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A mild organometallic synthetic approach to platinum-decorated

iron carbide nanoparticles (Pt@ICNPs) is reported. The resulting

ferromagnetic Pt@ICNPs can be activated upon exposure to alter-

nating current magnetic fields (ACMFs, magnetic induction), with a

specific absorption rate of 625 W g−1 at 47 mT, 100 kHz. Pt@ICNPs

are a versatile multifunctional platform with significant potential

for applications in biomedicine and magnetically induced catalysis.

The latter is demonstrated herein via the magnetically induced

hydrogenation of various functionalities under mild conditions.

Platinum-containing nanoparticles (NPs) are important
materials in electronic, energy storage, automotive, biomedi-
cine, and chemical applications owing to their excellent elec-
tric, magnetic, and catalytic properties.1 In particular, Pt NPs
catalysts are pivotal to traditional automotive exhaust gases
treatment,2 petroleum refining,3 electrocatalytic water splitting,4

fuel cells,5 and hydrogenation/dehydrogenation for liquid
organic hydrogen carrier (LOHC) applications.6 Pt is a rare and
precious metal, prompting extensive efforts to improve the
activity and durability of Pt NPs for more efficient catalytic utiliz-
ation. A typical strategy is to immobilize Pt NPs on porous
support materials to increase Pt dispersion and stability.7–10

While relatively inert metal oxides and carbons have been
widely used as support materials for catalytic NPs,7,11 many
opportunities arise once the support becomes functional,12 and
even stimuli-responsive.13 In this context, core–shell NPs can

combine multiple functions that do not exist in single-com-
ponent compounds,14 and there is growing interest in multi-
functional NPs that respond to stimuli such as heat, light, elec-
tric, and magnetic fields, with the aim to enhance catalytic per-
formance and decrease environmental impact.15–18

In particular, magnetically-responsive NPs coated or deco-
rated with Pt are attractive in catalysis as they combine for
instance efficient Pt utilization,7 magnetic separation,19 and
potential magnetic heating capabilities upon exposure to alter-
nating current magnetic fields (ACMFs).18–20 In the past
decades, various synthetic approaches have been reported for
the preparation of Pt-decorated magnetic NPs (Pt@MagNPs),
mainly using iron oxide NPs (IONPs) as the magnetic plat-
form.21 However, the moderate magnetic properties of IONPs
lead to limited heat generation under magnetic induction,
thereby limiting the potential of Pt@IONPs for magnetically
induced catalysis. In addition, Pt deposition is typically
achieved using high temperatures and non-sustainable redu-
cing agents (e.g., hydrazine and NaBH4).

22–24 Thus, mild syn-
thetic approaches to Pt@MagNPs with excellent magnetic pro-
perties are desirable, yet underdeveloped.

In this context, ferromagnetic iron carbide nanoparticles
(ICNPs) possess the highest specific absorption rate (SAR)
reported to date, and were showed to be excellent heating
agents25,26 and active species27 in magnetically induced
catalysis.18,25–31 Organometallic synthetic routes were recently
reported for the decoration of ICNPs with Ru or Cu to produce
multifunctional Ru@ICNPs30 and Cu@ICNPs31 catalysts with
great potential for magnetically induced hydrogenation and
hydrodeoxygenation reactions.

Building on this approach, we explore herein the possibility
to decorate ICNPs with Pt via a mild organometallic approach.
The target Pt@ICNPs material must combine ICNPs’ magnetic
separation and heating capabilities with the excellent catalytic
properties of Pt. This multifunctionality will be probed
through the application of Pt@ICNPs to magnetically induced
hydrogenation reactions of platform molecules under mild H2

pressures (Fig. 1).
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Pt-decorated ICNPs were synthesized through an organo-
metallic approach (see SI Section S2). First, ICNPs
(Fe2.2C@Fe5C2 core@shell structure, ca. 15 nm) were prepared
by carbidization of preformed Fe(0) NPs under syngas, follow-
ing a reported procedure.25 Then, a THF solution of trans-bis
(benzonitrile)dichloroplatinum(II) (trans-PtCl2(NCPh)2), was
added to a colloidal dispersion of ICNPs in THF, and the
resulting mixture was pressurized with hydrogen (3 bar) at
30 °C for 16 h (Fig. 2). The organometallic precursor and reac-
tion conditions were tuned to promote the controlled
decomposition of the platinum complex at the ICNPs’ surface,

while suppressing side-nucleation of undesired free Pt NPs in
solution (Fig. S1). Under suitable conditions (0.25 equivalent
of Pt compared to Fe), homogeneous nucleation could be
avoided, and Pt@ICNPs were obtained as a black magnetic
powder (70% Fe, 4% Pt, and 26% ligands determined by scan-
ning electron microscopy with energy-dispersive X-ray spec-
troscopy (SEM-EDX) and thermogravimetric analysis (TGA)).

