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The electrostatic repulsion between the anode and ammonia (NH4;*) can cause chlorine radicals (CI') at
the interface to self-compounding into low oxidating species, weakening the treatment performance of
ammonia-nitrogen (NH4-N) wastewater. This study introduces electron-rich elements into the tetrahe-
dral sites (Aq2+) of spinel cobalt oxide (Co30,) for efficient and selective NH,4*-N mineralization induced
by interfacial Cl'. Batch experiments, in-situ characterizations, and theoretical calculations confirm that
Curg?t have moderate energy level matching and strong binding energy with NH,* compared to Nigg?*
and Zngg?t. NH4 " can effectively overcome electrostatic repulsion and enrich on CuxCo3.,O4 anode. More
importantly, the interaction of Curg2t-0-Cogp3* weakens the binding of Cl* at Cogp,3* sites, promoting the
desorption of CI' from the anodic interface. As a result, NH4"-N is mineralized by CI' into N, with a rate
of 4.4 x 102 min!, superior to Co304 and commercial dimensionally stable anodes. Finally, the scale-up
experiment using a continuous flow reactor realizes long-term stability for NH4"-N wastewater treat-
ment, in which 100% of NH4*-N and 88.3% of total nitrogen can be continuously eliminated in 96 h. This
study offers an in-depth understanding of interfacial reactions in the EC system and guides the design

and synthesis of superior anodes for environmental remediation.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The rapid development of industrialization and urbanization
has caused abundant amounts of ammonia (NH4*/NH3) in wastew-
ater [1,2]. The discharge of ammonia nitrogen into natural water
bodies can result in severe water contamination and accelerate the
process of eutrophication, which has serious harm to the ecolog-
ical environment [3]. Therefore, it is urgent to develop a green
and efficient technology for the treatment of ammonia nitrogen in
wastewater in light of the call for energy conservation and emis-
sion reduction [4-6].

Many efforts have been made to treat ammonia nitrogen by
various technologies including air stripping [7,8], biological deni-
trification [9,10], and breakpoint chlorination [11,12]. Nevertheless,
these methods have inherent limitations [13,14]. For instance, the
air stripping exhibits poor removal efficiency for ammonia nitro-
gen with low concentration. Biological denitrification is easily dis-
turbed by temperature and C/N ratio of wastewater and a long
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treatment period is required. Breakpoint chlorination is commonly
observed in the chlorination of ammonia-containing wastewater
treatments but its high cost and complex operation remain a prob-
lem. Recently, the electrocatalytic (EC) system based on the an-
odic chlorine evolution reaction (CER) has been identified as a
highly sustainable approach for ammonia nitrogen removal due to
its superior oxidation capacity |/ easy operation | regulation [15-
17]. A wide variety of chlorine-containing active species can be
produced in the EC system, which can efficiently and selectively
oxidize ammonia into nitrogen (N,) [18,19]. Among these chlorine-
containing active species, chlorine radical (CI") has a higher redox
potential (2.55V vs. SHE) than HCIO/CIO™ (1.49/0.89V vs. SHE), ClO*
(1.39V vs. SHE), and Cl,*~ (2.13V vs. SHE) [20,21], thereby con-
ferring a significant advantage in the removal of ammonia. De-
signed to produce CI' for water purification, a lot of advanced
systems are developed, such as the photoelectrocatalytic system
[22,23] and the EC system coupled with the advanced oxidation
process [24]. However, due to the high reaction activity with CI-
(8.00 x 10° L mol-!s1), HCIO/CIO™ (3.00/8.30 x 10° L mol! s'!), and
OH" (1.80 x 10'°L mol!s!), CI' is easily quenched into low re-
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active species [13,25]. The difficulty of controllable generation of
Cl’ in catalytic systems for ammonia removal is extremely high.
Therefore, it is urgent to develop novel systems to efficiently and
controllably produce CI° for the treatment of ammonia nitrogen
wastewater.

