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ABSTRACT: Electrochemical chlorination is a promising strategy for ammonium (NH4") removal from wastewater, yet its practical
implementation is hindered by inadequate Faradaic efficiency (FE) and low chloride (CI") utilization. To address these concerns, this study presents
a novel Coy(OH);Cl/Co;04 composite anode to achieve highly efficient NH," oxidation via lattice ClI'—mediated HCIO generation. At a CI~
concentration of 50 mmol-L™!, the FE of free chlorine generation for the Coy(OH);Cl/Co30, anode is 95.45%, surpassing those of pristine Co304
(79.37%) and Co,(OH);Cl (15.56%) anodes. Consequently, the Co,(OH);C1/Co;04 anode achieves approximately 100% NH,* oxidation within
3.5 h, outperforming Co3;04 (72.25%) and Co,(OH);Cl (58.66%) benchmarks. Electron paramagnetic resonance and quenching studies confirm
that free chlorine serves as the primary active species driving NH4" oxidation. Operando characterization and theoretical calculations reveal that
interfacial Co®* sites on Co3;0, oxidize lattice C1~ from Co,(OH);Cl to generate free chlorine. The resulting vacancies are spontaneously replenished
by CI” in the electrolyte. This self-sustaining lattice chlorine cycle enables the oxidation of NH,* to environmentally benign N, at low CI~
concentrations. Concurrently, the Co’" sites in Co;0,4 are thermodynamically favorable for the chlorine evolution reaction via the Volmer—
Krishtalik pathway, minimizing chlorine radical formation and eliminating the risk of generating harmful chlorination byproducts. Furthermore,
the Co,(OH);Cl/Co;0, anode demonstrates exceptional operational stability in piggery wastewater, exhibiting remarkably low cobalt leaching (<
0.3 wt%) while reducing the NH4*-N concentration from 355.9 to 19.1 mg-L™!. This study provides fundamental insights into lattice Cl—mediated
electrocatalysis and offers a viable strategy for sustainable wastewater treatment.

Keywords: Electrochemical chlorination; Co,(OH);C1/Co;0y; Lattice chlorine cycle; High FE
1. Introduction

Ammonium (NH4") contamination in wastewater poses severe ecological threats, inducing eutrophication, dissolved
oxygen depletion, and chronic toxicity across aquatic systems [1-3]. While biological nitrogen removal remains the
mainstream technology, its efficiency is substantially impaired in challenging matrices characterized by low carbon-to-
nitrogen ratios, hypersalinity, or extreme pH [4—6]. Electrochemical chlorination has recently gained interest as an energy-
efficient alternative, utilizing in situ generated active chlorine species (e.g., HOCI/CIO") to catalytically convert NH,4* to
environmentally benign N, gas through a potential-controlled breakpoint chlorination mechanism [7-9]. This approach is
particularly promising for industrial effluents such as landfill leachate and tannery wastewater, where high NH,*
concentrations and inherent chloride (C17) concentrations coexist.

Despite its potential, practical implementation of electrochemical NH4" oxidation faces two intrinsic challenges. First, the
lower equilibrium potential of the oxygen evolution reaction (OER; 1.23 V vs reversible hydrogen electrode (RHE)) compared
to the chlorine evolution reaction (CER; 1.36 V vs RHE) at conventional mixed metal oxide (MMO) anodes leads to
competitive dominance of the OER. This severely reduces the Faradaic efficiency (FE) of the CER, particularly in low CI~
regimes where the mass transfer of CI~ becomes rate-limiting [10,11]. Second, chlorine radicals (CI* and Cl,) are frequently
generated via the homolytic cleavage of CI-O bonds on MMO surfaces during the CER. These radical pathways accelerate
electrode degradation, which increases operational costs and risks generating hazardous chlorinated byproducts (e.g.,
chloramines and haloacetic acids) [12,13]. Consequently, the rational design of electrocatalysts that yield high CER-specific
FE while suppressing chlorine radical production remains challenging.

