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Bio-gel derived nickel/carbon nanocomposites
with enhanced microwave absorption†

Peitao Xie,‡a Hongyu Li,‡a Biao He,a Feng Dang,*a Jing Lin,*b Runhua Fan,*c

Chuanxin Hou,a Hu Liu, de Jiaoxia Zhang,df Yong Madg and Zhanhu Guo *d

A bio-gel derived strategy was used to construct Ni/C nanocomposites consisting of three-dimensional

(3-D) carbon networks with embedded nickel nanoparticles. The amorphous carbon prevents agglomeration

of the nickel nanoparticles and thus contributes to a good impedance match. The microwave absorption

properties of the Ni/C nanocomposites were optimized according to percolation theory for good

impedance matching. As a result, microwave absorbing coatings, which have the advantages of thin

thickness (1.75 and 1.5 mm) and light weight (25 and 30 wt%), were achieved with excellent absorbing

properties (90% microwave absorption) and a broad bandwidth (13.6–18 GHz and 13.2–18 GHz). The

absorbing properties were mainly attributed to the dielectric relaxation processes at 2–18 GHz from the

multilevel interface, porous carbon materials and nanoscale nickel nanoparticles in the Ni/C nanocompo-

sites. It is believed that this work not only helps to elucidate the mechanism of absorption but also provides

a new design paradigm for determining the optimal content of absorbers using percolation theory. The

bio-gel derived strategy paves a possible way for the mass synthesis of microwave absorbers.

1. Introduction

The rapid development of wireless communications, normally
operated in the GHz region, has led to severe electromagnetic
(EM) pollution and radiation.1–9 Normally, the methods used to
solve these issues include absorption and reflection of the
waves. However, only microwave absorption is efficient and
can completely solve EM pollution because it can cut off the
propagation of the EM waves, avoiding strong EM reflection
and secondary pollution.10–12 Hence, considerable efforts have
been devoted to obtaining high-performance EM absorbing

materials with a high absorbing capacity and broad bandwidth.
Generally, impedance matching and loss behaviors are the
most important factors for absorbing EM waves.13 Magnetic
nickel has a large saturation magnetization value (55 emu g�1

at room temperature) and a high-frequency Snoek’s limit
(natural resonance can be as high as 8.23 GHz), allowing a
high permeability in the GHz region to achieve good impedance
matching, thus imparting it with the potential for excellent
absorption.14,15 However, when nickel matrix absorbing com-
posites are put into a high-frequency EM field, the skin depth,
especially for large metallic particles or agglomerated particles,
decreases with increasing frequency, which prevents nickel
from providing as good an impedance matching property as
it theoretically can.16–18

Therefore, nickel nanostructures (such as wires, flakes, or
hollow structures)19–22 and composites (coatings or island-like
structures) should be designed to obtain better impedance
matching and to allow integration of more magnetic/dielectric
absorption components.23–26 Among these strategies, nickel/
carbon (Ni/C) nanocomposites have the advantages of good
impedance matching, strong dielectric loss and low density.3,25–30

For example, porous Ni/C microspheres were fabricated via a
solvothermal method combined with carbon reduction and their
epoxy resin composites, containing 60 and 75 wt% porous Ni/C
microspheres, showed an EM wave absorption of �10 dB at
thicknesses of 3.0–11.0 and 1.6–7.0 mm.25 The Ni/C core–shell
nanoparticles were derived from metal–organic-frameworks
(MOFs) and their paraffin composites, containing 40 wt% Ni/C
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nanoparticles, showed an EM absorption of �51.8 dB with a
2.6 mm thickness.26 Carbon-coated nickel nanocapsules were
prepared via an arc plasma reaction and their silicone nano-
composites, containing 50 wt% Ni/C content, exhibited a max-
imum reflection loss (RL) value of�32 dB at a 2.5 mm thickness.27

Thus, a high absorbing property could be easily achieved with a RL
value of B�20 to �40 dB at different thicknesses in the compo-
sites with designed multilevel structures.28–39 In fact, further
reduction of the coating thickness is essential to their application,
and decreasing the Ni/C content is also an important issue for
realizing a light-weight absorbing coating under the premise of a
lack of deterioration of the EM wave absorbing properties. More-
over, when Ni/C absorbers are used in practical applications, a
high fabrication yield of the Ni/C absorber should be considered
since this suppresses the development of some synthetic strategies
for nano absorbers due to their low yields. Hence, some substitute
solutions should be explored for the synthesis of Ni/C absorbers.

