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Introduction

Efficient heat dissipation has become a critical challenge in
electronics,

modern

energy
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Two-dimensional Hexagonal Boron Nitride-Ferrofluid Hybrids
Enable Efficient Magnetic Cooling

Nishant Tiwari® 2, Alexey Kartsev® 9 ¢, Saswata Goswamif, Alexander Arkadyevich Safronove,
Chandra Sekhar Tiwary*®f, and Varun Chaudhary™

Overheating remains a critical limitation in high-performance electronic and computing systems, necessitating the
development of efficient thermal management fluids. In this work, a magnetically responsive hybrid ferrofluid was
developed by incorporating two-dimensional hexagonal boron nitride (2D-hBN) nanosheets into a Mn-Zn-ferrite-based
ferrofluid. The hybrid system retains magnetic responsiveness while leveraging the high in-plane thermal conductivity and
chemical stability of 2D-hBN nanosheets. Structural, spectroscopic, and magnetic characterizations confirm the successful
incorporation of hBN within the ferrofluid without compromising the magnetic functionality of the ferrite nanoparticles. The
thermal conductivity of the hybrid fluid increased from 0.294 to 0.582 W m-1 K-, representing nearly a twofold enhancement
compared to the base ferrofluid. Cooling experiments performed under different magnetic field strengths demonstrate field-
dependent thermal performance. At an applied magnetic field of 0.30 Tesla, the hybrid ferrofluid achieved a maximum
temperature drop of ~35 °C, corresponding to more than 50% improvement in cooling efficiency compared to the base
ferrofluid under identical heat load conditions. These results highlight the potential of 2D-hBN-modified ferrofluids as
promising magnetothermal cooling media for passive and magnetically assisted thermal management applications in next-

generation electronic systems.

attention due to their ability to interact with external magnetic
fields. When exposed to a thermal gradient under a magnetic
field, ferrofluids undergo thermomagnetic convection, in which
spatial variations in magnetization generate body forces that

systems, and drive fluid motion and enhance heat transport ®7. Such

computing

infrastructure, where increasing power densities generate
substantial thermal loads!2. Inadequate thermal management
not only limits device performance and reliability but also
contributes significantly to overall energy consumption,
particularly in data processing and high-performance
computing facilities. Developing cooling technologies that are
both energy-efficient and environmentally sustainable is,
therefore, an urgent research priority>4. The development of
efficient, compact, and environmentally friendly cooling
technologies has intensified research into advanced heat
transfer fluids as alternatives to conventional vapor-
compression and mechanically pumped systems®>. Among
these, ferrofluids-stable colloidal suspensions of magnetic
nanoparticles in a carrier liquid-have received considerable
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magnetically controlled heat transfer enables passive and
vibration-free operation, offering advantages in system
simplicity and energy efficiency. Recent studies have
demonstrated the feasibility of ferrofluid-based loops for long-
distance heat transfer and magnetic cooling applications,
highlighting their potential for integration in electronic cooling
and energy systems 810,

Despite these advantages, the overall cooling performance
of ferrofluids is often limited by their relatively low thermal
conductivity compared with solid heat-spreading materials. In
parallel, extensive research on non-magnetic nanofluids and
hybrid nanofluids-containing additives such as graphene,
carbon nanotubes, or metallic nanoparticles-has demonstrated
significant improvements in thermal transport properties of
conventional base fluids ¥4, Previous studies have examined
ferrofluid-based heat-transfer  behaviour in  various
magnetohydrodynamic and geometrically complex thermal
systems, including porous domains, grooved channels, and non-
uniform heating configurations 1>-8, However, these studies
have largely focused on fluid-flow and thermal-system design,
whereas the deliberate materials engineering of ferrofluids
using two-dimensional thermally conductive additives for
magnetothermal cooling remains largely unexplored.
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Integrating thermally conductive nanomaterials into ferrofluids
could therefore provide a promising strategy to simultaneously
enhance both thermal transport and magnetic-field-driven fluid
motion.

Hexagonal boron nitride (hBN), a two-dimensional layered
material structurally analogous to graphite, has recently
emerged as a promising thermally conductive yet electrically
insulating additive for thermal management applications®29,
hBN nanosheets possess high in-plane thermal conductivity
(hundreds of W m1 K1), excellent thermal and chemical
stability, and mechanical robustness 2122, These properties have
led to their widespread use in polymer composites, coatings,
and lubricants designed for efficient heat dissipation 23725,
Incorporating hBN into ferrofluids offers several potential
benefits: (i) improved thermal conductivity through the
formation of conductive heat pathways, (ii) mitigation of
localized hot spots via superior heat spreading, (iii) enhanced
thermal stability of the suspension under cyclic operation, and
(iv) electrical insulation, which is critical in electronic cooling
applications. The anisotropic thermal properties of hBN further
enable directional heat transfer depending on flake alignment
within the fluid. However, achieving these benefits requires
stable dispersion and effective interfacial interactions between
hBN nanosheets and magnetic nanoparticles, since excessive
aggregation or increased viscosity may adversely affect fluid
mobility and heat transport 26728, These aspects are critical for
realizing the full potential of hBN-based ferrofluids in
magnetothermal applications.

Motivated by these considerations, the present work
investigates the incorporation of two-dimensional hBN
nanosheets into a Mn-Zn-ferrite-based ferrofluid to enhance its
thermal and magnetic field-responsive properties. The
influence of hBN on structural, thermal, and magnetic
characteristics is systematically examined through structural
and spectroscopic characterization, thermal measurements,
and magnetic analyses, complemented by first-principles
density functional theory (DFT) calculations. These combined
experimental and theoretical approaches provide insights into
how interfacial interactions between hBN nanosheets and
ferrite nanoparticles influence magnetothermal performance.
Emphasis is placed on understanding the relationship between
interfacial structure and cooling efficiency under cyclic
magnetic-field operation. The results contribute to the design
of ferrofluid systems that integrate two-dimensional materials
for controlled and energy-efficient heat transport.

