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Effects of hydrogen on the dynamic pitting processes of X70 carbon steel in simulated soil solution 

were investigated by electrochemical methods and scanning electrochemical microscopy (SECM). 

With increased hydrogen-charged (H-charged) current, corrosion potential shifts negatively and 

corrosion current increases. A polyaniline microelectrode has been used in SECM to observe the 

dynamic pH changes at the electrode│electrolyte interface. The results show that decreased pH at the 

interface corresponds to the occurrence of pitting. It can be concluded that hydrogen is absorbed into 

the X70 unevenly and reduces interface pH to induce pitting. 
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1. INTRODUCTION 

X70 carbon steel has been increasingly used in oil and gas pipelines. As a long-distance 

transportation process, the pipelines are susceptible to damage. Among pipeline failures caused by any 

single contributor, corrosion is predominant over other factors such as natural force damage, 

equipment failure, or excavation damage [1]. Among various types of corrosion, pitting is extremely 

dangerous and destructive due to its rapid propagation and unpredictable nature, making the study of 

pitting corrosion very important [2-3]. 

In the past two decades, there has been growing interest in the effect of hydrogen on corrosion 

[4-17] because the generation and adsorption of hydrogen is unavoidable in many practical processes, 

such as cathodic protection and acid pickling [5, 6]. It has been found that hydrogen increases the 

corrosion rate of many kinds of steel [7-17], promotes localized corrosion and decreases stability of the 

http://www.electrochemsci.org/
mailto:wangc@jsnu.edu.cn


Int. J. Electrochem. Sci., Vol. 13, 2018 

  

3397 

passive films on iron [4-6]. Moreover, it has also been found that hydrogen decreases the ratio of 

FeO/Fe in oxide films on the iron surface, which weakens the pitting resistance of the film [6]. The 

major reactions occurring on the metallic surface are reduction of hydrogen ions and adsorption and 

diffusion of hydrogen atoms into the bulk metallic phase [8]. 

SECM, a field observation technology, has obvious advantages of being real-time, in situ, and 

three-dimensional. In addition, it has unique chemical sensitivity: by scanning the Faraday current 

image of different positions of the substrate with a probe, it can characterize the surface morphology 

and the electrochemical activity of the substrate electrode [7, 18]. Schaller [19] utilized SECM to map 

the relative concentration of dissolved hydrogen across an ultrahigh strength stainless steel surface. 

Xia [20] employed SECM to study the effect of hydrogen on surface reactivity of X80 pipeline steel. It 

is extremely sensitive in the observation of dynamic pitting processes [21] and has been successfully 

used to investigate localized corrosion of copper [18], iron [22], aluminium [21,23], zinc [24], and 

stainless steel [21,25]. 

Electrodes modified by conducting polymer films have been widely used in analytical 

chemistry. Among them, electrodes modified by polyaniline derivatives have generated great interest 

due to their pH response [26-30]. Oyama [27] studied the response of polyaniline-modified electrodes 

to pH and proposed that the electrodes could be used as pH potentiometric sensors. Jin [28] studied 

chloroaniline polymer-modified electrodes and found that potential and pH had a linear relationship 

from pH 2 to 12. Hu [30] studied the electrochemical polymerization of aniline on Pt electrodes and 

proved that polyaniline-modified electrodes also had good pH response. 

In the present work, SECM has been used with Pt microelectrodes with or without polyaniline 

modification to study the dynamic changes of H
+
 (pH) or Fe

2+
 at the electrode│electrolyte interface 

during anodic dissolution of X70 electrodes with or without hydrogen charging. The effect of 

hydrogen on pitting processes is discussed. 

