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ARTICLE INFO ABSTRACT

Honeycomb architectures of h-BN/rGO nano-hybrids were built from the self-assemblies of hexagonal boron
nitride (h-BN) and graphene oxide (GO) through microwave heating for a few seconds. Incorporation of h-BN
BCN nanosheets into 3D reduced graphene oxide (rGO) foams was accompanied by the removal of oxygen-containing
Honeycomb-like structure groups during the rapid “bread baking” process. TEM and SEM images revealed the layer-stacked structure of the
Microwave-absorbing property samples. XPS, Raman and XRD spectra showed the presence of h-BN layers that were interlaced into the hon-
eycomb architectures of rGO frameworks. The microwave absorption properties and the complex permittivity
could be adjusted by varying the microstructure and the content of h-BN. For the wax composite filled with
6.25 wt% h-BN/rGO nano-hybrid with thickness of 1.8 mm, the reflection loss value reached —35.63 dB at
17.2 GHz, and the effective frequency bandwidth reached 6.96 GHz at 2.6 mm with a low surface density. The
honeycomb architecture of the hybrid provided multiple electromagnetic transmission paths and consumed
significant amount of microwave energy due to the multiple interfaces. Embedding h-BN in the architecture
enables excellent impedance matching, and provides highly efficient dielectric material that can be used for
microwave absorption. This work demonstrates that microwave treatment is a facile approach to obtaining
optimal microwave absorbing properties of h-BN/rGO nano-hybrids.
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band, and low mechanical performance, have severely hindered their
practical applications. New materials and new concepts are constantly

1. Introduction

Electromagnetic interferences are becoming more and more severe
due to the extensive utilization of electronic devices in daily life [1-3].
One of the simple methods to attenuate interfering electromagnetic
energy is the use of microwave absorbing materials. The microwave
absorption property is not only related to the intrinsic properties of the
materials, but also influenced by the macro-/micro-structures of the
materials [4,5]. Usually, lightweight, wide absorption, thin thickness
and strong absorption are the ideal requirements of advanced micro-
wave absorbers, either for modern stealth weapons or future electronic
devices [6-10]. Common microwave absorption composites are fabri-
cated from magnetic or dielectric fillers and various matrices [11-15].
However, their drawbacks such as high density, narrow absorption

required in this field in order to achieve excellent electromagnetic ab-
sorbing performance.

The carbon nanostructures is considered as a valid way to attain
lightweight composites and have been receiving increasing attention,
such as carbon nanotubes (one-dimensional structure, 1D) [16], gra-
phene (two-dimensional structure, 2D) [17], and carbon foams (three-
dimensional structure, 3D) [18]. Although graphene is a candidate
material for electromagnetic wave absorption with large surface area,
the permittivity of pristine graphene is too high for impedance
matching, thus giving rise to intense reflections at the surface [19].
Compared with the 2D layered structures, 3D porous reduced graphene
oxide foams (rGOFs) not only exhibit much lower bulk density, but also
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present thousands of transmitting channels and reflecting interfaces
[18,20]. Microwaves can easily enter the architectures and convert to
heat in the long transmitting pathways. rGOFs have much smaller ef-
fective permittivity than pure graphene, which is helpful for impedance
matching [18]. In order to enhance the absorption efficiency and to
widen the effective absorption bandwidth of graphene based-na-
nosheets, atomic doping or layer stacking has been attempted [20,21].
Substituting C atoms with N and B atoms can result in n- and p-type
graphene [22]. B and N co-doped graphene may form B—C—N phases
with tunable band gaps [23]. Furthermore, h-BN and graphene can be
used to form a layer-stacked structure, which could possibly enhance
the attenuation of electromagnetic waves [24]. B/N doped graphene
has been prepared using hydrothermal, thermal annealing or chemical
vapor deposition (CVD) methods [25,26]. However, these approaches
are generally time-consuming. It is essential to develop a feasible, ef-
fective and environment friendly approach that surpasses the conven-
tional strategies.

