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Nanozymes have attracted considerable attention as robust catalytic alternatives to natural enzymes for catalytic
degradation and monitoring of environmental pollutants. Herein, we report manganese cobalt sulfide nanozymes
(MnCo3S4 NZs) exhibiting dual peroxidase- and laccase-like activities. The coexistence of Mn and Co active sites
enables both reactive oxygen species (ROS)-mediated and ROS-independent catalytic pathways, resulting in
enhanced catalytic efficiency and excellent operational stability across a broad range of pH and temperature
conditions. The peroxidase-like activity of MnCo2S4 NZs efficiently catalyzes the degradation of organic pol-
lutants, including Neutral Red and Crystal Violet, achieving approximately 99% removal within 20 min through
the generation of highly reactive hydroxyl radicals (¢OH), as confirmed by radical scavenger experiments. In
addition, their intrinsic laccase-mimicking oxidation activity enables the transformation of the hazardous aro-
matic compound o-phenylenediamine (OPD) into 2,3-diaminophenazine (DAP), which serves as both a chro-
mophoric and fluorescent product. The formation of DAP allowed convenient optical monitoring of the catalytic
transformation through absorbance and fluorescence signals over a broad concentration range. Furthermore,
MnCo3S4 NZs maintained high catalytic activity in tap water and river water spiked with OPD, demonstrating
their practical applicability in complex aqueous matrices. Owing to their high catalytic activity, stability,
reusability, and optical monitoring capability, MnCo,S4 NZs represent promising multifunctional NZs for the
catalytic degradation and analysis of organic pollutants.

health problems, including respiratory disorders, digestive damage, and
even DNA mutations or carcinogenic effects [6-8]. Therefore, the effi-
cient removal, transformation, and monitoring of such pollutants remain
highly desirable for environmental remediation and pollution control.

1. Introduction

The rapid expansion of industrial activities has led to the large-scale
discharge of synthetic dyes and hazardous aromatic compounds into

aquatic environments. It is estimated that the global production of
synthetic dyes exceeds 7 x 10° tons annually, and approximately
10-15% of these dyes are released into wastewater during industrial
processes [1,2]. These dye-containing effluents pose serious environ-
mental concerns due to their high toxicity, chemical stability, and
resistance to natural degradation. Moreover, their complex aromatic
structures and high water solubility make efficient removal from
wastewater particularly challenging [2,3]. In addition to synthetic dyes,
o-phenylenediamine (OPD) is another hazardous aromatic compound
frequently detected in industrial effluents. It is widely used as a pre-
cursor in the production of dyes, pesticides, polymers, and anticorrosive
agents [4,5]. However, excessive exposure to OPD can cause severe
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Various physical, chemical, and biological methods have been
developed for the treatment of dye-contaminated wastewater, including
membrane filtration, adsorption, advanced oxidation processes, and
enzymatic degradation [3]. Among these approaches, enzymatic
oxidation using natural enzymes such as laccase, peroxidase, and oxi-
dase has attracted considerable attention because of its high catalytic
selectivity and environmentally benign reaction pathways [9,10].
However, the practical application of natural enzymes is limited by their
high production cost, low operational stability, susceptibility to dena-
turation, and poor recyclability, which restrict their large-scale use in
wastewater treatment [11,12].

