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Sulfur-infiltrated microporous carbon aerogels are widely used in metal-sulfur batteries or as a capture
material for gas-phase mercury adsorption. The present paper deals with two sulfur infiltration
techniques and novel characterization methods of sulfur—carbon composites. It is shown that gas-phase
as well as microwave-based infiltration techniques are suitable for successful infiltration of microporous
aerogels. Nevertheless, some limitations of both methods were identified. Hence, the microstructure,
chemical composition, and electrical conductivity of produced samples are comprehensively analyzed.
In general, sulfur was found to be partially chemically bonded with carbon, which correlates with the
increase of electrical conductivity after gas-phase sulfur infiltration. Furthermore, pu-CT and electron
microscopy give a very valuable insight into the structure on macroscopic level. The study provides
reliable methods for detailed characterization of sulfur—carbon composites and a better understanding

rsc.li/materials-advances of sulfur infiltration techniques.

Introduction

Aerogels are highly open-porous solid materials. Carbon aero-
gels (CA) and their organic precursors represent a large and
important class of aerogels. Their structural properties (e.g.
porosity, pore sizes and volume, inner surface area) can be
tailored for different kinds of application, such as electrode
materials in rechargeable batteries or in supercapacitors,"” as
adsorbers for hydrogen storage® or catalyst support,* and for
thermal insulation.’

Sulfur-infiltrated carbon aerogels have attracted a great
attention in recent decades.®™® Several application fields have
been identified for these materials.

In lithium-sulfur cells, with high theoretical gravimetric
energy density of about 2.500 Wh kg™ ' and high theoretical
capacity of about 3.862 mAh g ' the interest is growing in the
last decades.’ Despite other challenges, the insulating nature of
sulfur, the partly irreversible relocation of polysulfides during
charging/discharging and volume change of sulfur cathode
belong to bottlenecks of Li-S chemistry."® A recent study on
applying highly microporous carbon aerogels as a conductive
host for sulfur was investigated.® The work of Nojabaee et al.
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shows crucial influence of the sulfur infiltration technique on
the capacity and stability (1.050 mAh g~ * after 100 cycles) of
the cell.

In addition, sulfur-infiltrated activated carbon is an impor-
tant material for gas-phase mercury capture. The biggest source
of mercury emissions is still coal fired power plant. In order to
control and to decrease the release of gas-phase mercury to the
environment sulfurized activated carbon was found to have a
great adsorptive capacity."' Lui et al postulated that sulfur
allotropes have more active terminal atoms at higher tempera-
tures and would facilitate more effective mercury uptake."> The
impregnation temperature and strong bonding between sulfur
and carbon essentially contribute to an excellent mercury
removal.

Moreover, slow and controlled release of fertilizers or fungi-
cides can be achieved with sulfur-containing materials."* Sulfur
is one of the important elements for plant growth'* and in the
control against fungal diseases. Suitable infiltration techniques
of carbon host would enable sustained release and long-term
protection of plants.

In order to create a sulfur-carbon composite, several meth-
ods can be found in the literature."”® The most known and
applied techniques for sulfur infiltrations, based on physi- and
partly chemisorption, are: (a) mill infiltration, which takes
place at room temperature in a planetary ball mill, where sulfur
and carbon material are placed and mixed together;'® (b) melt
infiltration conducted over several hours at temperatures

© 2026 The Author(s). Published by the Royal Society of Chemistry
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between 155 °C and 280 °C, this method utilizes the low
viscosity of liquid sulfur, allowing it to diffuse into the pores
of the carbon material;'”"*® (c) vapor phase infiltration requires
temperatures higher than the boiling point of sulfur (445 °C).
Here, short sulfur allotropes (S,.,) are present. These small
molecules can diffuse into micropores (pores < 2 nm) and
form covalent bonds with the carbon;"* (d) incorporation of
sulfur solved in supercritical carbon dioxide;'® (e) solution
infiltration of sulfur. In this approach, sulfur is dissolved in
an unpolar solvent (e.g. DMSO>%?!) and mixed with carbon
material. After several hours of stirring the solvent must be
removed and the composite is dried;** (f) microwave induced
infiltration can be used to distribute sulfur within a carbon
network. The carbon material acts as a microwave absorber,
which melts the sulfur and facilitates its diffusion into pores of
carbon matrix.>*>*

Suitable physicochemical methods are required to analyze
the sulfur infiltrated samples. Beside of TGA, DSC, XPS, and
electron microscopy, p-CT is a powerful tool for 3D analyses. It
can be used to analyze all kinds of materials non-destructive in
3D as long as the X-ray can penetrate through the material.
Advanced image processing can result in binarized images for
further analysis to receive structural information as for example
pore structures and constitution. This method finds wide-
spread application from medical to material science for the
examination of internal structures, the detection of defects and
cracks of devices as well as artifacts. In energy research, this
method can be used to investigate components of batteries and
fuel cells on the micrometer scale.>*™*

Despite numerous studies on melt and ball-mill infiltration
techniques, the investigations on gas-phase and microwave
sulfur infiltrations are incomplete. Especially, the investiga-
tions of electrical conductivity and 3D analysis are scarce and
unsystematic. This work focusses on comparison of two differ-
ent sulfur infiltration techniques and novel methods for micro-
structural analysis of carbon-sulfur composites. The drawbacks
and benefits of sulfur-infiltration methods are discussed by
applying different characterization techniques to obtain a
comprehensive understanding. In this study, the sulfur distri-
bution within the porous network and the efficiency of both
techniques are investigated as key parameters. Given that the
filling of micropores with sulfur is crucial for various applica-
tions, this aspect was analyzed in detail via TG analysis.

Synthesis and methods
Classification of aerogels

For this study, two types of carbon aerogels (CA) were produced.
Both types of CA are based on a flexible resorcinol-
formaldehyde (RF) aerogel.*® The first type, an activated CA,
is termed CA,. The second type is activated and nitrogen-doped
and is termed CA,q.

