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HIGHLIGHTS

• MOF-derived porous  Ni1−xCox@Carbon composites with tuning nano-micro structure were successfully synthesized.

• Magnetic-dielectric synergy effect among the  Ni1−xCox@Carbon microspheres was confirmed by the off-axis electron holography 

technology.

• MOF-derived Ni@C microspheres displayed strong microwave absorption value of − 59.5 dB.

ABSTRACT Intrinsic electric-magnetic property and special 

nano-micro architecture of functional materials have a significant 

effect on its electromagnetic wave energy conversion, especially in 

the microwave absorption (MA) field. Herein, porous  Ni1−xCox@

Carbon composites derived from metal-organic framework (MOF) 

were successfully synthesized via solvothermal reaction and sub-

sequent annealing treatments. Benefiting from the coordination, 

carbonized bimetallic Ni-Co-MOF maintained its initial skeleton 

and transformed into magnetic-carbon composites with tunable 

nano-micro structure. During the thermal decomposition, gener-

ated magnetic particles/clusters acted as a catalyst to promote the 

carbon sp2 arrangement, forming special core-shell architecture. 

Therefore, pure Ni@C microspheres displayed strong MA behav-

iors than other  Ni1−xCox@Carbon composites. Surprisingly, mag-

netic-dielectric Ni@C composites possessed the strongest reflection loss value − 59.5 dB and the effective absorption frequency covered as 

wide as 4.7 GHz. Meanwhile, the MA capacity also can be boosted by adjusting the absorber content from 25% to 40%. Magnetic–dielectric 

synergy effect of MOF-derived  Ni1−xCox@Carbon microspheres was confirmed by the off-axis electron holography technology making 

a thorough inquiry in the MA mechanism.

KEYWORDS Metal–organic frameworks; Polarization; Magnetic coupling; Microwave absorption; Electromagnetic parameters

   ISSN 2311-6706

e-ISSN 2150-5551

      CN 31-2103/TB

ARTICLE

Cite as

Nano-Micro Lett. 

(2020) 12:150

Received: 9 May 2020 

Accepted: 15 June 2020 

© The Author(s) 2020

https://doi.org/10.1007/s40820-020-00488-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s40820-020-00488-0&domain=pdf


 Nano-Micro Lett. (2020) 12:150150 Page 2 of 17

https://doi.org/10.1007/s40820-020-00488-0© The authors

1 Introduction

Metal–organic frameworks (MOF), constructing by inorganic 

metal ion and organic linkers via strong chemical bonds, have 

gained rapid development and huge influence in the past 2 dec-

ades. As functional materials, MOF possess versatile advan-

tages including multi-dimension morphology, specific structure, 

high surface area, controllable pore size, and so on [1–4]. Based 

on these fascinating properties, MOF have displayed its broad 

application prospects in various fields, such as energy catalysis, 

gas storage/separate, solar battery, and biomedicine [5–7]. More 

interestingly, to obtain the desired chemical/physical character-

istic, MOFs can also be used as the precursor or template to fab-

ricate target materials. By applying different treatment methods 

and modification, plenty of MOF derivatives with unique elec-

tromagnetic behaviors were smartly designed [8]. For instance, 

Yamauchi et al. [9] reported a selectively nanoporous hybrid car-

bon from core–shell structured ZIF-8@ZIF-67 crystals, which 

exhibits a distinguished specific capacitance. Hu et al. [10] uti-

lized a general MOF-derived selenidation strategy to synthe-

size in situ carbon-encapsulated selenides, these selenides with 

particular nano–micro-structured features and ultrastable cycling 

performance as Na-ion batteries. Rosei et al. [11] designed a 

MOF-derived  TiO2 photoanodes sensitized with quantum dots 

creating a favorable band energy alignment for the separation of 

the photogenerated charges. As a result, MOF-derived materials 

have drawn wide research as functional materials because of fine 

structure regulation and selective preparation. At the same time, 

building a composite structure with other active materials and 

constructing a special morphology can further strengthen its role 

in practical applications.

For microwave absorption (MA) materials, the complex 

permittivity and permeability occupy a vital position, which 

determines material capacity to store and loss electromagnetic 

waves energy. Generally, the MA performance is mightily 

governed by the overall effect of the intrinsic electrical and 

magnetic characteristics modulating by component, dimen-

sional, electron conductivity, and electromagnetic balance 

[12–15]. Due to facile synthesis process, adjustable compo-

nents, controllable shape, and suitable electromagnetic prop-

erties, MOF-derived MA materials have become research 

hotspots. In recent years, plenty of MOF derivatives materi-

als firstly focus on the magnetic–dielectric composites with 

broadband absorption and strong reflection loss (RL). Ji et al. 

[16] fabricated a MOF-derived Co/C composite through inter-

face design with enhanced low-frequency electromagnetic 

properties. Xu [17] group reported MOF-derived hollow Co/C 

microspheres with enhanced microwave absorption perfor-

mance. Che et al. [18] designed similar “Schottky contact” in 

the MOF-derived yolk–shell Ni@C@ZnO absorber, which 

exhibits excellent MA performance. Yu et al. [19] synthesized 

MOF-derived porous Fe/C composite as a lightweight and 

highly efficient electromagnetic wave absorber.

Secondly, to prove the dielectric loss ability and impedance 

matching, hybridizing the MOF derivatives and high conduc-

tive substrate proved an effective solution. Yu et al. [20] used 

multi-walled carbon nanotubes as templates for growth of 

Co-based zeolitic imidazolate frameworks and obtained a 

Co–C/MWCNTs composite. Lv et al. [21] integrated ZnO/

NPC/RGO samples derived from the MOF/RGO hybrid with 

tunable dielectric performance. He et al. [22] rationally con-

structed Co/TiO2–C composites for enhanced polarization 

behaviors and boosted conductivity loss starting from MXene/

MOF hybrids. In adding, benefiting from the diversity of coor-

dination between the organic and inorganic units, MOFs can 

be fabricated into changeable dimensional and sculptured into 

specific structure. Zhang et al. [23] achieved MOF-derived 

one-dimensional (1D) porous ZnO/C nanofiber with light-

weight and enhanced microwave response by an electrospin-

ning method. Hou et al. [24] obtained a MOF-derived three-

dimensional (3D) nanoporous carbon composite toward the 

electromagnetic functionalization. Meanwhile, MOF-derived 

MA composites have extremely changeable morphology, such 

as cube-like Fe/C, rambutan-like C/nanotubes/Co composites, 

polyhedral-like CuO/C composites, honeycomb-like Co/C 

composites, and flower-like Ni/C composites [25–29]. The 

above-mentioned factors all will influence the electron trans-

formation and magnetic responding, and its final MA perfor-

mance may be changed because of those structure regulation. 

Obviously, electromagnetic parameters have always been the 

focus of research to obtain excellent microwave absorbing 

materials, which faces huge challenges. In addition, the inher-

ent magnetic loss mechanism of MA materials is still unclear 

and needs to be further explored.

Herein, using the Ni–Co–MOF as the template, large-sized 

MOF-derived  Ni1−xCox@Carbon (Ni@C) composites with 

tuning nano–microstructure are successfully synthesized via 

combining the solvothermal reaction and carbonization treat-

ment under Ar atmosphere. Considering the coordination effect 

between metal elements and inorganic linkers, we project an 

investigation on the MA ability of a series of Ni@C composites, 

which construct with different Ni/Co adding ratios. Reduced 
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Ni/Co particles/clusters acted as a catalyst further to facilitate 

the formation of graphitized carbon layers, which wrap the 

inner magnetic and build a special core–shell unit. The related 

results demonstrated that Ni@C composites exhibit increased 

saturation magnetization (Ms) value, higher conductivity, and 

enhanced RL ability with the nickel increased nickel content. 

Therefore, strong magnetic Ni@C microspheres show strongest 

MA capacity than other Ni@C absorbers. Surprisingly, special 

Ni@C microspheres have optimized RL value up to − 59.6 dB at 

only 25% adding. Meanwhile, the effective absorption frequency 

of magnetic–dielectric Ni@C covers as wide as 4.7 GHz ranging 

from 9.9 to 14.6 GHz. To probe the intrinsic electromagnetic 

property and magnetic loss mechanism, off-axis electron holog-

raphy technology was applied to prove the polarization behavior 

at the interfaces and magnetic coupling between particles.

