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Magnetic nanocomposites have attracted increasing attention due to its widely applications in different
areas in recent years. The conventional synthesis of magnetic nanocomposites is usually based on high
temperature annealing technique from biomass. In this paper, a microwave method has been developed
to prepare iron oxide based magnetic nanocomposites using ferric acetylacetonate ((Fe(acac)s), oley-
lamine (OAm), oleic acid (OA), and commercial biochar. The reaction is completed in several minutes.
Composite structure composed of y-Fe,03; nanoparticles with the size of 6-17 nm and biochar is con-
firmed by TEM, SEM EDX element mapping images. The iron oxide size can be controlled by the micro-
wave time and the ligand ratio. Magnetic properties of the magnetic nanocomposites are studied. The
application of the prepared magnetic nanocomposites in magnetic concentration cells are tested with dif-
ferent magnetic fields and different biochar to iron oxide ratios. The method developed in this work on
magnetic nanocomposite synthesis will not only facilitate the research progress of magnetic nanocom-
posite synthesis but also provide an alternative technique to be used in magnetic concentration cells.
© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Biochar is carbon rich residue produced through pyrolysis of
biomass in the absence of oxygen, and, biochar could help CO,
removal and mitigate climate change [1-6]. With porous proper-
ties, biochar has attracted increasing attention with many appli-
cants, such as pollutant removal, cathode materials in battery
and soil fertility [7-12]. Magnetic modification is one of most hot
topics in biochar research, which combines the magnetic proper-
ties and high surface area of biochar, leading to novel applications
[13,14]. The synthesis of magnetic nanocomposites is usually
achieved by decomposition of iron salt into oxide in presence of
biomass material during pyrolysis [15]. Iron oxide nanoparticles
are synthesized in the presence of biochar. However, this process
requires high temperature annealing, long reaction time, and the
production of iron oxide nanoparticles cannot be controlled due
to the nature of inorganic iron salt decomposition reaction. New
magnetic nanocomposite synthesis is very necessary for magnetic
nanocomposite research. Microwave is one of the novel technolo-
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gies for magnetic nanocomposite synthesis with the advantage of
short time consuming and high production yield. Yap et al.
reported the synthesis of magnetic nanocomposites by pyrolysis
of mixture of biomass (coconut shells) and FeCl;-6H,0 in micro-
wave muffle system oven [16]. Zubrik et al. also reported the pyrol-
ysis of the mixture of biomass (wheat straw) and ferrofluid, and
successfully produced the magnetic nanocomposites with various
Fe-bearing phase with size from several to 100 nm [17]. However,
it is hard to control the magnetic properties of the magnetic
nanocomposites by their methods, and the size distribution of their
magnetic nanoparticles is very large, which influence the applica-
tion of magnetic nanocomposites.

In addition, magnetic electrolyte concentration cells based on
magnetic nanoparticles have been reported for energy storage,
producing voltage and current output controlled by a large concen-
tration gradient realized with external magnetic field switching
[18]. Magnetic nanoparticles passivated by surface ligands, such
as citric acid ligands, are used as electrolytes in magnetic concen-
tration cells. Under external magnetic field, magnetic nanoparti-
cles, as ligand carriers, coated by citric acid ligands will be
attracted, and a large citric acid concentration gradient will be
created and, which can induce current/voltage generation.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The magnetic concentration cells are recyclable, low-cost, environ-
mental friendly and fast responsible compared with the conven-
tional concentration cells [18]. Magnetic concentration cells
performance is dictated by the magnetic properties and surface
area of the ligand carriers. The magnetic nanocomposites with
excellent magnetic properties and large surface area is promising
for magnetic concentration cell application.

In this work, a novel method is developed to prepare magnetic
nanocomposites by microwave method, with Fe(acac)s, oleylamine
(OAm), oleic acid (OA) and biochar. This method takes several mins
and does not need high temperature annealing process. The
nanoparticle growth can be controlled by microwave time and
OAm to OA ratio. The iron oxide nanoparticles grow on biochar
structure forming iron oxide/biochar composite. By this method,
the magnetic nanoparticles can be controlled in terms of size,
and structure, which may tune the magnetic properties of the mag-
netic nanocomposites. Meanwhile, magnetic nanocomposites with
large surface area modified with citric acid ligands are used as elec-
trolytes in magnetic concentration cells. Voltage output is con-
trolled by different external magnetic fields and magnetic
nanocomposites with different iron oxide nanoparticles.

