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Efficient electrocatalytic valorization  
of chlorinated organic water pollutant  
to ethylene

Chungseok Choi    1,2,7, Xiaoxiong Wang3,7, Soonho Kwon4,7, James L. Hart5, 
Conor L. Rooney1,2, Nia J. Harmon1,2, Quynh P. Sam5, Judy J. Cha    2,5,6, 
William A. Goddard III 4  , Menachem Elimelech    3   & Hailiang Wang    1,2 

Electrochemistry can provide an efficient and sustainable way to treat 
environmental waters polluted by chlorinated organic compounds. 
However, the electrochemical valorization of 1,2-dichloroethane (DCA) 
is currently challenged by the lack of a catalyst that can selectively 
convert DCA in aqueous solutions into ethylene. Here we report a catalyst 
comprising cobalt phthalocyanine molecules assembled on multiwalled 
carbon nanotubes that can electrochemically decompose aqueous DCA 
with high current and energy efficiencies. Ethylene is produced at high 
rates with unprecedented ~100% Faradaic efficiency across wide electrode 
potential and reactant concentration ranges. Kinetic studies and density 
functional theory calculations reveal that the rate-determining step is the 
first C–Cl bond breaking, which does not involve protons—a key mechanistic 
feature that enables cobalt phthalocyanine/carbon nanotube to efficiently 
catalyse DCA dechlorination and suppress the hydrogen evolution reaction. 
The nanotubular structure of the catalyst enables us to shape it into a 
flow-through electrified membrane, which we have used to demonstrate 
>95% DCA removal from simulated water samples with environmentally 
relevant DCA and electrolyte concentrations.

1,2-Dichloroethane (DCA) is one of the most widely produced chemicals 
in the world1,2. In the United States alone, ~10 million tons of DCA was 
produced in 2019 (ref. 3). Typical industrial uses of DCA are to make 
medicines, specialty surfactants, functionalized polymers and other 
fine chemical products4–7. During its production and utilization, DCA 
is released into the environment. In the United States, it was estimated 
that a total of ~183 tons of DCA was unintentionally discharged into 
the environment in 2019 (ref. 8). Unfortunately, DCA is a toxic envi-
ronmental pollutant. Inhalation or ingestion of DCA can harm critical 

organs such as the liver, kidneys and lungs, as well as the neurologi-
cal, cardiovascular and immune systems1. The International Agency 
Research on Cancer has also classified it as possibly carcinogenic to 
humans1. As a result of these health and environmental concerns, the 
European Union has banned the non-authorized commercial use of 
DCA despite the heavy reliance of emerging chemistries on DCA as a 
solvent4–7, and the US Environmental Protection Agency has set a strict 
maximum contaminant level of 5 parts per billion for DCA in drinking 
water9. Furthermore, under normal environmental conditions, the 
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molecules are effectively anchored on the CNT surface25. Integrating 
the oxidation peak gives an electrochemically active (EA) CoPc loading 
of ~4.3 μg cm−2, which is approximately 43% of the total CoPc loading 
measured by ICP-MS, consistent with our prior work27. The high EA 
percentage reflects the molecular-level dispersion of CoPc on the CNT 
surface, which was characterized by energy-dispersive X-ray (EDX) 
mapping in our prior work24,25. Raman spectroscopic characteriza-
tion also detects CoPc in the hybrid material (Fig. 1c). Interestingly, 
compared with unsupported CoPc, supported CoPc exhibits weaker 
or disappeared vibrational peaks in the <1,000 cm−1 region, which 
could be due to the electronic interaction between CoPc and CNT 
(ref. 28). High-resolution scanning transmission electron microscopy 
(STEM) high-angle annular dark-field (HAADF) imaging of CoPc/CNT 
reveals the multilayered graphitic structure of CNT and the presence 
of heavier metal atoms on its surface (Fig. 1d). EDX analysis supports 
the presence of elemental Co on CoPc-loaded CNTs (Fig. 1e,f) but 
not on bare CNTs (Supplementary Fig. 1), confirming the effective 
loading of CoPc.

Electrocatalytic properties
We studied the catalytic performance of CoPc/CNT for electrochemical 
DCA dechlorination using a gas-tight H-type cell with Ar-carried DCA 
vapour continuously flowing into the 0.1 M KHCO3 aqueous electrolyte 
(corresponding to a saturated DCA concentration of ~87 mM) at room 
temperature and under atmospheric pressure (Supplementary Fig. 2). 
The high ionic conductivity and pH-buffering capability of the electro-
lyte provide a stable condition for electrocatalytic measurements. The 
CoPc/CNT catalyst was compared with polycrystalline Ag, Fe and Pd 
electrodes (Supplementary Fig. 3). All these selected metals, known for 
their catalytic activity for the electrochemical dechlorination of some 
chlorinated hydrocarbon compounds16–19, exhibit limited catalytic 
performance for DCA dechlorination. Both Pd and Fe produce H2 with 
~100% FE at all the studied potentials between −0.44 and −0.84 V (Fig. 2a 
and Supplementary Fig. 4a,b). The Ag catalyst can convert DCA to eth-
ylene, but with low FE (42%) and partial current density (0.14 mA cm−2) 
at −0.64 V (Fig. 2a and Supplementary Fig. 4c). This performance is 
consistent with the literature18. In contrast, our CoPc/CNT catalyst 
shows much higher DCA dechlorination rates with ~100% FEethylene in 
the potential range from −0.24 to −0.64 V, with almost no H2 detected 
(Fig. 2a and Supplementary Fig. 4d). The catalytic current density can 
be further enhanced by stirring, which improves the diffusion of DCA 
in the solution (Supplementary Fig. 5). With stirring at 600 rpm, a cur-
rent density of ~32 mA cm−2 with near-unity FE is achieved at −0.54 V 
(Fig. 2b and Supplementary Fig. 5), which can be maintained for at least 
6 h (Supplementary Fig. 6). ICP-MS detects no leaching of Co into the 
electrolyte after electrolysis, confirming the structural stability of 
the catalyst and its safety for potential water treatment applications.

