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Composite materials assembled by metal/carbon nanoparticles and 2D layered flakes can provide abundant interfaces,
which are beneficial for high-performance microwave absorbers. Herein, Zn-Co/C/RGO composites, composed of Zn-
Co metal-organic framework-derived Zn-Co/C nanoparticles and reduced graphene oxide (RGO), were obtained through a
facile method. The multilayer structure was due to the introduction of hollow Zn-Co/C nanoparticles in the RGO sheets. Zn-
Co/C nanoparticles provided abundant polarization and dipole centers on the RGO surface, which enhanced the microwave
absorption abilities. Different concentrations of RGO were introduced to optimize impedance matching. The minimum
reflection loss (Ry ) of Zn-Co/C/RGO with a thickness of 1.5 mm reached —32.56 dB with the bandwidth corresponding to
Ry at —10 dB, which can reach 3.92 GHz, while a minimum Ry, of —47.15 dB at 11.2 GHz was also obtained at a thickness
of 2.0 mm. The electromagnetic data demonstrate that Zn-Co/C/RGO presented excellent absorption performance and has

potential for application in the microwave absorption field.

Keywords: microwave absorption, metal nanoparticles, metal-organic framework (MOF), reduced graphene

oxide
PACS: 78.30.Jw

1. Introduction

The development of modern society is inseparable from

[1-3] With the popularity of

technology and electronic science.
electronic devices, electromagnetic radiation pollution has be-
come an urgent issue.[*®! In order to protect human beings
and high-end devices from electromagnetic radiation, finding
a microwave absorbing material with high performance has
received significant attention. Therefore, it is necessary to re-
search effective microwave absorbers with strong microwave
absorption, low cost, light weight, thin thickness and broad
absorption bandwidth.[7-11]

The well-known carbon-based microwave absorbing
agents such as graphene and carbon nanotubes are good
light-weight dielectric absorbers.!'>~!1 Recently, GO as a
traditional microwave absorber has been used as an ideal
candidate due to its 2D structure, low density, abundant
surface defects and high specific surface area.?*->3! How-
ever, the high conductivity and dielectric constant cannot
meet the need for impedance matching, which causes the
poor properties of attenuation and strong skin reflection of

[24.25] Therefore, numerous methods have been

microwaves.
researched to rationally synthesize and change the structure
of GO composites. 201 Several materials such as metals and
ferrites can be applied to improve the structure and microwave
absorption of GO. Previous studies have also shown that by the

combination of GO with magnetic metallic nanoparticle ma-

DOI: 10.1088/1674-1056/abd 770

terials, its relative permittivity and permeability can achieve
the maximum absorption of microwave in a wide frequency
range.>!1 Li et al. combined the CeO,_, with GO, which
greatly improves its microwave absorption abilities and the
minimum Ry, is —50.6 dB.32

Metal-organic framework (MOF) materials are a kind
of recently developed coordination compound composed
of metal-coordinating clusters and aromatic organic link-
ers, which have proved to be an ideal precursor for inor-

133.34] Moreover, MOFs are considered to be

ganic materials.
an ideal metal/carbon precursor for fabricating metal/carbon
composites by converting organic ligands and metal ions
into carbon and metallic materials with a thermal anneal-
ing process.[>>3¢! In particular, MOFs containing magnetic
metal ions are considered to be ideal precursors for prepar-
ing microwave absorbers. 3738 Furthermore, the combination
of MOF-derived hybrids such as ZIF with dielectric com-
posites has been shown to be an available method for im-
proving the microwave absorption properties of RGO.[39#1]
have shown that Co@C@RGO

composite used Co-MOF as a precursor and produced excel-

For example, Wang et al.

lent microwave absorption abilities with a minimum reflec-
tion loss (R.) of —67.5 dB and effective absorption band-
width of 5.4 GHz.!*?! Using ZIF-67 as a template, Wang et
al. developed carbon/Co/Co304/CNTs/RGO composites and
achieved an excellent Ry, performance of —59.2 dB with an

