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ABSTRACT 
The use of titanium oxide nanotubes in the hydrogen evolution reaction (HER) was studied. Nanotubes were grown 
on titanium substrates through the anodizing process. Using the X-ray diffraction technique, the structure of the 
samples was determined. The surface roughness values of the samples after the anodizing process were determined 
by applying atomic force microscopy. The reaction kinetics were studied through electrochemical impedance 
spectroscopy and potentiodynamic polarization curves at repeated oxidation-reduction cycles, using a 0.5 M sulfuric 
acid solution as the electrolyte. Stability in contact with the solution and the establishment of a balance in the load 
transfer coefficients and the kinetics as a function of hydrogen production cycles were determined using 
electrochemical impedance spectroscopy and potentiodynamic curve techniques. 
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INTRODUCTION 
Cyclic voltammetry is one of the most widely used potentiodynamic electrochemical techniques in the 
study of reaction mechanisms. It provides rapid information on the redox processes of electroactive 
species by measuring the resulting current as a function of the applied potential1,2. The test is carried out 
by applying an initial potential (Ei) varying linearly to the final value (Ef). Subsequently, maintaining the 
same potential range, the direction of the scanning potential is reversed. A three-electrode arrangement is 
used: an auxiliary electrode (counter electrode), a working electrode to which the potential is applied, and 
a reference electrode. This configuration of electrodes completes the electrical circuit from the signal 
source. As mentioned above, cyclic voltammetry is used in the determination of reaction mechanisms, 
heterogeneous rate constants, the diffusion coefficient of electroactive species, and the number of 
electrons transferred through an oxidation process3. 
Furthermore, cyclic voltammetry is used in the characterization of conductive oxides. A potential sweep 
is applied that generates a characteristic current response of the electrode under study. These curves 
monitor variations in the surface conditions of the electrodes in real-time. They are generally recorded in 
the reaction region of hydrogen and oxygen in an inert support electrolyte medium4. 
Electrochemical Impedance Spectroscopy (EIS) is an electrochemical method used in corrosion studies 
and evaluating the protective efficacy of coatings5-11. It is based on alternating current (AC) signal applied 
to an electrode (metal in corrosion) and determining the corresponding response. The advantages of this 
technique over potentiodynamic polarization is the fitting of data and the interpretation of EIS spectra 
through models of equivalent electrical circuits12-17. The results of EIS are obtained and interpreted by an 
equivalent circuit. The electrode material can be prepared using the thermal decomposition method of 
polymeric precursors18. Another method is sol-gel; however, in this investigation, we use the method of 
anodizing a sheet of titanium. 
Several methodologies have been implemented to obtain TiO2 nanostructured tubes. Methods such as 
chemical, electrochemical, and sol-gel stand out for their simplicity. There are other, more sophisticated 
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methods such as vapor deposition, sputtering, and arc discharge. In simple methods, the synthesis of 
nanotubes is carried out in four routes:  

1. The hydrothermal route where TiO2 is reacted in NaOH's solution with constant stirring and a 
temperature of 200 °C.  

2. In the electrochemical route, a titanium plate immersed in a compound electrolyte by controlled 
amounts of water and fluorides is anodized at specific voltages. 

3. Deposition route in which the material is deposited in a mold (porous alumina) forming the 
tubes17 and, 

4. Anodic oxidation route in which two metal plates (anode and cathode) immersed in an electrolyte 
apply, and varying voltage. An oxide layer is created on the anodic plate which adheres to the 
"anodized" material, producing the nanotubes20. 

This paper describes the use of EIS for the equivalent circuit and cyclic voltammetry technique. X-rays, 
SEM, and AFM, were also used to evaluate the surface of the samples before and after 1000 cycles. 
 

EXPERIMENTAL 
As support for the growth of nanotubes, a titanium sheet with a thickness of 0.03 mm and purity of 99.6% 
was used. The anodic immersion solution was composed of distilled water, 40% hydrofluoric acid (HF) 
(Panreac) ethylene glycol (EG) (Aldrich-Sigma), an organic solvent, and ammonium fluoride (NH4F) 
(Panreac). Figure-1 shows the conditions of the two processes followed for the synthesis of the nanotubes. 
The voltage was kept constant, and the anodizing time was 40 and 60 minutes, respectively. After this 
process, the samples were calcined at 450 °C for two hours. A more detailed explanation can be found in 
another paper21. 
Electrochemical characterization was performed in a 0.5 M aqueous solution of H2SO4. The solutions 
were synthesized from chemical reagents and distilled water. The equipment used was a potentiostat-
galvanostat reference AUTOLAB PGSTAT 204 (Metroh-Autolab) complemented with an EQCM 
module. The experiments are used in a three-electrode cell configuration using a reference electrode, an 
Ag/AgCl electrode (KCl (sat) + 0.197 V vs. NHE), and a Pt cable counter electrode and the sample with 
Nanotubes as a working electrode. The geometric area of the working electrodes used was 1 cm2. EIS 
analyzes were performed with an open circuit sinusoidal potential of 1 mV, scanning frequencies ranging 
from 100 kHz to 10 mHz, selecting 5 points per decade, and stabilizing the corrosion potential in 8000 
seconds. The potentiodynamic scanning was carried out from 0 to -1 V, at a scanning speed of 0.5 mV s-1. 
All electrochemical measurements were repeated at least three times to examine the reproducibility of the 
results. 
The superficial characterization of the anodized was developed by AFM Asylum Research MFP-3D® and 
multimode configuration. The images were acquired in bypass mode. The roughness values were 
estimated with SPIP® software. Information about crystallinity and changes in the crystal lattice 
arrangements were obtained from diffraction patterns as a function of the samples. The structural 
characterization was analyzed with X'pert3-MRD-PANalytical equipment, thin-film configuration, and 
Co-Kα radiation (λ = 1.5405 Å), working potential at 45kV and current of 40mA. Glazing Incident 
Configuration (GIXRD) was determined at an incident angle of 1° and data collection in the 2 range of 
20 to 80°. X’pert Highschore PlusPANalytical software was used to analyze the diffractograms. 
 

