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Porous Graphene Produced by Carbothermal Shock for
Green Electromagnetic Interference Shielding in Both
Microwave and Terahertz Bands

Congli Zhou, Kun Zhang, Xiao Sun, Xingchuan Zhao, Kaiwen Zheng, Jiawei Mi,

Fangzhu Qing,* Qiye Wen,* and Xuesong Li*

1. Introduction

The prospect of graphene-based shielding materials in the form of fillers is

limited by the cumbersome preparation of graphene. Herein, defect-tunable
porous graphene prepared by carbothermal shock using low-value sucrose as
a precursor is proposed as an effective shielding filler. The resultant porous
graphene exhibits 32.5 dB shielding efficiency (SE) and 2.5-18 GHz effec-
tive bandwidth at a mass loading of 20 wt%, competing with the shielding
performance of graphene fillers prepared by other methods. Particularly,
defect-rich graphene synthesized by increasing voltage and prolonging time
shows increased electromagnetic (EM) wave absorption, echoing the current
concept of green shielding. In addition, the strategy of controlling the dis-
charge conditions to improve the absorption by the shield is developed in the

Modern electronic devices have penetrated
all areas of human life.ll However, the
accompanying electromagnetic interfer-
ence (EMI) weakens the performance and
reliability of electronic instruments and
even affects human health. EMI shielding
materials have been investigated to sup-
press the dilemma caused by electromag-
netic (EM) radiation. Carbon materials
and MXene have attracted great attentions
with the advantages of chemical stability
and low weight compared to metal-based

terahertz band. The average SE and reflection loss of the samples in the THz EMI  shielding materials.”) Abundant

band (0.2-1.2 THz) exhibit 40.7 and 15.9 dB at filler loading of 5 wt%, respec-
tively, achieving effective shielding and absorption of THz waves. This work
paves a new way for low-cost preparation of graphene for EM interference
shielding fillers. Meanwhile, it supplies a reference for the shielding research
of the upcoming applications integrating multiple EM bands (such as sixth-

generation based integrated sensing and communication).
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shielding efforts involving carbon mate-
rials and MXene have emerged in the form
of films,®l foams,™ fillers,®! etc. Among
them, EMI shielding fillers have a broad
prospect because of the simple construc-
tion process and high utility rate of space.
There are plentiful researches on fillers as
shielding functional bodies, which involve
fillers from zero to three-dimension and
from single to multi-component.*! Filler-
based shields should have the necessary
abilities: low filler loading to avoid agglomeration and high den-
sity, effective shielding performance including high shielding
efficiency (SE) and wide effective bandwidth. However, the
high SE value of the up-to-date filler-based shielding materials
mainly results from reflection due to the high conductivity of
fillers, while the growing research is concerned with promoting
absorption to enhance SE (green EMI shielding).”!

Among the carbon-based fillers that can basically achieve
effective EMI SE values (>20 dB), graphene has excellent con-
ductivity and high specific surface area (SSA) benefiting the
formation of conductive network at low filler loading compared
to other carbon materials while is much cheaper than MXene
(Table 1). Various techniques for the production of graphene
fillers have been developed, typically by physical exfoliation of
graphite or reduction of graphene oxide (GO).[®l Many obstacles
still exist with these top-down strategies such as the lack of con-
trol on defects, environmental issues due to the use of chemi-
cals, and high cost with high energy input and time consuming.
Recently, there was a report on preparation of graphene by car-
bothermal method, which converted carbon materials of low
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Table 1. EMI shielding performance of carbon-based composites.
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Filler Preparation of filler Matrix Filler loading [wt%)] d? [mm] SE; [dB] TBY [GHz] Ref.
Graphene Chemical reduction Epoxy 15 N/A9 21 8.2-12.4 [10]
Graphene Functionalized with acid PVDF 5 N/A 18 1-8 ]
20 8-12
Graphene Chemical reduction of GO PU Foam 10 60 57.7 8-12 [12]
S-1GO Annealing N/A 100 0.14 332 0.1-4.0 [6i]
rGO Chemical reduction Wax 20 2 29.7 2-18 [13a]
Gr-220/300 Carbothermal shock of carbon Wax 20 2 325 2.5-18 This work
Graphene foam CcVvD PDMS 0.8 1 =30 0.03-1.5 [14]
=20 8-12
Graphene (film) Thermal reduction of GO TPU 20 0.05 26 5.4-59.6 [15]
cB Functionalized with acid PANI/POX 10 N/A 19.9 8.2-12.4 [16]
CB Heat treatment before use ABS 35 1.5 6 0.2-1.6 n7
MWCNT Purchased PLLA 10 2.5 23 8-12 18]
3D-CNT CvD Epoxy 0.66 2 33 8-12 [19]
Ti;C,T, HF etching Wax 60 2 39.1 2-18 20]