Biomineralization is an organic–inorganic hybrid process in
which small crystalline units grow in the organic matrix to form
a functional structure, such as seashells, teeth and bones.
The microstructures are composed of uniformly organized primary
particles from the nano to micrometer scale, resulting in unique
architectures which can exhibit multifunctional properties.40–42

This bio-gel derived strategy is usually used to fabricate inorganic
powders or metallic/inorganic composites as anode materials for
lithium-ion batteries. However, biomineralization is rarely applied
for the preparation of carbon/metal composites, especially for the
fabrication of microwave absorbers.

In this research, a bio-gel derived strategy was used to
fabricate Ni/C nanocomposites in which Ni nanoparticles were
uniformly distributed in a 3D carbon network. The microstructure
and composition were analyzed using field emission scanning
electron microscopy (FESEM), X-ray diffraction (XRD), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared (FT-IR) spectroscopy. The magnetization loop at
room temperature was evaluated using a vibrating sample magneto-
meter. The electromagnetic properties were tested using a network-
analyzer. The presence of a carbon network is greatly beneficial to
prevent the agglomeration of nickel particles and suppress the
leakage current in the cross-linked nickel network. The optimized
filler (Ni/C) content in the absorbing coatings was chosen using
percolation theory to achieve good impedance matching properties.
There are four different regions of dielectric response at 2–18 GHz
in the absorbing composites due to their porous structure and
multilevel interface, which contribute to the dielectric loss mecha-
nism to achieve good EM absorbing properties. On the other hand,
the magnetic properties of nickel nanoparticles partially offset the
high-frequency diamagnetism of the carbon network, which is
beneficial for matching between the dielectric properties and
magnetic loss. High-performance EM absorbing materials were
achieved via a bio-gel derived strategy with advantages such as light
weight (25 wt% filler content), thin thickness (1.5 mm) and large-
scale fabrication. The enhanced EM absorbing performances are
explained in terms of dielectric relaxation loss of the multilevel
carbon structure and ferromagnetic resonance of the nickel nano-
particles together with other factors including eddy current loss.

2. Experimental
2.1. Chemicals

Nickel chloride (NiCl2�6H2O) and ammonium hydrogen carbonate
(NH4HCO3) were purchased from Sinopharm Chemical Reagent
Co. Ltd China. The agar was purchased from Aladdin Reagent Co.
Ltd. The chemicals were obtained as chemically pure grade
products and used without any further treatment.

2.2. Biomimetic preparation of nickel/carbon nanoparticles

Precursor solutions were prepared by adding 12 g agar powder
into 200 mL aqueous solution containing 0.15 mol NiCl2�6H2O
with heating at 100 1C for 30 min. The precursor solutions were
cooled and solidified at room temperature for 2 h, and then
200 mL 1.2 moL L�1 NH4HCO3 aqueous solution was poured
onto the solidified precursor gel. The vessel was sealed for 48 h
at room temperature. Nanoparticles of NiCO3 formed with the
infiltration of NH4HCO3 into the gel, and the NiCO3 nano-
particles were uniformly embedded and isolated in the agar gel.
The obtained gel precursors were cut into pieces and they were
then dried via a freeze-drying process in order to maintain the
homogeneous morphology of the gel precursor. Nickel/carbon
nanoparticles were produced by heating these powders at
600 1C for 6 h under an Ar atmosphere.