*Project supported by the National Key R&D Program of China (Grant No. 2016 YFA0202302), the National Natural Science Foundation of China (Grant Nos.
61527817, 61875236, 61905010, and 61975007), and Beijing Natural Science Foundation, China (Grant No. Z190006).
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absorption bandwidth of 5.7 GHz.*} Relevant studies on 3D
graphene-based composites have shown that the combination
of RGO with N-doped CNTs and alloy composites or MOF-
derived metallic nanoparticles provided abundant heterostruc-
ture interface, which caused more polarization loss.[***3] The
multi-layered RGO prevents the agglomeration of nanoparti-
cles. At the same time, the metallic nanoparticles serving as
the supporting point between the RGO layers also provide
the re-stacking of RGO, which increases the reflection loss
inside the material and enhances the microwave absorption
capacity. [46-47]

As a traditional carbon-based microwave absorber, RGO
has a large conductive network and specific surface area, but
its shortcomings such as easy accumulation limit its practi-
cal application. The application of MOF with Fe, Co, Ni,
Zn and other metal elements as the center in the field of mi-
crowave absorption has been extensively studied. In partic-
ular, some MOFs have good 3D structure and the combina-
tion with RGO can optimize the microwave absorption perfor-
mance. In this study, Zn-Co/C/RGO nanocomposites derived
from Zn-Co-MOF were obtained through a facile method. The
as-prepared composite material has the following advantages:
1) the Zn-Co/C nanoparticles with hollow structure anchored
on the RGO sheets, which assemble 2D RGO into 3D multi-
interface structure and increase the reflection of microwaves
inside the nanocomposites; 2) significant interfacial and dipole
polarization and 3D conductive network induced by the spe-
cial structure; 3) different RGO concentrations were used to
adjust the impedance matching of these materials in order to
enhance the microwave absorption abilities at low thickness.
The minimum reflection loss value of —47.15 dB at 11.2 GHz
was acquired when the thickness was 2.0 mm and the band-
width at R, equal to —10 dB can reach 3.5 GHz.

2. Experimental details
2.1. Materials

Cobalt nitrate hexahydrate (Co(NO3),-6H,0), zinc
nitrate hexahydrate (Zn(NOs),-6H,0), isophthalic acid
(H>IPA), N,N-dimethylformamide (DMF) absolute ethanol
and ascorbic acid were obtained commercially (Beijing Tong
Guang Fine Chemicals Company).

2.2. Synthesis of Zn-Co/C nanoparticles

Zn-Co/C nanoparticles were prepared by the annealing
The Zn-Co-
based MOF precursors were prepared by a facile solvothermal
method. Typically, 0.0464 g of Co(NO3),-6H,0, 0.0472 g
of Zn(NO3),-6H,0 and 0.0528 g of isophthalic acid (H,IPA)
were dissolved in a mixture of N, N-dimethylformamide

of Zn-Co-based MOF precursors under Ar.

(25 ml) and anhydrous ethanol (25 ml) to form a clear so-
lution by stirring for 4 h. The solution was transferred to a
teflon-lined stainless-steel autoclave and kept at 160 °C for
4 h. After cooling to room temperature, the obtained Zn-Co-
based MOF was separated by centrifugation. The Zn-Co/C
nanoparticles were generated through thermal treatment of Zn-
Co-based MOF in Ar at a temperature of 600 °C for 10 min.

2.3. Synthesis of Zn-Co/C/RGO

First, 30 ml solutions with different GO concentrations
(0.6, 0.9, 1.2 and 1.5 mg/ml) were prepared by Hummers
method.[*8) After stirring for 1 h, 0.12 g of Zn-Co/C nanopar-
ticles was added and ultrasonicated for 1 h. Then, 0.3 g of
ascorbic acid was added and ultrasonicated for another 1 h.
The solution was heated at 90 °C for 2 h. The samples were
collected after centrifugation and dried for 12 h by lyophiliza-
tion. The samples were termed ZC@G 1-4 (0.6, 0.9, 1.2 and
1.5 mg/ml), respectively.

