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ABSTRACT

Composites composed of a carbon matrix decorated with a metal or metal oxide derived from zeolitic imidazolate frameworks
(ZIFs) have been widely applied as suitable electromagnetic wave absorbers due to their high porosity and controllable
morphology. However, achieving ideal absorption performance remains a challenge owing to the inadequate conductivity and
high density of the metal components. Therefore, a temperature-controlling treatment was employed for the bimetal ZIFs, and the
corresponding derivatives exhibited an excellent dissipation ability with a minimum reflection loss value of -54.3 dB and an
effective bandwidth of 7.0 GHz at a thickness of 2.4 mm, which resulted from the strong dipole polarization behavior.
Furthermore, after successfully controlling the Zn/Co ratio, the attenuation capability was greatly enhanced at a thickness of
1.4 mm, with bandwidths of 13.0-18.0 GHz. Overall, this work provides an ameliorated strategy for microwave absorption

performance of carbon-based materials.
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1 Introduction

With the rapid development and widespread popularization of
wireless communication technology, the information era of 5"
generation mobile networks (5G) has already arrived. However,
while the electromagnetic (EM) waves that build bridges between
wireless equipment greatly improve the speed of information
transmission, the harm of redundant radiation to the surrounding
environment and human health cannot be ignored [1-4].
Therefore, finding an efficient and economical strategy to address
EM pollution is urgently needed. Currently, due to technological
innovations in materials engineering, the design and synthesis of a
desirable material for EM absorption have become of great
interest. An ideal absorber should be lightweight and display great
performance under a thin coating thickness.

In general, the attenuation mechanism of EM waves can be
divided into magnetic and electric losses [5-7]. To maximize the
magnetic loss capability, the main component of the absorber is
commonly comprised of ferromagnetic metals (Fe, Co, and Ni)
and their oxides [8,9]. For example, Sui et al. fabricated hollow
Fe;0, particles with a minimum reflection loss (RL,;;,) of —55.1 dB
and an effective bandwidth (f;) of 4.7 GHz at a thickness under
2 mm and with a filler ratio of 70 wt.% [10]. Shen et al
synthesized FeCoNi@HC composites that exhibited a RL,, value
of —61.1 dB and a f; value of 5.5 GHz with a filler loading of
70 wt.% [11]. Although metal or metal-based materials exhibit a
good EM absorption ability, their relatively high density (reflected
as a large filler ratio) limits their practical application. For the
electric loss, which is mainly related to conductivity, considering

the factors of economy and lightness in weight, carbon-based
materials appear to be the ideal candidate for the absorber material
[12,13]. For instance, Wang et al. designed a CNTs@PANi hybrid
absorber through a longitudinal unzipping treatment and
corresponding RL,;, value reached —45.7 dB with a f; value of
5.6 GHz at a thickness of 2 mm [14]. Flower-like graphene was
fabricated by spray drying, prereduction, and annealing
procedures, revealing a RL,;, of —42.9 dB and a f; of 5.6 GHz at a
thickness under 2 mm [15]. However, the complex preparation
processes and extreme synthesis conditions of such carbon-based
materials hinder further exploration.

Recently, a carbon-based material derived from metal organic
frameworks (MOFs), which were prepared by the self-assembly of
metal ions and organic ligands, has attracted great attention. Due
to their large porosity, low density, and uniform structure, MOFs
have been widely applied in the fields of catalysis, sensing, energy
storage, etc. [16-18]. In addition, among dozens of species of
precursors, zeolitic imidazolate frameworks (ZIFs), particularly
ZIF-8 and ZIF-67, stand out due to their simple preparation
process, inexpensive raw materials, and strong stability [19, 20].
Interestingly, after a suitable pyrolysis treatment, the organic
frameworks will decompose into a carbon matrix decorated with
metal or metal oxides without structural collapse, and the
derivatives often exhibit better conductivity and higher porosity,
showing great potential for application in microwave absorption.
Recently, Li and his group decorated carbon nanotubes (CNTs)
with ZnO nanoparticles derived from ZIF-8. The product showed
an enhanced electric loss ability [21] with a RL,;, of —48.2 dB and
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a fz of 6.0 GHz at a thickness of 3.0 mm. Similarly, Chen et al.
hybridized CNTs with Co/CoO derived from ZIF-67; the RL,;,
value reached -53.1 dB with a broad f; value of 4.0 GHz at a
thickness of 2.5 mm [22]. Inspired by the analogous crystal
structure of ZIF-8 and ZIF-67, Feng and his coworkers obtained a
core-shell heterostructure of ZnO@NC/Co,ZnC after annealing
the bimetal ZIFs (BIZIFs) [23]. The composites exhibited a RL,;,
of —62.9 dB and a f; of 55 GHz at a thickness of 2.2 mm.
Although the above work showed large effective bandwidths, the
EM absorption performance should be further improved while
maintaining a reduced thickness.

