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The rising concentrations of xenobiotic aromatic compounds in the environment pose significant risks to
human and ecosystem health. Developing a universal, environmentally benign, and scalable platform for
mineralizing organic pollutants before their release into the environment is therefore crucial. Electro-
catalysis can be highly advantageous for wastewater treatment because it is immediately responsive
upon applying potential, requires no additional chemicals, and typically uses heterogeneous catalysts.
However, achieving efficient electrochemical mineralization of wastewater pollutants at parts-per-
million (ppm) levels remains a challenge. Here, we report the use of manganese dioxide (MnO2), an
Earth-abundant, chemically benign, and cost-effective electrocatalyst, to achieve over 99% mineralization
of triclosan (TCS) and other halogenated phenols at ppm levels. Two highly active MnO2 phasesda-
MnO2-CC and d-MnO2-CCdwere fabricated on inexpensive carbon cloth (CC) support and evaluated for
their ability to oxidatively degrade TCS in pH-neutral conditions, including simulated chlorinated
wastewater, real wastewater, and both synthetic and real landfill leachates. Total organic carbon analysis
confirmed the effective degradation of TCS. Electron paramagnetic resonance and ultravioletevisible
spectroscopy identified reactive oxygen species, enabling the construction of a detailed TCS degrada-
tion pathway. Upon optimization, the TCS removal rate reached 38.38 nmol min�1, surpassing previously
reported rates achieved with precious and toxic metal co-catalysts. These findings highlight MnO2-CC as
a promising, eco-friendly electrocatalyst with strong potential for upscaled remediation of organic
pollutants in wastewater treatment.
© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Industrial and anthropogenic activities generate large amounts
of harmful organic waste that seriously threatens the environment
and human health [1]. In particular, halogenated organic pollutants
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(HOPs) have high bioaccumulation potentials and are highly
resistant to conventional biodegradation [2,3]. Thus, HOPs persist
in the environment, where they can bioaccumulate and cause acute
cytotoxicity in humans and other organisms [4]. For instance, tri-
closan (TCS) is a typical HOP widely used as an antiseptic and
antimicrobial chemical in many quotidian goods, such as cosmetic,
hygiene, and household cleaning products. It has been entering
wastewater treatment plants (WWTPs) in a range of concentrations
(0.00007e14 parts per million) for more than 30 years [5]. Over
recent decades, various techniques, including physical methods
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(e.g., adsorption), oxidation processes (e.g., chlorination, photol-
ysis/photocatalysis, ozonation, Fenton processes, and electro-
chemical oxidation), and biological approaches have been
developed to treat triclosan-contaminated wastewater [6]. Among
these, tertiary treatments, such as Fenton oxidation, electrolysis,
piezo-electrocatalysis, and photocatalysis, have been extensively
studied for degrading refractory contaminants in aqueous envi-
ronments [7]. However, their applicability is often limited by fac-
tors such as low reaction rates, sludge stabilization and activation
challenges, incomplete dehalogenation, and the high costs of stoi-
chiometric reagents [7]. Although biodegradation and adsorption
are cost-effective and environmentally friendly, they also face
challenges, such as the generation of solid residues and the need for
pre-treatment to convert pollutants into less toxic byproducts [8].

Primary treatment is estimated to remove approximately 28% of
TCS from wastewater, while secondary and tertiary treatments can
remove over 80% [9]. The TCS concentrations in WWTP influents
and effluents worldwide are 0.0013e86.2 parts per million (ppm)
and 0.0031e5.53 ppm, respectively, indicating that the complete
removal of TCS from wastewater remains challenging [9].

Over the past decade, tertiary treatments, such as electro-
catalytic treatments [10,11], have drawn increasing attention due to
their unique ability to function immediately and robustly in
ambient aqueous conditions. Moreover, several authors have re-
ported using electrochemical or hybrid methods for TCS degrada-
tion (Table 1), and the TCS removal rates of these methods at ppm
levels ranged from 5.77 to 28.8 nmol min�1. Although all of these
methods operate under ambient conditions, many require elabo-
rated electrodes, such as boron-doped diamond (BDD) [12], or even
toxic elements such as lead [13], to degrade TCS. Some hybrid
methods do not need elaborated or toxic materials; for example, an
electrocatalytic Fenton method had a high TCS removal rate (i.e.,
43.25 nmol min�1) [14]. However, it generated stoichiometric
Table 1
Advanced oxidation methods to mineralize triclosan in aqueous environments.

Method Concentration
(ppm)

Removal rate (nmol
min�1)

Degradation rate
(%)

Condi

Electro. (this work) 10 38.38 100 Ambi

Electro [17]. 0.8 5.77 N.D. Ambi
dark)

Electro [18]. 3 830 99.9 Ambi

Electro [19]. 5 28.8 98 Ambi

Photo [15,20]. 10 28.8 100 Ambi
Fenton [16,21] 10 28.8 100 Ambi

e50 �

E.-Fenton [16] 50 bk ¼ 0.0128 min�1 91.39 Ambi

E.-Fenton [14,22] 10 43.25 99.9 Ambi

Fenton [23] 10 One: 14.41 (180 min)
Two: 86.5 (30 min)

One: 82.7%
(180 min)
Two: 96.1%
(30 min)

Ambi

Biochemical hybrid
[24]

5 28.8 100 Anaer

Note: Electro., Electrocatalytic; Photo., Photocatalytic; E.-Fenton, Electrocatalytic Fenton
MMO, Mixed metal oxides; SBC, Sludge-based carbon; CB, Carbon black; PC, Porous carb
water; k, rate constant.

a Unless specified otherwise, “ambient” refers to the conditions of 25 �C and 1 atm.
b Volume data were not available.
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quantities of ferrous ions to facilitate the rapid degradation of TCS
with hydrogen peroxide. Other advanced oxidation processes, such
as photocatalytic and bio-chemical hybrid processes, have been
applied for TCS degradation and exhibited reasonable TCS removal
rates (i.e., 28.8 nmol min�1) [14e16]. Nevertheless, these methods
have several limitations or require specific conditions, such as
costly electrodes, an organic cosolvent, or stoichiometric oxidants,
thereby hindering their large-scale implementation. Therefore,
there is a need to use Earth-abundant elements to fabricate active
electrodes that can serve as an economical and feasible means of
removing persistent TCS from wastewater.

