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nanostructures and their application as a nano-
photocatalyst for degradation of malachite green in
contaminated water under sunlight
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A spinel-type Co,MnO4 nanostructure was synthesized under various chelating and polymerizing
conditions and systematically investigated for its ability to degrade malachite green (MG) in visible light.
The structural, morphological, and optical properties of the samples were analyzed using XRD, FTIR,
FESEM, EDX, TEM, BET, and DRS techniques. In this study, the catalyst synthesized from citric acid and
propylene glycol (CMO-1) was most effective, with a generally uniform morphology and narrow particle
size distribution (100-120 nm), a high surface area and a narrow 1.52 eV bandgap, among all samples
examined. Under visible light, CMO-1 minimally degraded MG by 98.6% in 120 minutes with pseudo-
kinetics (k = 0.02542 min!). In scavenger experiments,
photogenerated holes (h*) contributed the most to degradation. Furthermore, the stability of the catalyst

first-order it was determined that
was assessed, in which it maintained 85% activity after 5 consecutive cycles of degradation without
deteriorating structurally. A comparison of Co,MnO, with other manganese-based and composite
photocatalysts revealed similar or better performance when activated by visible light, demonstrating its

rsc.li/rsc-advances

1. Introduction

The rapid proliferation of synthetic dyes in fields such as
textiles, leather, paper, and plastics represents a significantly
deep concern for the environment due to their organic release,
which is typically highly stable and non-biodegradable organic
contaminants into aquatic systems.>* As a result of their toxic,
mutagenic, and relatively persistent nature, these contaminants
are often considered hazardous to ecosystems and human
health.* Among the various methods established for wastewater
treatment, semiconductor-based photocatalysis offers a green,
relatively efficient, and practical approach to degrading organic
contaminants under light irradiation.*

“Institute of Nano Science and Nano Technology, University of Kashan, P. O. Box
87317-51167, Kashan, Iran. E-mail: Salavati@kashanu.ac.ir; Fax: +98 31
55913201; Tel: +98 31 55912383

’College of Humanities and Sciences, Department of Mathematics and Sciences, Ajman
University, P. O. Box 346, Ajman, United Arab Emirates

‘Department of Chemistry Pharmaceutical, College of Pharmacy, University of Al-
Qadisiyah, Diwaniyah, Iraq

‘Department of Chemistry, College of Education, University of Al-Qadisiyah,
Diwaniyah, Iraq

“Department of Inorganic Chemistry, Faculty of Chemistry, University of Kashan, P. O.
Box 87317-51167, Kashan, Iran

© 2026 The Author(s). Published by the Royal Society of Chemistry

potential as an effective and reusable photocatalyst for wastewater treatment.

This process relies heavily on photocatalytic materials, and
as such, the photocatalytic and charge transport properties of
a photocatalytic material will determine the overall efficiency of
the system and, ultimately, whether it is viable or useful for its
intended application.® Transition metal oxides, in particular,
spinel-type transition metal oxides, have recently garnered
research attention due to their structural stability, synthesis
easiness, and the presence of redox-active cations.*’

