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Abstract Multiphase polymer-derived ceramics have the

advantages of thermal stability and adjustable dielectric

properties, which exhibit significant potential for use in

high-temperature microwave absorbing materials. Herein,

Co-containing polymer-derived SiCN (Co–SiCN) ceramics

were successfully synthesized by the physical mixing of

zeolitic imidazolate framework (ZIF)-67 and polysilazane

precursors and subsequent pyrolysis. The phase and

chemical compositions, microstructures, dielectric proper-

ties, electromagnetic wave absorption (EWA) performance,

and mechanism of the ceramics were investigated. The

results showed that the introduction of ZIF-67 promoted

the in situ formation of dielectric loss phases, including

SiC nanocrystals, CoSi nanocrystals, and free carbon. The

phase composition can be regulated by controlling the

pyrolysis temperature to achieve ideal EWA properties.

The Co–SiCN ceramic pyrolyzed at 1500 �C demonstrated

excellent EWA performance, with a maximum effective

absorption band (EABmax) of 3.0 GHz at an ultralow

thickness of 1.05 mm and minimum reflection loss (RLmin)

of - 46.4 dB at a low frequency of 6 GHz. Compared with

other reported SiCN-based ceramics containing magnetic

metals, the ceramics prepared in this study stand out

because of their low RL and high EAB at low thicknesses.

The superior microwave absorption performance of the

Co–SiCN ceramics is attributed to the heterointerface

polarization, and impedance matching induced by the

synergistic effects of their co-existing electromagnetic

transparent/absorption phases. This study provides new

insights into the development of high-performance SiCN-

based microwave absorbers.

Keywords Polymer-derived SiCN ceramic; Multiple

heterointerfaces; Zeolitic imidazolate framework (ZIF-67);

Electromagnetic wave absorption (EWA)

1 Introduction

Rapid developments in stealth technology, such as radar

and military equipment, and the popularization of elec-

tronic equipment and wireless communication technology

have led to significant interest in high-performance

microwave absorbers with strong absorption intensity, a

broad effective absorption band, low thickness, and light

weight [1–7]. The polymer-derived method presents a

promising route for preparing high-performance ceramic-

based microwave absorption materials owing to the unique

advantages of polymer-derived ceramics, such as SiC [8],

SiOC [9], SiCN [10], and SiBCN [11], in terms of thermal

stability, corrosion, and oxidation resistance [8–10], as well

as the tailorability of their precursor structure and conve-

nient processing [11].

Among the reported polymer-derived ceramics (PDCs),

SiCN ceramics stand out because of their lightweight, high

thermal stability, and excellent dielectric properties.

Therefore, they are applicable as dielectric loss materials in

the field of microwave absorption [12, 13]. An increase in
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the pyrolysis temperature promotes the formation of SiC

nanocrystals, Si3N4 nanocrystals, and free carbon within

the amorphous SiCN matrix, and SiC and free carbon can

significantly enhance the electromagnetic wave loss capa-

bility of ceramics [14]. However, Li et al. [15] found that

Si3N4 and SiC nanocrystals formed only when the

annealing temperature exceeded 1500 �C. Such a high

crystallization temperature severely hinders the application

of PDCs as high-performance microwave absorbers. The

crystallization temperature can be reduced by introducing

transition metals such as Fe, Co, or Ni into the polymer, as

these metals facilitate the crystallization behavior of the

free carbon and SiCN components, and hence optimize the

ceramic microstructure to tune the electromagnetic

parameters and enhance electromagnetic wave attenuation

[16–20].

Metal–organic frameworks (MOFs) are a class of crys-

talline porous materials composed of inorganic metal

centers (metal ions or metal clusters) and bridged organic

ligands that can be transformed into metal-doped carbon

without significant structural changes when directly pyr-

olyzed [6, 21–23]. Luo et al. [11] prepared MOF/SiBCN

absorbers by introducing ZIF-67 into a hyperbranched

polyborosilazane matrix at a certain pyrolysis temperature

to promote the in situ formation of dielectric loss phases,

such as SiC nanocrystals, CoSi nanocrystals, and tur-

bostratic carbons, within the amorphous ceramic matrix.

