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Nanostructures loaded on halloysite nanotubes (HNTs) have
attracted global interest, because the nanotubular HNTs could
extend the range of their potential applications. In this
study, we fabricated a novel nanocomposite with hollow iron
nanoparticles loaded on the surface of HNTs. The structure of
the iron nanoparticles can be adjusted by ageing time. Owing
to the increased remnant magnetization and coercivity values,
the nanocomposites loaded with hollow iron nanoparticles
showed better electromagnetic performance than that with
solid iron nanoparticles. This study opens a new pathway to
fabricate halloysite nanotubular nanocomposites that may gain
applications in the catalytic degradation of organic pollutants
and electromagnetic wave absorption.

1. Introduction

Nanotubular materials have potential applications in catalysis,
magnetic field, wastewater treatment, polymer filler and
microwave absorption due to their advantages of low-density,
high surface area, high strength and nanoencapsulation [1-3].
Halloysite is a natural aluminosilicate similar to kaolinite [4,5].
Halloysite was conventionally used to produce porcelain [6] or
as a filler for polymers [7-9]. On the other hand, its natural

© 2018 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.


http://crossmark.crossref.org/dialog/?doi=10.1098/rsos.171657&domain=pdf&date_stamp=2018-01-24
mailto:duanwei@zju.edu.cn
https://dx.doi.org/10.6084/m9.figshare.c.3967899
https://dx.doi.org/10.6084/m9.figshare.c.3967899
http://orcid.org/0000-0002-9148-8309

nanotubular structure makes it a competitive substitute for carbon nanotubes [10]. The performance
of functional materials loaded on halloysite nanotubes (HNTs) will be enhanced and their potential
applications could be extended. In addition, using natural halloysite as a raw material could enlighten
the economic utilization of naturally occurring and abundantly available minerals. Therefore, various
functional materials have been loaded into/onto the HNTs, such as TiO5 [11,12], ferrite [2,13,14], catalysts
[15-17] and drugs for controllable release and delivery [18-21]. Iron and iron alloys are important
functional materials that can be used in various fields. For instance, both Fe and Fe-alloys (such as
FeNi and FeCo) are excellent microwave absorbers due to their high magnetic loss (natural resonance,
eddy current effect or hysteresis loss) for incident microwaves [22-25]. Ascribed to their high surface
activity, they also show potential applications in wastewater treatment, e.g. rapid catalytic degradation
of organic contaminants [26-28]. In addition, previous studies suggested that materials with a hollow
interior exhibited not only improved catalytic activity and magnetic performance, but also significantly
decreased densities [29,30].

2. Results and discussion

In this study, we prepared a novel hollow iron/halloysite nanocomposite (HIH) using metal oleate as
a precursor [2,31] (electronic supplementary material). As shown in figure 1, the original halloysite
presents nanotubular structures with an inner diameter of 10-25nm and a shell thickness of 8-25nm.
When loaded with iron nanoparticles, the original morphology of HNTs was largely preserved. The inner
diameter and the shell thickness were maintained at approximately 20 nm, indicating that calcination at
450°C during preparation did not significantly destroy the structure of HNTs. Iron nanoparticles with a
diameter of 20-50 nm and an inner diameter of 10-30nm dispersed on the outer surface of HNTs. The
loading of the nanoparticles was relatively low due to the low dosage of Fe>*-oleate. HRTEM images
(figure 1c,d) indicated that the prepared iron nanoparticles mainly include hollow nanoparticles and
core/shell nanoparticles. Nevertheless, the core, shell and the hollow shell all show a basal spacing of
0.26 nm, which may be ascribed to the fact that the iron nanoparticles have been partly surface oxidized
to FepO3. The observed basal spacing of 0.26 nm was ascribed to the (311) crystal faces of Fe;O3 [32,33].

