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ARTICLE INFO ABSTRACT

Keywords: We report the synthesis of a ceria-based catalyst support containing embedded magnetic iron-oxide nano-
Catalyst synthesis particles (IONPs) that enable heating under a high-frequency alternating magnetic field. The ~11 nm IONPs,
Ceria

synthesized by co-precipitation of Fe?"/Fe®* ions at room temperature, were coarsened to ~18 nm through
subsequent hydrothermal treatment at 120 °C and then coated with a ~2 nm silica layer. The catalyst support
was prepared by depositing nanocrystalline ceria (CeOy) onto the IONPs via controlled precipitation of Ce>* ions
in the presence of hexamethylenetetramine (HMTA) in aqueous suspension. When deposited directly on the iron
oxide, ceria formed small agglomerates of ~10 nm octahedral nanocrystallites, whereas deposition on silica-
coated IONPs produced a homogeneous 3-6 nm-thick shell composed of ~3 nm globular crystallites. Special
attention was given to elucidating the mechanism of shell formation. The magnetic catalyst was obtained by
precipitating Ru nanoparticles (1-2 nm) onto the ceria support. Morpho-structural characterization was per-
formed by XRD, TEM, and aberration-corrected STEM. Static and dynamic magnetization measurements at room
temperature were used to assess the magnetic and heating performance. At low field amplitudes (<15 mT),
catalysts prepared with IONPs of both sizes exhibited similar specific absorption rates, whereas at higher am-
plitudes the larger IONPs demonstrated superior heating efficiency. The catalytic performance was demonstrated
in the magnetically heated hydrogenation of the bio-based compound 5-(hydroxymethyl)furfural to 2,5-bis
(hydroxymethyl)furan, showing high activity, 100 % selectivity, and excellent stability upon recycling.

Magnetic nanoparticles

Catalysis by magnetic heating
Biomass valorisation
Transmission electron microscopy

1. Introduction symbols is given in the Supplementary material (SI)) embedded into the

catalyst support within a high-frequency (100-600 kHz) alternating

The electrification of the chemical industry is one of the most
important challenges in the transition to a carbon-neutral society. A key
advantage of electrified processes is the possibility of using surplus
renewable electricity for the production of fuels (e.g., Hy, NHs, and
biofuels) and bio-based chemicals. The vast majority of the chemical
processes involved rely on heterogeneous catalysis [1-3].

Catalysis by magnetic heating (also referred to as induction heating)
is an emerging technology that enables efficient use of electricity to
supply heat for thermocatalytic processes. This approach is based on
heating magnetic nanoparticles (MNPs, a list of all abbreviation and

magnetic field (AMF) [4-7]. The AMF is typically generated by a coil
into which the reactor vessel is inserted, and the MNPs act as localized
heat sources that transfer heat to the catalyst. Because MNPs dissipate
heat locally, the catalyst is selectively heated from the interior, resulting
in surface temperatures significantly higher than those of the bulk re-
action medium [8-10]. For example, in the hydrogenation of levulinic
acid to y-valerolactone via magnetic heating of Ru nanocatalyst, the
catalyst surface reached 137 °C while the bulk reaction medium
remained at 85 °C [10].

This localized heating can lead to substantial improvements in
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selectivity and yields under mild conditions [10], providing a strong
basis for improving process energy efficiency. Compared to conven-
tional heating methods (e.g., gas burners and resistive heating), mag-
netic heating offers much higher heating and cooling rates, which
enables the design of reactors with optimized hydrodynamics. As a
result, many catalytic reactions can be shifted from heat-transfer limi-
tations to kinetic control [4]. Moreover, with its improved responsive-
ness and flexibility, magnetic heating is particularly well suited for
decentralized, adaptable, containerized, and fast-reacting electrified
units capable of responding to sudden fluctuations in the availability of
renewable electricity from sources such as solar panels and wind
turbines.

Magnetic catalysis has already been successfully applied in a range of
applications, including the synthesis of fine chemicals [4-21], fuels
[22-31], and the decomposition of water pollutants [32]. Depending on
the requirements of the catalytic reaction, different magnetic catalysts
have been synthesized. Typically, a magnetic catalyst consists of small
catalytic nanoparticles deposited on a high-surface-area support in
which MNPs are incorporated. The magnetic material of the MNPs is
chosen according to its heating ability in an AMF and its chemical
stability.

MNPs generate heat primarily through hysteresis losses. The amount
of heat produced depends on the MNP content and on their properties,
which define the area of the dynamic magnetic hysteresis loop at the
applied field frequency [4-7]. For high-temperature applications under
reducing conditions—such as catalytic processes in
hydrogen-containing atmospheres—metallic MNPs (e.g., Fe®, Ni%, Co%),
their alloys [12,13,18,21,23-25,29-31,33], or iron—carbide MNPs [9,
20,22,26] are preferred. For use under oxidizing or mildly reducing
conditions, magnetic iron-oxide nanoparticles (magnetite or maghe-
mite) are preferred because of their low cost and straightforward syn-
thesis [10,11,15-17,19].

MNPs, which provide localized magnetic heating of the catalyst, are
typically incorporated into a catalyst support with a large surface area.
The support stabilizes both the magnetic and catalytic nanoparticles
during long-term catalytic processes at elevated temperatures. At the
same time, it can significantly improve the efficiency of catalyst through
interactions with the catalytic nanoparticles and the reactants/products.
Carbon [10,18], alumina [19], silica-alumina [26], and MgAl,04 [23]
have already been used as nanostructured supporting materials for
magnetic catalysts.

Nanostructured ceria (CeO») is a preferred support material for many
catalytic reactions, including reforming, CO oxidation, methane partial
oxidation, volatile organic compound oxidation, soot oxidation, the
water-gas shift reaction, and the deoxygenation of fatty acids. With its
high oxygen storage capacity and unique redox properties—dominated
by rapid switching of the oxidation state between Ce*" and Ce®*—ceria
can strongly enhance the oxidation activity of catalysts, largely due to
the low activation barrier for creating lattice oxygen vacancies. More-
over, Lewis acid sites on the reducible ceria surfaces, along with spill-
over effects, can improve deoxygenation reactions [34-36].

