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Abstract 24 

In this work, it is proposed a novel strategy to increase the photostability of the ZnO 25 

photoelectrocatalyst under prolonged light irradiation, without the addition or deposition 26 

of metals and/or semiconductor oxides during their synthesis. This strategy is based on 27 

the use of a mixed metal oxide (MMO-Ru0.3Ti0.7O2) coating as the substrate for the 28 

electrodeposition of ZnO. To assess it, the electrodeposition of ZnO films on Ti and 29 

Ti/MMO substrates and the photoelectrocatalytic activity of these materials for the 30 

degradation of the herbicide clopyralid were studied. The results showed that the substrate 31 

directly influenced the photo-stability of the ZnO film. Under the incidence of UV light 32 

and polarization, the novel Ti/MMO/ZnO electrode showed greater photocurrent stability 33 

as compared to Ti/ZnO, which is a very important outcome because the behavior of these 34 

electrodes was similar when compared in terms of the degradation of clopyralid. Single 35 

electrolysis was not able to degrade efficiently clopyralid at the different potentials 36 

studied. However, the irradiation of UV light on the polarized surface of the Ti/ZnO and 37 

Ti/MMO/ZnO electrodes increased markedly the degradation rate of clopyralid. A 38 

synergistic effect was observed between light and electrode polarization, since the rate of 39 

degradation of clopyralid was twice as high in photoelectrocatalysis (PhEC) than in 40 

photocatalysis (PhC) and different intermediates were formed. From these results, 41 

mechanisms of degradation of clopyralid for the PhC and PhEC systems with the Ti/ZnO 42 

and Ti/MMO/ZnO electrodes were presented. Therefore, the Ti/MMO/ZnO electrode 43 

could be a cheap and simple alternative to be applied in the efficient photodegradation of 44 

organic pollutants, presenting the great advantage of having a facile synthesis and high 45 

capacity to work at relatively low potentials. 46 

 47 

 48 
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Highlights 52 

- Deposition of ZnO on Ti/MMO improves the adhesion and stability of the film 53 

- ZnO deposited on Ti/MMO results in a more porous electrode with large surface 54 

area 55 

- Insignificant differences in photoactivity between Ti/ZnO and Ti/MMO/ZnO  56 

- Photoelectrocatalysis present high clopyralid degradation efficiency for both 57 

anodes 58 

- Clopyralid oxidation mechanism was dependent on the oxidizing species and UV 59 

light 60 

  61 
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1. Introduction 62 

Pesticides have been widely used worldwide in agriculture to improve the quality and 63 

quantity of crops. However, most of these compounds are chemically stable, toxic, non-64 

biodegradable, and resistant to sunlight (Aquino et al., 2017; Souza et al., 2016; Xu et al., 65 

2013). Thus, these substances can be persistent contaminants in the environment, 66 

representing a potential risk to the ecosystem and human health. Therefore, several 67 

technologies have been used in the degradation of these compounds (Araújo et al., 2015; 68 

Brillas, 2014; Llanos et al., 2018; Morillo and Villaverde, 2017).  69 

The advanced oxidative processes (AOP) have stood out due to their high efficiency in 70 

the oxidation of recalcitrant organics, associated with the generation in situ of oxidizing 71 

species such as the hydroxyl radical (Sirés et al., 2014). Among these processes, 72 

heterogeneous photocatalytic oxidation has been proven to be effective in degrading a 73 

variety of recalcitrant organic compounds. However, the success of this process is directly 74 

related to the characteristics of the material used as a photocatalyst (Zhu and Wang, 75 

2017). 76 

ZnO photocatalysts are some of the most attractive semiconductor materials for 77 

photocatalytic applications because of their high photosensitivity, high redox potential, 78 

low toxicity, high photocatalytic activity, and low cost that is very remarkably when 79 

compared to other metallic oxides (Saravanan et al., 2013; Serrà et al., 2019a, 2019b). 80 

However, one of the main disadvantages associated with photocatalysis with ZnO is 81 

related to the photo-corrosion undergone with the irradiation of light over extended 82 

periods (Fu et al., 2008; Zhang et al., 2009). Thus, several research efforts have been 83 

made in order to improve the photostability of ZnO throughout its surface modification 84 

and doping [2,3]. Another significant factor with a substantial effect on the stability of 85 
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ZnO films is the proper immobilization and adhesion of these films to the conductive 86 

substrate on which they are deposited (Peleyeju and Arotiba, 2018). 87 

Different methods have been used to obtain ZnO, such as sol-gel, spin-coating (Huang et 88 

al., 2017), anodizing (Shetty and Nanda, 2012), spray pyrolysis (Sapkal et al., 2012), 89 

electrodeposition (Mahalingam et al., 2005), among others.  Electrodeposition has the 90 

advantage of being robust, low cost, and is capable of forming uniform and adherent 91 

films. Besides, it is possible to obtain different morphologies in the depositing of the films 92 

