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Institute of Arms Industry Testing and Research Institute, Huayin, Shaanxi, China, *Yunnan Defense
Equipment Co., LTD., Quijing, Yunnan, China

The porosity parameter is one of the characteristic parameters of carbon
aerogel, and the porosity and pore size distribution affect the infrared interference
performance of carbon aerogel. In this study, nine types of carbon aerogel
samples were selected to characterize and evaluate their micromorphology,
particle size distribution, and porosity parameters. The objective was to obtain the
characteristic parameters related to particle size distribution, porosity, and pore
size distribution for these nine carbon aerogel samples. The infrared interference
performance of nine types of carbon aerogel samples was evaluated in a smoke
box. The analysis focused on the influence of porosity and pore size distribution
on the interference performance across the infrared bands of 1-3 um, 3-5 um,
and 8-14 um. Theresults indicate that carbon aerogel exhibits a strong extinction
effect across the three infrared bands. The increase in porosity leads to a higher
infrared extinction coefficient, while an increase in average pore diameter can
also enhance the infrared extinction coefficient.
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1 Introduction

Carbon aerogel (CA) has the performance characteristics of good thermal insulation,
large specific surface area, high porosity and hole size can be controlled at the nanoscale
and micron level (Chao et al., 2022; Lang et al.,, 2024). It has a wide range of applications
and can be used as capacitor electrode materials (Ashwini et al.,, 2023; Israr et al,
2025; Qaisar et al, 2020; Xia et al,, 2025), purification materials (Guan et al., 2025;
Song et al., 2025; Zhou et al., 2025). It can attenuate electromagnetic waves by relying
on the interaction with electric field (Wei et al., 2016; Cai et al., 2024), which has great
development potential and is expected to be widely used in the field of electromagnetic wave
shielding and absorption (Zhao et al.,, 2025; Liu et al., 2025; Zeng et al., 2025 Jiang et al.,
2025; Wang et al., 2024). Carbon aerogels are prepared by various methods, and all of
them have good electromagnetic shielding and absorption effects. Shu et al. (2024) used
chemical cross-linking and high-temperature carbonization process to prepare cellulose-
derived carbon/RGO composite aerogel, with a minimum reflection loss of 50.42 dB at
a thickness of 2.47 mm and a filling rate of 17.5 wt%. Ai et al. (2024) obtained biomass
carbon aerogel by phosphorylation and alkali etching of phosphorylated carbonized wood
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(PCW) and multi-stage porous phosphorylated carbonized wood
(HP-PCW), followed by annealing at 660 °C. PCW showed a
minimum reflection loss of 59.8 dB, and the effective absorption
bandwidth covered the entire X-band. HP-PCW shows a shielding
effect of 52dB in x-band. Wang et al. (2025) used vacuum
impregnation-assisted nanorepair (VINR) method to prepare
carbon fiber reinforced carbon aerogel (Cf/CA) composite, and
the electromagnetic interference shielding performance (EMI SE)
was about 2 dB at a thickness of 48.52 mm. Cao et al. (2022)
synthesized graphene/carbon fiber composite aerogel (CGA)
through solvthermal reaction and freeze-drying, with an effective
absorption bandwidth of 8.72 GHz in the range of 2-18 GHz
and a high absorption rate of 97.4% in the range of 0.3-1.5 THz.
Zhang et al. (2023) used the drop-freeze-drying followed by
carbonization approach to prepare three-dimensional ultra-light
aerogel spheres from one-dimensional nanocellulose-derived
carbon fibers and two-dimensional graphene layers. The aerogel
sphere has an effective absorption bandwidth of 6.16 GHz and a
minimum reflection loss of —70.44 dB when the packing load is 3
WWT.%. In addition to the aforementioned applications, carbon
aerogels also exhibit good infrared interference effects in smoke
conditions. Infrared interference refers to the technical measures
that artificially alter or block the propagation characteristics of
infrared radiation, thereby weakening or disrupting the normal
operational capabilities of enemy infrared detection and guidance
systems. The core objective is to reduce the detection, identification,
and tracking effectiveness of enemy infrared equipment on targets.
Zhang et al. (2020) prepared graphene doped carbon aerogel
(G-Ca) powder material with a density of only 0.0093 g/cm®
by sol-gel, supercritical drying and high temperature cracking
methods. The smoke box test results show that: The infrared and
visible light shielding rates of the carbon aerogel doped with
7% graphene were more than 97% and 94% at the initial stage
and 20 min after spreading. The smoke box test results of the
magnetic Fe;O4/graphene/carbon aerogel prepared by the same
method showed that: After 30 min of release, the shielding rate
of 3-5um and 8-12 pm infrared was 99.55% and 99.35% of the
initial value. According to the smoke box test of Jieyang (Yu Z.
etal.,, 2024), the extinction coeflicient of carbon aerogel powder
in the 3-5 um band can reach the highest of 2.61 m* g%, and the
extinction coefficient of 8-14 um band can reach the highest of
1.38 m* g'!. Through the experimental study, it is found that with
the increase of the porosity of carbon aerogel, the infrared mass
extinction coefficient first increases and then decreases. Wu et al.
(2018) used high-pressure airflow to spray 6 g of silica modified
graphene aerogel (SMGA) into a smoke box with a volume of 6 m?
and an optical path of 3 m at a flow rate of 40 L min™'. SMGA could
float in the air for 15 min, and the attenuation rate was greater
than 99% for more than 5 min. The above studies show that carbon
aerogel has excellent infrared interference performance and the
resulting smoke screen floats for a long time. Compared with the
research in the field of electromagnetic shielding and absorption, the
research on the infrared extinction effect is still in the preliminary
exploration stage. The specific influence of the pore parameters of
carbon aerogel on the infrared interference performance needs to
be further studied. Nine kinds of carbon aerogel materials were
selected for scanning electron microscope observation, particle size
distribution measurement and pore test to analyze the porosity of
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carbon aerogel samples. Smoke box test was carried out to obtain the
transmittance of 1-3 um, 3-5 pm and 8-14 pm infrared radiation
under the interference of carbon aerogel smoke screen. According to
the test results, the influence of porosity and pore size distribution
on the infrared interference performance of carbon aerogel was
analyzed, so as to provide guidance for improving the infrared
interference performance of carbon aerogel and regulating the pore
structure of carbon aerogel.

