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ABSTRACT: Herein we develop a facile strategy for
fabricating nickel particle encapsulated in few-layer nitrogen-
doped graphene supported by graphite carbon sheets as a high-
performance electromagnetic wave (EMW) absorbing materi-
al. The obtained material exhibits sheetlike morphology with a
lateral length ranging from a hundred nanometers to 2 ym and
a thickness of about 23 nm. Nickel nanoparticles with a
diameter of approximately 20 nm were encapsulated in about
six layers of nitrogen-doped graphene. As applied for
electromagnetic absorbing material, the heteronanostructures
exhibit excellent electromagnetic wave absorption property,
comparable to most EMW absorbing materials previously
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reported. Typically, the effective absorption bandwidth (the frequency region falls within the reflection loss below —10 dB) is up
to 8.5 GHz at the thicknesses of 3.0 mm for the heteronanostructures with the optimized Ni content. Furthermore, two
processes, carbonization at a high temperature and subsequent treatment in hot acid solution, were involved in the preparation of
the heteronanostructures, and thus, mass production was achieved easily, facilitating their practical applications.
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1. INTRODUCTION

Electromagnetic wave (EMW) absorbing\materials have
attracted increasing attention due to increasing EM interference
problems induced by wide utilization of electronic devices
operating at the gigahertz band. To date, EMW absorbing
materials have been required to possess advantages such as
being light and thin and having wide absorption band, strong
absorption performance, high stability, and antioxidation
properties. Soft magnetic metals have potential applications in
the EMW absorption field due to their high Snoek limit.'
However, the EMW absorption properties of soft magnetic
metals are limited by their serious aggregation phenomena and
poor antioxidation. Therefore, several special structures
including core—shelled, yolk—shelled, and encapsulated materi-
als containing soft magnetic metals have been developed to
overcome those drawbacks of the soft magnetic metals.””"*
Among these materials, core—shelled or encapsulated structures
have exhibited attractive EMW absorption performance.””" For
example, the reflection loss (R ) Ni—Ag core—shelled nano-
particles was —23.6 dB at an optimal frequency of 10.8 GHz.”
Ni/C nanocapsules exhibited comparable EMW absorption
property with a maximum R; value of —40 dB at 3 GHz." The
large absorption bandwidth below —10 dB was achieved by
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ZnO-coated Ni nanoparticles.” However, some drawbacks need
to be further solved for their practical applications: (i) the
addition amount of those structures into the matrixes such as
paraffin was larger than 40 wt %; (ii) even encapsulated in
foreign materials, the a§gregations between the magnetic metals
were still observed;>™" (iii) some outmost coatings such as
ZnO may not impede the oxidation of the inner magnetic metal
core efficiently upon air exposure for long time; (iv) most of
those materials were prepared by an arc-discharge technique,
and mass-production was achieved difficultly.

Recently, ultrathin two-dimensional materials such as
graphene have attracted much attention due to their excellent
physicochemical properties. As for applications in the EMW
absorption field, graphene sheets were commonly used as
substrates for supporting nanostructures.” >’ By reasonable
structure designation, those graphene-based composites
showed enhanced EMW absorption properties in comparison
to single counterparts.'” " Especially, coupling the magnetic
nanomaterials with graphene sheets could efficiently improve
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Figure 1. TEM images of the Ni@NG/NC nanosheets: (a and b) low-magnification and high-hagnification TEM images for individual Ni@NG/
NC nanosheets; (c and d) HRTEM images for Ni NPs encapsulated in few-layer N-doped graphene; (e and f) low-magnification and HRTEM
images for onion-like carbon nanostructures. ¢
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EMW absorption properties.”> >* For example, Pan et al. par atrix was only 20 wt %, Ni@NG/NC exhibited
prepared Co/G composites through a phase-controlled strategy e EMW absorption property, comparable to most EMW
and found that the a-Co/G composite exhibited enhanced sorbing materials previously reported.