 

 

 

2. EXPERIMENTAL 

2.1. Materials and solutions 

An X70 carbon steel cylinder (d = 2.0 mm, 0.04% C, 1.46% Mn, 0.003% S, 0.008% P and 

0.24% Si) spot-welded to a copper wire and masked with epoxy resin was used as the working 

electrode (substrate). A platinum disk and saturated calomel electrode (SCE) were used as the counter 

and reference electrode, respectively. A Luggin capillary was located between the working and 

reference electrodes to minimize the IR drop. Before each experiment, the working electrode was 

abraded with emery paper of different grid sizes (600#, 1200#) and then washed with alcohol followed 

by twice-distilled water. All solutions were prepared using twice-distilled water and analytical-grade 

reagents. The base solution was simulated soil solution (NaHCO3: 0.483 g/L, KCl: 0.122 g/L, CaCl2: 

0.137 g/L, MgSO4·7H2O4: 0.131 g/L) [31]. All potentials reported in this work are referred to SCE. 
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2.2. Hydrogen charging 

X70 and platinum were used as the cathode and the anode, respectively. Hydrogen charging 

was carried out at room temperature in 0.5 M Na2SO4 with different current densities (iH = 5 mA cm
-2

, 

10 mA cm
-2

) for 2 h. The X70 electrodes were washed by twice-distilled water immediately between 

hydrogen charging and the subsequent impedance tests and SECM measurements. 

 

2.3. Preparation of the polyaniline-modified Pt microelectrode 

In 0.5 M C6H5NH2·HCl + 1.5 M HCl, the Pt microprobe (d = 10 μm) was used as the working 

electrode, a platinum disk as the counter electrode, and a SCE as the reference electrode. The Pt 

microprobe was electrochemically polymerized at 0.7 V for 10 min to produce the polyaniline-

modified Pt microelectrode [32]. The jtip-pH curves of the polyaniline-modified Pt microelectrode were 

measured in different buffer solutions (pH = 2, 4, 6.86, 8, 9.18). 

 

2.4. Electrochemical testing 

Potentiodynamic polarization and electrochemical impedance spectra (EIS) were performed by 

Solartron 1287/1260. The scan rate of the polarization measurements was 1 mV s
-1

. The impedance 

spectra were obtained in the frequency range from 100 kHz to 10 mHz with 5 mV amplitude of the 

excitation signal at the open circuit potential.  

SECM measurements were performed by CHI910B using a four-electrode system. A Pt 

microelectrode tip (d = 10 μm) moved over the substrates, which were immersed in the simulated soil 

solution. The tip potential was set at +0.6 V [7] to monitor Fe
2+

, while the polyaniline-modified tip 

potential was set at -1.5 V to monitor pH. The distance between the tip and the substrate was set at 20 

μm with the help of a CCD (charge-coupled device). For all SECM measurements, the substrate 

potential was held 0.1 V higher than the open circuit potential. 

Surface morphologies of the specimens were observed using a scanning electron microscope 

(SEM HITACHI S-3400N) after the electrochemical test. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Electrochemical measurements 

3.1.1 EIS measurements 

Fig. 1 shows the effects of H-charged current (iH) and pH on EIS of the X70 electrode in 

simulated soil solution. For the un-charged electrode (pH = 8.2, Fig. 1 A), two depressed capacitive 

loops are clearly observed. The first loop, observed at high frequencies, may be mainly caused by the 

double-layer capacitance, while the second loop, observed at low frequencies, can be attributed to both 
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the charge transfer resistance and the resistance of the surface film. As iH increases from 5 (Fig. 1 B) to 

10 mA cm
-2

 (Fig. 1 C), the radius of the second loop shrinks while the first one remains unchanged, 

indicating that H-charging decreases the resistance of both the charge transfer and the surface film but 

has little effect on the value of the double-layer capacitance. When the X70 electrode is charged with 

hydrogen, hydrogen atoms will be oxidized as shown in the following reactions [5, 7, 33, 34], 
-

oxH e H    (1) 

2+

ox 2 22H + Fe(OH) Fe +2H O    (2) 
2- -

ox oxH + O OH     (3) 

-

ox ox 2H + OH H O     (4) 

