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ARTICLE INFO ABSTRACT

Editor: Dr. Danmeng Shuai Electrochemical dechlorination is a prospective strategy to remediate trichloroethylene (TCE)-contaminated

groundwater. In this work, iron-nitrogen-doped carbon (FeNC) mimicking microbiological dechlorination co-

KCYWOYI ds: o enzymes was developed for TCE removal under environmentally related conditions. The biomimetic FeNC-900,
Reductive dechlorination FeNC-1000, and FeNC-1100 materials were synthesized via pyrolysis at different temperatures (900, 1000, and
Trichloroethylene

1100 °C). Due to the synergistic effect of Fe-N4 active sites and graphitic N sites, FeNC-1000 had the highest
electron transfer efficiency and the largest electrochemical active surface area among the as-synthesized FeNC
catalysts. The pseudo-first-order rate constants for TCE reduction using FeNC-1000 catalyst are 0.19, 0.28 and
0.36 h™! at potentials of —0.8 V, —1.0 V and —1.2 V, respectively. Active hydrogen and direct electrons transfer
both contribute to the dechlorination from TCE to CyH4 and CoHe. FeNC maintain a high reactivity after five
reuse cycles. Our study provides a novel approach for the dechlorination of chlorinated organic contaminants in
groundwater.

Groundwater remediation
FeNC catalyst
Biomimetic catalyst

1. Introduction and detoxification capability to halogenated organic pollutants (HOPs)

(Schaefer et al., 2018; Yin et al., 2020). Electrochemical cathodes can

With the acceleration of industrialization and rapid population
growth, groundwater pollution has become a serious global problem
(Murakami et al., 2009; He et al., 2019). Trichloroethylene (TCE), as one
of the most widely used chlorinated organic solvents, is frequently
detected in groundwater (Westrick et al., 1984; Moran et al., 2007). Due
to the strong migration ability and carcinogenicity, TCE contamination
brings serious hazardous effect to human (Smith et al., 1996; Press et al.,
2016). Thus, exploring efficient and applicable technology for the
remediation of TCE contaminated groundwater is imperative (Li et al.,
2004; Yin et al., 2020).

In recent years, electrochemistry processes targeting the degradation
of soluble refractory pollutants in groundwater have been intensively
investigated (Miao et al., 2009; Prasad and Srivastava, 2009; Huang
et al., 2015). Electrochemical methods show excellent dehalogenation

provide sufficient electrons to HOPs for reductive dehalogenation
(Antonello and Maran, 1999; Van Hoomissen and Vyas, 2019). Also,
some researchers developed catalyst-loaded cathode which generated
active hydrogen (H*) to attack halogenated groups for detoxification
(Mao et al., 2019; Zhang et al., 2019). According to previous studies,
direct electrochemical reduction of TCE at a cathode favor the formation
of chloroacetylene at a standard reduction potential of —2.276 V vs.
saturated calomel electrode (SCE) (Lei et al., 2019). For the direct
electrochemical reduction of TCE, hydrodechlorination and reductive
p—elimination take place simultaneously. The complete dechlorination
product is acetylene, of which the standard reduction potential is close
to —3.0 V vs. SCE (Durante et al., 2013). However, direct electro-
chemical reduction of TCE in groundwater remains a challenge due to
the problems caused by high energy consumption and low
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electroconductivity of groundwater. A suitable electrocatalyst could to
greatly reduce the reduction potential of TCE and increase the selectivity
for reductive dechlorination, thereby reducing energy consumption and
improving the efficiency of groundwater remediation. Therefore,
developing efficient, stable, and cheap electrocatalysts is the key to the
promotion and application of electrochemical dechlorination in
groundwater remediation.

