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Egg custard is a common dish on the dining table and exhibits a uniform porous structure after freeze-
drying. The protein within egg custard is a rich source of carbon and nitrogen, and the custard’s unique
microstructure and adjustable electrical properties make it a potential porous carbon precursor. Herein,
nitrogen in situ doped porous carbons (NPCs) and potassium-carbonate-modified NPCs (PNPCs) are
obtained through a simple gelation and carbonization process using egg white as the raw material.
The unique morphologies of the porous carbon are inherited from the protein and include fibrous clus-
ters, honeycomb holes, and a grooved skeleton. Their excellent impedance matching and effective inter-
nal loss make the obtained porous carbons good candidates for lightweight electromagnetic (EM) wave
absorbers without the need to dope with metal elements. As a representative porous carbon, PNPC10-
700 has multiple structures, including fibrous clusters, honeycomb holes, and a porous skeleton.
Moreover, it achieves a maximum reflection loss value of �66.15 dB (with a thickness of 3.77 mm) and
a broad effective absorption bandwidth of 5.82 GHz (from 12.18 to 18.00 GHz, with a thickness of 2.5
mm), which surpasses the reported values in most of the literature. Thus, gelation combined with the fur-
ther carbonization of egg white (protein) is a new method for designing the morphology and EM prop-
erties of porous carbon absorbers.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Porous carbon is lightweight and composition-designable with
a highly developed specific surface area and pore structure [1–4].
Due to the excellent electrical conductivity of carbon materials
and their unique microstructure, porous carbon has excellent
mechanical and electrical properties. Moreover, the microstructure
and electrical parameters of porous carbon can be regulated by
designing the precursor composition [5] and degree of carboniza-
tion [6]. Therefore, porous carbon is widely used in many fields
[7], including symmetric supercapacitors [4], thermal management
[3,8], electromagnetic (EM) absorption [3], and so forth.

Porous carbon materials are usually prepared through chemical
[8,9] or physical [9] self-assembly methods using nanocarbon (i.e.,
graphene oxide [8], carbon nanotubes [10], etc.), a combination of
electrospinning (ES) and chemical vapor deposition (CVD) [11], or
the direct carbonization of biomass [4,12,13] or organic aerogel
polymers [14,15] in a protective atmosphere. Microwave absorbers
have been developed for lighter weight and higher efficiency
[16,17]. Thus, porous-carbon-based absorbers [3,5,6,18,19] repre-
sent a new generation of EM absorbers, because the preparation
of porous carbon permits the dual design of microstructure and
components [20]. Unlike conventional EM-absorbing materials,
represented by ferromagnetic elements and their oxides [21],
porous-carbon-based EM absorbers are lightweight, corrosion-
resistant, simple to process, and low in cost [4–6,12,13]. Moreover,
porous-carbon-based EM absorbers have designable EM parame-
ters, which ensure a vigorous absorption intensity with a broad
effective absorption bandwidth [3,12,13,18,19,22].

Achieving high absorption strength requires good impedance
matching, which can be tuned by designing the material’s
microstructure [16,17] and composition [23,24]. Due to the com-
plexity of the polymerization process, it is challenging to realize
a complex microstructure in a simple way in the porous carbon
that is obtained via the carbonization of synthetic carbon-
containing polymers [14,15]. Moreover, the bottom-up synthesis
of porous carbon from nanocarbon (graphene, graphene oxide
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[8], or carbon nanotubes [10]) involves complex practical steps and
usually requires the assistance of templates and activators. In con-
trast, the carbonization of natural biomass (e.g., pork skin [4], tofu
[12], or silk [13]) allows the carbon to artificially retain the original
unique microstructure through a simple preparation process.
Unlike structures that are assembled by small molecules, as men-
tioned above, the hierarchical structure inherited from biomass has
excellent EM absorption but is difficult to obtain by conventional
chemical synthesis. Furthermore, protein-rich biomass has a signif-
icant nitrogen and oxygen content—elements whose doping in a
carbon lattice has been demonstrated to be advantageous for
improving the EM performance [4,25–29]. Aside from urea blend-
ing [30] and other impregnation methods, the nitrogen in protein
can be in situ doped in the carbon skeleton after carbonization,
which is more effective and achieves a more uniform result. In
other words, by processing protein-containing raw materials
through simple pretreatments and subsequent carbonization, the
content and distribution of the components and the microstructure
of the material can be designed simultaneously.

In contrast to the direct application of biomass for further car-
bonization, as shown in the literature, we further processed the
protein precursors by means of gelation to obtain a porous struc-
ture with a more abundant mesoscopic morphology. The meso-
scopic form of the prepared porous carbon can be designed
artificially rather than allowing it to simply inherit the natural con-
figuration of biomass. In addition, the macroscopic volume of the
obtained porous carbon can be artificially regulated from powder
to bulk.

