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Elucidating the Bulk Morphology of Cellulose-Based
Conducting Aerogels with X-Ray Microtomography

Vasileios K. Oikonomou, Till Dreier, Alexandra Sandéhn, Mohsen Mohammadi,
Jakob Lønborg Christensen, Klas Tybrandt, Anders Bjorholm Dahl,
Vedrana Andersen Dahl, Martin Bech, and Eleni Stavrinidou*

Conducting cellulose composites are promising sustainable functional
materials that have found application in energy devices, sensing and water
purification. Herein, conducting aerogels are fabricated based on
nanofibrillated cellulose and poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate, using the ice templating technique, and their bulk morphology is
characterized with X-ray microtomography. The freezing method (−20 °C in a
freezer vs liquid nitrogen) does not impact the mean porosity of the aerogels
but the liquid-N2 aerogels have smaller pores. The integration of carbon fibers
as addressing electrodes prior to freezing results in increased mean porosity
and pore size in the liquid-N2 aerogels signifying that the carbon fibers alter
the morphology of the aerogels when the freezing is fast. Spatially resolved
porosity and pore size distributions also reveal that the liquid-N2 aerogels are
more inhomogeneous. Independent of the freezing method, the aerogels have
similar electrochemical properties. For aerogels without carbon fibers,
freezer-aerogels have higher compression modulus and are less stable under
cycling compression fatigue test. This can be explained by higher porosity
with larger pores in the center of liquid-N2 aerogels and thinner pore walls.
This work demonstrates that micro-CT is a powerful tool for characterizing the
morphology of aerogels in a non-destructive and spatially resolved manner.
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1. Introduction

Due to the need for eco-friendly solu-
tions to tackle the world’s growing tech-
nological demands, renewable biomateri-
als are combined with synthetic materials
to form composite systems with desired
properties. Cellulose is the most abun-
dant biopolymer on earth as it represents
the highest percentage of plant biomass.
The most common source of cellulose is
wood, in the form of wood pulp[1] how-
ever, cellulose is also produced by bacte-
ria, algae, and fungi.[2] Materials based
on cellulose have been widely used tra-
ditionally in paper[3] and textile[4] in-
dustries. In recent years non-traditional
uses of cellulose have emerged due
to the need to reduce the environ-
mental footprint of technological ma-
terials by minimizing electronic[5] and
plastic wastes.[6,7] Furthermore, cellu-
lose has attractive properties for tech-
nological purposes, such as non-toxicity,

T. Dreier, M. Bech
Department of Medical Radiation Physics
Clinical Sciences Lund
Lund University
SE-22242 Lund, Sweden
T. Dreier
Excillum AB
Stockholm SE-16440, Sweden
J. L. Christensen, A. B. Dahl, V. A. Dahl
Department of Applied Mathematics and Computer Science
Technical University of Denmark
Richard Petersens Plads, Kongens Lyngby DK-2800, Denmark
E. Stavrinidou
Umeå Plant Science Centre
Department of Forest Genetics and Plant Physiology
Swedish University of Agricultural Sciences
Umeå SE-90183, Sweden

Adv. Mater. Technol. 2023, 8, 2300550 2300550 (1 of 10) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmt.202300550&domain=pdf&date_stamp=2023-11-01


www.advancedsciencenews.com www.advmattechnol.de

Figure 1. Conducting aerogel components and fabrication process. A) Chemical structures of PEDOT:PSS, nanofibrillated cellulose (NFC), GOPS, and
DMSO. B) Fabrication process schematic, PEDOT:PSS, NFC, and GOPS mixture is frozen with two different methods, at −20 °C in a freezer and flash
frozen with liquid-N2. The frozen mixture in a mold is then placed in a freeze dryer to form the aerogel. C) Photograph of the aerogel with embedded
carbon fibers (scale bar: 1 cm).

biodegradability, good mechanical properties, interesting optical
characteristics, and compatibility for modification with various
synthetic materials.[8]

