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The influence of succinic acid concentrations on the electrochemical behavior of ZrO2  has been 

investigated using open circuit potential (OCP), electrochemical impedance spectroscopy (EIS) and 

galvanostatic techniques.  The anodic oxidation of zirconium leads to a significant improvement in the 

corrosion resistance of zirconium in succinic acid solution. OCP gradually increases towards noble 

values in 0.01 M succinic acid, while it decreases slowly to less noble values in 0.1 M succinic acid 

during the initial stage of monitoring and eventually attains a steady state. The film stability dependent 

upon the succinic acid concentration as evident from a shift in OCP values to less noble values with 

increasing concentration.   The results of polarization indicates that the passive layers increase in 

thickness with decreasing acid concentration and  become less susceptible to corrosion and thus 

providing  more protection of the underlying zirconium metal.  
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1. INTRODUCTION 

Zirconium has excellent corrosion resistance in different acids and alkalis solutions. The 

excellent corrosion resistance of zirconium can be attributed to the crystal structure and stability of 

ZrO2 film formed.  Nanotube zirconia  and nanoporous and has great potential applications in the fields 

of adsorption , heterogeneous catalysis , chemical sensors , separation , electronics,   optics, biomedical 

implants, and magnetics [1–4]. Preparation of  ZrO2 nanotubes by anodization, and the effect of 

electrochemical parameters such as applied potential [6], sweep rate [7], electrolytic composition [5], 

and anodization time [8] on the formation of ZrO2 nanotubes has been investigated. It has been widely 
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applied as sensors [9], catalyst support [10], and in biomedical implants [11–13]. The low neutron 

absorption coefficient is the main reason for  application of zirconium in the nuclear industry.  

Zirconium and its alloys have been studied extensively [14–18]. The mechanical properties of 

zirconium along with the electrochemical resistance of zirconium are the main reason for application 

in thermal nuclear reactors of separating the coolant water from the nuclear fuel [19]. The superior  

mechanical properties , high dielectric constant , chemical stability, electrical  and wide band gap of 

ZrO2 are the main reasons  for applications in electronics, magneto-electronics, optics, and 

optoelectronics Recently, ZrO2 nanoporous or nanotubular structures have been achieved via 

anodization in fluoride containing electrolytes [32–33]. ZrO2 has  high density of 5.83 g/cm3, high 

melting point of 2400 oC, a high fracture toughness of 17.2 MPa.m0.5,  chemical inertness,  and a 

micro hardness of 700 (Vickers scale) [34], which considered as the key material properties of ZrO2. 

This property makes it a special contender for optical applications.  For several decades, ZrO2 was 

found in applications such as refractory materials, ceramics, hard coatings etc. Recently, ZrO2 was 

scrutinized for application in the electronic industry as promising candidate for replacing SiO2 as gate 

oxide, because of its electronic properties. In addition, it has the excellent ability to respond or filter 

some specific portions of the electromagnetic spectrum.   It was reported that the ZrO2 thin films can 

be deposited using several techniques, such as pulsed laser deposition (PLD) chemical vapor 

deposition (CVD),  physical vapor deposition (including sputtering and e-beam deposition) and atomic 

layer deposition (ALD),  and [35-37]. Kulki et al. [38] deposited ZrO2 films by exploiting several 

organo-metallic precursors in metal oraganic chemical vapor deposition (MOCVD) method, at 

substrate temperatures ranging from 180 to 600 oC. Cassir and his co-researchers [39] reported  that 

the deposition temperature affects crystal structure, growth kinetics (i.e., film thickness), and surface 

morphology. Chatterji et al. [40] demonstrated plasma enhanced CVD deposition of ultra thin ZrO2 

films with effective oxide thickness 28 A and electrically characterized the films. Sawa et al. [41] 

deposited ZrO2 thin films using radio frequency reactive sputter deposition with varying Ar/O2 partial 

pressure ratio. The effect  of Zr/Si molar ratio on morphology, structure and protection performance  of 

organosilane coatings doped with zirconium(IV) n-propoxide has been investigated . The results 

indicated that the addition of zirconium(IV) n-propoxide promoted  the formation of silica network and 

enhanced the compactness of coating matrix [42] . The evaluation of a zirconium dioxide composite 

membrane on the performance of a methanol fuel cell has been investigated [43]. The results revealed 

that the composite zirconium membrane had better performance than that obtained from the 

commercial membrane. Herein, the results of electrochemical behavior of zirconium in succinic acid 

solution are reported. The anodization of zirconium was carried out in aqueous solutions of succinic 

acid with different concentrations and the corrosion resistance of zirconium was evaluated using an 

open circuit, polarization measurements and EIS techniques.  

 

2. EXPERIMENTAL RESULTS  

2.1. Specimen preparation 

Pure zirconium rod (Johnson- Matthey, London) was used for preparation of zirconium 

electrode , which connected to copper wire using silver paste and the connection was secured using 
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quick dry epoxy. The sample was fixed in epoxy resin and  served as working electrode. Specimens 

were ultrasonically cleaned using deionized (DI) water, acetone, and ethanol sequentially and finally 

dried using compressed air before each experiment,. Samples were then treated by dip etching in a 

solution containing HF/HNO3/H2O (volume ratio, 1:4:2) for 1 second [44-45]. 

