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A B S T R A C T   

Chlorine-mediated electrochemical advanced oxidation (Cl-EAO) is an environmentally-friendly and promising 
ammonia removal technology to convert ammonia to N2 and effectively reduce water pollution. The efficiency of 
ammonia removal in Cl-EAO hinges critically on the performance of the electrode materials. Currently, precious 
metal oxides are commonly used as electrode materials in the industry. However, their high cost limits their 
widespread application in ammonia treatment. Herein, Pt-Co3O4 catalyst with lutra-low content of Pt (1.67 wt%) 
is successfully synthesized, which performs superior CER activity and higher removal efficiency of ammonia. The 
favorable catalytic performance could be attributed to the increase in oxygen vacancy content and the strong 
metal-supported strong interaction (SMSI) between Pt and Co3O4, which has been confirmed by XPS. Especially, 
the chlorine evolution efficiency of the Ti/Pt3 %-Co3O4 electrode was as high as 96 % in dilute chloride 
(<50 mM) solution at a current density of 10 mA/cm2. Therefore, the Ti/Pt3 %-Co3O4 electrode has a broad 
application prospect as a new and efficient material for ammonia wastewater treatment.   

1. Introduction 

As human activities intensify, ammonia released from urban, agri
cultural, and industrial sources increasingly accumulates in natural 
water bodies. The excessive discharge of ammonia can trigger a cascade 
of environmental issues, including eutrophication, red tides, and algal 
blooms, posing significant threats to both the ecological environment 
and human health. Therefore, the efficient removal of ammonia pol
lutants is of utmost importance for safeguarding our environment and 
ecology. 

Traditional methods for removing ammonia, including ion exchange 
[1,2], adsorption [3], and breakpoint chlorination [4–6], face technical 
challenges like low removal efficiency and the risk of secondary pollu
tion due to inadequate treatment. To address these issues, recent years 
have seen the introduction of advanced oxidation techniques such as 
Fenton oxidation [7,8], ozone oxidation [9–12], electrocatalytic oxida
tion [13–15], and photocatalytic oxidation [16,17] for ammonia 
wastewater degradation. Among these, electrocatalytic oxidation tech
nology (EOT) stands out for its high efficiency, stable and effective 
treatment results, and relatively lower operating costs. As early as 1980, 
Della et al. [18] proposed that electrochemical methods could efficiently 
eliminate ammonia and organic contaminants from domestic 

wastewater. Similarly, Wang et al. [19] pointed out that electrochemical 
oxidation can convert ammonia into N2, thereby minimizing the accu
mulation of unwanted by-products in water. Consequently, EOT is 
widely recognized as one of the most environmentally responsible and 
promising techniques for ammonia wastewater treatment. 

EOT utilizes electron transfer between the electrode material and the 
aqueous solution for the oxidative degradation of organic pollutants or 
inorganic substances, either directly or indirectly through redox re
actions at the electrode (cathode or anode) [20]. However, the choice of 
electrode material significantly influences not only the type of active 
substance and its oxidizing potential but also the energy consumption 
and cost-efficiency of the process. Currently, DSA electrodes based on a 
titanium substrate coated with RuO2 and IrO2 are predominantly used in 
the industry, with RuO2 content exceeding 20 mol% [21]. This high 
RuO2 content contributes to their relatively high cost. Therefore, 
discovering alternative materials that offer both cost-effectiveness and 
excellent performance is crucial for the CER process in 
ammonia-containing wastewater treatment. 

Co3O4 exhibits great potential as a CER electrocatalyst for purifying 
ammonia-containing wastewater, thanks to its low cost, exceptional Co 
(II)/Co(III) cycling capabilities, and the high redox potential (E0 =

1.81 V) of Co(III) [22]. As an illustration, Co3O4 nanowires, prepared by 
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Bai et al. [23], demonstrated an impressive total nitrogen removal rate 
of 98.2 %, surpassing that of RuO2 and Pt by 1.69 and 17.5 times, 
respectively. Nevertheless, there is still room for improvement in terms 
of CER selectivity and electrical conductivity of Co3O4. 