The structure of the iron nanoparticles can be adjusted by the ageing time. As shown in figure 2, with
the increase of ageing time from 4 to 24h, the structure of the nanoparticles changed gradually from
hollow (figure 2a) to a mixing of hollow and solid particles (figure 2b), and finally to all solid particles
(figure 2c). The initial morphology of HNTs was preserved during preparation. A HRTEM image on the
solid nanoparticles suggests that the basal spacings are 0.26 and 0.50 nm, respectively, corresponding to
the (311) crystal faces of Fe;O3. According to previous studies, the formation of hollow iron nanoparticles
may be attributed to the presence of residual sodium oleate in the Fe>*-oleate complex via an effect called
‘molten salt corrosion’ [33]. The Kirkendall effect may also play a role [34,35] that the hollow structure
was formed during the transformation of Fe>* -oleate complex to iron oxides, and finally to iron. Probably
due to the Kirkendall effect declining with increasing ageing time, solid iron nanoparticles predominate
at ageing time of greater than 8 h.

The crystal structures of HNTs and HIHs were investigated by X-ray diffraction (electronic
supplementary material, figure S1). The natural halloysite shows characteristic sets of peaks that can
be indexed as halloysite—10 A (H10), anhydrous halloysite (H7) and natroalunite (N). In the patterns
of HIHs, however, all these characteristic peaks have significantly decreased or disappeared, ascribed
to the dehydration and thermal destruction of HNTs during the sample preparation [36,37]. A new
peak appeared at 260 =44.6°, which can be indexed as the (110) plane of the body-centred cubic «-Fe
(JCPDF no. 65-4899). With the increase of ageing time, the intensity of this peak decreased significantly,
suggesting a declined crystallinity. In addition, a set of peaks gradually appeared with the increase of
ageing time. It can be indexed as Fe,O3; (maghemite, JCPDF no. 39-1346). Its (311) peak appeared at
20 =35.6°, corresponding to the basal spacing of 0.26 nm that was observed in the TEM images. It is
testified that the prepared iron nanoparticles have been partly oxidized. Furthermore, the remaining
peak at 20 =26.6° may be ascribed to the (003) plane of carbon (JCPDF no. 26-1079) (produced from
the carbonation of Fe?*-oleate complex) rather than the residual H10 phase. The XRD characterizations
indicate that we have successfully prepared iron/halloysite nanocomposites.

Because the structure of iron nanoparticles changes with ageing time in this study, it is suggested
that a variation of ageing time could change the physico-chemical properties of HIHs. As shown in
figure 3, all samples show relatively low magnetizations due to their low loading of iron nanoparticles.
With the ageing time increasing from 1 to 24 h, the saturation magnetization (M;) value generally kept
unchanged at approximately 2.9-3.2 emu g~!, showing a maximum of 3.90emu g~! at an ageing time of
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Figure 1. TEM images of (a) natural halloysite, (b) hollow iron/halloysite nanocomposite prepared with an ageing time of 1h (HY1),
HRTEM images of (c) a core/shell iron nanoparticle and (d) hollow iron nanoparticles attached onto the HNT.

Figure 2. TEMimages of hollow iron/halloysite nanocomposites prepared at different ageing times (a) 4 h, (b) 8 h, () 24 h and (d) HRTEM
image of a solid iron nanoparticle attached on the surface of (c).

8 h. The remnant magnetization value and coercivity that directly related to the microwave performance
of a material [38], however, declined significantly with ageing time. For instance, the coercivity of the
samples decreased from 220 Oe at an ageing time of 1h, to 750e at 4 h, and further to 55 Oe at 24 h. This
phenomenon may be ascribed to the decreased shape anisotropy with increasing proportion of solid
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Figure 3. () Magnetization and (b) magnified magnetization curves of hollow iron/halloysite nanocomposites prepared with different
ageing times.

iron nanoparticles [39,40]. Therefore, it is suggested the hollow iron nanoparticles should present higher
magnetic loss for incident microwave than the solid nanoparticles.

