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Conversion of CO2-Derived Amorphous Carbon into Flash
Graphene Additives

Paul Andrade Advincula, Wei Meng, Jacob L. Beckham, Satish Nagarajaiah,
and James M. Tour*

CO2 emissions have become a significant environmental problem over the
last few decades, often stemming from combustion of fossil fuels. Production
and disposal of waste plastic also contribute greatly to greenhouse gas
emissions, due to combustion of fossil fuels during manufacture and
incineration or pyrolysis of the waste materials. Hence, researchers have
begun developing technologies geared toward the capture, sequestration, and
utilization of CO2. Several methods are shown to be useful for conversion of
gaseous CO2 into solid carbon feedstocks, such as molten carbonate
electrolysis. At the same time, flash Joule heating can rapidly and
inexpensively convert carbon-rich feedstocks into flash graphene (FG). Here,
amorphous carbon derived from molten carbonate electrolysis of carbon
dioxide is converted into FG, sometimes in combination with waste plastic,
and demonstrated for use as a reinforcing additive in composite applications.
FG can be used in epoxy and vinyl ester resins with a maximum increase in
Young’s modulus and hardness of 73% and 73%, respectively. Life cycle
assessment also shows that adding 5 wt% 25:75 amorphous carbon-derived
FG to the epoxy results in 7.7%, 5%, and 2.7% decreases in CO2 emissions,
water consumption, and energy consumption, respectively.

1. Introduction

Despite growth in large-scale renewable energy solutions, fossil
fuels will likely remain the primary energy source for the next
few decades.[1] 85% of the energy used for industrial activities is
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supplied by fossil fuels.[2] Combustion of
these fuels has led to a rapid increase
in greenhouse gas emissions, specifically
that of carbon dioxide (CO2).[3] CO2 is
the most common gas emitted from an-
thropogenic processes. Certain processes,
such as the Haber–Bosch process, con-
vert hydrogen and nitrogen into ammonia,
but at a very high CO2 emission rate.[4]

As such, there is significant interest in
technologies that can fix CO2, particularly
methods that can generate useful solid
materials from that CO2-derived carbon.

Several processes have been explored for
conversion of CO2 into solid carbon, such
as reaction of CO2 with LiAlH4,[5] chemical
vapor deposition,[6] or molten carbonate
electrolysis.[7] Molten carbonate electrolysis
has been successful for the conversion
of CO2 into a variety of nanomaterials,
including graphite, carbon nanotubes,[8]

and carbon nano-onions.[9] The high cost
of carbon nanotubes (>$100 000 per
ton)[10] and graphene ($60 000–200 000
per ton)[11] further incentivizes the con-
version of CO2 into carbon nanomaterials.

Graphene is one of the most promising types of carbon nano-
materials, due to its unique, honeycomb structure of carbon
atoms. The graphene structure imparts outstanding mechanical,
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Figure 1. Schematic depicting FJH of AmoC and AmoC:PE blends into FG for use as reinforcing additives in VE and DGEBA composites. Scale bars on
images of AmoC, PE, and VE resin are 2.5 cm.

thermal, and electrical properties. These properties make
graphene extremely attractive for applications in energy storage
and composites. A variety of techniques for making graphene
are available, including chemical vapor deposition and liquid
phase exfoliation of graphite, but these techniques are generally
energy- or chemically intensive.[12]

Our group recently developed a technique for graphene syn-
thesis involving rapid, solvent- and water-free Joule heating.[13]

Carbon-containing feedstocks are compressed between elec-
trodes and an electrical current is passed through the sample.
This causes the sample to heat to >3000 K in milliseconds, break-
ing carbon–carbon bonds and enabling the atoms to rearrange
into the more thermodynamically stable form of graphene. Most
non-carbon elements are sublimed out during this process. The
resulting “flash” graphene (FG) is turbostratic[14] and less defec-
tive than graphene made by the reduction of graphene oxide.[15]

flash Joule heating (FJH) enables rapid, inexpensive graphene
synthesis from any carbon-containing feedstock, including rub-
ber tires,[16] metallurgical coke,[17,18] asphaltenes,[19] and carbon
black.[20–22]

In addition to CO2 emission concerns, plastic pollution is also
a significant environmental problem.[23] Production of plastic re-
quires emissive processes that will account of 1125 megatons of
CO2 and 20% of total oil consumption by the year 2050.[24,25] After
use, the plastic poses an environmental hazard, due to landfilling
or incineration of the waste plastic. This waste plastic can have
significant impacts on humans[26,27] and marine life,[28,29] threat-
ening global oxygen supplies.[30,31] Due to these environmental
hazards, researchers are continually searching for applications
or solutions for ever-increasing amounts of plastic waste.