A simple strategy for synthesizing magnetic ceria supports involves
depositing a nanocrystalline ceria shell onto pre-synthesized MNPs. The
shell can be formed by controlled precipitation of Ce>* ions. During the
controlled precipitation, the supersaturation of the precipitating species
must be kept low and closely controlled to ensure exclusively hetero-
geneous nucleation on the core nanoparticles dispersed in the reaction
solution [37]. Nanocrystalline ceria coatings have already been depos-
ited onto various core particles by precipitating Ce>" ions in the pres-
ence of hexamethylenetetramine (HMTA) in aqueous suspension
[38-42]. The resulting shells were relatively smooth and composed of
tightly packed ceria nanocrystallites approximately 5 nm in size.

In this study, we report a method for synthesis of magnetic ceria
catalyst supports. The magnetic support was prepared by depositing
ceria onto magnetic iron-oxide nanoparticles. Special attention was
given to elucidating the chemical mechanisms that enable the deposition
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of nanocrystalline ceria coatings. After depositing catalytic Ru nano-
particles onto the magnetic ceria supports their heating ability and
catalytic efficiency were demonstrated in the magnetically heated cat-
alytic hydrogenation of 5-(hydroxymethyl)furfural (HMF).

2. Experimental
2.1. Synthesis of magnetic nanoparticles

Magnetic iron-oxide nanoparticles (C-IONPs) were synthesized by
co-precipitation of Fe2* and Fe* ions with ammonia at room temper-
ature, as reported before [43]. To increase the size of co-precipitated
magnetic nanoparticles, the C-IONPs were hydrothermally treated for
6 h at 120 °C after co-precipitation. Hydrothermally-treated nano-
particles were labelled as HT-IONPs. Both types of magnetic nano-
particles, C-IONPs and HT-IONPs, were subsequently coated with a thin
layer of silica using hydrolysis and polycondensation of tetraethyl
orthosilicate (TEOS) in their colloidally-stable aqueous suspensions
stabilized by citric acid, as described elsewhere [44]. The silica—coated
magnetic nanoparticles were labelled as C-IONP-SIL and HT-IONP-SIL.
Details of the synthesis procedures are given in the SI.

2.2. Deposition of ceria shell onto the magnetic nanoparticles

A ceria shell was deposited onto the magnetic nanoparticles using a
modified method based on controlled precipitation of Ce>" ions in the
presence of hexamethylenetetramine (HMTA), which was first reported
by Cui et al. [39]. In standard procedure, magnetic nanoparticles (naked
nanoparticles C-IONP/HT-IONP, or silica-coated nanoparticles C-ION-
P-SIL/HT-IONP-SIL) were dispersed in 80 mL of an ethanol/water
mixture (6 mg/mL; ethanol/water volume ratio = 1). An aqueous so-
lution of Ce(NO3)3 (3.42 mmol; Ce®* /IONP-SIL mass ratio = 1) was first
added to the suspension, followed by the addition of an aqueous solution
of HMTA (6.84 mmol; HMTA/Ce3t molar ratio = 2). The pH of the
suspension was then adjusted to 8.0 using aqueous ammonia solution.
The suspension was heated to 65 °C at a rate of 0.3 °C/min, maintained
under reflux for 2 h, and then rapidly cooled to room temperature. The
resulting nanocomposite was collected and washed three times with
water by sedimentation with centrifugation. To avoid the strong
agglomeration usually observed after conventional drying of nano-
structured materials at elevated temperatures, the wet product was
frozen in liquid nitrogen and then freeze-dried over the course of two
days.

To evaluate the influence of different experimental parameters (such
as Ce®"/IONP-SIL mass ratio, HMTA/Ce3* molar ratio, suspension pH,
final temperature, etc.) on the properties of the synthesized nano-
composite, individual parameters from the standard procedure were
systematically varied while all other parameters were kept constant. The
same procedure was also used for the synthesis of ceria nanoparticles in
the absence of IONPs in the reaction mixture.

2.3. Deposition of catalytic Ru nanoparticles onto the magnetic ceria
support

For magnetic and catalytic characterization, two magnetic catalysts
were prepared. The two catalysts differed in the type of incorporated
magnetic nanoparticles: catalyst C-Ru contained smaller co-precipitated
nanoparticles (C-IONP-SIL), whereas catalyst HT-Ru contained larger
hydrothermally-treated nanoparticles (HT-IONP-SIL). First, magnetic
ceria supports were synthesized by depositing a ceria shell onto silica-
coated magnetic iron-oxide nanoparticles (C-IONP-SIL or
HT-IONP-SIL) using the standard procedure. Subsequently, Ru nano-
particles were deposited onto the ceria support by precipitation of the
Ru®* jons with NaOH. Aqueous solution of RuCls was added to 50 mL of
suspension containing the nanoparticles of magnetic ceria support (10
mg/mL) suspended in diluted HNO3 solution at pH 3.5. The suspension
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was stirred for 30 min while maintaining the pH at 3.5. Then, the pH of
the suspension was increased to 9.8 using aqueous NaOH solution. The
resulting nanocomposite was collected and washed three times with
water by sedimentation with centrifugation. The wet product was frozen
in liquid nitrogen and subsequently freeze-dried over the course of two
days. The final catalytic Ru nanoparticles were obtained by atmospheric
reduction of the nanocomposite at 250 °C for 1 h under a flow of Hj.

