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ABSTRACT: Zeolitic imidazolate framework (ZIF-8)-derived ZnO/nano-
porous carbon (NPC) aligned in a three-dimensional porous carbon network
(3DPCN) is designed to form a multiporous network nanostructure to absorb
electromagnetic waves. The porous 3DPCN structure acts as the electronic
pathway and the nucleation locus for ZIF-8 particles. Meanwhile, the
conductive networks could also provide more routes for electron transfer.
With good impedance matching and attenuation characteristics, ZnO@NPC/
3DPCN shows enhanced microwave response where the minimum reflection
loss of −35.7 dB can be achieved with a 10 wt % filler. Our study not only
exploits the new system of lightweight absorbers but also further reveals the
changing of electromagnetic parameters and absorbing properties by heat
treatment, which may lead to a new way to design novel lighter multiporous
network nanostructures.
KEYWORDS: three dimensional, metal−organic frameworks, multi-porous network, electron conductivity, impedance matching

■ INTRODUCTION

Three-dimensional porous carbon networks (3DPCNs) have
been exploited comprehensively, owing to the merits of
interconnected porous networks, high electrical conductivity,
and controllable pore-size distribution.1 Currently, three-
dimensional carbon networks are used to fabricate composites,
which act as conventional substrates or backbones, and have
gained great achievements in energy storage and conversion.2,3

However, poor impedance matching caused by the single
attenuation mechanism and high conductivity has hindered
their further applications, when the pure three-dimensional
carbon networks are introduced as microwave absorbing
materials.4,5 Based on our previous study,6 the introduction
of metal−organic framework (MOF) materials on 3DPCNs
may sufficiently improve the performance of microwave
absorbing.
MOFs have attracted extensive attention because of their

various structures, tunable porosity, outstanding physical/
chemical performance, and larger specific surface area.7,8

Acting as sacrificial templates for synthesizing metal or metal
oxides by removing the organic linkers via calcination9−12 is a
typical way to utilize MOFs as microwave absorbers. Professor
Yamauchi proposed the direct carbonization method for MOF-

carbons, which usually keep the same morphology as the
precursor MOFs.13 Based on this method, various kinds of
metal/metal oxide structures have been fabricated, such as
yolk−shell NiO/Ni/GN@Air@NiO/Ni/GN,9 Fe−Co/nano-
porous carbon (NPC),10 Fe3O4 nanospheres,

11 Co3O4 nano-
particles on the surface of carbon fibers,12 Zn/Co porous
amorphous carbon,14 carbonaceous ZnO/RGO,15 Co-MOF-
derived Co3O4,

16 Co/C@V2O3 hollow spheres,17 and Fe/
polyaniline.18 In addition, good stability of the MOFs is
another merit applied in microwave absorption.19 Based on the
previous studies, the zeolitic imidazolate framework (ZIF-8)
nanoparticles and their generating NPC possess better stability
applied in many areas,20−24 such as ZIF-8-derived nanoporous
carbon used as organic electrolyte,21 energy storage,22

supercapacitor devices,23 and energy conversion devices.24

However, developing MOF-aligned three-dimensional carbon
network composites as a microwave absorption material is still
a challenge because of the poor contact and nonuniform
dispersion within the two constituents.
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In this study, ZIF-8 particles were in situ grown in 3DPCNs
to form multiporous network nanostructures. In this structure,
ZIF-8-derived ZnO@NPC nanoparticles via direct carbon-
ization were uniformly anchored in the interconnected carbon
network and plays a role of regulating impendence matching of
hybrids. Such unique structure not only provides more contact
sites for microwave but also improves the impedance matching
of the composites. The obtained composite, acting as the
microwave absorber, presents an outstanding performance, in
which its maximum reflection loss (RL) value can reach −35.7
dB with a filler loading ratio of 10 wt %.

