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Electrochemical dechlorination provides a sustainable method to treat
chlorinated volatile organic compounds polluted water with producing value-

added hydrocarbon. However, dechlorination of dichloromethane (CH,Cl,)
generates *CH3z and *CH,CI intermediates, which are highly unstable due to

lack of efficient hyperconjugation from neighboring carbon sites. Herein, we
report that cobalt phthalocyanine (CoPc) grafts onto sulfur-doped graphene
toward efficient electrocatalysis of CH,Cl, dechlorination at moderate
potentials. It reveals that sulfoxide groups within graphene linked to Co sites
by an axial coordination, resulting in an electron donation effect to decrease
the barriers of elemental dechlorination step. While in situ electrochemically
generates [Co'Pc]™ species mediated the electron transfer from Co sites to
CH,Cl,. The production rate of CHy, is significantly enhanced compares to the
current level, and an additional case of producing C,H, and C,Hg is achieved.
For potential practical application, the electrochemical dechlorination of a
diluted CH,ClI; solution is validated in an electrofiltration module setup by an

efficient flow-through mode.

Dichloromethane (CH,Cl,) represents one of the most significant
chlorinated volatile organic compounds (CVOCs) with low molecular
weights that have been widely used as solvents or cleaning agents in
various fields of paint strippers, metal degreaser and the pharmaceu-
tical industry, etc.”>. However, CH,Cl, is of high toxicity, which can be
persistent in the ecological environment to seriously threaten life
health*’. To degrade CH,Cl, is mainly realized by thermal and advanced
oxidation®°. While these approaches are operative to completely
mineralize CH,Cl,, they require significant energy input and compli-
cated systems to prevent the formation of harmful byproducts (e.g.,

dioxins and furans)®*", Alternatively, electrochemical dechlorination
reduction (EDR) in water powered by renewable energy provides a
sustainable approach to degrade CH,CI, through cleaving C-Cl bonds
and simultaneously generates value-added hydrocarbon compounds
through water-enabled protonation” . However, EDR in water needs to
compete with the hydrogen evolution reaction (HER) for overlapped
working potentials, resulting in decreased Faradaic efficiencies (FEs) of
cleaving C-Cl bonds and protonating CH,Cl,'"*. Such an issue is highly
detrimental to the EDR performance, limiting broad-scale up
applications.
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Metal phthalocyanines (MPcs) represent a type of well-established
molecular catalysts, which contain planar macrocyclic geometry to
exhibit low steric hindrance for chemisorbing a variety of small
molecules” 2, Both the macrocyclic planes and axial positions of MPcs
can be systematically regulated to optimize the chemisorption of
substrates for the appropriate substrate activation®” %, In addition, the
metal sites of MPcs generally exhibit relatively weak chemisorption
toward H'/*H species, causing sluggish HER kinetics?* %, These domi-
nant characters make MPcs highly potential for selective EDR. For
instance, Wang et al. demonstrated that CoPc loaded on carbon
nanotubes efficiently electrocatalyzed dechlorination of 1,2-dichlor-
oethane, competing with trivial HER events'*>*°, However, the *CH; or
*CH,CI intermediate®*®, which potentially emerges in the EDR of
CH,Cl,, is unstable due to lack of efficient hyperconjugation from
neighboring carbon sites. This leads to relatively high barriers in the
dechlorination of CH,Cl, compared to cases of treating CVOCs with
longer carbon chains. In addition, the elemental pathway of dechlor-
ination has not yet been fully clarified, especially lacking insights into
the dynamic interfacial electron transfer from catalysts to CH,Cl,.
Thus, it requires further investigations of MPcs-based EDR electro-
catalysts with tailored electronic states to stabilize reactive *CH; and
*CH,Cl intermediates, thereby enhancing EDR selectivity and activity
of CH,CI, together with elucidating the reaction pathway.

On the basis of the aforementioned considerations, we report that
CoPc grafted onto sulfur-doped graphene (CoPc-SG) at a mild condi-
tion functioned as an efficient electrocatalyst for the EDR of CH,Cl,.