To overcome the limitations of natural enzymes, nanomaterials with
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enzyme-like catalytic properties, known as nanozymes (NZs), have
emerged as promising alternatives because of their facile synthesis, high
stability, tunable catalytic activity, and good reusability [13,14]. In
particular, multicomponent NZs have attracted increasing attention
owing to synergistic interactions between different metal species, which
can significantly enhance catalytic performance and enable multiple
catalytic pathways [15-17]. Among these NZ systems, transition
metal-based NZs have been extensively investigated because of their
diverse redox properties and catalytic versatility [18-20]. Compared
with other transition metals commonly used in nanozyme systems,
manganese and cobalt offer multiple accessible oxidation states, excel-
lent redox versatility, and high catalytic adaptability, making them
attractive catalytic centers for enzyme-mimicking reactions.
Manganese-based NZs have attracted considerable attention owing to
their low cost, low toxicity, and rich valence states (Mn?*/Mn>*/Mn**),
which enable diverse enzyme-mimicking activities, including peroxi-
dase-, oxidase-, catalase-, superoxide dismutase-, and laccase-like ac-
tivities, through flexible interconversion between oxidation states,
which facilitates efficient electron transfer during catalytic reactions
[21-24]. Similarly, cobalt-based NZs exhibit tunable redox activity and
high catalytic efficiency, enabling multiple enzyme-mimicking activ-
ities, including peroxidase-, oxidase-, catalase-, laccase-, and superoxide
dismutase-like activities [25-27]. Despite recent progress, solely Mn- or
Co-based NZs remain constrained by relatively limited catalytic effi-
ciency and functional versatility because they lack the cooperative redox
interactions available in bimetallic systems. In addition, the catalytic
mechanisms of multimetallic nanozymes remain insufficiently under-
stood, and their performance in complex sample matrices requires
further improvement. To address these challenges, transition metal
sulfides have recently attracted considerable attention because they
often exhibit superior catalytic and electronic properties compared with
their oxide counterparts owing to their higher electrical conductivity,
expanded lattice structures, and narrower band gaps [28-30]. Rational
integration of manganese and cobalt into a single sulfide nanostructure
is therefore expected to generate strong synergistic redox interactions,
overcome the limitations of single-metal systems, and enhance the
overall enzyme-mimicking performance. However, manganese—cobalt
sulfide NZs have rarely been explored as multifunctional catalysts for
environmental pollutant degradation.

In this study, manganese cobalt sulfide nanozymes (MnCoS4 NZs)
were synthesized via a simple hydrothermal strategy and investigated as
multifunctional catalysts. The MnCoSs NZs exhibit dual enzyme-
mimicking activities, including peroxidase- and laccase-like catalytic
behavior. Benefiting from the synergistic interactions between Mn and
Co active sites, the MnCo2S4 NZs show high catalytic efficiency and
excellent stability over a wide range of pH and temperature conditions.
The catalytic performance of MnCoS4 NZs was further evaluated for the
degradation of industrial dyes and the oxidation of OPD into 2,3-diami-
nophenazine (DAP), a chromophoric and fluorescent product. The
resulting optical signals enabled convenient monitoring of the catalytic
transformation. These findings demonstrate the potential of MnCo2S4
NZs as multifunctional catalytic NZs for pollutant degradation and
monitoring applications.

2. Experimental section
2.1. Materials

Manganese(II) acetate tetrahydrate, cobalt(II) acetate tetrahydrate,
thiourea, o-phenylenediamine (OPD), Crystal Violet (CV), Neutral Red
(NR), and 3,3,5,5-tetramethylbenzidine (TMB) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Superoxide dismutase (SOD), so-
dium azide (SA), terephthalic acid (TA), ascorbic acid (AA), histidine
(His), horseradish peroxidase (HRP), and laccase from Trametes versi-
color were also obtained from Sigma-Aldrich. Hydrogen peroxide (H20,
35%) was purchased from Junsei Chemical Co. (Japan). All chemicals
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were of analytical grade and used without further purification. Milli-Q
water was used for all experiments.

2.2. Synthesis and characterization of MnCo3S4 NZs

MnCo,S4 NZs were synthesized via a hydrothermal method based on
a previously reported procedure [31]. Briefly, 0.6125 g of manganese
acetate tetrahydrate and 1.2455 g of cobalt acetate tetrahydrate were
dissolved in 75 mL of distilled water and stirred for 20 min. Subse-
quently, 1.5 g of thiourea was added, and the mixture was further stirred
for 20 min. The resulting solution was transferred into a Teflon-lined
autoclave and heated at 200 °C for 12 h. After naturally cooling to
room temperature (RT), the products were collected by centrifugation
(10,000 x g, 10 min), washed several times with distilled water and
ethanol, and dried under vacuum at 60 °C for 10 h. Control samples with
different Mn/Co ratios were prepared to obtain MnyCo(s_x)S4 composi-
tions (0 < x < 3).

The crystal structure of MnCoyS4 NZs was characterized by X-ray
diffraction (XRD, D/MAX-2500, Rigaku, Tokyo, Japan). The elemental
composition and oxidation states were analyzed using X-ray photo-
electron spectroscopy (XPS, Sigma Probe, Thermo Scientific, WI, USA).
The specific surface area and pore size distribution were determined by
Brunauer—-Emmett-Teller (BET, ASAP 2020, Micromeritics, USA) anal-
ysis based on Ny adsorption—desorption isotherms. The morphology and
microstructure of MnCo,S4 NZs were examined using scanning electron
microscopy (SEM, Hitachi S-4700, Japan) and high-resolution trans-
mission electron microscopy (HRTEM, FEI Tecnai, OR, USA). The
elemental distribution was further analyzed by energy-dispersive X-ray
spectroscopy (EDS) mapping.