(Dai et al., 2013; Mahalingam et al., 2005). The formation of nanostructures can affect 93 

the photocatalytic properties of the material, improving the transport of light for the 94 

generation of charge carriers (Cerrón-Calle et al., 2019). The choice of the substrate for 95 

electrodeposition is essential because it directly affects the characteristics of the material 96 

formed (Stumpp et al., 2018). A highly porous substrate, in addition to having a high 97 

surface area, can influence the formation of particularly structured morphologies of the 98 

deposited film. In a photocatalyst, these hierarchical structures can improve both the 99 

adsorption of pollutants and the ability to capture light, leading to increasing 100 

photocatalytic activity of the material (Chou et al., 2007; Serrà et al., 2019a). In this way, 101 

the deposition of the ZnO film on a substrate with high electrochemical stability and 102 

surface area, such as mixed metal oxide (MMO) films, would be remarkable (Moura de 103 

Salles Pupo et al., 2019). 104 

Another disadvantage of the use of ZnO in photocatalysis is its high recombination of 105 

photogenerated charges (Mou et al., 2018). Thus, strategies such as the application of 106 

external potential can assist in the separation of charges and the formation of oxidizing 107 

species, improving the photocatalytic performance of the system. In photoelectrocatalysis 108 

(PhEC), the constant polarization of a photoanode under light irradiation and cell 109 

potential or constant current density, promotes the extraction of the photo-induced 110 
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electron (e−
cb) by the external electrical circuit, leading to an efficient separation of the 111 

photogenerated charges (e−
cb / h

+
vb) and decreasing its recombination(Garcia-Segura and 112 

Brillas, 2017). Therefore, PhEC has been shown to be a more efficient technique in the 113 

degradation of organic compounds when compared to photocatalysis (PhC), as there is a 114 

synergistic effect between electrochemical processes and light, thus generating more 115 

oxidizing species and increasing the time of photo-generated charges (Araújo et al., 2015; 116 

Philippidis et al., 2009; Rubí-Juárez et al., 2016). 117 

Taking into account this background, in this work, it has been evaluated the influence of 118 

Ti and MMO substrates on the electrodeposition of ZnO coatings and the photoactive 119 

stability of the resulting materials at different potentials. Thus, the photoactivity of the 120 

Ti/ZnO and Ti/MMO/ZnO photoelectrodes was evaluated based on the degradation of 121 

the herbicide clopyralid, used as a model compound, where the effect of light and 122 

potential applied were compared, and a degradation mechanism was proposed in order to 123 

understand the role of each parameter in the performance of these photoactive electrodes. 124 

2. Experimental 125 

2.1 Chemicals 126 

Clopyralid (99%), titanium (IV) butoxide (97%), ruthenium (II) chloride (RuCl3.xH2O, 127 

99.9%) and zinc acetate (99%) were purchased from Sigma-Aldrich. Potassium nitrate 128 

and anhydrous sodium sulfate were from Panreac. Methanol and HPLC grade formic acid 129 

were obtained Sigma-Aldrich. All aqueous solutions were prepared with ultrapure water 130 

from a Millipore Mili-Q Gradient system (resistivity 18.2 MΩ cm). 131 

 132 

2.2 Ti/ZnO and Ti/MMO/ZnO synthesis 133 
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Initially, the titanium substrates (6.25 cm2 area) were polished with sandpapers of 134 

different granulometry and carefully treated in 20% hydrochloric acid solution (HCl, 135 

38.0% from Neon®) and 10% oxalic acid solution (99.5%, from Vetec®) for 15 min each 136 

at 80 °C, being finally rinsed with ultrapure water. The acid treatment of the titanium 137 

plates is done to remove impurities and the TiO2 layer formed by the oxidation of the 138 

substrate surface in contact with air (Terezo and Pereira, 1999). 139 

The Ti/MMO substrate was obtained from a precursor solution deposited onto a 140 

previously treated titanium substrate. The precursor solution of MMO consisted of a 141 

mixture of ruthenium chloride and titanium butoxide in a molar ratio of 0.3/0.7 (Ru/Ti) 142 

maintained under mechanical stirring until complete dissolution at 80 °C in an ionic liquid 143 

(hydrogen sulfate-methylimidazolium) previously described (de Mello et al., 2018). This 144 

precursor solution was painted onto the titanium substrate surface until the full coverage 145 

of the titanium surface. At each deposited layer, the electrode was calcined for 5 min at 146 

400 °C, with the heating rate of 5 °C min–1. The titanium substrate was weighed before 147 

and after each layer of MMO to verify the deposited film mass. Layers of the MMO film 148 

were made until the coating reached a mass of 1.2 mg cm-2, where it was calcined for 1 h 149 

at 400 °C, thus obtaining the Ti/MMO substrate. 150 

ZnO was formed on the surfaces of Ti and Ti/MMO by electrodeposition and further 151 

calcination. For electrodeposition, the Ti and Ti/MMO substrates were submerged in an 152 

aqueous solution of 50 mM of zinc acetate in 0.1 M of potassium nitrate. The pH of the 153 

solution was adjusted to 5.8 with a 2.0 mM nitric acid solution. The solution was 154 

maintained at 80 °C, and the electrodeposition was performed initially on the Ti substrate 155 

applying a –1.1 V potential vs. Ag/AgCl (saturated KCl) for different times (5, 10, 20, 156 