Materials and Methods

Experimental Details

Two-dimensional hexagonal boron nitride (2D-hBN) nanosheets
were prepared via liquid-phase exfoliation of bulk hBN powder
(5 g, 97% purity, Sigma-Aldrich). The powder was dispersed in
50 mL of isopropyl alcohol (IPA, >99% purity) and subjected to
probe sonication for 2 h to exfoliate the layered hBN into few-
layer nanosheets. The resulting dispersion was centrifuged for
1 h to remove unexfoliated particles, and the supernatant
containing exfoliated nanosheets was collected.

After synthesis, 1 wt.% of the hBN was added to a
commercially available water-based ferrofluid (Ferrotec Inc.),
composed of Mn-Zn-ferrite (Mno.7Zno 3sFe204) nanoparticles (1-4
vol%, Size 3-5 nm), an organomethoxysilane dispersant (7-27
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vol%), and deionized water (69-92 vol%). We haye confirmed
the particle size using HR-TEM (High Resoluticn3bransaiissian
Electron Microscopy), as shown in Figure S1. To ensure uniform
dispersion and long-term stability, the mixture was subjected to
bath sonication for 5 h. No additional chemical functionalization
of hBN was performed, as the sonication process, together with
the surfactant system of the commercial ferrofluid, provided
sufficient stabilization.

The concentration of 2D-hBN nanosheets was fixed at 1
wt.% based on dispersion stability and magnetic compatibility
considerations. Zeta potential measurements performed using
a Litesizer instrument showed that the base ferrofluid exhibits
a value of -31.32 mV, indicating good colloidal stability, while
the addition of hBN reduces the value to -15.86 mV. Since
further addition of hBN could reduce electrostatic stabilization
and promote particle agglomeration, the concentration was
limited to 1 wt.%. In addition, excessive incorporation of non-
magnetic nanosheets may negatively affect the magnetization
and field-induced structuring of the ferrofluid?®3°, Therefore, 1
wt.% was selected as a balanced loading that maintains
dispersion stability while enabling measurable enhancement in
thermal performance.

Structural, morphological, and spectroscopic characterizations of
2D-hBN and 2D-hBN/ferrofluid were carried out using XRD, SEM, and
Raman techniques. Detailed crystallographic analysis was performed
with a Bruker D8 Advance diffractometer (Cu-Ka radiation, 26 range
20-70°), while microstructural features were examined using a ZEISS
GEMINI 600 FE-SEM and a JEOL NEOARM 200 kV HR-TEM. Samples
for structural, morphological, and magnetic characterization were
prepared using a drop-casting technique due to the viscous liquid
nature of the composite ferrofluid. For X-ray diffraction (XRD) and
scanning electron microscopy (SEM) analyses, a small amount of the
sample was drop-cast onto a clean silicon wafer (Si-wafer) substrate
and allowed to dry naturally overnight in a closed environment to
minimize possible contamination. After complete drying, the
samples were used for the respective measurements. For
transmission electron microscopy (TEM) analysis, the sample was
drop-cast onto a carbon-coated copper grid and allowed to dry prior
to imaging. The thickness and lateral dimensions of the 2D-hBN
sheets were characterized using an atomic force microscope (Agilent
Technologies, model 5500). Raman spectra were collected at room
temperature with a WITec UHTS 300 VIS Raman spectrometer
equipped with a 532 nm excitation laser. X-ray photoelectron
spectroscopy (XPS) measurements were carried out using a PHI 5000
VersaProbe Il system (ULVAC-PHI, Physical Electronics). Magnetic
characterization of the homogenized fluid was conducted using a
Vibrating Sample Magnetometer (Lake Shore Cryotronics, USA),
including M-T measurements under field-cooled warming (FCW) and
field-cooling (FC) conditions at 0.1 T/ 1000 Oe. For magnetic
characterization, the sample was similarly drop-cast onto a silicon
wafer substrate. Since accurate mass determination is essential for
magnetic measurements, the silicon wafer was weighed prior to
sample deposition and again after the sample was completely dried
overnight. The difference between the two measurements was taken
as the mass of the deposited sample. The dried sample was then
mounted on the quartz sample holder of the vibrating sample
magnetometer (VSM) for magnetic measurements. Thermal
conductivity was evaluated using a Hot Disk Thermal Constants
Analyzer (TPS 2500 S).

To ensure the reliability and reproducibility of the experimental
results, all measurements were repeated multiple times under
identical experimental conditions. Structural and morphological

This journal is © The Royal Society of Chemistry 20xx
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characterizations, including XRD and SEM, were repeated at least
twice to confirm phase purity and microstructural consistency.
Magnetic measurements were performed using repeated runs of the
same sample to verify the stability of the magnetization response.
Thermal conductivity measurements were conducted in multiple
trials, and the reported values represent the average of repeated
measurements. Cooling performance experiments were also
repeated, including cyclic magnetic field application tests, to verify
the repeatability and stability of the temperature response over
extended operation periods. Where applicable, error bars represent
the standard deviation obtained from repeated measurements.

