 5:6=64:36
4 63 4 130 >99 5:6=3:97
o~ o~ o~
OH OH OH
@ (5) (6)
5 (@) O (@) 40 2 72 94.2 8:9=81:19
6 63 2 132 >99 8:9=12:88
7 [ \ [ [ 63 4 132 >99 8:9=1:99
(0] o (0]
o] o) HO
(7) (8) 9
8 o) OH O HO OH 40 4 120 47.2 11:12=1:99
9 \ o e o 40 8 123 72.6 11:12=2:98
10 \ / \ / \ / 49 4 160 95.2 11:12=5:95
(11) (12)

(10)

“Reaction conditions: 30 mg of Fe;Nig ,5@N-G (~9 mol% Ni), 0.4 mmol substrate, 1 mL H,0, and 5 bar H,. b Tiocal Was measured using an IR
pyrometer.  Conversions and selectivities were determined by GC and GC-MS using dodecane as the internal standard, with carbon balances
consistently in the 95-100% range. Product identities were further confirmed by NMR.
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63 mT resulted in complete conversion within the same
reaction time (2 h), but changing the selectivity to the product
where the hydrogenation of the carbonyl (C=O0) group
was also achieved, reaching 88% selectivity for levoglucosanol
(9) at a Tjpcar Of 132 °C (see Table 2, entry 6). Moreover, extend-
ing the reaction time from 2 to 4 h under the same
conditions led to a quantitative yield of levoglucosanol (9) (see
Table 2, entry 7).

Another molecule of great interest is HMF (10), a key
biomass-derived platform chemical and an important building
block for a wide range of applications in the field of polymers,
fine chemicals, and fuels.””"®" Similar to the other biomass-
derived molecules, lower magnetic fields result in lower Tiocal,
leading to poor conversion. For example, applying a magnetic
field of 40 mT (Tjoca1 120 °C) for 4 h results in a conversion of
only 47.2% (see Table 2, entry 8) into 2,5-bishydroxymethyl-
furan (BHMF, 12). Doubling the reaction time to 8 h under the
same magnetic field (40 mT) increases the conversion to
72.6% (see Table 2, entry 9). Furthermore, increasing the mag-
netic field to 49 mT achieves an almost complete conversion of
>95% (see Table 2, entry 10). Apparently, in the magnetically
induced hydrogenation of HMF using Fe;Ni,,s@N-G, it was
not possible to modulate product selectivity. This is due to the
use of water as the reaction solvent, which usually drives the
selectivity towards BHMF formation when using non-noble
metal catalysts and low hydrogen pressures.'"?

Based on these results, it is worth noting that the hydrogen-
ation of all biomass-derived products follows the same trend
observed for levulinic acid: as the applied magnetic field
increases, the Tjoca rises accordingly. However, the substrates
clearly influence the Tj,.. achieved, which is directly depen-
dent on their heat capacity and density. For instance, under
the same magnetic field of 40 mT, the observed Tioca varies
across the different substrates. While vanillin (4) and levoglu-
cosenone (7) reach similar Ty, of ca. 75 °C, HMF (10)
achieves a significantly higher Tj,.q of 120 °C (see Table 2,
entries 1, 5, and 8). This is the reason why the hydrogenation
of HMF was not carried out at a higher magnetic field (63 mT),
as with the other substrates, since at such high temperatures
(>150 °C), HMF tends to polymerize.®*

Finally, a series of recycling experiments were performed to
assess the robustness of the Fe;Nig,;@N-G in the aqueous
magnetic hydrogenation of LA. First, a reusability test was per-
formed by repeatedly using the same batch of Fe;Niy ,;@N-G
in the hydrogenation of LA at 63 mT for 4 h of reaction, ensur-
ing that the comparison was not made under complete conver-
sion conditions. Magnetic recoverability is another advantage
of this system. Specifically, after each catalytic cycle of 4 h at
63 mT, the catalyst was separated using an external magnet,
washed with H,0 and acetone, and dried in an oven at 100 °C.
As shown in Fig. 6a, the first four consecutive catalytic cycles
proceeded without any remarkable activity loss, maintaining a
conversion close to 65%. However, from the fifth catalytic cycle
onwards, a slight deactivation of the catalyst was observed,
becoming more pronounced after the seventh cycle, with the
conversion dropping to 17.2%. The catalyst deactivation can
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be attributed to a combination of different factors, including
the partial oxidation of the MagNPs, and the metal leaching
due to the highly acidic reaction conditions. According to Bai
et al., carrying out the hydrogenation of LA in aqueous media
promotes the oxidation of the metal species, which, combined
with the acidity of levulinic acid, leads to metal leaching
through the formation of water-soluble complexes.®? The
partial oxidation of FeNi-based NPs could be observed by both
XRD (see SI section S5, Fig. S5.2) and Raman spectroscopy (see
SI section S7, Fig. S7.1f), where the vibrational bands associ-
ated with metal-oxygen bonds are detected. In the XRD ana-
lysis of the spent catalyst, the predominant contributions are
associated with the partial oxidation of Fe (Fig. S5.2), mainly
in the form of magnetite (Fe;0,). This finding was further con-
firmed by HRTEM analysis of the crystallographic planes of
Fe;Niy 5 @N-G after the recycling experiments with LA, where
lattice fringes with an interplanar distance of 2.48 A were
observed (see SI section S4, Fig. S4.4), corresponding to the
(311) plane of fec-Fe;0,4 (JCPDS: 03-065-3107).