To confirm the active site of the catalyst, we separately meas-
ured the catalytic performance of CoPc and CNTs. CoPc shows ~100% 
FEethylene at −0.44 and −0.54 V (Supplementary Fig. 7a). However, its 
current density, despite a much higher mass loading of CoPc, is over 
100 times smaller than that of CoPc/CNT. Bare CNTs have no activity 
for DCA dechlorination in the potential range between −0.4 and −0.8 V 
(Supplementary Fig. 7b). These results not only suggest that CoPc is 
the catalytically active component for DCA conversion to ethylene but 
also reveal the importance of hybridization with CNTs in enhancing 
the reaction rate. We also measured other metal phthalocyanine mol-
ecules hybridized with CNTs for DCA dechlorination. Both FePc/CNT 
and ZnPc/CNT show substantially lower selectivity and activity than 
CoPc/CNT (Supplementary Fig. 8), which indicates that the Co centre 
of CoPc is the active site. As the DCA reduction potential range for CoPc/
CNT (from −0.2 to −0.9 V) is between the first and second reduction of 
CoPc, the active site may be Co(i) under the reaction conditions29,30.

Under the same stirring condition, our CoPc/CNT catalyst exhib-
its a turnover frequency (TOF) of 30 s−1 and PR of 53 mmol g−1 s−1 for 

half-life of DCA is approximately 73 days in the vapour phase due to 
photolysis and as long as 50 years in aqueous solutions due to abiotic 
hydrolysis, making it a persistent pollutant1,10.

The conventional way to effectively decompose DCA in an aque-
ous solution is bioremediation1. However, this process is relatively 
slow in removing DCA pollutants from the environment. The reported 
half-life of DCA with biodegradation is ~100 days in aerobic water and 
~400 days in anaerobic water11. In addition, the aerobic bioremediation 
method oxidizes DCA into CO2, H2O and chloride ions (Cl−) (ref. 12). This 
negates the opportunity of harvesting valuable DCA dechlorination 
products such as ethylene (C2H4), which is an essential building block in 
producing various plastics, solvents and cosmetics13. Electrochemical 
DCA dechlorination, potentially powered by renewable electricity, is a 
cost-competitive and eco-friendly strategy to remove DCA pollutants 
and concurrently produce ethylene. Various catalysts have been identi-
fied for the electrochemical dechlorination of chlorinated hydrocarbon 
compounds in aqueous solutions14–19. Among them, silver-based cata-
lysts show a remarkable decomposition efficiency (fractional removal 
after electrochemical treatment) such as 100% for tetrachloroethylene, 
1,1,2-trichloroethane or chloroform and Faradaic efficiency (FE) of ~80% 
for chloroform18,19. However, in the case of decomposing DCA contami-
nants in aqueous solutions, almost all the reported electrocatalysts are 
limited to less than 50% decomposition efficiency and 50% FE16–18. In 
fact, DCA dechlorination is deemed to be one of the most challenging 
reactions in the electrochemical decontamination of groundwater 
because of the persistence of DCA to electrochemical decomposition 
with increasing water concentration as a result of strong competition 
from the facile hydrogen evolution reaction (HER)16,18. Recent progress 
in the electrochemical decomposition of DCA was built on non-aqueous 
electrolytes20–23. Nevertheless, high reductive potential (approximately 
−2.75 V versus the saturated calomel electrode), low reaction rate, low 
FE (less than 50%) and the inability to handle aqueous solutions remain 
major problems.

We report here the discovery of the first catalyst that effectively 
solves all the abovementioned challenges for electrochemical DCA 
dechlorination. Our catalyst consists of cobalt phthalocyanine (CoPc) 
molecules supported on multiwalled carbon nanotubes (CNTs), 
denoted by CoPc/CNT. We show that CoPc/CNT can efficiently con-
vert DCA dissolved in aqueous solutions to ethylene and Cl−. In 0.1 M 
KHCO3 with ~87 mM DCA, CoPc/CNT exhibits an onset potential of 
approximately −0.2 V (all the potentials in this Article are referenced to 
the reversible hydrogen electrode (RHE), unless otherwise specified) 
for DCA reduction and an unprecedented ethylene production rate (PR) 
of ~0.56 mmol g−1 s−1 at −0.64 V. The FE of ethylene formation is nearly 
100% throughout this potential range, with almost no H2 detected. The 
high selectivity and activity can be achieved across a wide DCA concen-
tration range and maintained during hours of continuous operation. 
Kinetic measurements show that the rate-determining step (RDS) is the 
first dechlorination without protons involved, which is confirmed by 
density functional theory (DFT) calculations. Incorporating the CoPc/
CNT catalyst into an electrified membrane allows us to demonstrate 
water treatment in an application-relevant flow-through mode. Using 
simulated water samples with environmentally relevant DCA concen-
trations, our reactor can realize >95% DCA removal.

