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A B S T R A C T

Organochlorine compounds (OCs), notorious for their environmental persistence and toxicity, pose significant 
risks to aquatic ecosystems and human health. Electrochemical dechlorination using molybdenum disulfide 
(MoS2), a cost-effective and efficient material, offers a promising remediation strategy. However, the distinct 
mechanistic roles of the metallic (1 T) and semiconducting (2H) phases in dechlorination—whether through 
direct electron transfer (DET) or by atomic hydrogen (H*)—remain highly controversial and poorly understood. 
In this study, we elucidate phase-dependent dechlorination pathways by employing florfenicol (FLO), a re
fractory chlorinated antibiotic, as a model pollutant. The 2H-MoS2 electrode achieved efficient dechlorination 
(0.98 h− 1) at moderate potentials (− 0.8 to − 1.1 V vs. Ag/AgCl); in contrast, the 1T-MoS2 phase required a higher 
potential (− 1.3 V) to achieve a comparable kinetic rate constant. The performance of both electrodes is 
competitive with previously reported expensive precious metal electrodes. Further mechanistic investigations 
revealed that DET dominates on 2H-MoS2, enabling two-step dechlorination, but 1T-MoS2 mainly relies on the 
H*-mediated pathway for one-step deep dechlorination. Density functional theory (DFT) calculations corrobo
rated these findings, revealing that the DET pathway on 2H-MoS2 has lower energy barriers (0.53 and 1.60 eV for 
the first and second C–Cl bond cleavages, respectively) compared to the H* pathway (0.80 and 3.23 eV), sug
gesting the second C–Cl bond cleavage as the rate-limiting step. For 1T-MoS2, the H*-mediated pathway showed 
lower energy barriers (2.0 and 1.53 eV, respectively), supporting one-step deep dechlorination via H*. Robust 
performance of MoS2 electrodes was also demonstrated in complex water matrices and stability tests, under
scoring their practical applicability. This work resolves outstanding controversies regarding dechlorination 
mechanisms on MoS2 and provides a robust foundation for the further engineering of MoS2-based materials for 
advanced reductive environmental applications.

1. Introduction

The increasing use and discharge of organochlorine compounds 
(OCs) into the natural environment pose an imminent threat to human 
health and the aquatic ecosystem [1]. Among these, florfenicol (FLO)—a 
halogenated antibiotic widely applied in veterinary and aquaculture 
practices—stands out for its enduring biological toxicity and environ
mental persistence [2]. FLO persists in water systems at concentrations 
ranging from 3.55 to 4610 ng⋅L− 1 and resists conventional oxidation 

treatments due to its stable chlorine substituents [3–6]. This recalci
trance has driven interest in reductive remediation approaches capable 
of cleaving the carbon–chlorine bond, including Pd/H2 catalytic hy
drogenation [7,8], NaBH4 reduction [9], zero-valent iron-based reduc
tion [10,11], biological reduction [12], and electrocatalytic 
hydrogenation (ECH) [13–15]. Among these, ECH presents a particu
larly promising sustainable approach, requiring no chemical additives 
while effectively treating high concentrations of OCs. However, the 
practical implementation of ECH is hampered by limitations of the 
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currently available electrocatalysts, which often suffer from high cost, 
poor efficiency, and low selectivity towards nontoxic products. The 
development of cost-effective, high-performance ECH electrocatalysts is 
therefore crucial for unlocking the full potential of ECH for organo
chlorine remediation.

Molybdenum disulfide (MoS2) derived from molybdenite mines is a 
cost-effective material with diverse applications [16–19]. The excep
tional activity of MoS2-based catalysts stems from their unique layered 
structure, where Mo atoms are bonded to S atoms within layers held 
together by weak van der Waals forces. MoS2 exhibits different struc
tural phases, notably the metallic 1 T phase and the semiconducting 2H 
phase. The exposed edge sites of MoS2 enable efficient reactant 
adsorption and reduction reactions. Leveraging these attributes, 
MoS2-based catalysts have been widely explored in various electro
catalytic applications such as H2 evolution reaction (HER) [17,20,21], 
carbon dioxide reduction [22–24], oxygen evolution/reduction 
[25–27], nitrate reduction [18,28], and nitrogen fixation [29,30]. In 
these processes, atomic hydrogen (H*)—abundantly generated on MoS2 
surfaces—plays a central role, and its formation is strongly influenced by 
the MoS2 phase. Notably, the metallic 1 T phase exhibits superior H* 
generation capability compared to the 2H phase, thereby offering 
enhanced catalytic performance [30].

Recently, MoS2 has also emerged as a promising electrocatalyst for 
dechlorination due to its extensive adsorption sites and its dual capacity 
for facilitating electron transfer and generating H*. For example, Huang 
et al. demonstrated efficient trichloroacetic acid (TCAA) dechlorination 
using MoS2 nanosheets, with further improvements achieved through 
transition metal doping [31]. Similarly, cobalt-doped MoS2 electrodes 
exhibited high degradation efficiencies for halogenated disinfection 
byproducts, with catalytic enhancement linked to accelerated HER ki
netics and increased H* production (i.e., the Volmer step of HER) [32]. 
Moreover, Jiang et al. revealed that ultrathin MoS2 nanosheets achieved 
reaction rates 4.1- and 28-fold higher than the commercial MoS2 and 
carbon paper, respectively [33]. Collectively, these studies highlight the 
potential of MoS2-based materials for dehalogenation applications.

