Biomass-Based Honeycomb-Like Architectures for Preparation of Robust

Carbon Foams with High Electromagnetic Interference Shielding Performance

Zhihui Zeng', Youfang Zhang*, Xiu Yun Daphne Ma®, Seyed Ismail Seyed Shahabadi’,
Boyang Che', Peiyu Wang?, Xuehong Lu™*

!School of Materials Science and Engineering, Nanyang Technological University, 50
Nanyang Avenue, Singapore 639798, Singapore

?State Key Laboratory for Turbulence and Complex Systems, College of Engineering,
Peking University, Beijing 100871, China

ABSTRACT: Honeycomb-like lignin-derived carbon (LC) foams doped with
reduced graphene oxide (RGO) are fabricated via unidirectional ice-templating
followed by freeze-drying and carbonization. The dimensions, constituent contents,
and density of the foams could be easily adjusted. By manipulating the density, high
electrical conductivity and good mechanical properties could be achieved at relatively
low RGO contents. In addition to the high conductivity and interfaces between LC
and RGO, aligned pores also boost electromagnetic interference (EMI) shielding
effectiveness (SE) of the foams owing to induced multiple reflections. X-band EMI
SE of the LC-based foams with 2-mm thickness could reach 28.5 to 70.5 dB at very
low densities. Furthermore, the normalized surface specific SE (SE divided by density
and thickness) could be as high as 28750 dB-cm?/g, which is much higher than those
of other types of carbon foams and most shielding materials ever reported. With the
outstanding EMI shielding performance, good mechanical properties and more
sustainable raw material, the biomass-based carbon foams offer promising prospects

for lightweight, robust and high-performance EMI shielding materials.
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1. Introduction

In recent years, electromagnetic pollution from rapidly growing number of electronic
devices has caused increased electromagnetic interference (EMI), which disturbs the
normal work of electronics and imposes adverse impacts on human health [1-4].
High-performance EMI shielding materials that can mitigate the transmission of
electromagnetic waves efficiently are hence required for many applications. For
example, lightweight, robust and high-performance EMI shielding materials are
required for apparatus such as aircraft, spacecraft, and portable electronics [5-10]. The
most commonly used shielding materials are metal-based shields, which however
suffer from high density, propensity to corrosion and limited tunability of EMI
shielding effectiveness (SE) [11-15]. On this account, carbon-based materials
featuring excellent mechanical properties, low density, good chemical resistance and
tunable SE are increasingly researched as promising high-performance EMI shielding
materials [16-24]. In particular, micron-sized pores can be easily introduced into the
carbon-based materials, drastically reducing the weight and introducing numerous
interfaces between the voids and cell walls [4, 25-28]. The interfaces can enhance the
multiple reflection of incident electromagnetic waves [8, 10, 14], which, combined
with the intrinsic wave loss ability derived from the charge carriers in the carbon
phase, renders the lightweight carbon-based porous architectures high EMI shielding
performance. For example, the commercial carbon foam [29] is reported with an EMI
SE of 40 dB at the thickness of 2 mm and a density of around 0.17 g/cm®. Specific SE

(SSE) [10, 13, 15], which is defined as SE of an EMI shielding material divided by its
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density for describing both the lightweight and EMI shielding performance, can thus
reach as large as 241 dB-cm?®/g for the aforementioned carbon foam, in comparison to
33.1 dB-cm®/g for a 3.1 mm thick copper shield [11]. The CNT sponge prepared by
chemical vapor deposition method also shows an SE of 22 dB and an SSE of 1100
dB-cm?/g at a thickness of 2.38 mm [30].

