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A B S T R A C T   

Microbiologically influenced corrosion (MIC) refers to the deterioration of metal surfaces as a result of the 
formation of microbial biofilms and metabolic activities at the biofilm/metal interface. Conventional macro
scopic electrochemical techniques provide limited spatial resolution to investigate MIC which often occurs at 
localized environment within micro-/nanoscopic levels. Localized electrochemical techniques have received 
increasing attention in MIC research as a potential strategy to solve this challenge. This paper provides a focused 
review of localized electrochemical techniques employed in MIC studies, including their fundamentals and ap
plications. Furthermore, their advantages and challenges as well as topics to be investigated in future are 
discussed.   

1. Introduction 

Microbiologically influenced corrosion (MIC) is one of the main 
problems faced by metals in atmospheric, water and soil environments, 
which may lead to reduced functionality, loss of structural integrity, 
major safety accidents and huge economic losses [1–3]. The research 
into MIC spans a history of more than 100 years [4]. Bacteria, eukary
otes and archaea all have the ability to cause or influence the corrosion 
of metals [5–7]. Most MIC studies focused on the MIC of bacteria, such as 
sulfate-reducing bacteria (SRB), nitrate-reducing bacteria (NRB), and 
iron-reducing bacteria (IRB) [8–12]. The formation of biofilm is gener
ally considered to have important influence to MIC [13]. The adhesion 
of ambient macromolecular organic matter on the metal surface facili
tates the initial colonization of microorganisms, and then the adsorption 
and proliferation of microbial cells contribute to the formation and 
development of biofilms [14]. Biofilms are often a combination of mi
crobial cells, extracellular polymeric substances (EPS) and corrosion 
products in MIC. EPS is usually composed of proteins, polysaccharides, 
nucleic acids and lipids and can protect microbial cells against toxins 
[15,16]. The development of microbial molecular ecology and the 
introduction of microbial detection methods have helped us to better 

understand the key role of biofilms in MIC. It is worth noting that recent 
advancements in morphological observation and surface analysis 
methodologies at micro and nano scales have enabled the investigation 
of MIC at microscopic level, which provide pivotal information to 
further elucidate MIC mechanism [17]. 

The effects of microbial activity on MIC are mainly reflected in three 
aspects: 1) changing the metal surface microenvironment. The 
obstruction of substance diffusion to the metal surface caused by bio
films results in a non-homogeneous distribution of substances on the 
metal surface, such as dissolved oxygen and chloride ions, which creates 
conditions for the formation of concentration cell corrosion. The typical 
differential aeration driven corrosion mechanism is the result of such 
spatial difference in oxygen concentration [18]. 2) Damaging the 
metallic protective film. For metals with passive films, the acidic me
tabolites of microorganisms can dissolve the protective metal oxides 
[19–21]. Recent studies have also shown that microorganisms can use 
the passive films as extracellular electron acceptor, and this electron 
transfer behavior will change the chemical composition and lead to the 
degradation of the passive films [22]. 3) Influencing the electrochemical 
anodic reaction or cathodic reaction kinetics of metal corrosion. The 
conventional cathode depolarization mechanism describes the 
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promoting effect of hydrogenase-containing SRB on the cathode reac
tion process through consuming the reduction product hydrogen [23]. 
Recently, the extracellular electron transfer (EET) mechanism has 
received extensive attention [24–27]. In a nutrient-deficient environ
ment, electroactive microorganisms use metallic iron as an electron 
donor, thus accelerating the anode dissolution of steels [28]. In general, 
the MIC mechanisms show diversity according to different microbial 
species, environmental conditions and the types of metallic substrates. 