Working Principle and Device Set-up

The dimensions of the Cu loop are provided in Figure S2 of
the Supplementary Information. The loop has an inner diameter
of approximately 28 cm and an outer diameter of approximately
30 cm. The volume of ferrofluid used in the Cu loop was
approximately 40 + 2 mL. An Nd-Fe-B cuboid magnet,
positioned facing the heat source, generates the magnetic field.
The magnetic field strength was measured using a Gauss meter
(Hirst GMO08) at the position closest to the permanent magnet,
corresponding to the section of the loop exposed to the
maximum magnetic field. To ensure measurement accuracy,
approximately ten readings were recorded at the same position
and averaged to obtain the final magnetic field value. For
measurements at reduced magnetic field strengths, the
distance between the magnet and the loop was systematically
increased. Initially, a 1 mm thick insulating glass plate was
inserted between the magnet and the loop to reduce the
effective magnetic field. Further reductions were achieved by
progressively increasing the separation between the magnet
and the loop, and the magnetic field strength was measured at
each step using the Gauss meter.

The ferrofluid itself is a colloidal suspension of
thermomagnetic nanoparticles dispersed in either water or oil,
exhibiting liquid-like flow while responding to external
magnetic fields. Its magnetization is strongly temperature
dependent: the response decreases as the temperature rises,
and the nanoparticles become paramagnetic once the Curie
temperature is exceeded. When a temperature gradient is
established between the heat source and the heat sink, a
corresponding gradient in the magnetic susceptibility of the
ferrofluid is induced. The interplay between this susceptibility
gradient and the applied magnetic field generates a non-
uniform magnetic body force, driving thermo-magnetic
convection within the fluid. In the closed-loop configuration,
the magnetic field gradient is introduced by placing a
permanent magnet near the heat source, while the heat sink is
positioned opposite to it. Initially, the ferrofluid at ambient
temperature is drawn toward the magnet, where it absorbs
heat from the heat source. As its temperature increases, its
magnetic susceptibility decreases, weakening its attraction to
the magnet. This heated fluid is displaced by cooler incoming
ferrofluid, which takes its place near the magnet. The warmer
fluid continues along the loop, transferring absorbed heat to the
sink, where it is cooled, thereby completing the convection
cycle.

For device fabrication, a copper tube with an inner diameter
of 5 mm was used to accommodate the heat source and heat
sink, as shown in Figure S2. Joule heating at controlled heat flux
levels was achieved using a Kanthal wire (1 mm outer diameter,

This journal is © The Royal Society of Chemistry 20xx
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1.68 Q/m resistivity), with 30 cm of the wire woungegva%’C% 4.cm
section of the heat source. Surface temperaturesoafetive doeat
load were monitored using K-type thermocouples (TC)
(PICOLOG, UK) with an accuracy of +0.5 °C, which were fixed in
place and electrically insulated by wrapping the region with
Kapton tape. The magnetic driving force for ferrofluid motion
was supplied by a cubic Nd-Fe-B permanent magnet (0.3 T, 25
mm side length). The magnet was strategically positioned at the
end of the heat load, where the thermal gradient was the
steepest, to establish a suitable field gradient and enhance fluid
circulation  during  magnetic cooling 3.  All the
nomenclature/symbols of used in present work are summarized
in Table 1.

Table 1 Nomenclature/Symbols used in the present work

Sr. No. Nomenclature / Unit
Symbols

1 Temperature °C/K

2 Temperature difference °C/K
(aT)

3 Magnetic Field Strength Tesla (T)
(HDH)

4 Magnetization (M) emu/g

5 Zeta Potential mV (milli volt)

6 Thermal Conductivity (k) W m1K?

7 Viscosity (u) cP

8 Shear Stress st

9 Millimetre mm

10 Centimetre cm

11 Heat Load W (Watt)

12 Time Minute/Seconds (s)

Result and Discussion
Rheology and Structural Characterization

The Rheological measurements were performed to evaluate
the effect of 2D-hBN nanosheet incorporation on the flow
behaviour of the ferrofluid. Viscosity measurements were
carried out at shear rates of 30, 50, and 100 s* for both the base
ferrofluid and the 2D-hBN/ferrofluid hybrid, and the results are
presented in Figure S3. The results show that the viscosity of
both fluids increases approximately linearly with increasing
shear rate within the investigated range. The 2D-hBN/ferrofluid
hybrid exhibits slightly higher viscosity compared to the base
ferrofluid, which can be attributed to the presence of
suspended 2D-hBN nanosheets that increase hydrodynamic
resistance within the fluid. The moderate increase in viscosity
suggests that the nanosheets are well dispersed and do not lead
to significant agglomeration or flow obstruction.

To elucidate the structural characteristics of the materials,
we first performed X-ray diffraction (XRD) analysis of both bulk
hBN and exfoliated 2D-hBN. As shown in Figure S4(a), the
diffraction pattern displays distinct peaks at 20 = 26.1°, 41.3°,
43.8°, 50.4°, and 55.6°, which correspond to the (002), (100),
(101), (102), and (004) crystallographic planes of hexagonal
boron nitride3?, consistent with the standard JCPDS card No. 34-
0421. Scanning electron microscopy (SEM) images of the
exfoliated product, presented in Figure S4(b), reveal a
characteristic flake-like morphology, confirming the formation