Despite these advances, several critical knowledge gaps remain. 
First, the mechanistic pathways underlying electrocatalytic dechlori
nation on MoS2 are not fully understood. Dechlorination can proceed via 
direct electron transfer (DET), in which adsorbed OCs undergo C− Cl 
bond cleavage to form radicals and subsequently anions, or via H* 
reduction, where surface-generated H* hydrogenates the adsorbed OCs. 
However, the effective utilization of H* is often hampered by the 
competing HER, in which H* recombines to form H2 gas. This not only 
lowers dechlorination efficiency and Faradaic efficiency but also 
potentially disrupts mass transfer due to gas bubbling. This paradox is 
particularly pronounced for the 1 T phase of MoS2; while it provides 
superior conductivity and higher H* generation, it may simultaneously 
facilitate HER to a greater extent. To date, no systematic studies have 
examined the dechlorination performance of 1T-MoS2, and the interplay 
between H* generation/reduction, DET, and HER suppression across 
different MoS2 phases remains poorly understood. Previous research has 
predominantly focused on the semiconducting 2H phase, largely 
attributing dechlorination activity to H* reduction [31,32]. However, 
the observation that dechlorination is only mildly inhibited in the 
presence of H* scavengers strongly suggests a significant concurrent role 
for DET. Although the strong reducing potential of H* (− 2.10 V vs. SHE 
[34,35]) is considered crucial for cleaving recalcitrant C–Cl bonds, it 
remains unknown whether DET alone can achieve complete dechlori
nation of multi-chlorinated OCs, or if H* is indispensable for the final 
C− Cl cleavage steps. Therefore, elucidating the distinct roles of the 1 T 
and 2H phases and their dominant dechlorination pathways (DET vs. 
H*) is critical for the rational design of more efficient MoS₂ catalysts.

To address the knowledge gaps, the present study systematically 
investigates the mechanistic roles of both 1T- and 2H-MoS2 phases in the 
electrochemical dechlorination of FLO, integrating experimental and 
computational approaches to provide molecular-level and 

thermodynamic insights. We first evaluate the degradation and 
dechlorination performance of FLO on both MoS2 phases under varying 
electrical potentials, determining their respective Faradaic efficiencies 
and elucidating performance differences through comprehensive elec
trochemical characterization. The contributions of DET and H* path
ways are further dissected using H* quenching experiments, electron 
paramagnetic resonance (EPR) detection of H*, and semi-quantitative 
analysis of reaction intermediates by HPLC-MS. Importantly, density 
functional theory (DFT) calculations provide thermodynamic and ki
netic insights by mapping the energy barriers and free energy changes 
associated with different dechlorination pathways. Finally, the practical 
applicability of MoS2 electrodes is assessed under environmentally 
relevant conditions, including variations in initial pH, natural organic 
matter (NOM), dissolved oxygen (DO), and long-term cycling stability. 
Collectively, these results clarify the mechanistic basis of MoS2-medi
ated dechlorination and provide a robust foundation for the further 
engineering of MoS2-based materials for advanced reductive environ
mental applications.

2. Materials and methods

2.1. Chemicals and materials

FLO, Na2SO4, (NH4)6Mo7O24•4H2O, CH3CSNH2, tertiary butanol (t- 
BuOH), MeOH, and Nafion 117 solution (5 wt%) were purchased from 
Macklin Reagents (Shanghai, China). 5,5-Dimethyl-1-pyrroline-N-oxide 
(DMPO, 98 %) was obtained from TCI Chemical Industry Development 
Co. Ltd (Shanghai, China). All chemicals were used as received without 
additional purification, and the solutions were prepared with ultrapure 
water (Milli-Q, Direct8, Millipore).

2.2. Synthesis of MoS2 electrodes

The synthesis of MoS2 electrodes in different phases was conducted 
using the hydrothermal method (Fig. S1) [30,36–40]. The procedure 
involved the addition of 0.55 g of ammonium molybdate, 0.47 g of 
thioacetamide, and 20 mL of water into a 50 mL Teflon-lined autoclave, 
with a S:Mo molar ratio of 2:1. A 2 × 2 cm2 carbon paper (CP) substrate 
was immersed in the solution and ultrasonicated for 1 h. Subsequently, 
the assembly was subjected to a 240 ℃ treatment in an oven for 24 h. 
After natural cooling, the CP coated with 2H-MoS2 was rinsed with pure 
water and dried at 70 ℃ for future utilization, yielding the 2H-MoS2 
electrode. The 1T-MoS2 electrode was produced using the same pro
cedure but with hydrothermal treatment at 180 ℃ for 12 h.

2.3. Electro-reductive dechlorination of FLO

Electro-reductive dechlorination of FLO was performed in a dual- 
compartment H-type electrochemical cell (50 mL per chamber) sepa
rated by a Nafion-117 (DuPont) proton exchange membrane and con
nected to a CHI-760E electrochemical workstation or a DC power 
(Fig. S2). For a typical electro-reduction process, the prepared MoS2 
electrode functioned as the working electrode, with a platinum foil 
(10 × 10 mm) serving as the counter electrode, and an Ag/AgCl elec
trode (3.0 M KCl) acting as the reference electrode. Each chamber of the 
cell contained 40 mL of 100 mM Na2SO4 electrolyte solution, with FLO 
added to the catholyte at an initial concentration of 20 mg/L. A mag
netic stirring at 300 rpm was applied to facilitate mixing. Electrolysis 
was conducted either under constant potential through the ampero
metric I-t technique or at fixed voltage using a DC power supply. At 
predetermined intervals, 0.8 mL of the cathodic solution was withdrawn 
and filtered using a 0.22 µm syringe filter (PES, JIN TENG) for subse
quent chemical analysis (Text S1).

For quenching experiments, 5− 100 mM TBA was added to the 
catholyte prior to electrolysis (Text S2). The NOM interference was 
assessed by adding 2 or 6 mg/L of NOM into the solution. To study the 
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DO effect, air or N2 was bubbled into the H-cell cathode chamber to 
reach DO concentrations of 5.5 mg/L (air) or 0.45 mg/L (N2); DO con
centrations pre- and post-reaction were monitored. The initial solution 
pH was adjusted using 0.1 M H2SO4 or NaOH aqueous solution as 
necessary. To ensure accuracy and consistency, all experiments were 
conducted at least twice to ensure reproducibility.