Cobalt manganese oxide, Co,MnO, (CMO), is a member of
the spinel group of materials that has intriguing structural and
electronic properties that have made it extremely interesting to
the materials community. Interest in Co,MnO, has burgeoned
in the last decade due to its focus on catalysis from a materials
science perspective, specifically in the area of oxygen reduction
and evolution reactions.® Co,MnO, demonstrates excellent
electrocatalytic activity, leading the material to be exploitable in
several energy conversion technologies such as metal-air
batteries and proton exchange membrane electrolyzers.’ In
addition, Co,MnO, can be modified in a variety of ways, such as
by doping it with other elements to enhance its stability and
catalytic properties.’ Besides its catalysis applications,
Co,MnO, has also been investigated for its magnetoelectric
properties, which could be applied to advanced electronic
devices." Spinal-type oxide of cobalt and manganese, on the
other hand, has a narrow energy level gap at the time of reacting
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with photocatalysts and oxidants, as well as having mixed
oxidation-reduction centers, which can be used for producing
materials that absorb visible light and separate positive and
negative charge carriers."” The performance of nanomaterials
largely relies on their thermal history since the heating and
cooling processes can greatly affect phase stability, structure,
and surface characteristics.”® Previous work using cobalt-
manganese oxide-related materials (e.g., CoMn,0O, and
NiMn,0,) has demonstrated the efficiency of olympic green
degradation as being between 60 and 91% under either visible
or solar radiation, with most energy gaps exceeding 1.7 eV."*¢
On the other hand, Co,MnO, has a smaller energy gap
(approximately 1.5-1.7 eV) and exhibits greater electrical
conductivity, due in part to the synergistic effect of Co/Mn
mixed oxidation-reduction systems,"” thus providing
Co,MnO, an even better photocatalytic potential than that of
Co/Mn-related materials. Based on the above description of the
physical and chemical properties of Co,MnO,, as well as the
extensive application of Co,MnO, in electrocatalysis, the
current research is one of the first reports to systematically
evaluate the visible light photocatalytic activity of Co,MnO, as
an organic dye decomposer. Co,MnO, represents a very flexible
material that provides the potential to help advance sustainable
energy solutions and materials science engineering. In spite of
the fact that Co,MnO, has been studied for its chemical prop-
erties and used in several applications, the photocatalytic
degradation of organic pollutants has not been fully docu-
mented in literature. This presents an opportunity to investigate
and characterize the photocatalytic behavior of Co,MnO, for
photocatalytic degradation as a new photocatalyst for environ-
mental remediation.

Co,MnO, nanoparticles were made for this study using
a modified Pechini method with the intention of changing
particle morphology to create a direct correlation between
synthesis conditions and their visible light-driven photo-
catalytic activity toward degrading malachite green dye through
systematic experimentation. This is the first time, to our
knowledge, that there has been a comprehensive evaluation of
the influence that Pechini synthesis variables have on
producing efficient photocatalysts for the visible light degra-
dation of malachite green dye and creating advanced spinel type
photocatalysts that can be used effectively in water treatment.

2. Materials and methods
2.1.

Cobalt(u) acetate tetrahydrate, 98% (Co(CH3COO),-6H,0),
manganese nitrate tetrahydrate 98.0% (Mn(NOs),-4H,0), citric
acid (CA) 99.5%, succinic acid (SA) 99%, 1,4-benzoquinone 98%
(BQ), malonic acid (MA) 99%, propylene glycol (PG) 99.9%,
ethylenediaminetetraacetic acid 99% (EDTA), ethylene glycol
(EG) 99.9%, glycerol (Gly) 95%, Eriochrome Black-T (EBT),
rhodamine B (RB), malachite green (MG), methyl orange (MO),
benzoic acid 99.99% (BA), methyl violet (MV), and eosin Y (EY)
were obtained from Sigma-Aldrich and used as received without
further purification.

Materials
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Table 1 Preparation condition of Co,MnO4 nanostructures
Grain
size Polymerizing Chelating Sample  Sample
(nm) agent agents code no.
28.55 PG CA CMO-1 1
22.66 PG MA CMO-2 2
29.55 PG SA CMO-3 3
28.11 Gly CA CMO-4 4
26.88 EG CA CMO-5 5

2.2. Preparation of Co,MnO,

1.0 mmol of Co(CH;COO), was dissolved in 10 mL of deionized
water in separate beakers. Separately, 210 mg of CA (118 mg of
SA or 104 mg of MA) was diluted in 10 mL of water. The CA (SA
or MA) solution was then added to the Co>" solution and stirred
for 20 minutes. After that, 1.0 mmol of Mn(NOj3), was dissolved
in 10 mL of deionized water and introduced into the mixture.
The resulting solution was stirred for 30 minutes until a clear
solution was obtained. Next, 1.0 mmol of PG (EG or Gly) was
added, stirring for another 20 minutes. The temperature was
then increased to 90-110 °C to evaporate the solvent and form
a gel. The resulting gel was dried in an oven at 50 °C for 24
hours. Finally, the dried gel was calcined in a furnace at 700 °C
for 3 hours to produce Co,MnO, nanoparticles. The various
conditions for synthesizing Co,MnO, nanoparticles are indi-
cated in Table 1.