Since the 1980s, microwave equipment has progressively entered
chemical laboratories and is now being widely used to fabricate a
variety of nanostructures with different compositions [27]. Microwave
heating, based on the interaction of matter with electromagnetic ra-
diation, is characterized by fast heating rate, low-cost and scalable
production. Therefore, it is well-suited as the heating source for carbon
reduction method. Microwave irradiation promotes the rapid reduction
process of GO into the highly conductive rGO, with the microwave
energy transformed into heat. Graphene is regarded as an excellent
microwave absorbent while GO has poor microwave absorption capa-
city. The unoxidized graphitic region ‘impurities’ in GO act as micro-
wave absorbents, leading to avalanche-like deoxygenation reaction of
GO and formation of graphene under microwave irradiation [28,29].
Recently, Kim and co-workers [30] reported a reduced B/N co-doped
graphene hybrid via an efficient two-step microwave-hydrothermal
synthesis, which involved simultaneous doping with different heteroa-
toms (B and N) and decrease in doped graphene oxide. However, the
preparation method was not simple.

Herein, the one-step rapid synthesis of h-BN/rGO nano-hybrids with
honeycomb architectures using a “bread baking” microwave process is
reported. GO and h-BN were used as the raw materials. The microwave
absorbing properties of the hybrids were determined by the h-BN
content. It is noteworthy that layer-stacked h-BN/GO hybrids rapidly
reduced and expanded to honeycomb architectures under microwave
treatment within a few seconds, as soon as 25s. The h-BN/rGO nano-
hybrids exhibit the excellent electromagnetic wave absorption proper-
ties in terms of both the absorption intensity and bandwidth. It is be-
lieved that such nano-hybrids absorber will find its wide application in
the electromagnetic wave absorption field.

2. Experimental section

2.1. Raw materials
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GO, which were used as nitrogen, boron and carbon sources. h-BN
nanosheets were exfoliated as reported (Fig. S1, Supporting Informa-
tion) [31]. Graphene oxide (GO) was purchased from XFNANO Co. Ltd.
Nevertheless, all chemicals used were not further purified.

2.2. Synthesis

The detailed synthesis method is described as follows: Precursor
solution was prepared by combining graphene oxide and hexagonal
structure BN in ethanol, followed by stirring until they were fully dis-
solved. The mixture was then dried at 60 °C for 6h in an electric va-
cuum drying oven. Then, the dried mixture was placed in a commercial
microwave oven (Qingdao Microwave Creative Technology Co. Ltd,
MW-R10L), where it was heated with an oven output of 4000 W for 25 s
to obtain the honeycomb architectures of h-BN/rGO nano-hybrids. A
bright light was observed during the reduction process due to the
electric arc.

2.3. Characterization

The morphologies of the rGO and h-BN/rGO nano-hybrids nanos-
tructures were featured by transmission electron microscopy (TEM,
JEM-2100F), scanning electron microscope (SEM, JSM-6700F micro-
scope) and atomic force microscope (AFM). The crystalline structure
was examined by X-ray diffraction (XRD) using Bruker D8 X-ray dif-
fractometer with Cu Ka radiation from 5° to 90°(20). The fourier
transform infrared (FT-IR) spectra were conducted (Nicolet magna-IR
760 spectrometer) in air by using the KBr pellet method. The
Ultraviolet-visible (UV-Vis) spectroscopy was logged at indoor tem-
perature with a UV-1800 spectrophotometer. X-ray photoelectron
spectroscopy (XPS) was functioned using K Alpha 1063 type spectro-
meter for measured the existence of functional groups and the changes
in the atomic ratios. Energy dispersive X-ray spectroscopy (EDS) ana-
lysis was conducted using the related equipment of SEM. To research
the defect structures, Raman spectra, with a 514 nm laser excitation,
were taken on a LABRAM-010 Raman spectrometer. At indoor tem-
perature, the powder resistance was measured using ST-2722 type
powder resistance tester by a four-point probe method. Brunauer
Emmett Teller (BET) surface areas were got form a nitrogen adsorption
desorption isotherm at 77 K. As mentioned in the previous work [24],
the electromagnetic parameters of the h-BN/rGO nano-hybrids were
measured by an Agilent 8720 ET vector network analyzer at 2-18 GHz,
and the paraffin wax (93.75 wt%) and hybrids (6.25 wt%) were pressed
into a cylinder shape (®out, 7.0 mm; ®in, 3.0 mm). RL (dB), as the
reflection loss, was calculated with the electromagnetic parameters
using our-self programmed software.

