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Chlorinated antibiotics pose great challenges in efficient removal, while for the first time, this work
greatly enhanced their electrocatalytic dechlorination performance by construction of non-noble metal
C0304/g-C3N,4 heterojunctions to improve process cost-effectiveness. The Co304/g-C3N, heterojunction
demonstrated an effective removal of 93.6% thiamphenicol (TAP) within 45 min, with the rate constant
(0.0584 min!) that was 2.4 and 2.8 times that of Co304 and g-C3N,4 alone, respectively. The formation
of heterojunctions facilitated electron transfer, enriched the electron density on Co304, and enhanced the
adsorption of pollutants as well as the desorption of degradation intermediates. The enhanced production
of atomic hydrogen (H*) of Co304/g-C3N,4, which increased by 13.6-28.2 times, contributed more to pol-
lutant removal (64.0%), much higher than that of Co304 (37.3%) and g-C3N4 (6.1%). The energy barrier
for H, formation on Co304/g-C3N4 (0.75eV) was higher than that on Co304 (-1.84eV), supporting that
it could stabilize H* and inhibit the formation of H,. The Co304/g-C3N4 heterojunction exhibited stable
performance with less impact by pH and co-existing ions, and posed effectiveness for the dechlorination
of typical chlorinated antibiotics. This study offers an efficient and sustainable strategy for constructing
heterojunctions to enhance the performance of non-noble metal catalysts in electrocatalytic dechlorina-

tion.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

A variety of chlorinated antibiotics, including thiamphenicol
(TAP), chloramphenicol (CAP), and florfenicol (FLO), serve as broad-
spectrum antimicrobial agents that have been overused [1]. How-
ever, the high bond energy and toxicity of C-Cl bonds pose great
challenges to their removal through biodegradation, advanced ox-
idation processes, photocatalysis, and other methods [2]. In con-
trast, electrocatalytic dechlorination, which offers high efficiency,
simplicity of operation, and absence of secondary pollution, has
garnered widespread research interest [3]. In addition to the di-
rect transfer of electrons, the generation of atomic hydrogen (H*)
as a reducing agent to attack C-Cl bonds enables dechlorination
and detoxification in electrocatalytic dechlorination, which is more
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efficient [4]. The ability of catalysts to produce H* is a key factor
in determining the dechlorination efficiency [5]. Although palla-
dium (Pd)-based catalysts are highly effective, their high-cost lim-
its practical applications. Therefore, the development of non-noble
metal catalysts is of paramount importance.

Studies have shown that Co304 can produce H* in electrochem-
ical nitrate reduction, which has the advantages of cheap price
and good catalytic performance [6,7]. However, the stability of the
Co304 needs to be improved due to the risk of cobalt ion leach-
ing into the solution, leading to a secondary pollution. Strength-
ening the stability through metal-support interactions is an effec-
tive strategy, and the choice of support is crucial [8]. Zhang et al.
demonstrated that Pd particles supported on reduced graphene ox-
ide exhibited smaller volumes and larger active surface areas, en-
dowing them with enhanced electrocatalytic activity [9]. Addition-
ally, semiconductors with appropriate band structures can form
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heterojunctions with metals, facilitating the spontaneous transfer
of electrons across the interface with a more negative Fermi level
[10,11]. Jiang et al. applied this principle in the modification of
Pd-based catalysts, constructing a Pd-polymer carbon nitride (PCN)
heterojunction, which led to an enhancement in performance [12].
However, the mechanism of dechlorination facilitated by hetero-
junctions requires further investigation. To this end, construct-
ing a heterojunction by combining the readily available and cost-
effective Co304 with the support not only enhances catalyst stabil-
ity but also allows for the modulation of the electronic structure.

Furthermore, graphitic carbon nitride (g-C3Ny4) is renowned for
its exceptional chemical and thermal stability, coupled with a low
cost, non-toxic nature, and an abundance of reactive sites that en-
hance its catalytic performance. The tunability of its bandgap en-
dows it with broad applicability across various domains, includ-
ing energy conversion, environmental remediation, and catalysis.
Beyond its role as a catalyst support, the distinctive electronic
structure of g-C3N4 allows for its integration with semiconductors
featuring larger bandgaps to fabricate heterojunction composites.
Such composites offer a promising strategy for the enhancement
of charge separation and the expansion of surface area, which are
critical for improving the efficiency of catalytic processes. Co30Qy,
as a transition metal oxide semiconductor, exhibits excellent band-
edge alignment with g-C3N,4, making the coupling of Co304 and
g-C3N4 an optimal choice for constructing heterojunctions to en-
hance catalytic activity. Moreover, both g-C3N4 and Co304 possess
the advantages of widely available precursors and ease of prepa-
ration. In recent years, Co304/g-C3N4 heterojunctions have been
extensively studied for applications in electrochemical sensing of
environmental phenolic hormones, supercapacitors, photocatalytic
treatment of wastewater, and photocatalytic water splitting for hy-
drogen production [13]. However, it has not yet been applied to
electrocatalytic dechlorination.