2.3. Characterization and measurement

The microstructure of the composites was studied using a field
emission scanning electron microscope (FESEM, Hitachi SU-70,
Tokyo, Japan) with electron energy dispersion spectroscopy
(EDS). The phase identifications were investigated at room
temperature from X-ray diffraction (XRD; Tokyo, Japan) using
the Rigaku D/max-rB X-ray with Cu Ka radiation. Raman
spectra were collected using a micro-Raman spectrometer
(Jobin Yvon HR800, France) with 532.05 nm incident radiation.
The Fourier transform infrared (FT-IR) spectra of the Ni/C nano-
composites were obtained in the range of 500 to 4000 cm�1 using
FT-IR spectroscopy (Bruker Inc. Vector 22, coupled with an attenu-
ated total reflection accessory). The magnetization hysteresis loop of
the Ni/C nanocomposites at room temperature was evaluated using
a vibrating sample magnetometer (Tamakawa TM-VSM2014-MHR).
Moreover, the Ni/C powders were homogeneously dispersed in
paraffin at different mass ratios and then pressed into a
toroidally-shaped sample (inner diameter 3.01 mm, outer diameter
6.99 mm) for measurement of the electromagnetic properties. The
relative complex permittivity (er = er

0 � jer
00) and permeability

(mr = mr
0 � jmr

00) of the Ni/C-paraffin composite materials were
measured using the transmission/reflection method using a coaxial
line cell and a network-analyzer (Agilent E5071C) in the frequency
range from 10 MHz to 10 GHz. The RL results were calculated from
mr, er and absorber thickness using eqn (1) and (2):43–45

Zin = Z0(mr/er)
1/2 tanh[j(2pfd/c)(mrer)

1/2] (1)

RL = 20 log|(Zin � Z0)|/|Zin + Z0| (2)

where f is the frequency of the electromagnetic field, d is the
absorber thickness, c is the light velocity and Zin and Z0
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represent the frequency input impedance and free-space impe-
dance, respectively.

3. Results and discussion

The preparation process is illustrated in Fig. 1. In the prepara-
tion process, a homogeneous dispersion of Ni2+ in aqueous
solution could be maintained after the precursor solutions were
solidified. That is, a uniform dispersion of Ni2+ at a molecular
level could be achieved in the gel. Then NiCO3 formed with the
infiltration of HCO3

� into the gel, so the NiCO3 nanoparticles
were uniformly dispersed in the agar gel.40–42 The agar network
could be maintained via freeze-drying and transformed into
a carbon network with a porous structure after pyrolysis.
In addition, the NiCO3 nanoparticles were reduced into nickel
by the pyrolytic carbon.3,38

Fig. 2 shows SEM images of the Ni/C nanocomposites. The
inset in Fig. 2a shows a direct image of the powder of the Ni/C
nanocomposites produced in one experiment. It should be
noted that the product yield can be scaled up to the kilogram
scale by multiplying the reactant amount without changing the
reaction temperature and time in this process, which enables
this bio-inspired process to be utilized for practical applica-
tions. As shown in Fig. 2a, the Ni/C nanocomposites exhibit a
sheet-like morphology with a size of over 20 mm and a thickness
of ca. 1.5 mm. The carbon matrix exhibits a porous structure,
and the Ni particles exhibit an irregular morphology and a size
ranging from 100–500 nm and they are uniformly embedded in
the carbon matrix (Fig. 2b–d). It is worth noting that the average
size of the Ni particles on the surface of the carbon matrix
(Fig. 2b and c) is obviously larger than the size of those
embedded in the carbon matrix (Fig. 2d). It can be concluded
that the porous carbon network could suppress the growth of
the embedded nickel particles, but has little restriction effect on
the growth of the Ni particles on the surface.29,38,42 The surface
of the carbon sheets is partly damaged due to the reduction of
NiCO3 (Fig. 2b). The uniformly distributed Ni particles in the
carbon matrix are favourable for suppressing the leakage current
across the whole composite to obtain better impedance match-
ing and enhanced electromagnetic properties.

The XRD pattern of the Ni/C nanocomposites is shown in
Fig. 3a. The three diffraction peaks at around 44.51, 51.81 and
76.41 are indexed as face-centered cubic (fcc) nickel, which is in

good agreement with JCPDS card 04-0850. The strong diffrac-
tion peaks indicate good crystallinity of the Ni particles. How-
ever, the diffraction peak of carbon cannot be clearly identified
except for a weak peak at around 261, indicating that the carbon
is amorphous.46–51 The Raman spectrum of the Ni/C nanocom-
posites is presented to aid in the investigation of the carbon
materials (Fig. 3b). There are two broad overlapping peaks at
around 1353 and 1572 cm�1. The peak at 1572 cm�1, known as
the G band, originates from the in-plane vibration of the sp2