2  Experimental Section

2.1  Synthesis of Magnetic Ni@C Microspheres

All of the chemicals used were of analytical grade without fur-

ther purification and were purchased from Sinopharm Chemi-

cal Reagent Co., Ltd. In a typical synthesis, Co(NO3)2·6H2O, 

Ni  (NO3)2·6H2O, 0.15 g p-benzenedicarboxylic acid, and 1.0 g 

PVP K-30 were dissolved in the mixture solution, which contains 

deionized water (10 mL), ethanol (10 mL), and N, N-dimethylfor-

mamide (10 mL). The obtained solution was intensely magnetic 

stirred for 30 min and transferred to a 50-mL autoclave and keep at 

150 °C for 12 h. The gained Co–Ni–MOF products are collected 

via centrifugation and washing. As-prepared dried products are 

heated at 600 °C under Ar flow for 5 h with a heating rate of 2 °C 

 min−1. To investigate the effect of different  Co2+/Ni2+ addition 

ratios on the nano–microstructure and electromagnetic properties, 

Co(NO3)2·6H2O and Ni  (NO3)2·6H2O were added into the solution 

following millimole content:  MNi/MCo = 1.5/0, 1.2/0.3, 0.75/0.75, 

0.3/1.2, and 0/1.5, respectively. The final magnetic  Ni1−xCox@Car-

bon powders were marked as Ni@C,  Ni0.8Co0.2@C,  Ni0.5Co0.5@C, 

 Ni0.2Co0.8@C, and CoO@C, respectively.

2.2  Characterizations

The chemical composition of the final products is characterized 

via powder X-ray diffractometer (XRD, Bruker, D8-Advance, 

Germany). Raman data are obtained on a Ramoscope with 

a He–Ne laser (inVia, Renishaw, UK). The magnetic pros-

perities of  Ni1−xCox@Carbon microspheres are measured 

by vibrating sample magnetometer (MPMS (SQUID) VSM, 

Quantum Design, USA). The morphology and microstructure 

of the magnetic powders are examined by a field-emission 

scanning electron microscope (FESEM, S-4800, Japan) and 

a field-emission transmission electron microscope (TEM, 

JEM-2100F, Japan). The absorber samples are prepared by 

uniformly mixing the magnetic powders with paraffin matrix in 

different mass ratios 25% and 40%. The sample is compacted 

into a coaxial ring of 7.00 mm outer diameter and 3.04 mm 

inner diameter. Related electromagnetic parameters were 

measured via a vector network analyzer (VNA, HP8510C, 

Agilent, USA) over the 2–18 GHz range. Related reflection 

loss curves are calculated by the following equations [30, 31]:

where Zin and Z0 are the input characteristic impedance and 

the free space impedance, εr is the complex permittivity and 

μr is the complex permeability, ƒ is the tested frequency at 

2–18 GHz, d is the simulation thickness, c is the velocity of 

microwave in free space, respectively.

3  Results and Discussion

3.1  Fabrication and Characterization of Ni@C 

Composites

Porous Ni@C microspheres are fabricated via a facile two-

step process as displayed in Fig. 1. A series of Ni–Co–MOF 

precursors are firstly obtained after a solvothermal reac-

tion in the mixed  H2O/DMF/EtOH solution. Due to the 

space coordination effect between metal ions and linkers, 

Ni–Co–MOF precursors show changeable nano–microstruc-

ture and increased particle size. MOF-derived Ni@C exhib-

ited a similar increase size distribution (Table S1). Before 

obtaining the Ni@C microspheres, the Ni–Co–MOF tem-

plates were carbonized in the given Ar atmosphere. Reduced 

metal/alloy particles can be work as the catalysis to encour-

age the rearrangement of carbon element in the bridged 
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organic ligands (Fig. 1). Limited by the original periodic 

network structure, the MOF-derived Ni@C composites kept 

similar MOF framework exhibiting different components 

and materials distribution. As shown in Fig. 2a, the XRD 

patterns clearly demonstrated that the magnetic powders 

are Ni@C,  Ni0.8Co0.2@C,  Ni0.5Co0.5@C,  Ni0.2Co0.8@C, 

and CoO@C, respectively. Even undergoing equal anneal-

ing environment, adjustable catalytic ability of transformed 

magnetic Ni or NiCo alloy can be efficiently regulated by 

increasing Ni/Co content ratio. It is worth noting that the 

carbonized Co–MOF is consisted of CoO particles and car-

bon matrix without the cobalt metal (Fig. S1).

Then, the Ni@C composites exhibited controllable 

electromagnetic properties accompanied by the enhanced 

saturation magnetization and increased graphitized carbon 

content. In Fig. 2b, there are two characteristic Raman peaks 

of the carbon materials in the obtained Ni@C composites, 

which locates at 1339.4 cm−1 (D-band) and 1592.1 cm−1 

(G-band), respectively. Generally, the D-band represents 

the disorder carbon structure and the atomic crystal defects, 

and the other G-band means the in-plane stretching vibra-

tion stemming from the sp2 hybrid carbon atom. Therefore, 

the intensity ratio of ID/IG is used as a referenced standard 

to evaluate the graphitized degree of carbon component. 

As Cobalt adding content increases, the values of ID/IG of 

obtained magnetic powders reflect a downward trend from 

the Ni@C microspheres to the CoO@C composites. The 

intensity data of Ni@C,  Ni0.8Co0.2@C,  Ni0.5Co0.5@C, and 

Fig. 1  Schematic illustration for the synthetic process of  Ni1−xCox@Carbon microspheres
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 Ni0.2Co0.8@C composites are 0.92, 1.06, 0.95, and 0.98, 

respectively. Due to the poor catalytic ability in the thermal 

treatment process, as-synthesized CoO@C material exhibits 

weak D-band and G-band signal.

Simultaneously, magnetic properties of micro-size Ni@C 

composites are tested at room temperature and related results 

are pictured in Fig. 2c. From the magnetic hysteresis (M vs 

H) loop, the saturation magnetization (Ms) value of Ni@C, 

 Ni0.8Co0.2@C,  Ni0.5Co0.5@C,  Ni0.2Co0.8@C, and CoO@C is 

138.5, 131.4, 121.1, 100.7, and 47.2 emu g-1, respectively. 

Magnetic Ni@C composite has the highest Ms value, which 

indicates strongest storage for the microwave energy in terms 

of magnetic component. Compared with the CoO@C micro-

spheres, the other three samples still exhibit better magnetic 

response capacity, which is necessary to the enhanced mag-

netic loss ability. Among the magnetic features, the coer-

civity force (Hc) plays a significant factor to determine the 

hysteresis and magnetic permeability. The Hc values of five 

composites are 195, 248, 250, 305, and 356 Oe, respectively. 

Increased Hc values from Ni@C to CoO@C microsphere 

are highly associated with the magnetic particles size, space 

distribution, and integrated responding behavior. Accord-

ing to the latest published literatures, promoted magnetic 

permeability is benefit to the electromagnetic wave energy 

conversion because of the higher Ms and suitable Hc values 

[32–34].

The morphology and microstructure of MOF-derived 

porous Ni@C composites are investigated and displayed in 

Fig. 3. The obtained Ni@C microspheres have a particles 

size of 1.5–2.0 μm, which is assembled by the micro-size 

spheres and attached spindle-like particles (Fig. 3a1–a4). 

Different with the Ni@C materials, other four samples 

showed uniform sphere structure and increased particles 

size. In Fig. 3b, monodisperse  Ni0.8Co0.2@C microspheres 

have a special hollow structure and uniform size distribution 

about ~ 3 μm (Fig. 3b1–b4). For the  Ni0.5Co0.5@C compos-

ites, carbonized particles maintain similar micro-scale frame-

work compared with original MOF precursor. MOF-derived 

 Ni0.5Co0.5@C material possesses larger nanoscale unit and 

sphere size ~ 8 μm (Fig. 3c1–c4). When the  Ni0.2Co0.8–MOF 

is converted into the  Ni0.2Co0.8@C composites, both the size 

and architecture of obtained microspheres reveal slight vari-

ation (Fig. 3d1–d4). There are many tiny particles anchored 

on surface of the microspheres, which has an increasing 

size about ~ 10 μm. Without the existence of Ni metal, pure 

Co-MOF powder displays a unique growth orientation and 
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determines the final shape of MOF derivatives. As shown 

in Fig. 3e, obtained CoO@C composites reflect the largest 

size distribution ~ 30 μm and consist of parallel and radial 

columnar carbon framework (Fig. 3e1–e3). Generated CoO 

nanoparticles randomly decorate on the carbon matrix with-

out agglomeration (Fig. 3e4). Related elements mapping 

distribution of as-synthesized Ni@C is depicted in Fig. S2.