The MOF/SiBCN ceramic exhibited excellent microwave

absorption, with reflection loss values reaching - 51.6 dB

at 9.36 GHz. This report revealed that MOFs could pro-

mote the crystallization behavior of SiBCN ceramics to

induce the generation of high dielectric crystalline phases

at a relatively low preparation temperature. However, to

date, no reports on MOF-modified SiCN nanocomposites

have been published. The development of such nanocom-

posites could guide the synthesis of high-performance

SiCN-based microwave absorbers. The combination of

these high dielectric crystalline phases with a SiCN cera-

mic matrix can promote the absorption of electromagnetic

waves into the material interior, thereby optimizing impe-

dance matching and enhancing the microwave absorption

properties of the resulting composites.

In this study, we introduced zeolitic imidazolate

framework (ZIF-67) into polysilazane preceramic precur-

sors through a facile heat treatment process immediately

after freeze-drying to fabricate Co-containing polysilazane-

derived SiCN (Co–SiCN) ceramics with multiple

heterointerfaces. The phase composition, microstructure,

and dielectric and electromagnetic wave absorption (EWA)

properties of the resultant Co–SiCN ceramics pyrolyzed at

different temperatures were investigated. The results

showed that the introduction of ZIF-67 facilitated the

generation of nanocrystals and turbostratic carbons in the

SiCN ceramic matrix, which was beneficial to the micro-

wave absorption properties of the ceramics. When the

pyrolysis temperature reached 1500 �C, the ceramics

demonstrated high EWA performance with a minimum

reflection loss (RLmin) of - 46.4 dB at 2.7 mm and max-

imum effective absorption band (EABmax) of 3.0 GHz at

1.05 mm. Compared with other reported SiCN-based

ceramics containing magnetic metals, the Co–SiCN

ceramics prepared in this study stand out because of their

low RL and high EAB at a low thicknesses. The simple and

efficient preparation method proposed herein provides a

new approach for the development of high-performance

SiCN-based microwave absorbers.

2 Experimental

2.1 Materials

Cobalt nitrate hexahydrate (CO(NO3)2�6H2O, 99.99 wt%),

2-methylimidazole (99 wt%), tert-butanol, and methyl

alcohol were purchased from Shanghai Macklin Bio-

chemical Co. Ltd. (China). The polymer precursor

(polysilazane resin) was purchased from Kuberd Chemical

Co. Ltd. (Shanghai, China). All chemicals were used as

received, without additional purification.

2.2 Synthesis of ZIF-67

ZIF-67 was synthesized according to a previously reported

method [24]. First, 0.98 g of cobalt nitrate hexahydrate and

4.42 g of 2-methylimidazole were separately dissolved in

50 ml of methyl alcohol by stirring. The two solutions were

thereafter mixed and stirred for 1 h. After being stored at

room temperature for 24 h, the mixture was transferred to a

high-speed centrifuge, and the particles formed were col-

lected via centrifugation at 8000 r�min-1. Finally, the

particles were washed three times with methanol and

vacuum-dried at 60 �C. As shown in Fig. S1a and b, the as-

synthesized ZIF-67 crystals present a rhombic dodecahe-

dral structure with a size of approximately 50–100 nm.

2.3 Synthesis of Co–SiCN ceramics

Exactly 70 mg ZIF-67 was dissolved in 5 ml of tert-bu-

tanol, and the solution was ultrasonicated for 30 min.

Subsequently, 7 g of polysilazane resin was dissolved in

5 ml of tert-butanol and rapidly stirred for 30 min. The two

solutions were mixed by vigorous stirring and freeze-dried

for 12 h. The obtained precursors were crosslinked at

300 �C for 2 h under an argon atmosphere (heating rate:

2 K�min-1). The crosslinked precursors were ground into

powders and pyrolyzed under an Ar atmosphere at 1300,
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1400, or 1500 �C (heating rate: 2 K�min-1, holding time:

3 h). For convenience, the samples were designated as

S-1300, S-1400, and S-1500, according to their pyrolysis

temperatures.