Notably, the doping of noble metals serves as a highly effective 
technique to enhance the catalytic activity of Co3O4 [24]. Jiang et al. 
[25] incorporated Pt into Co3O4, resulting in an increased proportion of 
oxygen vacancies on the catalyst’s surface, thereby significantly boost
ing its electrocatalytic activity. Separately, Ri Qiu et al. [26,27] 
discovered that Pt can effectively lower the overpotential for chlorine 
evolution. Additionally, Pt can be formed on the oxide surface by 
calcining the chloroplatinate precursor, and since Pt has good electrical 
conductivity, combining Co3O4 with Pt will increase the conductivity of 
Co3O4 [28]. Based on the above studies, we proposed a novel and highly 
efficient Ti/Pt-Co3O4 electrode for the oxidation of ammonia in waste
water. The electrode cleverly combines Pt and Co3O4, on the one hand, 
using Pt to reduce the chlorine evolution potential of Co3O4 and enhance 
its chlorine evolution activity; on the other hand, by introducing 
single-atom Pt, the content of oxygen vacancies on the surface of Co3O4 
is effectively increased, thus further improving its catalytic activity. 

Therefore, in this paper, a low-content Pt-loaded Co3O4 electrode 
was constructed. The scanning electron microscopy (SEM), X-ray 
diffraction (XRD) and X-ray electron spectroscopy (XPS) were used to 
analyze morphology, crystal structure, and surface state of the Pt3 %- 
Co3O4. Simultaneously, electrochemical tests were performed to eval
uate the electrochemical performances of the Ti/Pt3 %-Co3O4 electrode. 
In addition, the Ti/Pt3 %-Co3O4 electrode was used for ammonia 
wastewater degradation, and the effects of current density, ammonia 
concentration, pH and supporting electrolyte on the ammonia degra
dation rate were investigated in detail. Finally, the stability of the Ti/ 
Pt3 %-Co3O4 electrode was investigated using the chronopotential 
method and ammonia degradation stability experiments, and the 
ammonia degradation mechanism was investigated by free radical 
scavenging experiments. 

2. Experimental methods and materials 

2.1. Materials 

All reagents are analytical-grade, commercially available reagents 
and can be used without further purification. The sandblasted titanium 
plate was obtained from Shuer Technology Co., Ltd. and commercial 
ruthenium titanium plate (20 mm×20 mm×0.5 mm) was purchased 
from Hanston Technology Development Co., Ltd. 

2.2. Electrode preparation method 

The Ti/Pt-Co3O4 electrode was generated by the sol-gel method 
(Fig. 1). 

2.2.1. Titanium substrate pretreatment 
The sandblasted titanium plates (20 mm×20 mm×0.5 mm) were 

sonicated in acetone, ethanol and water for 30 min to remove the oil. 
After oil removal, the sandblasted titanium plates were etched in a 10 wt 
% boiling oxalic acid solution for 2 h. After etching, the plates were 
placed in anhydrous ethanol. 

2.2.2. Preparation of coating solution by the sol-gel method 
A solution of glycol citrate was obtained by dissolving 1.31 g of citric 

acid and 1.85 mL of ethylene glycol in a small amount of ethanol and 
dissolving by sonication. Then, 2.21 mmol Co(NO3)2･6H2O and 
0.0039 mmol H2PtCl6･xH2O were dissolved in an amount of ethanol and 
the quantitative deionized water and HCl were added to give an orange 
mixed solution. An orange colored sol of Pt3 %-Co3O4 was obtained by 
adding glycol citrate solution after sonication for 30 min and continuing 
sonication for 4 h. For comparison, samples of Ptx-Co3O4 (x = 0, 1.5, 
100 %) were prepared using a similar method as a control. 

2.2.3. Preparation of Ti/Pt-Co3O4, Ti/Co3O4 anode and Ti/Pt electrode 
The sol was brushed onto the pretreated pure titanium plate, dried in 

an oven at 120 ◦C for 10 min, and then calcined at 350 ◦C for 15 min. 
The brushing process was repeated until 0.4 mg/cm2 was reached, and 
finally Ti/Pt3 %-Co3O4 electrode was prepared after annealing at 350 ◦C 
for 2 h. The Ti/Pt1.5 %-Co3O4 electrode, Ti/Co3O4 electrode and Ti/Pt 
electrode were prepared by the same procedure. Notably, the loading of 
the active substance on the electrode is calculated by the following Eq. 
(1): 

M =
(m2 − m1)

S
(1)  

Where M is the weight of the load, m1 is the mass before applying the 
coating, m2 is the mass after the coating is completed and S is the 
electrode area. 

2.3. Characterizations 

The surface morphology and chemical composition of the Ti/Pt- 
Co3O4 electrode and the Ti/Co3O4 electrode were evaluated with the 
scanning electron microscopy (SEM, JSM-6610LV) and energy disper
sive X-ray spectroscopy (EDS, Sigma 300). The crystal phase of the 
samples were detected with X-ray diffraction (XRD, Bruker D8-Advance) 
with Cu Ka radiation (40 kV, 250 mA) across a degree range of 10◦-80◦

Fig. 1. Typical preparation flow chart of the Ti/Pt-Co3O4 electrode.  
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at a scan rate of 5◦/min. Furthermore, the surface chemical state was 
determined by the X-ray photoelectron spectroscopy (XPS) with a 
Thermo Scientific K-Alpha+ X-ray photoelectron spectrometer. 