2.4. Characterisation

Morpho-structural characterization of the samples was carried out
using a transmission electron microscopy (TEM, JEOL 2100) and an
aberration-probe-corrected scanning-transmission electron microscopy
(STEM, JEOL ARM 200CF) combined with energy-dispersive X-ray
spectroscopy (EDXS). X-ray powder diffraction (XRD) patterns were
recorded using a PANalytical X'Pert PRO diffractometer. The specific
surface area of the catalysts was determined from nitrogen adsorption/
desorption isotherms measured with a nitrogen sorption analyser (BET,
Quantachrome Nova 2000e). The Ru and Fe content in the catalysts was
determined using an energy-dispersive X-ray fluorescence (XRF) spec-
trometer [45].

Magnetic properties were measured with a vibrating-sample
magnetometer (VSM, Lake Shore 7307) at room temperature. Satura-
tion magnetizations (Mg) were obtained by fitting the positive branch of
the magnetization curve with M = Mg(a/uoH - b/(yoH)z) + ypoH in the
field range 0.2 T < poH < 1 T. Room-temperature dynamic hysteresis
loops were measured with an Advance AC Hyster™ magnetometer
(Nanotech Solutions) at 112 kHz. For these measurements, the
powdered samples were compacted to a volume of 12 pL in an NMR tube
(76 mm long, 3 mm outer diameter, 0.27 mm wall thickness) and
compressed with a ball made of Teflon tape. The tube was then inserted
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into the instrument, which measures dynamic hysteresis loops; the
specific absorption rate (SAR) was calculated from the loop area A ac-
cording to SAR = f-A, where f is the frequency. Mass magnetizations
reported in A-m?/kg refer to magnetization per kilogram of total sample,
whereas values given in A-m?/kgionp refer to magnetization per kilo-
gram of iron-oxide nanoparticles (IONPs). The IONP masses were
calculated as Fe;O3 equivalents from the Fe content determined by XRF.
Details of the characterization methods are provided in the SI.

2.5. Testing of the magnetic catalysts in catalytic reactions

Photographs of the magnetic reactor and a schematic representation
of the experimental setup are shown in Fig. 1. The 1.50 g of the magnetic
catalyst was suspended in 40 mL of tetrahydrofuran (THF) containing
5.0 g of dissolved 5-(hydroxymethyl)furfural (HMF) in a round-bottom
glass pressure vessel. The vessel was sealed and flushed five times
with Ar, followed by five flushes with Hy, and then pressurized with Hy
to 1 MPa. Throughout the hydrotreatment, the total pressure was
maintained at 1 MPa using Hj supplied from a cylinder. A Teflon-made
Rushton turbine, driven by an overhead stirrer, was used to solubilize H;
and disperse the catalyst. The reactor head was equipped with a gas
inlet/outlet and a sampling line that enabled cooling of the sample
below room temperature before releasing it into the collection vessel (to
prevent THF evaporation). An N-type thermocouple (showing negligible
heating in the AMF) was inserted into the reaction vessel to continuously
monitor the temperature. The reactor vessel was insulated with 2 mm-
thick quartz paper and placed inside a copper-tube induction coil (5.5 x
5.5 mm insulated square tubing, wound into a 9-turn coil with a height
of 70 mm and an inner diameter of 60 mm) connected to an Ultraflex
UPT-n2 generator. Liquid samples collected at specified reaction times
(after immediate catalyst removal by magnetic separation) were diluted
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hydrogen
inlet

barometer

overhead
stirrer

hydrogen
outlet

N-type
thermocouple

connection to Ultraflex
UPT-n2 generator

copper-tube coil

quartz paper

HO ° N0 —2 o wo g M | o ° i L L ° CHy
HMF BHMF DHMTHF DMTHF
+H2J -H,0 +H, l -H,0 +H,
(o] (o] +H o
H,C +H, H,C 2, HC CHy
MF MFA DMF

Fig. 1. A schematic representation of the experimental setup for testing of the magnetic catalysts in catalytic hydrogenation of HMF (HMF: 5-(hydroxymethyl)
furfural, BHMF: 2,5-bis(hydroxymethyl)furan, DHMTHF: 2,5-di(hydroxymethyl)tetrahydrofuran, DMTHF: 2,5-dimethyltetrahydrofuran, MF: 5-methylfurfural, MFA:

(5-methyl-2-furyl)methanol, DMF: 2,5-dimethylfuran).
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with acetone and analysed by GC-QMS (Ultra 2010, Shimadzu, Japan).
After each run, the recovered catalyst was washed five times with pure
THF and reused in four subsequent reaction cycles under identical
conditions and catalyst loadings.

3. Results and discussion
3.1. Magnetic iron-oxide core nanoparticles

Ceria was deposited on naked magnetic core nanoparticles (C-IONP
and HT-IONP) and on silica-coated magnetic nanoparticles (C-IONP-SIL
and HT-IONP-SIL). The C-IONPs, precipitated at room temperature, had
a globular shape with a size of 11.2 + 4.1 nm, measured from TEM
images (drgm, expressed as an equivalent diameter). The XRD pattern of
the C-IONPs showed broadened diffraction peaks corresponding to the
spinel structure of iron oxide (maghemite or magnetite). Their size
(dxrp), estimated from XRD peak broadening, was 15 nm. VSM mea-
surements showed a slim hysteresis loop with low remanence (Mg = 3.0
A mz/kg), coercivity (poHc = 2.7 mT), and a saturation magnetization
(Ms) of 65.7 A mz/kg (Table 1). Coating with silica produced a relatively
homogeneous silica layer. TEM analysis revealed that individual mag-
netic nanoparticles were typically covered with a ~2 nm-thick silica
layer; however, in some cases, small agglomerates of 2-5 magnetic cores
were coated together. After coating with nonmagnetic silica, the Mg of
C-IONP-SIL decreased to 33.8 A m%/kg due to dilution of magnetic
nanoparticles with nonmagnetic silica (Table 1).

