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Abstract: Carbon black is used in many industries due to its versatility
and low cost. In this work, a cost-effective and scalable method for
upcycling carbon black to carbon black flash graphene (CB-FG) using
the fast flash joule heating (FJH) technique is presented. Extensive
morphological, structural, spectroscopic and chemical analyses show
that the resulting CB-FG exhibits lamellar morphology, low oxygen
content, and a turbostratic graphitic structure. These properties
underpin its excellent electrochemical performance in the two-electron
oxygen reduction reaction (2¢ ORR) for the electrosynthesis of
hydrogen peroxide (H,0,). CB-FG shows up to 95% selectivity and
high activity in 0.1 M KOH, making it a strong candidate for practical
H,0; electrosynthesis applications. Overall, this study advances the
development of sustainable, upcycled electrocatalysts for H,0;
production and contributes to a circular economy and global
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INTRODUCTION

Hydrogen peroxide (H,O,) is an important industrial
chemical whose market is expected to reach USD 4.5
billion by 2032 (Wen et al., 2024) . Currently, over
95% of global production is manufactured using the
centralized, multi-step anthraquinone process, which
includes organic solvents, anthraquinone derivatives,
Pd-based catalysts, and energy-intensive purification
steps (Campos-Martin et al., 2006). Alternatively, H,0O,
can be produced via direct synthesis from hydrogen and
oxygen, but it is considered dangerous and
unsustainable.

A cleaner, safer, and more sustainable alternative to the
production of hydrogen peroxide is the direct
electrochemical synthesis from water and oxygen via
the two-electron oxygen reduction reaction (2e” ORR).
This method has attracted considerable attention due to
its potential for decentralized, on-demand H,0,
production (Farinazzo Bergamo Dias Martins et al.,
2023). However, its commercialization is hindered by
the lack of efficient and selective electrocatalysts.
Various catalysts have been investigated, including
platinum group metals (PGMs), their alloys, and
transition metals such as Co (Cui et al., 2023), Fe
(Zhang et al., 2023) and Ni (Nosan et al., 2023). While
these materials exhibit high activity and H,0,
selectivity of up to 98%, their high cost, scarcity, and
susceptibility to poisoning and deactivation limit their
wide application. This has led to a growing interest in
carbon-based nanomaterials, which offer a promising
combination of activity, selectivity, and stability for 2e”

ORR (Bardarov et al., 2024). In particular, oxidized
carbon materials have been shown to perform well in
H,0, electrosynthesis (Lu et al., 2018). However, many
carbon electrocatalysts require complex and time-
consuming synthesis routes, limiting their scalability
and commercial viability. In line with sustainable and
cost-effective approaches, we explored the use of
upcycled, low-cost carbon materials. Specifically, we
have focused on carbon black as a precursor for the
development of an efficient electrocatalyst for H,O,
production.

Carbon black is a fine powder consisting of nanoscale
amorphous carbon particles, usually produced by the
incomplete combustion of various precursors. It is often
used as a reinforcing filler in rubber composites to
increase durability and wear resistance. In addition,
carbon black serves as a black pigment in inks, paints,
and plastics, providing color depth as well as UV
protection. Its high surface-to-volume ratio and good
electrical conductivity also make it valuable in
electronics and energy storage and conversion
technology. In contrast, graphene-based carbon
materials offer superior properties, such as exceptional
mechanical strength and one of the highest known
electrical conductivities. However, their commercial
use has been limited by high production costs,
scalability issues, environmental concerns and
inconsistent  product quality associated  with
conventional synthesis methods (Wyss, Beckham, et
al.,, 2021). An important advance was made in 2019
when Tour and colleagues demonstrated that various
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carbon sources can be rapidly converted to turbostratic
flash graphene (FG) using flash Joule heating (FJH)
(Luong et al., 2020). In this context, the upcycling of
carbon black into graphene-like derivatives represents a
promising route to both scalable graphene production
and the development of efficient electrocatalysts for
H,0, electrosynthesis. This motivation builds on our
previous work where we successfully upcycled carbon
fiber composites (CFCs) into highly efficient
electrocatalysts for H,O, generation using the FJH
method (Bardarov et al., 2025).

