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C
hiral materials are superior for con-
structing highly efficient microwave
absorbers with light weight, wide

absorption frequency range, and strong
absorption ability because of an additional
more adjustable chiral parameter besides
the complex permittivity and permeability
leading to optical rotation and circular di-
chroism from the cross-coupling effect be-
tween the magnetic and electric fields.1�4

Previous studies related to chiral materials
mostly focused on metallic springs em-
bedded in a low-loss matrix. Such materials
are difficult for wide application owing to
large size, high density, and strong reflec-
tion. Carbon nanocoil (CNC) is a representa-
tive chiral material with many advantages
such as light weight, high electrical conduc-
tivity, and good stability, thus much atten-
tionhasbeenattached to its application in thin
and broad-band absorbers.5,6 However, excel-
lent electromagnetic (EM) wave absorption

usually results from efficient complementa-
rities between the relative permittivity and
permeability in materials. Only dielectric
loss or magnetic loss leads to a weak EM
impedance matching. Single-component
CNCs show dominantly dielectric loss and
very low magnetic loss due to weak mag-
netic properties, which hampers their appli-
cations. Therefore, it is quite necessary to
incorporate them with magnetic materials,
to improve impedance matching, increase
the magnetic loss, broaden the absorption
bandwidth, and enhance absorption intensity.
Traditional electroless deposition methods7 to
incorporate CNCs with magnetic coatings
have no good control over coating quality
and uniform thickness because the CNCs have
small diameters, low chemical reactivity, and
particularly large surface curvature.
Atomic layer deposition (ALD) is a power-

ful technique for conformal coating on
high aspect ratiomaterials with outstanding
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ABSTRACT In this work, atomic layer deposition is applied to coat carbon nanocoils with

magnetic Fe3O4 or Ni. The coatings have a uniform and highly controlled thickness. The coated

nanocoils with coaxial multilayer nanostructures exhibit remarkably improved microwave

absorption properties compared to the pristine carbon nanocoils. The enhanced absorption

ability arises from the efficient complementarity between complex permittivity and perme-

ability, chiral morphology, and multilayer structure of the products. This method can be

extended to exploit other composite materials benefiting from its convenient control of the

impedance matching and combination of dielectric�magnetic multiple loss mechanisms for

microwave absorption applications.
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advantages including precise thickness control, excel-
lent uniformity, and sharp interfaces.8�10 At present, a
large variety of materials are available by ALD, includ-
ingmetals, oxides, nitrides, sulfides, phosphates, etc. In
particular, some high dielectric materials (Al2O3

11 and
ZrO2

12) and magnetic materials (Fe3O4,
13 Ni,14�16

Co,15,16 and NiFe2O4
17) can be produced by ALD, which

is helpful to intentionally design excellent microwave
absorbers by carefully adjusting thematerials' complex
permittivity and permeability.
Herein, we report the synthesis of Fe3O4/Al2O3/CNC

and Ni/Al2O3/CNC coaxial multilayer nanostructures by
ALD to demonstrate a general strategy for the prepara-
tion of highly efficient microwave absorbers. The micro-
wave absorption properties of as-prepared magnetic
CNCs were investigated in terms of complex permittivity
and permeability. Our results show that these magnetic
CNCs with highly controlled coating thickness, good
conformality, and multilayer core�shell nanostructures
have a significant reduction in EM reflection loss (RL) and
confirm that ALD can also be extended to exploit other
composite materials benefiting from its convenient con-
trol of the impedance matching and combination of
dielectric�magneticmultiple lossmechanisms formicro-
wave absorption applications.