J. Name., 2013, 00, 1-3 | 3
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of a two-dimensional layered structure. To probe the chemical
composition and bonding environment, X-ray photoelectron
spectroscopy (XPS) was carried out, where N 1s peak at ~398 eV
in Figure S4(c) and the B 1s peak appears at ~190.5 eV Figure S4
(d) 3334, The thickness and lateral dimensions of the 2D flakes
were further examined by atomic force microscopy (AFM). As
illustrated in Figure S4(e), the exfoliated sheets exhibit a
thickness of approximately 5-10 nm, corresponding to a few-
layer to multilayer configuration, with lateral sizes ranging from
50 to 200 um. The AFM images also demonstrate a uniform
spatial distribution of the flakes across the substrate surface.
The 2D-hBN exhibits a characteristic Raman peak in the range
of (1366-1373 cm™) 3538 corresponding to the E,g phonon
mode. In the present study, the exfoliated 2D hBN flakes
showed a Raman peak at 1368.3 cml, as illustrated in Figure
S4(g). These well-defined 2D-hBN sheets were subsequently
dispersed in the ferrite (Mn-Zn) particle-based ferrofluid to
prepare the hybrid system, after which the structural
characterizations of both the base ferrofluid and the 2D-
hBN/ferrofluid composite were systematically investigated. To
get to know the composition of Mn-Zn-ferrite particle
(Mng.7Zno.sFe;04), we have performed EDS (energy dispersive
spectroscopy) using SEM, as shown in Figure S4(i) and (j). Along
with this elemental mapping of Mn-Zn-ferrite particles are also
shown in Figure S5(a-f).

Figure 1(a) shows the X-ray diffraction (XRD) patterns of the
base ferrofluid and the 2D-hBN/ferrofluid. The base ferrofluid
exhibits (black) sharp reflections at 26 = 30.1°, 35.9°, 42.4°,
52.8%,56.5°, and 62.0°, which can be indexed to the (220), (311),
(400), (422), (511), and (440) crystallographic planes of a ferrite
spinel structure3’, consistent with JCPDS card No. 10-0467.
Upon incorporation of 2D-hBN (red), the composite pattern
reveals an additional reflection at ~26.4°, corresponding to the
(002) basal plane of hexagonal boron nitride, as shown in Figure
1(a). The structural coupling between the ferrite nanoparticles

4| J. Name., 2012, 00, 1-3

and the 2D-hBN nanosheets was further investjgated using
Raman spectroscopy and high-resolutionticansmissiars alectran
microscopy (HR-TEM). The Raman spectrum of the composite,
shown in Figure 1(b), exhibits prominent modes of both
constituents: the ferrite phase displays characteristic bands at
~618 cm™ and 1610 cm™?, while the 2D-hBN flakes give a strong
E>g vibration at ~1380 cm, confirming the coexistence of the
two phases within the hybrid system. Complementary TEM
analysis, presented in Figure 1(b-g), reveals a homogeneous
dispersion of nearly spherical ferrite nanoparticles embedded
within the 2D-hBN matrix. Low-magnification images [Figure
1(c)] show well-separated ferrite particles, whereas higher-
magnification micrographs clearly display the contrast between
the darker ferrite regions and the lighter background of hBN
sheets. The corresponding fast Fourier transform (FFT) pattern
[Figure 1(d)] exhibits concentric diffraction rings consistent with
the spinel lattice of the ferrite particles as well as distinct spots
indicative of the hexagonal symmetry of hBN. Interfacial regions
where the ferrite particles intimately contact the hBN
nanosheets are highlighted in Figure 1(e,f), where lattice fringes
of both phases can be observed. The inset FFT of Figure 1(f)
confirms the cubic spinel ordering of the ferrite together with
the hexagonal periodicity of hBN. To further resolve these
overlapping domains, inverse FFT filtering [Figure 1(g)] was
employed, which distinctly separates the hexagonal lattice of
hBN (white/green atomic schematic) from the cubic ferrite
framework (blue schematic). These combined Raman and TEM
results, when considered alongside the XRD peak shift discussed
above, provide compelling evidence of strong interfacial
coupling and strain transfer between the ferrite spinel phase
and the 2D-hBN nanosheets, which causes the observed lattice
expansion and the change in magnetic response of the
composite (2D-hBN/Ferrofluid). We have calculated the strain
transfer using TEM as well Raman, as mentioned in Section S1
(supporting information).

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) XRD pattern of base ferrofluid and 2D-hBN/ferrofiuid showing spinel phase and hBN. (b) Raman spectra of 2D-
hBN/ferrofluid sample. (c) HR-TEM image of 2D-hBN/ferrofluid sample. (d, e) HR-TEM image of 2D-hBN/ferrofluid sample at higher
magnification and corresponding FFT (Fast Fourier Transform). (f, g) HR-TEM image of 2D-hBN/ferrofluid sample showing the
interface between hBN flake and ferrite particle (FFT pattern-inset). (h) Inverse FFT of HR-TEM image (shown in Figure 1(g).

Magnetic Properties

The magnetic properties of the base ferrofluid and the effect
of 2D-hBN incorporation were evaluated to assess their
relevance to cooling performance. As shown in Figure 2a,
exfoliated 2D-hBN exhibits weak paramagnetic behavior,
whereas bulk hBN is diamagnetic 38. This response originates
from structural defects and edge terminations generated during
exfoliation, which create localized spin states in the wide-
bandgap lattice3940, The temperature-dependent
magnetization (M-T) curves (Figure 2b) reveal the expected
decrease in magnetization with increasing temperature for both

This journal is © The Royal Society of Chemistry 20xx

fluids, characteristic of superparamagnetic ferrite
nanoparticles. The 2D-hBN/ferrofluid, however, maintains a
higher magnetization over the entire 150-600 K range, with a
slower decay rate, indicating improved magnetic stability.