2.3. Peroxidase- and laccase-like activities of MnCo3S4 NZs

The peroxidase-like activity of MnCo2S4 NZs was evaluated using the
oxidation of TMB in the presence of HyO4. The reaction was carried out
in 10 mM sodium acetate buffer (pH 6.5) containing 1 mM TMB,
10 mM H503, and 0.1 mg/mL MnCosS4 NZs at 37 °C for 5 min. The
reaction mixture was centrifuged (8000 x g, 2 min), and the absorbance
of the supernatant was measured at 652 nm. Kinetic parameters were
determined by varying the concentration of TMB or HoO; while keeping
the other constant. The catalytic activity was analyzed using the
Michaelis-Menten equation: V= (Vyyax X [S1)/(Kim + [SD), where Vis the
initial reaction rate, K;, is the Michaelis constant, V. is the maximum
reaction rate, and [S] is the substrate concentration. The turnover
number (k.q) was calculated according to: kcqt = Vmax/[E], where [E]
represents the molar concentration of MnCo3S4 NZs. The NZ concen-
tration was estimated based on the average particle size obtained from
TEM analysis, assuming a spherical morphology and using the bulk
density of MnCo,S4 (detailed calculation is provided in the Supple-
mentary Information).

The laccase-mimicking oxidation activity was evaluated using
epinephrine as a substrate. The reaction was conducted in 50 mM MES
buffer (pH 6.8) containing 0.1 mg/mL epinephrine and 0.1 mg/mL
MnCo2S4 NZs at 37 °C for 1 h. The absorbance of the oxidized product
was measured at 485 nm. Kinetic parameters were determined similarly
by varying epinephrine concentrations.

To further investigate the catalytic mechanism, radical scavenging
experiments were performed by introducing specific scavengers into the
reaction system, including SOD, AA, TA, SA, and His. Each scavenger
was added to the standard reaction mixture under identical conditions,
and the catalytic activity was evaluated by monitoring the absorbance
change. The involvement of different reactive species was inferred from
variations in catalytic activity in the presence of these scavengers.
Electron paramagnetic resonance (EPR) measurements were performed
using a Bruker EMX premium X-band spectrometer (Bruker Corporation,
MA, USA) to identify radical intermediates formed in the peroxidase-like
and laccase-mimicking oxidation reaction systems. All experiments were
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performed in quintuplicate (n = 5), and data are presented as
mean =+ standard deviation (SD).

2.4. Dye degradation using peroxidase-like activity of MnCo2S4 NZs

Crystal Violet (CV) and Neutral Red (NR) were used as model dyes.
For peroxidase-like catalytic degradation, MnCo2S4 NZs (0.8 mg/mL)
and H0; (0.1 M) were added to dye solutions with a final dye con-
centration of 0.4 mg/mL. The reaction mixtures were incubated at 37 °C
for 20 min, and the absorbance of the supernatants was measured at
590 nm and 523 nm for CV and NR, respectively. For comparison, dye
degradation via laccase-mimicking oxidation activity was conducted
under identical conditions without the addition of Hy0,. Dye removal
efficiency was calculated using the following equation: Removal
(%) = {(Ag — A)/Ap} x 100, where Ag and A represent the initial and
final absorbance, respectively.

2.5. Oxidation and optical monitoring of OPD using laccase-mimicking
oxidation activity of MnCo2S4 NZs

The oxidation of OPD was carried out in 50 mM MES buffer (pH 6.8)
containing 0.1 mg/mL MnCoyS4 NZs. After incubation at 37 °C for 2 h,
the formation of 2,3-diaminophenazine (DAP) was monitored by
measuring the absorbance at 425 nm. Fluorescence spectra of DAP were
recorded at an excitation wavelength of 417 nm, and the emission in-
tensity was monitored at 569 nm.
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To evaluate practical applicability, tap water and river water sam-
ples were collected locally and filtered through a 0.22 pm membrane
prior to use. The samples were spiked with known concentrations of
OPD and subjected to the same reaction conditions. The catalytic
oxidation efficiency and optical response were evaluated based on the
absorbance and fluorescence signals of DAP.