ASample thickness; Y’ Bandwidth of the test; INot available.

and/or negative value into graphene in an environment-friendly
way with high energy conversion efficiency and short produc-
tion time.”! This method also has the advantage of controlling
the degree of product defects in a large temperature range
(>2000 K). By taking these advantages, we synthesized porous
graphene from low-cost sucrose precursor via carbothermal
shock within a few hundred milliseconds and investigated its
application for EMI shielding. Except that the whole process
is simple and requires no post-treatment, the porous structure
and high electrical conductivity of the product enables SE value
of 32.5 dB at 20 wt% filler loading and effective bandwidth cov-
ering 2.5-18 GHz, which is comparable to the composites with
graphene as a single filler. In addition, extending the discharge
time in carbothermal process raises the defect degree and
moderates the conductivity, accompanied by the enhancement
in synergy of conductive and polarization loss resulting in an
increase of A coefficient (indicating the enhanced EM energy
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Figure 1. Schematic of the carbothermal synthesis of porous graphene.
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attenuation by absorption). This strategy to enhance absorp-
tion is also demonstrated effective in terahertz (THz) band.
Through the discharge control in carbothermal shock process,
the transition from reflection to absorption for most EM waves
is realized. The optimum average SE and reflection loss (RL)
reaches 40.7 and 15.9 dB at a filler loading of 5 wt% correspond-
ingly. Our work does not require further separation and purifi-
cation of the obtained porous graphene. Competitive shielding
performance can be achieved by simply blending the product
with matrix.

2. Results and Discussion

The stepwise preparation of porous graphene was schematically
illustrated in Figure 1. See details in the Experimental Section
and Supporting Information. The scanning electron microscopy

Carbothermal shock
~ \

/
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Figure 2. SEM, TEM, and HRTEM images of a—c) PC and d—f) Gr-220/300, respectively. The insets in (c) and (f) show the corresponding SAED

patterns.

(SEM) and transmission electron microscopy (TEM) images in
Figure 2 showed that Gr-220/300 retained the porous structure
originating from porous carbon (PC). Here “Gr-220/300” is the
label of a typical carbothermal synthetic porous graphene, where
220 denotes the discharge voltage with the unit of volt while 300
denotes the discharge time with the unit of millisecond (see
Table S1, Supporting Information). In contrast, the as prepared
Gr-220/300 differed from precursor PC in crystallinity as shown
in the high-resolution TEM (HRTEM) images and selected
area electron diffraction (SAED) patterns in Figure 2¢,f, which
revealed the transformation from amorphous PC to crystalline
state, confirming that the pore skeletons of Gr-220/300 were
composed of several layers of graphene.

Figure 3a shows the powder X-ray diffraction (XRD) char-
acterization of PC and graphene, where Gr-220/300 exhibited
extinct (002) peak around 26.3°, which was consistent with
the crystallinity shown by its HRTEM. Raman spectroscopy
is regarded as an effective way to characterize graphene.l?!
From Figure 3D it could be seen that Raman spectrum of PC
showed typical features of amorphous carbon with wide and
overlapped D and G bands and low and spread 2D band. The
transition from amorphous PC to graphene could be pro-
moted by increasing the discharge voltage, e.g., from 150 to
180 to 220 V with a fixed discharge time of 300 ms as dem-
onstrated by the increased sharp 2D band and the decrease
of defect density as indicated by the intensity ratio of D to G
bands (Ip/Ig). On the other hand, when the voltage was fixed
at 220 V, Ip/I increased with the discharge time (Figure 3c). A
possible reason may be that because the total energy is constant
for a fixed voltage of a capacitor, the elongation of discharge
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time widens the dispersion of energy over time and therefore
lowers the peak temperature, resulting in worse crystallization
of grpahene. X-ray photoelectron spectroscopy (XPS) characteri-
zation was performed on PC and Gr-220/300 (Figure 3d-f) to
study the chemical state of the samples before and after carbo-
thermal process. Zinc nitrate reacted with sucrose by heating
(see Equation (S1), Supporting Information), the decomposed
gas blew the molten sucrose into bubbles. The sucrose was
further dehydrated and polymerized,?? and the nitrogen ele-
ment that was not volatilized in the form of gas was doped into
the PC when the sugar was polymerized leading to the C 1s of
PC was N-doped with a doping content of 3.30 at% (Figure S7
(Supporting Information), N was mainly doped as pyri-
dinic, pyrrolic, and graphitic N). After undergoing flash heat
during discharge, N was undetectable and O was decreased to
=~0.95 at%, (Figure 3d). The C 1s spectra of PC and Gr-220/300
(Figure 3e,f) demonstrated the decrease of oxygen-containing
functional groups and the conversion of part of C—C sp?® to
C—C sp? See Tables S2 and S3 (Supporting Information)
for the the binding energy assignment. The N, adsorption—
desorption isotherms and pore size distributions for PC and
Gr-220/300 were shown in Figure 3gh. Both contained micro
and mesopores while the SSA decreased from 1184 m? g! for
PC to 503 m? g! for Gr-220/300. A possible reason may be
that the strong shock generated during the carbothermal pro-
cess caused the rupture of nanopores in the PC (Figure 3h).
Figure 3i showed the comparison of the electrical conductivity
versus SSA of Gr-220/300 with other carbon materials. In
general, conductivity and SSA are reversely correlated. From
Figure 3i it could be seen that Gr-220/300 was superior to most
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Figure 3. a) XRD patterns and b) Raman spectra of PC and graphene with different discharge conditions. c) Average intensity ratio of D to G band
(In/lg) obtained by taking a scanning of 20 x 20 points with a step of 1 ym per point. d) XPS survey and e,f) high-resolution spectra for Cls on PC and
Gr-220/300, respectively. g) BET N, adsorption—desorption isotherms and h) pore size distributions for PC and Gr-220/300, respectively. i) Comparison

