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ABSTRACT: Eﬃcient elimination of antibacterial activity of
halogenated antibiotics by dehalogenation pretreatment is
desired for a biochemical treatment process. In this study,
crystalline cobalt phosphide nanosheet arrays on a Ti plate (CCoP/Ti) are fabricated by a simple electrodeposition and
phosphorization process. The crystalline structure greatly
promotes atomic hydrogen (H*) generation. Moreover, the
nanosheet arrays can provide abundant active sites and
accelerate electron transfer and mass transport. As a result,
the dehalogenation rate of ﬂorfenicol (FLO, an emerging
organic pollutant) on C-CoP/Ti is 11.1, 2.97, and 13.6 times
higher than that on amorphous CoP/Ti, Pd/Ti, and bare Ti, respectively. The C-CoP/Ti electrode achieves 97.4%
dehalogenation of FLO (20 mg L−1) within 30 min at −1.2 V (vs Ag/AgCl). Nearly 100% of Cl and 20% of F are broken away
within 120 min, showing the highest electrocatalytic deﬂuorination eﬃciency reported so far. Both experimental results and
theoretical calculations reveal that the dehalogenation of FLO on C-CoP/Ti is synergistically accomplished via direct reduction
of electron transfer and indirect reduction of H*. This study develops a highly eﬃcient non-noble metal electrode material for
dehalogenation of halogenated organic compounds.

■

the overall treatment eﬃciency.19 Nobel metals, especially
palladium (Pd), have superior ability to form surface-adsorbed
atomic hydrogen (H*) as a strong reducing agent.20,21
However, earth-scarce limitation of noble metals has restricted
its large-scale application. Thus, non-noble metal catalysts are
highly demanded.13 It has been reported that some cobalt
(Co) compounds have dehalogenation activity but need the
aid of electron transfer mediators to promote dehalogenation
eﬃciency.22,23 It is found that cobalt−phosphorous-derived
compounds can generate H* by activating water molecules or
protons at a certain applied cathode potential.24−26 This
implies that cobalt−phosphorous-derived compounds may
function as a candidate of an electrochemical reductive
catalyst. However, these electrocatalysts based on cobalt−
phosphorous-derived compounds have a lower reducing
capacity compared to that of Pd due to their bulk and
amorphous structure with a lower capacity of H* gener-

INTRODUCTION
Antibiotics are widely used for human health, animal
husbandry, and agricultural purposes to inactivate or kill
microbes.1,2 Most of the antibiotics are poorly metabolized by
consumers and are released into the environment with their
excretions.3,4 They are posing a threat to environment ecology
by producing multidrug-resistant bacteria and genes.5−7
Florfenicol (FLO), a broad-spectrum chloramphenicol antibiotic, has been widely used to control several bacterial
diseases in human and aquaculture animal husbandry.8,9 It is
against diverse Gram-positive and Gram-negative bacteria,
including most of anaerobic organisms.10,11 FLO cannot be
eﬀectively removed by conventional water treatment technologies.12 Therefore, dehalogenation pretreatment of FLO by
eliminating its antibacterial activity is desired for a biochemical
treatment process.
Electrochemical reduction is a clean and low-cost approach
to remove antibiotics due to its low maintenance requirements
and minimization of secondary pollution.13−15 FLO can be
electrochemical dehalogenation to antibacterial inactivity
products.16−18 For the electrochemical reduction process, the
cathode materials are the key factor that can largely enhance
© 2019 American Chemical Society
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ation.17,27 Hence, it is expected to enhance the capacity of H*
generation of cobalt−phosphorous-derived compounds by
improving their morphology and crystalline structure.
Herein, cobalt phosphide (CoP) nanosheet arrays grown on
a Ti electrode were fabricated by electrodeposition followed by
the phosphating process. The crystallinity of CoP could be
facilely controlled by the phosphating temperature. The eﬀects
of crystallization of CoP, FLO concentration, potential, and
pH on the dehalogenation process were investigated. Electrocatalytic dehalogenation of FLO in diﬀerent water matrixes was
also examined. The dehalogenation mechanism was revealed
by both experimental data and theoretical calculations.
Antibacterial activity was tested to evaluate the feasibility of
electrochemical reduction treatment of FLO.

