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Brominated porous carbon material for terahertz radiation shielding
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Porous carbon material obtained by thermal decomposition of acetonitrile on template CaO particles was

brominated in saturated bromine vapor at room temperature. This modification led to the addition of 3 at%

bromine and increased its electrical conductivity by 3.2 times. Polymer films were made from polystyrene with the

addition of starting or brominated porous carbon materials at different concentrations (from 1 to 10wt%) to study

the effect of bromination on the electromagnetic properties of composite materials in the frequency range from 0.1

to 1.3 THz. An increase in the shielding of terahertz radiation with increasing filler concentration has been shown.

At low contents, the shielding efficiency of the composites filled with brominated porous carbon material increased

by several times compared with the samples filled with the initial one that was associated with the modification of

the electronic structure of porous carbon material during the bromination procedure.
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Introduction

Great attention to porous carbon materials (PCM) is due

to their unique physical and chemical properties and wide

application range [1]. These materials are characterized by

high specific surface area, developed porous structure, good

electrical conductivity and chemical stability, and accessibil-

ity and scalability of the fabrication techniques. Therefore

PCM are used in such areas as power engineering [2–4],
gas and impurity adsorption [5], catalysis [6,7].

PCM consist of curved fold graphene layers, which

makes them similar to laminated graphene-like materials.

Unlike the ideal flat two-dimensional graphene, PCM has

a three-dimensional structure without long-range order [8].
Structural features and high porosity of carbon materials

make them similar to with carbon nanohorns (CNH) [9–11],
carbon foams [12–16] and aerogels [17]. These materials

effectively reduce the power of transmitted electromagnetic

radiation. This is achieved through a combination of

intrinsic absorption by graphene-like particles and multiple

reflections of electromagnetic waves within the porous

structure. However, PCM are currently hardly used as fillers

for electromagnetic applications.

Addition of functional groups modifies the electronic

structure of carbon particles, which may have a positive

effect on the electromagnetic properties of polymer mate-

rials containing such filler. Graphene-like materials easily

react with halogens. Fluorine and chlorine attach to the

basal plane of carbon materials reducing of their electrical

conductivity due to the failure of the conductive π-system.

Less reactive bromine primarily reacts with carbon atoms

placed at the edges of graphene fragments and vacancy

defects. Thus, C−Br bond is in the graphene plane [18].
Furthermore, bromine molecules can be embedded between

layers and into pores between carbon nanoparticles causing

the transfer of electron density from the carbon material to

bromine [19]. It has been shown before that bromination

of graphite particles and single-layer nanotubes improves

their electrical conductivity [20,21]. Therefore, the objective

of the study was to explore the PCM bromination effect

on electrical conductivity and the electromagnetic shielding

efficiency when PCM is used as a filler for polymer

composite materials. The bromination effect was studied

on a porous nitrogen-containing carbon material made from

acetonitrile using a previously developed procedure [22].

1. Materials and methods

1.1. Materials

1.1.1. Porous carbon material synthesis procedure

Iron-doped calcium tartrate (Ca0.97Fe0.03C4H4O6) was

prepared by mixing a solution containing calcium chloride

(CaCl2) and iron II sulfate (FeSO4) with a freshly prepared

sodium tartrate aqueous solution (Na2C4H4O6) in nitrogen

atmosphere. Accurately weighed CaCl2 and FeSO4 were

taken in proportions necessary to prepare calcium salt

containing 3 at% iron. The obtained precipitate was filtered
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through a paper filter to pH-neutral wash water and dried in