CoPc/CNT hybrid material
We prepared the CoPc/CNT hybrid catalyst (Fig. 1a) by supporting 
CoPc molecules on CNTs via non-covalent π–π interactions following 
our prior work24,25. The CNTs, which can be produced in high purity 
with a reasonable cost26, allows effective loading and uniform disper-
sion of CoPc molecules on the highly conductive surface. Inductively 
coupled plasma mass spectrometry (ICP-MS) measured ~2.6 wt% CoPc 
in the hybrid material, corresponding to ~10 μg cm−2 CoPc on the CoPc/
CNT working electrode. The cyclic voltammogram of CoPc/CNT shows 
a prominent redox feature of CoPc (Fig. 1b), which indicates that CoPc 
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DCA reduction to ethylene at −0.64 V, both based on the amount of 
EA CoPc on the electrode (Fig. 2c). If we normalize the reaction rate 
to the total mass of the CoPc/CNT catalyst, the PRethylene(TM) value 
is 0.56 mmol g−1s−1 at −0.64 V, which is ~11 times higher with >1.3 V 
lower overpotential compared with the other catalysts reported to 
date (Fig. 2d and Supplementary Table 1). Considering that practical 
water treatment will need to process pollutants of various concentra-
tions, we further investigated the electrocatalytic dechlorination 
reactivity of CoPc/CNT with varied DCA concentrations. High FEethylene 
(>90%) is achieved throughout the concentration range from 87.0 
to 8.7 mM (Fig. 2e).

To scrutinize the catalytic reaction pathway, we conducted elec-
trochemical kinetic studies. First, the kinetic isotope effect (KIE) was 
measured with a NaDCO3/D2O electrolyte compared with a normal 
NaHCO3/H2O electrolyte31. In an Ar atmosphere, the HER current 
density (H2 or D2) is at least two times higher in the H electrolyte than 
that in the D electrolyte in the potential range of less than −0.74 V  
(Fig. 2f); this is consistent with the reaction mechanism that adsorbed 
hydrogen (*H or *D) or water (H2O or D2O) is involved in the RDS 
of the reaction32,33. In contrast, under DCA-saturated conditions, 
the current density in the potential range from −0.24 to −0.74 V, 
where the reduction of DCA to ethylene is dominant, does not change 
between the two electrolytes (Fig. 2f). At less than −0.84 V, the H 
electrolyte generates a larger current density than the D electrolyte 
as the HER becomes more dominant. These results suggest that the 
RDS of DCA electroreduction to ethylene and Cl− does not involve *H. 
This mechanistic feature is also confirmed by electrochemical DCA 

dechlorination in the presence of tert-butanol (t-BuOH), which is 
known to chemically quench *H (ref. 34). Having t-BuOH in the reaction 
media does not affect the partial current density or FE of DCA reduc-
tion to ethylene (Fig. 2g). Furthermore, DCA dechlorination in 0.1 M 
Na2SO4 or K2SO4 shows comparable performance to that in the KHCO3 
electrolyte on the standard hydrogen electrode (SHE) potential scale 
(Supplementary Fig. 9), another piece of evidence that the RDS of the 
reaction has no proton dependence. The absence of *H participating 
in the RDS of DCA electroreduction catalysed by CoPc/CNT, which is 
different from some electrochemical dechlorination reactions over 
metal catalysts19,34,35, is a direct result of the single-site character 
of the heterogeneous molecular catalyst, as well as a key factor to 
enable selective DCA dechlorination in pH-neutral aqueous media 
and suppressing HER.

We also performed Tafel analysis for CoPc/CNT-catalysed elec-
trochemical reduction of DCA to ethylene (Supplementary Fig. 10). 
A Tafel slope of ~60 mV dec−1 is observed in the potential range from 
−0.26 to −0.30 V (Fig. 2h), which indicates a rate-determining chemi-
cal reaction step following a one-electron transfer step if we assume a 
charge transfer coefficient of 0.5 for the electron transfer step33. The 
slope becomes greater than 118 mV dec−1 at more negative potentials as 
diffusion limitation starts to prevail at higher DCA consumption rates33. 
Considering that the overall DCA dechlorination reaction involves the 
addition of two electrons and the removal of two Cl− (Supplementary 
Fig. 11), we postulate—on the basis of deuterium KIE, *H quenching and 
Tafel analysis results—that the chemical adsorption of DCA on the CoPc 
site proceeds via fast electron transfer from the catalyst to the reactant, 
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which is followed by a slow chemical step to remove Cl− without the 
participation of *H.