carbon atoms, while the peak at around 1353 cm�1 is the D
band, corresponding to the disordered structure of amorphous
carbon.46 The relative intensity of the D band and the G band
(ID/IG) is used to evaluate the graphitic degree in carbon
materials, i.e. the Tuinstra–Koenig (TK) equation. The intensity
ratio (ID/IG) is about 1, and this value falls into the range of a
structure transformation from nanocrystalline graphite to amor-
phous carbon, indicating that the carbon is amorphous.52–56 The
Raman results are in good agreement with the XRD analysis,
evaluated from Fig. 3a.

The IR spectrum of the Ni/C nanocomposites was evaluated
to further investigate the composition and chemical bonds of
the composites and it is shown in Fig. 4a. There is no obvious
absorption peak corresponding to the C–H groups.57 The peaks
at 3440, 1635 and 1098 cm�1 correspond to the adsorption of

Fig. 1 Illustration of the preparation of the Ni/C nanocomposites via a bio-gel derived strategy.

Fig. 2 SEM images of the Ni/C nanocomposites. (a) Low-magnification
images, (b) the surface of the sheets, (c) the fracture surface of the sheets
and (d) high-magnification images of the fracture surface of the sheets.
The inset of (a) shows the experimental yield of the Ni/C nanocomposites
produced in one experiment via a bio-gel strategy.
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the O–H and C–O groups,25,57–59 which indicates the incom-
plete pyrolysis of agar. The more detailed carbon structure was
characterized using XPS. The deconvolution C1s spectra are
presented in Fig. 4b. The three peaks in the C1s XPS spectra,
CQC, C–C and C–O–C, correspond to the binding energies of
284.57 eV, 284.96 eV and 286.61 eV and they contribute
B53.64%, 28.55%, and 17.81% to the total integrated intensity,
respectively.60–64 The XPS results indicate the existence of a
large number of residual oxygen-containing groups, which is in
agreement with the results from the IR spectrum. These oxygen-
containing groups could interact with the electromagnetic
waves for efficient enhancement of the microwave absorption
properties.65

The pore distribution in the Ni/C nanocomposites was
tested using the N2 adsorption/desorption technique, as shown
in Fig. 5. Three adsorption peaks can be observed, which
correspond to pores with sizes of 1 nm, 10 nm and 100 nm.
The highest adsorption peak corresponds to a 100 nm pore
diameter, indicating that there are many macropores in the
Ni/C nanocomposites. The micron-sized pores should be
mainly related to the carbon matrix, as revealed in Fig. 2d,
while the macropores are attributed to the damage due to the
reduction of NiCO3 (Fig. 2b). According to the IUPAC classifica-
tion, all of the isotherms are a combination of type I and type IV
isotherms corresponding to the micro-mesoporous materials.66

As shown in Fig. 5b, the isotherms show higher adsorption at

high relative pressures, also indicating that the samples
contain many macropores.67

Nine paraffin composites were prepared with different Ni/C
contents, and their electromagnetic properties are shown in
Fig. 6 and Fig. S1 (ESI†). The excellent absorbing materials
should firstly exhibit good impedance matching properties to
allow the EM waves to enter into the materials, and finally a
high dielectric loss allows the EM waves inside the materials to
be absorbed completely. This requires the paraffin composites
to have an appropriate Ni/C content. In fact, the composites
containing 25 and 30 wt% Ni/C had excellent absorbing properties
which will be introduced in the following sections, while the other
seven composites showed poor absorbing properties, as shown in
Fig. S2–S4 (ESI†). Therefore, the content of Ni/C is the key factor in
achieving excellent absorption properties, and the optimal con-
tent of the absorbing powders is determined to exhibit good
impedance matching by percolation theory.

As shown in Fig. 6a, the real permittivity (e0) increases with
increasing Ni/C content because of the enhanced interfacial
polarization. With increasing the Ni/C content, polarization is
enhanced not only due to the increased interface between Ni/C
and paraffin but also due to the strong interface polarization
inside the Ni/C powders. These interfaces can serve as micro-
capacitors. Therefore, the composites can be regarded as a
network of microcapacitors, which can hold a large capacity
to store electric charge, enabling the composites to possess a

Fig. 3 XRD pattern (a) and Raman spectrum (b) of the Ni/C nanocomposites.

