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Novel hierarchical MnxOy-functionalized graphene photocatalysts were successfully synthesized by

simultaneous precipitation combined with electrochemical plasma methods. Comprehensive

characterization, such as XRD, Raman, FT-IR, XPS, SEM, and TEM results, showed the formation of

hierarchically structured MnxOy-graphene nanocomposites (GMP) via a change in the pH of the initial

solution. The visible-light photodegradation performance of the as-prepared GMP was significantly

enhanced compared to that of their counterparts owing to the synergistic effects of graphene and

MnxOy. Specifically, the GMP10 sample displayed the highest efficiency for methylene blue

decomposition, reaching 84.5% after 150 minutes of illumination. The stability of the material was

confirmed through four consecutive degradation cycles, during which the efficiency of methylene blue

degradation decreased by 6.9% (from 84.5% to 77.6%).
1 Introduction

Manganese oxides (MnxOy), including MnO, Mn3O4, Mn2O3,
MnO2, and similar components, have been widely studied for
their practical applications in adsorption,1 supercapacitors,2,3

photocatalysis4,5 due to the advantages of low cost, easy avail-
ability, low toxicity, large surface area, and high specic
capacitance. However, their poor electronic conductivity and
structural instability under various synthesis conditions hinder
their applications.6 To overcome these obstacles, carbon mate-
rials, especially graphene, have been functionalized with MnxOy

to take advantage of their synergistic effects in boosting
electrocatalytic activity, catalyzing the decomposition of organic
substances, and facilitating the charge storage process in
supercapacitors.7,8 As a result, many methods have been
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developed to prepare hybrid materials, such as the sol–gel
method,9 solvothermal method,10 hydrothermal method11 and
microwave irradiation.12 These different approaches inuence
particle size distribution, particle morphology, nanoparticle
dispersion, and the bonding between nanoparticles and the
graphene layer, thus affecting the overall characteristics of the
material. For example, Yingsi et al. used three methods to
fabricate graphene-supported metal oxide nanomaterials: direct
impregnation, homogeneous oxidative precipitation with
hydrogen peroxide, and ammonia-catalyzed hydrolysis.13 The
authors demonstrated that the ammonia-catalyzed hydrolysis
method produced large and uneven particle sizes, whereas the
oxidative precipitation approach resulted in uniform particle
sizes and the best dispersion. The materials obtained by these
three methods exhibited different catalytic activities depending
on their particle size. The research also indicated that param-
eters such as temperature, reaction time, and pH signicantly
inuenced the structure and properties of the nal material.
Recently, Atif et al. reported the green synthesis of MoO3 and
MnO nanoparticles on graphene oxide, resulting in efficient
photocatalysts. They found that GO/MnO demonstrated the
highest removal efficiency of 98% for methylene blue (MB),
signicantly greater than that of pure MnO (60%).14 Jarvin et al.
successfully prepared an Mn3O4-rGO nanocomposite by the
solvothermal method, and the as-synthesized material achieved
a good photocatalytic dye degradation efficiency of 60% within
120 min.15 Moreover, Mn2O3 anchored on graphitic carbon
nitride was reported by Lalitha and colleagues.16 GCN-decorated
RSC Adv., 2025, 15, 36145–36151 | 36145
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Mn2O3 exhibited excellent photocatalytic performance for MB
degradation.

Electrochemical discharge, a hybrid of electric discharge and
electrolysis, is widely used for nanomaterial synthesis. Co-
precipitation, a simple and cost-effective technique, enables
the preparation of high-purity compounds with tailored struc-
tures due to its simplicity in device design, its low cost, and
minimal equipment requirements for nanomaterial fabrica-
tion. Since plasma-liquid interactions involve both plasma and
liquid, the properties of the nal product can be tuned by
adjusting the plasma parameters or the composition of the
electrolyte medium, or by co-precipitation in the reaction
solution. To the best of our knowledge, the use of electro-
chemical discharge and co-precipitation to effectively tune the
Mn valence on graphene to provide an efficient photocatalyst
has not yet been investigated.

