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Abstract

Water pollution from industrial dyes is a critical challenge due to the resistance of these
types of compounds to degradation and potentially harmful effects on living organisms
and human health. In this study, the electrochemical degradation of methylene blue (MB)
was investigated using ink-based copper foam electrodes with reduced graphene oxide
(rGO), antimony trioxide (Sb,O3), and rGO/Sb,O3 composites. The materials used to
synthesize the electrodes were characterized by X-ray diffraction (XRD), which showed
the successful synthesis of GO, rGO, and the Sb;O3-rGO composite. Additionally, the
synthesized electrodes were examined using SEM. The MB degradation was studied using
kinetic behavior and removal efficiency at pH levels from 3 through 6, monitored using
UV-Vis spectroscopy. The electrocatalytic degradation was studied using sodium sulfate as
the electrolyte across a pH range of 3 to 8. All electrodes investigated were determined to
follow first-order kinetics. The SbyO3-rGO composite showed the highest rate constants of
MB degradation at pH 7 and 8, with rate constants of 0.0160 and 0.0159 min~!, respectively.
At the same time, the rGO ink-based electrode worked fastest at pH 3 and pH 4 with rate
constants of 0.0178 and 0.0158 min~!, respectively. The Sb,Oj3 also works best at pH 3
and 4 with rate constants of 0.0151 and 0.0152 min~—!. SEM analysis shows the composite
electrode was more resilient to degradation than other materials.

Keywords: methylene blue; electrocatalysis; graphene oxide; antimony oxide; composite
electrodes; wastewater treatment

1. Introduction

Water pollution is a critical worldwide environmental challenge that affects both hu-
man and environmental health. Contamination arises from industrial effluent, agricultural
runoff, and household waste, which introduce harmful pollutants into aquatic systems,
causing severe ecological imbalances. Among these contaminants, synthetic dyes released
by the textile, paper, and plastic industries are particularly hazardous due to their persistent
and toxic nature [1,2].

Methylene blue (MB), 3,7-bis(dimethylamino) phenothiazine chloride or tetramethylth-
ionine chloride, is a planar heterocyclic aromatic compound with a broad range of applica-
tions, including as a biological staining agent, a dye, and a prescription drug [3,4]. Despite
these utilities, it poses significant risks to living systems, including plants, animals, and
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humans. It has been reported to be teratogenic, carcinogenic, and embryotoxic in angelfish
and rats, and plants are likewise affected, exhibiting inhibited growth, pigment loss, and re-
duced protein content [2,4]. When MB is discharged into aquatic environments, it disrupts
the functions of the ecosystem by reducing light penetration, which affects photosynthesis
and increases chemical oxygen demand (COD), biological oxygen demand (BOD), and
oxygen requirements, ultimately threatening aquatic life [2,4,5].

MB has been documented in clinical and toxicological practice to affect different
physiological processes and organs in systems such as gastrointestinal [2,6,7], cardiovascu-
lar [8-10], central nervous [11-13], hematologic [14-16], urinary [2,17,18], and dermatologic
systems [19,20].

Various strategies have been explored to remove the MB, among other dyes, from
wastewater effluents before they are released into the environment. These approaches
generally fall into one of three classifications: either physical, chemical, or biological meth-
ods [1,4,21,22]. Physical methods are relatively easy to set up and operate. They include
filtration, in its various forms [23-31], as well as adsorption [32]. Biological methods have
been studied, which involve the use of microorganisms, fungi, and plants that produce
enzymes capable of degrading dyes through metabolic or enzymatic processes [33-38],
microbial remediation [39,40], and fungi degradation [41-43]. Chemical methods encom-
pass a variety of techniques, which include coagulation-flocculation [44—47], chemical
precipitation [48], ion exchange [49,50], oxidation [33,51-53], and electrochemistry [54-57].

Most conventional wastewater treatment methods are generally either costly or gener-
ate hazardous wastes that must be further treated or managed in the long term. In contrast,
electrochemical and photochemical treatments rely on the in situ generation of reactive
species that degrade the dye molecules into less harmful compounds. Currently, photocatal-
ysis and electrocatalysis are being studied as effective alternatives to current technologies,
offering the benefits of using simple equipment and mild operating conditions without
producing secondary waste. Recent studies have explored a wide range of options for
improving MB degradation.

