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Abstract: The preparation temperature of an electrode strongly influences its 

electrochemical behavior. Thus our objective is to study the influence of the 

calcination temperature of RuO2 on its electrochemical behavior. In this work, the 

RuO2/Ti electrodes used were prepared thermally at 400 °C, 600 °C or 750 °C using 

brushes from diluted RuCl3.xH2O precursor solutions in isopropanol. 

Characterization by scanning electron microscopy confirms the presence of 

overlapping layers of ruthenium oxide, cracks and some pores. The characterization 

of these electrodes by X-ray diffraction confirmed the presence of RuO2 on their 

surfaces. The crystallinity of RuO2 increases with temperature and a mixture of two 

forms of ruthenium oxide is noted for the electrode prepared at 750°C. The 

electrochemical characterization showed that the prepared electrodes are porous. The 

electrode prepared at 600°C has the highest voltammetric charge. It is also noted that 

the electrode prepared at 600°C has the highest number of active sites. The study of 

the ferri-potassium ferrocyanide couple showed a quasi-reversible behavior of the 

on all the prepared electrodes. 

 

 

1. Introduction 

          Since the Volta cell, electrochemistry has developed enormously, both at the fundamental level 

and in terms of its application in various sectors: energy (production and storage), electrosynthesis, 

study of corrosion phenomena, preparation of reactive metals or non-metals, analysis, or even the world 

of life (Aly et al., 2025; Laouini et al., 2025; Diaz-Ramos et al., 2023; Kambiré et al., 2021 & 2022a; 

Koffi et al., 2021; Hmamou et al., 2013). The strength of electrochemistry lies in its multidisciplinarity 

(Aichouch et al., 2025; Alkhadra et al., 2022). As a result, it is continuously exploring new applications 

in various fields such as the treatment of urban wastewater, industrial wastewater, agricultural 

wastewater, hospital wastewater or more recently wastewater from the petrochemical industry 
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(AlJaberi et al., 2023; Batool et Zafar, 2025; Tran et Pham, 2023; Kambiré et al., 2022b; Kouadio et 

al., 2021; Errami et al., 2013), since biological treatments are becoming impotent when faced with 

refractory or recalcitrant molecules (Boutourda et al., 2025; Sadia et al., 2021; Zhu et al., 2023; Bar-

Niv et al. 2022; Dutta et al., 2024). However, this technique implies the choice of the electrode to be 

used as anode (Antonini et al., 2025; Tao et al., 2024; Fdez-Sanromán et al., 2024). The Ruo2 electrode 

is the preferred candidate because it has good oxygen evolution kinetics and its lifetime easily exceeds 

five years under industrial operating conditions (Kambire et al., 2015a & 2020a).  

         In addition to oxygen production, ruthenium oxide is used in many other fields. In industry, it is 

used in catalysis for various reactions such as ammonia production, acetic acid production from N-

heterocycles and alcohol oxidation (Ding et al., 2025). It is used in electrocatalysis for the production 

of chlorine, chlorine oxide and oxygen (Zhang et al., 2025), titanium coating in the electrolytic 

production of chlorine, chlorate and caustic (Lu et al., 2025). Ruthenium oxide is also used in stable 

deacon process, in electronics, Solar Cells, Biomedical Applications, Sensors, Jewelry and Alloys, 

Binder for cemented carbides (Liu et al., 2025; Li et al., 2025). 

         The use of ruthenium oxide anodes in electrochemistry involves them in reaction processes where 

the surface of the electrode through the electrode/electrolyte interface, participates enormously. Several 

studies have been carried out at the electrode/electrolyte interface in order to elucidate the reaction 

mechanisms taking place at this interface due to its complexity (Ollo et al., 2020; Kambiré et al., 2015b 

& 2020a; Appia et al., 2016). Similarly, to determine the structure of the electrodes involved in the 

reaction processes, physical methods such as scanning electron microscopy and X-ray diffraction are 

generally used (Subramaniyan et al., 2025; Achache et al., 2025; Kambiré et al., 2015c & 2021; Begum 

et al., 2022 ; Wafia et Samir, 2021 ; Kezhong et al., 2024).  

          The interest in the development of new electrodes, the surface structure determination and the 

study of their electrochemical behavior through a simple voltammetric method have motivated this 

work. The aim of this work is to prepare RuO2 electrodes by thermal process at different temperatures 

and to study the influence of temperature on their electrochemical behavior. This study will be carried 

out using cyclic voltammetries.  

2. Methodology 

The electrodes used in the following work were all prepared in our laboratory with appropriate 

metallic precursors. The coating precursors were prepared from RuCl3,×H2O (Fluka). All the 

precursors were dissolved in pure isopropanol (Fluka) used as solvent. The commercial products were 

used as received without any further treatment.  

