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Using hydrothermal process, we prepare carbon microspheres from fructose corn syrup and study the
compression behavior of wetted carbon-based disks, which are made from carbon microspheres and
polytetrafluoroethylene at a weight ratio of 4:1 and resembled to the carbon-based electrodes used in carbon-
based supercapacitors. The migration/penetration of water into the disks is controlled by the placing time of
water droplets on the top surface of the disks. The compressive behavior of the wetted carbon-based disks ex-
hibits statistical variability, which is well described by the three-parameter Weibull probability distribution. Th
calculated average elastic modulus decreases with the increase of the placing time of water droplets and with
the decrease of the compressive stress. The correlation between the compressive stress and the average maxi-
mum strain follows a power-law relation with a power index in a range of 1.45 to 1.56.

© 2021 Published by Elsevier B.V.
1. Introduction

Carbon particles have been extensively used as electrode materials
in the devices and systems for energy storage, including lithium-ion
battery [1–3] and supercapacitor [4–7]. During electrochemical cycling,
there exist ionic diffusion on the surface of carbon particles and/or
intercalation/de-intercalation of ions/atoms in carbon particles, which
can cause the deformation of the carbon particles [8–12]. The cycling-
induced deformation has imposed a great concern to the structural du-
rability of the carbon-based energy devices and systems, which requires
the understanding of the mechanical behavior of carbon particles in the
form of an individual particle and an “aggregate”.

Tan and Li-Oakey [13] reported the dependence of the electrochem-
ical performance of carbon fibers on the pore area/volume. Ali et al. [14]
revealed that the structure of carbon materials plays an important role
in determining the energy storage in supercapacitors. Masarapu et al.
[15] found the increase of the specific capacitance of the supercapacitors
made from carbon fibers with the increase of compression. Sun et al.
[16] observed that the specific capacitance of the supercapacitors
made from xylose-derived activated carbon increased nonlinearly
with the increase of compressive stress. These results demonstrate the
roles of the structure/aggregate and mechanical deformation of carbon
materials in determining the performance of carbon-based
supercapacitors.

Currently, there are limited studies focusing on the deformation of
carbon particles/spheres. Yang et al. [17] performed compression test
of individual core-shell nanospheres with an amorphous core on a
transmission electron microscope (TEM) under a large compressive
stress. They observed the collapse of inner pores and the buckling and
twisting of the inner pore structures. Alazem et al. [18] studied the
indentation deformation of the “cluster” of carbon nanospheres and ob-
tained an average contact modulus of 16.6 GPa. Using nanoindentation,
Zhu et al. [19] determined the contactmodulus of a thin filmmade from
hollow carbon spheres and found the contactmodulus of a thinfilmwas
less than the contactmodulus of individual hollow carbon spheres. Such
behavior can be attributed to the compaction effect of hollow carbon
spheres on the deformation of the film. Sun et al. [20] investigated the
indentation behavior of individual carbon microspheres and revealed
the decrease of contact modulus with the increase of indentation
deformation.

In contrast to the study of the deformation of carbon particles/
spheres, there are extensive studies on the compression of powder
and water-saturated materials. Wünsch et al. [21] performed the
compression of pharmaceutical powders, including microcrystalline
cellulose, anhydrous lactose, anhydrous dicalcium phosphate and para-
cetamol, and revealed the decrease of porositywith the increase of com-
pressive stress. However, the elastic analysis used byWünsch et al. [21]
is dubious since the effect of compaction needs to be included in the
analysis. Frenning et al. [22] used a spring-network model to develop
an effective-medium theory for the analysis of the pressure-strain rela-
tionship for the confined compression of microcrystalline cellulose.
They did not address the inelastic deformation, which likely occurred
during the compression of the microcrystalline cellulose. Kawakita
and Lüdde [23] reviewed the relations between pressure and porosity
and pointed out the importance of the change in the probability of par-
ticle orientation. All the results reveal that the compression of powders
leads to the compaction/consolidation and the increase of mechanical
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contact between powders, which can increase the nominal modulus/
stiffness of consolidated materials. However, there are few studies on
the effect of awater layer on the local compression of hydrophobic pow-
ders, especially carbon particles.