EMW absorption property with a minimal Ry value of —47.5 dB .
at 119 GHz*> Our previous result showed that coupling & EXPERIMENTAL SECTION

hollow Fe;O,—Fe nanoparticles with graphene could impr% 2.1. Preparation of Ni@NG/NC. Urea and nickel acetylacetonate
)

the EMW absorption property of the composite.”* Qi et with molar ratio of 6:1 were uniformly mixed, and then the mixture
designed a heteronanostructure that consisted of metal was heated at 900 °C for 1 h under Ar protection. The obtained black
carbon nanotube’ and graphene with an optlmal RL valu f powder was treated in 0.5 M HZSO4 at 160 °C for 12 h. The final
—65.5 dB at 12.4 GHz>° On the basis of the abov ulfs, it product was washed with water and dried at 40 °C for 24 h under

can be concluded that construction of magnetic gr e-based vaczm;m. Ch N
. . . . .2. Characterizations. The structures of the samples were
composites is an efﬁc1en't way f9r develop of high- characterized by X-ray powder diffraction (XRD) using an X'Pert Pro
performance EMW absorbing materials. diffractometer with Cu Ka radiation (4 = 1.5418 A), scanning electron
Nitrogen-doped carbonaceous materials@)een reported microscopy (SEM) using a Hitachi SU8000, and transmission electron
to show significantly enhanced physicoche properties and microscopy (TEM, JEM-2010, JEOL); X-ray photoelectron spectros-
have been widely applied in energy storage and conversion copy (XPS) data were taken on an X-ray photoelectron spectrometer
systems. However, the EMW absorption properties of magnetic (K-Alpha, Thermofisher Scientific Company) with Al Ka radiation

generated at 12 kV and 150 W. The surface areas of samples were
tested by nitrogen adsorption/desorption analysis (TRISTAR 113020).
Raman spectra were recorded on a Raman spectrometer (Lab RAMA
ramis, Horiba Jobin Yvon) using a 488 nm He—Ne laser. The Ni

metal nanoparticles encapsulated in nitrogen-doped graphene
have been investigated rarely so far. Herein, we develop a facile
method to synthesize nickel nanoparticle encapsulated in few-

layer nitrogen-doped graphene supported by nitrogen-doped content in Ni@NG/NC was determined by a thermogravimetric

graphite sheets (Ni@NG/NC). The heteronanostructured analyzer (Diamond TG-DTA). The atomic force image (AFM) was

Ni@NG/NC used as an EMW absorbing material possesses recorded on a scanning probe microscope (CSPM $5500). The

the following advantages: (i) the Ni nanoparticles (NPs) with a magnetic property of the NIi@NG/NC nanosheets was measured by a

diameter of 20 nm were encapsulated in few-layer nitrogen- vibrating sample magnetometer (VSM; Lakeshore 7410) at room
temperature.

doped graphene, leading to their robust stability against strong

e . R ’ % 2.3. Electromagnetic Parameter Measurement. The electro-
acidic solution and strong antioxidation upon air exposure; (ii)

magnetic parameters of the absorbing materials were measured by

the graphene-encapsulated Ni NPs were uniformly separated using a vector network analyzer (Anritsu MS4644A Vectorstar). The
between each other, avoiding the serious aggregation among cylindrical sample (with 3.00 mm inner diameter, 700 mm outer
those magnetic NPs; (iii) the graphene-encapsulated Ni NPs diameter, and 3.00 mm thickness) was prepared by mixing Ni@NG/
were supported by N-doped graphite nanosheets, endowing NC with a paraffin matrix. The addition amount of Ni@NG/NC to

- 0
numerous interfaces to the heteronanostructures; (iv) two paraffin matrix was controlled to be 20 wt %.

processes, carbonization at a high temperature and subsequent
treatment in hot acid solution, were involved in the preparation

3. RESULTS AND DISCUSSION

of the heteronanostructures, and mass-production was achieved 3.1. Structural Characterization of Ni@NG/NC Nano-
easily. As a consequence, even as the addition amount into the sheets. Because two processes, carbonization at a high
1400 DOI: 10.1021/acsami.7b15559
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Figure 2. (a) XRD pattern, (b) the survey XPS spectrum, (c) Ni 2p core level XPS spéctrum, (d) C 1s core level XPS spectrum, (e) N Is core level
XPS spectrum, and (f) Raman spectrum of the Ni@NG/NC nanosheets.