Therefore, this work was aimed to investigate the impact of the
Co304/g-C3N4 heterojunction on dechlorination performance and
rate, as well as to elucidate the underlying mechanisms and as-
sess the stability of the system for potential applications in elec-
trocatalytic dechlorination processes. The morphology and compo-
sition of the catalysts were characterized using scanning electron
microscope (SEM), transmission electron microscopy (TEM), and X-
ray diffractometer (XRD), while the formation of heterojunctions
was confirmed through X-ray photoelectron spectroscopy (XPS),
photoluminescence spectroscopy (PL), and UV-visible diffuse re-
flectance spectra (UV-vis DRS). The dechlorination performance of
the heterojunctions towards chlorinated organic compounds was
validated, and the generation of H*, electron transfer within the
heterojunctions, and adsorption of pollutants and degradation in-
termediates were discussed using a combination of experiments
and density functional theory (DFT) calculations. Furthermore, the
potential applications of Co304/g-C3N,4 in removal of typical chlo-
ramphenicol antibiotics from aquatic environments were explored.

The morphologies of Co304, g-C3N4, and Co304/g-C3N4 were
investigated to verify the formation of Co304/g-C3N, heterojunc-
tions. The SEM images revealed that Co30,4 exhibited aggregated
nanoparticle structures (Fig. 1a), while g-C3N,4 displayed a layered
structure (Fig. 1b). The surface of Co304/g-C3N4 was rough, with
Co304 nanoparticles growing on the nanosheets of g-C3N,4 (Fig.
1c). Figs. 1d-f were TEM images, illustrating the aggregation of
Co304 nanoparticles (Fig. 1d) and the porous structure of g-C3N4
nanosheets (Fig. 1e), while Fig. 1f showed the loading of Co304
nanoparticles on the porous sheet structure, which proved the
formation of the Co304 and g-C3N4 composite. From the HRTEM
analysis (Fig. 1g), clear heterointerface was observed. The lattice
spacing of 0.244nm and 0.286 nm was observed on Co304/g-C3Ny,
which corresponded to the (311) and (220) plane of Co304. The
elemental mapping of Co304/g-C3N,4 in Fig. 1Th demonstrated the
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Fig. 1. SEM images of (a) Co304, (b) g-C3Ny4, and (c) Co304/g-C3N4. TEM images of
(d) Co30y4, (&) g-C3Ny4, and (f) Co304/g-C3Ny4. (g) HRTEM image and (h) elemental
mapping of Co304/g-C3Ny.

uniform distribution of Co, O, C, and N, confirming the successful
synthesis of the composite material.

The catalysts structures were characterized by XRD, FTIR, and
XPS. The XRD pattern of g-C3Ny4 displayed two characteristic peaks
(Fig. 2a), where the weak peak at 12.9° was ascribed to the regu-
lar alignment of triazine units (100), and the intense peak at 27.3°
corresponded to the assembly of conjugated aromatic structures
(002) [14]. Pure Co304 exhibited diffraction peaks at 19.00°, 31.27°,
36.84°, 38.54°, 44.80°, 55.65°, 59.35°, and 65.22°, corresponding to
the (111), (220), (311), (222), (400), (422), (511), and (440) crystal
planes, respectively (JCPDS No. 78-1969). The absence of character-
istic peaks related to metallic Co, CoO, or Co,03 in the XRD pattern
indicated the synthesis of high-purity Co30,4. The XRD pattern of
Co304/g-C3Ny4 displayed a peak at 27.3° corresponding to the (002)
plane of g-C3N4 and a peak at 36.84° corresponding to the (311)
plane of Co304, confirming the distribution of Co30,4 throughout
the g-C3N4 matrix [15].

The FTIR spectra of the three materials are depicted in Fig.
2b. The peak at 566.96cm™ in the FTIR spectrum of Co30,4 cor-
responded to the Co-O stretching vibration, while the peak at
660.98cm™! was attributed to the bridging vibrations of 0-Co-O.
The peaks observed at 3441.35cm™! and 1631.96 cm™! were indica-
tive of the O-H stretching and bending vibrations associated with
water molecules adsorbed on the oxide surface [16]. The FTIR spec-
trum of g-C3N, indicated a sharp peak at 805.62cm™! that corre-
sponded to the vibration of the tris-s-triazine structure. The char-
acteristic stretching vibrations of aromatic carbon and C-N hetero-
cyclic units, which were typical features, were represented by mul-
tiple peaks in the region of 1253.99 1631.00cm! [17]. The broad
peak at 3292.86cm™! was attributed to the stretching vibrations of
N-H bonds. In the FTIR spectrum of Co304/g-C3Ny4, in addition to
the distinct characteristic peaks of g-CsNy4, the subtle peaks ob-
served in the 500-700cm™ region also indicated the stretching
vibrations of Co-O and 0-Co-O bonds. In particular, compared to
Co304 and g-C3Ny4, a new peak appeared at 1459.00 and was at-
tributed to Co-O-C [18]. These peaks provided evidence of the suc-
cessful incorporation of Co304 into the g-C3N4 matrix, which was
crucial for the formation of the heterojunction.