2. Method
2.1. Experimental

Fe,0; based magnetic nanocomposites were prepared by
microwave method. In a typical synthesis, a mixture solution of
OAm from TCI, OA from Alfa Aesar with certain ratio was prepared
in a beaker. Then, Fe(acac); from Alfa Aesar and Biochar from Bio-
char Now (gridded and sieved to 200 mesh) were added to the
above mixture solution. Then, the mixture was heated by micro-
wave oven (Hamilton Beach) for different time. The solution was
cooled down to room temperature, and iron oxide nanoparticles
or magnetic nanocomposites were precipitated by adding ethanol.
The product was washed five times by toluene and methanol and
then dried under vacuum. Table 1 shows the experimental param-
eters of the reaction and the sample information.

2.2. Measurements

Powder X-ray diffraction (XRD) data were recorded by Rigaku
MiniFlex 600 X-ray Diffractometer. The magnetic hysteresis
(M-H) loop measurements of the magnetic nanocomposites pow-
der samples were carried out on a Physical Properties Measure-
ment System (PPMS) (Quantum Design). Transmission electron
microscope (TEM) images were obtained by a JEM-1011 Transmis-
sion Electron Microscope (JEOL) and FEI Tecnai G2 F20 Transmis-
sion Electron Microscope. For TEM test of magnetic
nanocomposites, samples are re-gridded and re-suspended in
water, aging for a while, then the supernatant is used to prepare
TEM measurements Energy Dispersive Spectroscopy (EDS) results
were collected on Scanning Electron Microscopy (TESCAN LYRA3).

Table 1
Sample informations.

2.3. Concentration cell test

Concentration cell container was made by attaching copper
sheets (0.4 mm thickness) as electrodes by glue on the two ends
of a plastic container (3.4 cm x 1.0 cm), the distance between
these two electrodes is 1.0 cm. The Fe,0s/biochar nanocomposites
was soaked in citric acid ethnol solution for 10 min. Then filled the
container with citric acid ethnol solution and Fe,0s/biochar
nanocomposites. Voltage signals were measured by a CHI 604E
electrochemical workstation. Magnetic fields provided by a magnet
(from Master Magnetics) was used to switch directions every 20 s.

3. Results and discussion

Fig. 1a shows the reaction schematic diagram used in this work.
Iron oxide nanoparticles will be produced during microwave using
OAm, OA and Fe(acac)s. It was reported that OAm and OA can be
used to control the metal oxide nanoparticle growth in terms of
size, structure, and morphology. It is believed that OAm could play
as the reductant as well as the weak capping agent, and the OA
could play as the capping agent [19-21]. Microwave is a very
promising technique to synthesize nanoparticles due to shorter
reaction time and high reproducibility [22]. Therefore, microwave
technique was used here as a fast route to prepare magnetic
nanocomposites by iron oxide in the presence of biochar. Iron
oxide nanoparticles will grow on biochar structure to form iron
oxide/biochar composite, which provide a strategy to control the
properties of magnetic nanoparticles on magnetic nanocomposites.
Fig. 1b-d shows TEM images of S1, S2 and S3 respectively.
Monodispersed spherical nanoparticles can be observed in the
Figure. The insets exhibit the corresponding size distribution ana-
lyzed by Nanomeasure software. The average sizes of S1, S2 and S3
are 6 nm, 7 nm and 9 nm respectively, which can be understood by
the increased ratio of Fe to organic ligands. According to Patel’s
suggestion, higher ratio of Fe to ligands leads to higher concentra-
tion of Fe ions in the microwave precursor, which will provide
more Fe* jons to form iron oxide nanoparticles [23]. Different
OAm to OA ratios and microwave time are also used to control iron
oxide nanoparticle growth. Fig. 1e and f presents the TEM images
and size distribution of S4 and S5, which was prepared with differ-
ent microwave and different ratio of OAm to OA. The mean size of
S4 is 12 nm, which is larger than that of S2 (7 nm) indicating iron
oxide nanoparticles grow larger as the microwave time increases.
It is reported that different capping capabilities of OAm and OA
can cause selective facet passivation during nanoparticle growth,
which can result in different nanoparticle morphology [19-21].
However, it can be seen that the nanoparticle shape does not
change that much as the ratio of OAm to OA varies from our
results, the average size of S5 is also 12 nm. The increased particle
size compared to S2 (7 nm) can be attributed to absence of OA in
the reaction. OAm has weaker capping capability compared to
OA [19-21], which leads to larger nanoparticles as only OAm used
to passivate the nanoparticles.