MIC is a bioelectrochemical process occurring at the metal/biofilm 
interface. Therefore, electrochemical measurements are widely used to 
study MIC behavior and mechanism. Compared with scanning electron 
microscopy (SEM) and weight loss tests, electrochemical measurements 
enable continuous monitoring in MIC studies [29]. The commonly used 
macroelectrochemical methods include open circuit potential, linear 
polarization resistance, electrochemical impedance spectroscopy (EIS) 
and potentiodynamic polarization measurements [30–34].The 
time-resolved metal corrosion resistance can be obtained through fitting 
the electrochemical response and extracting the key parameters. In 
particular, the physicochemical representation of the corrosion process 
at the biofilm/metal interface can be inferred by combining EIS with 
equivalent circuit analysis [35]. However, with the development of MIC 
research, the limited spatial resolution of macroelectrochemical mea
surements hinders further progress in understanding intricate MIC 
mechanism. Localized corrosion is one of the main characteristics of 
MIC. Macroelectrochemical characterizations only provide the averaged 
electrochemical information of the corroding electrode surface, but 
ignore the electrochemical heterogeneity of the biofilm-covered elec
trode surface [36]. This not only prevents us from obtaining localized 
bioelectrochemical information in the MIC process, but also fails to 
effectively obtain the faint weak electrochemical signal changes at the 
MIC initiation stage. Thus, correct interpretation of MIC mechanisms 
solely on macroelectrochemical measurements remains highly 
challenging. 

To solve this problem, localized electrochemical techniques with 
high sensitivity and high resolution have been implemented to study 
complex MIC mechanisms. They are mainly used to detect corrosion- 
induced electrochemical signals and biofilm metabolic behavior in 
MIC. In this review, we present various widely used local electro
chemical techniques, including scanning electrochemical microscopy 
(SECM), scanning Kelvin probe (SKP) and scanning Kelvin probe force 
microscopy (SKPFM), scanning vibrating electrode technique (SVET), 
local electrochemical impedance spectroscopy (LEIS), and the wire 
beam electrode (WBE) technique. Fundamentals of these well- 
established techniques and their applications in MIC are described in 
this review, and the advantages and disadvantages of these techniques 
are discussed. 

2. Fundamentals of localized electrochemical techniques 

2.1. SECM 

SECM was established by Bard and Engstrom’s group in the 1980s, 
and has been applied in various fields after decades of development [37, 
38]. In particular, the potential of SECM in monitoring enzyme activity 
and microbial metabolites has led to its consideration in the study of 
biological systems [39]. The schematic diagram of SECM is shown in  
Fig. 1a, which consists of a low-current bipotentiostat that provides 
current and potential to the probe or sample, a three-dimensional (3D) 
positioning system that controls the movement of the probe, an elec
trolytic cell that houses different electrodes and a computer [40]. Both 
the probe and the bottom sample can be used as working electrodes to 
apply current or potential for multifunctional testing. SECM can also be 
used in conjunction with optical microscopy systems and temperature 
control equipment for more accurate probe control and satisfaction of 
temperature requirement [41]. The high-resolution feature of SECM 
mainly depends on the ultramicroelectrodes (UMEs), which are often 
fabricated with platinum wire, carbon wire, gold wire, or silver wire that 
are wrapped by borosilicate glass capillary. Most of the existing studies 
adopted UMEs with a diameter of 5–25 μm due to its practicability and 
low price. UMEs have obvious advantages over macroelectrodes 
including a reduced ohmic potential drop and a faster steady-state 
response [42]. Nevertheless, the accuracy of the SECM test depends 
heavily on the distance between the UME tip and the sample surface as 
determined by the approach curves, which is not easy to obtain. Direct 
contact between the UME tip and the sample surface due to excessive 
approach will damage the probe tip and even break the insulating glass 
capillary. Therefore, the mechanical strength and precise control of 
UMEs is one of the main obstacles limiting the application of SECM. 