To confirm the distribution and microstructure of the 

magnetic carbon composites, all the as-synthesized MOF-

derived composites at micrometer scale are characterized by 

the TEM and related results are pictured in Fig. 4. Combined 

with the SEM images, the TEM images can give a direct and 

clear observation to the component distribution, especially 

the location of the magnetic substance. Signal Ni@C micro-

sphere has a hierarchical structure and many nanoscale mag-

netic carbon basic units (Fig. 4a1–a3). Clearly, the graphited 

carbon layers tightly wrap the metal particles, meaning that 

the Ni substance has high catalytic activity during carbon 

sp2 arrangement process (Fig. 4a4). After carbonized the 

 Ni0.8Co0.2–MOF precursor, porous  Ni0.8Co0.2@C compos-

ites show a unique hollow structure and those derivatives 

accumulate in the shell (Fig. 4b1). Further magnifying the 

Fig. 3  SEM images of a1–a4 Ni@C, b1–b4  Ni0.8Co0.2@C, c1–c4  Ni0.5Co0.5@C, d1–d4  Ni0.2Co0.8@C, and e1–e4 CoO@C composites
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surfaces of the  Ni0.8Co0.2@C microspheres, plenty of short 

carbon nanotubes grow from the inside of the ball and entan-

gle each other (Fig. 4b2). Part of the NiCo alloy particles 

are encapsulated in the top of the carbon tube, and the rest 

magnetic cores are enclosed by the transformed high con-

ductivity carbon layers (Fig. 4b3, b4). For the  Ni0.5Co0.5@C 

composites, they display an increased size property both 

the microspheres itself and the magnetic NiCo alloy 

(Fig. 4c1–c2). As the shown in the pictures, the size of the 

NiCo alloy is larger about diameters of ~ 50 nm (Fig. 4c3, 

c4). Meanwhile, the carbon layers’ number exhibits a slight 

downtrend. Similarly, MOF-derived  Ni0.2Co0.8@C compos-

ite is assembled by lots of connecting magnetic carbon unit, 

constructing a porous three-dimensional microsphere and 

keeping original MOF skeleton (Fig. 4d1–d4). As mentioned 

before, obtained CoO@C possesses a remarkable parallel 

and radial columnar carbon framework with spaced channels 

(Fig. 4e1–e3). From the single carbon substrate, randomly 

distributed CoO particles anchored into the carbon matrix 

and the CoO fully exposed to space, which demonstrate a 

huge distinguish with others carbonized MOF derivative 

(Fig.  4e4). As we know, the components, morphology, 

magnetic properties, and conductivity all have a significant 

impact on the final electromagnetic parameters and micro-

wave absorption performance [35–37].

Fig. 4  TEM images of a1–a4 Ni@C, b1–b4  Ni0.8Co0.2@C, c1–c4  Ni0.5Co0.5@C, d1–d4  Ni0.2Co0.8@C, and e1–e4 CoO@C composites
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3.2  Electromagnetic Parameters Analysis 

and Microwave Absorption Ability

In order to investigate the intrinsic electromagnetic char-

acteristics of obtained MOF-derived black magnetic pow-

ders, the electromagnetic parameters are measured by the 

vector network analyzer (VNA) according the transmitted 

line theory [38–40]. As shown in Fig. 5, the relationship 

between tested data and the frequency is plotted to demon-

strate the complex permittivity (εr = ε′ − jε″) and the relative 

complex permeability (μr = μ′ − jμ″) from 2 to 18 GHz. As 

the MA theory said, the real parts (ε′, μ′) imply the storage 

electrical and magnetic capacity toward the incident micro-

wave energy, while the imaginary parts (ε″) represent the 

matched dissipation ability to the electrical and magnetic 

components [41, 42]. When the mass adding is 25%, the real 

parts of complex permeability reflect a typical frequency 

dependence property, which depicts a decreasing tendency 

from the low frequency to the high frequency region. The 

ε′ values range from 10.4 to 6.8 for Ni@C, from 9.4 to 6.1 

for  Ni0.8Co0.2@C, from the 4.2 to 3.0 for  Ni0.5Co0.5@C, and 

from 3.6 to 2.8 for  Ni0.2Co0.8@C, respectively. Among those 

MA composites, pure Ni@C composite has the highest ε′ 
value meaning the strongest ability for storing the electro-

magnetic wave energy. Similarly, the imaginary part (ε″) 
values exhibit a decreasing curve, falling from 4.4 to 2.8 for 

Ni@C, from 3.8 to 2.6 for  Ni0.8Co0.2@C, from 0.7 to 0.3 for 

 Ni0.5Co0.5@C, and from 0.4 to 0.2 for  Ni0.2Co0.8@C, respec-

tively. The real part (μ′) and imaginary part (μ″) of complex 

permeability of obtained Ni@C composites display a similar 

value, which keeps at ~ 1.1 of μ′ values and at ~ 0.08 of μ″, 
respectively (Fig. 5). By comparing these MA samples, it 

can be found that the increased cobalt content introduces 

weakened electromagnetic parameters at 25% mass adding.

To adjust the MA performance, the mass adding content 

increases from 25 to 40% for the better understanding mass 

factor. Obviously, the electromagnetic parameters make a 

significant difference, especially in the complex permittiv-

ity. As displayed in Fig. 5a, e, both the storage and dissipa-

tion ability of Ni@C composites exhibit a sharp decline. 

The ε′ values drop by half and the ε″ data reach very low 

level, which is not benefit to the energy conversion [43]. 

Inspiringly, other MOF-derived Ni@C composites show 

a rising tendency after adding more mass components, 

which indicates the boosted loss behaviors (Fig. 5b, f). It 

is worth noting that the ε′ values start from 11.5 to 8.0 for 

 Ni0.8Co0.2@C, from 9.4 to 6.2 for  Ni0.5Co0.5@C, and from 

7.5 to 5.2 for  Ni0.2Co0.8@C (Fig. 5b–d, f–h). For the Ni@C 

composites with strong magnetic properties and high elec-

tronic conductivity, the 25% adding mass is the suitable 

condition for the absorber/paraffin system. After adding 

more Ni@C powders into mixed absorber, it will break the 

continuous dielectric system and weaken the requirement 

of impedance matching, leading more incident microwave 

reflecting black to the space rather than penetrating into the 

absorber. As expected, hollow  Ni0.8Co0.2@C composites 

bring a remarkable promotion both in the real part (ε′) and 

imaginary part (ε″), encouraging the amelioration of elec-

tromagnetic energy conversion. At the same time, the same 

upward trend of electromagnetic parameters is also seen 

in porous  Ni0.5Co0.5@C and  Ni0.2Co0.8@C composites. In 

adding, related electromagnetic properties of MOF-derived 

CoO@C composites are studied and discussed at different 

adding mass conditions. Unfortunately, no matter how the 

content of CoO@C powders is adjusted, there is no change 

in its fundamental electromagnetic properties. Large-sized 

CoO@C microspheres assembled by CoO particles and 

amorphous carbon cannot absorb the incident microwave 

energy reflected by the responding parameters (Fig. S3). As 

a result, the derivative CoO@C from carbonized original 

Co-MOF precursor is unsuitable for applications in the MA 

field. As above discussed, adjusted electromagnetic behavior 

of MOF-derived magnetic carbon absorbers is contributed 

to the changeable magnetic components, spatial distribution, 

and induced dielectric properties.

Based on the obtained electromagnetic parameters 

and transmission line theory, related reflection loss (RL) 

curves of as-synthesized MOF-derived  Ni1−xCox@Carbon 

composites are calculated and displayed in Fig. 6. Those 

magnetic–dielectric composites clearly embody the adjust-

ment and optimization of MA performance reflected by the 

three-dimensional (3D) RL maps. When the adding mass 

is 25%, the porous Ni@C absorber describes the excel-

lent MA behavior including the RL values and effective 

absorption region. As displayed in Fig. 6a, as the frequency 

increases, the RL values of as-synthesized magnetic–die-

lectric system show a visible variation at different thick-

nesses, which is consistent with the traditional and classic 

MA theory. Altering the simulated absorbers’ thickness, 

a series of peak values can be received and the maximum 

RL values of Ni@C composites are − 13.1, − 25.8, − 39.1, 

− 33.8, − 35.6, − 39.4, − 59.5, and − 36.4 dB from the 1.5 to 
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5.0 mm, respectively. The maximum RL value of Ni@C can 

reach up to − 59.5 dB at the C-band, implying the strongest 

loss ability (Fig. 6a). Simultaneously, those absorption peaks 

values shift from the Ku-band to the S-band with increas-

ing thickness. For the hollow  Ni0.8Co0.2@C composites, 

the maximum RL value reaches to − 27.0 dB at 5.7 GHz at 

5.0 mm (Fig. 6b). Compared with the above-mentioned two 

samples,  Ni0.5Co0.5@C and  Ni0.2Co0.8@C composites pos-

sess lower value of − 6.8 dB at 10.9 GHz and − 6.4 dB at 

13.9 GHz, revealing the lower MA intensity at same quality 

ratio (Fig. 6c, d, k). By increasing the adding mass to 40%, 

the MA capacity of MOF-derived Ni@C composites has 

been greatly improved except for pure Ni@C composites. 

