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Achieving Long-Range Arbitrary Uniform Alignment of
Nanostructures in Magnetic Fields

Viney Ghai,* Santosh Pandit, Magnus Svensso, Ragnar Larsson, Aleksandar Matic,
Roselle Ngaloy, Saroj P. Dash, Ann Terry, Kim Nygård, Ivan Mijakovic, and Roland Kádár*

For magnetic field orientation of nonstructures to become a viable method to
create high performance multifunctional nanocomposites, it is of paramount
importance to develop a method that is easy to implement and that can
induce long-range uniform nanostructural alignment. To overcome this
challenge, inspired by low field nuclear magnetic resonance (NMR)
technology, a highly uniform, high field strength, and compact magnetic-field
nanostructure orientation methodology is presented for polymeric
nanocomposites using a Halbach array, for the first time. Potential new
advances are showcased for applications of graphene polymer composites by
considering their electro-thermal and antibacterial properties in highly
oriented orthogonal morphologies. The high level of anisotropy induced in the
graphene nanocomposites studied stands out through: 1) up to four decades
higher electrical conductivities recorded in comparison to their randomly
oriented counterparts, at concentrations where the latter show minimal
improvements compared to the unfilled polymer; 2) over 1200% improvement
in thermal conductivity, 3) antibacterial surfaces at field benchmark levels with
lower filler content and with the added versatility of arbitrary orientation of the
nanofillers. Overall, the new method and variations thereof can open up new
horizons for tailoring nanostructure and performance for virtually all major
nanocomposite applications based on graphene and other types of fillers.
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1. Introduction

The nanofiller revolution of the past few
decades has created enormous potential to
enhance and / or impart novel multifunc-
tional properties in polymeric composite
materials.[1–4] Graphene (2D), and its en-
tire family of variants, nanoclays (2D), nan-
otubes (1D), nanocellulose systems (1D),
hexagonal boron nitride (2D), and the re-
cent explosion MXenes,[5] continue to pro-
vide the possibility of fine-tuning specific
properties in composites. However, because
the vast majority of high aspect ratio fillers
are anisotropic whenever a nanostructure
interacts with an imposed field, flow fields
being the most common during manufac-
turing operations, orientation will be in-
duced, resulting in anisotropic nanocom-
posite properties that will directly impact
their performance. Aligning nanomateri-
als in arbitrary specific orientations is the
key to a wide range of valuable appli-
cations, such as energy storage,[6,7] wa-
ter purification,[8] antibacterial,[9] optical
absorbers,[10,11] sensors[12] gas barriers, and
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thermal interface materials.[13] Without orientation, such
applications are not possible, and yet, ensuring adequate ori-
entation especially for medium and large-scale processes has
remained a challenge.[14–16]

In general, there are four main approaches to achiev-
ing nanomaterial orientation: by 1) flow fields, shear, and
extensional,[16–19] 2) electric field,[20] 3) magnetic field,[21] and
4) spatial confinement in thin films.[22] Flow-based techniques,
while ubiquitous in polymer processing, are predominantly lim-
ited to unidirectional orientation in the flow direction, which may
be detrimental to the desired properties. Spatial confinement is
similarly limited in alignment direction and is also constraining
in terms of sample dimensions. Meanwhile, alignment with elec-
tric fields requires rather large voltages, making it difficult to im-
plement in laboratory and manufacturing settings. Advances in
the magnetic field orientation of graphene can be found in a re-
cent review by Ghai et al., 2024.[16] Among these, the use of mag-
netic fields to align nanomaterials could stand out with excep-
tional potential compared to the other two methods provided that
a reasonably high magnetic field could be generated in a com-
pact form and be capable of sweeping alignment of nanomateri-
als with upscaling potential.

Briefly, to date, two magnetic field systems have been em-
ployed for nanomaterial orientation: using permanent magnets
and electromagnets.[21,23] Although capable of generating higher
magnetic fields, the utilization of electromagnets comes with
challenges because of the intricate control of high-voltage elec-
tric currents and other associated drawbacks. As a result, the
use of permanent magnets, in single or dual configurations,
has become the preferred focus for orienting nanomaterials in
the field.[24,25] In particular, while a static magnetic field with
a single or dual magnet configuration can effectively align 1D
nanomaterials, the same approach falls short for 2D nanoma-
terials due to their increased degree of freedom.[16,26] This re-
quires an alternative strategy for aligning 2D nanomaterials such
as graphene, MXenes, and boron nitride, etc. Thus, a rotational
magnetic field generated by a dual magnet configuration has
emerged as the most successful approach in this context.[26,27]

Regardless, a significant challenge persists in the inherent non-
uniformity of the magnetic field even in dual magnet systems due
to the curvature of magnetic field lines.[16] This non-uniformity
hampers the desired long-range uniform alignment of nano-
materials, presenting a bottleneck in realizing the full poten-
tial of oriented nanomaterial systems. Addressing this chal-
lenge requires the innovation of a new magnet configuration
design.