3. Results and discussion

3.1. Microstructure and composition

rGO and h-BN/rGO nano-hybrids were synthesized from h-BN and Fig. 1 schematically illustrates the experimental process of
(o)
Self-Assembly i Microwave Heating :
; 4 GO layer : — i %
: Absolute ethanol h-BN layer | In vacuum Honeycomb
S ., | Driedat60C B0 4000w, 25 )
i ’ o in vacuum GO layer |
iGraphene oxide Hexagonal structure BN | for 6h GO-h-BN hybrids rGO-h-BN hybrids
Nanoscale materials Microscale heterostructures

Fig. 1. Schematic of the simple route to synthesize h-BN/rGO nano-hybrids.
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Table 1
Typical hybrids and their processing parameters.

Sample GO (wt %) h-BN (wt %)
rGO 100

BCN20 80 20

BCN25 75 25

BCN50 50 50

BCN75 25 75

BCN8O 20 80

synthesizing h-BN/rGO nano-hybrids. Few-layer and large GO na-
nosheets, as analyzed, were made ready by a modified Hummers
method (Fig. S2) [23,24]. The obtained GO was thoroughly mixed with
a solution of h-BN in ethanol with the aid of ultra-sonication. The in-
teraction between h-BN and single-layer GO facilitated the self-as-
sembly of the hybrids. After ultrasonic treatment, the mixture was he-
ated to obtain a thick viscous liquid, and then the hybrids were dried at
the same temperature. The dried mixture was placed in a commercial
single-functional microwave oven and subjected to microwave heating
under vacuum to obtain the h-BN/rGO nano-hybrids, namely the
“baking bread” process.

By altering the mass ratios of the raw materials, a series of h-BN/
rGO nano-hybrids could be obtained, as listed in Table 1. For instance,
the sample label BCN20 indicates that the mass fraction of h-BN was
20 wt% in the raw materials. Other products were accordingly labelled
as BCN80, BCN75, BCN50, and BCN25.

Mluminated by the works mentioned above, it is expected that GO
with a high defect density and many oxygen-containing functional
groups would be more reactive than graphene (or reduced GO). Most
importantly, even after the harsh oxidation treatment of Hummer
method, it was found that GO still contained some sp?-bonded regions.
These graphitic region ‘impurities’ may actually act as the initiators of
the deoxygenation reaction. Microwaves were efficiently dissipated via
electrons moving through it, resulting in the super-heating of graphene,
which contributed to the local deoxygenation reaction of GO adjacent
to graphene. Then, the layer-stacked GO-h-BN rapidly expanded in
shape and volume and was successfully embedded with h-BN na-
nosheets during the rapid partial reduction of “baking bread” process in
response to a change in temperature. Therefore, preparing h-BN layers
with 3D graphene foams using microwave heating method can be
considered as a feasible route for the synthesis of efficient electro-
magnetic wave attenuating materials on a large-scale.

Common heating methods, such as tube furnace heating, hydro-
thermal methods, etc., allow the transfer of heat “from the outside to
the inside”, meaning from the surface of the sample to the interior of
the sample. This process is similar to “baking cookies”. One side of the
“cookies” is heated, and the heat flows from the pan due to the in-
homogeneous heat. However, the electromagnetic radiation enables the
substitution/doping in a matter of seconds. Similar to the process of
“baking bread”, polar molecules (or graphitic region ‘impurities’) pull,
push, and collide with other molecules (through electrical forces),
which disperses the energy to adjoining molecules and atoms in the
material under the alternating field. Moreover, oxygen-containing
functional groups were eliminated during the “baking bread” process
and the honeycomb-like h-BN/rGO structure, as the “porous bread”,
was rapidly formed in the total material. In such layered 3D-structured
materials, it is expected that the large number of interfaces would in-
crease the electromagnetic transmission path and that a considerable
amount of electromagnetic energy would be consumed by the multiple
interfaces.

Fig. 2(a-d) and Fig. S3 show the typical SEM images of rGO and h-
BN/rGO nano-hybrids. All the samples showed a honeycomb and
sandwich-like structure in the micrometer-scale. Among these samples,
the skeletons of ultrathin GO nanosheets were smooth, well-stacked and
interconnected (Figs. S2(a-b)). After microwave treatment, the cross-
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section of rGO showed a honeycomb-like structure, which is beneficial
to the microwave absorption (Fig. 2(b—d)). From Fig. 2(c-d) and Figs.
S3(c-h), it can be seen that after reacting with h-BN nanosheets, the h-
BN/rGO nano-hybrids maintained the 3D honeycomb-like structure,
implying that the basic structure of hybrids was not damaged during
the reaction. At the same time, the layered h-BN was stacked between
the honeycomb-like rGO in different states, throughout the entire area.
Fig. 2(e-f) and Figs. S2(a-b) show the typical TEM images for the
BCN50 hybrid prepared by the reaction of h-BN with GO nanosheets,
resulting in wrinkles and folds. It indicates the presence of few-layered
graphene in hybrids, which is covered with the h-BN nanosheets. The
SAED pattern, as shown in the inset image of Fig. 2(e), further con-
firmed the unique hexagonal structure of BN and graphene [32]. Be-
sides, the thickness of BCN50 hybrids was analyzed by AFM, as shown
in Fig. 2(g) and Fig. S2(c). It indicates that the BCN nanosheets still
retained their layered structure, with thickness close to 1.15nm. In
addition, the layer size of the h-BN/rGO nanosheets ranged from 2 to
10 pm.

