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ARTICLE INFO ABSTRACT

Keywords: Three-dimensional (3D) porous carbon architectures offer unique advantages for electrochemical processes due
Electrogeneration to their high surface area, interconnected porosity, and intrinsic conductivity. In this study, a carbon nanotube-
Hz0, modified Globugraphite composite (CNT-GG) is developed to achieve efficient electrogeneration of hydrogen
ﬂssgfg,e peroxide (H202). The composite exhibits exceptionally high porosity (98%), ultralow density (0.04-0.05 g-cm™>),
Tortuosity and a hierarchical porous structure, providing enhanced active surface exposure and mass transport. Incorpo-

ration of carbon nanotubes (CNTSs), consistent with a multi-walled structure, within the GG matrix modifies the
pore architecture and promotes a more interconnected network enhancing mass transport and charge-transfer
processes, thereby improving electrochemical activity. It significantly improves effective bulk conductivity (up
to 662 S/m), mechanical strength as determined by higher flexural and modulus values, and slight enhancement
in thermal stability. The optimized CNT-GG structure also exhibits reduced tortuosity (from 4.29 to 1.21),
facilitating efficient charge-transfer pathways. Electrochemical evaluation demonstrates that CNT-GG electrodes
markedly enhance the in-situ generation of HzOz, reaching concentrations up to 48 pmol-L ! within 30 min while
achieving a high specific H202 productivity of 2.64 pmol-cm 2-min~!. These results demonstrate that CNT
modification synergistically improves porosity, conductivity, defect-rich carbon structure contributing to elec-
trochemical activity, positioning CNT-GG as a promising electrode material for H20: electrogenaration systems.

1. Introduction

Carbon-based materials have gained increasing attention due to their
unique combination of physical, chemical, and mechanical properties.
Among them, three-dimensional (3D) porous carbon structures stand
out for their high porosity, low density, and large surface area, excellent
electrical conductivity and chemical stability. These characteristics
make them ideal for applications requiring accessible active sites and
efficient charge transfer, such as electrochemical energy conversions
and catalysis. Recently, electrosynthesis of hydrogen peroxide (H202)
via oxygen reduction reaction (ORR) on carbon-based electrodes has
gained significant relevance, offering a decentralized and sustainable
H:0: production approach without the need for expensive metal

catalysts used as electrode materials [1]. H2O2 generation via the 2-elec-
tron reduction pathway of oxygen can be carried out in an electro-
chemical setup at a specific current/voltage, wherein reduction of
oxygen (ORR) with 2 electrons and protons occurs at the carbon cathode
(1) and water splitting occurs at the anode (2) [2]. The 2-electron
reduction of oxygen reaction provides an in situ method for the elec-
trogeneration of H20-. This approach can be used in wastewater treat-
ment, pulp and paper bleaching and in green chemistry applications [3].

0, +2e” +2H"—H,0, (cathode) D
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A wide range of carbon based electrodes such as carbon blacks,
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graphite, graphene, carbon foams and carbon felts have been explored
for electrochemical H20: generation [1]. More recently, carbon powders
derived by hydrothermal carbonization (HTC) and pyrolysis of ligno-
cellulosic biomasses have been tested on carbon black papers for H20:
generation offering sustainable and economic alternatives to noble-
metal based electrodes [4]. To further enhance electrocatalytic perfor-
mance, various modification strategies have been applied to carbon
materials, including heteroatom doping (O, N, F, P) and metal oxide
incorporation (e.g., MnOz/Vulcan XC-72), which improve oxygen
adsorption, lower overpotentials, and increase current densities for
efficient H20O2 production [5,6]. Among porous carbon materials, carbon
felts have been employed as standard materials employed for Hz0:
generation in electro-fenton processes to treat organic pollutants [7].
These as three dimensional fibrous materials with large void spaces
between them with individual fibres characterized with cylindrical
shape that offer mechanical integrity, thermal stability and are cost
efficient [8]. Untreated carbon felts are characterized with macroporous
surface area of 0.19 m2. g1, porosity of 0.84 and tortuosity of 4.95 [9].

Despite these advantages, porous carbon materials still face chal-
lenges including moderate mechanical strength, partial hydrophobicity,
and suboptimal electrical conductivity, which can compromise long-
term performance under continuous flow or batch conditions (D.
[6,10]). Therefore, high-performance cathodes for H:0: electro-
generation should combine a large specific surface area (500-1500
mz-g’l), a well-defined mesoporosity (2-50 nm, 50-80%), and sufficient
electrical conductivity (~10 S-cm’l) to ensure efficient mass transport
and electron transfer (N. [11]). Additionally, oxygen-containing surface
groups (C-O-C, OH-C=0) and a balanced hydrophilic-hydrophobic
surface environment are known to improve the selectivity and produc-
tivity of the 2-electron ORR pathway [2,12].

Globugraphite (GG) is a novel porous carbon framework featuring
tunable hierarchical porosity and interconnected conductive pathways,
making it a promising candidate for electrochemical and bio electro-
chemical applications [13,14]. However, like many 3D porous carbon
materials, GG also exhibits a high hydrophobicity and has a relatively
weak mechanical strength and a suboptimal electrical conductivity,
which limit its stability and electron-transfer efficiency under opera-
tional conditions. Addressing these shortcomings is critical to unlocking
GG's full electrochemical potential.

Incorporating carbon nanotubes (CNTs) into porous carbon matrices
offer a compelling solution. CNTs, especially multi-walled carbon
nanotubes (MWCNTSs), possess outstanding electrical conductivity, me-
chanical strength, chemical stability and a high aspect ratio that creates
conductive bridges within the composite structure [15,16]. Their ability
to reinforce mechanical rigidity while enhancing electron pathways has
been demonstrated across different composites, for instant, CNT load-
ings around 8 wt% yield significant improvements in conductivity and
mechanical properties [15]. Compared with single-walled CNTs, which
have higher specific surface areas (~400 m?/g), MWCNTs provide a
more favourable structural reinforcement due to their lower densities
(1-2 g/cmg) and multi-layered architecture [17]. When integrated into
porous carbons, CNTs can strengthen the framework, improve conduc-
tivity, and introduce additional micro- and mesoscopic pathways ad-
vantageous for ORR mass transport.

