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ABSTRACT: A major limitation in the development of highly
functional hybrid nanocomposites is brittleness and low tensile
strength at high inorganic nanoparticle content. Herein, cellulose
nanofibers were extracted from wood and individually decorated with
cobalt-ferrite nanoparticles and then for the first time molded at low
temperature (<120 °C) into magnetic nanocomposites with up to 93
wt % inorganic content. The material structure was characterized by
TEM and FE-SEM and mechanically tested as compression molded
samples. The obtained porous magnetic sheets were further
impregnated with a thermosetting epoxy resin, which improved the
load-bearing functions of ferrite and cellulose material. A nanocomposite with 70 wt % ferrite, 20 wt % cellulose nanofibers, and
10 wt % epoxy showed a modulus of 12.6 GPa, a tensile strength of 97 MPa, and a strain at failure of ca. 4%. Magnetic
characterization was performed in a vibrating sample magnetometer, which showed that the coercivity was unaffected and that
the saturation magnetization was in proportion with the ferrite content. The used ferrite, CoFe2O4, is a magnetically hard
material, demonstrated by that the composite material behaved as a traditional permanent magnet. The presented processing
route is easily adaptable to prepare millimeter-thick and moldable magnetic objects. This suggests that the processing method has
the potential to be scaled-up for industrial use for the preparation of a new subcategory of magnetic, low-cost, and moldable
objects based on cellulose nanofibers.
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■ INTRODUCTION

Nanometer confinement, structural or geometrical anisotropy,
and large surface to volume ratio are characteristics of
nanoparticles, which allow their properties to be very different
from the bulk materials.1−3 Polymer nanocomposites based on
inorganic nanoparticles therefore make it possible to explore
novel combinations of material properties and functionalities,4,5

including improved dielectric, optical, conductive, mechanical,
or magnetic properties. Some of the most widely studied
nanoparticles include silica (SiO2),

6 titania (TiO2),
7 carbon,8

clay,9 and ferrites.10,11 So far, attempts to combine the favorable
properties of both polymeric and inorganic nanoparticles12

have mostly relied on relatively low particle content (up to ∼10
wt %) to mechanically reinforce the polymer.13−16 For high
nanoparticle content (>10 vol %), the mechanical properties
are usually compromised because of poor polymer/nanoparticle
compatibility leading to particle aggregation.17,18 A common
approach is then to use nanoparticles with surface modification
to improve compatibility with the polymer matrix or

introduction of repulsive forces between nanoparticles for
better dispersion.12,19,20 These strategies are still problematic
for high nanoparticle contents. The classical mixing routes also
face the difficulty of high viscosity of the polymer/nanoparticle
blend, and this limits the processing possibilities.21

The obvious advantage of high filler content is that the
functionality generally scales strongly with nanoparticle
content, e.g. catalytic, optical or magnetic materials, in
combination with good mechanical properties. A number of
approaches have therefore been proposed to prepare nano-
composites with high filler contents. In situ surface initiated
polymerization onto inorganic nanoparticles can be used, where
the amount of polymer matrix is controlled by the degree of
polymerization and grafting density at the particle surface.12

The nanocomposite is then obtained by evaporating the

Received: September 9, 2014
Accepted: October 20, 2014
Published: October 20, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 20524 dx.doi.org/10.1021/am506134k | ACS Appl. Mater. Interfaces 2014, 6, 20524−20534

www.acsami.org


solvent, bringing the coated nanoparticles in close contact.
Zhanhu et al.22 reported materials with up to 30 vol % (65 wt
%) of iron oxide in polyurethane. Another method is to adsorb
the polymer onto the nanoparticle surface. To reach high
inorganic content the excess nonadsorbed polymer can be
washed away, and the solvent evaporated or filtered to obtain
the nanocomposite.23 The technique was used to prepare
nacre-mimetic nanocomposites based on montmorillonite clay
platelets coated with a polymer. The inorganic content was as
high as 50 vol %.23−25 Layer-by-layer adsorption techniques
have also been used.26,27 However, with some exception these
methods are generally limited to small samples, and the
processes are hardly adaptable to large-scale industrial
production.
In this article, we report cellulose nanocomposite magnets