 

2.2 Electrochemical measurements 

Electrochemical investigations were carried out in succinic acid solution using three-electrode 

electrochemical cell consisting of Pt  as a counter electrode,  Zr as working electrode , and  SCE as a  

reference electrode. All electrochemical measurements  were carried out with a SI 1287 Solartron 

(potentiostat/galvanostat)  and  Solartron 1260 as frequency response analyzer.  The potentiodynamic 

polarization curves were conducted using a scan rate of  1 mV s
-1

 and electrochemical impedance 

spectra were performed in the 10
4
–10

-2
 Hz frequency range.The software packages; Corr Ware,  Corr 

View and  Zview  provided by Solartron were used to measure and analyze the data. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Open circuit potential measurements 

 
 

Figure 1. Evolution  of OCP with time at different succinic acid concentrations. 

 

Monitoring data of open circuit potential (OCP) at different succinic acid concentrations is 

shown in Fig. 1. It is evident that OCP gradually increases towards a noble values as time progresses 

and eventually reaches a steady state in 0.01 M succinic acid. OCP decreases slowly to less noble 

values with time and finally attains a steady state in   case of 0.1 M succinic acid. The results can be 

explained on the bases of natural formation of thick oxide film of barrier type passive film [46] in 0.01 

M succinic acid, which leads to a shift in potential to more noble values. The decay of OCP with time 
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observed in 0.1 M succinic acid can be attributed to the defective character and heterogeneity of the 

passive film formed. It provides assessable sites for the rupture of the passive film leading to its 

breakdown.  The shift in potential to less noble values can be attributed to cumulative effect of the 

defective passive character, which leads to an unstable passive film with more susceptibility to 

dissolution. 

It is known that a natural developed oxide film is formed successively with time in H2SO4  [47] 

and  HNO3 [48] depending upon acid concentration. ZrO2  dissolved in succinic acid solution  as  [49-

51]: 

ZrO2 + 4H
+
 + 4e

-
 → 2H2O + Zr      (1)  

 

3.2. Potentiodynamic polarization results 

Potentiodynamic polarization study in 0.01-0.1 M succinic acid is shown in Fig. 2.  The 

polarization curve did not display any active-passive transition behavior. The polarization curve 

displays a pronounced effect on the anodic polarization with increasing succinic acid concentration.  

Polarization parameters were calculated and quoted in Table 1. It is clear that corrosion rate was 

doubled and Ecorr was sifhted to less noble values  with increasing succinic acid concentration.   

Polarization curve in 0.01 M succinic acid displayed a wider passive rage than that experienced in 

higher concentration. It is established that the homogeneity of the formed passive film is strongly 

affecting the passive current density. The dissolution and the changes in the nature of passive film 

increase with an increase in the concentration of succinic acid solution.   The results show that, as the 

passive layers increase in thickness with decreasing the acid concentration, they become less 

susceptible to corrosion and thus increasingly provide more protection of the underlying zirconium 

metal.  

 
 

Figure 2. Potentiodynaimcs polarization of zirconium in different succinic acid concentrations. 
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Table 1. Polarization parameters of zirconium in 0.01 and 0.1 M succinic acid  solution. 

 

Acid conc. (M) Icorr (A/cm
2
) Ecorr (V) 

0.01 0.55 0.9124 

0.1 1.02 0.8563 

 

 

A less negative corrosion potential value experienced in 0.01 M succinic acid reveals a more 

stable passive layer (more noble), as well as further protection of the zirconium to corrosion in succinic 

solution. The higher values of the recorded potential experienced in lower succinic acid concentration 

can be explained on the basis of formation of thicker outer layers over thinner barrier ones, which is 

consistent with the previously reported data for the formation of the passive film formed on zirconium 

in phosphoric acid solution [52]. Both cathodic and anodic polarization curves were significantly 

shifted to lower current densities in low concentrated succinic acid solution as compared to the higher 

one.  Moreover, the corrosion potentials of exhibited in low concentrated solution showed a 

considerable shift in the noble direction. 

 

3.3 Anodization of zirconium   

Galvanostatic  anodization of zirconium in succinic acid with different concentrations (0.01-0.1 

M) using 5 mA/cm
2 

is shown in Fig. 3. It can be seen that the voltage rises linearly and reaches 

maximum during the initial stage of anodization as shown in the inserted Fig.3. The voltage drops to a 

low value then attains a steady state during the last stage of anodization. The energy resulted from  the 

oxide film growth cause a fracture of the oxide film during the observed breakdown occurred in the 

initial stage of the anodization.  The restriction of the oxide film growth increases with increasing 

succinic acid concentration.  It is evident that an increase in succinic concentrations causes a decrease 

in the maximum and the steady state attaining potential.   