2.3. Photocatalytic operation

A 100 mL dye solution, including MV, MO, EY, RB, MG, and EBT
with a concentration of 10 mg L' was combined with 30 mg of
Co,MnOy, in a quartz cell. The mixture was stirred in the dark
for 30 minutes to allow the adsorption-desorption equilibrium
to be established. During the photocatalytic experiment, the
solution was exposed to visible light from a 200 W OSRAM lamp
to generate photon energy. At regular intervals, 3 mL samples
were withdrawn from the mixture, centrifuged, and analyzed
using a UV-Vis spectrophotometer. The photocatalytic degra-
dation efficiency was calculated based on the concentration of
the dye at time ¢ (C) relative to the initial equilibrium concen-
tration (C,) measured at time ¢,."®

E(%) = (1 - CE) % 100 (1)

0

3. Results and discussion

3.1. Characterization

X-ray diffraction (XRD) analysis was performed to assess the
crystal structure of the Co,MnO, nanostructures synthesized
under distinct preparation conditions (Fig. 1). The diffraction
peaks in all samples were clear according to the method used,
which indicated a spinel structure of Co,MnO, with the most
intense reflections located at approximately 26 = 18.7°, 30.6°,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of as-prepared samples in different conditions
according to Table 1, (a) CMO-1, (b) CMO-2, (c) CMO-3, (d) CMO-4,
and (e) CMO-5.

36.1°, 37.8°, 43.8°, 54.5°, 58.1°, 63.7°, and 75.6°, corresponding
to the (111), (220), (311), (222), (400), (422), (511), (440), and
(622) planes respectively. It was determined that the results
were consistent with the card number (JCPDS no. 00-001-1130).
Crystallite sizes, which were calculated via the Scherrer equa-
tion, were, for example, CMO-1 D = 28.55 nm; CMO-2 D =
22.66 nm; CMO-3 D = 29.55 nm; CMO-4 D = 28.11 nm; and
CMO-5 D = 26.88 nm. The smallest crystallite size of 22.66 nm
was found on CMO-2 and can likely attributed to the stronger
chelating properties of malic acid (MA). CMO-1 had a very
respectable size and was the most uniform and dispersed,
which would provide positive or additional benefits as the
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Fig. 2 FTIR spectra of as-prepared samples in different conditions
according to Table 1, (a) CMO-1, (b) CMO-2, (c) CMO-3, (d) CMO-4,
and (e) CMO-5.
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following morphology and performance experimental data
illustrated.

FTIR spectroscopy provided additional evidence for the
formation of the spinel structure of all of the spectra (Fig. 2),
showing the metal-oxygen stretching vibrations characteristic
of Co-O or Mn-O bonds between 530 and 630 cm™'.1*?° The
broad bands at 3427 cm™ ! and the sharp band at 1628 cm™*
were also observable, corresponding to O-H stretching or
bending vibrations from the small amounts of water molecules
that are adsorbed on the surface of the metals.” A weak band
around 1385 cm ™" can also be identified that can be attributed
to residual organic species. Although there were no identifiable
significant peaks to any organic compounds, the lack of
substantial peaks indicated that the precursors had been
adequately decomposed.

FESEM imaging was used to confirm the structure of the
synthesized Co,MnO, nanostructures, revealing substantial
variation between them depending on the chelating and poly-
merizing agents used during synthesis. Sample CMO-1 (Fig. 3a),
which is synthesized using citric acid and propylene glycol,
exhibited a very uniform morphology of near-spherical, well-
dispersed nanoparticles with minimal aggregation, suggesting
that coordination and polymerization were effectively
controlled during the synthesis. Citric acid likely had a strong
chelating effect, and propylene glycol had a moderate viscosity,
which together developed homogeneous nucleation and
growth. Sample CMO-2 (Fig. 3b) was synthesized with malonic
acid and propylene glycol and showed smaller particle sizes
with a slightly rougher surface and less uniformity with some
clustering of particles, indicating malonic acid induces less
steric stabilization than citric acid. Sample CMO-3 (Fig. 3c)
using succinic acid showed the poorest morphology, with
concentrated areas of agglomeration with poorly defined
particle borders, indicating weak complexation with succinic
acid and uncontrolled gelation. Sample CMO-4 (Fig. 3d), which
was made with glycerol instead of propylene glycol, showed
larger and more aggregated particles, which is likely due to the
high viscosity of glycerol and multiple hydroxyl groups that
likely interfered with uniform gel formation. Lastly, the
morphology of CMO-5 (Fig. 3e), derived via citric acid and
ethylene glycol, showed moderately uniform morphology with
semi-spherical particle shapes and some moderate aggregation.
Although CMO-5's morphology was better than CMO-3 and
CMO-4, CMO-5's morphology was still a step down from CMO-1,
establishing the dual significance of chelating and polymer-
izing agents as controls of nanoparticle morphology. Therefore,
CMO-1, because of its most uniform and dispersed morphology
due to the increased surface access, was the best potential
microstructure for photocatalytic use.