To manufacture a more abundant microstructure, the blending
of pore-forming agents (i.e., a SiO2 core [31], potassium hydroxide
[4], sodium hydroxide [32], etc.) [4] is usually involved in the
preparation of porous carbon. Compared with physical pore form-
ers such as a SiO2 core [31], chemical agents (e.g., potassium
hydroxide [4], sodium hydroxide [32], etc.) eliminate the series
of issues caused by physical pore formers, such as particle filling
and removal [33]. However, the basicity of potassium hydroxide
and sodium hydroxide is too strong. Considering the effect of alka-
linity on protein hydrogels [34], potassium carbonate, which has
less basicity, was selected as the pore-forming agent in order to
achieve a mild pore-forming impact in the subsequent carboniza-
tion process. The main reactions involved in the dissolution of
potassium carbonate during high-temperature carbonization are
as follows:

K2CO3 ! CO2 " þK2O ð1Þ

K2Oþ C ! 2Kþ CO " ð2Þ

2H2Oþ 2K ! 2KOHþH2 " ð3Þ

2KHCO3 ! K2CO3 þH2Oþ CO2 " ð4Þ
In this work, we adopted a self-assembly method to form por-

ous carbon without metal doping. The porous carbon partly inher-
its the micromorphology of the protein. Their abundant
micromorphology and multiple microstructures grant the nitrogen
in situ doped porous carbon (NPC) and potassium-carbonate-
modified NPC (PNPC) obtained in this work an elegant EM absorp-
tion performance, which allows them to serve as lightweight EM
absorbers.

2. Materials and methods

2.1. Materials

The egg was bought from a local agricultural market, and we
then obtained the egg white by artificially removing the egg yolk.
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Potassium carbonate was purchased from Tianjin Fengchuan
Chemical Reagent Technology Co., Ltd. (China). The reagent was
employed without further purification.
2.2. Synthesis of NPCs

The collected egg white was diluted with distilled water to form
a protein solution. The amount of water used depended on the
mass ratio of egg white to distilled water (e.g., 3:1, 1:1, or 1:0 with
no distilled water added). The solution was then dispersed by
ultrasound for 3 min and further heated in a water bath at 80 �C
for 1 h. In this way, the protein hydrogel was obtained. After
freeze-drying and further carbonization at different temperatures
(i.e., 600, 700, or 800 �C) with a heating rate of 2 �C∙min�1 under
an argon (Ar) atmosphere, the NPC was obtained.

The as-prepared NPCs are denoted as NPCa-t, where a refers to
the mass ratio of egg white to distilled water and t refers to the car-
bonization temperature.
2.3. Synthesis of PNPCs

As the optimal carbonization temperature of the NPCs was
found to be 700 �C during the preparation, the carbonization tem-
perature of the PNPCs was set to 700 �C in this work. The rest of the
processes were the same as those used for the NPC3-700; however,
a specific quantity of K2CO3 solution (25 wt%) was added to the
protein solution during the initial mixing process, with respective
mass ratios of protein to K2CO3 of 5:1, 10:1, and 20:1. The as-
prepared PNPC samples were denoted as PNPCb (where b refers
to the above ratio), and included PNPC5-700, PNPC10-700, and
PNPC20-700.
2.4. Structural and property characterization

The as-prepared NPCs and PNPCs were characterized by
means of various techniques. Surface topography images of the
porous carbon were obtained via scanning electron microscopy
(SEM) using an FEI scanning electron microscope (Helios Nano-
Lab 600i, Thermo Fisher Scientific, USA). A Fourier-transform
infrared (FTIR) spectrometer (Nicolet iS50, Thermo Fisher Scien-
tific) was used to analyze the functional groups contained in
the samples, such as amine groups, hydroxyl groups, and car-
boxyl groups. The nitrogen content was characterized by X-ray
photoelectron spectroscopy (XPS; ESCALAB 250Xi, Thermo Fisher
Scientific). X-ray diffraction (XRD; Empyrean, Malvern Panalyti-
cal Ltd., Netherlands) was used to determine the degree of
defects in the crystal structure of the samples. The degree of
graphitization of the porous carbon was determined using a
needle-tip enhanced laser confocal Raman spectroscopy system
(inVia Reflex, Renishaw plc, UK). A thermal performance test
was performed using a thermogravimetry (TG)/differential scan-
ning calorimetry (DSC) synchronous thermal analyzer (STA 449F,
NETZSCH, Germany) to study the thermal stability of the precur-
sor during high-temperature carbonization.
2.5. Characterization of electromagnetic performance

The EM parameters were tested by means of a vector net-
work analyzer (PNA-N5244A, Keysight Tech, USA). Toroidal ring
samples were prepared by mixing paraffin with the as-
prepared powders (15 wt%); the mixture was then pressed into
a mold with an outer diameter (/out) of 7.0 mm and an internal
diameter (/in) of 3.0 mm.
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3. Results