of the electrical conductivity versus SSA of Gr-220/300 with other carbon materials.

of other carbon materials with its high SSA and conductivity in
the plot, which made it conducive to the formation of conduc-
tive network at low filler loading.

Figure 4a shows the derived EMI SE. SE (often denoted as
SEr) values of graphene with different discharge conditions
showed a positive correlation with both frequency and mass
loading (Figure Sl4e,f, Supporting Information). Gr-220/300
showed the best SEr performance with both a wide effec-
tive bandwidth of 2.5-18 GHz and high SEr values while the
maximum SEr value could be up to 33.03 dB for the case of
Gr-220/700. This is comparable to most of other carbon mate-
rials as shown in Table 1.

SEr is usually divided into reflection (SEg) and absorption
(SEa). Generally, the SEr values are positively correlated to the
conductivity of the materials (Equation (S12), Supporting Infor-
mation). However, there was a steep increase of SE, (and there-
fore SEr) (Figure S17b, Supporting Information) for Gr-220/700
and Gr-220/1000, indicating that there were additional factors
which strengthened the absorption or attenuation for EM energy.
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23]

Rather than comparing the values of SE, and SEg, A and R
coefficient are more effective in evaluating the reflection and
absorption of EM waves.}l From Figure 4b it could be seen
obviously that Gr-220/300 had the best wide band EMI shielding
performance with the low T coefficient, which demonstrated
=99.74% EM energy shielded (Figure S18, Supporting Infor-
mation). However, the high SE; was mainly due to reflection
with the high R (Figure S17c, Supporting Information) values
resulting from the excessive conductivity. With the decrease of
conductivity, the reflection decreased as well, but the absorption
increased, providing the opportunity for green EMI shielding.

To understand the shielding mechanism and the energy con-
version of graphene composites, EM parameters were meas-
ured as shown in Figure S19 (Supporting Information). £ and
& represent the storage and loss capacity of the medium for EM
energy, respectively, and the loss tangent value of the dielectric
constant (tand, = £”/€) is commonly used to evaluate the capa-
bility of dielectric loss.?*l £” showed a downward trend, among
which Gr-220/300 and Gr-220/700 exhibited significant higher
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Figure 4. a) EMI SE+, b) T, and c) A coefficient of graphene versus frequency. d) Cole—cole plot. €) Percentage of loss type of graphene samples prepared
by different discharge conditions. f) Conductivity of graphene/wax composites. g) EMI shielding mechanism of the as-prepared graphene.

&’ values than other samples due to their high electrical conduc-
tivity, which could be explained by Debye equations or free elec-
tron theory.?’l Gr-220/300 and Gr-220/700 also had high tané,
values, which indicated the high dielectric loss. Additionally,
there were obvious resonance peaks in tand, at high frequency
indicating the existence of multiple polarization.l?l Cole—cole
plot was investigated to study the dielectric properties. From
Figure 4d it could be seen that Gr-220/300 showed a distinct
straight tail regarding the contribution of conductive loss while
the others displayed two large semicircles manifesting the

Small Methods 2023, 2201493
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polarization relaxation behavior.?”} Actually, € is considered to
be the sum of &,” relating to the polarization relaxation and &
associating with the conduction current (Equation (S13)—(S15)).
To figure out the contribution of & (polarization loss) and
&” (conductive loss) on dielectric loss, the relaxation time (1),
electrical conductivity (0), &,”, and & were fitted by non-linear
square fitting method.?®! From Figure 4e it could be seen that
the conductive loss was still the main loss way for incident EM
energy. In addition, the relative polarization loss increased with
the increase of defects. It could be considered that the defects
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and residual surface functional groups acted as polarization
centers that strengthened the attenuation of EM wave energy,’"!
which might explain why SE, of Gr-220/1000 rose at high fre-
quency. Therefore, the shielding mechanism can be summa-
rized as: the conductive surface causes reflection which brings
high SEjg; the defects and residual functional groups lead to the
polarization relaxation loss, and the porous structure promotes
the migration and hopping of charge carriers promoting the
conductive loss, both of which contribute to the high SE,.