temperature and subsequent treatment in hot acid solution,
were involved in the preparation of the heteronanostructures,
several grams of Ni@NG/NC could be produced in one batch.
Therefore, the strategy for the synthesis of Ni@NG/NC could
be scaled up to industrial production. Figure Sla (Supporting
Information) shows a typical SEM image of Ni@NG/NC: It
can be found that Ni@NG/NC exhibits sheetlike morphology
with lateral length ranging from a hundred nanometers to 2
um. The AFM image (Figure S1b, Supporting Information)
indicates that the thickness of the nanosheets is about23 nm. A
low-magnification TEM image reveals that “Nij), NPs are
uniformly distributed in the Ni@NG/NC nanosheets with a
lateral length of around 2 um (Figure Ia):=3The uniform
distribution of small Ni particles is confirmed’by the energy-
dispersive X-ray spectrometry (EDX) elemental mapping
images of the Ni@NG/NC nanosheets (Figure S2, Supporting
Information). Figure 1b indicates that the diameter of the Ni
NPs is approximately 20 nm. High-resolution TEM (HRTEM)
analysis indicates that the Ni NPs are encapsulated in about six
layers of graphene shell (Figure 1, parts ¢ and d). The well-
resolved lattice fringes with d-spacings of 0.202 and 0.179 nm
in the Ni core region can be clearly observed in the HRTEM
image, which correspond to the (111) and (200) planes of Ni
NPs (Figure 1d). In the graphene shell region, the interlayer
distance is around 0.36 nm, confirming that the Ni NPs are
coated by the graphene layers (Figure 1d). Selected area
electron diffraction (SAED) displays the diffraction rings from
the (002) plane of graphite carbon, and (111), (200), and
(220) planes of Ni, and further confirms the presence of the
graphite carbon and crystal Ni in the Ni@NG/NC nanosheets
(Figure S3, Supporting Information). In addition, onion-like
nanostructures with an interlayer distance of 0.36 nm can be
clearly observed in some regions without Ni NPs, suggesting a
porous feature of the Ni@NG/NC nanosheets (Figure 1, parts
e and f). The formation of such onion-like nanostructures can
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be”attributed to the removal of the Ni NPs in completely
encapsulated within N-doped graphene shells after the
nanosheets were treated in the hot acidic solution. The porous
teature is further confirmed by nitrogen adsorption—desorption
isotherms analysis (Figure S4, Supporting Information). The
Ni@NG/NC nanosheets exhibit type IV hysteresis (Figure S4a,
Supporting Information), suggesting the presence of mesopores
in the nanosheets. The Brunauer—Emmett—Teller (BET)
surface area of Ni@NG/NC nanosheets is calculated to be
89.7 m> g~'. Using the Barrett—Joyner—Halenda (BJH)
method, the average pore size is about 3.8 nm, and the
corresponding BJH desorption cumulative pore volume is as
0.116 cm® g~ (Figure S4b, Supporting Information). Notably,
if the treatment of the annealed sample in hot acidic solution
was left out, besides small Ni NPs, many large Ni particles with
a size at a micrometer level were found to be loaded on the
obtained nanosheets (Figure SS, Supporting Information).
Thus, the treatment in hot acidic solution is a key process for
the preparation of the nanosheets with uniform distribution of
small Ni NPs. Our previous results showed that the Ni NPs
anchored on the graphene sheets were oxidized to form a thin
NiO layer even with exposure to air at room temperature, and
totally transformed to NiO NPs after heating the composite at
200 °C for 3 h and 280 °C for another 3 h under air
atmosphere.”® In contrast, even after the Ni@NG/NC
nanosheets were heated at 300 °C for 12 h under air
atmosphere, most of Ni NPs in the nanosheets could not be
oxidized to NiO NPs, as evidenced by XRD measurements
(Figure S6, Supporting Information). There results above
demonstrate that the Ni NPs encapsulated in few-layer
nitrogen-doped graphene have strong resistance to hot acidic
corrosion and oxidation characters.