Fig. 2c is the XPS survey spectra of g-C3Ny4, Co304, and Co304/g-
C3Ny4. The primary constituents of g-C3N4 were C and N, while
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Fig. 2. (a) XRD patterns, (b) FT-IR spectra, (c) XPS survey spectra, (d) PL spectra, (e) UV-vis DRS spectra, and (f) band gaps of Co304/g-C3Ny4, Co304, and g-C3N,.

Co304 was composed of Co and O. The presence of Co 2p, O
1s, C 1s, and N 1s signals in the Co304/g-C3N4 confirmed the
successful fabrication of the Co304/g-C3N, heterojunction. The
high-resolution XPS spectrum of Co 2p for Co304/g-C3N,4 in Fig.
S1a (Supporting information) revealed four peaks at 779.2, 780.6,
794.2, and 795.9eV, which were attributed to Co* 2ps,, Co?*
2p3p, Co** 2pypp, and Co** 2p,p,, respectively, along with their
corresponding satellite peaks. Specifically, the Co 2p peaks of
Co304/g-C3N,4 exhibited a negative shift relative to those of Co304
alone, indicating the presence of electronic interactions between
Co304 and g-C3N4 [19]. In the high-resolution O 1s XPS spec-
trum of Co30,4 (Fig. S1b in Supporting information), the peaks with
binding energies of 530.1 and 531.9 eV correspond to Co-O-Co and
O-H caused by surface adsorption of water, respectively [20]. The
emergence of a Co-O-C peak in the O 1s spectrum of Co304/g-
C3Ny4, along with a shift to lower binding energies, confirmed the
successful synthesis of the Co304/g-C3N,4 heterojunction. The C 1s
spectrum of Co304/g-C3N,4 could be deconvoluted into three peaks
at 285.2, 287.4, and 287.8 eV, which correspond to C-C, C-NHy, and
N-C=N, respectively (Fig. S1c in Supporting information) [21]. Ad-
ditionally, the C 1s spectrum of Co304/g-C3N4 exhibited a posi-
tive shift compared to that of g-C3N4 alone. The N 1s spectrum
of Co304/g-C3N4 was divided into three peaks at 397.9, 399.5, and
400.2 eV, which were assigned to C-N=C, N-(C)3, and C-NHy, re-
spectively (Fig. S1d in Supporting information) [22]. The shift of
N 1s spectrum to higher binding energies relative to the g-C3Ng4
indicated a reduction in the electron density around nitrogen, sug-
gesting a redistribution of electrons between Co304 and g-C3Njy.
Overall, compared to Co304 and g-C3Ny4, the Co 2p and O 1s spec-
tra in the Co30,4/g-C3N,4 heterojunction exhibited a shift towards
lower binding energies, while the C 1s and N 1s spectra displayed
a movement to higher binding energies. This suggested that upon
the formation of the heterojunction, electrons from g-C3N, mi-
grated to Co30y4, indicating a transfer of electronic charge across
the interface [23].

Fig. 2d presented the PL spectra of Co304 and the Co304/g-C3Ny
heterojunction, with a peak in the range of 400-600 nm. The intro-
duction of g-C3N,4 into Co304 did not alter the peak position, but
significantly reduced the peak intensity. This observation indicated
the formation of a heterojunction between Co30,4 and g-C3Ny4 [24].
To elucidate the impact of heterojunction formation on the band
structure, the UV-vis DRS spectra were investigated. As depicted
in Fig. 2e, upon the introduction of Co30,4, the Co304/g-C3N4 com-

posite exhibited an increased absorption intensity and a broader
absorption range compared to g-C3N4 alone. This enhancement in
absorption was indicative of the successful formation of a hetero-
junction between Co304 and g-C3N4, which gave rise to a pro-
nounced interfacial effect. This interfacial interaction was proposed
to bolster the catalytic stability of the material [25]. Based on the
spectra, the band gap of the materials was determined using the
Tauc plot method. The band gaps for Co304, g-C3N4, and Co304/g-
C3N4 were determined to be 1.69, 2.72, and 2.51eV, respectively
(Fig. 2f). These values were consistent with those reported in the
literature and suggested that the formation of the heterojunction
had influenced the band gap [26].