Metal oxide electrodes have been widely investigated because of their high oxygen
evolution potential, chemical stability, and ability to generate reactive oxygen species. Bad-
doubh et al. [58] investigated the electrochemical degradation of MB using Ti/RuO,-IrO,
and SnO; electrode materials. The efficiency of the electrochemical process was evalu-
ated by examining and optimizing key operational parameters, including current density,
sodium chloride concentration, initial pH, and temperature. The Ti/RuO,-IrO, electrode
demonstrated superior degradation performance compared with SnO;, achieving higher
removal efficiency and stability under optimized conditions. Gunawan et al. [59] success-
fully carried out the electrochemical degradation of MB using seawater as the electrolyte
and Pb/PbO; electrodes fabricated from waste batteries. The process achieved an optimal
degradation efficiency of 92.68% at an applied potential of 5 V after 60 min of electrolysis.
The operation was considered safe, as the release of Pb>* ions during electrolysis remained
well below permissible safety limits, confirming the stability and environmental suitability
of the electrode system. Yao et al. [60] prepared PbO,-ZrO, nanocomposite electrodes by
pulse electrodeposition and applied them for the electrocatalytic degradation of MB. Under
optimal conditions, 30 mg L~! MB, 50 mA cm~2 current density, and 0.2 mol L~! NaySOy,
the PbO,-ZrO, nanocomposite electrode achieved complete MB removal after 120 min of
electrolysis, following pseudo-first-order kinetics. Molla et al. [61] used a Ti/ x-PbO, /3
PbO, composite electrode for the electrochemical decolorization of MB, and the operating
conditions were systematically optimized. SEM, XRD, XPS, cyclic voltammetry, and elec-
trochemical impedance spectroscopy analyses were used to characterize the morphology,
structure, composition, and electrochemical behavior of the electrodes. Under optimal
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conditions, 0.05 g L~! Na,SO,4 electrolyte, 0.05-0.10 A cm 2 current density, and pH 6, the
Ti/ x-PbO, /B-PbO, composite electrode achieved complete removal of MB in less than
one hour. Lan et al. [62] developed Ti/SnO;, Sb/PbO; composite electrodes for the electro-
chemical degradation of MB in wastewater. The electrodes were fabricated by combining
hydrothermal synthesis of a Ti/SnO; Sb interlayer with an electrodeposited PbO; outer
layer. Comparative electrochemical tests showed that the Ti/SnO, Sb/PbO; electrode ex-
hibited significantly higher performance than the Ti/SnO, Sb electrode due to its enhanced
ability to generate reactive species. Under optimal conditions, the Ti/SnO; Sb/PbO; elec-
trode achieved 92.73% removal of MB, demonstrating its high catalytic efficiency for dye
degradation applications.

Graphene oxide (GO)-based materials have gained attention in electrocatalysis due
to their large surface area, high conductivity, and abundant functional groups, which
promote both adsorption and catalytic activity. Huynh et al. [63] fabricated a graphene
oxide chitosan (GO/CS) granular adsorbent by self-assembly for the removal of MB from
aqueous solutions. The material achieved an adsorption capacity of 117.16 mg g~ under
optimal conditions of pH 8 and 303 K with a contact time of four hours. The maximum
adsorption capacity of the dye on the granular adsorbent was calculated as 951.35 mg g~ .
The adsorption followed a pseudo-second order kinetic model and fit the Freundlich
isotherm. The process was spontaneous and exothermic, and most ions were condensed
onto the surface within the first four hours. The adsorbent retained its efficiency after
six adsorption—desorption cycles, demonstrating its reusability and potential as an effec-
tive material for the treatment of dye-contaminated wastewater. Tubon-Usca et al. [64]
enhanced the adsorption capacity of natural zeolite by forming a nanocomposite with GO
through a simple thermal process. Characterization by UV-Vis and FTIR spectroscopy, SEM,
BET analysis, and EDS confirmed the successful incorporation of graphene oxide onto the
zeolite surface, resulting in increased surface area, improved stability, and the presence of
GO-related functional groups. Batch adsorption experiments were conducted to evaluate
the effects of contact time, pH, and temperature on MB removal. The adsorption process
followed a pseudo-second order kinetic model and was best described by the Freundlich
and Dubinin-Radushkevich isotherms. Optimal conditions were obtained at 273 K and
pH 5-9, achieving 90% removal efficiency after 70 min. The material maintained its adsorp-
tion efficiency for up to five cycles with minimal capacity loss, demonstrating its potential
as a reusable adsorbent. Sharif et al. [65] developed GO tin oxide (GO/SnO,) and GO
antimony tin oxide (GO/Sb-5SnO;) nanocomposites for the adsorption and electrochemical
regeneration of MB. The composites, combining the high conductivity of GO with the
catalytic activity of SnO, and Sb-SnOj, achieved adsorption capacities of at least 35 mg g~ !,
about 1.4 and 1.75 times higher than bare GO and GO-TiO,, respectively. Both materials
reached 100 percent regeneration efficiency in NaCl and NaySOy electrolytes. Compared
with bare GO, the charge required for complete MB oxidation was reduced by 50% and 30%
for GO/SnO, and GO/Sb-5n0, in NaCl, and by 35% and 40% in NapSO4, demonstrating
greater energy efficiency and electrocatalytic performance.