2.4. Electrochemical test 

All electrochemical tests were measured by the three-electrode sys
tem with the electrochemical workstation (CHI 660E, Chenhua). The 
working electrodes were Ti/Pt-Co3O4 electrode and Ti/Co3O4 electrode. 
The counter electrode was platinum electrode, the reference electrode 
was saturated calomel electrode (SCE). Different scanning speeds for CV 
operate in the possible range of 0.2 V vs. SCE to 0.6 V vs. SCE. In the 
potential range of 0.9 V vs. SCE to 1.6 V vs. SCE, LSV was conducted at 
scan rate of 10 mV/s. To compare the charge transfer resistance (Rct) of 
the electrode in NaCl solution, EIS data were measured at an open circuit 
voltage from 0.1 Hz to104 Hz. 

2.5. Evaluation of chlorine efficiency 

The chlorine evolution performance test of the Ti/Pt-Co3O4 electrode 
(20 mm×20 mm×0.5 mm) and the Ti/Co3O4 electrode 
(20 mm×20 mm×0.5 mm) were carried out under the condition of 
50 mM NaCl, with 10 mA/cm2 current density, and the electrolysis time 
was 7 min. The effective chlorine content was detected by the iodo
metric method [29,30]. The chlorine evolution efficiency is calculated in 
Eq. (2)[31,32]: 

CER(%) = (C × V × n × F)/(I × t) (2)  

where C is the amount of free chlorine generated by electrolysis (mol/L), 
V is the volume of electrolyte (L), n is the number of electrons involved 
in CER (2 equiv mol− 1), F is the Faraday constant (96,485 C equiv.− 1), I 
is the current (A), and t is the electrolysis time (s). 

2.6. Stability test 

Approximately 25 h were spent testing the electrode stability in 2 M 
NaCl solution at a current density of 10 mA/cm2. 

2.7. Ammonia degradation 

To further explore the practicability of a Ti/Pt-Co3O4 electrode and 

the feasibility of wastewater treatment. The degradation of ammonia in 
dilute chloride was accomplished using the constructed electrode. In 
50 mL (NH4)2SO4 (1 g/L) solution containing 20 mM NaCl as a sup
porting electrolyte, ammonia was broken down at a current density of 
10 mA/cm2. The standard methods HJ 536–2009 visual spectropho
tometer technique is used for the measurement of ammonium ions[22, 
33]. 

In addition, ammonia removal follows a pseudo-zero-scale kinetic 
model. The kinetic model is shown in Eq. (3)[13]: 

− ln
([

NH+
4 − N

]

t

/[
NH+

4 − N
]

0

)
= kt (3)  

Where k (min− 1) is the ammonia nitrogen removal rate constant. [NH4
+- 

N]0 and [NH4
+-N]t correspond, respectively, to the initial ammonia 

concentration and the concentration after a period of time. 

3. Results and discussion 

3.1. Structural characteristics 

The surface morphology of the Pt3 %-Co3O4 and Co3O4 by SEM (Fig. 2 
and Fig. S1). Fig. 2a, Fig. 2c and Fig. S1a show the surface morphology of 
the Ti/Pt3 %-Co3O4 electrode, the DSA electrode and the Ti/Co3O4 
electrode, respectively. Due to the thermal stress during heat treatment, 
the electrodes showed obvious mud cracks[34]. In contrast, the coating 
cracks on the surface of the Ti/Pt3 %-Co3O4 electrode were not as dense 
as those of the DSA electrode, and the cracks were not coherent. In 
Fig. 2b and Fig. S2a, Pt in the Pt3 %-Co3O4 film is present on the surface 
of Co3O4 with an average size of 141.26 nm. In Fig. S1b and Fig. S2b, the 
average size of Co3O4 film is 67.27 nm. 

In addition, the EDS images of Pt3 %-Co3O4 (Fig. 2d-g) showed that 
Pt, Co and O coexist in Pt3 %-Co3O4. The active metal can be uniformly 
dispersed on the carrier due to the strong interaction between the metal 
and the carrier[35]. In addition, ICP (Table S1) detected 1.67 wt% of Pt 
in Pt3 %-Co3O4. The EDS image of Co3O4 (Fig. S1c-e) showed that Co and 
O were uniformly distributed in Co3O4. 