Fig. 3 illustrates the EDS mapping results of the BCN50 nanosheets.
The lateral distributions for B, N, C, and O atoms in the nanosheets, as
exhibited in Fig. 3(b-e), indicated that h-BN nanosheets were present in
the same regions with relatively few rGO layers. It confirmed the pre-
sence and the layered distribution of B, C, N, and O elements, which
indicates the intercalated structure of the h-BN/rGO nano-hybrids.

Fig. 4(a) and Fig. S4(c) display the typical Raman spectra of rGO
and h-BN/rGO nano-hybrids. The peaks centered at ~1585 and
~1340cm ™! corresponded to G and D bands for all samples [33]. G
band and D band are usually related to the in-plane bond extension of
sp> C pairs and the defects or lattice distortion, respectively [34,35]. In
this study, both D and G bands were stretched in h-BN/rGO nano-hy-
brids compared to rGO. It suggests that the defects and lattice distortion
increased as the h-BN nanosheets were incorporated.

The intensity ratio of D band and G band, Ip/Ig, is directly asso-
ciated with the average defect distance, L,, and defect density [35-37].
It is usually quantified using the Tuinstria-Koening relation:

Ip/Ig = CA)/L, @

The proportionality constant C(A) depends on the excitation laser
wavelength A. This equation was first used to obtain the size of crys-
talline sp? clusters (L,). Furthermore, it has been widely applied to
calculate the density of defects in sp? carbons, including electron in-
duced defects in rGO and h-BN/rGO nano-hybrids (Table 2). Generally,
higher value of I/I; indicates more B and N dopants in rGO. The Ip/Ig
value of BCN80 was lower than that of the other samples, which in-
dicates that the higher content of h-BN hindered the reaction process,
resulting in s-it stacking and a decrease in the defect distance. For the
other samples, the Ip/Ig value increased from 1.02 (rGO) to 1.58
(BCN75), revealing that embedding more h-BN in the architecture es-
tablished more defects and lattice distortion in the h-BN/rGO networks.

In general, high Ip/Ig values indicate high disorder in carbon ma-
terials or considerable defects [38]. The above results suggest that the
incorporation of h-BN nanostructures could separate the honeycomb-
like rGO structure, enhance the grain boundaries between h-BN and
rGO and decrease the surface area of h-BN/rGO nanosheets. As shown
in Table 2, the change in surface area was significant in the case of rGO
(279.276 m?/g) compared to BCN80 (4.425 m?/g). The larger specific
surface area of h-BN/rGO nano-hybrids would lead to more defects on
their surface. Hence, the disorder or defects inside materials could
perform like a ‘micro-capacitor’ and improve dielectric permittivity,
which is usually referred to as space charge polarization. This phe-
nomenon would significantly increase the microwave consumption.

Fig. 4(b) and Fig. S4(b) present the Fourier transform infrared (FT-
IR) spectra acquired from rGO and h-BN/rGO nano-hybrids. The FT-IR
spectrum of rGO showed strong, broad peaks at ~1051, ~1273 and
~1541 cm ™!, indicating the presence of alkoxy C—OH group stretching
vibrations, in-plane O—H stretching vibrations and aromatic C=C and
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Fig. 2. Typical SEM images of (a-b) Reduced graphene oxide; (c) BCN50 hybrid; (d) BCN25 hybrid; Typical TEM images of BCN50 hybrid. (e-f) low-magnification
images, indicating h-BN layer combined with the rGO lattice. The inset in (e) is the corresponding SAED of the h-BN and rGO regions. (g) AFM images and

corresponding height profiles of BCN50 hybrid.
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Fig. 3. SEM images and corresponding EDS elemental maps for B, C, O and N elements of h-BN/rGO nano-hybrids.