To the best of our knowledge, the integration of carbon nanotubes
into Globugraphite (GG) frameworks for electrochemical H.0- genera-
tion has not been investigated. While CNT incorporation into various
porous carbon matrices has been widely explored [18] and a previous
study reported the growth of CNT on GG [13]; However, in the present
work, CNTs are physically incorporated within the template prior to GG
formation, resulting in a uniformly dispersed and interconnected CNT
network embedded within the template. In the final structure, the CNTs
are effectively coated with carbon layers, leading to a localized yet
continuous conductive network throughout the matrix. This structural
modification influences both the physicochemical properties and elec-
trochemical performance of the CNT-GG system. The present work not
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only introduces a CNT-modified GG system but also provides a sys-
tematic evaluation of its structure-property relationships for electro-
chemical H.0: generation, demonstrating improved conductivity,
reduced tortuosity, and enhanced electrogeneration efficiency
compared to conventional carbon-based electrodes.

Building on this rationale, the present study focuses on the fabrica-
tion and evaluation of CNT-modified Globugraphite (CNT-GG) com-
posites and the comparison of its H-0. generation capabilities with
standard carbon felt electrodes. By tailoring the structural and other
properties of GG through CNT incorporation, this work aims to enhance
its suitability as an electrode material for electrochemical systems. The
insights gained here provide broader implications for the design of next-
generation carbon electrodes for diverse electrochemical applications.

2. Material and methods
2.1. Synthesis procedure

2.1.1. Synthesis of GG

Globugraphite (GG) and MWCNT-modified globugraphite (CNT-GG)
were synthesized for this study. GG was prepared similar to the method
described in earlier works [13,14]. In brief, a mixture of zinc oxide
(ZnO) powder (Sigma Aldrich, ReagentPlus®, 99.9% purity) and poly-
vinyl butyral (PVB) (Mowital® B75H) was prepared using an attritor.
The resulting slurry was dried in an oven at 55 °C, sieved, and then
pressed into shaped cylindrical type called green body using a uniaxial
press (PW10) applying 4 kN. This green body was sintered at 400 °C to
burn off the binder, PVB, forming pores, creating necks and resulting in a
porous ZnOy template with hierarchical porosity.

In the next step, carbonization and template replication were carried
out in a chemical vapor deposition (CVD) reactor (Nabertherm) using
toluene (Alfa Aesar, 99.5%) as the carbon source. The CVD process
involved the initial heating of the reactor to 760 °C under a 0.15 L-min!
argon flow. Subsequently, hydrogen gas was introduced at a flow rate of
46 mL-min"?, and toluene was injected at 5 mL-h~! for 1 h. Then, the
temperature was raised to 900 °C and held for 60 min to reduce the ZnO
in the presence of Hy, leaving behind the carbon structure referred to as
GG. The process ended with cooling, stopping of the hydrogen flow, and
increasing the argon flow to 0.4 L-min~!. The resulting GG structures
had cylindrical geometries, as illustrated in Fig. 1 and the digital
photograph has been shown in Table 1. The measurement of samples
after each step was done to obtain the density and porosity.

2.1.2. Synthesis of GG under two sintering patterns

The ZnO templates were prepared using two different sintering
patterns. The first pattern, as explained in the previous section, requires
the sintering to be conducted without inclusion of a holding time at
400 °C (ZnOyp) and for the second pattern, the temperature was main-
tained at 400 °C per one gram of ZnO (ZnO;). These two sintering pat-
terns lead to two different carbon foams resulting from carbonization of
these two templates (GGO and GG1). This change in sintering pattern
was imposed to change the density and to evaluate its effect on
morphology and final application.

2.1.3. Synthesis of CNT-GG

To synthesize CNT-GGO and CNT-GG1, 0.05 g of MWCNTs were
dispersed in deionized (DI) water using an ultrasonic bath for 20 min.
Then, this suspension was added during the mixing step with ZnO and
PVB in an attritor (Section 2.1). The subsequent sintering and steps
followed the standard GG synthesis procedure as described above. Name
and details of the final samples are provided in Table 1.

2.2. Characterisation methods

2.2.1. Physicochemical characterisation
The synthesized materials were characterized using a comprehensive
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Fig. 1. Schematic illustration of (a) the PVB + ZnO template (yellow represents PVB and grey represents ZnO), (b) the ZnO template, and (c) the carbon template.
The schematics were generated by integrating the sample photographs and SEM images using Chat-GPT.

Table 1
Sample names, information on synthesis differences, geometry and dimensions.

Sample ZnO sintering CNT content Geometry & avg. size &
name pattern (weight%) weight
GGO 400 °C, no holding 0%

(ZnOg)
GG1 400 °C, 1 h hold 0%

(Zn04)
CNT-GG1 400 °C, 1 h hold 0.1%

(CNT-ZnO,) Avg. weight: 2.5 g
CNT-GGO 400 °C, no holding 0.1%

(CNT-ZnOy)

set of techniques to evaluate their physical, chemical, and electro-
chemical properties. In order to account for the multiscale-porosity of
the materials, which contain mirco- (< 2 nm) meso- (2-50 nm) and
macropores (> 50 nm), the mass specific surface area, porosity, and pore
volume were estimated via a combination of different methods,
including theoretical calculations, nitrogen- and CO»-physisorption, and
Mercury Intrusion Porosimetry (MIP). MIP was performed using an
AutoPore III from micromeritics (Model 9420). The MIP technique is
frequently used to analyze the macropore structure of materials,
encompassing pore diameters ranging from 250 to 0.003pm (3nm)
[44]. Under applied pressure, mercury initially fills the larger pores and
progressively infiltrates smaller pores as pressure increases. This tech-
nique allows for the characterisation of both inter-particle pores (be-
tween individual particles) and intra-particle pores (within the particles
themselves). Gas physisorption measurements were performed using
nitrogen (N2, 5.0) at 77 K for mesopore analysis and carbon dioxide
(CO2, 4.5) at 273.15 K for micropore characterisation. Constant tem-
perature during measurements was maintained by submerging the
samples in liquid nitrogen (for Nz adsorption) or in an ice-water bath (for
CO: adsorption). Prior to analysis, all samples were degassed at 100 °C
under vacuum (<7 mbar) for a minimum of 6 h. Approximately 8 mg of
sample material (3 samples) was used per measurement. Isotherms (see
Fig. 5) were recorded using a volumetric gas sorption analyzer (Nova
4200e, Quantachrome Instruments) in a pressure range from 5 mbar to
ambient pressure. Specific surface areas of mesopores were estimated
using the Brunauer-Emmett-Teller (BET) method in the relative pres-
sure range p/p0 = 0.027-0.27. Mesopore volume and average pore
diameter were estimated via the Barrett-Joyner-Halenda (BJH)
method. Micropore surface area and volume were estimated using non-
local density functional theory (NLDFT). All measurements were carried
out as single determinations under estimation of a relative measurement
error of 5%. Chemical composition and structural properties were
analyzed using X-ray diffraction (XRD) and scanning electron micro-
scopy (SEM) to assess morphology, crystal structure, and elemental