30, and 60 min) and 30 min on the Ti/MMO anode. The deposition of ZnO can be 157 
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explained by the reaction of the Zn2+ ions present in the solution with hydroxide ions 158 

formed from the electrochemical reduction (Biswas et al., 2016), according to Eqs. (1–4).  159 

NO3
–
(aq) + H2O + 2e– → NO2

–
(aq) + 2OH–

(aq)
                                   (1) 160 

2H2O + 2e– → H2 + 2OH–
(aq)                                                         (2) 161 

CH3COO–
(aq) + H2O → CH3COOH(aq) + OH–

(aq)                           (3) 162 

Zn2+
(aq) + 2OH–

(aq) → Zn(OH)2(s) → ZnO(s) + H2O                        (4) 163 

After the electrodeposition step, the films were washed with ultrapure water and then 164 

calcined for 1 h at 400 °C with a heating rate of 5 °C min-1. The calcination temperature 165 

of ZnO in Ti also was studied at 500, 600 and 700 °C. 166 

 167 

2.3 Electrochemical characterization 168 

The Ti/MMO, Ti/ZnO and Ti/MMO/ZnO electrodes were used as working electrodes, 169 

Ag/AgCl (saturated KCl) from Metrohm as the reference electrode, and a Pt plate as a 170 

counter electrode in the electrochemical characterizations. The voltammetric profiles of 171 

the electrodes were evaluated by linear sweep voltammetry and cyclic voltammetry at a 172 

scan rate of 20 mV s-1 in an electrochemical cell with a capacity of 150 mL. 173 

Cyclic and linear sweep voltammetry experiments were performed between –0.6 and 174 

1.2 V in 0.1 M Na2SO4 solution without and with UV light irradiation, using a UVC 175 

lamp (with 254 nm) of 9 W, with photon irradiance (Ei; ~ 20 mW cm-2), in order to 176 

assess the photoactivity of the ZnO electrodeposited on different substrates. The same 177 

lamp was used for all experiments with light irradiation, in order to keep the photon 178 

flow constant, since it influences on the photoelectrocatalytic efficiency and 179 

photocurrent responses of the anode(Garcia-Segura et al., 2018). The ZnO stability in 180 

Ti and Ti/MMO substrates was studied by using chronoamperometry, applying different 181 

potentials (i.e., 0.2; 0.5, 0.7; 1.0, and 1.2 V) for 30 min under UV light irradiation. The 182 
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stability of the films was monitored by the difference between the initial photocurrent 183 

obtained by linear sweep voltammetry under light irradiation and after the application 184 

of each potential. All electrochemical measurements were carried out in a 185 

potentiostat/galvanostat (Autolab PGSTAT 302N - Metrohm), coupled to a computer-186 

controlled by the NOVA program, version 2.1. 187 

 188 

2.4 Physical characterization 189 

The morphology of the films and their elementary composition were obtained by using a 190 

field emission scanning electron microscope (FE-SEM; Zeiss GeminiSEM 500) with a 191 

coupled energy-dispersive X-ray (EDX) spectroscopy analyzer. The identification of the 192 

phases present in the oxide films deposited on Ti was carried out by X-ray diffraction 193 

patterns (XRD) taken using a Bruker-D8 Advanced X-ray diffractometer with Cu Kα 194 

radiation over a 2 θ range 20 °–80 °; scan rate of 0.02 ° min–1. 195 

2.5 Degradation assays 196 

The Ti/ZnO and Ti/MMO/ZnO electrodes were used as anodes for the degradation of the 197 

herbicide clopyralid, molecule presented at the Table 1. The degradation experiments 198 

were carried out in the same electrochemical cell used for the photocurrent measurements 199 

(system with three electrodes), with the lamp in the center and directly radiating the 200 

surface of the anodes. The effect of light and the application of potentials (0.2; 0.5, and 201 

0.7 V) in the degradation of 20 mg L–1 of clopyralid in 0.1 M Na2SO4 solution for 4 h was 202 

evaluated. 203 

 204 

Table 1. Some properties of Clopyralid 205 

Characteristics Clopyralid 
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Chemical structure 

 

Name 3,6-dichloropyridine-2-carboxylic acid 

Molecular weight (g/mol) 192.0 

 206 

2.6 Analytical techniques 207 

During the degradation experiments, aliquots were collected and filtered using a 0.22 µm 208 

filter before analysis. The concentration of clopyralid and the formation of organic 209 

intermediates were examined by an HPLC from Agilent 1100, equipped with a diode 210 

array detector adjusted to a wavelength of 280 nm and an Eclipse Plus C-18 column (4.6 211 

mm × 100 mm; 3.5 µm). The mobile phase used consisted of a mixture of methanol and 212 

water, 30/70 (v/v), the flow was 1.0 mL min–1, the injection volume 20 µL and a 213 

temperature of 20 °C. The formation of carboxylic acids was monitored by an HPLC with 214 

a ZorbaxSB-Aq column (4.6 mm × 150 mm) and a mobile phase of 5.0 mM H2SO4, λ = 215 