In this work, amorphous carbon (AmoC) derived from CO2
through molten carbonate electrolysis is converted into flash
graphene (FG) through the FJH method. Production of 1 kg of
Saratoga Energy AmoC consumes 3.76 kg of CO2 and 40 kWh of
energy. As such, conversion of CO2 into AmoC and FJH of AmoC
into FG is a carbon-negative process that produces FG that can
act as a reinforcing additive in epoxy composites. The emissions
associated with the final composite can be reduced during pro-
duction of the reinforcing additive and by reducing the amount of
composite required for a given application. AmoC is also blended

with waste polyethylene (PE) to demonstrate its feasibility to act
as a carbon-negative conductive additive for upcycling of waste
plastics. By using FJH to convert AmoC and AmoC:PE, FG can be
made rapidly and inexpensively, without use of solvents or chem-
ical post-processing. The resulting FG materials are then used as
effective, carbon negative reinforcing additives in vinyl ester and
epoxy composites.

2. Results and Discussion

AmoC and blends of AmoC:PE are FJH into FG, as shown in
Figure 1. The resulting FG materials are combined with VE or
diglicidyl ether bisphenol A (DGEBA) resin in a 20 mL scintilla-
tion vial and stirred with a magnetic stir bar. To enhance the dis-
persion and shearing of the FG within the matrix material, high
shear mixing is then used. Finally, methyl ethyl ketone peroxide
(MEKP) hardener is added to the VE solution and the entire solu-
tion is allowed to cure overnight. When making DGEBA compos-
ites, an additional degassing step and heating step are used. Due
to the consumption of CO2 in the production of AmoC, this re-
sults in a carbon-negative reinforcing additive that can be added
to VE or DGEBA to improve their mechanical properties, as well
as to reduce CO2 emissions, water consumption, and energy con-
sumption.

Raman spectroscopy is a powerful tool for characterization of
carbon and graphene materials. Quality of graphene can be as-
sessed by analyzing the intensity ratios of three different peaks
that regularly appear in graphene: D (≈1350 cm−1), G (≈1580
cm−1), and 2D (≈2700 cm−1). The D band appears when defects
and graphene edges are present, with increasing intensity as the
concentrations of these features increase. The G band appears
in response to a commonly observed in-plane phonon mode in
graphitic carbon. Finally, the 2D band arises from the overtone of
the in-plane transverse optic branch. A lower ID/IG ratio is gen-
erally desirable, as this indicates a lower concentration of defects
and a higher I2D/IG ratio is generally desirable, as this indicates
that fewer graphene layers are present, thereby facilitating dis-
persion in the resins.

The average Raman spectrum of the AmoC has a very high
ID/IG and very low I2D/IG ratio, indicating that this material is

Macromol. Mater. Eng. 2023, 2300266 2300266 (2 of 9) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202300266 by Shanxi U

niversity, W
iley O

nline L
ibrary on [24/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mame-journal.de

Figure 2. Average Raman spectroscopy curves for a) AmoC and all conditions for FJH of b) AmoC FG, c) 50:50 AmoC:PE FG, and d) 25:75 AmoC:PE FG.
Different voltages are applied to each material during optimization, as denoted by the different colors and numbers, for example, AmoC FG (1) versus
AmoC FG (2). Standard deviation is shown by the shaded areas (N = 100). e) Yield data for the parameters that resulted in the best quality FG for each
feedstock. Values for all pulses are shown in Table S1, Supporting Information.

amorphous (Figure 2a). FJH at 150 V for 500 ms results in AmoC
FG (1), with a FG purity of 91% (Figure 2b). AmoC FG (2) is
representative of FG made from AmoC using a voltage of 175 V,
rather than 150 V in the case of AmoC FG (1). FG purity was
calculated by using Raman mapping to obtain at least 100 spectra
for each sample and determine what percentage of spectra met
the following criteria: 1) a minimum I2D/IG ratio of ≥0.3, 2) a
signal-to-noise ratio of >5 in the 2D band region, and 3) a 2D
band with a FWHM of <100 cm−1. AmoC FG (1) has an ID/IG
and I2D/IG ratio of 0.84 and 0.55, respectively, indicating that the
AmoC is converted into FG. Process yield for this sample, defined
as the mass of product versus the mass of reactant, is ≈70%.