The microwave absorption performance of the samples was further evaluated by studying their
permeability and permittivity values (electronic supplementary material, figures S2 and S3). The real
permittivity (¢') values of HNTs are approximately 2.8 with a peak at frequency of 12 GHz. The prepared
HIHs show slightly decreased ¢’ values of approximately 2.6. The imaginary permittivity (¢”) values
of HNTs fall in a range of 0.02-0.15, while that of HIHs ranged from 0.01 to 0.12. All samples present
calculated dielectric loss tangents (tan 8. = ¢” /¢’) of less than 0.06. They show almost identical positions
of permittivity peaks, indicating that the magnetic iron nanoparticles contribute slightly for the dielectric
loss of the nanocomposites. The HIHs present a tiny peak at frequency of 3.5 GHz, which may be caused
by the eddy current effect of iron nanoparticles. The permeability curves of the samples are significantly
changed by the loading of iron nanoparticles. All samples show real permeability (1') values of 1.0-
1.1 with comparable positions of peaks. The HIHs, however, exhibited dramatically elevated imaginary
permeability (1') values and the corresponding magnetic loss (tan 8m =’/ u') values at frequency of
10-15 GHz. According to the C value (C= u''(1')~2f 1) introduced by Wu et al. [41], the magnetic loss of
both the HNTs and the HIHs is dominated by eddy current effect. HY1 and HY4 exhibit two different
peaks at frequency of 11-14 GHz, indicating the presence of natural resonance [42]. The contribution of
natural resonance was quite low and was limited to a narrow frequency range due to the low loading
of iron nanoparticles. The HY1 and HY4 showed the highest ;" and tan §n, values, suggesting that the
hollow iron nanoparticles present higher magnetic loss than the solid counterparts, attributed to their
higher coercivity and remnant magnetization values.

Based on the relative complex permittivity and permeability values of the samples, we calculated and
compared their microwave absorption performance as functions of frequency and thickness. As shown in
figure 4, both the HNTs and HIHs present relatively low microwave absorption at frequency of 2-18 GHz
with reflection loss (RL) > —10dB. In addition, the maximum bandwidth of RL < —5dB appears at
thicknesses of greater than 7 mm. When compared with HNTs, HY1 exhibits higher maximum RL values
at thickness of 0-10 mm. Although the HNTs (2.7 GHz) show larger maximum bandwidth of RL < —5dB
than HY1 (2.4 GHz), the absorption range of HY1 of RL < —5dB (8.5-10mm) is wider than that of
HNTs (9.2-10mm). In addition, the maximum bandwidth of RL < —-10dB of HY1 achieved 0.3 GHz,
while the maximum RL values of HNTs are all higher than —10dB (electronic supplementary material,
table S1). Therefore, the loading of hollow iron nanoparticles could enhance the microwave absorption
performance of HNTs. On accounts of the magnetic and catalytic behaviours of iron nanoparticles, the
prepared nanocomposites gain potential applications in organic wastewater treatment, with advantages
of high adsorption, catalytic degradation and magnetic separation [25,43—45].

The microwave absorption performance of the nanocomposites was largely determined by the
structure of the loaded iron nanoparticles. As shown in figure 4, electronic supplementary material,
figure S4 and table S1, the RL values and absorption bandwidth of the samples vary with the ageing
time. With the increasing ageing time from 1 to 24h, the bandwidth of RL < —2.5dB and RL < -5dB
decreased from 5.9 and 2.4 GHz to 2.9 and 0 GHz, respectively. The maximum RL also declined from
—10.5 to —4.2dB. Because the proportion of hollow iron nanoparticles decreases with ageing time, it
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Figure 4. Variations of RL of microwaves by (a) natural halloysite (HNTs), (b) HY1and (c) HY24 as functions of thickness and frequency. ()
Variations of maximum RL and bandwidth of RL < —5 dB achieved by HNTs (red squares) and HY1 (blue dots) as a function of thickness.

is suggested that the hollow iron nanoparticles present higher microwave absorption than the solid
ones. This phenomenon is attributed to the higher magnetic loss of hollow iron nanoparticles caused by
their enhanced coercivity and remnant magnetization values. Nevertheless, the microwave absorption
performance of HIHs is relatively limited when compared with other halloysite nanocomposites
(electronic supplementary material, table S1) [2,46], possibly ascribed to the low loading of hollow iron
nanoparticles in this study. In addition, the performance of HIHs is also quite poor compared with
traditional microwave absorbers, such as carbon nanotubes, Fe and Co [24,47,48]. We will try to increase
the loading of iron nanoparticles and enhance the magnetic and electromagnetic performances of HIHs
in our following study.