A most prominent 2D material, graphene, a single layer of
carbon atoms arranged in a hexagonal lattice,[28,29] is known as
a wonder material due to its remarkable electrical and thermal
conductivity, etc. Therefore, graphene has led to extensive re-
search and holds promise across domains spanning electron-
ics, biomedical, and energy storage, among others.[30,31] How-
ever, graphene exhibits distinct properties along varying crystallo-
graphic directions, with differing electrical and thermal conduc-
tivities and mechanical strengths. Therefore, the orientation of
graphene is essential in many applications because it can signif-
icantly influence the material’s properties and performance. Im-
portantly, the precise alignment of graphene sheets enables the
strategic utilization of these directional properties for tailored ap-

plications. Inspired by advances in low-field NMR technology[32]

and their potential for inline use,[33,34] this work seeks to attain a
compact, versatile, ultra-high magnetic field orientation cell with
exceptional magnetic field uniformity using a Halbach array,[35,36]

Figure 1a and Figure S3 (Supporting information). We tailor poly-
mer nanocomposites in orthogonal orientational configurations
using magnetostatic and magnetodynamic conditions (rotating
magnetic field), Figure 1b, based on epoxy (E), a widely-used en-
gineering thermoset, reduced graphene oxide (rGO) doped with
iron oxide nanoparticles Fe3O4 (rGO(m)), Figure 1c. As a testa-
ment to the orientation efficacy of the Halbach array orientation
cell, see Figure 1d, we explore the unique performance of the
nanocomposites in terms of anisotropy, electrical, thermal and
antibacterial properties. The present study thus not only fills a
critical gap in the field of nanomaterial alignment but also has
the potential to revolutionize a wide array of applications and in-
dustries.

2. Results and Discussion

To design an innovative configuration for aligning nanomaterials
using magnetic fields, a comprehensive study of various Halbach
array designs has been conducted using numerical modeling, see
Section S1 (Supporting information). Among the different array
configurations explored, the trapezoidal arrangement exhibited
the highest magnetic field strength while maintaining a constant
inner radius (15 mm) or volume, see Figure S1 (Supporting in-
formation).

It has been previously established that pristine graphene is
inherently diamagnetic and thus requires ultra-high magnetic
fields of more than 10 T to align.[16] However, generating such
intense magnetic fields for large-scale production of graphene-
aligned composites poses considerable challenges in practice.
The Zeta potential of cationic Fe3O4 (m) and negatively charged
GO nanosheets at pH 7.0 had ≈+25 and ≈−50 mV, respectively,
Figure 2a. This large difference in charge (Δ𝜉 = 75 mV) leads
to strong electrostatic adsorption. The Zeta potential of GO(m) at
pH 7.0 has been observed at ≈−60 mV, Figure 2a. After electro-
static adsorption, chemical reduction was conducted, leading to
the generation of rGO(m), henceforth referred to as rGO(m). The
successful attachment of Fe3O4 (m) nanoparticles on graphene
sheets (electrostatic adsorption and short-range van der Waals
attractions) was confirmed by transmission electron microscopy
(TEM), Figure 1c. We briefly note that the concentration of Fe3O4
(m) nanoparticles was kept constant (0.003%) for all composi-
tions.

The reduction of GO to rGO(m) was confirmed by the reduction
in oxygen-functional groups in rGO(m) in the Fourier transform
infrared spectroscopy (FTIR) spectra, see Figure 2b. The skele-
tal vibration of aromatic (C = C), carboxyl (C = O) and hydroxyl
(O–H) functional groups appears at 1620, 1718, and 3300 cm−1,
respectively in GO are significantly weakened or disappeared in-
dicating that GO has been successfully reduced to rGO(m) chem-
ically using the applied procedure, further appearing of a new
peak (Fe–O) at 568 cm−1 shows the complete attachment of Fe3O4
(m) nanoparticles with rGO see Section S2 (Supporting Informa-
tion) for further details. Subsequently, Raman spectroscopy and
X-ray photoelectron microscopy (XPS) confirmed the structural
transition from GO to rGO(m). In the Raman spectra, this was
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Figure 1. a) Composite image of the Halbach magnet array orientation cell and modeling of the magnetic scalar potential (contours) and normalized
magnetic flux density (scalar plot). b) The various nanocomposite morphologies investigated in this study: (E) - epoxy (no fillers), (R) - random orientation
(no magnetic field), (H) - ’horizontal’ orientation configuration with the magnetic field lines oriented in-plane with the sample, (V) - ’vertical’ orientation
configuration with the orientation direction perpendicular with the sample plane. Indices S and R refer to static (𝛺m = 0) and rotating magnetic fields
(𝛺m > 600 rpm; note: the sample is rotating while the magnet is stationary). c) TEM of reduced graphene oxide (rGO) before and after doping with
Fe3O4 (rGO(m)), and d) SEM of composite samples without fillers (E), with fillers without the application of a magnetic field (R), and oriented using
Halbach array (HS), (HR), (VS), and (VR).

based on the increase in ID/IG ratio of rGO(m) to 1.6 compared to
0.9 for GO, see Figure 2c. This indicates the decrease in the av-
erage size of sp2 carbon domains after the reduction; further, the
presence of strong bonding of Fe3O4 in the magnetic graphene
can be confirmed by the presence of signature peaks of Fe3O4
at 216, 277, and 667 cm−1, see Section S3 (Supporting Informa-
tion) for further details. Additionally, the transformation of GO
to rGO is confirmed through XPS. The analysis revealed a no-
table increase in the atomic percentage of carbon from 78.4%
to 91.3%, accompanied by a corresponding reduction in oxygen
from 21.6% to 8.7%. Furthermore, the successful attachment of