composition. XRD patterns of the samples were recorded using a Bruker
AXS D8 Advance with a Cu-tube, X-ray diffractometer having Ni-filtered
Cu Ko radiation at scan range of 10 < 20 < 80. The SEM was obtained
using a Zeiss Supra VP55 microscope. Raman analysis was carried out to
evaluate the degree of graphitization and defect density in the carbon
foam structure using Verdi-V10 from Coherent. The four-wire method
was used to determine ohmic resistance using a Keithly multimeter
(Series 2602 System) with a defined current at the source meter of 1 mA.
Hydrophilicity was evaluated by contact angle measurements to deter-
mine surface wettability. Additionally, thermogravimetric analysis
(TGA) was conducted to assess the thermal stability, composition, and
weight loss behaviour of the GG and CNT-GG1 composites under
controlled heating conditions using a TA instrument (Q-500 TGA).

2.2.2. Mechanical characterisation

Mechanical strength of the GG samples was assessed using a three-
point bending test performed on a TA.XTPlus texture analyzer. Each
sample was positioned on two supporting anvils with a defined span
length, and a centrally applied loading probe advanced at a controlled
rate until structural failure occurred. The instrument continuously
recorded force and displacement, allowing calculation of corresponding
flexural and modulus strength. This method provides a reliable assess-
ment of resistance to fracture and offers insight into how their multiscale
pore structure influence overall mechanical integrity.

2.2.3. Electrochemical characterisation

Electrochemical performance was assessed through cyclic voltam-
metry (CV) to examine charge storage capacity and electron transfer
behaviour. Electrochemical reactions were assessed occurring at the
surfaces of GG and CNT-GG samples in aqueous medium consisting of
50 mL 0.1 M potassium phosphate buffer (KP;) (pH 7). CV studies were
performed with a software controlled potentiostat (Gamry Interface
1010E) using a three-electrode setup, wherein a hallmark 999 platinum
wire (A: 0.9 cm?) was used as the counter electrode, Ag/AgCl in 3 M
NaCl (Sigma Aldrich, Germany) was used as the reference electrode and
GGO, CNT-GGO, GG1 and CNT-GG1 (A: 0.55 crnz) samples were used as
the working electrodes. The potential sweep was performed between +1
to —1 V at a scan rate of 100 mV-s~! for 5 cycles in Ny, saturated and air
saturated medium sequentially. N3 and air saturation of the system was
performed for 10 min at room temperature (21-23 °C) respectively
before recording the voltammograms. Processing of voltammograms
was performed on EChem analyst 2 (Gamry Interface) and Origin 2025.

2.3. Experimental setup for evaluation of H202 production

The performance of the electrodes was tested for electrogeneration of
Hz0: in a 250 mL DasGIP reactor using an ‘all-in-one’ (AiO) electrode
[19]. As shown in Fig. 2, the AiO electrode setup consists of undivided
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Fig. 2. Electrochemical reactor setup with GG electrodes for H,O, generation. a) AiO electrode setup consisting of GGO pellet as cathode and platinized Ti anode in
an 250 mL Eppendorf reactor b) Electrochemical reactor setup connected to a potentiostat.

cathode and anode in a single assembly as shown in Fig. 2a. GGO (A:
0.57 ecm?), CNT-GGO (A: 0.59 em?), GG1 (A: 0.55 cm?), CNT-GG1 (A:
0.58 cm?) and carbon felt (A: 18.24 cm?, thickness: 2.5 mm) purchased
from SGL carbon (Sigracell®) were employed as cathodes as and a
platinized titanium rod (A: 4.24 cm?) was used as anode. An electric
contact between the GG cathode was made with titanium wire (D: 0.5
mm, 99.8%) using conductive epoxy glue. Both the electrodes are
separated by a 3D printed perforated separator (OD = 9 mm, wall
thickness = 1 mm) and externally connected to a potentiostat (Gamry
Interface 1010E) to apply constant current for the generation of H20x2.
Reaction volume consisted of 200 mL with 0.1 M KP; buffer (pH 7) as the
electrolyte at a current of —10 mA (based on enzyme compatibility tests
performed). The reaction mixture was sparged with compressed air at an
aeration rate of 1 vvm controlled by an external airflow meter and
stirred at a rate of 500 rpm for a duration of 30 min performed in
duplicates.

H:0: concentration was quantified with a UV/Vis spectrophotometer
using an iodide method at 351 nm. The assay was performed in a re-
action volume of 1 mL, comprising of the sample from the reaction
system, 0.5 M potassium hydrogen phthalate and iodine reagent (10~*
M ammonium molybdate, 0.05 M sodium hydroxide and 0.4 M potas-
sium iodide) in a 4:3:3 ratio [19]. To evaluate the performance of the
electrodes, specific productivities were calculated as shown in Eq. 3.

Conc.of [H,0,]
Area of electrode.time duration

Specific productivity = 3

3. Results and discussion
3.1. Physicochemical properties

3.1.1. Structural and morphological properties

The green bodies were sintered at 400 °C to remove the PVB binder,
producing a porous ZnO template. A second batch was processed using
the same temperature but with an additional 1-h holding step at 400 °C.
To evaluate the influence of these two sintering profiles, without holding
time (ZnOp) and with 1-h holding (ZnO), the ZnO templates and their
corresponding GG structures were examined using SEM (Fig. 3).

SEM analysis reveals clear differences in morphology, particle size,
and porosity between ZnOg and ZnO; (Fig. 3, a3 and a4). Both images
show irregularly shaped ZnO particles ranging from approximately 5 nm
to 800 nm. The digital image attached to Fig. 3 a3 also indicates a

Sintering

Fig. 3. Sintering temperature pattern and CVD temperature pattern for GGO
(al) and GG1 (a2), SEM images of ZnOO0 (a3) and ZnO1 (a4)), along with the
digital image of ZnO template resulted for each pattern and GGO (a5) and GG1
(a6), CNT-GGO (a7) and CNT-GG1 (a8).

noticeable carbon residue in the ZnOg, specimen. The ZnOO template
exhibits a more loosely packed structure with larger particles, whereas
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ZnO1 displays significantly reduced particle size and a denser packing. It
is clear that including a holding at 400 °C for 1 h promotes a more
controlled rearrangement and bonding of ZnO particles, resulting in
finer particles and a denser structure with reduced porosity. BET anal-
ysis confirms this shift in porosity, although the decrease remains within
an acceptable range for electrochemical use, indicating that functional
performance is not compromised.