The diffused hydrogen atoms are oxidized to H
+
 at the metallic surface, which reduces the pH at the 

electrode│electrolyte interface and increases the ratio of OH
-
/O

2-
 in the passive films [5, 7]. Thus, the 

whole process will undermine the stability of passive films. 
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Figure 1. Nyquist plots for X70 electrodes at Eocp in different conditions with 5 mV amplitude of the 

excitation signal. A, B, C: H-charged X70 in near neutral simulated soil solution, A: iH = 0 mA 

cm
-2

; B: iH = 5 mA cm
-2

; C: iH = 10 mA cm
-2

; D: uncharged X70 in pH = 5.0 acidic simulated 

soil solution. 

 

To corroborate the above interpretation, the pH of the simulated soil solution was reduced. As 

pH decreased from near neutral (Fig. 1 A) to 5 (Fig. 1 D), the impedance spectra remained similar to 

those of the H-charged specimen, while the radius of the capacitive arch was much smaller. Moreover, 

the contraction of the real part of impedance appeared at low frequency, indicating the presence of 

adsorbed intermediates. As a result, local corrosion occurred more readily. The results prove once 

again that change of pH is the major driving force in the development of corrosion when the electrode 

is H-charged.  
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3.1.2 Potentiodynamic polarization measurements 

Fig. 2 shows the effects of iH and pH on the polarization curves of the X70 electrode in 

simulated soil solution. With the increase of iH from 5 (Fig. 2 B) to 10 mA cm
-2

 (Fig. 2 C), the anodic 

current increases compared to that of the un-charged specimen (Fig. 2 A). Table 1 shows the effects of 

iH on the Tafel slopes (βa and βc), the corrosion potential (Ecorr) and the corrosion current (jcorr). With 

the increase of iH, anodic Tafel slope βa and jcorr increases while Ecorr shifts negatively, indicating that 

hydrogen enhances the anodic dissolution of the X70 electrode.  

 
Figure 2. Polarization curves for X70 electrodes in simulated soil solution with a scan rate of 1.0 mV 

s
-1

. A, B, C: H-charged X70 in near neutral simulated soil solution A: iH = 0 mA cm
-2

; B: iH = 5 

mA cm
-2

; C: iH = 10 mA cm
-2

; D: uncharged X70 in pH = 5.0 acidic simulated soil solution. 

 

To further prove that the change of pH at the interface is the driving force in the corrosion 

process when the electrode is H-charged, the pH of the solution was reduced. As pH decreased from 

near neutral (Fig. 2 A) to 5 (Fig. 2 D), the anodic currents increased significantly. The anodic 

dissolution rate is kinetically controlled by a charge transfer step in the presence of chloride ions as 

shown in the following reactions [35, 36], 
- -

2 ads ads 2Fe H O +Cl  FeCl +H O+e  , pH<7; or (5) 

- - - -

ads adsFe OH +Cl  FeCl +OH +e  , pH>7 (6) 

Compared to surface film in alkaline media, a relatively thin and non-uniform product film that has 

little contribution to the pitting resistance of steel in acidic solution is formed [36].  

The effects of pH on  Ecorr and jcorr are listed in Table 1. Similarly, with a decrease in pH, the 

the corrosion current jcorr increase, while the corrosion potential Ecorr shifts negatively, indicating that 

the effects of hydrogen resemble those of pH on the anodic dissolution of the X70 electrode. The 

oxidation of hydrogen in the electrode decreased the pH at the electrode│electrolyte interface [7]. 