To effectively convert waste plastic into FG, the waste feed-
stock must first be made conductive, normally through addition

of a conductive additive, such as carbon black. Instead of carbon
black, a 50:50 blend of AmoC:PE was flashed at 200 V for 500 ms
(Figure 2c, 50:50 AmoC:PE FG (3)). This results in graphene
with a FG purity, ID/IG, and I2D/IG ratios of 99%, 0.513, and
0.721, respectively. Process yield for this material is ≈50% due to
volatile loss from plastics.[11] Finally, a 25:75 blend of AmoC:PE
was flashed at 150 V for 500 ms, resulting in graphene with a FG
purity, ID/IG, and I2D/IG ratios of 93%, 0.50, and 0.60, respectively
(Figure 2d, 25:75 AmoC:PE FG (1)). Process yield for this blend
is ≈40%. These results demonstrate that AmoC can be used as
a feedstock and as a conductive additive to waste plastic to syn-
thesize high-quality FG. Current as a function of pulse time and
yield data for each set of FJH parameters is shown in Figure 2e
and Table S1, Supporting Information.
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Figure 3. TEM images of a–c) AmoC, d–f) AmoC FG, g–i) 50:50 AmoC:PE FG, and j–l) 25:75 AmoC:PE FG.

Transmission electron microscopy (TEM) is also valuable for
analyzing the morphology of carbon materials. Images of the
AmoC feedstock reveals that the material is amorphous with very
little order (Figure 3a–c). Upon FJH, the AmoC feedstock is con-
verted into large flakes of FG with lateral flakes sizes >500 nm
(Figure 3d–f). FJH of a 50:50 blend of AmoC:PE reveals that
these large flakes are present (Figure 3g–i), as well as small flakes
(≈30 to 80 nm) that are typically observed in waste-plastic derived
FG.[11] As the proportion of PE increases, so does the concentra-
tion of small flakes in the material, as observed in images of the
25:75 AmoC:PE blend (Figure 3j–l).

Scanning electron microscopy (SEM) is another valuable tool
for analyzing the morphology of carbon materials. Images of the
AmoC feedstock reveal that the AmoC is indeed amorphous, as
evidenced by the lack of order (Figure 4a–c). Upon conversion
of AmoC, large particles of AmoC FG are observed (Figure 4d–
f). Finally, conversion of the 50:50 and 25:75 AmoC:PE blends
results in both large and small particles, which result from the
AmoC and the PE feedstocks, respectively (Figure 4g–l).

Addition of 5 wt% of any type of FG, including AmoC FG,
50:50 AmoC:PE FG, and 25:75 AmoC:PE FG results in an in-
crease in Young’s modulus and hardness, compared to neat VE

Macromol. Mater. Eng. 2023, 2300266 2300266 (4 of 9) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 4. SEM images of a–c) AmoC, d–f) AmoC FG, g–i) 50:50 AmoC:PE FG, and j–l) 25:75 AmoC:PE FG.

(Figure 5a). 5 wt% of AmoC FG grants the greatest increase in
Young’s modulus of 49%. 5 wt% of 50:50 AmoC:PE FG grants
the greatest increase in hardness of 69%. Increasing the wt%
loading of 50:50 AmoC:PE FG in VE results in greater gains to
the Young’s modulus, with comparable hardness to each other
(Figure 5b). A table with all values can be found in Table S2, Sup-
porting Information.

Addition of FG can also improve the mechanical properties of
DGEBA. AmoC FG improves the Young’s modulus by 35% and
hardness by 73% at 5 and 3 wt% loading, respectively (Figure 5c).
FG made from a 50:50 blend of AmoC:PE improves the Young’s
modulus by 60% and hardness by 59% at 1 and 3 wt% load-
ing, respectively (Figure 5d). 25:75 AmoC:PE FG improves the
Young’s modulus by 73% and hardness by 65% at 1 wt% loading
(Figure 5e). A table with all values can be found in Table S3, Sup-
porting Information. Greater improvement in mechanical prop-

erties can be observed with FG made from a blend of AmoC and
PE, likely due to the range of sizes present in the additive. As load-
ings of FG exceed an optimum concentration, a gradual decrease
in the enhancement of mechanical properties is observed, likely
due to weak interfacial interactions between the FG and the ma-
trix material. The samples were found to be non-conductive after
testing with a multimeter, likely because the level of dispersion
needed for conductivity in this high-viscosity system is difficult
to achieve with mechanical methods, as shown here. Should con-
ductivity be desired, an alternative mixing method, such as solu-
tion mixing, is likely necessary.