3. Conclusion

In summary, we successfully prepared a novel halloysite nanocomposite with hollow iron nanoparticles
loaded on the surface of HNTs. The structure of the iron nanoparticles could be controlled by the ageing
time during preparation. With the increasing of ageing time, the proportion of hollow iron nanoparticles
decreases, while that of solid nanoparticles increases. The hollow iron nanoparticles showed much higher
remnant magnetization and coercivity values than the solid ones, and accordingly exhibited higher
microwave absorption performance. The maximum RL values and bandwidth of RL < -5dB of the
nanocomposite achieved —10.5dB and 2.4 GHz, respectively. Nevertheless, the microwave absorption
performance of the prepared nanocomposites was relatively low when compared with traditional
electromagnetic wave absorbers. With advantages of magnetic separation, catalytic degradation capacity
of iron nanoparticles and large adsorption volume of HNTs, the prepared HIH nanocomposites show
potential applications in organic wastewater treatment. In addition, this study opens a new pathway to
fabricate magnetic halloysite nanocomposites as microwave absorbers.

Data accessibility. The material and methods, figures and a table supporting this article have been uploaded as part of the
electronic supplementary material.

159111 s uado 205y BioBuysiigndiaaosjeorsos:




Author contributions. Y.Y. and X.-G.C. conceived the idea. R.-C.L., A.-B.Z.,S.-S.L.,S.-T.L. and K.-K.Y. prepared the samples
and conducted the XRD and TEM characterizations. W.D. and R.-C.L. conducted the magnetic and electromagnetic
characterizations. X.-G.C., W.D. and R.-C.L. wrote the manuscript. All of the authors revised and approved the
manuscript.
Competing interests. We have no competing interests.
Funding. This research is supported by ‘Aquaculture Wastewater Treatment of Southern Bank of Hangzhou Bay — The
2nd phase’, State Oceanic Administration of China.

References

Xie Y. 2006 Photoelectrochemical reactivity of a
hybrid electrode composed of polyoxophos-
photungstate encapsulated in titania nanotubes.
Adv. Funct. Mater. 16,1823-1831. (doi:10.1002/
adfm.200500695)

Zhang A-B, Liu S-T, Yan K-K, Ye Y, Chen X-G. 2014
Facile preparation of MnFe, 04/halloysite
nanotubular encapsulates with enhanced magnetic
and electromagnetic performances. RSC Adv. 4,

13 565—13 568. (doi:10.1039/c3ra46873a)

Deng D, YuL, Chen X, Wang G, JinL, Pan X, Deng J,
Sun G, Bao X. 2013 Iron encapsulated within
pod-like carbon nanotubes for oxygen reduction
reaction. Angew. Chem. Int. £d. 52, 371-375.
(doi:10.1002/anie.201204958)

Lalglesia A, Galan E. 1975 Halloysite-kaolinite
transformation at room-temperature. (lays Clay
Miner. 23,109-113. (doi:10.1346/CCMN.1975.
0230205)

Joussein E, Petit S, Churchman J, Theng B, Righi D,
Delvaux B. 2005 Halloysite clay minerals—a
review. (lay Miner. 40, 383—426. (doi:10.1180/
0009855054040180)

Wilson 1. 2004 Kaolin and halloysite deposits of
China. Clay Miner. 39, 1-15. (doi:10.1180/0009855
043910116)

LiuM, JiaZ, Jia D, Zhou C. 2014 Recent advance in
research on halloysite nanotubes-polymer
nanocomposite. Prog. Polym. Sci. 39,1498

1525. (doi:10.1016/j.progpolymsci.2014.04.004)
Jiang Y, Wang P, Zheng J. 2017 Use of ionic
monomers to prepare halloysite polymer
nanocomposites with reinforced mechanical
performance. Appl. Clay Sci. 141, 248-256.
(doi:10.1016/j.clay.2017.03.003)