2 Material selection and experiment
design

To meet the stability requirements of the sample parameters in the
experimental tests, nine types of carbon aerogel materials were selected
from domestic companies capable of producing tonnage quantities of
carbon aerogels, with each material weighing 1 kg. Materials 1 to 9
correspond to sample 1 to 9, sample 1:7000 mesh G25-1; Sample 2:30
00 mesh G25-1; Sample 3:1500 mesh G25-1; Sample 4:400 mesh MSO1;
Sample 5:500 mesh G material; Sample 6:400 mesh D material; Sample
7:7000 mesh C7335; Sample 8:400 mesh A material; Sample 9:30 00
Mesh A material. All nine sample materials utilized resorcinol and
formaldehyde as raw materials, which formed gels in the presence of
an alkaline catalyst. Subsequently, carbon dioxide was employed as the
medium for supercritical drying, resulting in the production of organic
aerogels. Subsequently, the organic aerogel was pyrolyzed under an
inert gas atmosphere at high temperatures to produce carbon aerogel.
Consequently, there was no difference in the composition of the nine
samples; rather, the variations in pore structure were attributed to the
preparation process. Without considering the impact of component
factors on interference performance, this analysis primarily focuses
on the influence of pore differences on interference performance.

3 Representation and test
3.1 Representation

A trace carbon aerogel sample was adhered to a conductive
substrate and coated with gold for 45s. The microscopic
morphology of the carbon aerogel sample was then captured
using a scanning electron microscope (TESCAN MIRA LMS,
Czech Republic). The acceleration voltage for the morphology
analysis was set to 3 kV, utilizing a secondary electron detector
(SE) with a magnification range of 2,000 to 150,000. The particle
size distribution of the carbon aerogel samples was measured
using a laser particle size analyzer (Malvern Mastersizer 2000,
United Kingdom). Due to the small particles of carbon aerogel,
the agglomeration of particles is easy to occur when the dry
method is used, which leads to a large tail peak and a large error
in the test results. Therefore, the wet method is used to measure
carbon aerogel, and water is used as dispersant. After ultrasonic
dispersion, the manual test program was run to test, and the analysis
mode was free distribution; According to the results of electron
microscope observation and shooting, it is found that the carbon
aerogel particles are different in shape, not perfect spherical, and
their size cannot be directly expressed by particle size. Therefore,
the equivalent particle size is used to describe the particle size
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FIGURE 1