Figure 2a shows the XRD pattern of the Ni@NG/NC
nanosheets. The diffraction peaks at 26 44.5°, 51.8°, and 76.3°
can be assigned to the (111), (200), and (220) planes of the Ni
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Figure 3. (a) Relative complex permittivity, (b) the relative complex permeability, (c) R, —f.curves, and (d) loss tangent data of the Ni@NG/NC
nanosheets. (e and f) Cole—Cole and Cy—f plots for Ni@NG/NC nanosheets.

NPs (JCPDS 04-0850), respectively, where the peak centered
at 26.2° corresponds to the (002) plane of graphitic carbon
(JCPDS 75-1621).The diffraction peaks from nickel oxides or
hydroxides are not detected, suggesting strong antioxidation of
the Ni NPs due to the protection of the N-doped graphene
shell. The surface composition and chemical valence states of
the Ni@NG/NC nanosheets were characterized by XPS
analysis. The survey spectrum (Figure 2b) suggests the
presence of Ni, C, O, and N elements in the Ni@NG/NC
nanosheets. In the Ni 2p XPS spectrum (Figure 2c), the peaks
at 852.3 and at 870.0 eV are observed in the Ni 2pgy. and Ni
2p, /, regions, respectively, which can be assigned to the binding
energies of metallic nickel.*” Obvious peaks cortesponding to
high oxidation state of nickel are not found, further confirming
the excellent antioxidation of the Ni NPs in'the,Ni@NG/NC
nanosheets. The C 1s XPS spectrum (Figure 2d) can be
deconvoluted into three peaks at 284.5, 285.8, and 288.5 eV,
which correspond to C—C, C—N, and C—-O groups,
respectively.”' ~* In the N 1s spectrum (Figure 2e), there are
two peaks centered at 398.2 and 400.6 eV, corresponding to
pyridinic N and graphitic N, respectively.43 The N content in
the Ni@NG/NC nanosheets is estimated to be 2.3 atom %
according to the XPS data. The existence of N element is
turther confirmed by EDX mapping images, as shown in Figure
S7 (Supporting Information). TG analysis demonstrates that
the Ni content in the Ni@NG/NC nanosheets is about 55 wt
% (Figure S8, Supporting Information). Figure 2f displays the
Raman spectrum of the Ni@NG/NC nanosheets in the Raman
shift ranging from 800 to 2250 cm™". Two peaks at about 1350
and 1580 cm™ are found for the nanosheets, characteristic
feature of carbonaceous materials. The peak at 1350 cm™ (D
band) corresponds to the defect in the carbon, whereas the
peak at 1580 cm™' (G band) is due to graphitic carbon. The
intensity ratio of the D and G bands (Ip/I) is about 1:1.5,
suggesting a higher degree of graphitization of carbon in the
Ni@NG/NC nanosheets, which is consistent with XRD and
TEM results.
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3.2:Magnetic and EMW Absorption Properties of Ni@
NG/NC,Nanosheets. The field dependence of magnetization
for the’Ni@NG/NC nanosheets was measured by a vibrating
sample magnetometer at room temperature, as shown in Figure
S9 (Supporting Information). Significant hysteresis loops in the
M~—H curves indicate the ferromagnetic property of the Ni@
NG/NC nanosheets. The saturation magnetization (M),
coercivity (H.), and retentivity (M,) for the nanosheets are
23.5 emu/g, 67.1 Oe, and 1.2 emu/g, respectively. The Ni@
NG/NC nanosheets show the ferromagnetic behavior, which
may facilitate the EMW absorption property.”* ™’

The electromagnetic parameters of the paraffin composite
containing 20 wt % of the Ni@NG/NC nanosheets were
measured at room temperature to investigate the EMW
absorption property of the nanosheets. The electromagnetic
parameters include relative complex permittivity, €, = &' — je’,
and the relative complex permeability, y, = p' — ju”. €, and p,,
relevant to dielectric and magnetic losses, respectively, have
important effects on the EMW absorption property of
absorbing materials. As shown in Figure 3a, both ¢ and &”
gradually decrease with an increase of frequency and are in
range of 5.39—5.35 and 2.60—3.25, respectively. The u’ and p”
are varied in range of 1.08—1.89 and —0.13—1.08, respectively
(Figure 3b). The real parts and imaginary parts of the relative
complex permeability and relative complex permittivity have
relatively large values, implying that the Ni@NG/NC nano-
sheets have good EMW absorption property. The R value can
be calculated by the following equations according to
transmission line theory:**