2.4. Cathode characterization

Scanning electron microscopy (SEM; Merlin, ZEISS) was used to 
examine the morphologies and structures of the cathode. The HAADF- 
STEM measurements were carried out on a JEOL JEM-ARM300F field- 
emission transmission electron microscope operated at an accelerating 
voltage of 200 kV to obtain atomic-resolution images and elemental 
distribution. The crystal structure and chemical compositions were 
characterized using X-ray diffraction (XRD; Smartlab, Rigaku) with Cu 
Kα radiation (λ = 1.5406 Å). X-ray photoelectron spectroscopy (XPS) 
was recorded on a PHI 5000 Versaprobe system with monochromatic Al 
Kα radiation, and all binding energies were referenced to the C 1 s peak 

at 284.8 eV. Raman spectroscopy was conducted using a Renishaw InVia 
Reflex Raman microscope, scanning from 300 to 600 cm− 1 with exci
tation provided by a 532 nm laser. Thermogravimetric analysis (TGA) 
was performed using a Waters thermogravimetric analyzer (TGA550), 
with the temperature ramped from 25 to 600 ◦C. Electron paramagnetic 
resonance (EPR) measurements were performed using a Bruker EMX 
PLUS instrument (Text S3). Fourier transform infrared spectroscopy 
(FTIR) was conducted with a Bruker Vertex 70 v spectrometer equipped 
with an ATR detector.

2.5. Electrochemical measurements

To evaluate the electrochemical properties of the fabricated MoS2 
electrode materials, several characterization techniques were applied 
using a standard three-electrode cell system. The measurements 
included electrochemically active surface area (ECSA), electrochemical 
impedance spectroscopy (EIS), cyclic voltammetry (CV), and linear 
sweep voltammetry (LSV). The experimental setup featured a Pt wire as 
the counter electrode, the prepared MoS2 electrode functioned as the 

Fig. 1. Characterization of 1T- and 2H-MoS2 electrodes: (a) SEM images of 1T-MoS2 and (b) 2H-MoS2 grown on carbon papers; TEM images display silky ultrathin 
sheet morphology of (c) 2H-MoS2 and (d)1T-MoS2. (e) XRD pattern of 1T- and 2H-MoS2 electrodes. HAADF-STEM image and corresponding SAED pattern (insert 
image) of (f) 2H-MoS2 and (g)1T-MoS2; (h) The atomic intensity of Mo and S in 1T- and 2H-MoS2 indicated in Fig. 1f and 1g, respectively. (i) Raman spectra; and (j) 
high-resolution XPS (HRXPS) analysis of both phases.
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working electrode, Ag/AgCl as the reference electrode, and 100 mM 
Na2SO4 as the electrolyte. ECSA was determined at scan rates ranging 
from 20 mV/s to 100 mV/s within the non-faradaic range of applied 
potential. EIS measurements involved a 5 mV voltage with a frequency 
range from 0.01 Hz to 10 kHz. CV and LSV were performed between 
− 1.2 and 0.4 V (vs Ag/AgCl) at a scan rate of 50 mV/s.

2.6. DFT calculations

First-principles DFT calculations were conducted using the CASTEP 
package with a plane wave basis [41]. The calculation details can be 
found in Text S4, Supporting Information.

3. Results and discussion

3.1. Structural and electrochemical characterization of the MoS2 
electrodes

Flower-like MoS2 nanosheet arrays of consistent size and mass 
loading were directly grown on CP substrates to fabricate the electrodes 
(Fig. 1 and S3) [30]. Both 1T- and 2H-MoS2 electrodes exhibited similar 
mass loadings of approximately 4.5 mg (Fig. S3). In contrast to the 
smooth surface of the blank CP electrode (Fig. S4), the MoS2 electrodes 
exhibited a roughened surface adorned with vertically oriented nano
sheets, signifying successful growth of MoS2 on the CP substrate. Spe
cifically, the 2H-MoS2 electrode presents a more airy and uniform 
morphology (Fig. 1a, c), while 1T-MoS2 electrode reveals a densely 
packed, silky stacked nanosheet structure (Fig. 1b, d). X-ray diffraction 
(XRD) analysis confirms the structural identity of the synthesized 1T- 
and 2H-MoS2 electrodes (Fig. 1e). The observed diffraction patterns 
correspond well with standard ICDD references (PDF#37–1492 for 
MoS2 and PDF#41–1487 for the carbon paper substrate). For the 
1T-MoS2 phase, characteristic diffraction peaks appear at 2θ = 13.4◦, 
32.4◦, and 35.6◦, corresponding to the (002), (100), and (103) planes. 
These reflections indicate an interlayer spacing of ~0.66 nm and 
in-plane D-spacings of ~0.28 nm and ~0.25 nm, respectively. In 
contrast, the 2H-MoS2 phase exhibits analogous peaks at 13.9◦ (002) and 
33.5◦ (101), which correspond to a smaller interlayer spacing of 
~0.64 nm and an in-plane D-spacing of ~0.27 nm. These values are in 
agreement with direct measurements from HRTEM imaging (Fig. S5), 
which show interlayer/in-plane spacings of ~0.65/0.28 nm for the 1T 
phase and ~0.64/0.27 nm for the 2H phase. The expanded interlayer 
spacing in the 1T phase (~0.66 nm versus ~0.64 nm for the 2H phase), 
commonly attributed to lattice expansion or intercalation [30]. 
Furthermore, while the 2H phase is distinguished by a sharp, 
well-defined (101) peak at 33.5◦ indicative of high crystallinity, this 
characteristic peak is significantly weakened and broadened in the 1T 
phase, consistent with its structural distortion or tendency toward 
amorphization. Taken together, these distinct XRD and HRTEM signa
tures conclusively verify the successful synthesis of both MoS2 phases 
with their unique crystal structures.

To unambiguously differentiate the 1 T and 2H phases, we employed 
a suite of complementary characterization techniques, with atomic- 
resolution HAADF-STEM providing the most definitive identification. 
This method directly resolves the distinct in-plane interplanar spacings 
of the (100) and (103) planes, yielding values of 0.27/0.25 nm for 1T- 
MoS2 and 0.28/0.24 nm for 2H-MoS2, in agreement with XRD analysis 
and confirming high crystallinity. Crucially, HAADF-STEM imaging re
veals a key structural hallmark: the S atomic column intensity is mark
edly suppressed in the octahedral 1 T phase, contrasting sharply with 
the bright intensity in the trigonal prismatic 2H phase. This contrast is 
quantified in the intensity profiles (Fig. 1f, 1h), where 1T-MoS2 shows a 
dominant Mo peak with attenuated S signals, while 2H-MoS2 displays 
well-resolved, alternating Mo and S peaks—a direct visualization of 
their distinct lattice symmetries. Selected-area electron diffraction 
(SAED) identifying facets such as (002) and (101) or (100) provides 

