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a b s t r a c t

The increasing occurrence of pesticide micropollutants highlights the need for innovative water treat-

ment technologies, particularly for small-community and household applications. Electro-oxidation is be-

ing widely studied in this area, unfortunately, safe, stable and efficient electrocatalytic anodes without

released heavy metal ions are still highly required. In this study, we fabricated a Pt/Ti anode by high

energy pulse magnetron sputtering (HiPIMS-PtTi) which was used to decompose dichlorvos (DDVP) and

azoxystrobin (AZX) in water. The results show that the reaction rate constant (kENR) on HIPIMS was 35.7

min–1 (DDVP) and 41.3 min–1 (AZX), respectively, superior to electroplating Pt/Ti anode (EP-PtTi). The

identification of radicals (•OH, 1O2,
•O2

−) and micro-area analyses evidenced that Pt atoms were embed-

ded into the TiO2 lattice on the surface of Ti plate by high-energy ions, which resulted in more adsorbed

hydroxyls, and higher production of •OH under polarization conditions. Besides, the electro-oxidation in-

termediates of DDVP and AZX were identified and the degradation pathways were speculated: (1) indirect

oxidation dominated by •OH attack, and (2) direct electron transfer reaction of pesticides on the anode

surface. The cooperated reactions achieve the complete degradation and highly efficient mineralization of

DDVP and AZX.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The increasing usage of pesticides in the field of agricultural

cultivation has been found to be a significant risk to water sup-

plies [1,2]. More than 90% of pesticides used are released to the

aqueous environment by leaching and surface runoff [3]. For exam-

ples, the residues of organophosphorus pesticides such as dichlor-

vos (DDVP) may lead to respiratory failure, delayed neuropathy and

endocrine disorders [4]. More than 70% of strobilurins pesticides

such as azoxystrobin (AZX) were leached into the environment by

rainfall, posing a potential threat to human health and the ecolog-

ical environment [5]. Pesticide residues can accumulate along with

food chain, which may cause a long-lasting effect on ecosystems

[6]. Closely related to daily life, it is difficult to completely remove

pesticide residues on the surface of vegetables and fruits by rins-

ing. Therefore, how to rapidly and efficiently clarify the pesticide

residues and eliminate the threat to human health is an important

scientific issue.

Electrocatalysis has been widely applied to treat the pesticide-

contaminated water [7–10]. The removal efficiency of boron-doped

diamond (BDD) anode for various pesticides can reach above 90%
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[11–14]. Dimensionally stable anodes (DSA), such as Ti/SnO2-Sb/Ce-

PbO2 anode, can also degrade 2,4,5-trichlorophenoxyacetic acid

and benzophenone effectively [15–18]. Unfortunately, BDD anode

is too expensive for practical application. As for traditional DSA an-

ode, the Sn4+, Pb2+, Sb3+ and other non-noble metal ions are po-

tentially released from the surface and lead to the secondary pol-

lutions and health problems [19–21]. By contrast, noble metal an-

odes (NMAs) take advantage of low toxicity, high conductivity, and

oxidation resistance [21–23]. Among NMAs, Pt/Ti composite anodes

are used more on laboratory due to strong tolerance and high plas-

ticity [24,25]. However, the traditional electroplating Pt/Ti anodes

usually have low efficiency and short lifetime, which is caused by

the weak binding between Pt and Ti substrate [26,27]. Generally,

the Pt/Ti anodes will lose their electrocatalytic activity in several

weeks, even in several days under the actual working conditions.

In this study, we fabricated Pt/Ti anodes by high energy pulse

magnetron sputtering (HiPIMS-PtTi), and electroplating processes

(EP-PtTi) as a comparison (Materials and methods in Supporting

information), and named them after their processing time (min).

The surface structures of four Ti-based modified anodes were ob-

served under scanning electron microscope (SEM, Fig. S2 in Sup-

porting information). The surfaces of HiPIMS-PtTi30 and HiPIMS-
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Fig. 1. (a) HiPIMS-PtTi30, HiPIMS-PtTi120, EP-PtTi30, EP-PtTi120 anode X-ray diffraction spectrum. (b) The low-resolution X-ray photoelectron full spectrum of four anodes.

The high-resolution Pt 4f spectrum of HiPIMS-PtTi30 (c), HiPIMS-PtTi120 (d), EP-PtTi30 (e) and EP-PtTi120 (f). (g) Linear voltammogram of four electrodes. (h) Impedance

spectrum of HiPIMS-PtTi30, EP-PtTi30 and Ti electrodes.