These differences in the ZnO templates translate directly into the
final GG structures. GG1 (Fig. 3, a5) forms a more compact and less
porous network than GGO (Fig. 3, a6), consistent with the morphology of
their respective templates. The SEM images clearly show that GG1
possesses a denser carbon framework with smaller and fewer pores.

Comparing the GGO and GG1 structures (Fig. 3, a5 and a6) with their
CNT-reinforced counterparts, CNT-GGO and CNT-GG1 (Fig. 3, a7 and
a8), further demonstrates the structural enhancements introduced by
CNT incorporation. The CNT-reinforced samples exhibit improved
connectivity, better framework stability, and a more optimized porous
architecture. Additional SEM images of the ZnO-CNT template and the
corresponding carbon structures derived from ZnO-rich and CNT-rich
regions are provided in the Supporting Information (Fig. S1) to further
illustrate the distribution of CNTs and their influence on the develop-
ment of a denser and more interconnected carbon framework.

Fig. 4a shows the XRD patterns of GGO, GG1, CNT-GGO, and CNT-
GG1, illustrating the effects of template treatment and CNT incorpora-
tion on the carbon framework structure. All samples exhibit broad
diffraction features centered near 14-15° and 25-26° (20), character-
istic of disordered/turbostratic carbon with limited long-range ordering.
The low-angle broad feature near 14-15° suggests expanded graphitic
spacing and pore-induced structural disorder within the highly porous
carbon framework, while the broad band at 25-26° corresponds to the
(002) plane of graphitic carbon (Z. Q. [20]) indicating partially ordered
graphitic layers within the porous carbon matrix. The broad nature of
this peak reflects the disordered and porous structure of the carbon
materials [21,22]. In CNT-containing samples, additional reflections
appear in the 42-45° region, associated with the (100)/(101) planes of
graphitic carbon and contributions from MWCNTs, suggesting improved
graphitic connectivity and structural organization after CNT incorpo-
ration (Fig. S2).

GG1 and CNT-GG1 exhibit a sharp and intense reflection around
40-41°, which is absent or much less pronounced in GGO and CNT-GGO.

[}
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This feature overlaps with a distinct diffraction peak observed in the
ZnO1 template, but not in ZnOO (Fig. S3), indicating that it is specifically
related to the ZnO template prepared with the additional 400 °C holding
treatment. The peak therefore suggests that the modified ZnO1 template
promoted localized crystalline ordering and/or left trace template-
derived ZnO-related domains within the replicated carbon framework
which is consistent with the white residue observed after TGA in air. The
weak peaks around 31.7°, 34.4° and 36.2° also corresponding to hex-
agonal ZnO (JCPDS Card No. 36-1451). Raman spectra (Fig. 4b) show
the characteristic D and G bands of carbon materials near 1350 and
1580 cm ™, respectively. CNT-GGO exhibits a slightly higher Ip/Ig ratio
(1.07) than GGO (1.00), indicating increased defect density and edge-
site concentration after CNT incorporation. In addition, CNT-GGO
shows a pronounced second-order 2D band around 2700 em ™}, associ-
ated with graphitic sp? carbon and multilayer graphitic ordering, con-
firming the successful incorporation of MWCNTs and enhanced
graphitic connectivity within the porous carbon framework. This
observation is consistent with the Raman spectrum of MWCNTs (Fig. S2)
and previously reported literature [23,24].

3.1.2. Porosity and surface area

To characterize the multiscale porosity of GG and CNT-GG, com-
plementary analytical methods were used to cover all relevant pore size
domains. Micropores with diameters between 0.35 and 1.5 nm were
probed by CO: adsorption, mesopores in the range of 2-50 nm was
examined using Nz physisorption and macropores (> 50 nm) were
analyzed via MIP. Although individual CNTs are not intrinsically porous,
the CNT reference (CNTpure) exhibited pronounced micro- and
mesopore-specific surface area (SSA). This is typical for CNT powders
but cannot be attributed to a single structural feature, as the apparent
surface area of CNTs arises from multiple factors, including tube diam-
eter, wall number, bundling state, impurity content, defect density,
degree of tube opening, and the synthesis or purification history [25].
When CNTs pack closely, they create narrow slit-like gaps that are
detected as micropores, whereas looser packing between adjacent bun-
dles leads to mesopores [26]. A significant fraction of the measured
micropore surface area therefore corresponded most probably to
external surface area located in very tight CNT-CNT spacings, rather
than to internal pores within the nanotubes themselves. CO: phys-
isorption revealed a dominant ultra-micropore population around 0.8

G —GGO
—— CNT-GGO

T T T
2000 3000 4000

Wavenumber (cm™)

T
1000

Fig. 4. XRD pattern (a) and Raman spectra (b) of GG and CNT-GG samples.
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nm in all samples (Fig. 5, a). The incorporation of CNTs markedly in-
creases the intensity of this peak, especially for CNT-GGO, which reflects
the strong rise in micropore volume and micropore surface area (see
Table 2) and is indicative of pronounced additional CNT aggregation.
Nitrogen physisorption yielded type IV isotherms (IUPAC classification)
with Ha(b)-type hysteresis loops (Fig. 5, b) for all GG and CNT-GG
samples, indicative of mesoporous structures with broad pore size dis-
tributions and a gradual transition into the macropore regime (Fig. 5, c)
[27]. The CNT pure sample exhibited significantly lower N2 uptake,
which showed that aggregated, pure CNT bundles provided only limited
mesopore volume.

Despite the presence of additional micropores, the BET plots dis-
played high linearity (R? = 0.998-0.999, Fig. 5, d), with positive C-
constants (54-327), confirming the suitability of the BET method for
estimating the mesopore-specific surface area. Among all samples, GGO

Diamond & Related Materials 166 (2026) 113738

showed the largest mesopore surface area (908 m?-g~1), in agreement
with SEM images that revealed an open and interconnected pore
network, indicative of limited structural collapse or sintering. This
resulted from the ZnO templating process. The sintering at 400 °C
without holding time preserved the porous framework and prevented
excessive densification, thereby supporting enhanced reactivity and
material performance.