Manganese oxide (MnO2)-based electrocatalysts are highly
promising, as they are inexpensive, chemically benign, and exhibit
high catalytic activities [25e27]. MnO2 can exist in different
structural phases, namely the a-, b-, g-, d-, and l-phases, which
consist of the same octahedral MnO6 units linked in different ways.
Thus far, natural birnessite MnO2 has been applied in slurries for
the non-electrocatalytic oxidation of organic compounds, such as
phenols [28], anilines [29], fluoroquinolones [30], and antibacterial
amine-oxides [31]. The high structureeactivity variability in MnO2
presents an excellent opportunity to develop a cost-effective elec-
trocatalyst to remove TCS from wastewater [32].

Herein, we report a novel hydrothermal exfoliation protocol to
synthesize two different nano-MnO2 structures, namely a-phase
MnO2 nanoneedles (NNs) and d-phase nanosheet arrays (NSAs),
which were anchored on a cost-effective carbon cloth (CC) support
to form MnO2 electrocatalysts. Both MnO2 electrocatalysts miner-
alized TCS at ppm levels in chlorinated wastewater simulated as
WWTP effluent [33] at room temperature under open-atmosphere
conditions. Reactive oxygen species (ROS) were identified using
electron paramagnetic resonance (EPR) and ultravioletevisible
(UVevis) spectroscopy, and the mechanism of TCS degradation
and the intermediates involved in substrate scope studies were
tionsa Catalyst Co-catalyst/
Oxidant

Solvent

ent d-MnO2 on CC.
20 mA cm�2

- pH 7 DI water

ent (22 �C, First: Ti/MMO
Second: Nb/BDD
2e14 mA cm�2

- pH 8 DI water

ent Ti/SnO2eSb/Ce-PbO2 2
e10 mA cm�2

400 ppm Ce3þ pH 3e11 DI water

ent Ti/SnO2eSb/Gd-PbO2

10 mA cm�2
Gd3þ pH 3 urine

ent Anatase and rutile TiO2 - pH 6.6 DI water
ent (20
C)

1 ppm Fe3þ 25 ppm H2O2 pH 3 HNO3 and DI
water

ent Fe:Mn-SBC
15 mA cm�2

2600 ppm
KMnO4

748 ppm Fe2þ

5.42 ppm H2O2

pH 3 real waste
water

ent 2:1 Fe:Mn-PC
10 mA cm�2

- pH 3 DI water

ent 500 ppm
BiFeO3 NPs

One:
10 mM H2O2

Two: 0.5 mM
EDTA
10 mM H2O2

pH 6 DI water

obic 1000 p.m. Pd/Fe NPs
Laccase with syringaldehyde

- pH 5.6e7.8 DI water

; Conc., Triclosan concentration; N.D., Not detected; BDD, Boron-doped diamond;
on; NPs, Nanoparticles; EDTA, Ethylenediaminetetraacetic acid; DI water, Deionized
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elucidated using gas chromatographyemass spectrometry. Total
organic carbon (TOC) analyses were performed to confirm TCS
mineralization.

2. Materials and methods

2.1. Materials

All chemicals were used as received. Potassium permanganate
(KMnO4), ammonium sulfate (NH4)2SO4, manganese sulfate mon-
ohydrate (MnSO4$H2O), and 2-bromophenol (2-BrPh) were ob-
tained from Macklin (Shanghai, China). 4-Chlorophenol (4-CP),
bisphenol A (BPA), and triclosan (TCS) were obtained from the
Tokyo Chemical Industry (Tokyo, Japan). 2,4,6-Trichlorophenol
(2,4,6-TCP) was obtained from Thermo Scientific (Waltham,
United States). Methanol (High-performance Liquid Chromatog-
raphy grade), acetone, and ethanol (Analytical grade) were used.
Sodium sulfate (Na2SO4) and sodium chloride (NaCl) were obtained
from Fisher (Pittsburgh, United States).

2.2. Fabrication of MnO2 nanostructures on a carbon cloth support

MnO2 nanostructures were fabricated on CC via hydrothermal
exfoliation (Fig. 1a). First, the CC was sonicated successively in
acetone, ethanol, and deionized water to remove adsorbed impu-
rities. For a-phase MnO2 preparation, the sonicated CC
(1 cm � 3 cm) was hung on the walls of a Teflon-lined autoclave
while immersed in 40 mL of an aqueous solution of 220 mg KMnO4
and 60 mg MnSO4$H2O. Next, the autoclave was sealed, heated at
140 �C for 20 h, and cooled to room temperature overnight. As a
result, a thin film of a-MnO2 was deposited on the CC, with some
residual powder left at the autoclave bottom. d-phase MnO2 (d-
MnO2) was prepared on CC under similar hydrothermal conditions
but with different precursors and heat treatment. Here, the hanging
sonicated CC was immersed in 40 mL of a solution containing
126.4 mg KMnO4 and 42.8 mg (NH4)2SO4 and heated at 110 �C for
20 h.

All MnO2 electrodes were annealed at 350 �C for 2 h at a heating
rate of 10 �C min�1. The respective electrodes were denoted as a-
and d-MnO2-CC. The electrodes were stored at room temperature
until use. The residual dark brown (a-MnO2) and black (d-MnO2)
precipitates from the autoclaves were also collected and stored
under similar conditions for further characterization.