Gaaz TS, Sulong AB, Kadhum AAH, Al-Amiery AA,
Nassir MH, Jaaz AH. 2017 The Impact of halloysite on
the thermo-mechanical properties of polymer
composites. Molecules 22, 838. (doi:10.3390/
molecules22050838)

. Lvov YM, Shchukin DG, Mohwald H, Price RR. 2008

Halloysite clay nanotubes for controlled release of
protective agents. ACS Nano 2, 814-820.
(doi:10.1021/nn800259q)

. WangR, Jiang G, Ding Y, Wang Y, Sun X, Wang X,

Chen W. 2011 Photocatalytic activity of
heterostructures based on Ti0, and halloysite
nanotubes. ACS Appl. Mater. Interfaces 3, 4154—4158.
(doi:10.1021/am201020q)

Papoulis D et al. 2013 Halloysite—Ti0,
nanocomposites: synthesis, characterization and
photocatalytic activity. App/ Catal. B132, 416-422.
(doi10.1016/j.apcath.2012.12.012)

Chen Y-X, Li R-C, Zhang Y-H, Chen X-G, Ye Y. 2017
Adsorption of methylene blue by
halloysite/MnFe;04 nanocomposites. J. Nanosci.

20.

2.

2.

2.

24,

Nanotechnol. 17, 6489—-6496. (doi:10.1166/jnn.
2017.1441)

. Zhang Y, Yang H. 2012 Halloysite nanotubes coated

with magnetic nanoparticles. Appl. Clay Sci. 56,
97-102. (d0i:10.1016/j.clay.2011.11.028)

. Massaro M, Colletti G, Lazzara G, Milioto S, Noto R,

Riela S. 2017 Halloysite nanotubes as support for
metal-based catalysts. J. Mater. Chem. A5,
13276-13 293. (d0i:10.1039/C7TA02996A)

. Vinokurov VA, Stavitskaya AV, lvanov EV, Gushchin

PA, Kozlov DV, Kurenkova AY, Kolinko PA, Kozlova
EA, Lvov YM. 2017 Halloysite nanoclay based CdS
formulations with high catalytic activity in
hydrogen evolution reaction under visible light
irradiation. ACS Sust. Chem. Eng. 5,11316-11323.
(doi:10.1021/acssuschemeng.7b02272)

. Vinokurov VA, Stavitskaya AV, Chudakov YA, lvanov

EV, Shrestha LK, Ariga K, Darrat YA, Lvov YM. 2017
Formation of metal clusters in halloysite clay
nanotubes. Sci. Technol. Adv. Mater. 18, 147-151.
(doi:10.1080/14686996.2016.1278352)

. Lvov YM, DeVilliers MM, Fakhrullin RF. 2016 The

application of halloysite tubule nanoclay in drug
delivery. Expert Opin. Drug Deliv. 13, 977-986.
(doi:10.1517/17425247.2016.1169271)

. LvovY, Wang W, Zhang L, Fakhrullin R. 2016

Halloysite clay nanotubes for loading and sustained
release of functional compounds. Adv. Mater. 28,
1227-1250. (doi:10.1002/adma.201502341)

Ariga K, Abe H, Ji Q, Lvov YM. 2016 Halloysite and
related mesoporous carriers for advanced catalysis
and drug delivery. In Functional polymer composites
with nanoclays (eds Y Lvov, B Guo, RF Fakhrullin),
pp. 207-222. London, UK: Royal Society of
Chemistry.