Iron, as the most abundant transition element on earth, is widely
used in groundwater remediation involving TCE removal (Cheng and
Wu, 2000; Liu et al., 2014). Some modified iron minerals are capable of
reducing TCE (Lee and Batchelor, 2003; Y et al., 2007; Liang et al., 2009;
Han and Yan, 2016). However, the surface of iron minerals possessing
reductive activity are easily passivated (Liu et al., 2005; Yuankui et al.,
2016), resulting in the generation of partially dechlorinated products of
TCE such as dichloroethylene (DCE) and vinyl chloride (VC) (Little et al.,
1988; Ai et al., 2019). These partially dechlorinated products are more
challenging to be dechlorinated compared with TCE. Also, they are
highly toxic and threaten the ecological systems and human health
(Gushgaridoyle and Alvarezcohen, 2020). It should be noted that some
anaerobic microorganisms can reduce TCE to DCE and VC (Sharma and
Mccarty, 1996). Studies have proved that the active sites for dechlori-
nation in these microorganisms are metal-porphyrin structures, such as
coenzyme F430, cobalamin, heme, vitamin B12, etc. (KlecKa and Gon-
sior, 1984; Krone et al., 1989; Ukrainczyk et al., 1995). Iron-porphyrin is
a common iron organic complex in which the four pyrrole rings are
connected by methine bridges to form a ring, and an oxidized iron (Fe3*)
is located in the center of the ring. Microorganisms transfer electrons to
the iron-porphyrin structure to generate a reduced Fe center, which is
active for reductive dechlorination. Recently, iron-nitrogen-doped car-
bon (FeNC) catalysts mimicking iron-porphyrin structure were used to
dechlorinate cis-DCE (Gan et al., 2021; Gan et al., 2020). These studies
focus on the production of ethylene as a high-value product through
dechlorination of cis-DCE in a nonaqueous phase. In contrast, electro-
chemical detoxification of TCE in groundwater at environmental-related
conditions using biomimetic FeNC catalysts has never been studied.

In this work, biomimetic FeNC electrocatalysts were synthesized by
pyrolyzing cheap metal salts and nitrogen-containing organic molecules
under various temperatures. The as-synthesized FeNC catalysts were
characterized and tested for electrochemical dechlorination of TCE in
synthetic and real groundwater. All the dechlorination products were
analyzed and the stability of the FeNC catalysts was tested. The mech-
anism of TCE dechlorination was elucidated by DFT calculations and
electrochemical analysis.

2. Experimental
2.1. Chemicals

Details on chemical reagents, synthesis of FeNC, fabrication of FeNC
working electrode, and computations are provided in Supporting In-
formation. The schematic illustration for FeNC synthesis is shown in
Fig. S1. The biomimetic FeNC catalysts were synthesized by pyrolyzing
the mixture of o-phenylenediamine, silica and FeCls. FeNC synthesized
at 900, 1000 or 1100 °C were designated as FeNC-900, FeNC-1000 or
FeNC-1100, respectively.

2.2. FeNC characterization

The crystalline structure of FeNC was analyzed using X-ray diffrac-
tion (XRD, X'Pert PRO, PANalytical, Holland). The chemical composi-
tion of FeNC was characterized via X-ray photoelectron spectroscopy
(XPS, ESCALAB250Xi, Thermo VG Scientific, USA). The structure defect
of FeNC was characterized by Raman spectra (Raman, RM1000,
Renishaw, UK). The microscopic morphology of FeNC was analyzed by
transmission electron microscopy (TEM, JEM-2100, JEOL, Japan).
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2.3. Analytical methods

The concentrations of TCE and the dechlorination products (e.g.
ethylene and ethane) were measured by a gas chromatograph (GC,
GC2010, Shimadzu, Japan) equipped with an electron capture detector
(ECD) and a flame ionization detector (FID). The headspace gas with a
volume of 200 pL was collected using a gas-tight syringe for the deter-
mination. Standard ethylene or ethane gas was injected into the elec-
trochemical cell to draw the standard curve for gas quantification. The
temperatures of inlet, column thermostat, ECD and FID were set as
180 °C, 40 °C, 250 °C, and 250 °C, respectively. The concentration of C1~
was detected via an ion chromatograph (IC, ICS-5000, Thermo Fisher
Scientific, USA). Electrochemical analyses, including cyclic voltamme-
try (CV), electrochemical impedance spectroscopy (EIS), and chro-
noamperometry (i-t curve), were conducted using an electrochemical
workstation (CHI 600E, CH Instruments, USA). The conductivity of a
solution was measured by a conductivity meter (DDSJ-318, LEICI,
China). Any possible released iron ions during the use of FeNC catalyst
were determined by inductive coupled plasma emission spectrometer
(ICP-AES, IRIS Intrepid II XSP, USA).