Herein, we employed a temperature-controlled pyrolysis
procedure to the BIZIFs and obtained a series of N-doped carbon-
based composites. The high-temperature carbonization would
enhance the degree of graphitization of the as-prepared carbon
matrix, thus improving the conductivity and subsequent electrical
loss ability. Additionally, the high-temperature evaporation of the
Zn component would greatly increase the porosity of the
composites, thereby meeting the requirement of lightweight for
the ideal absorber. Furthermore, the Co element would exhibit a
uniform distribution in the framework during the evaporation
process. Subsequently, regulation of the ratio of Zn to Co elements
was further implemented to ameliorate the EM absorbing
performance at a reduced thickness.

2 Experimental

2.1 Materials

Zinc nitrate hexahydrate (Zn(NO;),-6H,0, 99%), cobalt nitrate
hexahydrate (Co(NOs),6H,0, 99%), 2-methylimidazole (MeIM,
99%), methanol (99.9%), and ethanol (99%) were purchased from
the Aladdin company. All chemical reagents were analytically pure
and used without further purification.

2.2 Preparation of the BIZIF-4 precursor

Firstly, 640 mg of Zn(NO,),-6H,O and 170 mg of Co(NO;),-6H,0
(keeping the ratio of Zn and Co elements equals 4) were dissolved
in 30 mL of methanol. Then 526 mg of MeIM was added to the
solution. After fully dissolved under the ultrasonic dispersion, the
mixed solution was rested at the room temperature for 16 h.
Finally, the pale pink powders were obtained by centrifugated at
3,500 rpm, washed with ethanol for several times, and dried at
80 °C for 10 h. The collected sample was denoted as BIZIF-4.

2.3 Preparation of CN-4 composites

200 mg of prepared BIZIF-4 precursors was put in the ceramics
boat and annealed at different temperature (700, 800, 900, 1,000,
and 1,100 °C) for 2 h under the N, atmosphere. After cooled
naturally, the corresponding samples were denoted as CN-4-700,
CN-4-800, CN-4-900, CN-4-1000, and CN-4-1100, respectively.

24 Preparation of ZIF-8, BIZIF-2, and

corresponding derivatives

The syntheses of ZIF-8, ZIF-67, and BIZIF-2 precursors were
similar with the BIZIF-4 sample, except for modifying the dosage
of zinc and cobalt salts (814 and 0; 545 and 256; and 0 and 796
mg). After collecting as-synthesized powders, a carbonization
treatment, similar to the preparation process of CN-4-1000, was
applied to each precursor. The corresponding products were
denoted as CN-Zn-1000, CN-Co-1000, and CN-2-1000,
respectively.