■ EXPERIMENTAL SECTION
3DPCN Synthesis. 3DPCNs were synthesized by a self-assembly

method, in which glucose and sodium carbonate were used as a
carbon source and template, respectively.25 In the typical synthesis
process, 20 g sodium carbonate and 1.25 g glucose were added into
deionized water and stirred for 2 h. The precursor solution was then
freeze-dried for 48 h, and the resulting white powders were collected
and calcined at 700 °C for 2 h under an Ar atmosphere. After
removing the template, 3DPCNs were obtained.
Preparation of ZnO@NPC/3DPCN. For the preparation of

ZnO@NPC/3DPCN hybrids, 30 mg of 3DPCNs and 1.1 mmol
Zn(NO3)2·6H2O were dissolved in 25 mL absolute methanol and
stirred for 5 min. Meanwhile, 217 mg 2-methylimidazole (2-MeIm)
was dissolved in 25 mL absolute methanol, and then added into the
above suspension. The mixture was maintained for 24 h without
stirring. Finally, ZIF-8/3DPCN hybrids were washed with methanol,
and then dried at 60 °C for 12 h. Then the samples were calcined at
500 °C under an Ar atmosphere in a tubular furnace, and the ZnO@
NPC/3DPCN powders were obtained. According to the calcination
reaction temperature of 500, 600, and 700 °C, the as-obtained
samples were denoted as S-500, S-600, and S-700, respectively.
Structural Characterization. Structure, elemental and chemical

states, morphology, automated area, and pore size properties of the
samples were characterized by using a Bruker D8 Advanced X-ray
diffractometer (Cu Kα radiation), XPS (X-ray photoelectron
spectroscopy), transmission electron microscope (Tecnai G2 F30 S-
TWIN), field-emission scanning electron microscope (Hitachi-
S4800), RenishawInVia, automated area and pore size analyzer
(Micrometrics ASAP 2010). Electromagnetic parameters with 10 wt
% of paraffin were measured by using a Agilent PNA N5244A vector
network analyzer.

■ RESULTS AND DISCUSSION

The formation process of 3DPCNs is schematically presented
in Figure 1a. First, the glucose as a carbon precursor self-
assembled on the multiple-scaled salts Na2CO3 by a freeze-
drying method. Then the 3DPCN was obtained after glucose
carbonization. In this phase, multiscales from nanometer to
micrometer were achieved during salt crystallization. The as-
prepared 3DPCNs were further purified by removing salts in
distilled water. The synthesis process of ZnO@NPC/3DPCN
is illustrated in Figure 1b. The Zn2+ precursor of ZIF-8 formed
mixture first with 3DPCNs in methanol. Then, methanol
solution mixed with 2-MeIm was poured into the solution of
the ZIF-8 nucleus precursor. To further grow ZnO@NPC in
3DPCNs, ZIF-8 particles were first germinated in 3DPCNs,
where 3DPCNs act as the substrate to load ZIF-8 forming ZIF-
8/3DPCN composites. Then the ZnO@NPC/3DPCN
hybrids were obtained after calcining the ZIF-8/3DPCN
composites.
With salt templates synthesized, the morphology of

3DPCNs are shown in Figures 1c and S2d. It has
interconnected porous networks with macropores (≥500

nm). In addition, desorption and nitrogen adsorption
isotherms of ZnO@NPC/3DPCN were conducted to further
inspect the structural features (Figure S1). The isotherm
curves of S-600 indicate the coexistence of micropores and
mesopores. This construction forms a large electron conduct-
ing network, which significantly promotes the transportation of
electrons, enhances microwave energy attenuation and leads to
boosting wastage of the microwave (Figure 1d).26 ZIF-8/
3DPCN composite SEM image is presented in Figure S2a,
which indicates the successful synthesis of ZIF-8 on 3D carbon
networks. The SEM image of S-600 (Figure 1d) shows ZnO@
NPC polyhedrons uniformly grown into the interconnected
networks. The SEM images of S-500 and S-700 are also shown
in Figure S2b,c. With the increase of calcination temperatures,
the particles size become smaller and the carbon network tends
to collapse. Likewise, the TEM image in Figure 1e suggests
that the ZnO@NPC particles integrated well with the
3DPCNs. The lattice spacing of ZnO (0.218 nm), the inset
in the HRTEM image (Figure 1f) shows the existence of
embedded ZnO@NPC particles.
The XRD pattern of ZIF-8/3DPCN composites is shown in