To increase nanoparticle size for improved magnetic heating, the
C-IONPs obtained by co-precipitation at room temperature were sub-
jected to hydrothermal treatment for 6 h at 120 °C. After hydrothermal
treatment, the HT-IONPs retained the spinel structure but grew to drgm
= 18.4 £ 4.2 nm and dxgp = 20 nm. Despite the increased size, they
retained a slim hysteresis loop (Mg = 5.5 A m2/kg; poHc = 7.2 mT) with
high initial susceptibility and Mg = 70.8 A In2/kg (Table 1). After silica
coating, the Mg of HT-IONP-SIL decreased to 44.2 A m?/kg. TEM im-
ages, XRD patterns, and magnetic hysteresis loops are provided in the SI
(Fig. SI1-SI4).

3.2. Deposition of ceria shell

Ceria was deposited onto the magnetic core nanoparticles by
controlled precipitation of Ce>" ions in the presence of HMTA in
aqueous suspension. To develop and evaluate the deposition method, co-
precipitated magnetic iron-oxide nanoparticles, both before (C-IONP)
and after coating with a thin layer of silica (C-IONP-SIL), were used as
the cores.

When Ce3" ions were precipitated in the presence of HMTA without
any core nanoparticles in the reaction mixture, ceria nanoparticles with
a relatively uniform size of ~5 nm were formed (Fig. 2). Electron
diffraction revealed a pattern (inset of Fig. 2(b)) composed of broad
diffraction rings corresponding to the cubic fluorite (F) structure of

Table 1

Properties of different magnetic nanoparticles: size (drrm), specific surface area
(BET), and magnetic properties—saturation magnetization (Ms), remanence
(MRg), and coercivity (uoHc).

Sample drem BET [m?/ Mg [Am?%/ Mg [A-m?/ poHc
[nm] gl kgl kgl [mT]

C-IONP 11.2 + 150.8 62.3 3.0 2.7
4.1

HT-IONP 18.4 + 96.1 66.6 5.5 7.2
4.2

C-IONP-SIL  / 131.4 31.8 2.6 2.6

HT-IONP- / 84.6 41.5 6.0 7.4

SIL
C-Ru / 178.2 18.2 0.54 1.4
HT-Ru / 172.9 19.9 2.4 6.1
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nanocrystalline ceria, while HREM analysis showed that the nano-
particles had the shape of slightly truncated octahedra (Fig. 2(b)).

When iron-oxide nanoparticles without silica coating (C-IONPs)
were suspended in the reaction mixture, the morphology of the precip-
itated ceria changed. Interestingly, the size of the octahedrally shaped
ceria nanocrystallites increased, compared with precipitation without
core nanoparticles, to approximately 10 nm. They were present as small
(~40 nm) dense aggregates, always adhered to the iron-oxide nano-
particles (Fig. 3). Within the aggregates, the ceria nanocrystallites were
usually oriented in similar crystallographic directions (Fig. 3(b)). Elec-
tron diffraction collected from a larger area of the sample showed a
pattern composed of diffraction rings corresponding to both the spinel
(S) structure of iron oxide and the fluorite (F) structure of ceria (inset of
Fig. 3(a)). XRD analysis showed broad peaks corresponding to spinel
iron oxide (dxgp = 15 nm) and fluorite ceria (dxgp = 11 nm) (Fig. SI5).

Only when the iron-oxide nanoparticles were coated with a silica
layer prior to deposition did ceria form a continuous shell on the mag-
netic nanoparticles (Fig. 4). The shell, 3-6 nm thick, was composed of
nanocrystallites ~3 nm in size. In some small regions, the shell was
slightly thicker, reaching up to ~15 nm. The corresponding electron
diffraction pattern (inset of Fig. 4(a)) was a combination of sharper
diffraction rings from 10 nm iron-oxide nanoparticles with the spinel
structure and very diffuse rings corresponding to the fluorite structure.
High-resolution STEM imaging showed that the deposited ceria nano-
crystallites had a globular shape (Fig. 4(e and f)). Only very broad
humps at the positions corresponding to the fluorite structure were
visible in the XRD pattern dominated by much larger peaks of the spinel
iron oxide (Fig. SI5). The dxgp for ceria crystallites was estimated to be
~ 3.4 nm.

The composition of the nanocomposite product—i.e., the thickness
of the ceria shell—can be tuned by adjusting the Ce3>*/C-IONP-SIL mass
ratio. For example, when the Ce>*/C-IONP-SIL mass ratio was reduced
from 1 to 0.3, the C-IONP-SIL nanoparticles were covered with
dispersed ceria nanocrystallites, attached to the silica surfaces either
individually or as small aggregates (Fig. 5(a and b)). By increasing the
Ce3*/C-IONP-SIL mass ratio to 3, the G-IONP-SIL core nanoparticles
could no longer be resolved in the (S)TEM images (Fig. 5(c and d)), as
they were covered by a thick deposit of nanocrystalline ceria. The
presence of magnetic nanoparticles was detectable only through their
response to a magnetic field gradient, as the suspended material was
rapidly drawn to a permanent magnet (the material exhibited Mg of 6 A
m?/kg). Morphologically, the material appeared as aggregated globular
particles, approximately 50 nm to over 100 nm in size, composed of ~3
nm ceria nanocrystallites. Assuming that each globular particle con-
tained a single IONP at its centre, the thickness of the ceria shell was
estimated to be =~ 20-50 nm. The thick ceria shell almost completely
attenuated the EDXS signal (Fe Ka, Si Ka) originating from the
embedded IONP-SIL cores.

3.3. Influence of different parameters on ceria deposition

The method used to deposit ceria onto silica-coated magnetic
nanoparticles proved to be highly robust. Varying the deposition pa-
rameters over a relatively broad range had only a minor influence on the
properties of the resulting product. For example, no changes in the
nanocomposite structure were detected by TEM when the concentra-
tions of all reactants were increased two-fold or decreased twenty-fold.
Moreover, the appearance of the nanocomposite remained essentially
unchanged when the amount of HMTA added during deposition was
varied. According to TEM analysis, increasing the HMTA/Ce>" molar
ratio from the initial value of 2 to 5, or decreasing it to 1, did not
significantly affect the nanocomposite structure; however, in both cases,
larger micron-sized dendritic crystals of a Ce-rich phase—cerium oxide
carbonate hydrate (Ce20(CO3),-HoO)—were observed in the samples in
addition to the nanocomposite (Fig. SI6).