Volmer step: Cl"(,q) - CI* + € (1)
Heyrovsky step: CI* + Cl"(5q) — Clyq) + € (2)
Tafel step: CI* + Cl* — Cly, (3)

It is found from the Volmer step in CER that Cl- can be oxi-
dized into adsorbed CI° (Cl*) (Eq. 1) [26]. The adsorbed CI* will un-
dergo self-quenching into chlorine gas (Cl,) (Egs. 2 and 3) [27,28].
If the adsorbed CI' at the anode interface can react with ammonia
nitrogen and suppress their self-quenching, the ClI'-mediated am-
monia nitrogen mineralization process can be effectively and se-
lectively achieved. However, in the CER-mediated ammonia nitro-
gen oxidation system, the active sites of the anode usually have
a strong binding energy with Cl- [16,29,30], which suppresses the
adsorbed CI' overflowing from the interface for ammonia nitrogen
oxidation. More seriously, the pH of ammonia nitrogen wastewa-
ter is generally neutral or weakly acidic, and ammonia mainly ex-
ists in the form of NH4™ (pKa(NH4"/NH3)=9.25) [31]. There is a
strong electrostatic repulsion between NH4* and the anode, which
prevents the enrichment of NH4* on the anodic interface to react
with CI'. These results make it difficult for CI' in the CER process
to efficiently remove ammonia nitrogen, seriously affecting the
treatment efficiency of ammonia nitrogen wastewater. Spinel ox-
ides (AB,04) with excellent electrochemical activity and adjustable
electronic structure are the potential anode materials for the CI'-
mediated ammonia nitrogen oxidation process [32-34]. In detail,
the octahedral sites (Bqy,3*) with a high oxidation potential can ef-
fectively oxidize CI- to CI', while the tetrahedral sites (Agg?t) with
a high energy level matching with NHy* may effectively enrich
NH,*. Modulating the elements of Arg?* can not only enhance
the binding energy with NH4* but also promote CI' overflow from
Bon3*. Therefore, the design and development of the novel AB,0,
anode to efficiently rich NH4+ and produce CI' is of great signifi-
cance for the removal of ammonia nitrogen wastewater.