The maximum RL values promote from − 27.0 to − 39.3 dB 

at 3.5 mm for  Ni0.8Co0.2@C, from − 6.8 to − 15.6 dB at 

2.0 mm for  Ni0.5Co0.5@C, and from − 6.4 to − 11.6 dB at 

2.5 mm for  Ni0.2Co0.8@C, respectively, manifesting the 

thin applied thickness and boosted microwave loss abil-

ity (Fig. 6f–h). Due to the poor impedance matching from 

excessive addition, Ni@C absorber does not show enhanced 

MA behavior as expected (Fig. 6e).

To evaluate the MA capabilities of obtained Ni@C 

composites, the effective absorption frequency is another 

important indicator [44, 45]. Generally, it means that 90% 

electromagnetic wave energy can be dissipated when the 

RL value up to − 10 dB. At the same time, the correspond-

ing frequency scale, RL ≤ − 10 dB, is defined as effective 

absorption bandwidth (EAB). As the adding mass is 25%, 

the EAB of porous Ni@C composite covers as wide as 

4.7 GHz ranging at 2.5 mm and 4.9 GHz ranging at 2.2 mm 

(Fig. 6l). Hollow  Ni0.8Co0.2@C absorber exhibits a nar-

row EAB because of the inferior electromagnetic energy 

conversion compared with the Ni@C composites at same 

adding quality. Enhanced the adding mass to the 40%, the 

EAB and the RL intensity of  Ni0.8Co0.2@C composite gets 

a huge improvement (Fig. 6i–l). It can be seen that EAB 

expands from initial 3.3 to 4.8 GHz, stemming from the 

strengthened microwave responding ability and dissipation 
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intensity (Fig. 6f). Meanwhile, the efficient absorption areas 

of obtained Ni@C composites are greatly improved (Fig. 

S4). After comprehensive comparison, MOF-derived Ni@C 

absorber possesses the stronger RL value (− 59.5 dB), wider 

EAB (4.7 GHz), and lower adding mass (25%), which is 

favor to be a lightweight and an excellent MA material. 

To prove the MA performance of other MOF derivatives, 

increasing the absorber content is a valuable strategy to 

solute the limited RL and microwave loss ability. As men-

tioned above, MOF-derived kinds of Ni@C composites 

exhibit excellent electromagnetic storages and microwave 

absorption capacities, resulting in the enhanced reflection 

loss values and expanded effective absorption frequency. 

Among those absorbers, strong magnetic Ni@C composites 

have the powerful MA ability with the maximum RL value 

of − 59.5 dB and 4.7 GHz of EAB at 25% adding mass. 

By increasing the absorber content, the MA performance of 

other Ni@C composites gets a substantial amelioration. Hol-

low  Ni0.8Co0.2@C possesses a RL value of − 39.3 dB and an 

increased EAB of 4.8 GHz at 40% adding mass. Compared 

with original MA characteristics, the RL values of high con-

tent  Ni0.5Co0.5@C and  Ni0.2Co0.8@C composite have nearly 

doubled meaning the promoted MA performance.

3.3  Analysis of Microwave Absorption Mechanism

To fully understand the intrinsic MA mechanism, unique 

morphology, electromagnetic parameters, and dissipation 

behaviors are analyzed in detail to discover electromagnetic 

wave energy conversion. Taking Ni@C as an example, the 

MA mechanism mainly involves the impedance matching, 

dielectric loss, magnetic coupling, and the synergy effect 

in this magnetic carbon system. It is widely accepted that 

the impedance matching feature is the principal condition, 

which determines whether electromagnetic waves can enter 

the material system [46]. Aiming to get the good imped-

ance watching, the MA system needs to adjust the intrinsic 

conductivity and magnetic parameters as well as the micro-

spheres structure. In genial, the electromagnetic wave has 

the fixed impedance value (Z0 ~ 377 Ω) when traveling in 

free space. For the Ni@C absorber, the matching behavior 

is charge by the complex permittivity and complex perme-

ability reflecting the input characteristic impedance (Zin). 

As displayed in Fig. 7a, it means the microwave can easily 

penetrate synergy absorber system rather than reflect black 

to the free space. In the Ni@C composites, the balanced 

electromagnetic parameters are encouraged by the evenly 

distribution of the components, which is benefit to enhanced 

impedance matching. Simultaneously, porous Ni@C com-

posite at micrometer scale can provide multiple reflection, 

increasing the transmission path of electromagnetic waves 

and boosting the energy dissipation (Fig. 7b).

As a magnetic–dielectric synergy MA composite, the 

dielectric loss of Ni@C composite mainly consists of two 

parts: one is the polarization loss, and the other is the conduc-

tive loss [47–51]. In the MOF-derived black MA powders, 

lots of nanoscale Ni@C core–shell particles assemble into 

the magnetic carbon Ni@C microsphere containing kinds of 

interfaces. Benefiting from the coordination effect between 

the metal nickel and the organic ligand, carbonized Ni–MOF 

keeps the initial morphology and the metal clusters are con-

fined by the surrounding carbon layer. Therefore, plenty of 

heterostructure interfaces exist in the special MOF-derived 

Ni@C composite. Unique contacting interfacial areas are 

constructed by the metal Ni particle and the graphitized car-

bon component (Fig. 7d). Meanwhile, touching interfaces 

also can be observed in the MOF-derived carbon matrix after 

the annealing treatment; the carbon layers as shell not only 

wrap the Ni core but also touch the other neighboring carbon 

layers (Fig. 7c). Therefore, driven charges gradually gather 

at the region such as formed Ni–C and C–C interfaces; the 

accumulated positive and negative charge locates at one side 

of the interface, respectively, which is benefit to the enhanced 

interfacial polarization in the applied electromagnetic wave 

environment [52, 53]. Limited to the catalytic capability 

of reduced Ni particles, there are still disorder carbon and 

defects in the graphitized carbon matrix. Under the action of 

high-frequency microwave, the movement of dipole moments 

caused by the separation of positive and negative charges 

promotes the conversion of microwave energy. In addition, 

MOF-derived Ni–C absorber possesses the highest attenua-

tion constant (ɑ), which represents the strongest dissipation 

compared with other Ni@C composites (Fig. S5).

Dielectric loss behavior is high association with the elec-

trical conductivity (σ) of the Ni@C absorber, which plays a 

key role to affect the storage and loss ability toward the elec-

tromagnetic wave energy. According to the Debye theory, 

the relationship between the complex permittivity (ε′, ε″) 
and intrinsic conductivity (σ) can be explained as follows: 

[54, 55]:
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where the ε′ and ε″ are the real and imaginary part of com-

plex permittivity, εs and ε∞ represent the static and infinite 

permittivity, ω denotes the angular frequency, τ is the tem-

perature-dependent relaxation time, σ is the conductivity. 