The carbon-based porous architectures mainly include carbon foams [29-34],
carbon fiber mats [35], CNT sponges [21, 36], and graphene-based porous
architectures [24-28]. In contrast to the porous architectures constructed dominantly
from carbon nanomaterials, such as CNTs and graphene sheets, amorphous carbon
foams can be prepared easily by carbonization of low-cost materials such as polymer
sponges [29, 34]. The polymer-derived carbon porous architectures can also be loaded
with other additives such as metal or magnetic particles. Combined with the
considerable electrical conductivity of the additives and charge carrier amount derived
from the carbon constituent, such doped carbon foams show a high potential for EMI
shielding applications. For example, polymer-derived carbon foams loaded with
ferrocene [37] and MWCNT [30] showed EMI SE of 85 and 81 dB, and SSE of 130.0
and 163.5 dB-cm®/g, respectively, at thickness of 2.75 mm. The reported
polymer-derived carbon foams, including those loaded with additives, however, still
showed relatively high densities because the low mechanical strength of their cell
walls resulted in shrinkage or even collapse of the carbon foams at low densities.
Meanwhile, the porosity, pore structure, and constituent of raw polymer sponges are

not easy to adjust due to the restriction of traditional foaming method [22, 34, 38, 39],
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limiting tunability of EMI shielding performance of the carbon foams. Moreover, it is
also desirable to replace synthetic polymers with biomass-based raw materials to
make EMI shielding materials more environmentally benign.

Lignin is one of the most abundant biomass materials [40-42] and accounts for
up to 35 wt% of wood. This readily available and renewable biomass-based raw
material can be obtained as a low-cost byproduct from paper industry and has a high
carbon vyield, which is beneficial to large-scale production of carbon foams. Our
previous studies [43] showed that the presence of a small fraction of lignin-derived
carbon (LC) in reduced graphene oxide (RGO)-based aerogels enhanced the
interfacial polarization effect with little reduction in the amount of charge carriers and
conductivity of graphene cell walls, as well as improved integrity of the cell walls for
boosting multiple reflections. These render the ultralight RGO-based porous
architectures improved EMI shielding performance compared with that of neat RGO
aerogels. However, the major building block of the aerogels, graphene oxide (GO),
could only be stably dispersed in water in a relatively narrow concentration range,
limiting density of the resultant RGO-based aerogels, and hence constrain their
mechanical strength and conductivity. Additionally, their EMI SE (up to 49 dB at 2
mm thickness) was not sufficiently high for some demanding applications. In the
present work, our goal was to use predominantly lignin as the raw material to achieve
robust and environmentally benign EMI shielding materials with high SE and SSE.
We found that different from GO, lignin could form stable suspensions in a much

wider range of concentrations, allowing the preparation of honeycomb-like lignin
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foams with a remarkably wide range of densities via unidirectional freeze-drying
method [44-46], whereas similar to polymer sponges, the subsequent carbonization
would cause huge volume shrinkage of the foams. However, by simply dispersing a
small amount of GO in lignin suspensions, the resultant carbon foams could exhibit
greatly reduced volume shrinkage in carbonization owing to the excellent reinforcing
effect of the uniformly distributed RGO in LC. This enables the facile manipulation of
density and microstructure of the LC-based foams, also paving the way for tackling
the electrical conductivity issue. The high content of LC in the foams will also give
better integrated cell walls [43] and anisotropic micron-sized pores, providing more
cell wall-void interfaces in the transverse direction (normal to the aligned cell walls
direction). This could enhance the multiple reflection ability of the carbon foams,
improving their EMI shielding performance. The interfaces between RGO and LC can
also facilitate the creation of substantial interfacial dipoles in electromagnetic field,
enhancing the polarization loss ability to the electromagnetic waves. Herein we
demonstrate that EMI SE of the RGO-doped LC foams can reach more than 80.0 dB
at a thickness of 2 mm. Moreover, the normalized surface specific SE (SSE/d, defined
as SE divided by the density and thickness) can reach up to 28750 dB-cm?/g, which is
much higher than that of other polymer-derived carbon foams as well as most
shielding materials reported so far. This shows the great promise of the

biomass-derived carbon architectures as high-performance EMI shielding materials.

2. Experimental



2.1. Materials and Preparation

2.1.1. Preparation of honeycomb-liked LC foams. The lignin aqueous solution with
various concentrations was prepared via dispersing the alkali lignin (USA, TCI
product number: L0082, soft lignin) into the water by magnetic mixing. The
suspension was further cast in a Teflon container with a metal base that is immersed in
the liquid nitrogen for freezing process. In the freezing process, the temperature
gradient between the top and bottom side of the suspension in the mould led to the
formation of ice crystals in the bottom side and the unidirectional growth towards the
top side. In a subsequent of freeze-drying the frozen samples in a freeze-drying vessel
(80 °C and 10 Pa) for around 24 h, a type of honeycomb-like polymer foams with
aligned micron-sized pores and cell walls were obtained. Subsequently, the polymer
foams were heated at a rate of 5 °C/min in a tube furnace and annealed at the
temperature of 900 °C for 2 h under argon atmosphere, leading to the fabrication of
the honeycomb-like LC foams.

