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ABSTRACT

Lightweight and chemically stable carbon are widely applied as attractive microwave
absorption materials (MAMs). However, the effective response bandwidth of pure
carbonaceous MAMs is limited due to the imbalance between conductivity and
polarization loss. Herein, carbon with a large number of amorphous/nanocrystalline
uneven phase interfaces prepared from commercial phenol-formaldehyde resin (PF)
through simple anoxic carbonization exhibited excellent microwave absorption
performance by balancing conductivity and polarization loss. Benefiting from the
modification of the carbon nanocrystalline, a suitable electrical conductivity is
obtained with a large number of amorphous/nanocrystalline uneven phase interfaces,
allowing more incident microwaves to be lost. Thus, PF-650 exhibits a strong

reflection loss of —59.62 dB and a broadband effective microwave absorption of 6.32



GHz at 2.35 mm. In contrast to typical carbonaceous MAMs with multiple chemical
compositions and complicated microstructures, this work provides a promising
approach to the preparation of highly efficient and yielding carbonaceous materials
for practical applications.
Keywords: Broadband response, Polarization loss, Electrical conductivity, High-yield
carbon, Commercial Phenol-formaldehyde resin
Introduction

Electromagnetic radiation, which is hazardous to human health and the
employment of precise equipment, has become a hotspot issue that needs to be dealt
with urgently due to the rapid expansion of electromagnetic communications[1-3].
The application of microwave absorption materials (MAMs) is an effective solution
for completely resolving the problem of electromagnetic radiation[4]. In practical
applications, excellent MAMs with a broad effective bandwidth at thin thickness are
desired [5, 6]. As candidates, carbonaceous materials such as graphene[7-9], carbon
black[10, 11], carbon nanotubes[12—-14] are commonly utilized for microwave
attenuation because of their excellent intrinsic characteristics as light weight, good
thermal stability, and corrosion resistance[15, 16]. However, the aforementioned
graphitic carbon materials in general have high electrical conductivity, which can lead
to impedance mismatch so that more electromagnetic waves are reflected. Therefore,
it is difficult for pure carbon materials to meet good impedance matching and
electromagnetic wave attenuation synchronously.

Amorphous carbon, as its name implies, has no specific shape or periodic



structure and is classified as a material without long-range crystalline order,
consisting of sp? and sp® hybridized carbon[17]. As a representative amorphous
carbon material, phenol-formaldehyde resin (PF) derived carbon is a promising
candidate to break through the above bottleneck. Initially, due to its highly disordered
chemical structure and large number of defects, it has a relatively weak electrical
conductivity when compared to graphitic carbon materials, making it difficult to form
a conductive network to prevent electromagnetic waves from entering the material;
more specifically, the presence of a large number of amorphous/nanocrystalline
uneven phase interfaces can increase the interfacial polarization loss of the material. It
is common for the amorphous carbon to be prepared by calcination of precursors. In
the previous studies, Fan et al.[18] achieved an effective absorption bandwidth (EAB)
of 5.73 GHz for hollow porous carbon spheres prepared by carbonization at 700 °C
using PF as a precursor. The red blood cell like-mesoporous carbon hollow
microspheres derived from PF prepared by Xu et al.[19] at 650 °C carbonization
reached a reflection loss (RL) of -59.7 dB and an EAB of 3.4 GHz. Various previous
studies have demonstrated that PF derived carbon materials may achieve impedance
matching while maintaining attenuation capability by modifying the carbon structure
with the carbonization temperature as a variable. However, the sophisticated structure
and components prevent us from evaluating whether the inherent qualities of PF or
the sophisticated structure are the most influential on the microwave absorption
properties of PF derived carbon. Meanwhile, sophisticated structural control is known

to be challenging to implement in industrial production, posing a severe obstacle to



further industrialization of many reported absorbers[20]. Therefore, it is essential to
seek a facile, large-scale, high-yield, and stable method for the preparation of PF
derived amorphous carbon without representative structures for practical applications.