AgCl electrodes were put into the anode chamber. The
working electrode was inserted into the cathode chamber
under magnetic stirring (300 rpm). The distance between the
cathode and anode was 2 cm. A constant cathode potential was
controlled using the amperometric I−T technique with an
electrochemical workstation throughout the electrochemical
reduction experiments.17,19 Cyclic voltammograms (CV)
curves were recorded at 50 mV s−1 from −1.5 to 0 V vs Ag/
AgCl. The electrochemical impedance spectroscopy (EIS)
measurements were recorded by applying an AC voltage with 5
mV amplitude from 100 k to 1 Hz at open-circuit voltage. All
electrochemical analyses were carried out on a CHI 660C
electrochemical workstation. The diﬀerent initial pH was
adjusted by 0.1 M H2SO4 and NaOH aqueous solutions before
electrolysis. To investigate the eﬀect of pH on the electrochemical reduction dehalogenation of FLO, the initial
conductivity of the electrolyte at diﬀerent pH values was
adjusted to 11.34 mS cm−1 using 0.3 M Na2SO4.
Analytical Methods. FLO and the transformation
products were quantiﬁed using high-performance liquid
chromatography (HPLC, Hitachi L-2130), and the mobile
phase was methanol/H2O (1:1, v/v) with a ﬂow rate of 0.8 mL
min−1. The transformation products were identiﬁed by a
HPLC-triple quadrupole mass spectrometer (TQMS) (Agilent
1290/6460). The mobile phase was methanol/H2O (1:1, v/v)
at a ﬂow rate of 0.3 mL min−1. All samples were ﬁltered
through 0.22 μm ﬁlters before analysis. The Cl− and F−
concentrations were measured using an ICS-3000 ion
chromatograph.
Double-Layer Capacitance. Electrochemical capacitance
can reveal the active surface area of materials.25 The potential
was swept from −0.2 to 0 V vs Ag/AgCl at a given scan rate
(30, 45, 60, 75, 90, 105, 120, 135, and 150 mV s−1). The
capacitive current was set at −0.10 V because faradic processes
could not be observed in the potential range. The capacitive
currents were plotted as a function of scan rate.
Simulation Methodology. Density functional theory
(DFT) calculations were performed using the Vienna ab initio
simulation package.28 Exchange−correlation interactions were
treated by the generalized gradient approximation of Perdew−
Burke−Ernzerhof.29,30 The interaction between ions and
electrons was described using the projected augmented wave
with an energy cutoﬀ of 500 eV.31 The (200) slabs were built
with four atomic layers in the rectangular 3 × 4 supercells with
the bottom two layers ﬁxed during structural relaxation. The
Monkhorst−Pack scheme was used for sampling the Brillouin
zone, and a k-point grid of 4 × 4 × 1 was selected.32 The
vacuum thickness was 20 Å in all slab calculations, and the
dipole correction was applied to decouple the interaction
between slabs. The reactants were absorbed on the substrate
surface. The atomic positions were optimized by the conjugate
gradient algorithm until the force on each atom was less than
0.01 eV Å−1. The free energies of adsorbates were calculated as
Etotal + ZPE − TSvib, where Etotal is the total energy, ZPE is the
zero-point energy, T is the temperature, and Svib is the entropic
part from vibrations derived in a harmonic approximation to
the potential. The free energy of 1/2H2 is used as that of H+ +
e− by referring the potential to the normal hydrogen electrode.
The free energy corrections of ZPE and S for adsorbates were
0.24 and 0 eV, respectively. The entropies and vibrational
frequencies of molecules in the gas phase are taken from the
NIST database http://cccbdb.nist.gov/.

■

EXPERIMENTAL SECTION
Chemicals and Materials. Co(NO3)2, NaH2PO2, PdCl2,
FLO, Na2SO4, and t-BuOH were purchased from Aladdin
(Shanghai, China). 5,5′-Dimethyl-1-pyrroline-oxide (DMPO),
Naﬁon 117 solution (5 wt %), and Ti plate (99.8%, 0.127 mm
in thickness) were purchased from Sigma-Aldrich.
Preparation of Electrode Catalysts. An electrochemical
cell was assembled using platinum (Pt), Ag/AgCl, and a Ti
plate (eﬀective area of 0.8 × 1.2 cm2) as the counterelectrode,
reference electrode, and working electrode, respectively. The
Ti plate was cleaned in a hydroﬂuoric acid solution (∼8.0 M)
and then ultrasonicated in ethanol and water seperately.
Electrodeposition was carried out on a CHI 660C electrochemical workstation under magnetic stirring. Firstl, a solution
of 0.1 M Co(NO3)2 was used for Co(OH)2 deposition onto
the Ti plate (Co(OH)2/Ti) at −1.0 V vs Ag/AgCl for 500 s.
Then, Co(OH)2/Ti was phosphorized in a furnace with PH3
decomposed by NaH2PO2. Co(OH)2/Ti and NaH2PO2 were
put into two separate porcelain boats at a distance of 15 cm.
The molar ratio of Co to P was 1:10. Subsequently, the
temperature was increased to 300 °C at a heating rate of 2 °C
min−1 and kept for 2 h under a N2 atmosphere and then
naturally cooled to obtain crystalline CoP/Ti (C-CoP/Ti)
(CoP loading, 1.05 mg cm−2). Similarly, amorphous CoP/Ti
(A-CoP/Ti) was obtained using the same methods but at 200
°C (CoP loading, 1.02 mg cm−2). Additionally, the Pd catalyst
was electrodeposited onto the Ti plate using 1 mM PdCl2 in 5
mM H2SO4 solution at −1.0 V vs Ag/AgCl for 60 s (Pd
loading, 1.01 mg cm−2).
Characterizations. The morphologies and structures of
the materials were characterized by a ﬁeld-emission scanning
electron microscope (SEM, Hitachi S-4800), a transmission
electron microscope (TEM), and a high-resolution TEM (HRTEM) (JEM-3010). The speciﬁc surface area was measured by
the Brunauer−Emmett−Teller method using a Belsorp-Mini II
analyzer (Japan). The crystal structure was characterized by Xray diﬀraction (XRD). X-ray photoelectron spectra (XPS) were
recorded on a Thermo Fisher Scientiﬁc Escalab 250Xi system.
The DMPO-H signal of H* trapped by DMPO was detected
by electron spin resonance (ESR) on a Bruker model ESR
300E spectrometer.
Experimental Setup. FLO dehalogenation was conducted
in a reactor equipped with a cathode cell (30 mL) and an
anode cell (30 mL) separated by a Ultrex CMI-7000 cation
exchange membrane. The prepared electrodes served as the
working electrode. A Pt plate (eﬀective geometric area of 1 × 1
cm2) was used as the counterelectrode, and Ag/AgCl was
employed as the reference electrode. The Pt plate and Ag/
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Scheme 1. Fabrication Process of CoP Nanosheet Arrays on a Ti Plate