Fig. 4 IR spectrum (a) and C1s XPS spectra (b) of the Ni/C nanocomposites.
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high permittivity.68 This mechanism is common in many
dielectric composites and is also known as the Maxwell–
Wagner–Sillars effect.69–72 The Maxwell–Wagner–Sillars effect
is enhanced when increasing the absorber content. In this
work, the absorber is Ni/C powder, which can be somehow
regarded as a conductor. Therefore, the paraffin composites
can be seen as percolating composites. In fact, typical percolat-
ing composites consist of a conductive filler and an insulating
matrix, and the relationship between real permittivity and filler
content can be investigated using percolation theory:73

er
0
p |fc,vol � fvol|

�t (3)

where fc,vol is the percolation threshold, fvol is the volume
fraction of the Ni/C powder and t is the dielectric critical
exponent. Usually, percolation theory is used to describe the
conductor–insulator transition in percolating composites when
increasing the filler content. The percolation threshold is the
critical filler content where the conductivity or real permittivity
abruptly increases, indicating the formation of a conductive
network in the composites and the transition from an insulator
to a conductor.60–62 As we know, we would like the absorber
content to be as high as possible in order to achieve high
absorption properties in the paraffin composites. On the other
hand, too high an absorber content can also lead to reflection

Fig. 5 Pore-size distribution (a) and nitrogen adsorption–desorption isotherm (b) of the Ni/C nanocomposites.

Fig. 6 The real permittivity (er
0) of the paraffin composites containing different contents of Ni/C powder (a), the real permittivity (measured at 2 GHz) as a

function of the mass fraction of the Ni/C powders in the paraffin composites (b) and the imaginary permittivity (er
00) spectra of the paraffin composites

containing different Ni/C contents (c). The red solid lines in (b) are the fitting results obtained using percolation theory. The red solid lines in (c) are the
calculation results obtained using the conduction loss.
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of the microwaves, since it is well known that a conductor
would result in strong reflection of electromagnetic waves.6–9

Therefore, there is an optimal absorber content in the paraffin
composites, where the best absorption properties can be
observed, and this optimal content can be identified using
percolation theory. As shown in Fig. 6b, the e0 increases rapidly
with increasing Ni/C content in the 0.1–0.6 region and then
decreases at high contents, which is typical percolating
behavior.69,73 The e0 was simulated using eqn (3) and the
calculation results are represented as red solid lines in Fig. 6b.
The obtained calculation parameters are fc = 2.068 and t = 7.652
with a high reliability factor of R2 = 0.9983. However, the
parameters should always be 0 o fc o 1 and t E 1 in an ideal
percolation model.73,74 In typical percolation theory, the electrical
percolating behavior is usually investigated and is significant in
the low frequency region (direct current or kHz region) with the
formation of a percolating conductive network. Besides, typical
percolating composites are usually binary composites consisting
of a conductor as the filler and an insulator as the matrix.69–74

Therefore, the large calculation deviations from the ideal
percolation theory are mainly attributed to the high-frequency
region, the low conductivity of porous amorphous carbon and
the multilevel structure in the Ni/C powders. However, it can be
observed from Fig. 6b that the real permittivity increases
obviously in the 0.3–0.55 region, so we can preliminarily con-
clude that the optimal absorber content is below 0.4, which
is consistent with the experimental absorption properties
(Fig. 7 and Fig. S2–S4, ESI†).