2.1.2. Preparation of honeycomb-like RGO-doped LC foams. In order to incorporate
RGO into the LC foams, a GO agueous suspension was prepared using a previous
reported method [43, 47] and mixed with lignin solutions before the freezing process.
The GO and lignin could interact with each other well because of their amphiphilic
nature and the possibility of n-m interaction between aromatic rings of lignin and GO
[40, 43]. After the same freeze-drying process and thermal annealing treatment,
honeycomb-like RGO-doped carbon foams doped with reduced graphene oxide (RGO)

[47] were obtained. Density of the foams could be controlled in a wide range from
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several microgram to several hundred microgram per cubic centimeter by adjusting
the water fraction of the aqueous suspension. Notably, although GO and annealed
RGO foams could also be prepared using this method, the GO concentration in water
was limited by the stability of the suspensions, resulting in relatively low densities (<
7 mg/cm?) of the resultant RGO foams, and similar phenomenon was also reported by
other researchers [48, 49]. Also, various shapes or sizes of the honeycomb-like
RGO-doped LC foams could be achieved by selecting various molds, which was

beneficial to satisfy diverse application occasions.

2.2. Characterization.

The microstructure of the porous architectures was investigated by scanning electron
microscopy (SEM, JSM-7600F). X-ray diffraction (XRD) tests were carried out at
room temperature using a specular reflection mode (Cu Ka radiation, PANalytical,
Holland). A thermogravimetric analyzer (TGA, TA Instrument Q500) was employed
to study the mass change in the carbonization process. The experiment was carried out
from room temperature to 900°C in nitrogen atmosphere at a speed of 5 °Gmin. The
resistance of the sample was measured by four-probe method using a Keithley
4200-SCS semiconductor characterization system (Keithley, Cleveland, Ohio, USA)
to calculate the electrical conductivity. The measured electrical conductivities of the
honeycomb-liked carbon-based foams were similar in different directions due to the
interconnected cell walls. The compression behavior of the foams was evaluated by a
dynamic mechanical analyzer (DMA, TA Q800), and at least five samples were tested

for each component foam. EMI SE measurements were carried out on the samples
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with dimensions of 22.86 mm x 10.16 mm x 2.0 mm in the frequency range of 8.2—
12.4 GHz (X-band) by a waveguide method using a vector network analyzer (Agilent
E8363B PNA-L), and more than five samples were tested for each component foam,

the detailed test information can be described as shown in our previous work [13, 50].

3. Results and Discussion

3.1. Fabrication and properties of the honeycomb-like LC foams

The fabricated process of the honeycomb-like LC foams and the underlying
mechanism is illustrated in Fig. 1. By unidirectionally freeze-drying the lignin
aqueous suspension (Figure 1 a-b), honeycomb-like lignin foams composed of lignin
cell walls and unidirectional pores in the longitudinal direction (parallel to the ice
growth direction as shown in the arrow direction) are formed (Fig. 1c,d). These
honeycomb-like free-standing foams are well sustained by the interconnected cell
walls with considerable mechanical strength. Subsequently, the carbonization of
lignin cell walls to amorphous carbon leads to LC foams, which can keep the
honeycomb-like microstructure of the lignin foam (Fig. le, f). The XRD pattern of the
lignin shows a relatively sharp peak at 22.5°, whereas the resultant LC only shows a
broad carbon peak at around 24.5° (Fig. 1g). Since lignin is an aromatic
macromolecular compound with three-dimensional links among methoxylated
aromatic units [51, 52], TGA curves of lignin may reveal three regions. As shown in
Fig. 1h, the initial weight loss step of lignin occurs at 30-120 °C, which originates

from the evaporation of water absorbed. The weight loss during the second pyrolysis