Schematic diagram of smoke box test system.

of carbon aerogel particles. The automatic surface and porosity
analyzer (Micromeritics ASAP2460, Mack, United States) was used
to measure the pore parameters of carbon aerogel samples with
nitrogen as adsorb. Sample weight 0.12g; The analysis temperature
is 77.3 K. The measurement equilibrium interval is 20 s; Analysis
free space: 85 cm?; Low pressure dose 15cm® g''; No automatic
degassing and thermal correction.

3.2 Infrared interference performance test

The interference performance parameters of carbon aerogel
samples in the infrared bands of 1-3 um, 3-5 um, and 8-14 um were
tested by a smoke box test system, and the effects of porosity and
pore size distribution of carbon aerogel on the infrared interference
performance of carbon aerogel were studied. The schematic diagram
and test diagram of smoke box test system are shown in Figures 1, 2
respectively. Oval smoke box: volume 33.8 m®, optical path 4.8m,
self-built; Fan: Oxx FS1608RC, China; 3~5um, 8-14 um infrared
radiation source: 800W electric furnace wire, homemade; 1~3 um
infrared radiation source: halogen lamp TEQI LIGHT 21V/150W;
1~3 pm infrared radiometer: EOS, PbSe-020-H, United States; 3~
5 um infrared radiometer: EOS, FYM-PBS-020-H, United States;
8-14 pm infrared radiometer: EOS, FYM-LT020-H, United States.

Before releasing the carbon aerogel interference material, the
light path was obscured and the background signal U, was
measured, unit: V; Smooth light path, measure calibration signal
Uy, unit: V. After the smoke screen is released, the infrared signal
voltage received by the infrared radiometer becomes weak due to
the scattering and absorption of the smoke screen to the infrared
radiation. After the smoke concentration in the smoke box is
uniform, the output voltage of the infrared radiometer is tested
and recorded, and the sampling is continued for more than 300 s
to obtain the sampling signal U,, unit: V. The sampling signal U,
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is less than the calibration signal Uy. The infrared transmittance
T is calculated according to the following formula, unit: %. The
transmittance - time curve of carbon aerogel sample smoke screen
to infrared attenuation is obtained.

_U,-U,

= 1
T U,00, 1)

The specific operation steps of smoke box test are as follows:
® The product value of smoke screen concentration and smoke
box volume of the sample to be tested is 16.9g, so that the sample
concentration in the smoke box is 0.5 g/cm®, the temperature in
the smoke box is 22°C-25 °C, and the ambient humidity is 61%RH
~ 69%RH. Infrared radiometers and heat sources of 1 ~ 3um, 3 ~
5um and 8-14 um were arranged in the Windows on both sides
of the smoke box. @ Instrument calibration, masking light path,
determination of background signal U; Unblock the light path and
determine the calibration signal Uy. ® After the calibration signal
Uy of the radiometer remains stable, the air pump is turned on
to feed into the smoke box, and the fan is stirred to make the
carbon aerogel sample dispersed evenly to form a smoke screen. The
sampling signal is recorded at the sampling frequency of once per
second and the real-time transmittance curve is drawn. After the
smoke concentration is uniform, the sampling is continued for more
than 200 s to obtain the sampling signal U,. ® Record the sampling
signal U,, measure the shielding performance of the sample to each
band, open the smoke box and exhaust the carbon aerogel samples
in the smoke box, record the detailed data of infrared transmitrate
with time, the total time is 721 s ® Repeat the experimental steps
until all the carbon aerogel samples are tested.

The corresponding mass extinction coefficient (ae) was
calculated according to the average infrared transmittance. a, is
the core index of infrared interference performance, which can be
calculated from infrared transmittance. The calculation formula of
a, is as follows:
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FIGURE 2

Smoke box test system. (a) Infrared radiometer. (b) 33.8 m® smoke screen box. (€) 3~5 um, 8~14 um source of infrared rediation. (d) 1~3 um m source of

infrared radiation.
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Where: ¢ is the smoke concentration in the smoke box test
system, g/cm’; 1 is the optical path, m.