Massaro M, Lazzara G, Milioto S, Noto R, Riela S.
2017 Covalently modified halloysite clay nanotubes:
synthesis, properties, biological and medical
applications. J. Mater. Chem. B 5, 2867-2882.
(doi:10.1039/C7TB00316A)

Zhao X, Zhang Z, Wang L, Xi K, Cao Q, Wang D, Yang
Y, Du'Y. 2013 Excellent microwave absorption
property of graphene-coated Fe nanocomposites.
Sci. Rep. 3, 3421. (doi:10.1038/srep03421)

Zhang X, LiY, Liu R, Rao Y, Rong H, Qin G. 2016
High-magnetization FeCo nanochains with
ultrathin interfacial gaps for broadband
electromagnetic wave absorption at gigahertz. ACS
Appl. Mater. Interfaces 8, 3494-3498.
(doi:10.1021/acsami.5h12203)

Chen X-G, Cheng J-P, Lv S-S, Zhang P-P, Liu S-T, Ye
Y. 2012 Preparation of porous magnetic
nanocomposites using corncob powders as
template and their applications for electromagnetic
wave absorption. Compos. Sci. Technol. 72, 908-914.
(doi:10.1016/j.compscitech.2012.03.001)

25.

26.

2.

2.

29.

30.

31

32

3.

34.

35.

36.

Chen X-G, Lv S-S, Zhang P-P, Cheng J-P, Liu ST, Ye
Y. 2012 Fabrication and electromagnetic
performance of micro-tubular nanocomposites
composed of monodisperse iron nanoparticles and
carbon. J. Magn. Magn. Mater. 324, 1745-1751.
(doi10.1016/j.jmmm.2011.12.043)

(ai C, Zhang H, Zhong X, Hou L. 2015 Ultrasound
enhanced heterogeneous activation of
peroxymonosulfate by a bimetallic Fe—Co/SBA-15
catalyst for the degradation of Orange Il in water. J.
Hazard. Mater. 283, 70-79. (d0i:10.1016/j.jhazmat.
2014.08.053)

Wang X, Pan Y, Zhu Z, Wu J. 2014 Efficient
degradation of rhodamine B using Fe-based
metallic glass catalyst by Fenton-like process.
Chemosphere 117, 638—643. (d0i:10.1016/j.
chemosphere.2014.09.055)

Wu K-L, Yu R, Wei X-W. 2012 Monodispersed FeNi
alloy nanostructures: solvothermal synthesis,
magnetic properties and size-dependent catalytic
activity. Cryst. Eng. Comm. 14, 7626-7632.
(doi:10.1039/c2ce25457¢)

Zhang Y, He Z, Wang H, Qi L, Liu G, Zhang X. 2015
Applications of hollow nanomaterials in
environmental remediation and monitoring: a
review. Front. Environ. Sci. Eng. China 9, 770-783.
(doi:10.1007/511783-015-0811-0)

Mahmoud MA, Saira F, El-Sayed MA. 2010
Experimental evidence for the nanocage effect in
catalysis with hollow nanoparticles. Nano Lett. 10,
3764-3769. (d0i:10.1021/nl102497u)

Park J, An K, Hwang Y, Park J-G, Han-Jin N,
Jae-Young K, Park J-H, Hwang N-M, Hyeon T. 2004
Ultra-large-scale syntheses of monodisperse
nanocrystals. Nat. Mater. 3, 891. (doi:10.1038/
nmat1251)

Lee Y-Cet al. 2014 Aminoclay-templated nanoscale
zero-valent iron (nZV1) synthesis for efficient
harvesting of oleaginous microalga, Chlorella sp.
KR-1.RSC Adv. 4, 4122—-4127. (d0i:10.1039/C3RA
466026G)

Kim D, Park J, An K, Yang N-K, Park J-G, Hyeon T.
2007 Synthesis of hollow iron nanoframes. J. Am.
Chem. Soc. 129, 5812—5813. (doi:10.1021/ja070667m)
Lian J, Anggara K, Lin M, Chan Y. 2014 Formation of
hollow iron oxide tetrapods via a shape-preserving
nanoscale Kirkendall effect. Small 10, 667—-673.
(doi:10.1002/smll.201302006)

Yin YD, Rioux RM, Erdonmez CK, Hughes S, Somorjai
GA, Alivisatos AP. 2004 Formation of hollow
nanocrystals through the nanoscale Kirkendall
effect. Science 304, 711-714. (doi:10.1126/science.
1096566)