The binding of CoPc is accomplished by sulfoxide groups doped in
graphene, providing an axial coordination environment to the Co sites.
Such an axial binding resulted in an electron donation effect to Co sites
that facilitated EDR. It identified that the electron transfer from Co
sites to CH,Cl, was realized through electrochemical generation of
[Co™Pc]- species serving as the electron media. It afforded a produc-
tion rate (PR) of CH, significantly enhanced compared to the current
reported level, as well as an additional case of C,H; and C,Hg pro-
duction. For potential practical application, the EDR process was
examined toward diluted CH,Cl, solution by an electrofiltration
module setup in an efficient flow-through operation mode. In one
single-pass filtration, 98% of CH,Cl, was removed with CH, conversion
efficiency of 32.7%.

Results

Synthesis of CoPc-based catalysts

Graphene oxide (GO) was first synthesized following a modified
Hummers’ method®. The GO aqueous solution was reacted with
thioacetamide under hydrothermal conditions to generate a sulfur-
doped graphene (SG, Table S1). Then CoPc complex was linked to SG
under a mild condition (80 °C, 12 h, N, N-dimethylformamide)®, and
the as-derived sample was denoted as CoPc-SG (all details have been
provided in the Supplementary information, SI). The loading amounts
of CoPc on SG were approximately 6.62 %107 mol mgsg™ by induc-
tively coupled plasma optical emission spectroscopy (ICP-OES,
Table S2). Scanning and transmission electron microscopic (SEM/TEM,
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Fig. 1| Structural characterizations of CoPc-SG. a A representative TEM image of

CoPc-SG. XPS surveys of Co 2p (b) and S 2p (c) core electron levels of SG, CoPc, and
CoPc-SG. d UV-Vis spectra of CoPc, SG and CoPc-SG. e Co K-edge XANES data. fFT-

k (A

EXAFS data in R space. g FT-EXAFS fitting curves of CoPc-SG in R space. The inset is
the schematic model of CoPc-SG. WT-EXAFS plots of CoPc (h) and CoPc-SG (i).
Source data is provided as a Source Data file.
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Fig. 2 | Electrocatalytic dechlorination performance of CoPc-SG. a Total current
densities of EDR at various potentials on CoPc-SG and CoPc-OG. FEs of CH,4 (b) and
C, (c) production. PRs of CHy4 (d) and C, compounds (e). f PRs on various EDR
catalysts. g Partial current densities of CH, and C, production. The error bars

Potential (V vs. RHE)

Potential (V vs. RHE)

represent standard deviations from two independent measurements. TOFs of Co
sites for CH,4 (h) and C, (i) production. The error bars represent standard deviations
from three independent measurements. Source data is provided as a Source

Data file.

Figs. 1a and S1, S2) images revealed the typical graphene characteristics
of CoPc-SG without observable metal-based nanostructures or bulk
aggregates. Energy-dispersive X-ray (EDX, Fig. S3) mapping images
showed a homogeneous distribution of Co elements across those
carbon layers. Raman spectra revealed that CoPc-SG contained both
the bonding characters of CoPc and SG (Fig. S4)***, which verified the
successful linking between the two components. X-ray photoelectron
spectra (XPS, Figs. 1b and S5 also presented the CoPc characters of
CoPc-SG according to the dominant Co 2p;, (780.3eV), Co 2py»
(795.8 eV) and N 1s signals. The S sites remained as two forms of car-
bonized (163.4 eV) and oxidized (167.7 eV) sulfur species, ongoing
from SG to CoPc-SG (Fig. 1¢)**™,

Ultraviolet-visible (UV-Vis, Fig. 1d) spectra presented the char-
acteristic B and Q bands of CoPc-SG. The Q band at 663 nm is attrib-
uted to the ay(m)-eg(m*) transition from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO), showing a significant red shift compared to the transition of
pristine CoPc. This suggests a ligand modification occurring at the
axial position of Co sites***, X-ray absorption spectroscopy was
employed to analyze the oxidation states and coordination spheres of
Co sites, referring to the Co foil, CoO, Co;0,4 and CoPc standards. In
the normalized X-ray absorption near-edge spectra (XANES, Fig. le),
CoPc-SG exhibited a discernible shift to a lower energy compared to
the pristine CoPc, which is consistent with the shift in the corre-
sponding electron paramagnetic resonance (EPR, Fig. S6) data.
According to the Fourier-transformed k*>weighted extended X-ray
absorption fine structure (FT-EXAFS, Fig. 1f), the intensity of the first