2.4. Measurements

Scanning electron (SEM; SU8010) and transmission elec-
tron microscopies (TEM; JEM-1400) were used to observe the
morphologies of samples. Powder x-ray diffraction (XRD;
Co-K o radiation) and Fourier transform infrared spectroscopy
(FTIR; Alpha) were used to characterize the elements and
structure of the material. X-ray photoelectron spectrometry
(XPS; Thermo Scientific) was used to study the photoelectron
spectra.

The sample was mixed with paraffin and pressed into a
ring shape (mass ratio of 20%, thickness of 2 mm, inner di-
ameter and outer diameter of 3.04 and 7 mm) to measure the
electromagnetic parameters. An Agilent ES071C vector net-
work analyzer was used to characterize the electromagnetic
parameters of the composite materials in the frequency range
of 2-18 GHz. Ry, was calculated using the following formula:

Zin—l’

RL = 20lg (1)

Zin+1
Zin = M/ &tanh [j (2 fd /c) /1n&] s )

where Z;, is the input impendence, & is the complex permit-

tivity, U, is the complex permeability, f is the microwave fre-
quency, d is the layer thickness, and c is the microwave veloc-
ity in free space.

3. Results and discussion

The micro morphology and structure of ZC@G3 were ob-
served by SEM and TEM (Fig. 1). As shown in Fig. 1(a),
the Zn-Co/C nanoparticles present a hollow structure with a
size distribution at 800-1000 nm and Zn-Co-based MOF in
Fig. 1(a) indicated its porous hollow structure. It can be seen
from Fig. 1(b) that Zn-Co/C nanoparticles grow uniformly on
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the surface of RGO. Fig. 1(d) also shows similar character-
istics. The RGO sheets can effectively prevent the agglom-
eration of Zn-Co/C nanoparticles and enhance the microwave
absorption properties by increasing the contact interface with

the microwave.

()

—

Fig. 1. TEM and SEM of Zn-Co/C ((a) and (c)) and Zn-Co/C/RGO ((b)
and (d)).

As shown in Fig. 2(a), the components of the compos-
ites are identified through FTIR spectroscopy. The charac-
teristic peaks at 1690 cm~! and 1674 cm™! are due to the
skeleton vibrations of the aromatic ring. The vibration peaks
at 1279 cm™1, 1211 cm™! and 1583 cm™! can be attributed
to the C=0 stretching vibration and the peak at 765 cm™!
was due to the out-of-plane bending vibration of C—H. Those
peaks identified that the band of C=O stretching vibration
shifts from 1510 cm ™! to 1583 cm™! after the formation of Zn-
Co/C, demonstrating the coordination of carboxylate groups of
H,IPA to Co*t and Zn2T cations.[*]

Crystal phase compositions of ZC@G1-4 were analyzed
by XRD (Fig. 2(b)). Diffraction peaks located at 26 = 10.8°,
17.6° and 20.7° corresponded to (111), (220) and (311) re-
flection of C60, respectively.’?! These peak locations for
C60 corresponded with the recorded XRD pattern (JCPDS
No. 44-0558), suggesting the benzene ring structure in the or-
ganic ligand formed a spherical shape after annealing. For
RGO, a weak diffraction peak located at 25.6° corresponded
to the (002) plane of amorphous carbon.®!) The characteristic
diffraction peaks at 44.3° and 75.9° coincide with the (111)
and (220) crystal planes of metallic cobalt with face-centered
cubic structure.5?) A diffraction peak observed at 43.2° cor-
responded to the (101) crystal planes of metallic zinc (JCPDS
No. 87-0713).53

Detailed elemental compositions of ZC@G1-4 were de-
termined by XPS spectra (Fig. 3). In the XPS full-spectrum,
four peaks appearing at 284.4, 533.1, 778.08 and 1023 eV

(Fig. 3(a)) correspond to the bond energies of C, Co and Zn,
respectively. In the C 1s spectrum (Fig. 3(b)), the peaks dis-
tributed at 284.4 eV, 285.88 eV, and 288.2 eV correspond to
C-OH and C=0, respectively.>* The peaks at 777.88 eV and
793.08 eV were attributed to the Co 2p3/ 2 and Co 2p1/ 2, sug-
gesting the existence of metallic Co and a small amount of
Co”*-0, probably due to the formation of Co oxide during the
annealing process (Fig. 3(c)).’>% In the spectrum of Zn, the
peaks at 1021.8 and 1044.98 eV were ascribed to Zn 2p3/2
and Zn 2p'/2, respectively (Fig. 3(d)).157] Moreover, the weak
peak intensity of Co 2p and Zn 2p suggested that most Zn-
Co/C nanoparticles were covered with the RGO sheets.