The current study investigated the electrocatalytic degradation of MB using reduced
graphene oxide (rGO), Sb,O3, and rGO/Sb,O3 composite electrodes, which were prepared
by ink-based coating on copper foam substrates. The anode materials were synthesized and
characterized using both XRD and SEM. The anodes were fabricated, and their effectiveness
for the removal of MB was investigated at a constant current density of 0.1 A/cm?. The
kinetics of degradation were studied under varying pHs from 3 to 8, and the percentage of
MB removed was also determined as an efficiency indicator.
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2. Materials and Methods
2.1. Materials

All chemicals used in this study are reagent grade and employed without further
purification unless specified. The materials included natural graphite powder (GP, Fisher
Science, Waltham, MA, USA), sodium nitrite (NaNO,, EM Science, Hatfield, PA, USA),
sulfuric acid (H,SOj, Fisher Chemical, Waltham, MA, USA), potassium permanganate
(KMnOy, Acros Organics, Geel, Belgium), hydrogen peroxide (H,O,, Fisher Scientific,
Waltham, MA, USA), acetone (C3HgO, Fisher Chemical, Walthman, MA, USA), copper
mesh, hydrochloric acid (HC], Fisher Chemical, Walthman, MA, USA), antimony (III) Tri-
oxide (SbyO3, Acros Organics, Geel, Belgium), Nafion ™ D520 dispersion (FuelCellStore,
Bryan, TX, USA), methylene blue (C14H13CIN3S), sodium sulphate (NaySOy, Fisher Scien-
tific, Walthman, MA, USA), deionized water with a resistivity of 18.2 M(Q)-cm at 25 °C was
obtained using a Milli-Q water purification system (Millipore, Burlington, MA, USA).

2.2. Synthesis of Reduced Graphene Oxide

rGO was synthesized according to the method described by Ardestani et al. [66,67]. In
this process, 3.0 g (0.25 moles) of graphite powder was mixed with 1.5 g (0.021 moles) of
sodium nitrite in 69 mL of concentrated sulfuric acid, thoroughly stirred, and cooled on ice
to 4 °C. Potassium permanganate (9.0 g, 0.057 moles) was then added gradually at a rate of
about 0.5 g per minute under constant stirring. Subsequent to the addition, the mixture
was removed from the ice bath and brought to room temperature. Deionized (DI) water
was added dropwise while maintaining the temperature below 60 °C, and the reaction was
subsequently heated to 98 °C for 15 min before cooling to room temperature. Finally, 3 mL
of 30% hydrogen peroxide and an additional 420 mL of DI water were added. The resulting
mixture was vacuum filtered, washed thoroughly with DI water and acetone, and dried in
an oven at 60 °C for 24 h. The rGO was synthesized by thermal reduction of GO at 350 °C
under a 5% hydrogen/95% N, gas mixture for 1 h.

2.3. Electrode Fabrication

Copper foam was used as the support material. It was cut into rectangular pieces
measuring 2.0 x 1.0 cm (electrode area 2.0 cm?), cleaned by sonication in acetone for 30 min,
immersed in 0.1 M HCI for 30 s, rinsed with DI water, and dried using a heat gun. A
14-gauge copper wire was then soldered to each piece to provide an electrical connection
for the electrochemical setup.

Four types of anodes were fabricated using the various active materials. All tested
electrodes, the base copper foam, rGO, Sb,Os3, and a 1:1 (mn/m) rGO-Sb,O3, were prepared
using the same method. In brief, 10 mg of active material, either rGO, Sb,O3, or rGO-5b,03,
was suspended in 1.25 mL of DI water with 50 pL of 5% Nafion solution, sonicated for
30 min, coated onto cleaned copper foam, dried overnight, and then heated at 100 °C
until dry.

2.4. Material Characterization

The synthesized compounds were dried, finely ground with a mortar and pestle, and
subsequently characterized using Powder X-ray diffraction (XRD). Patterns were collected
using a Bruker D2 Phaser diffractometer (Bruker, Billerica, MA, USA) equipped with a
cobalt source (K = 1.789 A) and an iron filter. Data were acquired over a 20 range of 10° to
75°, with a step size of 0.05° and a counting time of 5 s per step. The resulting diffraction
patterns were processed using the Le Bail fitting method in the FullProf Suite software
(Version 5.10), employing crystallographic parameters available in the literature.
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2.5. SEM

SEM was performed using a Zeiss LEO LS10 SEM (Zeiss, Jena, Germany). Energy
Dispersive Spectroscopy (EDS) spectra were collected to determine elemental composition
using an EDAX EDS (EDAX, Mahwah, NJ, USA). The samples were cut to fit on an
aluminum post and then imaged. The instrument parameters included a tungsten filament,
a working voltage of 8.71 kV, and a working distance of 13 mm.