2.4. Experimental setup

The electrochemical removal of TCE was conducted in a glass reactor
with a volume of 55 mL (Fig. S2). The reactor contained 50 mL of 2 mM
NaySO4 solution simulating groundwater and 5 mL of headspace. The
FeNC catalyst was deposited on a glassy carbon plate (2x2 cm) as a
working electrode and experiment details are shown in Supporting In-
formation. The counter electrode and reference electrode were Pt plate
(2x2 cm) and Ag/AgCl electrode, respectively. All electrode sockets and
sampling port were sealed using a tetrafluoroethylene cushion. The
parallel distance between the cathode and the anode was 10 mm. TCE
saturated water (150 pL) was added into the Na3SO4 solution to obtain
an initial TCE concentration of 25 pM. The initial pH value was 7.0 and
the pH value was adjusted using 0.01 M HCI or 0.01 M NaOH aqueous
solutions. The speed of the magnetic stirrer was set to 500 rpm. Reaction
solution with a volume of 300 pL was sampled for the determination of
TCE and Cl™ concentrations. The FeNC electrode was reused in five
consecutive cycles for TCE removal in real groundwater. The FeNC
electrode was rinsed and dried between each reuse cycle.

3. Results and discussion
3.1. Characterization of FeNC catalyst

TEM images (Fig. 1a) show that all FeNC materials have nanosheet-
like morphology, but the nanosheets morphology of FeNC-1000 and
FeNC-1100 were more evident than those of FeNC-900. In addition,
high-resolution TEM images of FeNC-1000 and FeNC-1100 show inter-
planar spacing of 2.16 and 3.47 A assigned respectively to the 101 and
002 planes of graphene (Fig. S3), but similar layer lattice was not
observable in FeNC-900 (Fig. 1b). Importantly, no iron nanoparticles
were observed in TEM images. The two XRD diffraction peaks at 25.6°
and 43.5° corresponding to the 002 and 101 planes of graphene
(Fig. 1c), which is in agreement with the interplanar spacing obtained
from the TEM analysis (Gan et al., 2020). The intensity of these two
peaks increased with the increase in pyrolysis temperature, demon-
strating that higher pyrolysis temperature results in a higher degree of
graphitization of the as-synthesized FeNC catalyst (Wang et al., 2018).
Notably, no metallic crystalized Fe species was detected by XRD con-
firming the absence of iron nanoparticles in FeNC catalysts, which is in
agreement with the TEM observation. The Raman spectra (Fig. 1d)
showed the typical sp3 defect peak (D band) at 1348 cm~! and the
spz—bonded carbon (G band) at 1600 cm'. The Ip/Ig values of
FeNC-900 (1.33), FeNC-1000 (1.39), and FeNC-1100 (1.30) were not
significantly different, indicating that the degree of disorder in FeNC
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Fig. 1. (a) TEM and (b) High-resolution TEM images, (c) XRD patterns, (d) Raman spectra of FeNC-900, FeNC-1000, and FeNC-1100, and (e) elemental mapping of

FeNC-1000.

materials was similar (Jing et al., 2018). The energy-dispersive X-ray
spectroscopy (EDS) elemental mapping confirmed that Fe and N are
evenly distributed over the entire carbon nanosheets of FeNC-1000
catalysts (Fig. le). Therefore, it is reasonable to claim that the Fe is
atomically dispersed in FeNC.

The active site of biomimetic FeNC material is expected to be the
iron-porphyrin structure. Thus, the species of N and Fe were identified
via XPS analysis. Four peaks at 398.1, 399.0, 400.5, and 403.0 eV were
pyridinic N, pyrrolic N, graphitic N and oxidized N, respectively (Fig. 2a)
(Gan et al., 2020). The relative content of different N species is shown in
Fig. 2b and Table S1. With synthesis temperature increasing, the relative
content of graphitic N increased and the content of pyridinic N
decreased. It conforms to the high degree of graphitization at high
synthesis temperature, which is also confirmed by XRD analysis. The Fe
2p spectra in Fig. 2c showed peaks at 710.8 and 723.2 eV belonging to
Fe?t and peaks at 714.6 and 726.8 eV attributed to Fe>* (Xiao et al.,
2019). Based on the survey spectra (Fig. 2d), the contents of Fe in
FeNC-900, FeNC-1000, and FeNC-1100 were determined to be 0.87,
0.21, and <0.10 atom %, respectively. This gave an indication that the
Fe contents in FeNC catalysts decreased significantly with the increase in
synthesis temperature. For the iron-porphyrin like structure of FeNC,
pyridinic N is the site for fixing Fe atoms through coordination (Ma
et al., 2018). The high pyrolysis temperature resulted in the decrease of

pyridinic N content, thereby reducing the content of coordinated Fe
atoms (Fe-Ny4) in FeNC.