(a) H,IPA

Transmittance (arb. units)

400 800

Intensity (arb. units)

10 20 30 40 50 60 70 80 90
20 (%)

Fig. 2. FTIR (a) and XRD (b) patterns of Zn-Co/C/RGO.

The microwave absorption performance is related to the
electromagnetic parameters and the microwave absorption
mechanism can also be analyzed through the electromagnetic
parameters. The electromagnetic parameters and loss angle
of ZC@Gs are shown in Fig. 4. The real part of the complex
permittivity (€¢') and complex permeability (') represents the
energy storage capacity, and the imaginary part of the relative
complex permittivity (¢”) and relative complex permeability
(1) is related to the loss capacity. As the increase of polariza-
tion relaxation phenomenon, the €’ of ZC @Gs decreased with
the increasing frequency (Fig. 4(a)). Compared with Zn-Co/C
(Fig. S1), the introduction of RGO has significantly increased
the values of € and €”, which was attributed to the excellent
conductivity of RGO (Figs. 4(a) and 4(b)). Among the four
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samples, ZC@G4 has the highest concentration of RGO, thus
exhibiting the greatest conductivity. Likewise, tande = €' /"
of ZC@G4 is greater than that of ZC@G1-3 (Fig. 4(c)). This
indicates that ZC@G4, compared to other samples, exhibits
higher storage and loss capability for electric energy. In con-
trast, the ¢’ and p” values of the four samples were all in the

(a) — ZCQG1
C —7cac2
—7cacs
— 7Cac4

Intensity (arb. units)

0 200 400 600 800 1000 1200
Binding energy (eV)

lower range, with g’ ranging from 1.05-0.95 (Fig. 4(d)), while
1" was almost zero (Fig. 4(e)). The relative permeability of
the four samples has similar obvious resonance peaks in the
2-18 GHz frequency range, indicating that the magnetic loss
comes from the natural resonance and exchange resonance
provided by the Zn-Co/C magnetic nanoparticles. The value

(b) C 1s
/

Intensity (arb. units)

295 290 285 280
Binding energy (eV)

(c) Co 2p32 (d) Zn/2p3/2
0 s 0
R 0 2p1/2 h=1
e 4 E
et e
- —
= )
Z 2z
= =
=] =]
() (]
e e}
5 =
1 1 1 1 1 1 1 1
810 800 790 780 1050 1040 1030 1020
Binding energy (eV) Binding energy (eV)
Fig. 3. XPS spectra of ZC@G1-4 (a), C (b), Co (c) and Zn (d).
30 (a) ——Z7ZCaG1 15 (b) ——Z7CaG1
——7ZCQG2 ——7ZCQG2
257 ——ZC@G3 ——Z7CQaG3
\w‘ ——ZCQG4
20 10
N s o
W
15} ? 5
8
5 L
5
I I I 0 I I I
5 10 15 5 10 15
Frequency (GHz) Frequency (GHz) Frequency (GHz)
1.15 0.2
(d) ——7CaG1 (e) ——2CQG1 (f) ——7CaG1
——70QG2 ——ZCQaG2 ——272CQG2
1.10 —7C@G3 ——7CaG3
—7CQG4 o1k ——ZCQG4
R 1.05 ‘1‘ < ‘01
3 3 g
1.00 At
0.95
0.90 : : : —0.1 . : : —0.1 . . .
5 10 15 5 10 15 5 10 15
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Fig. 4. Real parts (a) and imaginary parts (b) of permittivity, electric loss (c), real parts (d) and imaginary parts (e) of permeability and magnetic loss (f)

for Zn-Co/C/RGO with different RGO content.
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of u" was much smaller than €” of the four samples, indicat-
ing that the electrical loss played a major role in microwave
absorption, which was also shown by the loss angle. The di-
electric loss angle was significantly higher than the magnetic
loss angle (Figs. 4(c) and 4(f)).