additional structural identification.
The full-range XPS survey spectra (Fig. S6, Table S1) confirm the 

elemental surface composition, dominated by Mo and S. Minor C and O 
signals originate from the mounting resin and surface oxidation, 
respectively. No nitrogen is detected, indicating high-purity MoS2. This 
result is further supported by TEM-EDS elemental mapping (Fig. S7). 
The deconvoluted XPS spectra unveiled the intricate phase composition 
of the MoS2 materials in their initial state. The Mo 3d spectrum of the 
2H-MoS2 sample consists of peaks at ~228.7 eV and 232.0 eV, corre
sponding to Mo4+ 3d5/2 and 3d3/2 components of the 2H phase (Fig. 1d). 
A minor Mo6+ contribution is also observed and is attributed to surface 
oxidation [42,43]. An additional doublet at 227.8 and 231.0 eV was 
discernible, signifying the presence of the 1T phase. The proportion of 
the 1T phase was determined to be 72.5 %, aligning closely with prior 
findings [37,38]. In the Raman spectrum of 2H-MoS2 (Fig. 1c), two 
distinct vibration peaks were identified at 375 and 403 cm− 1, corre
sponding to the in-plane Mo− S phonon mode (E1

2g), and out-of-plane 
Mo− S mode (A1g), respectively [30,36]. In contrast, the 1T-MoS2 sam
ple exhibited additional bands at 154, 219, 282, and 329 cm− 1, associ
ated with J1, J2, E1g, and J3 modes of the 1T phase [28]. The presence of 
both 1 T and 2H-related peaks implies a mixed-phase composition, 
which is typical given the high formation energy and inherent thermo
dynamic instability of 1T-MoS2 [44]. TGA analysis reveals distinct 
thermal behaviors (Fig. S8). 1T-MoS2 shows 18 % mass loss to 600◦C 
from water release, phase transition, and decomposition. In contrast, 
2H-MoS2 is stable with only ~2 % loss, further underscoring their 
structural difference.

To explore the electrochemically active sites and properties of the 
fabricated MoS2 electrodes, the ECSA was assessed by measuring 
double-layer capacitance (Cdl) [45]. The Cdl of 1T-MoS2 was found to be 
82.23 μF/cm2, markedly exceeding 54.03 μF/cm2 of the 2H-MoS2 
(Fig. 2a and Fig. S9), indicating a substantially higher density of elec
trochemically accessible sites. Additionally, the EIS measurements were 
conducted to examine the role of charge transfer resistance (Rct) in the 
two MoS2 material phases (Fig. 2b). The Rct of 1T-MoS2 was slightly 
lower than that of 2H-MoS2, indicating its higher conductivity than 
2H-MoS2. However, it is important to note that while EIS effectively 
probes overall charge transfer kinetics, it cannot distinguish the specific 
electrochemical pathways for different reactions. In this system, the 
competitive HER and electroreductive dechlorination occur at similar 
surface sites, and the measured Rct reflects a general charge mobility 
beneficial to both processes. Accordingly, the LSV curves for 1T-MoS2 
and 2H-MoS2 nanosheets were collected to assess their activity towards 
the competing HER (Fig. 2c). The 1T-MoS2 showed a lower hydrogen 
evolution potential than 2H-MoS2. Furthermore, based on the intercept 
of the linear region in the Tafel plots [17,46], the exchange current 
density (j0) for HER over 2H-MoS2 was calculated to be 402.3 mV/dec, 
which was higher than that (152.0 mV/dec) over 1T-MoS2 (Fig. 2d). 
Consequently, the HER activity on 2H-MoS2 was much lower compared 
to the 1T-MoS2 electrode. These results are consistent with those in the 
literature that the 1T-MoS2 has higher electrical conductivity and HER 
activity compared to 2H-MoS2.

3.2. Electroreduction of FLO on the 1T-/2H-MoS2 electrodes

FLO was selected as a model compound to assess the electro- 
reductive dechlorination performance of the MoS₂ electrodes. Control 
experiments without applied potential showed that MoS2 achieved 
approximately 20 % adsorption of FLO, higher than the 12 % observed 
with the blank CP electrode (Fig. S10), indicating enhanced adsorption 
capacity and potential adsorbate-surface interactions on MoS2. Subse
quently, FLO dechlorination experiments were performed over a range 
of applied potentials from − 0.6 to − 1.3 V vs Ag/AgCl, and the resulting 
degradation kinetics were fitted using a first-order model (Fig. 3a, 
Fig. S11-S12, and Text S5). The CP electrode exhibited sluggish FLO 
reduction, with rate constants of 0.09 − 0.20 h− 1. In contrast, the 1T- 
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MoS2 electrode demonstrated significantly enhanced FLO degradation, 
with reaction rate constants increasing from 0.11 h− 1 at − 0.6 V to 
1.04 h− 1 at − 1.3 V. A particularly sharp increase occurred between 
− 1.1 and − 1.2 V (k from 0.46 to 0.97 h⁻¹), indicating a potential- 
dependent activation threshold. For the 2H-MoS2 electrode, the reac
tion rate constant peaked at 0.98 h− 1 at − 1.1 V, then declined slightly at 
more negative potentials. These values are comparable to those reported 
in the literature (e.g., 0.0135 min− 1 under − 1.2 V at 2H MoS2).32 A 
substantial increase occurred earlier, between − 0.7 and − 0.8 V (k from 
0.24 to 0.56 h− 1), correlating with a rise in current, evidenced from the 
CV data as shown later, which signifies the onset of electron-mediated 
reduction. Notably, at potentials below − 1.1 V, the 2H-MoS2 electrode 
exhibited markedly higher rate constants than both the CP and 1 T 
electrodes.