ZIF-67,

25 Characterization
The morphology and structure of composites were investigated by
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a field-emission scanning electron microscopy (FESEM, JSM-
7600F) and a high-angle annular dark-field scanning transmission
electron microscopy (HADDF-STEM) with its corresponding
energy-dispersive spectroscopy (EDS) mapping analyses (Tecnai
G2 20U-TWIN). The characterization of Fourier transform
infrared (FTIR) and Raman spectra were recorded by BRKR
VERTEX 80V Fourier transform infrared spectroscopy and
Themor DXR532 Raman spectrometer (wavenumber = 531 cm™),
respectively. The crystallite information was analyzed by Rigaku
Ultima IV diffractometer (X-ray diffraction (XRD)) using Cu-Ka«
radiation (40 kV, 40 mA, A = 1.5418 A). X-ray absorption fine
structure (XAFS) measurements were collected at the Singapore
synchrotron light source (SSLS) with a ring electron current of
250 mA at 3.5 GeV. The X-ray photoelectron spectrum (XPS) was
performed on Escalab 250Xi spectrometer. The electromagnetic
properties, the relative complex permittivity (¢,) and permeability
(¢4,) within the frequency range of 2-18 GHz, were investigated by
a VNA N5224A vector network analyzer (Agilent) based on the
coaxial reflection/transmission method according to the standard
of ASTM 5568. The toroidal-shaped samples were prepared by
mixing 30 wt.% of as-prepared composites with paraffin wax and
pressed into cylindrical rings with inner and outer diameters of
3.04 and 7 mm, respectively.

3 Results and discussion

The synthesis strategy of CN composites derived from the BIZIF-4
precursor is illustrated in Fig. 1. The BIZIF-4 sample was obtained
by the self-assembly reaction between organic ligands (MeIM) and
metal ions (Zn* and Co”). Subsequently, the as-prepared
precursor was treated by pyrolysis, transforming the organic
coordinated frame into an N-doped carbon matrix decorated with
metal or metal oxides. It should be noted that during carbonation
at high temperatures, evaporation of the Zn phase, which was
derived from the reduction of ZnO with the carbon matrix, was
beneficial for the dispersion of Co and could promote the
formation of Co single atoms.

As shown in Figs. 2(a) and 2(b), the as-synthesized BIZIF-4
precursors exhibited a uniform distribution and showed a
rhombic dodecahedral shape with a diameter of about 300 nm,
similar to previous reports [24, 25]. In Fig. 2(c), the positions of all
diffraction peaks in the precursors were in good agreement with
the simulated XRD pattern of ZIF-8 or ZIF-67, in which the
identical XRD patterns of ZIF-8 and ZIF-67 resulted from their
isostructural frameworks [26]. The FTIR analysis is shown in Fig.
2(d). For the pure organic ligand, MeIM, a broad peak in the
range of 2,200-2,300 cm™ can be observed, corresponding to the
vibration of the hydrogen bond formed between two nearby
ligands (N-H=N). The peak at around 1,800 cm™ could be
attributed to the stretching mode of such intermolecular hydrogen
bonding [27]. Conversely, both abovementioned peaks were
hardly observed in the spectra of the BIZIF-4 precursors. In
addition, a new diffraction peak at 420 cm™ could be ascribed to
the stretching vibration of the coordination bond of metal ions
and organic ligands (Zn-N and Co-N) [28]. Therefore, according
to the above analysis, the successful fabrication of the BIZIF-4
precursor could be confirmed.

The morphology after pyrolysis at different temperatures was
investigated, as shown in Figs. 3(a)-3(e). The individual
polyhedron-like shape could still be detected for the CN-4-700,
CN-4-800, CN-4-900, and CN-4-1000 composites. For CN-4-
1100, however, a slight contraction phenomenon was exhibited,
which might result from the continuous generation and
subsequent release of gaseous oxides and nitrides at a high degree
of carbonization [29]. Furthermore, the images of CN-4-700 and
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Figure1 Schematic illustration of the synthesis process for CN-4-1000.
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Figure2 Surface and composite characterization of BIZIF-4 precursor: (a) and (b) FESEM images of BIZIF-4; (c) XRD patterns of BIZIF-4 and simulated ZIF-8/67;

and (d) FTIR spectra of BIZIF-4 and pure 2-methylimidazole.