Cellulose properties arise from its chemical structure. Cellu-
lose is a polymer formed by d-glucose repeating units, covalently
linked together by 𝛽-1-4 glycosidic bonds.[9] On each glucose unit,
there are three hydroxyl groups that contribute to the hydrophilic-
ity of cellulose but also favor the formation of multiple hydro-
gen bonds among adjacent polymer chains. The chains are thus
firmly bound together resulting in the formation of microfib-
rils that exhibit high tensile strength.[10] Cellulose fibrils can be
treated chemically and mechanically to produce nanofibrillated
cellulose (NFC) that consists of nano-sized fibrils with diameters
of less than 20 nm and varying lengths up to several microm-
eters. There are several examples in the literature where cellu-
lose is combined with synthetic materials[11,12] such as inorganic
nanoparticles,[13] ionic liquids,[14] carbon nanotubes,[15] and con-
ducting polymers[16] for applications in non-traditional areas
such as energy[17] and biomedical devices,[18] water treatment,[19]

optical metamaterials,[20,21] and smart textiles.[22,23]

Specifically, the conducting polymer poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),

has been widely used in composites with cellulose[16] due to its
high electronic and ionic conductivity,[24] high specific capac-
itance, and thermoelectric properties enabling the formation
of active materials for supercapacitors,[25–30] thermoelectric
generators,[31] sensors,[32] and actuators.[33] PEDOT:PSS is pro-
cessed from an aqueous solution and therefore can be directly
mixed with cellulose pulp or more refined forms of cellulose
such as NFC to form functional composites with paper-like
structures or even 3D porous aerogels. Computational mi-
croscopy together with X-ray scattering studies revealed that
PEDOT:PSS organizes along cellulose fibers resulting in bead-
like structures due to pi–pi stacking interactions between the
PEDOT chains.[29,34–36] PEDOT:PSS-NFC aerogels in particular
are formed via the ice template method resulting in conducting
aerogels with enhanced mechanical properties. These aerogels
have been applied for multiparameter sensors[32,37] that enable
monitoring of temperature, humidity, and pressure in a single
device and as a solar steam generator for water purification.[38]

So far their morphology and porosity have been characterized
with scanning electron microscopy that, although has good
resolution, it gives information only for the sections under
inspection.[32,37,38] Mercury porosimetry on the other hand can
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give information on the pore size distribution and total pore sur-
face and has been used to characterize PEDOT aerogels without
cellulose. However, this method is destructive for the sample
and does not give any information on the spatial distribution of
the pores as the whole aerogel is treated as one volume.[39,40]

In this work, we developed conducting aerogels based on cel-
lulose nanofibrils and PEDOT:PSS and characterized their bulk
morphology with X-ray microtomography. The aerogels mor-
phology was assessed in 3D in a non-destructive way and hence
we were able to evaluate the pore size distribution and overall
porosity and how they vary within the full volume. We investi-
gated the effect of the freezing method on the aerogel’s morphol-
ogy and further assessed how the incorporation of carbon fibers
as addressing electrodes impacted the structural organization. Fi-
nally, we characterized the electrochemical and mechanical prop-
erties of the aerogels produced with the different freezing meth-
ods.

2. Results

PEDOT:PSS-NFC aerogels were fabricated using the ice templat-
ing method. Briefly, NFC was mixed with PEDOT:PSS and the
thermal crosslinker glycidoxypropyl trimethoxysilane (GOPS),
and the mixture was homogenized with mechanical stirring
Figure 1A. The mixture was then poured into molds and frozen
with two different methods: i) at −20 °C for 24 h in a freezer and
ii) flash frozen with liquid N2 (Figure 1B). The frozen solutions
were then placed in a freeze dryer that removed the ice crystals via
sublimation that are formed between the solutes, resulting in 3D
porous aerogels. The water stability of the aerogels was enhanced
due to the addition of the GOPS crosslinker. Upon thermal an-
nealing of the aerogel, the epoxy groups in GOPS react with the
hydroxyl groups present in PSS and NFC.[41] The PEDOT:PSS-
NFC aerogels were also treated with dimethyl sulfoxide (DMSO)
vapor to enhance their electronic conductivity as DMSO acts as
a secondary dopant for PEDOT:PSS[37] In some of the aerogels,
bundles of carbon fibers were added to the mixture prior to freez-
ing that can act as addressing electrodes.