Figure S3, in which the diffraction peaks are corresponding to
the XRD patterns of ZIF-8.6 There are no obvious peaks of
carbon due to the strong peaks of ZIF-8. However, from Figure
2a, one can find that the XRD patterns of S-500, S-600, and S-
700 are very similar. A typical XRD pattern with a broad peak
appears at 22°, which is assigned to the carbon network sheets.
The small peaks appearing at 47.5° demonstrate the existence
of ZnO,6 which indicated that the ZnO concentrated on the
nanopores has poor crystallization. The XPS spectra of S-600
hybrids are shown in Figure 2b. From Figure 2c, two typical
peaks located at 1022.4 and 1045.5 eV are defined as Zn 2p3/2
and Zn 2p1/2. Meanwhile, two peaks located at 532.38 and
531.21 eV in the O 1s spectrum, shown in Figure 2d, can be
likely defined as the chemisorbed oxygen and the lattice O of
ZnO.6 This phenomenon also proves the existence of zinc
oxide. The C 1s spectra (Figure 2e) were grouped into three
fitting peaks, according to CO arising at 286.9 eV, C−O

Figure 1. Composite diagrams of 3DPCNs (a) and ZnO@NPC/
3DPCN hybrids (b); SEM images of 3DPCNs (c) and S-600 (d);
TEM image (e) and HRTEM image (f) of S-600.
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appearing at 285.9 eV and C−C emerging at 284.6 eV.27

Furthermore, Raman spectra of S-500/600/700 are shown in
Figure 2f, exhibiting a G band at 1580 cm−1 and a D band at
1346 cm−1. The intensity ratio of D/G (ID/IG) are S-700 > S-
600 > S-500, indicating the high density of topological
vacancies and defects with the increasing of heating treatment
temperatures.
The relationship between microwave absorption perform-

ance and ZnO@NPC/3DPCN hybrids were studied intrinsi-
cally. Many tests were conducted to analyze hierarchically from
microwave response to microwave energy conversion of
ZnO@NPC/3DPCN hybrids. Microwave energy conversion
of ZnO@NPC/3DPCN composites is demonstrated in Figure
3a. In the carbon layers, abundant defects and functional

groups induced the formation of dipoles.28 Because of
relaxation loss, the dipoles will promote microwave energy
converted to electron kinetic energy. In Figure 3a, 3DPCNs
established tight building conductive networks where electrons
could absorb and consume microwave energy by migrating in
networks.28 Electrons need to assimilate more microwave
energy to jump over carbon network layers.29 Polarization is
enhanced because of conduction loss and variable range
hopping related to the charge transport behavior.30 Moreover,

network conductivity improved, which converted more
microwave energy to electron kinetic energy. Besides, ZnO@
NPC/3DPCN hybrids show disparate reflection manifesta-
tions, which was due to diverse impedance matching affected
by charge transport on the ZnO@NPC and 3DPCN surface.
Figure S4a,b demonstrated that storage (ε′) and wastage

