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Abstract: 100% green carbon foam from the fibrous fruits of Platanus Orientalis-L (Plane) along with the tar oil as binder has been
prepared using a powder molding technique. The objective was to develop a porous monolithic carbon from biomaterials with a
considerable strength necessary for various physical, thermal and electromagnetic shielding applications. Fast carbonization was
carried out at 1000 °C under the cover of Plane tree pyrolyzed seeds without using any external protective gas. For comparative
analysis, some samples were mixed with 5% (mass fraction) iron chloride during the molding process. Iron chloride being a
graphitization catalyst and activating agent helped in increasing the specific surface area from 88 to 294 m?/g with a 25% decrease in
flexural strength. Thermal stability was improved due to the incorporation of more graphitic phases in the sample resulting in a little
higher thermal conductivity from 0.22 to 0.67 W/(m-K). The catalytic carbon foam exhibited shielding effectiveness of more than
20 dB over the X-band frequency. Absorption was dominant with only 8.26%—10.33% reflectance, indicating an absorption dominant
shielding mechanism. The new material is quite suitable for high temperature thermal insulation being lightweight, highly porous

with interconnected porous morphology most of which is preserved from the original biomaterial.
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1 Introduction

Carbon foams are inert materials with numerous
applications in water and air purification technology,
energy storage, radar absorbing materials, catalyst
support, electrode materials, acoustic panel, tooling, and
fuel cell humidification etc [1-3]. Most commonly,
pitches, coals, and phenolic resin are used as carbona-
ceous precursors with self or induced foaming [4—6].
Due to importance of bio-based and environment-
friendly precursors, tannin, cellulose, lignin and sucrose
etc have also been utilized successfully for making such
porous carbons [7,8]. Bio-based precursors can be
agricultural residues, forestry products or city wastes and
the resulting carbon is amorphous in nature. Recently,
our research group has developed a novel powder
molding method for making carbon foam [9,10].
Carbonaceous precursors containing pore former,
binders, filler/additives (if any) in a required mixing ratio

can be dry molded, cured and carbonized to make
monolithic porous carbon with a desired morphology. In
the current investigation, all bio-based carbon foam has
been prepared by using powder molding method with
carbonaceous precursors derived from non-food/non-
feed plant origin. Woody fibrous powder and tar oil were
used as pore former and binder, respectively. The Plane
trees, the most common being Platanus Orientalis L
(scientific name) or Wutong/Fatong (local Chinese name)
is widely grown in the university campus and is one of
the woody perennial trees of temperate regions [11]. The
composition and vascular structure are responsible for
the porosity development after thermal treatment in
controlled environment [12]. Tar oil extracted from the
woods becomes refractory after carbonization [13]. In
addition, another goal of the current investigation was to
produce bio-based carbon foam with a higher surface
area using a graphitization catalyst during the
carbonization processing. As reported earlier, chemical,
physical, and a combination of physical/chemical
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processes are well-established methods for activation of
carbonaceous materials [14—16]. Chemical activation
process is simple and efficient as it takes place at a lower
temperature with a shorter reaction time [17,18]. The
most commonly used chemicals are zinc chloride (ZnCl,),
potassium hydroxide (KOH), phosphoric acid (H;POy),
sodium hydroxide (NaOH), iron chloride (FeCl;) and
phosphoric acid (H;PO4) etc [19,20]. For the current
investigation, FeCl; was selected due to two reasons:
first as a carbonization/graphitization d-metal catalyst
and second as an activation agent [21]. One of the
decisive factors, which determine the characteristic
behavior of carbon foam, is the graphitization
temperature. FeCl; played a major role in this regard by
first dehydrating, then crosslinking and eventually
promoting graphitization domains at carbonization
temperature. Although many works have been published
in recent years on the preparation of activated carbon
from various cheaper and alternative agricultural wastes
and by-products with chemical activation, there is no
study about the preparation of “molded carbon foam”
from 100% biomaterials and using FeCl; as activation/
graphitization catalyst in one-step. Some works reported
that tannin when being used for making bio-based carbon
foam, presents tailor made and versatile properties but is
low in density and not very high in strength [22]. Olive
stones also resulted into carbon foam after pyrolysis
under steam by the mechanism of softening and swelling
but not in a bulk monolithic shape [23]. Therefore, the
purpose of this work is to develop quasi-carbon foam
with considerably high strength, bulk in shape, thermally
insulating, shielding for electromagnetic interference
(EMI) and extended surface properties. Carbon foams
exhibit excellent EMI shielding as well as microwave
absorption capacity, which could be closely ascribed to
their tailored macrostructure, high electrical conductivity,
good electromagnetism attenuation capability and highly
porous interconnected framework [5,24,25]. Due to the
synergetic effect of conductivity and multiple reflections,
it is believed that this bio-based foam has promising
shielding applications in harsh aircraft and other
electronic enclosures.