In contrast, GG1 showed a substantial reduction in mesopore SSA to
532 m2g ™!, even though the overall mesopore volume remained almost
similar. This trend is consistent with the broader mesopore size distri-
bution of GG1, as a shift toward larger pores reduces the internal surface
area even when the overall mesopore volume remains nearly constant
(Fig. 5C). The incorporation of carbon nanotubes (CNTs) into globular
graphite (GG) significantly altered the textural properties of the result-
ing composites. This effect was especially pronounced in CNT-GGO,
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Fig. 5. Gas physisorption data of CNT, GG and GG-CNT samples. a) micropore size distributions, b) Nitrogen physisorption isotherms, ¢) BJH pore size distributions,

d) BET-plots e) Pore size distribution from MIP.
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Table 2
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Porosity and pore volume information of the GG samples and carbon felt (for comparison purpose).

Sample Specific Surface area (m?-g 1) Pore vol. (cm®-g™1) Density (g-cm™>) Porosity (%)

name Micro- Meso- MIP total Pore Micro- Meso- MIP total pore Bulk Skletal Skletal Accessible porosity
pore pore area pore pore volume density density Porosity by Hg

CNT pure 331 83.6 n.d 0.11 0.2 n.d n.d n.d n.d n.d

GGO 390 908 107 0.15 3.1 16 0.05 0.20 98.2 76.8

GG1 354 532 95 0.13 3.4 15 0.05 0.25 98.28 76.1

CNT-GGO 1676 480 170 0.58 2.2 22 0.04 0.23 98.44 83.2

CNT-GG1 440 591 110 0.16 3.2 17 0.04 0.18 98.22 79.0

Carbon felt 90 30 n.d n.d n.d n.d 0.065 n.d n.d n.d

where CNT incorporation sharply increased micropore surface area and
volume while reducing their mesopore counterparts, indicating that
strongly aggregated CNTs generate additional ultramicroporous voids
but partially occupy the original GG mesopore network. A similar,
though significantly less pronounced trend was observed for CNT-GG1
relative to GG1. These findings demonstrate that CNT incorporation
primarily promoted the formation of additional microporosity, whereas
its influence on the mesopore structure depended strongly on the initial
state of the GG matrix.

MIP results revealed that both extended sintering for 1 h at 400 °C
and CNT addition did not significantly influence the macroporosity,
skeletal density, and overall structural characteristics of the samples
(Fig. 5e, Table 2). All samples exhibited macroporosity with dominant
sub-micron contributions. CNT-GGO showed a slightly broader macro-
pore distribution and a tail toward larger pores (10-100 pm), most likely
arising from cracks and edge voids rather than true macroporosity.

In summary, CNTs acted as conductive spacers and created addi-
tional microporosity, while partially blocking mesopores. Consequently,
the open framework of GGO enhanced CNT integration, whereas the
denser GG1 structure limited these effects.

3.1.3. Thermal properties

TGA analysis was performed to assess the thermal stability and
decomposition behaviour of GG samples (Fig. 6). All samples exhibited
high thermal stability up to approximately 600 °C, with negligible
weight loss, indicating the absence of significant moisture or volatile
impurities. A major weight loss event was observed between 600 °C and
700 °C for all samples, corresponding to the thermal oxidation and
decomposition of the carbon framework. Among them, CNT-GG1
demonstrated a slightly delayed onset of decomposition and a margin-
ally slower degradation rate, indicating superior thermal stability, fol-
lowed by GG1, whereas GGO and CNT-GGO display the lowest
decomposition temperature. This lower stability in GGO can be attrib-
uted to its higher porosity of carbon structure, which contains a greater
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Fig. 6. TGA measurements of GGO, GG1, CNT-GGO and CNT-GG1.

number of reactive defect sites susceptible to oxidation. The incorpo-
ration of CNTs in both CNT-GGO and CNT-GG1 enhances oxidation
resistance, likely due to improved graphitic ordering and better thermal
stability. In terms of residual mass, GG1 and CNT-GG1 exhibit higher
residues (—~5-10%) at 800 °C, associated with the presence of ZnO from
the template, while GGO and CNT-GGO show minimal residues, con-
firming effective removal of inorganic components. Overall, CNT-GG1
combines the highest thermal stability with notable ZnO residue,
whereas GGO represents the most carbon-pure but more porous and less
thermally stable material.

In air, amorphous carbon oxidizes first, whereas more graphitic/CNT
domains resist burn-off and oxidize at higher temperature. In our data,
CNT-GGO and CNT-GG1 both exhibit a delayed mass-loss onset and
complete oxidation at higher temperatures than their GG0/GG1 coun-
terparts (right-shifted curves), indicating improved thermal stability.
This behaviour is consistent with the presence of ordered graphitic walls
from CNTs and aligns with the XRD evidence, where the 44.5° (101)
graphitic feature becomes more pronounced in the CNT composites.

3.1.4. Electrical conductivity and tortuosity

The electrical conductivity was measured following the method
described by Beisch and Fiedler [13]. In this approach, the specimen is
placed between two copperplates. The upper copper plate is moved
downward until the first contact with the sample, which defines the
initial resistance Rg. Subsequent resistance values are recorded at 0.5
mm displacement intervals.

The graph in Fig. 7 illustrates the resistance R as a function of
displacement s. All samples show a decreasing resistance with reduced
probe distance, which is typical for such measurements due to increasing
contact area and reducing contact resistance.

Linear fits from 1.5 mm to 8 mm reveal that CNT-GG1 has a smallest
negative slope, confirming improved conductivity due to the incorpo-
ration of CNTs. The sharper drop in resistance at short distances in all
samples suggests contact resistance effects due to the porous nature of
foams, which are minimized in the linear region.

The electrical conductivity ¢ is determined from the linear rela-
tionship between the measured resistance and displacement using Eq. 4:

1

T maA

&)

In this equation, m is the slope of the linear fit of the resistance-
displacement curve, and A is the cross-sectional area of the specimen.
Because the samples are open-cell carbon foams, the cross-sectional area
used corresponds to the gross external diameter and includes void space.
Therefore, the reported ¢ values represent the effective bulk conduc-
tivity of the porous foam. The intrinsic ligament conductivity is expected
to be higher due to porosity and tortuosity effects.

Tortuosity T was calculated from Eq. 5, assuming an intrinsic liga-
ment conductivity of 50,000 S/m [28]. The tortuosity values ranged
from 1.3 to 4.3. The CNT-modified foams exhibited lower tortuosity,
indicating more efficient and direct current pathways, whereas un-
modified foams showed higher tortuosity, consistent with less inter-
connected networks.
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Table 3 summarizes the fitted slope, sample diameter, cross-sectional
area and the derived resistivity, conductivity and tortuosity.

The incorporation of CNTs into the carbon foam matrix significantly
enhanced the electrical conductivity, particularly for the GG1 formula-
tion, where o increased from 210 S:m ™! to 662 S-m . This improvement
is attributed to the formation of additional conductive pathways (J.
[29]) and reduced tortuosity (t decreased from 4.29 to 1.21), which
facilitate more efficient charge transport through the porous network.