Sample name Fe (g) OAm (mmol) OA (mmol) Biochar (g) Microwave time (min) Mean size (nm)
S1 0.5 115 12.2 0 10 6

S2 1 115 12.2 0 10 7

S3 2 11.5 12.2 0 10 9

S4 1 11.5 12.2 0 30 12

S5 1 23.0 0 0 10 12

S2-B 1 115 12.2 1 10 7

S6-B 1 115 12.2 0.5 10 17

S7-B 1 115 12.2 0.25 10 10
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Fig. 1. (a) The microwave synthesis mechanism of iron oxide by Fe(acac)s;, OAm, and OA. (b)-(f) show the TEM images S1, S2, S3, S4, and S5 respectively. The insets of b, ¢, d, e

and f exhibit the corresponding size distribution.

Magnetic nanocomposites were obtained by adding the biochar
into the iron oxide microwave precursor. Fig. 2 shows the results of
iron oxide/biochar. In Fig. 2a, typical porous structure can be
observed indicating the large surface area of the biochar. TEM
images of magnetic nanocomposite S2-B are shown in Fig. 2b
and c. Irregular shape biochar is shown in the TEM images, and
porous structure is missing. This is attributed to the broken
biochar. Typically, two types of structure can be observed by
TEM study. Block structures and fiber structures are exhibited in
Fig. 2b and c respectively. Composite structure is confirmed by
the TEM images. Smaller nanoparticles and large transparent struc-
tures can be observed. The smaller nanoparticles are iron oxide
nanoparticles, and the large structure is biochar. Iron oxide
nanoparticles are attached onto biochar, indicating that the com-
posite structure were successfully formed. There are still some free
iron oxide nanoparticles in the TEM image which does not affect
the overall magnetic nanocomposite properties significantly. Dif-
ferent ratios of iron oxide to biochar are designed to control the
magnetic properties of the obtained magnetic nanocomposites
and the iron oxide nanoparticle growth. Fig. 2d and e shows the
TEM images of S6-B and S7-B iron oxide/biochar with less biochar
component compared to Fig. 2b and c. The size distribution infor-
mation is exhibited in the inset of the Figures. The average sizes of
S6-B and S7-B are 17 nm and 10 nm respectively. For S2, S7-B and
S6 B, the average size of the iron oxide nanoparticles increases
from 7 nm to 17 nm as the biochar component increases from 0 g
to 0.5 g. Then as the biochar component further increases to 1g
(S2-B), the average size decreases. Two mechanisms compete with
each other as the biochar component increases. First, iron oxide
nuclei will get close to each other as biochar is added to the solu-
tion due to the same volume utilized in all the reactions, leading to
increased nanoparticle size. Second, more biochar in the micro-
wave precursor absorbs more microwave energy, resulting in less
energy applied to Fe(acac); precursor and smaller nanoparticles.
The two above mechanisms explain the trend of nanoparticle size
influenced by the amount of biochar. The phase structure of the