FESEM images and Digimizer software were used to obtain
particle size distributions of Co,MnO, nanostructures, which
provided insight into the effects of synthesis conditions on
particle uniformity and dispersion. The histograms (Fig. 4a-e)
indicated that there were considerable differences among the
five samples (CMO-1 to CMO-5). The particle size for CMO-1 was
narrow and fairly symmetrical, with most particle size between
80 to 140 nm; the mode was generated in the 100-120 nm range.

RSC Adv, 2026, 16, 8709-8719 | 8711
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Fig.3 FESEM images of Co,MnQO4 nanostructures synthesized under different conditions: (a) CMO-1, (b) CMO-2, (c) CMO-3, (d) CMO-4, and (e)
CMO-5. All images were recorded at the same magnification; scale bar = 1 um.

The narrow particle distribution is indicative of controlled
nucleation and growth processes that yield wuniform
morphology and limited coalescence of nanostructures. In the
photocatalytic application, the narrow distribution of particle
size corresponds to homogeneous morphology, which ensures

2
w
S

uniform reactive surface areas and better charge -carrier
mobility. On the other hand, CMO-2 had a distribution that
covered a larger size range (80-200 nm), whereas the modal
distribution was in the size range of 120-160 nm. CMO-2 had
a relatively uniform particle size distribution, but the
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Fig. 4 Size distribution diagram of as-prepared samples in different conditions according to Table 1 obtained from corresponding FESEM

images. (a) CMO-1, (b) CMO-2, (c) CMO-3, (d) CMO-4, and (e) CMO-5.
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appearance of slightly larger particles may indicate partial
aggregation or secondary growth, likely due to malonic acid's
weaker chelating effect than citric acid. This increased range of
particle sizes may have a small effect on the consistency of
surface activity. CMO-3 had a similar average size range
(approximately 60-180 nm), but it had more evident size vari-
ation and tailing toward the larger particles. The occurrence of
particles larger than 160 nm indicates that there was quite a bit
of agglomeration present and less uniformity in CMO-3
compared to CMO-2. The FESEM images revealed fused struc-
tures, which further supports that there was significant aggre-
gation, likely as a result of minimal control of the synthesis by
employing succinic acid as the chelating agent. The distribution
of CMO-4 was even greater, with a range of approximately (80-
240 nm) and decidedly asymmetrical. The significant number of
larger particles indicates that there was an even higher degree of
polydispersity than CMO-2 or CMO-3. The polydispersity can be
attributed to the polymerizing agent, glycerol. The high
viscosity of glycerol may impede effective diffusion and gelation
and consequently become problematic for particle growth
where unevenness and aggregation may become prevalent.
Among the samples, CMO-5 had the widest distribution span-
ning particle size from under 50 nm to over 300 nm. While most
particles were below 150 nm in size, the very strong tail to larger
sizes indicates that particles were formed heterogeneously
either because of incomplete complexation in solution or
localized sintering in the bulk of the material during calcina-
tion. Such a degree of polydispersity leads to reductions in
photocatalytic performance because of the chances of incon-
sistent surface area and reactivity. Overall, the narrow and well-
centered size distribution of CMO-1 further validates its particle
uniformity and control in the synthesis this sample also sup-
ported improved photocatalytic performance. Comparatively,
the broader and more irregular distributions of CMO-4 and
CMO-5 indicated less controlled synthesis conditions that
threaten the photocatalyst efficiency and stability.
Energy-dispersive X-ray spectroscopy (EDS) with elemental
mapping was performed to evaluate the elemental composi-
tions and spatial distribution of cobalt (Co), manganese (Mn),
and oxygen (O) in synthesized Co,MnO, nanostructures
(Fig. 5). The EDS spectra for all samples showed detectable
elements representative of the stoichiometry and no related
impurities, thereby corroborating the successful synthesis and
high chemical purity of the spinel. However, variations in the
homogeneity of the elemental distribution were observed
among the samples. The EDS elemental mapping for CMO-1,
synthesized using citric acid and propylene glycol, revealed
a highly uniform and homogeneous distribution of Co, Mn,
and O on the entire particle surface. This even distribution is
likely due to effective chelation with the citric acid and the
formation of homo-polymerization with the propylene glycol
during the synthesis of CMO-1. As a result of the elemental
mapping, the EDS quantitative analysis of all elements
revealed that the Co: Mn ratio was very close to 2: 1, thereby
confirming the successful stoichiometric synthesis of
Co,MnO, and the structural integrity of the CMO-1 sample.
The mapping of CMO-2, synthesized with malonic acid as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a chelating agent, also showed primarily good distribution of
the elements, although there were some increased localized
intensities in the elemental Mn signal intensity, which may
indicate mild inhomogeneity, with the potential of small Mn-
rich domains. This may be due to malonic acid's less strong
complexing capacity, which can influence the overall unifor-
mity of the various metal ions' coordination while the gelation
progresses. The CMO-3 sample produced from succinic acid
showed the least favorable elemental, or even spatial, unifor-
mity. The Co and Mn data also appeared more aggregated, and
some of the regions were enriched in one element over the
other. This disparity in distribution can be understood as
inefficient molecular-level coordination and mixing, which
resulted in spatial compositional heterogeneities that may be
inhibiting crystallinity and photocatalytic activity. For the
CMO-4 sample (citric acid and glycerol), the elemental
mapping indicated a moderately uniform distribution,
although it was more aggregated compared to CMO-1. The
viscosity of glycerol could have inhibited more effective mixing
and diffusion of the metal ions, therefore producing varying
concentrations of the element in discrete areas during
synthesis. CMO-5 (citric acid and ethylene glycol) displayed
reasonably uniform Co, Mn, and O distribution; an improve-
ment over the CMO-3 and CMO-4 samples. Although it was not
homogenous like in CMO-1, some tiny differences in signal
intensity of the coatings indicate some aggregation, most
likely during synthesis, attributed to ethylene glycol having
a lower molecular weight, hindering the effective coordination
size and steric hindrance.