RESULTS AND DISCUSSION

Figure 1A displays a representative transmission
electron microscopy (TEM) image of the starting CNCs

used in this study. The CNCs have a diameter of approxi-
mately 100 nm and an average length of 10 μm. They
are tightly coiled and have very uniform coil pitches
and coil diameters. Usually, magnetic films can be
synthesized by the deposition of metal oxides (Fe2O3,
NiO) and subsequent reduction under hydrogen atmo-
sphere. In previous reports, O3 was proved to be
favorable for ALD of metal oxides to obtain a highly
conformal and dense thin film.18�20 Furthermore, the
use of O3 enables growth over a much wider tempera-
ture range. Unfortunately, O3 will lead to a strong
thermal oxidation of CNCs. For this reason, protection
of CNCs by depositing thin layers of oxidation barrier
coatings onto their surfaces is considered as an effec-
tive strategy.21 As observed from the TEM image
shown in Figure 1B, by applying 100 ALD cycles for
Al2O3 deposition, a uniform Al2O3 film with a thickness
of about 12 nm is coated on the CNCs. High-magnifica-
tion TEM and high-resolution TEM (HRTEM) analyses
(Supporting Information Figure S1) further reveal the
amorphous nature of the Al2O3 shells.
The advantages of ALD enable us to prepare coaxial

multilayer structures by changing precursors without
treating the samples during the deposition interval.
Therefore, the as-prepared Al2O3/CNCs can be sequen-
tially deposited with Fe2O3 layers by using ferrocene
(FeCp2) and O3 as precursors. Figure 1C displays XRD
patterns of Al2O3/CNCs coated by 600, 1200, 2400, and
3600 ALD cycles of Fe2O3 deposition, respectively.

Figure 1. (A) TEM image of CNCs. (B) TEM image of Al2O3/CNC obtained by applying 100 ALD cycles of Al2O3 deposition. (C) XRD
patternsofFe2O3/Al2O3/CNCnanocompositesobtainedbyapplying100ALDcyclesofAl2O3depositionandthen600 (1), 1200 (2), 2400
(3), and 3600 (4) cycles of Fe2O3 deposition, respectively. (D,E) Low-magnification TEM and (F) HRTEM images of Fe2O3/Al2O3/CNC
structures obtained by applying 100 ALD cycles of Al2O3 and then 1200 cycles of Fe2O3 deposition. (G�I) TEM images of Fe2O3/Al2O3/
CNC structure obtained by applying 100 ALD cycles of Al2O3 and then 600, 2400, and 3600 cycles of Fe2O3 deposition, respectively.
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There are no clear diffraction peaks of Fe2O3 for
products after 600 and 1200 ALD cycles of Fe2O3

deposition, which is probably due to the low content
of Fe2O3 in composites. When the ALD cycles of Fe2O3

are increased to 2400 or 3600 cycles, distinct diffraction
peaks are observed and can be indexed to those of
rhombohedral phase of R-Fe2O3 with the lattice param-
eters of a = 5.032 Å and c = 13.733 Å, which are
consistent with the reported values (Joint Committee
on Powder Diffraction Standards (JCPDS), powder
diffraction file no. 89-0599). No characteristic peaks of
impurities, such as γ-Fe2O3, Fe3O4, or FeO, can be
detected, suggesting that the strong oxidation ability
of O3 in the present system likely precludes the mixing
of incompletely oxidized forms of iron and induces
higher oxidation states of iron.19,22

TEM and HRTEM images provide insights into the
morphology and detailed structure of the as-prepared
Fe2O3/Al2O3/CNC. Figure 1D,E shows low-magnifica-
tion TEM images of Fe2O3/Al2O3/CNC obtained by
applying 100 ALD cycles of Al2O3 and then 1200 cycles
of Fe2O3 deposition. The formed Fe2O3/Al2O3/CNC
core�shell structure is clearly visible due to their
different contrasts. The Fe2O3 shells are about 12 nm
thick. The HRTEM image clearly shows the lattice
fringes of Fe2O3 shells with a rhombohedral structure
(Figure 1F), in agreement with the XRD data. The
interplanar spacing is about 0.36 nm, corresponding
to the (012) crystal plane of rhombohedral phase
Fe2O3. ALD can easily achieve the Fe2O3 thickness
control by changing the deposition cycle number.
Figure 1G�I shows the TEM images of Fe2O3/Al2O3/
CNC obtained by applying 600, 2400, and 3600 ALD
cycles of Fe2O3 deposition, respectively. All Fe2O3/
Al2O3/CNCs display clear multilayer core�shell struc-
tures, and the thickness of Fe2O3 shells clearly in-
creases with the increase of ALD cycles. It amounts
to about 6, 24, and 36 nm Fe2O3 shells, respectively,
which corresponds to a growth rate of about 0.1 Å per
cycle. Low-magnification TEM (Supporting Information
Figure S2) images further confirm that these samples
also have a uniform thickness and multilayer helical
morphology, and the lattice fringes from HRTEM
images (Supporting Information Figure S3) reveal the
feature of rhombohedral phase Fe2O3. Energy-disper-
sive X-ray spectroscopy (EDX) (Supporting Information
Figure S4) made on the as-synthesized Fe2O3/Al2O3/
CNCs from different ALD cycles of Fe2O3 indicates the
existence of Fe, Al, C, andO elements and the increased
Fe atom ratio with the increase of ALD cycles.
The R-Fe2O3 can be readily converted to magnetic