Based on the mentioned equations, the storage ability (ε″) 
is proportional to the conductivity (σ). The higher electron 

migration rate is favor to the strengthen microwave energy 

conversion [56]. For the Ni@C microspheres, enhanced 

electron migration can be obtained after converted from the 

Ni–MOF into magnetic carbon composite. In the carbother-

mal reduction process, metal Ni particles first form to pro-

mote the conductivity and the imaginary part (ε″), which is 

necessary to microwave energy dissipation. Meanwhile, the 

formed Ni clusters work as the catalyst further encouraging 

the graphitized conversion of the carbon-containing organic 

ligands. MOF-derived Ni@C composites are assembled by 

the metal nickel particles and the high conductivity carbon 

matrix. Graphitized carbon layers with sp2 arrangement 

can offer ballistic electron transport path, facilitating rapid 

electron migration. Therefore, both the carbon shell and 

derived carbon substrate not only can construct the unique 

conductive network but also offer powerful conduction loss 

(Fig. 7c).
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Equally important, the Ni@C composite can provide 

excellent magnetic properties, special magnetic coupling 

effect, and boosted magnetic loss behavior [57]. As dis-

played in Fig. 2c, the Ni@C composite owns the highest 

saturation magnetization (Ms: 138.5 emu  g−1) and lowest 

coercivity value, which is benefit to the promotion of imagi-

nary part (μ″) and magnetic responding ability. In order to 

observe the intrinsic magnetic characteristic of the Ni@C 

microsphere, an off-axis electronic holography is used to 

discover the magnetic field line distribution, which offers 

the powerful evidence for the understanding of the mag-

netic loss mechanism [58, 59]. Clearly, the strong magnetic 

Ni@C absorber can release its own magnetic field line from 

the microspheres’ surfaces as shown in Fig. 8. The region 

of magnetic field line distribution is far beyond the volume 

of the material itself, which is never happened in the pure 

dielectric MA system (Fig.  8a, b). Magnetic–dielectric 

Ni@C absorber not only shows the inner magnetic loss in 

the microsphere structure, but also expands the magnetic 

responding scale, demonstrating its superiority as a MA 

material. Meanwhile, the electromagnetic energy attenuation 

can be accelerated because of the existence of the magnetic 

coupling phenomenon (Fig. 7e). As shown in Fig. 8c, d, 

neighboring Ni@C microspheres display an integral distri-

bution of magnetic field lines rather than a single individ-

ual. The appearance of magnetic coupling further verifies 

the whole and promotes magnetic properties, playing an 

Fig. 7  a Illustration of the MA process, b multiple reflection, c conduction loss, d interfacial polarization, e, f magnetic coupling, and g mag-

netic resonance of the Ni@C absorber
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important dissipation mechanism (Fig. 7f). Meanwhile, due 

to the interaction between the magnetic Ni@C particles, the 

magnetic strength of the regions between the microspheres 

can still be increased even if there is no contact between 

the particles (Fig. 8e, f). These visual holography images 

and reconstructed magnetic flux line pictures directly prove 

the strong magnetic responding ability and magnetic cou-

pling effect in the Ni@C system. When applied the high-

frequency electromagnetic wave at 2–18 GHz, magnetic MA 

material of Ni@C microsphere embodies different feedbacks 

at given frequency region. Natural resonance dominates the 

main mechanism to attenuate electromagnetic wave energy 

under ~ 8 GHz. As frequency increases, magnetic loss behav-

ior depends on the exchange resonance at the 10–18 GHz 

[60–62]. The mentioned ferromagnetic resonance contrib-

utes to the enhanced microwave energy conversion (Fig. 7g).

Considering the impedance matching feature and micro-

wave dissipation ability, magnetic–dielectric Ni@C absorber 

exhibits excellent matching property and high-performance 

MA. The maximum RL of MOF-derived Ni@C composite 

up to − 59.5 dB at 6.0 GHz at low adding mass of 25% and 

the EAB can cover 4.7 GHz from 9.9 to 14.6 GHz. Differ-

ent with the Ni@C absorber, other porous Ni@C compos-

ites need to increase the content of effective materials to 

achieve same excellent MA performance. When the add-

ing mass up to 40%, the maximum RL of  Ni0.8Co0.2@C 

composite reaches − 39.3 dB at 5.7 GHz and the EAB up 

to 4.8 GHz from 12.8 to 17.6 GHz. MOF-derived Ni@C 

absorber possess the high MA intensity and wider EAB, 

showing its potential as MA material in the practical appli-

cation. As discussed above, the outstanding MA perfor-

mance of MOF-derived Ni@C can be attributed to the good 

Fig. 8  a, c, e Holography images and b, d, f reconstructed magnetic field line distribution of Ni@C composite
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impedance, strong magnetic and dielectric loss, involving 

enhanced polarization dissipation, boosted conduction 

loss, and advanced magnetic coupling effect. As a result, 

MOF-derived magnetic–dielectric composites provide eye-

catching inspiration for fabricating high effective microwave 

absorption materials.

4  Conclusion

In summary, MOF-derived tunable Ni@C composites with 

unique nano–microstructure are successfully fabricated via 

solvothermal reaction and carbothermal reduction process. 

As expected, magnetic–dielectric synergy Ni@C com-

posites, as MA materials, possess the strongest RL value 

− 59.5 dB (4.5 mm, 25% adding mass) and the effective 

absorption frequency covered as wide as 4.7 GHz rang-

ing from 9.9 to 14.6 GHz at 2.5 mm. By increasing the 

absorber content, the MA capacity also can be boosted for 

other  Ni1−xCox@Carbon composites. The maximum RL of 

 Ni0.8Co0.2@C composite reaches − 39.3 dB at 5.7 GHz and 

the EAB up to 4.8 GHz from 12.8 to 17.6 GHz. Benefiting 

from the coordination, carbonized bimetallic Ni–Co–MOF 

maintains its initial skeleton and transforms into magnetic 

carbon MA material with good impedance matching and 

multiple loss mechanism, involving interfacial polariza-

tion, conduction loss, and magnetic dissipation. Intrinsic 

dielectric loss ability and magnetic responding capacity 

of the Ni@C absorbers are significantly promoted to pro-

mote the electromagnetic wave energy conversion. There-

fore, this study highlights that the MOF-derived mag-

netic/dielectric synergy Ni@C composites with unique 

nano–microstructure can be a lightweight, wideband, and 

highly efficient MA materials.

Acknowledgements This work was supported by the Min-

istry of Science and Technology of China (973 Project No. 

2018YFA0209102) and the National Natural Science Founda-

tion of China (11727807, 51725101, 51672050, 61790581), 

Science and Technology Commission of Shanghai Municipality 

(16DZ2260600).

Open Access This article is licensed under a Creative Commons 

Attribution 4.0 International License, which permits use, sharing, 

adaptation, distribution and reproduction in any medium or format, 

as long as you give appropriate credit to the original author(s) and 

the source, provide a link to the Creative Commons licence, and 

indicate if changes were made. The images or other third party 

material in this article are included in the article’s Creative Com-

mons licence, unless indicated otherwise in a credit line to the 

material. If material is not included in the article’s Creative Com-

mons licence and your intended use is not permitted by statutory 

regulation or exceeds the permitted use, you will need to obtain 

permission directly from the copyright holder. To view a copy of 

this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

Electronic supplementary material The online version of this 

article (https ://doi.org/10.1007/s4082 0-020-00488 -0) contains 

supplementary material, which is available to authorized users.

References

 1. H. Li, M. Eddaoudi, M. O’Keeffe, O.M. Yaghi, Design and 

synthesis of an exceptionally stable and highly porous metal–

organic framework. Nature 402, 276–279 (1999). https ://doi.

org/10.1038/46248 

 2. Q.L. Zhu, Q. Xu, Metal–organic framework compos-

ites. Chem. Soc. Rev. 43, 5468–5512 (2014). https ://doi.

org/10.1039/C3CS6 0472A 

 3. B.Y. Xia, Y. Yan, N. Li, H.B. Wu, X.W. Lou, X. Wang, A 

metal–organic framework-derived bifunctional oxygen electro-

catalyst. Nat. Energy 1, 15006 (2016). https ://doi.org/10.1038/

nener gy.2015.6

 4. B.L. Chen, M. Eddaoudi, S.T. Hyde, M. O’Keeffe, O.M. 

Yaghi, Interwoven metal–organic framework on a periodic 

minimal surface with extra-large pores. Science 291, 1021–

1023 (2001). https ://doi.org/10.1126/scien ce.10565 98

 5. J.J. Duan, S. Chen, C. Zhao, Ultrathin metal-organic frame-

work array for efficient electrocatalytic water splitting. Nat. 

Commun. 8, 15341 (2017). https ://doi.org/10.1038/ncomm 

s1534 1

 6. Y. Pan, K. Sun, S. Liu, X. Cao, K. Wu et al., Core–shell 

ZIF-8@ZIF-67-derived CoP nanoparticle-embedded N-doped 

carbon nanotube hollow polyhedron for efficient overall water 

splitting. J. Am. Chem. Soc. 140, 2610–2618 (2018). https ://

doi.org/10.1021/jacs.7b124 20

 7. J. Lee, O.K. Farha, J. Roberts, K.A. Scheidt, S.T. Nguyen, J.T. 

Hupp, Metal–organic framework materials as catalysts. Chem. 