The M-H behavior of the investigated samples was
examined to assess their magnetic response at room
temperature. As presented in Figure 2(c), the 2D-hBN/ferrofluid
exhibits a modest increase in magnetization compared with the
pristine ferrofluid. This enhancement arises from interfacial
interactions between the ferrite nanoparticles and the hBN
nanosheets. The atomically smooth and chemically inert hBN
surface can partially passivate surface spins and reduce spin

J. Name., 2013, 00, 1-3 | 5
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canting at the ferrite interface, resulting in a more collinear
alignment of magnetic moments. In addition, the slight lattice
expansion observed in XRD and the reduced magnetic
anisotropy predicted by DFT suggest a minor redistribution of
cations or strain relaxation at the interface, which may further
contribute to the higher net magnetization in the 2D-
hBN/ferrofluid. Recent theoretical and experimental works

Journal Name

were able to discover and explain this effect, for. similar
systems*142, These interfacial interactionscollectivehr custain
stronger magnetic coupling and stable magnetization,
rendering the 2D-hBN/ferrofluid system promising for
magnetothermal applications where magnetic stability under
cyclic operation is critical 43743,
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Figure 2. (a) M-H (magnetic hysteresis) of 2D-hBN at 300 K. (b) M-T (Magnetization vs Temperature) behavior of Ferrofluid and 2D-
hBN/ferrofluid at 1000 Oe. (c) M-H behavior of Ferrofluid and 2D-hBN/ferrofluid. (d) The thermal conductivity of Ferrofluid and 2D-

hBN/ferrofluid.

In addition to magnetic measurements, the thermal
conductivity of both ferrofluids was evaluated, as efficient heat
transport is critical for achieving effective cooling. Higher
thermal conductivity directly facilitates faster heat dissipation
and thereby enhances the overall cooling performance of the
device. The incorporation of 2D-hBN was specifically targeted
to exploit its exceptionally high intrinsic thermal conductivity
(reported up to ~300 Wm-K1) 21, As shown in Figure 2(d), this
strategy proved effective: the thermal conductivity of the
ferrofluid is ~ 0.294 + 0.005 WmK?1, whereas the 2D-
hBN/ferrofluid reaches ~ 0.582 + 0.015 WmK}, representing
nearly a twofold enhancement. This substantial improvement
underscores the dual role of 2D-hBN in simultaneously boosting
both the magnetic response and the heat-transfer capability of
the ferrofluid, which is essential for magnetothermal cooling
applications. Because the introduction of 2D-hBN
simultaneously leads to a measurable increase in the magnetic
response, density functional theory (DFT) calculations were

6 | J. Name., 2012, 00, 1-3

carried out to gain atomic-scale insight into the origin of this
effect. DFT calculations allow us to identify how defect states,
interfacial charge transfer, and spin polarization within hBN or
at the hBN-ferrite particles interface contribute to the observed
increase in magnetization. DFT calculations clarified that doping
with boron nitride diminishes the magneto crystalline
anisotropy energy (MAE) of the spinel component.
Consequently, a reduced particle aggregation in the liquid is
anticipated due to a diminished MAE. This results in enhanced
thermal agitation of particles (random spin orientation at
elevated temperatures) and improved heat transmission from
the area where particle magnetizations are aligned by the
external magnetic field due to higher magnetic anisotropy
impact. This picture correlates with prior research indicating
that the optimal conditions for efficient magnetic cooling
include high saturation magnetization, low magneto-crystalline
anisotropy of magnetic nanoparticles, and reduced viscosity of
the ferrofluid #6. The first aspect remains uninfluenced, but the

This journal is © The Royal Society of Chemistry 20xx
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other two become captivated by BN doping. The combination
of experimental measurements and first-principles modelling
therefore clarifies that 2D-hBN not only improves heat
transport but also alters the local electronic environment in a
way that enhances the overall magnetic properties of the
ferrofluid.

ARTICLE

View Article Online

. DOI: 10.1039/D6TC00041J
Theoretical Results

To simulate the magnetic properties of the ferrofluid, the
cells of the MnZnFe,04 and BN crystals were used, the initial
structures of which were taken from the electronic resource
(https://materialsproject.org). MnZnFe,0, crystallizes into the
structure of the spinel mineral with a cubic unit cell of 8.5621 A,
and belongs to the space group (Fd3m). The spinel structure is
one of the dense cubic packings in the ball model (Figure S8(a)).
The MnZnFe,04 unit cell contains four Mn*2 and Zn*? divalent
ions located in the first type of interstitial sites (see Figure S8(b))
and sixteen Fe*3 trivalent ions located in the second type of
interstitial sites (see Figure S8(c)). The spinel crystal in the
magnetic phase is a ferrimagnet: the magnetic moments of the
ions in the centers of the tetrahedra and octahedra are
antiparallel.

Figure 3. (a) Van der Waals layers of boron nitride. B ions are shown in green, and N ions are shown in blue. (b) A supercell consisting
of four incomplete spinel cells and a layer of boron nitride. (c) Magnetic sublattice of Mn and Fe ions with magnetic moments lying
in the plane of vectors @, b (d) Magnetic sublattice of Min and Fe ions with magnetic moments lying along the direction of the vector

C.

Boron nitride has a graphene-like structure with hexagonal
cell parameters: a = b = 2.51243 A, c = 7.70726 A. The distance
between the van der Waals layers is about 3.85 A (see Figure
3(a)). To simulate the interaction between spinel and boron