sphere is enhanced going from CoPc to CoPc-SG. Such a result
reflected the increased coordination number of Co sites upon inter-
acting with SG. Moreover, the wavelet transform (WT) contour plots
(Fig. 1h, i) exhibited a positive shift of k value from the maximum
intensity at 7.45A™ in CoPc-SG to 7.05A™ in CoPc, suggesting the
tuned coordination of Co sites by the support of SG***. As examined
by the least squares EXAFS fitting (Fig. 1g, Figs .S7, S8 and Table S3) it
revealed that the Co site of CoPc-SG is made of four Co-N scattering
paths (1.87 A) by the planar Pc ligation, and one Co-O scattering path
with slightly prolonged distance (1.88 A), while the pristine CoPc only
contains the four Co-N paths. This supports the axial modification of
Co sites in CoPc-SG, which is consistent with the UV-Vis data.

Electrocatalytic measurements

The EDR performance was evaluated in a gas-tight H-type cell using a
three-electrode setup. An Ar carried CH,Cl, vapor was continuously
fed into 0.1M K,HPO, (pH =8.8) at the ambient condition. The high
ionic conductivity and buffering capability of the electrolyte ensured
durable electrochemical measurement conditions (all potentials refer
to the reversible hydrogen electrode, RHE, if not specified). As a main
control sample, a reduced OG was synthesized from GO by the same
hydrothermal method without introducing any dopants, which linked
to CoPc (denoted as CoPc-OG, Figs. S9-S12), following the same pro-
cedures as the synthesis of CoPc-SG. A series of chronoamperometric
curves presented that CoPc-SG afforded reduced overpotentials with
enhanced currents compared to CoPc-OG (Fig. 2a). In-line gas chro-
matographic (GC) analysis identified the reduction products of EDR as
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Fig. 3 | Theoretical insights into the ligand linkage effect and dechlorination
mechanism. a Charge analysis of CoPc onto graphene with different linkages.

b PDOS analysis for d orbitals of Co sites. ¢ Interaction energy of CoPc-SO, CoPc-
SO,, CoPc-SO;5 and CoPc-CO,. d Free energy diagrams of dechlorination on free-

standing CoPc, CoPc-SO, CoPc-SO,, CoPc-SO; and CoPc-CO,. e Correlations
between the Bader charges on Co sites and the Gibbs free energy of dechlorination
elemental steps. Source data is provided as a Source Data file.

CH,;, CoHy and CyHg with a fraction of methyl chloride (CH5CI)
(Figs. 2b, ¢ and S13). Apparently, CoPc-SG afforded higher dechlor-
ination efficiency than CoPc-OG by FE¢y,, and FE¢, up to 62.3% and
13.2%, while a minimal fraction of competent H, was detected. Corre-
spondingly, CoPc-SG increased the PRs of CH, and C, products by
more than 6-fold compared to the cases of CoPc-OG at a typical
potential of -0.68V, which reached 53.9mmolg? h™ and
10.08 mmol g™* h™, respectively (Fig. 2d, e). Note that compared to
previous works, we reported that the PR of CH, was significantly
enhanced, and an additional case of emerging C, products (Fig. 2f and
Table S4). In the meantime, a quantitative analysis of chloride ions
released into the electrolyte was conducted by ion chromatography
(I0), verifying that CoPc-SG afforded higher FEs of dechlorination ions
compared to CoPc-OG (Fig. S14). Under the same condition, the pris-
tine SG barely showed any EDR activity, indicating the active sites
originated from CoPc (Fig. S15). The pristine CoPc without the carbon
supports also exhibited significantly degraded FEs and currents of
EDR, suggesting that the molecular dispersion of CoPc on the carbon
supports is critical to achieve such high EDR performance*. By nor-
malizing the partial reduction currents with the amounts of CoPc
exposed on the electrode surfaces (Fig. 2g and Table S5), the TOFs for
CH, and C, production were assessed. At —0.68V, the TOFs were
enhanced by more than 8-fold for CH, production, and 7-fold C,
production transiting from CoPc-OG to CoPc-SG, revealing the intrin-
sically improved dechlorination activity of CoPc by the SG linkage
(Fig. 2h, i).