First, the bulk morphology of the porous aerogels was char-
acterized with X-ray microtomography. This technique enables
high-resolution imaging of the entire volume and therefore char-
acterization of the bulk properties in a non-destructive way. The
scans resulted in a voxel size of 27 μm3. Propagation-based phase
contrast was used to improve the contrast, which is a common
approach for low-density samples where X-ray absorption is low.
With increasing distance between the sample and detector, phase
shifts caused by the refractive index of the sample are turned
into detectable intensity variations, which results into a con-
trast improvement by applying a phase-retrieval algorithm.[42] We
scanned 40 aerogels, ten for each condition, resulting in 40 3D
volumes consisting of around 500 2D slices per volume. To en-
able quantitative analysis of the samples, all 40 volumes were
normalized, and the carbon fibers were segmented. Porosity was
defined by separation of the aerogel and air, followed by a local
thickness filter, which fits spheres into the empty space of the
aerogel. Porosity and local thickness were then analyzed in rela-
tion to their location in the volumes and their relative distance to
the carbon fibers. We characterized the internal morphology of
aerogels fabricated with the two freezing methods, for simplicity

Table 1. Mean porosity of the freezer (F) and liquid-N2 (N) aerogels with
(w/CF) and without carbon fibers.

Sample F w/CF N w/CF F N

Mean porosity 0.59 0.68 0.60 0.59

Spread (FWHM) 50 μm 58.77 μm 42.03 μm 28.77 μm

hereafter referred to as freezer-aerogels and liquid-N2 aerogels.
The mean porosity of the liquid-N2 and freezer-aerogels with-
out carbon fibers was very similar, 59% and 60% respectively
(Table 1). On the other hand, in the samples that included carbon
fibers the mean porosity of the liquid-N2 aerogels was 68% while
the porosity of the freezer-aerogels was 59%. So the integration of
carbon fibers in the solution prior to liquid-N2 freezing affected
the pore formation resulting in 9% increase in mean porosity.

The pore size distributions in all aerogel volumes showed pore
radii mostly in the range of 15–50 μm, with the smallest de-
tectable pore radius being 13.5 μm (limited by the 27 μm voxel
size) (Figure 2E). The spread of radii values was evaluated by ap-
plying a Gaussian fit and extracting the FWHM (Full Width at
Half Maximum). Freezer aerogels with and without carbon fibers
had FWHM of 50 and 42 μm, respectively. The liquid-N2 aerogels
without fibers had smaller pores and a narrower pore distribution
equal to 29 μm. When carbon fibers were embedded the spread
in pore size almost doubled resulting in a FWHM of 59 μm. Typ-
ically, when the freezing temperature lowers and therefore the
solidification velocity increases smaller pores are formed as the
ice crystals freeze quickly without time to grow.[43] In our sam-
ples this was true for the aerogels without carbon fibers but not
for the ones with carbon fibers where the liquid-N2 aerogels had
bigger pores than the freezer ones.

From CT scans of aerogels, the carbon fibers were segmented
(Figure 2B and Video S1, Supporting Information) allowing us
to assess how the carbon fibers impact the volume characteris-
tics (Figure 3). The radial porosity distribution, that is, poros-
ity as a function of the distance from the center of the volume
toward the outer part of the aerogel, was homogeneous for the
freezer-aerogels (Figure 3A). However, for the liquid-N2 aerogels,
the porosity is higher toward the center and drops toward the
outer part of the aerogels. In terms of the pore size, the radial
local thickness distribution, (local thickness is the size of the
largest sphere fitted into the pore in pixels) is rather homoge-
neous for all aerogels except for the liquid-N2 aerogels with car-
bon fibers (Figure 3B). We also observed an increase in poros-
ity and local thickness at the outer edge of all aerogels, which
may partly be attributed to pores not fully closed due to contact
with the wall of the plastic mold. The carbon fibers had a pre-
ferred distribution, with more fibers toward the outside of the
aerogels (Figure 3C). The effect of the carbon fibers on the aero-
gel morphology was evaluated by assessing how the porosity and
local thickness change with the distance from the carbon fibers
(Figure 3D,E). For the liquid-N2 aerogels, porosity and local thick-
ness overall increased with respect to the distance from the car-
bon fibers. In contrast for the freezer aerogels porosity and local
thickness did not change significantly