Soc. Rev. 38, 1450–1459 (2009). https ://doi.org/10.1039/

B8070 80F

 8. J.C. Shu, X.Y. Yang, X.R. Zhang, X.Y. Huang, M.S. Cao et al., 

Tailoring MOF-based materials to tune electromagnetic prop-

erty for great microwave absorbers and devices. Carbon 162, 

157–171 (2020). https ://doi.org/10.1016/j.carbo n.2020.02.047

 9. J. Tang, R.R. Salunkhe, J. Liu, N.L. Torad, M. Imura, S. 

Furukawa, Y. Yamauchi, Thermal conversion of core–shell 

metal–organic frameworks: a new method for selectively func-

tionalized nanoporous hybrid carbon. J. Am. Chem. Soc. 137, 

1572–1580 (2015). https ://doi.org/10.1021/ja511 539a

 10. X. Xu, J. Liu, J. Liu, L. Ouyang, R. Hu et al., A general metal–

organic framework (MOF)-derived selenidation strategy for 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-020-00488-0
https://doi.org/10.1038/46248
https://doi.org/10.1038/46248
https://doi.org/10.1039/C3CS60472A
https://doi.org/10.1039/C3CS60472A
https://doi.org/10.1038/nenergy.2015.6
https://doi.org/10.1038/nenergy.2015.6
https://doi.org/10.1126/science.1056598
https://doi.org/10.1038/ncomms15341
https://doi.org/10.1038/ncomms15341
https://doi.org/10.1021/jacs.7b12420
https://doi.org/10.1021/jacs.7b12420
https://doi.org/10.1039/B807080F
https://doi.org/10.1039/B807080F
https://doi.org/10.1016/j.carbon.2020.02.047
https://doi.org/10.1021/ja511539a


Nano-Micro Lett. (2020) 12:150 Page 15 of 17 150

1 3

in  situ carbon-encapsulated metal selenides as high-rate 

anodes for Na-ion batteries. Adv. Funct. Mater. 28, 1707573 

(2018). https ://doi.org/10.1002/adfm.20170 7573

 11. L. Shi, D. Benetti, F. Li, Q. Wei, F. Rosei, Phase-junction 

design of MOF-derived TiO2 photoanodes sensitized with 

quantum dots for efficient hydrogen generation. Appl. 

Catal. B 263, 118317 (2020). https ://doi.org/10.1016/j.apcat 

b.2019.11831 7

 12. Q. Liu, Q. Cao, H. Bi, C. Liang, K. Yuan, W. She, Y. Yang, 

R.C. Che, CoNi@SiO2@TiO2 and CoNi@Air@TiO2 

microspheres with strong wideband microwave absorption. 

Adv. Mater. 28, 486–490 (2016). https ://doi.org/10.1002/

adma.20150 3149

 13. O. Balci, E.O. Polat, N. Kakenov, C. Kocabas, Graphene-

enabled electrically switchable radar-absorbing surfaces. Nat. 

Commun. 6, 6628 (2015). https ://doi.org/10.1038/ncomm 

s7628 

 14. S. Wang, Y. Xu, R. Fu, H. Zhu, Q. Jiao et al., Rational con-

struction of hierarchically porous Fe–Co/N-doped carbon/

rGO composites for broadband microwave absorption. Nano-

Micro Lett. 11, 76 (2019). https ://doi.org/10.1007/s4082 

0-019-0307-8

 15. D. Zhang, T. Liu, J. Cheng, Q. Cao, G. Zheng et al., Light-

weight and high-performance microwave absorber based on 

2D WS2-RGO heterostructures. Nano-Micro Lett. 11, 38 

(2019). https ://doi.org/10.1007/s4082 0-019-0270-4

 16. W. Liu, S. Tan, Z.H. Yang, G.B. Ji, Enhanced low-frequency 

electromagnetic properties of MOF-derived cobalt through 

interface design. ACS Appl. Mater. Interfaces 10, 31610–

31622 (2018). https ://doi.org/10.1021/acsam i.8b106 85

 17. Z. Li, X. Han, Y. Ma, D. Liu, Y. Wang et al., MOFs-derived 

hollow Co/C microspheres with enhanced microwave absorp-

tion performance. ACS Sustain. Chem. Eng. 6, 8904–8913 

(2018). https ://doi.org/10.1021/acssu schem eng.8b012 70

 18. L. Wang, X.F. Yu, X. Li, J. Zhang, M. Wang, R.C. Che, MOF-

derived yolk–shell Ni@C@ZnO Schottky contact structure for 

enhanced microwave absorption. Chem. Eng. J. 383, 123099 

(2020). https ://doi.org/10.1016/j.cej.2019.12309 9

 19. Q. Liu, X. Liu, H. Feng, H. Shui, R.H. Yu, Metal organic 

framework-derived Fe/carbon porous composite with low Fe 

content for lightweight and highly efficient electromagnetic 

wave absorber. Chem. Eng. J. 314, 320–327 (2017). https ://

doi.org/10.1016/j.cej.2016.11.089

 20. Y. Yin, X. Liu, X. Wei, Y. Li, X. Nie et al., Magnetically 

aligned Co–C/MWCNTs composite derived from MWCNT-

interconnected zeolitic imidazolate frameworks for a light-

weight and highly efficient electromagnetic wave absorber. 

ACS Appl. Mater. Interfaces 9, 30850–30861 (2017). https ://

doi.org/10.1021/acsam i.7b100 67

 21. X. Liang, B. Quan, G.B. Ji, W. Liu, H. Zhao et al., Tunable 

dielectric performance derived from the metal–organic frame-

work/reduced graphene oxide hybrid with broadband absorp-

tion. ACS Sustain. Chem. Eng. 5, 10570–10579 (2017). https 

://doi.org/10.1021/acssu schem eng.7b025 65

 22. Q. Liao, M. He, Y. Zhou, S. Nie, Y. Wang et al., Rational 

construction of  Ti3C2Tx/Co-MOF-derived laminated Co/

TiO2-C hybrids for enhanced electromagnetic wave absorp-

tion. Langmuir 34, 15854–15863 (2018). https ://doi.

org/10.1021/acs.langm uir.8b032 38

 23. W. Gu, J. Lv, B. Quan, X. Liang, B. Zhang, G.B. Ji, Achiev-

ing MOF-derived one-dimensional porous ZnO/C nanofiber 

with lightweight and enhanced microwave response by an 

electrospinning method. J. Alloys Compd. 806, 983–991 

(2019). https ://doi.org/10.1016/j.jallc om.2019.07.334

 24. W. Liu, L. Liu, Z. Yang, J. Xu, Y. Hou, G.B. Ji, A versa-

tile route toward the electromagnetic functionalization of 

metal–organic framework-derived three-dimensional nano-

porous carbon composites. ACS Appl. Mater. Interfaces. 10, 

8965–8975 (2018). https ://doi.org/10.1021/acsam i.8b003 20

 25. R. Qiang, Y. Du, H. Zhao, Y. Wang, C. Tian et al., Metal 

organic framework-derived Fe/C nanocubes toward efficient 

microwave absorption. J. Mater. Chem. A 3, 13426–13434 

(2015). https ://doi.org/10.1039/C5TA0 1457C 

 26. Q. Wu, J. Wang, H. Jin, T. Yan, G. Yi et al., MOF-derived 

rambutan-like nanoporous carbon/nanotubes/Co compos-

ites with efficient microwave absorption property. Mater. 

Lett. 244, 138–141 (2019). https ://doi.org/10.1016/j.matle 

t.2019.02.023

 27. J. Ma, X. Zhang, W. Liu, G.B. Ji, Direct synthesis of MOF-

derived nanoporous CuO/carbon composites for high imped-

ance matching and advanced microwave absorption. J. Mater. 

Chem. C 4, 11419–11426 (2016). https ://doi.org/10.1039/

C6TC0 4048A 

 28. L. Wang, X. Bai, B. Wen, Z. Du, Y. Lin, Honeycomb-like 

Co/C composites derived from hierarchically nanoporous ZIF-

67 as a lightweight and highly efficient microwave absorber. 