In addition, the dielectric loss mechanism is different for
composites below or above the percolation threshold, so we can
also determine whether the absorber content exceeds the
percolation threshold by analyzing the imaginary permittivity
spectra. Fig. 6c shows the imaginary permittivity (e00) spectra of
the paraffin composites containing different Ni/C contents. The
e00 increases with increasing Ni/C content. e00 suggests energy
loss deriving from the leakage current and dipoles. That is,
conduction loss and polarization loss. The conduction loss is
not only determined by the carrier concentration and mobility
but also the microstructure of the material, while the polariza-
tion loss is mainly attributed to the relaxation behavior of the
dipoles in this frequency region. e00 is expressed from a com-
bined contribution of conduction and relaxation as follows:75

er
0 0 ¼ ec

0 0 þ ep
0 0 ¼ s

oe0
þ es � e/
1þ o2t2

ot (4)

where ec
00 is conduction loss, ep

00 is polarization relaxation loss,
o is angular frequency, s is dc conductivity, t is relaxation time
and e0, es, and eN are vacuum, static and high-frequency real
permittivity, respectively. The conduction loss would be signif-
icant in the lower frequency region once the percolating con-
ductive network is formed, and the polarization loss would be
negligible compared with the conduction loss. As can be seen
from Fig. 6c, there is an apparently linear correlation between
e00 and frequency in the log–log plot for composites containing
55 and 70 wt% Ni/C content, indicating that conduction loss
plays a primary role in dielectric loss. The solid line in Fig. 6c
represents the calculation results using the conduction
loss of eqn (4). The calculation results show good agreement
with the experimental data in the lower frequency region
(approximately below 6 GHz), while the calculation results
obviously deviate from the experimental data in the higher
frequency region. It is thought that the leakage currents can no
longer keep up with the variation in the high-frequency electro-
magnetic field and eventually begin to lag, leading to a dielec-
tric response rather than a conduction response to the external
altering electromagnetic field.76 Fig. 6c shows the logarithmic
coordinates, and the intercept has a positive correlation with
ln(s/e0), hence, it can be observed that the electrical conductivity
of the composites increases with increasing Ni/C content
(Fig. 6c). The calculation results (solid lines of the composites
containing 55 and 70% Ni/C) indicate the formation of an
enhanced percolating conductive network. The conduction loss
would be significant with the formation of percolating conductive
networks. Conduction loss is beneficial for microwave absorption
according to the microwave absorption mechanism (dielectric
polarization loss, conduction loss and magnetic loss),2,3 however,
the whole conductive network across the paraffin composites
would lead to poor impedance matching, which is harmful to
microwave absorption (Fig. S2, ESI†), especially when the
absorber has good electrical conductivity.25 The dielectric loss
(dielectric polarization loss and conduction loss) is important
to microwave absorbing materials3,77 and optimal synergistic
effects of the polarization loss and conduction loss are necessary
for absorption composites.78–83 When the Ni/C content is too

Fig. 7 Frequency dependence of the RL curves for the paraffin compo-
sites with 25 wt% (a) and 30 wt% (b) Ni/C at certain thicknesses.
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low, the dielectric loss is not high enough to exhibit good
absorption properties (Fig. S3 and S4, ESI†). Therefore, an
appropriate Ni/C content should be chosen. That is, the Ni/C
content should be near but still below the percolation threshold,
hence, there could be enough Ni/C powder for microwave
absorption and the leakage current could be suppressed at the
same time to allow for a good impedance match.

Based on the analysis above, the paraffin composites
containing 25 and 30 wt% Ni/C powder were applied as the
absorbing composites and their RL curves are shown in Fig. 7.
The RL values of �10 and �20 dB correspond to 90% and 99%
attenuation of the incident EM wave.2–9 For the composites
containing 25 wt% Ni/C, the absolute minimum RL value
increases with increasing thickness, whereas the absorption
bandwidth decreases with increasing thickness, as shown in
Fig. 7a. At a thickness of 1.75 mm, the minimum RL value is
21.24 dB, and the maximum absorption bandwidth is 4.4 GHz
for RL = �10 dB. When the thickness of the absorbing material
is 2 mm, the minimum RL value is 21.2 dB, and the maximum
absorption bandwidth is 3.2 GHz for RL= �10 dB. When the
Ni/C content increases to 30 wt%, the maximum absorption
bandwidth increases to 4.8 GHz for RL = �10 dB at a thinner
thickness of 1.5 mm. Relevant investigations into nickel-based
nanocomposites are summarized in Table 1. The excellent
absorbing properties of the materials produced in this work

indicate that the bio-gel derived strategy is desirable for pre-
paring microwave absorbing materials of thin thickness, light
weight and broad absorbing bandwidth.84–87 More importantly,
the bio-gel derived strategy is expected to open the door for the
mass synthesis of nanoscale microwave absorbers with porous
and multilevel microstructures. The absorbing mechanism is
analyzed in the next section.