Considering the important applications of carbon particles/spheres
in energy storage and their roles in controlling the structural durability
of lithium-ion battery and supercapacitor, we study the compression
deformation of carbon-microsphere-based disks, which are resembled
to the carbon-based electrodes used in carbon-based supercapacitors.
The focus is on the effects of wetted surface on the compression defor-
mation of the carbon-microsphere-based disks. Prior to compression, a
water droplet is placed on the surface of the carbon-microsphere-
based disks to wet the disk surface for different times. The three-
parameter Weibull probability distribution is used in the analysis of
the compression deformation of the disks. The variations of the average
elastic modulus of the disks and the average maximum compressive
strain with the wetting time are discussed.

2. Experimental details

Using the method given by Cao and Yang [7], we prepared carbon
microspheres via hydrothermal carbonization of a solution of fructose
corn syrup (HFCS55, Cargill, Wayzata, MN). Briefly, the solution
consisting of HFCS55, distilled (DI) water and 30 vol% sulfuric acid in a
Teflon-lined autoclave was hydrothermally carbonized in an oven
(THELCO, MODEL 19, Precision Scientific Company) at 493 K for 1 h.
The solid powder formed in the autoclave was collected and placed in
an oven at a temperature of 353 K to evaporate residual water for 12 h.

We performed the structure analysis of the formed carbon micro-
spheres on anX-ray diffractometer (XRD) (Bruker D8, USA) and imaged
themorphology of the formed carbonmicrospheres on a scanning elec-
tron microscope (SEM) (Hitachi S-4300, Japan). For the SEM imaging, a
gold thin filmwas coated on the surface of the prepared solid powder at
2 × 10−6 mbar on a high vacuum coatingmachine (Leica ACE 600, Leica
Microsystems Inc., US).

Amixtureoftheformedcarbonmicrospheresandpolytetrafluoroethylene
(PTFE)powder (SpectrumChemicalMFGCorp,NewBrunswick) in aweight
ratio of 4:1wasprepared.After one-hourmixing inanagatemortar, themix-
turewasheated in air at 353K for onehour to improve thebindingbetween
PTFE powder and carbon microspheres. The heat-treated mixture was
air-cooled to roomtemperature. Carbon-microsphere-baseddiskswere then
Fig. 1. Top viewof aqueous droplets of 50 μl on the surfaces of PDMS and a carbon-microsphere-
(The disk diameter is ~8 mm.)
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preparedfromthemixtureundertheactionof200Ninacompressionmachine
(ESA-CU200,Shimadzu, Japan).Thediameterandthicknessofthediskswere~
8mmand1.156±0.026mm,respectively.Themassof thediskswas5±0.01
mg, and theporosityof thedickswas~61%.

The local compression testswere conducted at ambient temperature
on a Micro-Combi Tester (CSM Instrument, Needham, MA). Prior to the
compression test, a droplet of DI water of 5 μl was placed on the surface
of a carbon-microsphere-based disk in a closed chamber for a period of
time in a range of 5 to 60 min to allow for the penetration of water into
the disk. Fig. 1 shows optical images of a water droplet on the surface of
a carbon-microsphere-based disk, which was placed on the surface of a
PDMS (Polydimethylsiloxane) substrate. For comparison, a water drop-
let was also placed on the surface of a PDMS substrate simultaneously.
According to Fig. 1, there is no significant change in the droplet size
over the time, suggesting limited penetration of water to the carbon-
microsphere-based disks.

The carbon-microsphere-based disk with the water droplet placed
on top surface for a given time period was removed from the closed
chamber and immediately placed on a stainless steel substrate under a
Micro-Combi Tester (CSM Instrument, Needham, MA) for the
compression test. A flat-ended, cylindrical rod of ~1.932 ± 0.001 mm
in diameter, which was made from tool steel, was used to compress
the carbon-based disks. The load-control mode was used for the tests.
Note that the ratio of the diameter of the flat-ended, cylindrical rod to
the disk thickness is 1.932:1.156, indicating that it is reasonable to
refer the test to as compression test. The large Young'smodulus andme-
chanical strength of the stainless steel suggests that the stainless steel
substrate can be treated as a rigid substrate in comparison to the
carbon-microsphere-based disks. Prior to performing a compressive
test, the cylindrical rod was moved first to the specimen surface to ini-
tiate the contact with the specimen with the contact force less than 1
mN. After the contact, the cylindrical rodwas pushed onto the specimen
to reach the pre-determined peak load at a pre-determined loading rate,
remained in contact with the specimen at the peak load in a holding
stage, and was then retracted from the specimen at a pre-determined
unloading rate. The loading and unloading rates were 400 mN/min.
The peak load for the compression tests was in a range of 50 to 325
mN. The holding time of the holding stage between the loading phase
and the unloading phase ranged from 5 to 30 s for the peak load of
342.4 mN (compressive stress of 109 kPa). For other compressive
loads (stresses), the holding time was 10 s. Both the mechanical load
based disk at different instants: (a) 0min, (b) 5min, (c) 20min, (d) 40min and (e) 60min.