C=O0 stretching, respectively [39]. The as-prepared h-BN/rGO nano-
hybrids exhibited new peaks. The peaks at ~1374 and ~818cm™*,
and ~1109cm™?, corresponded to in-plane B—N vibration and sp®
hybrid B—C vibration [40,41]. This result indicated that h-BN na-
nosheets were embedded in rGO, consistent with the XPS results. In
addition, the XRD spectra confirmed the presence of different structures
of honeycomb-like graphene [20] and h-BN nanosheets [22] (Fig.
S4(a)). Furthermore, the d-spacing of nano-carbon layers in rGO and h-
BN/rGO nano-hybrids was ~0.89nm (GO), which decreased to
~0.38nm (rGO). This change can be ascribed to the removal of
oxygen-containing functional groups, as confirmed by FTIR and XPS
data.

Fig. 4(c-i) and Fig. S5 show the XPS results for elemental B, C, N,
and O measured from rGO, BCN50, and BCN25. The full spectra of rGO,
BCN25, and BCN50 in Fig. S5(a) confirmed the existence of B, C, N and
O elements [42,43].

The Cls peak of rGO shown in Fig. 4(i) can be deconvoluted into
three peaks centered at 284.6, 286.1 and 288.38 eV, which were at-
tributed to C—C bonds, C—OH bonds and C-R bonds originally present
in GO nanosheets. Compared to GO (shown in Figs. S5(e—f)), the de-
creased intensity of C—OH and C-R peaks of rGO suggested that mi-
crowave treatment eliminated the oxygen-containing functionalities
and sp3 carbons [42]. The Bls signal of BCN50 hybrid is shown in
Fig. 4(f). The one main band at 190.48 eV was assigned to C—B—N
bond. The C1s peak of BCN50 hybrid is shown in Fig. 4(g), which can be

deconvoluted into four peaks, centered at 284.56 eV (C—C bonds),
286.1 eV (C—N bonds), 287.9eV (C—O bonds) and 288.38eV (C-R
bonds), respectively. The intensity of C—O bonding in the BCN50 hy-
brid was much weaker than that in GO, revealing the elimination of the
oxygen functionalities after microwave treatment and the incorporation
of B and N. The N1s peaks in Fig. 4(h) appeared at 398.8 eV (B—N—C
bonds) and 398.1 eV (N—B bonds). Based on the intensity and energy of
the major peaks in Bls and N1s spectra, it was inferred that the main
configuration for B and N atoms was the B—N bond, revealing the
presence of B—C—N domains in hybrids.

The B1s peaks for B—O and B—N bonds of BCN25 hybrid were wi-
dened compared to those of BCN50 hybrid, indicating that higher
content of GO led to better reaction and to the simultaneous embedding
of h-BN nanosheets in rGO layers. In short, the XPS results demon-
strated that h-BN nanosheets were successfully embedded in the ar-
chitecture of the hybrids and the unnecessary oxygen-containing groups
in the carbon lattice of GO were removed.

The atomic ratios of B, C, N and O in the various samples are shown
in Table 3. The chemical formulas for BCN50 and BCN25 are
B1.0C2.1N0.§00.3 and B; ¢C7.5Ng.700.0, respectively.

3.2. Complex permittivity

The real part (¢') and the imaginary part (¢'") of complex permit-
tivity (¢, = ¢’ — je'') were determined because they indicate the amount
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Fig. 4. (a) Raman spectra of rGO, BCN50 and BCN25 hybrids. (b) FT-IR spectra of rGO, BCN50 and BCN25 hybrids. (c—i) XPS spectra of rGO, BCN50, and BCN25
hybrids. (c—e) deconvoluted curves of BCN25; (f-h) deconvoluted curves of BCN50; (i) deconvoluted curves of rGO shown in solid lines. The curves were decon-

voluted by Gaussian fitting, thereby indicating possible bonding structures.

Table 2
In/Ig, L, and BET parameters of rGO and h-BN/rGO nano-hybrids.
rGO BCN-20 BCN-25 BCN-50 BCN-75 BCN-80
ID/IG 1.0280 1.0617 1.0737 1.1920 1.5856 0.9778
La (nm) 4.28 4.14 4.09 3.69 2.77 4.49
Specific Surface 279.276 182.100 87.389 62.168 4.669 4.425
Area (mz/g)
Table 3
Atomic content and atomic ratios of the hybrids.
Element rGO BCN25 BCN50
atom % ratio atom % ratio atom % ratio
B 9.73 1.0 23.22 1.0
C 94.41 73.66 7.5 49.64 2.1
N 7.48 0.7 19.83 0.8
(0] 5.59 9.14 0.9 7.31 0.3

of polarization occurring in the materials, and represent electro-
magnetic energy storage and dissipation, respectively [44].