2.3. Electrocatalytic oxidation experiments and product analysis

All electrolysis experiments were conducted in an undivided
batch reactor (100 mL) containing a MnO2 anodic working elec-
trode (geometric area ¼ 1 cm2) and nickel foam as a cathodic
counter electrode. All solutions contained 10 ppm of endocrine
disruptors (EDCs) andwere prepared in aqueousmedia containing
50 mM Na2SO4 and 5 mM NaCl to provide background ionic
strength and mimic the salinity of natural wastewater effluent
[34]. Chronopotentiometric electrolysis was performed at 20, 40,
and 80 mA cm�2 at room temperature (23 ± 2 �C). Aliquots of
samples were collected periodically and analyzed using a high-
performance liquid chromatography (HPLC, Agilent 1260 Infinity
II) equipped with a photodiode array detector and a reverse-phase
Zorbax XDB-C18 column (3.9 � 150 mm), which was eluted iso-
cratically with a methanol:water (70:30, v/v%) mobile phase at a
flow rate of 1 mL min�1. The intermediate products were detected
using a gas chromatograph (GCMS, Shimadzu 2010 Ultra Gas
ChromatographeMass Spectrometer) equipped with a capillary
column (Agilent DB-5, 30 m � 0.25 mm internal diameter
� 0.25 mm) in splitless mode at an injection temperature of 200 �C.
3

All samples subjected to gas chromatography analysis (100 mL
each) were extracted with 4 mL of dichloromethane, followed by
drying with anhydrous Na2SO4. Gas chromatograms were
analyzed by comparison with the National Institute of Standards
and Technology library and external references to identify in-
termediates. The extent of mineralization was determined by TOC
analysis (Shimadzu, TOC-LCPH).

2.4. Structural phase and morphology analysis

The crystallinity and phase structure of the MnO2 electrodes and
residual powders were determined by X-ray diffraction (PANalytical
X'Pert X-ray diffractometer) using copper Ka radiation (40 kV,
30 mA). The qualitative and quantitative surface properties of the
prepared electrodes were evaluated by high-resolution scanning
electron microscopy (FEIePhilips XL30 Esem-FEG). Raman spectros-
copy was performed using a Raman spectrometer (EnSpectr R532,
EnSpectr) equipped with a 20 mW, 532 nm laser. X-ray photoelec-
tron spectroscopy (XPS) was performed on a Thermo Ka photo-
electron spectrometer, and monoenergetic aluminum Ka radiation
was employed to characterize and quantify the distribution of the
phases. All electrochemical experiments, i.e., linear sweep voltam-
metry (LSV) and cyclic voltammetry (CV), were conducted in a three-
electrode setup using a CHI 660 E electrochemical station (CH In-
struments, Inc., Shanghai) in 15 mL of 1 M Na2SO4 electrolyte under
ambient conditions. Unless specified otherwise, a standard bulk
electrolysis reaction involved an as-prepared MnO2 electrode as the
working electrode (area ¼ 1 cm2); a Nickel mesh and a 3.5 M silver/
silver chloride (Ag/AgCl) electrode were used as the counter and
reference electrode, respectively.

2.4.1. Measurement of the electrochemical active surface areas of
uncoated and MnO2-Coated electrodes

The electrochemical active surface areas (ECSAs) of the elec-
trodes were calculated from the electrochemical double-layer
capacitance (Cdl) of the catalytic surface obtained from double-
layer charging curves, which were determined by CV at 0e0.8 V
(a non-Faradaic region) at a scan rate of 20e200 mV s�1 with an
interval of 20 mV s�1. Specifically, Cdl was measured from the slope
of the jen curve, where j is the non-Faradaic capacitive current
obtained from a CV curve, and n is the scan rate. Next, the ECSAwas
calculated using the following equation: ECSA ¼ Cdl/Cs, where Cs is
the specific capacitance set to 0.02 mF cm�2 as previously pub-
lished [35].

3. Results and discussion

3.1. Structural analysis of a- and d-MnO2 nanostructures

The nanostructures and morphologies of the MnO2 electrodes
were examined using scanning electron microscopy (SEM). The
bare CC had a smooth fibrous morphology (Fig. 1b). The a- and d-
MnO2 electrodes uniformly covered the CC surface. The a-MnO2-CC
exhibited interconnected NNs on the CC surface, with an estimated
thickness of 200e300 nm (Fig. 1c). The d-MnO2-CC exhibited
interconnected NSAs that formed a micron-sized sea-urchin-like
morphology (Fig. 1d). These ordered NSAs formed an open-
network-like structure (Supplementary Material Fig. S1a), and the
average thickness of a single nanosheet was estimated to be
22.5 nm (Supplementary Material Fig. S1b).

Energy-dispersive X-ray spectrometry (EDS) mapping analysis
was performed to quantify elemental Mn, O, and C content. The Mn
content (Fig. 1e) illustrates the relatively uniform Mn distribution
on the surface of the MnO2 electrodes. Strong Mn and O signals
were observed (Supplementary Material Fig. S2) in both phases of



Fig. 1. a, Schematic illustration of the fabrication of MnO2 nanostructures on a carbon
cloth (CC) surface. bed, Scanning electron microscopy images of bare CC (b), a-MnO2-
CC (c), and d-MnO2-CC (d). e, Energy-dispersive X-ray spectroscopy elemental mapping
images of MnO2 on the CC surface.

Fig. 2. aeb, X-ray diffraction patterns (a) and Raman spectra (b) of uncoated carbon
cloth (CC), a-MnO2-CC, and d-MnO2-CC. cef, High-resolution X-ray photoelectron
spectra of Mn 2p (c, e) and O 1s (d, f), together with the corresponding spectral
decomposition of a-MnO2-CC (ced) and d-MnO2-CC (eef).
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MnO2-CC, and the intensity was doubled on the d-MnO2-CC
(61.54 wt%, Supplementary Material Fig. S2b) compared with a-
MnO2-CC (30.06 wt%, SupplementaryMaterial Fig. S2a). In addition,
the exposed carbon content of d-MnO2-CC (5.72 wt%) was much
less than that of a-MnO2-CC (42.02 wt%), indicating greater
coverage of the CC surface on d-MnO2-CC than on a-MnO2-CC
(Supplementary Material Table S1).