Surface films containing more defects become susceptible to electrochemical attacks, thus pitting is 

more easily initiated and propagated on the surface of the H-charged electrode even in low chloride 

conditions. 
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Table 1. Corrosion parameters obtained from polarization curves of X70 in simulated soil solution 

 

iH (mA cm
-2

)  0 5 10 0 

pH 8.2 8.2 8.2 5.0 

-Ecorr (V) 0.69 0.74 0.77 0.72 

jcorr (μA cm
-2

) 0.11 0.13 0.19 0.27 

 

3.2 SECM measurements 

3.2.1 SECM measurement of Fe
2+

 

As shown in Fig. 3 A1-E1, un-charged X70 is relatively stable in near neutral solution as only 

one peak appears at 53 min (E1). However, when iH = 5 mA cm
-2

 (A2-E2), two peaks appear at 39 min 

(D2), which are replaced with two new peaks at 53 min (E2). As iH increases to 10 mA cm
-2

 (A3-E3), 

the first peak appears as early as 28 min (C3) and then two new peaks appear at 39 min (D3) while the 

first one disappears. At 53 min (E3), the number of peaks increases. It is obvious that as iH increases, 

pitting is more easily induced, indicating that hydrogen can accelerate the initiation and the 

propagation of pitting due to reduction of the pH at the X70│electrolyte interface.  

 

 
 

Figure 3. SECM images of X70 electrodes polarized at 0.1 V higher than Eocp in different conditions 

(200 µm × 200 μm), Etip = +0.6 V (A1-E1, A2-E2, A3-E3: H-charged X70 in near neutral 

simulated soil solution, A1-E1: iH = 0 mA cm
-2

; A2-E2: iH = 5 mA cm
-2

; A3-E3: iH = 10 mA 

cm
-2

; A4-E4: uncharged X70 in pH = 5.0 acidic simulated soil solution.) 
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Figure 4. SEM images of samples after 1 h polarization at 0.1 V higher than Eocp in different 

conditions (a, b, c: H-charged specimens in near neutral simulated soil solution. a: iH = 0 mA 

cm
-2

; b: iH = 5 mA cm
-2

; c: iH = 10 mA cm
-2

; d: uncharged specimens in pH = 5.0 acidic 

simulated soil solution.) 

 

When the pH is 5 (Fig. 3 A4-E4), the dynamic processes of pitting are observed successfully. 

The first peak appears at 28 min (C4). When this peak disappears, three new peaks appear at 39 min 

(D4), and even more peaks emerge at 53 min (E4). Clearly, either increasing iH or decreasing pH of the 

solution can promote the initiation and propagation of pitting. 

Surface morphologies of the samples under different conditions are obtained by SEM (Fig. 4). 

After 1 h polarization in near neutral simulated soil solution, two pits with small radii are observed 

(Fig. 4a) on the surface of the uncharged electrode. However, more pits appear on the surface of the H-

charged electrode (Fig. 4b, iH = 5 mA cm
-2

) and the number and size of the pits increases with the 

increase of iH (Fig. 4c, iH = 10 mA cm
-2

). The morphology of X70 in acidic solution (Fig. 4d, pH = 5) 

is similar to that of the H-charged specimen in near neutral solution (Fig. 4c, iH = 10 mA cm
-2

). These 

results are consistent with those shown in Fig. 3. 

Even though the composition of passive film on iron is not known conclusively, it has been 

reported to be a composition close to Fe3O4 or -Fe2O3, or a mixture of both [37]. Foley [38] proposed 

that passive film was -Fe2O3 in acidic, neutral and basic solutions; however, the surface films (non-

passive films) formed at an active potential was composed only of Fe3O4. As shown in Figs. 2-4, the 

potential (0.1 V higher than Eocp) was applied in an active region. It is deduced that the surface film on 

the X70 electrode is mainly Fe3O4. The charged hydrogen reduces the ratio of FeO/Fe in the surface 

film on the electrode [6], which facilitates the pitting occurrence and propagation. The effect of 

charged hydrogen is similar to pH reduction on the pitting of the uncharged electrode. 

 



Int. J. Electrochem. Sci., Vol. 13, 2018 

  

3403 

3.2.2 SECM measurement of pH 

The above results show that the effects of hydrogen have been mainly caused by reduced pH at 

interface. However, the chemical and physical environment at the interface is different from that of the 

bulk solution. In other words, pH at the interface is quite different from that of the bulk solution. 