As shown in Fig. 8a, the real permittivity declines in the
frequency range of 2–18 GHz because the dipoles in the
composites can no longer keep up with the high-frequency
electromagnetic field and eventually begin to lag, resulting in
no contribution to the dielectric response. It is a relaxation
process of dipoles,88,89 and there are four different regions for
the dielectric response (represented by four colors in Fig. 8). It
should be noted that two Debye-like dielectric relaxations are
obviously observed in the er

0 spectra, as shown in Fig. 8a
(designated as parts II and III), and the er

0 displays an obvious
decline in these frequency regions (6.5–12 GHz and 12–16.5 GHz)
where tand shows the relaxation peaks at the corresponding
frequency (9.2 GHz and 14.8 GHz) in Fig. 8b.90,91 In addition,
as we can see from the curve in Fig. 8b, there should be a loss
peak below 6.5 GHz and another above 16.5 GHz (designated as
part I and IV), though they are not completely observed in the
test frequency region, which is demonstrated by the obvious
decrease of e0 in the regions of 2–6.5 GHz and 16.5–18 GHz.

Table 1 Microwave absorption properties of nickel-based materials

Samples Mass ratio (%) Minimum RL value (dB)

RL r �10 dB

Ref.dm (mm) Frequency range (GHz)

Ni/C microspheres 75 �28.4 1.8 B12.5–17.4 25
Ni/C core–shell structure 40 �23.4 1.9 B12.8–17.5 26
Ni/C core–shell structure 60 B�38 3 B5–14 27
Ni@C nanosphere 40 B�18 9 B12.2–15.2 28
Ni/C core–shell structure 50 �34 3.5 B7–11 29
Ni/C core–shell structure 55 B�18 3.8 B7.3–10.2 39
Hollow nickel spheres 25 B�26 1.4 B12.5–14.5 22
Ni@C nanoparticles 18.2 B�23 2.5 B11.2–17.1 31
Nickel chains 60 B�25 2 B8.4–10.4 20
Ni/graphene composites 20 B�13 2 B13.5–17.7 32
Ni@C nanorods 60 B�18 1.7 B13–18 33
Ni/C nanocomposites 30 �17.6 1.5 13.2–18 This work
Ni/C nanocomposites 25 �21.2 1.75 13.6–18 This work

Fig. 8 Real permittivity (a) and dielectric loss tangent (tan d) (b) spectra of the paraffin composites containing 25 wt% and 30 wt% Ni/C powder in the
2–18 GHz region. The four colors indicate the different relaxation processes.
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As we know, one dielectric relaxation process is always attached
to another, so these two regions of dielectric response
(below 6.5 GHz and above 16.5 GHz) are parts of dielectric
relaxation.69,71,92 The relaxation behavior is not only attributed
to the interfacial polarization due to the significant electrical
difference among the nickel particles, carbon sheets and
paraffin matrix, but is also attributed to the permanent electric
dipoles resulting from defects in the porous amorphous
carbon.25

Cole–Cole plots were used to investigate the relaxation
behavior, as shown in Fig. 9. In an ideal mono-dispersive
Debye-type relaxation process, the curve of the experimental
data is a semicircle with its centre located on the er

0 axis in the
Cole–Cole plot.88,89 As shown in Fig. 9, both curves contain four
parts, indicating the existence of four different regions of

dielectric response. Two semicircles at 6.5–12 GHz and
12–16.5 GHz and two circular arcs at 2–6.5 GHz and 16.5–18 GHz
correspond to parts I–IV in Fig. 8a. However, the curves of the two
composites are not perfect semicircles, and the circle centers of the
two curves are not located on the er

0 axis (Fig. 9). This is mainly
because the relaxation reported in this work is a multi-relaxation
process. That is, when several relaxation processes are added
together, each separate relaxation would deviate from ideal Debye-
type relaxation.90,91 The multiple relaxation processes in the Ni/
C nanocomposites are related to the Debye dipole in porous
amorphous carbon materials and interfacial relaxation on the
nickel–carbon interface as well as the Ni/C-paraffin interface,
which demonstrates the viewpoint that the construction of
multilevel nanostructures can bring more dielectric loss
mechanisms.3 Similar results were also reported by others, in
which a multilevel carbon structure played a more dominant
role in determining the dielectric loss rather than the isolated
magnetic metal.25–29