3. Results and discussion
3.1. Construction and characterization of MnCo2S4 NZs

To address the limitations of conventional catalysts that typically
operate through a single reaction pathway, MnCo,S4 NZs were designed
to enable both reactive oxygen species (ROS)-dependent and ROS-
independent catalytic processes. As illustrated in Scheme 1, the
MnCo2S4 NZs exhibit dual enzyme-mimicking activities arising from
synergistic redox interactions between Mn and Co active sites. In the
peroxidase-like pathway, MnCoyS4 NZs activate HoO5 via a Fenton-like
mechanism to generate eOH radicals, which act as the dominant
oxidizing species for rapid degradation of organic dyes. In contrast, the
laccase-like pathway proceeds through a direct electron-transfer mech-
anism, in which electrons are transferred from substrates to molecular
oxygen via reversible Mn/Co redox cycling without the involvement of
free ROS. These dual catalytic pathways enable efficient degradation
and detoxification of environmental pollutants.

The crystal structure of MnCoyS4 NZs was confirmed by XRD
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Scheme 1. Schematic illustration of MnCo,S4 NZs and their dual catalytic mechanisms. (a) Hydrothermal synthesis of MnCo0,S4 NZs. (b) Dual enzyme-mimicking
catalytic pathways: peroxidase-like activity via a Fenton-like mechanism generating eOH radicals, and laccase-mimicking oxidation activity via direct electron
transfer without ROS involvement. (¢) Applications in catalytic degradation of organic dyes and optical monitoring of OPD transformation.
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Fig. 1. (a) XRD pattern; XPS spectra including (b) survey scan, (c) S 2p, (d) Co 2p, and (e) Mn 2p; and (f) N, adsorption-desorption isotherms with pore size

distribution (inset) of MnCo0,S4 NZs.

(Fig. 1a). The diffraction peaks at 30.9°, 38.1°, 47.0°, 50.3°, and 55.1°
correspond to the (311), (400), (422), (511), and (440) planes of cubic
Co3S4 (JCPDS No. 73-1703) [32], consistent with previous reports on
MnCo3S4 [32,33]. This indicates that the incorporation of Mn ions does
not substantially alter the cubic sulfide framework. Minor peaks at
17.98° and 35.9° were assigned to the (101) and (211) planes of Mn3O04
(JCPDS No. 24-0734), suggesting partial surface oxidation [34]. The
sharp and intense diffraction peaks indicate the high crystallinity of the
synthesized material.

The XPS survey spectrum (Fig. 1b) confirms the presence of Co, Mn,
and S in the MnCo3S4 NZs. Peak fitting was performed using a Shirley-

type background subtraction and Gaussian-Lorentzian (70%
Gaussian/30% Lorentzian) line shapes, and the detailed parameters
were provided in Table S1. The S 2p spectrum (Fig. 1c) shows two
prominent peaks at 160.4 and 161.9 eV, corresponding to S 2ps/2 and S
2p1/2, respectively. The Co 2p and Mn 2p spectra were deconvoluted
into spin-orbit doublets, indicating the coexistence of divalent and
trivalent oxidation states [33]. In the Co 2p spectrum (Fig. 1d), the peaks
at 779.2 and 795.7 eV are assigned to Co?*, whereas those at 776.9 and
792.0 eV correspond to Co®" [35]. Similarly, the Mn 2p spectrum
(Fig. 1e) shows peaks at 640.8 and 652.7 eV assigned to Mn?*, along
with additional peaks at 644.6 and 657.6 eV corresponding to Mn>*

Fig. 2. Morphological characterization of MnCo,S4 NZs: (a, b) SEM images; (c) TEM image; (d) HRTEM image; and (e-h) EDS elemental mapping.
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[36]. The coexistence of Co®"/Co>" and Mn?*/Mn>" suggests the
presence of mixed-valence redox centers, which can facilitate electron
transfer during catalytic reactions.