2.4 Characterization

X-ray diffraction (XRD) patterns were acquired using a

Rigaku D/teX Ultra 250 detector with Cu Ka radiation

(0.154 nm) at a generator voltage of 40 kV. X-ray photo-

electron spectroscopy (XPS) measurements were per-

formed on an ESCALAB250Xi (Thermo Fisher) using a

monochromic Al Ka (photon energy (hn) = �1486.6 eV)

X-ray source. Transmission electron microscopy (TEM)

was performed at 200 kV using a Talos F200X instrument

(Thermo Fisher Scientific). The dielectric constants of the

ceramic powders were measured using a vector network

analyzer (VNA, PNAN5244A, Agilent). The ceramic

powders and paraffin wax were uniformly mixed at a mass

ratio of 3:1, and the coaxial ring specimens were pressed

with an outer diameter of 7.00 mm, an inner diameter of

3.00 mm.

3 Results and discussion

3.1 Phase composition and microstructures

Figure 1 shows the XRD patterns of the Co–SiCN ceram-

ics. Si3N4 diffraction peaks and a weak CoSi diffraction

peak centered at 45.1� appeared when the ceramic was

pyrolyzed at 1300 �C. When the pyrolysis temperature was

1400 �C, the intensity of the Si3N4 peaks increased, thus

suggesting that the increase in pyrolysis temperature

improved the crystallinity of the composite. When the

pyrolysis temperature was 1500 �C, three strong SiC peaks

appeared at 35.7�, 60�, and 71.8�, and the Si3N4 peaks

became weak. This is because a higher pyrolysis temper-

ature promotes the carbothermal reaction between free

carbon and Si3N4, as expressed in Eq. (1):

Si3N4(s) þ 3C(s) ! 3SiC(s) þ 2N2ðgÞ ð1Þ

The XRD patterns revealed that the pyrolysis

temperature played an important role in the final phase

composition of the Co–SiCN ceramics.

The phase composition and microstructure of S-1500

were further investigated using TEM. SiC and Si3N4

nanocrystals as well as amorphous SiCN were observed in

the HRTEM images. As shown in Fig. 2a–c, crystalline

SiC and Si3N4 phases were observed in the amorphous

SiCN matrix. The selected area electron diffraction

(SAED) pattern in Fig. 2d shows two polycrystalline

diffraction rings, which can be assigned to the SiC (111)

and Si3N4 (320) planes. The TEM results were consistent

with the XRD patterns. ZIF-67 induces the in situ gener-

ation of SiC, Si3N4, and CoSi, which provides a large

number of heterogeneous interfaces. The large number of

grain boundaries between the amorphous and crystalline

phases (Si3N4, SiC, and CoSi) or different crystalline

phases promote the interfacial polarization of the SiCN

ceramics, ultimately improving their EWA performance.

3.2 Chemical composition

XPS profiles of the Co–SiCN ceramics shown in Fig. 3

reveal O 1s, N 1s, C 1s, Si 2s, and Si 2p peaks. For all three

samples, the C 1s peaks were deconvoluted into four peaks:

C–Si (283.5 eV), C=C (284.6 eV), C–C (285.8 eV), and

C–O (289.1 eV) [25]. The Si 2p spectrum could be sepa-

rated into three peaks at 101.5, 102.3, and 103.2 eV, which

are assigned to the Si–C, Si–N, and Si–O bonds, respec-

tively. As the pyrolysis temperature increased from 1300 to

1500 �C, the relative content of C–C slightly decreased,

whereas the content of C–Si bonds significantly increased.