Fig. 5(a-b) shows the real part (¢') and the imaginary part (¢’’) of
complex permittivity in the frequency range from 2 to 18 GHz. Both ¢’
and ¢’ values decreased gradually with slight fluctuations, which was
attributed to dielectric relaxation. A very high value of permittivity may
lead to severe reflection and weak absorption, which would be un-
favorable for impedance matching. Thus, a low real part of permittivity
and a suitably high imaginary part of permittivity would be ideal for
microwave absorbing materials. As shown in Fig. 5(a and b), the ¢’ and
¢'’ values of rGO were larger than those of BCN hybrids with different h-
BN filler contents. This result indicated that the polarization efficiency
and energy dissipation of rGO were stronger than those of the other
BCN hybrids due to the partly free electrons in the -t conjugate bond
in the plane of graphene oxide. The elimination of oxygen-containing
functional groups in GO can enlarge the interlayer distance of rGO. This
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enhanced inter-layer space would be beneficial to adjust the conductive
network as polarization interface. The conductive network formed by
honeycomb-like structure of rGO can act as the electronic transmission
carrier, thus improving the dielectric loss of the absorber and con-
suming the electromagnetic energy.

GO itself is a kind of insulator with infinite resistance while gra-
phene is a good conductor [35]. As listed in Table 4, the honeycomb-
like structure rGO had a powder resistance of 66.6 X 10> Q. As a good
insulator, the incorporation of h-BN in graphene will impact the elec-
trical conductivities. When h-BN was incorporated, the powder re-
sistance was improved to 83.9 x 10™2 and 0.68 Q for BCN25 and
BCN50, respectively. This implies that the incorporation of h-BN re-
duced the complex permittivity, which can be rationally interpreted by
the effective medium theory [24].

3.3. Microwave reflection loss

The microwave absorption properties were further evaluated based
on the metal back-panel model and the generalized transmission line
theory [24]. The reflection loss (RL) of rGO and h-BN/rGO nano-hy-
brids can be obtained from the determined values of relative complex
permeability and permittivity, as described by the following equations:

\ft
(& tank @

Where RL is the reflection loss, d is the thickness of the material, c is the
light velocity in vacuum, j is the imaginary unit, and f is the frequency.
The complex permeability is u u' — ju” and the complex permit-
tivity ise’ = ¢ — je".

The peak frequency is generally lower with higher thickness of the
material. Fig. 6 shows the reflection coefficients for rGO and BCN hy-
brid films, with thickness ranging from 1 to 5 mm. As shown, the mi-
crowave absorption properties of BCN50 and BCN25 hybrids were
much better compared to the other samples, due to the polar group
effect of h-BN/rGO nano-hybrids and the honeycomb-like structure of

27rdeJ_ _1
RL(dB) = 20lg Wd r -
+
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Fig. 5. Complex permittivity of the wax composites. (a) real part (¢) and (b) imaginary part (¢”).

rGO. The BCN25 hybrid displayed the best microwave absorption
properties. Its maximum reflection loss was —35.63 dB at 17.2 GHz and
1.8 mm, and the absorption bandwidth with reflection loss below —10
dB and —20 dB was more than 1.92 GHz (from 16.08 GHz to 18 GHz)
and 0.48 GHz (from 16.96 GHz to 17.44 GHz), respectively (Table S1,
Supporting Information). The effective bandwidth of BCN25 reached
6.96 GHz (from 9.28 GHz to 16.24 GHz) with 2.6 mm thickness. The
maximum reflection loss of the BCN50 hybrid reached —26.07 dB at
13.6 GHz with the thickness of 2.6 mm, and the absorption bandwidth
with reflection loss below —10 dB and —20 dB was more than 5.2 GHz
(from 11.84GHz to 17.04GHz) and 1.84 GHz (from 12.8 GHz to
14.64 GHz), respectively.

