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Spherical MnFe,O,4 colloidal nanocrystal assemblies (CNAs) with different sizes were controllably fabricated

on a wood substrate using a solvothermal method through a bottom-up pathway. The sizes of the spherical

MnFe,O4, which ranged from 50 nm to 360 nm, could be simply adjusted by a synthetic reagent in the

MnFe,O4 CNAs solution composed of primary crystalline with sizes of 12.7-32.4 nm. By studying the
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fabrication and growth behaviors of spherical MnFe,O,4 during the solvothermal reaction, the MnFe,O,4/

wood composite was successfully synthesized with effective microwave absorption property. Moreover,
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1. Introduction

Nowadays, with the rapid development of electronic equipment
in the commercial, military, and scientific fields and the
extensive use of various electronic devices in daily life, micro-
wave interference (EMI) pollution, which interferes with the
smooth operation of electronic devices as well as the health of
human beings, has become a serious problem.”® To overcome
the troubles caused by EMI pollution, considerable efforts have
been dedicated to develop highly efficient microwave absorp-
tion materials with low density, low thickness, and strong
absorption over a broad frequency range.* Traditional materials
used to prevent EMI pollution are mainly metal powder,
graphite or ferrite.>® These materials are generally prone to
oxidization, have low/poor acid resistance, and easily lose their
efficiency after long use. With the development of nanotech-
nology, a great deal of nanomaterials have been explored to act
as effective microwave absorbers, including y-Fe,03,”® Fe;04,>"°
ZnO,** CuS,"” MnO,," ZnFe,0,4,'*** CoFe,0,4,'" and MnFe,0,."”
Researchers have demonstrated that nanomaterials having
a very low content ratio could form an ideal shield against EMI
pollution. Among these nanomaterials, spinel MnFe,O, has
received great interest in preventing EMI pollution as a micro-
wave absorption material because of its excellent magnetic
performance, thermal stability, photoelectrochemical behavior,
and relative nontoxicity.**">?
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the as-prepared MnFe,O4/wood hybrids exhibited an effective microwave absorption bandwidth and the
minimum reflection loss of composite reached —12 dB at 15.52 GHz.

Wood is perhaps nature's most wonderful gift to humanity, its
versatile character providing unlimited scope for property
manipulation and product development to suit diverse applica-
tions.*** Aesthetic superiority, uniform finish, property
enhancement, and reduced maintenance have made wood an
attractive substitute for costly metals and alloys in large-scale
applications in many industries. However, compared to tradi-
tional microwave absorption materials, wood is nonmagnetic; its
negative microwave absorption properties are mostly due to the
dielectric loss. Therefore, magnetic wood-based composites
would be useful as a new microwave-absorbing material because
of its desirable physical and chemical properties, including heat
and sound insulation, high ratio of strength to weight, low
density, and good processability. Our previous studies have
confirmed that the hydrothermal method is a facile method for
the growth of inorganic nanomaterials and magnetic nano-
materials on wood surface.>*?® Herein, based on these previous
foundations, a new design of magnetic wood with superior
microwave absorption property is proposed using a solvothermal
method. Subsequently, in the present study, MnFe,O, as the
designed object was successfully deposited on the wood substrate
using the solvothermal method through a bottom-up pathway.
The MnFe,04/wood composite with effective microwave absorp-
tion was successfully synthesized by studying the fabrication and
growth behaviors of spherical MnFe,O, during the process of the
solvothermal reaction. The as-prepared MnFe,O,/wood hybrids
exhibited an effective microwave absorption bandwidth, and the
minimum reflection loss of the composite reached —12 dB at
15.52 GHz. This MnFe,O, can be considered as an effective
microwave absorption material in indoor applications.

This journal is © The Royal Society of Chemistry 2017
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2. Experimental
2.1 Materials

All the chemicals were supplied by Sigma-Aldrich and used
without further purification. The wood samples (Cunninghamia
lanceolata) were collected from Zhejiang A&F University. Wood
samples with sizes of 10 mm (length) x 10 mm (width) x 10
mm (height) were ultrasonically rinsed in deionized water,
acetone and ethyl alcohol for 10 min and then dried at 80 °C for
12 h in vacuum.