In order to verify the EDR process on CoPc-SG, an in situ atte-
nuated total reflection-Fourier transform infrared (ATR-FTIR) spec-
troscopy was conducted under the same conditions as set in the
H-type electrolytic cell (Fig. S16). At an open circuit potential (OCP),
the emerged IR peaks at 744 cm™ and 1258 cm™ are attributed to the
C-Cl symmetric stretching and C-H bending vibration of CH,CI,*****,
As the potential was made more negative on the CoPc-SG catalyst, a
new band appeared at 1448 cm™. This band, which is absent on the
pristine SG support, can be attributed to the C-H deformation

vibration of *CH;*. Meanwhile, doublet bands emerged at 2989/
3008 cm™ corresponding to the asymmetric stretching vibration of
CH,, indicating the dechlorination process*. In contrast, on the pris-
tine SG that only afforded HER events, the peak intensities of C-Cl and
C-H vibration are relatively weak, which even decreased with applying
reduction potentials, suggesting very weak chemisorption of CH,Cl, in
the absence of CoPc. Correspondingly, there are no vibrations of CH,
being observed. We further conducted EPR spin-trapping experiments
using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) to probe the EDR
intermediates (Fig. S17). The electrolyte exhibited a characteristic six-
line pattern with the electrocatalysis of EDR. The hyperfine splitting
constants (Ay =16.1G, Ay =23 G) agree with the literature values of the
DMPO-CH; adduct**%, indicating the generation of *CHj; inter-
mediate. Besides, note that the EDR processes involved the formation
of CH3Cl, which should be realized through the protonation of *CH,Cl
intermediate*°.

An insight into dechlorination mechanism

We conducted the density functional theory (DFT) calculations to gain
an insight into the CoPc-based EDR process (the atomic coordinates of
the optimized computational models are provided in Supplementary
Data1). According to previous studies®, sulfoxide (-SO)/sulfone (-SO,)/
sulfonic (-SO3) groups of SG, and carboxyls (-CO,) of OG were con-
sidered as typical groups that can link to CoPc, and established the
heterogeneous structures of CoPc in CoPc-SG and CoPc-OG, respec-
tively. In the case that CoPc is immobilized onto carbon supports
through the Van der Waals force, which does not affect the intrinsic
activity in the DFT calculation, a free-standing CoPc is considered.
As revealed by the differential charge distribution, CoPc-SO exhibited
a prominent electron transfer region at the molecule-graphene inter-
face, which is broader than that in CoPc-CO, (Fig. 3a). A clear change in
Bader charges for CoPc in CoPc-SO was +1.62 e, which turned to be
-0.48 e in CoPc-CO,. Thus, the sulfoxide group generally exhibited an
electron-donating effect to CoPc, which is consistent with the energy
shift observed in the XANES data. While the carboxyl group had the
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Source data is provided as a Source Data file.

inverse effect of electron withdrawing. Based on partial density of state
(PDOS, Fig. 3b), the low-to-medium spin transition ongoing from CoPc-
CO, to CoPc-SO facilitated the d orbital filling of Co sites that enhanced
the Co-O bond energy. Correspondingly, the interaction energies of
the molecule-graphene interface were calculated to be —0.96 eV for
CoPc-SO and 0.42 eV for CoPc-CO, (Fig. 3¢). Note that in the cases of
CoPc-SO, and CoPc-SO; (Fig. S18), the interaction energies of the
molecule-graphene interface significantly increased to 2.10eV and
2.88 eV, suggesting that the formation of CoPc-SO, and CoPc-SO; is
relatively difficult.

Toward the EDR pathway, it involves multiple elemental steps of
dechlorination and protonation to generate *CH,Cl and *CHj; inter-
mediates (Figs. 3d and S19-S21). The cleavage of the C-Cl bond is
identified as a potential-limiting step. For the dechlorination of either
CH,Cl, or CH3Cl, the energy barriers on CoPc-SO are significantly
lower than those on CoPc-CO,, as well as those on the free-standing
CoPc by reducing 0.5-0.7eV. For CoPc-SO, and CoPc-SO;, the
dechlorination processes are even more difficult than the free-
standing CoPc and CoPc-CO,. Accordingly, among those various
models, the electron donation ability of linkages exhibits a negative
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correlation with the Gibbs free energy of the elemental dechlorination
steps (Fig. 3e). These results are highly consistent with the experi-
mental results and demonstrate that the linkage of sulfoxides resulted
in electron donation to the Co sites, which facilitates C-Cl bond clea-
vage and thus enhances the EDR performance. In addition, we pre-
sented the complete Gibbs free energy changes for the pathways of
EDR into CHy4, C;H4 and C,H¢ products based on the proposed active
CoPc-SO configuration (Figs. S22, S24, S25). For C, products, the DFT
calculations revealed that the involved C-C coupling elemental steps
followed the Eley-Rideal mechanism, where surface-bound inter-
mediates (*CH,CI or *CH3) reacted with solvated CH,Cl, molecules
(Fig. $23)****. In all cases, CoPc-SO exhibited consistently lower energy
barriers than both pristine CoPc and CoPc-CO, samples, underscoring
the pivotal role of the sulfoxide axial coordination in facilitating the
EDR processes.