3.2. Electrochemical reduction of TCE by FeNC catalysts

The biomimetic FeNC was deposited on the surface of a glassy carbon
electrode and the electrocatalytic performance of FeNC for TCE removal
was evaluated in synthetic groundwater with a low electrolyte concen-
tration (2 mM NaySO4). FeNC-900, FeNC-1000, and FeNC-1100 showed
almost the same adsorption efficiency of ~35% towards TCE at open
circuit potential (Fig. S5). The FeNC has a large surface area and porosity
which is beneficial for TCE adsorption (Jingchun et al., 2016). Mean-
while, there were no reduction products detected, indicating that FeNC
materials cannot dechlorinate TCE without applying a potential. Thus,
the different catalytic performances of FeNCs in TCE removal are mainly
attributed to their intrinsic catalytic activity.

The bare glassy carbon electrode showed only 22.5%, 34.0% and
32.5% of TCE removal at —0.8V, —1.0V and —1.2V, respectively
(Fig. 3a-c). However, the production of completely dechlorinated
products from TCE reduction is much negative than —1.2 V (Lei et al.,
2019). Thus, TCE may be transformed into toxic partially dechlorinated
products by bare glassy carbon electrode. In contrast, FeNC electro-
catalytic cathode showed excellent TCE removal efficiency. TCE
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Fig. 3. Electrochemical reduction of TCE using FeNC catalysts at (a) —0.8 V, (b) —1.0 V and (c) —1.2 V vs. Ag/AgCl. (d) Pseudo first-order reaction rate constants of
TCE degradation under different potentials. Reaction condition: 2 mM Na,SO4 electrolyte, pH=7.0, initial TCE concentration=25 pM.

removal efficiency is over 80% with FeNC-1000 and FeNC-1100 cathode
at —1.0 V and —1.2 V. Through the pseudo-first-order reaction kinetic
fitting, rate constants of TCE removal (k') increased at a more negative
potential (Fig. 3d, Fig. S4). Comparing with FeNC-900 and FeNC-1100,
FeNC-1000 had the highest k' value which were 0.19, 0.28 and 0.36 h™!

at —0.8 V, —1.0 V and —1.2V, respectively. The stable current density
during the electrolysis at —1.0 V indicated the high stability of FeNC
cathodes towards TCE reduction (Fig. S6). The current density of
FeNC-1100 was larger than that of FeNC-1000, although FeNC-1100 had
a lower catalytic performance for TCE removal. The results demonstrate
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that the current efficiency for TCE reduction by FeNC-1000 was much
higher than FeNC-1100 under the same experimental conditions.

3.3. Effect of dissolved oxygen

To explore the effect of dissolved oxygen on TCE removal, NaaSO4
electrolyte was bubbled with argon or dioxygen before the TCE reduc-
tion experiment. The removal rate of TCE was decreased from 0.29 to
0.21 h™! in an Oy-saturated electrolyte (Fig. 4). The absence of O in
electrolyte slightly increased the initial rate from 0.29 to 0.30 h™2.
Although dissolved oxygen could compete with TCE for the reductive
sites, FeNC-1000 still maintains a high removal efficiency of TCE. These
results indicate the high selectivity of FeNC-1000 catalyst towards TCE
reduction under ambient conditions.

3.4. Effect of pH

No lesser-chlorinated by-products were detected during electrolysis.
In contrast, ethylene (CyH4) and ethane (CyHg), as the complete
dechlorination products of TCE, were detected in the FeNC electro-
chemical system. After 8-hour electrolysis, the production of CoH4 and
CoHg were 2.4% and 70.6% at pH 5.0 (Fig. 5a). At pH 7.0, the yields of
CoHy and CoHg were 6.5% and 25.6%, respectively (Fig. 5b). At pH 9.0,
the production yields of CoHs and CpoHg were 13.3% and 13.2%,
respectively (Fig. 5¢). TCE removal efficiency was close under different
pH conditions (Fig. 5d), indicating that the influence of pH value on TCE
removal was negligible. However, the production of CyH4 increased
slightly and the production of CoHg decreased significantly with pH
value increasing. The generation of CyHg involves the hydrogenation
reaction of CoH,. The proton H' obtain electron on the surface of FeNC
electrode to form active hydrogen (H*) which attacks the unsaturated
C=C bond in CaH4 to form CyHg. Thus, the yield of C;Hg was highest in
acidic condition comparing with neutral and alkaline conditions.
Although the TCE removal efficiency was similar at different pHs, acidic
condition accelerates the transformation from TCE to C;Hg on the sur-
face of FeNC-1000. The whole process of TCE dechlorination includes
two steps. The first step is the diffusion of TCE in the bulk solution to the
surface of FeNC, which is represented by the removal efficiency of TCE.
The second step is the transformation of TCE on the surface of FeNC,
which is characterized by the production of complete dechlorination
products. The role of H* may be more obvious in the second step.