In Fig. 3a, the crystal structures of the Co3O4 and Pt3 %-Co3O4 were 
characterized by XRD. The diffraction peaks at 2θ of 19.0◦, 31.3◦, 36.8◦, 
38.5◦, 44.8◦, 55.7◦, 59.4◦ and 65.2◦ separately correspond to the (111), 
(220), (311), (222), (400), (422), (511), (440) and (533) planes of the 
Co3O4 (PDF#42–1467) [36,37]. The diffraction peaks at 2θ=40.2◦, 
46.3◦ and 67.8◦, corresponding to the (111), (200), and (220) planes of 

Fig. 2. (a) SEM image of Ti/Pt3 %-Co3O4, (b) SEM image of Pt3 %-Co3O4, (c) SEM image of DSA electrode, (d-g) Mapping images of Pt3 %-Co3O4.  
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the Pt (PDF#04–0802)[38–40]. The diffraction peaks of Pt and Co3O4 
can be observed in the XRD pattern of Pt3 %-Co3O4, which confirms that 
Pt3 %-Co3O4 prepared in this paper are composites of Pt and Co3O4. In 
addition, the crystalline size of the resulting samples was calculated 
based on the half-peak width of Scherrer’s formula at 2θ=36.8◦

(Table S2). The results show that at 2θ=36.8◦, the grain size of 
Pt3 %-Co3O4 decreases compared to Co3O4. 

The specific surface area and pore size of Pt3 %-Co3O4 and Co3O4 
were evaluated by the N2 adsorption-desorption curves and pore size 
distribution plots (Fig. 4b). In Table S2, the specific surface areas of 
Pt3 %-Co3O4 and Co3O4 were 21.48 m2/g and 41.42 m2/g, and the pore 
diameters were 19.86 nm and 19.32 nm, respectively. Notably, the 

introduction of Pt resulted in the specific surface area of Pt3 %-Co3O4 
being slightly smaller than that of Co3O4, probably due to the fact that 
the Pt nanoparticles blocked some of the pores. 

The surface states of the Co3O4 and Pt3 %-Co3O4 were investigated by 
XPS (Fig. 4). The full-range scanning spectra of Co3O4 and Pt3 %-Co3O4 
are shown in Fig. 4a, where Pt3 %-Co3O4 is made up of the elements Pt, 
Co, and O, while Co3O4 is made up of the elements Co and O. The C 1 s 
peak in the spectrum is due to the addition of carbon-based additives. 

Fig. 4b shows high-resolution O 1 s spectra. The O 1 s signal is mainly 
composed of lattice oxygen (530.03 eV, OL), oxygen vacancies 
(531.40 eV, OV) and chem-isorbed and dissociated oxygen species of O2

− , 
O2− , O− and OH− (533.07 eV, OC). In addition, the OV of Pt3 %-Co3O4 

Fig. 3. (a) XRD, (b) N2 adsorption-desorption isotherms and pore size distributions of Co3O4 and Pt3 %-Co3O4.  

Fig. 4. XPS spectra of Co3O4 and Pt3 %-Co3O4: (a) survey spectrum, (b) O 1s, (c) Pt 4f, (d) Co 2p.  
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was 32.16 % while that of Co3O4 was 31.74 % (Table 1)[41–43]. 
Compared to Co3O4, Pt3 %-Co3O4 has more surface oxygen vacancies. 
This phenomenon is attributed to the interaction between Pt and Co3O4 
support promotes the formation of oxygen vacancies. The Pt sites, which 
had high occupied electronic states, exhibited a strong affinity for the 3d 
orbital of adjacent Co atoms, resulting in significant electron transfer 
from Pt to Co, ultimately, increasing the proportion of oxygen vacancies 
present on the catalysts surface[25]. 

Fig. 4c shows the fitted peaks of high-resolution Pt 4 f. The fitted 
peaks located at 71.6 eV and 74.7 eV are assigned to metallic Pt 4 f7/2 
and Pt 4 f5/2 peaks, respectively. The peak positioned at 77.7 eV is 
attributed to Pt4+, which is caused by the inevitable surface oxidation 
[39,44,45]. 

The XPS spectra of high-resolution Co 2p are shown in Fig. 4d. Two 
sets of peaks in Co 2p1/2 and Co 2p3/2 are 797.05 eV and 795.07 eV, 
781.33 eV and 779.82 eV, corresponding to Co2+ and Co3+, respec
tively. Sat. is satellite peak. The weak peaks on the left of the two main 
peaks correspond to the satellite peaks of Co2+ and Co3+, respectively. 
The contents of Co3+ and Co2+ are presented in Table 1, with 64.81 % 
Co3+ in Pt3 %-Co3O4 compared to 58.55 % Co3+ in Co3O4, the ratio of 
Co3+/Co2+ in Pt3 %-Co3O4 is greater than in Co3O4 [25,46,47]. 