This journal is © The Royal Society of Chemistry 20xx

nitride, a 2x2 supercell was created, consisting of incomplete
spinel cells and a surface layer of boron nitride. The resulting
structure is shown in Figure 3(b). The relaxation of the
parameters of the equilibrium structures and subsequent
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theoretical studies were carried out within the framework of
the density functional theory (DFT) 47 method using the VASP
software package. The method of calculating the electronic
structure is based on the Rayleigh-Ritz variational principle.
First-principles calculations were performed using the
generalized gradient approximation (GGA) with ultra-soft PBE
potentials. This approximation corrects many inaccuracies of
the local density approximation (LDA). The VASP software
package used applies the Projected Augmented Wave (PAW)
method, and the expansion of wave functions in the basis of the
attached plane waves. The PAW method successfully combines
the accuracy of full-electron methods with the efficiency of full-
potential methods. All the visualizations in this work were
performed in the VESTA software package 4. The main goal of
the theoretical study was to explain the phenomenon of
increasing the magnetization of a ferrofluid when boron nitride
is added to it. We hypothesized that the interaction between
boron nitride particles and spinel ferrite particles causes
changes in the magnetic anisotropy of the latter in several
atomic layers adjacent to the boron nitride. To test this
assumption within the framework of non-collinear magnetism,
we calculated the energies of the MnZnFe,04 spinel supercell
with boron nitride at two positions of the magnetic moments:
in the plane of the a,B vectors (see Figure 3(c)) and in the
perpendicular direction, along the vector ¢ (see Figure 3(d)).
Similar calculations were performed for the supercell without
hBN. The results are shown in Table 2

Table 2. Results of calculations of the magnetic anisotropy of
the Mn-Zn-ferrite spinel layer and the Mn-Zn-ferrite and hBN
layers

Supercell Supercell Magnetic
energy, eV. | energy, eV. | anisotropy
Material The The energy
magnetic magnetic difference
moments of | moments of | AE, eV.
the ions lie | the ions lie
in the plane | along the ¢
of the @, b | vector.
vectors.
MnZnFe,04 -1473.14 -1480.52 7.38
MnZnFe;04 + | -2389.10 -2392.04 2.94
hBN

As can be seen from Table 2, the axis of the easiest
magnetization of the samples coincides with the direction of the
¢ Vector, and the axis of the hardest magnetization lies in the
plane of the @, b Vectors. The presence of boron nitride on the
MnZnFe;0, ferrite spinel reduces the magnetic anisotropy in
the surface layer by a factor of 2.5, making MnZnFe;04 a more
magnetically soft material and generally increasing the
magnetization of the ferrofluid in an external magnetic field.
The incorporation of 2D-hBN into the ferrofluid reduces the
magneto-crystalline anisotropy energy (MAE) of the spinel
nanoparticles. As a consequence, the particles are less prone to
magnetic-field-induced aggregation in the liquid, supporting
more stable dispersion. The reduced MAE also enhances
thermal agitation of the particle moments at elevated
temperatures, facilitating more effective heat transfer from
regions where the magnetization aligns with the applied field.

8| J. Name., 2012, 00, 1-3

This interpretation is consistent with earlier studies, showing
that efficient magnetic cooling requires 1thigtp/atuvatian
magnetization, low magneto-crystalline anisotropy, and low
ferrofluid viscosity “°. In our system, the saturation
magnetization is largely preserved, while both the anisotropy
and the effective viscosity-associated behavior are influenced
by the presence of 2D-hBN.

Device Performance
Effect of Magnetic Field on Cooling

For proof-of-concept testing, a prototype device was

fabricated to evaluate the performance of magnetic cooling.
The schematic of the experimental setup is presented in Figure
4(a) (Also see Figure S2). The device consists of a copper-based
circular loop designed to contain the ferrofluid. One segment of
the loop includes a filling port with a sealed cap, enabling the
introduction and secure containment of the ferrofluid and
serving as a heat sink (at ambient temperature), which is
positioned to facilitate efficient heat dissipation. Directly
opposite this filling port, a Kanthal resistive wire (heat load)
connected to a source meter serves as the controlled heat
source, allowing precise application of thermal load. A
permanent magnet is strategically placed near the heat load to
induce thermomagnetic convection, which is required for fluid
circulation. To monitor the thermal response of the system, five
calibrated thermocouples (TC) are attached at critical locations:
two near the heat source to accurately predict the heat source
temperature (TC_1 and TC_2). The reason behind taking two
thermocouples at heat source is to get more accurate value of
temperature at heat source location, by doing average. Further,
two thermocouples along the section between the heat source
and the heat sink (TC_3 and TC_4), and one positioned near the
heat sink itself (TC_5) (Figure 4(a) and Figure S$2). This
configuration enables accurate measurement of the
temperature gradient and overall cooling efficiency.
As illustrated in Figure 4(a), the magnetic response of the
ferrofluid varies along the temperature gradient. Near the heat
sink, where the fluid is colder, the magnetization is highest,
whereas near the heat load, the elevated temperature results
in a significantly reduced magnetization. Under the applied
magnetic field, this spatial variation in magnetization produces
a magnetic body force. This force drives the colder, more
strongly magnetized fluid toward the magnet and displaces the
warmer, weakly magnetized fluid toward the heat sink. After
releasing heat at the sink, the fluid cools and regains higher
magnetization, completing a thermomagnetic convection loop
that enables continuous heat transport.

To evaluate the device performance under different thermal
loads, experiments were conducted at three power inputs - 4.80
W, 6.95 W, and 9.45 W - using both the base ferrofluid and the
2D-hBN/ferrofluid (Figure 4(b-g)). In the first set of
measurements, the system temperature was recorded under
ambient conditions for 5 minutes, followed by 20 minutes of
heating at the selected power level, after which the power
supply was turned off to allow the device to return to ambient
temperature. In the second condition, the procedure was
repeated with a permanent magnet carefully positioned
adjacent to the heat load (Figure 4a) to introduce a magnetic
field. The key distinction between these two conditions is
therefore the presence or absence of the magnetic field. As
shown in Figure 4(b) for the 2D-hBN/ferrofluid, the red curve