air. Nitrogen-containing PCM was synthesized by chemical

vapor deposition in a horizontal tubular quartz reactor at

650◦C. 1 g of Ca0.97Fe0.03C4H4O6 powder in a ceramic

crucible was placed on the reactor periphery that was not

subjected to heating when the external heating element was

activated. The reactor was evacuated using a prevacuum

pump. Saturated acetonitrile vapor (CH3CN) was supplied

to the reactor during continuous evacuation and evaporated

from the liquid surface at room temperature. Then the

crucible was moved to the reactor hot zone using a

handle. Thermal decomposition of the salt, acetonitrile

vapor precipitation and pyrolysis took place simultaneously

during 40min. Ca0.97Fe0.03C4H4O6 was a precursor for

the templated nanoparticles, and CH3CN was a carbon and

nitrogen source for PCM formation. The reaction product

was cleaned to remove the templated CaO nanoparticles

in aqueous solution of hydrochloric acid (∼ 6M), rinsed
repeatedly in distilled water to neutral pH, filtered through

a membrane filter and dried at 100◦C during 3 h.

1.1.2. Bromination of the porous carbon material

PCM bromination was conducted in saturated molecular

bromine vapor (Br2) using a procedure for preparation of

bromine-intercalated graphite compounds [23]. For this,

liquid bromine was poured on the bottom of a polytetraflu-

oroethylene (PTFE) reactor with an accurately weighed

PCM sample in a perforated PTFE insert placed above the

liquid bromine. The reactor was sealed and held at room

temperature during four days. Due to bromine binding, the

sample weight increases. As was shown above, the main

growth of weight during the bromination of carbon fibers

takes place within the first 48 h [24]. After bromination, the

sample weight remains constant during longer interaction

with Br2. Brominated carbon materials removed from

the reactor (from the saturated Br2 vapor atmosphere)
gradually loose their loosely-bound adsorbate. According

to the isotherms of bromine adsorption-desorption on

pyrolytic graphite, about 30% of the total bromine bound

in saturated Br2 vapor is entrapped in the graphite [23].
For effective removal of loosely-bound bromine molecules,

the PCM bromination product was nitrogen purged at room

temperature until the loss of weight was completed (about
24 hours in this case). Thus, the weight growth after

bromination was 7%. The prepared material was designated

as PCM-Br.

1.1.3. Composite polymer material fabrication pro-
cedure

Polystyrene (PS) with a density of 1.04 g/cm3 was

used as a polymer matrix for composite materials. A

procedure for fabrication of PS-based composite materials

filled with carbon nanomaterials is described in our previous

works [25–27]. An accurately weighed carbon material was

added to 20ml of chloroform (CHCl3) and treated using

an ultrasonic (US) disperser (UZTA-0,4/22-OM
”
Volna“)

with an operating power of 120W during 40min to obtain

a stable suspension. PS was added to the suspension

and the US treatment was repeated using the Sonopuls

mini20 (Bandelin) during 20min at 20W. The prepared

homogeneous suspensions were transferred into Petri dishes

and held in a hood at room temperature for 24 h. As a

result, two series of polymer films were made with PCM

or PCM-Br samples used as a filler. Composite polymer

samples were designated as PS/PCM and PS/PCM-Br. The

content of filler in PS varied from 1 to 10wt%. As the

concentration increased, the color of the samples changed

from light-grey to black. Film thickness was uniform

throughout the sample, but varied from 70 to 150µm for

different filler content. Polystyrene bromination shall be

excluded during the composite material fabrication process

because this reaction can only take place in the presence of

aromatic ring activators (Lewis acids, N-bromosuccinimide,

etc.) [28,29].

1.2. Structural characterization

Sample morphology was examined by scanning electron

microscopy (SEM) on a Hitachi S-3400N (Hitachi Ltd.)
microscope with an accelerating voltage of 5 kV. Textural

properties were tested by low-temperature nitrogen adsorp-

tion using the
”
Sorbi-MS“ (META) laboratory sorptometer

at a liquid nitrogen temperature of −196◦C. Before the

measurements, the samples were preliminary heat treated

in nitrogen at 150◦C during 1.5 h to remove the occluded

air molecules. Extra pure grade nitrogen was used as

adsorbate gas, extra pure grade helium was used as

carrier. Surface area of the samples was calculated by

the Brunauer−Emmett−Teller method. Structural analysis

of the samples was carried out by Raman scattering

spectroscopy using the LabRAM HR Evolution (Horiba
Ltd.) spectrometer with argon laser excitation (λ = 514 nm,

excitation power of 60mW).