2.6. Electrocatalytic Degradation of Methylene Blue

The electrocatalytic degradation of MB was evaluated using different anodes, includ-
ing 1GO, Sb,03, rGO/Sby03, and bare copper foam. A titanium mesh (platinized titanium
anode, JETS INC, 5.0 x 7.5 cm, with attached plate for electrical connection) served as
the counter electrode. Both electrodes were fully immersed in a 20 ppm MB solution and
exposed on both sides, with an interelectrode distance of 1.0 cm maintained to ensure
consistent testing conditions. The system was powered by an ENGINDOT (MDC01) DC
power supply operating at a constant current of 0.2 A.

Kinetic studies were performed across a pH range of 3-8. For each reaction condition,
three samples were collected at time zero and subsequently at 15 min intervals (15, 30, 45,
and 60 min). Absorbance was measured at these intervals using a PerkinElmer Lambda
950 UV /Vis/NIR spectrometer (PerkinElmer, Norwalk, CT, USA) over the 200-800 nm
range, and the MB peak at 665 nm was used to determine concentration changes. The
decrease in absorbance with time provided the basis for calculating both removal efficiency
and kinetic parameters. All measurements were performed at room temperature under
natural light, and all studies were performed using triplicate experiments for quality
assurance, quality control purposes, and reproducibility.

3. Results and Discussion
3.1. X-Ray Diffraction (XRD) Characterization

X-ray diffraction (XRD) was used to investigate the crystallographic structure, phase
composition, and structural changes in pure graphite, rGO, pure Sb,O3, and the rGO/Sb,O3
1:1 composite. The diffraction patterns are shown in Figures 1-3.

The pure graphite showed a sharp (002) reflection at 26 ~ 31°, consistent with highly
crystalline graphite reported in the literature using a cobalt source [68]. The pure Sb,O3
displayed sharp and intense reflections at 260 ~ 28.5°, 33.5°, 41.9°, and 51.1°, characteristic
of the monoclinic valentinite phase and consistent with standard references [69].
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Figure 1. The LeBail fitting of graphite and Sb,Oj3 starting materials.
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Figure 2. XRD patterns of the synthesized GO and rGO.
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Figure 3. XRD patterns of the rGO-Sb,Oj3 electrode material.

The fitting of the XRD of the Sb,Os3 starting material showed the presence of two
phases, a cubic and an orthorhombic phase, as can be seen in Table 1. The Cubic phase of
the Sb,O3 was the major phase, whereas the orthorhombic phase was the minor phase. The
fitting was found to have a reduced x? of 3.15, indicating a good fitting of the experimental
data. The graphite starting material was observed to be single-phase hexagonal, and the
fitting showed a reduced x? of 1.85, indicating a good agreement between the XRD pattern
and the literature.

Table 1. LeBail fitting results and crystal lattice parameters of the graphite and the Sb,Oj starting
materials, and the corresponding literature crystal lattice.

Sample élr’jfl; a(A) b(A) c(A) a©) BC) ) X2
Graphite P63mc 2448)  2448)  670(1) 900 90.0 1200 185
Graphite [70]  P63mc 245(6)  2456)  6696)  90.0 90.0 1200 N/A
SbyOs Fm-3m 1.153)  11153)  11153) 900 90.0 90.0 3.15

Peen 491(0)  1246(5)  540(5)  90.0 90.0 90.0
SbyOs [71] Peen 491(1)  1246(4)  5412)  90.0 90.0 90.0 N/A
SbyOs [72] Fm-3m 1L152)  1115Q)  11152) 900 90.0 90.0 N/A

In contrast, graphene oxide exhibited a broad (001) peak at 20 ~ 10-11°, confirming
oxidation and exfoliation through the intercalation of oxygen functional groups, in agree-
ment with previous studies [68]. Graphene oxide and reduced graphene oxide do not have
crystal lattices or consistent crystal lattices; the lattice varies based on the movement of the
c-axis, which in graphite is termed the 002 plane and in GO and rGO is 001. Figure 2 shows
the XRD of the synthesized GO and rGO. Based on calculations in the present study, the
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GO and rGO have a 002 plane corresponding to a c-axis in the crystal of 19.8 and 21.5 A,
respectively. In the graphene oxide diffraction pattern, the 001 diffraction plane is clearly
visible, while the 002 diffraction plane is almost completely missing. In the rGO sample,
the 001 and 002 diffraction planes are almost the same height; this is due to the thermal
reduction in some of the functional groups between the layers, which allows the structure
to collapse slightly back to the 6.70(1) lattice parameter of the original graphite.

The rGO/Sb, 05 diffraction pattern only shows the diffraction peaks due to the SbyO3
were observable due to the peak positioning and the crystallinity of the Sb,O3 phase. The
peaks present for the rGO are in the same position as the Sb,O3; material. These results
indicate that the structures of the individual synthesized materials are in agreement with
those reported in the literature, validating the successful preparation of rGO and potentially
the Sb,O3 composite, which was light gray in color.

