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A B S T R A C T

Carbon fiber-reinforced polymer (CFRP) composites are indispensable in various industries due to their excep
tional strength-to-weight ratio, outstanding durability, and high stiffness. However, the effective recycling of 
CFRP remains a major challenge and requires the development of advanced technologies and more sustainable 
waste management solutions. In this study, we present an efficient and reproducible method for upcycling CFRP 
waste into large quantities of carbon fiber composite flash graphene (CFC-FG) by cost-effective flash Joule 
heating (FJH) in the millisecond range. The resulting flash graphene was extensively characterized by 
morphological, structural, spectroscopic, and chemical analyses. These investigations revealed a highly porous, 
lamellar structure with a low concentration of oxygen functional groups and a turbostratic graphitic structure. 
Important structural features, including a distinct D’ peak in Raman spectra and elliptical ring patterns observed 
in selected area electron diffraction (SAED), emphasized its unique properties. These combined attributes of CFC- 
FG resulted in excellent electrochemical performance in the two-electron oxygen reduction reaction (2e− ORR) 
for the electrosynthesis of hydrogen peroxide (H2O2). CFC-FG showed nearly 100 % selectivity and good activity 
in 0.1 M KOH, with stability tests confirming the retention of performance, making it a promising candidate for 
real electrosynthesis applications. The core concept of this work was to develop a recycled, sustainable elec
trocatalyst for H2O2 electrosynthesis that contributes to a circular economy and supports global sustainability 
goals.

1. Introduction

Hydrogen peroxide (H2O2) is a powerful and versatile environmen
tally friendly oxidizing agent. It is one of the most important common 
chemicals in the world with an annual market size of USD 3.3 billion in 
2023, which is expected to grow and reach USD 4.5 billion by 2032 [1]. 
Today, more than 95 % of the world’s H2O2 is produced by the energy 
and waste-intensive centralized multi-step anthraquinone process, 
which requires organic solvents and Pd catalysts [2]. A cleaner and more 
sustainable alternative is the direct electrochemical synthesis of H2O2 
from water and oxygen by the two-electron oxygen reduction reaction 
(2e− ORR). This process has gained significant attention due to its ability 
to produce H2O2 on-site and on-demand [3]. It also eliminates the need 
for costly transportation of the hazardous H2O2 and the required 

concentration-dilution steps. The main obstacle to the commercializa
tion of the electrochemical synthesis of H2O2 through the 2e− ORR is the 
lack of efficient and selective catalysts. Various catalysts have been 
demonstrated to facilitate the process with limited efficiency. Among 
them, platinum group metals (PGM) and their alloys, such as Pd–Hg [4], 
Au-Pd [5], are currently the most active and stable, with overpotentials 
close to zero and H2O2 selectivity up to 98 %. However, the scarcity and 
high price of PGM hinder their extensive adoption. Transition metal 
catalysts such as Co [6], Fe [7], and Ni [8] also show good overall 
performance but are prone to poisoning and deactivation by impurities 
in the electrolyte. This underlines the potential of carbon nanomaterials, 
which have been shown to be effective and selective electrocatalysts for 
2e− ORR applications. There was a demonstration of the application of 
active oxidized carbon materials in H2O2 electrosynthesis [9]. 
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Researchers also reported the use of heteroatom-doped graphene-based 
materials, and defect-doped graphene, all of which can significantly 
improve 2e− ORR performance for H2O2 electrosynthesis but are still 
inferior compared to metal electrocatalysts [10–14]. Many reported 
carbon electrocatalysts involve complex and time-consuming synthesis 
processes, making them less appealing for commercial applications. 
Aligning with green initiatives, it would be highly advantageous to use 
recycled or upcycled waste materials as precursors for electrocatalysts, 
promoting sustainability and reducing environmental impact. Examples 
of such precursor materials include carbon fiber-reinforced polymers 
(CFRPs) and carbon fiber composites (CFCs). Their remarkable 
strength-to-weight and stiffness-to-weight ratios, electrical conductiv
ity, good fatigue, and corrosion resistance make them indispensable 
materials in various sectors, including renewable energy. In 2021, the 
production of wind turbine blades alone consumed 50.8 × 106 kg of 
CFRP, representing 28 % of total global demand. The demand for CFRP 
has grown steadily since its first commercial application in the early 
1970s. The size of the CFRP market is estimated to reach USD 39.412 
billion by 2033, almost double that of 2023 [15,16]. This growth raises 
awareness of the impact of these materials on the environment at the 
end of a product’s life. Recycling and reuse are the naturally best 
choices, however, there are considerable difficulties in recycling [17,
18]. CFRP waste comes not only from end-of-life (EoL) products, but also 
from out-of-date pre-pregs, manufacturing cut-offs, testing materials 
production tools, etc. [19,20]. Manufacturing waste accounts for around 
40 % of all CFRP waste [21]. Landfilling and incineration have long been 
the predominant methods of treating composite waste [22,23]. 
Although much research has been done in the field of CFRP waste 
recycling over the last two decades, still a significant amount of CFRP’s 
end up in landfills [18,24,25]. An advantageous solution for the man
agement of such waste is to transform it into high-value carbon mate
rials. The fibers are nearly 100 % carbon, and the epoxy resins and 
polymers used as binders can be efficiently transformed into substantial 
quantities of carbon through pyrolysis. This makes CFC waste an ideal 
precursor for upcycling into carbon nanomaterials, such as graphene, 
which can be utilized in electrocatalysis applications.