step at around 300 °C is mainly ascribed to the cleaving of alkyl and methoxy groups,
releasing methanol and phenolic compounds with hydroxyl group and alkyl groups.
Finally, the third pyrolysis stage above 600 °C is ascribed to the decarbonylation
reaction of alkyl side chains with carbonyl groups (-CHO), and also during this stage,
functional groups are reduced to a large extent, facilitating the process of the
formation of amorphous carbon. [53-55] Therefore, a large mass reduction of lignin in

the carbonization process can lead to a large volume shrinkage of the foam as shown

in Fig. 1i.
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Fig. 1. The preparation process for the honeycomb-like LC foams: (a) images of
lignin suspension; (b) unidirectional freezing mechanism; (c) microstructure of the
lignin foam in the longitudinal direction (the arrow direction); (d) a schematic
showing the as-prepared lignin foam; (e) microstructure of the LC foam in the
longitudinal direction (the arrow direction), (f) a schematic showing the as-prepared
LC foam; (g) XRD patterns of the lignin and LC; (h) TGA curve of the lignin; (i)
optical images of the lignin foam (left) and resultant LC foams (right).



In the lignin suspension, the lignin concentration can be adjusted easily, rendering
the as-prepared lignin foams and the resultant LC foams different microstructures.
The average gap of tens of micrometers between the adjacent cell walls changes little
for the lignin foams derived from the suspensions of different lignin concentrations as
shown in Fig. 2a-b. However, a higher lignin concentration in the initial suspension
leads to thicker cell walls of the foams. In the assembly process of honeycomb-like
lignin foams, rapid formation of ice-crystal nuclei at the bottom of the suspension and
the unidirectional growth of ice crystals take place. The lignin is excluded from the
space occupied by the ice crystals to form the cell walls of submicron-sized thickness.
Therefore, higher lignin concentration in the suspension can result in a thicker
cell-wall thickness due to the nearly unchanged amount of crystal nuclei at a same
frozen temperature, while the average gap between the cell walls is mainly
determined by the final size of the crystals, for which no obvious change is observed
in the SEM images, implying that lignin concentration does not affect crystal growth
rate significantly in the studied lignin concentration range. This phenomenon is
similar to that of polymer-based foams and has been clearly described in literatures
[13, 15]. In the carbonization process, the macroscopic shrinkage correlates to a
smaller average gap between adjacent cell walls for the LC foams (Fig. 2c, d). In
addition, large cell walls with good integrity are observed for both the lignin and LC
foams, which may be instrumental in the multiple reflection of incident waves for

EMI shielding.
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Fig. 2. SEM images in the longitudinal direction of the lignin foams derived from the
aqueous suspensions of different lignin concentrations and the resultant LC foams: (a)
lignin and (c) LC foams derived from the suspension with 18.5 mg/mL lignin; (b)
lignin and (d) LC foams derived from the suspension with 37.0 mg/mL lignin. Scale
bars in (a-d) are 100 pm, 10 pm and 1um from left to the right column.

EMI SE characterizes the capability of attenuating electromagnetic waves of an
EMI shielding material. The total EMI SE (SEt) consists of shielding by reflection
(SEr) and shielding by absorption (SEa), and influenced by multiple reflections,
which are related to mobile charge carrier, electric (or magnetic) dipoles, and
interfaces/surfaces in the shielding materials [13, 50]. Most waves underwent multiple
reflections could eventually be absorbed by high-performance EMI shielding

materials, and thus SE+ is usually the sum of SEg and SEa [10, 14]. Considering the
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anistropic microsture, the X-band EMI SE of the honeycomb-like LC foams was first
tested when all incident electromagnetic waves propagate along the transverse
directions, i.e., normal to the pore alignment direction. As shown in Fig. 3a, EMI SE
of the LC foams is independent of the frequency and increases with the lignin
concentration. The SEr values are 15.6 and 31.5 dB for the LC foams derived from
18.5 and 100.0 mg/mL lignin, respectively. EMI SE of the LC foams derived from
37.0 mg/mL lignin could also be higher than 20 dB, which corresponds to a 99 %
attenuation of incident electromagnetic waves and is required for most commercial
shielding applications. Obviously, higher lignin concentration can lead to thicker cell
walls and hence more charge carriers interacting with the electromagnetic field for the
LC foam, resulting in a higher SEa and SEg, which thus increases the EMI SE.
Additionally, the micron-sized pores in the LC foams can also be beneficial to the
multiple reflections of incident waves. This, combined with the considerable
absorption ability of LC cell walls, can thus lead to a higher SEa than SEg, indicating
an absorption-dominant shielding mechanism for the LC foams, which is similar to