Therefore, in this study, we hypothesize that Mn with
multiple valence states can be effectively tuned during the co-
precipitation reaction of Mn-containing salt precursors with
the plasma-reacting electrolyte for synthesizing MnxOy/gra-
phene by pH adjustments. Furthermore, these MnxOy/graphene
compounds exhibited higher catalytic efficiency than single-
phase MnxOy when tested using methylene blue (MB) dye as
a simulated wastewater model.
2 Experiments

Manganese oxide was prepared using the conventional co-
precipitation method. Solution (1) was a mixture of 200 mL of
NaOH solution (10%) and 50 mL of (NH4)2SO4 solution (5%),
with the pH adjusted to 12. Solution (2) was MnCl2 solution (2
M) dropped into mixture (1) at a rate of ∼1 drop/s. Ultrasonic
vibration was then applied continuously during the dropwise
Fig. 1 Schematic of MnxOy/graphene and photocatalytic degradation o

36146 | RSC Adv., 2025, 15, 36145–36151
addition and for an additional 30 minutes. The resulting
material was denoted as MnxOy.
3 Results and discussion

Fig. 1(a) shows the XRD patterns of the MnxOy and graphene/
MnxOy composite samples. The MnxOy sample was indexed to
the tetragonal Mn3O4 structure (JCPDS No. 151-4120), and its
diffraction peaks appeared in the composite samples, con-
rming the presence of Mn3O4. However, the composite
samples also exhibited additional peaks indicating the presence
of monoclinic MnOOH (JCPDS No. 900-9774) and MnO2 (JCPDS
No. 901-6546). The sharp diffraction peaks indicated that the
product was well-crystallized. From GMP8 to GMP12, the
intensity ratio of the 26.1° peak (MnOOH phase) to the 36.1°
peak ((211) facet of Mn3O4) gradually increases, implying
decreased Mn3O4 crystallinity and increased MnOOH forma-
tion. Furthermore, the graphene peak at 26.01° overlaps with
the 26.1° peak ((001) facet of MnOOH or (110) facet of MnO2),
broadening the peak and conrming the presence of graphene.
The XRD results show that the composite samples prepared by
the plasma-assisted electrochemical exfoliation method con-
tained additional components, such as MnOOH and MnO2, in
addition to the Mn3O4 component. In contrast, the MnxOy

samples prepared by the chemical precipitation method con-
sisted solely of the Mn3O4 phase. The appearance of MnOOH
andMnO2 in the composite samples was believed to result from
the plasma discharge process and the change in the solution
pH.

The FT-IR results in Fig. 2(b) were used to investigate the
bonding structures of the samples. For the graphene sample,
the 1575 cm−1 absorption peak corresponds to the aromatic
C]C stretching vibration, which shis to higher wavenumbers
f MB.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD patterns; (b) FT-IR spectra and (c) Raman spectra of graphene, MnxOy, and GMP8–GMP10 composite materials; and (d) extended
Raman spectra from part (c).
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and broadens in the case of the composites. Additionally, the
peaks at 497–533 cm−1 and 593–638 cm−1 in the spectra of the
MnxOy and composite samples were attributed to the Mn–O
bond vibrations and O–Mn–O stretching, respectively,17,18 con-
rming the coexistence of graphene and manganese oxide.
Fig. 2(c and d) shows the Raman spectra of graphene, MnxOy,

and their hybrid samples. Both graphene and the composites
exhibit D bands (1348 cm−1) and G bands (1578 cm−1), corre-
sponding to the breathing mode of the carbon rings and the
stretching mode of the sp2 carbon atoms. However, the ID/IG
intensity ratios for the GMP8 (0.78), GMP10 (0.85), and GMP12
(0.83) composite samples were higher than that of the graphene
sample (0.52), indicating that MnxOy could be incorporated into
the graphene structure, thereby increasing the degree of
defects. Typical MnxOy bands were also observed; for example,
GMP8 showed a peak at 642 cm−1, attributed to Mn–O
stretching in the octahedral MnO6 structure of MnO2, while
GMP12 exhibited a 654 cm−1 band indicative of Mn–O vibra-
tions in the spinel Mn3O4 structure. The slight shi in this peak
for the other composites possibly resulted from the mixing of
the different components.