2.2 Synthesis of MnFe,0, colloidal nanocrystal assemblies
on a wood substrate

In a typical synthesis, FeCl;-6H,O and MnCl,-4H,0 with
a stoichiometric ratio of 2:1 were dissolved in 100 mL of
ethylene glycol solution under magnetic stirring at room
temperature. After 10 min, different dosages of HCOONa-2H,0
were added with continuous stirring until the solution became
clear. The solution was labelled as M. Solutions with different
dosages of HCOONa-2H,0 were obtained and labelled as M;
(0.17 g), M, (0.34 g), M; (0.68 g), M, (1.36 g), and M; (2.72 g).
Because of the complete absence of MnFe,0, CNAs formed on
the wood substrate when the dosage of HCOONa-2H,0O was
zero, this process was not discussed in the current paper.
MnFe,0, CNAs were coated on a wood substrate by dip-coating
from the abovementioned M solution at a withdrawing speed of
0.1 mm s '. After that, the obtained samples were dried at
120 °C for 10 min. This process was repeated 5 times. Subse-
quently, the obtained wood samples were placed into the cor-
responding M solutions and transferred into a 150 mL Teflon-
lined autoclave. The autoclave was sealed and maintained at
130 °C for 8 h, then cooled to room temperature naturally.
Finally, the prepared wood samples were removed from the
solution, washed by deionized water and ethyl alcohol for 10
minutes and then dried at 45 °C for 24 hours in vacuum. The
finally prepared wood samples based on the different M solu-
tions were marked as M;W, M,W, M;W, M,W, and M;W.

The dynamic growth mechanism of the MnFe,O, CNAs
formed onto the wood substrate: to illuminate the dynamic
formation processes of these spherical MnFe,O, CNAs on the
wood substrate, the intermediate products were selectively
collected by controlling the reaction time from the synthetic
process of the MnFe,0, CNAs-modified wood sample. Take the
synthetic process of M;W as a typical sample, the precipitate as
the intermediate products were collected from the autoclave after
the removal of the wood sample at certain time. The intermediate
product was washed with deionized water and ethyl alcohol, and
dried at 80 °C for 6 hours in vacuum. The selected samples were
labeled as M5W_1, M;W_3, M;W_5, and M;W_8. The numbers in
the sample label indicate the duration of the reaction under
solvothermal conditions (in hours). For instance, M;W_1 is the
sample obtained after 1 h of the synthetic reaction.

2.3 Characterizations

The surface morphologies of the samples were characterized by
scanning electron microscopy (SEM, FEI, Quanta 200) and
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transmission electron microscopy (TEM, FEI, Tecnai G20).
Crystalline structures of the samples were identified using the
X-ray diffraction technique (XRD, Rigaku, D/MAX 2200) oper-
ating using Cu Ko radiation (1 = 1.5418 A) at a scan rate (26) of
4° min~', an accelerating voltage of 40 kv and an applied
current of 30 mA ranging from 10° to 80°. XPS analysis was
performed using an X-ray photoelectron spectrometer (ESCA-
LAB 250 XI, Thermofisher Co). The concentration of Mn** and
Fe** in the aqueous solution was analyzed using the inductively
coupled plasma (ICP) technique (Agilent ICP-MS 7500 ce, Santa
Clara, CA). The magnetic properties of the composites were
measured using a superconducting quantum interference
device (VSM, LakeShore, Model 7404, USA) at 300 K. The
microwave parameters of the samples were measured at 2-18
GHz with an AV3618 network analyzer. The reflection losses R
(dB) of the composites were calculated according to the trans-
mission line theory, using the measured data of the relative
complex permeability and permittivity.