Furthermore, the pH of the reaction suspension had only a minor
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Fig. 3. TEM image (a) of ceria deposited on iron-oxide nanoparticles C-IONP (inset shows a corresponding electron diffraction pattern indexed according to the
fluorite (F) structure and the spinel (S) structure). Small aggregates of ceria nanocrystallites are marked with red circles. Figure (b) shows an enlarged area with an
aggregate of ceria nanocrystallites marked on Figure (a) with red rectangle. BF STEM image (c) and a corresponding EDXS elemental maps (d) show distribution of Ce
(green) and Fe (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

effect on the product morphology. The initial pH of the reaction sus-
pension, before heating, was usually adjusted to 8.0 with aqueous
ammonia solution. At a decreased pH of 5.0, the vast majority of ceria
still deposited onto the magnetic core nanoparticles; however, some
agglomerated ceria nanoparticles not attached to the cores were also
present (Fig. SI7). When the pH was increased to 10.0, all of the ceria
deposited onto the core nanoparticles; however, the shell was composed
of significantly larger ceria nanocrystallites compared with those formed
at the usual pH of 8.0 (see Fig. 4). These nanocrystallites exhibited a
faceted shape and a size of approximately 5 nm (Fig. 6). At an even
higher pH of 11.0, the product became nonhomogeneous, consisting of
agglomerated ceria nanoparticles and magnetic nanoparticles covered

with aggregates of ceria nanocrystallites.

3.4. Mechanism of ceria shell formation

After standing at room temperature for a prolonged period (>6 h), a
white precipitate formed in the aqueous solution of cerium(III) nitrate
and HMTA. The formation of a hydrogen-bonded Ce>*-HMTA coordi-
nation compound with the formula [Ce(NO3)2(H20)5](HMTA)2(NO3)
(H,0)3 in aqueous solution has been reported [46,47]. However, XRD
analysis of the dried precipitate showed that it consisted of cerium(III)
oxide carbonate hydrate (Ce;0(CO3)2-H20). This carbonate most likely
formed directly via hydrolysis of cerium(III) nitrate in the presence of
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Fig. 4. (a) TEM image of ceria deposited on silica-coated iron-oxide nanoparticles C-IONP-SIL (inset shows a corresponding electron diffraction pattern indexed
according to the fluorite (F) structure and spinel (S) structure). (b) BF STEM image of C-IONP-SIL. (c) HAADF STEM image of enlarged area marked on Fig. (b) with
red rectangle. (d) A corresponding EDXS elemental maps showing distribution of Ce (green), Fe (red) and Si (blue). (e) HAADF and (f) BF STEM images of ceria
deposit at higher magnification. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

HMTA, followed by reaction with atmospheric CO, [47]. HMTA slowly
hydrolyses in aqueous solution to yield ammonia and formaldehyde;
however, the solution pH remains near 8.0, which is insufficient for the
precipitation of cerium(IIl) hydroxide (Ce(OH)s), that becomes stable
only above pH ~ 10.4 [48,49]. Nevertheless, the transient formation of a
Ce>*—HMTA coordination compound cannot be excluded.

Cerium(III) oxide carbonate hydrate was also the only Ce-containing
phase detected when ceria deposition was carried out at elevated tem-
peratures below ~50 °C. Acicular carbonate crystals, several hundred
nanometers in length, often assembled into star-like aggregates, were
observed together with much smaller core IONPs (Fig. 7(a)). Interest-
ingly, these carbonate crystals were highly sensitive to the electron
beam in the TEM. Upon irradiation, they rapidly transformed into
nanocrystalline fluorite-structured ceria without any change in particle
morphology, indicating in situ oxidation to CeO. At 50 °C, individual

carbonate particles were still present (Fig. 7(b)), but most Ce had
already been deposited as ceria on the core nanoparticles. The irregular,
frequently hollow shapes of the remaining carbonate particles suggested
that they were dissolving (Fig. 7(b)). Based on these observations, we
conclude that cerium(Ill) oxide carbonate hydrate begins to form
already at room temperature. At temperatures approaching 50 °C, Ce3t
in the precipitated carbonate begins to dissolve and oxidize, leading to
the formation of ceria. The slow dissolution and/or oxidation maintains
a low supersaturation, enabling exclusively heterogeneous nucleation of
ceria on the surfaces of core nanoparticles present in the reaction
mixture.

To further test this mechanism, ceria was deposited onto IONPs by
direct oxidation of preformed cerium(IIl) oxide carbonate hydrate
(without HMTA) in parallel experiments. The IONPs and carbonate
powder were suspended in water and heated at 50-80 °C under pH
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Fig. 5. (a) BF STEM image of nanocomposite synthesized by depositing ceria onto silica-coated iron-oxide nanoparticles at a reduced Ce®>"/C-IONP-SIL ratio of 0.3.
(b) A corresponding EDXS elemental maps showing the distribution of Ce (green), Fe (red) and Si (blue). (¢, d) BF STEM images of the nanocomposite synthesized at
ceria at an increased Ce®*/C-IONP-SIL ratio of 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Fig. 6. TEM images of ceria shell deposited onto silica-coated iron-oxide nanoparticles at pH of 10.0.

values ranging from 3 to 10. At temperatures below 70 °C, the carbonate
partially dissolved and ceria deposited on the IONPs. Similar to the
deposition of ceria in the presence of HMTA, the ceria formed as small
aggregates of larger crystallites directly on the iron-oxide cores
(Fig. SI8) and as a continuous shell on the silica-coated nanoparticles
(Fig. SI9). However, the amount of deposited ceria remained relatively
low and could not be effectively controlled at any tested pH value. At
temperatures above 70 °C, the large carbonate crystals topotactically
transformed into nanocrystalline ceria (see the SI for details).