The XPS spectra were used to determine the oxidation state
and composition of the MnxOy material and GMP8–GMP12
composites. As presented in Fig. 3(a), the MnxOy sample showed
© 2025 The Author(s). Published by the Royal Society of Chemistry
two O 1s peaks at 530.2 eV and 531.7 eV, corresponding to the
lattice oxygen of Mn3O4 and surface-adsorbed oxygen, respec-
tively, conrming its pure Mn3O4 phase, as observed using XRD.
In contrast, the GMP8–GMP12 composites exhibited four O 1 s
peaks at 529.6, 530.2, 531.3–531.5, and 532.9–533.5 eV, which
correspond to O–Mn4+ bonds, Mn3O4 lattice oxygen, surface
hydroxyl groups (Mn–OH/C–OH), and adsorbed water, respec-
tively.19,20 These ndings indicate that the composites contained
both Mn4+ and Mn3+ (Mn3O4) components. Fig. 3(b) shows the
Mn 2p spectra of the MnxOy sample, featuring Mn 2p3/2 and Mn
2p1/2 peaks at 641.5 eV and 653.3 eV, respectively, whereas in the
composites, these peaks were shied to 642.2–642.3 eV and
653.9–654 eV due to the formation of Mn4+ (MnO2) bonds. The
energy separation of 11.8 eV for MnxOy and 11.7 eV for the
composites is consistent with previous Mn3O4 data.21,22 Fig. 3(c)
presents the high-resolution C 1s spectra of the GMP8–GMP12
composites deconvoluted into three peaks at 284.5 eV (C]C/C–
C), 285.7–286.2 eV (epoxy C–O), and 287.9–288.5 eV (carbonyl
C]O).23 The low intensity of the C–O and C]O peaks indicates
that graphene is in a low oxidation state.

The SEM and TEM images in Fig. 4(a and c) clearly show
agglomeration of the MnxOy nanoparticles. In contrast, GMP10
contains a large number of MnxOy nanoparticles (20–80 nm)
anchored on the graphene sheets (Fig. 4(b)). The TEM images of
RSC Adv., 2025, 15, 36145–36151 | 36147

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03186a


Fig. 3 XPS spectra of MnxOy and GMP8–GMP12 nanocomposite samples: (a) O 1s; (b) Mn 2p and (c) C 1s.
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GMP10 also verify the numerous folds at the edges of the gra-
phene sheets (Fig. 4(d)), revealing a generally homogeneous
shape with some pores. The combination of the graphene
sheets with the MnxOy nanoparticles reduced material
Fig. 4 SEM (a and b) and TEM (c and d) images of manganese oxide and
composite material.

36148 | RSC Adv., 2025, 15, 36145–36151
agglomeration while increasing the porosity of the composite,
thereby enhancing its photocatalytic activity. The interplanar
spacings of 0.264 nm and 0.288 nm were well observed, corre-
sponding to the (202) plane of HMnO2 and the (200) plane of
the GMP10 composite material; and (e) HR-TEM images of the GMP10

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mn3O4, respectively (Fig. 4(e)). Therefore, the observed inter-
planar spacings for the GMP10 sample further conrm the
polycrystalline nature of the material.

Fig. 5(a and b) shows the diffuse reectance absorption
spectra (DRS) for graphene, MnxOy, and the composite samples
at various pH values. Both the MnxOy and composite samples
exhibited strong UV absorption, but the MnxOy sample showed
the least visible-light absorption. In contrast, the composite
samples displayed enhanced visible-light absorption,
increasing from GMP12 to GMP8 due to the increasing MnO2

content and the presence of graphene, which broadened the
absorption band (Fig. 5(a)). Using the Kubelka–Munk model
and the Tauc equation, the bandgaps for MnxOy, GMP12,
GMP10, and GMP8 were determined to be 1.72, 1.56, 1.42, and
1.3 eV, respectively. These results suggest that graphene and the
MnO2 components reduced the bandgap, thereby enhancing
the electron–hole separation under visible light.