with inorganic nanoparticle content up to 93 wt %. They are
based on cellulose nanofibers (NFC) decorated by magnetic
nanoparticles, which can be diluted by neat NFC to any
desirable magnetic nanoparticle content. The dispersion of the
inorganic phase is retained. This allows for magnetic cellulose
nanocomposites that are capable of magnetically supporting
more than their own weight, i.e. as traditional permanent
magnets, with the added advantage of lightweight materials
(due to the low density). The cellulose magnets were
compression-molded at 50 MPa and 120 °C into solid blocks.
Previously, several works have reported mechanical properties
up to 60 MPa strength at ferrite nanoparticle contents in the
range 20−25 wt %, i.e. 5−7 vol %.28−30 We demonstrate that
compression-molding of magnetic particle decorated cellulose
fibrils is a method to obtain equivalent mechanical properties
for composites containing 8 times more inorganic nano-
particles−with preserved, and predictable magnetic character-
istics. In addition; the obtained nanoporous structure of the
obtained hybrid NFC/nanoparticle composites allowed for
impregnation with an epoxy resin, which further strengthened
the already tough and condensed nanofibril networks. Finally,
we illustrate the scale-up potential by preparing millimeter thick
magnetic plates and components by compression-molding

stacks of wet nanocomposite sheets. The presented “master-
batch” approach thus appears technically feasible to manu-
facture nanostructured cellulose magnet components of
complex shape on large industrial scale. It also opens for
more efficient preparation and handling of highly functional
cellulose nanofibers in a similar fashion as “mater−batch”
techniques are used in polymer engineering processing.

■ EXPERIMENTAL SECTION
Precipitation of CoFe2O4 Nanoparticles onto Cellulose

Nanofibrils (NFC). Cellulose nanofibrils were extracted from sulfite
pulp (Nordic Paper, Sweden) with hemicelluloses and lignin contents
of 13.8 and 0.7 wt % and a cellulose degree of polymerization of 1200.
Compared with conventional highly fibrillated pulp by disk refining,
the following pretreatment lowers energy requirements for disintegra-
tion. Furthermore, small diameter nanofibers provide better
mechanical properties than fibrillated pulp and more homogeneous
distribution of inorganic particles. The NFC extraction was made via
enzymatic pretreatment for 2 h at 50 °C in a 0.25 vol % aqueous
solution of endoglucanase enzyme Novozyme 476 (0.1 mL enzyme/
40 g dry content cellulose).31 The treatment was followed by 8 passes
at 1200 bar pressure through a microfluidizer (M-110EH, Micro-
fluidics Ind., USA) to liberate the cellulose nanofibrils (average
nanofibril width: 10 nm32,33). A suspension with ca. 2 wt % nanofibril
content was obtained. The suspension was diluted to 0.30 wt % prior
to in situ CoFe2O4 nanoparticle precipitation along the fibrils.34

Briefly, reagent grade iron(II) sulfate heptahydrate and cobalt(II)
chloride hexahydrate (Sigma-Aldrich, Sweden) were added to the
suspension under high-shear mixing at 13000 rpm (Ultra-Turrax
D125, IKA, Germany). The molar ratio of cobalt to iron was 1:2.
Sodium hydroxide and potassium nitrate (reagent grade, Sigma-
Aldrich) were dissolved in water separately. The ratio [Me2+]/[OH−]
and [Me2+]/[KNO3] were 1:2 and 1:3, respectively. All solutions were
heated to 90 °C for 40 min under mechanical stirring, and the alkaline
solution was added into the metal ion cellulose suspension. The
reaction time was 3 h at 90 °C to ensure complete conversion of the
metal oxide-hydroxide complexes to the spinel ferrite phase along the
fibrils. The processing route is illustrated in Figure 1. The decorated
nanofibrils were rinsed 4 times with deionized water. The amounts of
metal salts were calculated to yield hybrid cellulose nanofibrils with
96.5 wt % (90 vol %) of CoFe2O4, corresponding to salt

Figure 1. Low temperature processing route toward high inorganic content compression-molded magnetic nanocomposites.
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concentrations of 579 mM in Fe2+ and 290 mM in Co2+. The yield was
confirmed accurate from TG measurements (Figure 7 and Table 2).
Preparation of High Magnetic Particle Content Nano-

composites by Compression-Molding. The magnetically deco-
rated NFC was mixed (i.e., diluted) with untreated NFC (Figure 1) to
reach final nanoparticle contents of 77, 83, 89, and 93 wt % (50, 60,
70, and 80 vol % with respect to amount of solid material) in the
nanocomposite. High-shear mixing (13000 rpm) was subsequently
performed for 5 min combined with vacuum degassing for 10 min
before the suspensions were vacuum filtered through a 0.65 μm pore-
size filter membrane (DVPP, Millipore, USA). No apparent amount of
dry residue was found in the filtrate, indicating insignificant loss of
material during filtration. The filtrate was completely transparent.
The obtained hydrogel “cake” consisted of 60−70 wt % of water,