Characterization of newly prepared Pt@ICNPs by trans-
mission electron microscopy (TEM) showed small NPs (ca. 1.7
± 0.3 nm) decorating the surface of larger core–shell structures
typical of ICNPs (Fig. 2a). Scanning transmission electron
microscopy in high-angle annular dark field mode
(STEM-HAADF), along with elemental mapping by energy-dis-
persive X-ray spectroscopy (EDX), demonstrated the successful
decoration of ICNPs with small Pt NPs (Fig. 2b–d). Powder
X-ray diffraction (XRD) further evidenced the presence of both
Fe2.2C and Pt(0) crystalline phases in the newly prepared
material (Fig. 2e). X-ray photoelectron spectroscopy (XPS) ana-
lysis of the Fe 2p region of Pt@ICNPs showed the expected
iron carbide peaks (2p1/2 at 720.5 eV and 2p3/2 at 707.2 eV),31,32

but also revealed the presence of FeClx species (710.5 eV and
724.0 eV) presumably located at the nanoparticle surface
(Fig. 2f and Fig. S2).33 Analysis of the Pt 4f spectrum indicated
platinum NPs in the metallic state (Fig. 2g),34 consistent with
the XRD data. Zero-field 57Fe Mössbauer spectroscopy at 80 K
showed the predominance of two iron carbide phases: Fe2.2C
(68%) and Fe5C2 (25%), in the expected ratio for ICNPs,25

along with minor contributions from paramagnetic iron
species (5%, including the FeClx species) and metallic iron

Fig. 1 Illustration of the approach followed in this study.

Fig. 2 Synthesis and characterization of Pt@ICNPs by (a) TEM, (b) STEM-HAADF, (c and d) STEM-HAADF images with EDX elemental mapping of (c)
Fe Kα and (d) Pt Lα, (e) powder-XRD, (f ) XPS of Fe (2p) region, (g) XPS spectra of Pt (4f ) region and (h) Hysteresis curve at 300 K.
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(2%) (Fig. S3). Signals corresponding to oxidized iron species
were not detected, in agreement with XPS and XRD analysis.
These data indicate that the morphology, composition, and
structure of ICNPs did not change substantially upon Pt
decoration.

Magnetic characterization by vibrating sample magneto-
metry (VSM) at 300 K showed that ICNPs decoration with Pt
resulted in a slight reduction in the coercive field (HC, from
94 mT to 66 mT) but no change in the saturation magnetization
(MS, 161 A m2 kgFe

–1) (Fig. 2h and Table S1). While the surface
FeClx species may be responsible for the observed decrease in
HC,

35 the Pt@ICNPs are still ferromagnetic at room temperature.
Furthermore, Pt@ICNPs demonstrated the ability to generate
heat when exposed to ACMFs, with a SAR of 625 W g–1 measured
at 47 mT and 100 kHz. This SAR value is lower than that of the
starting ICNPs (>3000 W g–1),25 but remains higher than that of
typical FexOy-based materials.36 This includes Pt@IONPs (no
heating, see SI) and Pt@Fe/FeOx (109 W g–1) prepared here as
reference materials (see Section S2 for detailed synthetic proto-
cols and Fig. S4 and S5 for characterization). This result is con-
sistent with our previous reports where deposition of non-mag-
netic elements was shown to reduce the overall heating
efficiency of the starting MagNPs.30,31,37

The potential of the newly prepared Pt@ICNPs for appli-
cation in magnetically induced catalysis was explored through
their testing in the hydrogenation of a variety of functional
groups. Reactions were carried out in Fisher–Porter bottles
under a standard set of reaction conditions: ACMF (μ0Hmax =
65 mT, f = 300 Hz), 3 bar of H2, 16 h, with decane as the
solvent (Table 1). The global temperature of the reaction under
the conditions mentioned, recorded with an infrared camera,
was 200 °C; however, recent reports demonstrate that local hot
spots could reach temperatures exceeding 300 °C.27 Moreover,
the magnetic nature of these Pt@ICNPs offers the possibility
of easy recovery and separation from the reaction medium.

The CvC bond in styrene (1) and NO2 group in nitro-
benzene (2) were readily hydrogenated, giving the corres-
ponding ethylbenzene (1a) and aniline (2a) products in quanti-
tative yields.