Hence, this study introduces other ions such as Ni2*, Cu?*, or
Zn?* into the Apq?* of Co304 to induce the efficient enrichment of
NH4* and the production of CI' at the anode, which realizes the
Cl'-mediated ammonia nitrogen oxidation process (Fig. 1a). Due to
the high redox potential (E®=1.81V) and rapid Co?*/Co3* cycle,
Cl- can be efficiently oxidized into CI' at Cogp3* [35,36]. Due to
the high occupancy of 3d orbits, the introduction of Ni%*, Cu?t,
or Zn** into the Ar4?* of Co30,4 can couple the interactions of
electron-repelling and m-donating in Aqy®*-0-Cogp3t [37]. As a
result, the electronic structure of Cogp3t is regulated to weaken
the binding energy with CI°, which can efficiently overflow from
Cogp,>t sites for ammonia nitrogen oxidation. Besides, the binding
energy and the matching degree of energy level between different
Arg®>*t and NHy* are elaborately analyzed. Through batch experi-
ments and electrochemical characterizations, the mass transfer of
NH4* and production of CI' in the systems with different anodes
are compared and their effects on ammonia nitrogen oxidation are
investigated. Combined with theoretical calculations, the enhanced
removal mechanism of ammonia nitrogen is discerned. This study
opens a new avenue for the efficient mineralization treatment of
actual ammonia-nitrogen wastewater and guides the design and
synthesis of superior anodes for environmental remediation.
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The energy level differences (AE) of HOMO/LUMO and the
binding energy between NHy* and Nipg?*/Curg®*[Znpg?* are sys-
tematically investigated. As illustrated in Fig. 1b, AE between
NH,*t and Cupg?t/Znpg?t is 1.66 and 1.19eV, respectively, which
is much lower than that of Nig2t (3.45eV). A nearer energy level
of HOMO/LUMO in two molecules is more conducive to forming
more stable bonding orbitals [38-40]. Besides, the adsorption en-
ergy (E.qs) between the Ayt sites of AxCo3.x04 (Arg®™: Nigg?t,
Curg®*, or Znpg?t) and NHy™* is further analyzed. As shown in Fig.
1c and Fig. S1 (Supporting information), the value of E,4; between
NH4+ and ZnkCo3_ 404 is calculated to be merely —4.75eV. Though
a more stable bonding orbital between Zng42*™ and NH4*, Znpg2* is
relatively inert and cannot effectively enrich NH4* because the 3d
orbital of Zn?* is fully filled by electrons (3d'?) (Fig. S2 in Support-
ing information). By contrast, Curg?* has higher binding energy
(—6.83eV) with NHy* than Zngg?t and Nigg?t (—5.4eV), which
exhibits remarkable potential for enrichment of NH4". AxCo3.4O4
with spinel structure was successfully synthesized by the one-pot
hydrothermal method and it is verified that the tetrahedral sites in
Co0304 are substituted by Nigg2t, Curq?*, or Zng42* (Figs. 1d-f, Figs.
S$3-S12, Table S1 in Supporting information). Moreover, the mass
transfer direction of NH4* in the EC system was discerned over
AxCo3.4,04 anode. As shown in Fig. S13 (Supporting information),
all anodes show no obvious adsorption performance for NH4+ un-
der no current applied condition. In the absence of an electric field,
NH,* is uniformly distributed in the EC system and there is no
concentration gradient between the anode and cathode regions. Af-
ter the input of current (25mA), the concentration of NH4* in the
Pt cathode region decreases significantly from 5 mmol/L to approx-
imately 3.2 mmol/L within 20 min, while that of the CuxCo3.404
anode region exhibits slow decreasing trends (4.3 mmol/L, 20 min).
A distinct concentration gradient of NH4 " is observed between the
CuxCo3.404 anode and cathode regions, which is more significant
than that in the EC system with NixCo3_404, ZnyCo3.404 or Co304
anode (Figs. S14-S16 in Supporting information). Due to the strong
interaction between Cupg?t and NH,4*, the dynamic mass transfer
of NH4* from the cathode region to the anode region and from the
solution to the anode interface occurs, resulting in the concentra-
tion of NH4* in the anode region much higher than that in the
cathode region. This phenomenon demonstrates that CuxCo3_4O4
can overcome the electrostatic repulsion between NH4* and an-
ode, which is conducive to effective reaction with active species at
the anodic interface.

To further visualize the enrichment of NH,* at the anode in-
terface, X-ray photoelectron spectroscopy (XPS) and in-situ Raman
spectra were carried out. No obvious characteristic peak of NH4*
is observed in the N 1s XPS of the NixCo3 04, ZnxCos3,04 and
Co304 anodes before and after the input of current (Figs. S17-S19
in Supporting information). As a comparison, when CuxCo3_404 is
the anode, the characteristic peak of N-H bond in NH4* emerges
after the input of current, indicating NH4* can efficiently enrich
at the CuxCos.404 anode (Fig. S20 in Supporting information). In-
situ Raman spectra provide more evidence that the introduction
of Cug?* enhances the mass transfer of NH,* to the anode. As
shown in Fig. 1h, the peaks around 1590 cm™! in-situ Raman spec-
tra of the CuyxCos 404 system are assigned to the antisymmetric
bending vibration of the HNH of NHj3 [41-43]. The intensity of
these peaks first increases and then decreases during the reaction,
indicating that NH4* can overcome the electrostatic interactions to
enrich and be further oxidized on Cury?*. The intensity of the Aq
peak first decreases and then increases during the reaction, which
is attributed to the cycling of Co3t/Co%* at the octahedral sites
for the activation of CI-. The negligible peaks around 1590 cm-!
in the in-situ Raman spectra of the NixCo3.404, ZnxCo3404, and
Co304 anodes illustrate the interactions between NH4* and the
NixC03.404/ZnxCo3.404/Co30,4 anodes are weak, leading to the in-
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Fig. 1. (a) Schematic mechanism of enhanced ammonia oxidation by CuxCos3 4 O4 compared to conventional anode. (b) DFT-calculated LUMO and HOMO energy level differ-
ences between A2+ and NH,* (A%*: Ni2+, Cu?t, Zn2+). (c) Adsorption energy between NH,* and the Arg?* site in AyCo34xO4 electrodes. (d) Crystal structure of CuyC03.404.
(e) XPS spectra for Co 2p and (f) Raman spectroscopy of Co304 before and after modification with Cu. In-situ Raman spectroscopy of (g) NixCo3 404, (h) CuxCo3.4x04, and (i)