Operando studies have revealed that dynamic electronic and geometric structural rearrangements at the catalyst surface
substantially enhance the electrocatalytic selectivity of the CER. For instance, Yan et al. [14] reported that a BiIOCl@MMO
electrocatalyst enhanced CI~ adsorption, although the adsorbed metastable CI-O intermediates were susceptible to bond
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dissi ized
by photo-generated holes in a BiVO,4 photoanode to selectively generate HCIO without generating chlorine radicals owing to
the spatial confinement of lattice CI™ at the Coy(OH);Cl/BiVOy interface. Additionally, Xiao et al. [16] developed an
amorphous CoO,Cl, electrocatalyst exhibiting nearly 100% CER selectivity, wherein chlorine-constrained Co—O* served as
the pivotal active centers driving the Volmer—Heyrovsky pathway. These pioneering studies demonstrate that while the FE of
the CER can be enhanced by the in situ utilization of chlorine species, the intrinsic speciation of chlorine within the
electrocatalyst matrix dictates radical generation during the CER.

Drawing inspiration from these findings, this study integrates a lattice Cl"-cyclable Co,(OH);Cl co-catalyst with a Co304
matrix to form a Co304 (Co,(OH);C1/Co504) anode for HC1O-mediated NH4" oxidation via electrochemical chlorination. First,
the FE of free chlorine generation and NH4" oxidation efficiency were rigorously evaluated. Second, the primary active species
driving NH4" oxidation were investigated via electron paramagnetic resonance (EPR) and scavenger experiments. Third, the
self-sustaining lattice chlorine cycle was demonstrated experimentally and theoretically. Fourth, the CER mechanism was
elucidated via density functional theory (DFT) calculations. Finally, the practical engineering potential of the Co;04
(Co,(0OH);C1l/C0304) anode was demonstrated through long-term operation in hypersaline piggery wastewater. This study
offers a robust, cost-effective electrochemical platform for sustainable NH,” management in wastewater.

2. Materials and methods

2.1. Reagents

Carbon felt (20 mm x 20 mm X 1 mm) was acquired from Vulcan New Materials Tech Co., Ltd. (China). All chemicals,
including cobalt chloride hexahydrate (CoCl,-6H,0, > 99%) and propylene oxide (PO, 99%), were obtained from Sinopharm
Chemical Reagent Co., Ltd. (China), were of analytical grade, and were employed without subsequent treatment.

2.2. Preparation of Co,(OH);Cl/Co3;0, anode

The synthesis process for the Co,(OH);Cl/Co30, anode is illustrated in Fig. S1 in Appendix A. Initially, 5 mmol-L™!
CoCl, 6H,0 was dissolved in 30 mL of deionized water under continuous magnetic stirring. Subsequently, 10 mL of 1
mol-L™! NaOH solution was gradually added, and the mixture was magnetically stirred for 1 h. The resulting dark brown
precipitate was recovered via high-speed centrifugation, redispersed in deionized water, and 30 wt% H,0, was slowly
incorporated into the solution. This mixture was transferred to a 50 mL stainless steel autoclave and subjected to a
hydrothermal treatment at 100 °C for 4 h. The obtained solid was washed several times with deionized water vacuum-dried
overnight, yielding the Co,(OH);Cl catalyst.

The catalyst powder was thoroughly ground with polytetrafluoroethylene (PTFE) in a mortar at a mass ratio of 9:1 (catalyst
to PTFE). This mixture was loaded onto Co;04, which was heated in a muffle furnace at 300 °C for 3 h, yielding the pristine
Co304 anode with a mass loading of approximately 2.7 mg-cm 2. Next, 0.5 mmol-L™! CoCl,-6H,0 was dispersed in 9 mL of
ethanol and 1.3 mL PO was slowly added dropwise. Following vigorous stirring for 4 h, the pristine Co;O4 anode was
immersed in this solution overnight. The resulting Co,(OH);Cl/Co;04 anode was thoroughly rinsed with ethanol and vacuum-
dried at 60 °C.

2.3. Experimental setup

Electrochemical experiments were conducted using a single-compartment cylindrical glass electrolytic cell containing 100
mL of reaction solution. The electrode assembly consisted of the as-fabricated Co,(OH);Cl/Co;04 anode and a matching
titanium plate cathode. The electrodes were positioned vertically and arranged in parallel, maintaining a fixed separation
distance of 2 cm. Constant current density was provided by a MS3010t DC power supply (Dongguan Maisheng Power
Technology Co., Ltd., China). Water samples were collected at regular intervals throughout the reaction for analysis.