Magnetite is a less efficient heating agent than Fe°, as evi-
denced by their Curie temperatures. While Fe® has a Tc of
770 °C, Fe30, exhibits a T of approximately 450-550 °C. As a
result, Fe;Niy »;@N-G becomes progressively less effective as a
heating agent after each catalytic cycle due to its oxidation.
This trend can be observed in Fig. 6a, where in the first cata-
Iytic cycle, the material reaches a Tj,cq of 122 °C, but with each
subsequent catalytic cycle, the temperature decreases, reaching
only 77 °C in the seventh cycle. This decrease in the Tioca
achieved is due to the partial oxidation of the MagNPs, as can
be observed through VSM and SAR measurements (see SI
section S8, Fig. S8.6a). Partial oxidation is confirmed by the
presence of an exchange bias in the hysteresis loops at 5 K after
a field cooling in the presence of a uoH of 3 T (see zoomed
region in Fig. S8.6a), which is characteristic of the coupling
between ferromagnetic and antiferromagnetic layers.®®
Consequently, this oxidation reduces the magnetic properties
of Fe;Nig ,5@N-G (SARpcfore = 50 W g7 " 5. SAR,fier = 35 W g7 )
and, as a result, a decrease in the Tj,., achieved.

To verify whether the partial oxidation of the MagNPs was
uniquely responsible for the decrease in conversion, the cata-
lyst was subjected to reduction under H, (20 mL min™") at
300 °C for 2 h between the sixth and seventh cycles. This treat-
ment led to a partial recovery of catalytic activity. From the
seventh to the eighth cycle, the conversion increased from
17.2% to 48.4%, reaching a Tjoca Of 108 °C (see Fig. 6a). These
results confirm that the oxidation of MagNPs, primarily
forming magnetite, is a limiting factor in the robustness of
the catalyst. Furthermore, SAR measurements performed after
the H, reduction pretreatment showed values analogous to
those of the initial Fe;Niy,;@N-G catalyst (see SI section S8,
Fig. $8.7).

Nevertheless, the initial activity of Fe;Niy,s@N-G does not
fully recover after the reduction under H,, suggesting that
there is also catalyst deactivation possibly due to leaching
caused by the acidity of LA in aqueous media (pK, = 4.6).>* As
shown in Fig. 6a, catalyst leaching is negligible during the first
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Fig. 6 Recycling experiments using Fe;Nigp25s@N-G with (a) LA and (c) HMF in aqueous media. Dashed lines indicate H, reduction pretreatment at
300 °C. Black dots and blue squares correspond to substrate conversion and product selectivity to GVL and BHMF, respectively (left axis), while
green dots and red bars represent total metal leaching and local temperature (right axis). TEM and HRTEM images of Fe;Nig 2s@N-G after the reac-
tion with (b) LA and (d) HMF, where the cracks of the carbon layer are highlighted by arrows. Reaction conditions: 30 mg of Fe;Nip 2s@N-G (~9 mol%
Ni), 0.4 mmol of substrate, 1 mL of H,O, and 5 bar Hy. Tioca Was measured using an IR pyrometer. Leaching studies were conducted using ICP-OES

analysis.

catalytic cycles, consistently below 1 wt%. However, starting
from the fifth cycle, a noticeable increase in leaching is
observed, reaching a maximum of 4.9 wt% relative to the total
catalyst mass. To confirm that leaching is exclusively due to
the acidity of LA in the aqueous medium, we conducted the
same recycling test, but using HMF (10) instead of LA. As can
be observed in Fig. 6c, the Fe;Nij,s@N-G catalyst seems to
retain its initial activity over six consecutive catalytic cycles,
maintaining a conversion of ca. 45% of HMF after 2 h of reac-
tion at 49 mT, with selectivity towards BHMF exceeding 96% in
all cases. However, in the seventh cycle, the conversion drops
to 38.7%, suggesting catalyst deactivation. Therefore, we acti-
vated the Fe;Niy ,;@N-G in the same manner as we did for LA,
by reducing the material under H, at 300 °C for 2 h. As a
result, the conversion was fully recovered in the eighth cycle,
reaching a value of 45.9%. Additionally, by examining the Tjocal
achieved, we can observe a progressive decrease in the temp-