Elemental composition of the carbon material surfaces

was measured by X-ray photoelectron spectroscopy (XPS)
using a FlexPS system (Specs GmbH) laboratory spectrom-

eter equipped with monochromator and PHOIBOS 150

analyzer. The working chamber pressure was ∼ 10−7 Pa.

Monochromatized Al Kα-radiation (1486.71 eV) was used

for spectra excitation. Absolute energy spectra scale was

referenced to the graphite maximum position at 284.4 eV.

Bond energy measurement error was ±0.1 eV. Background

was subtracted from the experimental curves using the

Shirley method [30]. Spectra were approximated by a set

of components represented by the product of the Gaussian

and Lorentz functions. All XPS spectra were processed and

approximated using the CasaXPS software Version 2.3.15.

Thermogravimetric analysis (TGA) was performed using a

STA 449 F1 Jupiter (NETZSCH Group) thermoanalyzer.

Measurements were carried out in open Al2O3 crucibles

in He atmosphere at a flow rate of 20ml/min in the
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temperature range of 30−1010◦C with a heating rate of

10◦C/min.

1.3. Measurement of electrophysical properties

DC electrical conductivity σDC of PCM and PCM-Br

powders was measured by a four-contact method using

the Source Meter 2400 (Keithly Instruments) calibrator-

multimeter in a cylindrical dielectric cell (4mm in diameter

and 9mm in height). Electrical contacts were made

from 0.1mm copper wire.

THz transmission and reflection spectra of composite

materials were recorded using a THz time-domain spec-

trometer T-SPEC (Ekspla). All measurements were per-

formed at normal incidence. Diameter of the subpicosecond

THz beam in the focusing point was about 3mm. To

improve the signal-to-noise ratio, additional averaging over

1024 measurements was performed. Relative transmission

and reflection coefficients were measured in the frequency

range of 0.1−1.3 THz. Real (ε′) and imaginary (ε′′) parts

of the complex permittivity ε = ε′ + iε′′ were calculated

from the measured transmitted and reflected wave powers

in accordance with the procedure described in detail

elsewhere [31–33]. The calculated dielectric permittivity

data was used to evaluate transmittance (T ), reflectance (R)
and absorbance (A) for the corresponding 100µm films.

2. Findings and discussion

2.1. Structure of carbon materials

SEM images of PCM samples (Figure. 1, a) and PCM-Br

(Figure 1, b) demonstrate that materials are a network of

entangled thin carbon layers, and have a developed porous

surface and large void (pore) volume. Equivalent results

were obtained in our previous works for PCM synthesized

in similar conditions [34–36]. Bromination of the studied

carbon material didn’t cause any significant changes in its

morphology.

Raman spectra of the PCM and PCM-Br samples

demonstrate two wide peaks at 1347 cm−1 (band D) and

1590 cm−1 (band G) that are typical of s p2-hybridized

carbon materials [37,38] (Figure 2, a). Band intensity ratio

ID/IG is used for qualitative characterization of carbon

material defects. ID/IG = 0.8 calculated for PCM indicates

a high content of defects in the hexagonal structure of car-

bon materials. A wide 2D-peak at 2790 cm−1 corresponds

to the second order of D-mode, a flat peak tip indicates

that the studied materials consist of graphene, graphite

and few-layer graphene fragments with different number

of layers [37]. The Raman spectrum of PCM-Br has a

shape and ID/IG compared with the PCM spectrum. The

employed bromination technique doesn’t damage the PCM

carbon layer structure, and bromine binds primarily to the

edge carbon atoms. Specific surface area of the initial PCM

is 577 ± 25m2/g and decreases to 430± 21m2/g for PCM-

Br. Decrease in the specific surface area may be associated

with the fact that bromine atoms cover some pores and

increase the sample weight.