biochar and the prepared magnetic nanocomposites are studied
by powder XRD technique. Fig. 2f shows the XRD diffraction pat-
ters of sample S2-B, S7-B and bare biochar. The diffraction peaks
of biochar at 20.9°, 21.26°, 26.66° and 27.54° are from quartz, syl-
vite and calcite according to the literature [24], indicating that
these inorganic phases are involved in the biochar during produc-
tion. S7-B shows clear diffraction peaks at 30.3°, 35.7°, 43.3°, 53.8°,
57.4°, and 63.0°, which are assigned to (2,0,6), (1,1,9), (0,0,12),
(22,12), (1,1,15), (4,/4,12) of y-Fe,0; (JCPDS25-1402) [25,26].
S2-B exhibits one peak from y-Fe,03 at 35.7° only, which is attrib-
uted to the limited amount of Fe(acac)s; starting materials in the
S2-B synthesis process compared to that of S7-B. In S2-B and S7-
B samples, the diffraction features of biochar are also observed,
and no additional peaks formed. The above discussion suggests
that our microwave process can produce pure y-Fe,0; and does
not destroy biochar structure, leading to magnetic nanocomposite
synthesis. To study the stability of iron oxide/biochar composition,
the magnetic nanocomposites have been suspended in ethanol
with strong stirring for 10 min. The TEM pictures from before
and after stirring show no significant difference, which indicates
that the iron oxide nanoparticles are firmly attached onto the bio-
char, and cannot be easily removed (Fig. S1). To confirm the com-
posite structure, SEM EDX element mapping data are acquired and
shown in Fig. 2g-i. Fig. 2h and i show the carbon and iron element
mapping images respectively. It can be seen that the carbon and
iron element images are consistent with the raw SEM image in
Fig. 2g, indicating the homogeneous distribution of iron oxide in
the biochar structure and the successful composite structure.

The iron oxide-biochar nanocomposites were synthesized by
microwave assisted thermal decomposition of Fe(acac)s in the
mixture of OAm and OA in present of biochar, as shown in Fig. 3.
It is reported that OA plays as the capping agent, while OAm plays
as both the reducing and capping agents as the reaction is in the
absence of oxygen [27]. Sun et al. prepared FeO nanoparticles by
the decomposition of Fe(aca); in the presence of OAm and OA
under inert gas Ar protection [28]. However, in this work, reducing
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Fig. 2. (a) SEM image of biochar used in this work. (b) and (c) show TEM images of different structures of S2-B magnetic nanocomposites composed of iron oxide and biochar.
(d) Shows the TEM image of sample S6-B and corresponding size distribution. (e) Shows TEM image of sample S7-B and corresponding size distribution. f shows the XRD
diffraction patterns of S2-B, S7-B and biochar. (g)-(i) Show the SEM EDX element mapping images. (g) is SEM image. (h) is carbon element mapping image. (i) is iron element
mapping image.
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Fig. 3. Magnetic nanocomposites growth mechanism.
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effect of OAm is not observed. It is possible that oxygen in the air
decreases the reducing effect of OAm, leading to the production
of Fe;03 nanoparticles. With energy from microwave, the mixture
was heated up to high temperature in several seconds. y-Fe,;03
seeds were formed in the biochar structure in the solution at the
first stage of the reaction. Then large nanoparticles were produced
by consuming the seeds in the biochar framework, leading to
nanocomposite structure. Finally, y-Fe,O3; nanoparticle growth
was terminated by the surface passivants including OAm and OA,
leading to the nanocomposite production in biochar structure. It
is reported that the sizes and morphology of nanoparticles can
be controlled by the organic passivants, typically OAm and OA,
due to the selective facet capping capabilities [19,29,30]. However,
in this work, only sizes of the nanoparticles can be tuned by the
reaction parameters including the ratios of ligands and microwave
time. Usually, it is hard to prepare magnetic nanoparticles with dif-
ferent shapes. This can be explained by the relative week capping
capabilities of the ligands compared to the crystal structure
anisotropy.