In this study, commercial PF was used as a precursor to obtain carbonaceous
materials with tunable uneven phase interfaces and electrical conductivity at a high
carbon yield of 58% by one-step carbonization. = The tunable
amorphous/nanocrystalline uneven phase interfaces and suitable electrical
conductivity provide a significant balance between polarization and conductivity loss
for achieving broadband response. By altering the carbonization temperature so as to
change the chemical microstructure and graphitization of the derived carbon material,
the PF derived amorphous carbon can reach the ultra-wide bandwidth of 6.32 GHz
covering the whole Ku-band with a thickness of 2.35 mm. This work provides a
functional low-cost carbon material for broadband microwave absorption by simple
carbonization using commercial products as precursors, which greatly reduces the

difficulty of industrializing the absorber.
Results and Discussion

The functional groups included in the commercial PF were detected via infrared
testing. As shown in Fig. Sla (Supporting Information), the absorption peak caused
by the variable angle vibration of the phenolic hydroxyl group and the antisymmetric
stretching vibration of the aryl ether bond, which is the main characteristic peak of the
PF[21] can be observed at 1230 cm™'. The stretching vibrations of functional groups,

such as hydroxyl, methylene, and aromatic rings, create the other absorption peaks,



demonstrating that the commercial powder is PF[22, 23]. Also, thermogravimetric test
was performed on commercial PF in oxygen atmospheres. It can be seen from Fig.
S1b that the sample has been completely burned at 700 °C without any residue,
proving that the commercial PF is basically free of inorganic impurities.

In order to implement the modulation of electrical conductivity and investigate
the carbonization temperature for this study, thermogravimetric analysis was carried
on commercial PF. Fig. la shows the thermogravimetry (TG) and the derivative
thermogravimetry (DTG) curves of PF from 10 °C to 1200 °C under nitrogen
atmosphere at a heating rate of 10 °C/min. The dominant pyrolysis temperature range
for commercial PF can be seen in the graph from 200 °C to 800 °C, where the loss of
the material is approximately 37.8%. The weight loss was about 4.05% at
temperatures below 200 °C, which was attributed to absorbed water and unreacted
oligomers, meanwhile the PF basically stopped losing weight at temperatures above
800 °C, indicating that it was completely carbonized after 800 °C. According to
previous studies[22, 24, 25], the pyrolysis process from 200 °C to 800 °C can be
divided into three stages. In the third stage, the C-H bond in the aromatic ring is
broken to form H, and PF is gradually transformed into amorphous carbon through
the polycyclic reaction. Based on this, four temperatures were selected for the
carbonization of PF: 600 °C, 650 °C, 700 °C and 800 °C. The caron yield of
commercial PF was calculated to be up to 58%. Table S1 lists the carbon yields of
several typical carbon precursors. Obviously, commercial PF has the highest carbon

yield, indicating that it is a superior precursor.
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Figure 1 a TG and DTG curves of PF in the N> atomsphere. b FTIR spectrum, ¢ XPS
spectrum, d high resolution C 1s XPS spectrum, e high resolution O 1s XPS spectrum
of PF-600/650/700/800

The microstructure of the four samples were observed through TEM. As can be
seen from Fig. S2(Supporting Information), all four samples exhibit a clumpy
morphology with a smooth surface, and no significant pore structure is observed. As
shown in Fig. S3(Supporting Information), nitrogen adsorption and desorption
isotherms and pore size distributions calculated were used to characterize the pore

structure of the material. The surface area of PF-600/650/700/800 with the presence



of a large number of micropores around 0.6 nm were 609.3 m?-g"!,577.7 m?>-g!,612.7
m?-g!, 616.6 m?-g!, respectively. It can be seen that within the temperature range
studied, the influence of carbonization temperature on the surface area and pore
structure of the carbon can be ignored. The constant escape of pyrolytic gas during the
carbonization process is the reason of the high surface area and large quantity of
micropores.

Infrared tests were carried out to investigate the chemical structure of the
resultant samples, with the results displayed in Fig. 1b. The broad peak present around
3400 cm™ is attributed to the stretching vibration of -OH, which may come from the
moisture in the sample but not from the phenolic hydroxyl group present in the PF
itself. The peak around 1737 cm™! comes from the stretching vibration of C=0, while
the peak at 1629 cm™' comes from the stretching vibration of the C=C bond in the
aromatic ring, and the two peaks at 1117 ¢cm™ and 1168 cm! may be due to the
stretching vibration of C-O-[26, 27]. All three peaks are present in the samples at four
different carbonization temperatures which belonged to the residual functional groups
during the carbonization of commercial PF. However, only PF-600 has a stretching
vibration peak of C-H on aliphatic group at 2921 c¢cm™ and 2845 cm™'[28]. This
indicates that the original resin structure of the PF disappears and gradually starts to
graphitize at the carbonization temperature above 600 °C, which is consistent with the
results of thermogravimetric analysis.