Since its discovery in 2004, graphene has sparked a revolutionary 
transformation in materials science, emerging as the most promising 
substance of the 21st century. Its potential has drawn extensive attention 
from both researchers and industry, generating significant innovations 
across various fields [26,27]. Nevertheless, its wide-scale commercial 
applications are still hindered mainly because traditional methods for 
obtaining graphene still face drawbacks such as high cost, complicated 
scalability, sustainability concerns related to the environmental impact, 
or low quality of the product [28]. A significant step towards over
coming these drawbacks was taken in 2019 by Tour and co-workers, 
who converted various carbon sources into bulk quantities of turbos
tratic flash graphene (FG) by flash Joule heating (FJH) [29].

FJH is a simple and inexpensive bottom-up method for the produc
tion of graphene, based on the passage of a rapid burst of electrical 
current through a conductive sample. As a result of the Joule heat 
generated inside the carbon material, the temperature of the sample 
rises to over 3000 K within milliseconds. At this temperature, nonmetals 
are more volatile than carbon and get removed from the system by 
outgassing resulting in a carbon product with purity reaching up to 99 
wt.%. After the end of the electrical pulse, the sample cools down ultra- 
fast by thermal radiation [30]. Such a process is kinetically controlled. 
The rapid cooling prevents the carbon sheets from arranging and 
stacking in the thermodynamically favored Bernal AB-stacked form 
[28]. The resulting rotational disorder or mismatching leads to weaker 
Van der Waals interactions between the sheets and increased interlayer 
spacing. Due to the decreased contribution of π− π stacking interactions, 
turbostratic flash graphene can be exfoliated and dispersed into single 
sheets much more easily compared to AB-stacked graphite [31]. This 
improves the material’s processability for various applications, partic
ularly in the field of electrochemistry. Notably, due to its high 

conductivity and tunable properties, FG can also serve as an effective 
electrocatalyst. Wyss and colleagues synthesized highly porous, holey, 
and wrinkled flash graphene from mixed plastic waste by in situ salt 
decomposition. The resulting product exhibited a surface area of up to 
874 m² g-¹ and was effectively used as a metal-free HER electrocatalyst 
and anode material for lithium-metal batteries [32]. In another study, 
the feasibility of FJH for the facile synthesis of heteroatom-doped FG 
was demonstrated. Seven elements were used to produce single-atom 
doped FG as well as two- and three-element co-doped graphene. These 
materials were used as catalysts for electrochemical oxygen reduction 
reactions (ORR) and as electrode materials in lithium metal batteries 
[33,34].

In this article, we present a novel method for upcycling carbon fiber- 
reinforced polymer (CFRP) into high-quality flash graphene (FG) using 
flash Joule heating (FJH). The resulting FG exhibits exceptional prop
erties as an electrocatalyst and is highly active, stable, and selective for 
the electrochemical synthesis of H2O2. This approach not only provides 
a sustainable solution for the recycling of CFRP waste but also offers a 
route to the production of advanced materials with significant potential 
for sustainable energy and chemical applications.

2. Materials and methods

2.1. Synthesis of flash graphene (FG)

Flash graphene was synthesized from industrial cut-offs and expired 
carbon fiber felt pre-impregnated with epoxy resin (pre-preg - CP012, C- 
M-P GmbH, Germany), which contains 36 wt.% resin according to the 
manufacturer. The high electrical conductivity of the carbon fiber 
component makes these materials particularly suitable for flash Joule 
heating (FJH), eliminating the need for additional conductive fillers 
often used in the processes. A custom-made laboratory scale flash Joule 
heating (FJH) system was built and designed to produce <1g batches of 
Flash graphene. For safety reasons, the experimental setup was housed 
in a grounded metal box placed inside a well-ventilated fume hood. The 
control module including the charging unit and an emergency discharge 
circuit were placed several meters away from the fume hood to protect 
the operator. Synthesis is always performed with the sash window closed 
and proper light protection applied. A voltmeter and a signal light were 
used to make sure the capacitor bank was fully discharged before sam
ples were collected. A simple schematic diagram of the FJH setup is 
shown in Figure S1. The system features a 168 mF capacitor bank with a 
nominal voltage of 400 V, charged directly from the mains via a half- 
wave rectifier and a current-limiting resistor. Current is delivered to 
the sample through a thyristor switch capable of handling pulse currents 
up to 16 kA for 10 ms. The duration of the discharge pulse is controlled 
by an Arduino microcontroller, while an oscilloscope, connected to a 
computer, monitors both voltage and current in real time throughout the 
flashing process. Additionally, a 12 VAC power supply rated at 20+
amps is used to pretreat or degas the sample before flashing. This step 
helps to gradually remove volatiles and gases that could otherwise build 
up pressure and cause the glass tube containing the sample to burst.