which was reduced to 40−50 wt % by predrying in an oven at 60 °C
for 15 min. The predrying was required to prevent flowing under the
high-pressure molding. The compression-molding was performed for
30 min at 120 °C under 50 MPa pressure to ensure complete drying of
the material and minimize the porosity (Figure 1). Two 0.1 μm pore-
size membranes (VVPP, Millipore, USA) were used to blot each side
of the “cake” during hot pressing to allow for steam evacuation while
preserving a smooth compressed sheet surface. Sheets with 120−150
μm thicknesses were obtained with a porosity of ca. 30−35%, as
determined from density measurements (see below). Multilayer
composite plates were prepared by stacking 10 wet sheets from the
filtration step, yielding 1.2 mm thick magnetic plates.
Epoxy Resin Impregnation of Magnetic Cellulose Sheets.

The dry porous magnetic cellulose sheets were impregnated with
monomeric diglycidyl ether of bisphenol A (DGEBA) epoxy from
Tokyo Chemical Industry mixed with polyetheramine (60/40 wt %)
(Jeffamine D-400, Huntsman, USA). The resin was heated to 60 °C
before the sheets were immersed and placed in a vacuum chamber for
5 min to promote penetration of the resin (Figure 1). Excess resin was
wiped from the material’s surface. The curing was performed in an
oven for 2 h at 80 °C followed by a post curing step at 120 °C for 3 h.

A previous study confirms favorable properties of this NFC/epoxy
composite.35

Transmission Electron Microscopy (TEM) of Decorated NFC.
A water drop with ca. 0.01 wt % decorated nanofibrils was deposited
on the top of a TEM grid (400 mesh, Ultrathin carbon film, Ted Pella,
USA). It was removed after 1 min by blotting with filter paper. The
grid was observed in a transmission electron microscope (TEM,
Hitachi HT-7700, Japan).

Structural Characterization of Nanocomposites. Fracture
surface cross sections of the sheets and plates were observed in a
field emission scanning electron microscope (FE-SEM, Hitachi S-
4300, Japan) after 20 s sputtering (ca. 5 nm gold−palladium
conductive layer) with a Cressington 208HR, UK. The densities of
the nanocomposites were measured by gravimetry and volumetry, and
the porosities were estimated based on known densities of the
components (CoFe2O4 nanoparticles:36 4.9 g/cm3; NFC:37 1.45 g/
cm3; epoxy: 1.08 g/cm3).

Mechanical Testing. The nanocomposite sheets were tested in
tension, whereas the multilayer plates were tested by three-point
bending. All tests were carried out on a universal testing system
(Instron 5944, UK) equipped with a 500N load-cell. For tensile
testing, specimens were strips 5−6 mm wide, 120−150 μm thick. The
specimens were placed in the test room, conditioned at 25 °C and 50%
RH, at least 48 h before testing. In order to accurately determine
strains of the comparably small specimens, the gauge length was set to
20 mm and the cross-head displacement to 10%/min. The strain
values were recorded by 2D digital speckle photography and image
correlation (Limess Vic-2D system, Correlated Solutions Inc., USA),
where the Young’s modulus was calculated as the slope at low strain
values. For the bending tests, 7−8 mm bars of the plates were used
(thickness 1.2 mm). The span length was set to 20 mm, and the cross-
head displacement was 1 mm/min.

Magnetic Properties. Magnetic characterization was performed at
room temperature in a vibrating sample magnetometer (VSM, Oxford
Instruments, UK). The applied magnetic field strength was varied in

Figure 2. a,b: TEM micrographs of cellulose nanofibrils decorated with 96.5 wt % CoFe2O4 nanoparticles (scale bars: 500 nm) showing that all
particles are associated with fibers; c: Particle size distribution from TEM image analysis; d: Illustration of a representative segment of decorated
NFC and of the final hybrid network including some neat NFC.
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the range ±500 kA/m, and the measurements were performed on thin
strips (5 × 2 mm) from the 120 μm thick sheets.
Thermogravimetric Analysis (TGA). Samples of ca. 10 mg were

analyzed by thermogravimetry (Mettler-Toledo TGA/SDTA851,
Switzerland) under 50 mL/min O2 flow at a heating rate of 10 °C/
min. The samples were held for 10 min at 100 °C to remove loosely
bound water and another 10 min at 120 °C to eliminate all water. The
mass at this point was taken as the dry mass of the samples. The
analysis was completed by a third heating (10 °C/min) to 550 °C to
degrade all organic matter. The residual weight after this heating was
used for the calculation of the inorganic (i.e., CoFe2O4) concentration.
Dynamic Thermomechanical Analysis (DMTA). DMTA was

performed on a Q800 DMA analyzer (TA Instruments, USA) in
tension mode at a frequency of 1 Hz and amplitude of 10 μm. The
temperature was ramped from 25 to 220 °C with a rate of 5 °C/min.
Specimens were 4−5 mm wide strips (ca. 120 μm thick), and the
gauge lengths was 6−8 mm. The storage modulus (E′) data were
vertically adjusted to the corresponding tensile modulus values at 25
°C. Relative changes in E′ with temperature were therefore analyzed,
rather than absolute values for storage modulus.