Fe3O4 is confirmed through the detection of Fe2p at 711.0 eV. For
more detailed information, please refer to Section S4 (Supporting
Information). The magnetic hysteresis loop of all the character-
ized materials showed a sigmoid shape with a reversible behavior
and no obvious coercivity, which is the typical superparamagnetic
behavior, Figure 2d. Despite the comparatively lower saturation
magnetizations of the fillers after their incorporation in the ma-
trix, the inset image in the figure is a visual confirmation that an
Ms of 34.2 emu g–1 was high enough to ensure the separation of
rGO(m) in DI water under an external magnetic field compared
to both Fe3O4 (m) (59.4 emu g–1) and GO(m) (43.8 emu g–1).

Adv. Funct. Mater. 2024, 34, 2406875 2406875 (3 of 12) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Fundamental material characterization: a) Zeta potential of GO and Fe3O4 (m) as a function of pH. b) FTIR spectra of GO, Fe3O4 (m) and
rGO(m). c) Raman spectra of GO and rGO(m) after reduction with hydrazine at 90 C. d) magnetization hysteresis loop at room temperature, illustrating
the magnetic characteristics of the investigated materials. The inset of (d) highlights the separation behavior of rGO(m) in deionized (DI) water when
exposed to an external magnetic field. e) curing kinetics from steady shear viscosity as a function of curing complementing the oscillatory shear time
sweep in Figure S7a (Supporting Information)and f) Nonlinear material response analysis in the form of the beginning of the curing reaction and during
orientation in the Halbach magnet array.

Rheological properties dictate the ability of the magnetic
field to orient the nanofillers, how fast they orient and the
timescale for de-orientation once samples are removed from
the magnet, see Section S5 (Supporting Information) for fur-
ther details. We estimate that shear viscosities of up to 103

Pa·s could be overcome within the 20 min orientation time
to achieve highly oriented nanostructures, Figure 2e. Fur-
thermore, the nonlinear material ‘fingerprints’ in the form
of elastic, 𝜎(t)/𝜎0 versus 𝛾(t)/𝛾0 and viscous 𝜎(t)/𝜎0 versus
�̇�(t)∕�̇�0 Lissajous–Bowditch (LB) diagrams, Figure 2f, show that

Adv. Funct. Mater. 2024, 34, 2406875 2406875 (4 of 12) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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below 7.5 wt.% orientation is achieved in pure viscous sys-
tems (circular stress–strain in the elastic LB and linear stress–
strain-rate response). In contrast, for concentrations over 7.5
wt.%, there is evidence that the orientation is achieved start-
ing from the viscoelastic material response in percolated con-
ditions (before orientation). This is substantiated by the sim-
ilarity between the nonlinear ‘fingerprints’ at t = 0 to sim-
ilar fingerprints identified at percolation in several previous
studies on systems for which the matrix is Newtonian (pure
viscous).[37,38] Whereas, for t = tH the nonlinear response is more
similar to systems with viscoelastic matrices such as polymer
melts.[39,40]

2.1. Anisotropy and Optical Properties

Several orientation configurations were considered in the study,
as summarized in Figure 1b. We note that in magnetostatic
conditions, the c-axis of the fillers is perpendicular to the mag-
netic field lines, leaving the angular positioning of their a-axis
arbitrary within the graphene nanosheet’s basal plane. Thus,
given a static magnetic field of sufficient strength, graphene
nanosheets will orient with the c-axis perpendicular to the mag-
netic field lines, Figure S4a (Supporting Information). Conse-
quently, the a-axis can have any angular position with respect
to the c-axis and graphene nanosheets and the basal plane can
have any angular position around the a-axis. In contrast, in a
rotating magnetic field of sufficient strength and angular fre-
quency, 𝛺m > 600 rpm, the c-axis is perpendicular to the plane
of rotation of the magnetic field and thus, the basal plane loses
its degree of freedom around the a-axis, Figure S4b (Support-
ing Information). The latter case results in nanofillers paral-
lel to the rotation planes formed by the magnetic field lines,
also referred to as ‘planar orientation’.[16] The morphological dis-
tinctions between horizontally (HS) and vertically (VS) aligned
samples subjected to a static magnetic field are evident in the
SEM micrographs in Figure 1d. Moreover, when the samples
are subjected to a rotating magnetic field, the planar align-
ment of nanosheets in horizontal (HR) and vertical (VR) direc-
tion is clearly visible in Figure 1d and is further detailed in Sec-
tion S6 (Supporting Information). We noted that there are multi-
ple length scales present in the systems investigated: from filler
agglomerates that are observable through optical microscopy,
stacks of graphene basal planes due to incomplete exfoliation,
and to local ‘crumples’ in the nanosheets, e.g., see the detail
for (VR) in Figure 1d, that can only be evidenced through prob-
ing nanoscale lengthscales. A first visual check of the high de-
gree of orientation that includes contributions from all length-
scales smaller than the observation lengthscale (note the sam-
ple configuration in Figure 3a) can be performed using visible
light, Figure 3b. It is readily observable that while the reference
epoxy (E) being an amorphous polymer is highly translucent,
0.1 wt.% rGO(m) random orientation results in an opaque ma-
terial. And in increasing order from (VS) to (VR) the test ma-
terials become increasingly translucent, for orientation perpen-
dicular to the viewing direction. This is readily quantified via
UV–vis–NIR spectroscopy, Figure 3c (0.1 wt.% rGO(m)) and Sec-
tion S7 (Supporting Information) for further details. Notably, the