These change trends are attributed to the increase in the

graphitization degree of free carbon with increasing

pyrolysis temperature and the extensive situ generation of

SiC when the ceramics were pyrolyzed at 1500 �C,
respectively. A comparison of the Si 2p spectra of S-1300,

S-1400, and S-1500 revealed that the relative contents of

Si–O and Si–N bonds significantly decreased, whereas the

relative contents of Si–C bonds gradually increased with

increasing pyrolysis temperature. Therefore, increasing the

pyrolysis temperature appears to promote reactions

between the free carbon and the O- or N-containing phases

within the SiCN ceramics, thereby reducing the relative

contents of O and N and encouraging the growth of the SiC

phase.Fig. 1 XRD patterns of Co–SiCN ceramics pyrolyzed at different
temperatures
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Fig. 2 a-c HRTEM images and corresponding inverse fast Fourier transform (IFFT) images; d SAED pattern of sample S-1500

Fig. 3 XPS spectra of Co–SiCN ceramics pyrolyzed at different temperatures: a survey, b C 1s, c Si 2p
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3.3 EWA performance

RL, EAB, and thickness are the main indices used to

evaluate the EWA performance of ceramics pyrolyzed at

various temperatures [26, 27]. According to the transmis-

sion line theory, RL can be calculated from the measured

complex electromagnetic parameters, as described in the

following formulas [28–30]:

RL ¼ 20 lg
Zin � Z0
Zin þ Z0

�
�
�
�

�
�
�
�

ð2Þ

Zin ¼ Z0

ffiffiffiffiffi
lr
er

r

tanh j
2pfd

ffiffiffiffiffiffiffiffi
lrer

p

c

� �

ð3Þ

where Zin denotes the input characteristic impedance, Z0
denotes the impedance of air, lr denotes relative complex

permeability, er denotes the relative complex permittivity,

c denotes the velocity of light, f denotes the frequency of

the waves, and d denotes the thickness of the ceramic. An

RL value below - 10 dB corresponds to an absorption of

90% of the incident electromagnetic waves, and the cor-

responding frequency range is defined as the EAB.

Figure 4a–c shows the three-dimensional (3D) RL maps

of S-1300, S-1400 and S-1500, which clearly reflect the

increasing EWA properties of the ceramic samples with

increasing pyrolysis temperature. In contrast to S-1300 and

S-1400 which exhibit peak RLmin values at a high

frequency, S-1500 exhibits an RLmin at a low frequency, as

well as enhanced EWA properties at a high frequency.

The corresponding RL curves of the Co–SiCN ceramics

pyrolyzed at different temperatures are shown in Fig. 4d–f.

RLmin and EABmax of S-1300 were - 15 dB and 1.6 GHz

at 5 mm, respectively (Fig. 4d). RLmin and EABmax of

S-1400 reach - 18.9 dB at 1.1 mm and 2.6 GHz at

1.3 mm, respectively (Fig. 4e). When the pyrolysis tem-

perature increased to 1500 �C, the resultant ceramic

achieved excellent EWA performance, as evidenced by its

EABmax of 3.0 GHz at an ultralow thickness of 1.05 mm

and RLmin of - 46.4 dB at a low frequency of 6 GHz.

In general, high-performance SiCN-based microwave

absorbers require strong absorption and a broad bandwidth

at low thicknesses. The RL and EAB values of S-1300,

S-1400, and S-1500 at thicknesses of 1, 1.05, 1.1, 1.2, and

1.3 mm are compared in Fig. 5a, b. As the pyrolysis tem-

perature increased, the RL and EAB values obtained at

lower thicknesses approached the ideal values. Interest-

ingly, the Co–SiCN ceramics pyrolyzed at 1500 �C can

simultaneously achieve a low RL value of - 40.5 dB and a

high EAB value of 3 GHz at an ultralow thickness of

1.05 mm. These findings can inspire the design and syn-

thesis of thin electromagnetic wave absorbing materials.