In the standard procedure, 80 mg of raw material is processed into 
FG with an approximate yield of 50 %. The weight loss is primarily 
attributed to the generation of a substantial amount of volatile com
pounds during the pretreatment stage, as well as the ejection of some 
carbon particles from the sample tube during the flashing process. For 
detailed information about the setup and operation of the device, see 
Supplementary Materials (Page 1).

2.2. Electrode preparation and assembly

For electrochemical measuring of the CFC-FG and GC electro
catalysts, an RRDE electrode (AFE6R2GCAU, Pine Research Instru
mentation, Inc.) equipped with a fixed GC disk (area = 0.2376 cm2) and 
gold ring (area = 0.2356 cm2) was used. Prior to measurements, the 
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RRDE electrode was polished using 9 µm and 0.05 µm diamond paste 
(MetaDiTM Supreme, Buehler), followed by rinsing with copious amount 
of ultrapure water (resistivity of 18.2 MΩ cm, Milli-Q system). The 
freshly polished electrode was used for measuring the GC disk. Due to 
the high purity of the FG produced, no post-treatment was required so 
that the material could be used directly for the preparation of catalyst 
suspension (ink) as follows: catalyst suspension with a concentration of 
2.376 mgcatalyst mL-1 was prepared by mixing 15.6 mg of CFC-FG powder 
sample with 6.57 mL ultrapure water, 1.31 mL 2-propanol (IPA) (elec
tronic grade, 99.999 % trace metal basis, Sigma-Aldrich) and 56.16 µL 
perfluorosulfonic acid (PFSA) ionomer dispersion (Aquivion D98–25BS, 
25 % in water, PFSA eq. wt. 980 g/mole SO3H, Sigma-Aldrich). The 
prepared suspension was then homogenized using a sonicating bath for 
1 h. An aliquot of 10 µL was pipetted on the GC disk surface (catalyst 
loading of 100 µgcatalyst cm-2) and let dry at ambient conditions to obtain 
a thin film. For the HOPG sample, a custom-made RRDE electrode 
equipped with a HOPG disk (area = 0.302 cm2), and a platinum ring 
(area = 0.283 cm2) was used. Before the electrochemical measurements, 
the HOPG surface was freshly cleaved using adhesive tape. RRDE ex
periments were performed using a rotator (WaveVortex10, Pine 
Research Instrumentation, Inc.) and a bi-potentiostat (PalmSens4). The 
electrochemical cell consisted of an Ag/AgCl/3 M NaCl (BASi Research) 
as a reference electrode and glassy carbon rod (SIGRADUR®G glassy 
carbon, HTW Hochtemperatur-Werkstoffe GmbH) as a counter electrode 
and 0.1 M KOH (KOH hydrate, 99.995 % Suprapur, Supelco, Merck 
KGaA) as electrolyte. The collection efficiency (N) for Au ring (N = 0.37) 
and Pt ring (N = 0.20) were measured ahead of the experiments using 10 
mM [Fe(CN)6]-3 in 0.1 M KOH at a rotation speed of 1600 rpm and 50 
mV s-1 scan rate.

2.3. Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM) analysis

The morphology of the materials was examined using a Zeiss ULTRA 
Plus field emission scanning electron microscope (FE-SEM). The samples 
were mounted on a conductive carbon tape, placed on an aluminum 
SEM holder. The SEM images were recorded at 2 kV with an SE2 detector 
at a working distance (WD) of 5.5 mm. The transmission electron mi
croscopy (TEM) analysis of CFC-FG was performed with a JEOL ARM 
200 CF transmission electron microscope operating at an accelerating 
voltage of 80 kV. The sample was prepared by dispersing the flash 
graphene on a copper grid coated with a thin carbon film.

2.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were con
ducted using a Versa Probe 3 AD (PHI, Chanhassen, USA) equipped with 
a monochromatic Al Kα X-ray source. The source operated at an accel
erating voltage of 15 kV and an emission current of 13.3 mA. Powder 
samples were mounted on double-sided Scotch tape and positioned at 
the center of the XPS holder. Spectra were acquired for each sample over 
a 1 × 1 mm analysis area, with the charge neutralizer activated during 
data collection. Survey spectra were measured using a pass energy of 
224 eV and a step size of 0.8 eV. High-resolution (HR) spectra were 
recorded with a pass energy of 27 eV and a step size of 0.1 eV. To ensure 
high-quality spectral data with a good signal-to-noise ratio, at least 10 
sweeps were performed for each measurement. The energy scale of the 
XPS spectra and any possible charging effects were corrected by refer
encing the C=C peak in the C 1s spectrum of the carbon support, with a 
binding energy (BE) of 284.5 eV. Spectral deconvolution was carried out 
using MultiPak 9.9.1 and CasaXPS software. Shirley background 
correction was applied to all spectra.

2.5. XRD analysis

The powder X-ray diffraction (XRD) measurements of materials were 

carried out on a PANalytical X’Pert PRO MPD diffractometer with Cu 
Kα1 radiation (λ = 1.5406 Å) in the 2θ range from 10◦ to 60◦ with the 
0.034◦ step per 100 s using fully opened X’Celerator detector. Samples 
were prepared on a zero-background Si holder.