Overall, the radial porosity and local thickness distribution of
the liquid-N2 aerogels had a significantly larger sample-to-sample
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Figure 2. Aerogel X-ray microtomography setup and processing. A) Render of the X-ray microtomography setup with the source-object (SO) and object-
detector (OD) distances marked. B) 3D render of the aerogel (grey) and the carbon fibers (gold) prepared using ORS Dragonfly software. C) Data
processing of the reconstructed CT slices: a raw slice, a processed slice with normalizations and corrections applied, a normalized orthogonal slice
along the height of the aerogel and a local thickness slice. D) Processed reconstructed slices from the different sample groups with their corresponding
local thickness slices. E) Pore size distributions of the four different sample types with a Gaussian fit applied to extract the spread of values via the
FWHM. F: freezer aerogel, N: Liquid-N2 aerogel, w/CF: aerogels with embedded carbon fibers.
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Figure 3. Porosity, pore size, and carbon fibers distributions. A) Radial porosity distribution: Porosity as a function of the distance from the center
of the aerogel showing significant differences between the two freezing methods. B) Radial local thickness: Mean local thickness as a function of the
distance from the center of the aerogel also showing differences between the two freezing methods. C) Radial distribution of carbon fibers in the volumes
highlighting preferential locations of fibers toward the outer part of the aerogel. D) Mean local thickness as a function of distance from carbon fibers.
E) Porosity as a function of distance from carbon fibers. An average of ten samples for each case with standard deviations is shown as the shaded part
(standard deviation values are shown in Table S1, Supporting Information). F: freezer aerogel, N: Liquid-N2 aerogel, w/CF: aerogels with embedded
carbon fibers.

variation as compared to freezer-aerogels. The standard devia-
tions, calculated for each corresponding data point in the respec-
tive sample group and then averaged over the full range of radii
or distances, are significantly higher for the liquid-N2 samples
and are listed in Table S1 (Supporting Information). The total
variation of values is shown in the background of the plots in
Figure 3B–F. We speculate that the high variation between the
liquid-N2 samples arises from the fast freezing process where
even slight changes may impact the ice crystal formation and
eventually the porous structure.

Following the morphological analysis, we characterized the
electrochemical properties of the aerogels with embedded car-
bon fibers with cyclic voltammetry in a three-electrode setup
(Figure 4A). Cyclic voltammetry indicated that PEDOT:PSS and
its electroactive character dominate the aerogel’s electrochem-
ical properties. We observed similar behavior for both freez-

ing methods indicating that the difference in porosity between
freezer-aerogels and liquid-N2 aerogels as revealed by micro-CT
did not significantly affect the charging characteristics. At low
scan rates of 1 mV s−1 the charging is primarily capacitive within
the voltage range of (−0.1, +0.5 V) (Figure 4A). This is con-
sistent with the current understanding of PEDOT:PSS doping
mechanism, which is largely influenced by the electrostatic in-
teraction between ions and the electronic carriers on the PEDOT
backbone.[44,45] When a negative voltage is applied to the aero-
gel relative to the electrolyte potential, PEDOT:PSS undergoes
electrochemical reduction or dedoping. In this case, holes (po-
larons/bipolarons) are extracted from the polymer backbone and
cations from the electrolyte are injected into the polymer matrix
to compensate for the negative charges on the PSS and maintain
the system’s electroneutrality. On the contrary, when a positive
voltage is applied, PEDOT is oxidized. During oxidation, holes
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Figure 4. Electrochemical, mechanical, and SEM characterization of the aerogels. A) Cyclic voltammogram of different samples of freezer and liquid-N2
aerogels with embedded carbon fibers and only carbon fibers at scan rate of 1 mV s−1 (N = 3 for each case). B) Compressive stress–strain curves for
aerogels without carbon fibers at different strains. C) Compressive modulus of the liquid-N2 and freezer aerogels at 50% compression, (n=5). D) Cyclic
compression fatigue testing of the aerogels for 1000 cycles at 30% strain . E) SEM micrographs of cross sections showing how the morphology differs
between the freezer and liquid-N2 approach. F) Wall thickness of the aerogels based on SEM images showing significant difference between the two
freezing methods (N = 34). (Mean value is depicted with yellow square and *** indicates a p value < 0.001).

are injected into the polymer backbone while cations are expelled
and/or anions enter into the polymer matrix to balance the ac-
cumulated charges.[46] Particularly for the freezer aerogels peaks
were present in the CV. Usually, peaks are attributed to faradaic
processes in PEDOT.[47,48] However recent modeling studies ar-
gue toward purely electrostatic charging in PEDOT[44,49,50] where
deviations from the ideal box shape in the CV may arise from lim-
ited electronic transport.[45] The cm3 scale aerogels are addressed
via the integrated carbon fibers resulting in different percolation

paths between the addressing electrode and the PEDOT phase.
This can induce inhomogeneities in the charge injection and
transport along the PEDOT and consequently affect the charging
processes.