Chloride release profiles (Fig. 3b–d) corroborated the degradation 
trends. The CP electrode was largely ineffective, achieving only 10 % 
dechlorination at − 1.2 V after 4 h, whereas 2H-MoS2 and 1T-MoS2 
electrodes reached ~85 % and ~90 % efficiency (Text S6), respectively. 
The 1 T phase required a more negative potential (− 1.3 V) for optimal 
performance. This was consistent with the chlorine mass balance, which 
showed the CP electrode retained over 50 % of its organic chlorine with 
minimal Cl⁻ release (Fig. S11c). While both MoS2 electrodes facilitated 
deeper dechlorination than CP, their performance was highly potential- 
dependent (Fig. 3e-f). The 1T-MoS2 electrode demonstrated a sharp, 
potential-activated transition. At moderate potentials (− 0.6 to − 1.1 V), 
the system was characterized by low Cl⁻ release (10–35 %) and signifi
cant adsorption (~10–25 %). In contrast, applying potentials beyond 
− 1.1 V triggered a switch to deep dechlorination, yielding over 85 % Cl⁻ 

release (Fig. 3e). Conversely, the 2H-MoS2 electrode achieved efficient 
deep dechlorination at lower potentials. Across the − 0.8 to − 1.2 V 
range, it consistently released over 80 % of chlorine while the adsorbed 
species remained below 5 %, demonstrating a sharper and more com
plete conversion. The divergent dechlorination profiles underscore a 
fundamental performance difference: 2H-MoS2 is highly effective at low 
potentials but loses efficacy at higher ones, whereas 1T-MoS2 activates 
effectively only beyond the − 1.1 V threshold, a behavior largely 
attributed to the suppression by the competing HER.

To investigate the site-normalized dechlorination activity of the 1 T 
and 2H phases, the turnover frequency (TOF) was calculated based on 
ECSA and FLO degradation performance (Text S7 and Fig. S13). The 
results indicate that the TOF of the 2H phase is higher than that of the 
1 T phase, which could be attributed to the significant competition from 
the HER in the 1 T phase. This difference results in variations in 
dechlorination performance under different applied potentials. The 
Faradaic efficiency (FE) further underscores the superiority of the two 
phase MoS2 electrodes (Text S8, Fig. 3e, f). While the CP electrode 
maintained a low FE (<0.5 %) at all potentials, the MoS2 variants per
formed significantly better. The 1T-MoS2 electrode reached a peak FE of 
~2.11 % at − 0.9 V, while the 2H-MoS2 electrode achieved the highest 
FE of ~3.3 % at − 0.8 V before declining. The higher FE of 2H-MoS2 at a 
lower potential compared to 1T-MoS2 suggests differences in their FLO 
dechlorination mechanisms.

The FLO dechlorination was evidenced by the changes in the C− Cl 
bonds in the FTIR spectra (Fig. S14). At − 0.8 V, the C− Cl bond vibra
tions (600 − 650 cm− 1) [47,48] nearly disappeared for 2H-MoS2 but 
persisted on 1T-MoS2 over a four-hour reaction period, indicating more 

Fig. 2. Electrochemical characterization of 1T- and 2H-MoS2 electrodes in 0.1 M Na2SO4 electrolyte: (a) ECSA, (b) EIS Nyquist plot, (c) LSV curves, and (d) cor
responding Tafel plots.
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selective dechlorination of FLO at low potentials on the 2H electrode. 
This is consistent with its lower HER activity, allowing more electrons to 
be directed toward FLO reduction (Fig. 2c, d). At potentials more 
negative than − 1.1 V, the formation of H2 bubbles at 2H-MoS2 was 
obvious (see Fig. S15), which subsequently impeded the mass transport 
of FLO molecules onto the electrode surface, leading to a decrease in the 
reduction rates [33]. In contrast, the 1T-MoS₂ electrode favored the HER 
over FLO reduction at low potentials, as indicated by its lower Tafel 
slope (Fig. 2d). This competition from the HER explains its lower FLO 
degradation kinetics.

3.3. Mechanistic insights into FLO dechlorination at the 1T- and 2H- 
MoS2 electrodes

To explain the disparity in dechlorination performance between the 
1T- and 2H-MoS2 electrodes, TBA was first used as a probe to assess the 
involvement of H* in the reduction process [13,15,49]. The FLO 
degradation rate constants at different TBA concentrations were 
compared between 2H- and 1T-MoS2 electrodes (Fig. 4a and S16). The 
2H-MoS2 exhibited a high FLO degradation rate constant, with only a 
16 % reduction from 1.25 h− 1 without TBA addition to 1.05 h− 1at 
100 mM TBA. This mild reduction was similarly observed in a previous 
study, where a 17 % reduction in the removal efficiency of FLO was 

Fig. 3. Performance of 1T-/2H-MoS2 and CP electrodes for FLO reduction at various applied potentials. (a) Comparison of FLO degradation kinetics. (b-d) Chloride 
(Cl⁻) release on (b) bare carbon paper (CP), (c) 2H-MoS2, and (d) 1T-MoS2 electrodes. (e, f) Chlorine mass balance and faradaic efficiency (FE) analysis after a 4-hour 
reaction on (e) 2H-MoS2 and (f) 1T-MoS2. Experimental conditions: [FLO] = 20 mg/L, [Na2SO4] = 100 mM, initial pH 5.8.
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observed with the addition of 5 mM TBA. In contrast, at the 1T-MoS2 
electrode, the rate constants notably dropped from 1.03 h− 1 without 
TBA to 0.46 h− 1 at 100 mM TBA, a 55 % reduction. The TBA addition 
minimally impacted FLO dechlorination on the 2H-MoS2 electrode 
(Fig. 4b), with Cl− release decreased from 93 % at 0 mM TBA to 78 % at 
100 mM TBA. However, for the 1T-MoS2 electrode (Fig. 4c), the Cl−

release decreased from 89 % to 55 % for the same TBA concentration 
change. These results underscore the greater involvement of H* in FLO 
dechlorination on the 1T-MoS2 electrode compared to the 2H-MoS2 
electrode. The presence and role of H* were further validated through 
EPR spectroscopy [13,30,49]. The DMPO_H* signal intensity in the 
presence of the 1T-MoS2 electrode surpasses that of the 2H-MoS2 elec
trode (Fig. 4d). Moreover, the H* intensity decreased for both phases 
upon FLO addition, indicating H*’s involvement in FLO reduction, 
particularly on the 1 T phase. Essentially, the 2H phase primarily 
operates through a DET mechanism, while the 1 T phase mainly involves 
H*-based mechanisms.