Fe3O4 by a reduction process. Fe3O4/Al2O3/CNC core�
shell structures were obtained by annealing Fe2O3/
Al2O3/CNCs at 450 �C for 2 h under a mixture of N2/H2

flow in a tube furnace. The structure and morphology
of as-prepared Fe3O4/Al2O3/CNCswere investigated by
means of XRD and TEM. Figure 2A shows the XRD

pattern of the Fe3O4/Al2O3/CNC composites (100 cy-
cles of Al2O3, 1200 cycles of Fe2O3, and then a hydro-
gen reduction). All peaks indicated by Miller indices
come from the face-centered cubic crystal structure of
Fe3O4 according to JCPDF card no. 01-1111. The rela-
tive strong and sharp diffraction peaks indicate the
good crystallinity of the as-synthesized Fe3O4. Typical
TEM image (Figure 2B) shows that the helical morphol-
ogy in Fe3O4/Al2O3/CNC composites is still well pre-
served after the reduction process. The inset in
Figure 2B exhibits a corresponding selected area elec-
tron diffraction (SAED) pattern recorded on an indivi-
dual nanocoil. Several rings can be assigned to dif-
fraction planes of the cubic phase of Fe3O4, revealing
the polycrystalline structure. A high-magnification TEM
image (Figure 2C) shows that Fe3O4/Al2O3/CNC retains
clear three-layer core�shell structure. In comparison to
Fe2O3/Al2O3/CNC, the Fe3O4 shells are also about
12 nm thick, indicating a negligible variation in shell
thickness due to only approximately 3.33% shrinkage
from the release of oxygen anions after reduction of
R-Fe2O3 to Fe3O4. The HRTEM image highlights the well-
defined crystalline lattice spacing of 0.30 and 0.49 nm,
which can be indexed as (220) and (111) crystal planes
of Fe3O4 (Figure 2D), respectively. The STEM character-
ization and elemental maps of an individual Fe3O4/
Al2O3/CNC are displayed in Figure 2E�J. The line scan
analysis in Figure 2E reveals the profile of C, Al, Fe,
and O atoms across the helical section, indicating an
apparent three-layer core�shell structure. The elemen-
tal maps of C, Al, Fe, O, and their overlap further
demonstrate that the three elements, Al, Fe, and O,
are evenly distributed on the surface of CNCs and
maintain a consistent helical morphology. In addition,
magnetic CNCs with 6, 24, and 36 nm Fe3O4 coating
have also been obtained by the same reduction pro-
cess (Supporting Information Figures S5 and S6).
In order to investigate the microwave absorption

properties of the products, specimens were prepared
by uniformly mixing 25 wt % uncoated or coated
nanocoils with paraffin and pressing the mixture into
a cylindrical shape. Then the cylinder was cut into a
toroid of 7.00 mm outer diameter and 3.04 mm inner
diameter for measurement. The complex permittivity
and permeability of the composites were measured by
using the transmission/reflection coaxial linemethod.23,24