2.4. Analytical methods

Surface morphology and elemental composition were investigated using high-resolution transmission electron microscopy
(HR-TEM; Talos F200X G2, FEI Ltd., USA) and scanning electron microscopy (SEM; MIRA LMS, Tescan Co., Ltd., Czech
Republic) coupled with energy-dispersive X-ray spectroscopy (EDX). Crystal structures and elemental chemical states were
characterized via X-ray diffraction (XRD; Bruker D8, Bruker AXS, Germany) and X-ray photoelectron spectroscopy (XPS;
K-Alpha, Thermo Fisher Scientific, USA), respectively.

In wastewater, concentrations of nitrate-nitrogen (NO3z;™-N), nitrite-nitrogen (NO, -N), and ammonium-nitrogen (NH4"-N)
were quantified via UV—visible spectrophotometry [17]. Total nitrogen (TN) was determined using the alkaline potassium
persulfate digestion method in accordance with Chinese standard HJ 636-2012 [18]. Free chlorine and chloramine
concentrations were assessed using the N,N-diethyl-p-phenylenediamine colorimetric and iodometric titration methods,
respectively. The FE for free chlorine generation was determined as described in Text S1 and Fig. S2 in Appendix A [19].
The N, yield was calculated via mass balance from the difference between NH,"-N and other nitrogen species (Text S2 in
Appendix A). NH4* conversion and N, selectivity were calculated according to Text S3 in Appendix. Specific energy
consumption and FE during NH," oxidation were estimated using the methodologies described in Texts S4 and S5 in
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App

To determine the relative contributions of various radicals to NH4" oxidation, radical quenching experiments were
performed (Text S6 in Appendix A). EPR experiments were conducted using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as
a trapping agent to capture radical intermediates (Text S7 in Appendix A) [20]. Finally, DFT calculations were performed to
elucidate the mechanisms of the lattice chlorine cycle and chlorine evolution pathways on the (311) surface of Co;04. Details
of the theoretical calculations are presented in Texts S8 and S9 in Appendix A.

3. Results and discussion

3.1. Texture characterization and self-sustaining lattice chlorine cycle analysis

SEM images of Co,(OH);Cl and Co;04 revealed irregular particle features (Figs. 1(a) and (b)). The nanoparticle
morphology of Co,(OH);Cl was well maintained after loading onto Co;04 to form the Co,(OH);C1/Co504 anode (Fig. 1(c)).
HR-TEM analysis revealed a heterojunction between the (311) surface of Cos;04 and the (113) surface of Co,(OH);Cl,
demonstrating that Co,(OH);ClI nanoparticles were homogeneously decorated on Co;04 (Figs. 1(d) and (e)) [22,23]. The XRD
pattern of the composite exhibited several strong peaks ascribed to Co;04 and Coy(OH);Cl (Fig. S3 in Appendix A). EDX
elemental mapping revealed that Co, O, and Cl exhibited uniform spatial distribution across the material (Fig. 1(f)).

Fig. 1. SEM images of (a) Co,(OH);Cl, (b) Co0304, and (c) Co,(OH);Cl/Co30;. (d, €) TEM images of Co,(OH);Cl/Co30,4 with different
magnifications. (f) EDX element mapping images of Coy(OH);Cl/Co30s,.