Antibacterial Activity Measurements. The antibacterial
activity of FLO and dehalogenation products to bacterial
strains was evaluated based on its toxicity on the viability of
Escherichia coli. The Luria−Bertani (LB) medium (tryptone 10
g L−1, yeast extract 5 g L−1, NaCl 10 g L−1) was used for
cultivating E. coli. Three-fold-diluted LB medium was sterilized
at 121 °C for 20 min, and then the medium containing
corresponding cathode eﬄuents was ﬁltered via a sterile 0.22
mm ﬁlter. The bioluminescence levels of the bacteria (60 μL
bacteria source) were measured in 3 mL solution of Na2SO4,
20 mg L−1 FLO, and dehalogenation products, respectively.
This system was loaded into a 100 mL conical ﬂask and shaken
in a shaking incubator (120 rpm, 30 °C). The absorbance of
optical density at 600 nm (OD600) could reﬂect the
concentration of the living bacteria.
Anaerobic Inhibition Test. The anaerobic inhibition test
was performed by assessing the chemical oxygen demand
(COD) removal according to standard methods (TNT plus
COD reagent; HACH Company). Activated sludge was
sampled from a wastewater treatment plant in Beijing, China.
Inhibition assays were performed in glass serum bottles in a
shaking incubator (130 rpm, 30 °C, 4 days). Each bottle was
ﬁlled with 25 mL of sludge (MLVSS = 3.80 ± 0.46 g L−1)
cultivated in a synthetic solution of 1 g L−1 glucose, 0.2 g L−1
NH4Cl, 0.9 g L−1 NaHCO3, and 0.04 g L−1 KH2PO4. The
dissolved O2 for the anaerobic group was removed by bubbling
N2 for 5 min. Three diﬀerent groups were set up with three
parallel tests for each set: pretreated FLO solution (C0 = 20 mg
L−1, after 90 min of dehalogenation by C-CoP/Ti), untreated
FLO (20 mg L−1) solution, and blank.

Figure 1. SEM images of CoP (A−D); TEM image (E), HR-TEM
image (F), and selective-area electron diﬀraction (SAED) pattern (G)
of C-CoP; and TEM image (H), HR-TEM image (I), and SAED
pattern (J) of A-CoP.

presenting a dominant (200) plane of CoP with a lattice
spacing of 0.25 nm25 (Figure 1F,G). The CoP(200) plane can
strongly adsorb hydrogen atoms.25 Conversely, A-CoP showed
an amorphous phase (Figure 1H−J). The phase structures of
Co(OH)2 precursor and phosphating products could be
further conﬁrmed by XRD characterization (Figure S3).
When the temperature is lower than 200 °C, the decomposition of NaH2PO2 is limited to produce PH3 for the
following phosphating reaction. The appearance of the
amorphous phase at a relatively temperature (<300 °C) may
be associated with strain release due to the P defects, leading to
lattice mismatches of CoP.25 The atomic ratio of Co to P in
both C-CoP and A-CoP was approximately 1:1 by energydispersive X-ray spectroscopy analysis (Figure S4).
Figure S5 shows the XPS spectra of Co 2p and P 2p in CCoP. Two peaks at 778.79 and 781.64 eV were ascribed to Co
2p3/2, and those at 793.84 and 797.71 eV were ascribed to Co
2p1/2 (Figure S5A). The P 2p core levels could be
deconvoluted into three peaks at 128.02, 130.39, and 134.24
eV for P 2p3/2, P 2p1/2, and P−O,38 respectively (Figure S5B).
The peaks at 778.79, 793.84, and 128.02 eV were assigned to
the binding energies of CoP nanocrystals, and the peaks at
781.64 eV for Co 2p3/2 and 134.24 eV for unresolved P 2p core
level were from oxidized Co and P species, respectively, caused
by the oxidation of the CoP surface.39
Dehalogenation of FLO on Diﬀerent Electrodes. The
dehalogenations of FLO on C-CoP/Ti, A-CoP/Ti, Pd/Ti, and
bare Ti electrodes were studied in 0.1 M Na2SO4 solution at
−1.2 V vs Ag/AgCl (Figure 2A). The removal eﬃciency of
FLO on C-CoP/Ti reached up to 95.7% within 30 min, much
higher than 28.2% on A-CoP/Ti, 35.9% on Pd/Ti, and 18.9%
on bare Ti. As shown in Figure 2B, the dehalogenation process
of FLO followed pseudo-ﬁrst-order kinetics expressed as
−ln(Ct/C0) = kt + b, where t is the reaction time (min), k is
the reaction rate constant (min−1), b is a constant, and Ct and

■

RESULTS AND DISCUSSION
Synthesis and Characterizations. Co(OH)2 nanosheets
on a Ti plate were ﬁrst prepared by potentiostatic deposition at
room temperature, followed by gas-phase phosphating to get
C-CoP using NaH2PO2 at 300 °C (Scheme 1). The Co(OH)2
nanosheets were vertically grown on the both sides of the Ti
plate (Figure S1A). The nanosheet layer was ca. 2.5 μm in
height (Figure S1B). After phosphating, the architecture
remained vertical (Figure 1A,B), showing a speciﬁc surface
area of 21.3 m2 g−1 (Figure S2). The nanosheet array
architecture could provide fast mass transfer channels because
the nanoscale convection induced by the vertically grown
nanosheets array causes enhanced mixing and hence increases
the nanoscale mass transfer.33 Moreover, the interconnected
CoP nanosheets eﬀectively decrease the contact electrical
resistance between neighboring nanosheets, which leads to fast
electron transport across each microstructure.34 Compared
with bulk structure, the vertically grown nanosheets array
architecture exposes more active sites, which helps the catalyst
to contact with reactants.35−37 Meanwhile, vertical A-CoP
sheets were obtained after phosphating at 200 °C (Figure
1C,D). C-CoP showed high crystallization (Figure 1E−G),
11934
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Figure 2. (A) FLO dehalogenation and (B) pseudo-ﬁrst-order kinetic model on these electrodes; released Cl− or F− on (C) C-CoP/Ti and (D) ACoP/Ti; (E) linear ﬁtting of the capacitive properties of current density vs scan rate; and (F) Nyquist plots of CoP/Ti and Ti. Conditions for (A−
D): 0.1 M Na2SO4 solution; C0 = 20 mg L−1; −1.2 V vs Ag/AgCl.