Flash Joule Heating (FJH) is a simple, cost-effective
bottom-up method for producing graphene. It involves
passing a high-energy electrical pulse through a
partially conductive sample, causing the temperature to
rise to over 3000 K within milliseconds. This extreme
thermal shock causes the sample to atomize and
reorganize into a thermodynamically stable turbostratic
graphite structure during rapid cooling, resulting in a
product with a carbon content of up to 99% by weight.
The ultra-fast cooling is crucial as it prevents the
formation of the Bernal stacking (AB) typical of
graphite (Wyss, Beckham, et al., 2021). Instead, the
resulting turbostratic graphene exhibits a rotational
disorder between the layers, leading to a larger
interlayer spacing and a weaker van der Waals
interaction. These weaker 7z-7 stacking interactions
make the structure easier to exfoliate and disperse into
individual layers of the so-called flash graphene (FG)
(Wyss, Wang, et al, 2021). This improved
processability makes FG particularly attractive for
various applications, especially for electrocatalysis for
the oxygen reduction reaction (ORR) (Bardarov et al.,
2025) and the hydrogen evolution reaction (HER)
(Wyss et al., 2022) .

This article presents a novel approach for the upcycling
of carbon black (CB) into high-quality flash graphene
(FG) using flash Joule heating (FJH). The resulting
material - carbon black-derived flash graphene (CB-
FG) - shows excellent electrocatalytic performance for
the 2¢” ORR and exhibits high activity and selectivity
for electrochemical H,0, production. This cost-
effective, scalable method not only upcycles CB, but
also provides a sustainable route to advanced carbon
materials with great potential for clean energy and
green chemical synthesis applications.

MATERIALS AND METHODS

Synthesis of Carbon Black Flash Graphene
(CB-FG)

Carbon black flash graphene (CB-FG) was synthesized
from carbon black (Ketjenblack EC-300J). The high
conductivity of CB makes it ideal for flash Joule
heating (FJH), eliminating the need for conductive
additives. Typically, 200 mg of CB yields ~80% CB-
FG. Weight loss results from volatile release during
pretreatment and physical loss during flashing. A
custom lab-scale FJH system was built to produce <1 g
batches. For safety, the setup was enclosed in a
grounded metal box inside a ventilated fume hood. The
control unit, including the charger and emergency
discharge circuit, was placed in a safe distance.

Experiments were conducted with the sash closed and
appropriate light shielding. A voltmeter and signal light
confirmed capacitor discharge before sample retrieval.
The experimental setup includes a 168 mF capacitor
bank (400 V), charged via a half-wave rectifier with a
current-limiting resistor. A thyristor switch delivers
pulse currents up to 16 kA for 10 ms, controlled by an
Arduino. An oscilloscope tracks voltage and current in
real time. A 12 VAC, 20+ A power supply is used for
pretreatment, which removes volatiles and prevents
pressure buildup.

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

Material morphology was analysed using a Zeiss
ULTRA Plus field emission SEM (FE-SEM). Samples
were mounted on conductive carbon tape affixed to an
aluminium stub and imaged at 2 kV with an SE2
detector at a 5.5 mm working distance. TEM analysis
of CB-FG was conducted using a JEOL ARM 200 CF
microscope at 80 kV. For TEM, CB-FG was dispersed
onto a carbon-coated copper grid.

X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed using a Versa Probe 3
AD system (PHI, Chanhassen, USA) equipped with a
monochromatic Al Ka X-ray source, operating at 15
kV accelerating voltage and 13.3 mA emission current.
Powder samples were mounted on double-sided Scotch
tape and placed at the center of the XPS holder. Spectra
were collected over a 200 x 200 um area with the
charge neutralizer enabled. Survey scans were acquired
using a pass energy of 224 eV and a step size of 0.8 eV,
while high-resolution spectra were recorded with a pass
energy of 27 eV and a step size of 0.1 eV. To ensure a
strong signal-to-noise ratio, each spectrum was
averaged over a minimum of 10 sweeps. Energy scale
calibration and charge correction were performed by
referencing the C=C component of the C Is peak at a
binding energy (BE) of 284.5 eV. Spectral
deconvolution was carried out using MultiPak 9.9.1
and CasaXPS software, with Shirley background
subtraction applied to all spectra.