CV was performed at different FLO concentrations to monitor 
changes in the H2/H* signature peak, thereby probing the proton con
sumption associated with either the DET or H* mechanism during 
electroreduction (Fig. 4e, f). For the 1T-MoS2 electrode, as the FLO 
concentration increased, the H2 production peak around − 0.8 V grad
ually decreased (Fig. 4f). This decrease suggested FLO introduction 
consumed H* on the electrode surface, reducing H2 production [50]. 
Conversely, for the 2H-MoS2 (Fig. 5e), adding FLO led to a gradual 
decrease and negative shift of the peak related to proton adsorption near 
− 0.4 V [13,51]. This shift highlights a strong interaction between FLO 
and the adsorption sites on the 2H-MoS2 electrode, leading to FLO 
occupation instead of H+ [52]. This is supported by a higher adsorption 
energy of FLO (− 5.47 eV) compared to H+ (− 4.01 eV) from the DFT 
calculations, which will be discussed in the latter section.

3.4. Deep dechlorination pathways of FLO at the 1T- and 2H-MoS2 
electrodes

To assess the degree of deep dechlorination of FLO on the two MoS2 
electrodes, intermediates and products with one or two chlorine atoms 
detached, denoted as FLO-Cl and FLO-2Cl respectively, were monitored. 
Fig. S17 shows that C12H15ClFNO4S (FLO-Cl, m/z = 324.0483) and 
C12H16FNO4S (FLO-2Cl, m/z = 289.0749) can be clearly detected by LC- 
MS. The peak areas in the LC-MS spectra representing FLO-Cl and FLO- 
2Cl at potential range from − 1.0 to − 1.4 V were presented (Fig. 5b-c and 
Fig. S18). On the 1T-MoS2 electrode, FLO-2Cl prevailed over the reac
tion time of 3 h across all potentials (− 1.0 to − 1.3 V). Notably, the 
amount of FLO-2Cl increased significantly with rising potential, while 
the amount of FLO-Cl remained low, showing an initial rise followed by 
a decline. The existence of only a very low concentration of FLO-Cl 
suggests an H* reduction mechanism driving one-step deep dechlori
nation from FLO to FLO-2Cl at the 1T-MoS2 electrode. Initially, at lower 
potentials (< − 1.1 V), a substantial portion of electrons was consumed 
for H2 production, constraining the availability of H* for FLO reduction. 
Only as the current increases with the potential do the surplus H* 
become available for FLO reduction. Conversely, the 2H-MoS2 electrode 
exhibited distinct stepwise FLO dechlorination. The amount of FLO-Cl 
reached a high level comparable to FLO-2Cl. The FLO-Cl content 
increased until ca. 30 min and then gradually declined over time. The 
ratio of FLO-Cl to FLO-2Cl decreased with rising potential. Interestingly, 
at − 1.3 V, the production of FLO-Cl was minimal, indicating a transition 
from stepwise DET processes to a one-step DET process on the 2H-MoS2 
electrode.

Additionally, the LC-MS analysis identified FLO-2Cl-F (C12H17NO5S, 
m/z = 286.0754) as a defluorination product, with its yield increasing at 
higher applied potentials on both MoS2 electrodes (Fig. S19). This 
finding is corroborated by fluoride release data (Fig. S20). At lower 
potentials (− 0.8 to − 1.1 V), defluorination resembles dechlorination in 
that the 2H phase shows higher activity than the 1 T phase. However, a 
key divergence is observed in the potential-dependent trend: for 

Fig. 4. Elucidating the dechlorination mechanisms of FLO on 1T- and 2H-MoS2 electrodes. (a-c) Effect of TBA concentration (0–100 mM) on (a) FLO degradation and 
Cl⁻ release kinetics on (b) 2H-MoS2 and (c) 1T-MoS₂. (d) EPR analysis confirming the generation of H* on both phases. (e, f) Cyclic voltammograms (CV) of (e) 2H- 
MoS2 and (f) 1T-MoS2 with varying FLO concentrations. Reaction conditions: [FLO] = 20 mg/L, [Na2SO4] = 100 mM, potential = -1.2 V vs. Ag/AgCl, pH0 = 5.8.
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defluorination, F⁻ release increases with potential for both phases, 
reaching approximately 40 % defluorination efficiency. The divergence 
between defluorination and dechlorination likely arises from the greater 
thermodynamic stability of the C–F bond relative to the C–Cl bond. Once 
dechlorination occurs, however, the resulting FLO-2Cl intermediate 
becomes susceptible to reductive defluorination on the MoS2 surface. 
This step proceeds via reactive carbanion intermediates, ultimately 
yielding FLO-2Cl-F [53]. Together, these results demonstrate that MoS2 
electrodes can mediate defluorination at elevated potentials following 
an initial dechlorination step.

Further quantitative analysis of dechlorination products was con
ducted under conditions with and without 100 mM TBA at − 1.2 V po
tential to identify the FLO dechlorination pathways. The quantification 
of these products was obtained by integrating FLO degradation data 
from UPLC, Cl− release data from IC, and peak area data of 
C12H15ClFNO4S (FLO-Cl, m/z = 324.0483) and C12H16FNO4S (FLO-2Cl, 
m/z = 289.0749) analyzed by HPLC-MS (see Text S9). For 1T-MoS2, the 
proportions of FLO-Cl and FLO-2Cl increased over time (Fig. 4d). Spe
cifically, FLO-Cl rose from 5.3 % within the first hour to 15.1 % after 
4 h, and FLO-2Cl increased from 21.9 % to 68.8 % over the same period. 
This trend indicates a growing proportion of deep dechlorination of FLO 
as the reaction progressed. Upon the addition of 100 mM TBA, the 
overall dechlorination proportion underwent significant changes. The 
proportion of FLO-Cl increased to 26.8 % at one hour and to 30.7 % at 
4 h, while the proportion of FLO-2Cl decreased to 5.8 % at one hour and 
to 27.6 % at 4 h. These alterations confirmed the main role of H* in FLO 
deep dechlorination on the 1T-MoS2 surface. Similarly, on the 2H-MoS2 
electrode, the proportions of FLO-2Cl/FLO-Cl increased with time 