As shown in Fig. S5 (ESI†), the hysteresis loops indicate that
the Ni/C powders exhibit magnetic properties due to the
existence of nickel particles, which makes it possible to show
high-frequency magnetic properties and match with the dielectric
properties.93,94 Fig. 10 shows the complex permeability of the
paraffin composites containing 25 and 30 wt% Ni/C powder at
2–18 GHz. The permeability spectra exhibit obvious frequency
dispersion at 2–18 GHz, and a large decline of m0 can be seen
from 2–8 GHz corresponding to two loss peaks (Fig. 10b), which
shows the relaxation behavior of the magnetic domain. Hysteresis
loss is negligible in a weak electromagnetic field, and the domain
wall resonance loss usually appears under 2 GHz. In addition,
leakage current across the whole composite can also be negligible,
contributing to good impedance matching, because the Ni/C
content is below the percolation threshold and does not form a
percolating conductive network in the composites containing 25
and 30 wt% of Ni/C.95 Therefore, natural ferromagnetic resonance
is generally considered as the main magnetic loss mechanism in
the 2–18 GHz region.96,97 The natural resonance frequency shows
a linear relationship with the anisotropy field:98 2pfr = gHeff, where
fr is the resonance frequency, g is the gyromagnetic ratio and Heff

is the effective anisotropy field. When the magnetic metal is at the
nanoscale, the effective anisotropy field, Heff, can be effectively
influenced by particle size, morphology and the anisotropy of

Fig. 9 Cole–Cole plots of the paraffin composites containing 25 wt%
(a) and 30 wt% (b) Ni/C powder. The four colors indicate the different
relaxation processes.

Fig. 10 Real permeability (a) and imaginary permeability (b) of the paraffin composites containing 25% and 30% Ni/C powder in the 2–18 GHz region.
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the magnetic domain. The magnetic nanoparticles lead to an
increase in Heff, and thus an increase in the natural resonance
frequency.19–22 Therefore, the natural resonances in the 2–18 GHz
region may be attributed to the distribution of nickel particle size
at the nanoscale (Fig. 10). Similar magnetic behavior has also
been observed in some composites containing nanoscale nickel
or cobalt particles.3,4,25–30 Therefore, the magnetic loss is attributed
to the ferromagnetic resonance of the nickel particles, which is
beneficial for good impedance matching and electromagnetic
absorption properties. It is worth noting that the m00 values are
negative in some frequency regions (Fig. 10b), suggesting that
the porous Ni/C composites might be used as metamaterials
with negative electromagnetic parameters, which usually show
unique physical properties different from naturally occurring
materials.79,99 Similar phenomena have also been found in
Ni/C microspheres.25

4. Conclusion

In this research, we have presented a bio-gel derived strategy to
construct novel Ni/C nanocomposites consisting of a porous
carbon matrix with embedded nickel nanoparticles. The amor-
phous carbon prevents the agglomeration of the nickel nano-
particles, which contributes to good impedance matching.
According to percolation theory, an appropriate Ni/C content
(25 and 30 wt%) was determined in the absorbing coatings to
show good impedance matching. As a result, strong reflection
loss (RL o �10 dB) was achieved with the advantage of thin
thickness (1.75 mm and 1.5 mm), light weight (25 wt% and 30 wt%)
and broad bandwidth (13.6–18 GHz and 13.2–18 GHz). The excellent
absorbing properties are mainly attributed to the dielectric relaxa-
tion loss of the multilevel carbon structure and ferromagnetic
resonance of the nickel nanoparticles. This work provides a new
design paradigm to determine the optimal content of absorber
using percolation theory, and the bio-gel derived strategy paves a
possible way for the mass synthesis of nanoabsorbers. Mean-
while, these materials can be used for other applications includ-
ing environmental remediation,100 sensing,101 catalysis,102 and
drug delivery.103
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