Overall, there was a much larger sample to sample variation
between the CVs of the liquid-N2 aerogels, something that was
also observed in their morphology. In addition, micro-CT re-
vealed that porosity and the pore size distributions as a function
of the distance from the carbon fibers varied also from sample to
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sample and particularly for the liquid-N2 aerogels something that
can also affect the charging characteristics of the aerogel volume.

Then we proceed to evaluate the mechanical characteristics
of the aerogels with linear compression. Aerogels without car-
bon fibers were compressed up to 60% of their length with 10%
increments while monitoring the applied force (Figure 4B and
Figure S2, Supporting Information). Typical stress–strain curves
of cellular materials have three main regions; first a linear elas-
tic region at low strains, second a plateau regime corresponding
to the buckling of the cell walls where large deformation can oc-
cur with small stress, and a third region of densification where
the cell walls crush together.[51] In the stress–strain curves of the
freezer- and liquid N2 aerogels (Figure 4B and Figure S2, Sup-
porting Information), the buckling and densification regions are
the most prominent and therefore we calculated the compres-
sion modulus of the aerogels at 50% strain. Freezer-aerogels had
a higher compression modulus than liquid-N2 aerogels with 20
and 15 kPa, respectively (Figure 4C). This trend was true for
all tested strains with the compression modulus increasing with
strain (Figure S2, Supporting Information) in agreement with the
buckling and densification of the structure in higher strains[52,51]

We also tested the mechanical stability of the aerogels with 30%
compression fatigue loading over 1000 cycles. We found that the
liquid-N2 aerogels had better stability upon compression than the
freezer ones with stress retention of 70% and 55%, respectively
(Figure 4D).

The micro-CT analysis revealed that the mean porosity of the
freezer and liquid-N2 aerogels without fibers was similar. Liquid-
N2 aerogels had smaller pores than the freezer ones and ac-
cording to the theory, this should result in a stiffer structure.[53]

However, the liquid-N2 aerogels were anisotropic with higher
porosity and larger pores in the center and lower porosity,
and smaller pores toward the outer part in comparison with
the freezer aerogels. Furthermore, from the micro-CT contrast
the liquid-N2 aerogels appear to have thinner walls (Figure 2D
and Figure S1, Supporting Information). To confirm that, we
performed SEM imaging that has higher resolution than the
micro-CT (Figure 4E). SEM revealed that indeed liquid-N2 aero-
gels had thinner pore walls in comparison with freezer-aerogels
(Figure 4E,F). Therefore, the increased compression modulus
and less stability during cycling of the freezer aerogels can be
a result of porosity, pore size, and wall thickness.

3. Conclusions

In this work, we characterized the bulk morphology of
PEDOT:PSS-NFC aerogels with X-ray microtomography. The
aerogels were fabricated with ice templating using two different
freezing methods. Our analysis revealed that the freezing method
did not impact the mean porosity of the aerogels without car-
bon fibers. However, when carbon fibers were integrated in the
solution prior the freezing the resulting liquid-N2 aerogels had
higher porosity by 9%. Overall freezer aerogels were more ho-
mogeneous than liquid-N2 ones that showed variation in radial
porosity and radial pore size distributions. Median values of pore
radii were ranging from about 15 to 50 μm for aerogels without
carbon fibers and extended to larger values when carbon fibers
were integrated. Liquid-N2 aerogels without carbon fibers had
smaller pores with narrower distribution but the ones with car-

bon fibers had by far the largest spread in pore sizes, up to two
times larger radii than the other aerogels. Therefore, it is clear
that the addition of carbon fibers into the mixture, in order to act
as integrated electrodes, alters the morphology of the aerogel, es-
pecially when the freezing is fast. Overall liquid-N2 aerogels had
a much larger sample-to-sample variation in morphology charac-
teristics; something that may arise from variations during the ice
crystal formation.