■ RESULTS AND DISCUSSION
NFC Nanofibers Decorated by Magnetic Particles.

First, nanofibers were decorated by magnetic nanoparticles
through in situ precipitation of inorganic nanoparticles on NFC
nanofibers, see the left section of Figure 1. The procedure
involves precipitation of precursor particles, which are
converted to magnetic nanoparticles during 3 h at 90 °C.34,38

The successful decoration of NFC nanofibers by 42 nm
(measured average diameter) large magnetic nanoparticles was
confirmed by TEM, see Figure 2. The absence of observable
individual particles or particle clusters suggested that the
particles were firmly bonded to cellulose nanofibers, in a similar
fashion as reported in previous studies on this system.34,38 The
inorganic content constituted 96.5 wt % of the 10 nm wide
cellulose nanofibrils32,33 as determined by thermogravimetrical
analysis. Figures 2a and b also display occasionally observed
acicular rods of metal oxo-hydroxide phase. This phase
constituted a negligible volume fraction of the total inorganic
phase (confirmed by magnetic measurements) and was present
as remains from intermediate stages of the conversion from
metal ions to ferrite during aqueous precipitation.34 On
average, one CoFe2O4 nanoparticle was attached for every 70
nm along the decorated 1−5 μm NFC, and the particle size
distribution is also provided (Figure 2c and d). The structure of
the NFC network with magnetic nanoparticles is also illustrated
in Figure 2d. In Figure 2b, a qualitative impression of nanofiber
size distribution as well as the presence of nanoparticle-rich
regions is presented.31 The sections of nanofibers without
nanoparticles may relate to regions of increased surface tension,
which did not allow for grafting of the oxo-hydroxide precursor
phase prior to the transformation into ferrite particles.34

Structure of High Inorganic Content Nanocompo-
sites. Two types of nanocomposite materials were prepared,
see Figure 1. In the first type, decorated NFC nanofibers were
combined with neat NFC to prepare porous nanofiber network
composites with magnetic nanoparticles. A papermaking
filtering approach was used to prepare a wet nanofiber “mat”.
This was predried and then subjected to compression molding
to form stiff and strong solid composites with some porosity
(28−36%). This material is essentially magnetic nanoparticles
in a porous NFC nanofiber matrix (CoFe2O4/NFC). The
volume fraction of CoFe2O4 was determined by the amount of
neat NFC added and the final porosity. The second type of
nanocomposite was prepared by impregnation of the

compression molded CoFe2O4/NFC by epoxy (EP), see Figure
1. This material consists of magnetic nanoparticles in a matrix
of NFC and EP (termed CoFe2O4/NFC/EP). Typical
porosities of this second type of nanocomposite is in the 4−
7% range, see Table 1.

Network Formation. A consequence of the high weight
fraction of inorganics decorated onto the NFC nanofibers (96.5
wt % CoFe2O4) was that the filtered network had an
insufficient amount of cellulose-cellulose connecting points.
As a consequence, the mechanical properties were not good
enough. Neat NFC (in different amounts) was therefore mixed
with the decorated NFC prior to filtration and compression-
molding (see Figure 1) to ascertain the formation of a
“complete” nanofiber network (illustrated in Figure 2d). This
resulted in inorganic contents (CoFe2O4) ranging from 77 to
93 wt %, see Table 1. Figures 3 a−c show the microstructure of
the fractured CoFe2O4-93/NFC composite (containing 93 wt
% ferrite) post compression. A homogeneous distribution of
nanoparticles throughout the material was apparent for all
contents of ferrite. The uniform inorganic phase distribution
originated from the separation of the decorated nanofibers in
their suspended state (along the fibrils). The colloidal
processing route in Figure 1 allowed the formation of a
network material as the decorated NFC was combined with
neat NFC (Figure 2d). A characteristic of the composites was
the typical stratified structure (Figure 3a) from the filtration
process, which gives the network a strong two-dimensional
character. The NFC tended to be aligned in-plane within the
molded sheet structures. The evenly blended neat NFC was
completely miscible with the modified nanofibers, and
aggregates were not apparent in fracture surfaces.