XPS method was used to examine the composition of

the PCM and PCM-Br sample surfaces and chemical states

of atoms in them. Carbon is a dominating element in

the samples (Figure 2, b). Moreover, PCM contains 5 at%

nitrogen and 8 at% oxygen. 4 at% nitrogen and 8 at%

oxygen were found in PCM-Br. Concentration of these

elements remained almost unchanged after bromination.

About 3 at% bromine was found in PCM-Br.

To determine chemical state of elements in the samples,

chemical shifts of photoelectron core lines were analyzed.

A wide profile of the XPS C 1s spectra with the major

peak at 284.4 eV indicates that carbon walls consist of

sp2-hybridized carbon atoms that form a graphene-like

layer structure (Figure 2, c). An intense component at

285.3 eV may be formed by defects, C−H or C−O bonds,

a component at 286.8 eV is induced by C=O and C=N

bonds, and a component at 288.6 eV is induced by carboxyl

groups [39]. After bromination, the profile of C 1s spectra

remains almost unchanged. Contribution to the spectrum

from covalent C−Br bonds may be expected at 285.3 eV,

however, it cannot be distinguished unambiguously due to

a low content of bromine and overlapping between this

components and the states of defects, C−H and C−O

bonds. Analysis of the XPS O 1s spectra confirmed

the presence of C−O and C=O bonds in PCM, number

of the bonds and proportion remained unchanged after

bromination (Figure 2, d). Oxygen can be included in

hydroxyl, carboxyl, ether and carbonyl groups that were

formed on the PCM surface in interaction with air.

XPS N 1s spectrum of PCM identifies thee forms of

nitrogen in the sample [4] (Figure 2, e). A component

at 398.3 eV is generally assigned to two-coordinated (pyri-
dinic) nitrogen that is located at the edges of graphene

fragments and has an electronic configuration as that of a

pyridine molecule. A component at 401.7 eV is induced by

so-called graphitic nitrogen that substituted a carbon atom

in the hexagonal graphene grid. The most intense peak at

400.0 eV (its fraction is 62%) corresponds to hydrogenated

nitrogen atoms that substitute the edge carbon atoms.

These nitrogen atoms and graphitic nitrogen give a part of

their electron density to the conjugated graphene π-system,

which increases the number of charge carriers and improves

graphene’s conductivity. Pyridinic nitrogen, on the contrary,

is an electron density acceptor. Bromination didn’t cause

any significant change of the chemical state and relative con-

centration of nitrogen forms in the carbon material structure.

Two chemical states of bromine were identified in the XPS

Br 3d spectrum of PCM-Br (Figure 2, f): intercalated Br2
molecules (doublet with the Br 3d5/2 bond energy 68.1 eV)
and bromine covalently bound to carbon (C−Br) (doublet
with Br 3d5/2 bond energy 70.1 eV) [40–42]. The ratio of

Br2 and C−Br in the sample is 2 : 3. As long as bromination

was performed in mild conditions without heating and Br2
dissociation, the degree of bromination is low, and bromine

binding to carbon layers is accompanied by the formation of
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PCM PCM-Br

a b

5.00 kV  9.7 mm  ×5.00k  SE 10 µm 5.00 kV  9.7 mm  ×5.00k  SE 10 µm

Figure 1. SEM microphotographs of the initial PCM (a) and brominated PCM-Br (b).
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Figure 2. Raman spectra (a) and XPS survey spectra (b), C 1s (c), O 1s (d), and N 1s (e) spectra of PCM and PCM-Br. XPS Br 3d

spectrum of PCM-Br (f).

C−Br bonds at the graphene-like area edges and of defect

states, which doesn’t distrub the delocalized π-system.