The titanium substrates on which the electrode films were deposited have the following dimension 

1.6 × 1.6 × 0.5 cm. The surface of each substrate was sandblasted to ensure good adhesion of the 

deposit on it. After, sandblasting, all the substrates were washed vigourously in water and then in 

isopropanol to clean their surface from residual sands. The substrates were then dried in an oven at 

80°C and weighed. After that, the precursor was applied by a painting procedure on the titanium (Ti) 

substrate then put in an oven for 15 min at 80 °C in air to allow the solvent evaporation (Kambire et 

al., 2015a & 2015c). Then after, it is put in a furnace at 400 °C, 600°C or 750°C for 15 min in air to 

allow the decomposition of the precursor. These steps were repeated until the desired mass of the 

coating is reached. A final decomposition of 1 h was done at 400 °C, 600°C or 750°C. 

The voltammetric measurements were performed on the prepared electrodes in a three-electrode 

electrochemical cell using an Autolab PGStat 20 (Ecochemie). The electrodes used consist of the 

working electrode (prepared material), a platinum counter electrode (wound platinum wire) and the 

https://pubs.rsc.org/en/results?searchtext=Author%3ATao%20Guo
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reference electrode (RE) was a saturated hydrogen electrode (SHE). To overcome the potential ohmic 

drop, the reference electrode was mounted in a luggin capillary and placed close to the working 

electrode by a distance of 1 mm. The apparent exposed area of the working electrode was 1 cm2 

(Kambire et al., 2015a & 2015c). 

Products such as KClO4 (Prolabo), H2SO4 (Suprapur Merck), NaOH (Prolabo), K3Fe(CN)6 (Fluka) 

and K4Fe(CN)6 (Fluka) were used as received. All the solutions used in the current work have been 

prepared with distilled water. All the electrochemical experiments were made at ambient temperature 

of 25 °C (Kambire et al., 2015b). 

3. Results and Discussion 

3.1. Physical characterization of the electrodes 

3.1.1. Scanning electron microscopy (SEM) analysis 

The morphology characterization of the titanium substrates and the thermally prepared 

electrodes at the temperatures of 400°C, 600°C and 750°C was performed by SEM microphotos 

analysis. The results obtained are presented in Figure 1. 

 

  

   

Figure 1. SEM microphotos of RuO2 electrodes 

These microphotos show overlapping layers of ruthenium oxide, cracks and a few pores in 

accordance with the literature (Kambire et al., 2015a ; Appia et al., 2016 ; Pohan et al., 2020). The 

cracks observed on the ruthenium oxide surface occur during the cooling of the deposit due to the 

mechanical stresses produced by the difference in the thermal expansion coefficients of the 

substrate and the deposit (Kambire et al., 2015b). 
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3.1.2. Analysis of the electrodes by XRD 

The electrodes surfaces were analyzed by X-ray diffraction. The results obtained are shown in Figure 

2. This figure shows that at 400°C and 600°C, the peaks are at the same 2θ angle. The peaks are thinner 

at 600°C compared to 400°C. The position of these peaks is characteristic of rutile-type RuO2. The 

crystallinity of RuO2 increases with temperature. This is confirmed with the fineness of the peaks at 

750°C. Additional peaks are observed at 750°C. The presence of these peaks suggests a change in the 

nature of the RuO2 film. A mixture probably of two forms of ruthenium oxide. 

 
Figure 2. X-ray spectra of the electrodes 

3.2 Electrochemical characterization of the electrodes 

3.2.1. Electrochemical behavior of the electrodes in ferri/ferrocyanide redox couple               

The electrochemical behavior of the ferri/ferrocyanide redox couple was studied on the prepared 

electrodes. Figure 3 shows the influence of the potential scan rate on the behavior of the 

electrodes. For each electrode, we note the presence of a peak in the forward potential scan and a 

peak in the backward potential scan on the voltammograms indicating that an oxidation of the 

ferrocyanide ion and a reduction of the ferricyanide ion occurs. On these figures we can observe 

the increase in absolute values of the peak currents with the potential scan rate. The oxidation 

current peaks have been plotted against the square root of the potential scan rate for all 

electrodes. The results are presented in Figure 4. A linear evolution is observed for all the 

electrodes indicating that the process is diffusion controlled (Kambire et al., 2015a & 2015c). 

Figure 4 also shows that whatever the potential scan rate, the oxidation peaks current of the 

electrode prepared at 600°C is higher than those of the other electrodes. This clearly shows that 

the electrode prepared at 600°C is more conductive than the electrodes prepared at 400°C and 

750°C (Kambire et al. 2015c).  

Figure 3 also shows that the anodic peaks potentials increase (move in the increasing direction 

of potentials) when the potential scan rate increases. It is noted that the cathodic peak potentials 

decrease (move in the decreasing direction of potentials) when the potential scan rate increases. 

