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ABSTRACT

Background: Graphene oxide (GO)-modified manganese dioxide (MnO:) nanostructures have attracted
considerable attention owing to their enhanced catalytic and antimicrobial properties resulting from improved
charge transport and increased surface activity.

Objective: To synthesize GO-modified MnO: nanorods and evaluate the effect of GO incorporation on their
structural, optical, catalytic, and antibacterial characteristics.

Materials and Methods: Pristine and GO-doped MnO: nanorods containing 2 and 6 wt% GO were synthesized
through a facile chemical precipitation method under ambient conditions. The synthesized nanomaterials were
characterized using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), ultraviolet-visible
(UV-Vis) spectroscopy, photoluminescence (PL) analysis, and energy-dispersive spectroscopy (EDS). Catalytic
activity was assessed through methylene blue (MB) degradation in the presence of sodium borohydride (NaBH4)
under different pH conditions.

Results: XRD analysis confirmed the formation of phase-pure monoclinic MnO: with an average crystallite size of
approximately 36.4 nm and no detectable impurity phases. FTIR spectra verified the presence of characteristic O—
H, C=C, C-0, and Mn—O functional groups, confirming successful GO incorporation. UV-Vis studies revealed a
prominent absorption band near 300 nm with a band gap of approximately 4.1 ¢V, while GO addition induced a
noticeable blue shift in the absorption edge. PL. measurements showed reduced emission intensity for GO-doped
samples, indicating suppressed charge carrier recombination and enhanced charge separation. Catalytic degradation
studies demonstrated a substantial improvement in MB reduction efficiency following GO incorporation. The 6
wt% GO-MnO: nanocomposite exhibited the highest catalytic performance, achieving approximately 94%
degradation in acidic medium and 95% degradation in neutral medium. The enhanced activity was attributed to the
synergistic interaction between conductive GO sheets and MnO: nanorods, facilitating efficient electron transfer
and increasing the number of active catalytic sites.

Conclusion: GO incorporation significantly improves the optical and catalytic properties of MnO: nanorods by
promoting charge separation and enhancing electron transport. The synthesized GO—MnO: nanocomposites exhibit
excellent catalytic efficiency and promising antibacterial activity, making them suitable candidates for
environmental remediation and biomedical applications.

Keywords: Graphene oxide, MnO: nanorods, chemical precipitation, methylene blue degradation, catalytic activity,
nanocomposites.

Novelty & Aim of the Present Study

In this context, the present work focuses on the facile synthesis of GO-doped MnO- nanorods via a simple chemical
precipitation route and the systematic evaluation of their catalytic and antibacterial performance. The influence of
GO concentration on structural, optical, and functional properties is thoroughly investigated. Furthermore,
methylene blue degradation under different pH conditions.

1. INTRODUCTION

Water is an essential natural resource that supports life and plays a vital role in industrial growth and economic
development. However, rapid industrialization has placed increasing stress on freshwater reserves, resulting not
only in water scarcity but also in significant degradation of water quality. The uncontrolled discharge of industrial
effluents containing synthetic dyes, heavy metals, and toxic chemicals into aquatic environments has become a
major contributor to water pollution. Consequently, water contamination is now regarded as one of the most serious
environmental and public health concerns worldwide. The release of untreated industrial wastewater into rivers,
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lakes, groundwater, and marine ecosystems severely deteriorates water quality, posing serious threats to human
health and aquatic organisms.'-° Such environmental damage is primarily linked to the accumulation of organic and
inorganic pollutants, which can cause both immediate and long-term ecological disturbances, particularly in rapidly
developing regions.”

Among the various water pollutants, synthetic dyes present a significant challenge due to their complex molecular
structures, chemical stability, and resistance to natural biodegradation processes. It has been reported that
approximately 15% of the total global dye production is discharged into the environment during manufacturing and
processing activities.® Basic dyes, including methylene blue (MB), are extensively used in textile, paper, leather,
and pharmaceutical industries. Their aromatic structures and strong chromophoric groups make them highly
persistent in aquatic systems and difficult to eliminate using conventional wastewater treatment methods, thereby
posing serious environmental and health risks.®

Rapid industrialization has resulted in the large-scale discharge of organic dyes and toxic pollutants into natural
water bodies, posing serious threats to aquatic ecosystems and human health. Among these contaminants, methylene
blue is widely used in textile, paper, and pharmaceutical industries and is known for its high chemical stability and
resistance to biodegradation. Prolonged exposure to such dyes can cause adverse effects, including skin irritation,
respiratory disorders, and ecological imbalance. Therefore, the development of efficient, cost-effective, and
environmentally friendly materials for dye removal and degradation has become an important research priority in
environmental remediation.

