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Assembly and Magnetic Bistability of Mn;0, Nanoparticles
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Maria del Carmen Gimenez-Lopez,* Alessandro La Torre, Michael W. Fay, Paul D. Brown, and

Andrei N. Khlobystov*

Next-generation spintronic and data storage devices will be
based on nanoscale functional materials such as magnetic
nanoparticles.! One particular challenge for harnessing the
magnetic bistability, quantum tunnelling of magnetization,
and quantum coherence” of nanometer-sized magnetic
objects is their coupling to the macroscopic world. Hollow
carbon nanostructures with one macroscopic and two nano-
scopic dimensions provide excellent materials to achieve this
coupling, through the encapsulation and confinement of
magnetic species.>4

The insertion of magnetic nanoparticles into carbon
nanostructures has been achieved mainly through the sub-
limation of a metal precursor,” or the capillarity filling of
a molten metal salt followed by pyrolysis of the encapsulated
material.l’! The main drawback of these approaches is a lack
of control over the composition, size, and morphology of the
nanoparticles formed inside the nanotubes. Since the func-
tional properties of nanometer-sized magnetic objects are
strongly dependent on these parameters, precise methods for
encapsulation are required.”) The insertion of preformed
nanoparticles with well-defined magnetic properties into
carbon nanostructures, under conditions where their struc-
tures and properties are fully retained, could offer a powerful
route for the development of novel architectures for spin-
tronic devices.®! To date, the encapsulation of preformed
nanoparticles has been reported only for nonmagnetic
metals.” !l Even though the size, shape, and composition of
preformed nanoparticles can be effectively controlled by
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various preparation methods,">"! the control of nanoparticle
assemblies and their associated properties, combined with
their confinement within carbon nanostructures, still remains
a challenge.

Here, we report the first example of the encapsulation of
preformed, non-equiaxed, magnetic nanoparticles (NPs)
within hollow carbon nanofibers (NFs), demonstrating the
importance of the host-container internal structure on the NP
assemblies and hence their collective magnetic properties.

Two different types of hollow carbon nanofibers with
different internal surface morphologies were employed to
investigate the effects of confinement on the NP assembly and
magnetic properties of the resultant hybrid nanostructures.
The first type, a herringbone carbon nanofiber (CNF),
comprised individual graphene layers tilted with respect to
the main axis of the nanofiber, forming a uniform infinite
stack (Figure 1 A-C). The second type, a graphitized carbon
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Figure 1. TEM images of host CNF (A,B) and GNF (D,E) showing their
internal structures. Schematic representation of the CNF (C) and the
herringbone GNF (F). The long arrows indicate the main axes of the
nanofibers. The rectangular frames highlight the internal uniform
graphitic layers of the CNF. The short arrows point to the internal
step-edges of the GNF. The scale bars are 100 nm in (A) and (D), and
10 nm in (B) and (E).

nanofiber (GNF), comprised several graphene layers grouped
together into short stacked assemblies with slight offset to
each other along the GNF axis (Figure 1 D-F). In this case,
each stack of graphene layers formed a 2-3 nm step-edge,
which, in principle, could provide a site for strong interaction
between the host-NF and guest-NP through van der Waals
forces, in turn disrupting interparticle interactions, altering
their relative orientations, and affecting the magnetic proper-
ties of the resultant composite material."'¥
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Oleylamine-stabilized manganese oxide (Mn;O,) was
selected for these encapsulation experiments.'” Indeed,
nanometer-sized manganese oxide has attracted considerable
attention as a result of its potential applications as catalyst,'®!
supercapacitor,’¥! and microwave-absorbing material."”!
High-resolution transmission electron  microscopy
(HRTEM) imaging shows a strong tendency of magnetic
Mn;0, “nanobricks” to self-assemble into highly ordered,
two-dimensional, close-packed arrays on a flat amorphous
carbon film (Figure 2 A). IR spectroscopy and thermogravi-
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Figure 2. A) TEM image of a close-packed array of oleylamine-stabi-
lized Mn;O, nanobricks (with side dimensions of 11.4+1.6 and

10.1 £1.5 nm and thickness of 5.74+0.9 nm; the scale bar is 10 nm).
B) Lattice planes imaged parallel to the edge of a Mn;O, NP correlat-
ing with a (200) d-spacing value of 0.288 nm (Inset: optical diffracto-
gram). C) Selected area electron diffraction (SAED) pattern showing
clear diffraction rings indexed to the Mn;O, spinel structure.