To verify the structural incorporation of lattice C1~ within Co,(OH);Cl, a control sample of Co(OH), was synthesized via
the same preparation method, substituting water for ethanol as the solvent. The XRD patterns confirmed the presence of
pyrochlore-like Coy(OH);Cl and hydrotalcite-like a-Co(OH), (Fig. S4 in Appendix A) [24]. The incorporation of chlorine
atoms into the crystal lattice resulted in distinct structural features. Specifically, cobalt centers within Co,(OH);Cl adopt a
coordination geometry comprising four O atoms and two Cl atoms (Fig. S5 in Appendix A). SEM images revealed that
Co(OH), exhibits a nanosheet morphology, which differed from the particulate structure of Co,(OH);Cl (Fig. S6 in Appendix
A). Elemental mapping confirmed the uniform distribution of elements Co, O, and Cl across Co,(OH);Cl (Fig. S7 in Appendix
A). The full-scan survey spectra of Co,(OH);Cl and Co(OH), exhibited peaks corresponding to Co, O, and Cl, with Co(OH),
exhibiting a lower CI content than Co,(OH);Cl (Fig. 2(a)). The Co 2p XPS spectra revealed a slightly higher Co**/Co?" ratio
in Coy(OH);Cl than in Co(OH), (Fig. 2(b)). This disparity is attributed to their distinct chlorine environments: Co(OH),
features only surface-adsorbed chlorine, whereas Co,(OH);Cl incorporates lattice-bound chlorine [25]. Concurrently, the
binding energy of CI 2ps,; in Co(OH);Cl was substantially higher than that in Co(OH), (Fig. 2(c)). This pronounced shift
differentiates structurally incorporated chlorine in Co,(OH);Cl from surface-adsorbed chlorine species on Co(OH), [22,26].
Taken together, these results validate the successful synthesis of the Co,(OH);Cl-based electrocatalyst and the presence of
structurally incorporated C1~ within Co,(OH);Cl.

Oxidation over the Co,(OH);Cl/Co304 anode at 1.36 V (vs RHE) was performed in 50 mmol-L™' NaCl or Na,SOy
electrolyte, respectively. As shown in Fig. 2(d), the crystal structure of Coy(OH);Cl reconfigured into f-CoOOH when the
Na,SOy electrolyte was used [27]. Concurrently, the CI 2p signals disappeared and the signal ascribed to metal-oxygen
bonding considerably increased (Fig. 2(d) and Fig. S8 in Appendix A). By contrast, the crystal structure of Co,(OH);Cl
remained almost unchanged when NaCl was used as the electrolyte. These observations indicate that anodic oxidation triggers
the leaching of lattice CI~, and the resulting defects are replenished by C1~ from the electrolyte. Subsequently, the FE of free
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chlo 2(%),
at a high CI” concentration of 50 mmol-L™!, the FE of the CER over the Co,(OH);Cl/Co3;0,4 anode reached 95.45%, surpassing
those over the Co;04 (79.37%) and Co,(OH);Cl (15.56%) anodes. Notably, the FE of the CER over the Co,(OH);Cl/Co304
(93.03%) and Co(OH);Cl (14.79%) anodes was almost unchanged when the CI~ concentration was reduced to 25 mmol-L™!,
which differed from the FE of the CER over the Co;04 anode (62.43%). These results indicate that lattice C1~ within
Co0,(OH);CI may enable a self-regulating “CI™ reservoir” that mitigates concentration polarization. Meanwhile, the Co;04
catalyst accelerates interfacial Cl~ oxidation via the CER. Consequently, the Co,(OH);C1/Co304 anode exhibited higher CER
selectivity than the compared anodes even at a low CI™ concentration of 25 mmol-L!.
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Fig. 2. XPS spectra of Co,(OH);Cl and Co(OH),: (a) full-scan survey spectra, (b) Co 2p spectra, (¢) CI 2p spectra. XRD patterns (d) and CI 2p
XPS spectra (e) of Co,(OH);C1/Co;04 before and after testing in 50 mM NaCl or Na,SOy, electrolyte, respectively. (f) CER activity comparison
among anodes at different C1~ concentrations.

The reaction kinetics of the Co;04, Co(OH);Cl, and Co,(OH);Cl/Co3;04 anodes were assessed by analyzing the Tafel slope
under CER conditions (Fig. S9 in Appendix A). Generally, a smaller Tafel slope reflects faster reaction kinetics [28]. The
Co,(OH);Cl/C0304 anode exhibited a Tafel slope of 216.4 millivolts per decade (mV-dec™!), which was lower than those of
the Co304 and Co,(OH);Cl anodes (251.1 and 263.6 mV-dec™!, respectively), indicating that the Coy(OH);C1/Co30,4 anode
maintained faster CER kinetics. Electrochemical impedance spectroscopy revealed relatively low charge transfer resistances
for all anodes, indicating favorable electron transfer kinetics. The Co,(OH);C1/Co504 anode exhibited a moderate charge
interfacial transfer resistance, falling between those of Co;0, and Coy(OH);Cl (Fig. S10 in Appendix A), making it a
promising candidate for the CER.