210 nm. 216 

   217 

3. Results and discussion 218 

3.1 ZnO electrodeposition and photoactivity 219 

The electrodeposition of ZnO was initially carried out on a Ti substrate and the films were 220 

calcined at 400 °C. Fig. 1a shows the linear sweep voltammograms obtained with the 221 

Ti/ZnO electrodes at different electrodeposition times in a 0.1 M Na2SO4 solution without 222 

and under lighting. With the incidence of light, the current of the linear sweep 223 

voltammograms increases when compared to a Ti/ZnO electrode in the dark, showing 224 

that in all conditions studied, the deposition of ZnO took place, which is a photoactive 225 
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semiconductor. The photocurrent of the electrodes varied with the deposition time of the 226 

ZnO. Insignificant differences in the photocurrent are noted for ZnO films obtained in 5 227 

and 10 min. The intermediate photocurrent densities (around 400 μA cm–2) yielded for 228 

these catalysts may be related to the formation of thin ZnO films and some failure in the 229 

total coverage of the Ti substrate (Fig. S1). However, an increase in the photocurrent is 230 

observed for the electrodes obtained at 20 and 30 min, with values of 700 and 900 µA 231 

cm–2, respectively. These films showed greater coverage of the Ti surface. A thicker ZnO 232 

film was formed when increasing the deposition time up to 60 min, and a decrease in the 233 

photocurrent of the material was observed. This outcome can be explained considering 234 

that very thick films can increase the recombination of the photogenerated charges, 235 

reducing the photoactivity of the material (Goulart et al., 2019). Another factor that can 236 

influence the decrease in photoactivity is an increase in the resistance of the 237 

electrodeposited metal oxide layer in longer deposition times. The morphological 238 

characterization of all films displayed in the Supplementary Material (Fig. S1), shows 239 

how the deposition time influences the amount of the deposited ZnO film.  240 
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241 

242 

Fig. 1. Linear sweep voltammograms of the Ti/ZnO electrode at different 243 

electrodeposition times (5, 10, 20, 30 and 60 min) calcined at 400°C (A) and at different 244 

calcination temperatures (400, 500, 600 and 700 °C) electrodeposited at 30 min (B); 245 

cyclic voltammograms of the MMO, Ti/ZnO and Ti/MMO/ZnO (C) electrodes; 246 

photocurrent behavior of Ti/ZnO (●) and Ti/MMO/ZnO (▲) electrodes applying 247 

potentials of 0.2, 0.5, 0.7, 1.0, and 1.2 V for 1800 s (D). All experiments were carried out 248 

in a 0.1 M Na2SO4 solution without and under irradiation of light. 249 

 250 

Another parameter studied in the formation of ZnO was the calcination temperature. Fig. 251 

1b shows the linear sweep voltammograms of the Ti/ZnO electrodes electrodeposited at 252 
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30 min and calcined at 400, 500, 600, and 700 °C without and under the incidence of 253 

light. The ZnO films obtained at 400 and 500 °C showed similar photocurrent values. 254 

However, photoactivation with the incidence of light and the stability of the photocurrent 255 

is slightly faster in the electrode obtained at 400 °C than at the calcined at 500 °C. At 400 256 

°C, there is the formation of ZnO films with different particle structures and sizes.  The 257 

non-uniformity of the particles appears to form a porous film and with high active area. 258 

The ZnO film obtained at 500 ° C also has porosity, with the formation of more uniform 259 

and aggregated particles compared to obtained at 400 ° C. The porosity  of the ZnO films 260 

at different calcination temperatures was evaluated using SEM images presented in 261 

supplementary material. The increase in the calcination temperature up to 600 and 700 262 

°C decreased the photoactivity of the electrodes. It may be related to the higher 263 

aggregation of the ZnO particles and the smaller surface area of the formed films (Fig. 264 

S2). The aggregation of particles during calcination can reduce the free available surface 265 

of the material, and the growth of the grains decreases the energy of the crystal surface. 266 

Increasing the calcination temperature can also shrink pores and cause compact shrinkage 267 

(Salavati-Niasari et al., 2009). Thus, the increase particles size due to crystallization, and 268 

the collapse of the mesoporous structure resulting from the agglomeration of ZnO 269 

particles, leads to a reduction in the surface area of the film (Baharudin, K. B.; Abdullah, 270 

N; Derawi, 2018). Therefore, lower photocurrents were produced by the films synthesized 271 

by using the highest temperatures (600 and 700 °C). Thus, the electrode calcined at 400 272 