2.6. Raman characterization

Raman spectra were collected using a WITec Alpha 300 RAS system, 
equipped with a 532 nm laser (5 mW power), a 50 × 0.8 NA objective, 
and an integration time of 1 s. All spectra are reported as average spectra 
obtained by large area mapping of 50 μm by 40 μm (100 × 80 pixels).

2.7. BET analysis and particle size distribution (PSD)

The specific surface area and porosity were determined using the 
Brunauer–Emmett–Teller (BET) method, with nitrogen adsorption at 77 
K on a Micromeritics ASAP 2020. Samples were degassed under vacuum 
at 120 ◦C for 2 h. Particle Size Analysis: Particle size distribution analysis 
was performed in wet conditions (aqueous dispersion) using a Microtrac 
S3500 Bluewave laser particle size analyzer equipped with tri–laser 
technology.

2.8. TGA analysis

Thermogravimetric measurements were performed on a Netzsch 449 
F3 Jupiter (Selb – Germany), instrument under a dynamic Ar (5.0) or Ar/ 
O2 (80/20 vol. %) flow with a flow rate of 50 mL min− 1 in a temperature 
range from 30 ◦C to 1200 ◦C. A heating rate of 10 K min− 1 was used. 
About 15 mg of the sample was placed in a 0.3 mL Al2O3 crucible.

2.9. High speed footage

Phantom High-Speed camera (FASTCAM MINI UX100 - Photron, 
Japan) was used to capture video of the sample during both the pre
heating and FJH.

3. Results and discussion

3.1. Synthesis and characterization

Carbon fiber composite flash graphene (CFC-FG) was synthesized in 
two steps using the preheating and the flash Joule heating (FJH), as 
shown in schematics in Fig. 1 (a). To achieve optimal material proper
ties, the process was carefully optimized. In the first step, we focused on 
the pretreatment of the carbon fiber felt pre-impregnated with epoxy 
resin (CFC). The pretreatment consisted of resistance heating at 10 A for 
10 s. This heating process was uniform, as confirmed by the high-speed 
video recording screenshot shown in Fig. 1 (b). During the pretreatment, 
the decomposition of the epoxy resin produces volatiles, which condense 
on the surface of the electrode holders. After pretreatment in the second 
step, flash heating was performed for 200 ms with a current reaching 
400 A. Interestingly, the screenshot of the high-speed video in Fig. 1 (c) 
shows inhomogeneous heating during the flash phase. To enhance the 
understanding of the flash process, a high-speed camera was used to 
capture video footage of the process (see high-speed video SV1 in the 
Supplementary Materials). Several studies provide mathematical models 
and simulations of Joule heating and temperature distribution during 
FJH [35–37]. These studies consistently show heat accumulation at the 
center of the sample and lower temperatures near the ends due to heat 
dissipation through the electrodes [36–38]. However, our findings 
indicate that this pattern holds only when low currents are applied over 
extended periods, such as during pretreatment (Fig. 1 (b)). As shown in 
high-speed video SV1, when the high-voltage pulse is introduced, re
gions of lower conductivity led to localized overheating evident by the 
intense light emitted. These hot zones expand and eventually propagate 
throughout the entire sample. After the electric pulse ends, the sample 
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rapidly cools, with the areas near the graphite caps losing heat more 
quickly and ceasing to emit light, while the center of the sample remains 
glowing white-hot for a longer period. After the optimization process 
using different configurations the settings for the synthesis of CFC-FG 

were set to: Vcap = 175 V, pulse duration - tpulse = 200 ms, and sample 
resistance Rsample ~ 1 Ω. This corresponds to an energy input of 2.5 kJ. 
The optimized parameters ensured sample preparation with high 
reproducibility. The flashing process was always continuously 

Fig. 1. (a) Schematics of carbon fiber composite flash graphene (CFC-FG) synthesis in two steps. The first step involves the pretreatment pyrolysis of epoxy resin, 
followed by the second step, which is flash Joule heating (FJH), resulting in the production of CFC-FG. (b) High-speed video screenshot of pretreatment, and (c) High- 
speed video screenshots of FJH at different time frames. (d) Voltage discharge of capacitor bank during FJH, (e) Electrical current flow through the sample during 
FJH pulse.

Fig. 2. (a) SEM image of pretreated CFC, (b) SEM image of CFC-FG, (c) High magnification SEM image of pretreated CFC, (d) High magnification SEM image of 
CFC-FG.
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monitored and confirmed by the reliable current and voltage oscillo
grams Figure 1(d) and Figure 1(e). The resulting CFC-FG, which was 
removed from the glass tube as a single, homogeneous, agglomerated, 
gray chunk, can be easily crushed with a mortar and pestle. This sim
plifies the processing of the CFC-FG for subsequent preparation steps.