Compos. B 166, 464–471 (2019). https ://doi.org/10.1016/j.

compo sites b.2019.02.054

 29. Z. Zhang, Y. Lv, X. Chen, Z. Wu, Y. He, L. Zhang, Y.H. Zou, 

Porous flower-like Ni/C composites derived from MOFs 

toward high-performance electromagnetic wave absorp-

tion. J. Magn. Magn. Mater. 487, 165334 (2019). https ://doi.

org/10.1016/j.jmmm.2019.16533 4

 30. L. Wang, X. Li, Q. Li, X. Yu, Y. Zhao, J. Zhang, M. Wang, 

R.C. Che, Oriented polarization tuning broadband absorp-

tion from flexible hierarchical ZnO arrays vertically sup-

ported on carbon cloth. Small 15, 1900900 (2019). https ://

doi.org/10.1002/smll.20190 0900

 31. L. Wang, X. Li, Q. Li, Y. Zhao, R.C. Che, Enhanced polariza-

tion from hollow cube-like  ZnSnO3 wrapped by multiwalled 

carbon nanotubes: as a lightweight and high-performance 

microwave absorber. ACS Appl. Mater. Interfaces 10, 22602–

22610 (2018). https ://doi.org/10.1021/acsam i.8b054 14

 32. H. Wang, Y.Y. Dai, D.Y. Geng, S. Ma, D. Li et al.,  CoxNi100−x 

nanoparticles encapsulated by curved graphite layers: con-

trolled in  situ metal-catalytic preparation and broadband 

microwave absorption. Nanoscale 7(41), 17312–17319 (2015). 

https ://doi.org/10.1039/C5NR0 3745J 

 33. X.X. Wang, T. Ma, J.C. Shu, M.S. Cao, Confinedly tailor-

ing  Fe3O4 clusters-NG to tune electromagnetic parameters 

and microwave absorption with broadened bandwidth. Chem. 

https://doi.org/10.1002/adfm.201707573
https://doi.org/10.1016/j.apcatb.2019.118317
https://doi.org/10.1016/j.apcatb.2019.118317
https://doi.org/10.1002/adma.201503149
https://doi.org/10.1002/adma.201503149
https://doi.org/10.1038/ncomms7628
https://doi.org/10.1038/ncomms7628
https://doi.org/10.1007/s40820-019-0307-8
https://doi.org/10.1007/s40820-019-0307-8
https://doi.org/10.1007/s40820-019-0270-4
https://doi.org/10.1021/acsami.8b10685
https://doi.org/10.1021/acssuschemeng.8b01270
https://doi.org/10.1016/j.cej.2019.123099
https://doi.org/10.1016/j.cej.2016.11.089
https://doi.org/10.1016/j.cej.2016.11.089
https://doi.org/10.1021/acsami.7b10067
https://doi.org/10.1021/acsami.7b10067
https://doi.org/10.1021/acssuschemeng.7b02565
https://doi.org/10.1021/acssuschemeng.7b02565
https://doi.org/10.1021/acs.langmuir.8b03238
https://doi.org/10.1021/acs.langmuir.8b03238
https://doi.org/10.1016/j.jallcom.2019.07.334
https://doi.org/10.1021/acsami.8b00320
https://doi.org/10.1039/C5TA01457C
https://doi.org/10.1016/j.matlet.2019.02.023
https://doi.org/10.1016/j.matlet.2019.02.023
https://doi.org/10.1039/C6TC04048A
https://doi.org/10.1039/C6TC04048A
https://doi.org/10.1016/j.compositesb.2019.02.054
https://doi.org/10.1016/j.compositesb.2019.02.054
https://doi.org/10.1016/j.jmmm.2019.165334
https://doi.org/10.1016/j.jmmm.2019.165334
https://doi.org/10.1002/smll.201900900
https://doi.org/10.1002/smll.201900900
https://doi.org/10.1021/acsami.8b05414
https://doi.org/10.1039/C5NR03745J


 Nano-Micro Lett. (2020) 12:150150 Page 16 of 17

https://doi.org/10.1007/s40820-020-00488-0© The authors

Eng. J. 332, 321–330 (2017). https ://doi.org/10.1016/j.

cej.2017.09.101

 34. W. Liu, Q.W. Shao, G.B. Ji, X.H. Liang, B. Quan, Y.W. Du, 

Metal–organic–frameworks derived porous carbon-wrapped 

Ni composites with optimized impedance matching as excel-

lent lightweight electromagnetic wave absorber. Chem. 

Eng. J. 313, 734–744 (2017). https ://doi.org/10.1016/j.

cej.2016.12.117

 35. Q. Liao, M. He, Y.M. Zhou, S.X. Nie, Y.J. Wang et al., 

Highly cuboid-shaped heterobimetallic metal–organic 

frameworks derived from porous Co/ZnO/C microrods 

with improved electromagnetic wave absorption capabili-

ties. ACS Appl. Mater. Interfaces 10, 29136–29144 (2018). 

https ://doi.org/10.1021/acsam i.8b090 93

 36. J. Ma, X. Wang, W. Cao, C. Han, H. Yang, J. Yuan, M. 

Cao, A facile fabrication and highly tunable microwave 

absorption of 3D flower-like  Co3O4–rGO hybrid-archi-

tectures. Chem. Eng. J. 339, 487–498 (2018). https ://doi.

org/10.1016/j.cej.2018.01.152

 37. G. Zhao, H. Lv, Y. Zhou, X. Zheng, C. Wu, C. Xu, Self-

assembled sandwich-like MXene-derived nanocomposites 

for enhanced electromagnetic wave absorption. ACS Appl. 

Mater. Interfaces 10, 42925–42932 (2018). https ://doi.

org/10.1021/acsam i.8b167 27

 38. L. Wang, X. Yu, X. Li, J. Zhang, M. Wang, R.C. Che, Con-

ductive-network enhanced microwave absorption perfor-

mance from carbon coated defect-rich  Fe2O3 anchored on 

multi-wall carbon nanotubes. Carbon 155, 298–308 (2019). 

https ://doi.org/10.1016/j.carbo n.2019.07.049

 39. L. Wang, J. Zhang, M. Wang, R.C. Che, Hollow porous 

 Fe2O3 microspheres wrapped by reduced graphene oxides 

with high-performance microwave absorption. J. Mater. 

Chem. C 7, 11167–11176 (2019). https ://doi.org/10.1039/

c9tc0 3691a 

 40. Z. Xiang, Y. Song, J. Xiong, Z. Pan, X. Wang et al., Enhanced 

electromagnetic wave absorption of nanoporous  Fe3O4@car-

bon composites derived from metal–organic frameworks. Car-

bon 142, 20–31 (2019). https ://doi.org/10.1016/j.carbo n.2018

 41. X. Li, X. Yin, M. Han, C. Song, X. Sun et al., A controllable 

heterogeneous structure and electromagnetic wave absorption 

properties of  Ti2CTx MXene. J. Mater. Chem. C 5, 7621–7628 

(2017). https ://doi.org/10.1039/c7tc0 1991b 

 42. J. Qiao, X. Zhang, D. Xu, L. Kong, L. Lv et al., Design and 

synthesis of  TiO2/Co/carbon nanofibers with tunable and effi-

cient electromagnetic absorption. Chem. Eng. J. 380, 122591 

(2020). https ://doi.org/10.1016/j.cej.2019.12259 1

 43. C. Zhou, C. Wu, D. Liu, M. Yan, Metal–organic frame-

work derived hierarchical Co/C@V2O3 hollow spheres as 

a thin, lightweight, and high-efficiency electromagnetic 

wave absorber. Chem 25, 2234–2241 (2019). https ://doi.

org/10.1002/chem.20180 5565

 44. M.S. Cao, X.X. Wang, M. Zhang, W.Q. Cao, X.Y. Fang, J. 

Yuan, Variable-temperature electron transport and dipole 

polarization turning flexible multifunctional microsensor 

beyond electrical and optical energy. Adv. Mater. 32, 1907156 

(2020). https ://doi.org/10.1002/adma.20190 7156

 45. N. Wu, C. Liu, D. Xu, J. Liu, W. Liu et al., Ultrathin high-

performance electromagnetic wave absorbers with facilely fab-

ricated hierarchical porous Co/C crabapples. J. Mater. Chem. 