°C was chosen to continue the study. 273 

Then, the deposition of the ZnO film on an MMO substrate was studied using the 274 

deposition time of 30 min and calcination at 400 °C. Fig. 1c shows the voltammetric 275 

behavior of the Ti/ZnO, Ti/MMO and Ti/MMO/ZnO electrodes without and with the 276 

incidence of light in a 0.1 M Na2SO4 solution. Cyclic voltammetry (CV) profile of the 277 
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Ti/MMO presents behavior typical of this type of electrode, with a wide region of double 278 

layer (i. e. pseudocapacitive behavior) in the potential range between the hydrogen 279 

evolution reaction (HER) and oxygen (OER) (de Mello et al., 2018; Santos et al., 2020). 280 

The photocurrent of the electrodes is measured by the difference between the current 281 

obtained by scanning the potential in the dark and under the incidence of light. The 282 

Ti/MMO electrode is not photoactive, so the voltammograms obtained in the dark and 283 

under light irradiation are similar. However, the ZnO film was successfully 284 

electrodeposited onto the Ti/MMO since the capacitive current of the voltammogram 285 

decreases, and the electrode is photoactivated under the incidence of light. In addition, 286 

the photocurrent observed for the Ti/ZnO and Ti/MMO/ZnO electrodes were quite 287 

similar, around 900 µA cm–2, which shows the effectiveness of the ZnO deposition 288 

method on the different substrates. The Ti/MMO/ZnO shows a CV profile similar to that 289 

found in the Au/ZnO electrode previously reported in the literature (Gao et al., 2018), 290 

with a poorly defined cathodic peak around 0.1 V and an anodic peak around 0.2 V 291 

attributed to ZnO. In addition, the capacitive behavior of Ti/MMO/ZnO may be assign to 292 

a process of electro-adsorption of Na+ ions in different electroactive locations of the ZnO 293 

film (ZnO + Na+ + e– ⇌ (ZnO)surface–Na+). 294 

One of the main problems of ZnO is its instability in the presence of light and the 295 

formation of films that are not very adherent to the substrate. Therefore, the stability of 296 

ZnO in metallic titanium and Ti/MMO substrates was studied. Fig. 1d shows the behavior 297 

of the photocurrent of the Ti/ZnO and Ti/MMO/ZnO electrodes by applying potentials of 298 

0.2, 0.5, 0.7, 1.0, and 1.2 V in a solution of 0.1 M of Na2SO4. The photocurrent of the 299 

electrodes decreases with the increase in the potential applied to both electrodes. 300 

However, starting at 0.7 V, the photocurrent stabilized for the Ti/MMO/ZnO electrode, 301 

which is very important in particular when compared to Ti/ZnO, where the photocurrent 302 
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reaches zero at potentials as high as 1.0 and 1.2 V. This behavior shows that on the 303 

titanium substrate, the ZnO is less stable, and the potential range in which this electrode 304 

is active is narrower. The use of the Ti/MMO substrate, on the other hand, increases the 305 

working potential range under the incidence of light. Due to the cracked-mud structure of 306 

the MMO film and its higher porosity, the ZnO film is deposited in a larger surface area. 307 

Even with the photocorrosion process taking place in the outermost layer of the ZnO film 308 

electrodeposited in MMO, the ZnO is adhered to the pores and contours of the MMO 309 

particles in the innermost layer of the electrode, maintaining the photoactivity of the 310 

material at high potentials. Thus, the deposition of ZnO on a film of a mixture of 311 

dimensionally stable oxides improves the adhesion and stability of the photoactive film. 312 

3.2 Structural and morphological characterization 313 

The morphology of the Ti/MMO electrode and the Ti/ZnO and Ti/MMO/ZnO electrodes 314 

deposited for 30 min and calcined at 400 °C was evaluated by scanning electron 315 

microscopy (SEM). The SEM images in Fig. 2a show that the Ti/MMO has the cracked-316 

mud type morphology typical of films obtained by thermal decomposition (da Silva et al., 317 

2018). The Ti/ZnO electrode image shows the formation of a ZnO film with different 318 

particle structures and sizes (Fig. 2b). However, the structure of ZnO changes when it is 319 

deposited on the MMO (Fig. 2c). Note the formation of a more porous electrode with 320 

smaller particles, which gives a larger surface area. 321 

The measures of energy-dispersive X-ray spectroscopy (EDX) showed the presence of 322 

oxygen, titanium, and ruthenium in the Ti/MMO electrode; oxygen, zinc, and titanium in 323 

the Ti/ZnO electrode and oxygen, titanium, zinc, and traces of ruthenium in the 324 

Ti/MMO/ZnO indicating the good coverage of the MMO film with ZnO. In Fig. 2 (d, e, 325 

f), the color mapping images are presented, whereas Fig. 2 (g, h, i) displays the EDX 326 

spectra of the Ti/MMO, Ti/ZnO, and Ti/MMO/ZnO electrodes, respectively. Note the 327 
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homogeneous dispersion of all the elements detected in the color mapping along the 328 

surface of the electrodes.  329 

330 

331 

332 

 333 

Fig. 2. SEM image, Elemental mapping, EDX spectra and XRD plots of Ti/MMO (A, D, 334 