The CAs were infiltrated with sulfur both in gas phase CA,—-
Scas and CA,q—Sgas, respectively, and in microwave CA,-Syw
and CA,q-Smw, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of resorcinol-formaldehyde (RF) aerogels

Resorcinol (R) (98%, Aldrich) was dissolved in deionized water
(W) at a molar ratio R:tW of 0.008 at room temperature and
stirred with a cross-magnetic stir bar at 150 rpm. Then an
aqueous solution of formaldehyde (F) (37% w/w, stabilized with
10% methanol, Merck) and solid sodium carbonate (C)
(Aldrich) was added to the stirred resorcinol solution. The
R:C and R:F molar ratios were 50 and 0.5, respectively. The
pH was adjusted to 5.4-5.6 after stirring for 5 minutes by
dropwise addition of 2 N nitric acid (Alfa Aesar). Stirring at
room temperature was continued for 60 min, followed by
placing the homogeneous, transparent solution in a sealable
polypropylene container in an oven at 60 °C (Memmert GmbH,
Germany). After 7 days of gelation, the wet gel was cooled to
room temperature and transferred to an acetone bath (pure,
technical grade, TH. Geyer) to remove the remaining chemicals
and exchange water with acetone, which is soluble in super-
critical carbon dioxide. The acetone was refreshed six times
within 3 days. Supercritical drying was carried out with CO,
(purity >99.995%, Praxair) in an autoclave of 60 L volume
(Eurotechnica, Germany) at 60 °C and 110 bar for about 21 h in
total. The total duration is made up of three main steps: System
start-up (2-3 h), solvent extraction (5-6 h), depressurization and
system shutdown (2-3 h), overnight the system was kept at
constant pressure and temperature. The degassing was carried
out in an autoclave of 60 L volume (Eurotechnica, Germany).
The degassing rate was set to 0.2 bar per minute.

Synthesis of CA,: carbonization and activation

The carbonization was carried out in an electric furnace (KS-3-
80-Vac-Sonder, Linn High Therm, Germany) using nitrogen
(purity >99.999, Linde). The RF aerogel was placed in the
furnace, purged three times with nitrogen, and heated to the
carbonization temperature of 800 °C. The heating rate was
adjusted to 5 K min~", and the pressure was adjusted to 50
mbar. The temperature was kept for 5 h. Subsequently the
activation was performed using CO, with a flow of 9 L h™* at
1000 °C for 3 h. After carbonization and activation, the aerogels
were cooled down to room temperature under a flow of
nitrogen.

Synthesis of CA,q4: nitrogen doping and activation

RF aerogel was placed with melamine (99%, Alfa Aesar) and
potassium carbonate (99.5%, Merck, Germany) in a weight ratio
of 1:1:1 in a shaker ball mill (MM400, Retsch GmbH, Ger-
many). After milling for 30 s with 30 Hz and three balls
(stainless steel, ¢ = 15 mm), the mixture was carbonized in
an electric furnace (KS-3-80-Vac-Sonder, Linn High Therm,
Germany) using nitrogen (purity >99.999, Linde). The sample
was purged three times with nitrogen, and heated to the
carbonization temperature of 800 °C. The heating rate was
adjusted to 5 K min~", and the pressure was adjusted to 50
mbar. The temperature was kept for one hour whereupon the
samples were cooled down to room temperature under a flow of
nitrogen.

Mater. Adv.,, 2026, 7, 5016-5029 | 5017
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After carbonization the samples were washed with deionized
water until a neutral pH value of the solvent was reached, to
remove the K,O. After washing, the samples were dried at a
temperature of 50 °C for 24 h.

Gas phase sulfur infiltration

For the gas infiltration the carbon aerogel and the glass flask
were heated at 100 °C under vacuum for 12 h. Afterwards the CA
and the sulfur powder (99.5%, Alfa Aesar, Germany) are milled
in a shaker ball mill (MM400, Retsch GmbH, Germany) under
argon atmosphere (purity >99999%, Linde) for 30 s and 30 Hz
with 3 milling balls (¢ = 15 mm). Further the sample was filled
in a glass flask under argon conditions. After evacuation the
ampulla was sealed under vacuum. The maximum sulfur vapor
pressure pma, at the temperature (7) 600 °C was calculated
using eqn (1). To avoid damage to the glass ampulla with
volume Vympuna and the subsequent release of hazardous sulfur
oxides into the environment, the wall thickness of ampulla was
adjusted accordingly. The sulfur amount mg ,.x Was calculated
from the micropore volume of the CA (eqn (4)) and M(S) molar
mass of sulfur. A closed system was generated which was
treated at 600 °C for 6 h in an electric furnace (KS-3-80-Vac-
Sonder, Linn High Therm, Germany). After heat treatment the
temperature was decreased slowly.
_ Pmax * Vampulla : M(S)

ms max = RxT (1)

Microwave sulfur infiltration

For the microwave infiltration the carbon aerogel and the
microwave tube were heated at 100 °C under vacuum for
12 h. Afterwards the CA and the sulfur powder (99.5%, Alfa
Aesar, Germany) are milled in a shaker ball mill (MM400,
Retsch GmbH, Germany) under argon atmosphere (purity
>99999%, Linde) for 30 s and 30 Hz with 3 milling balls
(& = 15 mm). The sulfur amount was calculated from the
micropore volume of the CA (eqn (4)). Further the sample was
filled in the microwave tube under argon conditions and sealed.
The tubes were placed central so that continuous, unpulsed
microwave radiation is focused on the reactor (wavelength
12.2 cm) and were heated up to 250 degrees at 300 W in the
microwave (Discover, CEM, Germany). The microwave treatment
was 5 minutes. The non-contact temperature sensor located under-
neath the container measures the temperature development in the
pressurized container. The frequency is not user-adjustable, the
single-mode microwave technology is used in the device. After heat
treatment the temperature was decreased.