1450 | Green Chem., 2025, 27, 1438-11454

erature, starting at 162 °C and decreasing to 132 °C in the
seventh catalytic cycle. On the other hand, ICP-OES analysis
shows only a minor leaching of the Fe;Niy,s@N-G, never
exceeding 0.25 wt% relative to the total mass of the catalyst.
TEM and HRTEM micrographs also reveal the well encapsula-
tion of the FeNi NPs, with a size distribution (9.1 + 3.4 nm)
similar to that of the as-synthesized catalyst (Fig. 6d), this
result contrasts with the observations regarding Fe;Ni, 5 @N-G
after the recycling experiments with LA (Fig. 6b), where the
MagNPs appear to be more aggregated, with a larger average
size (10.5 = 4.7 nm), due to the more acidic reaction con-
ditions. Therefore, it is evident that the loss of catalytic activity
in the stability studies of Fe;Niy »5@N-G is due to a dual contri-
bution: (i) the partial oxidation of the metal nanoparticles in
water, which can be, at least partially recovered after H,
reduction, and (ii) leaching caused by the acidic reaction con-
ditions, only relevant in the reaction with LA.

This journal is © The Royal Society of Chemistry 2025
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It is evident that the superior catalytic activity of the bi-
metallic FeNi-based catalyst can be attributed to the incorpor-
ation of nickel into the Fe nanoparticles, as the Fe@N-G cata-
lyst shows no activity in the magnetic hydrogenation of LA (see
entry 1, Table $9.1). To investigate the promoting effect of
nickel, we carried out a series of experiments. First, to estimate
the accessible active surface sites of both Fe@N-G and
Fe;Niy,5@N-G, H, chemisorption measurements were per-
formed. The H, uptake for Fe@N-G was 0.454 pmol g7,
whereas for Fe;Nij,;@N-G, it increased to 7.221 pmol g_l.
This enhancement confirms that the presence of nickel,
forming FeNi bimetallic nanoparticles, increases hydrogen
adsorption capacity due to the superior ability of Ni species to
dissociate and activate molecular hydrogen efficiently.”” The
same trend observed in H,-chemisorption experiments was
further corroborated by comparing the activity of both catalysts
(Fe@N-G and Fe;Ni, ,5@N-G) in H/D exchange tests. As shown
in Fig. S12.1 (see SI section S12), the HD signal was consist-
ently higher for Fe;Niy,s@N-G than for Fe@N-G across all
tested temperatures (25, 60, and 90 °C), indicating a superior
capacity of the bimetallic catalyst to dissociate hydrogen.
These findings support the catalytic results observed (vide
supra), where the monometallic Fe-based catalyst exhibited no
activity, while the FeNi-based system showed clear activity in
the magnetically induced hydrogenation of LA.

Second, temperature-programmed reduction (TPR) experi-
ments were conducted to evaluate and compare the reducibil-
ity of Fe@N-G, Fe;Ni, ;@N-G, and Fe;Ni, ,;@N-G catalysts (see
SI section S13, Fig. S13.1). The TPR profile of Fe@N-G exhibi-
ted a main reduction peak at 287 °C, which shifted progress-
ively to lower temperatures with increasing Ni content. In par-
ticular, the peak associated with the reduction of iron species
in the bimetallic catalysts appeared at 281 °C for Fe;Ni, ;@N-G
and at 275 °C for Fe;Niy,;@N-G (see Fig. S13.1). This hydro-
gen consumption is attributed to the reduction of oxidized Fe
species, identified by XPS analysis (see Fig. $6.2). On the other
hand, nickel species were reduced at higher temperatures, and
a similar trend was observed: the more nickel introduced into
the system, the lower the Ni reduction temperature.
Specifically, Ni reduction occurred at 367 °C for Fe,Niy ;@N-G
and at 352 °C for Fe;Ni, »;@N-G. These results clearly indicate
that the presence of nickel facilitates the reduction of iron
species, lowering the temperature required to fully reduce the
catalyst. This improved reducibility may help explain why cata-
lysts with higher Ni content exhibit increased SAR, which are
associated with higher local temperatures under magnetic
induction, ultimately leading to enhanced catalytic conversions.