X-ray diffractometry (XRD) was performed to examine the
crystallinity of the MnO2 electrodes. The XRD patterns of bare CC
and of a-phaseMnO2 NNs and d-phaseMnO2 NSAs on CC are shown
in Fig. 2a. Two XRD peaks at 26� and 43� were observed on the bare
CC surface, consistent with the literature [36]. Neither a-MnO2 nor
d-MnO2 exhibited well-defined peaks, indicating that they had
amorphous structures. Nevertheless, the a-MnO2 peaks and the d-
MnO2 peaks agree with Powder Diffraction File card #44e0141 and
Joint Committee on Powder Diffraction Standards card #18e802,
respectively [37]. The differences between the phase structures of
the synthesized forms of MnO2 were confirmed by their peak
patterns. Also, a-MnO2-CC had a predominant (211) plane of Mn, as
shown by its narrow, high-intensity peaks. In contrast, d-MnO2-CC
demonstrated broader and weaker (411) and (521) peaks at 38� and
50�, respectively. The XRD patterns of residual MnO2 powders
collected from the autoclave following the synthesis of a- and d-
MnO2 were also analyzed to determine their crystal phases
(Supplementary Material Fig. S3). Their XRD patterns were
consistent with those of MnO2 deposited on the CC surface.

Raman spectroscopy of MnO2-CC electrodes was performed
using a Raman spectrometer equipped with a 20mW, 532 nm laser.
Raman spectroscopy (Fig. 2b) confirmed the clear difference be-
tween two versions of MnO2. d-MnO2 had been formed, as the
Raman spectrum contained representative peaks at 160.4, 504.6,
581.8, and 654.6 cm�1, which are consistent with the literature [38].
The X-ray photoelectron spectra of a-MnO2-CC and d-MnO2-CC are
shown in Fig. 2cef. Two peaks, centered on 642.4 and 654 eV
representing the spin-orbit doublet states of Mn 2p3/2 and Mn 2p1/
4

2, respectively, were present in the high-resolution spectrum of Mn
2p. After spectral decomposition, Mn existed in three
valences:þ2,þ3, andþ4. Both a- and d-MnO2 showed strongMn3þ

peaks at 642 and 654 eV for Mn 2p3/2 and Mn 2p1/2, respectively.
Fig. 2d and f show the O 1s core-level spectra of a-MnO2-CC and d-
MnO2-CC, respectively. In addition to the dominant MneOeMn
moieties in MnO2, represented by the peak at approximately
528.8 eV, there were large proportions of MneOeH moieties (i.e.,
Mn ions bonded with hydroxyl groups) and HeOeH moieties (i.e.,
absorbed water), represented by peaks at approximately 531.9 and
533.4 eV, respectively. The relative surface proportions of Mn3þ and
Mn4þ (Mn3þ/4þ) are often considered the main factors in the per-
formance of Mn catalysts. For instance, a large proportion of Mn3þ

on the surfaces of bifunctional catalysts has been found to facilitate
the oxygen evolution reaction (OER) [39e42]. Conversely, a small
proportion of Mn4þ on the surfaces of bifunctional catalysts has
been suggested to enhance their adsorption of organic compounds
[43]. The Mn3þ/4þ values for a-MnO2-CC and d-MnO2-CC were
2.7079 and 1.6000, respectively, which matched well with the
catalytic findings.

3.2. Determination of the ECSAs of the MnO2 electrodes

The electrochemical characterization of the MnO2 electrodes
was conducted in a three-electrode batch system. Their ECSAs were
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determined via CV at 0e0.8 V in the non-Faradaic current region at
a range of scan rates, i.e., 20e200 mV s�1, with data collected every
20 mV. Fig. 3 shows the cyclic voltammograms of MnO2-modified
and uncoated electrodes measured in 1 M Na2SO4 solution. Cdl was
determined by plotting the scan rate versus the change in current
density (DJ ¼ Janodic e Jcathodic), as the resulting linear slopes equal
2Cdl. The ECSAs of the a-MnO2 electrode (Fig. 3a, inset) and d-MnO2
electrode (Fig. 3b, inset) were 33 and 62 times higher, respectively,
than that of the CC electrode (Fig. 3c, inset). Moreover, the surface
area of the d-MnO2 electrode was twice that of the a-MnO2 elec-
trode, which accounts for the effectiveness of the d-MnO2 electrode
in degrading small aromatics, as described in Section 3.5.

3.3. Electrocatalytic TCS-degradation performance of a- and d-
MnO2 electrodes

The electrocatalytic performance of the as-prepared a- and d-
MnO2 in the oxidative degradation of TCS was evaluated via chro-
nopotentiometric electrolysis in an aqueous environment
Fig. 3. Cyclic voltammetry curves of a-MnO2-CC (a),d-MnO2-CC (b), and uncoated CC
electrodes (c) in the non-Faradaic region of 0e0.8 V vs. Ag/AgCl, recorded at scan rates
ranging from 20 to 200 mV s�1. The subpanels on the right side of panels aec display
the corresponding electrochemical double-layer capacitance (Cdl) plots derived from
the cyclic voltammetry curves. CC: carbon cloth.