4 Test results and analysis
4.1 Microstructure

The microscopic morphology results of samples one to
nine observed by electron microscope are shown in Figure 3,
where Figures 3a-i correspond to samples one to nine
respectively. In Figure 3, the black area is the pore structure, and

the gray area is the skeleton structure.

Frontiers in Materials

Figure 3 reveals that the nine carbon aerogel samples consist
of powdered particulates composed of three-dimensional carbon
skeletons. These particulates exhibit distinct boundaries and good
dispersion. The size of a single particle is about 1-20 pm, and
the internal particle has a continuous network structure in the
three-dimensional space, with uniform skeleton and developed
pore structure. Given the absence of significant differences in
particle morphology, the influence of carbon aerogel morphology
on infrared interference performance is not considered a significant
factor following smoke dispersal and smoke screen formation.

4.2 Size distribution

The particle size distribution of the samples was tested by
laser particle size analyzer, and the volume percentage of the nine
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(i) sample 9.
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carbon aerogel samples in the range of 0.01-2000 micron and the
particle size values of D, D5, and Dy, of the nine samples were
obtained. Table 1 lists the particle size measurement results of nine
kinds of carbon aerogel samples. According to the particle size
measurement results, the particle size distribution curve is made
with the logarithm value as the abscisordinate, as shown in Figure 4.

It can be seen from Table 1 that the Dy, of sample three is 31.435
um, and the Dy, of the other eight samples is less than 20 pm. The
particle size measured by laser particle size meter is consistent with
the observation results of microscopic morphology.

The particle size distribution of sample 2 has the weakest
consistency and the most dispersed distribution. In Figure 4, the
particle size distribution curve of sample 2 has an obvious raised
shape at 10-30 um, indicating that the particle size distribution of
sample two is wide, and the two results are consistent. Sample 6
has the best consistency in particle size distribution and the most
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concentrated distribution, which is consistent with the curve of
sample six in Figure 4.

4.3 Parameter of porosity

Figure 5 shows the adsorption and desorption isotherms of
carbon aerogel samples 1-9. It can be seen from Figure 5 that
samples one to nine show obvious rapid adsorption when P/P0
< 0.01, indicating that there is a strong interaction force between
carbon aerogel and nitrogen (Yu J. et al., 2024), and the adsorption
becomes saturated after reaching a certain relative pressure. This
phenomenon is the result of microporous volume filling, indicating
that the material contains a large number of micropores. When
P/PO is close to 1, the adsorption and desorption isotherms do
not tend to be flat, but have upward adsorption, indicating that
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TABLE 1 Sample size parameter table.

10.3389/fmats.2025.1641853

Number of sample (Name of sample) D [4,3](um) Dyq (um) Dsq (um) Dgyq (pm)
1 (7000 mesh G25-1) 3354 0.486 2204 7.210 1.030
2 (3000 mesh G25-1) 4105 0.406 1.927 11.336 1.670
3 (1500 mesh G25-1) 13.668 2447 7.661 31435 1.240
4 (4000 mesh MSO01) 4455 1.568 3.500 8.214 0.634
5 (5000 mesh G material) 3.961 1.177 2.978 7.583 0.725
6 (4000 mesh D material) 6.013 1.630 5.095 11.814 0.610
7 (7000 mesh C7335) 5.619 0.962 4383 12.171 0.783
8 (4000 mesh A material) 5.446 1.209 4.646 10.872 0.634
9 (3000 mesh A material) 8.524 2138 6.694 17.559 0.711

10
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—v— sample 4
< sample 5
S o
= 6 —<&— sample 6
g sample 7
= | —o— sample 8
> 4 —*— sample 9
ok
1
0.01 0.1 1 10 100 1000 10000
Size (um)
FIGURE 4
Particle size distribution curve.

there are a small number of macropores in the material. On
the other hand, it may also be that the isotherm rises rapidly
near the saturated vapor pressure, due to the presence of gaps
between the particles and the occurrence of adsorption similar to
macropores. By observing Figure 5a, it can be seen that the shapes
of absorption and desorption isotherm of samples 1, two and three
are similar, indicating that the pore structure is similar, which is
consistent with the selected carbon aerogel model, and they are
all carbon aerogel G25-1 materials; The adsorption and desorption
isotherms of sample eight and nine have similar shapes and pore
structures, so they are carbon aerogel A materials. According to
the IUPAC classification standard (Xu, 2023), the adsorption and
desorption isotherms of sample five belong to Langmuir isotherms,
corresponding to the reversible adsorption process of Langmuir
monolayer, which is adsorbed by micropores. When P/P0 of samples
1, 2, 4, five and seven is close to 1, the adsorption curve has an