3.1. Preparation of NPCs and PNPCs

Fig. 1 shows the preparation process of the NPCs and PNPCs and
the changes in the microstructure of the porous carbon during car-
bonization. By controlling the process parameters, a detailed struc-
ture with abundant micromorphologies (i.e., fibrous clusters,
honeycomb holes, and a grooved carbon skeleton) could be
obtained. First, the mixed egg white solution was set in a water
bath at 80 �C for gelation. Then, the egg custard was freeze-dried
to remove moisture while creating a directional pore structure,
which is caused by the squeeze of the ice crystals during the freez-
ing process [35] (Fig. 1(b)). The gelation of the protein and subse-
quent freeze-drying treatment endowed the precursor with a
three-dimensional (3D) macroscopic structure; this directional
hollow structure is beneficial for the absorption of EM waves
[36]. Afterward, the dried egg custard was set in a tube furnace.
The subsequent carbonization enhanced its conductivity for better
impedance matching while enriching its microscopic morphology
and maintaining the directional microstructure.

During carbonization, the oriented structure in the dry custard
(Fig. 1(b)) was partially inherited. More specifically, the small
molecules in the egg custard broke down into gases and escaped
at high temperatures, leaving tortuous grooves in the skeleton,
while the thin-walled parts of the skeleton collapsed into holes
(Fig. 1(c) and Fig. S1 in Appendix A). In contrast, the large-
molecular-weight protein chains could withstand higher tempera-
tures and were blown into fibers by the airflow created by the
decomposition mentioned above (Fig. S2 in Appendix A). Under
Fig. 1. (a) Schematic of the formation of NPCs and PNPCs (aq: aqueous). (b–e) SEM image
(c–e) the PNPC samples.
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suitable carbonization conditions, the custard was covered with a
thick layer of fibrous clusters (Fig. 1(d) and Figs. S3 and S4 in
Appendix A). The obtained porous carbons, which were named
NPCs, have multiple structures, including fibrous clusters and a
grooved skeleton (Fig. S5 in Appendix A).

When K2CO3 was added to the protein solution, the decomposi-
tion of the small molecules became more violent, and numerous
honeycomb-like voids were left in the porous carbon framework
(Fig. 1(e) and Fig. S6 in Appendix A). More protein chains were
blown out as the potassium carbonate content increased, and the
fibrous clusters became finer. However, when the amount of
K2CO3 was excessive, this layer no longer existed, as it was
destroyed by the large amount of gas released by the violent
decomposition. Therefore, by choosing an appropriate amount of
potassium carbonate, porous carbons with the multiple morpholo-
gies of fibrous clusters, honeycomb holes, and a grooved skeleton
could be obtained (Fig. S7 in Appendix A). We called these carbons
PNPCs.

3.2. Characterization of the microtopography

The distilled water content, temperature of the carbonization
process, and K2CO3 doping content are considered to be the three
primary parameters of the formation of the porous carbon. To fur-
ther study the influence of these factors on the porous carbon
microstructure, we investigated the morphologies of the NPCs
and PNPCs by means of SEM (Fig. 2). It can be concluded that a
lower content of distilled water implies a higher content of protein,
which results in thicker layers in the porous carbon (Fig. 2(a) and
Fig. S4). In addition, the carbonization temperature controls the
s of the typical micromorphology of (b) the dry custard, (c, d) the NPC samples, and



Fig. 2. SEM images of (a) NPCs (NPC0-700, NPC3-700, and NPC1-700) with different distilled water content; (b) NPCs (NPC3-600, NPC3-700, and NPC3-800) obtained through
different carbonization temperatures; and (c) PNPCs (PNPC20-700, PNPC10-700, and PNPC5-700) with different K2CO3 doping contents obtained at 700 �C.
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degree of carbonization, and the K2CO3 doping content directs the
severity of the carbonization; together, these factors determine the
unique morphologies of the porous carbon.

It can be observed in Fig. 2(b) that the NPC samples have the
appearance of fibrous clusters and a grooved carbon skeleton,
which are inherited from the protein. With an increase in the car-
bonization temperature, the fibrous-cluster content first increases
and then decreases, indicating that there is an optimal carboniza-
tion temperature (700 �C; SEM images of NPC0-700 are shown in
Fig. S4). At lower temperatures, the escape of small molecules
results in a dense layer of fibrous clusters. At higher temperatures,
the protein chains are severely carbonized, the structure can no
longer be maintained, and the fibrous-cluster morphology
disappears.

As for the K2CO3 doping content, there is also an optimum
K2CO3 doping range. With an increase in the doping amount, the
proportion of the honeycomb-hole morphology increases, and
the fibrous clusters become denser. However, an excessively high
doping amount causes the carbonization process to be too violent,
which prevents the fibrous clusters from stably existing, leaving a
morphology with only honeycomb holes and a grooved skeleton
(Fig. 2(c) and Fig. S6). It is foreseeable that regulation of the
microstructure of the material would affect the EM performance
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and could be used to achieve impedance matching, which is consis-
tent with the test results shown in Section 3.3.