samples aligned vertically in a rotating magnetic field (VR) ex-
hibited 60% and 16% higher light transmission compared to
the randomly oriented (R) and statically oriented (VS) counter-
parts. Conversely, when graphene nanosheets were aligned hor-
izontally, a drastic reduction in light transmission was observed.
Impressively, (HR) demonstrated ≈42% higher light-blocking ef-
ficiency compared to (HS), whereas the improvement in light
transmission achieved through (VR) was only ≈16% compared
to (VS). A noteworthy observation is the higher transmittance
displayed by graphene sheets aligned vertically in comparison to
their horizontally aligned counterparts (Figure 3b). For a descrip-
tion of anisotropy through further optical analysis, FTIR and Ra-
man spectroscopy, refer to Sections S7, S2, and S3 (Supporting
information).

Representative scattering patterns from small-angle X-ray scat-
tering (SAXS) readily show a isotropic pattern for (R) and an in-
creased anisotropy from the magnetostatic to magnetodynamic
induced orientations, Figure 3d. The long-range nanoscale struc-
turing of the samples was tested by scanning along the verti-
cal direction of the laboratory reference coordinate system, see
Figure 3e. The data represented consists of an azimuthal integra-
tion of the scattering intensity, I(q,𝜑), (arbitrary units), where𝜑 is
the azimuthal angle within a given q-range. We note that in both
representations the scattering data is presented in the reciprocal
space and thus, the orientation peaks in e.g. Figure 3e correspond
to orientation in the horizontal direction relative to the scattering
patterns, however, their relative to the sample plane is vertical.
Order parameters <S >, of up to 0.89 were obtained for the mag-
netodynamic orientation configuration, see Figure 3f. It is im-
portant to note that there are various frameworks for defining
an order parameter, such as using via Lagrangian series fit[41,42]

or via a Gaussian function fit, see Section S8 (Supporting Infor-
mation). Depending on the choice and associated procedure, the
order parameter can vary considerably, and in some cases, they
are very difficult to obtain, see Figure 3f (note the absence of or-
der parameter estimations from Gaussian fits for HR, S). Further-
more, SAXS order parameters are characteristic of lengthscales
that take into consideration local ‘crumples’ in the nanosheets,
as opposed to microscopy-based order parameters.[26] With these
considerations, regardless of the method, the highest degree
of order at nanoscale is confirmed for VR, S highlighting their
nanoscale planar orientation when compared to VS. Horizon-
tal samples in static conditions, HS, being probed through inci-
dent X-rays perpendicular to their basal plane (refer to Figure 3a;
Figure S4, Supporting Information) lacking planar orientation,
show a distinguishable degree of order whereas VR is indis-
tinguishable from (R). The long-range nanoscale structuring of
the samples was tested by scanning along the vertical direc-
tion of the laboratory reference coordinate system, see Figure 3e
for VR. The azimuthally-integrated scattering intensity remained
unchanged throughout the distance interrogated, confirming
the uniformity of the induced planar orientation in sample.
Consequently, the findings presented collectively validate the
multiscale and long-range consistent orientation of graphene
within the Halbach array configuration when subjected to a mag-
netic field strength of 1 T and substantiate the expected mor-
phological differences between the orientation configurations,
Figure 1b.

Adv. Funct. Mater. 2024, 34, 2406875 2406875 (5 of 12) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Illustration of (VR) and (HR) orientation configurations prepared for anisotropy analysis. b) Optical images of samples illustrated in (a)
showing a comparison between (R), (VS) and (VR) morphologies. c) Transmission spectra for epoxy (E) and graphene nanocomposite orientation
morphologies with 0.1 wt.% rGO(m). d) Scattering patterns and azimuthal integration of the scattering intensity I(q, 𝜑) (arbitrary units), as a function
of scanning distance x1, where q is the magnitude of the scattering vector, |q|, and 𝜑 is the azimuthal angle. e) Example of long-range scan in the form
of azimuthal integration for VR, as function of the scanning direction, x1. f) Nanoscale order parameter, <S >, comparing the alignment configurations
studied using Hermans procedure and Gaussian fitting of the scattering intensity from azimuthal integration.