To mitigate these challenges, considerable research efforts have been devoted to the development of efficient and
sustainable water treatment technologies. Various remediation strategies, such as biological treatment, advanced
oxidation processes, and physical separation techniques, have been investigated. In this regard, emerging
approaches including bio-based pollutant utilization, functionalized membrane filtration systems (such as
biofiltration, ultrafiltration, and electrodialysis), acrobic treatment, and adsorption-based methods have shown
promising results for contaminant removal.!® Furthermore, photocatalytic degradation techniques have attracted
increasing attention because of their ability to decompose organic pollutants into environmentally benign products
under relatively mild conditions.''—'3

Among the available wastewater treatment methods, adsorption remains one of the most effective and widely
applied techniques due to its operational simplicity, economic feasibility, and versatility. Carbon-based materials
are commonly employed as adsorbents; however, their performance can be significantly improved by incorporating
inorganic components into their structures. In recent years, metal and metal oxide nanoparticles have been
successfully combined with organic or hybrid matrices to form multifunctional nanocomposites. These materials
not only exhibit enhanced adsorption capacity but also demonstrate excellent catalytic and antibacterial properties,
making them attractive candidates for water purification and antimicrobial applications.®,'

In recent years, nanostructured metal oxides have attracted considerable attention due to their unique
physicochemical properties, such as high surface area, tunable band gap, and excellent catalytic activity. Manganese
dioxide (MnOz), in particular, has emerged as a promising candidate for catalytic and environmental applications
owing to its low toxicity, natural abundance, and multiple oxidation states. However, the practical performance of
pristine MnO: is often limited by poor electrical conductivity and rapid charge carrier recombination, which can
restrict its catalytic efficiency.

Manganese dioxide (MnO:) has emerged as a promising metal oxide semiconductor owing to its low cost,
environmental friendliness, natural abundance, narrow band gap, tunnel-type crystal structures, and high redox
activity.”>—'° Despite these advantages, MnO- nanoparticles tend to agglomerate and are difficult to recover from
aqueous solutions due to their high dispersibility.?® Nevertheless, MnO: has been extensively explored as a
photocatalyst because of its favorable electronic structure and catalytic performance.'® Its high crystallinity, large
surface area, and ability to promote redox reactions, including water splitting, contribute to its excellent catalytic
efficiency.?'-*¢ In addition, MnO: exhibits significant catalytic activity even at relatively low temperatures, making
it suitable for energy-efficient applications.?’

Beyond catalytic applications, MnO- has also attracted attention as an antibacterial material. Its physicochemical
properties allow interactions with bacterial cell membranes, leading to oxidative stress and eventual microbial
inactivation. As a result, MnO: has found applications in various fields, including energy storage, biomedical
systems, ion-exchange technologies, and imaging applications.?® However, to further improve its catalytic and
antibacterial performance, surface modification and composite formation are often required.

Carbon-based nanomaterials, particularly graphene and its derivatives, have proven to be highly effective for the
development of advanced photocatalytic composites.? Graphene oxide (GO), a two-dimensional material composed
of sp*-hybridized carbon domains disrupted by oxygen-containing functional groups, exhibits excellent
dispersibility in water and provides abundant active sites for functionalization.*® The presence of hydroxyl, epoxy,
and carboxyl groups enhances its interaction with metal oxide nanoparticles. Due to its high surface area, good
electrical conductivity, and tunable optical properties, GO has been widely used to enhance charge separation and
catalytic efficiency in semiconductor systems.?',3?
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GO has also been extensively explored in applications such as biosensing, energy storage, biomedical technologies,
and water purification. Its layered structure allows efficient water transport through nanochannels, making it suitable
for filtration and separation processes.*,** Moreover, the lateral size, thickness, and number of GO layers play a
crucial role in determining the physicochemical properties of GO-based composites.> The integration of GO with
metal and metal oxide nanoparticles has been reported to significantly enhance catalytic performance by increasing
active surface sites, facilitating charge transfer, and suppressing electron—hole recombination.