Transmission Electron Microscopy (TEM) images of CMO-1
corroborated the FESEM findings, revealing nanoparticles
with diameters ranging from 80 to 100 nm, confirming the
results obtained from FESEM images (Fig. 6).

An analysis of the BET surface area was conducted in order to
investigate the textural properties. The nitrogen adsorption-
desorption isotherm of CMO-1 displayed a type IV isotherm
with an H3 hysteresis loop (Fig. 7a) indicative of mesoporous
materials. The BJH pore size distribution (Fig. 7b) showed the
existence of mesopores in the size range of 2-20 nm. These
porous structures are useful for increasing surface active sites
and promoting diffusion of reactants during photocatalytic
reactions. The BET data yields the total pore volumes (p/p, =
0.940) of 0.0075271 cm® g™, a specific surface area of 3.304 m>
¢!, and the mean pore diameters of 9.1127 nm.

To study the optical absorption behavior and band gap energy
of Co,MnO, (CMO-1 to CMO-5), diffuse reflectance spectroscopy
(DRS) was performed on all CMO samples (Fig. 7(c-1)). All samples
showed the same strong response to visible light, which corre-
sponds with the narrow band gap nature of spinel Co,MnO,. Tauc
plots of the samples indicate that the band gap of the samples was
approximately 1.51-1.52 eV, which have very little variation, indi-
cating that the photocatalytic performance and the property of
optical absorption do not control the difference in the samples’
performance. This suggests other factors, such as morphology,
variation in particle size distribution, surface area, and structural
homogeneity, may play a more significant role in determining the
difference in the samples’ photocatalytic performance. This

RSC Adv, 2026, 16, 8709-8719 | 8713
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Fig. 5 Elemental mapping and EDX analysis of as-prepared samples in different conditions according to Table 1.

finding suggests that the high performance of the optimized 3.2. Photocatalytic efficiency
sample is likely due to good charge separation efficiency and

o The photocatalytic activity of the synthesized Co,MnO, nano-
greater access to surface-active sites, not narrowed band gap.