3.2. SEM Analysis

Figure 4 shows the SEM micrographs of bare copper foam before and after the reaction.
Figure 4A,C show low-magnification images of an open, three-dimensional porous network
with irregular honeycomb patterns. The voids are typically in the range of 150-250 um.
Initially, the struts are well-defined with a relatively smooth surface. After the reaction
with MB, the overall architecture is preserved, but clear signs of structural degradation are
observed, as shown in Figure 4C. Several parts of the honeycomb structure appear broken
or thinned, and the networked openings are larger and less uniform than in the sample
before the reaction with MB. The sides making up the structure have an etched and uneven
contour, as shown in Figure 4D. The surface appears eroded, suggesting material loss and

presenting a rougher surface.

Figure 4. SEM copper mesh base for electrode before reaction, shown at various magnifications (A,B),
and copper mesh base for electrode after reaction, shown at various magnifications (C,D).

The SEM micrographs in Figure 5A-C show the morphology of the Sb,O3-coated
copper before the reaction at different magnifications. In Figure 5A, the material displays
a well-preserved three-dimensional porous architecture of the underlying copper foam.
From the low-magnification view, a thin coating can be observed over the copper foam, but
the fine surface details are not clearly resolved. At intermediate magnification, the presence
of the SbyO3 layer becomes evident: the surface appears coarse, indicating the deposition
of ink-oxide material over the metallic framework. At higher magnification, the coating
reveals a stratified morphology, where agglomerated Sb,O3 particles have coalesced into a
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continuous but uneven layer across the copper surface. The oxide appears non-uniform
in thickness, forming lump-like deposits distributed irregularly. This morphology is
consistent with previous reports on solution-grown Sb,O3 films, where rounded particles

progressively merge to form an agglomerated granular coating [73].

Figure 5. SEM of Sb,O3 ink-based electrode before reaction, shown at various magnifications (A-C),
and Sb,O3 composite ink-based electrode after reaction, shown at various magnifications (D-F).

Figure 5D-F shows the SEM micrographs of the Sb,O3-coated copper electrodes
after the reaction with MB. At low magnification Figure 5D, the porous network appears
clean and smooth, indicating a notable reduction in the oxide coating. The overall three-
dimensional architecture of the copper mesh is preserved, but the surface shows substantial
loss of the previously observed SbyO3 material with no evident difference observed between
the inner and outer regions of the structure.

At intermediate magnification Figure 5E, the oxide no longer forms a continuous film
along the copper foam but instead appears as patchy deposits of fine granular material dis-
tributed irregularly across the surface. The exposed copper mesh looks compact, showing
no signs of porosity or erosion.

At higher magnification Figure 5F, the remaining Sb,O3 exhibits a particle-based
degradation pattern. The former granular coating has broken down into discrete fine
particles, suggesting that the oxide was removed gradually in the form of small particles
rather than as continuous layers. The resulting surface consists of small, rounded Sb,O3
grains sparsely distributed over the copper framework, consistent with mechanical or
chemical removal of the oxide coating throughout the reaction process.

The SEM micrographs in Figure 6A-C show the morphology of the rGO-coated copper
before the reaction with MB at different magnifications, while Figure 6D-F presents the
corresponding images after the reaction.

At low magnification, Figure 6A, the honeycomb-like copper framework is well
preserved, showing a regular three-dimensional architecture similar to the bare copper
mesh. Compared with the SbyO3-coated sample, the surface here exhibits a rougher and
more textured appearance, suggesting that the rGO coating forms a granular or patchy
coverage along the copper struts rather than a continuous film. The coating is visible
following the contours of the metallic structure, and its brightness varies locally, indicating
non-uniform deposition with localized accumulations of rGO.
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Figure 6. SEM of rGO ink-based electrode before reaction, shown at various magnifications (A-C),
and the rGO ink-based electrodes after reaction, shown at various magnifications (D-F).

At intermediate magnification, Figure 6B, the rGO becomes more distinguishable. The
surface appears coarse and irregular, with thin, patchy deposits made of compact granular
features, consistent with aggregated rGO domains that settled unevenly during deposition.

In Figure 6C, the granular nature of the coating is more evident. The surface is densely
populated with 0.5-1.0 um clusters, forming a heterogeneous, textured layer of aggregated
rGO. The coating does not appear smooth or continuous but rather irregular and compact,
consistent with the restacking and aggregation of rGO reported by Tang et al. [74].

After the reaction with MB, the morphology changes markedly. At the highest magnifi-
cation, Figure 6D, the bare copper substrate appears largely free of coating, showing smooth
and continuous portions of the copper foam with no evidence of corrosion or pitting. In
several regions, however, residual clusters of rGO remain attached to the surface, visible
as bright, granular islands. In Figure 6E, the electrode surface appears to have roughened
areas and localized agglomerates. At the highest magnification, Figure 6F, the surface
exhibits numerous small, dispersed particulates, together with occasional larger granules
concentrated in specific regions, indicating that the rGO layer was partially removed and
redistributed during the reaction.