Powder X-ray diffraction (XRD)

X-ray diffraction (XRD) measurements were
performed using a PANalytical X’Pert PRO MPD
diffractometer equipped with Cu Kal/ radiation (4 =
1.5406 A). Data were collected over a 26 range of 10°—
60° with a step size of 0.034° per 100 seconds, using a
fully opened X’Celerator detector. Samples were
mounted on a zero-background silicon holder.

Raman spectroscopy

Raman spectra were acquired using a WITec Alpha 300
RAS system equipped with a 532 nm laser (P = 5 mW),
a 50% objective with a numerical aperture; NA = 0.8,
and an integration time of 1 second. The reported
spectra represent averaged data obtained from large-
area mapping over a 50 x 40 um region, sampled at a
resolution of 100 x 80 pixels.
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Electrode preparation and electrochemical
measurements

Electrochemical measurements of CB-FG were
performed using a rotating ring-disk electrode (RRDE,
AFE6R2GCAU, Pine Research) with a GC disk
(0.2376 cm?) and a gold ring (0.2356 cm?). The
electrode was polished with 9 pm and 0.05 pm
diamond paste (MetaDi™ Supreme, Buehler) and
rinsed with ultrapure water (18.2 MQ-cm, Milli-Q).
CB-FG ink (2.376 mg-mL'l) was prepared by
dispersing 17.2 mg of CB-FG in 5.79 mL ultrapure
water, 1.39 mL IPA (99.999%, Sigma-Aldrich), and
61.88 uL. PFSA ionomer (Aquivion D98-25BS, 25% in
water, Sigma-Aldrich), followed by 1 h of sonication.
A 10 pL aliquot (100 pg-cm™ loading) was drop-cast
onto the GC disk and dried under ambient conditions.
RRDE experiments were conducted with a
WaveVortex10 rotator and a PalmSens4 bi-potentiostat,
using Ag/AgCl/3 M NaCl as the reference, a glassy
carbon rod as the counter electrode, and 0.1 M HCI1O,,
0.5 M NaCl, and 0.1 M KOH as the electrolyte.
Collection efficiencies were determined prior to
measurements using 10 mM [Fe(CN)s]* in 0.1 M KOH
at 1600 rpm and 50 mV-s™': N =0.383 for the Au ring.

RESULTS AND DISCUSSION

CB-FG was synthesized via a two-step process
involving preheating and FJH on a device presented in
Figure 1 (a) and 1 (b). The method was optimized for
consistent material quality. In the first step, compressed
cartbon black (Figure 1 (c)) was pretreated by
resistance heating at 20 A for 5 seconds. In the second
step, a 200 ms high-current pulse (up to 1000 A) was
applied to furnish carbon black flash graphene (CB-
FG) as shown in Figure 1 (d). CB-FG shows visible
morphological changes when compared to CB
precursor.

Figure 1. (a) Flash Joule heating (FJH) setup showing
the visible capacitor bank. (b) Sample holder with
mounted precursor prior to preheating and FJH. (c)
Compressed carbon black precursor before treatment.
(d) Resulting carbon black flash graphene (CB-FG)
after preheating and FJH.

The morphology of the synthesized product was further
investigated using electron microscopy (Figure 2).
Scanning electron microscopy (SEM) revealed that the
CB-FG exhibits a characteristic layered morphology,
indicative of a turbostratic graphitic structure (Figure 2
(a)). The primary objective of transforming the
amorphous, particulate morphology of carbon black
(CB) into a graphitic-like structure was successfully
confirmed by SEM analysis. Additionally, transmission

electron microscopy (TEM) provided further evidence
of this transformation, showing that the initially
amorphous carbon black structure had been converted
into a multilayered, turbostratic graphitic arrangement
with noticeable wrinkling (Figure 2 (b)). The
extremely rapid heating and cooling rates - on the order
of milliseconds - impeded the formation of a fully
crystalline graphitic structure typical of hexagonal
graphite. Instead, these conditions favoured the
development of short-range ordering and the
emergence of curved, turbostratic graphitic layers. Such
a structure is advantageous for subsequent material
processing and facilitates easier exfoliation during the
preparation of graphene-based electrocatalyst inks.