Characterization techniques

For physisorption experiments the samples were degassed for
12 h at 200 °C and 0.1-0.5 mbar (SmartVacPrep, Micromeritics,
Germany). The measurement of specific surface area, meso-
and micropore size distribution, mesopore volume, and micro-
pore volume were performed at 77 K by nitrogen adsorption—
desorption isotherms (3Flex, Micromeritics, Germany). The
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calculations were based on BET/BJH/DFT/¢-plot methods. For
t-plot and BJH, a Carbon Black STSA model and for DFT
method, a classical N2@77 carbon model for slit pores was
used. Additionally, micro pore distribution was measured at
273 K with carbon dioxide (TriStar, Micromeritics, Germany).
The calculation is based on classical CO,-DFT-Model for
slit pores

The electrical conductivities were measured using a powder
resistivity measurement system based on a DC voltage-current
measurement (PD-51, Mitsubishi Chemical Europe). The
measurement was based on a 4-pin method at different pres-
sures. The thickness of the sample was determined using a
displacement transducer.

The microstructure of carbon aerogels was investigated
using Raman spectroscopy (XploRA PLUS, Horiba Scientific,
Germany) using a laser wave length of 532 nm. For each spectra
the acquisition time was adjusted to 60 s. The ratio In/Ig was
calculated from the intensities of the D and G peaks.

The elemental (CHNS) analysis was done with an EA300
from EuroVector®™. For the elemental analysis the compounds
were brayed with vanadium (V) oxide and burned at 1000 °C
with a subsequent gas chromatography.

Thermogravimetric analysis was performed under an argon
atmosphere using an STA 449 F3 Jupiter (Netzsch, Germany).
The heating rate was adjusted to 10 K min™~", the temperature
range was 22 °C to 1000 °C. The average sample mass was
2.45 mg.

ATR-FTIR spectroscopy was performed on a Tensor 27
spectrometer (Bruker Optics GmbH & Co. KG, Germany) measuring
a total of 150 scans over a spectral range of 4000-400 cm ™" with
a resolution of 4 cm™*, for each sample. In total, three spectra
for each sample were averaged and analyzed.

X-ray photoelectron spectroscopy (XPS) was performed using
VersaProbell instrument (Ulvac-Phi). The samples were irra-
diated with an aluminum Al-Koa emitter with an energy of v =
1486.6 eV in a spot diameter of 100 pm. Detection was carried
out with a hemispherical analyzer. To ensure charge compen-
sation during measurement, a dual-beam system consisting of
an electron shower by a Flood-Gun and low-energy Ar' ions was
used simultaneously. The pass energy was set to 11 eV. The
acquisition time for the S 2p spectra was 19 minutes and 30
seconds. For peak fitting of the S 2p region, the full width at
half maximum (FWHM) was constrained to 0.8-1 eV for S-Cx
and 1.5-2.4 eV for C-SOx.

The 3D visualization of the powder samples was achieved by
X-ray p-computed tomography (u-CT). Therefore, a small
amount of CA powder was put in a home-made cylindrical
plastic holder (ca. 6 mm diameter) and covered with parafilm.
The measurements were performed with a Skyscan 1172 device
by Bruker (Belgium). The X-ray source was set to maximum
power of 80 kV and 0.1 mA and the images were recorded in a
step size of 0.2° with an exposure time of 1425 ms. Frame
averaging was set to 4 and random movement to 10. A resolu-
tion of 2-4 um per pxl was achieved. The reconstruction of
the single images into a 3D volume stack was achieved using
the software NRecon (Bruker, Belgium) for which the image

© 2026 The Author(s). Published by the Royal Society of Chemistry
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greyscales had to be adjusted partly individual due to different
densities of the CAs. Cross-sections and 3D images were
received using the software DataViewer and CTy,y, respectively
(both Bruker, Belgium).

Scanning electron microscopy (SEM) coupled with energy
dispersive spectroscopy (EDS) was performed on a Hitachi S-
3200N microscope and an Oxford INCA System with PentaFET
Precision INCA X-Act (10 mm® SDD detector). The powder
samples were attached to a carbon tape on an aluminum
sample holder. Several different sample spots (3-4) on the
holder and different magnifications were analyzed. Most repre-
sentative images are selected.

High-resolution transmission electron microscopy (HR-
TEM) was performed on a Jeol JEM2100 F microscope using a
Schottky emitter as electron source, acceleration voltage of
200 kv and magnification up to 1000 000. The samples were
analyzed on a Cu grid covered polyvinyl formal film (200 mesh,
Plano). For TEM analysis, overview images were taken first. In
case of promising results (stable sample on the holder, not too
much sample in one region) high-resolution TEM images were
acquired.

Results and discussion

First, the morphology, chemical structure, and physical proper-
ties of two pure carbon aerogels and aerogels doped with
nitrogen are discussed. This is followed by discussions of
different infiltration techniques and their influence on the
sulfur loading and distribution within carbon network.

Table 1 and Fig. 1 summarize the properties of carbon
aerogels. The SEM images (Fig. 1a and b) depict the morphol-
ogy of both carbon aerogels. The backbone of both aerogels
consists of interconnected, quasi-spherical nanoparticles.
These particles are covalently bonded to one another, forming
a continuous, branched skeletal structure. This connectivity
ensures high electrical conductivity and mechanical stability.
The spaces between the particle chains create a complex system
of pores. Large pores between big clusters can be observed from
SEM images, which are not detectable with gas sorption tech-
niques. The particle size estimated from scanning electron
microscopy is in the range of 150 + 50 nm.