We characterize the microwave absorption capacity by
calculating the Ry, value (Fig. 5). It can be seen that ZC@Gl,
which has the smallest RGO mass ratio, exhibited poor mi-
crowave absorption capacity with a minimum Ry, of —11.7 dB.
With the increase of RGO mass ratio, ZC@G?2 exhibited
better microwave absorption capability; the minimum Ry, is
—24.3 dB at 14.0 GHz with a thickness of 2.0 mm. With
the further increase of RGO concentration, ZC@G3 showed
the best microwave absorption performance; at a thickness of
2.0 mm, the minimum Ry, reached —47.15 dB at 11.2 GHz.

A PG I S w,w,"
v

Reflection loss (dB)

Moreover, the minimum Ry, of ZC@G3 is below —20 dB at
thicknesses from 0.5 to 5.5 mm. More than 90% of the mi-
crowaves can be absorbed when Ry, is lower than —10 dB and
a value of Ry, lower than —20 dB indicates more than 99% ab-
sorption of the microwaves. The minimum Ry, of ZC@G1-+4
is —10.67 (17.36), —24.30 (14.0), —47.15 (11.2) and —13.51
dB (8.16 GHz) at a thickness of 2.0 mm, respectively. With the
increase of RGO content, the frequency corresponding to the
minimum Ry, shifts to a lower frequency, which indicated that
the microwave absorption capacity of the absorber can be ad-
justed by controlling the RGO content. The absorption band-
width is also an important aspect of the absorber. When the
ZC@G1—-4 thickness is 2.0 mm, the bandwidth corresponding
to —10 dB is 0.96 (17.04-18), 4.08 (12.24-16.32), 3.52 (9.6—
13.12) and 1.44 GHz (7.44-8.88 GHz).

0%

—10

—20

—30

—40

|Zin/Z0|

0 =
5 10 15 5
Frequency (GHz)

10 15
Frequency (GHz)

2K )
7 &

K S
PN

<P

5 10
Frequency (GHz)

15 5 10 15

Frequency (GHz)

—0.5mm —1.0 mm — 1.5 mm ——2.0 mm ——2.5 mm —— 3.0 mm
——3.5 mm ——4.0 mm ——4.5 mm ——5.0 mm ——5.5 mm

Fig. 5. Frequency dependence of the microwave reflection loss (RL) curves and the modulus of the normalized characteristic impedance (|Zi,/Zo|)
curves of ZC@Gl (a), ZC@G2 (b), ZC@G3 (c) and ZC@G4 (d) in the frequency range of 2—18 GHz.

Zn-Co/C nanoparticles provide magnetic loss for the ma-
terial. When the microwave interacts with it, the magnetic flux
and magnetic induction intensity inside the Zn-Co/C/RGO
will change and the eddy current will be formed inside the ma-
terial, which converts the microwave into heat and consumes
it. The magnetic loss mechanism of the material can be ana-
lyzed by the Cp curve, which can be calculated by the follow-
ing formula:

Co=n"(u)2f "
When Cy approaches constant, this indicates that the magnetic
loss of the material is mainly provided by the eddy current loss
of the nanoparticles. As shown in Fig. S4, in the 5-18 GHz fre-
quency range, Cp almost approaches constant, which indicates
that the eddy current loss provided by Zn-Co/C nanoparticles
plays an important role in microwave absorption.

The attenuation constant is usually used to evaluate the
properties of microwave absorption, which can be calculated
by the following formula:

