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Electrochemical hydrodechlorination is a promising method for the degradation of disinfection by-
products (DBPs) under mild conditions. In this study, we synthesized atomically dispersed Co on N-
doped graphene (A-Co-NG) as an efficient electrocatalyst and studied its hydrodechlorination activity
and reaction mechanism using trichloroacetic acid (TCAA) as a model DBP. The galvanostatic
electrolysis experiments showed that the A-Co-NG catalyst had a higher dechlorination activity than that
of commercial Pd/C. Using A-Co-NG, chloroacetic acids (CAAs) were completely dechlorinated to
acetic acid at pH values of 3, 7, and 11. The dechlorination of CAAs by A-Co-NG follows a direct
dechlorination mechanism. The first electron transfer (ET) and C-Cl bond breaking processes proceed
sequentially, and the first ET step is the rate-determining step for the dechlorination of TCAA.

Keywords: Electrochemical hydrodechlorination; Single atom catalyst; Catalytic mechanism;
Disinfection by-products

1. INTRODUCTION

Disinfection by-products (DBPs) are often formed during the chlorination or ozone disinfection
of drinking water. These by-products are potentially harmful to human health; for example, they increase
the risk of cardiovascular diseases [1,2], affect fetal growth [3], and are carcinogenic [4]. Trichloroacetic
acid (TCAA), which is the most abundant DBP and has been proven to be carcinogenic, often exists in
chlorinated water. The concentration limit for TCAA in drinking water is 0.1 mg/L [5,6]. At present,
several technologies have been developed and applied for the dechlorination and degradation of
chloroacetic acids (CAAs) [7-14]. Electrocatalytic reductive dechlorination has received significant
research attention for the removal of CAAs because it can proceed at atmospheric pressure and room
temperature, does not involve the use of Hx (which is explosive), and does not cause secondary pollution.
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Electrocatalyst or catalytic electrode will influence the efficiency of electrocatalytic reduction
dechlorination process to a great extent [15-17]. In particular, Ag and Pd have shown high
electrochemical dechlorination activities. At present, numerous types of Ag and Pd electrocatalysts (or
electrodes) have been applied for the electrochemical dechlorination of CAAs [5, 18-21]. For example,
using a rough Ag mesh electrode for the dechlorination of TCAA in a 0.5 M NaOH aqueous solution
affords an acetic acid (AA) yield of 99% and a current efficiency (CE) of 70% [18]. Liu etal. [5] prepared
a PdIn/Al2O3 catalyst for the electrochemical dechlorination of TCAA. With a current density of 0.9
mA/cm?, 94% of the TCAA was successfully degraded within 30 min. However, Ag and Pd are precious
metals, and their practical application is limited by their high costs. Therefore, various materials without
precious metals have been prepared as electrocatalysts for the electrochemical dechlorination of CAAs
[22-28]. Yao et al. [25] prepared amorphous Ni2P (ANP) with a micro nanorod array in situ on a Ni foam
(NF) and used it as a binderless cathode for the removal of TCAA. The dechlorination performance of
the as-prepared cathode was better than that of other metal cathodes (e.g., bare NF and Pd/C). Huang et
al. [27] prepared a Co-doped MoS; catalyst, with which TCAA could be transformed into AA in one
step, without the generation of intermediate reductive dechlorination products (dichloroacetic acid
(DCAA) and monochloroacetic acid (MCAA)). This exemplified that doping with Co or Ni can
significantly improve the dechlorination performance. Mao et al. [28] prepared a graphene-modified Cu
foam catalyst electrode and used TCAA to study its dechlorination activity. Inconveniently, large
amounts of DCAA and MCAA were produced during the reaction. Although many non-noble-metal
catalysts have been developed, their electrocatalytic dechlorination activities are far from the
requirements.