The potential difference (ΔEp) between the anodic peak potential and the cathodic peak potential 

was determined for each potential scan rate ranging from 5 mV/s to 150 mV/s. The results 

obtained are presented in Table 1. This table shows that the potential difference between the 
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anodic and cathodic peak currents is always greater than 60 mV for all electrodes regardless of 

the potential scan rate. These results show a quasi-reversible behavior of the ferri/ferrocyanide 

redox couple on all the electrodes studied (Pohan et al., 2013).   

 

  

Figure 3. Voltammetric curves at different potential scan rates of the electrodes in the presence of 0.1 M 

ferri/ferrocyanide redox couple in 0.1 M KClO4  

 

Figure 4. Evolution of anodic peaks current density against the square root of the scan rate for the all electrodes 
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Table 1. The gap between the peak potentials of the electrodes in 0.1 M ferri/ferrocyanide, supporting 

electrolyte: KClO4 0.1 M 

 

Potential scan rate ΔE (V) 

400°C 600°C 750°C 

5 mV/s 0.204 0.232 0.238 

20 mV/s 0.339 0.393 0.359 

50 mV/s 0.493 0.571 0.474 

75 mV/s 0.553 0.665 0.538 

100 mV/s 0.624 0.755 0.564 

150 mV/s 0.670 0.867 0.746 

 

3.2.2. Electrochemical behaviour of electrodes in sulphuric acid    

3.2.2.1. Aspect of the voltammograms 

The electrochemical characterization of the prepared ruthenium oxide electrodes was performed in 0.5 

M sulfuric acid (H2SO4). The measurements were performed at 25 mV/s on the prepared electrodes. 

 
Figure 5. Voltammograms of electrodes in 0.5 M H2SO4, v = 25mV/s 

Figure 5 gives the appearance of the voltammograms obtained. This figure shows that the electrode 

prepared at 400°C shows a shoulder at 0.78 V and an oxidation wave at 1.23 V. Hydrogen evolution 

starts at -0.17 V and oxygen evolution starts at 1.39 V. The stability domain of the supporting 

electrolyte is ΔE = E(O2) - E(H2) = 1.56 V. With the electrode prepared at 600°C, we observe a 

shoulder at 0.69 V and an oxidation wave at 1.19 V. The hydrogen evolution starts at -0.17 V and the 

oxygen evolution starts at 1.35 V. The stability domain of the supporting electrolyte is equal to 1.52 

V. For the 750°C electrode, a shoulder is also observed at 0.75 V and an oxidation wave at 1.13 V. 
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Hydrogen evolution starts at -0.22 V and oxygen evolution starts at 1.34 V. The stability domain of 

the supporting electrolyte is 1.56 V. For all 3 electrodes, Figure 5 shows, in the stability domains of 

the supporting electrolyte, a strong capacitive charge. It also shows that the anodic and cathodic peaks 

present are less marked. This weak peak definition is indicative of an inhomogeneous surface and 

characteristic of thermally prepared DSAs. The peaks and waves observed on the voltammograms 

can be attributed to the Ru(III)/Ru(IV) and Ru(IV)/Ru(VI) transitions respectively (Wen et Hu, 1992; 

Rosario et al. 2006). 

3.2.2.2. Voltammetric charging of the electrodes in sulfuric acid media  

Voltammetric measurements were performed on the different electrodes in their stability domain in 0.5 

M H2SO4 media at different potential scan rates. The results obtained with the prepared electrodes are 

presented in Figure 6. 

 

 

Figure 6. Cyclic voltammograms at different potential scan rates in the stability domain of the supporting 

electrolyte on the electrodes in 0.5 M H2SO4  

Figure 6 shows that the general shape of the voltamograms is independent of the potential scan rate. 

All voltammograms are quasi-symmetric in the potential range explored. Nevertheless, for potential 

scan rates below 30 mV/s and above 150 mV/s, the appearance of the curves changes significantly. 

This change is due to the relatively slow phenomena taking place at the surface of the electrodes at low 

potential scan rates and to the uncompensated ohmic drop in the solution for high potential scan rates. 

Similar results were obtained with all the prepared electrodes. 

       The electrochemical activity of ruthenium oxide can be characterized by the voltammetric charge 

(q) between the H2 and O2 evolution reactions. This charge is obtained by integration of the 

voltammograms areas. This integration led to the determination of the total charges q presented as a 
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function of the potential scan rate for each of the electrodes in Figure 7. The results obtained show 

that for a given potential scan rate, q varies from one electrode to another. We note that q increases 

from 400 to 600 °C. Then q decreases when the calcination temperature of the electrodes increases 

from 600 to 750°C. This shows that there is a change in the nature of the RuO2 film for temperatures 

above 600°C. These results indicate that the highest q was obtained with the electrode prepared at 

600°C. Whatever the potential scan rate, the decreasing order of voltammetric charges is: q (600°C) > 

q (400°C) > q (750°C). 