3.2. NH " oxidation performance

The electrocatalytic activity of the Co,(OH);C1/Co0304, pristine Co304, and Co,(OH);Cl anodes was evaluated via linear
sweep voltammetry measurements performed in (NH,4),SO; solution (Fig. S11 in Appendix A). The absence of a discernible
oxidation current peak indicated that NH,* was not oxidized via direct electron transfer on the Co,(OH);Cl/Co;04 surface. As
illustrated in Fig. 3(a), nearly 100% of NH4" was oxidized over the Co,(OH);Cl/Co;04 anode within 3.5 h. By contrast, only
72.25% and 58.66% of NH," was oxidized over the Co30,4 and Co,(OH);Cl anodes, respectively. Compared to a conventional
dimensionally stable anode (Ti/IrO,-RuQ;,), the Coy(OH);Cl/Co304 and Co30,4 anodes achieved higher NH4" oxidation
efficiencies (Fig. S12 in Appendix A). Furthermore, NH4" oxidation followed pseudo-first-order kinetics (Fig. S13 in
Appendix A). The kinetic rate constant (k) of Co,(OH);Cl/Co304 was 0.6059 h™!, representing 1.67- and 2.31-fold increases
over those of C0304 (0.3612 h™!) and Co,(OH);C1 (0.2621 h™!), respectively. Fig. 3(b) presents the typical NO; -N formation
profiles of the anodes, demonstrating that the NO;™-N concentration steadily increased until complete NH,* oxidation was
achieved. Notably, the NO;™-N concentration for the Co,(OH);Cl anode reached 34.73 mg-L™! after 4 h, compared to 10.81
and 15.09 mg-L™! for the Co304 and Co,(OH);C1/Co0, anodes, respectively. This disparity in NO;™-N production may be
attributed to the different dominant active species involved in the NH," oxidation processes.

To identify the active species involved in NH4* oxidation, radical quenching experiments were performed (Fig. S14 in
Appendix A). Nitrobenzene (NB) selectively quenches ‘OH, while benzoic acid (BA) can quench *OH and CI°, and tert-
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buta vited
in the presence of BA or TBA, indicating that CI° 1s the primary chlorine radical driving this reaction. Conversely, the NH,*
oxidation efficiency negligibly changed upon adding TBA and BA, indicating that chlorine radicals are not the primary active
species for the Co;04 and Co,(OH);Cl/Co;04 anodes. EPR measurements further verified the identity of the reactive radical
species. As shown in Fig. S15 in Appendix A, the characteristic seven-line EPR spectrum corresponding to DMPO-X was
observed, attributed to Cl*-induced DMPO oxidation [31]. The DMPO-X peak intensities in the Co3;0,4 and Co,(OH);Cl/Co;04
systems were negligible, whereas the signal in the Co,(OH);Cl system was considerably enhanced. These results confirm that
while CI* is the dominant active species driving NH,* oxidation in the Coy(OH);Cl system.
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Fig. 3. Time profiles of (a) NH4*-N and (b) NO;™-N concentrations during electrolysis with different anodes. Concentrations of free chlorine (c)
with or (d) without NH4*-N in solution. Conditions: [NH;"*-N]o = 200 mg-L™!; [Cl 7]y = 50 mmol-L™!; [SO4* ]y = 50 mmol-L™!; pH = 6.

Subsequently, the time-dependent concentrations of OCI™ and HOCI during NH4" oxidation were evaluated. As illustrated
in Fig. 3(c), the free chlorine concentration remained low within the first 3.0 h over the Co;04 and Co,(OH);Cl/Co;0, anodes.
However, the free chlorine concentration sharply increased upon complete NH,* oxidation [32]. In the Co,(OH);Cl system,
free chlorine detection was almost negligible in the presence or absence of NH4" (Fig. 3(d)). By comparison, the peak free
chlorine concentrations over the Co;04 and Co,(OH);Cl/Co030,4 anodes in the absence of NH4" reached 322.3 and 505.7
mg-L™!, respectively. This phenomenon aligns with the EPR and scavenger experiments, demonstrating that free chlorine
production is enhanced over the Co,(OH);Cl/Co30, anode and that free chlorine is the primary active species driving NH,*
oxidation.