G, and J), Ti/ZnO (B, E, H, and K), Ti/MMO/ZnO (C, F, I, and L). The Ti/ZnO and 335 

Ti/MMO/ZnO were obtained with 30 min of electrodeposition and calcinated at 400 °C. 336 

 337 

(A) (B) (C)

20 30 40 50 60 70 80 90

(J)

*

*

*

*

*

*

*

 

In
te

n
si

ty
 (

u
. 
a)

  degrees 

*

   

   RuO
2

   TiO
2

   Ti

20 30 40 50 60 70 80 90

(K)

****

*

*

*
**

*

In
te

n
si

ty
 (

u
. 
a)

  degrees 

 

*

   ZnO

   RuO
2

   TiO
2

   Ti

20 30 40 50 60 70 80 90

(L)

In
te

n
si

ty
 (

u
. 
a)

  degrees 

*

   ZnO

   RuO
2

   TiO
2

   Ti

*

****

*

** *



17 
 

The crystalline structures of the Ti/MMO, Ti/ZnO, and Ti/MMO/ZnO electrodes were 338 

evaluated by XRD (Fig. 2j, k, l). RuO2 was formed in the rutile phase (JCPDS 00-040-339 

1290), while TiO2 in the anatase (JCPDS 00-00109562) and rutile (00-004-0551) phases 340 

in the MMO electrodes. ZnO with hexagonal wurtzite structure (JCPDS 36-1451) was 341 

observed in the Ti/ZnO and Ti/MMO/ZnO electrodes. The metallic Ti found in the XRD 342 

of the electrodes is corresponding to the X-ray penetration through the titanium substrate 343 

(de Mello et al., 2018).  344 

3.3 Clopyralid degradation 345 

The photocatalytic activity of the Ti/ZnO and Ti/MMO/ZnO electrodes was evaluated in 346 

the degradation of clopyralid under UVC light irradiation and applying potentials of 0.2, 347 

0.5 and 0.7 V in 0.1 M Na2SO4 solution for 4 h. The rate of degradation of clopyralid is 348 

shown in Fig. 3, where the relative concentration of the molecule decays over 4 h under 349 

the different conditions studied. In the electrolysis, no degradation of clopyralid was 350 

observed for both electrodes investigated (Fig. S3). This behavior may be related to the 351 

low potentials applied during electrolysis, which make it impossible to generate reactive 352 

oxygen species responsible for the transformation of clopyralid by direct transfer 353 

processes. In addition, photoanodes present relatively low current in the absence of 354 

irradiation. However, the light played a fundamental role in the degradation of clopyralid. 355 

In the photolysis experiments (only UV light radiation), 18.2% of the molecule was 356 

degraded, Fig. 3a. This behavior may be related to the photoactive characteristic of most 357 

herbicides. The presence of aromatic rings, heteroatoms, and other functional groups in 358 

the structures of these compounds leads to the absorption of UV-vis radiation (direct 359 

photolysis) or photodegradation that occur from the reaction with photosensitive species 360 

(indirect photolysis) (Orellana-García et al., 2014; Prados-Joya et al., 2011). Although 361 

some studies in the literature report the low degradation of clopyralid under irradiation of 362 
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UV light (1.4 to 10% of degradation), and associate the results found with the formation 363 

of a bicyclic valence isomer (Dewar pyridine) formed under irradiation 254 nm, which it 364 

is re-aromatized in a few minutes making the system inefficient(Barbosa Ferreira et al., 365 

2020; Semitsoglou-Tsiapou et al., 2016), in our work, photolysis promoted about 20% 366 

degradation. It is important to note that in addition to the structural characteristics of the 367 

molecule, several other factors can influence the degradation process by photolysis, such 368 

as ultraviolet fluency, the molar absorption coefficient (1044 M-1 cm-1 for clopyralid) 369 

(Semitsoglou-Tsiapou et al., 2016), concentration of molecule, reaction medium, 370 

irradiation time, among others (Orellana-García et al., 2014). 371 

About 40% of the clopyralid was degraded in the photocatalysis experiments with the 372 

incidence of UVC light on the surface of the Ti/ZnO and Ti/MMO/ZnO electrodes. As 373 

the electrodes are made of a ZnO film that is a photoactive semiconductor, the irradiation 374 

of UV light promotes the generation of electron/hole pair (ecb
−/h vb

+). When ZnO is 375 

irradiated with light with energy greater than or equal to its energy band gap, the 376 

excitation of an e– from the valence band (vb) to the conduction band (cb) occurs, leading 377 

to the formation of an hvb
+. These photogenerated charges migrate separately to the 378 

material surface and react with O2 and OH– in the solution, leading to the formation of 379 

superoxide radical anions (O2
●–), hydroxyl radicals (●OH) and hydroperoxyl radicals 380 

(●OOH). Among these species, the hydroxyl radical is the oxidant with the greatest 381 

capacity to degrade organic pollutants present on or near to the surface of the catalyst 382 