2 Experimental

2.1 Preparation of precursors for carbon foam
Plane dried fruits were collected from the main
university campus (Northwestern Polytechical University,

Table 1 Physical properties of tar oil and char

Xi’an, China) and a part of it was used to make tar oil.
Starch and FeCl;.6H,0 were purchased from Sino-pharm
Chemical Reagent Beijing Co., Ltd. The dried fruits were
washed with a liquid soap and dried at 110 °C for 24 h.
After crushing, grinding and sieving using a 50-mesh
screen, the proximate analysis of Plane fruit powder
(PFP) showed 12.94% of moisture, 58.48% of volatile
matter, 13.84% of ash, 14.74% of fixed carbon. The high
contents of organic compounds (74.99%) indicate that it
has a potential as a good carbon precursor. Tar oil was
made by devolatilization of hard Plane fruit seeds in an
enclosed reactor (Fig. 1) in a temperature range of
400-500 °C. The heat was supplied from the outer
source and the pyrolysis reaction was started from the
bottom side being close to the heat source. Most of the
heat was consumed by the endothermic pyrolysis
reaction at the wall sides. By this time, the solids at the
top of the reactor and away from heat source were heated
very slowly and most of carbon was converted into the
char. The pyrolytic vapors from the bottom initiated
secondary cracking reaction at the top producing more
yield of char in this reactor.

Fig. 1 Tar extraction set-up: (a) Tar oil collection; (b) Carbonized
seeds; (c) Heating furnace with heating from one (bottom)
side

The non-condensing gases (CO,, CO, CHy, H,, H,0,
and C,H,) were escaped and a liquid tar was collected in
a beaker. Due to the presence of aldehydes and low
molecular-mass acids, the tar oil had a strong smoky
odor — a characteristic of liquids obtained by the
pyrolysis process. Visual characteristics of the
as-prepared char and tar oil are shown in Fig. I; the
physical properties are presented in Table 1. The yield of
tar oil and char was calculated based on mass ratios (total
yield in mass/total precursor mass x 100%). In this lab
scale process, carbonized seeds and tar oil were produced

Sample Density/(g-cm °) Yield/% Water content (mass fraction)/% Viscosity/(mPa-s) pH
Tar oil 1.07* 35-39 11-15° 3.12 33-35
Char 0.035° 25-29 - - -

a: Density measurement bottle; b: Density of one seed; c: Karl Fischer titrimetric method
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simultaneously in one step, yielding about 27% and 37%,
respectively.

2.2 Preparation of green foam

The PFP and starch were mixed at a ratio of 9:1 by
mass. FeCl; being hygroscopic was mixed with tar oil at
a ratio of 9.5:0.5. Finally, both the reagents were mixed
together at 1:1 ratio by mass so that FeCl; was 5% (mass
fraction) of the PFP and hence the resulting green carbon
foam was hereafter abbreviated as GCFe5. In another
kind of recipe, no FeCl; was mixed in the tar oil and
hence the obtained green carbon foam was called
GCFe0. The mixed dough was stabilized at room
temperature for 24 h. After ensuring a good homogeneity,
calculated amount of dough was filled in a rectangular
mold and pressed tightly. The amount of mixture in the
mold determines the final density of the carbon foam; the
greater the quantity is, the higher the final density will
be. The molded mixture was cured after a thermal cycle
of 120 °C for 2 h followed by 140 °C for 2 h, 160 °C for
2 h and finally 180 °C for another 2 h. The cured foam
shrank consistently while preserving the initial shape and
remained monolithic. Figure 2 shows various stages of
material preparation and molding for making carbon
foam.