Several major operation modes of SECM have been adopted in the 
study of biological systems according to different research objectives, 
including the feedback, redox competition, generation-collection 
modes. Different SECM modes are illustrated in Fig. 1b-d. When the 
UME tip is close to the insulator surface, the radial diffusion of the re
actants to the tip is inhibited, resulting in a decrease in the monitoring 
current, which is known as negative feedback. By contrast, the reaction 
product O will diffuse towards the conductive surface and be converted 
to R, causing an increase in R flux and the rise of monitoring current, 
which is defined as positive feedback (Fig. 1b) [43]. The approach curve 
is obtained based on the feedback mode. Sun et al. [44,45] summarized 
the relationship between the distance of the probe and substrate and the 
detected current. Hence, feedback mode is often used to locate the 
vertical position of the probe with respect to the substrate surface. In 
MIC, feedback mode operation has the potential to obtain topographical 
information of biofilm surfaces, which can be adopted to study the 
biofilm development process. However, this morphology is relatively 
rough, and it is difficult to accurately represent the complex surface 
morphology of the biofilms by the micron-scale probe tip. The 

Fig. 1. (a) Set-up configuration of SECM; Schematic diagrams of (b) the feedback mode, (c) the redox competition mode and (d) the generation-collection mode.  
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application of nanoscale probes can greatly improve the resolution and 
is expected to significantly reduce and possibly solve this problem. 

Redox competition mode operation is also a frequently used model in 
corrosion and catalytic activity studies [46,47]. By controlling the po
tential of the probe tip, the probe competes for the reactants with the 
sample surface at a relatively close distance. When the tip approaches 
the active area of the sample surface, such as the cathodic oxygen 
reduction zone of metal corrosion, the consumption of reactants by 
sample surface results in a decrease in the current collected by the tip 
(Fig. 1c) [48]. Controlling the distance between the tip and the substrate 
surface is the key to triggering "competition". 

The generation-collection mode can be divided into the substrate 
generation/tip collection (SG/TC) mode and the tip generation/sub
strate collection (TG/SC) mode, as shown in Fig. 1d. The product of one 
side is captured as the reactant of the other side. In this mode, the tip can 
sensitively detect the diffusion layer of product O and image its spatial 
concentration distribution. This mode has successful applications in the 
study of EET process in MIC, and can be used to detect the distribution of 
redox electron shuttles, such as riboflavin and pyocyanin (PYO) [49,50]. 
In addition, the generation and collection mode can also detect the 
distribution of corrosion products, such as ferrous ions, which is helpful 
to analyze the kinetic process of anodic reactions [51]. 

In addition to the above common modes based on amperometric 
methods, several special working modes also have great potential in the 
study of biological systems and MIC, including alternating current (AC) 
mode, potentiometric mode and penetration mode [52–54]. In contrast 
to the constant potential methods, an alternating potential is applied to 
the probe tip in AC mode using a lock-in amplifier, resulting in an AC 
response. With positive or negative feedback under AC response, more 
accurate distance control can be obtained than the traditional feedback 
mode. The characteristics of AC mode operation unlocks important ad
vantages in the characterization of topographical information of biofilm 
surfaces. In the potentiometric mode, potential signals are collected 
instead of current signals. Generally, an ion-selective membrane is 
selected according to the target test substance and applied to the UME 
tip. The diffusion concentration gradient of the target substance in the 
ion-selective membrane leads to the formation of a junction potential, 
which is then collected by the probe combined with the internal refer
ence electrode. Since electrochemical reactions are not needed, the 
potentiometric mode does not disturb the content and distribution of the 
target substance, and can detect non-electroactive substances in a liquid 
medium, such as hydrogen and alkali [52,55]. The potentiometric mode 
has obvious advantages in the detection of the cathodic reduction re
action product hydrogen under anaerobic MIC, or for local pH mea
surements near biofilms. All of the above operating modes are aimed to 
provide quantitative information on electrochemical activity and pres
ence of species above or near the biofilms, but cannot accommodate the 
study of substance diffusion and cell activity inside the biofilm. With the 
development of nanoscale UMEs, the penetration mode is expected to 
achieve this goal [56]. The nanoscale UME tip can penetrate the biofilm 
to measure ion concentration and pH distribution inside the biofilm or at 
the biofilm/sample interface without causing significant damage to the 
biofilms. 