These parallel experiments confirmed the proposed deposition
mechanism involving the intermediate formation of cerium(III) oxide
carbonate hydrate. The relatively slow oxidation and/or dissolution of

the carbonate particles above ~50 °C maintains a low supersaturation of
the precipitating ceria, which is key to understanding the observed
differences in nanocrystallite shape and size.

Ce3* precipitation in the presence of HMTA without core nano-
particles yielded ~5 nm ceria particles with truncated octahedral shapes
(Fig. 2). Under identical synthesis conditions, ceria deposited as small
aggregates of ~10 nm octahedral nanocrystallites directly onto iron—
oxide nanoparticles (Fig. 3), and as a continuous shell of ~3 nm nano-
crystallites when the iron-oxide nanoparticles were coated with silica
(Fig. 4). The variation in particle shape likely reflects the size-dependent
transition from nearly spherical forms of very small crystallites to more
defined crystal geometries as they grow. To minimize surface energy,
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Fig. 7. TEM images of cerium(III) oxide carbonate hydrate particles mixed with the C-IONPs after ceria-deposition reaction conducted for 2 h at 45 °C (a) and at

50 °C (b).

very small nanocrystallites adopt a near-spherical (globular)
morphology, since a sphere minimizes surface area for a given volume.
As the crystallites grow, differences in surface energies between crystal
facets become significant, leading to the appearance of faceted shapes.
In ceria, the {111} surfaces exhibit the lowest surface energy, favouring
the formation of octahedral nanocrystals during slow growth [50].
The observed differences in nanoparticle size can be explained by
variations in the rates of nucleation and growth of ceria crystallites,
following the classical LaMer model [51]. At higher supersaturation,
rapid nucleation generates a greater number of nuclei, resulting in
smaller particles. The minimal supersaturation required for nucleation is
determined by the surface energy of the forming nucleus. Because the
liquid-solid interfacial energy is generally higher than the solid-solid
interfacial energy, homogeneous nucleation (i.e., nucleation in the
absence of core nanoparticles) occurs at higher supersaturation than
heterogeneous nucleation, leading to the formation of smaller particles.
During heterogeneous nucleation, the nucleation threshold depends
on the interfacial energy between the precipitating solid and the sub-
strate. Iron oxide (maghemite) exhibits a much higher surface energy
(~1.9 J/m?) [52] than silica (~0.34 J/m?) [53]. Nucleation of ceria on
maghemite therefore begins at much lower supersaturation than on
silica, producing a relatively small number of nuclei. Because the
oxidation and/or dissolution of the carbonate particles proceeds slowly,
supersaturation remains low, and the available precursor is preferen-
tially consumed for the growth of existing nuclei. Such slow growth
under low supersaturation promotes (i) the formation of the equilibrium
octahedral shape of the nanocrystallites [50] and (ii)
oriented-attachment (coalescence) growth—a common growth mecha-
nism for the ceria [54]—both evident in Fig. 3. Moreover, heteroge-
neous nucleation on maghemite may depend on the availability of
specific nucleation sites—for example, certain crystal facets on the
roughly spherical nanoparticles. In contrast, on isotropic, amorphous
silica, nucleation occurs at higher supersaturation and proceeds rapidly
and continuously across the surface. Under such conditions, most of the
precipitated ceria is consumed during nucleation, resulting in minimal
growth and the formation of a continuous shell of small nanocrystallites.

3.5. Deposition of catalytic Ru nanoparticles onto the magnetic ceria
supports

Two magnetic catalysts, C-Ru and HT-Ru, were prepared by depo-
sition of catalytic Ru nanoparticles onto the magnetic ceria supports
containing C-IONP-SIL and HT-IONP-SIL magnetic nanoparticles,
respectively. Fig. 8 shows STEM images of the HT-Ru composite with
the corresponding EDXS elemental maps. EDXS at lower magnifications
(Fig. 8(a—d)) showed the Ru signal coming from the entire area of the
nanocomposite, suggesting homogeneous distribution of the Ru over the

magnetic support. With combining HAADF imaging and EDXS mapping
very small globular Ru nanoparticles, 1-2 nm in size (marked with
yellow circles on the HAADF STEM image Fig. 8(e and f)), were resolved
on the ceria surfaces at higher magnification.

XRF analyses showed that the magnetic catalysts C-Ru and HT-Ru
contained 2.1 wt% and 1.4 wt% of Ru, respectively. Because of the
smaller C-IONP-SIL core nanoparticles the catalyst C-Ru exhibited
somewhat larger specific surface area (178.2 mz/g) compared to the
HT-Ru containing larger HT-IONP-SIL core nanoparticles (172.9 m?/g)
as measured via BET method (Table 1).

3.6. Magnetic properties and heating ability

To evaluate the heating potential of the prepared catalysts, room-
temperature static and dynamic magnetization curves were recorded
(Fig. 9). Both catalysts, C-Ru (containing co-precipitated iron-oxide
nanoparticles, C-IONPs, ~11 nm in size) and HT-Ru (containing
hydrothermally-treated iron-oxide nanoparticles, HT-IONPs, ~18 nm
in size), exhibited narrow hysteresis loops characteristic of magnetically
soft materials (Fig. 9(a)). Ceria coating reduced the saturation magne-
tization (Ms) to 18.2 and 19.9 A mz/kg for the C-Ru and HT-Ru cata-
lysts, respectively (Table 1). The mass fractions of magnetic iron oxide
were determined to be 27.1 + 3.7 wt% for C-Ru and 32.2 + 3.6 wt% for
HT-Ru. Correspondingly, the normalized saturation magnetizations are
67.5 + 9.2 A m?/kgionp and 62.2 + 7.0 A m?/kgionp for the C-Ru and
HT-Ru catalysts, respectively. These normalized values are close to the
saturation magnetizations of the C-IONP and HT-IONP starting mate-
rials, indicating that the magnetic properties of the iron-oxide cores
remained intact after coating. The observed reduction in the unnor-
malized Mg of the catalysts can therefore be attributed to dilution by the
diamagnetic silica, ceria, and ruthenium phases.