3. Results and discussion

Fig. 1 shows the XRD patterns of the wood sample and the
synthetic MnFe,0, CNAs-modified wood samples. The as-made
wood samples with different added dosage of the synthetic
regent were named as M W, MW, M;W, M,W, and Ms;W. The
diffraction peaks at 26 values of 16° and 22° were assigned to the
crystalline region of the cellulose in the wood sample®*°
(Fig. 1a). In Fig. 1c-g, new strong diffraction peaks are observed
in all the as-prepared wood samples, which indicated the
formation of new crystal structures on the treated wood
substrate. These peaks were consistent with those of pure
MnFe,0, (Fig. 1a). These new diffraction peaks were well
indexed to the cubic spinel structure of MnFe,O, (JCPDS 10-
0319). Additionally, the diffractive peaks at 26 values of 30.3°,
35.6°, 43.3°, 57.1° and 62.8° could be attributed to the (220),
(311), (400), (511) and (440) planes, respectively, of the cubic
spinel MnFe,0,.** Simultaneously, the diffractive peaks of the

® wood
v MnFe,O,
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Fig.1 XRD patterns of (a) pure MnFe,Oy,, (b) wood sample, (c) M;W, (d)
MLW, (e) MzW, (f) MaW and (g) MsW.
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MnFe,0, CNAs-modified wood samples were gradually sharper
and narrower, which indicated that the crystal size of the
MnFe,0, CNAs deposited onto the wood substrate presented
a gradually enlarged order. These results also could be
confirmed by using the Scherrer equation.*” The calculated
grain sizes of MW, M,W, M;W, M,W, and MsW based on the
measurements of the full width at half-maximum (fwhm) of the
(311) peaks were about 8.2, 12.7, 17.6, 28.2, and 32.4 nm,
respectively.

To further investigate the morphology of the MnFe,0, CNAs
deposited onto the wood substrate, we took SEM images of the
wood sample and the MnFe,0, CNAs-modified wood samples,
as shown in Fig. 2. In Fig. 2a, clean and smooth wood with some
pits and fibrils can be clearly observed on the pristine wood
surface. Comparing Fig. 2b—f, it was observed that the spherical
MnFe,0, CNAs with different particle sizes displayed a uniform
covering on the wood surface, indicating that MnFe,0, colloidal
nanocrystal assemblies (CNAs) with different submicrometer
sizes could be controllably fabricated on the wood substrate
using a solvothermal method through a bottom-up pathway.
Meanwhile, the sizes of these MnFe,O, CNAs increased signif-
icantly by the addition of sodium formate into the synthetic
systems. In Fig. 2b—f, the average sizes were about 50, 90, 140,
155, and 360 nm for M;W, M,W, M;W, M,W, and MsW,
respectively. In other words, the addition of sodium formate
might lead to the increase of the MnFe,0, CNAs deposited onto
the wood substrate. This phenomenon implied that these
MnFe,0, CNAs were formed on the wood substrate from the
assembly of large nanocrystals, which were similar to those
previously reported.

XPS analysis was also performed to gain further under-
standing of the mechanism of interfacial bonding between the

Fig. 2 SEM images of (a) wood sample, (b) MW, (c) M,W, (d) MsW, (e)
M4W and (f) MsW.
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wood substrate and MnFe,0,. Fig. 3a shows the wide XPS
spectrum of the wood and M;W. The survey-scan spectrum of
the M;W revealed the presence of Mn, Fe, O and C. Among
them, C and some O may originate from the wood substrate and
the MnFe,0, CNAs provided Mn, Fe and other O. In the spec-
trum, the largest carbon peak was by far the strongest, resulting
from the photoelectrons ejected from the oxygen 1s orbital.
Similarly, several oxygen peaks were observed and the O 1s
predominates.

Fig. 3b shows the Fe 2p spectrum and the Mn 2p spectrum.
The binding energies of 724.93 eV and 711.33 eV for Fe 2p were
ascribed to Fe 2p1/2 and Fe 2p3/2, respectively, indicating the
presence of Fe*" cations.*® Then, the binding energies of
653.48 eV and 641.78 eV for Mn 2p could be ascribed to Mn 2p1/
2 and Mn 2p3/2 of Mn*", respectively.* The atomic ratio of Fe
and O was about 2.6 : 1, suggesting that the MnFe,O, CNAs
were successfully located on the wood substrate.