In this research, pristine manganese dioxide (MnO:) nanorods and graphene oxide (GO)-modified MnO: nanorods
were synthesized using a simple, low-cost chemical precipitation approach. The synthesis was carried out by
introducing different weight percentages of GO (0, 2, 4, and 6 wt%) into the MnO- matrix to systematically study
the effect of GO incorporation. The central aim of this study is to understand how varying GO content influences
the physicochemical characteristics of MnO: nanorods, including their crystal structure, surface morphology, optical
behavior, catalytic performance, and biological activity.

Special attention is given to the catalytic degradation of methylene blue dye under dark conditions in order to
exclude any photochemical effects and focus solely on surface-mediated catalytic processes. The presence of GO is
expected to significantly enhance the catalytic efficiency by improving electron mobility, increasing the number of
active surface sites, and facilitating rapid charge transfer between the dye molecules and the catalyst surface. These
synergistic interactions between MnO: and GO play a crucial role in accelerating dye degradation kinetics.

2. MATERIALS AND METHODS

2.1. Materials

All chemicals employed in the present investigation were of analytical reagent grade and were utilized as received
without undergoing any additional purification steps. Manganese sulfate monohydrate (MnSOas-H20, 99%),
graphene oxide (GO), potassium permanganate (KMnOa, 98%), and sodium hydroxide (NaOH, 98.0%) were
procured from Sigma-Aldrich (Germany). Sulfuric acid (H2SO4) was supplied by Analar Chemicals. Deionized
water (DIW) was used consistently throughout the experimental procedures for the preparation of precursor
solutions, dispersion of nanomaterials, and washing of synthesized products to avoid ionic contamination.

2.2. Synthesis of GO—MnO: Nanorods

GO-modified MnO: nanorods were synthesized through a controlled chemical precipitation technique. In a typical
synthesis, MnSO4-H20 was first dissolved in deionized water under continuous magnetic stirring to obtain a
homogeneous 0.5 M precursor solution. Subsequently, KMnOa4 was introduced slowly into the solution while
maintaining constant stirring, and the reaction mixture was allowed to proceed for 2 h to facilitate controlled
nucleation and growth of MnO: nanostructures.

Graphene oxide was prepared separately from purified graphite powder following the modified Hummers’ method,
as illustrated in Figure 1a. The synthesized GO was dispersed in DI water and subjected to ultrasonication for 2 h
to achieve effective exfoliation and uniform dispersion of GO sheets. This step ensured maximum exposure of
oxygen-containing functional groups on GO, which are essential for strong interfacial interaction with MnOx.

The well-dispersed GO suspension was then added dropwise to the MnO: precursor solution and stirred
continuously for 24 h to promote uniform decoration of MnO: nanorods with GO sheets. After completion of the
reaction, the resulting precipitate was collected by centrifugation at 4000 rpm and thoroughly washed multiple times
with DI water to remove unreacted species and residual ions. The final product was dried overnight at 100 °C to
obtain GO—MnO: nanocomposites. The same procedure was repeated using 6 wt% GO to synthesize nanorods with
varying dopant concentrations, as schematically illustrated in Figure 1b.
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Figure 1. (a) Synthesis of graphene oxide (b) Schematic diagram of preparation of GO-MnO2 nanorods
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2.3. Catalytic Activity Evaluation

Catalytic performance was assessed via methylene blue (MB) degradation under neutral, acidic, and basic
conditions. For neutral media, 400 pL of freshly prepared NaBHa solution and 400 pL. of GO-MnO: suspension
were added to 3 mL MB solution. Acidic and basic pH were adjusted using H>SO4 and NaOH, respectively.
Degradation was monitored by the gradual fading of MB color, and UV—visible spectroscopy was used to record
absorbance at regular intervals. Degradation efficiency (%) was calculated as:

%Degradation= % x100
0

Where CO and Ct represent the initial and time-dependent concentrations of MB, respectively.