 

 
Figure 3. Variations of potential with time  during anodization of zirconium at different succinic acid 

concentrations. 
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Two processes occurred during the oxide film growth. The first process is the oxide film 

growth and the second is the oxide film dissolution. The former process is the predominant during the 

initial stage of oxide film growth. The latter process is the predominant process during dropping the 

voltage to lower value. The equal processes of the oxide film growth and dissolution leads to a steady 

state observed during the last stage of anodization. The positive shift in the potential experienced 

during the initial stage of the anodic polarization can be accounted to the adsorption of hydroxyl ions. 

As the potential continuously shifted in the noble  direction, the oxide film formed withstands further 

dissolution of zirconium from the surface and becomes a predominant process. As consequence, the 

potential shifts to less noble  values during the end of the initial stage of anodization. The ionic current 

passed through the barrier oxide film during the anodization  of zirconium in succinic acid solution is 

considered as the major part of the passed total current and    increases in  the oxide film thickness. 

The succinic acid solution in contact with zirconium, injects electrons into the conduction band of the 

anodic oxide. This process are enhanced by the anodization field, which stimulates avalanches by an 

impact ionization mechanism [53].The voltage breakdown occurs when the avalanche electronic 

current reaches critical value and cannot grow exponentially as anodizing time increases during the 

initial stage of anodization as shown in Fig 3 (inset). This stage is characterized by the deflection in 

potential–time curve and followed by a continuous decrease in voltage as time progresses.  During the 

initial stage before voltage breakdown, the potential increases sharply to a maxima due to a continuous 

growth of    a compact barrier oxide film. After the breakdown, voltage decreases with time, which 

may be attributed to a continuous decrease in the thickness of the formed oxide film.   

 

3.4. Electrochemical impedance spectroscopy 

The impedance behavior for zirconium metal at different immersion   times was measured in 

the frequency range  of  10 kHz to 0.01 Hz and the Bode plots after 30 and 120 minutes immersion  are 

shown   in Figs. 4 and 5 respectively.  Nyquist plots at different immersion times are shown in Figure 

6. 
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Figure 4. Bode impedance plots for zirconium after 30 minutes immersion in 0.01M succinic acid  

concentration   showing the experimental and fitted data. 

 

The best possible fit equivalent circuit model is shown in  Fig. 7 The equivalent circuit model 

shown in  Fig. 7 , consists of a solution resistance Rs in series to the constant phase element CPE and 

the charge transfer resistance Rct.  The use of a CPE is required for modeling the frequency dispersion 

generally related to the surface heterogeneity due to impurities or dislocations [54], distribution of 

activity centers, surface roughness, fractal structures, and formation of porous layers [55–58].  The 

equivalent circuit employed to describe the oxide film / solution interface is reasonably related to the 

corrosion process of zirconium in succinic acid solution. The impedance of CPE was used to replace 

double layer capacitance (Cdl) for a more accurate fit, which is described as follows [59–61]: 

ZCPE  = Y0
-1

 (Jω)
-n

        (2) 

where Y0 is a proportional factor, j
2
 = -1 is an imaginary number, and ω is the angular 

frequency (ω= 2πf) . If n = 1, the impedance of CPE is identical to that of a capacitor a (ZCPE = C, n = 

1), and in this case Y0 gives a pure capacitance (C). Depending on the value of n, CPE can represent a 

Warburg impedance (ZCPE = W, n = 0.5), a resistance (ZCPE = R, n = 0), and inductance (ZCPE =L, n = -

1). In all cases, the employed CPE used to fit the experimental impedances data is associated with 

capacitive behavior of zirconium. 

Gauge of the heterogeneity or roughness of the surface  [62]. The calculated capacitance is 

used to estimate the film thickness, L as: 

L          
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Figure 5. Bode impedance plots for zirconium after 120 minutes immersion in 0.01M succinic acid  

concentration   showing the experimental and fitted data. 
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Figure 6. Nyquist impedance plots for zirconium at different immersion times in 0.01M succinic acid  

concentration 
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Figure 7. Equivalent circuit used for fitting the impedance data in 1 M HCl solution.  

 

where  is the vacuum permittivity (8.85 · 10
-
14 F/ cm) and  = 22  [63] is the dielectric 

constant of the passive film (ZrO2).  It is assumed that the passive film formed in the succinic acid 

solution had the same value.  The measured capacitance is used to calculate the film thickness of 

zirconium, which is a linear relation with immersion time as shown in Fig. 8. The longer the 

immersion time,  the thicker the formed oxide film.   

 

 
 

Figure 8. Dependence of zirconium film thickness on immersion time 

 

 

4. CONCLUSIONS 

1- The increase in succinic acid concentration resulted in the excessive dissolution of ZrO2. 

 

 

Rs 
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2- Open circuit potential gradually increases towards noble values with decreasing the acid 

concentration as time progresses and eventually attains a steady state value.  

3- The passive layers increase in thickness with decreasing acid concentration and become less 

susceptible to corrosion providing more protection of the underlying zirconium metal.  

4- The restriction of the oxide film growth increases with increasing succinic acid 

concentration. 
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