3.3. Mechanistic probes of the CER

To identify the origin of CER activity and elucidate the underlying reaction pathways over the Co,(OH);C1/Co3;0, anode,
in situ Raman spectroscopy was performed on Co;04 over the CER potential window of 1.2-1.6 V (vs RHE). As shown in
Fig. 4(a), Co30, displayed five characteristic Raman-active modes (A, E,, and three F», modes) at the open-circuit potential
across different electrolytes [33]. Notably, in the 0.5 mol-L™! CI” electrolyte, a distinct Co—Cl doublet emerged at ~362.8 and
~405.9 cm™! once the potential reached 1.4 V (vs RHE). Cl-dependence control experiments further confirmed this
assignment, as no Co—Cl features appeared in the 0 mol-L~! ClI™ electrolyte (Fig. 4(b)). These results confirm a metal-centered
CER mechanism involving CI~ adsorption on the active cobalt sites of Co;0;.

To confirm the lattice chlorine cycle mechanism, Gibbs free energies were evaluated via DFT calculations [15]. As shown
in Fig. 4(c), the Co—Cl bond lengthened, suggesting a reduction in the Co—Cl binding energy. This weakened interaction was
hypothesized to facilitate the anodic oxidation of lattice Cl~, leading to the formation of chlorine vacancies (Cl,) and
spontaneous replenishment by CI~ from the electrolyte in the chlorine-deficient Co,(OH);Cl matrix (Co,(OH);Cl,). By
contrast, *OH adsorption on Co,(OH);Cl, was endothermic, exhibiting an energy barrier of 0.43 eV. Consequently, following
anodic oxidation of lattice Cl-, the resulting vacancies were spontaneously replenished by Cl~ from the electrolyte, which
demonstrated the self-sustained lattice chlorine cycle for Co,(OH);Cl during electrolysis. The Gibbs free energy profiles for
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the ¢ 1(e)
present the calculated energy barriers for Co** and Co** via different mechanisms in the rate-determining step. For the Co?*
site, the calculated free energy changes for the Volmer—Krishtalik, Volmer—Tafel, and Volmer—Heyrovsky pathways were
1.02, 2.37, and 1.14 eV, respectively. The corresponding values for the Co3* site decreased to 0.59, 2.34, and 1.01 eV. This
discrepancy indicates that Co®* serves as the preferred active center for the Coy(OH);C1/C0304 anode [34,35].

To further evaluate the active sites involved in the CER, cyclic voltammetry (CV) was conducted. Compared to the CV
curves of Co;04 and Co,(OH);Cl/Co304 in Na,SOy solution, those in NaCl solution exhibited a redox peak located at 0.95 'V,
which is attributed to the Co?*/Co** redox couple (Fig. S16 in Appendix A) [34]. As previously reported, dynamic cycling of
Co*"/Co** can boost the CER over the Co;0,4 anode, and the postelectrolysis decrease in the Co**/Co?" ratio confirmed the
occurrence of a Co®* to Co?" valence transformation during the CER process (Fig. S17 in Appendix A) [35]. This finding
confirms that lattice C1~ oxidation is driven by the interfacial Co3* sites of Co;0,. Additionally, for the Co?* and Co3" sites,
the Volmer—Krishtalik pathway presented the lowest energy barrier, indicating that this pathway should be favorable for the
electrocatalytic chlorination reaction (Fig. S18 in Appendix A). Notably, because C1~ oxidation follows the Volmer—Krishtalik
pathway on the Co;04 (311) surface, adsorbed chlorine (*Cl) is oxidized to *CI*, producing Cl,. In this manner, the surface
coverage of *Cl () value is lower than those expected through the Volmer—Tafel and Volmer—Heyrovsky pathways [36].
Consequently, the probability of *CI desorption from the Co;04 (311) surface to form chlorine radicals is decreased, and the
risk of generating chlorination byproducts is eliminated.