structures was examined through the degradation of organic
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Fig. 6
nm.

dyes, especially malachite green (MG) under visible light irra-
diation, and several factors were assessed to inform our
understanding of the photocatalytic behavior (the incidence of
these conditions including the synthesis conditions, type of dye,
initial dye concentration, catalyst dosage, composition of solu-
tion, as well the contribution of active species were examined).
In Fig. 8a, photocatalytic efficiencies of five Co,MnO, samples
(CMO-1---CMO-5) were compared under identical conditions
(30 mg of catalyst and 10 ppm MG solution). In all the samples,

(a and b) TEM images of Co,MnQO4 prepared in the presence of CA and PG (CMO-1) recorded at same magnifications and scale bar of 80

CMO-1 exhibited the highest degradation efficiency (98.6%
degradation) after 90 minutes of irradiation. This is attributed
to the differences in morphology, crystallinity, and distribution
of species. The differences in the remaining samples were
ranked as follows: CMO-2 (75.7%) > CMO-3 (67.6%) > CMO-5
(63.5%) > CMO-4 (57.8%). The differences in performance are
based on their morphological differences and degrees of
homogeneity as discussed earlier. Particle size is a highly
important factor in photocatalytic function. Smaller and more
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uniformly sized particles, like those found in CMO-1, result in
a much larger effective surface area, shorter diffusion distances
for charge carriers, and a lower probability of recombination
between electrons and holes than do larger particle sizes or
groups of particles that have formed by agglomeration; larger or
agglomerated particle sizes will have fewer active sites available
and greater amounts of bulk recombination occurring, hence
causing degraded rates of degradation. Thus, the superior
performance of CMO-1 as a photocatalyst can be directly
attributed to its optimal particle diameter and to its uniformity
of morphology. Fig. 8b demonstrates the influence of different
dyes on the photocatalytic activity of CMO-1. CMO-1 exhibited
its effective degradation efficiency in the following order: MG
(98.6%) > EY (74.6%) > EBT (73.3%) > RB (63.4%) > MO (56.3%)
> MV (53.8%). The trend can be attributed to varying molecular
structure, adsorption affinity, and light absorption properties of
the dyes. MG has a strong interaction with the surface of the

8716 | RSC Adv, 2026, 16, 8709-8719

catalyst and more light absorption in the visible region, which
leads to better photocatalytic degradation.

The effect of the initial concentration of MG (10-20 ppm) on
degradation performance is shown in Fig. 8c (using a consistent
amount of catalyst amount of 30 mg CMO-1). The results indi-
cated that degradation efficiencies decreased with increasing
dye concentration. At 10 ppm, degradation was almost complete
at 98.6%, while the degradation efficiency dropped to 62.6% at
20 ppm. The reason for activity reduction at elevated concen-
trations can be explained by two key factors (i) increased optical
density of the solution that reduces light penetration and
therefore, limited-photon absorption by the catalyst and (ii) dye
molecules adsorbing excess numbers on catalytic sites, once
again saturation occurs with active sites exposed on the catalyst
surface.”

The effect of catalyst dosage on MG degradation is shown in
Fig. 8d. The degradation experiment with a 10 ppm MG solution

© 2026 The Author(s). Published by the Royal Society of Chemistry
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was carried out with several amounts of CMO-1 (10-50 mg), as
shown. The results showed that degradation efficiency
increased with catalyst dosage until 30 mg, which was the most
efficient (98.6%). After this dosage level, efficiency remained
stable, and by 50 mg it slightly dropped to 76.1% due to too
much light scattering and fewer photons on a per active site
basis.*

The impact of solution pH on malachite green (MG) photo-
catalytic degradation utilizing Co,MnO, (CMO-1) was system-
atically evaluated by conducting tests across the pH spectrum
within acidic, neutral, and basic conditions (Fig. 8e). The
degradation efficiency was strongly dependent on solution pH.
Degradation efficiency for alkaline pH (pH 10) was exceedingly
high (99.8%), with the degradation efficiency at neutral pH (pH
7) not far behind (98.6% degradation). A notable downside was
the degradation efficiency (46.7%) under acidic conditions (pH
4), where MG degradation after the same duration of illumi-
nation dropped significantly. It is well-established that degra-
dation efficiency is affected by the photocatalyst surface charge
and the ionization state of the dye molecules. At alkaline and
neutral pH, the surface of Co,MnO, becomes more negatively
charged, which subsequently promotes electrostatic attraction
between the catalyst surface and cationic MG dye molecules.
There is greater adsorption of the dye on the catalyst surface,
thus allowing more effective degradation. In addition, under
alkaline conditions, more ‘OH will be formed because
hydroxide ions (OH ™) are more abundant than H" and are thus
favored. The great amount of OH™ increases the oxidation of