Because the magnetic IONPs are immobilized within the nano-
composite catalysts, Brownian relaxation can be excluded as a heating
mechanism under AMF. The evolution of dynamic magnetization loops
as a function of AMF amplitude was measured for the C-Ru and HT-Ru
(Fig. 9(b and c)). Despite their nearly identical static magnetization
loops, their dynamic behaviour differed markedly. The C-Ru catalyst
exhibited relatively narrow dynamic loops that, above an AMF ampli-
tude of ~25 mT, began to approach saturation. This effect is more
clearly seen in the dependence of the specific absorption rate (SAR =
frequency x area of the dynamic loop) on AMF amplitude (Fig. 9(d)). In
contrast, HT-Ru, which contains the larger HT-IONPs, displayed ellip-
tical dynamic magnetization curves across all AMF amplitudes (Fig. 9
(c)). The SAR of HT-Ru increased nonlinearly in the 5-35 mT range,
indicating that the HT-IONPs remained far from saturation.

In both catalysts, the iron oxide cores are in the ferromagnetic regime
(Fig. 9(a) and Table 1), where the Stoner—Wohlfarth-derived model can
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Fig. 8. BF (a, ¢) and HAADF (e) STEM images with corresponding EDXS elemental maps (b, d, f) showing distribution of Ce (red), Fe (blue) and Ru (green) on
magnetic catalyst HT-Ru synthesized by precipitation of Ru nanoparticles onto a ceria support containing HT-IONP-SIL magnetic nanoparticles. Ru NPs are marked
with yellow circles on Figs. (e, f). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

qualitatively describe the observed differences in dynamic magnetiza-
tion behaviour [55-57]. The area of the dynamic loop depends on
intrinsic magnetic parameters such as saturation magnetization,
anisotropy energy barrier (which increases with particle size), and AMF
amplitude. For ferromagnetic nanoparticles of the same composition,
the loop area is small at AMF amplitudes below the coercive field (poHc),
increasing with a power-law dependence above poHc and saturating
only at fields well above this value [55,56,58]. Because poHc is
size-dependent, smaller ferromagnetic nanoparticles exhibit higher SAR
values than larger ones at low-field amplitudes; however, their SAR
saturates at lower amplitudes and reaches a smaller maximum value

[57].

The evolution of SAR with AMF amplitude for the two catalysts
follows this characteristic behaviour. The smaller ~11 nm C-IONPs (in
C-Ru) exhibited slightly higher SAR values than the ~18 nm HT-IONPs
(in HT-Ru) at fields below 15 mT, consistent with their softer magnetic
character, as reflected by their low coercive field (poHc = 1.3 mT). At
higher field amplitudes, the SAR of the magnetically harder HT-Ru
catalyst (poHc = 6.1 mT) surpassed that of C-Ru. Dynamic magnetiza-
tion curves indicate that the smaller C-IONPs begin to approach satu-
ration at ~15 mT, whereas the larger HT-IONPs retain elliptical
hysteresis loops and remain far from saturation even at 35 mT. Static
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Fig. 9. Magnetic properties of the catalysts C-Ru and HT-Ru: (a) room-temperature static magnetization curves; (b, ¢) dynamic magnetization curves as a function of
magnetic-field amplitude; and (d) specific absorption rate as a function of magnetic field amplitude. All dynamic hysteresis loops and SAR values are at 112 kHz.

magnetization loops show that both samples reach ~90 % of Mg at
~255 mT— well above 15 mT— indicating no significant difference in
static saturation fields (Fig. 9(a)). Under dynamic conditions, however,
the magnetization of HT-IONPs is consistently lower than that of
C-IONPs at identical AMF amplitudes, consistent with their magneti-
cally harder character arising from their larger size and correspondingly
longer relaxation times.

The steady-state temperature of the reaction mixture depends not
only on the amount and heating power of the magnetic catalyst, but also
on the overall thermal balance of system. A simple test was performed to
evaluate the heating efficiency of the catalysts. Each catalyst (1.5 g) was
dispersed in 40 mL of water and stirred using a glass overhead stirrer.
The beaker was placed inside the magnetic coil, and an N-type ther-
mocouple was used to continuously monitor the temperature. An AMF
with an amplitude of 38 mT and frequency of 112 kHz was applied to
assess heating performance.

For the C-Ru catalyst, the water temperature increased slowly,
reaching a steady-state value of 40 °C after 10 min, indicating relatively
low heating efficiency. In contrast, the HT-Ru suspension reached 90 °C
within 20 min, demonstrating significantly higher heating capability.

3.7. Testing of catalytic activity

The developed HT-Ru catalyst was evaluated for its activity, selec-
tivity, and stability in the magnetically heated hydrogenation of the bio-
based compound 5-(hydroxymethyDfurfural (HMF). HMF is typically
obtained via acid-catalysed dehydration of fructose or glucose, or by
hydrolysis and dehydration of polysaccharides [3]. Through interme-
diate catalytic hydrogenation to 2,5-bis(hydroxymethyl)furan (BHMF),
HMF can be further valorised into several economically important
chemicals, among which 2,5-di(hydroxymethyDtetrahydrofuran
(DHMTHF) and 2,5-dimethylfuran (DMF) are particularly attractive
[59,60]. Because HMF contains both aldehyde and hydroxyl functional
groups, it is prone to self-condensation under acidic or basic conditions,
forming oligomers and humins that are unreactive toward valorisation
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and can deactivate hydrogenation catalysts [61,62]. Selective hydro-
genation of HMF to the more stable diol BHMF is therefore an attractive
pathway. BHMF is resistant to self-condensation, is used in the pro-
duction of polyurethane foams and polyesters, and can be further hy-
drogenated to value-added chemicals [3,63,64].