3.3. Characterization of electromagnetic performance

As critical physical properties of materials, the permittivity and
permeability determine the EM properties and show the impact of
altered parameters on material properties. It can be seen in Figs. 3–
5 that the permeabilities of the samples obtained by different pro-
cesses are nearly unchanged, which means that the variation in the
performance of the samples mainly depends on the different
permittivities.

As shown in Fig. 3, the permittivities of NPC1-600, NPC1-700,
and NPC1-800 are positively related to the carbonization tempera-
ture. A higher carbonization temperature corresponds to a higher
degree of graphitization (i.e., better conductivity), and a higher
dielectric loss value can be obtained by raising the carbonization
temperature. With an increase in the distilled water content, the
porosity of the porous carbon increases and the framework
becomes thinner, which results in a decrease in the structural
strength of the porous carbon until the protein fails and becomes
a gel (Fig. 2(a)). The increase of porosity is beneficial to the car-
bonization of the precursors [35], leading to higher permittivity



Fig. 3. EM performance of NPCs (NPC1-600, NPC1-700, and NPC1-800) with different carbonized temperatures. (a) Real part and (b) imaginary part of the permittivity of the
NPCs; (c) real part and (d) imaginary part of the permeability of the NPCs; (e) tan dE (dE: dielectric loss) and (f) tan dM (dM: magnetic loss) of the NPCs.
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values. However, a porosity that is too high will affect the continu-
ity of the porous carbon and result in a decrease in the permittivity
of the porous carbon (Fig. 4). It can be concluded that there is a pre-
ferred value range for the distilled water content, which has a lar-
ger tan dE value (dE is the dielectric loss, the average tan dE value of
NPC3-700 is over 0.5 in 2–18 GHz) and corresponds to a more
effective EM absorption performance.

There is also an optimal range for the potassium carbonate con-
tent (PNPC10-700, as shown in Fig. 5). Doping with a suitable
amount of potassium carbonate leads to the formation of a
microstructure of honeycomb holes with numerous interfaces.
However, excess potassium carbonate causes the carbonization
process to become too violent, such that the fibrous-cluster mor-
phology can no longer be maintained. As a result, the degree of
polarization of the porous carbon is reduced (Fig. 5(a)), and the
conductivity of the porous carbon also decreases due to the
decrease in the continuity of the porous carbon (Fig. 5(b)).

The experimental results described above demonstrate that the
EM parameters of the porous carbon can be designed by adjusting
the process parameters to achieve better impedance matching and
internal reflection loss (RL), thereby obtaining a better EM absorp-
tion performance.

3.4. Chemical characterization

The primary step in the preparation process is the carbonization
of the protein precursor, which involves complex chemical reac-
tions. As shown in Fig. 6(a), the TG/DSC result aligns exactly with
the results from previous research [37]: As the temperature rises,
the mass of the sample decreases, including three stages of the
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evaporation of water, pyrolysis of proteins, and carbonization of
the skeleton. Systematic chemical characterizations, including
XRD, Raman spectroscopy, XPS, and FTIR spectroscopy, were also
performed to further investigate the degree of carbonization.

To identify the compound structure of the samples, FTIR spectra
were obtained. Fig. 6(b) shows the FTIR spectra of NPCs carbonized
at different temperatures and of PNPCs with different potassium
carbonate doping amounts. Substantial and broad characteristic
peaks can be seen at 3240 and 3016 cm�1 in the samples, which
can be attributed to –OH and –NH, respectively. In addition, the
stretching vibration peak of H–C=O at 2918 cm�1 and the stretch-
ing peaks at 1450–1380 cm�1 are caused by the expansion and
contraction of C–H. The spectra of the PNPCs confirm that the
potassium carbonate modification does not visibly change the type
of chemical composition of the porous carbon. Instead, it mainly
affects the distribution of the components in the structure of the
samples. Moreover, typical reflections from the (002) and (101)
planes of the disordered carbon materials at 24� and 40�, respec-
tively, can be observed in the XRD pattern of the samples. As
shown in Fig. 6(c), the degree of carbonization corresponds to
the regularity of the microstructure, which is consistent with the
FTIR results.