CN-4-800 presented a relatively low resolution compared with
those of CN-4-900 and CN-4-1000. This could be attributed to the
presence of ZnO with low conductivity at the moderate annealing
temperatures, which would be further demonstrated below. The
solid polyhedral structure was affirmed in Fig. 3(f). Interestingly,
for CN-4-1000 (Fig.3(g)), no obvious lattice fringe could be
observed in the HAADF-STEM image; however, some bright
points (marked with red dotted circles) dispersed on the carbon
matrix were observed. This phenomenon could be explained by
the formation of small nanoparticles or even single atoms.
Therefore, extended X-ray absorption fine structure (EXAFS)
spectroscopy was applied. As shown in Fig. 3(h), in the R-space of
the EXAFS spectra, the prominent peak was located at around
14 A, demonstrating the coordination mode of Co atoms
surrounded by nitrogen atoms in N-doped carbon, further
demonstrating that the above points were Co single atoms [30,
31]. Figure 3(i) revealed the homogeneous distribution of Co, C,
N, and O elements in CN-4-1000.

TSINGHUA
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The XRD patterns of the CN-4 derivatives are revealed in Fig.
4(a). For CN-4-700, the characteristic peaks at 31.8°, 34.4°, 36.3°,
47.5° 56.6° 62.9° 66.4°, 68.0°, and 69.1° could be indexed to the
ZnO phase (JCPDS No. 36-1415). However, in the CN-4-800
pattern, the characteristic peaks of ZnO became weak and a broad
peak of amorphous carbon at about 25° was detected resulting
from the partial evaporation of the ZnO phase [32,33]. After
further increasing the carbonization temperature (for CN-4-900,
CN-4-1000, and CN-4-1100), the peaks of ZnO could not be
observed and the diffraction peak of carbon shifted to 26°
indicating the formation of graphitized carbon. Interestingly, none
of the peaks related to Co or Co oxides has been identified in any
of the composites. This abnormal phenomenon again confirmed
the formation of Co single atoms, whose sizes were below the
detection limit of the XRD instrument [34, 35].

As illustrated in Fig 4(b), for the BIZIF-4 precursor,
characteristic peaks (marked with asterisks) at around 1,430, 1,300,
1,140, 996, and 760 cm™ were generated by the in-plane and out-
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Figure 3 Surface and interior morphology analysis of CN-4 composites: FESEM images of CN-4-700 (a), CN-4-800 (b), CN-4-900 (c), CN-4-1000 (d), CN-4-1100
(e); () TEM image of CN-4-1000; (g) HADDF-STEM image of CN-4-1000 composite, the Co single atoms are marked with red dotted circles; (h) k*-weighted x(k)
function of the EXAFS spectrum of CN-4-1000; and (i) the element mapping images of Co, C, N, and O elements.

a b (o d
( ) ( ) Cc=C C-H C-CIC-N ( ) DG ( ) ® Survey
c-0 CN-4-1100 )
SN4-1100 Ipll = 0.93 CN-4-1100 o @ &
/\—\ CN-4-1000 z o 8
o CN-4-1000 | = -~ -~
I/l = 1.00 CN-4-1000 ;
;; ;‘, . _ CN-4-900 ;‘ X ofle = 1.00 5 CN-4-1100
>| 7 T conaso | > T > /N >
£ — & CN-4-800 e /| I/l =1.04 CN-4-900 =
c £ | TN e T c | __“ - c
£ CN-4-800 £ CN-4-700 £ 2
- - W - Ip/l =1.05 CN-4-800 = CN-4-1000
Mﬂ ‘ BIZIF-4
200 (#36-1415) Ipll = 1.12 CN-4-700 JEITESIT A,
| || b T CN-4-900
1 1 1 1 1 1 1 1 1 1 1
15 40 65 1,600 1,100 600 1,000 2,000 3,000 100 500 900
26 (°) Wavenumber (cm™) Raman shift (cm™) B.E. (eV)
e f h
(e) ] o 20,2y CO 2p () RN C1s (9) PyTN N 1s (h) O1ts
o 2piz sat. ” Pyri-N c-0 c=0
sat c-0/C=0 Grap-N
18.7% Co-N
R CN-4-1100 CN-4-1100
S | CN-4-1100 = CN-4-1100,_,0_c Py =
s s C-N s s
z 2| coco z z
2 2 196% 2 2
Q Q Q Q
1] = CN-4-1000 ¢_c/c-c £ | CN-4-1000 £ CN-4-1000
A‘q
| CN-4-900 ) . _ CN-4-900 A CN-4-900 ) . N800 ) .
815 795 775 296 288 280 408 402 396 538 532 526
B.E. (eV) B.E. (eV) B.E. (eV) B.E. (eV)