Network Impregnation. In Figures 3b and c, it is apparent
that voids are present between the nanoparticles in the
CoFe2O4-93/NFC composite. The porosity accounted for 36
vol % of this materials, despite the high pressure (50 MPa) used
during compression-molding and drying. The void space was
continuous so that epoxy resin impregnation was possible, see
Figure 1 and the Experimental Section. After resin impregna-
tion, the porosity decreased to 5 vol %. Figures 3 d−f show the
corresponding CoFe2O4-84/NFC/EP nanocomposites, display-

Table 1. Summary of the Composition of the Final Materials

sample name
CoFe2O4

a

(wt %)
NFCa

(wt %)
epoxya

(wt %)
porosityb

(vol %)
densityb

(g/cm3)

CoFe2O4-77/
NFC

77 23 0 28 2.3

CoFe2O4-83/
NFC

83 17 0 28 2.5

CoFe2O4-89/
NFC

89 11 0 34 2.5

CoFe2O4-93/
NFC

93 7 0 36 2.7

CoFe2O4-70/
NFC/EP

70 20 10 5 2.5

CoFe2O4-76/
NFC/EP

76 15 9 7 2.6

CoFe2O4-79/
NFC/EP

79 12 9 4 2.9

CoFe2O4-84/
NFC/EP

84 6 10 5 3.0

aValues from a single measurement, the experimental error is
estimated at ±2%. bValues from a single measurement, the
experimental error is estimated at ±5%.
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ing a smooth fracture surface as compared to CoFe2O4-93/
NFC (Figures 3a−c). The nanocomposite with an NFC/EP
matrix showed a structure with a homogeneous distribution of
up to 81 wt % magnetic nanoparticles. This is to our best
knowledge the highest reported for magnetic nanoparticle
contents in a thermosetting matrix. This is an achievement in
strong contrast to the commonly observed agglomeration
tendencies of magnetic nanoparticles in nanocomposites.39

Mechanical Properties. Cellulose Network Response to
Deformation. Stress−strain curves in tension and mechanical
property data are presented in Tables 1 and 2 and in Figure 4.
The CoFe2O4-93/NFC with 36 vol % CoFe2O4 exhibits
substantial ductility (5.4% strain to failure) and an ultimate
strength of 64 MPa. The strain to failure (above 5%) is
approaching that of neat NFC nanopaper (6−7%).40 This
indicates that the NFC preserves its cohesive network

characteristics to high strains even at fairly high inorganic
content. The failure mechanisms thus appear to be more
favorable compared with polymer matrix composites. For the
CoFe2O4/NFC nanocomposites, increased inorganic particle
content resulted in substantially decreased strength (Figure 5b)
and ductility (Figure 4), the reason is that the NFC network
carries the major load. As the NFC content was reduced to 20
and 11 vol %, with increased porosity, the tensile strength was
reduced to only 11 MPa, see Table 2. The Young’s modulus
values for CoFe2O4/NFC were in the range 6−8 GPa for all
compositions. It contrasts with the behavior observed at lower
particle contents in a previous study,34 where a linear decrease
in modulus was observed with increasing nanoparticle content
due to NFC network disruption. A possible explanation is that
the CoFe2O4 nanoparticles provide some contribution to
modulus in the present compression molded material. This and

Figure 3. Scanning electron micrographs of fracture surfaces for CoFe2O4-93/NFC porous nanocomposites with 51 vol % CoFe2O4 (a−c) and
impregnated CoFe2O4-84/NFC/EP nanocomposites with 53 vol % CoFe2O4 (d−f).

Table 2. Mechanical Property Data with the Calculated Volume Fractions of Each Component−Standard Deviation in Brackets

sample name CoFe2O4
a (vol %) NFCa (vol %) epoxya (vol %) porosityb (vol %) Ec (GPa) σd (MPa)

CoFe2O4-77/NFC 36 36 0 28 7.0 (0.2) 64 (3)
CoFe2O4-83/NFC 43 29 0 28 7.5 (0.1) 43 (1)
CoFe2O4-89/NFC 46 20 0 34 7.1 (0.5) 11 (1)
CoFe2O4-93/NFC 51 13 0 36 7.1 (1.1) 11 (1)
CoFe2O4-70/NFC/EP 36 36 23 5 12.6 (0.1) 97 (6)
CoFe2O4-76/NFC/EP 42 28 23 7 11.5 (0.4) 60 (1)
CoFe2O4-79/NFC/EP 48 24 24 4 14.7 (0.3) 45 (5)
CoFe2O4-84/NFC/EP 53 13 29 5 16.8 (0.7) 35 (6)

aValues from a single measurement, the experimental error is estimated at ±2%. bValues from a single measurement, the experimental error is
estimated at ±5%. cE, Young’s modulus. dσ, ultimate tensile strength.
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a slight porosity increase explain why modulus is virtually
unchanged as NFC content is reduced and CoFe2O4 content is
increased. The Young’s modulus of spinel ferrite nanoparticles
is ca. 100−120 GPa.41