To further determine the amount of amorphous carbon in
the porous carbon, Raman spectra were obtained. As shown in
Fig. 6(d), the D (defect and disorder) and G (graphitic) bands can
be observed at around 1320 and 1590 cm�1, respectively. It can
be concluded that a relatively lower D/G intensity ratio
corresponds to a higher degree of graphitization with fewer defects
of the carbon materials [3]. Herein, the D/G intensity ratios of
NPC0-600, NPC0-700, NPC0-800, NPC3-700, NPC1-700,



Fig. 4. EM performance of NPCs (NPC0-700, NPC3-700, and NPC1-700) with different distilled water content. (a) Real part and (b) imaginary part of the permittivity of the
NPCs; (c) real part and (d) imaginary part of the permeability of the NPCs; (e) tan dE and (f) tan dM of the NPCs.
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PNPC20-700, and PNPC10-700 were determined to be 0.94, 0.97,
0.98, 1.03, 0.95, 1.00, and 0.98, respectively.

Consistent with previous research, a sample that is carbonized
at a higher temperature has a higher degree of graphitization
[3,38]. As the temperature of carbonization increases, hetero-
elements escape in the form of gas, the number of defects in the
carbon skeleton decreases, and the degree of graphitization of
the system increases. Furthermore, as the degree of graphitization
increases, the conductivity of the material increases, which leads to
an enhancement of the resistive loss performance [3]. However,
when the electrical conductivity rises above the suitable range,
the EM absorption drops sharply due to impedance mismatch
[6]. As for K2CO3 doping for pore formation, the hetero-elements
are more likely to escape due to the corrosion of gas, while the
microscopic morphology of the obtained porous carbon becomes
more detailed. It can be concluded that porous carbon with a cer-
tain mass ratio (3:1) of egg white to distilled water results in a rel-
atively higher D/G intensity ratio. Therefore, samples with
appropriate degrees of graphitization can be obtained by control-
ling the process parameters (i.e., the K2CO3 doping content, dis-
tilled water content, and carbonization temperature).

A surficial element content percentage histogram was carried
out using the XPS data. Samples with a relatively higher D/G inten-
sity ratio correlate with a relatively lower percentage of nitrogen
and a relatively larger percentage of carbon (Fig. 6(e)). Compared
with K2CO3 doping and the distilled water content, the carboniza-
tion temperature is the main factor affecting the degree of car-
bonization, which determines the content of each element
(including carbon, oxygen, and nitrogen) in the porous carbon.
The C 1s, O 1s, and N 1s contents of the samples are as follows:
NPC0-600 (44.85%, 50.31%, and 4.84%), NPC0-700 (54.18%,
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41.87%, and 3.95%), NPC0-800 (69.97%, 26.26%, and 3.77%), NPC3-
700 (56.15%, 39.61%, and 4.24%), NPC1-700 (55.00%, 38.84%, and
6.16%), PNPC20-700 (59.30%, 36.23%, and 4.47%), and PNPC10-
700 (61.03%, 35.11%, and 3.86%). The peaks observed in the XPS
spectrum prove that the oxygen and nitrogen are successfully
doped. In addition, it can be concluded that, when the doping
amount of potassium carbonate increases, the nitrogen and oxygen
retention rates of the PNPCs decrease. This is because K2CO3 dop-
ing makes it easier for hetero-elements to escape from the system
in the form of gas, so the retention of nitrogen and oxygen is
slightly reduced.

As shown in Fig. 6(f), distinct peaks at 531.6, 397.9, and 284.6
eV can be clearly observed in the XPS spectra of the samples; these
correspond to the characteristic peaks of O 1s, N 1s, and C 1s,
respectively. Significant peaks can also be observed at 497.4 and
292.9 eV, which correspond to the crystals of the sodium and
potassium salts. Due to the presence of sodium, the XPS spectrum
of the sample has a chemical drift of –1.33 eV [39]. The egg white
may also contain a small amount of sulfur, which would be indi-
cated by disulfide bonds in the spectra. However, sulfur cannot
be observed in the carbonized samples due to the decomposition
that occurs during the high-temperature carbonization.

We take PNPC10-700 as a representative for a detailed discus-
sion, as shown in Figs. 6(g)–(i). The C 1s spectrum (Fig. 6(g)) can
be deconvoluted into five individual component peaks: COOH
(288.9 eV), C=O (287.8 eV), C–O (286.5 eV), sp3 C–C (285.6 eV),
and sp2 C=C (284.6 eV) [28,40]. The asymmetry trailing tails in C
1s are caused by the inherent asymmetry of the graphite peaks
and the contribution of the oxygen complexes on the surface.
The O 1s XPS spectrum (Fig. 6(i)) can also be deconvoluted into
four peaks: C–O groups (533.2 eV), COOH groups (532 eV), C=O



Fig. 5. EM performance of PNPCs (PNPC5-700, PNPC10-700, and PNPC20-700) with different K2CO3 doping content. (a) Real part and (b) imaginary part of the permittivity of
the PNPCs; (c) real part and (d) imaginary part of the permeability of the PNPCs; (e) tan dE and (f) tan dM of the PNPCs.
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groups (531.7 eV), and hydroxyls (536 eV). Among them, the C=O
groups are electrochemically active, which is favorable for improv-
ing the EM absorption. Moreover, the N 1s XPS core level spectrum
(Fig. 6(h)) demonstrates the existence of three types of nitrogen
functionalities: graphitic N (N-4, 400.8 eV), pyrrolic N (N-5,
399.7 eV), and pyridinic N (N-6, 398.0 eV). It has been confirmed
that pyrrolic N and pyridinic N can create defects as active sites
for EM scattering, while graphitic N can enhance the conductivity
of carbon materials [28,29].