Fig. 3c presents two types of oxygen species in the O 1s
spectrum of the wood and M;W samples. The O 1s spectrum
was divided into two in the wood-O 1s spectrum. The domi-
nant peak in this spectrum at 533.98 eV was ascribed to the
carbon-oxygen bond from cellulose, hemicellulose and lignin
on the wood substrate. The other weak peak at 531.5 eV was
attributed to oxygen in the OH groups, including the adsor-
bed water and free hydroxyl of the cellulose. The broad peak
of the M;W-O 1s spectrum could be fitted by three peaks
at binding energies of 533.33, 531.55 and 530.33 eV, res-
pectively. Among them, the peak in the M;W spectrum at
530.33 eV was attributed to the metal-oxygen bond such as
Fe-O and Mn-O from the MnFe,0, CNAs.** Comparing the
wood sample, the peak in the M;W spectrum at 531.55 eV
appeared, which could be assigned to hydroxyl bonded on
metal (M-OH) (M: Mn or Fe). Therefore, these results also
provided the basis for the wood substrate combining with
the MnFe,O, CNAs by forming hydrogen bonds during the
absorption process.
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Fig.3 (a) Survey-scan XPS spectra of the wood and M3zW. (b) Fe 2p and

Mn 2p XPS spectra of MsW, (c) O 1s and (d) C 1s XPS spectra of wood
and MzW.
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Fig. 3d illustrates the C 1s spectrum, which shows four types
of carbon species. The peaks at 289.20 eV (wood) and 289.65 eV
(M3W) correspond to the carboxyl functional group O=C-O,
which originates from the hemicellulose, lignin and fatty acid
extracts on the wood substrate. Similarly, the peaks at
288.41 eV, 286.84 eV and 284.90 eV on the M;W spectrum were
assigned to the O-C-O or C=0 bonds, C-O bonds and C-C
bonds, respectively, which were derived from the three main
components of the wood substrate. Among them, the O=C-O
and C-C peaks were obviously weaker after the solvothermal
process, which possibly implied that the fatty acids in the wood
had been dissolved under the alkaline conditions and provided
a higher polarity and surface activity of wood.

The compositions of the reaction media are essential to
understand the dynamic evolution processes of the MnFe,O,
CNAs formed onto the wood substrate via a bottom-up method.
For the M;W sample with 0.68 g sodium formate, the changes in
the compositions in the media during the reaction time were
measured, and the obtained dynamic compositional changes
together with the corresponding crystal structures and
morphological images were used to demonstrate the formation
mechanism of the MnFe,O, CNAs formed on the wood
substrate. Fig. 4 exhibits the dynamic compositional changes of
the reaction media during the solvothermal synthesis of
MnFe,0, CNAs on the wood substrate. The entire reaction
process was divided into four development stages (S1: 0-1 h; S2:
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Fig. 4 Compositional changes of the reaction media against reaction
time for the solvothermal processes of MzW at different times. (a) The
plots of pH, (b) the total concentration of manganese ions, (c) the total
concentration of iron species in the given time. In this experiment, to
obtain continuous compositional changes in the reaction media, the
sampling points were increased during the entire reaction process.
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1-3 h; S3: 3-5 h; S4: 5-8 h) according to the preset reaction
duration. Apparently, irrespective of the pH values in the reac-
tion media or the total concentrations of the manganese ions
and iron species, the trends of the dynamic compositional
changes were all similar, which first rapidly decreased and then
slowly appeared stable. For the S1 stage, the pH, the concen-
tration of manganese ions, and the iron species rapidly
decreased (Fig. 4a—c). The pH values decreased rapidly from the
initial value of 10.02 to 8.85; the manganese ions and iron
species nearly followed the stoichiometric ratio of 2 : 1. The
corresponding morphological images and the diffraction
features are given in Fig. 5a (1 h) and Fig. 5b (1 h). As depicted in
Fig. 5a (1 h), flocculent products with no specific shape were
obtained. Hardly any diffraction peaks could be observed, as
shown in Fig. 5b (1 h). Such dramatic compositional changes
were due to the rapid formation of complex ions of Mn*" and
Fe*" in the alkaline surrounding, as shown in eqn (1).%°

Mn** + 2Fe*" + 8OH™ — MnFe,0, + 4H,0 (1)

When the reaction proceeded to S2 (1 h to 3 h), the pH
values, the concentration of manganese ions, and the iron
species decreased less rapidly (Fig. 4a—c). The corresponding
morphological images and the diffraction features are given in
Fig. 5a (3 h) and Fig. 5b (3 h). In Fig. 5a (3 h), some spindle-like
or sheet-like shapes were visible, accompanied with an obvious
tendency for agglomeration. In Fig. 5b (3 h), weak diffraction
peaks belonging to MnFe,O, (JCPDS 10-0319) could be
observed, suggesting that phase transformation occurred from
the ferric oxide to the manganese ferrite phase during the
continuous synthesis process.