In addition, compared with the binding energy (BE) values of Co2+

and Co3+ in Co3O4, the BE values of Co2+ and Co3+ in Pt3 %-Co3O4 exist 
negative shift. It can be observed that after the introduction of Pt, the Co 
2p spectrum is shifted towards the low binding energy end, which is due 
to the strong metal-supported strong interaction (SMSI) between Pt and 
Co3O4 [47,48]. 

3.2. Electrochemical test 

The chlorine evolution performance of the Ti/Pt-Co3O4 electrode 
and Ti/Co3O4 electrode were investigated by electrochemical 
measurements. 

Fig. 5a shows the LSV curves for the Ti/Pt-Co3O4 electrode and the 
Ti/Co3O4 electrode in solutions of sodium chloride. The current density 
of each electrode increased with the increase in potential. This indicates 
that a good CER response was obtained for the samples[49]. The LSV 
curve of the Ti/Pt3 %-Co3O4 electrode shows the maximum slope, indi
cating the best electrocatalytic performance of the Ti/Pt3 %-Co3O4 
electrode. Notably, the catalytic activity of each electrode is ranked as 
follows: Ti/Pt3 %-Co3O4 (23.76 mA/cm2 

@1.20 V)>Ti/Pt1.5 %-Co3O4 
(9.15 mA/cm2 

@1.20 V)>Ti/Co3O4 (8.5 mA/cm2 
@1.20 V)>Ti/Pt 

(6.61 mA/cm2 
@1.20 V) (Table S3). Therefore, the Ti/Pt3 %-Co3O4 elec

trode exhibits good catalytic performance. 
The electron transfer efficiencies of the Ti/Pt-Co3O4 electrode and 

the Ti/Co3O4 electrode during the CER process were examined through 
EIS, as depicted in Fig. 5b. Specifically, Fig. 5b reveals that the Ti/Pt3 %- 
Co3O4 electrode exhibits the smallest charge transfer resistance (Rct) 
when compared to the Ti/Co3O4 electrode. This observation signifies 
that the Ti/Pt3 %-Co3O4 electrode possesses the quickest charge transfer 
rate, facilitating rapid electron transfer at the interface between the 
electrocatalyst and the electrolyte. This rapid electron transfer is intri
cately linked to the electrode’s superior CER activity. Consequently, the 
integration of Pt into the pure Co3O4 catalyst enhances the electro
catalytic reaction of Co3O4, primarily due to the SMSI-induced electron 
transfer mechanism between Pt and the Co3O4 carrier. 

Additionally, in Fig. S3a, the Ti/Pt3 %-Co3O4 electrode shows the 
highest feed current and the largest voltammetric charge in 2 M NaCl 
solution, indicating the strongest chlorine evolution activity. During the 

positive scanning process, the current density increased rapidly when 
the voltage exceeded 1.0 V vs. SCE, which indicated the initiation of a 
vigorous chlorine evolution reaction[50]. During negative potential 
scanning, a distinct reduction peak was observed at 0.9 V vs. SCE, which 
was attributed to the reduction of chlorine (Fig. S3a)[51]. Notably, CV 
experiments were performed in 2 M NaCl and 2 M NaNO3 solutions at a 
scan rate of 100 mV/s (Fig. S3b). The CV curves varied considerably in 
the two different electrolytes. In 2 M NaCl solution, the feed current and 
voltammetric charge increased significantly, which indicated that the 
Ti/Pt3 %-Co3O4 electrode had better chlorine evolution activity and 
selectivity. 

The electrochemical surface area (ECSA) of the Ti/Pt-Co3O4 and Ti/ 
Co3O4 electrodes was compared to their intrinsic activity by electro
chemical double layer capacitance (Cdl). Fig. 6a–c present the cyclic 
voltammetry (CV) plots of the Ti/Pt3 %-Co3O4, Ti/Pt1.5 %-Co3O4, and Ti/ 
Co3O4 electrodes across various scan rates. Notably, the CV plots 
exhibited nearly ideal rectangular curves, suggestive of a pronounced 
double-electric-layer capacitance effect. 