Furthermore, nitrogen atom doping can enhance the dipole
polarization according to density functional theory (DFT) calcula-
tions [26,27]. At the same time, the oxidized groups (carboxyl,
hydroxyl, etc.) shown in the XPS data can enha=nce the conductiv-
ity of the porous carbon [25]. Thus, by controlling the doping con-
tent of oxygen and nitrogen, the EM absorption can be distinctly
enhanced.

3.5. EM absorption of NPCs and PNPCs

The samples obtained in this work have excellent EM absorp-
tion, with deep RL peaks and wide bandwidths. NPCs and PNPCs
with effective absorption in specific frequency bands can be
obtained by changing the process parameters.

The RL formula of the EM-absorbing material can be deduced
according to transmission line theory and can be expressed as fol-
lows [7,41]:

Zin ¼
ffiffiffiffiffi
lr

er

r
tanh

j2pfd ffiffiffiffiffiffiffiffiffilrer
p
c

� �
ð5Þ

RL ¼ 20log
Zin � 1
Zin þ 1

����
���� ð6Þ
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where Zin is the EM wave incident impedance of the material, j is
the imaginary unit, f is the frequency of the EM wave, d represents
the thickness of the material, er and lr are the complex permittivity
and permeability, respectively, and c is the velocity of light.

The 3D RL curve of the PNPC10-700 sample with different thick-
nesses in the 2–18 GHz frequency band was calculated according
to the RL formula mentioned above (Fig. 7(a), where the red line
is the effective absorption threshold curve with a value of
RL =�10 dB). The PNPC10-700 sample exhibits excellent broad-
band EM wave absorption and has a maximum RL value of
�66.15 dB at 8.86 GHz with a thickness of only 3.77 mm. With
an increase in the sample thickness, the position of the most sub-
stantial absorption peak gradually shifts to lower frequencies,
while the effective absorption frequency range of RL <�10 dB is
extended to the low-frequency range; this aligns with the
quarter-wavelength theory, which can be expressed as follows
[24]:

d ¼ ke
4

¼ n=4ð Þc
f

ffiffiffiffiffiffiffiffiffilrer
p n ¼ 1; 3; 5; � � �ð Þ ð7Þ

where ke is the wavelength of the EM wave in the medium and n is
an odd number of times of the 1/4 wavelength.

The matching thickness of the sample increases as the fre-
quency of the EM wave decreases, which fits well with the theoret-
ical value, as shown in Fig. 7(b).

The performances of the other samples with different thick-
nesses are shown in Fig. 7(c), which is a 3D graph ploting the
max RL (height), the thickness (width), and the effective absorption
bandwidth (depth) of the samples. It can be seen that the NPCs
have relatively broader effective absorption bands, while the
PNPCs have relatively more massive RL peaks. The effective



Fig. 6. Chemical characterization of the samples. (a) TG and DSC curves of the freeze-dried protein hydrogel. (b) FTIR spectra, (c) XRD spectra, and (d) Raman patterns (a.u.:
arbitrary unit; m: stretching vibration; d: bending vibration). (e) Contents of the elements in the samples. (f) XPS total surveys. (g) C 1s, (h) N 1s, and (i) O 1s high-resolution
spectra for PNPC10-700.
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absorption frequency bands can be adjusted by designing the EM
parameters, which is done by controlling the process parameters.
In essence, a higher carbonization temperature corresponds to a
lower frequency band, a larger amount of distilled water corre-
sponds to a higher frequency band, and the doping of K2CO3 lowers
the frequency band. Moreover, the effective absorption band nar-
rows as the K2CO3 doping content increases.

The Ku band (12–18 GHz) and the X band (8–12 GHz) are
widely used in the military field [33]. By controlling the carboniza-
tion temperature, distilled water content, and K2CO3 doping con-
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tent, the porous carbon obtained in this work can achieve
effective absorption within these specific bands (Fig. 7(d)). Among
them, NPC0-700 achieves efficient absorption in 1.9 mm of the
whole Ku band, and the RL peak of NPC1-700 reaches more than
30 dB in 1.8 mm for the Ku band. In the X band, PNPC10-700 in
3.4 mm shows a broad absorption band, and the corresponding
RL peak reaches more than 60 dB. PNPC20-700 also serves well,
while the RL peaks of the NPCs are relatively lower. A comparison
of the EM wave absorption of the porous carbon obtained in this
work and that of other reported biomass-derived absorbers in



Fig. 7. (a) 3D theoretical RL curve of PNPC10-700; (b) RL peak-thickness curve of PNPC10-700; (c) dependence of thickness and max RL on the EM field of the samples; (d) RL
curves in the Ku and X bands.
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recent years is provided in Table S1 in Appendix A
[1,2,5,6,20,24,32,38,42–45]. The table reveals that the NPCs and
PNPCs have excellent absorption strength and a wide effective
absorption bandwidth with a low filler loading. Unlike previously
reported biomass-derived absorbers, the lightweight NPCs and
PNPCs presented here do not rely on ferromagnetic metal doping
and have excellent EM absorption properties obtained by manipu-
lating the microstructure.