Computational modelling
We performed DFT calculations to gain further insights into the cata-
lytic mechanism. We selected CoPc/graphene as a model system  
(Fig. 3a) for our calculations. Considering the large diameter of our 
CNTs (~20 nm) and the much smaller size of the CoPc molecule (~1 nm), 
we believe that the curvature effect of the CNT structure is negligible 
in this case36,37. Indeed, we find that CoPc molecules supported on 
chemically derived graphene show similar selectivity, activity and Tafel 
slopes as the CoPc/CNT catalyst (Supplementary Fig. 12). The CoPc 
molecule is adsorbed with its aromatic plane parallel to graphene in a 
vertical distance of 3.28 Å. We predict an adsorption energy of −2.04 eV 
for CoPc on graphene. The Co centre of the CoPc molecule strongly 
interacts with the graphene support. The partial density of states plot 
(Fig. 3b) and crystal orbital Hamilton population analysis 

(Supplementary Fig. 13) show strong bonding of the C atoms of gra-
phene with the eg orbitals of the Co centre at −0.41 eV below the Fermi 
level. The adsorption of CoPc on graphene is accompanied by the 
transfer of 0.4e− from graphene to the CoPc molecule, which reduces 
the magnetic moment of Co by filling its dz2 orbital (Supplementary 
Figs. 13 and 14).

Grand canonical quantum mechanics (GCQM) calculations38 were 
performed for the DCA dechlorination reaction under an applied 
potential to analyse the reaction energetics. Based on the aforemen-
tioned KIE, *H quenching and Tafel slope results, we excluded the 
hydrodechlorination pathway20,21. Therefore, the DCA-to-ethylene 
conversion comprises two electron-coupled dechlorination steps, 
with the first forming adsorbed chloroethyl (*C2H4Cl) and the second 
yielding the ethylene product (Supplementary Fig. 11). Our calcula-
tions show that the free-energy change in the second dechlorination 
is much more favourable than that of the first dechlorination (Fig. 3c 
and Supplementary Fig. 15). This indicates that the first dechlorination 
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step dominates the kinetics, which is consistent with our experimental 
results. At the transition state of the first dechlorination step (Supple-
mentary Fig. 16), the length of the breaking C–Cl bond is calculated to 
be 2.33 Å, which is 0.53 Å longer than the normal C–Cl bond in a free 
DCA molecule. The kinetic free-energy barrier of the first dechlorina-
tion step reduces from 0.78 eV to 0.68 eV as the potential decreases 
from 0 V to −0.6 V (Supplementary Fig. 15). This leads to TOFs of 4.9 s−1 
at −0.3 V and 14.5 s−1 at −0.5 V at room temperature, which agrees well 
with the experimental results (Fig. 3d), and confirms the reaction 
mechanism that we deduced from our experiments. Consistent with 
the aforementioned experimental results (Supplementary Figs. 7  
and 8), the calculations also suggest that the Co centre is the active 
site that binds the reaction intermediates. Other sites on the CoPc 
molecule, such as the N and C atoms, have a much higher energy barrier 
than the Co centre for the first dechlorination step (Supplementary 
Fig. 17), and are unlikely to be active sites.

Electrified membrane
We incorporated CoPc/CNT into an electrified membrane to inves-
tigate the feasibility of applying the catalyst for the treatment of 
DCA-contaminated water in a practical scalable flow-through operation 
mode. As shown by the schematic in Fig. 4a, the electrofiltration module 
contains a feed chamber with a RuO2–IrO2/Ti mesh electrode (top), a 
dimensionally stable anode commonly used for commercial applica-
tions and a permeate chamber with a ceramic membrane coated with 
CoPc/CNT (CoPc/CNT@CM) (bottom). The CoPc/CNT@CM membrane 
and RuO2–IrO2/Ti mesh serve as the cathode and anode, respectively 
(Supplementary Fig. 18). The feed solution consists of 0.5 mM (49 ppm) 
DCA in a 10 mM Na2SO4 aqueous electrolyte to simulate the halogenated 
pollutant concentration and ionic strength of environmentally relevant 
wastewater conditions. We selected the DCA concentration because it 
represents the DCA level in heavily polluted groundwater near landfills 
in the United States1, and the Na2SO4 concentration because it is in 

the range of naturally occurring ionic strength and sulfate levels in 
environmental waters39.

CoPc/CNT@CM was fabricated by vacuum filtering a CoPc/CNT 
suspension containing 0.1 wt% polyacrylonitrile (PAN) with a pristine 
CM substrate (Supplementary Fig. 19) to achieve a catalyst loading 
of 1 mg cm−2 (Supplementary Fig. 20). The 25-μm-thick CoPc/CNT 
layer on the membrane shows an interwoven structure with an aver-
age pore size of 15.1 nm (Fig. 4b,c and Supplementary Fig. 21), which 
can effectively facilitate the degradation/conversion of pollutants 
via convection-enhanced mass transport during the flow-through 
operation40. Due to the addition of PAN, CoPc/CNT@CM maintains 
a hydrophilic surface with a contact angle of 38.6° (Fig. 4d), which 
can mitigate membrane fouling. As a result of the compact catalyst 
layer, CoPc/CNT@CM exhibits a much lower water permeability of 
62.6 l m−2 h−1 bar−1 compared with the CM substrate (592 l m−2 h−1 bar−1) 
(Fig. 4e), which ensures a long residence time for the membrane to 
purify polluted water. Furthermore, CoPc/CNT@CM exhibits a two 
orders of magnitude smaller semicircle than the pristine CM substrate 
in the electrochemical impedance spectroscopy (EIS) measurements 
(Fig. 4f), demonstrating the high electrical conductivity of the CoPc/
CNT active layer. These characteristics of the membrane optimize the 
operating conditions of the CoPc/CNT catalyst for DCA removal in the 
flow-through mode.