metric analysis (TGA) indicated that oleylamine remained
adsorbed on the NP surfaces of these 2D arrays?® (see
Figures S2 and S3 in the Supporting Information). In contrast
to bulk Mn;0,, which is known to order ferrimagnetically at
Ty =42 K22 the Mn;O, NPs exhibit ferromagnetic behav-
ior at low temperatures,® with direct current (DC) magnet-
ization measurements for these nanobricks showing a splitting
of the field-cooled (FC) and zero-field-cooled (ZFC)
responses below 45 K and a maximum of the ZFC signal at
35.2 K (Figure S4). Here, the shape of the magnetic contri-
bution observed above 40 K is attributed to interparticle
interactions, rather than to Mn;O,~MnO, core-shell inter-
actions, as reported previously for equiaxed (spheroidal)
NPs.? The large coercive field is attributed to shape
anisotropy effects of the Mn;O, nanobricks (Figure S6).>!
Further, alternating current (AC) susceptibility measure-
ments showed a clear out-of-phase (y”) signal, being a sig-
nature of slow relaxation of magnetization (Figures S7 and
S8). The frequency dependence observed for the out-of-phase
(") signal is typical of interacting magnetic NPs and spin-
glass systems.”**] These combined measurements suggest
that the different stacking modes and orientations of Mn;0O,
NPs within hollow carbon nanofibers should have a pro-
nounced effect on their collective magnetic properties.

By immersing open and dry CNFs into colloidal suspen-
sions of Mn;O, NPs in an organic solvent (hexane), pre-
formed Mn;0O, nanobricks were efficiently inserted into CNFs
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(mean length 3 um and internal diameters of 30-60 nm) by
capillarity forces. For insertion into longer GNFs (mean
length 5 um and internal diameters 30-100 nm), a colloidal
suspension of Mn;O, NPs in hexane diluted with supercritical
CO, (4000 psi, 40°C) was employed to minimize the transport
resistance arising from the viscosity of conventional solvents.
TEM investigation of the resultant hybrid nanostructures,
being the first example of non-equiaxed preformed NPs
encapsulated into carbon nanostructures, showed that
Mn;O0,@CNF (Figure 3 A-D) contained highly aggregated

Figure 3. TEM images of Mn;O,@CNF (A-C) and Mn;O,@GNF (E-
G). Dense packing of NP in Mn;O,@CNF, as revealed by bright field
TEM (A-B) and high-angle annular dark-field scanning TEM (HAADF
STEM) (C). Bright-field TEM images of Mn;O, nanobricks adsorbed on
the step-edges of GNF (E-G). The scale bars are 40 nm. Schematic
diagrams illustrating Mn;O, NP densely packed in a CNF (D) and
sparsely distributed within a GNF through anchoring to the graphitic
step-edges (H).

guest-NPs within the smooth cavities of the CNFs, whereas in
Mn;O0,@GNF (Figure 3 E-H) the guest-NPs were trapped at
the internal step-edges, well dispersed, and distributed
throughout the GNF container as discrete NPs (Table 1).
These observations are in agreement with the higher loading
of Mn;0O, within Mn;O,@CNF (26%) compared to
Mn;O0,@GNF (11%) as revealed by TGA (Figure S12). As

Table 1: Summary of the assembly of Mn;O, NPs in host CNF and GNF
nanocontainers and magnetic parameters for non-encapsulated nano-
bricks, Mn,;O,@CNF and Mn;O,@GNF.

Mn,O, NP Mn,O,@CNF  Mn,O,@GNF
packing density - high low
NP-NP interaction - high low
orientation - random aligned
Tarcpeat [K] 35.2 382 35.8
T, (max of " peak) [K] 31.6 35.7 31.9
M, [emug™ ¥l 9.0 1.9 0.9
H, at 2 K [T]® 2.06 1.20 0.99

symmetric symmetric asymmetric

(~1.02/ (—0.60/ (~0.18/

+1.04) +0.60) +0.81)

[a] M is the magnetization value and H, is the coercive field value both at
2 K.
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a consequence of the encapsulation, a shift of the Mn—O
vibrations was observed in the IR spectra for both
Mn;0,@CNF and Mn;O,@GNF composites (Figure S13).
While no preferential orientation of the nanobricks was
observed for Mn;O,@CNF (Figure 3 A-D), Mn;O, NPs in
GNFs appeared to be positioned with their largest facet
parallel to the surface of the GNF step-edge (Figure 3F-G). It
is considered that this preferential orientation of Mn;O, NPs
in GNFs is driven by a requirement to maximize host-guest
interactions combined with a reduction of the NP surface area
exposed to the environment. TEM imaging showed that after
the removal of externally absorbed NPs from Mn;O0,@CNF
and Mn;O,@GNF the vast majority (about 95%) of the
remaining Mn;O, NPs were indeed encapsulated inside the
nanofibers. A close inspection of Mn;O,@CNF revealed that
for certain internal diameters of the nanofibers (about
27 nm), a highly ordered close-packed arrangement of the
nanobricks was formed (Figure 3B).