To elucidate the impact of heterojunctions on the dechlorina-
tion efficacy, a series of Co304/g-C3N4 were synthesized with vary-
ing ratios of melamine to cobalt acetate (20:1, 10:1, 5:1, and 1:1),
denoted as C0304/g-C3N4—20, C0304/g-C3N4—]0, C0304/g-C3N4—5,
Co304/g-C3N4-1, respectively. Text S2 and Figs. S2 and S3 (Sup-
porting information) provided XRD, XPS, and UV-vis DRS spec-
tra. As illustrated in Fig. 3a, Co304/g-C3N-x could achieve the re-
moval of TAP due to the formation of heterojunctions, with the
removal efficiencies ranging from 80.4% to 96.8%. Fig. S4a (Sup-
porting information) demonstrated that the rate constant exhib-
ited a volcano-shaped curve, increasing with the ratio of melamine
to cobalt acetate. Co304/g-C3N4-10 reached the peak of the vol-
cano with the highest rate constant (0.0584min!) and highest
dechlorination efficiency (96.6%) (Fig. S4b in Supporting informa-
tion). In particular, Co304/g-C3N, represented a ratio of 10:1, at
which characterization tests and performance comparisons were
performed. Fig. S4c (Supporting information) indicated that al-
though the leached cobalt increased from 2.8 ug/L to 10.1 ug/L with
the increase in the ratio, it remained far below the Emission Stan-
dard of Pollutants for Copper, Nickel, Cobalt Industry of China (Co
< 1mg/L).

To validate the electrocatalytic dechlorination performance of
the Co304/g-C3N4 heterojunction, its catalytic activity was com-
pared with that of Co304 and g-C3N, catalysts. As depicted in Fig.
3b, the Co304/g-C3N4 heterojunction was able to remove 93.6%
of TAP within 45 min, whereas the Co3;04 and g-C3N4 catalysts
achieved only 67.9% and 61.8% removal after 45 min, respectively,
indicating that the formation of the heterojunction significantly
enhanced the dechlorination process. Fig. S5a (Supporting infor-
mation) demonstrated that the process obeyed the pseudo-first-
order kinetic model, with the rate constant k for Co304/g-C3N4
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Fig. 3. (a) Effects of Co304/g-C3N4-x on TAP removal, (b) TAP removal, and (c) Nyquist plots of Co304/g-C3N4, Co304, and g-C3Ny, (d) plots of capacitive currents vs. scan
rates, and (e) LSV curves of Co304/g-C3N4 and Co304. (f) Effects of current density on TAP removal of Co304/g-C3Ny.

(0.0584 min™') being 2.4 and 2.8 times that of Co3;04 (0.0246 min™!)
and g-C3N4 (0.0206 min'!), respectively. Fig. S5b (Supporting infor-
mation) illustrated that the dechlorination efficiency of Co304/g-
C3N4 could reach 96.6 %, surpassing that of Co304 (68.1%) and g-
C3N4 (56.3%). The dechlorination properties of g-C3N4 might result
from direct electron transfer.

To demonstrate the superior dechlorination capability of het-
erojunctions, the electrochemical performance of Co304/g-C3N4
and Co304 were evaluated. Electrochemical impedance (EIS) can
reflect the conductivity of the electrode [27]. R.: represents the
charge transfer resistance between the electrode surface and the
electrolyte solution. The Nyquist plots (Fig. 3c) indicated that the
Rt of Co304/g-C3N4 (130.5 2) was lower than that of Co304
(150.3 2) and g-C3N4 (193.0 2), suggesting that the introduction
of the heterojunction facilitated electron transfer. Cyclic voltamme-
try (CV) was conducted near the open-circuit potential (OCP) at
various scan rates to calculate electrochemical double layer capac-
itance (Cy) (Fig. 3d and Fig. S6 in Supporting information) [28].
The C4 of Co304/g-C5N, was 8.76 mF/cm?, which was 2.4 times
that of Co30, (3.68 mF/cm?). The Cg; is directly proportional to the
electrochemical active surface area (ECSA) [29]. Consequently, the
ECSA of Co304/g-C3N4 was superior to that of Co304, indicating a
greater number of catalytic active sites. The formation of Co304/g-
C3N4 heterojunction enhanced the electron transfer rate and ECSA
compared to Co304 alone, which was beneficial for the dechlorina-
tion reaction. To demonstrate the formation of Co30,4/g-C3N4 het-
erojunction, g-C3N4 and Co304 were physically mixed at a ratio of
10:1 (Co304 +g-C3Ny4) and compared with Co304/g-C3Ny. Text S3
and Figs. S7 and S8 (Supporting information) showed the synthe-
sis of Co304/g-C3Ny4 heterojunction was essential.