The EWA performances of the prepared ceramics were

compared with those of previously reported SiCN-based

ceramics containing magnetic metals (summarized in

Fig. 4 3D plots of RL and RL curves of Co–SiCN ceramics pyrolyzed at different temperatures: a, d S-1300, b, e S-1400 and c, f S-
1500
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Table S1) in terms of RLmin, EABmax, and thickness, as

shown in Fig. 5c, d. The SiCN ceramics prepared in this

study stand out among the reported magnetic metal con-

taining SiCN-based ceramic EWA materials because of

their low RL and high EAB at low thicknesses.

3.4 Dielectric properties

SiCN ceramics are dielectric loss materials with electro-

magnetic absorption behaviors that can be attributed to the

synergistic effects of polarization loss and conductivity

loss [31, 32]. The dielectric properties of S-1300, S-1400,

and S-1500 are shown in Fig. 6a–c. According to Debye

theory, the real permittivity (e0) which is dependent on the

electric energy stocking capacity represents the polariza-

tion capability of a material, whereas the imaginary per-

mittivity (e00) which is related to the polarization relaxation

produced by dipole polarization and conductivity loss

represents its ability to dissipate electromagnetic energy

[33–35].

As shown in Fig. 6a, b, the e0 and e00 values exhibit an
approximately increasing trend with increasing pyrolysis

temperature. This trend could be attributed to the effect of

abundant polarization mechanisms, including interfacial

polarization between multiple heterointerfaces, dipole

polarization of SiC, free carbon, and defect polarization

due to defects and dangling bonds in free carbons. S-1500

also exhibits the highest tand value (2–18 GHz), which

indicates that it has the best dielectric loss capability

among the samples.

The Cole–Cole semicircles of S-1300, S-1400, and S-

1500 are shown in Fig. 6d–f to clarify the dissipation

mechanisms of their dielectric polarization. According to

the Debye theory, the relationship between e0 and e00 can be

described as follows [36–38]:

e0 �
eðsÞ þ e1

2

� �2

þ e00ð Þ2¼
eðsÞ � e1

2

� �2

ð4Þ

where es represents the static permittivity and e? means the

relative dielectric permittivity at limiting high frequency.

Fig. 5 a Comparison of RL values and b EAB values with corresponding thickness of Co–SiCN ceramics pyrolyzed at different
temperatures; c, d comprehensive comparison of EWA performance considering RLmin, EABmax and thickness with reported SiCN-
based ceramic containing magnetic metal, which are listed in Table S1 in Supporting Information
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In general, the Cole–Cole semicircle intuitively repre-

sents the dielectric polarization of a microwave absorbing

material. As shown in Fig. 6d–f, all three samples present

clear semicircles, which suggests that polarization is the

most important dielectric loss mechanism of the Co–SiCN

ceramics. Among the samples, S-1500 exhibits the stron-

gest dielectric polarization which includes the interface

polarization between SiC nanocrystals, Si3N4 crystals, and

amorphous SiCN, and the dipole polarization of SiC

nanocrystals and free carbon.

The impedance matching value (Zin) and attenuation

coefficient (a) which are two important parameters that

determine the RL value of a material, were calculated as

follows [39–42]:

a ¼
ffiffiffi

2
p

pf
c

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l00e00 � l0e0ð Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l00e00 � l0e0ð Þ2þ l00e0 � l0e00ð Þ2
q

r

ð5Þ

After analyzing the dielectric loss properties of the Co–

SiCN ceramics, two-dimensional (2D) impedance

matching images of S-1300, S-1400, and S-1500 were

plotted to investigate why Co–SiCN ceramics pyrolyzed at

different temperatures exhibit different microwave

absorption properties. As shown in Fig. 7a–c, S-1300 and

S-1400 have poorer impedance matching characteristics

compared with S-1500, the impedance matching value of

which is much greater than 1.0, owing to their lack of high

dielectric loss phases. S-1500 demonstrates optimal Zin
values at both low- and high-frequency ranges, which may

be attributed to the generation of crystalline phases, such as

the SiC phase, which introduces more interfaces into the

SiCN matrix.