Effect of Epoxy Impregnation. Impregnation of the porous
material with epoxy resulted in increased tensile strength; from
64 to 97 MPa at the lowest nanoparticle content (36 vol %)
and from 11 to 35 MPa for the highest content (53 vol %), see
Figure 4. The polymer matrix simply improves stress transfer in
the composite structure. The toughness (area under stress−
strain curve) increased for most compositions, see Figure 4,
with the largest improvements for the highest nanoparticle
contents. Even though the inorganic particle content is high

(>70 wt % or 36−53 vol %), the NFC network combined with
epoxy provided considerable ductility, especially for the
composition with 36 vol % NFC.
Young’s modulus is plotted against nanoparticle volume

fraction in Figure 5a. Epoxy impregnation resulted in an
improved modulus from around 7 GPa to the range 11.6−16.8
GPa, Figure 5a. The highest relative increase in modulus is for
the highest nanoparticle content. Apparently, the epoxy matrix
is critical for favorable stress transfer and bonds the NFC/EP
polymer matrix to the stiff cobalt ferrite particles.
In Figure 5b, tensile strength versus nanoparticle content is

presented with and without epoxy matrix. In both cases,
strength decreases with particle volume fraction. The classical
explanation for stiff particle composites is that higher particle
content leads to increased strain concentration, so that debond
cracks form at lower strain.42 In the present case, the
explanation may be more complicated since NFC content is
decreased with increased nanoparticle content.

Magnetic Properties. Magnetization hysteresis curves for
NFC/nanoparticle composites are presented in Figure 6a. The
wide hysteresis is characteristic of the hard magnetic behavior
of CoFe2O4, with a coercivity of 99 ± 1 kA/m (see Table 3)
independent of nanoparticle content. For the present range of
magnetic particle content the magnetization is proportional and
the coercivity is essentially unaffected. This is consistent with
that the magnetic properties of the nanocomposite is due to a
simple summation of the individual particle’s contribution.
Despite the apparently rather closely packed nanoparticles (see
Figure 3) there is negligible effect on the magnetic properties.
This is in contrast to other systems where magnetic particle−
particle interactions can have complex effects on e.g.
coercivity.43

The magnetization values showed a linear increase (Figure 6a
inset) in remanent and saturation magnetization as a function
of nanoparticle content, up to 40 and 68 A·m2/kg, respectively.
At a given weight fraction of magnetic material, the
impregnation with epoxy resin did not show any detectable
effect on the magnetic properties.
The magnetization value normalized to the particle mass

were typical for this type of nanoparticles (ca. 70 A·m2/kg) and
comparable to previously reported data.34 Therefore, the
presence of residual nonferrite phase (see Figure 2b) did not
affect magnetic properties. This suggests that the nonferrite
phase is of very low volume fraction.
All nanocomposite samples were able to sustain their own

weight after magnetization when in contact with a non-
magnetized ferromagnetic surface (e.g., steel, see Figure 6b).
The reasons include high magnetic nanoparticle content and
high coercivity. This demonstrates the potential magnetic
strength in these permanent nanocomposite magnets, especially
in relation to their relatively low density.

Thermal Stability. TGA curves showing the thermal
stability of the materials are presented in Figure 7. An initial
weight loss was observed up to 120 °C corresponding to water
release from the hygroscopic cellulose composites. The residual
mass at 120 °C was therefore taken as reference mass for
completely dry materials. The degradation temperatures of
porous CoFe2O4-93/NFC nanocomposites were in the range
220−230 °C. This is significantly lower than for the neat NFC
nanopaper, which degraded at ca. 300 °C.34 The reason is that
oxidative degradation of polysaccharides44 and other polymers
(e.g., poly(ethylene oxide)45) is accelerated in the presence of
metal oxide compounds. In particular, oxidative degradation of

Figure 4. Tensile stress strain curves for the porous (continuous lines)
and impregnated (dashed lines) nanocomposites with different
nanoparticle contents.