It should be noted that the measured permittivity and
permeability represent the properties of the mixture of
pristine or coated nanocoils because the microwaves
cannot resolve each nanocoil and observe an effective
medium (mixture) since the smallest microwave wave-
length used is about 17mm (18 GHz), while the diameter
of the nanocoils is about 100 nm.
The reflection loss (RL) coefficients of thesematerials

were calculated by using the measured relative com-
plex permittivity and permeability values. According
to transmission line theory, the RL coefficient (dB) of
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electromagnetic wave (normal incidence) at the sur-
face of a single-layer material backed by a perfect
conductor at a given frequency and layer thickness
can be defined with the following equations:25�28

Zin ¼ Z0(μr=εr)
1=2 tanh[j(2πfd=c)(μrεr)

1=2] (1)

RL ¼ 20logj(Zin � Z0)=(Zin þ Z0) j (2)

where Zin is the input impedance of the absorber, Z0
the impedance of free space, μr the relative complex
permeability, εr the complex permittivity, f the fre-
quency of microwaves, d the thickness of the absorber,
and c the velocity of light. A RL value of �10 dB is
comparable to 90% microwave absorption. In general,
materials with RL values of less than�10 dB absorption
are considered to be suitable EM wave absorbers.
Figure 3A shows a comparison of calculated RL

curves in the frequency range of 2�18 GHz for the
product/paraffin composites with a thickness of 2 mm.
It canbe found that the RL properties of pristine CNCs are
expectedmainly from dielectric loss, with a minimum RL

of �1.97 dB. Compared to the pristine CNCs, the RL
performances toward EM waves of magnetic CNCs are
enhanced substantially. The minimum RL of Fe3O4/
Al2O3/CNCs with 6, 12, 24, and 36 nm Fe3O4 shells
(mentioned as 6, 12, 24, and 36-Fe3O4/Al2O3/CNCs,
hereafter) are �10.7, �18.4, �28.3, and �5.5 dB at
8.8, 10.9, 11.9, and 17.7 GHz, respectively. The micro-
wave absorption values less than�10 dB for 12-Fe3O4/
Al2O3/CNCs and 24-Fe3O4/Al2O3/CNCs are in the
ranges of 9.6�12.4 and 10.5�14.0 GHz, respectively.
In addition, the frequency related to minimum RL can
be modulated by increasing the thickness of Fe3O4

shells, and the absorption peaks shift to higher fre-
quency accompanied by the attenuation at lower
frequency bands. Such a phenomenon was also ob-
served in a previous report about Ni/PPy composites by
altering the content of PPy.29 To reveal in detail the
influences of thickness on the absorption properties,
three-dimensional RL values of 6, 12, and 24-Fe3O4/
Al2O3/CNCs are shown in Figure 3B�D. The minimum
RL reaches �40.3 dB for 24-Fe3O4/Al2O3/CNCs with a

Figure 2. (A) XRD pattern of the Fe3O4/Al2O3/CNCs (by 100 cycles of Al2O3, 1200 cycles of Fe2O3, and then a hydrogen
reduction). (B) TEM image. (C) TEM and (D) HRTEM images of an individual Fe3O4/Al2O3/CNC. (E) STEM characterization of the
Fe3O4/Al2O3/CNCwith line scanprofile across the helical section and corresponding elementalmapping images of (F) C, (G) Al,
(H) Fe, (I) O, and (J) their overlap.
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thickness of 3.1 mm, �21.5 dB with a thickness of
3.6 mm for 12-Fe3O4/Al2O3/CNCs, and�11.8 dB with a
thickness of 3.1 mm for 6-Fe3O4/Al2O3/CNCs, respec-
tively.Moreover, it can be observed that the absorption
bandwidth with RL below �20 dB is obtained in the
frequency range of 4.1�13.4 GHz for 24-Fe3O4/Al2O3/
CNCs with a thickness of 1.8�5 mm. All of these values
are evidently improved relative to the pristine CNCs,
demonstrating that Fe3O4/Al2O3/CNCs with a compa-
tible thickness of Fe3O4 shells can greatly ameliorate
their microwave absorbing performance.
In general, the reflection and attenuation properties