Fig. 2 Material preparation for carbon foam: (a, b) Plane tree
fruits and powder; (c) PFP and tar oil; (d) Mixed dough for
room temperature stabilization; (¢) Mold filling with stabilized
semi-solid dough; (f) Molding closing

2.3 Carbonization of green foam

High temperature treatment of green foam was
carried out in a steel container filled with the carbonized
seeds produced during tar oil formation (Fig. 1(a)). A
small nozzle was fitted at the top, which was connected
with an exhaust pipe for the removal of gases generated
during pyrolysis. The container was placed in an oven
and heated up to 1000 °C (oven temperature was set to
be 1150 °C) at the rate of 200 °C/h and after reaching the
target temperature, the samples were kept in the
operating furnace for 8 h. After 8 h, the furnace was
switched off, and the carbonization container was
allowed to cool down to room temperature thereafter.
After pyrolysis treatment, the carbon foams were
weighed and measured dimensionally to record the mass
losses and volume shrinkages during the processing,
respectively. The obtained carbon foam was repeatedly
washed with 0.2 mol/L solution of HCI, to remove the
metallic components. Figure 3 shows the schematic of
carbonization container and removal of excess iron after
pyrolysis treatment.

() 0:| (b)
(

Fig. 3 Carbonization of carbon foam: (a) Schematic
representation of carbonization container; (b) Washing in

0.2 mol/L HCI; (c) Neutralized samples

2.4 Characterization of carbon foams

The apparent bulk density (p,) was calculated from
the physical dimensions and mass of rectangular
specimens. A helium gas displacement pycnometer
(Pentapyc 5200e Quantachrome Instruments, Florida,
USA) was used for the calculation of true density and
apparent porosity. The true density (or skeletal density,
py) is the mass of carbon skeleton divided by its volume
excluding open and closed pores and voids. Before
measurements, the specimens were crushed in an agate
mortar and pestle, degassed in a vacuum oven at 120 °C
overnight, and stored in sealed envelopes. Equation (1)
was used to calculate the bulk porosity (p) as follows:

pz(_”;pa]xm% (D
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The thermal behavior was measured with a thermo
gravimetric analyzer (Shimadzu, TG/DTA—-50). About
10 mg of sample was heated from 25 to 1000 °C at a rate
of 10 °C/min under oxygen atmosphere, and constantly
weighed. Phase analysis was carried out in an X-ray
diffractometer (XRD) (Philips analytical PW 1710) using
Cu K, radiation of 1.5418 A at 40kV and 30 mA.
Three-point bending tests were conducted on an
electronic universal testing machine (SANS CMT 4304,
Shenzhen, China) using some guidelines from ASTM
C—1341. The test parameters used were as follows:
sample dimensions of 90.0 mm x 12.0 mm X 6.0 mm,
crosshead speed of 0.5 mm/min and loading span of
60 mm. Flexural strength was calculated using

3PL
o= >
2bh

)

where P is the force (N) at fracture point, L is the length
(mm) of the supported span, b is the width (mm) and /4 is
the thickness (mm).

The thermal diffusivity of carbon foam samples was
determined at 25 °C using a Netzsch LFA 457 laser flash
apparatus. The thermal diffusivity was measured on
samples with dimensions of d12.5 mm X 3.0 mm (ASTM
E 1461). The thermal conductivity of at least three
specimens was determined. The sample density p, and
specific heat capacity C (measured using the differential
scanning calorimeter, Netzsch STA 449C) were used to
calculate the thermal conductivity:

A=paC (3)

where 4 is thermal conductivity (W/(m'K)), p is the
density (kg/m’), a is thermal diffusivity (m*/s) and C is
specific heat capacity (J/(kg'K)).

The general morphology was examined using a
JEOL JSM-6490LV scanning electron microscope
(SEM) with an operating voltage of 20 kV. Nitrogen
adsorption and desorption isotherms were performed at
—196 °C on a Micromeritics ASAP 2010 volumetric
adsorption system for the evaluation of textural
properties using a wide range of pressure. The isotherms
were measured over a relative pressure (equilibrium
pressure/saturation pressure of the adsorbate at —196 °C,
P/Py) range of approximately 10 to 1.0. Total surface
area and pore volumes were determined using the
Brunauer—-Emmett-Teller (BET) equation and the
single point method, respectively. The adsorption branch
of nitrogen isotherm was used to calculate pore size

distribution (PSD) wusing the density functional
theory [26]. Bulk electrical conductivity of specimens
with dimension of 22.86 mm X 10.16 mm x 4.00 mm
was measured by four probe method using a current
source (Keithley 6221 DC, Ohio, USA) and a
nano-voltmeter (Model 2182A). The EMI shielding
properties were measured using a waveguide method
with a two-port vector network analyzer (VNA;
MS4644A, Anritsu, Kana-gawa, Japan). The specimens
used for measuring electrical conductivity were fixed in
the cavity and scanned in X band (8.2—12.4 GHz). The
total shielding effectiveness (Et), absorption shielding
effectiveness (£,) and reflection shielding effectiveness
(ER) were calculated by Nicolson-Ross and Weir—-NRW
algorithm using scattering parameters.