© 2026 The Author(s). Published by the Royal Society of Chemistry

MG as the hydroxyl radicals are also very reactive. In acidic
conditions, the surface of the catalyst will be positively charged
and it will push the positively charged (cationic) dye molecules
away due to electrostatic repulsion. Due to this repulsion under
acidic conditions, there is less MG on the photocatalyst surface
and thus allows less effectiveness of the photocatalytic reac-
tions. Also, when there are low amounts of OH™ ions available
there will be low amounts of hydroxyl radicals produced during
very acidic conditions. This will decrease or cause the stop of
degradation of MG.*

The participation of reactive species in the photocatalytic
degradation of malachite green (MG) by Co,MnO, (CMO-1)
under visible light was studied with selected scavengers and
shown in Fig. 8f. Benzoic acid (BA) was used to scavenge
hydroxyl radicals ("OH), benzoquinone (BQ) was used to scav-
enge superoxide radicals (O, "), and EDTA was used to trap the
photogenerated holes (h").? The degradation efficiencies in the
presence of these scavengers give insight into the progression of
the underlying reaction mechanism. The degradation efficien-
cies BA and BQ were still high at 94.8% and 96.4%, which
suggests that both "OH and O, are only partially reacting
species and that both contributions are not the dominant
reactions that comprise the photocatalytic pathway. The intro-
duction of EDTA resulted in a considerable degradation reac-
tion efficiency decrease from 98.6% to 59.5%, which supports
a model where photogenerated holes are an active mechanism
in the degradation reaction. Based on the significant inhibition
of activity by EDTA, it is likely that the holes created in the
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Table 2 The photocatalytic performance of different compounds
Source of light/time Catalyst dosage Dye concentration Highest degradation Bandgap
Ref. (min) (mg) (ppm) (%) Dye (eV) Catalyst
Present work Vis/120 30 10 98.6 Malachite green 1.52 Co,MnO,
19 Sunlight/60 50 5 87.8 Malachite green 1.70 CoMn,0,
27 Sunlight/120 0.5 — 92.0 Malachite green 2.54 CuMn,0,
30 Vis/180 1.0 — 97.0 Brilliant cresyl blue 2.12 C030,/Fe,03
28 Vis/150 30 20 96.3 Eriochrome black T 2.6 NigMnOg
31 Uv/80 50 — 98.0 Rhodamine B ~3 NiMn,O,
32 Vis/15 30 20 96.0 Congo red 1.82 ZnMn,0,
29 Uv/120 1 20 60.0 Rhodamine B 1.88 NiMn,0,/Cu$S
33 UV/80 5 50 100.0 Methylene blue — CoMn,0; 5—
RGO
34 Vis/135 20 5 85 Methyl orange — Ag/Mn,0;
35 Uv/300 30 — 96.7 Methylene blue 2.19 Nig ¢Mn, 4Fe,0,

valence band of Co,MnO, are capable of oxidizing dye mole-
cules directly or promoting secondary reactive oxygen species.
The results of the study indicate that the photocatalytic mech-
anism of CMO-1 under visible light is primarily a hole-based
reaction, with "OH and O,’~ radicals contributing to a lesser
extent. This agrees with the narrow band gap (1.52 eV) of the
material, which facilitates charge separation, further enhancing
the valence band holes in driving the reaction.