To further assess the catalyst’s ability to generate H*, lin-
ear sweep voltammetry (LSV) test results indicated that the cur-
rent density of Co304/g-C3Ny was much higher than that of
Co304 (Fig. 3e). For instance, the current density of Co304/g-
C3N4 (1.05mA/cm?) was 3.4 times that of Co;04 (0.31 mA/cm?2)
at —1.0V, suggesting a higher rate of H* generation for Co304/g-
C3Ny4 [30]. The generation of H* is closely associated with the cur-
rent density. To elucidate the kinetics of H* formation, Fig. 3f il-
lustrated the removal of TAP at various current densities. As the
current density increased from 1mA/cm? to 10 mA/cm?, the TAP
removal efficiency rose from 43.6% to 98.1%, and the rate constant
was enhanced by 9.5 times (Fig. S9a in Supporting information).

This suggested that a higher current density led to the generation
of a greater amount of H*, thereby improving the dechlorination
performance. However, when the current density was further in-
creased to 12.5mA/cm?, the rate constant declined. This was at-
tributed to the aggravation of the hydrogen evolution side reaction
at high current densities, which led to a decrease in dechlorina-
tion performance [31]. As depicted in Fig. S9b (Supporting infor-
mation), the dechlorination efficiency initially increased and then
decreased with the augmentation of the current density, reaching a
maximum of 10 mA/cm?2. H* plays an important role in the dechlo-
rination process.

Text S4 and Fig. S10 (Supporting information) elucidated the
degradation pathway of TAP and assessed the toxicity of TAP
and its degradation intermediate. The toxicity of TAP was signif-
icantly reduced after the electrocatalytic dechlorination reaction
on Co304/g-C3Ny. Electrocatalytic dechlorination could be catego-
rized into indirect dechlorination mediated by H* and direct reduc-
tion through electron transfer [32]. The mechanisms of Co304/g-
C3Ny4, whether direct or indirect dechlorination, were investigated.
Quenching experiments were conducted to determine the role of
H*, utilizing tert-butanol (TBA) as a scavenger for H*. As shown
in Fig. S11 (Supporting information), the more TBA added, the
more obvious the inhibition effect. With the addition of 10 mmol/L
TBA, the TAP removal efficiency decreased by 24.8% (Fig. S11a),
the rate constant dropped from 0.0584 min™! to 0.0320min! (Fig.
S11b), and the dechlorination efficiency declined by 32% (Fig.
S1ic), thereby demonstrating the role of H* of Co304/g-C3N4 in
the electrocatalytic dechlorination process. Since TBA also acted as
the "OH scavenger, the cumulative concentration of ‘OH was de-
termined to be 0 to exclude the interference from *OH (Fig. S11d).
Co304 and g-C3N4 exhibited markedly different behaviors upon the
addition of TBA. After adding 5mmol/L TBA and 10 mmol/L TBA,
TAP removal efficiencies of Co30,4 decreased from 79.1% to 66.8%
and 63.3%, indicating that H* played a smaller role in Co30,4 than
Co304/g-C3Ny4 (Fig. S12 in Supporting information). The formation
of Co304/g-C3N4 heterojunction enhanced the generation of H*.
The addition of TBA had little inhibitory effect on g-C3N,4 (Fig.
S13 in Supporting information). Upon the addition of 5 mmol/L
and 10 mmol/L TBA, the removal efficiency of TAP by g-C3N4 de-
creased only by 0.29% and 0.31 %, respectively, while the rate con-
stant dropped from 0.0207 min"! to 0.0195min"! and 0.0194 min-!.
Therefore, the contribution of indirect reduction by H* of g-C3N4
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C3N4 with TAP. (d) Free energy diagrams of H* transformation on Co304/g-C3N4 and Cos04. (e) Adsorption energies of TAP and its degradation intermediates on Co304/g-C3Ny4
and Co304. (f) Planar average potential on the surfaces of Co;04 and g-C3N4 by work function.