As shown in Fig. 6(a), pure rGO showed some microwave absorption
at 2-18 GHz due to the defect polarization relaxation, electronic dipole
relaxation of the residual defects and the structure effect. However, the
maximum RL was only —13.63dBat 2.32 GHz with a thickness of
5mm. After reacting with h-BN particles, the maximum RL of BCN20
reached —32.48 dB at 3.44 GHz with a thickness of 5mm (Fig. 6(f)).
The enhanced microwave absorption performance can be ascribed to
better impedance matching. As mentioned above, rGO and BCN20 had
better microwave absorbing performance when the thickness was low,
and the maximum RL can be adjusted by controlling the morphologies.

3.4. Dielectric loss tangent

Fig. 7(a) displays the variation of the dielectric loss tangent
(tan 6 = EE/,() as a function of frequency in the range of 2-18 GHz [45]. It
is well known that dielectric loss tangent indicates the ability of con-
verting microwave into other forms of energy. High dielectric loss
tangent is valuable for microwave absorbing materials, while large
values of ¢’ and ¢ are disadvantageous for impedance matching. The
ideal balance of high dielectric loss tangent and reasonable complex
permittivity in BCN25 hybrid increased the RL values. In Fig. 7(a), the
dielectric loss tangent increased with higher content of honeycomb-like
rGO for all samples. A distinct relaxation peak appeared for rGO and
BCN25 hybrid, compared to the BCN50 hybrid, due to the synchronous
polarization effect and the high conductivity. The enhanced dielectric
loss tangent could be ascribed to the defective porous microstructure of
BCN25 hybrid, the reaction with h-BN nanosheets, and the reduction of
GO, which enhanced the polarization and adjusted the conductivity.
The skeleton structure provided high surface area, which was beneficial
to the formation of conductive network and multi-reflection loss.

As is known, honeycomb-like rGO and h-BN/rGO nano-hybrids are
dielectric loss absorbents. Debye dipolar relaxation is a significant
mechanism for dielectric loss materials. The relationship between ¢’ and
¢’ can be expressed as follows [46]:

2 2
’ &t & 112 & — &
_— + =|—-
(E 2 ) € ( 2 ) 3)
g = ¢ + ¢
2nft @

Where, 7, f, €, and ¢ are the polarization relaxation time, frequency,
relative dielectric permittivity, and static permittivity at the high-fre-
quency limit, respectively.

The plot of ¢’ versus ¢”, known as the Cole-Cole semicircle, is a
single semicircle corresponding to one Debye relaxation [47-49]. The
semicircles are related to the interfacial relaxation and Debye dipolar
relaxation, which are usually induced by a delay in molecular polar-
ization with regard to dynamic electric fields in a dielectric medium.

The Cole-Cole plots in Fig. 7(b—d) illustrate the response behavior of
the hybrids in the frequency range of 2-18 GHz. For the BCN25 hybrid,
three Cole-Cole semicircles were observed in Fig. 7(c), implying that
the relaxations resulted from multiple mechanisms of interface polar-
ization and electron polarization. The phenomenon was credited to the
presence of more heterogeneous interfaces between rGO and h-BN na-
nosheets, which increased the number of large dipoles and the inter-
facial polarization. Other kinds of relaxation may also occur in these
hybrids, such as Maxwell-Wagner-Sillars relaxation, defect polarization,
electron polarization, etc. For rGO, two small Cole-Cole semicircles
were observed in Fig. 7(b). The comparison of Fig. 7(b) and (c) in-
dicates that the incorporation of h-BN with rGO introduced relaxation
processes, which significantly improved the microwave absorption
properties of h-BN-rGO hybrids. Similarly, with increase in h-BN con-
tent in the composites, decreased semicircles were observed for the
BCN50 hybrid (Fig. 7(d)). This result indicated that chemical bonds,
defects, or interfaces in BCN50 hybrid contributed little to the dielectric
loss. The polarization relaxation process was overshadowed by the
carrier mobility.

3.5. Impedance matching performance

The characteristic impedance can be used to evaluate the impedance
matching performance of materials. The characteristic impedance of

Table 4

Electrical properties of rGO and h-BN/rGO nano-hybrids.
Sample rGO BCN20 BCN25 BCN50 BCN75 BCN80O
Resistance/(Q) 6.66 x 1073 75.5 x 1072 83.9x 1072 0.68 3.9 4.3 x 10°
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Fig. 6. Frequency dependence of the reflection coefficient on the thickness of th
BCN20.

materials should be as close to the impedance of free air as possible. The
characteristic impedance (Z;,,) is expressed by the relative complex
permittivity and permeability [50,51]:
Ho [Hr
€0 &