2.2. Electrical Properties

For most nanocomposite applications focused on electrical con-
ductivity, the percolation threshold is a crucial parameter to as-
sess the level of filler dispersion. In this context, nanocomposites
capable of achieving percolation thresholds that approach theo-
retical levels are usually difficult to obtain and/or require sub-
stantial nanofiller surface modifications.[43] Referring to percola-
tion thresholds, this usually presumes a random filler nanoco-
moposite morphology. However, for the vast majority of applica-
tions, a certain level of orientation is unavoidable during man-
ufacturing, which can disrupt percolated networks.[44] Further-
more, in some cases, the orientation direction induced during
manufacturing will not be favorable to create desirable effects,
such as e.g., conductive pathways or nonlinear field-dependent
behavior.[45,46] Therefore, the ability to induce a high level of
long-range nanofiller orientation in an arbitrary direction is of
paramount importance for most applications. Figure 4a illus-
trates the electrical conductivity as extrapolated from the dielec-
tric spectra in the limit of low AC frequencies, see also Sec-

tion S9 (Supporting Information). Based on (R), a notable surge
in DC conductivity exceeding three orders of magnitude is ob-
served starting with 7.5 wt.%, potentially suggesting the onset
of a percolation behavior.[46] This is in the range of percolation
thresholds reported for various nanocomposites (5–12%) even in
the absence of network disruptions due to orientation and for
systems with relatively low dispersion levels.[43] Below 7.5 wt.%,
(HS, R), and (VS), have an indistinguishable effect on the electri-
cal conductivity compared to (R). However, starting with 7.5 wt.%
a clear distinction between the orientation configuration clearly
emerges, see Figure 4b. For systems with horizontal orientation,
the presence of graphene perpendicular to the direction of an ap-
plied electric field is expected to lead to charge traps at low electric
fields, thus reducing the transport of electric charges, effect that
should be more significant for higher applied electric fields.[45]

Significantly, all (VR) samples, regardless of rGO(m) concentra-
tion, exhibited a quasi-‘linear’ functional dependence (note the
log-lin dependence, see also Equation (S5), Supporting Informa-
tion for d = 1). This leads to a remarkable relative increase in elec-
trical conductivity, reaching up to four decades when compared to

Adv. Funct. Mater. 2024, 34, 2406875 2406875 (6 of 12) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) DC conductivity, 𝜎DC, variation with filler content as determined from the dielectric spectra in Figure S10 and Equation (S5) (Supporting
Information). b) Dielectric spectra for 7.5 wt.% in the form of the real part of the electrical conductivity, 𝜎′(f), highlighting the formation of conductive
pathways and charge traps depending on the orientation configuration. c) Dielectric constant (at ≈ 50 Hz) as a function of filler content. d) Ther-
mal conductivity, k, as a function of filler content. e) Increase in thermal conductivity (and percentage improvement) for 10 wt.% compared to (E).
f) Percentage improvement in thermal conductivity compared to similar studies.

(R). Notably, no discernible typical percolation threshold was ob-
served in the (VR) samples. These findings surpass those reported
in the literature, where the maximum increase in alignment is
documented to be up to three decades compared to (R), again
with no discernible percolation threshold.[47] To validate this phe-
nomenon, the results were replicated three times. This could im-
ply the formation of a conductive rGO(m) network at concentra-
tions as low as 2.5 wt.% in a rotating magnetic field. It could be
that the magnetic force exerted on the fillers could cause displace-
ment of the fillers in the direction of the magnetic field result-
ing in long string-like formations to reduce hydrodynamic drag,
compensating for the loss of connectivity due to orientation.[47]

A consequence could be the possibility of line or partial over-
lap ‘contact’ between graphene nanosheets for planar orientation
whereas in static conditions point contacts would be prevalent.
The (VR) 10 wt.% sample showed the highest electrical conduc-
tivity, reaching the significant value of 6.2 × 10−5 S cm–1. More-
over, the (VR) 10 wt.% samples demonstrated the highest dielec-
tric constant among all 10 wt.% samples, indicating promising
applications in high-energy-density capacitors where a high rela-
tive dielectric constant is imperative, see Figure 4c. This outcome

is attributed to improved interfacial interaction between rGO(m)
and epoxy, along with enhanced rGO(m) distribution, resulting in
reduced polarization relaxation and consequently a high dielec-
tric constant compared to the other orientation configurations.
It’s noteworthy that the dielectric loss of the 10 wt.% sample,
as illustrated in Figure S10f (Supporting Information), is max-
imized due to its higher electrical conductivity relative to other
samples, see also Equation (S6) (Supporting Information). Fi-
nally, it is worth mentioning that although the focus of the dis-
cussion has been on maximizing the electrical conductivity, hor-
izontally oriented samples could also lead to more pronounced
nonlinear field grading behavior due to the high level of orienta-
tion perpendicular to an applied electric field.

2.3. Thermal Properties

Similarly to electrical conductivity, thermal conductivity is also
significantly influenced by the orientation configurations stud-
ied, Figure 4d. As phonon scattering is the mechanism for the
transfer of thermal energy, interfaces in a composite play a

Adv. Funct. Mater. 2024, 34, 2406875 2406875 (7 of 12) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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significant role in their thermal conductivity.[48] Therefore, ther-
mal conductivity is less susceptible to electrical percolation and
the existence of a thermal percolation remains controversial.[49]

This appears to be the case in the present study as well as evi-
denced by their monotonic functional dependence on the filler
concentration independently of the orientation configuration.
Upon subjecting the rGO(m) composites to the Halbach array,
an anisotropic thermal conductivity was observed, with a clear
trend VR>VS>R>HS>HR. The maximum thermal conductivity
was attained as expected for (VR) at 10 wt.%, reaching 2.41 W
mK–1. This is a 1290% improvement over the epoxy reference
(E) and ca. 200% compared to (HR) at the same concentration,
Figure 4e. The preparation of a vertically oriented sample under
a uniform rotating magnetic field generated by a Halbach array
clearly stands out among similar studies as the highest attained
improvement in thermal conductivity, Figure 4f.[50–58] Further-
more, it is worth highlighting that even in magnetostatic con-
ditions, VS reaches thermal conductivity enhancements compa-
rable to some systems containing over twice as much nanofiller.
While we emphasized the relevance of rotating magnetic fields in
terms of alignment and subsequent performance, it is worth not-
ing that the importance of the static versus dynamic alignment of
the nanofillers is relative to the application targeted and therefore
contributes to the versatility of the method.