In recent years, single-atom electrocatalysts (SAECs) have been widely used for the reduction
reactions (RRs) of CO2 (CO2RR) [29-31], N2 (NRR) [32,33], and O2 (ORR) [34,35]; evolution reactions
of hydrogen (HER) [36,37] and oxygen (OER) [38,39]; and electrooxidation of ethanol [40]. The reason
is that their atomic utilization ratios are 100%, as well as their high activities and selectivities. SAECs
also act as bridges between homogeneous and heterogeneous catalytic reactions. SAECs containing Ni
and Co have shown excellent electrochemical reduction performance [41-43]; however, to our
knowledge, there are no studies on Co SAECs applied to electrochemical reductive dechlorination
reactions. In this study, we synthesized an electrocatalyst consisting of atomically dispersed Co on N-
doped graphene (A-Co-NG) and studied its catalytic activity for the electrochemical reductive
dechlorination of CAAs. The results show that A-Co-NG has a higher catalytic activity than the most
advanced state-of-the-art Pd/C electrocatalyst, and that its turnover frequency (TOF, 2.3 min™!) is
approximately 10,000 times that of Co-MoS; (1.5 x 10* min™!) [27]. In addition, the dechlorination
pathway and catalytic mechanism of A-Co-NG have been revealed using cyclic voltammetry (CV)
experiments.

2. EXPERIMENTAL

2.1. Chemicals

Cobalt (I) acetate tetrahydrate (99 wt.%), melamine (99 wt.%), L-alanine (99 wt.%), and a
Nafion 117 solution (~5 wt.%) were purchased from Sigma-Aldrich. TCAA (99.0 wt.%), DCAA (99.0
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wt.%), AA (99.0 wt.%), monopotassium phosphate, dipotassium phosphate, sodium chloride,
phosphoric acid with a purity of ~85 wt.% in H20, and Pd on active carbon (Pd/C) with a Pd loading of
10 wt.% were purchased from Adamas-beta Co., Ltd. MCAA (99.0 wt.%) was obtained from Alfa Aesar
(China) Chemical Co., Ltd. Carbon paper (CP, AvCarb P75T) was purchased from Hangzhou Saiao
Technology Co. Ltd. Deionized water with a resistivity of 18 MQ-cm was obtained from a Millipore
Milli-Q system and used to prepare all solutions.

2.2. Synthesis and characterization

A-Co-NG and blank N-doped graphene (NG) were synthesized using the methods described in
detail in our previous paper [44, 45]. X-ray diffraction (XRD, Thermo ARL SCINTAG X’TRA, 45 kV
and 40 mA, Cu Ka), sub-angstrom-resolution high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM, JEOL JEM ARM200F STEM/TEM), and transmission electron
microscopy (TEM, Tecnai G2 F30 S-Twin) coupled with energy dispersive X-ray spectroscopy (EDX,
Thermo NORAN VANSTAGE ESI, Thermo Fisher Scientific) were used to study the structure and
morphology of the prepared catalysts. X-ray photoelectron spectroscopy (XPS, KRATOS AXIS ULTRA
DLD) was used to study the surface valence states.

2.3. Dechlorination studies

The constant-current (CC) electrolysis experiments were performed in an H-type electrolytic cell
separated by a Nafion-117 membrane. The reaction system was composed of a CP electrode (CP, 2 x 2
cm) modified with Pd/C, NG, or A-Co-NG, Pt sheet electrode (2 x 2 cm), and Ag/AgCl reference
electrode. The cathode solution was the reaction solution (30 ml), and the anode solution was a 0.1 M
phosphate buffer aqueous solution (PBS, pH = 3). During electrolysis, the cathode solution was
continuously stirred. Cyclic voltammetry (CV) experiments were performed in a three-electrode system
composed of a glassy carbon (GC) electrode modified with A-Co-NG (A-Co-NG/GC), Pt sheet (1 x 1
cm) auxiliary electrode, and Ag/AgCI reference electrode. All the CC and CV experiments were
performed using an electrochemical workstation (CHI 660C, CH Instruments, Inc.).

The TOF was calculated using Eq. (1).

Ncaasxa
TOF= ,
Nt (1)

where Ncaas is the initial number of CAAs molecules, a is the conversion of CAAs at the time t,
N is the number of active metal atoms, and t is the reaction time (min) at which the reactant concentration
has decreased by 50%.