C 7, 1659–1669 (2019). https ://doi.org/10.1039/c8tc0 4984j 

 46. K.F. Wang, Y.J. Chen, R. Tian, H. Li, Y. Zhou, H.N. Duan, 

H.Z. Liu, Porous Co–C core–shell nanocomposites derived 

from Co-MOF-74 with enhanced electromagnetic wave 

absorption performance. ACS Appl. Mater. Interfaces 10(13), 

11333–11342 (2018). https ://doi.org/10.1021/acsam i.8b009 65

 47. J.C. Shu, M.S. Cao, M. Zhang, X.X. Wang, W.Q. Cao, X.Y. 

Fang, M.Q. Cao, Molecular patching engineering to drive 

energy conversion as efficient and environment-friendly cell 

toward wireless power transmission. Adv. Funct. Mater. 30, 

1908299 (2020). https ://doi.org/10.1002/adfm.20190 8299

 48. Z. Li, X. Li, Y. Zong, G. Tan, Y. Sun et al., Solvothermal 

synthesis of nitrogen-doped graphene decorated by super-

paramagnetic  Fe3O4 nanoparticles and their applications 

as enhanced synergistic microwave absorbers. Carbon 115, 

493–502 (2017). https ://doi.org/10.1016/j.carbo n.2017.01.036

 49. J. Yan, Y. Huang, X.P. Han, X.G. Gao, P.B. Liu, Metal organic 

framework (ZIF-67)-derived hollow  CoS2/N-doped carbon 

nanotube composites for extraordinary electromagnetic wave 

absorption. Compos. B Eng. 163, 67–76 (2019). https ://doi.

org/10.1016/j.compo sites b.2018.11.008

 50. M.S. Cao, W.L. Song, Z.L. Hou, B. Wen, J. Yuan, The effects 

of temperature and frequency on the dielectric properties, elec-

tromagnetic interference shielding and microwave-absorption 

of short carbon fiber/silica composites. Carbon 48, 788–796 

(2010). https ://doi.org/10.1016/j.carbo n.2009.10.028

 51. B. Wen, M.S. Cao, Z.L. Hou, W.L. Song, L. Zhang et al., Tem-

perature dependent microwave attenuation behavior for car-

bon-nanotube/silica composites. Carbon 65, 124–139 (2013). 

https ://doi.org/10.1016/j.carbo n.2013.07.110

 52. C. Chen, J. Xi, E. Zhou, L. Peng, Z. Chen, C. Gao, Porous 

graphene microflowers for high-performance microwave 

absorption. Nano-Micro Lett. 10(2), 26 (2018). https ://doi.

org/10.1007/s4082 0-017-0179-8

 53. H. Chen, Z. Huang, Y. Huang, Y. Zhang, Z. Ge et al., Syn-

ergistically assembled MWCNT/graphene foam with highly 

efficient microwave absorption in both C and X bands. Car-

bon 124, 506–514 (2017). https ://doi.org/10.1016/j.carbo 

n.2017.09.007

 54. Y.C. Zhang, S.T. Gao, H.L. Xing, Reduced graphene oxide 

wrapped cube-like  ZnSnO3: as a high-performance microwave 

absorber. J. Alloys Compd. 777, 544–553 (2019). https ://doi.

org/10.1016/j.jallc om.2018.10.378

 55. S.T. Gao, Y.C. Zhang, H.L. Xing, H.X. Li, Controlled reduc-

tion synthesis of yolk–shell magnetic@void@C for elec-

tromagnetic wave absorption. Chem. Engin. J. 387, 124149 

(2020). https ://doi.org/10.1016/j.cej.2020.12414 9

 56. B. Kuang, W.L. Song, M.Q. Ning, J.B. Li, Z.J. Zhao et al., 

Chemical reduction dependent dielectric properties and dielec-

tric loss mechanism of reduced graphene oxide. Carbon 127, 

209–217 (2018). https ://doi.org/10.1016/j.carbo n.2017.10.092

 57. B. Qu, C. Zhu, C. Li, X. Zhang, Y. Chen, Coupling hol-

low  Fe3O4–Fe nanoparticles with graphene sheets for 

https://doi.org/10.1016/j.cej.2017.09.101
https://doi.org/10.1016/j.cej.2017.09.101
https://doi.org/10.1016/j.cej.2016.12.117
https://doi.org/10.1016/j.cej.2016.12.117
https://doi.org/10.1021/acsami.8b09093
https://doi.org/10.1016/j.cej.2018.01.152
https://doi.org/10.1016/j.cej.2018.01.152
https://doi.org/10.1021/acsami.8b16727
https://doi.org/10.1021/acsami.8b16727
https://doi.org/10.1016/j.carbon.2019.07.049
https://doi.org/10.1039/c9tc03691a
https://doi.org/10.1039/c9tc03691a
https://doi.org/10.1016/j.carbon.2018
https://doi.org/10.1039/c7tc01991b
https://doi.org/10.1016/j.cej.2019.122591
https://doi.org/10.1002/chem.201805565
https://doi.org/10.1002/chem.201805565
https://doi.org/10.1002/adma.201907156
https://doi.org/10.1039/c8tc04984j
https://doi.org/10.1021/acsami.8b00965
https://doi.org/10.1002/adfm.201908299
https://doi.org/10.1016/j.carbon.2017.01.036
https://doi.org/10.1016/j.compositesb.2018.11.008
https://doi.org/10.1016/j.compositesb.2018.11.008
https://doi.org/10.1016/j.carbon.2009.10.028
https://doi.org/10.1016/j.carbon.2013.07.110
https://doi.org/10.1007/s40820-017-0179-8
https://doi.org/10.1007/s40820-017-0179-8
https://doi.org/10.1016/j.carbon.2017.09.007
https://doi.org/10.1016/j.carbon.2017.09.007
https://doi.org/10.1016/j.jallcom.2018.10.378
https://doi.org/10.1016/j.jallcom.2018.10.378
https://doi.org/10.1016/j.cej.2020.124149
https://doi.org/10.1016/j.carbon.2017.10.092


Nano-Micro Lett. (2020) 12:150 Page 17 of 17 150

1 3

high-performance electromagnetic wave absorbing material. 

ACS Appl. Mater. Interfaces 8(6), 3730–3735 (2016). https ://

doi.org/10.1021/acsam i.5b127 89

 58. W.B. You, H. Bi, W. She, Y. Zhang, R.C. Che, Dipolar-distri-

bution cavity γ-Fe2O3@C@α-MnO2 nanospindle with broad-

ened microwave absorption bandwidth by chemically etching. 

Small 13, 1602779 (2017). https ://doi.org/10.1002/smll.20160 

2779

 59. B. Wen, M.S. Cao, M.M. Lu, W.Q. Cao, H.L. Shi et  al., 

Reduced graphene oxides: light-weight and high-efficiency 

electromagnetic interference shielding at elevated tem-

peratures. Adv. Mater. 26, 3484–3489 (2014). https ://doi.

org/10.1002/adma.20140 0108

 60. M.M. Lu, M.S. Cao, Y.H. Chen, W.Q. Cao, J. Liu et al., Mul-

tiscale assembly of grape-like ferroferric oxide and carbon 

nanotubes: a smart absorber prototype varying temperature to 

tune intensities. ACS Appl. Mater. Interfaces 7(34), 19408–

19415 (2015). https ://doi.org/10.1021/acsam i.5b055 95

 61. P. He, M.S. Cao, J.C. Shu, Y.Z. Cai, X.X. Wang, Q.L. Zhao, J. 

Yuan, Atomic layer tailoring titanium carbide MXene to tune 

transport and polarization for utilization of electromagnetic 

energy beyond solar and chemical energy. ACS Appl. Mater. 

Interfaces 11, 12535–12543 (2019). https ://doi.org/10.1021/

acsam i.9b005 93

 62. M.Q. Huang, L. Wang, K. Pei, W.B. You, X.F. Yu, Z.C. Wu, 

R.C. Che, Multidimension-controllable synthesis of MOF-

derived Co@N-doped carbon composite with magnetic–die-

lectric synergy toward strong microwave absorption. Small 16, 

2000158 (2020). https ://doi.org/10.1002/smll.20200 0158

https://doi.org/10.1021/acsami.5b12789
https://doi.org/10.1021/acsami.5b12789
https://doi.org/10.1002/smll.201602779
https://doi.org/10.1002/smll.201602779
https://doi.org/10.1002/adma.201400108
https://doi.org/10.1002/adma.201400108
https://doi.org/10.1021/acsami.5b05595
https://doi.org/10.1021/acsami.9b00593
https://doi.org/10.1021/acsami.9b00593
https://doi.org/10.1002/smll.202000158

	MOF-Derived Ni1−xCox@Carbon with Tunable Nano–Microstructure as Lightweight and Highly Efficient Electromagnetic Wave Absorber
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Synthesis of Magnetic Ni@C Microspheres
	2.2 Characterizations

	3 Results and Discussion
	3.1 Fabrication and Characterization of Ni@C Composites
	3.2 Electromagnetic Parameters Analysis and Microwave Absorption Ability
	3.3 Analysis of Microwave Absorption Mechanism

	4 Conclusion
	Acknowledgements 
	References