BET analysis was performed to evaluate the specific surface area and
pore structure of MnCo,S4 NZs. The Ny adsorption—desorption isotherm
(Fig. 1f) exhibits a type II isotherm with an H3 hysteresis loop, indi-
cating the presence of mesoporous/macroporous structures, consistent
with the pore size distribution and previous reports [31,37,38]. The
relatively large specific surface area of 50.4 m? g~! provides abundant
accessible reaction sites, which is beneficial for enhancing enzyme-like
catalytic activities. SEM and TEM images (Fig. 2a—c) show spherical
nanoparticles with an average diameter of approximately 66 nm.
HRTEM analysis (Fig. 2d) reveals distinct lattice fringes with interplanar
spacings of approximately 0.24 and 0.17 nm, corresponding to the (400)
and (440) planes of MnCo,S4, respectively [32,33,39,40]. EDS
elemental mapping (Fig. 2e-h) further confirms the homogeneous dis-
tribution of Mn, Co, and S throughout the synthesized material.

3.2. Dual enzyme-like activities of MnCo2S4 NZs and their catalytic
mechanism

The peroxidase-like activity of MnCozS4 NZs was evaluated by
monitoring the oxidation of TMB in the presence of HyO,, which pro-
duces a blue-colored product with a characteristic absorbance peak at
652 nm (Fig. 3a). Among the MnyCo(3_x)S4 series and the natural
enzyme counterpart HRP, MnCo,S4 NZs exhibited the highest catalytic
activity (Fig. 3b). Notably, the activity was maintained near neutral pH,
which is uncommon for many conventional peroxidase mimics and ad-
vantageous for practical applications (Fig. S1).

The laccase-mimicking oxidation activity of MnCoyS4 NZs was
confirmed using epinephrine as a substrate. Upon oxidation, the reac-
tion solution changed from colorless to orange, with a corresponding
absorbance peak at 485 nm, consistent with natural laccase activity
(Fig. 3c). To confirm the role of molecular oxygen in the laccase-
mimicking pathway, the -catalytic oxidation of epinephrine by

Materials Today Chemistry 56 (2026) 103902

MnCo»S4 NZs was evaluated under Oj-rich, normal, and O,-depleted
conditions. As shown in Fig. S2, the reaction efficiency was strongly
dependent on O, availability, being markedly enhanced in the Oy-rich
environment and nearly abolished under O,-free conditions, supporting
the proposed role of molecular oxygen as the terminal electron acceptor
in the laccase-mimicking electron-transfer mechanism. The absence of
H,0, generation during the reaction (Fig. 3d) indicates that the catalytic
process does not follow an oxidase-like pathway but instead mimics
laccase behavior. Furthermore, among the MnyCos_x)S4 series and
natural laccase, MnCo3S4 NZs exhibited the highest laccase-mimicking
oxidation activity (Fig. 3e). Based on these results, MnCo2S4 NZs were
selected as the primary catalyst for subsequent experiments.

The catalytic performance of MnCosS4 NZs was further evaluated
using the Michaelis—-Menten model and compared with that of natural
enzymes. Kinetic analysis (Fig. S3 and Table 1) revealed lower K, values
and significantly higher k., values than those of the corresponding
natural enzymes, indicating strong substrate affinity and superior cata-
lytic efficiency. This enhanced performance is attributed to the large
surface area of MnCo4,S4 NZs, which provides abundant accessible active
sites, as well as the synergistic redox interactions between Mn and Co
centers.

To elucidate the catalytic mechanisms, radical scavenging experi-
ments were performed (Fig. 4). Various scavengers were introduced into
the reaction system, including SOD as a quencher of ¢O3 [46], AA as a
broad-spectrum scavenger for ¢OH, ¢OOH, and ¢O5 [47], TA as a se-
lective ¢OH scavenger [48], SA as a quencher for 102 [49], and His as a
quencher for both eOH and 0, [50]. For the peroxidase-like activity,
significant inhibition was observed in the presence of TA and AA
(Fig. 4a), confirming that ¢OH radicals are the dominant reactive species
and supporting a Fenton-like HyO, activation mechanism [51]. The
addition of SOD and SA resulted in only slight decreases in activity,
suggesting minor contributions from Oz and 'O, respectively. In
contrast, the laccase-mimicking oxidation activity was not significantly
affected by the ROS scavengers (Fig. 4b), indicating that the reaction
proceeds through a direct electron-transfer pathway without ROS
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Fig. 3. Peroxidase- and laccase-like activities of MnCoyS4 NZs. (a) UV-vis spectra of TMB oxidation under different conditions; inset shows corresponding color
changes. (b) Comparison of peroxidase-like activity of MnyCo(z_x)S4 (0 < x < 3) and HRP at 652 nm. (c) UV-vis spectra of epinephrine oxidation by MnCo,S4 NZs and
laccase; inset shows corresponding color changes. (d) Verification of laccase-like activity using 2,4-dichlorophenol (2,4-DCP), indicating no H,O, generation unless
externally added. (e) Comparison of laccase-mimicking oxidation activity of Mn,Co_xS4 (0 < x < 3) and laccase at 485 nm. Data are presented as mean + SD (n =5

independent experiments).
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Table 1

Kinetic parameters (K, Vimax, and ke of MnCo,S, NZs toward peroxidase
substrates (TMB and H,0,) and the laccase substrate (epinephrine), compared
with natural enzymes and representative nanozymes.