2.4. Analytical methods

The concentrations of TCAA, DCAA, MCAA, AA, and CI° were determined via ion
chromatography (IC, Dionex ICS-2100, Thermo Fischer) using standard calibration curves and a Dionex
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lonPac AS11-HC column (Thermo Fischer). The precision of the mass balance in the measurement was
of approximately +3%.

2.5. Preparation of electrodes

The A-Co-NG/GC electrode was prepared by drop-casting 10 pL of a catalyst ink onto a GC
electrode (3 mm in diameter), which yielded a catalyst loading of 0.708 mg/cm?. The catalyst ink was
prepared by introducing 0.05 mg of catalyst and 25 pL of 5 wt.% Nafion 117 solution into 1 ml of a 1:1
ethanol/isopropanol solution. A similar method was used to prepare a NG/GC (0.708 mg/cm?) electrode.

The A-Co-NG-modified CP (A-Co-NG/CP) electrode was prepared by painting 10 mL of a
catalyst ink onto the two surfaces of a CP electrode (2 x 2 cm), which yielded a catalyst loading of 1.25
mg/cm?. The catalyst ink was prepared by introducing 5 mg of the catalyst into 20 mL of a 3:1
ethanol/isopropanol solution followed by sonication for 3 h. Before the catalyst ink was prepared, the
catalyst was ground for 5 min using an agate mortar. A similar method was used to prepare the NG/CP
and Pd/C/CP electrodes (both with catalyst loadings of 1.25 mg/cm?).

3. RESULTS AND DISCUSSION

3.1. Characterization of A-Co-NG

ACo-NG

Graphite (200)
NG

Graphite (400)

Intensity / a.u.
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Figure 1. Structural characterization of the A-Co-NG catalyst. (a) Bright-field and (b) dark-field TEM
images; (c) elemental mapping (EDX) of C, N, and Co in A-Co-NG; (d) HAADF-STEM image
of A-Co-NG,; (e) XRD patterns of A-Co-NG and NG catalysts; (f) high-resolution XPS spectrum
of N 1s in A-Co-NG, which is deconvoluted into five Voigt-type line-shaped peaks using the
Shirley background.
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The prepared A-Co-NG had a two-dimensional folded surface. No Co nanoclusters or metallic
Co particles were observed (Fig. 1a). The TEM dark-field image and its corresponding mapping diagram
(Figs. 1b, c¢) show a uniform distribution of C, N, and Co atoms on the folded surface. The HAADF-
STEM image (Fig. 1d) shows high-density bright spots (0.2 nm) that can be observed over the entire
carbon skeleton, indicating that Co was dispersed on the carbon carrier in the form of single atoms. The
XRD spectrum of A-Co-NG (Fig. 1e) shows only a diffraction peak corresponding to graphite; the peak
of metallic Co is not observed, which proves that Co was atomically dispersed. The atomic composition
in A-Co-NG measured using XPS was 0.77 at.% Co, 5.38 at.% N, 7.78 at.% O, and 86.07 at.% C (Table
1). The high-resolution XPS spectrum of N 1s can be deconvoluted into peaks at the binding energies
corresponding to pyridine nitrogen (398.3 eV), Co-N (399.4 eV), pyrrole nitrogen (400.4 eV), quaternary
nitrogen (401.3 eV), and oxidized nitrogen (402.9 EV). It can be deduced that the Co atoms in A-Co-
NG coordinate with the N atoms, forming a stable catalyst.

Table 1. Elemental composition of the A-Co-NG catalyst determined using XPS.