The BET-specic surface of all the samples was measured,
and the results are presented in Fig. 5(c). The isotherms of all
samples exhibit a hysteresis loop and are classied as type IV
isotherms, indicating a porous material. Specically, the BET-
specic surface areas of GMP8, GMP10, GMP12 and MnxOy

were found to be 16.26, 25.16, 20.98 and 14.87 m2 g−1, respec-
tively. The enhanced surface area of the composite materials
compared to that of bare MnxOy is due to the uniform distri-
bution of MnxOy nanoparticles on the graphene supports,
providing more active sites for photocatalytic activity.

The electrochemical impedance spectroscopy (EIS) results
(Fig. 5(d)) show that the composite samples had a smaller
Nyquist radius than the MnxOy sample, indicating enhanced
charge transfer, likely due to the highly conductive graphene
component. Photocurrent measurements for the MnxOy, GMP8-
GMP12 samples were also performed (SI, Fig. S1). In 0.1 M
Na2SO4 solution, the GMP8–GMP12 heterojunction samples
showed substantially higher photocurrents than the fabricated
MnxOy sample. The GMP10 sample produced the largest
photocurrent, approximately three times that of MnxOy. The
photocurrent remained stable over many on/off light cycles,
Fig. 5 (a) Diffuse reflectance absorption spectrum; (b) Tauc plots; (c)
N2 adsorption–desorption isotherms and (d) Nyquist plot of graphene,
MnxOy, and GMP8–GMP12 composite samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry
indicating efficient charge separation and suppressed recom-
bination. Together with the EIS data, these observations
demonstrate improved charge separation and lower charge-
transfer impedance than in the composite samples. Overall,
the formation of heterojunctions in the composites reduces
electron–hole recombination and enhances carrier separation,
which explains the improved photocatalytic performance.

The photocatalytic activity of the manganese oxide/graphene
composites was evaluated by monitoring the decolorization of
MB dye in water using a 400W Xenon lamp. As shown in Fig. 6(a
and b), the removal efficiency of MB by the GMP8–GMP12
composite samples (with 20 mg of catalyst) was superior to that
of the MnxOy sample. In particular, the GMP10 sample exhibi-
ted the highest decomposition efficiency for MB, reaching
65.4% aer 150 minutes of illumination (not including dark
absorption). The GMP8 and GMP12 samples achieved degra-
dation efficiencies of 40.8% and 53.1%, respectively, while the
MnxOy sample reached only 30.1%. These results indicate that
the incorporation of graphene enhanced the photocatalytic
performance of the composite samples, in which graphene not
only served as a substrate for the MnxOy nanoparticles, but also
facilitated charge transfer. Using the Langmuir–Hinshelwood
model (ln(Ct/C0) = −kt), the reaction rate constants (k) for the
GMP12, GMP10, and GMP8 samples were determined to be
0.00495 min−1, 0.00716 min−1, and 0.00367 min−1, respectively.
Table S1 compares the photocatalytic performance of the
GMP10 composite sample with that reported in recent studies.

Experiments varying the amount of photocatalyst were per-
formed to determine the optimal catalyst loading; the results
are shown in Fig. 6(c). The results suggest that the photo-
catalytic degradation efficiency increased with catalyst loading
from 20 mg to 120 mg, reaching a maximum degradation effi-
ciency of 83.3%. However, when the catalyst amount was
increased to 120 mg, the degradation efficiency decreased
slightly to 81.2%. These results can be explained by the fact that
the photocatalytic degradation efficiency increased as the
amount of catalyst increased since there were more reaction
sites. However, excessive catalyst concentrations can hinder
light penetration and restrict the interaction between light and
the catalyst's surface, reducing the photocatalytic efficiency.

Additionally, photocatalytic cycling experiments were per-
formed to evaluate the reusability of the material. As shown in
Fig. 6(d), the degradation efficiencies of MB with 80 mg of the
GMP10 catalyst were 83.3%, 83.7%, 80.7%, and 78.4% in four
consecutive cycles. These results indicate that the photo-
catalytic performance of GMP10 remained relatively stable over
four cycles. Furthermore, we also performed post-
characterizations of the photocatalyst aer investigating its
stability (Fig. 6e and f). The XRD patterns conrm that the
crystallinity of the material was well preserved, while the post-
stability SEM images show a negligible change.