(Fig. 5e). Without TBA, the FLO-Cl ratio remained at a level of 
approximately 22.1− 19.8 % at different time, while the FLO-2Cl ratio 
increased from 21.3 % at 1 h to 75.2 % at 4 h. With the addition of TBA, 
the FLO-Cl ratio became 29.7 % at 1 h and ca. 15 % at 4 h, and the FLO- 
2Cl ratio decreased to 7.2 % at 1 h but remained 53.3 % at 4 h. This high 
percentage of FLO-2Cl strongly suggests that deep dechlorination on the 
2H-MoS2 electrode primarily occurs through DET. These results are also 
consistent with the release rates of Cl− on 1T- and 2H-MoS2 (Fig. 3c and 
d), where a sharp release of Cl− within the first 30 min, as a result of 
simultaneous detachment of the two chlorine atoms, was observed on 
1T-MoS2; and a gradual, less steep release of Cl− , due to two-step release 
of chlorine atoms, over the entire reaction period, was observed on 2H- 
MoS2. Taken together, the above observations suggest that FLO on the 
2H-MoS2 electrode mainly engages in a step-by-step DET dechlorination 
process, while on the 1T-MoS2 electrode, it mainly undergoes rapid one- 
step H*-assisted deep dechlorination. The distinct FLO dechlorination 
mechanism and pathways on two MoS2 electrodes were further elabo
rated through DFT calculations.

3.5. Thermodynamic and kinetic insights from DFT calculations

DFT calculations were employed to elucidate the free energy changes 
and energy barriers associated with different dechlorination pathways. 
We first optimized the relevant crystal planes of both 1T- and 2H-MoS2 
for FLO adsorption, also considering concurrent H⁺ adsorption. The 
(101) facet of 2H-MoS2 exhibited the strongest FLO adsorption energy 
(− 5.47 eV) with a stable Cl–Mo–Mo–Cl configuration, while the (101) 
facet of 1T-MoS2 showed the highest adsorption energy (− 2.99 eV) and 

Fig. 5. Mass balance analysis of FLO dechlorination on 1T- and 2H-MoS2 electrodes. (a, b) Influence of applied potential on product distribution for (a) 1T-MoS2 and 
(b) 2H-MoS2. (c, d) Variation in mass balance with and without 100 mM TBA for (c) 1T-MoS2 and (d) 2H-MoS2. Experimental conditions: [FLO] = 20 mg/L, sup
porting electrolyte [Na2SO4] = 100 mM, potential = − 1.2 V vs. Ag/AgCl, initial pH 5.8.
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a similar configuration (see Text S10 and Fig. S21–S23 for details).
Fig. 6a, d depict the distinct FLO dechlorination pathways on the two 

MoS2 electrodes, namely, the DET and H*-driven dechlorination re
actions. For the DET mechanism, FLO’s C− Cl bond accepts an electron 
on the Mo sites of MoS2, forming R− C• radicals that interact with a 
proton, eventually producing R− CH (light orange zone). Conversely, for 
the H* mechanism, the generated H* on the MoS2 surface (S− H*) mi
grates to react with the C− Cl bond, causing the bond to break and 
leading to the formation of R− CH (light pink zone). The competition of 
H2 production on 1T- and 2H-MoS2 is also shown in Fig. S24, based on 
hydrogen gas molecule formation through the Volmer and Heyrovsky 
reactions [17,50].

The comparison of free energy changes across different reaction 
pathways for 1T-/2H-MoS2 reveals intriguing insights. In the case of 2H- 
MoS2, the co-adsorption energy of FLO stands at − 4.1 eV. For the DET 
mechanism, the energy barriers were calculated to be 0.53 eV for the 
first C− Cl bond breaking and 1.60 eV for the second. Moreover, for the 
H* mechanism, the energy barriers became 0.80 eV for the first C− Cl 
bond breaking and 3.23 eV for the second. The increase in energy bar
riers strongly suggests DET as the more kinetically favorable dechlori
nation pathway on 2H-MoS2, and that the second dechlorination step via 
DET was more challenging than the first step, thus becoming the rate- 
limiting step. This is due to the higher electron-accepting tendency of 
the Cl− R− Cl structure compared to the H− R− Cl structure (Fig. S25, the 
LUMO-HOMO analysis).

When considering 1T-MoS2, the adsorption energy for FLO was 
determined to be − 3.06 eV. In the case of DET, the energy barriers were 
calculated to be 1.94 eV for breaking the first C− Cl bond and 4.67 eV for 
the second. For the H*-based pathway, a similar energy barrier of 2.0 eV 
was observed for the first dechlorination step, and an energy barrier of 
1.53 eV was observed for the second, which is not only smaller than that 
of the first dechlorination step but also much smaller than the energy 
barrier of the second dechlorination step in the DET pathway. These 
calculation results suggest that despite the thermodynamic feasibility of 
both the H* and DET pathways on 1T-MoS2, the deep dechlorination via 
the H* mechanism is kinetically much faster. This fast reaction rate 
could be attributed to the high nucleophilicity and significant reducing 
capacity of H* [54,55].

The DFT calculation results align well with our experimental find
ings. For 2H-MoS2, the dechlorination process is dominated by a DET 
mechanism, as it is kinetically favorable; further, the cleavage of the two 
C–Cl bonds proceeds in two steps, with the second dechlorination 
exhibiting a significantly higher energy barrier than the first. In contrast, 
for 1T-MoS2, the H*-mediated reduction pathway prevails due to its 
overall lower energy barriers, enabling a rapid, one-step removal of both 
chlorine atoms. These mechanistic insights account for the observed 
differences in FLO degradation kinetics (Fig. 3), chloride release rates 
(Fig. 4), and the formation of dechlorinated intermediates (Fig. 5), as 
well as the outcomes of the H* quenching and EPR experiments (Fig. 4).

The divergent catalytic selectivity of 1T- and 2H-MoS2 stems directly 
from their distinct atomic coordination and consequent electronic 
structures, which govern interfacial charge transfer. The metallic 1 T 
phase, with its octahedral coordination and polarizable Mo–S bonds 
(Fig. 1f, h), exhibits a high density of states at the Fermi level and 
negligible bandgap (Fig. S26a), forming a delocalized electron reservoir. 
This enables rapid surface charge exchange and kinetically promotes 
proton adsorption and reactive H* generation, favoring a low-barrier 
H*-mediated mechanism (1.53 eV).