)

3.1.5. Wettability and contact angle measurements

The water contact angle (CA) measurements, recorded initially and
at 30-s intervals for 5 min, confirm that all samples are intrinsically
hydrophobic (CA > 90°) (Fig. 8). At 0 s, CNT-GGO exhibited the highest
CA (122.7°), followed by GGO (110°), while GG1 and CNT-GG1 showed
a value of 106°, respectively. This indicates that CNT incorporation in-
creases the initial hydrophobicity of GGO, whereas its effect on GG1 is
less pronounced because GG1 is already structurally more compact. This

Table 3
Electrical characterisation results of the carbon foam specimens.
Sample m d(mm) A p c € T
(@mm™) mm*»  @m) (SmH) (%)
GGO 0.068 7.81 47.88 3.25 307.1 98.2 2.93
GG1 0.095 7.99 50.11 4.76 210.01 98.2 4.29
CNT- 0.067 7.77 47.39 3.18 315.0 98.2 2.86
GGO
CNT- 0.033 7.69 46.42 1.51 662.4 98.4 1.21
GG1
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Fig. 8. Contact angle measurement for GG samples measured in intervals of
30 s.

behaviour is consistent with the graphitic nature of the materials, which
exhibit low surface energy and weak interaction with water molecules
[30].

Over time, the CA decreased for all samples, indicating progressive
wetting as the droplet interacts with the porous surface. During the first
60 s of measurements, the steeper CA decline reflects a wetting-
dominated regime driven by capillary infiltration and early interfacial
rearrangement [31]. After this initial interval, the slopes became more
gradual and nearly parallel, reflecting that evaporation became the
primary mechanism controlling the CA decrease for the remainder of the
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5 min measurement. The average CA after 5 min was 107° for GGO,
97.7° for GG1, 95.0° for CNT-GG1, and 112° for CNT-GGO. The faster
decrease in CA for GGl and CNT-GGI1 indicates that structural
compaction lowers initial hydrophobicity and accelerates wetting. The
incorporation of CNTs further enhances time-dependent wetting by
modifying the pore architecture and introducing additional inter-
connected nano- and microscale pathways that facilitate capillary-
driven liquid penetration.

This gradual increase in wettability is beneficial for bio-
electrochemical applications. While initial hydrophobicity helps main-
tain structural integrity and control water uptake, the progressive
wetting during immersion improves electrolyte penetration, increases
the effective interfacial area, and facilitates electron transfer. The un-
derlying mechanisms are likely related to capillary infiltration and
interfacial rearrangements at the solid-liquid interface, followed by
evaporation-dominated contact angle changes at longer times.

Although high intrinsic hydrophobicity can limit electrolyte contact
and enzyme immobilization, this limitation can be overcome dynami-
cally during operation or further mitigated by surface modification
strategies (e.g., oxidation, plasma treatment, or functionalization with
hydrophilic groups). Importantly, in electrochemical systems, the
application of an external potential inherently induces surface charging
and electric double-layer formation, which reduces interfacial tension
and promotes enhanced wetting under applied bias even without
intentional electrowetting steps. As a result, the contact angle decreases
during operation, enhancing electrolyte penetration and interfacial
contact while maintaining the structural and mechanical integrity of the
electrodes. Similar potential-induced wetting behaviour on carbon sur-
faces has been reported in various electrochemical systems, including
graphite and graphene electrodes (E. [32,33]).

3.2. Mechanical properties

The mechanical behaviour of the GG and CNT-GG samples was first
evaluated using three-point bending tests. The corresponding force—-
distance curves are shown in Fig. 9. GGO exhibits the steepest elastic
slope and reaches the highest load before failure (1.28-1.30 N), while
GG1 shows a lower slope and fails at a smaller displacement (0.08 mm).
The CNT-reinforced samples lie between the two matrices but clearly
outperform their non-reinforced counterparts.

To quantify stiffness and strength, flexural strength (cf) and flexural
modulus (Ef) were calculated following ASTM D790 standard procedure
[34] using Egs. 6 and 7, respectively:

3FpnaxL
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Fig. 9. Force-distance curves of GG and CNT-GG samples from three-point
bending tests.
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_ L’m
~ 4bd’
In these equations, Fp,ax is the peak load, L the support span, b the
specimen width, d the specimen thickness, and m the initial linear re-
gion of the force-displacement curve.

The resulting numerical values for all samples are summarised in
Table 4, including specimen dimensions, peak force, flexural strength,
and modulus.

Three-point bending results show two clear trends;

Ef

)

(i) Matrix effect (GGO vs GG1)

GGO shows a higher flexural modulus (5.72 MPa) and strength (36.4
MPa) than GG1 (5.17 MPa and 30.7 MPa), consistent with the steeper
slope and higher load observed in Fig. 9. The reduced mechanical per-
formance of GG1 stems from its processing route: prolonged sintering of
the ZnO template yields a denser but less well-connected carbon
framework with thinner ligaments and lower interconnectivity.
Although GG1 exhibits lower porosity, its weaker structural connectivity
reduces stiffness and load-bearing capacity.

(ii) CNT reinforcement effect

CNT incorporation improves mechanical properties in both matrices.
For GGO to CNT-GGO, the modulus increases from 5.72 to 6.12 MPa and
strength from 36.4 to 38.0 MPa. For GG1 to CNT-GG1, the improve-
ments are more substantial, with modulus increasing from 5.17 to 6.22
MPa and strength from 30.7 to 35.0 MPa. The force-distance curves
support this as CNT-modified samples show steeper initial slopes and
withstand higher loads. Notably, CNT-GGO carries 1.28 N to a longer
distance (0.093 mm) than GGO (0.083 mm), indicating greater energy
absorption (area under the curve) before failure.

Overall, the results show that mechanical performance is governed
primarily by the connectivity of the carbon network rather than porosity
alone. Despite their higher porosity, GGO and CNT-GGO exhibit superior
bending strength because their well-connected framework distributes
stress more effectively, and CNTs further enhance toughness through
bridging and crack-arresting effects. In contrast, the denser but poorly
connected GG1 network cannot sustain comparable loads, although
CNTs provide a noticeable improvement. These findings demonstrate
that robust structural continuity combined with nanoscale reinforce-
ment is essential for achieving mechanically resilient carbon foams.