Figure4 Chemical composite characterization of CN-4 samples: (a) XRD patterns, (b) FTIR spectra, and (c) Raman spectra of CN-4 composites; and (d) survey
spectra and high resolution XPS spectra of () Co 2p, (f) C 1s, (g) N 1s,and (h) O 1s of CN-4-900, CN-4-1000, and CN-4-1100 composites, respectively.

of-plane vibration of the organic ligand [36]. After the annealing
treatment, all these peaks disappeared and the stretching modes of
C=C, C-H, C-0O, and C-C/C-N at 1,620, 1,380, 1,250, and
1,105 cm™, respectively, could be detected in all of the derivatives,
indicating the transformation from an organic framework to the
main carbon phase [37]. Furthermore, the graphitization degree of
the carbon matrix was investigated by Raman spectroscopy. In
general, a high degree of graphitized carbon indicates a high
electric conductivity, which would greatly influence the
electromagnetic properties and final dissipation performance. In
Fig. 4(c), two prominent peaks, the D-band (1,350 cm™) and G-
band (1,580 cm™), could be observed for all derivatives, which
again confirmed the existence of the carbon matrix. Typically, the

degree of graphitization in carbon can be evaluated by the
intensity ratio of the D-band to the G-band (Ip/I5) [38, 39]. With
the rising annealing temperature, the Ip/I; values gradually
decreased from 1.12 to 0.99, revealing an increase in the degree of
graphitization.

The surface bonds of the as-prepared derivatives were analyzed
by XPS measurement. The survey spectra of CN-4-900, CN-4-
1000, and CN-4-1100 are shown in Fig. 4(d), exhibiting the
presence of C, N, O, and Co elements. In detail, in Fig. 4(e), the
peaks located at 780.8 and 796.3 eV could be ascribed to Co(1I),
caused by the coordination mode of Co-N and the partial
oxidation of Co [40]. In addition, the fluctuating curves of the Co
2p spectra indicated the low content of the Co element. The
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characteristic signals at 284.8, 285.8, and 288.2 eV (Fig. 4(f)) were
related to C-C/C=C, C-N, and C-O/C=0 bonds, respectively
[41]. Specifically, the increasing content of C-C/C=C
(49.9%-56.2%) and the decreasing proportions of C-N
(29.5%-25.1%) and C-O/C=0 (20.6%-18.7%) could be attributed
to further graphitization as the temperature increased, which was
consistent with the Raman spectra analysis. The main peaks at
398.7, 399.6, 401.0, and 402.3 eV (Fig.4(g)) corresponded to
pyridinic-N, Co-N, pyrrolic-N, and graphitic-N bonds,
respectively [42]. The XPS spectra of the O element are shown in
Fig. 4(h), confirming the existence of C=0 (531.5 eV) and C-O
(533.0 V) bonds within the composites [43].

The EM dissipation performance of as-synthesized NC-4
derivatives was studied by the reflection loss (RL) value. Generally,
the frequency-dependent RL value, according to the coaxial
theory, could be calculated by following equations [44-46]

Zin = Zo\/ e tanh [j(2nfd /) \/ie,) (1
RL(dB) = 20log|[(Z, — Zo)/(Zu +Z,)] )