 
Fig.-1:Schematic Representation of the Method of Synthesis of Nanostructures. 
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RESULTS AND DISCUSSION 
Figure-2 shows the behavior of the current as a function of the anodizing time. This is a sample graph for 
controlling the growth of nanostructures during the synthesis process using this method. For the other 
samples, the same process was performed. The behavior of the graph guarantees that the nanostructures 
really grew. In the first region, oxidation of the material is guaranteed. In the second region, where there 
is a maximum peak, it indicates the growth of the nanotubes. In the last region, it indicates that the 
nanostructures stopped growing, where the graph is practically constant. 
 

 
Fig.-2: Current in mA depending on the anodizing time (s) for sample [b-40]. 

 
Figure-3 shows the SEM measurements of the samples after heat treatment. Figure-3a shows the length of 
the nanotubes' growth and Fig.-3b their surface. It can be seen that after the heat treatment, the residual 
material appears in most of the anodization processes of the TiO2

21. Nanotubes have disappeared, leaving 
the structures open so that they can see the diameters of the mouths of the nanotubes. 

 
Fig.-3: SEM of the Nanostructures Calcined at 450 °C; (a) Length and (b) Surface. 

 
Figure-4 shows the X-rays of the four calcined samples. In Fig.-4a, the samples for the times of 40 and 60 
minutes are shown. Samples b) correspond to those anodized with 0.3 g of NH4F and 3.0 ml of HF. 
Similarly, in Fig.-4b, the XDR measurements for 40- and 60-minute samples are shown, and unlike the 
previous samples in analyte, 0.1 g of NH4F and 0.75 ml of HF were used. 
In Fig.-4, the anatase phase of TiO2 is shown with the peaks positioned at 2θ: 25.5 (101), 38.8 (004), 48.2 
(200), 53.3 (105), and 63.3 (204). However, the peaks positioned at 2θ: 40.5, 71, and 76 are related to Ti. 
Comparing the X-rays of Fig.-4a and Fig.-4b, it can be seen that for method (a) the peak belonging to the 
plane (200) of the anatase disappeared. Also, the higher relative intensity is shown for the plane (101) of 
method, (b)This can be interpreted as a more significant amount of titanium oxide (TiO2) in method b. 
Also, it may be exhibiting the rutile and anatase phases, in contrast with method a), where only the 
anatase and pure Titanium phases appear. 
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In Fig.-5, it can be seen that the schematic diagram can be represented by an equivalent circuit. As seen in 
Figure 5a, Rs represents the electrolyte's resistance, whose value can be calculated by scanning at high 
frequencies. Rp is the term of resistance to load transfer. The double-layer capacitance (Cp) is related to 
the interactions that take place at the electrode/electrolyte interface. CPE1 is the phase element of the 
porous outer layer and Rc the resistance of the porous outer layer22. These values are used to obtain 
information and assess the electron transfer kinetic properties of the calcined film. The data obtained by 
applying the impedance technique allows simulating the electrochemical behavior of the system with that 
of an equivalent electrical circuit. In Fig.-5b, the diagram of the material analyzed with the equivalent 
circuit is shown. 
 

 
Fig.-4: X-ray Diffractogram for Samples with both Methods (a)-40 and 60 minutes and (b) 40 and 60 minutes 

calcined at 450° C 
 

 

  
(a) (b) 