3.3. Electrochemical characterisation via cyclic voltammetry

Cyclic voltammetry studies were performed to understand the
reduction and oxidation reactions occurring at the electrodes. Upon
sweeping the potential between —1 V to +1 V at a scan rate of 100 mV/s,
redox reactions occurring in aqueous solution of 0.1 M KP; buffer (pH 7)
were recorded for GGO, CNT-GGO, GG1 and CNT-GG1 under N5 and air
saturated conditions as shown in Fig. 10. Curves of both GGO and CNT-
GGO were observed to be similar (Fig. 10), with CNT-GGO showing
larger capacitive charge (area under the curve) than GGO. The curves of
GGO and CNT-GGO clearly show peaks at potentials (Epc) -0.45 V and
—0.43 V respectively, which relate to onset of oxygen reduction at the
cathode as shown in Fig. 10 a. These potential values for ORR closely
resemble studies on glassy carbon and MWCNT-modified glassy carbon
in alkaline electrolytes [35]. The ORR potentials for GGO and CNT-GGO
were observed to be —0.28 V to —0.76 V vs Ag/AgCl. At these potentials,
the peak currents (ipc) of GGO and CNT-GGO were recorded to be —13.2
mA and —10.2 mA respectively. These values correspond to the currents
applied for electrogeneration of HpO5 using All-in-One (AiO) electrode
already reported [19]. In GGO electrodes, the cathodic peak is prominent
in air saturated system and the cathodic peak in N saturated system



R. Akbarzadeh et al.

Table 4
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Flexural strength and modulus of GG and CNT-GG samples from three-point bending tests.

Sample Diameter (mm) Thickness (mm) Distance (mm)

Force (N)

flexural strength (MPa) Slope (N-mm ') flexural modulus (MPa)

GGO
GG1
CNT-GGO
CNT-GG1

8.55
8.67
8.53
8.62

1.29
1.38
1.32
1.39

0.083
8.40
0.093
0.08

1.28
0.93
1.28
1.05

36.4
30.7
38
35

0.15
0.14
0.13
0.11

5.72
5.17
6.12
6.22

0.03
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Fig. 10. Cyclic voltammetry graphs of a) GGO and CNT-GGO b) GG1 and CNT-
GG1 in air saturated (solid line) and N, (dashed line) saturated environments.
Voltammograms recorded in 50 mL of 100 mL of 0.1 M KP; buffer (pH 7) at
room temperature (21-23 °C) at a scan rate of 100 mV/s in potential windows
of —1 V to +1 V vs Ag/AgCl electrode for 5 cycles each.

observed can be attributed to trace amounts of air remaining in the
system.

The anodic peak recorded at potentials of +0.42 V and + 0.44 V for
GGO and CNT-GGO, respectively, indicate the oxidation of HyO. The
potential difference between the anodic and cathodic peak potentials
called the peak-to-peak separation (AE,), was calculated to be +0.87 V
and +0.84 V for GGO and CNT-GGO respectively. AE, values of both GGO
and CNT-GGO indicates that a quasi-reversible/irreversible 2-electron
reduction reaction of O is prevalent. Here, the 1st electron transfer is
the rate limiting step [36,37], meanwhile, ideal reversible redox re-
actions have an AE, value of 59 mV. It should be noted that the AE, is
dependent on the ionic strength of the electrolyte, wherein the AE,
decreases with increase in ionic strength [36]. The high AE, value
observed above could be attributed to low ionic strength of phosphate
buffer (0.1 M) and the inconsistent inter-electrode distance (high ohmic
drops) in the setup. The redox events occurring at CNT-GGO electrodes
as shown in the CV graphs can be directly correlated with the electrical
properties of CNT-GGO, wherein incorporation of CNTs to GGO elec-
trodes improved the conductivity and, thus, the prevalence of faradaic
current is more pronounced.

Although all the GG electrodes have a rectangular form of voltam-
mograms, the curves for GG1 and CNT-GG1 show no significant peaks
(Fig. 10). The distortions in the peak of CNT-GG1 can be attributed to the
presence of ZnO in the electrode from the CVD process. It was observed
that capacitive current rather than a faradaic current/charge is domi-
nant with minimal redox events. Capacitive current is characterized
with charging and discharging of the electrical double layer without
transfer of electrons for electrochemical reactions. This can infer that
GG1 and CNT-GG1 electrodes show a higher electric double layer
capacitance with distribution of ionic and electronic charges at the
interface of porous electrode surface and the electrolyte [38].

Among all the electrodes, the electroactive surface area (EASA) of
GGO and CNT-GGO were determined. It was observed that addition of
CNTs to GGO electrodes did not significantly change EASA, which was
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estimated to be 0.0183 mm? and 0.0188 mm? for GGO (A: 0.57 cm?),
CNT-GGO (A: 0.57 cm?) respectively. EASA was calculated by estimating
the double-layer capacitance (Cqj) via cyclic voltammetry across scan
rates of 10-200 mV/s (see supplementary information) [39]. The low
ECSA values obtained can be attributed to the estimation of Cq;, which
was affected by the presence of a narrow window of non-faradaic cur-
rent in the potential range of (i.e. —0.94 V to —0.99 V) observed in CVs
of both GGO and CNT-GGO. The region completely disappeared at a high
scan rate of 200 mV/s due to overlapping of both faradaic and capacitive
currents (Fig. S5) in the potential range investigated. EASA values ob-
tained for these electrodes.

In addition, to assess the electrochemical stability of the GG elec-
trodes in EMIM-TFSI electrolyte, cyclic voltammetry (CV) measure-
ments were performed over five consecutive cycles within different
potential windows. The resulting CV profiles (Fig. S4, Supporting In-
formation) show good overlap and reversible behaviour, indicating
stable short-term electrochemical performance.

3.4. Evaluation of GG electrodes for H202 generation

The evolution of HyO5 in different GG electrodes is compared with a
standard carbon felt electrode as shown in Fig. 11 a. The curves clearly
show that carbon felt electrode produces at least 4.5 times more HyO9
(183.66 pmol-min’l) than GG electrodes by the end of the experiment,
due to the large geometric area of carbon felt employed in this experi-
ment (Table 5). Among the GG electrodes, GGO and CNT-GGO electrodes
outperform GG1 and CNT-GG1 electrodes. The maximum H30O, con-
centration of 41.73 pmol-L ™! was obtained with CNT-GGO while that of
GGO was observed to be 36.49 ymol-L ! at the end of the experiment.
The performance of GGO electrodes can be attributed to the meso-
porosity of electrodes when compared to GG1 electrodes. However,
incorporation of MWCNT to GGO (i.e. CNT-GGO) further stabilized the
structure and improved electrogeneration of HoO3 providing promising
results for H,O4 generation.