of EM wave absorbers depend on the matching fre-
quency, layer thickness of absorbers, and the relative
complex permeability and permittivity, which are de-
termined by their nature, shape, size, and micro-
structure.30,31 In the present work, there are three
reasons for the high efficient microwave absorption
properties of Fe3O4/Al2O3/CNCs. First, the improve-
ment in microwave absorption originates from the
efficient combination of coaxial multilayer structures
ofmagnetic CNCs. According to transmission line theory,
the RL would be improved when the dielectric contribu-
tion matches the magnetic contribution based on the

requirement of the input impedance.26 The complex
permittivity real part (ε0), permittivity imaginary part
(ε00), permeability real part (μ0), and permeability ima-
ginary part (μ00) of the CNC-paraffin and Fe3O4/Al2O3/
CNC-paraffin were investigated in the frequency range
of 2�18 GHz (Figure 4). The pristine CNCs show
negligible permeability due to the lack of magnetic
composition and very high ε0 and ε00 values from 182.1
to 15.6 and from 120.4 to 54.0, respectively. This means
that the magnetic loss and the dielectric loss are out of
balance in this case, inducing poor EM wave absorp-
tion. By coating with Fe3O4 shells, the CNCs can be
endued with magnetism, and the corresponding sa-
turation magnetizations, coercivities, and remnant
magnetizations increase appropriately with the in-
creasing Fe3O4 thickness (Figure 5). The magnetic
CNCs show reduced complex permittivity and in-
creased complex permeability compared to pristine
CNCs. Moreover, it is interesting that the trend on
complex permittivity has also changed. The ε0 values
continue to decline, but ε00 values have a slight increase
in the whole frequency range. Such changes are
beneficial for the efficient complementarity between
the permittivity and permeability. Therefore, in the

Figure 3. Microwave absorption properties of the products calculated by using the measured relative complex permittivity
and permeability values according to transmission line theory. (A) Microwave RL curves of the product/paraffin composites
with a thickness of 2 mm in the frequency range of 2�18 GHz: (1) pristine CNCs, (2) 6-Fe3O4/Al2O3/CNCs, (3) 12-Fe3O4/Al2O3/
CNCs, (4) 24-Fe3O4/Al2O3/CNCs, and (5) 36-Fe3O4/Al2O3/CNCs. Three-dimensional representations of RL of (B) 6-Fe3O4/Al2O3/
CNCs, (C) 12-Fe3O4/Al2O3/CNCs, and (D) 24-Fe3O4/Al2O3/CNCs.
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cases of the 6�24-Fe3O4/Al2O3/CNCs, with the increase
of Fe3O4 thickness, a better EM impedancematching is
realized due to the combination of dielectric loss of
CNCs, the magnetic loss of Fe3O4, and their special
core�shell structure. However, for the 36-Fe3O4/Al2O3/
CNCs, excessively low ε00 is caused by the too thick
Fe3O4 coatings, thus leading to reduced absorption
abilities. Second, Fe3O4/Al2O3/CNC is a type of repre-
sentative chiral material with nanocoiling morphology
and thus expected to have different interactions with

the EM wave from nonchiral materials. When EM wave
flows along the helix, Fe3O4/Al2O3/CNCs act asmultiple
nanosolenoids and inductive electromotive force is
generated, resulting in induced current in the helix
according to Faraday's law.32 However, this current
encounters the difficulty of transmitting due to the
insulated Al2O3 layer on the outside of the CNCs. So the
eddy current loss is considered to have an important
contribution to the improved microwave RL. The eddy
current loss is related to the diameter of the nanopar-
ticle (d) and electric conductivity (σ), which can be
expressed by the equation μ00 ≈ 2πμ0(u0)

2σd2f/3, where
μ0 is the permeability of vacuum. According to the
equation, if the magnetic loss only originates from
the eddy current loss, the values of μ00(u0)�2f�1 should
be constant when the frequency is changed. In our work,
the μ00(u0)�2f�1 = 2πμ0σd