(Stan et al., 2015).  383 

However, the ecb
−/hvb

+ pair usually recombines in the photoactive materials, reducing the 384 

formation of oxidizing species, directly influencing the photodegradation process. For 385 

this reason, the application of direct polarization on photoactive electrodes is generally 386 

used to increase the separation of the photo-generated charges and the efficiency of the 387 
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material (Papagiannis et al., 2018). An increase in the percentage of clopyralid 388 

degradation was observed in the photoelectrocatalysis experiments for both studied 389 

electrodes. The degradation of clopyralid was 71 and 77% in the Ti/ZnO and 390 

Ti/MMO/ZnO electrodes, respectively, applying a potential of 0.5 V and UVC light for 391 

4 h (Fig. 3a). Fig. 3b shows the decay of the relative concentration of clopyralid as a 392 

function of time in photoelectrolysis performed with potentials 0.2, 0.5, and 0.7 V. It was 393 

observed that the polarization of the electrodes was necessary to increase the efficiency 394 

of the clopyralid degradation process. At low potentials, 0.2 and 0.5 V, the percentage of 395 

clopyralid degradation is very similar, around 77%. However, applying 0.7 V, the 396 

degradation of clopyralid decreased down to 60%. The increase in potential promoted a 397 

slight decrease in the synergistic effect. Other researchers have also observed this 398 

behavior in the photoelectrodegradation of organic compounds (Byrne et al., 2002; Liu et 399 

al., 2011; Zhao and Zhu, 2006). When the applied potential exceeds 0.5 V in 400 

photoelectrolysis processes, the generation of degradation products on the catalyst surface 401 

is facilitated (Chang et al., 2017).  These oxidation intermediates formed in the first 402 

minutes of photoelectrolysis may have less complex structures and are more susceptible 403 

to degradation when compared to clopyralid. Thus, they are preferably  oxidized on the 404 

surface of the catalyst, inhibiting both the adsorption of the clopyralid on the electrode 405 

surface and the rate of degradation. 406 

 407 
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 408 

Fig. 3. Effect of photolysis, photocatalysis, electrolysis and photoelectrolysis (a) and 409 

photoelectrolysis at different potentials (b) on the degradation of 20 mg L–1 clopyralid in 410 

0.1 M Na2SO4 with Ti/ZnO (●) and Ti/MMO/ZnO (▲) electrodes.  411 

 412 

Fig. 4 shows the constant rates as a function of the polarization potential applied to the 413 

Ti/ZnO and Ti/MMO/ZnO electrodes under the incidence of UV light. The apparent 414 

degradation rate constants were 0.083, 0.312, 0.309, and 0.242 min–1 for Ti/ZnO and 415 

0.127, 0.307, 0.388, and 0.244 min–1 for Ti/MMO/ZnO from 0 V to 0.7 V respectively. 416 

All the photoelectrolysis rate constants were higher than in the photocatalysis 417 

experiments. The rate of degradation of clopyralid increased with increasing potential up 418 

to 0.5 V, and a steady rate decline was observed at 0.7 V. However, the rate of degradation 419 

at 0.7 V is still about twice that seen in photocatalysis for both the electrodes. The highest 420 

coefficient of synergistic effect for the Ti/ZnO electrode was about 3.7 (3.7 = 421 

0.312/0.083) at the 0.2 V potential and for the Ti/MMO/ZnO electrode it was 3.1 (3.1 = 422 

0.388/0.127) at the 0.5 V potential. 423 
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 424 

Fig. 4. Dependence of the rate constant on the different polarization potentials for the 425 

Ti/ZnO (●) and Ti/MMO/ZnO (▲) electrodes. 426 

 427 

The mechanisms of degradation of clopyralid by photocatalysis and photoelectrocatalysis 428 

with the Ti/ZnO and Ti/MMO/ZnO electrodes have been proposed.  429 

Regarding the photocatalytic process, with the incidence of light in the ZnO film, the e–430 

/h+ pair is generated (Eq. (5)). In the photocatalytic process, the photogenerated holes can 431 

directly oxidize the water generating ●OH radicals, and the excited electrons react with 432 

the O2 adsorbed on the surface of the electrodes generating O2
●– (Eq. (6) and (7)) (Verbic 433 

et al., 2019). All these species attack clopyralid transforming this herbicide into 434 

degradation products (Eq. (8)). However, the rate of charge recombination in this system 435 

is higher than in photoelectrocatalysis, and this may lead to a decrease in the degradation 436 

efficiency of clopyralid (Eq. (9)).  437 

ZnO + hν → ecb
− + hvb

+                                                                  (5)  438 

hvb
+ + OH– → ●OH                                                                         (6)  439 

ecb
− + O2 → O2

●–                                                                             (7) 440 

(ecb
− / hvb

+; ●OH; O2
●–) + Clopyralid → Degradation products      (8)  441 

hvb
+ + ecb

− → recombination of photogenerated loads                    (9) 442 
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 443 