Fig. 3. XRD pattern of the fructose-derived solid spheres.
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and the rod displacement were recorded as functions of testing time.
Ten different disks were tested for the same test conditions. Note that
only one compression test was performed on each individual disk.

Following the procedure suggested by the CSM Instrument, we cali-
brated theMicro-Combi Testerwith a test force of 300mNand a calibra-
tion timeof 30min viamicroindentation of copper prior to the tests. The
load-displacement curves were used in the calibration.

3. Results

The SEM images of the fructose-derived solid powder are presented
in Fig. 2a-b. The fructose-derived solid powder are particles, andmost of
them are nearly spherical. Some particles are “welded” together. There
is a neck connecting two joint particles. Such a structure is in consis-
tence with the observation by Cao and Yang [7]. Using the SEM images,
the average size of the fructose-derived solid spheres was found to be
6.33 ± 1.98 μm.

Fig. 3 depicts the powder XRD pattern of the fructose-derived solid
spheres. There are two broad peaks centered at 2θ = ~21.7° and ~
43.2°. The strong broad peak at ~21.7° corresponds to (002) plane of
amorphous carbon, suggesting that the fructose-derived solid spheres
are amorphous [24,25]. The weak broad peak at ~43.2° corresponds to
the (100) plane of the graphitic structure of carbon [26], revealing the
graphitization of the fructose-derived solid spheres during the hydro-
thermal carbonization. The hydrothermal carbonization of the solution
of fructose corn syrup led to the formation of amorphous carbonmicro-
spheres. From the XRD pattern, the degree of crystallinity of the
fructose-derived carbon spheres is calculated to be 25.9%.

Fig. 4a presents the stress-strain curves for the compression of the
carbon-microsphere-based disks under a peak compression stress of
~109 kPa with a holding period of 10 s and a placing time of 5 min
for a water droplet. For the compression tests, the stress was calcu-
lated as the ratio of the applied force to the cross-section area of the
rod, and the strain was calculated as the ratio of the change in the
thickness to the initial thickness of the disk. There are three distinct
stages: loading stage, holding stage and unloading stage. In the load-
ing stage, the compressive strain increases with the increase of the
compressive stress; in the unloading stage, the compressive strain de-
creases with the decrease of the compressive stress. From Fig. 4a, we
note the scattering of the stress-strain curves, revealing the structure
differences among the disks. Note that similar behavior has been ob-
served for the compression test of porous materials [27].

Fig. 4b presents the stress-strain curves for the compression of
the carbon-microsphere-based disks under different peak compres-
sion stresses with a holding period of 10 s and a placing time of
5 min for a water droplet. It is evident that increasing the peak
stress increases the compressive deformation of the disks, as
Fig. 2. a-b. SEM images of the fru
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expected. The residual deformation, which is the strain difference
between the separation point (zero force) in the unloading phase
and the initial contact (zero strain), also increases with the increase
in the peak stress.

Fig. 4c shows the stress-strain curves for the compression of the
carbon-microsphere-based disks under a peak compressive stress of
109 kPa with a holding period of 10 s for different placing times of
water droplets. In general, increasing the placing time likely increases
the compressive deformation of the disks due to that more water
migrates into the disks to form a soft layer. All the results reveal the de-
pendence of the compression deformation of the carbon-microsphere-
based disks on the peak compressive stress and the placing time of a
water droplet. Such a trend can be attributed to the presence of water
in the disk due to the penetration of water into the disk. The water in
the disk softens the disk and can reduce the resistance to the relatively
sliding motion of adjacent carbon-microspheres, allowing large com-
pressive strain to occur. The more the water in the disk, the larger is
the thickness of the softened layer, and the larger is the compressive
strain.

More stress-strain curves for the compression tests of the carbon-
microsphere-based disks are given in Supplementary Information.

It is known that mechanical loading can cause the changes of the
structures of porous materials and alter the mechanical responses of
the porous materials. To characterize the effect of compression on the
mechanical responses of the carbon-microsphere-based disks, we cal-
culate the elastic modulus from unloading curves, which represents
the elastic modulus of the compressed carbon-microsphere-based
disks after the compression. The elastic modulus, En, of a compressed
carbon-microsphere-based disk is calculated from the unloading
stress-strain curve as
ctose-derived solid powder.