In the DFT calculations, it is found that both CH,Cl, and CH;CI
cannot directly chemisorb onto CoPc, as the distance between Co
(CoPc) and C (CH,Cl,/CH5CI) sites is more than 3.6A. The onset
potential of EDR on CoPc-SG approaches —0.28 V. Prior to this catalytic
potential, the Co?**'Pc redox was observed (Fig. S26). Thus, CoPc
should electrochemically evolve by generating Co'* sites to commence
EDR**°, To validate such an assumption, an in situ Raman spectro-
scopic measurement was conducted in an electrochemical cell set with

a transparent quartz window. CoPc-SG exhibited distinct peaks at 1145
and 754 cm™ at OCP, corresponding to the Ay (Co-N and C-H vibra-
tions) and Byg (in-plane ring symmetric Co-N pyrrole stretch) modes of
CoPc, respectively (Fig. 4a). As the potential passed across the CoPc
redox range, the A;g and B,z modes gradually shifted to 1125 cm™ and
746 cm™, respectively, signifying the Co? to Co' reduction prior to the
EDR events (Fig. 4b, c). However, the redox of CoPc contains two
different pathways that have either H* coupling or H* non-coupling
character to generate different structures”. We then examined the pH
dependence of Co**** redox in a broad pH range in various PBS buffers,
and established the Pourbaix diagram (Fig. S27). The Pourbaix slope of
Co?"'Pc-SG redox is only —4.3 mV pH™, indicating that the redox event
is barely coupled with H' transfer. The Co* to Co' reduction should
generate [Co'*Pc] species instead of the possible [Co™PcH] species as
previously reported®”, which commenced EDR and the competent HER
events (Fig. 4d, e). As the DFT calculation showed an intermediate state
in which the *CH,CI species bonded with CoPc, it indicated that the
[Co"Pc]" sites should bond to CH,Cl,, and the additional electrons
transferred to the bonded CH,Cl, for commencing the dechlorination
elemental step (Fig. 4f, g).

Besides, the Pourbaix slope of HER on CoPc-SG was fitted to be
-58.1mV pH™ for the typical one H" and one electron coupled transfer
process (Fig. S28). Upon the EDR event involving into HER, the
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Pourbaix slope significantly turned to be a positive value of
+21.6 mV pH, which approaches the Co*”"'Pc redox potential with
increasing pH. Such a phenomenon is observed in our previous result,
indicating that the alkaline environment could facilitate the chemi-
sorption of CH,Cl, on the [Co*Pc]  sites. In the case of CoPc-OG, it
follows the same evolution process of CoPc (Figs. S29, S30). While the
Laviron analysis showed that the redox kinetics of Co*"*Pc in CoPc-SG
is more rapid than that in CoPc-OG (Fig. S31)*%, suggesting the tuned
electron communication between CoPc and carbon supports by the
S-based linkages, and should reflect the above DFT calculation results.