(ε″) ability of microwave could be well tuned by adjusting
different heating treatment temperature in the whole 2−18
GHz. The complex permittivity (εr = ε′ − jε″) of diverse
hybrids conducted in X-band frequency range are presented in
Figure 3b,c. S-700 shows higher real and imaginary permittivity
in X-band, indicating high contribution to dielectric loss. The
permittivity of S-500, S-600, and S-700 hybrids increase
significantly with the increased temperature. Hence, adjusting
heating treatment temperature could be an efficient method to
regulate dielectric properties of composites. As is known to all,
conductivity determines dielectric properties of the compo-
sites. In addition, Figure S4c presents the electrical
conductivity calculated from the equation σ = ε0ε″2Πf,
which illustrates a strong relationship between ε″ and
conductivity. Conductivity represents the conduction loss.
High conductivity could lead to high conduction loss. With the
increased heating temperature, the conductivity of the hybrids
has also increased that is also consistent with the results of
Figure S4b. The tangent loss, tan δ (tan δε = ε″/ε′),31 offers a
measure of microwave energy lost in contrast to total
microwave energy storage. As the temperature increased, the
highest tangent loss of ZnO@NPC/3DPCN composites
revealed a remarkable increase from 0.32 (S-500) to 0.53 (S-
600) and then to 0.81 (S-700) (Figure S5), indicating
improved microwave attenuation ability. Nevertheless, for
microwave absorbing, tangent loss, attenuation α, and
impedance matching are equally vital to generate a large
reflection loss from the abovementioned. The attenuation
ability standing for integral losses capability is evaluated by α
(α = 21/2Πf((μ″ε″ − μ′ε′) + ((μ″ε″ − μ′ε′)2 + (μ′ε″ +
μ″ε′)2)1/2)1/2/c).32 The overall trend of attenuation constant is
S-700 > S-600 > S-500 (Figure 4a) in all frequency ranges. The
impedance matching (Z = |Zin/Z0|) could determine the
transmission performance of microwaves. More microwaves
could access absorbers and be dissipate if the impedance
matching is well, otherwise the microwaves could be reflected
at the front surface of the absorbers. Fewer microwave
reflection takes place on the absorber surface when the value

Figure 2. (a) XRD pattern of S-500/600/700; (b) wide XPS spectra of S-600; (c) Zn 2p, (d) O 1s, (e) C 1s XPS spectra of S-600 and (f) Raman
spectra of S-500/600/700.

Figure 3. (a) Illustration of microwave attenuation hierarchically
dissecting from microwave incidence to organization structure; (b) ε′
and (c) ε″ of all samples.
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of Z approaches 1. As shown in Figure 4b, inferior impedance
matchings are assigned to the larger or smaller Z originated
from higher or lower temperature. On the contrary, S-600
presents greatest impedance matching performance and
moderate attenuation capability due to its relatively low
complex permittivity. Consequently, S-600 exhibits excellent
microwave absorption performance with moderate attenuation
ability and best impedance matching.
An outstanding absorber should consider both impedance

matching and RL at the same time instead of single
performance. On the basis of a generalized transmission line
theory32 and the model of metal back plane, the RL values of
microwave absorption composites could be calculated. The
minimum RL values of S-600 hybrids in 2−18 GHz is −34.7
dB (Figure 5b), which is much better than S-500 (Figure 5a)
and S-700 (Figure 5c). To further study the relationship of
frequency and thicknesses, RL values of all composites with
different thicknesses are also calculated (Figure 5d−f) in the X-
band. Distinctly, S-700 exhibits a poor RL behavior lower than

−10 dB at the X-band with a thickness of 1−5 mm, which
presents inferior microwave absorption properties. On the
contrary, S-500 and S-600 show good microwave absorption
performance in X-band, in which the S-600 has a better RL at
lower thicknesses and lower filler loading ratios. The RL and
filler loading ratio compared with the previous studies have
been shown in Table S1. The results indicate that the
synthesized ZnO@NPC/3DPCN hybrids in this work have
better microwave absorption properties with lower filler
loading ratios. These results illustrate the excellent character-
istics of S-600 hybrids and their outstanding merits as
microwave candidates.
To illustrate the influence of ZnO contents on microwave