To evaluate the surface area and the pore size distributions
gas sorption was used. Specific surface areas were derived from
the N, adsorption isotherms based on the BET model. The
linear fit was restricted to the relative pressure range of p/p° =
0.05 to 0.2 to ensure a positive C constant and to satisfy the
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Rouquerol criteria. The regression resulted in an R” value of
about 0.999, confirming the validity of the multipoint fit. The
linear fit, correlation coefficient R* as well as BET C constant
are present in SI (Fig. S1a and Table S1). Both aerogels CA, and
CA,q have type I(a) isotherm provided by microporous solids
which is confirmed by a steep increase of N, uptake at low p/p°
value with small contribution from Type IV behavior (Fig. 1c).
The nitrogen uptake of CA,q4 is distinctly much higher than CA,,
indicating higher micropore volume. A plateau appears in the
relative pressure range between 0.1 < p/p® < 0.8 with a small
increase of gas uptake at high p/p® > 0.9 originated from small
ratio of mesopores (VimesoCAa = 0.09 cm® g7 and ViegoCAaq =
0.16 cm® g~ '). Fig. 1e shows the pore size distributions of
aerogels calculated from nitrogen sorption measurements.
Both aerogels reveal a bimodal pore size distribution. CA,
shows a sharp peak at around 0.64 nm and a second small
peak at 1.27 nm. Whereas, CA,q has two very broad peaks:
double-peak at 0.68 and 0.90 nm and at around 2.5 nm.
Additionally, CA,q4 exhibits considerably larger surface area
and almost three times higher micropore volume. For further
analysis of the micropores, CO, sorption measurements were
conducted at 273 K. The samples exhibit Type I isotherm which
is characteristic of microporous solids (Fig. 1d). Notably, sig-
nificant discrepancies between the results from the nitrogen
adsorption and those obtained from the CO, adsorption were
found for the nitrogen-doped sample CA,q4. The N, isotherm of
CA,q shows a distinctly higher micropore volume and nitrogen
uptake compared to CA, whereas, the apparent CO, uptake on
CA_,q is lower than on its non-doped counterpart.

To elucidate the mechanisms underlying these differences
the pore size distributions of both materials were examinate.
The analysis of the obtained results shows a bimodal shape for
the pore size distributions (Fig. 1f) with pores between 0.4 and
1.1 nm. For CA,, a primary peak with significantly high inten-
sity appears at about 0.55 nm, followed by a secondary peak of
lower intensity at about 0.85 nm. Conversely, the first peak for
CA,q is right-shifted to 0.59 nm, while its second peak -
exhibiting higher intensity - is centered at 0.85 nm.

In summary, CA, has a lower total micropore volume, but a
higher pore volume in the sub- 0.6 nm range. In contrast, the
total micropore volume of CA,q is three times higher, but its
pores are predominantly situated in the region above 0.8 nm.
The picture that emerges from considering of the micropores,
CO, uptake and micropore volume for CA, are higher for the
region below 0.6 nm; meanwhile, the larger micropores
(>0.8 nm) in CA,q remain undetected by CO, measurements,
as CO, adsorption is typically restricted to pores smaller than

Table 1 Microstructural and compositional properties of pure carbon aerogels

Conductivity at

Venicro [6M® 271 Vineso [em® g1 Appr [m? g™ '] 3.18 MPa[Sm '] C [wt%] H [Wt%)] O [wt%)] N [wt%] In/lg
CA, 0.30 £ 0.02 0.09 + 0.0 828 + 21.5 234 4 21.5 88.3 + 1.70 0.77 + 0.63 3.34 + 1.21 n.d.” 1.35 + 0.03
CAaq  1.02 £ 0.08 0.16 + 0.04 2440 £ 110 417 + 24.2 77.5+0.21 n.d.? 3.36 +£0.04 1.28 +0.14 1.39 + 0.05

“ n.d.: not detected.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) SEM images of microstructure of CAa and (b) of CAad aerogels; (c) nitrogen adsorption—desorption and (d) CO, adsorption isotherms; (e) pore

size distributions from nitrogen sorption at 77 K and (f) and from CO, gas sorption at 273 K of carbon aerogels; (g) Raman spectra of carbon aerogels; (h)
electrical conductivity of pulverized carbon aerogels under pressure; (i) IR-spectra of activated CA, and N-doped carbon CA,4 aerogels; (j) N 1s spectrum

of N-doped carbon aerogel CA,q.

0.8 nm.*’ Consequently, the results from carbon dioxide and
nitrogen sorption measurements complement each other well.

Furthermore, the role of nitrogen doping must be consid-
ered because the molecular polarity of CO, is larger than that of
N,, an adsorbent with a polar surface (e.g. a nitrogen-doped
material) may increase the adsorption difference between the
two gases. CO, molecules and the adsorbent can form strong
interaction energies in the narrow pores. However, in our case,

5020 | Mater. Adv., 2026, 7, 5016-5029

it appears that the CO, adsorption is not influenced by
relatively low nitrogen content, but rather by the pore
architecture.

The structural changes are associated to both, CO, activa-
tion and the reduction of K,CO; according to the reactions:*!

(2)
®)

K2C03 d K20 + COZ

CO, + C — 2CO

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In CA,q high amount of carbon is removed as CO gas
causing creating of high surface area, and high micropore
volume of 1.02 cm?® g~ *. Whereas, the activation with CO, leads
to 0.30 cm® g~ micropore volume. Moreover, Sevilla et al.
figured out a crucial role of melamine during activation
process.*”> The presence of melamine for CA,q not only
leads to nitrogen doping (1.28 wt%), it also contributes to the
development of porosity. The increase of pore volume
can be attributed to the formation of carbon nitride and its
gradual decomposition at around 400 °C, which causes devel-
opment of porosity and widening of pores. The chemical
composition of synthesized samples was studied by
elemental analysis. In CA, low amount of hydrogen and oxygen
can be identified. CA,q exhibits similar amount of oxygen and,
since it was doped with melamine, also nitrogen could be
proven.