C0 are the FLO concentrations at times t = t and t = 0,
respectively. The rate constant for C-CoP/Ti was 0.1146
min−1, which was 11.1, 2.97, and 13.6 times higher than that
for A-CoP/Ti (0.0103 min−1), Pd/Ti (0.0386 min−1), and
bare Ti (0.0084 min−1), respectively. The dehalogenation
products of FLO on these electrodes were determined by
HPLC-TQMS. As shown in Figure S6, four main products
were detected for C-CoP/Ti, namely, FLO-Cl (one chlorine
atom was removed from FLO), FLO-2Cl (two chlorine atoms
were removed from FLO), FLO-F (one ﬂuorine atom was
removed from FLO), and FLO-2ClF (two chlorine atoms and
one ﬂuorine atom were removed from FLO). Meanwhile,
FLO-Cl, FLO-2Cl, and FLO-2ClF were detected for Pd/Ti. In
contrast, only dechlorination-related products (FLO-Cl or
FLO-2Cl) with low amount were detected for A-CoP/Ti and
bare Ti, indicative of their poor dehalogenation activities
toward FLO. The semiquantitative analysis of Cl− and F− on
FLO was carried out at diﬀerent reaction intervals by C-CoP/
Ti (Figure 2C) and A-CoP/Ti (Figure 2D). For C-CoP/Ti,
FLO was completely decamped in 60 min, accompanied by
signiﬁcant Cl− production (3.83 mg L−1, 120 min) and limited
amount of F− production (0.21 mg L−1, 120 min). Notably,
the released Cl− was close to the theoretical Cl content for
FLO (3.96 mg L−1 Cl for 20 mg L−1 FLO). In contrast, only
2.8 mg L−1 Cl− was detected on A-CoP/Ti in 120 min (Figure
2D). The didechlorination and deﬂuorination reactions
commonly involve a H*-mediated indirect reduction process,
while the direct dehalogenation reaction is primarily a
dechlorination product.13 Therefore, these electrodes may
involve diﬀerent FLO dehalogenation mechanisms.

To elucidate the outstanding dehalogenation performance of
C-CoP/Ti, the electrochemical properties of these electrodes
were studied. Electrochemical double-layer capacitance (Cdl)
can provide the electrochemical active surface area (ECSA) by
CV (Figure S7). The obtained capacitive currents were plotted
as a function of scan rate in Figure 2E. C-CoP/Ti displayed a
Cdl value of 8.91 mF cm−2, which was 71 and 162 times larger
than that of A-CoP (0.125 mF cm−2) and bare Ti (0.055 mF
cm−2), respectively. Larger ECSA means more catalytic active
sites.40
The CV test was adapted to further investigate the FLO
dehalogenation activities of these electrodes. The largest
reductive peak current of FLO on C-CoP/Ti revealed the
best dehalogenation performance (Figure S8). Electrochemical
impedance spectroscopy (EIS) can disclose the conductivities
of the electrodes. The Nyquist plots are shown in Figure 2F,
where the square circles are experimental data and the lines are
ﬁtted by the equivalent circuit (Figure S9). Rct is assigned as
the charge-transfer resistance at the interface between the
electrode and the electrolyte. The Rct value of C-CoP/Ti
(1.768 × 102 Ω) was lower than that of Ti (3.443 × 104 Ω)
(Table S1), suggesting much faster electron transfer rate in CCoP nanosheets. However, the Rct value of C-CoP/Ti was
higher than that of A-CoP/Ti (43.4 Ω), which was not in
accordance with the overall performance of C-CoP/Ti. Thus, it
suggests the existence of other dehalogenation processes
besides the direct electron transfer for C-CoP/Ti. The
chronoamperometry proﬁles showed that the reduction current
of FLO on C-CoP/Ti was higher than that on other electrodes
(Figure S10), indicating that more FLO were reduced on C11935
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Figure 3. FLO dehalogenation on (A) C-CoP/Ti and (B) Pd/Ti under diﬀerent t-BuOH concentrations. (C) FLO removal on C-CoP/Ti, A-CoP/
Ti, and Pd/Ti under diﬀerent t-BuOH concentrations after 30 min. (D) DMPO spin trapping ESR spectra of C-CoP/Ti, A-CoP/Ti, Pd/Ti, and
bare Ti. Conditions for (A−C): 0.1 M Na2SO4 solution; C0 = 20 mg L−1; −1.2 V vs Ag/AgCl.