The difference in porosity between freezer and liquid-N2 aero-
gels with carbon fibers had no significant impact on their electro-
chemical properties signifying that charging of the PEDOT phase
was not limited in the freezer aerogel that had lower porosity.
However, there was an impact on the mechanical properties of
the aerogels without carbon fibers, with the freezer aerogels hav-
ing higher compression modulus than the liquid-N2 ones. This
can be explained by areas with larger pores and higher porosity
present in the center of liquid-N2 aerogels. Furthermore, SEM re-
vealed that the freezer aerogels had thicker pore walls which can
be a result of the slower freezing method that allows more so-
lutes to concentrate during the formation of the ice crystals. The
freezer aerogels were less stable in fatigue compression that can
be due to the thicker pores walls that buckle and densify during
compression and may have higher plastic deformation. Our work
demonstrates that X-ray micro-CT is a powerful tool for charac-
terizing the morphology of conducting cellulose based aerogels
by giving detailed information on the distribution of porosity and
pore size in the bulk of the aerogel and by enabling the visualiza-
tion of integrated electrodes for addressing in a non-destructive
manner. In contrast, mercury porosimetry, which is widely used
for characterizing porous aerogels, is destructive, there are safety
concerns over mercury use and it does not provide information
in a spatially resolved manner.[39] Conducting cellulose aerogels
can be used as active composites in many areas from energy to
sensing and tissue engineering.[40,54] Particularly for tissue en-
gineering applications, anisotropy on the pore size and porosity
within the bulk of the scaffold can be important for the differ-
entiation and proliferation of cells and the tissue formation.[55,56]

Our work contributes to furthering the understanding of how the
fabrication protocol impacts the structure and properties of the
aerogels.

4. Experimental Section
Conducting Porous Aerogel Fabrication: PEDOT:PSS-NFC-GOPS aero-

gels were prepared as described before[37] with a few modifications. Briefly,
PEDOT:PSS (PH1000, 1.3 wt% PEDOT:PSS, Heraeus Clevios), NFC (1
wt% carboxymethylated nanofibrillated cellulose, RISE Innventia), and
GOPS (97 wt%, Alfa Aesar) in a ratio of 1:1:0.2, respectively, were homoge-
nized with a disperser (IKA 3 386 000 ULTRA-TURRAX s). The mixture was
poured into 30 mL polystyrene conical containers that contained ≈0.093 g
carbon fibers with an average length of 12.5 cm that were randomly dis-
persed in the container. Freezer approach: The container was frozen at−20
°C for 24 h, followed by freeze-drying (BenchTop Pro, SP SCIENTIFIC) un-
der −50 °C and 200 μbar for 72 h. Liquid Nitrogen approach: The container
was immersed in liquid-N2 at −196 °C for ≈10–15 s and until the samples
were completely frozen, freeze-drying followed under−50 °C, and 200 μbar
for 72 h. Freeze drying removes ice crystals resulting in the formation of
a porous aerogel (Dimensions: Height = 2 cm, Topdiameter = 1.5 cm, and
Bottomdiameter = 1 cm). The aerogels were then annealed at 140 °C for
30 min to enable the thermal crosslinking of PEDOT:PSS-NFC with GOPS.
Finally, the aerogels were treated with DMSO vapor to enhance their
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electrical conductivity. The aerogels were placed in a glass crystallized dish
with a few drops of DMSO aside (1 mL), the Petri dish was capped and
placed on a hot plate at 60 °C for 24 h.

Scanning Electron Microscopy: The freeze-dried aerogels (pieces of
≈1 cm in diameter) were attached to the sample holder with the help of
copper tape. The SEM analysis took place with InLens lens of Zeiss-Sigma
500 Gemini SEM (2–2.5 kV), without any metal evaporation or sputtering.
ImageJ was used for the wall thickness measurements.

X-Ray Micro-Tomography: X-ray microtomography scans were ac-
quired with a custom laboratory system[57] consisting of a prototype solid
anode micro-focus X-ray source (Excillum AB, Sweden) and a photon
counting Eiger 2R 500K detector (Dectris Ltd., Switzerland) with a pixel
size of 75 μm, placed 0.55 m from the source as depicted in Figure 2A.
The X-ray spot was focused to 10 μm at 70 kV acceleration voltage with
an emission power of 15 W. Samples were placed 0.2 m from the source,
covering their full width, resulting in an effective pixel size of 27.27 μm2,
and a field-of-view of ≈28 × 14 mm2.