2/3 remains approximately
constant when f > 4 GHz (Supporting Information
Figure S7), which confirms that magnetic loss is caused
mainly by the eddy current loss. Moreover, when the
EMwave irradiates the helix, not only does it produce a
magnetic polarization along the axis but also it pro-
duces an electric polarization because some of EM
wave flows parallel to the axis.32,33 The effective polar-
ization forms planar and/or circularly polarized waves,
right-handed or left-handed, and are also reflected or

Figure 4. Measured frequency dependence of (A) real and (B) imaginary parts of complex permittivity and (C) real and (D)
imaginary parts of permeability: (1) pristine CNCs, (2) 6-Fe3O4/Al2O3/CNCs, (3) 12-Fe3O4/Al2O3/CNCs, (4) 24-Fe3O4/Al2O3/
CNCs, and (5) 36-Fe3O4/Al2O3/CNCs.

Figure 5. Hysteresis loops of magnetic CNCs measured at
300 K: (1) 6-Fe3O4/Al2O3/CNCs, (2) 12-Fe3O4/Al2O3/CNCs, (3)
24-Fe3O4/Al2O3/CNCs, and (4) 36-Fe3O4/Al2O3/CNCs.
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dispersed, and thus are then sharply attenuated. Third,
it has been reported that core�shell structured com-
posites show great potential as microwave absorbers
with lower RL and wider absorption frequency range
than single-component absorbers due to effective
interfaces and its associated relaxation loss.34�39 Ob-
viously, Fe3O4/Al2O3/CNC is a clear multilayer hetero-
geneous system, in which interfacial polarization of the
free charge on the conductor�insulator may be im-
portant and will give rise to significant loss.
In this work, the used carbon nanocoils were synthe-

sized by the same method reported previously.40

These nanocoils exhibit an absolute symmetric growth
mode.41 There are always two nanocoils grown on a
single copper nanoparticle. Moreover, the two nano-
coils always have absolute opposite coiled/helical
directions and identical lengths. For permittivity and
permeability measurement, these uncoated or coated
nanocoils are randomly and uniformly dispersed in
paraffin, so there should be no alignment in the mix-
ture considering that their sizes (micrometer in length
and nanometer in diameter) are much smaller than
those (millimeter) of the cylinder for measurement.
Therefore, it can be inferred that themixture should be
amacroscopic racemic/isotropic effectivemediumdue
to the identical contents of left- and right-handed
coiled nanocoils and thus show no polarization and
rotation angles.42 The permittivity and permeability
will not be direction-dependent in terms of the angle
of incident microwave. Moreover, the absorption will
not depend on the polarization of incident waves.
We also performed preliminary theoretical calcu-

lation with effective medium theory for the com-
plex permittivity and permeability of thesematerials.

Considering that an incident wave is not sensitive
to particles or structures with sizes that are smaller
than a sensingwavelength, in this work, the EM param-
eters of composite materials can be calculated by the
Maxwell�Garnett (M�G) equation (see Supporting
Information). The calculated results reveal that the real
parts of permittivity exhibit a similar tendency com-
pared with the measured values, while the imaginary
parts of permittivity are not very consistent with the
experimental results (Supporting Information Figure S8).
A large deviation can be found for the complex
permeability. Possibly the reason is that M�G theory
describes the inclusions as spherical particles employ-
ing averaged demagnetization factor. Actually, the
effective EMparameters of the composites are affected
greatly by the shape distribution of the inclusions.
Further work is necessary for more accurate calculation
with the one-dimensional structure and helical mor-
phology of the nanocoils being considered.
For the present work, the same procedure was also

applied to the synthesis of Ni/Al2O3/CNCs. TEM images
(Supporting Information Figure S9) show that NiO/
Al2O3/CNCs with dense NiO films can be obtained by
applying 400, 800, and 1600 ALD cycles. It is interesting
that such NiO films can be converted to uniform Ni
nanoparticle films after a hydrogen reduction process.
As shown in Figure 6A�C, the average diameters of
Ni nanoparticles measured by TEM are 4.7, 8.9, and
18.3 nm corresponding to 400, 800, and 1600 cycles of
NiO deposition, respectively (mentioned as 4.7-, 8.9-,
and 18.3-Ni/Al2O3/CNCs, hereafter). The Ni/Al2O3/CNCs
also exhibit good ability for microwave absorption. At
the thickness of 1.5 mm, the minimum RL of 8.9-Ni/
Al2O3/CNC is�14.7 dB at 13.5 GHz and the bandwidth