The SEM micrographs in Figure 7A-C show the morphology of the rGO/Sb,O3
composite-coated copper before the reaction with MB, while Figure 7D-F present the same
electrode after the reaction at corresponding magnifications.

At low magnification, Figure 7A, the copper network retains its open, interconnected
three-dimensional architecture. The composite coating is heterogeneously distributed, form-
ing irregular accumulations mainly at the junctions of the metallic network. In Figure 7B,
the coating exhibits clusters and fragments adhering to the struts in a discontinuous
manner, reflecting an uneven co-deposition of rGO and Sb,O3. At higher magnification,
Figure 7C, the composite consists of agglomerated granules and thin flakes, suggesting
layered accumulation of Sb,Oj3 particles interlaced with rGO.

After the reaction with MB, the overall framework remains well preserved. The surface
morphology, however, becomes rougher and less compact, as seen in Figure 7E,F. The large
composite bundles appear partially degraded, leaving behind a surface of fine dispersed
residues distributed over the copper surface. The Cu foam remains relatively smooth
and continuous, with no evidence of structural deterioration, indicating that the observed
roughness arises from progressive disintegration of the rGO-Sb,Oj layer rather than from
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substrate erosion. Fine particulates seen in Figure 7F likely correspond to fragmented
remnants of the composite, which appear to remain loosely attached after the reaction,

suggesting partial disintegration of the coating rather than complete removal.

Figure 7. SEM of rGO-Sb,O3 composite ink-based electrode before reaction, shown at various
magnifications (A-C), and rGO-Sb,O3 composite ink-based electrode after reaction, shown at various
magnifications (D-F).

Tables 2 and 3 show the results of the EDS analysis of the electrodes before and after
reaction with MB and shows the presence of C in all the samples, as would be expected. All
the samples contained carbon at the beginning due to the presence of the Nafion polymer
component of the dye. In addition, all the samples showed a significant amount of Cu,
as was expected due to the copper mesh support. Moreover, the samples should have
antimony present. However, there is some loss of Sb after reaction; some of the decrease
is due to the dilution of the sample with carbon, as the amount of carbon present in the
samples has increased after reaction, which may be due to adsorption of the dye after
reaction or adsorption of some of the reaction products. Interestingly, almost 95% of
Sby,O3 was lost after reaction using the Sb,O3 electrode. However, the loss was much less
significant in the rGO-Sb,O3 electrode, which was approximately 50% (not accounting for
dilution of the sample). The data suggest the rGO has a stabilizing effect on the SbyO3
during the reaction.

Table 2. EDS results of the synthesized electrodes before application in the electrochemical degrada-
tion of MB at a current density of 0.1 A/cm?.

Sample + (0) + Cu + Sb +
Cu 19.7 2.7 7.9 0.9 72.5 1.8 N/A N/A
Sby,O3 248 2.8 24.3 2.0 29.9 1.9 214 1.3
rGO 61.1 6.4 10.2 1.1 28.7 1.2 N/A N/A
rGO-5byO3 36.2 3.4 21.0 1.6 36.1 2.53 6.7 1.7
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Table 3. EDS results of the synthesized electrodes after application in the electrochemical degradation
of MB at a current density of 0.1 A/cm?.

Sample + (o) + Cu + Sb +
Cu 21.5 37 19.1 2.0 59.3 1.8 N/A N/A
Sb,O3 45.7 49 20.8 1.9 322 1.1 1.29 0.32
rGO 65.0 7.1 14.5 1.75 20.4 1.0 N/A N/A
rGO-Sb,03 39.3 45 10.3 1.8 47.1 1.80 33 0.7

3.3. MB Removal Efficiency

Figure 8 shows a sample of the decrease in the absorption of the MB solution at pH 3
during the electrocatalytic degradation using the rGO-Sb,O3 electrode. As can be seen
in the figure, the intensity of the absorption spectra of the MB decreases as the reaction
proceeds with time.

1.25 - _
w0 min
1 =15 min
1.00{ —— 30 min
— 45 min
5-‘ ——— 60 min
<« 0.75-
2
2
g 0.50 -
£
0.25-
000}——H
400 500 600 700 800

Wavelength (nm)

Figure 8. UV-Vis spectrum of MB at pH 3 during the electrocatalytic degradation using the rGO-
Sb, O3 electrode.