Fig. 4. Stress-strain curves for the compression of the carbon-microsphere-based diskswith a holding period of 10 s: (a) under a compressive stress of 109 kPawith a placing time of 5min
for a water droplet, (b) under different compressive stresses with a placing time of 5 min for a water droplet, and (c) under a compressive stress of 109 kPa for different placing times of
water droplets.

Fig. 5.Weibull distribution of the elastic modulus of the carbon-microsphere-based disks
under the stress of 109 kPa with a holding time of 5 s and a placing time of 5 min for a
water droplet.
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En ¼ dσ
dε

¼ h
πa2

dF
dδ

ð1Þ

where σ is compressive stress, ε is compressive strain, h is the thick-
ness of the disk, and a is the radius of the disk. F and δ are the load
on the disk and the change of the disk thickness, respectively, during
the unloading phase. Considering the nonlinear feature of the
unloading curves, we follow the approach in nanoindentation and
use thefirst 10% to 50% portion of unloading stress-strain curves to cal-
culate the elastic modulus, En. Note that the stress in the first 10% to
50% portion of unloading stress-strain curves is an approximately lin-
ear function of strain.

Realizing the scattering characteristic of the stress-strain curves, as
shown in Fig. 4a, a statistical method is needed to calculate the average
elastic modulus of the compressed carbon-microsphere-based disks.
There are reports that theWeibull distribution is suitable for the analysis
of the mechanical responses of porous materials [27,28]. Here, we used
the three-parameterWeibull distribution in the analysis of themechani-
cal responses of the carbon-microsphere-based disks. The three-
parameterWeibull distribution for the event (property), x, is givenas [29]

P xð Þ ¼ 1− exp −
x−xmin

x0

� �n� �
ð2Þ

where P(x) is the probability of the event (property), n is the
Weibull modulus, and xmin denotes the threshold of the event
(property). x0 is a scale parameter of the event (property), at which
the cumulative probability of the event (x – xmin = x0) is 63.2%.
Using Eq. (2), the average value of the event (property), xmean,
can be calculated as [30].
75
xmean ¼ xmin þ x0Γ 1þ n−1� � ð3Þ

where Γ(·) is the Gamma function.
Applying Eqs. (2) and (3) to the analysis of the elasticmodulus of the

compressed carbon-microsphere-based disks, we have
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P Enð Þ ¼ 1− exp −
En−Emin

E0

� �n� �
and Emean ¼ Emin þ E0Γ 1þ n−1� � ð4Þ

with Emin, E0, Emean andn being the threshold, a scale parameter, average
value and Weibull modulus of the elastic modulus of the carbon-
microsphere-based disks, respectively.

Fig. 5 shows the distribution of the probability of the elastic mod-
ulus, En, determined from the unloading stress-strain curves for the
compression of the carbon-microsphere-based disks under the com-
pressive stress of 109 kPawith a holding time of 5 s and a placing time
of 5min for a water droplet. We used the first equation in Eq. (4) to fit
the experimental results in Fig. 5 to obtain the numerical values of
Emin, E0 and n for the elastic modulus of the carbon-microsphere-
based disks. The fitting curve is represented by a solid red line in
Fig. 5. In general, the three-parameter Weibull distribution can de-
scribe reasonably well the probability of the elastic modulus of the
carbon-microsphere-based disks.

More results on the three-parameter Weibull distribution of the
elastic modulus of the carbon-microsphere-based disks under different
compressive stresses are given in Supplementary Information.

Using the fitting values of Emin, E0 and n and the second equation in
Eq. (4), we calculated the average elastic modulus of the carbon-
microsphere-based disks, Emean, from the compression tests under dif-
ferent stresses with different holding times and placing times of water
droplets. Fig. 6a presents the dependence of the average elasticmodulus
of the carbon-microsphere-based disks on the holding time for different
placing times ofwater droplets under the compressive stress of 109 kPa.
For the carbon-microsphere-based disks with wetted surface, the aver-
age elastic modulus increases first with the increase of the holding time
and approaches plateau for the holding time larger than or equal to 20 s.
Such a trend can be attributed to the compaction of the carbon-
microsphere-based disks under compressive stress. Also, increasing
the placing time of water droplets leads to the decrease of the average
elasticmodulus, suggesting the formation of a soft layer near the surface
of the disk due to the migration of water into the disk.