Element wt.% at.%
0] 9.73 7.78
N 5.89 5.38
C 80.82 86.07
Co 3.56 0.77

3.2. Electrochemical dechlorination performance

The pH of the cathode solution and current density applied to the electrode generally have a
significant impact on the electrochemical reaction rate and reduction products of the reductive
dechlorination [16, 17, 46]. We performed experiments to optimize these two parameters using A-Co-
NG/CP as the cathode and TCAA as the reactant. As presented in Table 2, the distribution of products
at three different pH values (entries 1-3) was relatively similar. Therefore, A-Co-NG has good
adaptability to pH in the dechlorination of TCAA ; the pH of 7.2 was selected as the optimum because
of its innocuity. Entries 2 and 4-6 show that the electrochemical dechlorination efficiency (selectivity
of AA) first increased and then decreased with the increase of the applied current density. This is because
at a low current density, the amount of charge generated by the electrode is insufficient, and at a high
current density, the generated H> covers parts of the electrodes, reducing the number of catalytic active
sites and decreasing the dechlorination rate. We compared the dechlorination activities of A-Co-NG with
those of NG and commercial Pd/C using the optimum values of the current density and pH (entries 2, 7,
and 8). The dechlorination activity of the NG/CP electrode (with which no AA was produced) was
significantly lower than that of the A-Co-NG/CP electrode, implying that Co single atoms in A-Co-NG
play a major role in the dechlorination of TCAA. Additionally, the dechlorination activity of A-Co-NG
was much higher than that of the commercial Pd/C.
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Table 2. Optimization of the reaction conditions with TCAA as the target reactant.

i Selectivity (%)
By Catodes  pH CU O TOAD e
18 A-Co-NG/CP 3.1 15 100 0.6 69.9 29.4
28 A-Co-NG/CP 7.2 15 100 0.8 58.7 39.6
3 A-Co-NG/CP 11.2 15 100 05 64.2 34.5
42 A-Co-NG/CP 7.2 S 100 40.3 43.2 12.8
5% A-Co-NG/CP 7.2 25 100 0.8 61.3 33.6
6° A-Co-NG/CP 7.2 37.5 100 3.6 67.3 27.6
7 NG/CP 7.2 15 100 20.3 77.6 0
g Pd/C/CP 7.2 15 100 13.2 74.6 10.9

Unless otherwise stated, 30 mL 0.1 M PBS containing 9.9 mM TCAA was used as the catholyte. The
reaction time was 5 h, and the stirring speed was 1200 rpm.

4Catalyst loading: 5 mg.
®P( loading: 0.5 mg, Catalyst loading: 5 mg.

3.3. Dechlorination pathway of CAAs

The dechlorination pathway of TCAA on the A-Co-NG/CP electrode was studied under the
previously optimized conditions. TCAA was rapidly reduced to the main intermediate products, DCAA

and MCAA, and totally dechlorinated eventually to form the final product, AA (Fig. 2a).
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Figure 2. Concentration profiles of chloroacetic acids and their electrolytic reduction products. (a)

Trichloroacetic acid (TCAA), (b) dichloroacetic acid (DCAA), and (c) monochloroacetic acid
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The concentrations of DCAA and MCAA increased to approximately 4.2 and 6.9 mM,
respectively, and then decreased rapidly as the reaction proceeded. This phenomenon indicates that the
dechlorination of TCAA might follow a step-by-step dechlorination pathway. Then, we carried out
additional experiments under the same conditions using DCAA and MCAA as the starting reactants
(Figs. 2b, c). With a sufficiently long reaction time, DCAA eventually transformed to AA; MCAA was
the only detected intermediate (Fig. 2b). The reaction of MCAA quantitatively generated AA (Fig. 2c).
These results confirm that the dechlorination process of TCAA mainly follows the TCAA — DCAA —
MCAA — AA dechlorination pathway.

3.4. Dechlorination mechanism

3.4.1. Direct/indirect dechlorination

| | |
/ R-Cl / O &, / R-CI O
: +e -e +e

+e .
. AN = 210

R+ CI R+ CI

/ N »

+ e
™ R+HO0 [N R M R+HO | -H
A R
R-H + OH R-H + OH-
(a) (b) (c)

Scheme 1. Dechlorination mechanisms: (a) direct dechlorination, (b) indirect dechlorination catalyzed
by a redox medium, and (c) indirect dechlorination catalyzed by adsorbed H.