was insignificant, with the primary mechanism being direct re-
duction. Studies have indicated the presence of electron transfer
of g-C3N,4 [33,34]. Fig. S13c showed that TAP removal by g-C3N4
was largely due to the direct reduction of the cathode. To this
end, the contribution of H* was assessed by evaluating the ratio
of rate constants with and without the addition of TBA, denoted
as ki/ko (Fig. 4a) [35]. When 10 mmol/L TBA was added, the con-
tribution of H* to removal efficiency was found to be in the order
of C0304/g-C3N4 (64.0 %)> Co304 (373 %)> g-C3Ny (6] %). The ac-
tive species of the system were verified by electron paramagnetic
resonance (EPR) with DMPO as the trapping agent (the inset of Fig.
4b). EPR spectra revealed nine characteristic peaks of the DMPO-H*
adduct, with the signal intensities being: Co304/g-C3N4 > C0304 >
g-C3Ny4, which was consistent with previous analysis. As shown in
Fig. 4b, the concentration of H* increased over time, with the H*
cumulative concentration of Co304/g-C3N,4 reaching 0.44 mmol/L at
120 min, which was 13.6 and 28.2 times higher than that of Co304
and g-C3Ny, respectively. This provided direct evidence supporting
the generation of H* facilitated by the formation of Co304/g-C3N4
heterojunctions. By comparing EPR spectra with and without the
addition of TAP, a decrease in the intensity of the DMPO-H* signal
was observed upon TAP addition (Fig. S14 in Supporting informa-
tion), which was attributed to the consumption of H*. However,
the DMPO-H* signal remained strong even after the addition of
TAP, indicating that Co304/g-C3N4 generated a sufficient amount of
H*, and H* was present in excess. To further verify the role of H*,
LSV curves of Co304/g-C3N4 with and without TAP was compared
(Fig. S15 in Supporting information), in which they tended to flat-
ten with TAP, indicating that part of H* was consumed during the
dechlorination process, which was consistent with EPR results.
In-situ FTIR spectroscopy was employed to monitor the reac-
tion intermediates during the dechlorination [36,37]. The peaks ob-
served at 1597 cm™ and 1535cm™! in Fig. 4c corresponded to the
C=C skeletal vibrations of the benzene ring, indicating the adsorp-
tion of TAP on the electrode surface. The presence of a peak at
1647 cm™!, corresponding to the bending mode of water molecules,
could be ascribed to the electrolytic cleavage of water into H* at
the electrode interface, thereby confirming the generation of H*.
A distinct peak appearing at 852cm™! corresponded to the C-Cl
stretching vibration, which demonstrated the excellent dechlorina-
tion performance of Co304/g-C3Ny. Fig. S16 (Supporting informa-

tion) displayed the in-situ FTIR spectrum for Co304, wherein the
C-Cl bond exhibited a significant reduction in intensity compared
to Co304/g-C3Ny4, thereby proving the superior dechlorination ca-
pability of Co304/g-C3Ny.

Fig. S17 (Supporting information) investigated the relationship
between the dechlorination performance of Co304/g-C3N4 and the
initial concentration of TAP. TAP removal efficiency exceeded 94.3 %
for TAP concentrations between 1-50 mg/L, and even at a concen-
tration of 100 mg/L, the removal efficiency could still reach 82.9%
(Fig. S17a). The active sites on the catalyst surface were limited. At
low pollutant concentrations, these sites could fully interact with
pollutants. However, at high concentrations, excess pollutants sat-
urated the active sites, preventing some pollutants from access-
ing them and reducing dechlorination efficiency [38]. It was note-
worthy that the rate constant at a TAP concentration of 1mg/L
(0.090min!) was 1.5, 1.6, 1.9, and 3.1 times higher than those
at concentrations of 5mg/L (0.059min"!), 10mg/L (0.056 min!),
50mg/L (0.047min'), and 100mg/L (0.029 min’!), respectively
(Fig. S17b). Co304/g-C3N4 was applicable over a broad range of pol-
lutant concentrations, particularly effective for low-concentration
pollutants. Fig. S17c showed the dechlorination efficiencies were
97.3%, 100%, 96.6%, 92.8%, and 69.0%, respectively, at the con-
centration of 1, 5, 10, 50, and 100mg/L. To investigate the ori-
gin of the heterojunction effect, the Langmuir-Hinshelwood (L-H)
model [39,40] was used to describe heterogeneous electrocatalytic
dechlorination kinetics of Co304/g-C3Ny4 (Fig. S18 in Supporting in-
formation). Fig. S18b demonstrated a good linear relationship be-
tween 1/ry and 1/Cy (r2=0.998), indicating that the process was
consistent with the L.-H model. The key step in the electrocatalytic
dechlorination was the reaction between adsorbed TAP and H*.

DFT calculations were employed to further validate the reaction
mechanism. The process of generating H* through hydrogen ions or
water was carried out. Fig. S19a (Supporting information) demon-
strated that Co304/g-C3N,4 exhibited a lower hydrogen adsorption
free energy. Furthermore, Co304/g-C3N,4 presented a lower energy
barrier for water dissociation than Co304 alone, which suggested
a more rapid Volmer step, as depicted in Fig. S19b (Supporting in-
formation). The energy barrier for the formation of H* (AGy+) was
utilized to assess the capability of generating H* [36]. The more
negative AGy+ value of Co304/g-C3N4 (—3.8eV) compared to that
of Co304 (—3.5eV) indicated a lower energy barrier for Co304/g-