RLmin and EABmax of S-1500 can reach - 40.5 dB and

3.0 GHz, respectively. The Zin and a values of S-1300,

S-1400, and S-1500 shown in Fig. 7d and e indicate that

S-1500 has the best impedance matching characteristics

and the largest attenuation coefficient, leading to its

excellent EWA ability. A comparison of the Zin, a, and RL

curves of S-1500 at 1.05 mm is plotted in Fig. 7f to

determine the origin of its maximum absorption peak. The

maximum absorption peak is located exactly at the fre-

quency where Zin is equal to 1.0, and a is relatively high at

2–18 GHz.

3.5 EWA mechanism

The aforementioned results reveal that the Co–SiCN

ceramic pyrolyzed at 1500 �C exhibits the optimal EWA

properties among the samples. The absorption mechanism

of S-1500 is illustrated in Fig. 8. The composition of

S-1500 comprised an amorphous SiCN matrix, crystalline

Si3N4, SiC, CoSi, and free carbon, forming a typical

microstructure coexisting with electromagnetic transparent

and absorption phases. The electromagnetic transparent

Fig. 6 a Real and b imaginary parts of complex permittivity; c dielectric loss tangent; d2f Cole–Cole curves of Co–SiCN ceramics
pyrolyzed at different temperatures
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Si3N4 phase can be regarded as the A phase, whereas the

free carbon, CoSi, and SiC nanocrystals generated in situ in

the SiCN matrix with high dielectric properties can be

regarded as the B phase. At a pyrolysis temperature of

1500 �C, the carbothermal reaction between free carbon

and Si3N4 is completely achieved, producing a large

amount of SiC. The consumption of Si3N4 during this

reaction adjusts the permittivity of the ceramic, thereby

enhancing its dielectric loss and EWA ability. First, the

dipole polarization of S-1500 includes the intrinsic dipole

polarization of SiC and dipole polarization caused by the

abundant dangling bonds and lattice defects in the carbon

layers. Second, free carbon acts as a high dielectric loss

phase with the ability to transform electromagnetic wave

energy into heat energy, thereby promoting conductivity

loss. Third, the defect polarization of free carbon was

Fig. 7 a2c 2D impedance matching images; d impedance matching curves at thickness of 1.05 mm; e attenuation constant curves of
Co–SiCN ceramics pyrolyzed at different temperatures; f frequency-dependent RL, a, and Zin values for S-1500 sample

Fig. 8 Proposed microwave absorption mechanism of Co-containing polymer-derived SiCN ceramics
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attributed to the existence of lattice defects in the carbon

layers. Finally, in addition to the role played by single

phases, the coexistence of the high dielectric B phase and

low dielectric A phase not only provides good impedance

matching but also contributes to the generation of multiple

heterogeneous interfaces, which leads to interfacial polar-

ization under certain alternating electromagnetic fields. In

other words, the excellent EWA performance of S-1500

can be attributed to the synergistic effect of the low

dielectric phase A, which provides electromagnetic waves

with easy entry into the ceramic, and the high dielectric

phase B, which can attenuate electromagnetic waves via

the synergistic effects of dipole polarization, conductivity

loss, defect polarization, and interfacial polarization.

4 Conclusion

Co–SiCN ceramics were successfully fabricated by simple

physical mixing via a polymer-derived ceramic route. The

introduction of ZIF-67 promoted the in situ generation of

dielectric loss phases, including SiC and CoSi nanocrystals

along with free carbon, which endowed the SiCN ceramics

with multiple crystalline phases and optimized their

impedance matching and EWA ability. The Co–SiCN

ceramic pyrolyzed at 1500 �C exhibited superior EWA

performance, with an EABmax of 3.0 GHz at an ultralow

thickness of 1.05 mm and RLmin of - 46.4 dB at a low

frequency of 6.0 GHz. The simple preparation method

proposed in this study and excellent EWA performance of

the obtained ceramics provide new ideas for the develop-

ment of SiCN-based microwave absorbers.
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