Zny CO;.X 04.

ability of transferring NH4* to the anode under electrostatic repul-
sion (Figs. 1g and i and Fig. S21 in Supporting information). Based
on the above results, it is confirmed that CuxCo3_ 404 can efficiently
induce NH4* to overcome the electrostatic repulsion and realize its
enrichment at the anode due to the strong interaction and moder-
ate energy level matching between Cupg?t and NH4*, which facil-
itates rapid reaction with interfacial active species and thus effi-
cient mineralization.

The removal performance of ammonia-nitrogen was investi-
gated in the EC system with different anodes. As shown in Fig.
2a and Fig. S22 (Supporting information), 100% of NH4*-N is re-
moved in the EC system with CuyCos;.404 anode within 80 min
at a kgps of 4.4x10"2min’!, which is more remarkable than
Co304 (2.2 x 1072 min"!) and commercial dimensionally stable an-
ode (DSA) (0.7 x 10~2 min™!). It is worth noting that the introduc-
tion of Ferg?t, Mnpg2*, Nirg2*, and Znp4%* into the Co304 anode
does not significantly improve the NH4*-N removal performance.
Since there is no special interaction between NH;" and AxCo3.404
(A=Fe, Mn, Ni, Zn) anode, NH4* cannot enrich at the anode lim-
ited by electrostatic repulsion, resulting in that NH4*-N cannot re-
act in time with the anodic interface CI'. As a comparison, the
CuxCo3_404 anode can efficiently enrich NH;™ and achieve efficient
mineralization of ammonia nitrogen by interfacial CI". Besides, as
demonstrated in Figs. 2b and c, the concentration of TN decreases
simultaneously with the reduction of ammonia concentration and
no undesirable products (such as NO,", NO3~) are generated af-
ter the reaction. Although a small amount of chloramines (NH,Cl,
NHCI,, and NCl3) are produced during the reaction process, they
are completely converted into N, as the reaction progresses. More-
over, five cycle experiments were performed to evaluate the dura-
bility of CuxCo3.404 electrodes. As shown in Fig. S23 (Supporting
information), the degradation of NH4*-N remains essentially un-
changed after five consecutive runs. The morphology, structure and

Co2+/Co3* ratio of the CuxCos.,04 anode after five cycles are ba-
sically consistent with that before the reaction, and the leaching
concentrations of cobalt ions are <0.6mg/L and those of copper
ions are <0.3mg/L after each cycle (Figs. S24-S28 in Supporting
information). These results confirm that the CuxCo3_4O4 anode has
excellent stability. In addition, to further explore the feasibility of
the practical application of the CuxCos.4,04 anode, the cost analy-
sis for ammonia nitrogen degradation is performed. As exhibited
in Fig. 2d, Tables S2 and S3 (Supporting information), no mat-
ter the electrode cost or energy consumption, the CuxCo3.4O4 an-
ode (0.44 $/piece, 15.1 kWh/kg_y) is superior to DSA (1.47 $/piece,
31.3kWh/kg_y) and other ammonia oxidation reaction (AOR) an-
odes reported by the previous literature.