CoPc/CNT@CM shows superior DCA removal performance in 
single-pass electrofiltration tests with a residence time of ~3 s. A clear 
correlation is observed between the passed current density and DCA 
concentration in the permeate after 1 h (Fig. 4g and Supplementary 
Fig. 22). Specifically, 68% of the initial DCA is removed at 0.18 mA cm−2. 
When the current density is increased to 0.74 mA cm−2, a high removal 
efficiency of 96% is achieved with a low electrical energy consumption 
per order (EEO) of 0.42 kWh m−3 for DCA (Fig. 4g). Based on the concen-
tration of Cl− in the permeate, 73% of the removed DCA is transformed 
to ethylene. The rest of the removed DCA is probably adsorbed in the 
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pores of CoPc/CNT@CM. Indeed, the CNT@CM membrane without 
CoPc can remove ~55% of DCA in single-pass filtration at 0.74 mA cm−2, 
but only via adsorption (Supplementary Fig. 23). This confirms the 
role of CoPc as the catalytic centre in the CoPc/CNT@CM membrane 
for DCA degradation. Further increasing the current density margin-
ally increases DCA removal to 97%, but considerably improves the 
degradation proportion to 90% with compromised energy efficiency 
(Fig. 4g). The increased DCA degradation proportion at higher current 
density demonstrates that the adsorbed DCA in the porous carbona-
ceous structure can be electrochemically decomposed, suggesting a 
synergistic effect of adsorption and electrodegradation in achieving 
the abovementioned high performance and energy efficiency for 
DCA treatment.

Flow-through electrofiltration can be continuously operated 
for 6 h until the feed solution is completely consumed. Near 100% 
DCA removal efficiency and high DCA degradation proportion are 
maintained throughout the operation (Fig. 4h and Supplementary  
Fig. 24), which reflects the durability of the CoPc/CNT@CM membrane 
for the purification of DCA-contaminated water. The membrane shows 
no compromise in performance when treating simulated surface 

water dosed with DCA (Supplementary Fig. 25 and Supplementary 
Table 2), demonstrating its suitability for practical wastewater treat-
ment. We also conducted experiments with a higher initial DCA con-
centration of 5 mM to simulate high-load operating conditions. The 
electrified CoPc/CNT@CM membrane removes 96% of the DCA with 
92% of the removal caused by electrochemical decomposition at an 
optimized current density of 1.19 mA cm−2 (Fig. 4i). Notably, electrons 
are efficiently used to reduce DCA, as evidenced by the high FE of 90%. 
These results demonstrate the potential of our CoPc/CNT@CM for 
the effective and efficient treatment of various DCA-contaminated 
environmental waters.

Conclusions
This study demonstrates the possibility to solve challenges present 
in the electrochemical treatment of chlorinated organic pollutants in 
water by developing better catalysis. Our CoPc/CNT catalyst exhibits 
near-unity FE and high reaction rates for electrochemical DCA decom-
position into ethylene in aqueous solutions across wide electrode 
potential and DCA concentration ranges. Kinetic studies and DFT cal-
culations reveal that the first dechlorination step is the RDS, which is 
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responsible for efficient DCA reduction and effective HER suppression 
on the catalyst. Incorporating CoPc/CNT into a flow-through electrified 
membrane demonstrates >95% DCA removal from simulated water 
samples with environmentally relevant DCA concentrations.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41565-022-01277-z.
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Methods
Materials
DCA (anhydrous, 99.8%), N,N-dimethylformamide (DMF; anhydrous, 
99.8%), PAN (Mw, 150,000; quality level, 200), cobalt(ii) phthalocya-
nine (CoPc), KHCO3 (99.7%) and Na2SO4 (99.7%) were purchased from 
Sigma-Aldrich. K2SO4 (99%) was purchased from Alfa Aesar. Multiwalled 
CNTs were purchased from C-Nano (product no. FT 9100). Ar (99.999%) 
was purchased from Airgas. Deionized water (18.2 MΩ cm at 25 °C) 
from a Millipore water purification system was used throughout the 
experiments. Unless otherwise noted, all the commercial chemicals 
were used without purification.

Characterization
ICP-MS was conducted with an Agilent Technologies 7700 series or Perki-
nElmer NexION 5000 instrument. A Bruker 400M nuclear magnetic 
resonance (NMR) instrument was used to record 1H NMR. We used a gas 
chromatograph (MG#5, SRI Instruments) equipped with a flame ionization 
detector and a thermal conductivity detector to analyse the gas products 
of electrocatalysis. STEM imaging and EDX mapping were performed using 
a dual-Cs-corrected FEI Themis G2 microscope at 60 kV with a Super-X 
EDS detector. High-resolution STEM-HAADF images were acquired with a 
Cs-probe-corrected Thermo Fisher Scientific Spectra 300 Kraken (S)TEM 
with an extreme-brightness cold field emission gun. Data were collected at 
120 kV with a probe current of ~60 pA. A Raman microscope (LabRAM HR 
Evolution, Horiba Jobin Yvon) with a 633 nm laser was used for collecting 
the Raman spectra. CoPc/CNT was deposited on a titanium foil coated with 
20 nm gold for surface-enhanced Raman scattering. X-ray photoelectron 
spectroscopy was performed on a PHI VersaProbe II X-ray photoelectron 
spectrometer with an Al Kα target (1,486.7 eV).