Notably, the ECSA was proportional to the Cdl[52]. In Fig. 6d, the 
values size of Cdl is Ti/Pt3 %-Co3O4 (10.8 mF/cm2)>Ti/Pt1.5 %-Co3O4 
(8.3 mF/cm2)＞Ti/Co3O4 (3.9 mF/cm2). Table. S4 shows that the 
Ti/Pt3 %-Co3O4 electrode exhibits the largest ECSA value of 720 cm2; the 
ECSA value of the Ti/Pt1.5 %-Co3O4 electrode is 553 cm2, while the 
Ti/Co3O4 electrode has the least ECSA value, just 260 cm2. Additionally, 
we also analyze the ECSA-normalized CER performance of these elec
trodes (Table. S4). As we can see, the ECSA-normalized electrochemical 
activities follow the sequence: Ti/Pt3 %-Co3O4 (0.132 mA/cm2 

@1.20 V)>
Ti/Co3O4 (0.130 mA/cm2 

@1.20 V) with those of normalized via geo
metric area. Therefore, the Ti/Pt3 %-Co3O4 electrode exhibits good 
electrochemical activities. 

Fig. S4a presents the results of chronopotentiometry conducted to 
assess the stability of the Ti/Pt3 %-Co3O4 electrode. Notably, after 25 h 
test, the electrode exhibited minimal fluctuations in potential, indi
cating its good stability. Furthermore, as shown in Fig. S4b-d, the CV 
curves obtained before and after the stability test closely overlap, and 
the SEM images reveal minimal morphological changes. These obser
vations collectively confirm the good stability of the Ti/Pt3 %-Co3O4 
electrode. Finally, CVs before and after electrolysis were tested in 
ammonia-free and chlorine-free solutions. In Fig. S5, the CV plots show a 
rectangular shape. 

In summary, the Ti/Pt3 %-Co3O4 electrode shows excellent chlorine 
evolution performance, a high electrochemical surface area and low 
charge transfer resistance. 

3.3. Evaluation of chlorine evolution efficiency of the Ti/Pt3 %-Co3O4 
electrode 

Fig. 7a illustrates the chlorine evolution efficiency of Ti/Pt3 %-Co3O4, 
Ti/Co3O4, and commercial DSA in dilute chloride solutions. Notably, the 
Ti/Pt3 %-Co3O4 electrode demonstrates a remarkable chlorine evolution 
efficiency of 96 % in diluted chloride, surpassing both the Ti/Co3O4 
electrode and commercial DSA in terms of chlorine evolution 
performance. 

Fig. 7b explores the impact of varying current densities on the con
centration of effective chlorine generated through electrolysis. It be
comes evident that as the current density rises, the current efficiency 
initially increases but subsequently declines. This trend primarily results 
from the oxygen evolution side reaction and current losses encountered 
at higher anode potentials [20,53]. Additionally, Fig. S6 delves into the 
effective chlorine content and current efficiency of the Ti/Pt3 %-Co3O4 
electrode at different times. It is observed that the effective chlorine 
content gradually increases with time, while the current efficiency at
tains a stable value before gradually decaying with the passage of time. 

Table 1 
XPS results for the O 1 s and Co 2p of Pt3 %-Co3O4 and Co3O4 (atom%).  

Sample OL OV OC Co3+ Co2+

Pt3 %-Co3O4  62.65 %  32.16 %  5.18 %  64.81 %  35.09 % 
Co3O4  59.50 %  31.74 %  8.76 %  58.55 %  41.45 %  
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3.4. Ti/Pt3 %-Co3O4 electrode for ammonia degradation in diluted 
chloride 

3.4.1. Influencing factors of ammonia degradation 
Given the exceptional CER activity and robust stability demonstrated 

by the Ti/Pt3 %-Co3O4 electrode in dilute chloride solutions, it was used 
for ammonia wastewater degradation. Through a comprehensive elec
trochemical ammonia oxidation experiment, the influence of various 
environmental factors, including the type of electrode, concentration of 
ammonia solution, electrolyte, current density, and pH, on the removal 
efficiency of ammonia was meticulously investigated. 

Fig. 8a illustrate the influence of electrode materials on the removal 
efficiency of wastewater containing ammonia. As time elapses, it be
comes evident that the removal efficiency of various electrodes increase. 
Concurrently, the concentrations of NH4

+-N and Cl- decrease in tandem 
with the breakdown of ammonia, thereby affecting the current effi
ciency. Notably, the Ti/Pt3 %-Co3O4 electrode exhibits the most superior 
removal efficiency and kinetic constant during the same reaction time, 
significantly surpassing both the DSA electrode and the Ti/Co3O4 elec
trode. In Fig. S7a, The kinetic constant of Ti/Pt3 %-Co3O4 electrode was 
0.0092 min− 1, which was significantly larger than that of commercial 
DSA electrode (0.0068 min− 1) and Ti/Co3O4 electrode (0.0079 min− 1). 