G. Song, H. Wu, C. Zhang et al.

C3N4, which was favorable for the generation of H* (Fig. S19c in
Supporting information). Fig. 4d investigated H* transformation on
Co304/g-C3N4 and Co304. Initially, an atomic hydrogen adsorbed
onto the catalyst surface. Subsequently, the second atomic hydro-
gen generated approached the first atomic hydrogen, with the two
hydrogen atoms coming infinitely close to each other, eventually
transforming into hydrogen gas and desorbing from the catalyst
surface. In the process of forming hydrogen gas, Co304/g-C3N4 ex-
perienced the highest energy barrier, at which point the adsorbed
atomic hydrogen remained stable on the catalyst surface, inhibit-
ing the generation of hydrogen gas. Fig. S19d (Supporting infor-
mation) presented the projected density of states (PDOS) for the
d orbitals of the Co304/g-C3N4 and Cos0Qy, reflecting the distri-
bution of electrons within the d orbitals of the materials [41,42].
The d-band center (g4) of Co304/g-C3Ny4 (—1.515eV) was higher
than that of Co304 (—1.731eV), indicating that Co304/g-C3N4 has
a stronger binding affinity for H* compared to Co304 alone [30].
Generally, the rate of electrochemical reactions is largely depen-
dent on the adsorption activation of the substrate and the des-
orption of product molecules. Therefore, the adsorption energies
of TAP and its degradation products on Co304/g-C3N4 and Co304
were calculated. Fig. 4e illustrated that the adsorption energy of
TAP on Co304 (—0.77eV) was lower than that of its degradation
products TAP-Cl (—1.05eV) and TAP-2Cl (—-0.79eV). This suggested
that degradation products might compete with reactants for active
sites, leading to a decrease in dechlorination performance. How-
ever, upon the formation of Co304/g-C3N,4 heterojunctions, the ad-
sorption energy of TAP (—0.47eV) was enhanced relative to that
of the products TAP-Cl (-0.22eV) and TAP-2Cl (-0.35eV), indicat-
ing that the heterojunction facilitated the adsorption of TAP and
the desorption of products, thereby enhancing the performance of
C0304/g-C3Ny.

Charge density difference was employed to probe changes in
the electronic structure to determine charge transfer. Fig. S20a
(Supporting information) indicated a decrease in electron density
on g-C3N4 and an increase on Co304, suggesting that upon the
formation of the heterojunction, g-C3N,4 lost electrons which were
transferred to Co304. Fig. S20b (Supporting information) illustrated
that the Fermi level of Co304/g-C3N4 undergoes a positive shift rel-
ative to the Fermi levels of Co304 and g-C3Ny4, indicating electron
transfer resulting from the formation of the heterojunction, which
was consistent with the findings from the charge density difference
analysis. Electrons transfer from g-C3N4, which possessed a more
negative Fermi level to Co30,4 [43]. The work function corresponds
to the energy required to remove an electron from the Fermi level
to the vacuum level, reflecting the potential energy barrier for elec-
tron egress from the solid [44]. The work function was calculated
to verify the direction of electron transfer (Fig. 4f). The higher
work function of Co304 (5.48eV) relative to g-C3N4 (4.41eV) in-
dicated that upon the formation of Co304/g-C3N,4 heterojunctions,
electrons transferred from g-C3N4 to Co304 until the Fermi levels
aligned, creating an interfacial electric field. Consequently, a possi-
ble mechanism for the electrocatalytic dechlorination by Co304/g-
C3N4 was proposed (Text S5 and Fig. S21 in Supporting informa-
tion). Co304/g-C3N4 was superior to Co304 in terms of dechlorina-
tion efficiency, rate constant and H* contribution.

The pH value exerted a significant influence on the electrocat-
alytic dechlorination process. As depicted in Fig. 5a, the removal
efficiency of TAP within the pH range of 3-11 had little difference,
with over 95% removal achieved within 60 min. The rate constants
were in the range of 0.053-0.065 min™! (Fig. S22a in Supporting in-
formation), and the dechlorination efficiencies all reached 93 % (Fig.
S22b in Supporting information). In particular, the TAP removal ef-
ficiencies of Co304/g-C3N,4 increased compared with Co304 at dif-
ferent pH. The rate constants were 4.2, 4.0, 2.4, 3.5 and 3.0 times
of Co30y4, respectively. Co304 had poor stability under acidic con-
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ditions and was prone to leach. Co304/g-C3N, increased the active
site, and enhanced stability due to the construction of heterojunc-
tions, thus reducing the dependence on pH. The leached cobalt
of Co304/g-C3N4 was between 2.3pg/L and 4.9pug/L (Fig. S22¢ in
Supporting information). This indicated that the Co304/g-C3N4 was
less affected by pH and could play a role in a wide pH range.