other types of carbon or conductive polymer composite foams [24, 31, 34].
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Fig. 3. (a) EMI SE of the LC foams derived from lignin suspensions with various
concentrations; (b) EMI shielding performance (SEr, SEg, and SE,) at the frequency
of 10 GHz for the LC foams as a function of the lignin concentration in the
suspensions.

3.2. Performance of Honeycomb-like RGO-doped LC Foams
3.2.1. Structure and Density

Compared with the LC foams that show a large volume shrinkage in
carbonization, the RGO doping results in good dimensional and structural stabilities
of the RGO-doped LC foams (Fig. 4a). As shown in Fig. 4b, the carbon foam density
increases with the lignin concentration of the suspension used. By contrast, the
density decreases with increasing the amount of RGO additives in the RGO-doped LC
foams. The LC foam without doped RGO exhibits the largest volume shrinkage,
which results in smaller volume or higher density than that of the RGO-doped LC
foams. This shows that more RGO can lead to smaller volume shrinkage of the foams
in carbonization, thereby keeping larger volume and lower density. Furthermore, the
lightweight carbon-based foams can also be obtained in various shapes and sizes (Fig.

4c), which is suitable for a variety of applications that require shape adaptability.
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Since GO can be well dispersed in the lignin-based cell walls of the lignin/GO
foams, the corresponding RGO can be well dispersed and distributed in the composite
cell walls for the LC/RGO foams. Compared with the smooth cell walls of the LC
foams, wrinkle-like cell walls are observed for the RGO-doped LC foams, as shown
in the SEM images in Figs. 4d, e. The RGO-doped LC foams also show relatively flat
cell walls with more regular gaps in between than that in LC foams (Fig. 2c, d), which
can be ascribed to the enhanced mechanical strength of graphene-doped cell walls.
Similar microstructures can also be observed in the honeycomb-like RGO-doped LC
foams with various LC/RGO contents (Fig. 4f, g). In short, RGO additives are
considered to render the LC/RGO composite cell walls better mechanical strength,
enhancing the dimensional and structural stability of the carbon foams. In addition,
the distributed graphene layers have an excellent conductivity, providing a high
potential to improve electrical and EMI shielding performance of the corresponding

LC/RGO foams.
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Fig. 4. Properties of the carbon foams: (a) image of the foams before and after
thermal annealing (left to right: lignin, LC, GO-doped lignin and RGO-doped LC
foams); (b) the densities of the carbon foams prepared from the suspensions with
various concentrations of lignin and GO; (c) various shapes and sizes of the
as-prepared LC/RGO foams. SEM images showing honeycomb-like microstructures
of the LC/RGO foams prepared from suspensions with (d, e) 18.5 mg/mL lignin and
7.5 mg/mL GO, (f,g) 37.0 mg/mL lignin and 7.5 mg/mL GO. Scale bars in (d-g) are
100 pm, 10 pm and 1pm from left to the right column.

3.2.2 Electrical Conductivity

The influence of RGO doping on the electrical conductivity for the LC/RGO foams is
shown in Fig. 5a. Excellent conductivity of the graphene layers can result in a
significant increase of electrical conductivity of the foams. The conductivity of
LC/RGO foams derived from the suspensions with 18.5 mg/mL lignin and various