Electrochemical membrane performance

For the scale up application, CoPc-SG was integrated into a self-made
electrofiltration module setup to assess its performance in treating the
CH,Cl,-contaminated wastewater in a flow-through operation mode
(Fig. 5a). The module comprises a feed chamber with a commercial
RuO,-IrO,/Ti mesh anode (top), and a permeate chamber featuring a
CoPc-SG coated carbon paper (CP) supported by a polyvinylidene
difluoride (PVDF) membrane as the cathode (CoPc-SG@CP, bottom).
The feeding solution is 0.1M K,HPO, with 3mM CH,Cl,. The as-
derived CoPc-SG@CP exhibited a lower water permeability of
100.5L m™2 h™ compared to 135Lm™ h of the pristine CP, which
allowed extended residence time for dealing with water purification
(Fig. S32). In one single-pass filtration (details in SI), 98% of total CH,Cl,
was removed at a constant current density of 75 mA cm™ for 300 mL
3 mM CH,CI, solution (Figs. 5b—d and S33), including 32.7% of CH,Cl,
converted into CHy, 1.64% of CH,CI, converted into C, products, 63%
of CH,Cl, converted into the incompletely dechlorinated byproduct of
CH;Cl and some CH,Cl, might be physically adsorbed (under the same
condition, we indeed detected that the CP electrode without the
loading CoPc-SG removed 59% of CH,Cl, without generating CH,, C,
products and CH5CI). In addition, the process remained highly energy-
efficient, achieving a relatively low electrical energy consumption per
order (Fgo) of 0.062 kWh m™ under 75 mA cm™ (Fig. 5e), which is
substantially lower than the Ego value of 0.42 kWh m™ reported in an
analogous cross-flow system treating another typical chlorinated
organic compound of 1,2-dichloroethane'. The performance degra-
dation at 100 mA cm™ could be ascribed to the overly limited mass
transport of CH,Cl, reactant by increasing the applied currents. To
provide a more complete picture of the system’s performance, we also
calculated the FE for these products (Fig. S34). The concentrations of
released CI™ ions showed a consistent variation trend (Fig. S35). Parti-
cularly, the vertical flow mode is more effective for enriching and
treating trace or low concentrations of CH,Cl, compared to the tra-
ditional lateral flow mode (Fig. S36). To assess the durability of the
device, the flow-through electrofiltration was continuously operated
for 10 cycles, which maintained the high PRs of CH, and C, production,
and CI ions release (Figs. 5f and S37).

Discussion

In summary, this work demonstrated that CoPc-SG is an efficient
electrocatalyst for the CH,Cl, dechlorination, achieving PRs of CH,
and C, products up to 53.9mmolg’h™ and 10.08 mmolg’h?,
respectively. Such performance was significantly enhanced compared
to its counterpart CoPc-OG and free-standing CoPc, which represents a
high level of EDR of CH,Cl. It revealed that sulfoxide groups emerged
in SG linked to Co site through the axial coordination. An electron
donation effect occurred from sulfoxides to Co sites that facilitated
the C-Cl bond cleavage. In a further pathway investigation, CoPc on SG
surface was reduced without H* coupling to generate a [Co""Pc]™ spe-
cie, which mediated the electron transfer from Co sites to CH,Cl,. For
the potential practical application, the electrochemical dechlorination
of CH,Cl, was demonstrated in an electrofiltration module with a lat-
eral flow setup for the treatment of diluted CH,Cl, solution. In one
single-pass filtration, 98% of CH,Cl, was removed with CH, conversion

efficiency of 32.7%. This research highlights the potential of CoPc-SG as
an efficient, selective, and sustainable catalyst for environmental
applications, particularly in the treatment of CH,Cl,-contaminated
water. The findings offer a promising pathway for further develop-
ments in electrocatalytic dechlorination technologies aimed at mini-
mizing environmental pollutants while producing valuable chemicals.

Methods

Materials

Dichloromethane (DCM; 99%), N, N-dimethylformamide (DMF; 99.5%),
Phthalocyanine (H,Pc; 99.5%), K3PO, (99%), KH,PO, (99.7%) and
K,HPO, (99.7%) were purchased from Sigma-Aldrich. Co(NO3),-6H,0
(99%), Graphite powder (99%), K>0gS; (99.5%), P,05 (99.99%), thioa-
cetamide (98%) were purchased from Macklin Biochemical Technol-
ogy. The RuO,-IrO,/Ti mesh was purchased from Hangzhou Saiao
Technology. Deionized water (18.2MQ 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. All solutions in this work were prepared using
ultrapure water.