The overall reaction mechanism of electrocatalytic NH4" oxidation is illustrated in Fig. S19 in Appendix A. First, the lattice
ClI™ of Coy(OH);Cl is activated at Co>" sites on the Co;04 (311) surface to generate chlorine. Subsequently, this
electrogenerated free chlorine migrates into the bulk solution, where it undergoes hydrolysis to yield HOCI and OCI .
Concurrently, the vacated lattice sites are replenished by CI™ from the electrolyte, establishing a self-sustaining lattice chlorine
cycle. Employing this mechanism, the Co,(OH);C1/Co30,4 anode enables efficient and selective oxidation of NH4" to N, via
in situ generated free chlorine species [37].
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3.4. Influencing factors

Given that NH,* oxidation is mediated by active chlorine, the CI~ concentration serves as a key parameter. As shown in
Figs. 5(a) and (b), the NH,* oxidation efficiency accelerated with increasing initial CI~ concentration. Notably, at a low CI~
concentration of 25 mmol-L!, the Coy(OH);C1/Co304 anode achieved an NH,* oxidation efficiency of 95.94% within 4 h (k
= 0.4803 h'), which was 2.38-fold higher than that achieved over the pristine Co;04 anode (Fig. S20 in Appendix A).
Moreover, no NH4" oxidation was observed over the Co3O, anode in the absence of Cl-, confirming that NH,* oxidation is
driven by chlorine-mediated indirect NH,* oxidation rather than by direct oxidation. However, for the Co,(OH);C1l/C0304
anode, some NH," was oxidized in the absence of CI7, likely due to the release of lattice CI™ from Co,(OH);Cl. As shown in
Fig. 5(c), the Co,(OH);C1/Co304 anode exhibited a higher FE at CI~ concentrations of 50 or 25 mmol-L™~! compared to the
Co,(OH);Cl and Co304 anodes. These results demonstrate that the efficient enrichment of C1 at structural Co3* sites, enabled
by the Co,(OH);Cl-mediated lattice chlorine cycle, enhances NH," oxidation at low CI~ concentrations.

Current density is a key parameter governing energy consumption in electrochemical systems, and the production of active
chlorine was enhanced as the current density increased (Fig. S21(a) in Appendix A). However, the NH4" oxidation efficiency
negligibly increased when the current density rose to 25 mA-cm™2. This phenomenon is attributed to the occurrence of
concomitant side reactions, such as water splitting. Notably, the NH,* oxidation efficiency remained largely unaffected by
variations in initial pH (pH = 4, 6, 8, and 10) (Fig. S21(b)). Once electrolysis was initiated, the pH of the bulk electrolyte
rapidly dropped to approximately 3.2 (Fig. S22 in Appendix A) owing to chlorine dissolution in water, indirect NH4* oxidation,
and water decomposition [38]. Consequently, the initial pH negligibly influenced the NH," oxidation efficiency of the
C0,(OH);Cl/Co304 anode, demonstrating a broad working pH range for practical applications.
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Fig. 5. (a, b) The effect of Cl™ concentration on NH4" oxidation over the (a) Co304 and (b) Co,(OH);C1/Co;04 anodes. (c) Corresponding anodic
FE of NH,* oxidation with different C1~ concentrations. (d) Stability of the Co,(OH);C1l/Co;0,4 anode during NH," oxidation after five consecutive
cycles. (e) Concentration of leached cobalt in solution during electrochemical NH4" oxidation. (f) NH4* and COD removal from simulated piggery
wastewater using the Co,(OH);Cl/Co304 anode.

3.5. By-product analysis

A primary drawback of employing electrochemical chlorination for NH," removal is the generation of undesirable
chlorination byproducts, including chlorate and perchlorate. As shown in Fig. S23 in Appendix A, chlorate was the only
detected chlorination byproduct using the Co,(OH);Cl/Co30,4 anode, and its concentration (~7.0 mg-L™") was well below the
detection limit. During sequential NH4* oxidation with in sifu generated free chlorine, the TN concentration decreased
concurrently, indicating that most NH," was efficiently and selectively transformed into N, (Fig. S24 in Appendix A). The
remaining fractions were transformed into other nitrogenous byproducts, such as NO,™ and NO3;~. NO,™-N concentrations
remained consistently below the detection limit. Moreover, the peak NOs™-N concentration was approximately 3.43 mg-L™!,
which fell below the surface water environmental quality standard of 10 mg L™! specified in GB 3838-2002 (Fig. 3(b)) [39].
Chloramine was identified as the principal intermediate generated from the reaction between free chlorine and NH4*. Only
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basis of the above analysis, the selectivity of N, was calculated to be 95.73%, confirming that undesired hazardous
chlorination byproducts induced by chlorine radicals were suppressed.