Zhang A-B, Pan L, Zhang H-Y, Liu S-T, Ye Y, Xia M-S,
Chen X-G. 2012 Effects of acid treatment on the
physico-chemical and pore characteristics of

19917136 'Dsuado 05y Buao'Buiysiigndiaposiefor'sos:


http://dx.doi.org/10.1002/adfm.200500695
http://dx.doi.org/10.1002/adfm.200500695
http://dx.doi.org/10.1039/c3ra46873a
http://dx.doi.org/10.1002/anie.201204958
http://dx.doi.org/10.1346/CCMN.1975.0230205
http://dx.doi.org/10.1346/CCMN.1975.0230205
http://dx.doi.org/10.1180/0009855054040180
http://dx.doi.org/10.1180/0009855054040180
http://dx.doi.org/10.1180/0009855043910116
http://dx.doi.org/10.1180/0009855043910116
http://dx.doi.org/10.1016/j.progpolymsci.2014.04.004
http://dx.doi.org/10.1016/j.clay.2017.03.003
http://dx.doi.org/10.3390/molecules22050838
http://dx.doi.org/10.3390/molecules22050838
http://dx.doi.org/10.1021/nn800259q
http://dx.doi.org/10.1021/am201020q
http://dx.doi.org/10.1016/j.apcatb.2012.12.012
http://dx.doi.org/10.1166/jnn.2017.14411
http://dx.doi.org/10.1166/jnn.2017.14411
http://dx.doi.org/10.1016/j.clay.2011.11.028
http://dx.doi.org/10.1039/C7TA02996A
http://dx.doi.org/10.1021/acssuschemeng.7b02272
http://dx.doi.org/10.1080/14686996.2016.1278352
http://dx.doi.org/10.1517/17425247.2016.1169271
http://dx.doi.org/10.1002/adma.201502341
http://dx.doi.org/10.1039/C7TB00316A
http://dx.doi.org/10.1038/srep03421
http://dx.doi.org/10.1021/acsami.5b12203
http://dx.doi.org/10.1016/j.compscitech.2012.03.001
http://dx.doi.org/10.1016/j.jmmm.2011.12.043
http://dx.doi.org/10.1016/j.jhazmat.2014.08.053
http://dx.doi.org/10.1016/j.jhazmat.2014.08.053
http://dx.doi.org/10.1016/j.chemosphere.2014.09.055
http://dx.doi.org/10.1016/j.chemosphere.2014.09.055
http://dx.doi.org/10.1039/c2ce25457c
http://dx.doi.org/10.1007/s11783-015-0811-0
http://dx.doi.org/10.1021/nl102497u
http://dx.doi.org/10.1038/nmat1251
http://dx.doi.org/10.1038/nmat1251
http://dx.doi.org/10.1039/C3RA46602G
http://dx.doi.org/10.1039/C3RA46602G
http://dx.doi.org/10.1021/ja070667m
http://dx.doi.org/10.1002/smll.201302006
http://dx.doi.org/10.1126/science.1096566
http://dx.doi.org/10.1126/science.1096566

37.

38.

39.

40.

halloysite. Colloids Surf. A Physicochem. Eng. Aspects
396, 182-188. (d0i:10.1016/j.colsurfa.2011.12.067)
Rybiriski P, Janowska G, Jozwiak M, Pajak A. 2011
Thermal properties and flammability of
nanocomposites based on diene rubbers and
naturally occurring and activated halloysite
nanotubes. J. Therm. Anal. Calorim. 107, 1243-1249.
(doi:10.1007/510973-011-1787-z)

Ghasemi A, Hossienpour A, Morisako A, Saatchi A,
Salehi M. 2006 Electromagnetic properties and
microwave absorbing characteristics of doped
barium hexaferrite. J. Magn. Magn. Mater. 302,
429-435. (d0i:10.1016/j.jmmm.2005.10.006)

LiuJ, Itoh M, Machida K. 2006 Magnetic and
electromagnetic wave absorption properties of
oc-Fe/Z-type Ba-ferrite nanocomposites.