2.4. Antibacterial Properties

To strengthen the new possibilities offered by the Halbach array
orientation method we refer to one of the challenges humanity
is likely to face, according to the United Nations: antimicrobial
resistance.[59] A critical aspect related to this challenge is to limit
Healthcare-related infections (HAI) by designing highly efficient
antibacterial surfaces that could be incorporated in various med-
ical devices. Previously, we had developed polymer nanocompos-
ite surfaces based on graphite nanoplatelets capable of reduc-
ing antibacterial viability by a factor of 99%, which remains the
benchmark in the field.[19,60] The critical enabler of such high
performance are the high level of orientation and density of dis-
tribution of exfoliated graphite nanoplatelets within the polymer
nanocomposite.[61] This was achieved by tailoring the extrusion
processing window of the nanocomposites, followed by slicing
and etching of the sample to expose the edges of the fillers. Cru-
cially, human cells due to their larger size, remain unharmed
by the surfaces.[9] The major challenge for actually developing
medical devices using the technology is related to the crux of the
present study: flow-induced orientation leads to in-plane orienta-
tion of the fillers (horizontal) while most applications would re-
quire an orientation of the nanofillers perpendicular to the flow
direction. Thus, aligned graphene nanosheets (10 wt.%) samples
were subjected to 30-min etching in H2SO4 to remove epoxy and
expose sharp graphene edges. Indeed, the vertically rotating (VR)
configuration displays exceptional antibacterial efficacy at 99%
against both strains, Figure 5a–c, see also Section S10 (Support-
ing Information). Thus, the Halbach array-oriented samples are
capable of reaching similar levels of antibacterial efficacy as in
our previous study, while reducing the filler content by up to 50%.
In addition to the orientation and density, the doped nanoparti-
cles on the surface of graphene can further contribute to antibac-

terial efficacy by oxidizing the cell membrane through the gener-
ation of reactive oxygen species (ROS) or direct electron transfer,
particularly in the case of (VR). Additionally, preventing bacterial
attachment to the surface is crucial for overall effectiveness. A
hydrophobic surface with a contact angle of 143° and 121° is ob-
served in the prepared (VR) and (VS) samples, Figure 5d, while
horizontally aligned (HR) and (HS) samples exhibit a hydrophilic
surface with a contact angle of 27° and 34°. This distinction in
surface properties influences the initial interaction of bacteria
with the surface, impacting both bacterial attachment and sub-
sequent killing efficiency. A hydrophobic surface not only deters
bacterial attachment but also aids in the removal of any attached
bacteria by ‘nano-knives’, preventing the deposition of dead bac-
teria and maintaining surface efficiency. And finally, taking into
consideration the electro-thermal properties outlined in the pre-
vious sections, synergetic effects could be envisioned to further
enhance antibacterial effects through sensorics and using tem-
perature as a potential additional factor toward antibacterial ef-
fects. We therefore conclude that the synergistic action of these
phenomena could result in an antibacterial technology of unpar-
alleled potential.

2.5. Halbach Array: Orientation Powerhouse

As illustrated in the current study, the Halbach array demon-
strates a remarkable capacity for achieving ultra-high orientation
of 2D nanosheets, specifically graphene. We wish to briefly men-
tion that while the present study being focused on graphene,
the method developed has far-reaching implications for any
anisotropic nanofillers and even macro-fillers. We exemplify this
briefly on 1D cellulose nanocrystals (chiral nematic phase), car-
bon nanotubes (CNT) and wood fibers, Figure 6, using, the same
filler doping and optimization procedures. Furthermore, even
spherical nanoparticles (0D, SN), such as Fe2O3, exhibit a fasci-
nating behavior–arranging themselves in elongated agglomerate
strands under the influence of the magnetic field produced by the
Halbach array.

3. Conclusion

In light of these discoveries, the tailored implementation of the
Halbach array emerges as a powerful tool for fabricating com-
plex hierarchical structures. The ability to precisely control the
orientation of nano- and micro-sized particles across different
dimensions open the door to innovative possibilities in materi-
als science and engineering. This study not only contributes to
understanding the Halbach array’s capabilities but also lays the
foundation for designing and fabricating intricate structures for
diverse applications.