PtTi120 prepared by magnetron sputtering show more ravines and

gullies. The uneven structures are obviously generated by the ox-

alic acid etching of Ti plate. The Pt/Ti anode prepared by HiPIMS

is still a pristine place. In other words, the HiPIMS results in the

Pt atoms implanted into the crystalline of the Ti plates and inte-

grated with them together to improve the adhesion between the

coating and the substrate, and thus ensures the coating attached

tightly to the metal surface [28,29]. While the EP-PtTi30 and EP-

PtTi120 prepared by electroplating show smoother surfaces. More

particles and compact structures were observed. Based on the sta-

tistical calculation of the surface particle size, it is found that the

particle sizes of HiPIMS-PtTi30 are 5–10 nm, and the average size

is about 7 nm. While the particles on HiPIMS-PtTi120 are similar

but bigger, with an average size of 8.5 nm. As for EP-PtTi30 and

EP-PtTi120, the average particle size is about 15 nm and 18 nm,

respectively.

The crystal structures of four anodes were investigated by X-ray

diffraction (XRD, Fig. 1a). The diffraction peaks at 2θ = 35.1°, 38.4°,
40.2°, 53.0° and 70.7° correspond to the (110), (101), (200), (102)

and (103) crystal planes of Ti. The diffraction peaks of HiPIMS-

PtTi30 and HiPIMS-PtTi120 anodes at 2θ = 39.9° and 46.4° cor-

respond to the (111) and (201) crystal planes of Pt, respectively,

with the spacing distances of 0.226 nm and 0.196 nm. As shown

in Fig. 1a, the Pt coatings grow along with the (111) crystal plane

orientation, indicating typical face-centered cubic crystals were

formed on four anodes [4,5]. The Pt on HiPIMS-PtTi30, HiPIMS-

PtTi120, EP-PtTi30 and EP-PtTi120 were identified as PDFs #89–

7382, 70–2057, 87–0640 and 87–0640, respectively, indicating that

the Pt crystal structures were slightly different. The average diam-

eters of Pt particles in HiPIMS-PtTi30, HiPIMS-PtTi120, EP-PtTi30

and EP-PtTi120 anodes are 5.7 nm, 8.4 nm, 13.5 nm and 20.2 nm,

respectively, calculated by Scherrer formula and half peak width of

Pt(111) diffraction peak. These results are consistent with that of

SEM. The size of Pt particles prepared by electroplating was larger

than that by magnetron sputtering. Under a high current density,

the cathodic polarization will be enhanced, so the sizes of Pt par-

ticle are reinforced [30].

The X-ray photoelectron spectroscopies (XPS) of four Pt/Ti an-

odes are shown in Fig. 1b. It is also inferred that Pt was uniformly

loaded onto the surface of Ti matrix, forming a stable metal coating

[31]. The Pt on four anode surfaces was further critically scanned

and fitted by deconvolution, as shown in Figs. 1c-f. The Pt 4f bind-

ing energies corresponding to the two maximum absorption peaks

of HiPIMS-PtTi30 anode are 71.8 eV and 75.0 eV, respectively. The

binding energies of metallic Pt are mainly 71.7–71.9 eV (4f7/2) and

74.8–75.0 eV (4f5/2), while those of oxidized Pt are higher [32].

Therefore, it can be concluded that the main existing form of Pt

in HiPIMS-PtTi30 anode is the metallic state. Comparing the peak

positions of Pt 4f prepared by two methods (Table S3 in Supporting

information), the 4f7/2 peaks in HiPIMS-PtTi30 and HiPIMS-PtTi120

are split into duet and triplet, and slightly redshift, which may

be due to the Pt particles on the HiPIMS-PtTi surface prepared by

magnetron sputtering had higher dispersion and were partially ox-

idized [32,33].

The oxygen evolution potentials (OEP) of four anodes were

tested by linear voltammetry. The linear sweep voltammetry (LSV)

curves were obtained under the scanning voltage range of 0–2.0 V,

as shown in Fig. 1g. The OEPs of HiPIMS-PtTi30, HiPIMS-PtTi120,

EP-PtTi30 and EP-PtTi120 were 1.42 V, 1.48 V, 1.52 V, and 1.55 V

(vs. Ag/AgCl), respectively. The higher OEP effectively expands po-

tential windows for the degradation of organic pesticides in water

[34–36]. The similarly OEPs indicated that the ability of these four

electrodes to occur oxygen evolution side reaction is equivalent.