Life cycle assessments were prepared comparing the environ-
mental impacts of neat VE or DGEBA against composites with
varying loadings of AmoC FG (Figure S2 and Table S4, Support-
ing Information), 50:50 AmoC:PE FG (Figure S3 and Table S5,
Supporting Information), and 25:75 AmoC:PE FG (Figure S4 and
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Figure 5. Mechanical testing of VE and DGEBA composites with FG additives. Here, AmoC is replaced by AC for brevity. Comparison of mechanical
properties of a) neat VE and 5 wt% loadings of FG made from varying feedstocks. Mechanical properties of b) neat VE and varying wt% loadings of
50:50 AC:PE FG. Mechanical properties of neat DGEBA and varying wt% loadings of c) AC FG, d) 50:50 AC:PE FG, and e) 25:75 AC:PE FG.

Table S6, Supporting Information). 1 metric ton is used as the
functional unit (Figure 6a–c). The data used for calculating the
input and output of processes including epoxy production, re-
moval of waste PE, AmoC production, and electricity usage for
the FJH process were based on literature.[32] Saratoga Energy re-
ports that 3.76 kg of CO2 are consumed for each kg of AmoC that
is produced. Key assumptions include the use of U.S. Central and
Southern Plains Mix of electricity and that the PE used in pro-
duction of AmoC:PE FG would otherwise be incinerated as fuel.
Material transportation and waste stream disposal/remediation
were defined as being outside the scope of this contribution.
Background data was sourced primarily from Argonne National
Laboratory’s GREET model including GREET.Net software and
spreadsheet models.

Addition of 5 wt% AmoC FG to VE results in 6.8% and 5.1%
decreases in CO2 emissions and water consumption, respec-
tively. However, this results in a 0.3% increase in energy con-
sumption, due to the energetic cost associated with molten car-
bonate electrolysis for conversion of CO2 to amorphous carbon.
Addition of 5 wt% 50:50 AmoC:PE FG to VE results in a 7.6%,
5%, and 1.3% decrease in CO2 emissions, water consumption,
and energy consumption, respectively. Addition of 5 wt% 25:75
AmoC:PE FG to VE results in a 7.7%, 5%, and 2.7% decrease in
CO2 emissions, water consumption, and energy consumption,
respectively. As such, we can demonstrate that use of FG made
from AmoC and AmoC:PE improves the mechanical properties
of VE and DGEBA at low strains, while also reducing the envi-
ronmental impacts of using such materials.

Macromol. Mater. Eng. 2023, 2300266 2300266 (6 of 9) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 6. Life cycle assessment comparison of a) CO2 emissions, b) water consumption, and c) energy consumption of neat VE or DGEBA and com-
posites made with 5 wt% loadings of different types of FG. Here, AmoC is used interchangeably with AC for brevity.

Macroscale compressive testing of neat VE and VE with 50:50
AmoC:PE FG shows that the Young’s modulus of VE with FG
is comparable or higher than the neat materials (Figure S5,
Supporting Information). However, the yield strength and yield
strain of the neat VE is higher. This occurs when nanofillers do
not have good interfacial interactions with the matrix material.
Without this interaction, Van der Waals forces are enough to bind
the fillers to the matrix and transfer stress between the materials,
resulting in the increased modulus at small strains, such as those
measured with triboindentation. At high strains, these composite
materials yield at lower stresses and strains.

The interfacial interactions between graphene and the poly-
mer matrix can be improved by maximizing the contact surface
area through various preparation methods and by functionaliz-
ing the surface of the graphene. Several methods, including so-
lution blending, melt blending, and in situ polymerization, have
been shown to maximize the contact interface by evenly dispers-
ing graphene in the polymer matrix.[33,34] In this contribution, a
form of in situ polymerization is used, but the viability of other
preparation methods is not yet investigated.