Frontiers in Materials

upward adsorption amount, indicating that there are a small amount
of stacked macropores, indicating that the samples have mesopores
or macropores (Yu W. et al., 2024; Xu, 2023), which may be due to
the occurrence of capillary condensation, resulting in adsorption lag.
The starting point of the hysteresis loop indicates the condensation
of the minimum capillary. The end point of the hysteresis loop
indicates that the largest hole is filled with condensate. The overall
shape of the adsorption-desorption isotherm is retained, and the
pore volume increases. Samples 1, 2, 3, four and seven have relatively
insignificant hysteresis loops between P/P0 = 0.5 and 0.8, but it can
still be indicated that these five carbon aerogel samples are micro-
mesoporous composites. There is almost no hysteresis loop in the
adsorption and desorption isothermal curve of sample 5. When
approaching the saturated vapor pressure, due to the gap between
particles, adsorption similar to macropores will occur, and the
isotherm will rise rapidly, belonging to type I isotherm, indicating
that the pores in sample five are mainly micropores (Yu Z. et al.,
2024; Yu J. et al,, 2024; Wu et al., 2023).

Observe the absorption and desorption curves of samples 6,
eight and nine in Figure 5: The amount of nitrogen absorption
increased significantly when P/PO = 0.5, and there was an
obvious hysteresis loop between P/P0 = 0.5 and 0.9. The isotherm
obtained during desorption did not coincide with the isotherm
obtained during adsorption. The desorption isotherm was above the
adsorption isotherm, and the hysteresis loop of isotherm did not
have an obvious saturated adsorption platform, indicating that the
pore structure of the sample was very irregular. According to IUPAC
standards, they all show similar IV isotherms with H4 hysteresis
loops, indicating that the particles have irregular voids and wide pore
size distribution (PSD) curves. The pores of samples 6, eight and
nine include micropores and mesopores (Wu et al., 2023; Chao et al.,
2022). The pores are mainly composed of arrow slit holes, typical
“ink bottle” holes, tubular holes with uneven pore size distribution
and densely packed spherical particle gap holes (Yu W. et al., 2024).
From a structural point of view, the reason for these different
pores is the structural shrinkage due to surface tension during the
decomposition of volatile substances in the dense organogels during
the pyrolysis of organic aerogels at high temperatures (Gloria et al.,
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FIGURE 5

Adsorption and desorption isotherms of samples 1 to 9 (a) Displayed separately for samples 1-9; (b) Displayed uniformly for samples 1-9.
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The distribution of pore sizes from one to nine micropores of samples
was analyzed by HK method.

2015). Because the specific surface area of macropores is very small,
the contribution of macropores to the total adsorption amount is
usually negligible compared to the adsorption amount of mesopores
and micropores. Samples 6, 8, and nine had the highest relative
positions of the adsorption and desorption isotherms, indicating the
maximum porosity of the sample, while samples 1, 2, 4, 5, and seven
had the lowest relative positions of the adsorption and desorption
isotherms, indicating the lowest porosity of the sample.

The porous structure of materials is usually characterized by
analyzing the adsorption isotherms of different gases (N,, CO,, Ar
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and H,) at different temperatures (Ashwini et al., 2023). Classical
(Dubinin-Radushkevich, BJH or t plot) and molecular simulation
methods are widely used to determine the apparent surface area,
pore volume and pore size distribution. The analysis of pore size
distribution is usually done separately, that is, different models are
used to analyze pores of different sizes respectively. HK (Horvath-
Kawazoe) method, SF (Saito-Foley) method and T-plot method
are usually used for micropores. The BJH (Barret-Joyner-Halenda)
method is usually used for mesopores, and the mercury injection
method is generally used for macropores. In addition, the Density
Function Theory (DFT) model method can be used to analyze the
pore size distribution of all pores.