The effect of the host-nanocontainer on the NP assem-
blies can be observed in the magnetic behavior of the
resultant hybrid materials, with a decrease of the ZFC-FC
splitting temperature in the following order: non-encapsu-
lated Mn;0, > Mn;0,@CNF >Mn;0,@GNF (Figure 4 A),
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Mlemu g™ Miemug™ 4

.,

0 10 20 30 40 50

Angewandte
imemationalediion . CEIMIE

which correlates with the decreasing degree of aggregation
of the nanobricks as observed by TEM. Furthermore, the
higher magnetization value found at 2 K for Mn;O,@CNF as
compared to Mn;O,@GNF (Figure 4B and Table 1) is in
accordance with the TGA observations indicating a higher
packing density for Mn;O,@CNF. The fact that the magnetic
behavior of Mn;O,@GNF differs from the non-encapsulated
NPs suggests that magnetic interactions cannot be attributed
solely to core-shell interactions.™ Since interparticle inter-
actions for Mn;O,@GNF are expected to be much lower, the
ferromagnetic contribution observed for non-encapsulated
Mn;O, NP is mainly due to dipole interactions. Comparison of
the hysteresis curves (Figure 4C-D) supports this point
further. For Mn;O,@GNF the magnetization reaches a satu-
ration value at magnetic fields higher than 2 T, whereas for
free Mn;O, NPs and Mn;O,@CNF the magnetization value is
still far from saturation even at 5 T.

As a consequence of encapsulation, the Mn;O, nanobricks
showed lower coercivity values. In contrast to Mn;O,@CNF,
Mn;O,@GNF exhibited a nonsymmetrical hysteresis loop
(Figure 4C). Close inspection revealed a fast-relaxation
process close to zero-field (Figure 4D). Interestingly, this
process became more pronounced at 300 K, where both non-
encapsulated NPs (Figure S6) and empty nanofibers
showed no magnetic ordering (Figure S15). The
defects in the graphene layers of the step-edges in
GNFs may provide a mechanism for this unusual
ferromagnetic behavior observed for
Mn;0,@GNFE?! In contrast to the sigmoidal
variation observed for Mn;O,@CNF, a rapid
increase of the first magnetization curve (< 0.5 T)
was found for Mn;O,@GNF suggesting that the easy
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magnetic axes of these nanobricks were distributed
with some degree of preferred orientation, in
agreement with the TEM observations showing
the large facets of the nanobricks aligned with the
GNF step-edge surfaces (Figure 3G).

Both the Mn;O,@GNF and Mn;O,@CNF hybrid
nanostructures showed a frequency dependence of
the out-of-phase (y) signal, typical of a spin glass-
like behavior (Figures S16-19). However, the y’
peak maximum for Mn;O,@CNF was shifted to
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Figure 4. Magnetic measurements (A—E) and statistical analysis of the NP size (F)

for non-encapsulated Mn;O, NP (black 0), Mn;O,@CNF (red A), and

Mn;O,@GNF (blue ). A) ZFC and FC (0.01 T) measurements. Inset: detail of the

= Mn;0, NP
©Mn,0,@GNF

8 Mn,0,@CNF

7 8 910111213141516 1718
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higher temperatures with respect to those found for
Mn;0,@GNF and Mn;O, (Figure 4E and Table 1).
Both magnetic parameters Ty and Tzpc e Showed
the same trend. Careful statistical analysis of the
size distribution of the encapsulated NP showed
that slightly bigger nanobricks were preferentially
encapsulated in CNF (Figure 4F and Table S1),
explaining this observed increase in the blocking
temperature (Ty; Figures S16 and S18).° While
GNFs absorb NPs indiscriminately from solution, it
is evident that the CNF cavities exhibit a clear
preference for larger nanobricks whereby both
host—guest and interparticle interactions are maxi-
mized.

ZFC-FC splitting for Mn;O,@CNF and Mn;O,@CNF. B) Thermal variation of

magnetization under an applied magnetic field of 0.1 T. Inset: expanded region 0—
50 K. C,D) Magnetization curves (M vs. H) at 2 K. E) Comparison of the in-phase

' susceptibility at 1 Hz.
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In summary, we have developed an effective
methodology for the integration of preformed
magnetic NPs into the internal cavity of carbon
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nanofibers, yielding two different hybrid nanostructures
exhibiting different magnetic behaviors (Table 1). The
arrangement of NPs is precisely controlled by the internal
structure of the host NF. Non-covalent interactions, which are
responsible for the efficient transport and encapsulation of
guest-NPs into NFs, in principle could allow NPs to stay
mobile within the NFs and reversibly align along an applied
magnetic field. The encapsulation of magnetic NPs into NFs
described in this study opens up a number of exciting
opportunities for applications requiring the precise control
of position and orientation of guest-NPs, for example, nano-
electronics and nanocatalysis.”*? This new class of hybrid
nanomaterial may enable the development of supercapacitors
and facilitate harnessing of the synergistic effects of carbon
host-nanofibers combined with the magnetic properties of
guest-NP, which are important for the emerging area of
spintronic devices.
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