Z, = ZO(,ur/gr)l/2 tanh[jand/c(/lrsr)l/z] (1)
= Z

R, (dB) = 20log|— 0
in T Zo (2)

where Z, is the impedance of free space, Z; is the input
impedance of the absorber, c is the velocity of electromagnetic

DOI: 10.1021/acsami.7b15559
ACS Appl. Mater. Interfaces 2018, 10, 1399—1407


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15559/suppl_file/am7b15559_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15559/suppl_file/am7b15559_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15559/suppl_file/am7b15559_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15559/suppl_file/am7b15559_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15559/suppl_file/am7b15559_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b15559
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.7b15559&iName=master.img-003.jpg&w=359&h=240

ACS Applied Materials & Interfaces

Research Article

waves in free space, f is the frequency of microwaves, and d is
the thickness of the absorber. When the R; value is below —10
dB, more than 90% of EMW energy will be absorbed, which
means that the absorber can be applied practically. The
corresponding frequency range is defined as effective
absorption bandwidth (EAB). As for practical application of
the absorbing material, the EAB is required to be as large as
possible at a given thickness. Figure 3c shows R;—f curves of
the Ni@NG/NC nanosheets at various thicknesses. At the
thicknesses of 2.0, 2.5, 3.0, 4.0, 4.5, and 5.0 mm, all of the
minimum Ry (Ry ;) values are below —10 dB for the Ni@
NG/NC nanosheets, and the corresponding EABs are 4.8, 5.2,
4.9, 44, 3.7, 32, and 2.9 GHz, respectively. The EMW
absorption property of the Ni@NG/NC nanosheets is among
the best absorption properties of the magnetic materials
previously reported, as shown in Table S1 (Supporting
Information). Furthermore, the addition amount of the Ni@
NG/NC nanosheets is only 20 wt %, which is smaller than
those of the magnetic materials previously reported (Table S1,
Supporting Information). Therefore, the Ni@NG/NC nano-
sheets have very promising application in EMW absorption
field.

3.3. Mechanism on EMW Absorption Properties of
Ni@NG/NC Nanosheets. To uncover the mechanism of the
good EMW absorption property of the Ni@NG/NC nano-
sheets, the dielectric loss tangent (tan &, = £”/¢’) and magnetic
loss tangent (tan &, = u”/u’) were calculated. As shown in
Figure 3d, tan J, is in the range of 0.38—0.49 with a slight
fluctuation at the high-frequency region.

The large tan J, demonstrates that dielectric loss contributes
to the EMW absorption property of the Ni@NG/NC
nanosheets over the full tested frequency region. As for tan
Oy the value falls within the range of 0.15—0.37 at the low=
frequency band (2—10 GHz), and then decreases rapidly at.the
high-frequency region (10—18 GHz). This result suggests.that
magnetic loss contributes to the EMW absorption property of
the Ni@NG/NC nanosheets only at the low-frequency-region.

The dielectric loss is closely relevant to the “dielectric
relaxation processes, which can be explained by thexCole—Cole
curves. According to the Debye theory, the “relationships
between €” and €’ can be written as

(6" = (g + &)/2)" + (") = (& — €0)/2)’ (3)