The electrochemical reductive dechlorination of chlorinated organic compounds follows either a
direct [18, 47, 48] or an indirect dechlorination mechanism [49-55]. In the direct mechanism, the
chlorinated organic compounds directly obtain electrons from the cathode for the electroreductive
dechlorination reaction (Scheme 1a). Indirect dechlorination mechanisms are mainly divided into two
types. The first type involves the presence of a redox medium on the surface of the electrode or in
solution, through which the electrons are transferred to the chlorinated organics (Scheme 1b). The second
type is an electrocatalytic hydrogenation reduction reaction in the aqueous solution. The water molecules
or hydrogen ions obtain electrons from the electrode surface and convert into adsorbed hydrogen atoms,
which then react with the organic compounds adsorbed on the electrode surface to produce
hydrogenation products (Scheme 1c).
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Figure 3. Cyclic voltammograms for the dechlorination of chloroacetic acids with an A-Co-NG/GC
electrode in 0.1 M phosphate buffer agueous solutions with different pH values. Scan rate (v):
0.05 V/s. Temperature: 298 K. (a) pH=3.1; (b) pH=7.2; (a) pH=11.2.

If it follows the direct dechlorination mechanism, different chlorinated substrates have different
initial reduction potentials on the CV curves [18, 47, 48]; if it follows one of the indirect dechlorination
mechanisms, different chlorinated substrates have practically identical initial reduction potentials on the
CV curves [49-51, 54, 55], and a pair of redox peaks can be observed on the CV curve of the blank
solution [49-55]. When there is no redox medium, this pair of peaks corresponds to the reduction of
hydrogen ions and oxidation of adsorbed hydrogen atoms [49, 54, 55]. By contrast, when there is a redox
medium, the pair of peaks corresponds to the redox process of the medium [50-53]. The reduction peak
current will increase as the chlorinated organic substrates are added, and the oxidation peak current will
decrease [49-55]. Therefore, we can evaluate the dechlorination mechanism of a specific reaction using
the CV curves. Fig. 3 shows that under different pH conditions, the CV curves of MCAA, DCAA, and
TCAA have different initial reduction potentials, and no redox peaks similar to the aforementioned peaks
are visible in the blank solution for any value of pH. These results demonstrate that the reductive
dechlorination process of MCAA, DCAA, and TCAA on the A-Co-NG/GC electrode follows the direct
dechlorination mechanism.

To further prove that the electrochemical dechlorination of CAAs on the A-Co-NG catalyst
follows a direct dechlorination mechanism, we performed catalytic hydrogenation experiments (Table
3). At a pH of 7.2, hydrogen was introduced into the cathode liquid as a reducing agent. After 5 h of
hydrogen injection, the concentrations of TCAA, DCAA, and MCAA showed no changes. This indicates
that the A-Co-NG/CP catalytic electrode cannot dissociate and adsorb hydrogen or that the generated
hydrogen atoms cannot react with the CAAs. In addition, the CV curves show that the second reduction
potential of TCAA is consistent with the first one of DCAA, and the third reduction potential of TCAA
is consistent with the second one of DCAA and that of MCAA. Therefore, the electrochemical
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dechlorination of CAAs on the A-Co-NG/CP electrode follows a gradual dechlorination pathway for all
values of pH. The reaction activity followed the order of TCAA > DCAA > MCAA.

Table 3. Catalytic hydrodechlorination of chloroacetic acids (10 mM) in 30 mL 0.1 M PBS (pH = 7)
using H2 (30 sccm) as reductant. Reaction time: 5 h.

Entry Reactant Catalyst Atmosphere Conv. (%)
1 TCAA 5 mg A-Co-NG H2 0
2 DCAA 5 mg A-Co-NG H2 0
3 MCAA 5 mg A-Co-NG H2 0

3.4.2. Mechanistic origin of the catalytic activity and electron transfer (ET) mechanisms

The direct electrochemical reduction dechlorination is described using Eqgs. 2-6 [56-58]. The
first ET reactions can gradually form free radical anions (RCI™, stepwise mechanism, Egs. 2 and 3) or
destroy the C-CI bonds and form free radicals (R’, synergistic mechanism, Eq. 4).