Preparation of CoPc/CNT and CoPc/graphene
We first calcined as-received CNTs at 500 °C in air for 5 h. The calcined 
CNTs were sonicated in a 5 wt% HCl aqueous solution for 30 min, fol-
lowed by stirring overnight. Then, the CNTs were washed with deion-
ized water until pH neutral and collected by freeze drying to yield 
purified CNTs. Then, 30.0 mg of purified CNTs in 30 ml DMF and 1.5 mg 
CoPc in 15 ml DMF were separately prepared, and each was sonicated 
for 1 h to achieve a well-dispersed CNT suspension and a fully dissolved 
CoPc solution, respectively. Then, the two solutions were merged and 
sonicated for 1 h followed by stirring at room temperature for 20 h. 
Subsequently, the solution was centrifuged, and the supernatant was 
discarded. The precipitate was washed with DMF and centrifuged twice 
until the supernatant was colourless. Finally, the product was washed 
with deionized water and centrifuged twice before it was freeze dried 
to yield CoPc/CNT (ref. 24). ICP-MS measurements confirmed the weight 
percentage of Co in the hybrid material to be ~2.6%. The preparation 
of CoPc/graphene followed the same procedure except that reduced 
graphene oxide was used in the place of CNTs. Graphene oxide was 
prepared following prior work41,42. Lyophilized graphene oxide was 
reduced to graphene at 600 °C in a mixed gas atmosphere (10 standard 
cubic centimetres per minute (s.c.c.m.) H2 and 190 s.c.c.m. Ar) for 2 h.

Preparation of electrolyte solutions
Purification of 0.1 M KHCO3, K2SO4 or Na2SO4 aqueous electrolyte solu-
tions (500 ml) was conducted with a two-electrode setup using two 
99.99% Ti foil electrodes (10 × 5 cm2). The purification was conducted 
with stirring at 2.5 V until the current decreased to 150 µA, and the 
current was then maintained at 150 µA for 24 h. At the end of the puri-
fication, the Ti electrodes were removed from the solution before the 
applied potential was released to avoid the electrodeposited impurities 
from re-entering the solution.

Preparation of electrodes
Here 2 mg of CoPc/CNT (or other catalyst materials tested in this work) 
in 1 ml of ethanol with 10 µl of a 5 wt% Nafion solution (Sigma-Aldrich) 

was sonicated for 1 h to prepare a catalyst ink. Then, 100 µl of this ink 
was drop casted on a 3.0 × 0.5 cm2 polytetrafluoroethylene-treated 
carbon fibre paper (Toray 030, Fuel Cell Store) and dried under an 
infrared lamp. The covered geometric area was 0.5 × 1.0 cm2, giving a 
catalyst mass loading of 0.4 mg cm−2. The Ag, Fe and Pd electrodes for 
comparison were prepared by sputter coating (Leica ACE 600 Sputter 
Coater) 50 nm of the corresponding metal on a carbon-fibre-paper 
substrate. The covered geometric area was 1 × 1 cm2.

Electrochemical measurements
Electrochemical DCA dechlorination was carried out in purified 
0.1 M KHCO3 at room temperature and atmospheric pressure with a 
custom-designed gas-tight H cell (12 g of electrolyte and ~18 ml of gas 
headspace for each compartment). Ar was flown at 20 s.c.c.m. through 
a pure DCA liquid to carry DCA vapour into the cathode compartment 
for at least 20 min before electrolysis. Ar with DCA vapour was kept 
bubbling into the electrolyte during electrolysis, unless otherwise 
noted (the electrolyte was saturated by DCA with a concentration of 
~87 mM). A graphite rod from Sigma-Aldrich was used as the counter 
electrode, and Ag/AgCl (0.1976 V versus SHE) electrode from Pine 
Research Instrumentation was used as the reference electrode. An 
anion-exchange membrane (Selemion DSV) separated the cathode and 
anode compartments. A Bio-Logic VMP3 multi-potentiostat was used 
for all the electrochemical experiments. EIS measurements were con-
ducted to determine the ohmic drop between the working electrode 
and reference electrode at −0.5 V versus Ag/AgCl between 200 kHz 
and 1 Hz with an amplitude of 10 mV. In the Nyquist plot, the curve’s 
intersection with the real axis was collected as the resistance, which 
was automatically corrected with 100% iR compensation during all 
the electrochemical measurements. The current was normalized to 
the catalyst-covered geometric area. We converted all the recorded 
potentials (V) to the RHE scale with the following formula (unless 
otherwise stated): VRHE = VAg/AgCl + (0.1976 V) + (0.0592 V) × pH. All the 
electrochemical DCA dechlorination measurements were conducted 
with stirring at 600 rpm, unless otherwise noted.