5

containing 5mMNaCl and 50mMNa2SO4 at room temperature and
atmospheric pressure. NaCl was added to provide conductivity and
to mimic the typical chloride-ion concentration of wastewater [34].
The oxidative degradation of TCS by a- and d-MnO2 decreased as
the current increased (Fig. 4a), indicating that the degradation ef-
ficiency was compromised by the increasing competitiveness of the
OER driven by anodic water splitting. At 20 mA cm�2, the propor-
tion of TCS degraded by a- and d-MnO2 reached 97.27 ± 2.7% and
99.44 ± 1.4%, respectively, but at 40 mA cm�2, this decreased to
85.18 ± 5.7% and 88.92 ± 5.5%, respectively. This result indicates
that, compared with d-MnO2, a-MnO2 was more affected by the
OER. At 80 mA cm�2, the proportion of TCS degraded by a-MnO2
was only 63.27 ± 7.3%, whereas that degraded by d-MnO2 remained
reasonably high: 82.58 ± 3.1%.

The greater tendency of a-MnO2 than d-MnO2 to exhibit the OER
at high currents is consistent with a previous electrochemical
observation that the a phase has a lower overpotential for OER than
the d phase; this implies that a-MnO2 will trigger OER before d-
MnO2 [44]. The OER activity of a-MnO2 is superior to that of d-
MnO2 because the former has a greater Mn3þ/4þ ratio on its surface,
as demonstrated by XPS (Fig. 2c). Mn3þ favors the occurrence of the
OER because the single electron occupying its s*-orbital (eg) is
transferred to its OeO p*-orbital when Mn3þ is oxidized to Mn4þ

[45]. The model supports our XPS-based analysis of the surface,
which revealed that Mn3þ/4þ ratios for the a- and d-phases were
2.7079 and 1.6000, respectively (Fig. 2cee). Thus, compared with
the d-MnO2 catalyst, the a-MnO2 catalyst had a larger proportion of
Mn3þ, which shifted its activity from TCS degradation toward the
OER.

In addition to d-MnO2 having a wider electrochemical window
for the OER than a-MnO2, d-MnO2 adsorbed more TCS
(Supplementary Material Fig. S4). Specifically, in an open-circuit
TCS adsorption control experiment, d-MnO2 absorbed 13.7% of
the TCS to which it was exposed, whereas a-MnO2 adsorbed only
8.3%. This is attributable to the ECSA of d-MnO2 being greater than
that of a-MnO2 (3.847 cm2 versus 2.066 cm2; Fig. 3a and b, panels
on the right). Moreover, the electrocatalytic performance of as-
synthesized MnO2 electrodes for some mono- and di-aromatic
structures were tested under the same conditions (Fig. 4b).

During the bulk electrolysis of TCS, trace amounts of chlorinated
mono-aromatic intermediates were detected. Therefore, to eluci-
date the degradation pathways and obtain comprehensive mech-
anistic insights, TCS and the chlorinated mono-aromatics 4-CP and
2,4,6-TCP were subjected to time-resolved electrolysis on a-MnO2
and d-MnO2 to investigate the relative rates of degradation by each
catalyst. Two additional EDCs structurally similar to TCS were also
examined under these conditions, namely BPA, due to its di-
aromatic structure, and 2-BrPh, due to its halogenated structure
(Fig. 4c and d). All electrolysis was performed at 20 mA cm�2 to
minimize the possibility of competition with the OER. A pseudo-
first-order kinetic analysis was conducted to calculate the degra-
dation rate constants (k, min�1; Fig. 4c and d, insets).

Under the initial conditions (j ¼ 20 mA cm�2), a-MnO2 per-
formed slightly better than d-MnO2, as all of the k values of the
former were greater than those of the latter. All degradation pat-
terns obeyed the pseudo-first-order kinetic model, as the data
exhibited a good fit, i.e., the average coefficients of determination
were 0.88 and 0.93 for the a-MnO2 and d-MnO2 datasets, respec-
tively, in linear regression using ln(C/C0) ¼ �kt. The k of TCS
degradationwas 22 min�1 on a-MnO2 and 9.6 min�1 on d-MnO2. a-
MnO2 also degraded BPA at a greater rate than did d-MnO2, indi-
cating the universal applicability of a-MnO2. Halogenated aromatic
species that appeared during TCS degradation were also examined.
2,4,6-TCP was degraded by both a-MnO2 (k ¼ 16.4 min�1) and d-
MnO2 (k ¼ 6.6 min�1), with its degradation by the former being



Fig. 4. a, Triclosan (TCS) degradation efficiencies of a-MnO2-CC and d-MnO2-CC at
different current densities. b, Electrocatalytic oxidative activity of a- and d-MnO2-CC
for endocrine disruptors (EDCs, 10 ppm) at room temperature (25 �C) at 20 mA (4.5 h).
ced, Plots of ln(C/C0) versus time indicating the first-order behavior of a-MnO2-CC (c)
and d-MnO2-CC (d) at a current density of 20 mA (where C ¼ Cf and C0 ¼ Ci). The tables
below show the corresponding first-order parameters for TCS and related EDCs. The
average of triplicate data and standard deviation is given in Supplementary Materials
Tables S3eS6. CC: carbon cloth; EDC: endocrine disruptors; BPA: bisphenol A; TCP:
trichlorophenol; 4-CP: 4-chlorophenol; 2-BrPh: 2-bromophenol.
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slightly more efficient than its degradation by the latter. However,
the rate constant for 4-CP degradation by a-MnO2 (k ¼ 40.5 min�1)
was almost thrice that for 4-CP degradation by d-MnO2
(k¼ 14.9 min�1). We performed a control comparison using 2-BrPh
and observed a similar rate enhancement for a-MnO2 over d-MnO2
(k ¼ 32.5 min�1 versus 14.9 min�1), which indicated that the rapid
degradation observed on a-MnO2 was not due to the chlorine
substituent of 4-CP but rather its monomeric ring structure and
mono-halogenation. Control experiments (Fig. 4c and d) on open-
circuit adsorption showed that a-MnO2 and d-MnO2 had similar
adsorption capacities (SupplementaryMaterial Fig. S4) for 4-CP and
2,4,6-TCP, which indicated that the superior catalytic activity of a-
MnO2 was attributable to its intrinsic properties, i.e., the fact that it
had a greater Mn3þ/4þ ratio (2.7079) than d-MnO2 (1.6000).