GO concentrations ranging from 3.75 to 11.25 mg/mL can reach 40.7 to 97.8 S/m,
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more than one order of magnitude higher than that of the corresponding LC foams
(~3.1 S/m). Such a significant increase in conductivity shows the vital roles of the
graphene layers played in enhancing electrical properties, which would impact EMI
shielding performance significantly. The increased lignin concentration can also result
in significant improvement of the conductivity of LC/RGO foams (Fig. 5b). For
instance, by fixing the GO concentration at 3.75 mg/mL and increasing lignin
concentration from 3.7 to 75.0 mg/mL, the conductivity of the LC/RGO foams
increases from 13.2 to 152.7 S/m. The LC/RGO foams derived from the suspension
with 75.0 mg/mL lignin and 7.5 mg/mL GO can also achieve a very high conductivity
of 391.3 S/m even at a low density of 62.5 mg/cm?, which is much higher than the
conductivity of the corresponding LC foam (~25.6 S/m), which is prepared at the
same lignin concentration of 75.0 mg/mL and has the density of 116.0 mg/cm?, and
the corresponding RGO foams (~30.0 S/m), which is prepared at the same GO
concentration of 7.5 mg/mL. In short, the wide-range adjustability of the lignin and
GO concentrations in the starting materials can easily lead to a wide-range
controllability of conductivity for the honeycomb-like carbon foams. The controllable
high conductivities of the carbon foams show the great potential to achieve

high-performance EMI shielding performance.
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Fig. 5. Electrical conductivity of the carbon foams derived from the suspensions with
various lignin and GO concentrations: (a) with lignin concentration of 18.5 mg/mL
and various GO concentrations, (b) with various concentrations of lignin and GO (the
lignin/GO mass ratios are 5 and 10, respectively, for the foams in the dotted boxes).

3.2.3. Mechanical performance

The alignment of cell walls and the starting lignin concentrations significantly
affect mechanical properties of the honeycomb-like carbon foams. Longitudinal
compressive moduli (compressed along the longitudinal direction) of the carbon
foams are higher than the transverse ones (compressed normal to the longitudinal
direction); typically, the former and the latter are around 427 and 130 kPa respectively
for the LC/RGO foams obtained at 18.5 mg/mL lignin and 3.75 mg/mL GO
concentrations (Fig. 6a). Since higher lignin concentrations can lead to more building
blocks in the porous architectures, thereby much increasing the compressive modulus
as shown in Fig. 6b. The apparent modulus of the carbon foams obtained at 7.5
mg/mL GO and various lignin concentrations from 18.5 to 75.0 mg/mL can reach 120
to 1470 kPa, compared with that of around 12 kPa for relevant RGO foams. However,
higher LC content also enhance brittleness of the carbon foams because of the

increased amount of amorphous carbon, which results in a lower yield strain.
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Fig. 6 Compression stress-strain curves of the honeycomb-like carbon foams obtained
at various lignin and GO concentrations: (a) longitudinal and transverse compression
curves at 18.5 mg/mL lignin and 3.75 mg/mL GO concentrations; longitudinal
compression curves at (b) GO concentration of 7.5 mg/mL and various lignin
concentrations and (c) lignin concentration of 18.5 mg/mL and various GO
concentrations (the inset shows the collapsing of a LC foam under compression).
(d)The apparent specific modulus (S-Modulus) of the carbon foams obtained at lignin
concentration of 18.5 mg/mL and various GO concentrations.

To illustrate the effect of doped graphene on mechanical properties, longitudinal
compression stress-strain curves of the honeycomb-like carbon foams obtained at 18.5
mg/mL lignin and various GO concentrations are shown in Fig. 6¢. In contrast to the
LC foams that collapse easily at low apparent compressive strain of around 10 %, the
composite foams exhibit increased apparent yield strains. The carbon foams with a
density of 13 mg/cm® obtained at 18.5 mg/mL lignin and 7.5 mg/mL GO

concentrations are not damaged even at a high apparent strain of 80 %. The carbon
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foams with density of 17 mg/cm?® obtained at 18.5 mg/mL lignin and 11.25 mg/mL
GO concentrations exhibit the highest apparent compressive modulus of 490 kPa,
which is 245 % of that of the corresponding LC foams (~200 kPa) with a density of
29.2 mg/cm®. The compressive performance of the foams is dependent on the
graphene fraction and density of samples. To better gauge the influence of the RGO
doping on the mechanical performance, apparent specific moduli of the foams, which
refer to their apparent compressive moduli divided by the respective densities,
respectively, are compared in Fig. 6d. Higher graphene contents lead to significantly

enhanced apparent specific modulus.