Figure 6. TEM images of Ni/Al2O3/CNCs obtained by applying (A) 400, (B) 800, and (C) 1600 cycles of NiO deposition and then
a hydrogen reduction process. (D) Microwave RL curves of the product/paraffin composites with a thickness of 1.5 mm: (1)
pristine CNCs, (2) 4.7-Ni/Al2O3/CNCs, (3) 8.9-Ni/Al2O3/CNCs, and (4) 18.3-Ni/Al2O3/CNCs.
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corresponding to RL below �10 dB is higher than
3.6 GHz (Figure 6D).

CONCLUSION

In summary, we have demonstrated that it is feasible
to prepare magnetic CNCs with conveniently and highly
controlled multilayer structures and good conformality
by ALD technology. The as-prepared magnetic CNCs
show a much lower RL and wider absorption frequency
range than those of pristine CNCs. The enhanced micro-
wave absorption properties of magnetic CNCs arise
from the efficient complementarity between complex

permittivity and permeability, chiral morphology, and
multilayer structure of the products. The carbon nano-
coils coated with magnetic materials by ALD can be
fabricatedat large scales andare commercially feasible to
be used as microwave absorbers since the production
capacity can be greatly increased by applying batch
reactors with large reactor volume.8 Considering the vast
library ofmagneticmaterials andhighdielectricmaterials
available by ALD, application of ALD technology to
prepare hybrid nanomaterials and adjust materials' com-
plex permittivity and permeability would be very promis-
ing to design excellent microwave absorbers.

METHODS
Experimental Procedure. The CNCs used in this work were

synthesized by chemical vapor deposition using acetylene as
a carbon source and copper nanoparticles as catalysts at 250 �C
followed by a heat treatment at 900 �C for 1 h as reported
previously.40 The ALD process was carried out in a hot-wall
closed chamber-type ALD reactor. Prior to ALD, the CNCs were
dispersed in ethanol by ultrasonic agitation and then dropped
onto a quartz wafer. After being air-dried, an Al2O3 protection
layer was first deposited by ALD at 200 �C using trimethylalu-
minum and water as the aluminum and oxygen source, respec-
tively. Subsequently, the Fe2O3 or NiO coatings were deposited
by sequential exposure of the nanocoils to ferrocene (FeCp2) or
nickelocene (NiCp2) and O3. Deposition temperatures for Fe2O3

and NiO were 250 and 150 �C, respectively. FeCp2 and NiCp2
were kept at 100 and 80 �C, respectively. Finally, after the ALD
process, the samples were transferred to a furnace and reduced
at 450 �C in 5% H2/N2 atmosphere for 2 h.

Characterization of the Samples. The XRD patterns were col-
lected on a Bruker D8 Advance X-ray diffractometer. The TEM
and HRTEM images were taken on a JEOL-2100F microscope.
The composition of the samples was analyzed by EDX attached
to the TEM instrument. Themagnetic properties weremeasured
using a MicroMag 2900/3900 alternating gradient magnet-
ometer. The specimens for measuring the EM properties were
prepared by uniformly mixing 25 wt % carbon nanocoils or
coated nanocoils with paraffin and pressing the mixture into
a cylindrical shape. Then the cylinder was cut into a toroid of
7.00 mm outer diameter and 3.04 mm inner diameter for
measurement. The relative permeability and permittivity values
of the mixture were determined between 2 and 18 GHz with an
Agilent 8722ES network analyzer by using the transmission/
reflection coaxial line method.
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