where Z;, and Z, are the impedance values of the tested absorber
and free space, ¢, and y, are the electromagnetic parameters of
complex permittivity and permeability, respectively, j is the
imaginary unit, f is the corresponding frequency of EM waves, d is
the thickness of the absorber, and c is the velocity of EM waves in
free space. Considered the economic and practical factors, for an
ideal absorber, the related effective absorption region (fy),
representing the width of frequency band where RL value
< —10 dB, should be designed to cover a broad region, and the
thickness of absorption layer should be reduced to within 2 mm.
The EM performance of samples was investigated in Fig. 5. In
Figs. 5(a)-5(e), within the thickness of 1-5 mm, the minimum RL
values (RL,;,) of CN-4-700, CN-4-800, CN-4-900, CN-4-1000,
and CN-4-1100 were -3.8, -44, -523, -543, and -54,
respectively. Altogether, CN-4-700, CN-4-800, and CN-4-1100
exhibited the poor dissipation performance. Although CN-4-900
displayed a low RL;, value (-52.3 dB), its corresponding
thickness was too thick. Therefore, the further analysis of CN-4-
1000 is shown in Fig. 5(f). It could be found that the maximum f;
value of CN-4-1000 was 7.0 GHz (11.0-18.0 GHz) with a
corresponding thickness of 2.4 mm.
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The in-depth insight of the EM parameters and dissipation
mechanisms are illustrated in Fig. 6. In general, ¢’ represents the
storage ability of electric energy, while " represents the dielectric-
loss capability of microwaves. Notably, &' could be considered as
positively correlated to the electrical conductivity or the degree of
graphitization of the composites [47,48]. In Fig. 6(a), the ¢’ values
of CN-4-700 and CN-4-800 were in the ranges of 2.9-2.6 and
3.7-3.2, respectively. The low values could be ascribed to the
presence of the low-conductivity phase (ZnO) and the high
content of amorphous carbon. After the high-temperature
treatment, an obvious increase could be detected for CN-4-900
(6.0-4.5) and CN-4-1000 (9.5-4.6), which might be due to the
volatilization of ZnO and graphitization of the carbon matrix.
When annealed at 1,100 °C, the ¢’ value significantly increased to
58.8-12.7.

The &" parameters of the CN-4 composites (shown in Fig. 6(b))
displayed a similar trend to the &' parameters and were in the
ranges of 0.3-0.0, 0.6-0.1, 2.2-0.5, 4.5-2.1, and 57.6-17.8. In
addition, Fig. 6(c) shows the increment of the tangent loss value
(¢"/¢), indicating the enhancement of the dielectric-loss capability
with the increase in temperature. Overall, the poor EM
performance of CN-4-700 and CN-4-800 might be caused by the
low value of the dielectric properties. For CN-4-900 and CN-4-
1000, the dissipation of EM waves was improved because of the
increase in ¢ and &" However, for CN-4-1100, when the
permittivity value was excessively enhanced, no absorption
performance could be observed due to the impedance
mismatching [49, 50].

Next, the microwave dispersive behavior was explored by
analyzing the relationship between ¢"and ¢". In the typical Debye-
theory, in the curve of &' versus ¢”, an approximate semicircle,
usually denoted as Cole—Cole semicircle, represents one type of
polarization relaxation process within absorbers [51-53]. The
theory is derived from the formula of complex permittivity
[54-56]

& — & , "

SIISW-‘FW_:S—]E (3)

where ¢. and ¢, are relative dielectric permittivity and static
permittivity, and 7 represents the corresponding polarization
relaxation time at high-frequency limit. With the separation of
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Figure5 EM absorption performance of CN-4 composites: (a)-(e) 2D color-mappings of RL values of CN-4 samples in the thickness range of 1.0-5.0 mm; and (f)

the plot of RL value < —10 dB of CN-4-1000 under the range of 1.8-2.6 mm.
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Figure 6 Investigation of dielectric parameters: (a) and (b) the real and imaginary part of permittivity and (c) dielectric loss tangent values of CN-4 composites; and
(d)-(h) the Cole-Cole polarization circles of CN-4-700, CN-4-800, CN-4-900, CN-4-1000, and CN-4-1100 in the frequency range of 6.0-18.0 GHz.

variables, ¢ and &" can be expressed by following equations
[57-59]

. & — &,

£ =e.+ T G (4)

8” —¢. + ZT[fT(ss _f‘”) (5)
1+Q2n)'

Combining Egs. (4) and (5), the correlation of ¢"and " can be
rewritten as following