Finally, adsorption of LA and GVL on the monometallic
and bimetallic FeNi-based catalysts was investigated using
high-performance liquid chromatography (HPLC) (see SI sec-
tions S1 and S14). Fe@N-G has a lower LA adsorption capacity
than the bimetallic counterparts, Fe;Nip;@N-G and
Fe;Niy ,5@N-G. While Fe@N-G only adsorbs 13.0 mg ge.. ' of
LA, Fe;Ni, 1@N-G and Fe;Nig ,5@N-G adsorb 27.2 and 33.6 mg
Zear |, Tespectively (see SI section S14, Fig. $14.1). However, the
adsorption trend of the product GVL is the opposite. The
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monometallic Fe@N-G presents a higher adsorption capacity
for GVL than Fe;Ni, ;@N-G and Fe;Nig ,s@N-G (17.7 Mg Lear
vs. 12.5 and 10.6 mg g.. ', respectively). Therefore, this
reveals that the bimetallic catalysts are capable of adsorbing
LA more easily than Fe@N-G, but not GVL, which is in con-
cordance with the magnetically induced -catalytic results
obtained (see SI section S9, Table S9.1). By comparing the LA/
GVL adsorption ratios (Fig. S14.1), Fe;Niy ,5;@N-G exhibits a
much higher one (Apa/gvL = 3.2) than Fe;Nig ;@N-G (Apa/gve, =
2.2), which could explain the superior catalytic activity
observed by Fe;Nig ,s@N-G. These results evidence that the
inclusion of nickel in the Fe NPs facilitates the adsorption of
LA and weakens the adsorption of GVL, and explain the high
selectivity of these bimetallic catalysts to the product of
interest.

In conclusion, the incorporation of nickel enhances cata-
Iytic activity through multiple synergistic effects. Ni promotes
H, activation, as evidenced by the significant increase in
hydrogen uptake and enhanced H/D exchange. It also facili-
tates the reduction of Fe and Ni species, lowering the
reduction temperatures and improving catalyst activation
under reaction conditions. Additionally, Ni modifies the
surface adsorption properties, increasing the uptake of LA
while suppressing GVL adsorption, which aligns with the
observed improvements in conversion and selectivity. All in
all, these combined effects rationalize the superior perform-
ance of the Ni-containing catalysts.

Conclusions

In this work, we present a green, scalable, and cost-effective
synthetic strategy for the preparation of FeNi-based MagNPs
encapsulated in N-doped graphitic carbon through a single-
step pyrolysis of glucose, a renewable carbon source. A series
of five different magnetic catalysts with varying Fe/Ni atomic
ratios were synthesized: Fe@N-G, Fe;Niy o;@N-G, Fe;Ni, ;@N-G,
Fe;Ni, ,;@N-G, and Fe;Ni, ;@N-G. These bimetallic FeNi-based
catalysts serve simultaneously as efficient heating agents under
an alternating magnetic field and as active catalysts for the
hydrogenation of biomass-derived substrates in aqueous media.

Among the synthesized compositions, Fe;Nij,;@N-G
demonstrated the most promising catalytic behavior, exhibit-
ing complete conversion of LA with a 100% selectivity toward
GVL under mild conditions (5 bar H, and Tjocq 120 °C) using a
moderate magnetic field (63 mT, 320 kHz, 2 kW). Notably,
Fe,Ni, ,;@N-G emerges as the most active Ni-based magnetic
catalyst reported to date for the MIH hydrogenation of LA in
aqueous media, even using a relatively low power equipment
(2 kw). Importantly, MIH was shown to be approximately eight
times more energy-efficient than conventional heating, repre-
senting a significant step toward more sustainable catalytic
processes. Furthermore, the catalyst also showed high activity
and selectivity in the hydrogenation of other relevant biomass-
derived molecules such as levoglucosenone, vanillin, and
HMTF, further demonstrating its versatility.
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The encapsulation of FeNi NPs within a N-doped graphitic
carbon matrix significantly improved both catalytic perform-
ance and structural stability compared to similar previous
studies in water, preventing the growth of the MagNPs.
Although partial deactivation was observed after four cycles in
LA hydrogenation owing to oxidation and metal leaching, due
to the acidic aqueous conditions (pH ~2), a simple H,-
reduction treatment partially restored the catalytic activity. In
contrast, the catalyst maintained full activity across eight
cycles when applied to the hydrogenation of HMF, highlight-
ing its robustness when used under neutral conditions.

Overall, this study showcases the potential of magnetic
induction heating as a sustainable and efficient technology for
catalytic biomass valorization and reinforces the promise of
using alternative approaches for synthesizing MagNPs
(Fe;Ni,@N-G), which are reusable, bifunctional materials, tai-
lored for green chemical transformations.
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