SECM stands out among various localized electrochemical tech
niques with its ultra-high resolution and diverse operation modes 
tailored for various applications. However, there are still many limita
tions in its application: (1) to achieve nanometer-level resolution or ion 
selective functionality, the intricate preparation of bespoke probes is 
essential, which poses a significant challenge in fabrication techniques. 
(2) It is difficult to differentiate between electrochemical signals and 
morphological alteration, which also affects accurate positioning. (3) In 
a complex solution system, it is difficult to maintain the long-term 
effectiveness of probes during in-situ testing [57,58]. 

2.2. SKP and SKPFM 

SKP can detect the local potential distribution on the surface of metal 
or semiconductor through a Kelvin probe with nondestructive and non- 
contact features, and its principle was proposed by Kelvin in 1898 [59]. 
When two metals are connected with an electrical circuit and are close to 
each other, electrons will flow from the metal with the lower work 
function to the metal with higher work function, which results in a 
parallel plate capacitor between the two metals. The electric field of the 
capacitor known as contact potential difference (VCPD) is equal to the 
difference of the metal work function (ΔΦ = Φ1 − Φ2) [60,61]. The 
change of the work function difference between the vibrating probe and 
the electrode surface can cause a change of the potential value of the 
capacitor. SKP counteracts this potential voltage by applying an oppo
site backing potential (Vapplied) to the probe. The principle of VCPD 
measurement is displayed in Fig. 2. Using this method, SKP can obtain 
the distribution of VCPD on the local electrode surface. This potential has 
been reported to directly correlate with the corrosion resistance; metal 
surfaces with lower work function tend to be more prone to corrosion 
[62–65]. 

Although SKP enables to perform highly sensitive measurements for 
corrosion under thin electrolytes in air, the specific morphology of 
samples under the probe cannot be revealed. Nonnenmacher et al. [66] 
combined SKP and atomic force microscopy (AFM) to simultaneously 
measure the surface morphology and potential distribution of samples in 
1991, which is known as SKPFM. In SKPFM, the potential difference 
between the probe and the electrode surface induces vibration of the 
probe cantilever. The system compensates for this potential difference 
by applying a DC voltage between the probe and the electrode, nulli
fying the cantilever’s vibration amplitude, thus enabling the measure
ment of the local surface potential distribution. Relying on the AFM, two 
scanning processes are conducted during SKPFM measurements. During 
the first scan, the surface topography of the electrode surface is obtained 
by a semi-contact operation mode. During the second scan, the height of 
probe is raised by 5 nm ~ 50 nm, and the surface potential is measured 
in non-contact mode over the topography trajectory [67–69]. Attributed 
to the tiny size of the AFM probe, the SKPFM technique achieves 
nanoscale spatial resolution. Frankel et al. systematically studied the 
influence of test parameters and the surface states of the sample on the 
potential obtained by SKPFM, providing information of surface oxide 
structure and adsorption on the oxide surface with a high spatial reso
lution [70,71]. 

The signals obtained by SKPFM probes are susceptible to interference 
from cantilever vibrations, which exacerbates as the distance between 
the sample and the probe increases. Hence, SKPFM measurements are 
extremely surface sensitive. When the surface morphology of the sample 
has a relatively large variation, it can influence the accuracy of the signal 
[72]. Furthermore, both SKP and SKPFM are limited to measuring 
samples in air or under thin liquid films, which restricts their application 
for in situ studies on corrosion in electrolytes. 

2.3. SVET 

SVET is another common non-contact local corrosion detection 
technology. Fig. 3 shows SVET setup and probe topography. Different 
from SECM, SVET studies the properties and strength of corrosion re
actions by measuring the current density generated by ion flow during 
the electrochemical corrosion reactions of metals. Originally, SVET was 
a technique used by biologists to measure ion flow and extracellular 
current in biological systems, which was introduced into corrosion 
research by Isaacs in the 1970s [73]. Corrosion of metals typically 
originates from a heterogeneous spatial distribution of the substrate 
microstructure and redox ions at the cathodic or anodic surface, leading 
to the generation of a potential gradient. SVET can be used to study 
redox reactions on a microscopic scale and obtain the ionic current 
density in the electrolyte above the corrosion region whereas the local 
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corrosion process is not affected. Therefore, SVET is widely used in 
corrosion research to investigate pitting corrosion, weld corrosion, 
galvanic corrosion, stress corrosion, corrosion inhibitor and coating 
failure [74–76]. 