3.5. The role of H*

The presence of CyHg may be resulted from the H*-involving

1.0 [ ] 03
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Fig. 4. TCE removal by FeNC-1000 cathode in Ar and O,-saturated solutions.
Reaction conditions: applied potential=—1.0 V; electrolyte=2 mM Na,SO.;
pH=7.0; initial TCE concentration=25 pM.
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dechlorination of TCE. Therefore, Tert-butyl alcohol (TBA) as a H*
quencher was introduced into the electrolyte in this work (Zhang et al.,
2019). The inhibitory effect of TBA on TCE removal was relatively close
in the presence of TBA with varying concentrations from 50 to 200 mM
(Fig. 6a). The distribution of dechlorination products during electrolysis
in the presence of 100 mM TBA was shown in Fig. S7. TCE removal ef-
ficiency and the yield of complete dechlorination products decreased
~10% in the presence of 100 mM TBA (Fig. 6b). The high concentration
of TBA cannot efficiently suppress the TCE removal demonstrating that
the generated H* is more likely adsorbed on the surface of FeNC rather
than in bulk solution. The diffusion of TBA onto the FeNC surface may be
the rate-limiting step for the H* quenching by TBA.

3.6. Mechanism

Reaction was carried out in a divided electrochemical reactor to
investigate the effect of Pt anode on TCE degradation (Fig. S8). TCE
removal was negligible and no degradation products (e.g. partially
dechlorinated compounds, CoHg4, and CoHg) were observed in the anodic
chamber (Fig. S9), demonstrating that Pt anode did not contribute to the
degradation of TCE.

Electrochemical impedance spectroscopy (EIS) analysis was con-
ducted to investigate the properties of electron transfer for FeNC. The
smallest arc radius for FeNC-1000 in EIS demonstrated the fastest
interfacial electron transfer rate on the surface of FeNC-1000 comparing
with FeNC-900 and FeNC-1100 (Fig. 7a) (Zhang et al., 2019). The TCE
reduction current derived for FeNC-1000 is the largest among all the
FeNC catalysts (Fig. 7b), demonstrating the highest electron transfer rate
from FeNC-1000 cathode to TCE. Liu and coworkers reported a novel
graphene-like biochar calcined at an elevated temperature with an
excellent electron transfer rate; such evidence may explain our obser-
vation of a higher TCE reduction by the FeNC-1000 (Liu et al., 2021).
Therefore, the highest reduction rate of TCE was observed using the
FeNC-1000 catalyst. To determine the electrochemically active surface
area of FeNC, the non-faradaic capacitive current densities were calcu-
lated via cyclic voltammograms of FeNCs with different scan rates
(Fig. S10) (Benck et al., 2012). The current density increase with the
scan rates (Fig. 7c), which conform to capacitive charging behavior
(Miao et al., 2015). The greater slope of the curve for FeNC-1000
demonstrates that FeNC-1000 has a higher total electrochemically
active surface area compared with FeNC-900 and FeNC-1100 (Xin-Ming
et al., 2018). A higher total electrochemically active surface area of
FeNC-1000 results in a higher electron transfer efficiency, resulting in a
higher TCE removal rate. The high pyrolysis temperature at 1100 °C
reduced the content of pyridinic N and the Fe-N active sites of
FeCN-1100 as demonstrated by the low Fe content in FeCN-1100
(Fig. 2b). FeNC-900 has the highest Fe content and highest pyridinic N
content but the lowest TCE removal efficiency among the FeNC cata-
lysts. Thus, the removal and transformation of TCE may involve the
synergy between different forms of N and Fe-N active sites.