The structural properties of carbon aerogels were further
analyzed with Raman spectroscopy. Fig. 1g reperesnts Raman
shift of the amorphous and graphitized regions of both
aerogels and an example of the evalution is presented in SI
(Fig. S1b). The spectra exhibit two bands at around 1340 and
1590 cm ™' responsible for the D and G bands, respectively. The
D band at around 1340 cm™ ' is associated to the breathing
mode of sp*® carbon present in the 6-membered aromatic
rings with defects. The G band with lower intensity at around
1590 cm ™' is caused by the bond stretching motion of the sp”
hybridized carbon atoms in the graphitic structure. The Ip/Ig
ratio for both types of aerogels are presented in Table 1. Higher
Ip/Ig ratios are typical for disordered carbon materials like
amorphous carbon with high concentration of defects. It is
tremendously evident from high I,/I; ratio that both materilas
have in their structures defects and disorder. The Ip/I; ratios
are close to each other. Nevertheless, the CA,q shows higher
degree of disorder with Ip/Ig of 1.39. The catalytic action of
Potassium hinders the long-range ordering (graphitization) of
the carbon, favoring the formation of amorphous, disorganized
structures. Furthermore, at temperatures above 800 °C K,CO;
produces metallic K, which intercalates into the graphitic
lattice. This intercalation causes expansion and structural dis-
ruption of the ordered carbon sheets.

Fig. 1h shows the electrical conductivity of carbon aerogels
CA, and CA,4 at different pressures. With increased pressure
the conductivity rises, due to densification of powder and
creating of new pathways for electron transfer. The electrical
conductivity of nitrogen doped carbon aerogel CA,q4 is almost
twice as high at 3.18 MPa as the non-doped aerogel. The doping
process seems to have a great influence on the electrical
conductivity. This could be attributed to changes in the micro-
structure during activation with potassium carbonate, to dop-
ing with melamine, and to the presence of nitrogen. In general,
N-atoms can be integrated into carbon aerogels as structural
(pyridinic, pyrolic, and graphitic) or as chemical (nitro- or
amine-groups) nitrogen. The structural nitrogen substitutes
carbon atoms and contributes to p-electrons to the =-
conjugated system. Caused by the larger electronegativity of
nitrogen (3.0) compared to carbon (2.5) the electrical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conductivity of nitrogen-doped material increases which is
observed by several studies.**** The incorporated nitrogen
was studied by IR and XPS spectroscopies. Fig. 1i shows IR
spectra of both carbon aerogels. A peak at around 1630 cm '
can be identified for both materials which is related to stretch-
ing region of C=0O bonds.*” Moreover, additional peaks of
stretching modes of N-CH3, as well as nitrogen from triazine
rings can be seen in CA,q. The N 1s spectrum in Fig. 1j is used
to analyze the nature of nitrogen functionalities. The N 1s
spectrum can be deconvoluted into two peaks at 400.1 and
398.1 eV, corresponding to graphitic and pyridinic bonded
nitrogen, respectively. Both, graphitic and pyridinic nitrogen
influence the overall electrical conductivity,’® which is in
agreement with our investigations. Both analytical methods
show successful doping of nitrogen by adding of solid mela-
mine and subsequent increase of electrical conductivity.

For this work, two sulfur infiltration techniques suitable for
porous carbon materials were elected.

Fig. 2c schematically illustrates both techniques. The vapor
phase infiltration technique is very advantageous for several
applications due to small sulfur molecules present in the gas
phase. Generally, the equilibrium vapor of sulfur at about
450 °C contains all molecules S, (2 < n < 10), but the S,
molecules are in the majority.*” These molecules have a cross-
sectional diameter of 3.7 A*® and can strongly interact with the
inner surface of carbon matrix (e.g. pore walls) and fill first the
micropores and then create monolayers.*® Important is to point
out, that after cooling to room temperature sulfur inside the
micropores remains as the state of S,.>°

The sulfur infiltration by use of microwaves also seems to be
suitable for micropores carbon materials. The infiltration was
carried out at 250 °C. Although, the direct temperature
measurement during microwave treatment remains a challenge
due to hotspots caused by the absorption of carbon-based
materials and the requirements for safe containment of the
microwave reactor, for the discussion of results adjusted tem-
perature (250 °C) is used. Microwaves are high-frequency
electromagnetic waves with a frequency between 300 MHz
and 300 GHz.”' Because of the much lower frequency, micro-
waves carry less energy compared to X-rays or y-rays and thus,
have only a thermal effect on materials. Sulfur has a high
transparency to microwaves and can be heated up only mixed
with a microwave receptor. In this study, carbon aerogels act as
a microwave active material. As suggested by Kim et al., the
active carbon atoms are induced to dipole moments by the
electromagnetic field of the microwaves.>® The charge-bearing
atoms try to align themselves in the direction of the perma-
nently changing electromagnetic field, and the material-related
damping of the oscillations leads to a time delay. This results in
a heat loss. Due to the carbon atomic structure, activated
carbon material has free electrons, which is why electric
currents can be induced by microwaves. This results in heating
of the activated carbon due to inductive heat. From heated
carbon the energy is translated to the sulfur and causes melting
or even evaporation of it, as reported by Dubey and Dube,>
recently.
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In order to disentangle sulfur-specific effects from micro-
wave- or heat-induced alterations of the carbon framework,
activated carbon aerogel CA, was subjected to identical micro-
wave CA, mw and gas-phase CA,, 600 °C conditions without
sulfur. The results are shown in Fig. 2a and b and in Table 2.

To evaluate the changes in the specific surface area and pore
sizes (Fig. S2) N, gas sorption measurements were performed.
The surface area of CA,, 600 °C is 10% and CA,, MW 8% lower
compared to the untreated sample CA,. It can be considered
that long heat treatment at 600 °C led to structural changes. At
temperatures above 500 °C the carbon structure undergoes
annealing and consolidation, causing closing of pores, shrink-
ing, or even sintering processes. The results from Raman
measurements show that Ip/l; value decreases indicating
higher degree of order. The long heat treatment enhances the

Table 2 Microstructural and compositional properties of pure untreated
and treated carbon aerogels

Vmicro [crﬂ3 gil] Vmeso [Cm3 gil] ABET [mz gil] ID/IG

CA, 0.30 £ 0.02 0.09 £ 0.00 828 £21.5 1.35 %+ 0.03
CA,, 600 °C 0.27 + 0.02 0.10 £ 0.02 740 £ 64 1.30 = 0.06
CA;, MW 0.26 £ 0.00 0.13 £ 0.01 761 £ 17 1.42 + 0.02
5022 | Mater. Adv., 2026, 7, 5016-5029

alignment of graphitic crystallites, reducing the interlayer spa-
cing and decreasing the overall pore volume.