Figure 4. Eﬀects of (A) potential (C0 = 20 mg L−), (B) initial FLO concentration (−1.2 V vs Ag/AgCl), and (C) initial pH (C0 = 20 mg L−1, −1.2
V vs Ag/AgCl) on FLO dehalogenation on C-CoP/Ti in 0.1 M Na2SO4 solution; the pH was adjusted with H2SO4 and NaOH. (D) Reusability of
CoP/Ti for FLO dehalogenation (the dots for C-CoP/Ti, the squares for A-CoP/Ti, C0 = 20 mg L−1, −1.2 V vs Ag/AgCl, 0.1 M Na2SO4). (E)
Growth of E. coli DH5α in FLO (C0 = 20 mg L−1, 0.1 M Na2SO4), control (0.1 M Na2SO4), and dehalogenation products on C-CoP/Ti (−1.2 V vs
Ag/AgCl, 0.1 M Na2SO4, C0 = 20 mg L−1, t = 90 min). (F) Removal of organic matters under anaerobic digestion.
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due to the vertical architecture of CoP nanosheets that
possessed suﬃcient active sites and facilitated mass transfer. In
addition, the initial pH showed a slight eﬀect on the removal
FLO on C-CoP/Ti (Figure 4C), reﬂecting that the FLO
dehalogenation by C-CoP/Ti could be performed in a wide
pH range. Although the pH increased up to 12 after 60 min
reaction, the high activity of C-CoP/Ti at alkaline condition
(initial pH 9.89) indicated water oxidation to produce protons
that were subsequently captured by CoP to form H*.
Durability Performance of CoP/Ti. The durability of
metallic compounds based electrodes is a signiﬁcant factor for
their applications.49 After experiencing ﬁve cycles, the C-CoP/
Ti electrode remained a stable FLO removal eﬃciency (Figure
4D) and C-CoP still maintained a good crystallinity (Figure
S12). Furthermore, the concentration of released Co was as
low as 0.26 μg L−1 in the ﬁfth cycle, demonstrating an
outstanding durability of C-CoP. In contrast, the removal of
FLO over A-CoP/Ti decreased signiﬁcantly from the second
cycle and the dissolution of Co reached 18.97 μg L−1 after the
ﬁrst cycle. Obviously, the crystallinity of CoP helps to prevent
Co loss, thus keeping stable catalytic activity. Its stability
augurs well for the practical utilization of C-CoP/Ti.
Antibacterial Activity Assessment of Dehalogenation
Products. E. coli DH5α (a typical Gram-negative bacterium)
is commonly used to evaluate the toxicity of substances.15 E.
coli was exposed to a LB culture solution with 20 mg L−1 FLO
and the FLO-treated solution (after 90 min of dehalogenation
by C-CoP/Ti) (Figure 4E). In the presence of FLO, the
growth of E. coli DH5α was inhibited within 12 h. In contrast,
the OD600 of the strains in the FLO-treated solution rapidly
increased with a prolonged culture time to 5 h and gradually
reached a maximal value within 20 h. This result was similar to
that of the control experiments. Thus, the dehalogenation
reaction on C-CoP/Ti could make FLO posess less
antibacterial activity.
Anaerobic Inhibition Assays. To prove the inhibition
potential of FLO by electrocatalytic reduction pretreatment, an
anaerobic biodegradation inhibition assay was performed by
assessing the COD removal. The COD reduction rates of the
pretreated solution and the blank group are similar but far
larger than that of the untreated group (Figure 4F). The result
veriﬁed that the pretreatment of electrocatalytic reduction
dehalogenation by C-CoP/Ti could make FLO more readily
biodegradable in the subsequent anaerobic treatment process.
Proposed Degradation Pathway of FLO. For electrochemical hydrogenation, H* is generated at the electrode
surface by electrolysis of water50 and the activity is dominated
by the chemical composition, crystal structure, and surface
state of cathodic materials.51 According to the results of MS
identiﬁcation (Figure S6), the dominant dehalogenation
byproducts of FLO on C-CoP/Ti included dechlorination
and deﬂuorination products (FLO-Cl, FLO-2Cl, and FLO2ClF). Figure S13 shows that the FLO-2Cl product still
increased along with time, while FLO-Cl ﬁrst reached a
summit and then decreased. As the reaction time increased, the
concentration of FLO-Cl increased and then decreased due to
the further dehalogenation. Signiﬁcantly, the deﬂuorination
product (FLO-2ClF) increased to 21% after 120 min. In
general, it is very diﬃcult to conduct deﬂuorination by the
electrochemical reduction technique.14 The C-CoP/Ti electrode has the higher reductive deﬂuorination eﬃciency than
the cathodes reported limitedly so far (Table S2). This implies
that approaches involving electrocatalytic reductive dehaloge-