where & and €., are the static permittivity and the relative
dielectric permittivity at high-frequency limit. Figure 3e shows
the Cole—Cole curve of the N-doped carbon nanosheets
plotted in terms of eq 3. Two clear semicircles are observed in
the Cole—Cole curve, suggesting that multirelaxation processes
will occur when the electromagnetic wave irradiates the Ni@
NG/NC nanosheets. The two dielectric relaxations can be
attributed to dipole polarization and interfacial polarization.
The dipole polarization is usually produced by defects, dangling
bands, or unsaturated coordination in the absorbing materials
upon electromagnetic field irradiation. In our Ni@NG/NC
nanosheets, there are numerous defects caused by N-doping
and non-graphitic carbon, evidenced by HRTEM and Raman
measurements (Figure 1d, Figure 2f). In addition, the
unsaturated coordination groups such C—O and C—N are
presented in the nanosheets (Figure 2, parts d and e). Those
defects and unsaturated coordination groups can act as
polarized centers, which contribute to the dielectric relaxations
of the Ni@NG/NC nanosheets. Furthermore, multi-interfaces,
such as the interface between Ni NPs and N-doped graphene
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and the interface between N-doped graphene and N-doped
carbon nanosheets, exist in the Ni@NG/NC nanosheets. The
redistribution of the charges at the interfacial regions will occur
upon EMW irradiation, and thus, the interfacial polarization
contributes to the dielectric relaxations of the Ni@NG/NC
nanosheets. As a consequence, the dipole and interfacial
polarizations, induced by defects/unsaturated coordination
groups and interfaces, respectively, result in large dielectric
loss of our Ni@NG/NC nanosheets.

In general, the magnetic loss comes from hysteresis loss,
domain-wall resonance, eddy current effect, natural resonance,
and exchange resonance. However, the contributions of
hysteresis loss and domain-wall resonance to the magnetic
loss can be excluded because they common occur merely under
strong electromagnetic field irradiation and at a frequency
region below 2 GHz for ferromagnetic materials, respectively.
The imaginary part of relative complex permeability relevant to

the eddy current effect can be described by**®

p' =2, (') od’f /3 )

where yi, and o are,the permeability of vacuum and the electric
conductivity, respectively. Defining the constant C,; equal to
2mugod’/3, the following equation will be obtained:

Co = 2”ﬂ06d2/3 =u' (W) Q)
In terms of the eq 5, if the magnetic loss originates mainly from
the eddy current effect, C, will keep a constant over 2—18 GHz.
As shown in Figure 3f, in spite of a small fluctuation, the C,
decreases sharply with an increase of frequency. Thus, the eddy
current effect is not a major reason for the magnetic loss of
Ni@NG/NC nanosheets.

According to the natural resonance equation 2af, = yH,
where f, is the natural resonance frequency, y is the
gyromagnetic ratio, and H, is the anisotropy energy, f, for
bulk nickel should be around several tens of megahertz.
However, when the size of nickel is decreased to the nanometer
scale, the f, will shift toward the high-frequency region. For
example, f, was shifted to 5.5 GHz for Ni/C nanocapsules*’
with a diameter of 25—30 nm, while it was located at 16.6 GHz
for Ni/ZnO nanocapsules® with a diameter of $—25 nm. In our
Ni@NG/NC nanosheets, the natural resonance frequency is
observed to be around 9.0 GHz, as shown in Figure 3d.
Therefore, the natural resonance contributes to the magnetic
loss of the Ni@NG/NC nanosheets. In addition, a weak
resonance peak centered at 16.5 GHz can be observed in the
Figure 3d. In general, the exchange resonance occurs at a higher
frequency than the natural resonance.”'* Therefore, we think
that the resonance peak at 16.5 GHz is relevant to the exchange
resonance. However, the intensity of the exchange resonance
peak is greatly weaker than that of the natural resonance peak,
and thus, the contribution of the exchange resonance to the
magnetic loss of the Ni@NG/NC nanosheets is negligible in
comparison to the natural resonance.

3.4. Effect of Ni Content on the EMW Absorption
Properties of Ni@NG/NC Nanosheets. In order to study the
effect of the Ni content in the nanosheets on the EMW
absorption property, two additional samples were prepared by
adjusting the molar ratio of urea to nickel acetylacetonate
precursors (r). The sample discussed above was synthesized as
r = 6:1, and is denoted as Ni@NG/NC-6:1 hereafter. As r
values were tuned to be 3:1 and 9:1, two corresponding
samples were denoted as Ni@NG/NC-3:1 and Ni@NG/NC-
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9:1, respectively. TG analyses suggest that the Ni contents in
Ni@NG/NC-3:1 and Ni@NG/NC-9:1 are 68.0 and 47.9 wt %,
respectively, as shown in Figure S10 (Supporting Information).
Ni@NG/NC-3:1 and Ni@NG/NC-9:1 show sheetlike mor-
phologies, similar to that Ni@NG/NC-6:1 (Figure 4, parts a