The mechanism of TCE dechlorination was further reveal by density
functional theory (DFT) analysis. Various adsorption sites for TCE on
FeNC surface, including graphene, graphitic N doped graphene, pyrrolic
N doped graphene, pyridinic N doped graphene and Fe-N4 structure of
FeNC, were optimized via DFT (Fig. S11). Adsorption and subsequent
electron transfer play essential roles during TCE reduction on the surface
of catalysts (Gan et al., 2020). The adsorption energies of TCE on the
different adsorption sites were calculated (Fig. 8a—e, Table S2). These
adsorption energy values were close to zero suggesting that the TCE
molecules can easily have physical contact with the surface of FeNC. The
electron transfer between FeNC and TCE molecule was examined in
Fig. 8f. When TCE approaches Fe atoms, electrons (sky blue) mainly
locate on all the three C—Cl bonds. Thus, complete reductive dechlori-
nation with breakage of all the three C—Cl bonds can be easily obtained
once electrons are transferred directly or indirectly via H* from FeNC to
TCE molecules. As a result, the partially dechlorinated intermediates
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Fig. 7. (a) Electrochemical impedance spectra of FeNCs. Inset: equivalent circuit used for data analysis, (b) cyclic voltammograms of FeNCs, and (c) plots of
capacitive currents vs. scan rates of FeNC electrodes.
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were not observed in this work (Fig. S12). In addition, the conformations
of various partially dechlorinated intermediates, including cis-DCE,
trans-DCE, 1,1-DCE and vinyl chloride (VC), on FeNC surface was
optimized (Fig. S13). The very close adsorption energy values of these
conformations demonstrate that the FeNC surface does not strongly
adsorb these partially dechlorinated intermediates (Table S3). Thus, the
absence of toxic partially dechlorinated intermediates in the reaction
solution is attributed to the fast dechlorination of TCE to fully dech-
lorinated products rather than the increased adsorption of partially
dechlorinated intermediates on the FeNC surface. Studies show that
graphitic N in graphene enhances the electrochemical hydrogen evolu-
tion reaction (HER) (Lin et al., 2019). Thus, the generation of H* as an
intermediate in HER may be favored in the presence of graphitic N in
FeNC catalyst. As a result, H* react with TCE to form non-toxic fully
dechlorinated products such as CoH4 and CoHg.

The mechanism of TCE reduction by FeNC cathode was proposed in
Fig. 9. Firstly, the TCE molecule was adsorbed on the surface of FeNC.
FeNC-900, FeNC-1000 and FeNC-1100 had similar TCE adsorption ef-
fects at open circuit potentials. However, once potentials were applied,
the FeNCs showed different TCE efficiencies due to the different atomic
structure of FeNC. Pyridinic N coordinate Fe atoms, forming Fe-Ny4
active sites for electron transfer from FeNC to TCE. Graphitic N gener-
ated H* to attack C-Cl bonds of TCE. TCE was reduced to complete
dechlorination products followed by the desorption from the FeNC
surface. Subsequently, the active sites of FeNC are regenerated after the
desorption process. The optimal content of graphitic N and pyridinic N
in FeNC-1000 resulted in the most efficient TCE dechlorination process
comparing with FeNC-900 and FeNC-1100.

3.7. Application to groundwater remediation

Real groundwater was used to evaluate the possible practical appli-
cation of the biomimetic FeNC catalyst. TCE removal rate in real
groundwater was similar to that in NaySO4 electrolyte, which

—)

adsorption

—)

dechlorination

FeNC
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Fig. 8. Optimized configuration of (a) gra-
phene, (b) graphitic N doped graphene, (c)
pyrrolic N doped graphene, (d) pyridinic N
doped graphene, and (e) Fe-N4 structure of
FeNC with TCE. (f) Charge density difference
for optimized configurations of TCE adsorbed
on FeNC. The blue and yellow denote the
electron accumulation and electron depletion,
respectively, the isosurface of charge density
was set to 0.0002 e A3, (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this
article).

demonstrating FeNC is a promising electrocatalyst for groundwater
remediation. The resistivity of the real groundwater and synthetic
groundwater (2mM NapSO4) was 1.765+0.015kQcm and
2.4454+0.005 kQ cm, respectively. The similar solution conductivity
may lead to the similar TCE removal efficiency in both real and synthetic
groundwater. The conductivity of real groundwater is due to the pres-
ence of various anions (Table S4). In order to test the reusability and
stability of FeNC cathode, the catalyst was recycled and reused five
times in real groundwater (Fig. 10b). TCE removal efficiencies were
above 95% and the current densities were higher than 0.5 mA cm™? for
the five cycles. Only a slight decrease in efficiency was observed which
can be due to the superiority of the Fe-N sites resisting to the background
ions (e.g. phosphate) compared to that of iron oxides (Fang et al., 2018).
The CyHy4 production yields for the five cycles were 10.3%, 11.2%,
10.2%, 11.0% and 11.4%, respectively. The CyHg production yields
were 35.9%, 36.4%, 33.7%, 34.2% and 35.6%, respectively. For each
cycle, the reduction products are non-toxic permanent gas without any
formation of toxic partially dechlorinated intermediates. The dissolved
iron ions were not detected in the cycle experiment, which can be
attributed to the low iron content in FeNC (0.21%) and the stabilized
iron atoms in FeNC via Fe-N bonding.