The photocatalytic mechanism is illustrated in Fig. 7. The
energy levels, EC and EV, are referenced from Zhao et al.24 When
MnxOy is irradiated with light of energy greater than its
bandgap, electron–hole pairs are generated on the surface of
the MnxOy particles. The photogenerated charges on the MnxOy

particles can participate in a series of redox reactions to form
RSC Adv., 2025, 15, 36145–36151 | 36149
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Fig. 6 Comparison of photocatalytic ability of MnxOy and GMP8–GMP12 composite catalysts (catalyst dosage: m = 20 mg) for degrading MB
dye: (a) C/C0 plot and (b) ln(C0/C) plot; (c) effects of the amount of GMP10 for MB decomposition; (d) photocatalytic cycling experiments of
GMP10, using 80 mg of catalyst; (e) XRD patterns of GMP10 before and after stability test and (f) SEM of GMP10 after stability test.

Fig. 7 Mechanism of MB photocatalysis by GMP10.

Fig. 8 Quenching experiments with EDTA, IPA, and AA quenchers.
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radicals on the catalyst's surface. These radicals can subse-
quently interact with the MB dye molecules adsorbed on the
catalyst's surface, resulting in the formation of degradation
products. During this process, the photogenerated charged
particles on the MnxOy particles can move to another location
through the graphene, or to another particle (another oxide)
due to the heterostructure, thus preventing recombination,
which increases the photocatalytic degradation efficiency.
Additionally, heterojunctions formed between the different
MnxOy phases (such as Mn3O4, MnO2, and HMnO2) may also
contribute to the improved photocatalytic activity, as the
photogenerated charge carriers can be rapidly transferred
between these phases. Some of the representative reactions
involved in the photocatalytic degradation process of MnxOy-
based materials are presented as follows:
36150 | RSC Adv., 2025, 15, 36145–36151
MnxOy + hn / MnxOy (e
− + h+) (1)

e− + O2 / O2c
− (2)

h+ + H2O / H+ + OHc (3)

OHc + OHc / H2O2 (4)

H2O2 + O2c
− / OHc$+ OH− + O2 (5)

(h+, OHc, O2c
−) + MB / decomposition products (6)

The quenching experiments were also performed with the
free radical scavengers: EDTA (photohole quencher, h+),
© 2025 The Author(s). Published by the Royal Society of Chemistry
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isopropyl alcohol (IPA) (hydroxyl radical scavenger, cOH) and
ascorbic acid (AA) (superoxide radical scavenger, cO2

−). For each
photocatalytic experiment, 8 mL of the scavenger solution (0.1
M) was added to suppress the main active species. The photo-
catalytic efficiency with AA, IPA, and EDTA as quenchers was
58.8%, 30.5% and 72.1%, respectively. The degradation effi-
ciency for IPA as a quencher decreased most signicantly,
indicating that cOH played a dominant role in the degradation
process. The contribution of cO2

− also played a signicant role,
as shown by the reduced efficiency of 58.8%. Additionally, h +
participated in the degradation process, but its contribution
was not much (Fig. 8).

4 Conclusions

In this study, manganese oxide/graphene composites were
successfully fabricated using plasma-assisted electrochemical
exfoliation combined with co-precipitation. The graphene
component enhanced conductivity, improving the decomposi-
tion efficiency for MB. Adjusting the pH of the precursor solu-
tion (NaOH 10% + (NH4)2SO4 5%) inuenced the manganese
oxide composition (MnO2, Mn3O4, MnOOH), enabling control
over the material structures for specic applications. Photo-
catalytic evaluation under visible light revealed varying effi-
ciencies due to material absorption, the graphene component,
and heterojunctions within the composites. These ndings
offer a simple approach for developing graphene-based
composites with diverse manganese oxide forms for the
degradation of organic pollutants and other applications.
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