3 Results and discussion

3.1 Physical and thermal properties of carbon foam

Table 2 gives the density, porosity and surface
properties of GCFe0 and GCFe5 green carbon foams.
Bulk density depends on the quantity of stabilized dough
filled in the mold. For current investigation, it came out
to be 0.54 and 0.58 g/cm’ for GCFe0 and GCFe5,
respectively. During high temperature treatment, carbon
foam mostly rearranged into structures of more aromatic
character through thermal annealing process. The mass
losses after carbonization were somewhat lower than
those reported in Ref. [27].

The GCFe0 and GCFe5 exhibited thermal
conductivities of (0.22+0.02) and (0.67+0.02) W/(m-K),
respectively. The lower thermal conductivity of GCFe0
was due to random and non-graphitizing structure, which
conducts heat much less effectively than the aligned
graphitic planes. This result is remarkable for a material
with such a low density (0.58 g/cm”) suitable for thermal
insulation especially for high temperature applications in
inert atmosphere. For GCFe5, its thermal conductivity
increased to 0.67 W/(m-K) that is about two times higher
than that of GCFe0 but still not very high to be used for
applications requiring high thermal conductivity. Pores in
the carbon foam contributed substantial effect on the
overall thermal conductivity and hence a higher porosity
posed a negative effect on the rise as was expected due to
higher graphitic domains in GCFe5 green carbon foam.
TGA is a very useful technique for analyzing the
purity and the thermal oxidation properties of carbon
materials [28]. Graphitized carbons with a higher degree

Table 2 Physical, structural and textural properties of GCFe0 and GCFe5

Sample Density/  Mass Volume Porosity/ Thermal conductivity/  Sggr/  Micro pore volume/ Total pore volume/
P (g'em™>)  loss/% shrinkage/% % (W-m K™ (m*g™) (em* g™ (em* g™

GCFe0 0.58 62—-64 57-59 68.02 0.22+0.02 88 0.05 0.52

GCFe5 0.54 64—65 54-56 74.79 0.67+0.02 294 0.16 0.63
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of graphitization are more stable against oxidation than
amorphous carbons. The difference between amorphous
and graphitic carbons can be found to some extent when
the samples are slowly oxidized in TGA mode. The
resulting curves of thermal analyses of GCFe0O and
GCFe5 are shown in Fig. 4.

100

80

601

40t

Residual mass fraction/%

20

200 400 600 800 1000
Oxidation temperature/°C

Fig. 4 TGA curves of GCFe0 and GCFe5 carbon foams heated
in oxygen atmosphere

The GCFe5 shows four distinctive steps of mass
losses indicating that the sample is composed of multiple
forms of carbon (amorphous and crystalline): Step (a)
around 110 °C due to evaluation of moisture/vapors, Step
(b) around 390 °C due to reaction of more amorphous
and more reactive carbon, Step (¢) around 530 °C due to
reaction of bulk graphitic carbon and Step (d) around
580 °C due to layer by layer oxidation. Step (a) is also
indicative of development of more surface area in
GCFe5 as compared to that of GCFe0. The GCFe0 also
exhibited the similar behavior but merely in two steps: at
(x) around 350 °C similar to that of Step (b) and at (y)
similar to that of Step (c). The graphitic stages in
GCFe5 are better graphitized than those in GCFeO0. It can
be concluded that the prepared GCFe5 carbonaceous
material consists of an amorphous and graphitic carbon
and combusts in a multi-stage process over a broader
temperature range with a higher thermal stability [29].