3.6. Stability and applicability

The durability of the Co,(OH);C1/Co;04 anode was assessed through consecutive NH,* oxidation cycles and quantitative
analysis of metal leaching. Notably, the NH,* oxidation efficiency remained above 98% even after five successive runs (Fig.
5(d)). Postelectrolysis analysis via inductively coupled plasma mass spectrometry demonstrated that the cumulative leached
cobalt was approximately 0.3 wt% of the initial electrode loading (equivalent to 0.255 mg-L™!), which is well below the
regulatory limit of 1 mg-L~! specified in GB/T 25467-2010 (Fig. 5(¢)) [35]. Subsequently, the electrochemical performance
of the Coy(OH);C1/Co504 anode under low CI™ conditions was evaluated by treating real, filtered piggery wastewater. The
primary characteristics of the piggery wastewater are listed in Table S1 in Appendix A [40]. As shown in Fig. 5(f), the steady-
state NH4" concentration quickly decreased from 355.9 to 19.1 mg-L™!, meeting the emission standard of 25 mg-L™! in GB
18918-2002 [41].

Finally, the performance of the Co,(OH);Cl/Co03;04 anode was compared against that of previously reported systems (Table
S2 in Appendix A). Even in low CI~ concentration regimes, the Co,(OH);C1/Co30,4 anode exhibited state-of-the-art NH4"
oxidation efficiency and an exceptional anodic FE for NH4" removal. Concurrently, the Co,(OH);Cl/Co5;0,4 anode achieved
the lowest energy consumption (63.5 kW-h-kg-N~1) among the reported anodes. In summary, the Co,(OH);Cl/Co;0, anode
demonstrated outstanding practical applicability for treating NH,*-laden wastewater with minimal inherent C1~ content.

4. Conclusion

Electrochemical chlorination using conventional MMO anodes has been widely implemented for NH4" removal in Cl™-
containing wastewater via in situ generated active chlorine species. However, the practical efficacy of these systems is
hindered by the suppressed FE of active chlorine generation and unintended production of chlorination byproducts. To
overcome these limitations, this study engineered a Co,(OH);C1/Co3;0,4 heterostructure anode that exploits a self-sustaining
lattice chlorine cycle to enable efficient, radical-free NH," oxidation even at low Cl~ concentrations (25 mmol-L™!).
Experimental and theoretical analyses demonstrate that the lattice CI™ in Co,(OH);Cl functions as a dynamic chlorine reservoir
that is continuously replenished by Cl™ from the electrolyte even in low CI~ environments. This synergistic electrochlorination
system overcomes the reliance on high CI~ concentrations. By maintaining robust HCIO generation via the Volmer—Krishtalik
pathway at Co®* sites, the composite anode achieves an FE of 93.03% for free chlorine conversion and an NH4* oxidation
efficiency of 95.94% within 4 h at low CI™ concentrations (25 mmol-L™!). The synergy between lattice CI~ mediation and
interfacial Co3*-driven CI~ oxidation minimizes chlorine radical formation, overcoming a critical barrier to sustainable
electrochemical NH," abatement. By eliminating the need for high CI™ inputs and mitigating the generation of harmful
chlorination byproducts, this study paves the way for energy-efficient, scalable electrochemical systems tailored to industrial
effluents with variable C1~ levels. Future studies could extend this lattice-mediation strategy to alternative materials, thereby
advancing the practical deployment of electrochemical technologies in complex wastewater matrices.
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Highlights

1. Achieves 95.45% Faradaic efficiency for free chlorine generation via Co,(OH);C1/Co3;0,4 anode, enabling
near-complete ammonium oxidation.

2. Self-sustained lattice chlorine cycle dynamically replenishes CI~ vacancies, ensuring efficient HCIO
production even at low chloride concentrations.

3. Demonstrates practical robustness with <0.3 wt% cobalt leaching and 95% ammonium removal in piggery
wastewater.
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