Covalent and non-covalent functionalization can also be used
to enhance the interfacial interactions between graphene and
the polymer matrix.[35,36] The C═C bond can be used to perform
a variety of covalent functionalization reactions, albeit at the
cost of 𝜋-conjugation. Non-covalent functionalization maintains
the bulk structure and specific properties of graphene but
require new solvents or surfactants to be introduced into the
system.

3. Conclusion

Here, amorphous carbon derived from CO2 through molten car-
bonate electrolysis is converted into FG both on its own and
blended with PE in varying ratios. Conversion of these feedstocks
is confirmed through SEM, TEM, and Raman spectroscopy. The
FG products are then used as a reinforcing additive in VE with
a maximum increase in Young’s modulus and hardness of 49%
and 69%, respectively, with different loadings under triboinden-
tation. The same additives can be used in DGEBA with a max-
imum increase in Young’s modulus and hardness of 73% and
73%, respectively. Life cycle assessment also shows that adding 5
wt% 25:75 AmoC:PE FG to the matrix material results in 7.7%,
5%, and 2.7% decreases in CO2 emissions, water consumption,
and energy consumption, respectively. However, a lack of suffi-
cient interaction between the FG and the VE means that at higher
strains, neat VE possesses higher yield strength and yield strain
than the AmoC FG:VE composites. As such, while we demon-
strate the preparation and use of a CO2-negative reinforcing ad-
ditive derived from CO2 and waste plastic, further optimization
of the filler/matrix match is required.

4. Experimental Section
Materials: Vinyl ester resin (VE, RS-392-2248-40 vinylester laminating

resin) and MEKP were obtained from Fiberglass Supply Depot (Fort
Pierce, FL) and used as received. AmoC was obtained from Saratoga
Energy and used as received. According to Saratoga Energy’s reports,
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it requires 40 kWh to produce 1 kg of AmoC. Polyethylene (PE) waste
was obtained by shredding high density PE milk jugs into particles with
average sizes ≈1 mm using a Shanghai Ke Heng Industrial Co. cutter.
DGEBA was obtained from Millipore-Sigma (Lot: MKCK4566) and used as
received. A curing agent, 1,5-diamino-2-methylpentane, was also obtained
from Millipore-Sigma (Lot #: SHBG9920V) and used as received.

Flash Joule Heating: AmoC and blends of AmoC:PE were packed
between two copper electrodes with copper wool spacers contained
within quartz tubes. These tubes were 5 mm long and 2 mm thick with
inner and outer diameters of 8 and 12 mm, respectively.[13] The electrodes
were machined such that they fit loosely into the quartz tube to permit
outgassing. Samples of AmoC were compressed to obtain resistances of
1.8–1.9 Ω for a weight of 100 mg prior to DC FJH. AmoC on its own was
conductive enough to carry out FJH. Shredded PE was not conductive
enough for FJH, even when mixed with 25% AmoC and 75% PE. When
AmoC was used with PE, an additional AC heating step was needed to
carbonize the plastic, making the PE conductive enough for FJH. All
carbon sources other than graphite can be used as feedstocks for FJH,
however, some samples require a carbon additive to lower resistivity.
Samples of 50:50 AmoC:PE and 25:75 AmoC:PE with a weight of 500 mg
were compressed to obtain resistances of <100 Ω prior to AC FJH (120 V,
60 Hz). The samples were treated for 5 s using AC FJH in a vacuum desic-
cator (100 mm Hg) to facilitate outgassing of volatile materials, similar to
a process that was formerly described.[11] Afterward, DC FJH was carried
out on all samples using a capacitor bank with ten capacitors of 450 V
and 640 mF. Exact pulse voltages and pulse times are shown in Table S1,
Supporting Information.

Conventional carbonization[37] requires a high-temperature heat-
treatment process in oxidative or inert atmospheres under atmospheric or
high pressure. The process can be carried out in the absence or presence
of catalysis. As such, conventional carbonization likely requires a greater
amount of energy to carry out than AC FJH, given that a furnace needs
to be heated to a high temperature under controlled conditions for a long
period of time. Hence, the authors consider it to be more energy efficient
to use AC FJH rather than conventional carbonization to carbonize the PE
material used for FJH.