Figure 4. (a and b) TEM and HRTEM images of Ni@NG/NC-3:1
and (c and d) TEM and HRTEM images of Ni@NG/NC-9:1.

and c). However, the densities of Ni NPs in Ni@NG/NC-31
and Ni@NG/NC-9:1 are larger and smaller than that in Ni@
NG/NC-6:1, respectively (Figure 4, parts a and”c).
Furthermore, some nanosheets without Ni NPs are found in
the Ni@NG/NC-9:1 (Figure S11, Supporting Information).
The results above demonstrate that the r value is a crucial factor
to obtain ideal Ni@NG/NC nanosheets with® uniform
distribution of Ni NPs. HRTEM images (Figure 4, parts b
and d) reveal that the Ni NPs in Ni@NG/NC-3:1 and Ni@
NG/NC-9:1 are encapsulated in few-layer N-doped graphene,
similar to those in Ni@NG/NC-6:1. The well-resolved lattice
fringes are observed in the Ni region, suggesting the crystal

nature of Ni NPs in Ni@NG/NC-3:1 and Ni@NG/NC-9:1.
The labeled lattice distances are 0.20 nm, corresponding to
(111) planes of Ni NPs.

The EMW absorption properties of the paraffin composites
containing 20 wt % of the Ni@NG/NC-3:1 and Ni@NG/NC-
9:1 were also investigated. Figure S shows the Ry —f curves of
the Ni@NG/NC-3:1 and Ni@NG/NC-9:1 at various thick-
nesses. Compared to Ni@NG/NC-6:1, the Ni@NG/NC-3:1
exhibits enhanced EMW absorption properties (Figure Sa). For
example, the EABs for the Ni@NG/NC-3:1 are 5.7, 8.5, 5.6,
5.3, 5.1, and 4.7 GHz at the thicknesses of 2.5, 3.0, 4.0, 4.5, and
5.0 mm, respectively, significantly larger than the EABs for the
Ni@NG/NC-6:1 at the corresponding thickness (Table S2,
Supporting Information). Furthermore, the Ry ;, values for the
Ni@NG/NC-3:1 at the thickness ranging from 2.5 to 5.0 mm
are less than those for the Ni@NG/NC-6:1 (Table SI,
Supporting Information). By comparing the parameters data
and the loss tangents between the two samples (Figures S12
and S13, Supporting Information), we find that the enhanced
EMW absorption properties of the Ni@NG/NC-3:1 can be
explained by its larger dielectric and magnetic losses. On the
other hand, the Ni@NG/NC-9:1 exhibits inferior EMW
absorption property to the Ni@NG/NC-3:1 including smaller
EAB and larger.R; ;, values. As shown in Figure 5b and Table
S2 (Supporting Information), the Ry ,;, values of the Ni@NG/
NC-9:1 are less than —10.5 dB. As shown in Figures S12 and
S14 (Supporting Information), the inferior EMW absorption
property of the Ni@NG/NC-9:1 can be attributed to its
smaller dielectric and magnetic losses in comparison to those of
the Ni@NG/NC-6:1. In terms of the results above, it can be
concluded that the EMW absorption property of the Ni@NG/
NC nanosheets can be tuned by the Ni content.