The porous graphene showed more promising performance
in THz bands, as shown in Figure 5. The THz time-domain
spectroscopy system was employed to measure the signal inten-
sity of the reflected and transmitted THz waves (0.2-1.2 THz).
As can be seen from the THz time-domain spectra, comparing
to the signal in air, the transmitted THz intensity through all
the composites showed obvious decline representing all of
them realized the effective shielding (Figure 5b). Moreover,
the reflection of THz signals remained in low ranges for the
composites except 5Gr-220/330 (the numeric prefix represents
the filler loading percentage) and 5Gr-220/700 due to their

www.small-methods.com

high conductivity. The transmittance (Figure 5d), reflectance
(Figure 5e), and absorption (Figure 5f) were calculated based
on the frequency-domain spectra, which was obtained by fast
Fourier transform (FFT) of the time-domain spectra.?’! They
visually showed that all the samples except 5Gr-220/300 and
5Gr-220/700 achieved low reflection and high absorption, mani-
festing that all samples except 5Gr-220/300 and 5Gr-220/700
realized absorption-dominant shielding for THz waves. The
absorption could be over 90% while all reserving high average
THz EMI SEr of over 30 dB (Figure 5i). When filler loading of
Gr-180/300 is 5 wt%, the optimal average SEr of 40.7 dB and
RL of 15.9 dB could be obtained simultaneously. An increased
loading of all the samples from 5 to 20 wt% could significantly
enhance the shielding performance (Figure S21-S25).

Therefore, the strategy to select materials for different
application requirements can be concluded:

1) High shielding in GHz bands requires enough load-
ing of very conductive materials such as Gr-220/300 and
Gr-220/700.
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Figure 5. a) Schematic of the THz time-domain spectroscopy measurement. b) Transmission and c) reflection time-domain spectra of graphene/wax
composites at filler loading of 5 wt%. The insets of (b) and (c) correspondingly showed the transmission intensity in air and reflection intensity of
mirror. d) THz transmittance, e) reflectance, and f) absorption. g) EMI SE; and h) RL versus frequency. i) Average SEr and RL of different samples.
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2) All can be used for THz shielding but low loading and low
conductivity are preferred to achieve green shielding with
high absorption.

3) Materials with moderate defects and conductivity such as Gr-
180/300 and Gr-220/1000 can be used for an optimized green
shielding in both GHz and THz bands.

3. Conclusion

In conclusion, porous graphene with tunable crystallinity was
produced from low-value sucrose by carbothermal shock. The
whole process is low-cost, simple, and environmentally friendly.
The porous graphene was further demonstrated for good per-
formance for green EMI shielding in both microwave and
THz bands with high energy absorption, which is practically
meaningful for some upcoming applications, such as sixth-
generation based integrated sensing and communication that
will adopt multiple electromagnetic bands.

4. Experimental Section

Sucrose, zinc nitrate hexahydrate, and hydrochloric acid (236 wt%)
were purchased from Kelong Chemical Co., Ltd. (Chengdu, China). All
reagents were of analytical grade and used without further purification.
PC for the synthesis of porous graphene was prepared according to
the melting sugar bubbling method.[?23% Specifically, sucrose and zinc
nitrate hexahydrate were mixed and ground at a mass ratio of 1:2. Then,
the mixture was heated at 180 °C for 10 min on a hot stage in air and
annealed at 750 °C (rising from room temperature to 750 °C at a rate
of 5 °C min™) for 1 h under atmospheric pressure in Ar with a flow rate
of 200 sccm in a tube furnace(The heating reaction of sucrose and zinc
nitrate is shown in Equation (S1), Supporting Information). After that,
the resulting black powders were soaked in 0.25 m HCl to remove the
ZnO impurities. Finally, the precipitated porous carbon (PC) was filtered,
washed with deionized water, and dried in an oven at 60 °C overnight
for later use. Then the porous graphene was prepared by carbothermal
shock.l’! Firstly, 60 mg PC was put in a quartz tube (length 50 mm,
outer diameter 11 mm, inner diameter 8 mm), and the length of the
material in the tube was between 1.50 and 1.75 cm (Table S1, Supporting
Information). Then, the two ends of the quartz tube were plugged by
copper electrodes, which were connected into the circuit (details were
shown in Figure S1, Supporting Information) for carbothermal shock.
After pretreatment of the sample and then the discharge treatment
(150-220 V, 300-1000 ms), porous graphene powders were achieved
(discharge details were shown in Table S1, Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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