To confirm the feasibility of CuxCos_,04 anode for the treatment
of practical ammonia-nitrogen wastewater (pH 7.51), further exper-
iments are constructed to evaluate its high activity. The main com-
ponents of landfill leachate are presented in Table S4 (Supporting
information) and the NH4*-N concentration in the raw wastewater
is 332.6 mg/L. As shown in Fig. 2e, the EC system assembled with
CuxCo3.404 anode exhibits a significantly higher NH;*-N removal
and mineralization performance (99.1%, 70.7%) within 8 h than
that with Co304 anode (85.9%, 60.1%) and DSA (55.8%, 40.0 %) (Fig.
2f and Fig. S29 in Supporting information). More importantly, the
scale-up experiment in a flow electrolyzer with CuxCos.4,04 anode
realizes 100% of NH4*-N and 88.3 % of total nitrogen (TN) removal
during the four days continuous operation without an obvious de-
cline in catalytic performance (Figs. 2g-i), which is also much su-
perior to the system with DSA (NH4*-N: 77.2%, TN: 66.1%) (Figs.
S30 and S31 in Supporting information). Besides, the peak shapes
and positions of the XRD diffraction peaks and Raman peaks of the
CuxCo3.404 electrodes remained almost unchanged after the long-
term reaction, indicating that the CuyCo3_ 404 electrodes have good
stability (Figs. S32 and S33 in Supporting information). In conclu-
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Fig. 2. (a) Ammonia nitrogen removal performance in the EC system using different anodes. Concentrations of (b) different nitrogen species and (c) chloramine in the EC
system with CuxCo3404 anode. (d) Cost analysis of different systems for ammonia removal. Ammonia and total nitrogen removal performance of (e) CuxCo3.4x04 and (f)
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continuous flow conditions. Time-dependent degradation rate of (h) NH4"-N and (i) total nitrogen for continuous treatment of landfill leachate by the CuxCos.4x04 system

with 3 pairs of electrodes.

sion, CuxCo3 404 demonstrates extraordinary activity for NH4*-N
mineralization and excellent feasibility for the purification of prac-
tical ammonia-nitrogen wastewater.

Electron paramagnetic resonance (EPR) technology and quench-
ing experiments were performed to verify the active species dur-
ing the NH4* mineralization process. An EPR signal with eleven-
lines is observed in the EC system with Co30,4 and CuxCo3_404 an-
odes during the electrolysis of NaCl solution (Fig. 3a), correspond-
ing to DMPO-OH' and DMPO-CI" [44]. Compared with the Co304
anode, the higher signal intensity of DMPO-CI' on the CuxCo3_4O4
anode indicates the introduction of Curq?t facilitates the pro-
duction of CI'. After the addition of NH4"-N to the EC system
with CuxCo3. 404 anode, the DMPO-CI' signal disappears and the
DMPO-OH" signal is retained, confirming that NH4*-N is suscep-
tible to oxidation by CI relative to OH" (Fig. 3b). The role of CI*
was further investigated using different quenchers. Hyposulphite
(NayS,03) is the quencher for OH’, CI' and free chlorines; tertiary
butanol (TBA) for OH", CI' and CIO*; bicarbonate (HCO5~) for OH",
CI* and Cl,"; p-chlorobenzoic acid (PCBA) for OH® (Table S5 in Sup-
porting information) [45]. As shown in Figs. S34 and S35 (Sup-
porting information), NH;*-N is barely degraded using Na,S,03
as a quencher, confirming that direct oxidation of NH4*-N on the
CuxCo3.404 anode is difficult. PCBA shows a slight inhibitory effect
on ammonia degradation, suggesting a limited role for OH'. The
degradation of NH4"-N is significantly inhibited by the addition
of HCO3~ (49.2%, 80min), suggesting that both CI' and Cl,™ are
involved. According to previous studies, NH4"-N has much higher
reaction rates with CI° than Cl,* (Table S6 in Supporting informa-
tion), indicating CI' mediated radical oxidation plays a major role
in NH4"-N oxidation. The contribution of different active species to
ammonia oxidation is evaluated and quantified based on the spe-
cific subtraction of ammonia oxidation rate constants for different
quenchers (Fig. 3c). The detailed calculation of the contribution of
each active species is shown in Fig. S36 (Supporting information).