R-Cl+e < RCI™ (E®1-1) 2
RCI” - R+ CI” (3)
R-Cl+e — R +CI (E%2) (4
R°™+e <R (E®) 5)
R +H,O —-RH+OH  (fast) (6)

The relationship between the shape of the dechlorination peaks in the CV curves and v can be
analyzed to determine which of the two ET mechanisms is followed by the dechlorination reactions.

20
ol a b
E 15F
<
e 40
S =
ol
= Wl E 10}
5 -
Q-0 — 10 mM TCAA
—25mM TCAA
ok —— 50 mM TCAA or
-1.5 -1.0 -0.5 0.0 [.) 1.0 2I0 3.0 4ID SI(]
Potential / V vs. Ag/AgCl Concentration of TCAA / mM

Figure 4. (a) Cyclic voltammogram of A-Co-NG/GC in a 0.1 M PBS (pH = 7) with different

concentrations of TCAA. (b) Dependence of the first peak current (Ip) on the concentration of
TCAA.

Therefore, we calculated the ET coefficient k (Eq. 7). Here, E, and Ep,2 represent the peak and
half-peak potentials, respectively. In the step-by-step mechanism, when the process is controlled by
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hybrid dynamics (i.e., the energy barriers for the ET and bond fracture are very similar) or bond fracture,
the value of k is between 0.5 and 1. In contrast, if the ET is the controlling step, the standard potential

and reduction potential are close, and k = 0.5.
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Figure 5. CV curve of A-Co-NG/GC with different v values in a 0.1 M phosphate buffer aqueous

solution of pH = 7 with 10 mM of (a) DCAA and (b) TCAA. Dependence of the first I, on v*2

for (c) DCAA and (d) TCAA.

In the synergistic mechanism, the reduction potential is lower than the standard potential owing
to the large amount of energy released during the bond breaking, and k < 0.5. This method is often used
to distinguish between synergistic and step-by-step mechanisms, and it is applicable to both proton and
aprotic solvents. Notably, this method is only applicable to mass transfer processes controlled by

diffusion.
RT _0.0477

F(Ep - Eplz) - Ep -Ep/2
where R is the gas constant (8.314J/(K-mol)), T is the temperature (K), F is the faraday constant
(96500 C/mol).

k =-1.857 x

V at 298 K @)
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Table 4. Data of the reduction peaks at different v values for the A-Co-NG/GC electrode ina 0.1 M PBS
of pH =7 with 10 mM TCAA under a N, atmosphere at a temperature of 298 K.

v (V/s) Ep (V) Epz (V) Epz —Ep (V) k2 Ka"
0.01 -0.44 -0.36 -0.08 0.60
0.02 -0.48 -0.40 -0.08 0.60
0.05 -0.55 -0.45 -0.10 0.48 0.50
0.1 -0.62 -0.51 -0.11 0.43
0.2 -0.69 -0.57 -0.12 0.40

2 Calculated from Eq. 7. ® Average value of k.

Table 5. Data of the reduction peaks at different v values for the A-Co-NG/GC disk electrode in a 0.1
M PBS of pH = 7 with 10 mM DCAA under a N2 atmosphere at a temperature of 298 K.

v (V/s) Ep (V) Ep (V) Epz —Ep (V) K2 Ka"
0.01 -0.78 -0.66 0.12 0.40
0.02 -0.81 -0.67 0.14 0.34
0.05 -0.84 -0.69 0.15 0.32 0.33
0.1 -0.89 0.73 0.16 0.29
0.2 -0.94 -0.77 0.17 0.28