Fig. 6b depicts the dependence of the average elastic modulus of the
carbon-microsphere-based disks on the compressive stress for different
placing times of water droplets with the holding time of 10 s. It is evi-
dent that increasing the compressive stress increases the average elastic
modulus of the carbon-microsphere-based disks, revealing again the
compaction of the disks during the compression.

For comparison, the average elastic moduli of the carbon-
microsphere-based disks without wetted surface are also included in
Fig. 6a-b. It is evident that the average elastic moduli of the carbon-
microsphere-based disks without wetted surface are smaller than the
corresponding ones. Such a trend is likely due to the presence of
Fig. 6. (a)Dependence of the average elasticmodulus of the carbon-microsphere-based disks on
of 109 kPa, and (b) dependence of the average elastic modulus of the carbon-microsphere-ba
holding time of 10 s. For comparison, the average elastic moduli of the carbon-microsphere-ba
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capillary force between adjacent carbon-microspheres, which is intro-
duced by the penetration of water into the surface of the carbon-
microsphere-based disks. The capillary force can increase the nominal
strength of the disks.

Following the same approach, the three-parameterWeibull distribu-
tion was used to analyze the maximum compressive strain, εmax. Fig. 7a
illustrates the distribution of the probability of the maximum compres-
sive strain for the compression of the carbon-microsphere-based disks
under the compressive stress of 109 kPa with the holding time of 5 s
and the placing time of 5 min for water droplets. Using Eq. (2), we fit
the results in Fig. 7a for the maximum compressive strain, εmax. The
fitting curve is represented by the solid curve in Fig. 7a. In general, the
probability distribution of the maximum compressive strain can be
well described by the three-parameter Weibull distribution. Using the
fitting results, we can calculate average maximum compressive strain
for each set of testing conditions.

More results on the probability distribution of the maximum com-
pressive strain for the carbon-microsphere-based disks with the fitting
curves are given in Supplementary Information.

The variation of the average maximum compressive strain with the
holding time for the compressive stress of 109 kPawith different placing
times of water droplets is shown in Fig. 7b. There is no significant differ-
ence between the average maximum compressive strains of different
holding times, revealing that the holding time in the range of 5 to 30 s
had limited effect on the compressive behavior of the carbon-
microsphere-based disks with water droplets placed on the surface.
For the same holding time, the average maximum compressive strain
generally increases with the increase of the placing time of water drop-
let. Such results suggest that the placing time of water droplet plays a
more dominant role in the deformation of the carbon-microsphere-
based disks with water droplets than the effect of the holding time.

The dependence of the averagemaximum compressive strain on the
averagemaximum compressive stress is depicted in Fig. 7c for the com-
pression tests with the holding time of 10 s and different placing times
of water droplets. Increasing the compressive stress increases the aver-
age maximum compressive strain, as expected, for all the placing times
of water droplets. Under the same compressive stresses, the average
maximum compressive strain increases with the increase of the placing
time of water droplet in accord with the results in Fig. 7b.
4. Discussion

According to Fig. 6b, the average elastic modulus of the carbon-
microsphere-based disks decreases with the increase of the placing
time of water droplets under the same compressive stress. Such
behavior can be attributed to the effect of capillary force on the overall
theholding time for different placing times ofwater droplets under the compressive stress
sed disks on the compressive stress for different placing times of water droplets with the
sed disks without wetted surface are also included in the figure.



Fig. 7. (a) Probability distribution of the maximum compressive strain for the compression of the carbon-microsphere-based disks under the compressive stress of 109 kPa with the
holding time of 5 s and the placing time of 5 min for water droplets, (b) variation of the average maximum compressive strain with the holding time for the compressive stress of
109 kPa with different placing times, and (c) variation of the average maximum compressive strain with the compressive stress for the holding time of 10 s with different placing
times of water droplets.

Fig. 8. Variation of the increasing rate of the elastic modulus per unit stress with the
placing time.
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elastic deformation of the carbon-microsphere-based disks. The nega-
tive pressure, which is generated by the water bridge between carbon
microspheres, contributes to the effective stress on the water-rich
layer in the carbon-microsphere-based disks and can cause the increase
of the elastic modulus for un-saturated carbon-microsphere-based
disks.

The effect of the effective stress on the mechanical behavior of the
water-rich layer is dependent on the degree of saturation in the pore-
space. It is known that the elastic modulus of the porous structures
made from fine-grained cohesionless particles increases first with the
increase of the degree of saturation, reaches maximum, and then de-
creases with the increase of the degree of saturation [31]. The decreas-
ing trend of the elastic modulus of the carbon-microsphere-based
disks with the placing time of water droplets for placing time larger
than or equal to 20 min reveals the decrease of the effective stress in
the water-rich layer due to the increase in the degree of saturation.