      Figure 7 shows a rapid decrease in voltammetric charges for low scan rates (from 5 mV/s to 30 

mV/s). This rapid decay stabilizes at high potential scan rates. The dependence of the voltammetric 

charges on the scan rate in potential (Kambiré et al., 2020b; Baronetto et al., 1994) is explained by the 

fact that there are regions of the surface containing active sites that are less accessible than others. These 

active sites, which are difficult to access, are progressively accessible as the potential scan rates 

decrease, which causes an increase in q. 

 

 

Figure 7. Evolution of the voltammetric charge as a function of the potential scan rate 

          At high potential scan rates, the various processes are surface phenomena (outer layer), whereas 

at low potential scan rates the processes take place in the inner and outer layers of the electrodes. 

By plotting the curves q = f(v -1/2) the values of the external charges (qext) of the electrodes can be 

determined. The equation q = f(v -1/2) is an affine line. Based on the model of Trasatti (Trasatti, 1991), 

Eqn. 1 will allow the determination of the electrode external charge. For an infinite scan rate 

corresponding to the extreme (largest) value of the potential scan rate, q(v) = qext is the intercept.  

q(v) = qext + k1 v -1/2                                                                                                                     Eqn. 1  

Where: k1 is a constant; v is the potential scan rate; q(v) is the measured voltammetric charge; qext(v) 

is the external (surface) voltammetric charge.   

Only the points that result from high potential scan rates (50 mV/s to 250 mV/s) are used for the 

determination of external charges with qext ≥ 0. 

Plotting the curves  
1

𝑞(𝑉)
 = f(v1/2) allows determination of the total charges values (qtot) of the 

electrodes. The equation 
1

𝑞(𝑉)
 = f(v1/2) is an affine line. For a scan rate corresponding to the scan rate 

https://www.sciencedirect.com/science/article/abs/pii/0013468694E0158K#!
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at zero potential (lower extreme) 
1

𝑞(𝑉)
 = 

1

q𝐭𝐨𝐭
 is the intercept. To obtain the internal charge, Trasatti 

(Trasatti, 1991) proposed another relation. 

   
1

𝑞(𝑉)
   = 

1

q𝐭𝐨𝐭
 + k2 v1/2.                                                           Eqn. 2 

Where: k2 is a constant; v is the potential scan rate; q(v) is the measured voltammetric charge; qtot(v) 

is the total voltammetric charge (surface + internal). 

         The points corresponding to low scan rate (from 5 mV/s to 30 mV/s) are used for the 

determination of total charges with qtot ≥ 0. 

In this work, the curves q(v)= f(v -1/2) and  
1

𝑞(𝑉)
 = f(v1/2) were performed for the different prepared 

electrodes. The curves obtained with the electrode prepared at 400 °C are shown in Figure 8A and 8B. 

Similar results were obtained with the other electrodes (curves not shown). These curves allowed to 

determine the internal and external charges of the electrodes. The results obtained are presented in 

Figure 9.  

  

Figure 8. Curves q(v)= f(v-1/2) and 
1

𝑞(𝑉)
 = f(v1/2) performed in 0.5 M H2SO4 on the electrode prepared at 600 °C 

 

Figure 9. Extrapolated values of charges as a function of temperature 
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            Figure 9 shows the internal, external and total charges of the prepared electrodes. We note 

that the internal charges are greater than 0 (qint > 0) for all the electrodes prepared. This result allows 

us to indicate that the prepared electrodes are porous. It appears that the surfaces inside the pores 

participate in the charging and discharging processes at the electrode/electrolyte solution interface. 

This figure shows that the internal, external and total charges increase when going from 400 °C to 

600 °C and then decrease from 750 °C. This shows that the electrode prepared at 600 °C has the 

highest number of active sites. 

Conclusion 

RuO2/Ti electrodes used in this work were prepared thermally at 400 °C, 600 °C and 750 °C from 

precursor solutions of RuCl3.xH2O in isopropanol. Characterization by scanning electron microscopy 

confirms the presence of overlapping layers of ruthenium oxide, cracks and some pores. The 

characterization of these electrodes by X-ray diffraction confirmed the presence of RuO2 on their 

surfaces. RuO2 crystallinity of increases with temperature and a mixture of two forms of ruthenium 

oxide is noted for the electrode prepared at 750°C. The electrochemical characterization showed that 

the prepared electrodes are porous. The electrode prepared at 600°C has the highest voltammetric 

charge. It is also noted that the electrode prepared at 600°C has the highest number of active sites. 

The study of the ferri-potassium ferrocyanide couple showed a quasi-reversible behavior of the on all 

the prepared electrodes. 
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