To further demonstrate the chemical elements and surface electronic states, XPS

tests were performed on the samples. The total spectrum of XPS in Fig. 1c reveals



that all samples contain two characteristic peaks C 1s and O 1s, which together with
the results of the organic elemental analysis (Fig. S4, Supporting Information)
demonstrate that the four samples contain only three elements C, H and O. Fig. 1d
shows the high resolution C 1s XPS spectrum of the sample with three peaks at 284.8
eV, 286.1 eV, 287.2 eV corresponding to C-C/C=C, C-O, C=0, meanwhile Fig. le
presents the high resolution O1S XPS spectrum of the sample with two peaks at 532.1
eV,533.5 eV relating to C=0, C-O- respectively[29, 30]. From Table S2, there is no
obvious difference in the concentration of C,0 atoms on the surface of the four
samples. However, it is noteworthy that the results from the organic element analysis
(Fig. S4, Supporting Information) show a large variation among four samples which
indicates that the elemental distribution of the prepared material is not uniform.

XRD was employed to examine the crystal structure of the PF derived material,
as shown in Fig. 2a. The four samples all have two amorphous diffraction peaks at
around 23° and 44°, representing the (002) and (101) crystal plane of graphitic carbon,
correspondingly[31]. As the carbonization temperature increases, the first peaks of the
samples have a process of moving from a low angle to a high angle implying the
gradual growth of nanocrystallines. R=B/A is an empirical parameter defined by
Liu[32], where a smaller R represents a larger percentage of the single layers in
carbonaceous materials[33]. The empirical parameters of four samples are 2.69, 2.11,
2.02, 2.13 (Fig. 2c, S5a, S5b, S5c¢), correspondingly. The non-monotonic increase in
R could be owing to the gradual development of more and more single layer

graphite-like structures as the carbonization temperature rises; however, as the



temperature exceeds 700 °C, the single layer structures begin to stack and form
multilayer structures. This proves that the orderliness of the samples gradually
increases with increasing carbonization temperature which can also be corroborated
by the analysis of Raman spectra.

Two distinctive peaks of carbon features at both 1340 cm™! and 1590 ¢cm™! can be
observed in the Raman spectra as shown in Fig. 2¢, where the peak at 1340 cm™ is
referred to as D peak associated with disordered sp?® hybridized carbon atoms and
defects, and the peak at 1590 cm! is referred to as G peak from the Raman scattering
of graphitic carbon sp? hybridized carbon atoms[34, 35]. For amorphous carbon, the
ratio of D-peak to G-peak intensity is directly proportional to the plane size of the
microcrystal[36]. The Ip/lc keeps improving as the carbonization temperature
increases, which proves that the microcrystalline planar size of the sample then grows
and the orderliness is continuously enhanced. The Ip/Ig change during the transition
from amorphous carbon to graphitic carbon is divided into two stages, according to
the models proposed by Ferrari and Robertson[37], with Ip/lc increasing when
amorphous carbon is converted to nanocrystalline graphitic carbon and Ip/lg
decreasing during the subsequent nanocrystalline graphitic to graphitic transition. It is
apparent that the commercial PF is undergoing a transition from amorphous carbon to
nanocrystalline graphite in the temperature range of 600 °C -800 °C. Further fitting
and deconvolution of the Raman spectrum into four peaks[38] is shown in Fig. 2d.
The R peak at 1180 ¢cm™ is associated with sp* or sp>—sp® bonding[39, 40] and the R»

peak at 1550 cm™! is an amorphous carbon band attributed to a wide range of carbon



structures such as off-plane defects, organic molecules or functional groups with sp?
bonding[38]. The absence of R, peaks only in the amorphous carbon structure was
present in all four samples (Fig. S5d, S5e, S5f) indicating that the four samples were

amorphous carbon in agreement with the previous analysis.
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Figure 2 a XRD patterns, b XRD pattern of the definition of the parameter R for
PF-650, ¢ Raman patterns, d Deconvoluted Raman spectra for PF-650

Hence, based on the above test results, the microchemical structure of the
samples carbonized at 600-800°C was summarized. PF-600 exhibits a highly
disordered state, with only a few aromatic rings cross-linked together to form a
graphite-like carbon structure. When the carbonization temperature was raised to
650 °C, PF-650 microchemical structure changed dramatically, tending to be ordered

while some semi-graphite micro-domain are formed. Then, the single layer



graphite-like carbon structures begin to stack and the semi-graphite micro-domain
start to transform into graphite micro-domain in PF-700. Then, multilayer
graphite-like structures are formed with the fusion of graphite microdomains in
contact in PF-800.