From Figs. 6b, we note that the average elastic modulus of the
carbon-microsphere-based disks for the same placing time of
water droplets is a linearly increasing function of the compressive
stress. Such a trend can be attributed to the compaction of the
carbon-microsphere-based disks under compressive stress.
Increasing compressive stress increases the density of a porous
material, leading to the increase in the elastic modulus of the po-
rous material.

Using linear regression to fit the results in Fig. 6b, we obtained the
increasing rate of the elastic modulus per unit stress, λ, in the unit of
kPa/kPa. Fig. 8 displays the variation of the increasing rate of the elastic
77
modulus per unit stress with the placing time. The smaller the placing
time, the larger is the increasing rate of the elastic modulus per unit
stress. This trend suggests that the thicker the water-rich layer, the
larger is the resistance to the compaction of the carbon-microsphere-
based disks. This is because the thickness of the water-poor layer de-
creases with the increase of the placing time of water droplets and a
larger force is needed to cause the same degree of deformation of a thin-
ner disk due to the substrate effect.
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According to Fig. 7c, there exists a nonlinear correlation between the
compressive stress and the average maximum compressive strain,
which is in accordance with Fig. 4. Assume that the nonlinear correla-
tion between the compressive stress, σ, and the average maximum
compressive strain, εm, follows a power-law relation as

σ ¼ aεn
0

m ð5Þ

where a is a pre-exponential factor and n' is a power index. Using Eq. (5)
to curve-fit the results in Fig. 7c, we obtained (a, n') as (3984.40, 1.45),
(3606.40, 1.45), (4155.26, 1.52) and (4684.04, 1.56) for the placing
times of 5, 20, 40 and 60min. For comparison, the fitting curves are also
included in Fig. 7c. In general, there is no statistical difference between
1.45 and 1.56 for the compression of the carbon-microsphere-based
disks with water-rich and water-poor layers. There is no change in the
mechanisms controlling the compaction of the carbon-microsphere-
based disks with water-rich and water-poor layers. The differences
among the pre-exponential factors may reveal the effect of the placing
time (penetration/flow) of water into the disks. The larger the placing
time, the more is water into the disk, and the compliant is the disk.

The increase in the elastic modulus of the compressed carbon-
microsphere-based disks with the increase of the compressive stress
suggests that the compression of the carbon-based electrodes in elec-
trolyte can increase the packing density, which can lead to the increase
of electric conductivity and the improvement of the electrochemical
performance of carbon-based supercapacitors, as supported by the re-
sults observed by Sun et al. [16]. Applying reasonable compressive stress
can improve the structural integrity of the carbon-based electrode and
improve the long-term stability of carbon-based supercapacitors.

5. Conclusion

The structural durability of the carbon-based lithium-ion battery
and supercapacitor depends on the mechanical behavior and structural
integrity of carbon-based electrode. Realizing the wide use of activated
carbon in the devices and systems for energy storage, we have investi-
gated the compressive behavior of the carbon-microsphere-based
disks with water-rich and water-poor layers. The formation of the
water-rich layer was controlled by the penetration/migration of water
into the disks for different placing times ofwater droplets on the surface
of the disks.

The results from the compression tests demonstrate the presence of
the structure variations among the carbon-microsphere-based disks,
suggesting that the particle-based electrode materials for lithium-ion
battery and supercapacitor are inhomogeneous and disordered. The
penetration/migration of water (liquid) can increase the interaction be-
tween adjacent carbon-microspheres through capillary force, which can
lead to the increase in the nominal stiffness (modulus) of the carbon-
microspheres-based materials. However, the water effect on the
water-wetted layer is dependent on the degree of saturation in the
pore-space.

The structural variation of the carbon-microsphere-based disks
limits the use of deterministic method in the analysis of the mechanical
behavior (elastic modulus) of the carbon-microsphere-based disks. The
three-parameterWeibull distributionwas used to analyze the deforma-
tion behavior of the carbon-microsphere-based disks with water-rich
and water-poor layers and to calculate the average elastic modulus
and averagemaximumcompressive strain. There exists a power-law re-
lationship between the compressive stress and the average compressive
strain with a power index in a range of 1.45 to 1.56.

Data availability

The data supporting the findings of this study are included in
Supplementary Information.
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