CFC-FG and pretreated precursor were comprehensively character
ized using morphological, spectroscopic, and chemical methods. Scan
ning electron microscopy (SEM) analysis revealed that the pretreatment 
preserved both the shape and morphology of the carbon fibers. The in
dividual fibers retained their structural integrity and exhibited a smooth 
surface (Fig. 2 (a)). However, the resin matrix was pyrolyzed, resulting 
in the formation of irregularly shaped particles that adhered to the 
carbon fibers. While the carbon fibers remained intact, the epoxy resin 
portion was carbonized. This becomes clearer at higher magnifications 
(Fig. 2 (c)), where the internal structure of a fiber can be seen at the edge 
of a fracture together with particles of pyrolyzed resin. After FJH, sig
nificant changes in the morphology and structure of the CFC-FG can be 
seen (Fig. 2 (b)). Although carbon fibers are known for their high 
thermal stability, the intense heat generated during flash Joule heating, 
significantly changed their morphology and porosity. While the original 
cylindrical shape of the fibers is partially preserved, no fusion or 
agglomeration takes place. Instead, the fibers develop exfoliated and 
wrinkled texture with pronounced lamellar macroporosity. At higher 
magnification (Fig. 2 (d)), delaminated graphene multilayers become 
visible. These layers exhibit multiple well-oriented graphene flake 
edges, which are known for their excellent catalytic properties due to the 
altered local electronic structure [39–41]. The layers are loosely packed, 
with empty spaces between them, which leads to a considerable increase 
in the porosity and surface area of the material. This was confirmed by 
the Gas adsorption/desorption analysis (Figure S2), which shows an in
crease in specific surface area from 20.7 m² g-1 to 25.2 m² g-1. 
Conversely, the pore volume experiences a notable increase from 
0.017570 cm³ g-1 to 0.146406 cm³ g-1. While the increase in surface area 

is relatively modest, the substantial rise in pore volume suggests sig
nificant structural changes within the material, as corroborated by SEM 
images. This structural opening, characterized by the expansion or for
mation of new macropores, enhances accessibility and exposes addi
tional catalytic sites, which could significantly boost the material’s 
catalytic performance. Additionally, particle size distribution (PSD) 
analysis via laser diffraction reveals a narrower PSD for CFC-FG 
compared to the pretreated precursor. This is accompanied by the 
disappearance of exceptionally large particles, suggesting delamination 
and partial disintegration of the carbon fibers, as illustrated in 
Figure S3.

The structural analysis of a lamellar 2D particle on the nanoscale 
using transmission electron microscopy (TEM) revealed a characteristic 
layered structure (Fig. 3 (a)). The number of graphene layers corre
sponds to multilayer graphene, although some structural defects are 
evident. These irregularities indicate a turbostratic structure, which is 
also confirmed by the selected area electron diffraction (SAED) of CFC-FG 
(Fig. 3 (b)). The turbostratic character of the prepared CFC-FG is 
particularly evident from a characteristic feature i.e. the strongly elon
gated elliptical pattern of the diffraction rings in SAED (see the corre
sponding given distances for d100 in Fig. 3 (b)). This phenomenon is due 
to translational and rotational perturbations as well as the curvature of 
the graphene sheets with respect to the electron beam. Although such 
patterns have been reported previously, they are relatively rare [42–44].

To further confirm the turbostratic nature of CFC-FG, an X-ray 
diffraction (XRD) analysis of the CFC-FG powder was performed. Ac
cording to the literature, the distance between graphene layers in hex
agonal graphite (d002) is 0.3354 nm. The XRD pattern for CFC-FG (Fig. 3
(c)), revealed a d002 of 0.346 nm, confirming the turbostratic structure 
of CFC-FG. The increased interlayer spacing is a characteristic of tur
bostratic graphene, where rotational and translational misalignment 
between layers disrupts the ideal stacking of graphite. This observation 
is further supported by the asymmetry of the (002) diffraction peak at 2θ 

Fig. 3. (a) STEM Bright Field image of CFC-FG, (b) SAED of CFC-FG, (c) XRD of the presented materials, (d) Raman spectra of the presented materials, and (e) XPS 
survey spectrum of CFC-FG, (f) C 1s core level spectrum of CFC-FG, (g) O 1s core level spectrum of CFC-FG.
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26.5◦, which exhibits a tail extending toward lower 2θ values. This 
phenomenon arises from rotational disorder among the individual gra
phene layers, consistent with findings from previous studies on FG [45]. 
In contrast, both raw CFC and thermally pretreated CFC showed very 
broad (002) diffraction peaks, indicating predominantly amorphous 
structures. The signals observed between 2θ 42◦ and 45◦ correspond to 
the (100) and (101) crystal planes, while the signal at 2θ 54.5◦ is 
attributed to the (004) crystal plane. These diffraction peaks are 
consistent with the structural characteristics of turbostratic graphene 
materials. Additionally, a peak at 2θ 35.7◦ indicates the presence of a 
silicon carbide (SiC) impurity, likely formed in small amounts due to the 
vaporization of glass from the reaction tube. This underlines the effec
tiveness of FJH as an energy-efficient method for the graphitization of 
amorphous carbon materials. By rapidly reaching high temperatures, 
FJH promotes structural reorganization while avoiding the excessive 
energy consumption typical of conventional graphitization processes.