] |

Figure 2. Electron microscopy characterization of
carbon black-derived flash graphene (CB-FG). (a)
SEM image of CB-FG, illustrating its surface
morphology, and (b) TEM image of CB-FG, revealing
its internal microstructure.

The structure was further characterized using X-ray
diffraction (XRD) and Raman spectroscopy. XRD
analysis revealed a highly crystalline structure, as
evidenced by relatively sharp diffraction peaks.
Notably, reflections corresponding to the (002), (101),
and (004) crystal planes appear at 25.9°, 42.6°, and
53.5°, respectively (Figure 3 (a)). A minor peak at
35.7° suggests the presence of a small amount of SiC
(111) as an impurity coming from a glass tube where
flashing occurred. Focusing on the prominent (002)
diffraction peak, the interlayer spacing dy, was
calculated to be 0.343 nm, which is larger than the
typical value of 0.335 nm for highly crystalline
hexagonal graphite with ABAB (Bernal) stacking. This
increased interlayer distance is characteristic of a
turbostratic, misaligned graphitic structure,
corroborating observations made in TEM images.

Further confirmation of the turbostratic nature was
obtained through Raman spectroscopy. The CB-FG
sample exhibits distinct and sharper D and G peaks at
1337 cm™ and 1570 cm™, respectively (Figure 3 (b)),
in contrast to the broad and diffuse features typically
observed in amorphous carbon black (CB) precursors.
Additionally, prominent 2D, D+G, and 2D’ peaks are
observed at 2700 cm'l, 2914 cm’l, and 3204 cm’l,
respectively, indicating a graphitic structure with
multiple layers. To gain deeper insight into the
structural order, we evaluated the Ip/I; and I,p/l;
intensity ratios. The Ip/l; ratio of 0.67 suggests
moderate structural disorder or a high density of edge
sites, both consistent with a turbostratic morphology.
The I,p/I; ratio of 0.68 further supports the formation
of a few-layer, turbostratic graphene-like material, in
agreement with the TEM and XRD findings.
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Figure 3. Structural characterization of CB-FG. (a)
XRD pattern of CB-FG, indicating high crystallinity.
(b) Fitted Raman spectrum of CB-FG, highlighting the
I/l and Lp/I; intensity ratios.

To evaluate the chemical composition and surface
functionalities of the synthesized material, X-ray
photoelectron  spectroscopy (XPS) analysis was
performed. The survey spectrum revealed the presence
of only two elements: carbon (99 at.%) and oxygen (1
at.%), as shown in Figure 4 (a). This result
demonstrates that the FJH process produces a highly
pure carbonaceous product with a remarkably low
concentration of oxygen-containing surface groups,
indicating effective graphitization and minimal
oxidation.

To gain deeper insight into the nature and distribution
of surface functionalities, high-resolution C s core-
level spectra were acquired and deconvoluted into five
distinct components. The deconvolution identified
peaks corresponding to: sp>hybridized carbon at 284.5
eV, sp*>-hybridized carbon at 285.0 eV, —C-O (epoxy or
hydroxyl) at 286.5 eV, —-C=0 (carbonyl) at 288.0 eV,
and —COO (carboxyl) at 289.3 eV, as illustrated in
Figure 4 (b). Quantitative analysis of the fitted peaks
further supports the graphene-like nature of the
material, with sp? carbon accounting for 94 at.% of the
total signal, while only 1.3 at.% is attributed to sp*-
hybridized carbon. The remaining oxygen-containing
groups include —C-O (2.4 at.%), —-C=0 (1.0 at.%), and
—COO (1.3 at.%), indicating the presence of minor
surface oxidation.

These oxygen functionalities, although present in low
concentrations, may play a significant role in the

material's  performance as an electrocatalyst.
Specifically, surface-bound oxygen species can
enhance electrocatalytic activity by modifying the
electronic structure and increasing the density of active
sites. However, they may also pose a disadvantage by
potentially reducing the chemical and structural
stability of the catalyst during prolonged oxygen
reduction reaction (ORR) (Pavko et al., 2023).
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Figure 4. XPS spectra of CB-FC. (a) survey spectrum
and (b) fitted C 1s core level.