CoP/Ti. Figure S11 shows the chronoamperometry proﬁles of
C-CoP/Ti in 0.1 M Na2SO4 solution with/without FLO.
When adding FLO, the reductive current increased greatly,
indicative of FLO reduction.
Eﬀect of H*. In general, electrocatalytic reduction
dehalogenation processes involve (i) direct electron transfer
and (ii) indirect reduction via H*.15−18 Tertiary butanol (tBuOH) can scavenge H* and convert it into inert 2-methyl-2propanol radicals.19,41 The removal eﬃciency of FLO on CCoP/Ti decreased gradually when t-BuOH was increased from
0 to 10.0 mM in 30 min and then remained nearly constant
lasting more than 60 min (Figure 3A). For Pd/Ti, the FLO
removal eﬃciency continued to decline when increasing tBuOH and lasting reaction time (Figure 3B). The removal
eﬃciencies in 30 min were reduced by 8.5% on C-CoP/Ti,
13.3% on Pd/Ti, and only 0.8% on A-CoP/Ti (Figure 3C).
The results indicated that H* played an important role in FLO
dehalogenation by C-CoP/Ti and Pd/Ti. The H* involved in
the electroreduction process can be detected by ESR spin
trapping.20 Nine characteristic peaks of DMPO-H were
observed at C-CoP/Ti, A-CoP/Ti, and Pd/Ti electrodes
(Figure 3D). The peak intensity for C-CoP/Ti was nearly
identical to that for Pd/Ti but much higher than that for ACoP/Ti. The amount of H* produced on C-CoP and Pd was
comparative but C-CoP showed higher FLO removal eﬃciency
than Pd when H* was captured, indicative of better FLO
dehalogenation over C-CoP/Ti than Pd/Ti by direct reduction
via electron transfer.
Pd can adsorb H* via the Pd−H bonds between hydrogen
atoms and the d orbitals of Pd atoms.42,43 The dehalogenation
of halogenated organics on Pd mainly proceeds via the indirect
reduction by H*.44 Therefore, the inhibition eﬀect of t-BuOH
on FLO dehalogenation by Pd/Ti was obvious. The Co and P
in CoP have a partial positive and negative charge, respectively,
because of the electron transfer from Co to P.45 The Pterminated CoP surface can bind H atoms for hydrogen
evolution at a certain potential.25 Thus, the surface-adsorbed
H* derived from such a chemical storage of H atoms in C-CoP
could be responsible for FLO dehalogenation.
Eﬀect of Cathode Potential, FLO Concentration, and
Initial pH. The electrocatalytic reduction of FLO using CCoP/Ti at diﬀerent cathode potentials (vs Ag/AgCl) was
investigated (Figure 4A). Less than 10% FLO was decomposed
at −0.5 and −0.7 V in 60 min. When the applied bias reached
−1.0 V, FLO could be eﬀectively decomposed. The process of
−0.5 to −0.7 V was primarily a nonfaradic electroassisted
adsorption process that was unrelated to any electron
transfer.46,47 When further increasing the potential to −1.5
V, bubbles in the cathode compartment increased and the
competitive hydrogen generation reaction was enhanced, but
the removal eﬃciency was still slightly increased due to the
enhanced direct reduction process and the C-CoP/Ti
electrode surface with nanosheet architecture that could cut
as-formed gas bubbles into a discontinuous state resulting in an
extremely low adhesive force to the surface. 48 This
phenomenon further proves that the nanosheet structure of
CoP can eﬀectively enhance the mass transfer of pollutants.
The FLO degradation was studied at diﬀerent initial
concentrations (2, 10, 20, and 50 mg L−1) (Figure 4B). The
removal eﬃciency changed slightly when changing the initial
FLO concentration, indicating that the reduction process on
C-CoP/Ti could be applied to degrade FLO in a wide
concentration range in water. The good applicability should be
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Figure 5. (A) DFT-calculated free energy pathways of H* adsorption on CoP (200). (B) Adsorption energies of FLO and intermediates on the
surface CoP (200). (C) Free energy diagram of the adsorbed FLO and dechlorination (FLO-Cl) process on CoP (200). The insets in (A) and (C)
are atomic structures.

Figure 6. Electrocatalytic dehalogenation of FLO on C-CoP/Ti in (A) simulated wastewater and (B) real water (C0 = 20 mg L−1, −1.2 V vs Ag/
−1
Cl−1, and 10 mg L−1 NO−3 .
AgCl). Background electrolyte composition for (A): 282.02 mg L−1 Na+, 6.3 mg L−1 K+, 250 mg L−1 SO2−
4 , 250 mg L

favorable and barrier free. The rate-limiting step of FLO
dechlorination was the reaction from (FLO* + Cl*) to (FLO*
+ H* + Cl*), which needed to conquer 0.7 eV energy barrier
(from −0.91 to −0.21 eV). The following reaction step from
(FLO* + H* + Cl*) to FLO-Cl* was facile and released
energy from −0.21 to −1.57 eV. The adsorption energy
changes of secondary dechlorination are shown in Figure
S14A. The dechlorination from FLO-Cl* to FLO-2Cl was an
energy release process. The key step of deﬂuorination of FLO2Cl was the adsorption and activation of FLO-2Cl on CoP,
where the energy release was as low as −0.08 eV (Figure
S14B). If FLO-2Cl was adsorbed on CoP in a horizontal
manner, the distance between the F atom and the surface of
CoP was too long (7.106 Å) and the deﬂuorination reaction
would be unfavorable (Figure S15). Therefore, F should be
adsorbed on CoP in a vertical structure (Figure S16).
However, if H* was absent, the F atom was hard to contact
CoP and the direct deﬂuorination reaction was diﬃcult to
happen (Figure S16A). In contrast, the deﬂuorination reaction
became easier when H* was presented on CoP (Figure S16B).

nation with the C-CoP/Ti electrode are potentially promising
for the degradation of ﬂuorinated organic pollutants. Based on
the results discussed above, it is concluded that the
dehalogenation pathway of FLO starts from FLO-Cl
generation followed by the secondary dichlorination and
deﬂuorination (Scheme S1).
DFT calculations were performed to investigate the FLO
dehalogenation steps on the exposed (200) facet of CoP. As
shown in Figure 5A, according to the adsorption energy (Ead),
the P site is conﬁrmed to be more favorable for H* adsorption
compared to the Co site, indicating that H* was adsorbed onto
P sites, while Co sites were responsible for the adsorption of
FLO and its intermediates. During the dehalogenation process,
the Ead of dehalogenation products was gradually declined and
FLO-2ClF complex exhibited the lowest Ead (−0.09 eV)
(Figure 5B). This result further conﬁrms that the further
dehalogenation would be more favorable once the FLO
dehalogenation occurred. Moreover, as shown in Figure 5C,
the negative adsorption energy (−0.06 eV) at the initial
adsorption stage of FLO indicated that the reaction process
from the adsorbed FLO* to (FLO* + Cl*) species was more
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The plausible dehalogenation pathway of FLO on C-CoP/Ti is
proposed in Scheme S1.
FLO Removal in Simulated Wastewater and Real
Water Matrix. The above FLO removal experiments were
conducted in a relatively high background electrolyte (0.1 M
Na2SO4) to clearly understand the intrinsic connection
between the electrode structure and catalytic properties. To
explore the practical feasibility, the degradation of FLO by CCoP/Ti was tested in simulated wastewater with permissive
electrolyte concentrations according to the Environmental
Quality Standards for Surface Water (GB3838-2002) (emis−1
−
−1
3−
sion standard: SO2−
<
4 < 250 mg L ; Cl < 250 mg L ; NO
−1
10 mg L ) (Figure 6A). Surprisingly, although the
conductivity of the simulated wastewater (0.15 mS cm−1)
was 75.6 times smaller than that of 0.1 M Na2SO4 (11.34 mS
cm−1), 92% FLO was removed in 120 min. Thus, the
electrocatalytic dehalogenation technique using C-CoP/Ti is
applicable to the real water matrix.
The removal of FLO in real water was also studied to
evaluate the practical utility of C-CoP/Ti. The water samples
were obtained from the Taozi Lake and Xiangjiang River,
Changsha, China. The water quality parameters are listed in
Table S3. These water samples were spiked with FLO to reach
the concentration of 20 mg L−1. After 90 min, the removal
eﬃciencies of FLO reached up to 97 and 98% for the Taozi
Lake and Xiangjiang River water, respectively (Figure 6B). The
results indicated that the reactivity of C-CoP/Ti was robust in
real water.