4. Experimental Section
Synthesis of Magnetic Graphene:: To initiate the synthesis of mag-

netically responsive graphene nanosheets, Graphene Oxide P935, pro-
cured from LayerOne in Norway, was chosen as the primary material. The
graphene oxide was first dispersed in deionized water at a concentration
of 10 mg mL–1. Subsequently, the dispersion underwent functionalization

Adv. Funct. Mater. 2024, 34, 2406875 2406875 (8 of 12) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Loss of antibacterial viability on 10 wt.% rGO(m) etched nanocomposite surfaces against a) Gram-negative and b) Gram-positive bacteria.
c) SEM showing the tested bacteria growing on the Control (E) surface compared to the absence of bacteria and the presence of significant amounts of
dead bacteria on the VR surface. d) Water contact angle measurements on prepared the antibacterial surfaces e) Structuring of 1D cellulose nanocrystals
(CNC) chiral nematic phase, 1D carbon nanotubes (CNT) nanofillers, micro-fillers / 3D nanofillers (wood fibers, WF) and 0D spherical nanoparticles
(SN; Fe2O3) using the Halbach array setup.

with a cationic-type ferrofluid (EMG 605, Ferrotech, USA) at a neutral pH of
7 through electrostatic adsorption. Maintaining a constant ferrofluid con-
centration of 0.003% throughout the process, the prepared mixture was
vigorously stirred at 400 rpm for 10 min. This was followed by a meticu-
lous 15-min sonication process to ensure the complete adsorption of the
ferrofluid onto the graphene oxide sheets. To achieve a reduction of GO,
hydrazine (2mg mL–1) was introduced into the solution, which was then
sonicated for an additional 30 min. The resultant mixture was subjected
to controlled heating at 90°C for a duration of 2 h, which lead to the for-
mation of magnetically responsive reduced graphene oxide (rGO(m)). The
visually distinctive black powder (rGO(m)) sediments were then subjected
to washing in deionized (DI) water using a centrifugation technique. Sub-
sequently, the washed material underwent a freeze-drying process to yield
the final magnetic-responsive rGO(m) powder.

Composite Fabrication: For detailed optical studies, the magnetically
responsive reduced graphene oxide (rGO(m)) prepared at a concentration
of 0.1 wt.% was introduced into a meticulously blended 74% epoxy (cast
epoxy, Carbix, Sweden) and 26% hardener resin composition. The amalga-
mation underwent a thorough 5-min mixing process, followed by 15-min
sonication to achieve a uniformly dispersed rGO(m) within the epoxy ma-
trix. The resulting solution was carefully poured into a silicon mold and,
if necessary, subjected to alignment within a Halbach array under either
a static or rotating magnetic field for 20 min. Then, the composite was
left to cure at room temperature for 24 h, after which it was removed
and cured at 100°C for an additional 24 h to ensure the complete curing
of the fabricated composite. For investigations into thermal and electri-
cal conductivity, a similar procedure was followed, with the rGO(m) con-
centrations between 2.5 and 10 wt.%. For antibacterial studies, 10 wt.%

Figure 6. Structuring of 1D cellulose nanocrystals (CNC) chiral nematic phase, 1D carbon nanotubes (CNT) nanofillers, micro-fillers / 3D nanofillers
(wood fibers, WF) and 0D spherical nanoparticles (SN; Fe2O3) using the Halbach array setup.

Adv. Funct. Mater. 2024, 34, 2406875 2406875 (9 of 12) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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samples were prepared using the aforementioned procedure to generate
sharp nano-knives of graphene within the composite. The resultant com-
posite was subsequently etched for 30 min in H2SO4 under a constant
rotation speed of 600 rpm. Following the etching process, the composite
underwent a thorough washing at least five times in deionized (DI) water
to ensure the complete removal of residual acid.

Zeta potential: Zeta potential measurements of graphene and Fe3O4
(m) suspensions were performed using a Zetasizer Nano ZS (Malvern In-
struments, UK) with DTS1070 folded capillary cells. Both the suspensions
were diluted to 0.01 wt.%, and all the measurements were conducted at
23°C, with a stabilization time of 120 s, repeated three times, and the av-
erage value was reported.

TEM and SEM: Bright-field TEM (BF-TEM) images were collected on
an FEI Tecnai T20 microscope, equipped with a LaB6 filament and operat-
ing at 200 keV acceleration voltage. Both GO and rGO(m) samples were
deposited on commercial electron-transparent substrates consisting of
a holey-carbon film on a copper grid (Ted Pella, Inc). The surface mor-
phology of prepared composites after etching and the size of graphene
nanosheets and Fe3O4 nanoparticles were analyzed in a secondary elec-
tron (SE) mode using LEO 1550 Gemini field emission gun SEM (FEG-
SEM).

Raman spectroscopy: Raman spectra were recorded on a WITec al-
pha300 R Raman spectrometer with a 532 nm laser line. For Raman anal-
ysis, powder samples were placed on the surface of the glass slide and
firmly pressed for a homogeneous consistency.

FTIR and XPS: Fourier-transform infrared spectroscopy (FTIR) was
performed using a PerkinElmer Spectrum One instrument equipped with
an attenuated total reflectance (ATR). A background of air was collected
prior to the measurements, and the samples were placed on top of the
ATR crystal and secured using a metal clamp to ensure consistent pres-
sure. The device was set to collect the spectra in a transmittance mode
between 4000 and 400 cm−1, with 32 scans being collected with a resolu-
tion of 2 cm−1. XPS analysis was performed using a PHI 5000 VersaProbe
III Scanning XPS Microprobe (Physical Electronics, Feldkirchen, Germany)
at an angle of 45°. The graphene oxide and reduced graphene powders with
and without Fe3O4 nanoparticles were drop casted on the silicon wafers
and subjected to the XPS analysis.