Stability of the PCM-Br sample was examined by the

TGA method in inert atmosphere. The PCM-Br sample

thermogram (Figure 3) is similar to curves described in

the literature for brominated carbon fibers [43], which

showed that desorption of intercalated bromine may occur

in the temperature range of 100−250◦C, and covalent C−Br

bonds may be broken at 250−650◦C. However, desorption

of water, nitrogen, oxygen-containing and carbon-containing

Technical Physics, 2025, Vol. 70, No. 2
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Figure 3. Thermogravimetric curve for the PCM-Br sample.

compounds may occur in this temperature range, which ex-

plains the observed high loss of weight (15% at 250◦C and

37% at 650◦C). PCM-Br has a sufficient thermal stability

for various materials science applications, in particular, as a

functional additive to polymer matrices.

2.2. Electrical conductivity of porous carbon
materials and dielectric properties of

composite materials with them

Uniform distribution of carbon particles in the polymer

matrix was achieved through a solution method used for

composite material fabrication. PS was dissolved in a stable

dispersion of PCM or PCM-Br in chloroform and stirred

thoroughly using US treatment. Keeping the thin films

in a hood without additional heating (at 25◦C) ensured

slow solvent evaporation that prevented the formation of

microcracking and micropores. The quality of fabricated

composite materials was controlled by means of optical

microscopy. Figure 4 shows optical images of PS/PCM

and PS/PCM-Br in transmitted light. Dark regions in the

images correspond to composite areas containing optically

non-transparent PCM particles. The PS thin film, on the

contrary, transmits visible light, therefore bright areas in the

images correspond to polymer that are depleted of carbon

filler. Samples have quite good homogeneity and uniform

distribution of PCM agglomerates in the polymer matrix.

As the fraction of carbon filler grows, the samples become

less transparent and almost opaque at content of 10wt%.

PCM bromination caused the increase in the electrical

conductivity σDC from 0.75± 0.04 to 2.4± 0.1 S/m. The

obtained values are comparable with those for other highly-

porous carbon powders such as CNH [44,45]. An in-

crease in electrical conductivity was observed previously for

brominated carbon material made by polyvinylidenechloride

carbonization [46] and for CNH with absorbed iodine

molecules [47]. According to the literature data, the increase
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Figure 4. Optical images of composite PS/PCM and PS/PCM-Br

materials with the content of filler from 1wt% to 10wt%.

in σDC for PCM-Br is associated with the transfer of electron

density from the carbon structure surface to the intercalated

Br2 molecules that increases the concentration of positive

charge carriers — holes.

Figure 5, a−d shows frequency dependences of the

real ε′ and the imaginary ε′′ parts of the permittivity of

the composite PS/PCM and PS/PCM-Br samples in the

frequency range of 0.1−1.3THz. Dielectric permittivity ε′

of a PS film made without addition of carbon filler has a

constant value of about 2.2, which is close to that of dense

Technical Physics, 2025, Vol. 70, No. 2
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imaginary ε′′ (c, d) parts of permittivity, transmittance (T ), reflectance (R) and absorbance (A) at 0.6 THz depending on the content

of PCM (e) and PCM−Br (f).

bulk polystyrene [48]. Low electrical conductivity of PS

(σDC ∼ 10−13 S/m [48]) explains low values ε′ . Addition of

PCM causes the increase in the permittivity (Figure 5, a, c).
When the carbon filler concentration is 10wt%, ε′ and ε′′

reach the maximum values of 3.3 and 2.4, respectively, at

1 THz.

Permittivity of PS/PCM-Br varies in a non-monotonic

manner with the increase in the PCM-Br content (Fig-
ure 5, b, d). At 1 THz, the values of ε′(ε′′) increase

from 1.8 to 5.0 (from 0.2 to 2.6) as the PCM-Br content

grows from 1wt% to 7wt%. However, further increase

in the PCM-Br filler concentration to 10wt% caused the

decrease in the real and imaginary parts of permittivity

to 3.0 and 0.6. Such critical behavior was observed

before for composite materials with CNH [10,11,49] and

indicates the formation of a continuous conductive cluster

chain in the polymer matrix. Thus, the effects of current

flow through a composite polymer film contribute to

the electromagnetic properties of the PS/PCM-Br material

starting from the filler concentration of about 7wt%. The

PCM-Br concentration of 10wt% gives rise to the decrease

in ε′′ . This phenomenon can be associated with exclusion

Technical Physics, 2025, Vol. 70, No. 2
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of a part of composite interior from the electron transfer

process when the critical filler concentration is reached [10].
Transmittance T , reflectance R and absorbance A of