3.2 Phase and microstructure analysis of carbon foam

To further explore the phases and crystallinity, XRD
analysis was carried out, as shown in Fig. 5. The (002)
band is generally accepted as the average stack height of
the aromatic planes of carbon crystallite, while the (004)
reflections at 61°—62° are characteristics of 2D and 3D
graphitic structures [27]. Two broad peaks, (002) and
(100), appearing around approximately at 25° and 43°,
respectively, represent the formation of hexagonal
graphitic structures. XRD pattern of the GCFe5 carbon
foam revealed diffraction peaks at 44.7° and 83° due to
the presence of a-Fe metallic particles although the

sample was acid washed after carbonization. Asymmetry
of the diffraction peaks shows that there is always a
mixture of graphite and amorphous carbon [30]. In the
GCFe0 carbon foam, the diffractions of graphitic carbon
were superimposed by broad amorphous carbon
reflections and hence became very unclear. In the GCFe5
carbon foam, (002) peak became sharper, narrower and
shifted slightly towards that expected of graphite,
indicating an increase in the degree of graphitization.
This was due to the presence of FeCl; as catalyst during
pyrolysis treatment and peaks at 26°, 43°, 54° and even
at 78° are assigned to the (002), (100/101), (004) and
(110) diffractions of the graphitic structure, respectively.

]

Fe (110)

10 20 30 40 50 60 70 80 90
20/(%)
Fig. 5 XRD spectra of GCFe0 and GCFe5 carbon foams

During pyrolysis treatment, some of the Fe
nanoparticles sintered together forming larger and
immobilized particles. Consequently, the carbon located
far from the metallic nanoparticles retained its
amorphous  structure.  Therefore, interpenetrating
amorphous and graphitic carbon domains were obtained.
Figure 6 shows a hierarchical quasi-foam structure of the
GCFe0 and GCFe5 carbon foams. The images of the
GCFe5 showed some cavities caused by chemical
activation with FeCl; during carbonization. FeCls
catalyzed the polymerization reactions commonly
designated as Scholl condensation reactions between
tar-forming compounds and aromatic hydrocarbons in
the structure of precursor. These also result in the
formation of larger polycyclic aromatics in the structure
of carbon foam and increase the carbon yield. The Scholl
condensation reactions by the reaction with Lewis acids,
is known to be very efficient for the cyclode-
hydrogenation of aromatic compounds. The resulting
polycyclic compounds moved away from the
structure during the heat treatment leaving behind a
porous body. Both the carbon foams possess a compact,
biomorphic and anisotropic porous structure built
up of interconnected flakes with disordered voids.
Overall, the morphology showed a rougher texture with
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heterogeneous surfaces and a greater variety of randomly
distributed pore sizes ranging up to 50 um. Channels of
different shapes were inherited from the structures of
Plane fruit seeds. The residual structure of cells and
directional patterns of fibrils in the PFP were also
preserved. Activation resulted in the creation of more
pores, with some micropores created by gasification, as
shown in Fig. 6(f). As listed in Table 2, the porous
properties of GCFe5 in this work are superior to those of
GCFe0. It can be ascertained that a carbon foam with a

BET specific surface area > 294 m*/g could be produced
with other more commonly used activating agents like
ZnCl, and KOH. In other words, the solid grinding with
mold curing and carbonization can be a useful approach
to produce monolithic carbon foams with a high surface
area.

3.3 Mechanical properties and surface area analysis
Figure 7 exhibits the isotherm of the GCFe0 and
GCFeS5 carbon foams resembling a type IV and type II
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Fig. 7 N, adsorption isotherm (a) and pore size distribution (b)
of GCFe0 and GCFe5 carbon foams

IUPAC (International Union of Pure and Applied
Chemistry) isotherms with H3 or H4 hysteresis loop,
respectively [31]. The loops are located between the
relative pressure of 0.45 and 1.0. The hysteresis loop is
the characteristic feature of the type IV isotherm, which
is due to capillary condensation inside the mesopores and
limiting uptake over a high range of relative pressure.
This is indicative of the presence of constrictions in the
porous network and also evident in SEM images. The
GCFe5 showed a BET surface area of 294 m%/g and a
pore volume of 0.60 cm’/g, which is associated to
framework-confined mesopores. The type II isotherm is
usually obtained with a macro porous materials
representing unrestricted adsorption [32]. Type H3 loop
with unlimited adsorption at a high relative pressure is
generally observed for materials with plate-like particles
and slit-shaped pores whereas the H4 loop is often
associated with narrow slit-like pores. In this case, the N,
isotherms above relative pressure of 0.95 did not reach
saturation, confirming that the carbon foams are
macro porous materials with some mesoporosity. For
GCFeS5, four well-distinguished regions with relative
pressure are evident: (1) micropore volume filling at 0.05,