Therefore, it is not clear whether the effect of hydrogen on the chemical and physical environment at 

the interface is similar to that of the pH of the solution. 

 
Figure 5. The jtip-pH curves of polyaniline-modified Pt microelectrode (d = 10 μm) in different buffer 

solutions (A: pH = 2; B: pH = 4; C: pH = 6.86; pH = 8; pH = 9.18.), Etip = -1.5 V. 

 

It is generally accepted that pH at the electrode│electrolyte interface decreases where pitting 

occurs [5, 7], so pitting dynamic processes can be observed in situ by scanning pH at the interface. 

Fig. 5 shows the jtip-pH curve of the polyaniline-modified Pt microelectrode in different buffer 

solutions at tip potential of -1.5 V, which is based on the reduction of hydrogen ions to hydrogen. The 

lower the pH, the lower the tip current.  

Fig. 6 shows the three-dimensional SECM image of H
+
 distribution over the interface. As 

shown in Fig. 6 (A1-E1), for uncharged X70 in near neutral solution, no obvious pH peaks appear. 

However, after the electrode is H-charged (iH = 5 mA cm
-2

), the tip current (Fig. 6 A2-D2) slowly 

decreases from 0 to 39 min and the first pH peak appears at 53 min (Fig. 6 E2), indicating that pitting 

has occurred. When iH = 10 mA cm
-2

, sharp pH peaks emerge at 14 min (Fig. 6 B3) and remain until 

28 min (Fig. 6 C3). At 39 min (Fig. 6 D3), all peaks disappear and new ones are not observed until 53 

min (Fig. 6 D3). The emergence of pH peaks indicates that the surface of the electrode is not uniform 

and that hydrogen is absorbed unevenly during the H-charging process. During the pitting process, for 

H-charged X70 in near neutral solution, the pH peaks can be easily observed because their value in the 

pitting area is lower than that in the surrounding area.  
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Figure 6. pH maps of X70 electrodes polarized at 0.1 V higher than Eocp (200 µm × 200 µm in 

different conditions, Etip = -1.5 V (A1-E1, A2-E2, A3-E3: H-charged samples in near neutral 

simulated soil solution, A1-E1: iH = 0 mA cm
-2

; A2-E2: iH = 5 mA cm
-2

; A3-E3: iH = 10 mA 

cm
-2

; A4-E4: uncharged specimen in pH = 5.0 acidic solution.) 

 

When the pH of the solution is decreased to 5 (Fig. 6 A4-E4), although the reduction current of 

tip (Fig. 6 A2-E2) decreases, no obvious pH peaks appear, which is quite different from the results 

shown in Fig. 3 A4-E4. This may be explained as follows: when pitting occurs, Fe
2+

 peaks can be 

observed easily because the concentration of Fe
2+

 in the pitting area is higher than that in the 

surrounding area. However, in contrast to near neutral solution, the pH changes of acidic solution 

caused by pitting can be hardly detected due to the high concentration of H
+
 in bulk solution; therefore, 

no obvious pH peaks emerge. 

 

 

 

4. CONCLUSIONS 

The dynamic processes of pitting and the change in pH at the electrode│electrolyte interface 

have been studied by SECM combined with electrochemical methods. The following conclusions can 

be drawn: 

(1) The effect of hydrogen is similar to that of reduced pH in promoting the occurrence and the 

development of pitting. 
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(2) The dynamic changes in pH at the interface clearly show that hydrogen promotes the 

occurrence of pitting due to oxidation of the hydrogen, which reduces the pH and the resistance of the 

oxide film at the interface. The pH decreases where pitting occurs. 

(3) In near neutral solution, the H-charged electrode gives rise to local pH peaks, which 

indicates that hydrogen is unevenly absorbed on the surface of the X70 electrode.  
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