In stage S3 shown in Fig. 4a-c, the pH values, the concen-
tration of manganese ions, and the iron species gradually
decreased to a further stable level. The corresponding TEM
images in Fig. 5a (5 h) show some nanoparticles and less
spherical MnFe,0, CNAs were clearly observed. Obviously, the
diffraction peaks in Fig. 5b (5 h) become much stronger than
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Fig. 5 (a) TEM images of the intermediate products obtained from the
prepared process of MzW at different reaction times. (b) X-ray
diffraction (XRD) analysis of MsW at the corresponding reacting time.
XRD patters of (1 h) MsW_1, (3 h) MsW_3, (5 h) MsW_5, and (8 h)
MzW_8. (c) Schematic illustration of the formation of MnFe,O4 CNAs
at the corresponding reacting time.
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those shown in Fig. 5b (1 h) and Fig. 5b (3 h). Combining all the
analyzed results, it is observed that the spherical MnFe,O, CNAs
has already formed, which might undergo the process of
dissolution-reorganization-formation.

When the reaction time was increased from 5 h to 8 h, the
changes in the reaction solution composition was found to be
insignificant, which suggests a steady-state of MnFe,O, was
reached (Fig. 4a-c). Moreover, a pure manganese ferrite phase
with distinct and strong diffraction peaks was obtained, as
shown in Fig. 5b (8 h). Furthermore, only spherical MnFe,0,
CNAs with about 150 nm were clearly obtained, which was in
good agreement with the SEM results (Fig. 1d). Furthermore,
the surface of these ferrite CNAs was found to be enclosed by the
MnFe,0, nanoparticles, as shown in the enlarged TEM image in
the inset in Fig. 5a (8 h). In the upper right corner in Fig. 5a (8
h), the selected area electron diffraction (SAED) patterns of
M;W_8 showed bright arc-like diffraction spots with an ellip-
tical shape, which was the diffraction characteristics of the
CNAs of manganese ferrite and magnetite. It was also demon-
strated that the MnFe,O0, CNAs of M;W_8 was constructed by
the ordered assembly of primary crystal grains with a size of
about 18.2 nm calculated by the corresponding XRD results in
Fig. 5b (8 h). According to the Ostwald ripening rule, the growth
of the spherical MnFe,0, particles occurs at the expense of the
spindle-like or sheet-like structures. The high surface energy of
these small particles was reduced through preferred orienta-
tions under the solvothermal condition. Certainly, the electro-
static interactions between the manganese ions and the iron
species also play an important role in the formation of
manganese ferrite nanoparticle clusters. With the reaction
duration extended, the submicrometer uniform MnFe,O, CNAs
finally formed and matured. Based on all the characterizations
and analyses discussed above, the formation mechanisms of
the CNAs were proposed and are illustrated in Fig. 5c.

According to the previous results, the possible formation
mechanism of the MnFe,O0, CNAs deposited onto the wood
substrate is illustrated in Fig. 6. Initially, when the precursors
were dissolved in ethylene glycol, a large amount of Mn** and
Fe®" ions were produced (Fig. 6a). With the addition of sodium
formate, the Mn>" and Fe®" ions transformed into Mn hydrox-
ides and Fe hydroxides under alkaline condition, respectively
(Fig. 6b). Upon undergoing the solvothermal process, the Mn/Fe
hydroxides were associated with the pre-processed wood
substrate that after dip-coating treatment continued to grow
and form the cubic spinel MnFe,0, as the synthesis advanced
(Fig. 6¢). Because of the high surface activity and large surface-

FeCl,
MnCl,

MnFe,0, surface

< |interface between )
S MnFeO,andwood  °

Wood surface

Fig. 6 Schematic of the formation mechanism of MnFe,O,4 deposited
onto the wood substrate. (a—c) The formation process of the
MnFe,O4/wood composite.
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to-volume atomic ratio, the crystal MnFe,O, interacted with the
plentiful hydroxyl groups of wood through the hydrogen bonds
and electrostatic attraction (Fig. 6d). Hence, spherical MnFe,0,
CNAs were successfully located on the wood substrate by a low
temperature solvothermal reaction process.