In contrast, the microwave treatment causes higher degree
of disorder in carbon aerogel (Ip/Ig = 1.42). This is due to rapid,
non-uniform heating, local hot spots, and non-thermal effects
that disrupt existing crystalline structures, causing structural
rearrangements or defects, rather than the gradual ordering
seen in thermal treatment at 600 °C. These findings are in
agreement with Deng et al.>

Sulfur loading in carbon aerogels was analyzed thermogra-
vimetrically. TGA measurements, shown in Fig. 2d, indicate the
sulfur loading in the carbon aerogels. In general, TGA-curves of
samples infiltrated in the gas-phase have a different course
compared to microwave. Gas-phase infiltrated samples reveal a
flat curve up to about 280-320 °C and then the mass drops
down, from about 480 °C they flatten out. For microwave-
infiltrated samples, the curves show two steps: at 180-240 °C
and at 280 °C. A mass reduction between 180 °C and 230 °C is
attributed to the evaporation of surface sulfur (sulfur placed on
the external surface of carbon network) and sulfur in meso-
pores. The evaporation of sulfur trapped in the micropores
requires additional energy, resulting in mass loss at higher
temperatures at 250 °C to 450 °C. Similar observations were
made by Tang et al.’® In this study, mass loss of sulfur confined

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Theoretical and experimental sulfur loading in micropores and on carbon surface (Revl, com. 4)

Experimental sulfur loading, [wt%]

Theoretical sulfur Infiltration

Sample names Total On carbon surface In micropores loading in micropores ws, [Wt%| efficiency, [%]
CA,-Gas 31.8 £2.2 0.0 31.8 £ 2.2 34.7 93.5
CA,-MW 41.2 £ 1.4 23.0 £ 1.6 18.2 + 1.2 34.7 53.5
CA,4-Gas 55.5 £ 3.8 0.0 55.5 + 3.8 63.8 88.1
CA,aMW 61.2 £ 2.1 10.1 £ 0.7 51.1 £ 3.5 63.8 81.1

in the microporous of carbon was observed at 300 °C. All gas
phase infiltrated curves show that the sulfur is present pre-
dominantly in the micropores. Due to the higher micropore
volume of CA,q, a higher mass loss occurs in the aerogel.
Table 3 summarizes theoretical and experimental sulfur load-
ing. The theoretical sulfur loading w(S) was calculated with>®

Vmicro X pgXMCA

w(S) = x 100 + 10% (@)

Viicrox PsXMCA+MCA

The eqn (4) from Usuki et al. was adapted, additionally to
micropore volume Vpicro, density of sulfur ps, and mass of
carbon aerogel mca, 10 wt% of sulfur were added to the
theoretical sulfur amount due to mass loss during decanting,
transfer and infiltration.*®

The theoretical sulfur loading for CA,q (63.8 wt%) is almost
two times higher compared with CA, (34.7 wt%) due to its
higher micropore volume. From the TGA curves a predominant
confinement in micropores with gas-phase infiltration can be
observed. Remarkable, the mass loss for CA,q4 starts already at
about 220 °C and for CA, at higher temperature, at 300 °C. Due
to the fact that the CA, consists predominantly of pores smaller
1 nm and CA,q exhibits additional high volume of pores
between 1 and 2 nm, it is expected that sulfur will evaporate
first from the larger micropores and later, at higher tempera-
tures from smaller micropores. Nevertheless, not all available
micropores were filled with sulfur. The efficiency of gas-phase
infiltration technique for CA, is 93.5% and for CA,q is signifi-
cantly lower with 88.1%. This may be caused by undesired
sulfur deposition on the walls of the glass ampoule. At higher
sulfur amounts, sulfur deposition on the reactor walls also
appears to be more dominant. Moreover, sulfur molecules
present in the gas phase are small showing a tendency to fill
ultramicropores (pores smaller 0.7 nm). Thus, pores of about 1-
2 nm are not filled completely by this technique.

In contrast to the gas-phase infiltration, microwave infiltra-
tion leads to large amount of sulfur in mesopores and on the
external carbon surface. For CA, nearly a half of total sulfur
amount (23.0 wt%) could be found on the surface, and only
18.2 wt% in the micropores. Therefore, the efficiency of the
microwave technique for CA, is the lowest (53.5%). For CA,q4 a
five times higher amount of sulfur (51.1 wt%) could be analyzed
in the micropores. The efficiency of microwave infiltration is
almost 34% higher for CA,q (81.1%) compared to CA, (53.5%).
During microwave treatment sulfur molecules are much larger
than in the gas-phase, so that the filling of larger pores
(mesopores) predominates with this technique. Small

© 2026 The Author(s). Published by the Royal Society of Chemistry

micropores below 1 nm of CA, remain partially inaccessible,
which reduces the efficiency.

In principle, three main parameters must be taken into
account when evaluating TGA: pore sizes of carbon aerogel;
pore volume, and the infiltration technique. Considering these
three influencing factors for the evaluation of infiltration
technique, the efficiency can be summarized as follow: for
carbon materials with small micropores (below 1 nm) gas-
phase infiltration technique is the most suitable; for carbon
materials with larger micropores (1-2 nm) and mesopores the
microwave techniques is recommended. Although the micro-
pores could be filled with both techniques, the efficiency of gas-
phase infiltration technique is the highest. Considering the fact
that for the desired application (Li-S battery, mercury trapping)
exclusively micropores need to be infiltrated, microwave tech-
nique should be improved prior using it for those purposes.