In the final stage, the synthesized CB-FG was
evaluated for its electrocatalytic performance toward
the two-electron oxygen reduction reaction (2e° ORR)
in acidic (0.1 M HCIOy), neutral (0.5 M NacCl), and
alkaline (0.1 M KOH) electrolytes. Carbon-based
materials are known to favour the 2e” ORR pathway,
selectively producing hydrogen peroxide (H,O,) in
acidic and neutral media, and hydroperoxide anions
(HO,) in alkaline conditions, while suppressing the
competing four-electron pathway that reduces O, to
water. Notably, in alkaline media, the pKa of H,0, is
11.6, indicating that HO,  is the predominant species in
alkaline electrolyte (Eqn. (1)).

0, + H,0 +2¢ > HO, + OH 1)

ORR polarization curves (Figure 5(a) — lower graph)
revealed that CB-FG exhibits the highest activity in
alkaline electrolyte, moderate activity in neutral, and
the lowest in acidic media. Specifically, the
overpotential in neutral conditions was approximately
290 mV higher than in alkaline media at a current
density of —0.1 mA, while the acidic medium required
significantly higher overpotentials (681 mV higher than
in alkaline media at a current density of —0.1 mA). The
enhanced activity in alkaline media is attributed to
reaction mechanism and the material’s turbostratic
structure and excellent electrical conductivity, both of
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which facilitate efficient charge transfer. Rotating ring-
disk electrode (RRDE) measurements were used to
assess 2e¢” ORR selectivity (Figure 5 (a) — upper graph
and Figure 5 (b)). CB-FG demonstrated over 90%
selectivity in the range of 0.3-0.6 V vs. RHE in
alkaline conditions, over 60% in the 0.0-0.3 V range in
neutral electrolyte, and a maximum 10% at ~0.2 V in
acidic conditions. The superior selectivity in alkaline
media is linked to the presence of oxygen-containing
functional groups and the increased interlayer spacing
characteristic of turbostratic graphene, which create
catalytically active sites in alkaline favourable for the
2¢” ORR, as supported by density functional theory
(DFT) studies (Perazzolo et al., 2015).
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Figure 5. Electrochemical characterization of CB-FG
using RRDE. (a) Linear sweep voltammetry (LSV)
polarization curves for the oxygen reduction reaction
(ORR) recorded using a rotating ring-disk electrode
(RRDE) setup. Simultaneous formation and detection of
H,0; species (HO; in alkaline media) was achieved
via the disk (formation - lower curves) and ring
(detection - upper curves) electrodes. Measurements
were conducted in Os-saturated 0.1 M HCIO,, 0.5 M
NaCl, and 0.1 M KOH electrolytes at a scan rate of 50
mV s and a rotation speed of 1600 rpm. (b) H,0,
selectivity of CB-FG, calculated from the
corresponding polarization curves, is presented for
each electrolyte. The data illustrate the material’s
efficiency toward the 2¢” ORR pathway across acidic,
neutral, and alkaline environments.

CONCLUSIONS

FJH has emerged as a highly efficient and scalable
method for upcycling CB into CB-FG, effectively
addressing many limitations of conventional graphene
synthesis techniques. The process aligns with green
chemistry principles, offering a sustainable route for
transforming low-value materials into high-value, high-
performance carbon  nanomaterials. Electron
microscopy reveals that CB-FG exhibits a lamellar-like
morphology and a graphitic structure with a high
specific surface area. Structurally, CB-FG possesses a
turbostratic graphitic structure, as confirmed by Raman
spectroscopy and XRD. XPS further shows that the
material consists of 99 at.% carbon and only 1 at.%
oxygen, highlighting the high purity achieved through
the FJH process.

These combined structural and chemical characteristics
underpin the material’s excellent electrocatalytic
performance in the 2e” ORR. In alkaline electrolytes,
CB-FG achieves up to 95% selectivity for hydrogen
peroxide production along with moderate catalytic
activity. However, its selectivity and activity decrease
in neutral conditions and are notably lower in acidic
environments. Beyond its promising electrocatalytic
potential, this approach also exemplifies how
innovative materials science can contribute to circular
economy goals and help mitigate environmental
challenges through efficient upcycling strategies.
Overall, CB-FG combines high catalytic activity with
near-ideal selectivity in alkaline media, positioning it as
a strong candidate for sustainable and efficient H,O,
electrosynthesis.
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