Fig. 7 shows the magnetization-hysteresis (M-H) curves of
magnetic wood at 298 K. It was observed that the saturation
magnetization of M;W, M,W, M;W, M,W and MsW were 9.06
emu g ', 15.56 emu g ', 19.64 emu g, 20.32 emu g " and
25.17 emu g~ ', respectively, and all of them exhibited extremely
small hysteresis loops and low coercivity. In general, the
magnetic wood showed a typical soft magnet behavior. As the
inset shows, the results revealed that the wood sample did not
show a response to a magnet. Contrary to that, the M;W sample
could be easily removed from the desktop by a magnet, which
exhibited a sensitive magnetic response.

In order to investigate the microwave absorption property of
these samples, the reflection loss (RL) values were evaluated
according to the transmission line theory.®

Zin =2 V ,ur/er tan h P(%) V ,urer:| (2)
_ Zin - ZO
RL (dB) =20 log Z. 7 (3)

where Z;, is the input impedance of the absorber, Z, is the
impedance uu, of ¢ air and are the relative complex perme-
ability and permittivity of the absorber, respectively, f is the
frequency of microwaves, d is the thickness of the absorber and
¢ is the velocity of light. Fig. 8a shows the RL curves of wood,
pure MnFe,O, and M;W composite with a thickness of 3 mm
over the frequency range of 2-18 GHz. The minimum RL values
of wood, pure MnFe,0, and the M;W composite were —2 dB, —4
dB and —12 dB, respectively. Fig. 8b-h show the calculated
three-dimensional and color-filling patterns of reflection loss
values for the wood (b), pure MnFe,0, (c), MiW (d), M,W (e),
M;W (f), MW (g), and M;W (h) composites. Among them, the
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Fig. 7 Magnetization curves of MW, MW, MW, M,W and MsW, and
the inset shows a photograph of MzW and the pristine wood was
attracted by a magnet.
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Fig. 8 (a) Frequency dependence of reflection loss (RL) for the pristine
wood, pure MnFe,O4 and M3sW composite in the frequency range of
2-18 GHz. Three-dimensional and color-filling patterns of RL for (b)
wood, (c) pure MnFe,Oy, (d) MiW, (e) MW, (f) MsW, (g) M4W and (h)
MsW.

minimum RL values of the MW, M,W, MW and M;W
composites were —4.61 dB, —6.46 dB, —7.28 dB and —3.84 dB,
respectively, and the minimum reflection loss of the M;W
composite reached —12 dB at 15.52 GHz and the absorption
bandwidths with RL lower than —8 dB were from about 14.5
GHz to 16.5 GHz. Therefore, it was easily observed that the
reflection loss (RL) value and the absorption bandwidth of the
composite was considerably enhanced compared with the wood
sample and pure MnFe,0,, which is ascribed to the synergistic
effect of MnFe,0, and wood.

4. Conclusions

In summary, spherical MnFe,0O, colloidal nanocrystal assem-
blies were successfully deposited on a wood substrate via a sol-
vothermal method through a bottom-up pathway. The spherical
MnFe,0, with size scales ranging from 50 nm to 360 nm could
be simply adjusted through the amount of synthetic reagent
(HCOONa-2H,0) added at 130 °C for 8 h. As the dosages of
HCOONa-2H,0 increased, the degree of MnFe,0, layer density

This journal is © The Royal Society of Chemistry 2017
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and average sizes of the MnFe,O, nanoparticles gradually
increased. This formation mechanism of MnFe,0, deposited on
the wood substrate also was systematically discussed through
the dynamic evolution of the MnFe,O, intermediates at
different reaction times. More importantly, the as-prepared
MnFe,04/wood hybrids exhibited an effective microwave
absorption bandwidth and the minimum reflection loss of the
composite reached —12 dB at 15.52 GHz. This material might be
applied in indoor building materials or decoration materials
and play a positive role in reducing indoor electromagnetic
radiation pollution as a microwave absorption material.
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