AUTHOR INFORMATION

Corresponding Authors

*E-mail: chem_cbliu@hnu.edu.cn (C.L.).
*E-mail: jinming.luo@ce.gatech.edu (J.L.).
ORCID

Chengbin Liu: 0000-0002-5664-0950
Jinming Luo: 0000-0001-8698-7624
Aijie Wang: 0000-0001-8868-5232
John C. Crittenden: 0000-0002-9048-7208
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work was supported by the National Natural Science
Foundation of China (51778218) and the Technology
Innovation Plan of Hunan Province (2017SK2420,
2019RS3015, and 2019JJ10001). The authors appreciate the
support from the Brook Byers Institute for Sustainable
Systems, Hightower Chair and Georgia Research Alliance at
the Georgia Institute of Technology. The views and ideas
expressed herein are solely of the authors and do not represent
the ideas of the funding agencies in any form.

■

REFERENCES

(1) Ternes, T.; Joss, A.; Oehlmann, J. Occurrence, fate, removal and
assessment of emerging contaminants in water in the water cycle
(from wastewater to drinking water). Water Res. 2015, 72, 1−2.
(2) Khetan, S. K.; Collins, T. J. Human pharmaceuticals in the
aquatic environment: a challenge to green chemistry. Chem. Rev.
2007, 107, 2319−2364.
(3) Zhang, Q. Q.; Ying, G. G.; Pan, C. G.; Liu, Y. S.; Zhao, J. L.
Comprehensive evaluation of antibiotics emission and fate in the river
basins of China: source analysis, multimedia modeling, and linkage to
bacterial resistance. Environ. Sci. Technol. 2015, 49, 6772−6782.
(4) McArdell, C. S.; Molnar, E.; Suter, M. J.-F.; Giger, W.
Occurrence and fate of macrolide antibiotics in wastewater treatment
plants and in the Glatt Valley Watershed, Switzerland. Environ. Sci.
Technol. 2003, 37, 5479−5486.
(5) Luo, Y.; Yang, F.; Mathieu, J.; Mao, D.; Wang, Q.; Alvarez, P.
Proliferation of multidrug-resistant new Delhi Metallo-β-lactamase
genes in municipal wastewater treatment plants in Northern China.
Environ. Sci. Technol. Lett. 2014, 1, 26−30.
(6) Worthington, R. J.; Melander, C. Combination approaches to
combat multidrug-resistant bacteria. Trends Biotechnol. 2013, 31,
177−184.
(7) Van Boeckel, T. P.; Brower, C.; Gilbert, M.; Grenfell, B. T.;
Levin, S. A.; Robinson, T. P.; Teillant, A.; Laxminarayan, R. Global
trends in antimicrobial use in food animals. Proc. Natl. Acad. Sci.
U.S.A. 2015, 112, 5649−5654.
(8) Sapkota, A.; Sapkota, A. R.; Kucharski, M.; Burke, J.; McKenzie,
S.; Walker, P.; Lawrence, R. Aquaculture practices and potential
human health risks: current knowledge and future priorities. Environ.
Int. 2008, 34, 1215−1226.
(9) Cabello, F. C.; Godfrey, H. P.; Tomova, A.; Ivanova, L.; Dolz,
H.; Millanao, A.; Buschmann, A. H. Antimicrobial use in aquaculture
re-examined: its relevance to antimicrobial resistance and to animal
and human health. Environ. Microbiol. 2013, 15, 1917−1942.
(10) Liang, B.; Cheng, H. Y.; Kong, D. Y.; Gao, S. H.; Sun, F.; Cui,
D.; Kong, F. Y.; Zhou, A. J.; Liu, W. Z.; Ren, N. Q.; Wu, W. M.;
Wang, A. J.; Lee, D. J. Accelerated reduction of chlorinated
nitroaromatic antibiotic chloramphenicol by biocathode. Environ.
Sci. Technol. 2013, 47, 5353−5361.
(11) Christensen, A. M.; Ingerslev, F.; Baun, A. Ecotoxicity of
mixtures of antibiotics used in aquacultures. Environ. Toxicol. Chem.
2006, 25, 2208−2215.

■

IMPLICATIONS
In this work, we demonstrate a high-performance C-CoP/Ti
cathode toward electrocatalytic reductive dehalogenation of
halogenated antibiotics, which aﬀord a applicable approach to
eﬀective blocking of resistance gene transmission in industrial
wastewater treatment, municipal sewage treatment, and water
source treatment. The C-CoP/Ti electrode prepared in this
work avoids the use of noble metals and greatly reduces the
preparation cost of the electrode, which make it potential to be
applied in the real ﬁeld work. Meanwhile, due to the
optimization of the nanosheets morphology and the crystal
structure, it exhibits excellent dehalogenation activity and great
stability, which can further lower the investment and operating
costs in the application process. Moreover, the C-CoP/Ti
electrode works well when we applied it in the real water
matrix, which further indicates its applicability. After the
engineering conditions of its use are determined, the electrode
deactivation and fouling problems will be well avoided. Overall,
this study has proposed a new economical and feasible
electrocatalytic dehalogenation technology.