(€ —e) +(e") = (g, —e.) (6)

Therefore, the Debye relaxation process could be studied by
identifying Cole-Cole semicircles. As illustrated in Figs. 6(d)-6(h),
the e-¢” curves of CN-4 derivatives were displayed in the
frequency range of 6.0-18.0 GHz. In detail, for CN-4-700 and CN-
4-800, four Cole-Cole semicircles could be observed, which could
be attributed to the polarization behavior of Zn-O bond in the
ZnO phase and C-O, C-N, Co-N bonds in carbon matrix. After
increasing carbonization temperature and fully vaporization of
ZnO composite, three types of relaxation processes, C-O, C-N,
and Co-N, were still detected for CN-4-900, CN-4-1000, and CN-
4-1100. Therefore, the EM absorption performance of CN-4
composites could be mainly contributed to the polarization-
dissipation behaviors of polar covalent bonds.

Although CN-4-1000 showed a broad effective absorption
band, its corresponding thickness was outside of the ideal range
(within 2 mm), which would limit its future practical utilization.
Hence, a series of BIZIF derivatives were synthesized by
controlling the Zn/Co ratio. In Fig.7, all of the as-prepared
precursors (ZIF-8, BIZIF-2, and ZIF-67) exhibited a well-dispersed
rhombic dodecahedron shape, and the XRD patterns revealed
similar characteristic peaks to BIZIF-4, suggesting the successful
construction of the typical framework. The morphologies of the
derivatives were investigated after annealing at 1,000 °C, as shown
in Fig. 8. In detail, CN-Zn-1000, CN-4-1000, and CN-2-1000
maintained the original individual geometric skeleton (Figs.
8(a)-8(f)). However, for CN-Co-1000, the framework began to
collapse and considerable crosslinking between particles could be
detected, as shown in Figs. 8(g) and 8(h). To explore the reason,
an in-depth discussion is presented below.

As shown in Fig. 9(a), the XRD pattern revealed only a broad
peak of carbon at about 25° for CN-Zn-1000, CN-4-1000, and CN-
2-1000, due to the vaporization of the ZnO composites and the
formation of a Co single atom. In contrast, for CN-Co-1000, two

I l ‘ l ZIF-67

J}Jj A h‘ (T el
15 35

Intensity (a.u.)

5
26 (%)
Figure7 Surface and composite characterization of ZIF-8, BIZIF-2, and ZIF-
67 precursors: FESEM images (a)-(c), and XRD patterns (d) of synthesized ZIF-
8, BIZIF-2, and ZIF-67 precursors.

characteristic peaks at 44.2° and 51.5° were present, corresponding
to the (110) and (200) planes, respectively, of the metallic Co
phase (JCPDS No. 15-0806). In addition, the carbon-related peak
shifted to 26° and became narrow and sharp, suggesting a high
content of graphitized carbon. In addition, as illustrated in Fig.
9(b), the Raman spectra showed that with the increase in Co
content, the I/I; ratio decreased from 1.02 to 0.99. For CN-Co-
1000, the ratio significantly plummeted to 0.56, and a sharp peak
of 2D was detected, indicating the formation of graphene with few
defects [60]. Above all, compared with CN-Zn-1000, CN-4-1000,
and CN-2-1000, CN-Co-1000 exhibited an extremely high content
of graphitized carbon, which could be attributed to the crystal
effect of Co nanoparticles [61]. Therefore, such a conclusion could
explain that the collapse of the framework and the crosslinking of
nanoparticles resulted from the graphitization of CN-Co-1000.
Next, the chemical bonds were analyzed by XPS measurement.
Figure 9(c) shows that CN-4-1000, CN-2-1000, and CN-Co-1000
were composed of C, N, O, and Co elements, while CN-Zn-1000
was comprised of C, N, and O elements. In the Co 2p spectra, as
shown in Fig.9(d), except for the Co(Il) and corresponding
satellite peaks, metallic Co peaks at 778.7 and 793.8 eV were also
detected for CN-Co-1000. In addition, with the increase in Co
content, the proportions of C-N (29.2%-19.2%) and C-O/C=0
(19.7%-14.6%) decreased and the ratio of C-C/C=C bonds
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Figure 9 Characterization of chemical bonds and crystal structure: (a) XRD patterns; (b) Raman spectra; (c) survey spectra; and high resolution XPS spectra of (d) Co
2p, (e) C 1s,and (f) N Is of CN-Zn-1000, CN-4-1000, CN-2-1000, and CN-Co-1000 samples.