Composite Preparation: VE composites were prepared by combing
≈4.5 g of VE with the desired wt% loading of FG additive in a 20 mL scintil-
lation vial. The solution was mixed using a magnetic stir bar for 30 min at
300 rpm. After stirring, the solution was then shear mixed with a homoge-
nizer obtained from Cole–Parmer (Tissue Tearor 986370-07 Homogenizer;
120 VAC, 1.2 A) for 5 min at ≈10 000 rpm. A weight of MEKP equal to
≈1.5% of the weight of VE was then added to the solution while stirring
with a magnetic stir bar at 300 rpm for 5 min and the stir bar was then
removed. The solution was then allowed to cure in the scintillation vial
overnight. The vial was then broken, and the composite was extracted for
sanding with an abrasive wheel. Sandpapers with increasing grits of 100,
800, 1000, 1200, 2000, 2500, and 3000 were used to remove the remaining
glass and shape the composite to the appropriate dimensions for mechan-
ical testing.

DGEBA composites were prepared by combining 3.0 g of DGEBA with
0.45 g of 1,5-diamino-2-methylpentane in a 20 mL scintillation vial. Stir
bar mixing and shear mixing were carried out as previously described. The
slurry was then degassed in a vacuum desiccator for 2 h to remove air bub-
bles. Afterward, the composite was cured on a hot plate for 2 h at ≈70 °C
before curing at room temperature overnight. The composite was released
from the vial and sanded as previously described.

Raman Spectroscopy: Raman spectra were collected with a Renishaw
inVia confocal Raman microscope and a 532 nm laser. A 50× objective
lens was used with a laser power of 5 mW to scan the samples from 1300–
2800 cm−1. Large-area Raman mapping was used to determine the crys-
tallinity and morphology of the graphene before analysis of the spectra
with a custom-written Python script using the RamPy package. Collected
spectra were background-corrected and a Savitsky–Golay filter was used
to smooth the spectra before quantification of graphene yield and peak ra-
tios. To qualify as graphene, three criteria were used to assess individual
spectra: 1) a minimum I2D/IG ratio of ≥0.3, 2) a signal-to-noise ratio of >5
in the 2D band region, and 3) a 2D band with a FWHM of <100 cm−1.

Triboindentation: Nanoindentation was carried out using a Hysitron
TI 980 Triboindenter equipped with a Berkovich tip with a pyramidal ge-
ometry. To calculate the indentation modulus and hardness of VE com-
posites, ten different indentations were performed for each sample with
a maximum displacement of 100 nm and a displacement rate of 10 nm
s−1. The tip was held steady at the maximum displacement for 10 s to ac-
count for creep. Elastic modulus and hardness were calculated using the
Oliver–Pharr approach, employing Equations (1)–(3).[38,39]

Er =
√
𝜋

2
S

√
AP

(1)

1
Er

= 1 − v2

E
+

1 − v2
i

Ei
(2)

H = P
AP

(3)

where Er is the reduced elastic modulus; S is the stiffness of the initial part
of the unloading curve; AP is the projected area of contact; E and v are the
elastic modulus and Poisson’s ratio of the sample, respectively; Ei and vi
are the elastic modulus and Poisson’s ratio of the indenter, respectively; H
is the hardness; and finally, P is the applied load. DGEBA composites were
measured with five different indentations with a maximum displacement
of 1000 nm and a displacement rate of 10 nm s−1.

Compressive Testing: Stress–strain curves were obtained through uni-
axial compressive tests at room temperature with a standard compres-
sive testing machine (Instron 4505). Samples of varying thickness (8–
10 mm) and similar diameter (≈25 mm) were held between two cross-
heads, checked to avoid misalignment, and then compressed at a con-
stant rate of 2 mm min−1. Three samples of each loading of FG in VE were
tested to ensure consistency of the results. Strain was calculated based on
the individual thickness of each sample, given the varying thicknesses.

TEM: Dilute solutions (≈1 mg mL−1) of FG in ethanol were cup-horn
sonicated for 15 min prior to drop-casting onto a 200 mesh Cu grid with
lacey carbon film. A JEOL 2100F field-emission gun TEM at 200 kV was
used to image the sample.

SEM: The same dilute solutions in ethanol as above were drop cast
onto silicon wafers on a hot plate at ≈70 °C to remove the ethanol. The
SEM images were then obtained with a FEI Helios NanoLab 660 DualBeam
SEM system at 5.00 kV with a current of 0.1 nA.
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