Overall, the degradation trend for a-MnO2was approximately 4-
CP, 2-BrPh >2,4,6-TCP, TCS > BPA. The exceedingly high degradation
of 2-BrPh and 4-CP by a-MnO2 indicates that it excels at degrading
halogenated mono-aromatics and does not appear to be restricted
by the location of the halogen. An open-circuit adsorption control
experiment was also performed using 4-CP and 2-BrPh and both a-
MnO2 and d-MnO2 catalysts. The results showed that d-MnO2 was
slightly more effective than a-MnO2 at adsorbing organic com-
pounds, which excluded the possibility that favorable adsorption
accounted for the high reactivity of a-MnO2. Thus, we attribute the
better performance of a-MnO2 to the fact that it has a greaterMn3þ/

4þ ratio than d-MnO2, which enhances the oxidative catalytic
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performance of a-MnO2. The degradation trend for d-MnO2 was
approximately 4-CP, 2-BrPh > BPA, TCS >2,4,6-TCP. This suggests
that the accessibility of CeH sites on the aromatic ring of an EDC
plays a key role in its oxidative degradation by d-MnO2. Specifically,
4-CP and 2BrPh have four accessible aryl CeH sites at which
oxidation can occur; BPA and TCS also have four such sites per ring,
but these sites may be sterically hindered by the molecules’ bulky
biphenyl structure; and 2,4,6-TCP only has two accessible aryl CeH
sites.

XRD analysis was conducted on all the MnO2 catalysts after
electrolysis, and the results showed that they exhibited good
retention of their respective phases (Supplementary Material
Fig. S5). Thus, the a-MnO2 peaks at 28.74� and 37.58� and the key
d-MnO2 peak at 38.3� retained suitable shapes after exposure to all
the EDC substrates.

3.4. Generation mechanism and role of ROS

EPR and UVevis spectroscopywere used to identify the ROS. The
following text describes a possible mechanism based on the spec-
troscopic results. First, the anodic oxidation of two chloride ions
(Cl�) affords molecular chlorine (equation (1)) [46], which then
combines with H2O to yield hypochlorous acid (HClO; equation (2))
[47]. The presence of HClO was confirmed by UVevis spectroscopy,
as it showed an increase in the size of the peak at ~290 nm, which
matches the reported wavelength of HClO in UVevis spectra
(Fig. 5g and h). Next, HClO reacts with either a chlorine radical (Cl�;
equation (3)) [48] or a hydroxyl radical (HO�; equation (4)) [49] to
yield chlorine monoxide (ClO�), which subsequently reacts with a
hydroxide ion to afford a superoxide anion (O2

��; equation (5)) [50].
Studies have suggested that ClO� can react with HO� to yield a
chlorite ion [51], which is commonly used as an oxidizing agent. It
can accept electrons from other substances, leading to the forma-
tion of chloride ions and chlorine dioxide.

To confirm the formation of chlorite ions in our reaction me-
dium, we examined the reaction using spin-trap-free EPR spec-
troscopy, and the results showed that the reaction did not follow
such a pathway (Fig. 5cef). Specifically, the EPR spectrum of the
reaction electrolyte (which contained both Na2SO4 and NaCl) con-
tained no signals for HO� because this species had been scavenged
by Cl� 46 and the increasing amount of HClO (equation (4)). We
separately examined the reaction using Cl�-free EPR spectroscopy,
which confirmed that HO� could be formed by both MnO2 elec-
trodes (Fig. 5bee). The presence of O2

�� was also confirmed by EPR
spectroscopy, which showed that the splitting pattern corre-
sponded to 5,5-dimethyl-1-pyrroline N-oxideesuperoxide with a
hyperfine coupling constant of 14.4, which is consistent with the
published value of 14.53 [52,53] (Fig. 5a). Finally, the reaction of
HClO with O2

�� forms additional HO� and Cl�, which are subse-
quently converted to various reactive chlorine species (RCS), such
as ClO� and Cl� (equation (6)) [46e49,51,54,54].

2Cl� / 2Cl2 þ 2e� (1)

Cl2 þH2O / HClOþ HCl (2)

HClOþCl� / ClO� þHþ þ Cl� (3)

HClOþHO� / ClO� þ H2O (4)

ClO� þOH� / O$�
2 þHþ þ Cl� (5)

HClOþO��
2 / HO� þCl� / RCS (6)



Fig. 5. aef, Electron paramagnetic resonance analysis of electrochemical oxidative mineralization of triclosan (TCS) by MnO2 electrocatalysts [a-MnO2-CC (aec) and d-MnO2-CC
(def)] in different electrolytes: Na2SO4 þ Cl (a, d); Na2SO4 (b, e); and Cl environment only (c, f). geh, Formation of hypochlorous acid in the absence (g) and presence (h) of TCS. i,
Total organic carbon removal by the electrochemical oxidative mineralization of TCS and structurally similar EDCs by the MnO2 catalysts. The average triplicate data and the
standard deviation are given in Supplementary Material Table S7. CC: carbon cloth; EDCs: endocrine disruptors; BPA: bisphenol A; TCP: trichlorophenol; 4-CP: 4-chlorophenol; 2-
BrPh: 2-bromophenol; *: corresponds to hydroxy radical signal.
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Based on the spectroscopic analysis, HClO appears to be the ROS
responsible for the degradation of TCS. In the presence of TCS, a
slight redshift of the lmax from ~290 to 304 nm indicated the con-
sumption of HClO by TCS. After the complete mineralization/
disappearance of TCS, the lmax returned to ~290 nm, indicating the
reformation of HClO. In the absence of Cl�, however, HO� was the
dominant ROS (Fig. 5bee), as HClO could not form, and the
degradation of TCS was significantly slower (Supplementary
Material Fig. S6). This demonstrated that HO� could not degrade
TCS efficiently.