V2rnf

c

X \/(:u“rﬂer” - ur’8r’)+\/(ur”€r” — e+ (e + ) (3)
The a increased with the increase of RGO content, which in-
dicated that the introduction of RGO enhanced the energy at-
tenuation of composites due to the high conductivity of RGO
(Fig. S3). ZC@G4 has the highest absorption constant, indi-
cating that this sample has the strongest microwave absorp-
tion capacity. However, higher dielectric constant results in
more microwave reflection. The impedance matching is an-
other important parameter of the microwave absorption prop-
erties. The impedance matching is calculated by the ratio of
the incident impedance (Z;,) and free space (Zy). According
to the impedance matching principle, when the ratio of Zj, to
Zy is equal to 1, no microwave will be reflected when interact-
ing with the material surface. As shown in Figs. 5(e)-5(h), the
|Zin/Zy| of ZC@GTL is far from 1, but with RGO mass ratio
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increased, the |Z;,/Zy| of ZC@G2-4 is closer to 1 and finally
lower than 1. For ZC@G3, the minimum of |Z;, /Zy| was close
to 1 from 1.5 to 3.5 mm thickness and demonstrated better mi-
crowave absorption abilities than ZC@G1, 2 and 4, which was
also shown through Ry, (Fig. 5(c)).

Figure 6 reveals the microwave absorption mechanism
of Zn-Co/C/RGO nanocomposites. The large heterointerface
formed by Zn-Co/C nanoparticles anchored on RGO sheets
improves the microwave energy attenuation by enhancing the
interfacial polarization effect. Moreover, defects and func-
tional groups that formed on RGO induced the formation of
dipoles, which convert electromagnetic energy into heat en-
ergy. Furthermore, the introduction of RGO provided good re-

£

interfacial % a
polarization

incident waves

;o

sistance loss, which led to higher conductivity compared to the
composite without RGO. The excellent microwave absorption
performance of Zn-Co/C/RGO also benefits from the hollow
structure of Zn-Co/C. The polarization centers produced by
Zn and Co metal nanoparticles are distributed on the surface of
Zn-Co/C, which provides the dielectric loss. The hollow struc-
ture also has an inner surface; hence it has more polarization
centers than the solid material.['”! And inside the Zn-Co/C,
microwaves are reflected between the inner surfaces, which
increases the interaction between microwaves and the material
and consequently improves the microwave absorption capacity
of Zn-Co/C/RGO.

33

ST

St reflected waves
@

Z transmitted waves

2
°
SN

dipole

Fig. 6. Attenuation constant of ZC@G1, ZC@G2, ZC@G3 and ZC@G.

In conclusion, the excellent microwave absorption prop-
erties of Zn-Co/C/RGO nanocomposites were mainly at-
tributed to the following aspects. First, the introduction of
Zn-Co/C nanoparticles optimized 2D graphene into a com-
posite with 3D structure. At the same time, the thin layer
of RGO also prevented Zn-Co/C from agglomeration, thereby
further increasing the contact surface. Second, when the in-
cident microwave interacted with the material, the adjustable
impedance matching enabled the microwave to enter the ab-
sorber effectively. Third, the hollow porous structure of Zn-
Co/C nanoparticles had more polarization centers and pro-
vided a large amount of relaxation loss, while the RGO pro-
vided a conductive network as a carrier of electron transport,

which enhanced the microwave loss ability.

4. Conclusion

In summary, Zn-Co/C/RGO nanocomposite material
with excellent microwave absorption properties was obtained
through a simple solvothermal method. Zn-Co/C nanoparti-

cles with hollow porous structure are anchored on the surface

of RGO sheets. Under different RGO composite concentra-
tions, the microwave absorption properties of Zn-Co/C/RGO
composites were analyzed. The existence of RGO increased
the dielectric constant of the material, indicating that adjust-
ing the content of RGO can control the impedance match-
ing of the material. In addition, the conductive network pro-
vided by RGO increased the dielectric loss. Porous hollow
Zn-Co/C nanoparticles and RGO sheets enhanced the inter-
face and dipolar polarization. The Zn-Co/C/RGO composite
material exhibited excellent microwave absorption capability
at low thickness. At a thickness of 2.0 mm, the minimum Ry,
can reach —47.15 dB, with a bandwidth of 3.5 GHz. At a
thickness of 1.5 mm, the minimum Ry, of —32.56 dB can also
be obtained. Within the thickness range of 1.5-5.5 mm, the
minimum Ry is lower than —20 dB. Therefore, it is believed
that this Zn-Co/C/RGO nanocomposite material with excellent
microwave absorption capacity has good application prospect
in the field of microwave absorption.
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