3.2.4. EMI shielding performance and mechanism

Transverse EMI SE of the honeycomb-like carbon-based foams obtained at
18.5 mg/mL lignin and various GO concentrations is shown in Fig. 7a. It shows that
the SE increases with graphene content. In comparison with an EMI SE of 15.6 dB for
LC foams, SE values of the LC/RGO foams obtained at 3.75 and 11.25 mg/mL GO
are as high as 36.4 and 60.4 dB, respectively. Since higher graphene content leads to
significantly higher conductivity for the honeycomb-like foams, their SEg and SEa
can be enhanced. In addition, conductivity mismatch between graphene and LC in the
cell walls results in interfacial polarization loss at the interfaces [43, 56], benefiting
the wave-absorption capability of foams. These characteristics will lead to higher SEg,
SEa and SE+ of the carbon-based foams at a higher graphene content (Fig. 7b).
Considering anisotropic microstructure of the honeycomb-like carbon-based

foams, EMI shielding performances in transverse (T-SEt, T-SEgr, T-SEa) and
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longitudinal (L-SE+, L-SEg, L-SEA) directions are also compared in Fig. 7b. The cell
wall-void interfaces can promote multiple reflection of incident waves [13, 43],
further increasing penetration loss of the waves for LC/RGO foams. Therefore, more
multiple reflections occur when incident electromagnetic waves propagate along
transverse direction, leading to enhanced T-SEa. By contrast, SEg values in different
directions are similar due to their similar conductivities. Thus T-SE+ is higher than
L-SE+ for the honeycomb-like carbon-based foams. Fig. 8a further shows that T-SEt
can be well controlled by adjusting their density/porosity, which is achieved easily by
adjusting the water fraction of lignin/GO mixed suspensions. For the carbon foams
derived from a fixed lignin/GO mass ratio of 10, the density of the free-standing
foams can be as low as 14 mg/cm® while the EMI SE is higher than 20 dB. High SE
with significantly decreased density leads to high SSE, which increases as density of
the composite foams reduces, as shown in Fig. 8b. This demonstrates the important

role played by the density/porosity in tuning EMI shielding performance.
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Fig. 7. EMI shielding performance of the honeycomb-like carbon-based foams: (a)
transverse EMI SE in the X-band of the carbon-based foams obtained at 18.5 mg/mL
lignin and various concentrations of GO, (b) and the SEt, SEa, and SEgr at the
frequency of 10 GHz of these carbon-based foams in transverse and longitudinal
directions.
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Fig. 8. Transverse EMI shielding performance of the LC/RGO foams at various
densities when the initial mass ratio of the lignin to GO is 10: (a) EMI SE in the
X-band and (b) SSE as a function of density.

Lignin concentration also significantly affects the EMI SE of the RGO-doped LC
foams, as shown in Fig. 9a. EMI SE can reach 70.5 dB for the LC/RGO foams
derived from 75.0 mg/mL lignin and 7.5 mg/mL GO, and at higher lignin
concentrations, the SE values are higher than the upper detection limit of the
instrument (80 dB). The widely varied EMI SE values of the carbon foams result in a
very wide range of SSE values, as displayed in Fig. 9b. For example, SSE of the LC
foams obtained at 18.5 mg/mL lignin and the LC/RGO foams obtained at 18.5 mg/mL
lignin and 7.5 mg/mL GO are 532.9 and 3746.2 dB-cm®/g, respectively, at the
thickness of 2 mm. The highest SSE achieved for the LC/RGO foams is 5750
dB-cm®/g, which far exceeds SSE values of other types of carbon foams ever reported,
as shown in Fig. 9c and Table 1, and is also one of the top values among various types
of shielding materials (Table S1).