(2) monolayer-multilayer adsorption at 0.25, (3) capillary
condensation at 0.45 and (4) multilayer adsorption on the
outer surfaces of particles at 0.99. The GCFe5 possesses
well-developed micro porosity as compared to that of
GCFe0 carbon foam showing a reduced micro porosity.
A steep rise of N, adsorption at relative pressure lower
than 0.01 is always associated with the existence of
micro pores which are almost absent in case of GCFe0
carbon foam. In situ activation due to the formation of
CO during carbonization under the cover of carbonized
seeds is responsible for the micro pore generation in the
GCFe5 carbon foam. Furthermore, from the pore size
distribution curves shown in Fig. 7(b), it can be seen that
the pores with the diameter >10 nm contribute to most of
the total pore volume being centered at 30—60 nm. The
GCFe0 showed a very shallow distribution curve with
majority of pores in diameter >100 nm. The GCFe5
shows a reasonably high specific surface area but still
superior and can be further improved by additional
activation step. This novel hierarchical structure is
believed to provide a potential platform for designing
new materials.

For mechanical characterization of prepared carbon
foam, flexural testing was carried out due to two reasons:
one due to mold size being long and thin and second
unidirectional compaction in the mold making carbon
foam two dimensional in nature. The load—displacement
curves (not shown here) indicate a brittle behavior for all
the samples including those carbonized with FeCl;. The
curves were almost linear up to the maximum load with
an ultimate strength in the range of 9-12 MPa. The
mechanical performance of GCFe5 was greatly affected
by higher surface area and porosity, showing a lower
modulus and brittle fracture. Higher strength and more
zigzag fracture in CFFe0 before ultimate failure was due
to short fur like fibrils that acted as a barrier against
fracture to some extent by fiber pulling-out, debonding
and crack deflection. It can be noticed that no
appreciable difference is observed for these samples,
despite the different levels of porosity and mechanical
properties of the carbonized fibrils. SEM analysis of the
fracture surfaces revealed fiber debonding and
delamination although these fibers are not as strong as
other reinforcing fibers like carbon, glass and SiC. The
values of flexural strength are not easily found in the
literature, and hence, the specific strength being
17-20 MPa-cm’/g was reasonable for high temperature
structural elements.

3.4 EMI shielding effectiveness

During high-temperature heat-treatment of carbo-
naceous material with FeCl;, some oxides of Fe are
formed which then undergo carbo-thermal reduction to
elemental Fe. Along with these reactions, graphitic
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structure is also developed and the yield depends on the
concentration of Fe particles, pore structure and
carbonization temperature [33]. In the current work, 5%
(mass fraction) catalyst was used which was actually
even lower if compared to total amount of carbon
precursors (PFP, tar and starch). The purpose of this
preliminary work is to develop representative green
carbon foam, which can be further analyzed using
various concentrations of FeCl;. During carbonization,
following in situ reactions also known as dissolution—
precipitation reactions occur [34]:

Fe+Amorphous C—Fe;C 4)
Fe;C—>Fe+Graphitic C %)

Being an excellent graphitization catalyst, Fe
particles were produced during pyrolytic pore
development in carbon foam [35,36]. Since the FeCly
was mixed well in the dough and the resulting Fe
particles too into the porous carbon, the difference in the
adhesive forces between CymorphousFe and Cgrapie—Fe
was the driving force for the graphite formation. The
electrical conductivity of green carbon foam was
calculated based on the following equation:

=i ©

where / is the length, o is the electrical conductivity, and
A is the cross-sectional area.

In a single-phase porous body, -electrical
conductivity increases linearly with the increase of
relative density due to the decrease in current path
flow [37]. The GCFe0 showed a lower conductivity of
3.31x10"" S/m, which was due to the ribbon like graphite
structure, formed by the carbonization of biomass. The
GCFe5 displayed a relatively higher conductivity of
1.18x10° S/m, which was increased roughly by four
orders of magnitude, compared to that of the GCFe0
carbon foam. Electrical conductivity depends on the
graphitization degree and a significant increase was due
to the formation of locally interconnected graphitic
nanostructures. For most of dielectric materials, the
relative permittivity (e;), a characteristic of dielectric
properties, is mainly affected by conductivity loss, as
represented by the imaginary part (¢”) [38,39]. As shown
in Fig. 8, the complex permittivity decreased
non-linearly with increasing frequency in the X band. It
was due to the reduction of electric field induced in the
porous body in response to the reversing external electric
field by the delay in molecular polarization. This
phenomenon is known as dielectric relaxation, and it
reflects the irreversible degradation of free energy [40].
Permittivity and permeability are intrinsic properties but
the absorptivity may depend on polarization of incoming
wave [41]. As compared to GCFe5, the complex