KIE
Then, 0.10 M NaDCO3 and 0.10 M NaHCO3 aqueous solutions were pre-
pared by bubbling CO2 gas through 0.05 M Na2CO3 in D2O and 0.05 M 
Na2CO3 in H2O for at least 6 h, respectively. For DCA dechlorination, 
20 s.c.c.m. Ar carrying DCA vapour was bubbled in the cathode com-
partment for at least 4 h. For HER, pure Ar was purged for 4 h. Cyclic vol-
tammetry was conducted at 50 mV s–1 scan rate with 600 rpm stirring.

TOFethylene and PRethylene calculations
TOFethylene(EA) was reported as the mole number of ethylene produced 
per mole number of EA CoPc per second. EA CoPc was calculated by 
integrating the one-electron oxidation peak at ~0.185 V versus RHE. 
PRethylene(EA) was reported as the mole number of ethylene produced per 
gram of EA CoPc per second. The total mass of the CoPc/CNT catalyst 
was used to calculate PRethylene(TM).

*H quenching with t-BuOH
Electrochemical dechlorination with CoPc/CNT was carried out at 
−0.54 V versus RHE for 15 min. Then, ~23 mg of t-BuOH was injected 
into the KHCO3 electrolyte (corresponding to a t-BuOH concentra-
tion of ~25 mM) using a syringe without interrupting the electroly-
sis. The effect of adding t-BuOH on the electrocatalytic performance  
was recorded.

Co-leaching test
After 30 min of DCA dechlorination catalysed by CoPc/CNT at −0.54 V 
versus RHE, 1.17 g of the 0.1 M KHCO3 electrolyte was collected from the 
cathode compartment. The collected electrolyte sample was mixed 
with 12 ml of trace-metal-basis 1% HNO3 for ICP-MS measurements.
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Electrocatalysis with varied DCA concentrations
Here ~87 mM DCA in purified 0.1 M KHCO3 aqueous electrolyte was pre-
pared by saturating the solution with DCA bubbling. The DCA-saturated 
electrolyte was then diluted with purified 0.1 M KHCO3 electrolyte to 
prepare the electrolyte solutions containing 43.5 mM, 21.7 mM and 
8.7 mM DCA. Electrochemical dechlorination with CoPc/CNT was con-
ducted at −0.64 V versus RHE with stirring at 600 rpm in the prepared 
electrolyte under Ar purging (20 s.c.c.m.) for 10 min. The exit gas was 
analysed by the gas chromatograph.

Product quantification
The exit gas tubing of the electrolyser was connected to an SRI Multiple 
Gas Analyser #5 gas chromatography system with a flame ionization 
detector and a thermal conductivity detector. High-purity Ar was used 
as the carrier gas. Calibration curves, which were made by diluting a 
standard gas with CO2 to different concentrations through a mass flow 
controller, were used to convert the peak areas of the products (H2 
and C2H4) to gas volumes. DCA concentration was quantified by using 
1H NMR spectroscopy with water suppression. NMR samples were 
prepared by mixing 450 µl of electrolyte with 50 µl of 10 mM dimethyl 
sulfoxide in D2O (99.9 at.%; Sigma-Aldrich) as an the internal standard. 
The areal ratio of the DCA peak to the dimethyl sulfoxide peak was used 
to determine the DCA concentration.

Preparation of CoPc/CNT@CM
CoPc/CNT was dispersed in a PAN solution (0.1 wt% in DMF) at 2 mg ml−1 
followed by sonication using an ultrasonic probe to obtain a CoPc/CNT 
suspension. CoPc/CNT@CM with a material loading of 1 mg cm−2 was 
fabricated by vacuum filtration of the as-prepared CoPc/CNT suspen-
sion onto a pristine CM substrate (Sterlitech), as illustrated by the 
schematic in Supplementary Fig. 20. The membrane was then rinsed 
with deionized water followed by drying at 90 °C for 12 h. CoPc/CNT@
CM had an effective area of 12.6 cm2. CNT@CM with the same material 
loading was also prepared through the above method for comparison.

Membrane characterization
The surface and cross-sectional morphology of CoPc/CNT@CM was 
investigated using a scanning electron microscope (SU8230, Hitachi). 
Surface scanning electron microscopy images were analysed by the 
Nano Measurer 1.2 software to estimate the pore size distribution of 
the membrane. The water contact angle was measured by the sessile 
drop method using a contact angle goniometer (OneAttension, Biolin 
Scientific). The water flux was calculated by dividing the permeate vol-
ume by the effective membrane area and interval time. Membrane pore 
volume was determined by the weight difference between a wet and 
dry membrane, and the retention time of water within the membrane 
was calculated based on the pore volume and water flux. The EIS data of 
the membrane were measured by an electrochemical workstation (CHI 
660E, CH Instruments) in a typical three-electrode electrochemical 
cell, containing the tested membrane as the working electrode, mixed 
metal oxide (RuO2–IrO2/Ti) mesh as the counter electrode and Ag/AgCl 
electrode as the reference electrode. EIS was conducted by applying 
a frequency ranging from 1 to 106 Hz in 10 mM Na2SO4 solution at the 
open-circuit voltage.