Catalysts Substrates [EI(M) K, Vinax kear (s- Ref.
(mM)  (10°*M 1
s
MnCosS4 TMB 1.26 x 0.224 2.60 21x This
NZs 10712 10* study
H,0, 1.26 x 1.798 3.07 2.4x
10712 10*
HRP TMB 2.5x 0.434 10.00 4.0x [41]
107 10°
H,0, 25x 3.70 8.71 3.48 x
1071 10°
CoFe 04 TMB 3.6x 0.14 48.04 0.13 [42]
107
H>0, 3.6x 0.11 37.65 0.10
10°°
MnFe,04 TMB 3.6x 0.16 23.35 6.41
107
H,0, 3.6x 0.037 16.05 4.41
107
CuFe;04 TMB - 0.14 6.99 - [43]
H>0, - 6.23 9.11 -
MgFe 04 TMB - 0.67 2.09 - [44]
H,0, - 4.61 13.46 -
MnCoS4 Epinephrine 3.15x 0.48 66.3 2.1x This
NZs 10712 10° study
Laccase Epinephrine  1.03 x 0.71 38.5 3.74 x This
10°¢ 107! study
CH-Cu Epinephrine  3.15 x 0.58 45.7 1.19x [45]
MOFs 1071 10°

involvement. To further investigate the radical generation pathways
associated with the two catalytic reactions, EPR spectroscopy was
employed. As shown in Fig. S4a, the peroxidase-like reaction with HyO»
produced a strong radical signal characteristic of eOH radicals, sup-
porting the proposed ROS-mediated pathway. In contrast, no detectable
radical signal was observed during the laccase-mimicking oxidation
reaction with epinephrine, even in the presence of MnCosS4 NZs
(Fig. S4b). This absence of signals strongly suggests that the
laccase-mimicking oxidation activity proceeds predominantly through a
direct electron-transfer mechanism, in which electrons are proposed to
be transferred directly from the substrate to the nanozyme surface and
subsequently to molecular oxygen via reversible Mn/Co redox cycling,
without the involvement of free reactive oxygen species. This behavior is
consistent with natural laccase catalysis, in which substrate oxidation is
coupled to the reduction of molecular oxygen through a multi-electron
transfer process [52,53]. These results clearly demonstrate the dual
peroxidase- and laccase-like catalytic nature of MnCosS4 NZs.

(a) 3

K =

-
o
1

Absorbance
o
o,

[

Blank SOD TA AA SA His
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To elucidate the proposed bimetallic synergistic mechanism under-
lying the peroxidase-like activity of MnCo2S4 NZs, the stepwise redox
reactions involved in HyO, activation are summarized as follows. The
activation of Hy0, is proposed to be initiated by low-valence Co?" and
Mn?* through Fenton-like reactions, generating highly reactive eOH
radicals (Reactions 1 and 2). Subsequently, the oxidized Co>* and Mn3*
species are regenerated through intermetallic electron transfer between
adjacent Co and Mn redox pairs (Reaction 3), thereby promoting
continuous recycling of catalytically active sites. In addition, Mn>* may
further react with HyO5 to generate ¢OOH radicals (Reaction 4), which
could also contribute to the overall radical pool. This proposed syner-
gistic redox cycle facilitates HoO activation and is consistent with the
coexistence of Co?t/Co>* and Mn?*/Mn>* redox pairs observed by XPS
(Fig. 1d and e), as well as the radical scavenging results indicating that
eOH is the dominant reactive species during the peroxidase-like reaction
(Fig. 4a).