permittivity for GCFe0 was small (11.50-17.47) and
decreased slightly in the X-band. Dielectric loss tangent
(tan 6=¢"/e") was calculated to clarify the incident EM
wave attenuation. As shown in Fig. 8(c), the tan § was
higher, being in the range of 1.1-1.0 for GCFe5, which is
better for EM wave attenuation and could be concluded
from the Debye dipolar relaxation [41]. Presence of Fe
particles during carbonization created very small
graphitic domains resulting in an increase in the number
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Fig. 8 Relative complex permittivity and loss tangent of GCFe0
and GCFe5 green carbon foams: (a) Real part of permittivity;
(b) Imaginary part of permittivity; (c) Dielectric loss tangent
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of surface atoms with unsaturated bonds. This
phenomenon caused an increase of the dipoles.
These conductive micro-network structures with multi-
interfaces made the micro-current exhausted in the foam,
resulting in a strong conductive loss and increased EM
attenuation. As shown in Fig. 8, the maximum &’ and "
values came out to be 14.88 and 16.10, respectively. All
these parameters along with tan § were strongly affected
by the creation of graphitic domains in foam. EMI
shielding effectiveness for a shield is described as
follows [42,43]:

Er=Ex+Es+Ey @)
Er~—10xIg(1-R) (3)
EA~—10x1g(T/(1-R)) )
Er~EA+Eg=10x1g(P;y/Pou;) (10)

The reflection (R) and transmission (7) coefficients
can be calculated according to following equations [44]:

=812 =[S21*=Pou/ Pin (11)
A=1-R-T (12)
R=(S11*=IS*=Pret/ Pin (13)

As shown in Fig. 9, the Et value of GCFe5 was
always above 20 dB over the whole range, which was
due to the generated graphitic networks offering mobile
charge carriers to move and interact with the EM
field [45]. Moreover, due to higher values of Ej,,
absorption dominant EMI shielding mechanism seemed
to be dominant. In porous materials, the polarization loss
can be regarded as an integrated factor arising from pores
and interfaces [39]. In porous bodies, the EM waves
suffer multi-scattering and multi-reflection on the pore
walls as soon as they enter into the pores larger than the
wavelength of EM wave [46].

In this work, the intra-pores and inter-pores, as
shown in Fig.2, are less than 200 pum, whereas the
wavelength of the EM waves in X-band is 2.50—3.75 cm.
Under this circumstance, the losses of incident EM
waves in carbon foam were simply caused by the
dissipation of electric current in the pore walls. In the
case of GCFe5, the imaginary part was slightly higher
than that of the real part which is beneficial for high
absorption [47]. The specific shielding effectiveness (Esr,
EMI shielding effectiveness/density) of the GCFe5 came
out to be 40 dB-cm’/g which is four times that of solid
copper. In the case of GCFe5, the graphitic structure and
a higher electrical conductivity played an important role
in shielding effectiveness. The graphitic structure
decreased the effective permittivity and increased the
absorption losses, resulting in an overall increase of
shielding effectiveness.
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Fig. 9 Electromagnetic shielding effectiveness of GCFe0 and
GCFe5 carbon foam samples: (a) Et, E5 and Eg; (b) Egr in X
band

4 Conclusions

100% bio-based carbon foam was prepared using a
powder molding method. The obtained carbon foams
presented a high porosity, excellent thermal insulation
and appropriate microwave absorption. In situ activation,
catalytic graphitic domains at carbonization temperature
and all bio precursors have the characteristic features of
monolithic carbon foam. The resulting carbon foam
possesses well-developed macro, meso and micro
porosity where from an application perspective the
macro porosity is also very important for low
flow-through mass transfer resistance. This novel
hierarchical structure is believed to provide a platform
for designing new materials indicating its advantages as
a kind of structural and functional materials for EMI
shielding applications.
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