Meanwhile, Fig. 1h shows that the impedance values of three elec-

trodes are low, indicating that the conductivity of HiPIMS-PtTi30

and EP-PtTi30 are good.

The degradation of DDVP and AZX on different Pt/Ti anodes was

evaluated as shown in Fig. 2. On HiPIMS-PtTi30 anode, removal

efficiency of DDVP and AZX reached 88.2% and 91.7% respectively

within 1 h. By applying pseudo-first-order kinetics model (Eq. S1

in Supporting information), the removal kinetics of AZX and DDVP

by four anodes shows significant linear relationship (Figs. 2b and

d). As shown in Table S4 (Supporting information), the degrada-

tion efficiency constant (kENR) on HiPIMS-PtTi30 for DDVP is 35.7

min−1, which is 2.04, 1.59 and 2.46 times of HiPIMS-PtTi120, EP-

PtTi30 and EP-PtTi120, respectively. The kENR on HiPIMS-PtTi30

for AZX is 41.3 min−1, which is 3.36, 1.07 and 3.47 times of

HiPIMS-PtTi120, EP-PtTi30 and EP-PtTi120, respectively. Further-

more, HiPIMS-PtTi30 possesses the highest quantum efficiency for

the degradation of pesticides, which is consistent with the results

of the above discussion (Table S5 in Supporting information).

The effects of pH on the degradation of DDVP

([DDVP]0 = 10 mg/L) by HiPIMS-PtTi30 were investigated at

pH 2.0, 4.0, 7.0, 8.0 and 10.0. The DDVP degradation efficiency was

measured and fitted by first-order kinetics. The results are shown

in Figs. 2e and f. At pH 4.0, kENR is the highest (35.5 min−1),
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Fig. 2. Electrocatalytic degradation of DDVP (a, b) and AZX (c, d) on HiPIMS-PtTi30, HiPIMS-PtTi120, EP-PtTi30, EP-PtTi120, and the effects of pH on degradation of DDVP (e,

f) on HiPIMS-PtTi30. Current density 60 mA/cm2; [Na2SO4] = 22.5 mmol/L, d = 2 mm, [DDVP]0 and [AZX]0 10 mg/L; reaction volume: 500 mL.

Fig. 3. (a) Electron spin resonance detection results of ROS. The law of •OH (b),
•O2

− (c) and 1O2 (d) production on four anodes.

which is 7.8 times higher than that under neutral conditions

(Table S6 in Supporting information). This may be due to the

reinforced oxidizability of •OH under acidic conditions [37–39].

However, when pH value is too low, the formation of •OH will be

suppressed [40,41] and the high concentration of H+ may result

in side reaction of hydrogen evolution (HER) [42]. At pH 8.0 and

10.0, kENR are 9.98 and 13.5 min−1, respectively, due to the slightly

decrease of oxidizability of •OH under alkaline conditions [43].

Meanwhile, studies have shown that DDVP becomes more active

and prone to hydrolysis under alkaline conditions than under

neutral conditions, depending on its pKa value [39]. The degrada-

tion of AZX on HiPIMS-PtTi30 anode was also carried out under

different current densities. The variation of AZX removal efficiency

against reaction time is shown in Fig. S4 in Supporting informa-

tion, as well as the kinetic parameters (Table S6 in Supporting

information). When the current density increases from 6 mA/cm2

to 60 mA/cm2, the degradation efficiency of AZX raised from 3.89

min−1 to 41.81 min−1 in 1 h. The removal efficiency reaches 91%

as well. Obviously, the yields of reactive oxygen species (ROS) are

reinforced dramatically under higher exchange current density

[23]. The energy consumption of AZX increases with the increase

of the current density within 6–48 mA/cm2 (Fig. S4c in Supporting

information). However, when the current density was 60 mA/cm2,

Fig. 4. Potential reaction pathway of DDVP (a) and AZX (b) in electrocatalytic sys-

tem.

the energy consumption dropped, due to the lower power applied

to the degradation of AZX [39]. AZX cyclic electrolysis experiment

was carried out on the four anodes to test stability of Pt/Ti anode

(Fig. S5 in Supporting information). Although the Pt coating of

EP-PtTi spalled in different degrees after the strengthening life

test, the catalytic effect did not fluctuate greatly.