This journal is © The Royal Society of Chemistry 20xx
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represents the measurement without an applied field (uoH =0
T), while the blue curve corresponds to the case with a magnetic
field (uoH = 0.30 T). A clear temperature difference of ~22 °C
was observed between the two conditions, indicating the
enhanced heat removal achieved through magnetically induced
thermomagnetic convection. This difference directly reflects
the cooling capability of the device, demonstrating that the
applied magnetic field strengthens the magnetic body force and
accelerates heat transport away from the heat source. A clear
dependence of cooling performance on the applied heat load
was observed. For the 2D-hBN/ferrofluid, the temperature drop
increased to ~28 °C at 6.95 W and further to ~35 °Cat 9.45 W as

(a) i
Ferrofluid

Filling Fort Heat Sink

(~298 K)

ARTICLE

shown in Figures 4(c) and (d), respectively. This trend arises
because a stronger thermal gradient enhanzestthe differemne:in

magnetic susceptibility across the loop, thereby intensifying the
thermomagnetic convective flow. Comparatively, base
ferrofluid demonstrated reduced cooling efficiency, achieving
temperature drops of ~13 °C at 4.80 W, ~20 °C at 6.95 W, and
~23 °C at 9.45 W as shown in Figure 4(e), (f), and (g),
respectively. The superior performance is attributed to its
higher thermal conductivity, which facilitates faster heat
transport once the magnetically induced body force initiates
circulation.

Strong
Magnetization
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Figure 4. (a) Schematic of the experimental device comprising a Cu-based circular loop, a permanent magnet, and a Kanthal wire connected
to a source meter to provide a controlled heat load. Five thermocouples are mounted on the Cu loop and linked to a data logger, which is
interfaced with a computer for real-time temperature monitoring. (b-d) The effect of application and removal of the magnetic field (2 times)
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on the cooling performance of the device for 2D hBN/ferrofluid at various power loads (4.80 to 9.45 W). (e-g) The effect of applicationand
removal of the magnetic field (2 times) on the cooling performance of the device for base ferrofluid at various powertioads (480 ta 945 W)J

These results underscore the synergistic effect of increased
thermal load and magnetic field strength in amplifying
magnetothermal convection and highlight the advantage of 2D-hBN
reinforcement in achieving enhanced cooling efficiency across a wide
range of operating conditions. To provide a direct comparison, the
cooling performance of the base ferrofluid and the 2D-
hBN/ferrofluid is summarized in Figure 5, which illustrates the
variation in temperature drop with the applied heat load. At all
power levels, the 2D-hBN/ferrofluid consistently exhibits higher
cooling efficiency than the base fluid. A comparison with previously
reported ferrofluid-based cooling studies and the related discussion
is provided in Section S2 of the Supporting Information (Figure S9).
Along with this we have provided a detailed comparison of
properties such as thermal conductivity, particle size, and volume
percent of nanoparticle of various ferrofluids, as shown in Table 3.

Table 3 Comparative study of thermal conductivity, particle size,
volume percent of various ferrofluid.

Material Particl | Volum | Thermal Reference

e Size | e% Conductivit | s

(nm) y (WmtK

!)
FesOs@core ~7-28 0.7 1.54 30
shell
nanoparticles
Fes04 ~5-25 0.7 1.80 49
Fe30q4 5 0.6 0.18 50
CoFe;04 25 5 0.88 51
COF8204 25 1 0.59 51
Fe;0s3 1.5 12.6 0.21 52
Fe;0s@Sunflow | 1.5 12.6 0.18 52
er oil
Mn-Zn-Ferrite 3-5 1-4 0.294 Present
+0.005 Work
2D- ~3-5 1-4, 0.582 Present
hBN/Ferrofluid 1 wt.% | +0.005 Work
2D-
hBN

Overall, the 2D-hBN/ferrofluid delivers higher cooling capability
across all tested heat loads, demonstrating the beneficial role of hBN
incorporation. The improvement arises from the enhanced thermal
conductivity provided by 2D-hBN, which enables more efficient heat
extraction from the heated section and faster transport of that heat
toward the cooled region. Additionally, the increased magnetization
and reduced anisotropy of the 2D-hBN/ferrofluid support stronger
thermomagnetic driving forces, further contributing to its superior
cooling performance. The strong interfacial coupling between hBN
nanosheets and ferrite nanoparticles reinforces efficient heat
transfer within the hybrid ferrofluid. To confirm the circulation of the
ferrofluid upon magnetic field application, temperature
measurements were recorded using thermocouples TC-3 and TC-4,
as shown in Figure 4(a). As illustrated in Figure S10, once the
magnetic field is applied, the ferrofluid begins to circulate - resulting
in an initial temperature rise at TC-3 (blue), which subsequently
decreases as the 2D-hBN/ferrofluid approaches the heat sink region

10 | J. Name., 2012, 00, 1-3

(green). Furthermore, as the 2D-hBN/ferrofluid reaches TC-3, TC-4
(violet), and TC-5 (Heat sink) a further temperature drop is observed,
confirming efficient heat transfer and circulation within the system.

40
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Figure 5. Maximum cooling achieved by the base ferrofluid and the
2D-hBN/ferrofluid at heat loads of 4.80, 6.95, and 9.45 W under a
0.30 T magnetic field. The 2D-hBN/ferrofluid consistently shows a
larger temperature drop than the base ferrofiuid at all heat loads.
Error bars represent measurement uncertainty.