The HK method (Horvath and Kawazoe, 1983) is a semi-
empirical analysis method to calculate the effective pore size
distribution from the nitrogen adsorption isotherms of samples on
micropores. This method assumes that the material is a slit hole. The
experimental materials and characterization methods meet the three
conditions for the HK method to analyze the pore size distribution of
microporous materials: 1) the materials are microporous materials,
based on the adsorption isotherm of N, at the temperature of liquid
nitrogen; 2) Microporous materials are carbon molecular sieve and
activated carbon samples; 3) Assume that the hole type is slit hole.
HK method was used to analyze the micropore sizes of samples, and
the number density distribution of micropore sizes of samples one to
nine was obtained as shown in Figure 6. It can be seen from Figure 6
that the nine kinds of carbon aerogel samples have rich microporous
structures, and the pore sizes of the micropores are concentrated
around 0.4 nm. The median pore sizes of the nine kinds of samples
are obtained by HK method.

DFT method is a kind of molecular dynamics method that
can truly reflect the thermodynamic properties of fluid in pores
of porous materials. It not only provides a microscopic model
of adsorption, but also reflects the pore size distribution more
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accurately than the traditional thermodynamic method. It can
relate the molecular properties of adsorb gases to their adsorption
properties in pores of different sizes. The Non-Local Density
Function Theory (NLDFT) method describes the characteristics of
fluids confined to pores at the molecular level and can be used in a
variety of adsorbents/adsorbents systems. The NLDFT method for
characterizing pore size distribution is applicable to the full range of
micropores and mesopores (Terazona, 1985; Terazona et al., 1987).
In this test, nitrogen adsorbate and analysis temperature meet the
analysis conditions of NLDFT method, and NLDFT method is used
to analyze the pore structure of carbon aerogel from micropores to
mesopores.

In order to better show the pore distribution in the range
of micro-mesopores, the horizontal coordinate is plotted by
logarithmic scale, and the pore distribution of micropores and
mesopores of nine kinds of samples is shown in Figure 7. Figure 7a
is the pore volume distribution, and Figure 7b is the pore density
distribution, which are basically the same. The pore size distribution
of samples 6, 8, and 9 has a peak at 9-20 nm, indicating that there
are mesopores in samples 6, 8, and 9, and the mesopore pore size is
concentrated at 9-20 nm, and the micropore pore size of all samples
is concentrated between less than 0.8 nm and 1-2 nm. The results of
NLDEFT analysis are consistent with those of HK analysis.

Brunau Emmet-Teller (BET) model was used to calculate the
specific surface area and average pore size of carbon aerogel samples.
The pore parameters of carbon aerogel samples are summarized
in Table 2. It is generally considered that pores less than 2 nm are
micropores, pores between 2 and 50 nm are mesopores, and pores
larger than 50 nm are macropores. The specific surface area of the
nine samples is greater than 700 m* g, the average pore size is
less than 10 um, the total pore volume is about 0.5-1.5 cm® g,
and the median pore size is about 0.5 nm. The pore test results
show that the carbon aerogel samples have micropores, mesopores
and macropores, with rich pore structure. The average pore size
value is about one order of magnitude larger than the median pore
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size value, because the pores of the sample are mainly composed
of micropores and mesopores, and the number of macropores
is small, which is consistent with the analysis results of NLDFT
method. The different methods used to evaluate the pore structure of
nine carbon aerogel samples with ultra-high porosity showed good
agreement in terms of pore volume, specific surface area and average
pore size (Gloria et al., 2015).

The micropore volume v,, is obtained by t-plot analysis, and the

total micromesopore volume v,;, and total mesopore volume v,, are

vjz
obtained by single-point analysjis. The total mesopore volume v;, =
Vyjz Vs Vd, = Vy5Vyj,» and the pore volume per unit mass is called
the pore volume or porosity of the material. Make the radar plot v,,,,,,
Vjzp» and Vg, as shown in Figure 8.

4.4 Infrared interference performance

Calculate the infrared transmittance according to Equation 1.
The infrared interference performance test results are plotted into
infrared transmittance curves, as shown in Figures 9-11.