absorption, the contents of ZnO were controlled by different
addition of Zn2+, which were displayed in TG curves (Figure
S6). There is a slight mass loss below 200 °C, which is due to
the evaporation of adsorbed water. A second mass loss
between 430 and 580 °C is concerned with the oxidation of
carbon in the ZnO@NPC/3DPCN hybrids. There is no
significant mass loss after 580 °C, indicating that carbon has
completely burned out, only leaving the ZnO residue. The
different contents of ZnO in ZnO@NPC/3DPCN composites
are 18.25 and 35.76 wt %, respectively, which is corresponding
to the addition of Zn2+. The permittivity and RL with 2.2
mmol addition of Zn2+ have been shown in Figure S7.
Compared with the addition of 1.1 mmol Zn2+ (Figure S4)
composites, the real and imaginary parts of permittivity of 2.2
mmol additions were all decreased (Figure S7a), which led to
poor impedance matching. The microwave absorption proper-
ties of 2.2 mmol addition Zn2+ is presented in Figure S7b. The
maximum RL value is −13.2 dB with 2.35 mm matching
thickness, which is inferior to the Zn2+ addition of 1.1 mmol.
To further illustrate the outstanding microwave absorption
performance of ZnO@NPC/3DPCN hybrids, the comparison
of ZnO@NPC/3DPCN and ZnO/3DPCN is shown in Figure
S8. Compared with the ZnO@NPC/3DPCN, the ZnO/
3DPCN reveals poor RL of −19.1 dB with 2.35 mm, which
also indicates that ZnO@NPC/3DPCN has excellent wave
absorbing properties.
In addition, 3D RL curves of all composites at three diverse

thicknesses in the X-band are presented in Figure 6a−c. For S-
500, the RL didn’t reach −20 dB with the frequency
aggrandizing. And the RL value of S-700 is lower than −5
dB even at high frequency. Surprisingly, S-600 in Figure 6a
exhibits a maximum RL of −35.7 dB with a corresponding
thickness of 2.35 mm, and it exhibits the best frequency
efficient bandwidth (Figure 6d) with 2.75 GHz in the livelong
X-band with a thickness of 2.55 mm. Considering the traits of a
wide bandwidth, small thickness, and strong absorption, the S-
600 could act as an ideal absorbing composite.
Relevant mechanisms for improved microwave absorption

performance are shown in Figure 7. Two main factors are
summarized below:

Dipole Polarization. The dipole polarization can greatly
influence the dielectric loss. A deeper study about polarization
mechanisms is obtained via cole−cole curves in Figures 7 and
S9. A semicircle represents a dielectric relaxation process.
Distinctly, S-600 (Figure 7) possesses more semicircles than
other composites (Figure S9), which leads to dielectric
polarizations from 3DPCN arrays, ZnO particles and nano-
porous carbon. All of them are contributed to improve
microwave absorption on account of dipole polarization.

Figure 4. 3D maps for frequency dependence of the attenuation
constant α (a) and impedance matching ratio (b) of all the hybrids.

Figure 5. 3D images of calculating reflection loss values of hybrids for
(a) S-500, (b) S-600, and (c) S-700 in full range of frequency; RL
values of the (d) S-500, (e) S-600, and (f) S-700 hybrids with
different thicknesses in the X-band.
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Conduction Loss. The 3DPCN porous structures could
allow more microwaves to be attenuated. Furthermore, the
interfaces between ZnO and carbon materials increase the
dielectric loss. In addition, the conductive network induced by
the carbon network will help migrating electrons and hopping
electron transfer easily, which leads to more microwave energy
converted into electron kinetic energy. Therefore, microwave
attenuation effect is achieved.

■ CONCLUSIONS
In conclusion, a nanocage network porous structure was
synthesized via freeze-drying and in situ integrated ZIF-8 into
3DPCNs. Then the ZIF-8/3DPCN was derived into ZnO@
NPC/3DPCN hybrids with direct carbonization. Chief of all,
3D carbon networks act as the nucleation sites for ZIF-8
granules, the microwave contact sites as well as the electron
conducting pathways. Additionally, S-600 possesses more
moderate electrical conductivity and excellent impedance
matching, which is beneficial for microwave absorption. The
maximum RL value reaches −35.7 dB with a 10 wt % filler

loading. The facile synthesis of ZnO@NPC/3DPCN hybrids
reveals multiple applications as light and strong microwave
response. These carbon networks not only offer a strategy to
produce pores inside carbon sheets but also propose a new
idea for developing a better microwave absorber. In addition,
the direct calcination method of MOF-carbons is promising for
obtaining nanoporous carbon materials.
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