The removal of MB varies with pH, as illustrated in Figure 9, where the amount of
MB remaining in solution after one hour of reaction is presented for experiments using
a NaySO; electrolyte. The studies were performed to avoid the presence of C1~, which
has been shown to generate reactive species that do enhance the reaction rates but are not
truly representative of the electrode behavior [75,76]. It should also be noted that pH 2 was
avoided due to potential electrode degradation. In addition, dye removal from wastewater
is generally higher at pH 7 and above [77]. However, some wastewater treatment processes
reduce the pH to around 4-5 [78,79]. The bare copper showed the lowest removal at almost
all pH levels for the tested electrodes. The Sb,O3 was observed to work best at lower pH,
around 3 and 4, and the performance was lowest at pH 5. Whereas the rGO consistently
worked better at lower pHs and became slightly worse at higher pHs. pH 3 showed the
lowest amount of MB remaining in solution at approximately 34% remaining, or 66% of the
MB was removed. The rGO-Sb,O3 electrode demonstrated the best removal at pH 7 and
pH 8, with only 38% of the MB dye remaining in solution, indicating a 62% removal. Of
the tested electrodes, the rGO and rGO-5Sb,O3 appear to work the best; this may be due
to the ability of the rGO phase to interact and initially adsorb the dye, and thus enhance
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the electrode—dye interaction and result in a higher removal of the MB from solution, as
has been indicated in the literature [80,81]. These values are within reason for the reaction
time. Luan et al. showed removal of MB ranging between 50 and 70% (C/C,) using
carbon nanotubes/carbon fibers at a pH between 1.8 and 8.19 and current densities of
10-100 mA /cm? after 3 h of reaction [82]. However, within the first hour of reaction, they
observed in a 10 ppm solution of MB, approximately 20-50% remaining in solution. Using
a Flexabel Graphite electrode, Goren showed a removal percentage of up to 100% at pH 4
and found that the removal percentage decreased as pH increased [83]. Yao et al. showed
removal efficiencies of 100% and 73% after 2 h of reaction using a PbO,-ZrO; electrode in
Na,SO, with current densities of 50 mA /cm? [60]. Hu et al. used a SnO5 anode, which was
promoted with Pb, which had removals of 94% at 10% Pb doping and a NaySOy electrolyte,
and current densities between 20 and 60 mA/cm? [84]. Using a graphite rod-iron rod
system, Teng et al. showed removals of 25-37% with a Nay;SO, supporting electrolyte [81].
TiyO7 electrodes showed removal of up to 100% in 40 min in NaCl electrolyte and current
densities of 5-15 mA /cm? [85]. Nleonu et al. showed MB removal of approximately 53% in
a solution of 80 ppm of MB and a reaction time of 40 min [75].

O N ©®
© © © ©

Percent MB Remaning (%)
N W b O
© © ©

-
o O

3 4 S 6 7 8
pH

HCu NSb;0; ErGO NErGO-Sh,0;

Figure 9. Percent MB remaining in solution after 1 h of reaction at pH 3 through 8.

3.4. MB Degradation Kinetics

The degradation kinetics of MB were evaluated by fitting concentration—time data to
a pseudo-first-order model across the pH range of 2 to 8. The reliability of this model is
consistent with earlier studies on ZnO photocatalysts [86], graphene oxide composites [87],
and UV-driven degradation systems [83].

Linearized kinetics plots were generated by plotting In(C;) versus time. The plots
showed strong correlation coefficients, for the most part, 0.99 or greater. A few of the plots
show slightly lower correlation coefficients, 0.96-0.98; the few plots below the 0.99 cor-
relation coefficient were not sufficient to change the fitting model. The MB degradation
process for all electrodes was observed to follow first-order kinetics. Figure 10A-F shows
the linearized plots for the various electrodes, and Table 4 summarizes the kinetic data
from the various reactions. The slopes of the lines were the rate constants (k, min~?) for the
various electrodes.
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Figure 10. Kinetics plots for the degradation of MB using the copper base electrode, Sb,O; electrode,
rGO electrode, and the rGO-Sb,O3 composite electrode at pH 3 (A), pH 4 (B), pH 5 (C), pH 6 (D)
pH 7 (E), and pH 8 (F).

The kinetic results for MB degradation, summarized in Table 5, confirm that all
electrodes followed pseudo-first order behavior with high linearity in In(Cy/Cy) versus
time plots. Among the individual systems, Sb,O3; showed some of the highest catalytic
activity under acidic conditions, although performance declined markedly at neutral and
basic pH, more than likely due to surface passivation by hydroxide species. rGO performed
consistently well across all pH conditions, reflecting its high conductivity and surface area,
but lacked the catalytic enhancement provided by metal oxides. Bare copper foam showed
the lowest activity overall, with minor activity in acidic media attributed to surface redox
processes. The rGo-Sb,O3 composite material showed relatively good rates at all pHs;
however, the rGO-Sb,O3 composite material presents higher rate constants at higher pHs.
The present materials have a comparable rate to some of the materials in the literature, as
can be seen in Table 2. In some cases, the 1tGo-Sb,O3 composite had a higher rate constant,
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such as the CNT/CF K 0.00483 min ! [82]. For the most part, the current materials showed
lower rate constants than the literature values; more than likely, this was due to the
electrolyte/current density properties. The current electrodes show a rate constant of %2
to 1/10 of those shown in the literature, as can be seen in Table 2. The literature values
typically are much higher than those of the present study, which utilized NaCl as the
electrolyte, which is known to catalyze the reaction by generating reactive chloride [76,89].
The relationship between rate constant and electrode becomes very relevant with respect to
the electrolyte; the SO42~ is not known to enhance the reaction by generating secondary
reactive species and, thus, should give a better representation of the electrode and not the
complete system, i.e., the generation of secondary reactive species involving chloride.