The phase transition of sulfur was determined by use of
differential scanning calorimetry (DSC). As shown in Fig. 3a,
the curves of elemental sulfur and sulfur infiltrated samples
differ from each other. Elemental sulfur consists of Sg crown-
shaped rings at room temperature. The DSC thermogram of
elemental sulfur contains four endothermic signals. First, the
melting of o-Sg® (ortho-rhombic sulfur) takes place at 114 °C.
The second peak at around 124 °C is related to the melting of
the B-crystals. The A-transition at around 168 °C is apparently
visible in a DSC thermogram. At that temperature Sg rings are
broken and converted into a linear polymeric bi-radical mole-
cules (*S-S¢-S°). The entropic driven forces become more
dominate and the polymeric fraction of the liquid grows. Due
to the formation of polymeric chains sudden and high large
increase in viscosity occurs.”” Finally, above 334 °C molten
sulfur transits to the gas phase, which is characterized by a
pronounced endothermic signal. Remarkable, the DSC curves
of infiltrated samples have a different shape. Here, microwave
infiltrated and gas infiltrated samples were analyzed as exam-
ples in order to investigate the differences caused by different
infiltration methods. A broad signal between 50 °C and 100 °C
appears first, followed by a second endothermic signal from
150 °C to 220 °C. The curves undoubtedly show that after
infiltration no crystalline sulfur can be observed in carbon
aerogels. Moreover, sulfur infiltrated CAs exhibit considerably
higher evaporation temperature at around 460 °C which
demonstrates formation of strong bonds between sulfur and
carbon during infiltration, consistent with the XPS results. Ye
et al. observed similar behavior of sulfur loaded carbons.”®

Fig. 3b compares the electrical conductivity of pure and
sulfur-infiltrated carbon aerogels at different pressures.

Mater. Adv., 2026, 7, 5016-5029 | 5023
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Fig. 3
spectra of sulfur infiltrated samples.

The infiltrated carbon aerogels exhibit higher conductivity
than pure aerogels, although the sulfur has a non-conductive
nature. Two different processes can contribute to the increase
of electrical conductivity. On the one hand, the sulfur infiltra-
tion takes place at 600 °C and, additionally to the infiltration,
cause changes in aerogel structure as already discussed and
shown in Fig. 2b, e.g. microstructure rearrangements during
heat treatment, changing in size of crystallite or appearance of
defects.>® On the other hand, sulfur is known as a highly
reactive element for heteroatom doping because of its unpaired
electrons and small difference in the electronegativity with
carbon (electronegativity of sulfur (2.58) and carbon (2.55)).%°
Many authors have observed improved conductivity of sulfur-
doped carbon materials.®' "%

The XPS measurments were carried out to evaluate the S and
C surface species. For both aerogels and both techniques the
spectra appear similar Fig. 3c, although CA,4 is doped with
nitrogen. The peak in C 1s spectrum of sp> carbon appears at
284.5 eV, another fitted peak of C-S bond can be seen at
284.7 eV, which further proves covalently bonded sulfur. Other
broader peaks between 289 and 290.75 eV can be assigned to
C-O bonds. The S 2p spectrum of both infiltrated aerogels show
the typical signals for C-S bonds.®* The S 2p;,, signal at
164.15 eV and S 2p;, at 165.33 eV can be assigned to
-S-C-S- covalent bond of thiophene sulfure owing to their spin-
orbit coupling. Similar result was also reported by Ma et al.®*

5024 | Mater. Adv, 2026, 7, 5016-5029

Binding energy [eV] Binding energy [eV]

(a) DSC curves of sulfur-infiltrated carbon aerogels; (b) electrical conductivity of pure and sulfur-infiltrated carbon aerogels; (c) C 1s and S 2p XPS

SO, species (e.g. sulfate -C-SO,—C- or sulfonate -C-SO;-C-) are
observed at 168-170 eV, as proposed by Wang et al.®

The morphology of infiltrated aerogels based on CA,
appears similar as seen in the reconstructed 3D images
(Fig. 4). Here, the resolution of p-CT measurement (2-4 pm
per pxl) defines the information depth of the presented images,
so that the microstructures and micropores cannot be visua-
lized as they are roughly one order of magnitude smaller. The
two infiltrated CA, samples are comparable indicating a similar
structure after sulfur infiltration and no influence of the two
different methods used here. The powders are relatively homo-
geneous with small, mostly elongated particles. Here it can be
seen that the density of the majority of the powder is similar
while the infiltration leads to a second phase with higher
density appearing as the mentioned particles.

Sulfur infiltrated aerogels of the type CA,q4 reveal different
morphologies compared to CA, samples. The sample from gas
infiltration (CA,4-Sgas) Seems to have an overall higher density
(appears much brighter in Fig. 4c) while the aerogel from
microwave infiltration CA,q-Smw appears very inhomogeneous
with large aggregates of a material with a higher density. This
could indicate a separation of sulfur particles and therefore an
unsuccessful sulfur infiltration, which is in accordance with the
TGA results. TGA results reveal a high sulfur loading for the
microwave infiltrated samples compared to the ones from gas
phase infiltration. The highest sulfur content was found for the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CAad'SMW

d

Fig. 4 Reconstructed 3D images of the analyzed carbon sulfur aerogels (a) CA;—Sgas; (0) CAa—Smw; (€) CAag—Saas; and (d) CA,q—Smw with a selected
volume (top row) and a zoom (bottom row). The distance between two circles in the sample frames represents 500 um. For more 3D images see Fig. S3

in the SI.

sample CA,q—-Syw (see Table 3), which supports the assumption
of formation of sulfur aggregates or large particles as supposed
from CT analysis. Separation of sulfur particles (as seen in CT
images, especially for CA,q-Smw) are not observed in following
SEM images. This does not exclude the fact that they are
existing, as it might be a coincidence that the simple regions
analyzed by SEM were all relatively homogeneous, see Fig. 5. On
the other hand, CT is not a qualitative technique and it is

b CA,-Suw

60 pm
—

¢ CA.4-Scas

possible (but not very likely) that the observed particles (spe-
cially for CA,q-Smw) are not sulfur based.