The practical viability of a photocatalyst relies on its initial
activity as well as its stability and reusability under operational
conditions for longer periods of time. In order to analyze this
possible use of the photocatalyst, recyclability trials were con-
ducted with the CMO-1 sample, which had previously indicated
optimal photocatalytic possible performance. In Fig. 8g, the pho-
tocatalyst was repeatedly used for five cycles of malachite green
(MG) degradation under visible light conditions. After each cycle,
the catalyst was recovered through centrifugation, washed, and
dried for reuse. The photocatalyst had a slight reduction in
degradation efficiency each cycle but maintained degradation
above 85.4% in the 5th run from 98.6% in the first run. This slight
reduction could be due to the photocatalyst either partially losing
material during the recovery phases, or the possible very slight
surface fouling due to retained dye intermediates after degrada-
tion of MG. Regardless, and even with the slight loss of efficiency
in the last trial, the strong retention of activity, once again in
a mixed solution for multiple consecutive cycles, suggests the great
potential for practical reuse of the Co,MnO, photocatalyst in
subsequent environmental remediation-type applications.”® To
confirm that the catalyst was still chemically unchanged after the
use through multiple degradation cycles, X-ray diffraction (XRD)
analysis was performed on the CMO-1 sample after 5 degradation
cycles (Fig. 8h). The peaks in the XRD pattern did not shift
significantly, no new peaks appeared, and there were no notable
changes in the peak intensities or, hence, the crystallinity. The
main reflections related to the spinel phase of Co,MnO, remained
without loss or significant alteration, which shows that the catalyst
is in a crystalline phase and kept its structure during repeated
photocatalytic reactions. The decrease in photocatalytic efficiency
after each photoreaction cycle can be attributed to several different
factors. The main factors responsible for reducing the

8718 | RSC Adv, 2026, 16, 8709-8719

photoreaction cycle are the accumulation of degradation products
at the catalyst surface, leading to partial coverage; the potential for
active site blockage; and the minor loss of reaction catalyst during
centrifugation and washing. These types of factors are common in
heterogeneous photocatalytic systems and are not necessarily
indicative of structural changes.

The kinetic behavior of malachite green (MG) degradation
over Co,MnO, nanostructures was investigated using the
pseudo-first-order model to extract the rate constants (k) from
the In(Cy/C) vs. time plots (Fig. 9). The results showed the ex-
pected relationship between photocatalytic efficiency and rates:
those samples or conditions that showed higher degradation
percentages also shown higher rates (k). The degradation
kinetics for different dyes, concentrations, catalyst dosages, and
pH values mirrored the trends observed in the activity tests,
validating the consistency and reliability of the results.

Table 2 compares the photocatalytic performance of various
manganese-based and composite oxide catalysts (i.e. dye degra-
dation efficiency, band gap energy, and operational conditions).
Of these catalysts, Co,MnO, catalyst exhibited a defensible
degradation efficiency of 98.6% degradation of malachite green
dye under visible light in 120 minutes using a reasonable band gap
of 1.52 eV and a moderate dose (30 mg) of catalyst. Even with lower
doses or shorter exposure times, Co,MnO, outperforms various
other reported systems, such as the CoMn,O, (87.8%)" and
CoMn,0, (92.0%).”” Co,MnO, performance also exceeded various
materials with higher band gaps, such as NigMnOg (96.3%,
2.6 eV,”®) and NiMn,0,/CusS (60.0%,>). Also, some of these mate-
rials, such as CoMn,0;5-RGO and Ni,e¢Mng Fe,0, catalysts,
achieved complete or near complete degradation of the malachite
green dye, but achieved under either UV light sources, or used
a higher concentration of dye. Altogether, Co,MnO, would
demonstrate very competent visible-light photocatalytic perfor-
mance due to its narrow bandgap for charge mobility, ease of
charge separation efficiencies, and the appropriate morphology
and formation during synthesis. Therefore, based on our results
Co,MnO, makes a competitive and potentially promising catalyst
material for wastewater treatment under a responsible light
exposure sustainability.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

Co,MnO, nanostructures were synthesized using the Pechini
technique and showed excellent photocatalytic activity under
visible light. The CMO-1 sample achieved 98.6% degradation of
malachite green in 120 min and exhibited a pseudo-first-order
reaction rate constant of 0.02542 min™~"'. The narrow band gap
(1.52 eV) and narrow range of particle sizes (100-120 nm)
provided the effective charge separation, enhancing the surface
reactivity. Over 85% of the photocatalyst's initial activity was
retained after five successive runs, indicating that the photo-
catalyst has a stable structure and can be reused. These quan-
titative results indicate that Co,MnO, has an excellent
competitive and sustainable visible-light photocatalyst for
wastewater treatment applications.
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