During the photoelectrocatalysis, with anodic polarization, the excited electrons from the 444 

valence band to the ZnO conduction band are directed to the external circuit to the counter 445 

electrode, improving the separation of charges. Meanwhile, the photogenerated holes 446 

present on the ZnO surface area available to react with H2O and form ●OH radicals. In 447 

addition, the O2 adsorbed on the surface of the counter electrode can react with the 448 

injected electron and the O2 adsorbed on the surface of the photoactive electrodes (Ti/ZnO 449 

and Ti/MMO/ZnO) can react with the photoinduced electrons. Thus, the recombination 450 

of charges is reduced, resulting in a greater production of active species, such as O2
●– and 451 

●OH, improving the rate of clopyralid degradation. The reactions at the anode and cathode 452 

in the photoelectrocatalysis are shown in Eqs. (5) to (10). 453 

ZnO + bias potential → external circuit                                  (10) 454 

As clopyralid proved to be photosensitive, part of its degradation may also occur by the 455 

incidence of UV light (Eq. (11)). In addition, the excited electrons from clopyralid can be 456 

transferred to the conduction band of ZnO, forming oxidizing species in both 457 

photocatalysis and photoelectrocatalysis, according to Eq. (12).  458 

Clopyralid + hν → Degradation products                              (11)  459 

Clopyralid + hν → Clopyralid*                                             (12)   460 

The formation of intermediates was monitored by HPLC. The 2-chloropicolinic acid was 461 

identified as the main degradation product in the photolysis, photocatalysis, and 462 

photoelectrocatalysis experiments for both electrodes (Fig. 5). In the 463 

photoelectrocatalysis performed at 0.2 and 0.5 V, the formation of another unidentified 464 

intermediate was also observed but in negligible concentrations. The generation of this 465 

new intermediate in the photoelectrocatalysis processes indicates that the coupling of 466 

processes can accelerate the fragmentation of the clopyralid.  467 
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  468 

Fig. 5. 2-chloropicolinic acid formed as intermediate during the photolysis, 469 

photocatalysis, and photoelectrocatalysis of clopyralid with the Ti/ZnO (●) and 470 

Ti/MMO/ZnO (▲) electrodes. 471 

 472 

The formation of non-aromatic intermediates was also verified in different potentials for 473 

both studied electrodes, including oxalic and oxamic acids in photoelectrolysis and traces 474 

of oxamic acid in photolysis, Fig. 6. 475 

 476 

Fig. 6. Carboxylic acids formed in the experiments of photolysis, photocatalysis, and 477 
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photoelectrocatalysis of clopyralid with the Ti/ZnO (●) and Ti/MMO/ZnO (▲) 478 

electrodes. 479 

 480 

Hence, the degradation rate of clopyralid and the intermediate products formed during 481 

the photocatalysis and photoelectrolysis processes were very similar using the Ti/ZnO 482 

and Ti/MMO/ZnO electrodes. These data show that the ZnO film actually acts in the 483 

degradations since insignificant differences in the photoactivity arisen when these films 484 

were deposited on titanium or Ti/MMO substrates. However, it was found that the 485 

stability of the ZnO film under light and potential is much higher when the Ti/MMO 486 

substrate is used as compared to the titanium substrate. 487 

 488 

 489 

Conclusions 490 

From this work, the following conclusions can be drawn: 491 

- The photocurrents of the Ti/ZnO and Ti/MMO/ZnO electrodes were similar, with 492 

the incidence of UV light, showing that in the best conditions of electrodeposition 493 

and calcination temperature, Ti and MMO substrates were coated successfully 494 

with a ZnO film photoactive; 495 

- The Ti/MMO/ZnO showed the greatest photocurrent stability with the application 496 

of external potentials, showing that the substrate can influence on the stability of 497 

the deposited ZnO film. 498 
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- There was no significant degradation of Clopyralid in the electrolysis experiments 499 

for the two studied electrodes since in the photoanodes, the application of the 500 

potential generates very low currents in the absence of light. 501 

- Photocatalysis attains the degradation of about 40% of the clopyralid, while photo-502 

electrocatalysis achieves around 77% of degradation at 0.5 V for both electrodes. 503 

From these results, a mechanism of oxidation of clopyralid was proposed with 504 

oxidizing species formed from the ecb
−/hvb

+ pair and external polarization. 505 

The incidence of light and the polarization of the electrodes were fundamental in the 506 

photoactivation and separation of the photo-generated charges of the ZnO film, promoting 507 

an increase in the degradation of the clopyralid. 508 
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Fig. S1. SEM images of the Ti/ZnO electrodes obtained at different electrodeposition 754 

times (5, 10, 20, 30, and 60 min). 755 
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Fig. S2. SEM images of the Ti/ZnO electrodes synthesized using different calcination 762 

temperatures (400, 500, 600, and 700 ° C). 763 
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 769 

Fig. S3. Effect of the potential on the degradation of 20 mg L−1 clopyralid in 0.1 M 770 

Na2SO4 with the Ti/ZnO and Ti/MMO/ZnO electrodes. 771 
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