Processing and Reconstruction: For each scan, 1080 projections over
360° were acquired with an exposure time of 2 s per projection. Prior to
reconstruction, ring removal was applied using either a normalization or a
median filter,[58] and phase retrieval was applied[42] with a delta/beta ratio
of 350. Reconstructions were performed using the Feldkamp–Davis–Kress
algorithm[59] via the ASTRA toolbox[60,61] in the Python programming lan-
guage.

Normalization of the Volumes: The reconstructed 3D volumes were af-
fected by unwanted biases. Image processing methods were used to re-
duce these biases (Figure 2A). A clear radial bias was observed, for which
a correction procedure was defined. The first step of the procedure was to
estimate a bias volume. It was assumed that the intensities of the aero-
gel cells were constant over the volume, so measuring this constant as
a function of cylinder radius would give an estimate of the bias. It was
found that the 80% pixel intensity quantile was a good estimate of the cell
intensities over a larger subsection of the cylinder, which could include
cell walls and noise. Thus, the 80% pixel intensity quantile as a function
of cylinder radius was calculated. The resulting volume defined by these
quantiles positioned on their respective radii was the bias estimate. A mul-
tiplicative bias model was used and therefore the original reconstructed
intensities were divided by the quantiles resulting in an unbiased volume.
Additionally, the reconstructions were cropped slightly at the top and bot-
tom of the cylinder as the intensities varied with respect to the rest of
the volume at the boundary, due to the X-ray cone beam geometry. A final
normalization was done, where each volume was normalized by a linear
affine transformation such that cross-comparisons were possible, that is,
the intensity of cell walls, aerogel fibers, and air was comparable between
volumes.

Segmentation of Aerogel and Fibers: To estimate the porosity of the
aerogels, the cell walls were segmented from the volume. Bias removal
made cell and cell wall intensities constant over the volume, which made
it possible to do a simple threshold segmentation. The segmentation
method was to filter the volume with a 3D Gaussian smoothing kernel to
remove noise and then threshold the intensities at an appropriate value.
The kernel standard deviation was chosen to be ≈1 pixel since walls were
still clearly visible while removing as much noise as possible. Carbon
fibers, when present, were segmented using the same approach. The stan-
dard deviation was, in this case, chosen to be larger with ≈3 pixels since
this would blur most cell walls while keeping the denser fibers. Binary con-
nected components resulting from this procedure were labeled as carbon
fibers if they contained more than 10 000 pixels.

Measurements from 3D Volumes: Porosity is the measured ratio of
empty and occupied space in the binarized volumes. To measure pore
sizes and their distribution in the volume, a local thickness filter was ap-
plied (Figure 2D), which iteratively fits spheres into the empty space of
the binarized volumes to find the largest possible sphere for each cell.[62]

The structure of the aerogels was then assessed radially, by evaluating the
porosity and local thickness depending on the radius, that is, the distance
from the center of the volume (Figure 3A,B,D). Further, with the carbon
fibers segmented, the same measures were extracted depending on the
distance from the carbon fibers (Figure 3C,E).

Electrochemical Characterization: Cyclic voltammetry (CV) was per-
formed on the aerogels and carbon fibers in 0.01 m KCl electrolyte (Sigma-
Aldrich) at 1 mV s−1 scan rate, between −0.2 to 0.8 V using a metallic
mesh as a counter electrode and an Ag/AgCl electrode as a reference elec-
trode. All the measurements were performed at room temperature using
a Gamry 1010E/B potentiostat.

Mechanical Characterization: Compression of the samples was per-
formed using an in-house developed mechanical compression apparatus,
consisting of a motorized X-LSQ300A-E01 linear stage (Zaber) and a force
meter (M5-2, Mark-10) attached to it and controlled via LabView environ-
ment for data acquisition at a deformation rate of 12 mm min−1.

The ratio of maximum mechanical stress to the corresponding strain
was employed in the calculation of compression moduli ranging from 10%
to 60%.

Statistical Analysis: Statistical analysis was carried out using the Ori-
gin 2020 software by a non-paired t-test. p values < 0.05 were considered
significant.
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