This work is the proof of concept that biomimetic FeNC is promising
for the practical remediation of TCE contaminated groundwater. It
should be noted that no toxic partially dechlorinated products were
formed during the whole TCE dechlorination process, which is impor-
tant for practical applications. Usually, noble metal-based catalyst is
needed to avoid the formation of toxic lesser-chlorinated intermediates
during remediation of HOPs-contaminated groundwater (Liu et al.,
2018). Simultaneous removal of HOPs and heavy metals using the FeNC
catalyst is also expected (Liu et al., 2020; Fang et al., 2020). However,
several challenges, such as catalysts shedding, limitations of under-
ground space etc., may need to be overcome for the real application of
this process and further testing is needed in bench scale and pilot scale.

n—.

hydrogenation FeNC desorption

Fig. 9. Schematic diagram of TCE reduction mechanism.
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4. Conclusion

This study presented results on the synthesis, characterization, and
performance evaluation of biomimetic FeNC loaded on the surface of
glassy carbon cathode for the electrochemical dechlorination of TCE.
Results on the synthesis of FeNC catalysts via pyrolysis at 900, 1000, and
1100 °C and their characterization show that higher pyrolysis temper-
ature results in a higher degree of graphitization of the as-synthesized
FeNC. FeNC-1000 had the largest electrochemical active surface area
and the highest electron transfer efficiency leading to the best TCE
removal efficiency among FeNC catalysts. DFT calculations suggests that
electrons are transferred from Fe-N, active sites to TCE molecules for
TCE dechlorination, and H" is activated by graphitic N to form H*
causing the transformation of TCE to CyHe. In studies using real
groundwater as a solution matrix, FeENC-1000 showed excellent TCE
removal efficiency. No toxic intermediate products were observed dur-
ing the reuse of the FeNC catalyst. In summary, electrochemical
reductive remediation of TCE contaminated groundwater using bio-
mimetic FeNC catalyst was feasible, but more studies are needed in
bench scale experiments and pilot scale demonstrations before full
assessment of this technology is made.
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Chemical reagents

TCE, tertiary butyl alcohol (TBA), isopropanol, hydrochloric acid (HCI), sodium hydroxide
(NaOH), and sodium sulphate (Na,SO4) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Iron meso—tetraphenylporphyrin chloride (FeTPP), o—phenylenediamine,
and colloidal silica suspension were obtained from Sigma—Aldrich (Shanghai, China). All chemical

reagents were analytical reagents and aqueous solutions were prepared using ultrapure water (18.2

1



MQ.cm). The standard gases including ethane, ethylene, and acetylene were provided by

Zhongxinruiyuan Gas Co., Ltd. (Wuhan, China).

Synthesis of FeNC

The synthesis method of FeNC was as reported in our previous work [1]. Briefly, 27.8 mmol
of o-phenylenediamine was dissolved in 60 mL 1 M HCI followed by addition of Ludox HS40
colloidal silica suspension (@ = 12 nm, 40 wt. %, 22.5 g) and 13.9 mmol FeCls. After the mixture
was stirred for 15 min, it was concentrated on a rotovap and dried under vacuum. The powder
obtained was ground and subjected to pyrolysis at 900, 1000 or 1100 °C for 1 h under an inert Ar
atmosphere. The silica template in the material was etched away with 2 M NaOH for 2 days.
Subsequently, the iron particles in the material were removed in 0.5 M H>SO4 at 90 °C for 4 h. A
second pyrolysis was applied under the same conditions as for the first one to give the FeNC material.

The illustration of FeNC nanosheets synthesis is shown in Figure S1.

Fabrication of FeNC working electrode

50 mg FeNC materials were suspended in 400 pL of liquid consisting of 200 puL of UP water,
150 pL isopropyl alcohol and 50 pL Nafion. The mixed liquid was homogenized by ultrasound for
30 min. The catalyst ink was then drop casted on a polished glassy carbon electrode followed by

drying in the air for one day.