(51.1%-66.2%) gradually increased (Fig. 9(e)). In Fig. 9(f), typical
peaks of pyridinic-N, pyrrolic-N, and graphitic-N bonds were
observed for all the composites. Notably, the Co-N bond was
detected excluding CN-Zn-1000, indicating the complete
evaporation of the Zn element and the absence of Zn single atoms.
Overall, the conclusions derived from XPS spectra were in
agreement with the XRD and Raman analyses.

After regulating the ratio of Zn to Co elements, the
corresponding EM attenuation capability was explored (Fig. 10).
As shown in Figs. 10(a) and 10(b), the ¢’ values for CN-Zn-1000,
CN-4-1000, CN-2-1000, and CN-Co-1000 ranged from 3.7-3.1,
9.5-4.6, 22.2-9.7, and 12.9-8.1, respectively, while the &” values
changed to 0.9-0.3, 44-2.1, 12.7-5.6, and 5.2-2.2, respectively.
Interestingly, based on the previous analysis, CN-Co-1000 should
have exhibited the highest permittivity value due to the high
degree of graphitization. This abnormal phenomenon could be
explained by the collapse and considerable crosslinking of
nanoparticles during carbonization and thus resulted in the high
density of CN-Co-1000, which greatly lowered the volume
fraction of as-prepared composites in the paraffin matrix. The two-

TSINGHUA

UNIVERSITY PRESS

dimensional (2D) RL mapping revealed the EM performance
(Figs. 10(c)-10(f)). No absorption capability was observed for CN-
Zn-1000, and the effective absorption ranges of CN-2-1000 and
CN-Co-1000 were shifted to reduced thicknesses as compared
with CN-4-1000. Considering the requirements of an ideal
absorber, the f; values within the thickness of 2 mm were further
investigated (Figs. 10(g)-10(i)). CN-4-1000 exhibited moderate
performance with a maximum f; value of 3.8 GHz at a thickness
of 2.0 mm, while CN-2-1000 and CN-Co-1000 showed better EM
dissipation ability with a f; value of 5.0 GHz at a thickness of
14 mm and 3.2 GHz at a thickness of 1.8 mm, respectively.
Therefore, after controlling the composition of Zn and Co
elements in the synthesis of the precursor, the EM absorbing
performance of the related derivative was enhanced to reach a
larger f; value at a reduced thickness.

4 Conclusions

In summary, a sequence of carbon matrix decorated with Co
and/or Zn elements derived from BIZIF-4 precursor has been
successfully fabricated through the temperature-controlling
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Figure 10 Investigation of EM dissipation performance: (a) and (b) the real and imaginary part of permittivity, (c)-(f) 2D color-mappings of reflection loss for CN-
Zn-1000, CN-4-1000, CN-2-1000, and CN-Co-1000 samples; and (g)—(i) the curves of reflection values of CN-4-1000, CN-2-1000, and CN-Co-1000 within the

thickness of 2 mm.

treatment. After fully evaporating of Zn component and with a
suitable graphitized degree, the CN-4-1000 sample exhibited an
advantageous absorption performance with a RL;, value of
-54.3 dB and a broad effective bandwidth of 7.0 GHz under the
thickness of 2.4 mm, which was attributed to the enhanced electric
loss capability. Next, after regulating the ratio of Zn/Co elements,
the attenuation performance was significantly improved under the
thin thickness. Especially, the CN-2-1000 revealed an excellent EM
dissipation ability that the f; value reached 5.0 GHz at 1.4 mm.
Overall, this work demonstrated that the temperature-controlled
and component-regulated procedure could further enhance the
EM absorption performance of existing absorbers.
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