Raman spectroscopy analysis was performed for all materials. Given 
the inhomogeneity of the samples, multiple spectra were recorded, and 
the averaged spectra are presented in Fig. 3 (d). The Raman analysis 
confirms the successful upcycling of CFC into flash graphene (CFC-FG), 
as evidenced by the presence of three prominent peaks: D (~1350 cm⁻¹), 
G (~1580 cm⁻¹), and 2D (~2700 cm⁻¹). CFC-FG exhibits an I2D/G ratio of 
0.3, a common threshold used to identify graphene materials. The D 
peak, indicative of lattice defects, highlights the defective nature of FG. 
A particularly noteworthy feature is the distinct D’ peak (~1620 cm⁻¹) 
observed in the inset of Fig. 3 (d). This peak, rarely resolved due to its 
usual overlap with the G band, has been previously reported [46] and is 
linked to high defect density in graphene [47,48]. Furthermore, the 
pronounced D’ peak is associated with graphene edges of zigzag 
configuration, especially in smaller graphene sheets [31]. A single 
Raman measurement with the highest intensity D’ peak from the map
ping is shown in Figure S4, further corroborating the production of 
turbostratic graphene through FJH. These findings emphasize the 
structural transformations induced by FJH, facilitating the formation of 
graphene sheets with significant edge defects and confirming the effi
cient upcycling of CFC into advanced carbon materials.

Spectroscopic analysis using X-ray photoelectron spectroscopy (XPS) 
shows that the synthesis process yields a high-purity product with no 
detectable impurities during processing. The survey spectrum in Fig. 3
(e) shows mainly carbon, 99.4 at.% and only 0.54 at.% oxygen. Further, 
high-resolution core level C 1s spectrum in Fig. 3 (f) shows only traces of 
oxygen-containing functionalities, mainly 91.47 at.% sp2 carbon (C=C) 
at binding energy (BE) of 284.5 eV, 2.12 at.% sp3 carbon (C–C) at BE 
284.9 eV, 0.32 at.% hydroxyl or epoxy (C–O) at BE of 286.7 eV, 0.26 at. 
% carbonyl (C=O) at BE of 288.6 eV, and 0.35 at.% carboxyl (O–C=O) at 
BE of 289.8 eV. Analysis of the O 1s spectrum (Fig. 3 (g)) corroborates 
the C 1s spectrum by showing minor contributions from C-O (533.74 
eV), C=O (532.5 eV), and O-(C=O) (531.32 eV) functional groups. The 
extremely low concentration of oxygen functionalities, especially car
boxylic groups (-COOH), is favorable for improving the electrochemical 
stability of the carbon material during the oxygen reduction reaction 
(ORR), as previously reported [49]. However, the presence of oxygen 
functionalities can also play a crucial role in improving catalytic activ
ity, especially for the two-electron pathway (2e− ORR) in the production 
of hydrogen peroxide (H2O2). This dual behavior highlights the trade-off 
between electrocatalytic selectivity, activity, and stability. The balance 
between these competing effects is critical when tailoring the material 
for specific electrochemical applications.

An important property that can significantly influence the material’s 
electrochemical performance at elevated temperatures is also its thermal 
stability. This was assessed using thermogravimetric analysis (TGA) under 
dynamic oxidative and inert atmospheres (Figures S5 and S6). In an 
oxidative atmosphere, CFC-FG exhibits markedly enhanced thermal 
stability, with a degradation onset temperature of 630 ◦C, compared to 
raw CFC and preheated CFC, which display onset temperatures of 300 ◦C 
and 525 ◦C, respectively. The elevated degradation temperature of CFC- 

FG suggests a high degree of structural integrity and resistance to 
oxidation, attributed to its improved graphitization. This is consistent 
with findings from complementary characterization techniques, 
including SAED, XRD, and Raman spectroscopy, which confirm the high 
graphitic content and turbostratic structure of the material. The 
enhanced thermal stability also implies potential electrochemical sta
bility under elevated temperature conditions, a desirable feature for 
various high-performance applications such as fuel cells, super
capacitors, and other electrocatalytic processes including H2O2 elec
trosynthesis. Thermal stability, combined with the structural and 
compositional properties of CFC-FG, highlights its suitability for 
demanding electrochemical environments.

3.2. Electrochemical characterization

The oxygen reduction reaction (ORR) activity, selectivity, and sta
bility of CFC-FG for H2O2 electrosynthesis were systematically evaluated 
using electrochemical techniques. As previously reported, carbon ma
terials exhibit high selectivity for the 2e− ORR pathway, which favors 
the formation of hydrogen peroxide in alkaline electrolytes. Accord
ingly, all measurements were performed in 0.1 M KOH. The competing, 
undesired 4e− ORR pathway leads to the formation of water (H2O), as 
shown in Eqs. (1) and (2). It is important to note that the pKa value of 
H2O2 is 11.6, which means that hydrogen peroxide in 0.1 M KOH is 
predominantly in its deprotonated form, HO2

- [50]. 