It is widely known that the pyrolysis temperature exerts a significant effect on
the electrical conductivity of polymers[41]. The four-probe technique was used to test
the electrical conductivity of the samples. From Fig. 3a, it is obvious that PF-600 is
almost non-conductive, which is due to the fact that it still has some of the original
chemical structure of the PF and the electrons are in a bound state, yet the electrical
conductivity of PF-650 increases significantly due to the formation of a conductive
network in some regions caused by the aromatic ring rearrangement. The electrical
conductivity elevates markedly due to the growing developed carbon nanocrystalline

with an increase in carbonization temperature.
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Figure 3 a Electrical conductivity of PF-600/650/700/800, Frequency-dependent
complex permittivity: b real part, ¢ imaginary part, d dielectric loss tangent

The microwave absorption of the material is evaluated by the complex
permittivity and complex permeability. Since the carbon materials are typically
non-magnetic, the influence of complex permeability as shown in Fig. S6a, b can be
basically ignored. We only need to focus on the variation of the complex permittivity
(= '— ) of the materials, where the real part ( ') is related to the material’s
ability to store electrical energy and the imaginary part ( ") is linked to the material’s
ability to loss electrical energy[42]. It can be seen from Fig. 3b, with the increase of
the carbonization temperature, the real part of the complex dielectric permittivity is

rising which may be due to more free electrons being produced. On the contrary, there

is an interesting phenomenon that the imaginary part doesn’t show the same trend as



the real part in which it can be seen from Fig. 3c that the imaginary part of PF-650 is
obviously higher than PF-700. According to the Debye theory, the = can be divided

into two parts: polarization loss and conductive loss[43], as shown in eq. 3:

2

": "+ ":( - 00)1+(2 )22+2 0 (3)

According to eq. 3, electrical conductivity and conductivity loss have a positive
correlation. Hence, due to the increasing of electrical conductivity as shown in Fig. 3a,
the conductivity loss tends to rise with the gradual growth of nanocrystalline. The
Cole-Cole cure with " as the vertical coordinate and ' as the horizontal coordinate
was potted according to eq. 4, where each Cole-Cole semicircle represents a Debye
polarization process[44, 45], as shown in Fig. S7

(=522 + ()= (—52)? )

Clearly, Cole-Cole semicircles are present in all four samples, stating the
evidence of dipole polarization caused by heteroatoms and defects[46]. But only
PF-800 has a long trailing tail, which represents conductivity loss due to the larger
conductivity of the PF-800. In addition, with the gradual growth of nanocrystalline, a
transition from amorphous to graphitized carbon is occurring. A large number of
amorphous/nanocrystalline uneven phase interfaces generate interfacial polarization
losses. As the carbonization temperature rises, the increasing of PF derived carbon
material's electrical conductivity enhances conductivity loss, while the reduction of
defects, heteroatoms, and uneven phase interfaces decreases the dipole and interfacial
polarization loss. Thus, the inconsistent changes between conductivity loss and

polarization loss of four samples cause the trend in Fig. 3b. The electrical



conductivity and uneven phase interfaces of phenol-formaldehyede resin derived
carbon which affects the electromagnetic response is inherited from the suitable

degree of cross-linking of phenol-formaldehyede resin. In general, the dielectric loss

f

tangent ( = — )[47] in MAMSs is used to evaluate the loss capability of material
to microwaves, where the greater the loss angle, the stronger the loss capability. As
presented in Fig. 3c, PF-650 exhibits a far superior loss capacity than the other
samples due to the balance between conductivity loss and polarization loss. Fig. S8
shows the impedance matching value at the optimum effective absorption bandwidth
condition of the samples. Clearly, the Z values of PF-650 are close to 1 over most
frequency range, indicating its better impedance matching than those of other
samples.