Considering the thickness factor, SSE/d (SSE divided by the thickness) is

calculated as a function of density and compared with that of other typical shielding
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materials (Fig. 9d). Notably, the wide-range density controllability and easy
adjustability of the composition of building blocks render the RGO-doped LC foams
high SSE/d values ranging from 3634 to 28750 dB-cm?/g with the corresponding EMI
SE of > 30 dB. The highest SSE/d value for the RGO/LC foam is much higher than
that of CNT sponge (4620 dB-cm?/g) [36], graphene-based composite foams (5000
dB-cm?/g) [14], copper and stainless steel sheet (32-28 dB-cm?/g) [11], CuNi alloy
foams (1160-1580 dB-cm?/g) [57], and various fillers embedded polymer composites
[58]. The super high SSE/d value of our honeycomb-like carbon-based foams (Table
1, Table S1) can be ascribed to the high-efficiency utilization of cell wall-void
interfaces, substantial interfaces between LC and doped graphene, and significantly
enhanced conductivity of LC/RGO foams. Combined with the excellent mechanical
performance and structural controllability, as well as the low-cost and renewable
nature of lignin, the RGO/LC foams show great potential for lightweight, robust, and

high-performance EMI shielding applications.
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Fig. 9. Transverse EMI shielding performance of the honeycomb-like carbon-based
foams: (a) transverse EMI SE in the X-band (the mass ratio of the lignin and GO is 10
for the carbon-based foams in the dotted box) and (b) relevant SSE at the frequency of
10 GHz of the carbon foams derived from various concentrations of lignin and GO;
(c) SSE of our LC-based carbon foams and other reported typical carbon foams (CF);
(d) SSE/d values as a function of density for the typical shielding materials and our
LC-based foams.
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Table 1. EMI shielding performance of our LC-based carbon foams in comparison
with that of typical carbon-based porous architectures

Materials SE Thicknes SSE Surface SSE Ref.
(dB) s (dB-cm*/g) (dB-cm?g)
(mm)
Commercial carbon 40 2 241 1205 [29]
foam
Phthalonitrile-based 51.2 2 341 1707 [34]
carbon foam
Sugarcane-derived 51 10 455 455 [39]
Carbon foam
Carbon 37 3.0 529 1762 [24]
texture/graphene
aerogel
Carbon/graphene 51 0.073 84 11452 [31]
foams
24 0.024 39 16393
Carbon/ferrocene foam 81 2.75 130 473 [37]
MWCNT-decorated 85 2.75 164 594 [30]
carbon foam
Wood-derived carbon ~53 5 ~408 815 [33]
foam (WDC)
WDC coated with ~60 5 465 930 [33]
graphene and AgNW
Graphene foam 25.2 0.3 420.0 14000 [27]
Sponged-supported 24 12 1437 1198 [59]
RGO aerogel
CNF mat 81.1 4.6 370 804 [35]
52.2 2.9 390 1361
CNT sponge 22 2.38 1100 4622 [36]
Honeycomb-like
lignin-based 34.5 2 5750 28750
carbon/graphene .
foams This
48.7 2 3746 18731 work
70.5 2 1128 5642
60.4 2 3555 17774

4. Conclusions

Lightweight and robust honeycomb-like RGO-doped LC foams could be readily
prepared via the ice-templating, freeze-drying and carbonization. The dimensions,
composition, and density of the foams could be easily adjusted. By manipulating the
density, high electrical conductivity and good mechanical properties could be
achieved at relatively high LC/RGO mass ratio. The RGO layers dispersed in the

LC-based cell walls give rise to significantly enhanced electrical conductivity of the
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carbon foams, benefiting the EMI shielding performance. Interfaces between the LC
and RGO also induce enhanced interfacial polarization loss to incident
electromagnetic waves. The aligned pores and cell walls in the honeycomb-like foams
promote multiple reflections of the incident electromagnetic waves in the porous
architectures, further facilitating wave-absorption ability. As a result, excellent EMI
shielding performance is achieved for the LC-based foams. X-band EMI SE of the 2
mm thick LC-based foams can reach 28.5 to 70.5 dB at low densities, and the highest
SSE/d can reach up to 28750 dB-cm?/g, far higher than those of other types of carbon
foams and most shielding materials ever reported. The excellent EMI shielding
performance of the LC-based foams, combined with their good mechanical strength,
ease of fabrication and facile structural tunability demonstrate that low-cost,
sustainable biomass-derived lightweight carbon foams have high potential for a broad

range of EMI shielding applications.
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