TOC was measured to quantify the extent of organic content
mineralization resulting from oxidative degradation (Fig. 5i). Before
measuring TOC content after the degradation of EDCs, TOC content
after electrolysis of both MnO2 electrodes without compounds
were measured as a control experiment (Supplementary Material
Table S2). The d-MnO2 degraded TCS and its structurally similar
EDCs very efficiently. Over 90% of TOC was removed after
7

electrochemical treatment of TCS, BPA, and halogenated phenols. In
comparison, a-MnO2 was less efficient at complete mineralization
because as the TOC decreased, the electrochemical oxidative
degradation of organics occurred via the OER rather than by
mineralization. Meanwhile, although the catalytic performance of
d-MnO2 was less active, it was less prone to exhibit the OER and
thus achieved better mineralization. Only 2,4,6-TCP underwent
more than 90% degradation on both a- and d-MnO2 catalysts, which
indicates that such highly chlorinated species can be degraded
effectively by these catalysts, regardless of the nature of their
surfaces.

3.5. TCS mineralization pathway and toxicity evaluation

Fig. 6 and S8 (Supplementary Material) depict a possible TCS-
degradation pathway based on the literature findings and prod-
ucts detectable by mass spectrometry [55,56]. The observed



Fig. 6. Possible pathway of electrochemical oxidative mineralization of triclosan in an aqueous environment based on products that can be observed by mass spectrometry.
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fragments were categorized based on their structural complexity
and appearance during electrolysis.

Based on the detectable fragments, we propose that TCS initially
undergoes chlorination and dichlorination to form T1 (m/z 253.99),
T2 (m/z 324), and T3 (m/z 358). Subsequently, cleavage of the aryl
ether CeO bond produces various mono-aromatic products: T4
(2,4,6-TCP, m/z 195), T5 (m/z 161.95), T6 (m/z 143.95), T7 (m/z
161.95), T8 (m/z 149.95), T9 (m/z 94), T10 (m/z 108), and T11 (4-CP,
m/z 128).

Further, we conducted two control experiments to confirm the
ring-opening pathway of transformation products. First, a control
experiment was conducted to electrolyze T4 (2,4,6-TCP) separately
to determine whether multi-chlorinated aromatic monomers are
degradable under our conditions. The reaction produced T4a (m/z
179), T6, and T7. As T6 and T7 were also formed during TCS elec-
trolysis, this confirmed that T4 underwent degradation during the
TCS degradation trials. We propose that the electrode oxidizes
T4e11 to yield T11a (m/z 108), T11b (m/z 158), and T11c (m/z 191).
Although T11aec were not observed directly during TCS electrol-
ysis, we posit that they are formed during TCS degradation because
the oxidative treatment of mono-aromatics is known to yield qui-
nones and ring-opened carboxylic acids [33]. We thus conducted a
second control experiment in which we electrolyzed T11 (4-CP)
under the same conditions and obtained detectable amounts of
T11aec. The absence of T11aec during TCS degradation is attrib-
utable to the fact that only low concentrations of T11 were formed.
We hypothesize that T11aec is oxidized and mineralized to carbon
dioxide and H2O. The cleavage of dimers occurred at the ether CeO
bonds, but this cleavage occurred non-selectively on either side.
Chlorination also occurred, confirming that RCS were formed dur-
ing electrolysis (equation (6)). Nevertheless, the mineralization of
aromatic compounds continued, as confirmed by the TOC analysis.
After electrochemical treatment, the amount of organic carbon
substantially decreased. Small amounts of a hydroxylated product
(i.e., T6) were observed during the TCS degradation and the control
T4 trials, which confirmed that HO� had been formed (equation
(6)).

The acute and chronic toxicity of TCS and its individual trans-
formation product on fish and daphnids is predicted by the
Ecological Structure Activity Relationships (ECOSAR) software
(Supplementary Material Table S10). The tabulated dataset pro-
vides a comprehensive overview of TCS and its transformation
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products, detailing their chemical structures through simplified
molecular input line entry system (SMILES), molecular weights (m/
z), aquatic toxicity parameters (LC50 and chronic values, ChV), test
organisms (fish or daphnids), exposure durations (96 h for fish
acute studies, 48 h for daphnid acute studies, and preferable du-
rations for chronic endpoints), and flags indicating solubility- or log
Kow-based considerations. Triclosan displays relatively high toxicity
to both fish and daphnids, evidenced by acute LC50 values of 0.965
and 0.701 mg L�1, respectively, and corresponding low chronic
thresholds, indicating a heightened hazard potential. By contrast,
most identified intermediates (T4a, T4b, T4c, T4d, T4e, T11a, T11b,
and T11c) exhibit substantially lower toxicity, with the notable
exceptions of T2 and T3. Both T2 and T3 show a “no effects at
saturation” flag due to their high log Kow, which indicates that
under standard aquatic conditions, their solubility may be too low
to reach the concentrations required for acute or chronic effects in
water. Consequently, these findings suggest that electrochemical
oxidation can mitigate TCS-related ecological risks, as most resul-
tant byproducts pose less harm than the parent compound.
3.6. Assessing the performance and scalability of MnO2 electrodes
in complex environments

The performances of the a- and d-MnO2 electrodes were
examined in a scaled-up (300 mL) electrolysis of TCS in different
environments. The performances of the prepared MnO2 electrodes
were compared with those of other common anodes, such as
platinum mesh and BDD electrodes. Titania-CC was also prepared
via a hydrothermal method, and its catalytic efficiency was
compared with the other electrodes. a- and d-phase MnO2
exhibited the greatest catalytic degradation of the five EDCs
(Fig. 7a). An adsorption study in an open-circuit setting was also
conducted using the MnO2 electrodes, and the results confirmed
that the removal of EDCs was achieved electrochemically
(Supplementary Material Fig. S4). Thus, coupled with the results of
the TOC analysis, we concluded that EDC degradationwas achieved
electrocatalytically rather than by surface physisorption. In this
study, we also tested the performance of d-MnO2 electrodes for
degradation of TCS in four different environments (aqueous [Aqs],
real wastewater [RWW], synthetic [SL], and real landfill leachates
[RL]). The performance of the d-MnO2 electrodes was examined in a
scaled-up (300 mL) electrolysis of TCS in all of these environments.