Table 4. Observed rate constants for the electrocatalytic/electrochemical degradation of MB from
aqueous solution [60,75,81-85,90,91].

Kinetics Rate Current
Material Type Cor}stf;lt, Electrolyte pH Density or Ref.
min Voltage
1st 0.0048 KHCO; 8.19 10 mA /cm?
1st 0.0085 KHCO; 8.19 50 mA /cm?
1st 0.0060 KHCO; 8.19 100 mA /cm?
CNT/CF [82]
1st 0.0043 H,S04 1.83 10 mA /cm?
1st 0.0077 H,S04 1.83 50 mA /cm?
1st 0.0065 H,S04 1.83 100 mA /cm?
1st 0.0958 NaCl 4 3-7V
1st 0.1015 NaCl 5 3-7V
Flexible Graphite Ist 0.0875 NaCl 6 3-7V [83]
1st 0.0877 NaCl 7 3-7V
1st 0.0847 NaCl 8 3-7V
1st 0.009 Na,SO, 3.1 20V
Ti/ «-PbO, / BPbO, 0.006 NaySOy 6.0 20V [60]
0.015 NaSO, 11.9 20V
Ist 0.0355 Na,SOy4 NA 20 mA /cm?
Pb-10%/C@Sn0O,-Sb-Pb  1st 0.0845 NaySOy NA 40 mA /cm? [84]
1st 0.0850 NaySOy NA 60 mA /cm?
Graphite (EF) 1st 0.0055 NaySOy 3 9V
Iron (EC) 1st 0.0167 NaySOy 9 9V [81]
Iron + FA-RM (EO) 1st 0.0350 Na,SO, 7 9V
Ti4O7 1st 0.5202 NaCl NA Not reported [85]
Graphite Ist 0.036 NaySO, 7 20 [91]
Al@CuO 1st 0.0121 NaCl 7 3V [75]
1st 0.1916 NaCl NA 3V
C cloth 1st 0.3451 NaCl NA 5V 0]
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Table 5. Summary of the kinetic data collected for the Cu base electrode, SbyO3, rGO, and rGO-Sb,O3
composite electrode from pH 3 to pH 8.

pH Cu

RZ

Sb,03

RZ

rGO

RZ

I'GO-Sb203

R2

0.0139
0.0097
0.0121
0.0109
0.0102
0.008

N O U1 W

0.986
0.973
0.999
0.997
0.963
0.992

0.0151
0.0152
0.0052
0.0106
0.0111
0.0115

0.999
0.994
0.980
0.981
0.997
0.992

0.0178
0.0158
0.0151
0.0125
0.0137
0.0159

0.998
1.00

0.961
0.999
0.995
0.982

0.0122
0.0122
0.0121
0.0094
0.0160
0.0159

0.997
0.998
0.998
0.982
0.999
0.990
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4. Conclusions

The electrode materials were successfully synthesized and structurally characterized
using XRD analysis. The Sb,Oj starting material exhibited both cubic and orthorhombic
phases, with the cubic phase being predominant. The graphite precursor was identified
as a single-phase hexagonal material, showing high crystallinity and excellent agreement
with standard references. As expected, GO presented a 001 diffraction plane with an
almost absent 002 plane. The rGO samples present the characteristic 002 plane, and due to
thermal reduction occurring between layers, the 001 plane is also present. In the rGO-Sb,O3
composite, the diffraction peaks were mainly associated with the Sb,O3 phase, indicating
that the oxide dominates the crystalline framework.

This study demonstrated the efficient electrocatalytic degradation of MB using Sb,Os3,
rGO, and rGO-SbyO3 composite electrodes supported on copper foam. Among all systems
tested, the rGO-Sb,O3 composite showed the most stable and effective performance across
different pH conditions, achieving nearly complete dye removal at low pH. The enhanced
activity resulted from the synergistic effect between the high conductivity and surface area
of rGO and the catalytic properties of Sby,Os.

These results highlight tGO-Sb,O3 composite electrodes as a promising, scalable, and
sustainable option for wastewater treatment. Their high electrochemical performance,
strong degradation efficiency, and stability across a wide pH range make them suitable for
real-water applications targeting synthetic dyes and other emerging contaminants.
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