From the curves in the 100-400 s sections of Figures 9-11, it
can be observed that under the same smoke concentration, the
infrared transmittance curves at shorter wavelengths exhibit smaller
fluctuations and lower transmittance. This is because the smaller-
sized carbon aerogels can produce stronger interference effects
through Rayleigh scattering for short-wave infrared. Additionally,
the smaller-sized carbon aerogels have more stable floating
performance in the confined space of the smoke chamber, resulting
in smaller fluctuations in the infrared transmittance curves. The
small-sized carbon aerogels primarily interfere with long-wave
infrared through absorption, while their scattering effect on long-
wave infrared is weak. Therefore, the interference effect of small-
sized carbon aerogels on long-wave infrared is significantly reduced.
The extinction effect on long-wave infrared mainly comes from
the Mie scattering of larger-sized carbon aerogels, which have
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Radar map of micropore, mesopore and macropore porosity.

weaker stability in floating within the smoke chamber. As a result,
the transmittance curves for long-wave infrared exhibit larger
fluctuations.

Upon opening the smoke box door at approximately 450 s,
smoke was released, leading to a steady increase in the infrared
transmittance curve. This observation indicates that the smoke
curtain formed by the carbon aerogel sample exhibited a uniform
concentration, allowing it to move easily with the airflow and
demonstrating good suspension stability. After injecting the sample
into the smoke chamber for 30 s, continuously test the infrared
transmittance for 180 s and use Equation 2 to calculate the
infrared mass extinction coefficient. From the 180 recorded infrared
mass extinction coefficients, an average value was derived. This
average value was subsequently adopted as the representative
infrared mass extinction coeflicient of the sample across various
wavelengths.

The three infrared mass extinction coefficients of nine kinds of
samples are shown in Figure 12 as the radar diagram.

It can be seen from Figure 12 that the a. of all samples is
between 0.6 and 0.9, a.; is between 0.89 and 1.3, and a is
between 0.9 and 1.7. The reason is that with the increase of infrared
wavelength, the infrared transmittance is reduced by the influence of
particle size, and the influence of sample particle size on the infrared
mass extinction coefficient decreases. Therefore, the difference of the
interference effect of the nine kinds of carbon aerogel samples on the
infrared band of 8-14 um is the smallest, and the difference of the
interference effect on the infrared band of 1-3 pm is the largest.

4.5 Analysis of the influence of pore
parameters on infrared interference
performance

Based on the parameters of the carbon aerogel samples listed
in Table 1, Table 2, and Table 3, calculate the Pearson correlation
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coeflicients 1., T, and r,g between the particle size and

ae3> ae8

porosity parameters and the mass extinction coefficients in three
infrared bands.

According to the results calculated in Table 4, it was found that
among the four parameters related to particle size, D [4,3], D,
D5, and Dy, only D5, has a strong correlation with a,;, with |r|
= 0.62 > 0.6. All four particle size parameters are almost entirely
negatively correlated with a,;, a3, and a g (except for the correlation
coeflicient of D5, with a., which is 0.03). This indicates that as
the particle size decreases, the infrared mass extinction coefficient
for 1-3 pm increases, which is consistent with extinction theory.
Smaller particle size carbon aerogels exhibit stronger Rayleigh or
Mie scattering effects in the infrared wavelength range.

Among the five pore volume parameters (Vy,, Vyjss Viz> Vzzo Vaz)s
v,, shows a weak positive correlation with a,, and a;, while it
has no correlation with a.g, indicating that the total micropore
volume has no effect on long-wave infrared extinction. v4, exhibits
a strong positive correlation with a;, a3, and a.g, suggesting that
as the macropore volume increases, the infrared mass extinction
coefficients in all three bands tend to increase. Macropores (typically
with a pore diameter >50 nm) may enhance the extinction effect

through geometric scattering of light. v ,» and v,, have almost

viz» Vi
no effect on a,; and a;. The total micropjorejvolume vy, has a slight
effect on a,; and a., but no effect on a.. This may be because
micropores influence the extinction effect on short-wave infrared
through surface scattering, while they have no scattering effect on
long-wave infrared.