Figure 5. Young’s modulus (a) and tensile strength (b) as a function
of volume fraction of CoFe2O4 nanoparticles for porous (empty
squares) and impregnated (filled squares) nanocomposites.
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paper is catalyzed by iron and cobalt compounds.46 However,
this decrease in degradation temperature was not observed in
the nanocomposites with lower nanoparticle content (up to 60
wt %).34 The long-term thermal stability of the material with
the higher amount of nanoparticle content was therefore
evaluated under an isothermal heating at 120 °C. The material
did not show any degradation and a weight loss of only 0.08%
after 5 h (oxygen), which ascertained that the modified fibers
could be used in extensive curing cycles with a thermoset.
Impregnation with EP increased the degradation temperature

of the nanocomposites to around 300 °C. Apparently, the
epoxy matrix (degradation temperature: ca. 400 °C) provided
some protection for the decorated cellulose fibrils. A tentative
explanation is that decreased oxygen permeability improves
cellulose stability against oxidative degradation.
The thermomechanical properties were studied by DMTA

analysis. Results for samples with initial nanoparticle content

(before impregnation) of 89 wt % are reported in Figure 8. The
nonimpregnated porous NFC/nanoparticle composite did not

Figure 6. a: Hysteresis curves for porous nanocomposites with different nanoparticle contents (indicated on graph in vol % and wt %); inset:
remanent and saturation magnetization as a function of nanoparticle content (empty squares: porous; filled squares: impregnated nanocomposite);
b: picture showing permanent magnetic nanocomposite sheets holding their own weight when put in contact with a steel surface (epoxy-
impregnated with 76 wt % CoFe2O4).

Table 3. Magnetic Data for Each Composite Material
Composition

sample
name Mra (A·m2/kg) Msb (A·m2/kg)

coercivity
(kA/m)

susceptibility
(10‑3 m3/kg)

CoFe2O4-
77/NFC

30.4 52.3 99.4 0.15

CoFe2O4-
83/NFC

34.0 58.0 99.6 0.13

CoFe2O4-
89/NFC

35.8 61.0 99.1 0.16

CoFe2O4-
93/NFC

40.0 68.1 98.0 0.17

CoFe2O4-
70/NFC/
EP

29.1 50.4 99.3 0.13

CoFe2O4-
76/NFC/
EP

30.5 52.6 98.4 0.14

CoFe2O4-
79/NFC/
EP

34.0 58.1 98.1 0.15

CoFe2O4-
84/NFC/
EP

34.2 58.4 98.1 0.16

aMr, remanent magnetization. bMs, saturation magnetization.

Figure 7. TGA curves for the degradation in O2 of the porous hybrid/
NFC nanocomposites with different inorganic content (continuous
lines) and one of the EP impregnated compositions (dashed line).

Figure 8. Storage modulus and tan(δ) curves from DMTA analysis of
the porous (continuous lines) and impregnated (dashed lines)
nanocomposites with initial nanoparticle content of 89 wt % (after
impregnation 79 wt %).
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soften up to the decomposition temperature (220 °C). The
storage modulus was maintained at around 8−9 GPa, due to
the stiff cellulose nanofibril network and the high thermo-
mechanical stability of the crystalline cellulose nanofibrils.47

The transition observed on the tan δ plot around 100 °C can be
explained by evaporation of adsorbed water at fibrils and
particles surface. In the presence of the epoxy matrix, the
composites exhibit a glass transition at 63 °C, corresponding to
the epoxy matrix as demonstrated by the characteristic peak in
tan δ (Figure 8). Across the glass transition, the storage
modulus decreased only from 11 to 8 GPa. The high storage
modulus at the rubbery plateau can be explained by the high
content of thermally stable inclusions (in total 70 vol % of NFC
+ nanoparticles). Cellulose nanofibril networks have been
reported to act as a very efficient reinforcement in the rubbery
region due to the formation of a percolating network, even at
low volume fractions.48−50

Multilayer Nanocomposite Plates. The feasibility of
compression molding was further demonstrated. Ten layers of
wet sheets were stacked on top of each other directly after
filtration. The sheets were based on a mixture of NFC fibrils
decorated by CoFe2O4 nanoparticles and additional neat NFC
fibrils for the purpose of better mechanical properties of the
network. Drying under compression resulted in coalescence of
the hybrid nanocomposite sheets to a low-porosity material,
without the need for additional binder. Neat NFC fibrils
apparently had a binding function. The materials with an initial
CoFe2O4 content of 83 wt % were evaluated (41 vol %
CoFe2O4 and 30% porosity). Also, the same multilayer porous
substrate was impregnated by EP resin and cured to obtain a
CoFe2O4 content of 76 wt % (42 vol % CoFe2O4 and 7%
porosity).
These materials combine magnetic functionality, mechanical