Zim

)

e paraffin composites of (a) rGO, (b) BCN8O, (c) BCN75, (d) BCN50, (e) BCN25, (f)

The characteristic impedance of rGO ranged from 0.16 to 0.45,
which was much lower than that of air (Z = 1). The characteristic im-
pedance values for BCN20, BCN25, and BCN50 were substantially im-
proved compared to rGO and were closer to the impedance of air (see
Fig. 8). According to the impedance matching theory [50,51], the re-
flection of EM waves on the surfaces of BCN20, BCN25, and BCN50 will
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decrease, compared with rGO. Thus, most of the EM waves can enter
the absorbing materials and be dissipated. This result is consistent with
the expectations from our original material design. Based on the above
discussion, impedance matching is mainly responsible for improved
EM-wave absorption properties. Thus, the introduction of h-BN nano-
layers was helpful in improving the properties of the resulting BCN20,
BCN25, and BCN50 hybrids.

To better evaluate the EM absorption performance of the materials
in this study, the EM wave absorbing properties of similar materials
reported in literature, including GFs and typical carbon-based compo-
sites, are summarized and compared in Fig. 9(a) and Table S2

[18,24,52-55].

The minimum value of RL for GF is reported to be about —30 dB
[18]. However, in the present work, h-BN/rGO nano-hybrids with the
distinct structures composed of rGO substrate demonstrated much
stronger EM absorption properties than previously reported materials.
Compared with former composites, the honeycomb architecture of h-
BN/rGO nano-hybrids displayed lower bulk density, strong absorption
intensity, wide effective absorption bandwidth and small thickness.
Moreover, the minimum RL value of h-BN/rGO nano-hybrids was as
low as —35.63dB, and the absorption bandwidth with reflection loss
below —10 dB was more than 6.96 GHz, indicating that these are
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Fig. 9. (a) Comparison of minimum reflection losses and effective absorption bandwidth of different EM absorbers reported in the literature. (b) Illustration of the

microwave consumption.

excellent EM absorbing materials.

Fig. 9(b) presents the proposed mechanism of the microwave ab-
sorption of h-BN/rGO nano-hybrids [56,57]. Firstly, the individual 3D
interconnected graphene network of h-BN/rGO nano-hybrids played a
key role in the substantially enhanced microwave absorption behavior
[18]. The intricate reticulated structures consisting of entangled con-
ductive graphene sheets spontaneously responded to the incident mi-
crowave as currents induced by resistance-inductance-capacitance
coupled circuits and time-varying electromagnetic fields occurred on
cell walls and struts of the h-BN/rGO nano-hybrids. Such long-range
induced currents quickly attenuated in the resistive network and con-
verted into thermal energy, leading to rapid decay of the incident
electromagnetic wave. Moreover, as stated in our previous work [24],
the microwaves multiplied into the wax composites containing the h-
BN/rGO nano-hybrids, resulting in free electrons in the honeycomb-like
rGO framework. The newly generated electrons in the honeycomb-like
rGO framework migrated freely in the hybrids, hopped across the in-
terfaces between the graphene layers, and had a greater influence on
the increase in value of ¢” than that of ¢’. Moreover, the incorporation of
immobilized h-BN into the honeycomb-like rGO created grain bound-
aries, which contributed to the formation of capacitor-like structure and
polarization at the interfaces. Therefore, h-BN had a larger influence on
the increase in value of ¢’ than that of €.

4. Conclusions

Under a fast and simple microwave treatment, GO and h-BN stacked
into GO-h-BN assemblies and transformed into honeycomb architecture
of h-BN/rGO nano-hybrids. The content of h-BN was controlled by
changing the mass ratio of raw materials. When the mass ratio of GO/h-
BN was 2:1, the microwave absorbing capacity of the BCN25 hybrid
was excellent in the range of 9-18 GHz. The minimum RL of the wax
composite filled with 6.25wt% BCN25 with thickness of 1.8 mm was
—35.63 dB at 17.2 GHz. At this low thickness, the frequency bandwidth
(RL = —10dB) of 1.92GHz was achieved. The high dielectric loss
tangent and the good impedance matching resulted from graphene-
based conductivity and h-BN-related defects, respectively. The honey-
comb-like structure provided a large number of reflecting channels for
microwave consumption. The lightweight hybrids were easily obtained
on a large scale with low cost. Hence, these materials show promise for
applications in both military and civil fields.
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