Cooling Performance Under Repeated Magnetic Field Switching

A comparative investigation was conducted between the base
ferrofluid and the 2D hBN/ ferrofluid to evaluate their cooling
performance. Because the ferrofluid is water-based, the heat load
was first stabilized at a safe operating range of 110-120 °C. After the
system reached equilibrium, an external magnetic field (uoH) was
applied as illustrated in Figure 6(a). Upon field activation, a rapid
temperature drops to nearly 34 °C was observed within 2-3 minutes,
followed by a steady state over the next 5 minutes. Simultaneously,
the heat sink temperature (blue line) increased slightly before
stabilizing, confirming the transfer of heat from the load to the sink.
This dynamic cooling behaviour arises from the magnetothermal
convection of the ferrofluid. The suspension contains
thermomagnetic nanoparticles whose magnetization decreases with
increasing temperature and becomes paramagnetic above their
Curie point. When a magnetic field is applied, the cooler, more
strongly magnetized fluid near the heat sink is drawn toward the
magnet positioned adjacent to the heat source. As this fluid absorbs
heat, its magnetic susceptibility decreases, reducing its attraction to
the magnet and allowing it to be displaced by cooler incoming fluid.
The heated fluid then flows toward the heat sink, where it releases
the absorbed energy and cools down, thereby sustaining a
continuous circulation that drives efficient heat transport. In
comparison to the ferrofluid without 2D-hBN, the cooling was
around 28 °C only, as shown in Figure S11(a). The incorporation of

This journal is © The Royal Society of Chemistry 20xx
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2D-hBN further enhances this process by improving thermal
conductivity and facilitating faster heat dissipation.

To verify the repeatability of the process, the magnetic field was
first removed, allowing the system temperature to rise back to
approximately 110 °C within a few minutes. Reapplying the field
triggered another rapid cooling cycle, and its subsequent removal
again restored the initial temperature after about ten minutes. The
device performance was further assessed under a reduced magnetic
field strength of 0.27 T. As shown in Figure 6(b), this lower field
caused a temperature drop of about 24 °C in the 2D-hBN/ferrofluid,
compared with a 22 °C drop in the base ferrofluid (Figure S11(b)). In
both cases, the heat-sink temperature showed a slight initial increase
before stabilizing, confirming the system’s effective and consistent
heat-transfer capability. As the magnetic field strength was further
decreased, the cooling capability of the 2D-hBN-ferrofluid declined
more sharply than that of the base fluid. At 0.24 T, the temperature
drops in the 2D-hBN sample reduced to ~16 °C (Figure 6c¢), compared
with ~20 °C for the base ferrofluid (Figure S11(c). A similar trend was
observed at 0.22 T, where the cooling decreased to ~15 °Cin the 2D-
hBN/ferrofluid (Figure 6(d)) and ~18.5 °C in the base ferrofluid
(Figure S11(d). At lower magnetic fields, the magnetically induced

Journal ofsMaterials Chemistry|C

body force becomes too weak to effectively circulate the more
viscous 2D-hBN/ferrofluid, as shown in Figorel$33ltiioughothe
hybrid fluid has higher thermal conductivity, its increased viscosity
requires a stronger magnetic force to sustain flow. At high fields (0.30
T), this force is sufficient, and the thermal advantage dominates;
however, at 0.22-0.24 T, the reduced force cannot overcome viscous
resistance, leading to lower cooling performance than the base
ferrofluid (Figure 6(e)). In the hybrid system, the incorporation of
two-dimensional hBN nanosheets further enhances heat transport
due to their intrinsically high in-plane thermal conductivity and large
surface area. The dispersed nanosheets act as additional thermal
bridges within the fluid, enabling more efficient heat dissipation from
the heated region. Consequently, under sufficiently strong magnetic
fields, the combined effect of magnetically induced nanoparticle
structuring and enhanced thermal conduction through the hBN
nanosheets results in improved cooling performance. This synergistic
interaction between magnetic field-driven particle dynamics and
nanosheet-assisted heat transport provides an important physical
basis for the observed enhancement in magnetothermal cooling
behaviour.
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Figure 6 (a-d) The effect of application and removal of the magnetic field (2 times) on the cooling performance of the device at various
magnetic fields (0.30 to 0.22 Tesla). The grey curves correspond to the temperature near the heat load, and the blue curves correspond to the
heat-sink temperature. The temperature drops decrease with decreasing magnetic field strength. (e) Summary of the cycling cooling achieved
by the 2D-hBN/ferrofluid (red) and the base ferrofluid (black) as a function of magnetic-field strength.

The combined action of thermomagnetic convection and high
interfacial thermal conductivity of 2D-hBN/ferrofluids enables
efficient, pump-free heat transfer under moderate fields and heat
loads. These findings position 2D-hBN/ferrofluids as a promising
class of functional cooling media with scalability across multiple
regimes - from localized electronic modules to large-area thermal
management systems, including data-centre cooling architectures.
The current study employs a simple device to demonstrate the effect
on cooling performance. However, more complex, or advanced
system designs, such as those reported in the literature 1516, could

This journal is © The Royal Society of Chemistry 20xx

potentially lead to further enhancement in cooling performance and
should be explored in future work.
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Conclusions

We have developed and systematically evaluated a 2D-
hBN/ferrofluid that exhibits simultaneous improvements in thermal
conductivity and magnetic response, enabling significantly stronger
magnetothermal cooling. TEM analysis confirms the uniform
dispersion of exfoliated hBN nanosheets and their intimate contact
with the ferrite nanoparticles, while Raman spectroscopy verifies the
structural integrity of the 2D-hBN after incorporation. Magnetic
measurements reveal a slight increase in magnetization, and DFT
calculations show a reduction in interfacial magnetic anisotropy,
consistent with the observed enhancement in magnetic response.
The hybrid fluid shows a near-doubling of thermal conductivity
(0.294 to 0.582 WmK1) relative to the pristine ferrofluid. In
prototype device tests, the 2D-hBN/ferrofluid delivered a maximum
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