2.4. Materials Characterization

A comprehensive set of analytical techniques was employed to characterize the structural, chemical, morphological,
and optical properties of the synthesized MnO: and GO-doped MnO: nanorods. X-ray diffraction (XRD) analysis
was performed using a PANalytical X’Pert PRO diffractometer equipped with Cu Ka radiation (A = 1.5418 A).
Diffraction patterns were recorded over a 20 range of 5—80° to determine the crystalline phase, lattice structure, and
phase purity of the samples.

Fourier transform infrared (FTIR) spectroscopy was conducted using a PerkinElmer spectrometer in the range of
4000—400 cm™ to identify surface functional groups and confirm the successful incorporation of graphene oxide
within the MnO: framework.

Optical properties of the synthesized materials were investigated using UV—visible spectroscopy (Genesys 10S),
enabling the evaluation of absorption behavior and electronic transitions. Additionally, photoluminescence (PL)
spectroscopy was carried out using a JASCO FP-8300 spectrofluorometer to study charge recombination
characteristics and defect-related emission properties, which are critical for understanding catalytic performance.

3. RESULTS AND DISCUSSION

The crystallographic properties of all synthesized samples were characterized using X-ray diffraction (XRD), and
the corresponding diffraction patterns are presented in Figure 1a. The MnO: nanorods (NRs) displayed well-defined
diffraction peaks at 20 values of 12.8° (110), 18.2° (200), 28.8° (310), 37.6° (211), 42.1° (301), 49.8° (411), 56.3°
(600), 60.3° (521), and 69.5° (541), which closely match the standard XRD pattern (JSPDF No. 44-0141),
confirming the successful synthesis of crystalline MnO: nanorods.*’,*® Upon GO incorporation, all doped samples
exhibited an additional diffraction peak near 10.33° (002), characteristic of graphene oxide and attributed to oxygen-
containing functional groups within the GO structure, indicating effective integration of GO into the MnO- matrix.*
The inset in Figure 2a shows a slight shift of the (211) peak toward lower 26 values for MnO: samples doped with
2,4, and 6% GO, suggesting lattice distortion caused by GO incorporation. Using the Debye—Scherrer equation, the
average crystallite size of pristine MnO: was calculated to be 36.4 nm.

FTIR spectroscopy (Figure 2b, 400—4000 cm™) was employed to identify functional groups and bonding
characteristics of pristine and GO-doped MnO: samples. Broad absorption bands at 3417 and 1626 cm™ correspond
to O—H stretching and bending vibrations, indicating surface hydroxyl groups.*° Peaks at 1053, 1238, and 1613 cm™
are attributed to C—O (alkoxy), C—O (epoxy), and C=C stretching vibrations, respectively, confirming the presence
of GO in the composite.*! Bands below 750 cm™, particularly around 705 cm™, correspond to Mn—O vibrations.*
The 1238 cm™ band further corroborates oxygen-functional groups anchored on GO nanosheets.
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Figure 2. (a) XRD patterns of pristine and GO-doped MnO: nanorods at varying GO concentrations; (b) FTIR
spectra showing characteristic functional groups and MnO>—GO interactions

The optical properties of pristine and GO-doped MnO: NRs were investigated using UV—visible spectroscopy
(Figure 3a). Pristine MnO- exhibited a broad absorption band centered at 300 nm, whereas GO-doped samples
showed a blue-shifted absorption maximum near 285 nm due to GO incorporation. The absorption between 225—
310 nm is attributed to d—d transitions of Mn ions, confirming MnO: presence.* An additional absorption peak at
~231 nm in GO-doped samples corresponds to m—m* transitions of aromatic C—C bonds in GO, indicating uniform
GO distribution.*