The magnetic nanocomposite with large surface area due to
porous structure from biochar and magnetic properties from iron
oxide enable its application on magnetic concentration cells, where
citric acid ligands are adsorbed on magnetic nanocomposites to
generate large concentration gradient of the ligands by external
magnetic field. Fig. 4a shows room temperature magnetic hystere-
sis loop of the prepared magnetic nanocomposite S2-B. The inset
shows a photograph of the prepared magnetic nanocomposites in
an ethanol solution attracted by an external magnetic field. From
the hysteresis loop, it can be observed that the coercivity and sat-
uration magnetic moment are zero and 0.0032 emu/g respectively.
The zero coercivity suggests superparamagnetic behavior of the
v-Fe,03 nanoparticles and is consistent with the published results
[31,32]. The small saturation magnetic moment is attributed to the

mass of biochar in magnetic nanocomposites, which does not con-
tribute to the magnetic moment. Fig. 4b shows the S2-B magnetic
concentration cell device performance operated under different
magnetic fields. The voltage output is about 0.005 V as the external
field is 600 Oe. The voltage output increases to 0.006 V as the
external field increases to 1300 Oe. ~0.01V voltage output is
exhibited as the external field increases to 4600 Oe. As large mag-
netic field is used to the magnetic concentration cell, the maximum
voltage output increases which can be ascribed to the strong
attraction of magnetic nanocomposites, which, resulting in
increased concentration gradient and large voltage output. Fig. 4c
shows the voltage ramping time of the S2-B device performance
under different external magnetic fields. As 200 Oe is applied to
the device, no voltage output can be detected due to the external
field is too small to move the magnetic nanocomposites. The ramp-
ing time is determined by the diffusion speed of magnetic
nanocomposites under the external magnetic field. A small mag-
netic field causes a slow diffusion of magnetic nanocomposites,
leading to a longer ramping time compared to that of the large
magnetic field. Therefore, shorter ramping time is observed for
the large field 4600 Oe in comparison with small field 600 Oe.
Fig. 4d shows the performance of the devices based on S2-B and
S7-B measured by the same external magnetic field 4600 Oe. Small
voltage output of 0.025V is observed for the S7-B based device
compared to 0.01V for that of S2-B based device. This can be
explained by the relative large amount of biochar in S2-B sample.
Yan et al. studied the concentration cells with Fes04 as carrier,
and got the hight output voltage about 0.5V [33]. We studied
the concentration cell with cobalt ferrite (CFO) nanocrystals as car-
riers, and reported the voltage output of 60 mV for CFO nanocrystal
with size of 10 nm, and voltage output decreased to 20 mV for CFO
nanocrystal with size of 110 nm. This decreased performance is
attributed to reduced surface area [34]. We used NiFe,;04
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Fig. 4. (a) Magnetic hysteresis loop of magnetic nanocomposites S2-B. The left inset shows a photograph image of a magnetic nanocomposites in an aqueous solution
attracted by external magnetic field. The right inset shows the schematic of a magnetic concentration cell. (b) Magnetic concentration cell voltage output of device based on
S2-B under different magnetic fields. (c) Voltage ramping time of the S2-B device switched by different magnetic fields. (d) Magnetic concentration cell voltage output of the

devices based on S2-B and S7-B.
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nanoparticle as carrier for concentration cells, and obtained the
output voltage of 0.04V with nanoparticle size of 30 nm, and
0.02 V with size of 200 nm [35]. In this work, our concentration
cells with Fe,03/biochar nanocomposites as carrier showed com-
parable results compared to our previous results. Citric acid ligands
can be adsorbed by iron oxide nanoparticles and biochar. The low
voltage output is attributed to the low concentration gradient
caused by some free biochar or the inhomogeneous distribution
of iron oxide nanoparticles in biochar matrix.

4. Conclusion

In this work, a microwave method has been developed to syn-
thesize magnetic nanocomposites via Fe(acac); and biochar in
organic ligands OAm and OA. Composite structure of iron oxide/
biochar is obtained in several minutes due to the fast reaction by
microwave technique. The size of iron oxide nanoparticles
(6-17 nm) can be controlled by the reaction parameters including
microwave time and organic ligand ratio. By this method, high
temperature annealing process is avoided, and this developed
method provide a platform to control the nanoparticle growth
compared to the traditional method for preparing magnetic
nanocomposites. The applications of the prepared magnetic
nanocomposites in magnetic concentration cells has been studied.
~0.01 V voltage output is obtained by the device based on sample
S7-B. Further studies are needed to optimize the device
performance.
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