The electron spin-resonance spectroscopy (ESR) for ROS gener-

ated during the electrocatalysis reaction is shown in Fig. 3a. There

was not only 4-oxo-2,2,6,6-tetramethyl-1-peridinoxy (TEMPO) pro-
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duced by 1O2 in the system but also the production of •OH. The

peak strength ratio of •OH was 1:2:2:1, corresponding to the spin

adduct DMPO-•OH [44]. Also, •O2
− was captured by DMPO in

methanol solution, and six typical peaks of DMPO-•O2
− signal ap-

peared on ESR. Therefore, it can be assumed that ROS in the elec-

trocatalysis system mainly included •OH, 1O2 and •O2
−, acting to-

gether to degrade the typical pesticide in water. The production of
•OH on the surface of four Pt/Ti anodes was measured. As shown

in Fig. 3b, the yield of •OH concentration prepared by magnetron

sputtering (HiPIMS-PtTi30, HiPIMS-PtTi120) was higher than that

by electroplating (EP-PtTi30, EP-PtTi120). When the current den-

sity was 60 mA/cm2, the cumulative concentration on each anode

within 30 min conformed to the quasi-zero order reaction kinetics

[44].

In an electrocatalytic reaction, the formation process of •O2
− is

relatively complex, mainly concluding two reactions. One reaction

is •OH and H2O molecules are anodically adsorbed and oxidized to

form •OH (Eq. 1), then the quenching reaction between •OH takes

place to form •O2
− (Eq. 2) [45]. The other is the reduction of O2

adsorbed on cathode to generate •O2
− (Eq. 3) [44]. Therefore, the

production of •O2
− does not conform to the pseudo-first-order ki-

netics. Fig. 3c shows that •O2
− was produced in all four electro-

catalysis systems, and the yield efficiency fluctuated. Meanwhile,

the 1O2 concentrations on the four anodes gradually decreased

with reaction processing (Fig. 3d) due to the furfural alcohol was

destroyed by the stronger oxidants than 1O2.

In a Pt/Ti electrocatalysis reaction, •OH has the strongest oxi-

dation capacity, which plays a dominating role in the electrocat-

alytic degradation of pesticide pollutants [46]. Based on the identi-

fication of intermediates, DDVP can be transformed into trimethyl

phosphate, formic acid and acetic acid, and then these interme-

diates will be further decomposed into small molecular inorganic

substances [47]. There are four main reaction pathways (Fig. 4a),

where pathways 2 and 4 are direct oxidation. The anodic adsorp-

tion of DDVP occurs redox reaction through electrons gain and

loss. Pathways 1 and 3 are indirect electrocatalytic oxidation pro-

cesses dominated by •OH. DDVP is eventually degraded into inor-

ganic small molecules such as CO2, H2O, PO4
3–.

OH− + H2O − 2e− → 2•OH + H+ (1)

•OH + •OH − e− → •O2
− + 2H+ (2)

O2 + e− → •O2
− (3)

AZX is structurally stable and requires a high positive poten-

tial to launch the redox reaction [47]. The degradation of AZX is

mainly through the oxidation of aromatics and alkylaromatics, that

is, the solvent in the system promotes the nucleophilic attack of

electron-deficient carbon atoms, which leads to the formation of

substitution products. Fig. 4b shows two main possible mecha-

nisms. Firstly, AZX loses electrons to form radicals (pathways 1

and 2 take place at different reaction sites). By reacting with pro-

ton (H+), radicals are formed and the formation of carbocation is

promoted [48]. In the presence of polar solvents, the carbocation

is vulnerable to nucleophilic attack, generating four intermediate

products. Some intermediates may exist stably in the system, and

others may be further oxidized to small molecules [47,49].

In summary, the catalytic degradation activity of Pt/Ti anodes

prepared by magnetron sputtering method for DDVP and AZX is

significantly better than those prepared by electroplating. Eviden-

tially, the kENR of HiPIMS-PtTi30 anode for DDVP and AZX was 35.7

min−1 and 41.3 min−1, higher than that on EP-Pt/Ti by 2.46 and

3.47 times, respectively. Ti substrate is also firmly bonded with

Pt coating, which results in more adsorption sites for −OH un-

der polarization conditions, and higher production of hydroxyl rad-

ical (•OH). Based on the analyses of the degradation mechanism of

DDVP and AZX, two reaction pathways involving direct oxidization,

indirect oxidization, electron transfer, and hydrolysis are proposed.
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