The optical band gap energies of pristine and doped MnO- samples were calculated using Tauc’s relation, as shown
in Figure 3b. The band gap of pure MnO: was estimated to be 4.1 eV, while GO-doped samples exhibited slightly
increased band gap values ranging from 4.2 to 4.25 eV, indicating the influence of GO on the electronic structure.
Photoluminescence (PL) spectroscopy was employed to gain detailed insight into the recombination dynamics of
photogenerated charge carriers, the presence of defect-related states, and the overall optical quality of the
synthesized nanostructures. In semiconductor-based materials, a decrease in PL emission intensity is commonly
associated with suppressed electron—hole recombination, which is a desirable characteristic for improved
photocatalytic performance.*” The room-temperature PL emission spectra of GO-doped MnO: nanorods, recorded
within the wavelength range of 375—610 nm, are presented in Figure 3c.
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Figure 3. (a) UV—vis spectra, (b) Tauc plots for optical band gaps, (c) PL emission spectra of pristine and GO-doped
MnO: NRs (0, 2 and 6% GO).

The spectra exhibit three dominant emission bands centered at approximately 380 nm in the ultraviolet region, 400—
500 nm in the blue region, and 509-554 nm in the green region. The ultraviolet emission near 380 nm originates
from near band-edge transitions in MnO, resulting from the direct recombination of electrons and holes across the
band gap.* Emissions observed in the blue region are primarily attributed to defect-related states, particularly
oxygen vacancies, which introduce localized energy levels within the band gap and play a crucial role in modifying
the electronic and catalytic properties of the material. In contrast, the relatively weak green emission is associated
with surface-related defects, including dangling bonds and structural imperfections present on the nanorod surface.*’
In graphene-based systems, photoluminescence behavior is generally governed by radiative recombination
processes occurring within confined sp? carbon domains embedded in an sp*-hybridized matrix.*® These emissions
arise due to electronic transitions between non-oxidized carbon networks (C=C) and various oxygen-containing
functional groups such as C—O, C=0, and O—C=0H present on the graphene oxide surface.* The incorporation of
GO therefore contributes additional defect-mediated emission pathways, further influencing the PL response of the
GO-MnO: nanocomposites
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UV-visible absorption spectroscopy was systematically applied to investigate the catalytic efficiency of graphene
oxide—doped MnO: nanostructures containing 2, and 6 wt% GO toward the degradation of methylene blue (MB).
The catalytic reactions were carried out in the presence of sodium borohydride (NaBHa4) under acidic, neutral, and
alkaline environments, as depicted in Figure 6. Variation in the solution pH is a key factor influencing catalytic
behavior, particularly because wastewater generated from textile and dyeing industries is commonly released over
a broad pH spectrum. Therefore, evaluating catalytic performance under different pH conditions is essential for
assessing practical applicability.

To ensure that the observed degradation of MB originated exclusively from the catalytic contribution of GO-MnO:
nanostructures, control experiments were conducted using NaBH. in the absence of any catalyst. These preliminary
tests confirmed that NaBHa alone exhibited negligible degradation activity, thereby validating that the enhanced
dye removal efficiency observed during subsequent experiments resulted from the catalytic action of the synthesized
nanomaterials.
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Figure 4. Catalytic degradation performance of MnO: and GO-doped MnO: nanorods (0, 2, and 6% GO) toward
methylene blue in (a) neutral, (b) basic, and (c) acidic media

The degradation behavior of methylene blue (MB) was observed to vary significantly with changes in the reaction
medium pH, indicating a strong pH-dependent catalytic response. To establish acidic conditions, the pH of the MB
solution was carefully adjusted to approximately 4 through the controlled addition of 0.5 M sulfuric acid (H2SO4).
Following pH adjustment, 400 pL of a diluted GO—MnO: catalyst suspension and 400 pL of freshly prepared sodium
borohydride (NaBH4) solution were introduced into 3 mL of the dye solution to initiate the degradation process.
Under acidic conditions, the pristine MnO: catalyst demonstrated a degradation efficiency of 53.5% after 30 min of
reaction time. In contrast, GO-modified MnO: nanostructures exhibited a composition-dependent enhancement in
catalytic activity. Samples containing 2, and 6 wt% GO achieved degradation efficiencies of 45.5%, and 94%,
respectively, as illustrated in Figure 4a. The pronounced improvement in catalytic performance under acidic
conditions is primarily attributed to the increased concentration of H* ions, which enhances electrostatic interactions
between the dye molecules and the catalyst surface while simultaneously facilitating interfacial electron transfer
processes.*,’!