■

Article

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.9b04352.
SEM and TEM images; nitrogen adsorption/desorption
isotherm plot; XRD patterns; EDX spectra of CoP; BET
analysis; XPS spectra; MS identiﬁcation; CV curves;
chronoamperometric proﬁles; and electrochemical impedance parameters (PDF)
11939

DOI: 10.1021/acs.est.9b04352
Environ. Sci. Technol. 2019, 53, 11932−11940

Article

Environmental Science & Technology
(12) Jiang, W.; Xia, X.; Han, J.; Ding, Y.; Haider, M.; Wang, A.
Graphene modified electro-Fenton catalytic membrane for in situ
degradation of antibiotic florfenicol. Environ. Sci. Technol. 2018, 52,
9972−9982.
(13) Peters, D.; McGuire, C.; Pasciak, E.; Peverly, A.; Strawsine, L.;
Wagoner, E.; Tyler Barnes, J. Electrochemical dehalogenation of
organic pollutants. J. Mex. Chem. Soc. 2014, 58, 287−302.
(14) Martin, E.; McGuire, C.; Mubarak, M.; Peters, D. Electroreductive remediation of halogenated environmental pollutants. Chem.
Rev. 2016, 116, 15198−15234.
(15) Liang, B.; Ma, J.; Cai, W.; Li, Z.; Liu, W.; Qi, M.; Zhao, Y.; Ma,
X.; Deng, Y.; Wang, A.; Zhou, J. Response of chloramphenicolreducing biocathode resistome to continuous electrical stimulation.
Water Res. 2019, 148, 398−406.
(16) Kong, D.; Liang, B.; Yun, H.; Cheng, H.; Ma, J.; Cui, M.; Wang,
A.; Ren, N. Cathodic degradation of antibiotics: characterization and
pathway analysis. Water Res. 2015, 72, 281−292.
(17) Liu, T.; Luo, J.; Meng, X.; Yang, L.; Liang, B.; Liu, M.; Liu, C.;
Wang, A.; Liu, X.; Pei, Y.; Yuan, J.; Crittenden, J. Electrocatalytic
dechlorination of halogenated antibiotics via synergistic effect of
chlorine-cobalt bond and atomic H. J. Hazard. Mater. 2018, 358,
294−301.
(18) Yang, L.; Chen, Z.; Cui, D.; Luo, X.; Liang, B.; Yang, L.; Liu,
T.; Wang, A.; Luo, S. Ultrafine palladium nanoparticles supported on
3D self-supported Ni foam for cathodic dechlorination of florfenicol.
Chem. Eng. J. 2019, 359, 894−901.
(19) Mao, R.; Li, N.; Lan, H.; Zhao, X.; Liu, H.; Qu, J.; Sun, M.
Dechlorination of trichloroacetic acid using a noble metal-free
graphene-Cu foam electrode via direct cathodic reduction and atomic
H. Environ. Sci. Technol. 2016, 50, 3829−3837.
(20) Mao, R.; Zhao, X.; Lan, H.; Liu, H.; Qu, J. Graphene-modified
Pd/C cathode and Pd/GAC particles for enhanced electrocatalytic
removal of bromate in a continuous three-dimensional electrochemical reactor. Water Res. 2015, 77, 1−12.
(21) Lee, J. Y.; Lee, J. G.; Lee, S. H.; Seo, M.; Piao, L.; Bae, J. H.;
Lim, S. Y.; Park, Y. J.; Chung, T. D. Hydrogen-atom-mediated
electrochemistry. Nat. Commun. 2013, 4, No. 2766.
(22) Bishop, G.; Karty, J.; Peters, D. Catalytic reduction of 1,1,1trichloro-2,2,2- trifluoroethane (CFC-113a) by cobalt(I) salen
electrogenerated at vitreous carbon cathodes in dimethylformamide.
J. Electrochem. Soc. 2007, 154, F65−F69.
(23) Payne, K. A.; Quezada, C. P.; Fisher, K.; Dunstan, M. S.;
Collins, F. A.; Sjuts, H.; Levy, C.; Hay, S.; Rigby, S. E.; Leys, D.
Reductive dehalogenase structure suggests a mechanism for B12dependent dehalogenation. Nature 2015, 517, 513−516.
(24) Liu, P.; Rodriguez, J. Catalysts for hydrogen evolution from the
[NiFe] hydrogenase to the Ni2P (001) surface: the importance of
ensemble effect. J. Am. Chem. Soc. 2005, 127, 14871−14878.
(25) Zhang, C.; Huang, Y.; Yu, Y.; Zhang, J.; Zhuo, S.; Zhang, B.
Sub-1.1 nm ultrathin porous CoP nanosheets with dominant reactive
{200} facets: a high mass activity and efficient electrocatalyst for the
hydrogen evolution reaction. Chem. Sci. 2017, 8, 2769−2775.
(26) Shi, Y.; Zhang, B. Recent advances in transition metal
phosphide nanomaterials: synthesis and applications in hydrogen
evolution reaction. Chem. Soc. Rev. 2016, 45, 1529−1541.
(27) Xu, Y.; Wu, R.; Zhang, J.; Shi, Y.; Zhang, B. Anion-exchange
synthesis of nanoporous FeP nanosheets as electrocatalysts for
hydrogen evolution reaction. Chem. Commun. 2013, 49, 6656−6658.
(28) Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab
initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54, No. 11169.
(29) Perdew, J.; Burke, K.; Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 1996, 77, No. 3865.
(30) Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 1999, 59, No. 1758.
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