Additionally, Co304/g-C3N4 demonstrated effective dechlorina-
tion performance in the presence of coexisting ions and in real
water bodies (Figs. 5b and c, Text S6, Fig. S23, and Table S1 in
Supporting information). Reusability is an important parameter to
evaluate catalyst performance. As depicted in Fig. 5d, over ten cy-
cles, the removal efficiency of Co304/g-C3N4 for TAP was consis-
tently maintained between 95.5% and 98.2 %, with rate constants
ranging from 0.0529min"! to 0.0621 min™! (Fig. S24a in Support-
ing information), and dechlorination efficiencies falling within the
range of 93.8%-96.6% (Fig. S24b in Supporting information). In
particular, Co304/g-C3Ny4 significantly improved reusability com-
pared to Co304. After ten cycles, the performance of Co304 de-
clined, with the TAP removal efficiency decreasing from 80.0%
to 43.4%, the rate constant diminishing from 0.0258min™! to
0.0087 min’!, and the dechlorination rate dropping from 68.1% to
39.6%. Besides, Fig. 5e indicated that the leaching of cobalt from
the Co304/g-C3N4 was lower compared to the leaching of Co30y,
with a range of 0.3-4.9pg/L. The high stability of Co304/g-C3Ny
was attributed to the strong metal-support interactions within
the heterojunction, which enhanced the structural stability and
thereby reduced leaching [45]. Co304/g-C3N,4 exhibited excellent
cyclic stability.

Thiamphenicol (TAP), chloramphenicol (CAP), and florfenicol
(FLO), which belong to the chloramphenicol antibiotics, are ex-
tensively utilized in veterinary medicine and aquaculture and fre-
quently detected in aquatic environments [46]. For instance, an-
tibiotics have been detected in surface waters of the Middle East
and North Africa regions at concentrations ranging from 0.03 ng/L
to 66,400 ng/L [47]. However, low concentrations of pollutants ag-
gravated the consumption of active species due to side reactions
and were limited by mass transfer, posing significant challenges for
removal [48]. Therefore, the removal of low-concentration chlori-
nated antibiotics (1 mg/L) was explored. Fig. 5f demonstrated that
Co304/g-C3N4 exhibited effective removal of TAP, CAP, and FLO at
low concentrations, achieving over 92.7% removal within 60 min.
The rate constant k followed the order of TAP (0.0896 min'!) >~ CAP
(0.0444 min') > FLO (0.0414 min!) (Fig. S25 in Supporting infor-
mation). Deng et al. utilized multi-walled carbon nanotube (MWC-
NTs) electrodes for the removal of low-concentration TAP (2 mg/L),
achieving only 87% removal within 24h [49]. Overall, Co304/g-
C3N4 possessed efficient removal of low-concentration chlorinated
antibiotics.

Additionally, we compared various processes for the removal of
TAP, as shown in Table S2 (Supporting information). Biodegradation
was time-consuming, requiring 36-120h [50,51]. Although 96.32%
adsorption could be achieved within 60 min, this method required
a large amount of catalyst (8g/L) and subsequent treatment was
necessary [52]. Notably, Co304/g-C3N4 exhibited significant advan-
tages under similar experimental conditions over electro-Fenton
[53], Fe(Ill)/PMS [54], UV/H,0, [55], reduction [56] and electro-
catalytic dechlorination [49,57,58]. Therefore, Co304/g-C3N4 was an
excellent catalyst for electrocatalytic dechlorination.

This work constructed the Co304/g-C3N4 heterojunction, offer-
ing a novel insight into the electrocatalytic dechlorination of non-
noble metals. The formation of the heterojunction facilitated the
directional transfer of electrons from g-C3N4 to Co304, resulting
in an electron-enriched state for the Co304, which promoted the
formation of H*. The H* yield of Co304/g-C3N,4 increased by 13.6
to 28.2 times, contributing 64.0% to pollutant removal. The energy
barrier for H, formation on Co304/g-C3N4 (0.75eV) was higher
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Fig. 5. (a) Effects of initial pH on TAP removal of Co304/g-C3N,4 and Co304. (b) TAP removal in different background constituents. (c) TAP removal in the simulated wastew-
ater, pharmaceutical wastewater, lake water and tap water. (d) TAP removal, and (e) leaching Co in 10 cycles of Co304/g-C3N4 and Co304. (f) Removal of low concentration

chlorinated antibiotics of Co304/g-C3Ny.

than that on Co304 (—1.84eV), supporting that it could stabilize H*
and inhibit the formation of H,. Besides, Co304/g-C3N4 augmented
pollutant adsorption while concurrently diminished the adsorption
of degradation intermediates. This enhanced the dechlorination
activity of the heterojunction. The Co304/g-C3N4 heterojunction
was promising for practical applications in environmental reme-
diation and wastewater treatment. The Co304/g-C3N4 heterojunc-
tion exhibited broad applicability and was minimally affected by
pH and co-existing ions. The metal-support interaction endowed it
with superior stability, sustaining a removal efficiency exceeding
90% even after 10 cycles, with cobalt leaching levels ranging from
0.3ng/L to 4.9ng/L. It was particularly effective for the dechlori-
nation of chlorinated antibiotics, especially at low concentrations.
The improved catalytic activity highlights the potential of Co304/g-
C3N4 heterojunction as an efficient and sustainable catalyst for en-
vironmental remediation applications.
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