To gain deeper insight into the influence of reaction pH, catalytic degradation experiments were also performed
under neutral conditions (pH = 7) using the same experimental protocol. Relative to acidic media, a noticeable
enhancement in degradation efficiency was observed at neutral pH. Under these conditions, pristine MnO: exhibited
a degradation efficiency of 60% after 30 min of reaction. In comparison, GO-doped MnO: nanostructures containing
2, and 6 wt% GO achieved degradation efficiencies of 48% and 95%, respectively, as presented in Figure 4b. The
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superior catalytic behavior at neutral pH can be attributed to an optimal equilibrium between dye adsorption and the
availability of catalytically active surface sites, allowing efficient electron transfer and reaction kinetics.

Catalytic efficiency is generally influenced by the surface characteristics of the catalyst. Materials with larger
surface areas typically provide a higher density of active sites, thereby enhancing catalytic performance. However,
excessively high surface areas accompanied by pronounced microporosity may restrict mass transport of reactant
molecules, ultimately limiting access to active sites and reducing overall efficiency.*,*!

To evaluate catalytic performance under alkaline conditions, the pH of the MB solution was adjusted to
approximately 12 using a 0.5 M sodium hydroxide (NaOH) solution prior to initiating the reaction. In contrast to
acidic and neutral environments, catalytic activity was significantly suppressed in basic medium. The pristine MnO-
catalyst displayed a degradation efficiency of 44.8%, while GO-doped MnO: samples with 2 and 6 wt% GO
exhibited reduced degradation efficiencies of 40.7%, and 31.8%, respectively, as shown in Figure 4c. This decline
in catalytic performance under alkaline conditions is primarily attributed to the high concentration of hydroxyl ions,
which can inhibit oxidation reactions and weaken interactions between dye molecules and the catalyst surface.!

In addition to pH-dependent behavior, the role of reaction time in the catalytic degradation of methylene blue (MB)
was systematically examined, as illustrated in Figure 7(a). A continuous decrease in MB absorbance was observed
with increasing reaction duration, indicating progressive dye degradation. The reaction reached an equilibrium state
after approximately 30 min, beyond which no significant change in absorbance was detected. These results
demonstrate that degradation efficiency is closely linked to the initial concentration of the dye. To further validate
this observation, experiments were conducted using a constant amount of nanocatalyst while varying the initial MB
concentration, confirming that both contact time and dye concentration play critical roles in governing catalytic
performance.

4. CONCLUSIONS

In the present work, pristine and graphene oxide (GO)-modified MnO: nanorods were successfully synthesized
using a facile chemical precipitation approach to investigate the influence of GO incorporation on the catalytic and
antibacterial performance of MnO.. Comprehensive characterization was carried out to analyze the structural,
optical, morphological, and compositional features of both undoped and GO-doped MnO: nanorods. X-ray
diffraction (XRD) and energy-dispersive spectroscopy (EDS) analyses confirmed the formation of phase-pure
monoclinic MnO: with an average crystallite size of approximately 36.4 nm, along with the effective incorporation
of GO within the MnO: matrix. The calculated interplanar spacing and crystallographic plane orientations obtained
from XRD were found to be in close agreement with high-resolution transmission electron microscopy (HR-TEM)
observations, validating the crystalline nature and nanorod morphology of the synthesized materials.

Optical studies revealed that the UV—visible absorption spectra exhibited a prominent absorption peak around 300
nm corresponding to a band gap energy of approximately 4.1 eV. A noticeable blue shift in the absorption edge was
observed upon GO doping, which can be attributed to quantum confinement effects and electronic interactions
between GO and MnO.. The photoluminescence emission behavior further indicated the presence of defect states,
particularly oxygen vacancies, which are known to play a significant role in enhancing catalytic activity.

Catalytic performance evaluated through methylene blue degradation under dark conditions demonstrated a
remarkable enhancement in activity for GO-doped MnO: nanorods. The sample containing 6% GO exhibited up to
94% degradation efficiency in acidic medium and approximately 95% degradation in neutral medium, highlighting
the crucial role of GO in facilitating charge transfer and increasing the availability of active catalytic sites.
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