O2 + H2O + 2e− →HO−
2 + OH− E0 = 0.74 V vs. RHE (1) 

O2 + 2H2O + 4e− →4OH− E0 = 1.23 V vs. RHE (2) 

To benchmark the activity, selectivity, and stability of synthesized 
CFC-FG for 2e− ORR, we chose glassy carbon (GC) and highly oriented 
pyrolytic graphite (HOPG) for comparison. This choice is based on the 
different structural properties of these materials. HOPG surfaces are 
highly crystalline with a graphitic character and minimal defects, while 
GC surfaces are amorphous or non-graphitic and have a higher density of 
structural defects. Turbostratic graphene, such as CFC-FG, uniquely 
combines the properties of both materials. As explained in the previous 
chapter, CFC-FG exhibits a turbostratic graphitic nature alongside a 
significant concentration of structural defects. In addition, unlike pure 
graphene, CFC-FG contains a low concentration of oxygen functional
ities that are known to increase the catalytic activity for the oxygen 
reduction reaction (ORR) [51]. Fig. 4 (a) shows the ORR polarization 
curves measured in 0.1 M KOH electrolyte (pH ~ 13) for each electro
catalyst at the disk electrode, along with the simultaneous detection of 
hydrogen peroxide (H2O2) species at the ring electrode. The ORR po
larization curves clearly show that CFC-FG has the highest current 
density and the lowest overpotential among the electrocatalysts, fol
lowed by GC and HOPG, e.g. 50 mV and 140 mV lower at -0.1 mA cm-2 

than GC and HOPG, respectively. The high activity presented by CFC-FG 
reflects its relatively high surface area when the current values are 
normalized by the geometrical surface area (mA cm-2).

To evaluate the electrocatalytic activity of the individual catalyst, 
kinetic current (ik) was first obtained from measured current (i) using 
Koutecky-Levich equation (Equation S3 in the Supplementary Mate
rials) [52,53]. ik was normalized by the electrochemical surface area 
(ECSA, cm2

real) to obtain intrinsic activities of the catalysts (jk [mA 
cm-2

real]). ECSA for each electrocatalyst was determined using the 
capacitance method (Equation S1 and Figure S8 in the Supplementary 
Materials), where the electrochemical double layer capacitance (Cdl) 
values were extracted from current vs. scan rate plots (Figure S7 in the 
Supplementary Materials). ECSA was then obtained by dividing the Cdl 
with the specific capacitance (Cs) of a flat standard electrode, reported as 
40 µF cm-2

real [54–56] (refer to the Supplementary Materials for further 
details). For visualization, we plotted Tafel plots (E vs. jk) for each 
electrocatalyst (Fig. 4 (b)). The results show that GC has a slightly higher 
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intrinsic activity than CFC-FG, with HOPG having the lowest ORR ac
tivity. In fact, the GC surface is reported in the literature as one of the 
most active surfaces for H2O2 electrosynthesis by ORR in alkaline media 
[50]. The similar Tafel slopes for GC and CFC-FG suggest that the 2e−

ORR follows the same reaction mechanism on both surfaces. Although 
the intrinsic activities of GC and CFC-FG are similar, the latter offers 
significant advantages over GC in practical electrochemical systems for 
H2O2 production. Its porous structure provides good access for the dis
solved O2, while the more compact GC structure has only a surface with 
closed porosity. Further, the great catalytic properties of the CFC-FG can 
be referred to the observed defect-rich and highly disordered structure 
of this material. Defects within the graphene lattice and along plane 
edges are well-documented for their catalytic influence on the electro
chemical synthesis of H2O2. Chen et al. demonstrated that sp2-type de
fects can act as active sites for the 2e− ORR [12]. In addition, it was 
shown previously that FJH derived graphene materials retain excellent 
electrical conductivity, which enables efficient charge transfer during 
electrochemical reactions [29]. This could lead to higher overall effi
ciency and lower power consumption in practical systems.

To quantify the selectivity, the amount of H2O2 generated during 
ORR was determined by the ratio of the current measured at the ring 
(corrected for the collection efficiency, N) to the current measured at the 
disk electrode (Equation S2 in the Supplementary Materials). Calcu
lated selectivity in the potential range is presented in Fig. 4 (c). It is 
evident that CFC-FG has a superior H2O2 selectivity (close to 100 % at a 
potential range from 0.55 to 0.25 V vs. RHE), compared to GC and HOPG 
(around 80 % and 70 % selectivity, respectively). Additionally, the 

selectivity of CFC-FG surpasses that of previously published carbon- 
based (non-metal) electrocatalysts, which have demonstrated selec
tivity ranging from 60 % to 95 % [9–14]. The near-maximum selectivity 
of CFC-FG can be attributed to its distinct combination of properties, 
including a high concentration of defects, the presence of oxygen 
functionalities on the surface, and rotational disorder or misalignment 
between graphene sheets, which increases interlayer spacing in tur
bostratic graphene. As demonstrated by density functional theory (DFT) 
simulations, a variety of defects in model graphene systems are likely to 
exhibit selectivity for the 2e− ORR [12]. Notably, the D’ band, observed 
to be particularly intense in CFC-FG (Fig. 3 (c)), is associated with the 
partial oxidation of sp2 basal plane carbon in graphene-based materials. 
These sites have been shown to interact effectively with intermediates 
involved in H2O2 formation, thereby contributing to exceptional activity 
and selectivity in carbon-based catalysts [57,58]. These features, as well 
as other potential synergistic interactions, likely contribute to the ma
terial’s prominent catalytic activity for the 2e− ORR. We also recognize 
that the structural features responsible for the prominent D’-peak and 
the elliptical SAED pattern, both rarely observed in carbon-based ma
terials, may influence the catalytic properties. However, the exact role of 
these features on ORR performance is still largely unexplored and is the 
focus of our follow-up study.