Hydrogenation of HMF under magnetic heating was performed in a
quartz pressure vessel equipped with a Teflon Rushton turbine, a ther-
mocouple, and a sampling line allowing periodic collection of the
reactor contents (Fig. 1). All components placed within the AMF-
generating coil were made of quartz or Teflon, ensuring that they did
not heat under the AMF. The observed temperature rise in the reactor
was therefore solely due to magnetic heating of the catalyst.

Using an AMF amplitude of 38 mT, the temperature of the reaction
medium containing dispersed HT-Ru catalyst increased to 150 °C within
15 min (Fig. 10(a)). The higher steady-state temperature compared with
the preliminary tests in water can be attributed to the lower heat ca-
pacity of THF, which is approximately half that of water. In contrast,
under the same AMF conditions, the magnetic catalyst C-Ru was unable
to heat the reaction mixture to temperatures sufficient for HMF hydro-
genation. Hydrogenation of bio-based compounds over Ru-based cata-
lysts typically requires temperatures well above 60 °C [3].

Consequently, HMF hydrogenation was carried out using only the
HT-Ru catalyst. The concentration of HMF began to decrease during the
heating stage and continued to decline steadily until complete conver-
sion to BHMF was achieved after approximately 200 min at 150 °C
(Fig. 10(a)). After the reaction, the system was allowed to cool naturally
to room temperature, and the catalyst was recovered magnetically,
washed several times with fresh THF, and reused to evaluate its stability
(Fig. 10(b)). Conversions and selectivities were compared at 20 min,
where conversions were low and the kinetic regime can be assumed, and
at 80 min, where conversions were substantially higher. In both cases,
the conversions remained nearly constant across multiple reuse cycles
(Fig. 10(b)). In all experiments, complete conversion and 100 % selec-
tivity to BHMF were achieved after 200 min, demonstrating the excel-
lent stability of the HT-Ru catalyst during magnetically induced
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Fig. 10. The effect of reaction time on BHF reactant and BHMF product distribution (a) and recycling (b) of the HT-Ru catalyst under AMF heating at amplitude of
38 mT and frequency of 112 kHz. Blue bars correspond to conversions measured at 80 min, while black bars correspond to conversions measured at 20 min. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

hydrogenation of HMF to BHMF.

The catalytic performance of HT-Ru under magnetic heating
(150 °C, 1 MPa Hy) was compared with literature data obtained under
conventional and magnetic heating.

Pomeroy et al. reported HMF hydrogenation over various Ni/acti-
vated carbon catalysts in a conventionally heated slurry reactor using
THF as the solvent [65]. Their systems exhibited lower HMF conversions
than the HT-Ru catalyst; even at higher temperature and pressure
(170 °C, 5 MPa Hj), complete conversion was not achieved within 6 h.
Moreover, BHMF selectivity decreased due to the formation of
(5-methyl-2-furyl)methanol and 2,5-bis(hydroxymethyl)tetrahydro-
furan, attributed to excessive hydrogen pressure [65]. The same group
later investigated an alumina-supported Ni/Ce catalyst, achieving 96 %
BHMF selectivity at 140 °C and 5 MPa H; using a THF/water solvent
mixture [66]. Alamillo et al. employed a ceria-supported Ru catalyst at
130 °C and ~2.8 MPa H,, obtaining an 84 % BHMF yield after 2 h [67].

In the case of magnetically heated hydrogenation, Gyergyek et al.
demonstrated that Ru supported on magnetic carbon (iron oxide
encapsulated within a carbon matrix) was active for HMF hydrogenation
in the green solvent n-butanol; however, BHMF selectivity decreased
due to the acidic surface properties of the carbon support, which pro-
moted the formation of di-, tri-, and oligomeric by-products [19]. FeNig
nanoparticles supported on Ni were also highly active for HMF hydro-
genation under magnetic heating, although no BHMF could be isolated
because over-hydrogenation proceeded at a significant rate [68].

In comparison, our HT-Ru catalyst achieved ~94 % BHMF yield
after 2 h and 100 % yield after 3 h at 150 °C and only 1 MPa H,
demonstrating high activity and selectivity under relatively mild reac-
tion conditions.

4. Conclusions

Ru nanocatalysts supported on nanocrystalline ceria with embedded
magnetic iron-oxide nanoparticles (IONPs) were synthesized for use in
catalysis by magnetic heating. The magnetic catalyst supports were
prepared by depositing ceria onto IONPs via controlled precipitation of
Ce3t ions in the presence of hexamethylenetetramine (HMTA) in
aqueous suspension. Ceria was deposited onto globular IONPs of two
different sizes — ~11 nm (co-precipitated at room temperature) and
~18 nm (hydrothermally-treated at 120 °C) — both before and after
coating with a thin layer of silica.

When uncoated IONPs were used as core particles, ceria formed as
small aggregates of octahedrally shaped crystallites (=10 nm) attached
to the IONPs. A continuous, homogeneous nanocrystalline ceria shell
(~3 nm crystallites) was obtained only when silica-coated IONPs were
used. Mechanistic analysis revealed an important role for cerium(III)
oxide carbonate hydrate as an intermediate in ceria formation.

After deposition of catalytic Ru nanoparticles (1-2 nm) onto the
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magnetic ceria supports, the resulting catalysts were evaluated for their
magnetic heating performance and catalytic activity. At lower field
amplitudes (<15 mT), catalysts prepared with both sizes of IONPs
exhibited comparable specific absorption rates (SARismT =~ 5 W/g), as
determined from dynamic magnetization measurements. However, at
higher amplitudes, the larger IONPs showed significantly improved
heating efficiency, with SAR3omT ~ 30 W/g compared to ~10 W/g for
the smaller, co-precipitated IONPs.

Testing in the magnetically-heated hydrogenation of the bio-based
compound 5-(hydroxymethyDfurfural (HMF) to 2,5-bis(hydroxy-
methyl)furan (BHMF) demonstrated high catalytic activity, 100 %
selectivity, and excellent stability upon recycling.
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