According to the transmission line theory[48], the microwave absorbing
capability of samples were evaluated in the 2-18GHz. The 3D maps of all samples
were displayed in Fig. 4a, b, ¢, d. Apparently, the PF-600 samples show a weakly
microwave absorbing performance in which at all thicknesses the reflection loss (RL)
is more than -10 dB as can be seen in Figure 3a. However, when the carbonization
temperature was up to 650 °C, the microwave absorbing capability has drastically
increasing. The minimum value of RL (RLmwmin) was -59.62 dB and the EAB in which
the RL value below -10 dB can be up to 6.32 GHz at 2.35 mm. The samples under
700 °C and 800 °C carbonization temperature have similarity EAB values of 2.24

GHz at 1.29 mm and 2.32 GHz at 1.17 mm. Nevertheless, the RLmin value of PF-800

is stronger than PF-700. On the whole, the sample PF-650 has an outstanding



performance which is far beyond the thin, lightweight, broad and strong RL standard.
The RLnin value of PF-800 can be up to -62.43 dB, as shown in Fig. 4e, the thickness
reached 5.0 mm, which cannot meet the requirements of practical application. From
an industrial point of view, the target we pursue are on one hand broadband response
to ensure its microwave absorption performance, and on the other hand a lower
carbon material carbonization temperature to reduce costs. Fig. 4g compares the
carbonization temperature and the EAB of PF-650 with other carbon absorbers.[18,
19, 43, 49-55] As expected, PF-650 with suitable electrical conductivity and uneven
phase interfaces achieves a 6.32 GHz broad EAB at a relatively low carbonization

temperature.
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Combined with the above analysis, the main loss mechanism of PF-650 can be
summarized in the following three aspects indicated in Fig. 5. (1) Charges gather at
the interfaces of uneven-phase media with variable electrical conductivities where
nanocrystalline carbon is in contact with amorphous carbon to induce interfacial
polarization effects. (2) The residual polar functional groups in the carbonization

process can be served as polarization centers for dipole polarization loss of



electromagnetic waves, while the irregular carbon structure also has defects causing
vacancy defect polarization.[56] (3) The conductivity loss is achieved on some

graphitized carbon by electron hopping and migrating.[57]
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Conclusion

In this study, a facile method was used to carbonize the commercial PF with a
high yield of 58%. XRD, Raman, XPS, and other testing methods have been used to
investigate and discuss the impact of carbonization temperature on the
amorphous/nanocrystalline uneven phase interfaces and electrical conductivity of PF
derived carbon. Due to the modulation of carbon nanocrystalline, the
amorphous/nanocrystalline uneven phase interfaces of PF derived carbon decreases
with the graphitization degree increasing as the carbonization temperature increases.
Therefore, through the synergistic effect of attenuation properties and matching
properties, PF-650 shows outstanding microwave absorption performance with a

RLmin of -59.6 dB and an EAB of 6.32 GHz. This work shows the potential of



amorphous carbon in balancing conductivity and polarization loss while also
providing a carbon absorber with simple construction and outstanding performance.
Experimental Section

Synthesis Procedures. Commercial PF was supplied by Zhengzhou (China). The PF
powder was pyrolyzed to the required temperature under the Ar atmosphere and
maintained for 4h in the desired temperature. The following samples are named as
PF-T, in which T means carbonization temperature.

Characterization. The microstructural images were obtained by transmission electron
microscopy (TEM, HITACHI HT-700). The thermogravimetric analysis (TG,
NETZSCH STA449FS) was employed to research the thermal behavior of
commercial PF. X-ray diffraction (XRD, Rigaku D-max-2500/PC) spectra and Raman
spectra (He-Ne Renishaw in via) were collected to study the graphitization degree and
defect of the samples. Fourier-transform infrared spectroscopy (FTIR, NICOLET
1S10) and X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi) test were taken
to analyze the chemical bond and the atom composition of the samples, respectively.
A four-probe semiconductor resistivity of the powder tester (ST-2722, Suzhou Jingge)
was carried out to record the electrical conductivity. C/H mass ratio were calculated
through the test result by organic elemental analyzer (Elemantar: Vario EL cube)
Nitrogen adsorption—desorption curves and pore-size distributions were obtained by
nitrogen adsorption and desorption analyzer (ASAP 2460). An Agilent N5234A

vector network was used to record the relative complex permittivity and permeability



in the frequency 2GHz to18GHz. Based on the transmission line theory, the reflection

loss (RL) was calculated. The formula as follow:

= 20log |—2| (1)
+ o0
2
= o~ [P @
In which is the input impedance of the absorber, , and represent the

incident electromagnetic wave frequency, thickness of composites and velocity of

light.
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