100µm-thick materials at 0.6 THz are shown in Figure 5, e, f.

As the weight fraction of PCM increases, the composite

PS/PCM materials become less transparent. Thus, the

sample containing 10wt% of the initial PCM transmits only

about 11% of incident radiation. At that, absorption is the

main mechanism responsible for the attenuation of THz

wave, while the contribution of reflection is less than 15%.

Transparency of the PS/PCM-Br composites also de-

creases with the PCM-Br concentration. At 7wt% PCM-

Br, T is 12%. The contribution of absorption to the

attenuation of electromagnetic radiation is higher than that

for the PS/PCM series with the same weight content

of carbon filler (to 7wt%, inclusive). This could be

associated with the increase in the carbon filler conductivity

after bromination and with the increasing role of multiple

reflection in carbon particles. Increase in the PCM-Br

concentration to 10wt% causes the increase in the fraction

of transmitted radiation to 56%. This nonlinearity is

associated with the appearance of conducting networks in

the film with high PCM-Br concentration.

It is interesting to compare the electromagnetic prop-

erties of the prepared PS/PCM composites with the data

for absorbing materials containing other carbon fillers.

Composite materials consisting of polymethyl methacrylate

and 0.5−2wt% carbon onions about 100µm in thickness

transmit from 40% to 80% of incident radiation [50,51].
To achieve the same T in a 2mm polymer plate, at

least 15wt% CNH shall be added [11]. Aerogel and

carbon foam samples containing graphene [15,16], carbon
nanotubes [17] and mixtures thereof [15] with thickness

of 2 and 3mm transmit less than 10%THz and 1%THz

of radiation, respectively. Comparable properties were

demonstrated by glass-like carbon foam [12]. Composite

materials with 10wt% PCM and 7wt% PCM-Br 100µm in

thickness attenuate about 89 and 88% of incident radiation

at 0.6 THz, thus, showing their potential for shielding

coating applications.

Conclusion

PCM powder with the specific surface area of 577m2/g

and conductivity of 0.75 S/m was synthesized by chemical

deposition of acetonitrile on a CaO-doped template at

650◦C. Holding PCM in saturated bromine vapor at room

temperature during 4 days allowed addition of 3 at% of

bromine in the form of molecular bromine and bromine

atom covalently bonded to carbon atoms at the edges

of defects and graphene fragments (in a ratio of 2 : 3).
Bromination caused the increase in the sample conductivity

to 2.4 S/m. Polystyrene and initial or brominated carbon

materials were used to make composite materials with

different filler concentrations of 1wt%, 2wt%, 5wt%,

7wt% and 10wt% and their electromagnetic properties

were studied in the frequency range from 0.1 THz to

1.3 THz. It was found that the addition of the studied carbon

fillers caused the increase in the permittivity of the polymer

samples and could provide thin films capable of attenuating

the THz electromagnetic radiation significantly. Addition of

a brominated carbon material increased the shielding effi-

ciency at low filler concentrations (up to 7wt%) due to the

enhanced absorption of electromagnetic radiation by carbon

particles. At high concentrations of brominated carbon filler,

both conductivity and reflectance of the composite material

increased. The study has demonstrated a high potential

of bromine-modified PCM as functional fillers for high-

performance electromagnetic polymer shields. Bromination

may be used as a method for modification of other carbon

nanomaterials serving as a basis for creating new conductive

fillers for shielding polymer coatings with desired properties.
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