GGO, CNT-GGO, GG1 and CNT-GG1 electrodes exhibit specific pro-
ductivities of 2.23, 2.64, 1.33 and 2.14 pmol-cm~2-min " respectively in
comparison with that of carbon felt (0.55 pmol‘cm’z-min’l) (Fig. 11 b).
The low specific productivity of GG1 can be attributed to the dense
network of carbon and lower porosity in the samples as described in
Section 3.1.1, but upon CNT reinforcement to GG1 electrode the specific
productivity improves from 1.33 to 2.14 pmol-cm™2min~!. Addition-
ally, GG1 electrodes show poorer O, reduction peaks in CV studies in
comparison to GGO electrodes as discussed in Section 3.4.

However, in comparison, carbon felts even with larger geometric
area showed much lower specific productivities than that of GG elec-
trodes (Fig. 11, Table 5). This can be reasoned with the apparent
thickness of carbon felt (thickness of 2.55 mm in comparison to ~1.2
mm of CNT-GGO and CNT-GG1 respectively) limiting the diffusion of O
into the electrode [1]. In highly porous electrodes such as GG, pore
geometry and connectivity play a critical role in governing O, diffusion.
The broad pore distribution of GG electrodes dominated with meso-
porous area enhances accessibility of O, and the overall ORR activity
required for HoO4 formation (A. [40]). In a study conducted by [41] on
porous catalyst layers based on Pt/C for fuel cells, it was observed that
increasing thickness of the electrode significantly decreased the pore
volume thus increasing mass transport resistance. Another key aspect is
the tortuosity of the porous carbon network, which impacts the
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Fig. 11. a) H,0, generation as a function of time with different GGO, CNT-GGO, GG, CNT-GG electrodes for a duration of 30 min b) Comparison of Specific pro-
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Table 5
Comparison of GG electrodes with standard carbon felt electrode based on
physical and electrochemical properties.

Electrode  Area of Specific H,Oy Mass of Mode of
electrode productivity @ t =5 electrode connection
used (cm?)  min® per area with

(umol-cm~2-min~1)* (mg-cm %) Titanium (Ti)
wire

GGO 0.57 2.24 + 0.020 6.8 Conductive

epoxy

CNT- 0.59 2.64 £ 0.020 6.47 Conductive

GGO €poxy

GG1 0.55 1.33 £ 0.311 5.29 Conductive

epoxy

CNT- 0.58 2.14 + 0.039 5.17 Conductive

GG1 epoxy

Carbon 18.24 0.55 + 0.062 23.90 Wrapped

felt

# Specific productivities calculated assuming that in biocatalytic reactions,
H,0; is rapidly consumed in the first 5 min of electrogeneration and the net
accumulation is negligible.

diffusivity of Oz [42]. Carbon felt and GG1 exhibit high tortuosity values
of 4.95 [9] and 4.29 (Section 3.1.4) respectively which reduces their
productivity of HyO2, while GGO, CNT-GGO and CNT-GGlwith lower
tortuosities show improved H02 productivity.

Although GG electrodes exhibit high hydrophobicity, this charac-
teristic enables the electrodes to entrap Oo, that builds a three phase (i.e.
gas-liquid-solid) interface to bring electrolyte, O, and electrode surface
in contact to facilitate HyO, formation [2]. Modification of GGO with
MWCNT improved the specific productivity due to enhanced activity for
O, reduction under aerated conditions as observed by [43] in the per-
formance of CNT doped graphite electrodes for H,O; electrogeneration
by linear sweep voltammetry studies. In another study [12], by doping
oxidized CNTs (oCNTs) to bare carbon papers for gas diffusion elec-
trodes reduced the overpotentials required for performing bio-
electrochemical experiments. This showed an improved Hy0,
productivity, thus minimizing the energy consumption and maximizing
the current efficiencies of the system. It has to be pointed that the nature
of electrical contact with the electrode also plays a crucial role to
conduct the electrons through the area of the electrode. The compact
size of GG electrodes enables easier contact with the titanium (Ti) wire
with the help of the conductive epoxy glue which facilitates even charge
distribution ensuring a uniform current density throughout the area of
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the electrode. Whereas in the carbon felts with larger geometric area (i.
e. 18.24 cm?) the Ti wire is wrapped around its surface or pierced
through the electrode at its geometric centre which may not evenly
distribute the electrons throughout the surface area. Challenges such as
low specific surface area and fibrous nature of the carbon felt causes
diffusion limitations, thus hampering its productivity. Therefore, CNT
based GG electrodes serve as potential electrode candidates for bio-
electrochemical reactions involving biocatalysts, requiring HoO2 for
their conversions, owing to its potential to readily form HyO5 via 2 e™
ORR pathway. Further stability tests on the CNT-GG electrodes are
required to prove their mechanical stability under several operational
conditions, such as varying aeration and stirring rates. Additionally,
performing experiments with larger electrode areas can provide insights
on the effect of structural defects on electrogeneration of HoO [1].

4. Conclusion

This study demonstrates the successful development of carbon
nanotube-modified globugraphite (CNT-GG) through two major modi-
fications: optimization of the sintering pattern and incorporation of
carbon nanotubes, consistent with a multiwalled structure, into the
carbon framework, which was applied as an electrode for H,O5 gener-
ation. By tailoring the sintering parameters and incorporating CNTs into
the carbon framework, we achieved improvements in porosity retention,
mechanical strength, electrical conductivity, and electrochemical per-
formance. As a result, GG and CNT-GG exhibited ultra-high porosity
(~98%), very low density (0.04-0.05 g-cm’B), and a hierarchical porous
structure with contributions from micro-, meso-, and macropores (micro:
354-1676, meso: 480-908, macro: 95-170 m2~g’1) with thermal sta-
bility up to 700 °C with slight enhancement upon CNT incorporation.

These combined modifications significantly improved mass and
charge transport, reducing tortuosity from 4.29 to 1.21 and enhancing
the effective bulk conductivity (from 210 to 662 S/m) without
compromising mechanical integrity. Electrochemical studies revealed
superior charge-transfer kinetics and increased H202 generation, with
ORR peaks near —0.4 V vs Ag/AgCl, indicating a quasi-reversible/
irreversible pathway favourable for stable hydrogen peroxide accumu-
lation in electrocatalytic systems.

These findings highlight the advantages of CNT incorporation in
optimizing the multifunctional properties of porous carbon materials
and offer valuable insights for designing next-generation electrodes
tailored for electro enzymatic and other advanced electrochemical
applications.
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