From the shown CT analysis, it seems that success of sulfur
infiltration depends on both the used carbon aerogel but also
the infiltration method.

SEM images in Fig. 5 (top row) reveal comparable morphol-
ogy of the two carbon sulfur aerogels CA,-S and CA.4-S
independent of the sulfur infiltration method. For CA,4 edge-

RN

Fig. 5 SEM images and elemental mappings of carbon (C, red) and sulfur (S, yellow) of the analyzed aerogels: (a) CA;=Sgas; (b) CA;=Smw; (€) CAaq—Saas:

and (d) CAad_SMW-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TEM images of the analyzed aerogels in lower magnification (top row) and higher magnification (bottom row): (a) CA;—Sgas; (b) CA;—Smw; ()

CAs9=Scas; and (d) CAzg=Smw-

shape particles in some parts of the sample can be observed
(Fig. 5c and d). The elemental distribution as presented in the
middle and bottom row of Fig. 5 shows a quite homogeneous
sulfur distribution for all samples. On this scale of the samples,
the different infiltration methods seem not to result in severe
separation of the elements. The carbon mapping is not repre-
sentative here due to carbon tape for attachment of the sample
on the holder. In comparison to the discussed results from p-
CT analysis, the elemental separation in case of CA,q—Smw
(Fig. 4d) is not observed from the SEM images.

Acquisition of TEM images appeared to be quite challenging
due to the low density of the mostly C- and S-containing
samples which resulted in low stability of the sample under
the electron beam. Nevertheless, Fig. 6 reveals that all samples
consist of spherical particles with size of approximately
100 nm. No differences between the samples based on the
infiltration method can be observed.

In summary, the sample analysis shows that both methods
are well suited for sulfur infiltration of porous carbon. The
sulfur amount, as well as sulfur loading is predominantly in
micropores in gas phase infiltrated samples. Covalently bonded
sulfur could be proven by XPS analysis. However, p-CT gives
highly valuable insights on macroscale level. For microwave
infiltration some inhomogeneities as well as large sulfur aggre-
gates could be observed. These particles are undesired for e.g.
metal-sulfur batteries due to the rapid loss of active material
(sulfur) during first cycles.®® The reason for the formation of
agglomerates may be the inhomogeneous heat distribution in
the material. Possibly, the sample is irradiated inhomogen-
eously with microwaves, so that sulfur infiltration is not equally
effective at all points in the sample. This fact should be taken
into account for upscaling experiments. The microwave irradia-
tion should cover the whole sample volume with the same

5026 | Mater. Adv, 2026, 7, 5016-5029
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Fig. 7 Temperature-time profile of gas-phase (recorded in inner tags
oven) and microwave infiltration (temperature was measured at reactor
walls).

power. In contrast, gas-infiltrated samples consist of uniformly
distributed sulfur. On the other hand, this technique is highly
time-consuming and energy intensive. Fig. 7 depicts the time-
temperature profile of both methods. The temperatures given
in Fig. 7 were measured for microwave at the microwave reactor
wall and during gas-phase infiltration in the inert gas oven.
Presumably, the actual sample temperatures will differ from
the temperature of reactor walls. In particular, thermal inho-
mogeneities during microwave treatment cannot be ruled out.
The temperature was maintained at 250 °C by adjusting the
incident microwave power based on real-time internal tempera-
ture measurements. The time-power-temperature plot can be

© 2026 The Author(s). Published by the Royal Society of Chemistry
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found in SI (Fig. S4). The microwave infiltration is finished after
0.23 h, whereas the gas-infiltration takes 12 h. From an
economic point of view, gas-phase infiltration is a long and
expensive method. In addition, the scaling of this method is
very difficult to realize: high-pressure stable and sulfur inert
vessels are needed to scale up the technique. A distinct big
advantage of both methods is that no solvent waste is produced
during the infiltration. Additionally, sulfur is distributed only
in the pores and not on the particle surface, thus no additional
evaporation of surface-sulfur is needed to be performed.

In order to estimate both methods for different applications
diverse tests are planned and would be the focus of follow up
studies. Since successful filling of micropores could be
achieved with the performed techniques it is expectable that
electrochemical results in e.g. lithium-sulfur battery will show
sufficient cycle stability. Moreover, through the formation of
the carbon-sulfur bonds the shuttle effect and dissolution of
polysulfides are expected to be effectively suppressed, which is
already shown in the literature.”® Additionally, gas-phase mer-
cury capture is expected to be effective due to formation of S-C
bonds and infiltration of micropores, where the sorption of Hg
is preferable.

Conclusion

To date, the melt infiltration techniques are the most common
methods for sulfur infiltration for several applications. This
study deals with gas-phase and microwave-based sulfur infil-
tration and comprehensive characterization of the obtained
samples. The microwave infiltration technique was found to be
an elegant and simple method to infiltrate micropores of
carbon aerogels. Nevertheless, some inhomogeneities, sulfur
on the carbon surface and sulfur agglomerates could be
observed in the structure. Additionally, the study shows high
efficiency (81.1%) of microwave infiltration toward carbon
aerogels with large micropores (1-2 nm) and small (2-4 nm)
mesopores. In contrast, for carbon aerogel with pores smaller
than 1 nm, the technique is ineffective. The gas-phase sulfur
infiltration resulted in highly homogeneous sulfur deposition
in micropores of carbon aerogels. Although, this technique is
time-consuming and energy intensive, the efficiency of micro-
pore loading is about 81-93%. Gas-phase infiltration technique
led to an increase in electrical conductivity of carbon aerogels
which is beneficial especially for electrochemical application.
Both infiltration methods result in formation of C-S bonds
within the carbonaceous network. The application of CT-
analysis fulfills the study with insides into the macroscopic
structure of carbon-sulfur samples.
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