Co*" +H,0, — Co®>" 4 ¢OH 4 OH~ @
Mn** + H,0, — Mn®*' 4 ¢ OH + OH™ 2
Co®*" +Mn?*" & Co*" + Mn®* 3)
Mn®** 4+ H,0, — Mn*' 4 -OOH + H* @)

A key advantage of nanozymes over natural enzymes is their
enhanced stability under various environmental conditions. MnCo2S4
NZs exhibited excellent stability for both peroxidase- and laccase-like
activities (Fig. 5). The catalytic activities were maintained above 90%
across a wide pH range, whereas the corresponding natural enzymes
showed significant activity loss. Similarly, MnCo2S4 NZs retained high
activity at elevated temperatures, while HRP and laccase were rapidly
deactivated. Furthermore, the NZ maintained stable activity after two
weeks of storage, highlighting its robustness for practical applications.

3.3. Dye degradation via peroxidase-like activity of MnCo2S4 NZs

The practical applicability of MnCoyS4 NZs was demonstrated
through the degradation of NR and CV via their peroxidase-like activity.
In the presence of HyO2, MnCo5S4 NZs efficiently generate ¢OH radicals
through a Fenton-like process, leading to rapid oxidative degradation of
dye molecules.

Dye degradation was quantitatively assessed by monitoring the
decrease in characteristic absorbance at 523 nm for NR and 590 nm for
CV. Negligible changes were observed in control systems lacking either
MnCo,S4 NZs or HyO,, whereas a pronounced decrease in absorbance
occurred when both components were present, confirming their essen-
tial roles in catalytic degradation (Fig. 6a and b). Under optimized
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Fig. 4. Radical scavenging analysis of MnCo,S4 NZs. (a) Radical scavenging assay for the peroxidase-like activity of MnCo,S4 NZs in the presence of different
scavengers. (b) Radical scavenging assay for the laccase-mimicking oxidation activity of MnCo,S4 NZs under identical conditions. Data are presented as mean + SD

(n = 5 independent experiments).
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Fig. 5. Stability of MnCo,S4 NZs compared with natural enzymes under various conditions: pH (a, b), temperature (c, d), and long-term storage (e, f). Data are

presented as mean + SD (n = 5 independent experiments).

conditions, nearly complete degradation of both dyes (>98%) was
achieved within 20 min (Fig. 6c and d), demonstrating the high effi-
ciency of MnCosS4 NZs. Compared with laccase-like pathways, the ROS-
mediated peroxidase-like process enabled significantly faster degrada-
tion kinetics (Fig. S5). Optimization studies (Fig. S6) showed that
degradation efficiency increased with temperature, catalyst loading, and
Hy0, concentration, reaching optimal performance at 37 °C,
0.8 mg mL ™! MnCosS4 NZs, and 0.1 M Hy0,. These results indicate that
MnCo3S4 NZs can rapidly degrade industrial dyes under relatively mild

conditions.

3.4. Catalytic oxidation and optical monitoring of OPD using laccase-
mimicking oxidation activity of MnCoS4 NZs

The laccase-mimicking oxidation activity of MnCo,S4 NZs was
further applied to the oxidative transformation of OPD into DAP, a less
toxic product that exhibits both chromophoric and fluorescent proper-
ties. Unlike the peroxidase-like pathway, this oxidation is proposed to
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Fig. 6. Absorbance spectra of NR (a) and CV (b) under different reaction conditions (H>O, only, MnCo,S4 NZs only, and MnCo,S4 NZs + H,0,). Time-dependent
degradation profiles of NR (c¢) and CV (d). Data are presented as mean + SD (n = 5 independent experiments).

proceed predominantly through a direct electron-transfer mechanism,
with molecular oxygen serving as the terminal electron acceptor and
without the involvement of diffusible reactive oxygen species. This
interpretation is supported by the ROS scavenger experiments (Fig. 4b)
together with the absence of detectable radical signals in the EPR spectra
(Fig. S4b). Such a mechanistic distinction is expected to reduce inter-
ference from radical-scavenging species present in complex aqueous
matrices, making this catalytic pathway particularly suitable for reliable
optical monitoring in real water samples.

The oxidation process was accompanied by a distinct color change
from colorless to yellow, corresponding to the formation of DAP
(Fig. 7a). Negligible changes were observed in the absence of MnCo2S4
NZs, confirming the essential role of the catalyst. The formation of DAP
was monitored over time, showing a gradual increase and reaching a
maximum after 1 h (Fig. 7b), indicating efficient catalytic oxidation
under mild conditions. The catalytic conversion efficiency increased
with temperature and reached an optimum at 50 °C (Fig. 7c). The NZ
also exhibited good reusability, retaining over 85% of its initial activity
after five cycles (Fig. 7d), demonstrating its potential for repeated cat-
alytic applications.