Synthesis of CoPc-SG and CoPc-0G

GO was synthesized based on a modified Hummers’ method. Firstly,
2 g graphite powders, 1g K,S,0g and 1.2 g P,Os were added into 20 mL
98% H,S0,, and were heated at 100 °C for 10 h. The resultant solids
were washed with water to neutrality and dried to obtain a pre-
oxidized product. Afterwards, the pre-oxidized product was trans-
ferred into 50 mL 98% H,SO, in an ice bath, and 6.5 g of KMnO,4 was
slowly added. The mixture was heated in an oil bath at 50 °C for 6 h to
further react with KMnOy. Finally, SmL of H202 was added under ice
bath conditions, and the final product was bright yellow. The final solid
was washed with 3.7% HCI and plenty of water, centrifuged and dia-
lyzed for 7 days to obtain GO.

To obtain a sulfur-doped graphene (SG), thioacetamide was used
as the dopant, and mixed with GO aqueous solution (1 mg mL™) (mass
ratio 1:50). Then the suspension was transferred into a
polytetrafluoroethylene-lined stainless autoclave for heat treatment at
150 °C for 3 h. After the reaction, the resultant solids were washed with
water and ethanol to obtain the desired SG. As a control sample, the
oxygen-doped graphene (OG) was synthesized from GO following the
same hydrothermal conditions without using any dopants.

To obtain heterogeneous cobalt complexes, the as-synthesized
SG or OG (4 mg) was dispersed in 20 mL DMF and mixed with 2 mg of
cobalt phthalocyanine (CoPc). The resultant dispersion was heated at
80 °C for 12 h, and washed with ethanol to remove excess CoPc. The
final solid was dispersed in isopropanol with a concentration of
2mg mL™ to obtain the catalyst ink, which was denoted as CoPc-SG
and CoPc-OG, respectively.

Electrochemical measurements
All electrochemical measurements were conducted using a CHI 1140
potentiostat in a three-electrode setup at room temperature (25 °C). A
gas-tight H-type cell was employed with a cathode chamber (50 mL)
and an anode chamber (50 mL) separated by a proton exchange
membrane (Nafion-117, 183 um in thickness). Prior to use, the Nafion-
117 membrane was pretreated by sequential 80 °C boiling steps in 5wt
% H,0,, deionized water, 1.0 M H,SO,. All potentials were measured
against a Hg/HgO electrode, unless indicated otherwise. A graphite
electrode was used as the counter electrode. The supporting electro-
lyte was 0.1M K,HPO, solutions (pH=8.8 + 0.1, stored in a sealed
container at 25°C). (CPs, 1x1cm?) With casting, 140 pL catalyst inks
were used as the working electrodes, the covered area was 2 cm?,
giving a catalyst mass loading of 0.14 mgcm™,

For the electrocatalysis of EDR, Ar was flown at 20 ccm through a
pure CH,Cl, liquid to carry CH,Cl, vapor into the cathode chamber for
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at least 30 min to obtain a CH,Cl, aqueous solution before each elec-
trolysis. All the electrochemical CH,Cl, dechlorination measurements
were conducted with stirring at 300 rpm. The Ar carried the CH,Cl,
vapor was kept bubbling into the electrolyte during the electrolysis.
Gaseous products from the cathodic chamber were analyzed in real-
time by in-line (GC, Agilent Technologies 8890) equipped with Haye-
sep D/N and Molsieve 5A columns, a thermal conductivity detector (for
H, detection) and a flame ionization detector (for hydrocarbons
detection). All the reported current density was normalized to the
geometric area of CP without iR compensation. All recorded potentials
(E) were converted to the reversible hydrogen electrode (RHE) scale
with the Eq. (1),

E(vs.RHE) = E(vs.Hg/HgO0) + 0.098 + 0.592 x (pH) M
The Faradaic efficiency for products was calculated using the Eq. (2),
FE(%)=(nxFxM)/Q @)

where n is the number of electron transfer, M is the relative molecular
mass, F is the Faraday constant, Q is the quantity of applied electricity.

Turnover frequency and production rate analysis
Turnover frequency (TOF) was calculated based on Eq. (3),

TOF =(J x A)/(n % F x M) 3)

where / is the cathodic current density, A is the geometric surface area
of the electrode, F is Faraday’s constant, and M is the molar amount of
Co sites on the surface of the electrode. The molar amount of Co sites
was quantified by ICP-OES. In brief, the electrodes coated with
catalysts were immersed in 0.5mL HNO; (65%) for 3 min, and the
resultant acidic solutions containing Co*" ions were diluted to 5mL,
and then were tested by ICP-OES. The PR was calculated as the molar
amounts of CH4 or C, produced per gram of catalyst per hour.