The CI' is mainly responsible (about 74.6%) for the overall ammo-
nia oxidation. In addition, the concentration variation and current
efficiency (n) of free chlorines (Cl,, CIO", and HCIO) in the dif-
ferent systems is quantified (Fig. S37 in Supporting information).
Compared to DSA and Co304, The CuxCo3_ 404 system exhibits en-
hanced free chlorine production and higher current efficiency, fur-
ther demonstrating that the introduction of Curq?* facilitates CI*
generation.

The CI° generation and ammonia oxidation activities of the
CuxCo3.404 anode are investigated by varied electrochemical char-
acterizations. As shown in Fig. 3d, a higher current density is
observed in the linear sweep voltammetry (LSV) curve with
CuxCo3.404 anode than that with Co30,4 anode, and the current
density is significantly increased after adding NH,4*. Although the
introduction of Curg?t of Co30, does not significantly increase
CER performance, the AOR activity is greatly promoted because
NH4*-N can efficiently react with the interfacial CI'. Besides, the
Tafel slopes of the CuxCos404 anode are markedly lower than
that of the Co304 anode in the absence and presence of NH4*
(Fig. 3e), indicating that the CuyxCo34O4 anode exhibits superior
kinetics for CI' generation and AOR. Moreover, a redox peak is
observed in the cyclic voltammogram (CV) curve around 1.5V
for both Co304 and CuxCo3,O4 anodes (Fig. 3f), attributing to
Co2t/Co3*. Specifically, only one anodic peak appeared at 1.65V
for the CuxCo3,04 anode, indicating that Cupg?t can promote
the cycle of Co2t/Co3* to achieve efficient CI' generation. In ad-
dition, the electrochemical surface area (ECSA) of the electrodes
is explored by the electrochemical double-layer capacitance (Cy;)
to compare their intrinsic activities. Figs. S38 and S39 (Support-
ing information) illustrate that the Cy value and intrinsic activ-
ity of the CuxCo3 404 anode are significantly higher than that of
the Co304 anode, providing further evidence that the introduc-
tion of Cu?* into the CuxCos.,0,4 increases the active sites for CI*
production.
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presence of NH4+.

Electrocatalytic reaction kinetics and electrode/electrolyte in-
terface properties are further investigated through electrochemi-
cal impedance spectroscopy (EIS). As shown in Figs. S40 and S41
(Supporting information), a transition peak at the 1.65V potential
is observed for both Co304 and CuxCos 404 anodes. The transition
peak is related to the unevenness charge contribution caused by
the formation of oxidizing species on the electrode surface [46].
The transition peaks shift to higher frequencies and lower phase
angles as the potential rises in CER processes. The frequency and
phase angle of the CuxCo3_ 404 anode varies to a greater extent rel-
ative to Co304 with the increase of bias voltage, which indicates
that the introduction of Curq?™ enhances the Cl' generation ac-
tivity. Notably, an earlier and lower-frequency transition peak at
the potential of 1.55V is observed for the CuyxCos;.404 anode after
the addition of NH4* (Figs. 3g and h). These results indicate that
the introduction of Cu?* into the tetrahedral site of Co;0,4 can ef-
fectively enrich NH4* and enhance the NH4*-N oxidation perfor-
mance.