Computational Framework

Density functional theory (DFT) calculations were performed using the Vienna Ab-initio
simulation package (VASP) [2, 3]. The ion-electron interactions were described by the projector
augmented wave potential [4]. General gradient approximation is used as the exchange and
correlation functional parameterized by Perdew Burke, and Ernzerhof [5]. Plane-wave basis sets
with an energy cutoff of 500 eV [6]. For structural relaxation, the force on each atom is converged
below 0.01 eV A™!. To avoid periodic image interaction, a vacuum separation of 30 A was used to

isolate the system. For the absorption calculation, the supercells size of 17.0 A x 19.7 A x 272 A



and a k-point mesh of 2 x 2 x 1 were used. Additional calculations with Van der Waals corrections
of DFT-D3 method with Becke-Jonson damping [7] were performed to validate the current approach.
The adsorption energy is defined as

Eads = Etotal - Esubstrate - Emolecule

where Eiotal, Esubstrate, ad Emolecule denote the total energy of substrate with adsorbate, substrate, and

free molecule, respectively.
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Figure S1. Schematic illustrations of FeNC nano sheets synthesis
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Figure S2. Schematic illustration and photo of electrochemical reactor.



Figure S3. HRTEM image of FeNC-1000 and FeNC-1100
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Figure S4. TCE removal rate constants at different potentials fitted by pseudo-first order kinetics.

Reaction conditions: 2 mM Na;SOys electrolyte; pH = 7.0; initial TCE concentration = 25 uM.
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Figure S5. The adsorption of TCE by glassy carbon cathode and FeNC cathodes without applying
potential. Reaction conditions: 2 mM Na,SOy4 electrolyte; pH = 7.0; initial TCE concentration = 25
uM.
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Figure S6. Change of current density during electrochemical reduction of TCE at —1.0 V. Reaction
condition: electrolyte = 2 mM Na,SOs, pH = 7.0, initial TCE concentration =25 puM.
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Figure S7. Dechlorination products of TCE using FeNC-1000 cathode with the presence of 100
mM TBA. Reaction condition: 2 mM NaxSOj electrolyte, applied potential = —1.0 V, initial TCE
concentration = 25 pM.
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Nafion

Figure S8. Schematic illustration of dual chamber electrochemical reactor. The volume of each

chamber is 55 mL. The two chambers is separated by a Nafion ion exchange membrane.
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Figure S9. TCE removal and C,H4/C;He production in anodic chamber of the divided

electrochemical cell. Reaction conditions: 2 mM NaSOj4 electrolyte, potential =—1.0 V, pH = 7.0,
TCE initial concentration = 25 uM.
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Figure S10. Electrochemically active surface area measurements for (a) FeNC-900, (b) FeNC-1000,
and (c) FeNC-1100. Cyclic voltammograms taken in a potential range, in which no faradic processes
were observed, to measure the capacitive current from double layer charging-discharging process.
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Figure S11. Optimized configuration of (a) graphene; (b) graphitic N doped graphene; (c) pyrrolic
N doped graphene; (d) pyridinic N doped graphene and (e) Fe-Njy structure of FeNC.
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Figure S12. Change of gas chromatogram during TCE removal. The peak detected by GC-ECD at
6 minutes corresponded to TCE. The peak at 3.4 minutes resulted from air. Reaction condition:

FeNC-1000 was used, applied potential =—1.0 V; electrolyte = 2 mM Na,SO4; pH = 7.0; initial TCE

concentration = 25 pM.
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Figure S13. Optimized configuration of (a) FeNC + cis-DCE; (b) FeNC + trans-DCE; (¢) FeNC +
1,1-DCE; (d) FeNC + VC; (e) FeNC + ethylene and (f) FeNC + ethane.
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Table S1. The composition of different forms of N in FeNC.

Pyridinic N Pyrrolic N Graphitic N Oxidized N
FeNC-900 31.2% 8.2% 58.5% 2.2%
FeNC-1000 22.6% 2.9% 65.8% 8.6%
FeNC-1100 9.9% 3.3% 73.6% 13.2%

Table S2. Adsorption energy between TCE with different forms N doped graphene.

Form Adsorption energy (eV)
Graphene 0.05890874
Graphitic N doped graphene 0.05782459
Pyrrolic N doped graphene 0.0072696
Pyridinic N doped graphene 0.14527945
Fe-Njy structure of FeNC 0.02889311

Table S3. Adsorption energy between FeNC with different dechlorination intermediates and

products.

Form Adsorption energy (eV)

FeNC + TCE 0.02889311

FeNC + cis-DCE 0.02341376

FeNC + trans-DCE 0.01831224

FeNC + 1,1-DCE 0.02801792

FeNC + VC -0.00925916

FeNC + ethylene -0.12287453

FeNC + ethane 0.02566047

Table S4. Parameters of groundwater.

Parameters pH Cl NO;~ S04 TP DO

Value 7.5 9.05 3.44 36.82 ND 6.92

Note: (1) the unit is mg L™ excluding pH, (2) TP: total phosphorus, ND: not detected.
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