3.5. Effect of N Content on the EMW Absorption
Properties of Ni@NG/NC Nanosheets. The N content in
our Ni@NG/NC nanosheets can be tuned by the carbonization
temperature. We prepared an additional three samples under
the same experimental conditions except that the carbonization
temperature was changed. The three samples obtained at 800,
1000, and 1100 °C were denoted as Ni@NG/NC-800, Ni@
NG/NC-1000, and Ni@NG/NC-1100, respectively. XRD
patterns show that the samples contain metallic Ni (Figure
S15, Supporting Information). TG analyses indicate that the Ni
contents in the Ni@NG/NC-800, Ni@NG/NC-1000, and
Ni@NG/NC-1100 about are 51.3, 56.6, and 56.3 wt %,
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respectively, close to that of Ni@NG/NC-6:1 (Figure S16,
Supporting Information). The diameters of Ni NPs in the Ni@
NG/NC-800, Ni@NG/NC-1000, and Ni@NG/NC-1100 are
around 22, 23, and 26 nm, as shown in Figure S17a—c
(Supporting Information). The Ni NPs in the three samples are
also coated by N-doped few-layer graphene (Figure S17d—f,
Supporting Information). The labeled lattice distances are 0.20
nm, corresponding to (111) planes of Ni NPs, as shown in the
insets in Figure S17d—f (Supporting Information). The N
contents in the Ni@NG/NC-800, Ni@NG/NC-1000, and
Ni@NG/NC-1100 determined by XPS spectra are about 3.7,
0.3, and 0.1 atom % (Figures S18—S20, Supporting
Information). The N content is remarkably decreased with
the increase of the carbonization temperature, consistent with
the previous report.*’ According to the measurements above,
Ni@NG/NC-800, Ni@NG/NC-1000, and Ni@NG/NC-1100
have similar morphologies, sizes of Ni NPs, and the Ni contents
to those of Ni@NG/NC-6:1; however, the N contents in the
three samples are greatly different from that of Ni@NG/NC-
6:1, providing us a chance to study the effect of N content on
the EMW absorption properties of Ni@NG/NC nanosheets.

The EMW absorption properties of the paraffin composites
containing 20 wt % of the Ni@NG/NC-800, Ni@NG/NC-
1000, and Ni@NG/NC-1100 were also measured. Figure S21
(Supporting Information) displays the R, —f curves of the Ni@
NG/NC-800, Ni@NG/NC-1000, and Ni@NG/NC-1100 at
various thicknesses. Compared to Ni@NG/NC-6:1, the Ni@
NG/NC-800 exhibits enhanced EMW absorption properties
(Figure S21a, Supporting Information) at smaller thicknesses.
For example, the EABs for the Ni@NG/NC-800 are 7.1 and
5.2 GHz at the thicknesses of 2.5 and 3.0 mm, while they are
5.5 and 4.7 GHz for the Ni@NG/NC-6:1, respectively (Table
S3, Supporting Information). In view of the practical
application, it is desirable that the absorbers can attenuate
effectively EMW energy at a thickness as small as possible!In
contrast, the Ni@NG/NC-1000 and Ni@NG/NC-1100 show
inferior EMW absorption properties at all tested thicknesses
including low EAB value and the Ry, values, as shown in
Figure S21, parts b and ¢ (Supporting Informatiof)-and Table
S3 (Supporting Information). Their inferior EMW absorption
properties can be attributed to their lower,_dielectric losses, as
shown in Figures S22 and S23 (Supporting Information). Thus,
the N elements in our Ni@NG/NC nanosheets play a positive
effect on the EMW absorption property. The reason for the
positive of the N doping may be related to the different
electronegativity between C and N atoms, resulting in partial
positive and negative charges in the adjacent C and N species,
respectively. Such adjacent C and N species can serve as
polarization centers, which can enhance the dielectric loss of
the nitrogen-doped carbonaceous materials upon electro-
magnetic wave irradiation.

4. CONCLUSIONS

In summary, nickel NPs with a diameter of about 20 nm
encapsulated six-layers nitrogen-doped graphene supported by
nitrogen-doped graphite sheets can be fabricated by a facile
method. Two processes, carbonization at a high temperature
and subsequent treatment in hot acid solution, were involved in
the preparation of the heteronanostructures, and mass-
production was achieved easily. The fabricated heteronanos-
tructures exhibit excellent EMW absorption property including
strong absorption capability and lightweight feature, compara-
ble to most absorbing materials recently reported. Typically, the
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EAB is up to 8.5 GHz at the thicknesses of 3.0 mm for the
heteronanostructures with the optimized Ni content as the
addition amount the heteronanostructures is only 20 wt %.
Furthermore, due to the nitrogen-doped graphene shell the Ni
NPs have robust stability against strong acidic solution and
strong antioxidation upon air exposure. Therefore, the
heteronanostructures are very promising for the practical
applications in the EM absorption field.
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