In situ attenuated total reflectance Fourier transform infrared
spectra

In situ ATR-FTIR spectra were performed on a Thermo Fisher Scientific
Nicolet iS50 FTIR spectrometer, equipped with a diamond crystal and a
DLaTGS detector cooled with liquid nitrogen. A customized three-
electrode electrochemical single-cell was used for tests. Graphite rod
and Hg/HgO electrodes were used as counter and reference electro-
des, respectively. Silicon prisms coated with catalysts were applied as
the working electrodes. For ATR-FTIR measurement, 64 scans were
collected with a spectral resolution of 1cm™. The potential-dependent
spectra were collected by applying the working potential from 0.28 to
0.78 V vs. RHE in 0.1 M K,HPO, with steps and durations of 0.1V and
1205, respectively.

In situ Raman spectra

In situ Raman measurements were conducted on an electrochemical
cell quartz window in 0.1M K,HPO,. An Ag/AgCl wire (soaked in
saturated KCI) and a carbon rod were used as the reference and
counter electrode, respectively. Glassy carbon electrodes coated with
catalysts were used as the working electrodes. Raman spectral window
was set as 200-1200 cm™, and the acquisition time was set as 90 s with
a 638 nm laser.

Electrochemical membrane

The filtration module consists of upper and lower chambers with gas
collection and inlet and outlet ports, a CoPc-SG@CP/PVDF/Ti mesh
and a commercial RuO,-IrO,/Ti mesh was applied as the cathode and
anode, respectively, and were connected with a DC power supply (UNI-
T, UTP136S). The size of the CP coated with the catalyst was 32 cm™.

Typically, in one single-pass filtration, the feeding solution of 3 mM
CH,Cl, dissolved in 300 mL 0.1M K,HPO, was circulated utilizing a
constant-current pump (Rongbai, BT100-2J) under a constant current
density of 25/50/75/100 mA cm™. After 1h of operation, any gaseous
products generated from EDR in the upper chamber were collected
through a gas collection port, and the anodic gas was collected in the
lower chamber. The collected gases were quantitatively analyzed by
gas chromatography, the CI ions released into the solutions were
measured by IC, and the amounts of residual CH,Cl, were measured
by 'H NMR.

Computational details

Spin-polarized DFT calculations were performed by the Vienna ab
initio simulation package (VASP) with the projector augmented
method to describe the interaction between atomic cores and valence
electrons® .. The exchange-correlation functional is treated with the
generalized gradient approximation in the form of Perdew-Burke-
Ernzerhof > CoPc, CoPc-OG, and CoPc-SG slab models were employed
to simulate the surface properties. The vacuum layer was set around
15 A in the z-direction to avoid interaction between neighboring ima-
ges. The Van der Waals interaction is considered using the DFT-D3
method. An energy cutoff for the plane wave basis expansion was set to
480eV, and the force on each atom less than 0.03eV/A was set as the
convergence criterion for geometry relaxation. The k-points in the
Brillouin zone were sampled by a 1 x1x 1 grid®’. The electronic energy
was considered self-consistent with the energy change less than
10-5eV. VASPsol was used to simulate the solvent effect in the
experimental environment®*,

The energy differences (,E) for the reactions were calculated
according to the approach proposed by Ngrskov and coworkers,
AE = AE° + AFyu, where AE° is the computed reaction energy, 5Ey is the
externally applied potential. In the dechlorination process, AEy =-e(U
-Uc®), where U is the standard potential of the reversible chlorine
electrode, Uc®=136V at 298K. In the hydrogenation process,
AEu =—eUy, where Uy is the electrode potential relative to the standard
hydrogen electrode (SHE), U; =0V at 298 K.

Electrical energy consumption

Electrical energy consumption per order (EEO, kWhm™ order™) for
CH,Cl, reduction during electrofiltration was evaluated using the
Eq. (4),

Ucel[ </
Qlog[%] ®

where U (V) is the applied voltage, / (A) is the current, Q is the
permeate flow rate, Cp and C are the initial and timely measured con-
taminant concentrations, respectively.

EEO=

Data availability

The authors declare that the data supporting the conclusions of this
study are available within the paper and its Supplementary Informa-
tion. Additional data are available from the corresponding authors
upon request. Source data are provided with this paper.
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