3.6. EM absorption mechanism of NPCs and PNPCs

Taking PNPC10-700 as an example, we now discuss the material
design process in order to reveal the absorption mechanism of the
porous carbon obtained in this work. It is well known that the
characteristic wave impedance (g) of a material can be expressed
as follows:

g ¼
ffiffiffiffiffiffiffiffiffiffiffi
lrl0

ere0

r
ð8Þ

where l0 ¼ 1:257� 10�6 H �m�1 and e0 ¼ 8:854� 10�12 F �m�1 are
the permittivity and permeability of free space, respectively. In
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addition, the value of the reflection of EM waves (C) vertically inci-
dent on the surface of the absorbers from free space can be
described as follows:

C ¼ g� g0

gþ g0
ð9Þ

where g0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
l0=e0

p ¼ 376:73 X is the EM wave impedance in free
space. Carbon does not exhibit magnetism, so the er of the porous
carbon is usually greater than its lr. In order to minimize the reflec-
tion of EM waves, apart from introducing magnetic components to
increase the lr, a small er is desirable in the design of porous carbon
absorbers [2]. In this work, the complex hierarchical structure con-
taining numerous micropores and mesopores, which is obtained by
adjusting the composition of the precursor and the carbonization
temperature, successfully decreases the er. Thus, in this case,
er ! lr (leads to C ! 0Þ, and an excellent impedance matching
effect is achieved, which boosts the EM wave absorption of the por-
ous carbon [2].

According to the classical Debye theory, the dielectric behavior
can be illustrated by the Cole–Cole model, and the relationship
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between the real part (e0) and imaginary part (e00) of permittivity
can be described as follows:

e0 � e1ð Þ2 þ e00ð Þ2 ¼ es � e1ð Þ2 ð10Þ
where es and e1 are the stationary dielectric constant and the opti-
cal dielectric constant, respectively. The plot of e0�e00 is called the
Cole–Cole plot, in which a single semicircle represents a Debye
relaxation process [46]. According to previous research [47], the lar-
ger the radius and number of Cole–Cole semicircles, the stronger
the degree of multiple polarization. In Fig. 8(a), at least four semicir-
cles can be observed, showing that the dielectric and resistive losses
are the primary parts of the polarization relaxation. The corre-
sponding Cole–Cole semicircle plots of PNPC10-700 at multiple
Debye relaxation frequencies are shown in Fig. S8 in Appendix A
[48]. Considering the microstructure of PNPC10-700, these relax-
ation loss mechanisms may include conduction loss in the porous
carbon frameworks, dipole polarization induced by nitrogen inher-
ited from the protein, and interface polarization relaxation between
the hierarchical microstructures of fibrous clusters, honeycomb
holes, a grooved skeleton, and so forth [5,24,49]. In addition, the tail
in Fig. 8(a) can be explained as a conduction loss accompanied by
the polarization loss process [33]. The existence of multiple dielec-
tric polarization relaxation mechanisms helps to enhance the
dielectric loss capability of the material, thereby improving the
wave-absorption properties of the porous carbons.

With regard to magnetic loss, the eddy current coefficient (C0)
for PNPC10-700 was calculated using the following equation:

C0 ¼ l00 l0ð Þ2f�1 ð11Þ
Fig. 8. (a) e0�e00 plot, (b) eddy current coefficient (C0)–frequency (f) curve, (c) normalize
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where l0 is the real part and l00 is the imaginary part of permeabil-
ity, respectively.

In the 2–8 GHz frequency band, C0 decreases with an increase in
frequency, accompanied by sharp fluctuation peaks; in the 8–18
GHz frequency band, the C0 value fluctuates in a small range of
0–0.02 (Fig. 8(b)). The magnetic loss usually includes the eddy cur-
rent effect, hysteresis, domain wall resonance, and ferromagnetic
resonance [2]. In contrast, domain wall resonance and hysteresis
losses can be excluded, as they are not in the 2–18 GHz range
but occur at lower and higher frequencies, respectively [50]. There-
fore, it can be concluded that the natural resonance of PNPC10-700
is the main magnetic loss mechanism in the 2–8 GHz frequency
band; in the 8–18 GHz frequency band, the magnetic loss to EM
waves occurs due to the eddy current loss [5,24,44].