properties, and large-scale industrial processability. The
morphology of fracture surfaces after flexural tests are presented
in Figure 9. On a micrometer scale, a layered structure is
apparent. Note that the thickness of fractured layers is smaller
than the thickness of the 10 stacked layers (120−150 μm). The
nonimpregnated composite showed delamination cracking
between the thin layers (Figure 9a). In contrast, the EP
impregnated and less porous material showed a much lower

extent of delamination cracking and a more even fracture
surface (Figure 9b).
This indicates improved delamination strength between

layers due to the EP matrix and the lower porosity. The
processing route relies on preparation of a dry nanoporous
network prior to impregnation and in combination with the
decorated NFC this results in homogeneous nanoparticle
distribution (absence of epoxy-rich regions between layers).
The nanocomposite plates were tested in three-point

bending, and the stress−strain curves are presented in Figure
10. The high flexural strength (60 MPa) for the non-

impregnated multilayer nanocomposite confirms good adhe-
sion between sheets of hybrid NFC networks without the help
of any additional binder. Intimate NFC-NFC contact due to
capillary forces during drying results in strong secondary
interactions between these layers (classical paper-forming
mechanism).
Impregnation with the epoxy resin doubled the flexural

strength (120 MPa). The EP resin improves stress-transfer in
the hybrid NFC/nanoparticle network (see data in Table 2 for

Figure 9. Scanning electron micrographs of fracture surface cross sections for the multilayer nanocomposites with and without epoxy-impregnation:
(a) CoFe2O4-83/NFC with 41 vol % CoFe2O4 and 30% porosity (b) CoFe2O4-76/NFC/EP with 42 vol % CoFe2O4 and 7% porosity. Scale bars are
200 μm in length.

Figure 10. Estimated stress−strain curves from load-deflection curves
in flexural tests of porous (continuous line) and EP-impregnated
(dashed line) multilayer nanocomposite plates. The porosity of
CoFe2O4-83/NFC is about 30%, whereas impregnated CoFe2O4-76/
NFC/EP has 7% porosity.
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single layer sheets); the EP matrix also reduces porosity from
30 to 7% and increases delamination strength. The multiscale
material organization allows load-transfer throughout the
millimeter-thick nanostructured composite despite very high
nanoparticle content.
More complex objects can be obtained by using a mold with

desired shape. The process never involves temperature above
120 °C, which contrasts with traditional ferrite magnets
processing requiring sintering temperatures of several hundreds
to thousands of degrees Celsius.51 As a demonstration we
prepared multilayer 1.2 mm-thick nanocomposite permanent
magnets with 3D shape (half-ring), as presented in Figure 11.
Thus, complex macroscopic magnetic components can be
readily fabricated based on nanoparticle decorated cellulose
nanofibers through conventional compression molding.

■ CONCLUSIONS
Homogeneous magnetic nanocomposites with high nano-
particle content (77−93 wt % CoFe2O4) were successfully
prepared by filtration of a hydrocolloidal suspension of
decorated cellulose nanofibrils obtained from dilution of 96.5
wt % “master-batch” of functional fibers, followed by
compression molding. As-obtained nanocomposite sheets
consisted of a porous hybrid NFC/nanoparticle network with
uniform distribution of nanoparticles. The inherent porosity
allowed for impregnation with an epoxy resin (EP). This
increased the modulus from around 7 GPa to 13−17 GPa,
depending on ferrite content. For the highest ferrite contents
(89−93 wt %, i.e. 46−51 vol %), the tensile strengths were
significantly increased (>3 times higher) by the EP
impregnation. The reason for these improvements was that
the continuous EP matrix provided better stress distribution, so
that the cellulose nanofibers and the ferrite particles carried
higher stress. When the cellulose nanofiber content was 36 vol
%, the material also demonstrated considerable ductility and
toughness, even though the ferrite content was as high as 77 wt
% (36 vol %). Furthermore, an improved thermal stability was
also observed for the EP impregnated nanocomposites.

As the magnetic nanoparticle content was increased from 77
to 93 wt %, the remanent and saturation magnetization
increased proportionally from 30 to 34 and 52 to 68 A·m2/kg,
respectively, whereas the corcivity (99 kA/m) remained
unaffected. The nanocomposites could therefore be regarded
as a permanent magnetic materials, where the magnetic
properties from the Co-ferrite nanoparticles were retained.
The successful preparation of millimeter-thick multilayer

nanocomposite plates demonstrates the advantageous combi-
nation of magnetic and thermomechanical properties, which
has the potential to be realized also at a larger scale. The
development of the presented “master-batch” approach could
thus enable the production of magnetic nanocomposites of high
functionality, by the use of native cellulose and a low
temperature (<120 °C) molding process.
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