Electrofiltration procedure
Electrofiltration experiments were performed using a cross-flow mem-
brane filtration system. The electrofiltration module comprised a 
feed chamber with a RuO2–IrO2/Ti mesh and a permeate chamber 
(Supplementary Fig. 8). CoPc/CNT@CM and the RuO2–IrO2/Ti mesh 
serving as the cathode and anode, respectively, were connected by a 
d.c. power supply (E3646A, Agilent). The feed solution (500 ml) was 
circulated at a flow rate of 200 ml min−1 by a peristaltic pump (Master-
flex, Cole-Parmer) and a transmembrane pressure of 11 psi was applied 
to obtain a permeate flow rate of 1 ml min−1 (corresponding to a water 

residence time of ~3 s in the membrane active layer). This filtration rate 
accelerated the mass transport rate because of convection-enhanced 
mass transport. After 1 h of operation (unless otherwise stated), DCA 
and Cl− concentrations in both feed and permeate were quantified. 
DCA quantification was done by 1H NMR, and Cl− was measured by an 
adapted mercury(ii) thiocyanate method using an assay kit (HI93753, 
Hanna Instruments). The experiments were also conducted without 
inserting the membrane to determine the amount of unexpected DCA 
loss. DCA degradation proportion was estimated based on Cl− genera-
tion in the membrane filtration experiments. Energy consumption per 
order, EEO, for DCA removal during filtration was evaluated using

EEO =
UcellI

Q log [ C0
C
]
,

where Ucell and I are the applied voltage and current, respectively; Q is 
the permeate flow rate; and C0 and C are the DCA concentrations before 
and after treatment, respectively.

Computational details
Our model system employed a graphene sheet (98 C atoms) and a CoPc 
molecule on top of the graphene with a 15 Å vacuum between them. 
The Vienna ab initio simulation package (version 5.4.5)43,44 with the 
VASPsol solvation model45 was used for geometry optimization fol-
lowed by single-point calculations as a function of applied potential 
using the CANDLE solvation model46 as incorporated in the joint density 
functional theory ( JDFTx)47. Electron exchange and correlation were 
treated within the generalized gradient approximation48 in the form of 
the Perdew–Burke–Ernzerhof functional, including the D3 correction 
for London dispersion (van der Waals attraction)49. The interaction 
between the ionic core and valence electrons was described by the 
projector-augmented-wave method50. We used a plane-wave basis set 
with an energy cutoff of 500 eV. The Brillouin zone was sampled using 
a 3 × 3 × 1 Monkhorst–Pack grid51 for the electronic structure of CoPc/
graphene. The convergence criteria for the electronic structure and 
atomic geometry were 10–5 eV and 0.03 eV Å–1. For transition-state 
searching, we used the climbing-image nudged elastic band method52, 
and we fixed the atomic positions of the graphene substrate and ben-
zene rings in CoPc for better convergence. For JDFTx single-point 
calculations, we used the GBRV53 ultrasoft pseudopotential with a 
plane-wave cutoff of 544 eV (20 Hartree). The ionic screening of dif-
ferent net charges was achieved with 0.1 M K+ and 0.1 M F− in the fluid 
model. All the other settings were similar to those in the Vienna ab initio 
simulation package calculations.

The Gibbs free energy (G) of all the surface states at 298 K and 
1 atm was calculated as

G = H − TΔS = EDFT + EZPE + Esolv +∫
298

0
CvdT − TΔS,

where EDFT is the electronic total energy, EZPE is the zero-point vibrational 
energy and Esolv is the solvation energy. The enthalpy (∫2980 CvdT) and 
entropy (ΔS) contributions at room temperature were calculated from 
the vibrational modes of the system. The grand canonical free energies 
(H) were obtained for all the states using the grand canonical potential 
method38 to describe the effect of applied potential to the substrate 
and adsorbates.

The chemical potential of the dissolved DCA in the aqueous elec-
trolyte (μDCA(aq)) was calculated as follows:

μDCA(aq) = EDCA(g)DFT + ZPEDCA(g) − TS
0
DCA(g) + ΔG

sol
DCA + kBT ln(aDCA),

where EDCA(g)DFT  is the electronic total energy from JDFTx, ZPEDCA(g) and 
TS0DCA(g) are the zero-point energy (ZPE) and entropy contribution of an 
ideal gas-phase DCA molecule using the Jaguar code54, ΔGsolDCA is the 
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solvation free energy of DCA (2.49 kcal mol–1) from experiment55, kB is 
the Boltzmann constant, T is the room temperature (298 K) and aDCA is 
the concentration of DCA in our electrolyte (87 mM).

The chemical potential of the chloride anion in the aqueous elec-
trolyte (μCl−(aq)) was calculated as follows:

μCl−(aq) = ECl
•
(g)

DFT − TS0Cl•(g) + EACl•(g) + ΔG
sol
Cl−(g)

, where ECl
•
(g)

DFT is the electronic 

total energy of a gas-phase chlorine radical from JDFTx, TS0Cl•(g) is the 

entropy contribution of the ideal gas-phase chlorine radical obtained 
using the Jaguar code, EACl•(g) is the electron affinity of gas-phase chlorine 
radical (3.614 eV) from experiment56 and ΔGsolCl−(g) is the solvation free 
energy of chloride anion (−74.5 kcal mol–1) from experiment57.

Data availability
The atomic coordinates of the optimized structures (at neutral 
charge) for DFT calculations are provided in Supplementary Data 1. 
The measurement data presented within this paper and other find-
ings of this study are available from the corresponding authors upon 
reasonable request.
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