In addition to the above loss mechanisms, impedance matching
(Zin) and attenuation capability (a) are primary conditions to deter-
mine the microwave absorption performance [2]. As shown in Eq.
(5), when Zin is close to 1, which indicates excellent impedance
matching, almost no reflection occurs throughout the attenuation
of the incident EMwave. The input impedance of PNPC10-700 with
different thicknesses was calculated according to Eq. (5). As shown
in Fig. 8(c), it is clear that the Zin values of all the thicknesses
increase initially and then decrease with increasing frequency.
Moreover, a small-range fluctuation in a wide frequency band at
the peak corresponds to an excellent broadband impedance match-
ing, which again confirms that the hierarchical microstructure of
PNPC10-700, with fibrous clusters, honeycomb holes, and a
grooved skeleton, grants it marvelous impedance matching and
thus an excellent EM absorption performance.
d characteristic input impedance, and (d) attenuation constant (a) of PNPC10-700.
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The attenuation constant (a) is introduced to describe the com-
prehensive loss competence for materials and can be expressed as
follows [51]:

a ¼ 2pf
c

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l00e00 � l0e0ð Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l00e00 � l0e0ð Þ2 þ l0e00 þ l00e0ð Þ2

qr
ð12Þ

Larger values of tan dE (tan dE ¼ e00=e0) and tandM
(tan dM ¼ l00=l0) will result in a more significant attenuation con-
stant (a). It can be observed in Fig. 8(d) that the a value of PNPC10-
700 tends to enhance with increasing frequency, and the higher a
value is ascribed to the enhanced conductivity.

The previous literature demonstrates that relaxation and con-
ductance contribute to the attenuation of EM waves in composites,
and that the two have competing contributions to the attenuation
of waves [52,53] and sometimes in the form of synergistic compe-
tition [54,55]. Therefore, a beneficial combination of the two can
achieve a superior EM absorption performance. The PNPC10-700
obtained in this work possesses an hierarchical microstructure
with fibrous clusters, honeycomb holes, and a grooved skeleton,
which was achieved by dramatically utilizing the natural structure
of proteins. This structure can simultaneously realize impedance
matching and a high attenuation constant. Thus, PNPC10-700 exhi-
bits an impressive EM absorption performance in the frequency
band of 2–18 GHz.

Furthermore, a probable EM wave-absorption mechanism can
be concluded based on the PNPC10-700 sample [7], as shown in
Fig. 9. First, the microscopic morphology of the porous carbon is
partly inherited from the protein, and gelation gives the porous
carbon a 3D framework (Fig. 9(b)). By adjusting the structural
design and composition, the multiple structures of the porous car-
bon can be artificially adjusted to suit different EM wave-
absorption scenarios, with superior impedance matching. When a
microwave arrives at the porous carbon (Fig. 9(a)), the incident
wave easily enters into the surface of the absorber, with only a
small amount of the microwave being reflected back. Second, mul-
tiple reflection and scattering occurs in the multiple structures of
fibrous clusters, honeycomb holes, and a grooved carbon skeleton,
extending the propagation paths for the EM microwave and allow-
ing it to be sufficiently attenuated [56]. Third, the fibrous clusters,
honeycomb holes, and grooved carbon skeleton provide sufficient
heterointerfaces, which are conducive to the formation of interfa-
cial polarization and dipole polarization [26,49]. In addition, the
Fig. 9. The probable EM wave-absorption mechanism. (a) Conceptual model of the
porous carbon; (b) cross-sectional model of PNPCs; (c) scheme of the microwave
attenuation process in the absorber.
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elements in the protein are partially retained, providing active sites
for EM scattering within the porous carbon, enhancing the dipole
polarization under an alternating EM field, and improving the elec-
trical conductivity of the porous carbon, which endows the porous
carbon with an excellent attenuation capability [25–29]. Finally,
different parts of the porous carbon have different degrees of
graphitization and different electrical conductivities, and these
components are dispersed in a complex pore structure equivalent
to a resonant circuit (LC circuit). Therefore, an induced current
occurs in the circuit due to the time-varying microwave, which
can quickly transfer the EM energy into thermal energy, and effec-
tive absorption is achieved.
4. Conclusions

In summary, we simultaneously optimized the material compo-
nents and microstructures of porous carbon without the need for
ferromagnetic metal elements doping, simply by modulating the
K2CO3 doping content, distilled water content, and carbonization
temperature. Taking full advantage of the natural structure of bio-
mass for the micromorphology design, the porous carbon obtained
in this work can achieve effective absorption within specific fre-
quency bands (e.g., the Ku and X bands), with a considerable RL
peak value with the proper parameters. In addition, the gelation
of the protein provides a simple yet effective process for preparing
porous carbon that is environmentally friendly and low in cost.
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