Magnetization Hysteresis Loops: A MicroMag 2900 alternating gradient
magnetometer (AGM) was used to characterize the magnetic properties
of the samples. Samples were prepared on the silicon (Si) substrate. The
substrates were weighed both before and after the deposition of samples
to determine the exact weight of the samples with a precision of up to four
decimal places. Further, the samples prepared on the Si substrates were
attached to the probe using vacuum grease. Magnetization curves were
obtained in in-plane field sweep mode from 104 to 10−4 Oe at room tem-
perature. The built-in linear slope correction was performed after the mea-
surement.

Rheological Characterization: An Anton Paar MCR702e Space and
MCR702 TwinDrive (Graz, Austria) rotational rheometers were used.
Steady shear (shear rate: �̇� = 10−3 s–1) and linear viscoelastic oscillatory
shear tests (strain amplitude and angular frequency: 𝛾0 = 10−1%, 𝜔= 6.28
rad s–1) were performed in single motor-transducer configuration while
the nonlinear analysis was performed in separate motor-transducer con-
figuration using strain amplitude sweep tests (𝜔= 1 rad s–1). Parallel-plate
measuring geometries were used of 25 and 50 mm in diameter depend-
ing on the torque output. For the strain sweep tests, the time-dependent
shear stress response, 𝜎(t) was recorded as a simple insight into the non-
linear material behavior of the test materials at the beginning of the curing
reaction, t = 0, and the time corresponding to their insertion in the Hal-
bach array for orientation, t = tH, see Figure S7f (Supporting Information).
Further details can be found in Section S5 (Supporting Information).

UV–vis–NIR: UV–vis–NIR spectroscopy of prepared composites was
performed on a PerkinElmer Lambda 1050 UV–vis–NIR spectrophotome-
ter, using air as a background from 300 to 2100 nm wavelength.

Small-Angle X-Ray Scattering (SAXS): SAXS experiments were per-
formed at the CoSAXS beamline,[62] MAX IV Laboratory, Lund University,
Sweden. Linear scans were performed with the incident beam perpendic-
ular to the sample plane (see Figure 3e) over a maximum total length of

ca. 35 mm with a distance increment of ≈0.71 mm and an exposure time of
0.1 s. Order parameters, <S >, were determined from azimuthally inte-
grated SAXS data using the Hermans procedure, see Equation (S1) (Sup-
porting Information) and via Gaussian function fitting, see Equation (S3)
(Supporting Information). The azimuthal data was binned in several q-
range increments and the orientation parameters were averaged over q ∈

[4.14, 4.86] · 10−3 Å−1 for several samples.
Dielectric Spectroscopy: A Novocontrol Alpha spectrometer was used

to determine the dielectric spectra and subsequently the DC conductivity
in the limit of low frequencies, 𝜎DC = limf → 0𝜎′f, where 𝜎′ is the real part
of the electrical conductivity, as determined from the imaginary part of the
dielectric permittivity.

Thermal Conductivity: Thermal conductivity was measured using Hot
Disk TPS 2500S thermal analyzer (Hot Disk AB, Göteborg, Sweden). The
measurement proceeds by selecting the appropriate heating power, mea-
surement time and sensor type. For the current work, a Hot disk sensor
with radii of 0.526 was used for all the measurements. All the measure-
ments were carried out at room temperature.[46]

Antibacterial Testing: The bacterial strains Escherichia coli (UTI89) and
Syaphylococcus aureus (CCUG10778) were obtained from Gothenburg Uni-
versity Culture Collection (CCUG) and used to evaluate the antimicrobial
potential of epoxy (control) and rGO incorporated epoxy samples. The cul-
ture medium Luria-Bertani (LB) broth and tryptic soy broth (TSB) were
used to culture E. coli and S. aureus, respectively. Single colonies of each
bacterial strain were grown in a liquid medium at 37°C overnight. Then,
an inoculum containing 2 − 5 × 106 CFU mL–1 bacteria was prepared by
diluting the overnight bacterial culture in fresh medium. A fraction of the
inoculum was placed on the surface of control and rGO(m) incorporated
epoxy samples. The inoculum loaded samples were incubated for 24 h at
37 °C. After 24 h bacterial growth samples were collected in 5 mL of 0.89%
of NaCl and attached bacterial cells were detached from surfaces by means
of sonication (10% amplitude, 30 sec). The homogenized bacterial cells
in 0.89% of NaCl were further diluted serially and plated in agar plates to
count the colony forming unites (CFUs). For SEM, attached bacterial cells
on surfaces were fixed by 3% glutaraldehyde at room temperature for 2 h,
and dehydrated by graded series of ethanol (40%, 50%, 60%, 70%, 80%,
and 90%) for 10 min each and by absolute ethanol for 15 min. The de-
hydrated samples were dried overnight at room temperature and sputter
coated with 5 nm of gold layer before acquiring images.

Contact Angle Measurements: The surface wettability of epoxy (con-
trol) and rGO(m) incorporated epoxy samples were evaluated by measur-
ing the water contact angle in air using an optical goniometer (OneAtten-
sion, Biolin Scientific). The needle diameter was 0.718 mm and images
were taken within 1–2 s of the droplet (≈ 5 μL in size) being dispensed on
the sample.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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