Fig. 7. Comparison of electrocatalytic performances of common electrode and MnO2-
based electrodes for degradation of several endocrine disruptors (EDCs, a) and
degradation of triclosan (TCS) by d-MnO2 electrodes in various environments on a
large scale (300 mL) at 80 mA (b). BDD: boron-doped diamond; BPA: bisphenol A; TCP:
trichlorophenol; 4-CP: 4-chlorophenol; 2-BrPh: 2-bromophenol. Aqs.: aqueous; SL:
synthetic leachates; RL: real landfill leachates; RWW: real wastewater on a large scale
(300 mL). The average of triplicate data and standard deviation is given in Supple-
mentary Materials Tables S8eS9.
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The degradation of organic pollutants present in landfill leachates
and industrial wastewater is one of the critical issues in environ-
mental pollution control, as they includemanymicropollutants and
high concentrations of inorganic compounds, thereby hindering
the overall degradation process. In this study, we successfully
degraded TCS in all possible complex environments (RWW, SL, and
RL) and maintained greater than 75% degradation in just 3 h
(Fig. 7b). After the degradation reaction was completed in a com-
plex environment (RL and RWW), samples were collected and
extracted with DCM and then subjected to GCMS analysis to
quantify the leftover TCS in the solution (Supplementary Material
Fig. S8).

Fig. 7b shows that TCS was degraded significantly in both simple
and complex environments. Compared with the standard aqueous
environment (simple environment), the degradation efficiency was
slightly lower in the SL and RL environments, but 98% TCS degra-
dation was nevertheless achieved in 6 h, which indicated that the
presence of many wastewater species did not influence TCS
degradation (Fig. 7b). Moreover, TCS degradation was achieved in
real wastewater that was comparable to the TCS degradation in the
standard aqueous environment. These results confirm that noble
metal catalysts, such as gold or Ag, can be replaced with earth-
abundant material-based catalysts (Mn), as the latter exhibit
remarkable catalytic performances that approach practical re-
quirements. This opens an avenue for future wastewater remedia-
tion and represents significant progress toward closing the
anthropogenic carbon cycle to realize global sustainability.
3.7. Environmental implications

Removal of EDCs from wastewater through advanced oxidation
processes is currently challenged by the use of toxic oxidants and
chemicals to initiate the oxidation reaction, the large amounts of
noxious residuals that result from incomplete mineralization, and
excessive energy input. Current endeavors to achieve the
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electrocatalytic mineralization of various EDCs via two highly active
MnO2 phases, a-MnO2, and d-MnO2, were fabricated on a cost-
effective CC surface. The resulting MnO2 catalysts were mostly
utilized to accelerate mineralization in real wastewater streams
(chlorinated wastewater, real wastewater, and synthetic and real
landfill leachates) without the addition of oxidants for ROS gener-
ation. Moreover, the performance of the a- and d-MnO2 electrodes
was also examined in a scaled-up (300 mL) electrolysis of TCS in a
synthetic leachate (SL) environment; they maintained 98% TCS
degradation, which indicated that the presence of over 10 other
common wastewater species did not influence TCS mineralization.
Significantly, the MnO2-CC electrocatalyst performs robustly in real
environmental matrices without additional oxidants or chemicals,
produces no residual byproducts, and exhibits oxidative perfor-
mance comparable to that of precious metal catalysts. These
favorable features enabled MnO2-electrocatalyst (Earth-abundant)
to be a promising, sustainable, efficient, and scalable solution to-
ward developing catalyst-driven technologies for completely
mineralizing multiple organic pollutants.

4. Conclusion

In summary, two highly active MnO2 phases, a-MnO2 and d-
MnO2, were fabricated on a cost-effective CC surface, and the
resulting MnO2 catalysts were comprehensively characterized. The
MnO2 catalysts achieved nearly complete EDC degradation in a pH-
neutral chlorinated aqueous environment similar to typical
wastewater. a-MnO2-CC was found to possess unique nano-
structures that facilitate the degradation of small aromatic com-
pounds and to contain more Mn4þ than Mn3þ on its surface,
endowing it with enhanced catalytic performance before it reaches
the onset potential of the OER. Compared with a-MnO2, d-MnO2
delivered a more stable electrocatalytic performance overall and
performed better at high-current flows. These catalytic differences
allow the treatment of targeted pollutants, such as mono-aromatic
or poly-aromatic organic pollutants. ROS identification by EPR and
UVevis spectroscopy confirmed the presence of various highly
reactive intermediates, such as HClO and O2

��. TOC analysis
confirmed that aromatic pollutants, such as TCS, were effectively
mineralized by the catalysts. Finally, a- and d-MnO2 both exhibited
good performance in a scaled-up setting and were able to degrade
TCS efficiently in an SL environment. By fabricating highly active a-
MnO2 and d-MnO2 phases on cost-effective CC surfaces, we
developed robust electrocatalysts that efficiently achieve near-
complete mineralization of endocrine disruptors in real waste-
water streams without additional oxidants, thereby overcoming
the challenges of toxic initiators, incomplete mineralization, and
high energy inputs associated with traditional advanced oxidation
processes. Thus, we have developed an efficient Earth-abundant
metal catalyst that exhibits oxidative performance comparable to
that of precious metal catalysts.
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