In contrast, the semiconducting 2H phase adopts trigonal prismatic 
coordination, forming strong covalent S–Mo–S bonds (Fig. 1g, h). This 
yields a localized electronic structure with a ~1.61 eV bandgap 
(Fig. S26b). Under cathodic polarization, injected electrons populate 
these localized states, facilitating a DET pathway that targets adsorbate 
orbitals such as C–Cl σ* [56–58]. The pathway exclusivity is under
scored by kinetic barriers: while DET is favored on 2H-MoS2, it is 
kinetically prohibitive on the 1 T surface (4.67 eV energy barrier). This 
disparity arises from the inherent electron-shielding effect of the 
metallic phase and its incompatible surface electronic structure, which 
collectively suppress orbital-specific electron donation [59,60]. Addi
tionally, an external electric field may differentially modulate the 
electrostatic potential of Mo atoms in the 1 T and 2H phases of MoS2, 
thereby distinctly influencing their catalytic behavior [61].

Furthermore, the HER (Heyrovsky reaction) on the two MoS2 elec
trodes was calculated to reveal its competition role (Fig. S27). The 1T- 
MoS2 exhibited a lower energy barrier and more favorable free energy 
changes for H2 production compared to the 2H-MoS2. Specifically, the 

Fig. 6. DFT-calculated mechanisms of FLO dechlorination at 1T- and 2H-MoS2 electrodes. (a) Reaction pathways on the 2H-MoS2 phase. (b, c) Gibbs free energy 
profiles for dechlorination via the (b) direct electron transfer (DET) and (c) atomic hydrogen (H*) pathways on 2H-MoS2. (d) Reaction pathways on the 1T-MoS2 
phase. (e, f) Corresponding free energy profiles for the (e) DET and (f) H* pathways on the 1T-MoS2 electrode.
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energy barrier for H* and H combination on 1T-MoS2 was 0.55 eV, with 
the corresponding free energy change for H2 formation and release being 
− 3.71 eV and − 0.05 eV, respectively. In contrast, the 2H-MoS2 
demonstrated a higher energy barrier (0.69 eV) for H2 production and 
more positive free energy changes: − 1.55 eV for H2 formation and 
0.39 eV for H2 release. These results suggest that H2 production is more 
thermodynamically and kinetically favorable on the 1T-MoS2 than the 
2H-MoS2, aligning with many previous literature reports [17,62]. The 
lower energy barrier for H2 production (0.55 eV) compared to FLO 
dechlorination (1.93 or 2.0 eV) on 1T-MoS2 indicates faster H2 pro
duction over FLO dechlorination, explaining its low FLO dechlorination 
performance at low electrical potentials. Conversely, the 2H-MoS2 
exhibited a lower energy barrier for FLO dechlorination (0.53 eV) than 
for H2 production (0.69 eV), resulting in high FLO dechlorination per
formance at even low electrical potentials.

3.6. Stability and applicability under varying environmentally relevant 
conditions

Fig. S28 illustrates the effect of the initial electrolyte pH on FLO 
electro-dechlorination performance. For the 2H-MoS2 electrode, the 
degradation of FLO exhibited a slight decrease with rising pH levels, 
primarily because of improved proton transport in acidic conditions 
when compared to alkaline environments. Conversely, the 1T-MoS2 
electrode showed a degradation rate order of pH 5.8 > pH 11.8 > pH 
2.8, attributed to increased H2 production under acidic conditions, 
leading to fewer H* available for FLO dechlorination. NOM at envi
ronmental concentrations of 2 or 6 mg/L had minimal impact on FLO 
dechlorination for both electrodes (Fig. S29a). Additionally, in actual 
water matrices, DO influences the performance of 1 T‑MoS2 more 
significantly than that of 2H‑MoS2, primarily due to the consumption of 
H* by DO. This represents a key constraint for the application of 
1 T‑MoS2 in oxygen‑containing natural waters (Fig. S29b). Compared 
with the 1 T phase, the DET dechlorination pathway on the edge sites of 
2H‑MoS2 is less perturbed by DO, which may confer an advantage in 
oxygen‑rich environments. Under low‑DO or anaerobic con
ditions—such as groundwater, sediments, or anaerobic industrial 
wastewater—1 T‑MoS2 can effectively leverage its H*‑mediated 
dechlorination pathway. In oxygen‑rich waters (e.g., surface water), 
however, the inhibiting effect of DO must be considered. To further 
assess the durability of the MoS2 electrodes, a 24-hour cycle test was 
conducted. The results in Fig. S30 presented that the 2H-MoS2 electrode 
maintained approximately 95 % FLO removal after 6 cycles. Initially, 
the 1T-MoS2 electrode exhibited 90 % FLO removal performance, which 
decreased to 80 % by the sixth cycle, likely due to H2 bubble-induced 
detachment of catalysts. Those findings underscore the robust electro
catalytic performance of MoS2 electrodes, emphasizing their environ
mental resilience and suitability for practical applications.

4. Conclusions

In this study, we developed a cost-effective MoS2 electrocatalyst 
capable of achieving deep dehalogenation of the antibiotic FLO and 
elucidated the phase-dependent dechlorination mechanisms of the MoS2 
electrodes. Notably, the DET mechanism dominated deep dechlorina
tion on 2H-MoS2, with H* playing only a minor role. In contrast, H* 
contributed significantly to FLO dechlorination on 1T-MoS2, with H* 
serving as the primary driver for deep dechlorination. This work clari
fied the distinct electrochemical dechlorination pathways on 1T- and 
2H-MoS2, offering new insights for both fundamental electrocatalytic 
dehalogenation research and practical applications in chlorinated anti
biotic treatment. Although the reaction mechanism has been studied in 
detail, two fundamental challenges persist: identifying the specific 
active sites on the MoS2 electrode and developing strategies to maximize 
the utilization of H* and electrons. To address these, future work should 
aim to (1) optimize Mo site exposure at edge/planar regions of MoS2 

through vacancy engineering to expand dechlorination sites for OCs and 
(2) introduce metal-doped sites to enhance OCs adsorption and H*/ 
electron utilization efficiency. These structural engineering approaches 
are crucial for further enhancing the performance and stability of MoS2 
in electrochemical dehalogenation systems.
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