Fig. 5. (a) LSV plots of Ti/Pt-Co3O4 electrode, Ti/Co3O4 electrode, Ti/Pt electrode and pure titanium plate, (b) Nyquist plot.  

Fig. 6. (a) Ti/Pt3 %-Co3O4 electrode, (b) Ti/Pt1.5 %-Co3O4 electrode, (c) CV curves of Ti/Co3O4 electrode at different scan rates, (d) Cdl at the potential of 0.4 V 
vs. SCE. 
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The removal efficiency of ammonia is also influenced by the pH level 
of the solution. As depicted in Fig. 8b, we evaluated the removal capa
bilities of ammonia-containing wastewaters under different pH condi
tions. In this study, the pH of the ammonia solution was adjusted using 
diluted sulfuric acid and sodium hydroxide. As clearly shown in Fig. 8b 
and Fig. S7b, the removal efficiency and kinetic constant of ammonia 
significantly increases with an increase in pH. The fastest removal effi
ciency and the largest kinetic constant (0.014 min− 1) of the ammonia 
were observed at pH = 11(Fig. S7b). However, considering that the 
experiment is conducted in a semi-closed setting, it is noteworthy that, 
under neutral or alkaline conditions, the molecular state of NH3 in the 
solution exhibits greater susceptibility to oxidation than the ammonium 
ion. During the ammonia degradation process, sodium chloride solution 
serves as the supporting electrolyte, and chlorine gas will be continu
ously generated on the electrode surface. The varying pH of the solution 
influences the ratio of chlorine gas, hypochlorite ions, and hypochlorous 
acid, thereby affecting the rate of ammonia degradation. Previous 
studies by T. David Waite et al.[54,55] have demonstrated that 
ammonia oxidation is more efficient under weak alkaline conditions, 
which helps minimize the escape of chlorine and minimizes environ
mental pollution. However, excessively high pH levels can lead to 
increased side reactions, such as the formation of ClO3

- , which can 
reduce the reaction rate [56]. Therefore, to ensure an efficient removal 
efficiency of ammonia, a pH range of 7–9 is recommended for investi
gation. In this study, a pH of 7 was chosen for the experiments. 

The effects of supported electrolyte types on the removal efficiency 
of ammonia were examined in Fig. 9a using sodium chloride and sodium 
sulfate as supporting electrolytes. It is clear that when sodium chloride 
solution is used as a supporting electrolyte, the efficiency of ammonia 
removal is significantly faster than when sodium sulfate is used as a 
supporting electrolyte. This shows that sodium chloride solution has a 
strong promoting effect on the oxidative degradation of ammonia. This 
is due to the production of chlorine radicals (Cl•, ClO•, Cl2•-) and 
reactive chlorine species (Cl2, HClO, and ClO-) by sodium chloride 
during electrolysis, which promotes the oxidative degradation of 
ammonia. Therefore, sodium chloride was chosen as the supporting 
electrolyte in other ammonia oxidation experiments. Fig. 9b and 
Fig. S8a examine the effect of ammonia removal at different NaCl con
centrations. The removal efficiency and kinetic constant of ammonia 
increased with a steady increase in NaCl content. In Fig. S8a, the kinetic 
constant was 0.021 min− 1 when the concentration of the supporting 
electrolyte NaCl reached 40 mM. This is mainly due to the fact that the 
higher the concentration of NaCl, the more chlorine radicals and active 
chlorine species are generated, and these active substances react with 
ammonium ions to promote the removal of ammonia. 

During the actual wastewater treatment process, the amount of 
ammonia in water fluctuates, necessitating an investigation into how the 
initial quantity of ammonia impacts its removal efficiency. As depicted 
in Fig. 10a, with the increase in ammonia concentration, the change 
curve of ammonia concentration is linear and keeps parallel, indicating 

Fig. 7. (a) CER efficiencies of the Ti/Pt3 %-Co3O4, Ti/Co3O4, and DSA electrode in various concentrations of NaCl aqueous solutions (current density = 10 mA/cm2), 
(b) CER efficiencies and active chlorine levels of Ti/Pt3 %-Co3O4 electrode in various current densities (electrolyte concentration=50 mM NaCl). 