By comparing the electronic structure of Cogy3* sites and the
adsorption capacity of reaction intermediates before and after Cu
doping, the enhanced removal mechanism of ammonia nitrogen
over the CuxCosz_,O4 anode is elaborately studied. As shown in Figs.
4a and b, the shift of the Co 2p XPS to the higher binding en-
ergies emerges after the introduction of Cury?* into Co30,, indi-
cating an increase in electron cloud density around Co(II)/Co(III)
in CuxCo3.4O4 compared to Co304. Besides, the differential charge
density and Bader charge of the different anodes are further con-
ducted. As illustrated in Fig. 4c, the district around Curqt is pre-
dominantly electronic dissipating (green), while the district around
Coon>* is predominantly electronic accumulating (purple), indi-
cating that electrons around Curyg?* migrate towards Cogp3*. The
Bader charge analysis shows that the introduction of Curg?t mod-
ulates the charge of the adjacent Cogp3* from 1.22 to 1.24. As a

result, the adsorption energy of Cl- at the Cog,3" sites is weak-
ened from —0.15eV to —0.10eV (Fig. 4d), which could facilitate CI*
overflowing from Cogy,3* for NH4*-N oxidation. Finally, the Gibbs
free energy of the Cl° generation process is calculated by DFT to
further understand the effect of Cu doping. During the CI° genera-
tion process, the rate-determining step (RDS) is the desorption of
Cl* from Cogy3*, and its energy barrier is reduced from 2.57 eV to
2.52 eV by Cu doping (Fig. 4e). The results indicate that Cu doping
facilitates the desorption of CI* from Coqy,3+ sites, thereby promot-
ing the CI' for NH4"-N oxidation.

In conclusion, the enhanced removal mechanism of NH4z"-N
over the CuxCos.404 anode is explained as follows. The introduc-
tion of Curg?t into Co304 induces the enrichment of NH,* at the
anode by utilizing the strong interaction between NH4* and Cu?*,
Subsequently, the tetrahedral substitution of Cu?* in Co;04 can
modulate the electronic structure of the Cogy3+ and promote the
overflow of CI' from Cogy,3*, thus achieving the efficient and selec-
tive mineralization of NH,*-N by interfacial CI'.

In this study, we introduce Curg®* into the tetrahedral sites
of Co30,4 to enhance the mass transfer of NHy* and weaken the
binding energy of ClI' at the Cogy3* sites for the selective and effi-
cient NH4*-N mineralization induced by interfacial Cl'. Compared
to Nirg?™ and Zngg?*, Curq?t has moderate energy level match-
ing and strong binding energy with NH4*, which results in NH4*
effectively overcoming electrostatic repulsion and enriching at the
anode. Meanwhile, the electronic interactions of Cupg%*-0-Cogp3+
bonds increase the electron cloud density, weakening the binding
energy of CI* at the Cog,3" sites, which is conducive to the separa-
tion of CI' from the interface, and then reacting with NH4*-N. As a
result, NH4*-N is efficiently mineralized into N, with low cost and
energy consumption in the EC system assembled with CuxCo3_xO4
anode, superior to which is much that of the commercial DSA. No-
tably, the system exhibits excellent activity and durability in treat-
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Fig. 4. XPS spectra of (a) Co 2p and (b) Cu 2p orbitals of Co304 with different Cu introductions. (c) Differential charge density diagram of CuxCo3.40,4. (d) Adsorption energy
between CI- and the structural Co(Ill) in Co304 and CuxCos3 404 electrodes. (e) Gibbs energy diagrams for the CI* generation reaction on Co304-Co(Ill) and CuyCo3.4x04-Co(III).

ing high concentrations of NH4*-N from practical landfill leachate
under continuous flow operation, confirming its excellent applica-
tion potential. This paper provides a new idea for the efficient min-
eralization treatment of actual ammonia-nitrogen wastewater.
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