Since DAP is both chromophoric and fluorescent, OPD trans-
formation can be conveniently monitored through absorbance and
fluorescence signals. The formation of DAP was monitored through its
characteristic absorbance at 425 nm and fluorescence emission (exci-
tation: 417 nm, emission: 569 nm), exhibiting concentration-dependent

responses over a wide range of OPD concentrations (0.05-2.0 mM) for
both signals (Fig. S7). These results demonstrate that the laccase-
mimicking oxidation activity of MnCo,S4 NZs enables straightforward
colorimetric and fluorometric monitoring of OPD transformation in
aqueous systems.

Importantly, the catalytic oxidation of OPD by MnCo2S4 NZs was
further validated in real water samples (Table 2). High conversion ef-
ficiencies of 98-104% were maintained in both tap water and river
water, with low coefficient of variation values (<5%), indicating good
reproducibility and robustness against matrix interference. These results
demonstrate that MnCoS4 NZs are highly effective for OPD trans-
formation and optical monitoring in complex environmental water
matrices.

4. Conclusions

In this study, MnCo,S4 NZs were successfully synthesized via a hy-
drothermal method and exhibited dual enzyme-mimicking activities
arising from synergistic Mn—-Co redox interactions. These complemen-
tary catalytic pathways enable the NZs to operate through both ROS-
mediated and direct electron-transfer mechanisms. As a result,
MnCo2S4 NZs demonstrated excellent catalytic performance toward
organic pollutants, achieving approximately 99% removal of industrial
dyes (Neutral Red and Crystal Violet) within 20 min via peroxidase-like
activity. In addition, the laccase-mimicking oxidation activity of
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catalytic oxidation of OPD. (d) Reusability of MnCo,S4 NZs for OPD oxidation and monitoring. Data are presented as mean + SD (n = 5 independent experiments).

Table 2

Catalytic oxidation and optical monitoring of OPD in real water samples using MnCo,S4 NZs, including reproducibility parameters such as standard deviation (SD) and

coefficient of variation (CV).

Samples Method Original” (mM) Added (mM) Found” (mM) Conversion rate® (%) sp¢ CV* (%)
Tap water Colorimetry ND' 0.2 0.196 98.20 2.07 2.11
0.1 0.098 98.47 4.77 4.84
0.05 0.051 101.78 3.60 3.54
Fluorometry ND 0.2 0.206 103.12 3.05 2.96
0.1 0.1 100.42 2.07 2.06
0.05 0.05 99.08 4.84 4.88
River water Colorimetry ND 0.2 0.2 99.77 3.79 3.80
0.1 0.102 102.01 4.47 4.38
0.05 0.05 100.99 4.72 4.67
Fluorometry ND 0.2 0.203 101.61 3.41 3.35
0.1 0.1 99.67 4.58 4.59
0.05 0.05 100.01 3.15 3.15

# The original amount of target in real samples.

b Mean value of five independent measurements.

¢ Measured value/expected value x 100.

4 Standard deviation of five independent measurements.
¢ Coefficient of variation (CV) = (SD/mean) x 100.

f Not detected.

MnCo2S4 NZs enabled the oxidation of OPD into DAP, generating both
colorimetric and fluorescent signals that allowed convenient optical
monitoring of the catalytic transformation. Furthermore, the NZs
exhibited high stability, good reusability, and reliable performance in
real water samples. The robust catalytic performance demonstrated in
this study suggests that MnCoyS4 NZs may be applicable to a broader

spectrum of emerging environmental pollutants, including the oxidative
fragmentation of microplastics and degradation of persistent antibiotic
residues, both of which pose growing threats to aquatic ecosystems and
public health. Furthermore, the integrated optical monitoring capability
provides opportunities for developing multifunctional sensing and
degradation platforms, while future studies on surface functionalization,
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catalytic selectivity, and the toxicity assessment of degradation products
will further facilitate their practical environmental applications. Over-
all, this work highlights MnCo,S4 NZs as multifunctional NZs for both
catalytic degradation and optical monitoring of organic pollutants and
provides a useful strategy for the development of integrated catalytic
and optical monitoring platforms.
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