Fig. 8. Time courses of ammonia degradation by the Ti/Pt3 %-Co3O4 electrode under the different conditions: (a) electrodes, (b) pH. Operating condition: Surface 
area=20 mm×20 mm, T=25 ℃, current density=10 mA/cm2, t= 60 min, V=50 mL, 1 g/L (NH4)2SO4+20 mM NaCl. 
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that the effect of electrochemical oxidation of ammonia wastewater has 
little to do with the initial concentration of ammonia. 

The investigations in Fig. 10b and Fig. S8b explored the influence of 
current density on ammonia removal efficiency. The removal efficiency 

and kinetic constants of ammonia increased with increasing current 
density. Notably, at a current density of 5 mA/cm2, the rate of ammonia 
removal was maintained at a low level and the kinetic constant was only 
0.0042 min− 1; a higher level of ammonia removal was achieved at a 

Fig. 9. Time courses of ammonia degradation by the Ti/Pt3 %-Co3O4 electrode under the different conditions: (a) supporting electrolytes, (b) supporting electrolytes 
concentration. Operating condition: Surface area=20 mm×20 mm, T=25 ℃, current density=10 mA/cm2，t= 60 min, V=50 mL, 1 g/L (NH4)2SO4. 

Fig. 10. Time courses of ammonia degradation by the Ti/Pt3 %-Co3O4 electrode under the different conditions: (a) ammonia concentration, (b) current density. 
Opreating condition: Surface area=20 mm×20 mm, T=25 ℃，t=60 min, V=50 mL, 1 g/L (NH4)2SO4+20 mM NaCl. 

Fig. 11. (a) Stability of Ti/Pt3 %-Co3O4 electrode during ammonia degradation tests, (b) The mechanism of ammonia degradation by the Ti/Pt3 %-Co3O4 electrode in 
the different scavengers. 
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current density of 25 mA/cm2 with a kinetic constant of 0.021 min− 1. 
While an elevated current density and the subsequent increase in solu
tion surface temperature can, to some extent, enhance the electrode 
reaction at the surface, selecting an excessively high current density is 
not advisable. This is due to increased oxygen evolution side reactions at 
higher current densities[20]. 

3.4.2. Ammonia degradation stability and its mechanism 
The stability of the Ti/Pt3 %-Co3O4 electrode can be further evalu

ated through repeated ammonia electrolysis tests. As evident from  
Fig. 11a, the removal efficiency of the ammonia maintains a high level 
even after five consecutive repetitions of the test, demonstrating the 
good stability of the Ti/Pt3 %-Co3O4 electrode. 

During the electrolysis of aqueous sodium chloride solutions, various 
oxidants are generated, including free chlorine species (Cl2, HOCl, and 
OCl-) as well as •OH, Cl•, and Cl2•- radicals [15,57]. We chosed 
tert-butanol (TBA), Na2S2O3 and benzoic acid (BA) as scavengers to 
elucidate the ammonia oxidation mechanism, and the results are shown 
in Fig. 11b. It has been reported that BA can only burst •OH and Cl•, 
while TBA can burst •OH, Cl• and ClO•, and Na2S2O3 can burst •OH, Cl•
and ClO• and other free radicals and reactive chlorine species[58]. 
Notably, the addition of BA and TBA to the reaction system caused a 
slight but not significant inhibition in ammonia removal efficiency. 
However, when Na2S2O3 was added, a significant inhibition in ammonia 
removal efficiency was observed. Consequently, in the Ti/Pt3 %-Co3O4 
electrode system, the oxidants for ammonia degradation are chlorine 
radicals and active chlorine species. 

In summary, within the ammonia degradation system utilizing so
dium chloride as the supporting electrolyte, the electrolysis process 
gives rise to reactive species such as •OH and Cl•. Subsequently, HClO 
and ClO- are formed, which then interact with ammonium ions to pro
duce NH2Cl, NHCl2, and NOH in sequence. Ultimately, these reactions 
culminate in the generation of N2. 

4. Conclusion 

In summary, a low-content Pt-loaded Co3O4 electrode was success
fully synthesized using sol-gel method. The electrode exhibited superior 
chlorine evolution activity and higher ammonia degradation capability 
than the commercial DSA electrode and Ti/Co3O4 electrode. The chlo
rine evolution efficiency was as high as 96 % at a current density of 
10 mA/cm2 in dilute chloride solution. This good catalytic performance 
could be attributed to the increased oxygen vacancy content and the 
SMSI between Pt and Co3O4. In addition, the effects of electrode mate
rials, ammonia solution concentration, supporting electrolyte, current 
density, and pH on the ammonia removal efficiency were explored. 
Therefore, in this paper, a low-cost and efficient CER catalyst was pre
pared to rapidly oxidize ammonia to N2. 
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