2 Calculated from Eq. 7. ® Average value of k.

Because there did not show any reduction peak on the CV curve of MCAA, we only measured
the CV curves of DCAA and TCAA at different v values. As shown in Figs. 4 and 5, the reduction peak
currents of DCAA and TCAA are directly proportional to the square root of v (v¥/?) and concentration
of substrate. This implies that the step involving the diffusion of DCAA and TCAA from the bulk
solution to the electrode surface dynamically limits the reductive dechlorination process.
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Figure 6. Cyclic voltammogram for the NG/GC electrode in a 0.1 M phosphate buffer aqueous solution
of pH =7 with 10 mM of TCAA, DCAA, or MCAA [44].
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The CV curves of TCAA and DCAA are prone to severe deformation when the scanning rate is
high (>0.2 V/s) because of the high charging capacitance of the A-Co-NG/GC electrode. Therefore, we
only used low scanning rates to study the CV curves. The values of k (Tables 4 and 5) were calculated
using Eq. 7. The average k (ka) value for the dechlorination of TCAA to generate DCAA was 0.5 (Table
4), indicating that the first ET step is the rate-determining step; the reduction peak potential is close to
the equilibrium potential of the first ET step. According to our previous study [44], the potential of the
reduction peak of the dechlorination of TCAA to DCAA on the NG/GC electrode (Fig. 6, —0.65 V) is
much lower than that on the A-Co-NG/GC electrode (Fig. 3b, —0.29 V). Therefore, it is likely that the
Co on A-Co-NG catalyzes the ET step and the TCAA and generated free radical anion are adsorbed on
the surface of the A-Co-NG/GC electrode. The ki is 0.33 when DCAA is dechlorinated to form MCAA
(Table 5). Therefore, this dechlorination process is likely to be controlled by the breaking of the carbon-
chlorine bond; the potential of this process on the A-Co-NG/GC electrode is much higher than that on
the NG/GC electrode.

The presence of CI™ in the solution can hinder the desorption of CI~; therefore, this step might
also be the rate-determining step. We conducted CV experiments with different concentrations of Cl™ in
the solution to explore this possibility. Fig. 7 shows that the concentration of CI™ has negligible influence
on the peak types and dechlorination reduction potentials of TCAA and DCAA. Therefore, we believe
that the desorption of CI™ is not rate-determining.

3.5. Catalytic activity comparison

Table 6. Activity comparison of A-Co-NG with various reported electrocatalysts for the dechlorination

of CAAs.
Catalyst Cathode Reactant TOF?® (min?)  Main products® Refs.
Co-MoS> Co-MoS,/CF*¢ TCAA 15x10* AA [27]
Pd-Ag Pd-Ag/Ni foam DCAA 0.035 MCAA, AA [59]
Ni2P Ni2P/Ni foam TCAA 9.5x107° MCAA, AA [25]
Pd/rGO° Pd/rGO /CP TCAA 5.8x107° MCAA, AA [60]
Pd-In/Al,O3 Pd-ln/A_\IzOglRu02/ TCAA 18x 107 DCAA MCAA [5]
/RuO2 Ti mesh
A-Co-NG A-Co-NG /CP TCAA 2.3 AA This work
A-Co-NG A-Co-NG /CP DCAA 1.8 AA This work

4. TOF was calculated by Eq. (1).
b The main products at the end of dechlorination reaction.
¢. CFis carbon felt and rGO is reduced graphene oxide.

Taking electrochemical dechlorination of CAAs as the model reaction, the catalytic activity of
A-Co-NG was compared with 5 typical electrocatalysts reported in recent literature [5, 25, 27, 59, 60]
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(Table 6). Among which, A-Co-NG shows the highest TOF and the best selectivity, rendering A-Co-
NG a very promising electrocatalyst for treatment of chlorinated DBPs.

4. CONCLUSIONS

The dechlorination of CAAs in an aqueous solution has been demonstrated using A-Co-NG as a
non-noble metal electrocatalyst, and the dechlorination pathways and mechanisms have been
investigated. At pH values of 3.1, 7.2, and 11.2, A-Co-NG/CP completely dechlorinated the CAAs,
yielding AA as the final product. TCAA was dechlorinated via a direct mechanism, and its dechlorination
pathway was TCAA—DCAA—MCAA—AA. The first ET is the rate-determining step for the
dechlorination of TCAA to DCAA, while the dechlorination of DCAA to MCAA follows the synergistic
mechanism with the C-Cl bond breaking as the rate-determining step. Owing to its high atomic efficiency
and dechlorination activity, A-Co-NG shows great potential for the degradation of chlorinated DBPs in
an aqueous phase and, thus, for the removal of these harmful compounds from drinking water.
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