As discussed above, high activity and selectivity are two essential 
prerequisites for an energy-efficient electrocatalyst. Another crucial 
requirement for practical electrocatalyst material is that it must possess 
good stability. To evaluate and compare the stability of CFC-FG, the 
stability test was conducted by applying a potential of 0.55 V (vs. RHE) 

Fig. 4. Electrochemical evaluation of electrocatalysts via RRDE. (a) Polarization curves for the oxygen reduction reaction (ORR) and the simultaneous detection of 
hydrogen peroxide species (HO2

- in alkaline media) measured at the disk and the ring electrodes, respectively. The curves were measured in 0.1 M KOH electrolyte 
saturated with oxygen at 50 mV s-1 and a rotation speed of 1600 rpm. The polarization is in the cathodic direction (i.e., “negative going” sweep). (b) Tafel plots and 
their respective Tafel slopes and (c) corresponding selectivity for H2O2 electrosynthesis, determined from the ORR polarization curves for each electrocatalyst shown 
in (a). (d) Activity (jk value at E = 0.7 V vs RHE) and selectivity (at E = 0.55 V vs RHE) for the H2O2 electrosynthesis before and after the stability test for the CFC-FG 
electrocatalyst. The stability test was performed in 0.1 M KOH electrolyte saturated with oxygen, at a rotation speed of 1600 rpm, by applying a potential of 0.55 V 
vs. RHE for a period of 25 hours. Refer to the experimental section for further details.
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for a period of 25 hours under the same conditions (refer to the Sup
plementary Materials for further details). This potential was chosen for 
one main reason: it is the lowest overpotential (Fig. 4 (a)) at which the 
selectivity for H2O2 is close to 100 % (Fig. 4 (c)). Fig. 4 (d) shows a 
comparison of the activity and selectivity for H2O2 electrosynthesis with 
the CFC-FG electrocatalyst before and after the stability test. CFC-FG 
showed good activity and selectivity, which remained essentially un
changed. The stable intrinsic activity of CFC-FG suggests that its surface 
is unsusceptible to significant chemical and structural changes during 
operating conditions for H2O2 electrosynthesis. Moreover, the observed 
high stability can likely be attributed to its turbostratic graphitic 
structure, a thermodynamically stable carbon allotrope. Consequently, 
the results of the degradation test highlight the promising performance 
of the synthesized CFC-FG and underscore its suitability for H2O2 elec
trosynthesis application.

4. Conclusions

Flash Joule heating has proven to be a highly effective method for 
upcycling used or expired carbon fiber composites (CFC) into turbos
tratic flash graphene (FG), solving the challenges associated with 
existing bulk graphene synthesis methods. This innovative approach 
utilizes a tailored setup that is characterized by its simplicity and scal
ability, making it ideally suited for recycling and upcycling of CFC. 
Characterization studies show that the synthesized CFC-derived flash 
graphene (CFC-FG) retains the tubular morphology of its precursor 
while exhibiting a high pore volume and significant specific surface 
area. In addition, oxygen functional groups have been identified to 
provide the material with valuable chemical versatility. CFC-FG exhibits 
a unique defect-rich turbostratic structure as evidenced by the distinct 
D’ peak in Raman spectra and the elliptical ring patterns in electron 
diffraction (SAED). These characteristic morphological, structural, and 
chemical properties contribute to its sound catalytic performance in the 
two-electron oxygen reduction reaction (2e− ORR). The material ach
ieves nearly 100 % selectivity for hydrogen peroxide (H2O2) electro
synthesis and exhibits modest catalytic activity. Its highly graphitic 
nature not only increases stability but also ensures a long lifetime, 
making it well-suited for demanding electrochemical environments. 
While its activity is comparable to that of glassy carbon (GC), CFC-FG 
offers greater functional versatility. A key advantage of turbostratic 
FG is its sustainability. It is obtained from low-value waste materials in a 
solvent-free, acid-free process and represents an environmentally 
friendly alternative to conventional methods. The straightforward, 
robust synthesis process is in line with green chemistry principles, re
duces environmental impact, and improves the overall sustainability 
profile. The promising catalytic efficiency of FG combined with favor
able techno-economic considerations also makes it a viable candidate 
for sustainable and efficient H2O2 production.

Apart from the sustainable electrocatalytic capabilities, this method 
offers significant environmental benefits by converting waste into high- 
value materials. This innovative upcycling approach not only advances 
materials science but also highlights the critical role of sustainable 
practices in addressing environmental challenges.
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