Appl. Phys. Lett. 88, 062503. (doi:10.1063/1.
2170402)

Song F, Shen X, Xiang J, Song H. 2010 Formation and
magnetic properties of M-Sr ferrite hollow fibers via
organic gel-precursor transformation process.

A

4.

4.

4,

Mater. Chem. Phys. 120, 213-216.

(doi:10.1016/j. matchemphys.2009.10.048)

Wu M, Zhang Y, Hui S, Xiao T, Ge S, Hines W,
Budnick J, Taylor G. 2002 Microwave magnetic
properties of Cos/(Si0;)so nanoparticles. Appl.
Phys. Lett. 80, 4404—4406. (d0i:10.1063/1.
1484248)

Yusoff AN, Abdullah M, Ahmad S, Jusoh S, Mansor
A, Hamid S. 2002 Electromagnetic and absorption
properties of some microwave absorbers. J. Appl.
Phys. 92, 876-882. (doi:10.1063/1.1489092)

Chen X-G, Ye Y, Lv S-S, Cheng J-P. 2012 Preparation
and microwave absorption of micro-fibrous Fe/C
nanocomposite. Funct. Mater. Lett. 5, 1250036.
(doi:10.1142/51793604712500361)

LvS, ChenX, Ye, Yin S, Cheng J, Xia M. 2009 Rice
hull/MnFe;04 composite: preparation,
characterization and its rapid microwave-assisted
(0D removal for organic wastewater. J. Hazard.
Mater. 171, 634-639. (doi:10.1016/j.jhazmat.
2009.06.039)

45.

46.

47.

48.

Rossi LM, Costa NJ, Silva FP, Wojcieszak R. 2014
Magnetic nanomaterials in catalysis: advanced
catalysts for magnetic separation and beyond.
Green Chem. 16, 2906—2933. (doi:10.1039/c4gc
00164h)

Luo S-J, Zhang P, Mei Y-A, Chang J-B, Yan H. 2016
Electromagnetic interference shielding properties
of PEDOT/PSS—halloysite nanotube (HNTs) hybrid
films. J. Appl. Polym. Sci. 133, 44242. (doi:10.1002/
app.44242)

Zhao T, Hou C, Zhang H, Zhu R, She S, Wang J, Li T,
Liu Z, Wei B. 2014 Electromagnetic wave absorbing
properties of amorphous carbon nanotubes. Sci.
Rep. 4,5619. (d0i:10.1038/srep05619)

Yang P, Zhao X, Liu Y, Gu Y. 2017 Facile, large-scale,
and expeditious synthesis of hollow Co and Co@Fe
nanostructures: application for electromagnetic
wave absorption. J. Phys. Chem. 121, 8557-8568.
(doi:10.1021/acs.jpcc.6b11284)

159111 s Uado 205y BioBuysiigndiaos|eorsos! H


http://dx.doi.org/10.1016/j.colsurfa.2011.12.067
http://dx.doi.org/10.1007/s10973-011-1787-z
http://dx.doi.org/10.1016/j.jmmm.2005.10.006
http://dx.doi.org/10.1063/1.2170402
http://dx.doi.org/10.1063/1.2170402
http://dx.doi.org/10.1016/j.matchemphys.2009.10.048
http://dx.doi.org/10.1063/1.1484248
http://dx.doi.org/10.1063/1.1484248
http://dx.doi.org/10.1063/1.1489092
http://dx.doi.org/10.1142/S1793604712500361
http://dx.doi.org/10.1016/j.jhazmat.2009.06.039
http://dx.doi.org/10.1016/j.jhazmat.2009.06.039
http://dx.doi.org/10.1039/c4gc00164h
http://dx.doi.org/10.1039/c4gc00164h
http://dx.doi.org/10.1002/app.44242
http://dx.doi.org/10.1002/app.44242
http://dx.doi.org/10.1038/srep05619
http://dx.doi.org/10.1021/acs.jpcc.6b11284

	Introduction
	Results and discussion
	Conclusion
	References