Notably, Pt@ICNPs exhibited also hydrodeoxygenation
(HDO) activity, enabling the selective reduction of aromatic
compounds possessing aldehyde (benzaldehyde, 3), ketone
(acetophenone, 4), and ester (methylbenzoate, 5) functional-
ities to the corresponding methyl-substituted aromatic pro-
ducts. In the case of 3, the selectivity toward toluene remained
modest (31%), which is due to a competitive coupling reaction
yielding 1,2-diphenylethane. This result demonstrates the for-
mation of benzyl radicals during the deoxygenation process of
benzaldehyde (Scheme S1).

The stability and reusability of Pt@ICNPs were investigated
through recycling experiments using the HDO of 4 as a model
reaction. While the catalyst was easily separated magnetically
and reused through the cycles without any change in selecti-
vity, severe loss of activity was observed after the 3rd cycle
(Table S2). This loss of catalytic activity is attributed to the
aggregation/coalescence and oxidation of Pt@ICNPs, as

revealed by electron microscopy (Fig. S6), powder-XRD
(Fig. S7), and VSM analysis (decrease of HC (30 mT) and MS

(119 A m2 kgFe
–1), Table S1 and Fig. S8). While the aggregation/

coalescence of M@ICNPs is consistent with previous obser-
vations using other metals (e.g. Ru@ICNPs,30 Cu@ICNPs,31

etc.), NPs oxidation may have occurred due to handling during
the recycling experiments/characterization.

Notably, the selective HDO of 5 to toluene is interesting as
it typically requires harsh reaction conditions under conven-
tional heterogeneous catalysis,38,39 while it is enabled under
mild conditions by magnetically induced catalysis also with
iron-based catalysts.27 The magnetically induced hydrogenolysis
of diphenylether (6) with Pt@ICNPs also proved possible,
although challenging (23% conversion, >99% selectivity toward
benzene). The excellent selectivity toward benzene indicates an
efficient Csp2–OH bond cleavage and no aromatic hydrogenation
activity, which is remarkable compared to previously reported
catalytic and magnetocatalytic systems, which yielded complex
mixtures of hydrogenated and non-hydrogenated products.40–43

Notably, aromatic ring hydrogenation was suppressed in all the
investigated cases, presumably due to a synergistic interaction
between noble and 3d metals.44,45 The hydrogenation of
1-acetyl-3-methylpiperidine (7) proved unsuccessful with
Pt@ICNPs under these standard conditions, consistent with the
difficulty of amide hydrogenation with H2.

46,47 Notably, we have
recently shown that the magnetically induced hydrogenation of
amides can be enabled under mild conditions using a different
catalyst design consisting in the immobilization of ICNPs as
heating agents on a supported Pt catalyst.48

Table 1 Hydro(deoxy)genation of various substrates using Pt@ICNPs
activated by magnetic induction

# Subs. Prod. Conv. (%) Select. (%)

1 >99 >99

2 >99 >99

3 >99 31a

4 >99 >99

5 >99 >99

6 23 >99

7 0 0

Reaction conditions: Pt@ICNPs (10.0 mg, 0.002 mmol of Pt), substrate
(0.33 mmol), decane (0.5 mL), 3 bar H2, 65 mT, 300 kHz, 16 h.
a Product distribution is provided in SI. Subs. = substrate. Prod. =
product. Conv. = conversion. Select. = selectivity.
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Finally, reference Pt-decorated iron oxide nanoparticles
(Pt@IONPs) prepared following an identical approach were
found inactive for any reaction described here. The HDO of 4
could be catalysed by Pt@Fe/FeOx (>99% ethylbenzene yield)
but not the hydrogenolysis of 6 (Table S2). Pt@IONPs and
Pt@Fe/FeOx possess lower SAR than Pt@ICNPs, which results
in insufficient thermal activation of the surface Pt for this chal-
lenging transformation. This comparison demonstrates the
importance of selecting ICNPs with excellent magnetic pro-
perties to enable challenging transformation via magnetically
induced catalysis.

Conclusions

In summary, we open a mild organometallic approach for the
preparation of Pt-decorated iron carbide nanoparticles.
Characterization of the novel Pt@ICNPs show that the mor-
phology, composition, and structure of ICNPs do not change
substantially upon Pt loading. Pt@ICNPs are ferromagnetic, and
capable of heating efficiently upon exposure to ACMFs. Their
potential for application in magnetically induced catalysis is
demonstrated through the selective hydrogenation and hydro-
deoxygenation of various functionalities under mild conditions.
The importance of selecting ferromagnetic ICNPs as the magne-
tically-responsive core is outlined by the inactivity of reference
Pt@IONPs under identical conditions. This work highlights the
promise of magnetic NPs decoration as a versatile strategy for
the design of novel multifunctional nanocatalysts.
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