The correlation coefficients of v,, with ay,, a.;, and a.g are all
positive, and the infrared mass extinction coeflicient is positively
correlated with the total pore volume. This indicates that an
increase in porosity is beneficial for enhancing infrared interference
performance. The reasons for this can be analyzed as follows: first,
the increase in porosity of carbon aerogel reduces the effective
dielectric constant of the material, decreasing the reflection of
electromagnetic waves at the material’s surface, allowing more
electromagnetic waves to enter the material and undergo loss.
Second, as the porosity of carbon aerogel increases, the number of
sub-wavelength structures that can influence the forced vibrations
of electrons in the carbon framework also increases. When
electromagnetic waves couple with electron resonance, electrons will
vibrate and collide multiple times in narrow spaces, resulting in
stronger electromagnetic wave attenuation. Third, as the porosity of
carbon aerogel increases, the density of individual carbon aerogel
particles decreases. Therefore, when the mass of the samples is the
same, the number of particles in the samples increases as the particle
density decreases. In the experiments, all samples were injected
into the smoke chamber at 16.9 g, which means that during the
smoke chamber testing process, the actual number of particles in
the samples with higher porosity is slightly higher than that in the
samples with lower porosity. Thus, the infrared mass extinction
coeflicient is positively correlated with porosity.

Comparing the correlation coefficients of vy, vj,» vg, with a;,
a3, and ag, it is found that the larger the infrared wavelength,
the greater the influence of mesopore volume and macropore
volume (for example, the total macropore volume v 4, has correlation
coefficients of 0.59, 0.72, and 0.84 with ael, ae3, and ae8,
respectively). The reason for this is that the closer the wavelength
is to the pore size, the higher the scattering efficiency. An
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TABLE 3 Infrared mass extinction coefficients of nine samples.

1~3 pm infrared mass

extinction coefficient a;

3~5 um infrared mass
extinction coefficient a3

8—-14 ym infrared mass
extinction coefficient a.g

1 1.620 1.218 0.716
2 1.699 1.157 0.716
3 1.126 0.891 0.604
4 1.397 1.088 0.663
5 1.346 0.990 0.627
6 1.219 1.057 0.723
7 0.941 0.872 0.608
8 1.443 1.156 0.833
9 1.363 1.057 0.806

increase in total macropore volume is beneficial for enhancing the
infrared interference performance of carbon aerogel. Long-wave
infrared undergoes multiple reflections and scattering within the
macropores, extending the propagation path and thereby improving
the wave attenuation capability of carbon aerogel (Yu et al., 2024c).

From Table 4, it is found that dy,; has a weaker correlation
with a,, ag, and a. than dave does with a,, ag, and ag.
The correlation coeflicients of dave with o, a3, and a.g are all
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greater than 0.7, and among all the characteristic parameters, dave
has the largest correlation coefficients with a,;, a.3, and o.g. This
indicates that the average pore diameter is the most significant factor
affecting the infrared mass extinction coeflicient. An increase in
dave can enhance the infrared mass extinction coefficient, which
may be due to larger pore diameters enhancing the scattering or
absorption of electromagnetic waves within the pores of carbon
aerogel, thereby increasing the infrared mass extinction coefficient.
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TABLE 4 Pearson Correlation Coefficient r of carbon aerogel particle size and pore parameters with infrared extinction coefficient.
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Therefore, increasing the average pore diameter of carbon aerogel
can improve its infrared mass extinction coefficient. SBET shows
almost no correlation with a;, a.;, and a., indicating that in
high specific surface area materials, the influence of pore size
characteristics on extinction performance is greater than the effect
produced by specific surface area.

5 Conclusion

In this study, we selected nine types of carbon aerogel materials
from companies capable of producing these materials in tonnage
quantities. Our focus was on microscopic morphology observation,
particle size distribution measurement, and pore structure analysis.
The results revealed that the carbon aerogels exhibit a uniform
framework and a well-developed pore structure, with individual
particle sizes ranging approximately from 1 to 20 pum. The pore
distribution was analyzed in detail using both the HK method
and the NLDFT method. The results obtained from these different
pore analysis techniques showed a relatively good consistency in
terms of pore volume, specific surface area, and average pore
diameter. The test results from the smoke box indicate that the smoke
screen formed by the carbon aerogel sample exhibits a uniform
concentration and good suspension stability. An increase in the
porosity of the carbon aerogel particles enhances their infrared
interference performance. Notably, when the average pore diameter
in carbon aerogel particles increases, it exhibits better infrared
interference effects. In summary, carbon aerogel materials have
good infrared interference performance and suspension stability.
The pore parameters of carbon aerogel affect its infrared quality
extinction coefficient, and regulating the microstructure is expected
to significantly enhance the infrared quality extinction coefficient.
The infrared interference performance of carbon aerogel requires
further development and research.
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