Fig.-5: (a) Equivalent Electrical Circuit (b) Diagram of the Calcined Film 
 
In Fig.-6, the potentiodynamic curves of the systems [a-40], [a-60], [b-40], and [b-60] can be seen. They 
were obtained in a solution of 0.5 M H2SO4 at different evaluation cycles to determine the stability of the 
coated material. The samples were evaluated with the same value of applied potential. From the behavior 
of Fig.-5, it is evident that the systems have a similar trend in the cycle called 1, where the kinetic 
parameters are similar values close to -0.8 V vs. RHE. This behavior stimulated the development of a 
more exhaustive study to evaluate the samples at 1000 cycles, and the result corresponds to the dotted 
lines (Fig.-6) and shows a trend similar to cycle 1. 
This behavior indicates stability in contact with the solution and establishes a balance in the load transfer 
coefficients as a function of hydrogen production cycles. Therefore, the differences found in the samples 
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studied are established by the variation in the activation energy values. According to the results obtained, 
samples [b-60], [b-40], and [a-60] show the most significant catalytic activities, in order from highest to 
lowest. The sample with the lowest activation energy was established for the system [a-40]. 
The Nyquist diagrams for the samples [a-40], [a-60], [b-40], and [b-60] are shown in Figure 7. This figure 
shows, for all the samples analyzed, a decrease in the total impedance values. The impedance values in 
each case analyzed are recorded in Table-1, based on the equivalent circuit of Fig.-5. In general, the study 
concludes that the resistive-capacitive response of the systems decreases due to the two semi-domes 
present at low and high frequencies. In the equivalent circuit, they are represented by the two-time 
constants in parallel. The circuit is configured with two constant phase elements (Fig.-5). The 
electrochemical surface response is more active and therefore has greater catalytic activity, which 
corresponds to higher speeds and current densities. This phenomenon is consistent with the findings 
obtained by the cyclic voltammetry technique. 
The equivalent electrical circuit that allows the modeling of the behavior of the Nyquist diagrams 
observed in Fig.-7 is shown in Fig.-5. This circuit is composed of the Rct and Cct elements associated 
with the load transfer of the evolution reaction of hydrogen. Rp and Cp are associated with adsorption on 
the surface of the analyzed samples. 
 

  
Fig.-6: Cyclo-voltammetric Curves for Samples Fig.-7:Nyquist Diagrams for Samples 

 

 

In Table-1, the values of each of the parameters that make up the equivalent electrical circuit are 
recorded. This table indicates that when the concentration of the reagents that make up the samples and 
their anodizing time increases, the diameters of the semicircle decrease. These aspects are related to the 
kinetics of the hydrogen production process. 
Of the information recorded in Table-1, the resistance values of the solution are similar in the four cases 
studied, due to the interactions between the solution and the surface of the samples. Capacitive, resistive 
couplings indicate a phenomenon of load transport, where Rp values decrease with the increase in Cp. 
Figure-8 shows the results obtained by AFM of the sample surfaces before and after the EIS evaluation 
process. The micrographs have an area of 500 x 500 µm. For all samples, [a-40], [a-60], [b-40] and [b-
60], a variation in surface topography is evident. The roughness values of each of the samples studied 
were determined before and after the test using the EIS technique. Table 2 records the roughness values. 
As a result of the topographic analysis, it was determined that for samples [a-40] and [a-60], the 
roughness values decreased after the corrosion test. This can be explained because when the surface of the 
samples comes into contact with the electrolyte in the EIS test, the electrolyte and the current used in the 
test polish the surface. The roughness value for the sample before the process is 127.44 nm and after the 
process is 110.72 nm. The decrease in the roughness value for the sample [a-60] is considerable: before 
the test, its roughness value was 357.16 nm, and after the EIS process, it decreased to 83.25 nm.  
For the samples labeled [b-40] and [b-60], after the corrosive process, the roughness of the samples 
increased in value. This result suggests that the electrolytic test solution is very aggressive for samples 
with high hydrofluoric acid content. 
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Table-1: Values of the Electrical Components of the Equivalent Circuit. 
Parameters Rs / Ω 

cm2 
Rct / Ω 

cm2 
Rp / Ω 

cm2 
CPE1/ F 

cm-2 
Φ1 Cp / F 

cm-2 
Φ2 

[b-60] 1.24 8.2 112.2 0.35 0.97 5.07 0.93 
[b-40] 1.14 11.6 195.4 0.49 0.92 5.69 0.94 
[a-60] 1.45 14.2 235.4 0.54 0.84 6.02 0.93 
[a-40] 1.31 18.4 259.5 0.78 0.92 6.15 0.88 

 

 
Fig.-8: Surface Topography of the Various Samples Before and After the Evaluation Process, (without)- 0 Cycles 

and (with)-1000 Cycles 
 

Table-2: Roughness Values 

Sample 
Roughness (nm) 

0 Cycles 1000 Cycles 
[a-40] 127.44 110.72 
[a-60] 357.16 83.25 
[b-40] 127.44 182.85 
[b-60] 72.24 113.26 

 

CONCLUSION 
From the results of the cyclic voltammetry, it was seen that all the samples studied experienced a similar 
trend. The kinetic parameters are similar, with values close to -0.8 V vs. RHE. The results of the 
potentiodynamic curves indicated stability in contact with the solution and established a balance in the 
load transfer coefficients as a function of the hydrogen production cycles. Sample [b-60] exhibited the 
best results. 
According to the EIS technique, the resistive-capacitive response of the systems decreases due to the two 
semicircles present at low and high frequencies in the Nyquist diagrams. This behavior is related to the 
kinetics of the hydrogen production process. The electrochemical surface response is more active and has 
more significant catalytic activity, which corresponds to higher speeds and current densities. 
The information obtained by AFM allowed establishing that after the test using the EIS technique, the 
roughness value of the sample’s changes. This result suggests that the electrolytic test solution is very 
aggressive for the samples. 
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