Compared to SECM, current detected by SVET are not affected by the 
topography and it can minimize the diffusion current [77]. However, the 

spatial resolution for SVET is worse than that of SECM and further 
exploration is needed to achieve the preparation of probes with higher 
resolution. As yet, SVET cannot provide information about the chemical 
species involved in the measured currents [78,79]. 

Fig. 2. The principle of VCPD measurement: (a, b) the contact of two metals with different work function, (c) a voltage applied to counteract the contact potential 
difference. Evac and EF represent vacuum level and Fermi level, respectively [60]. 

Fig. 3. (a) The schematic of SVET set up including 1-vibrating electrode, 2-pseudo-reference electrode, 3-Ag|AgCl reference electrode and 4-platinum wire counter 
electrode. (b) The size, shape and vibrating parameters of probe [80]. 
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2.4. LEIS 

As another scanning technique using microelectrodes, LEIS was 
firstly introduced by Isaacs in 1992 [81]. The experimental setup of LEIS 
measurements is shown in Fig. 4a, consisting of a traditional 
three-electrode system (working electrode, counter electrode, and 
reference electrode) and dual microelectrode [82]. The traditional 
three-electrode system is used to apply an alternating voltage to the 
working electrode to excite an electric field in the electrolyte. LEIS al
lows measuring the local impedance of the electrode surface by 
measuring the AC-current density in the vicinity of the working elec
trode. The local current density can be calculated from the local po
tential gradient sensed by the dual microelectrode positioned near the 
active region at the electrode surface [83,84]. LEIS is capable of 
measuring the local impedance response of a point at different fre
quencies, and can also map the local impedance based on measurements 
at different points at a single frequency. The spatial resolution of the 
LEIS is governed by the dual-microelectrode, usually Pt or Ag/AgCl dual 
microelectrodes, and is determined by the size (the diameter) of the 
microelectrodes, the distance between the two sensing microelectrodes 
(d), and the distance between the probe and the substrate (h), as shown 
in Fig. 4b [82,85,86]. 

The best spatial resolution of the LEIS can reach ~10 μm, but it is still 
less than that of SECM. Similarly, the preparation of probes with high 
spatial resolution is still technically difficult due to the complex struc
ture of the probes. LEIS testing does not rely on the presence of redox 
species in the solution, but it is highly susceptible to changes in the state 
at substrate/solution interface, such as molecular adsorption, corrosion 
product accumulation, etc. Additionally, the frequency domain of LEIS 
tests depends on the stability of the system. 

2.5. WBE 

The WBE is a composite electrode consisting of a specific number of 
metal wires arranged according to an array pattern. Different from the 
techniques introduced above, WBE is not exactly a typical localized 
electrochemical technique, but it also allows to map heterogeneous 
electrochemical processes on the overall electrode surface relying on 
numerous metal wire sensors [87–89]. The WBE is fabricated from a 
metallic wire bundle embedded in insulating materials, such as epoxy 
resin, as shown in Fig. 5 [87,90]. Each wire is an individual electro
chemical sensor which allows to map the distribution of corrosion po
tential and corrosion current density in the nearby area [91]. In 
addition, the WBE technique can realize the simultaneous detection of 
electrochemical signals from hundreds of different metal wires, enabling 
it a powerful high-throughput method to provide sufficient corrosion 
performance data within a short time. The WBE has been widely used to 
investigate the local degradation of metallic materials [92,93]. 

The diameter of metal wires for WBE is usually in the millimeter 
level, which determines its lower resolution compared to various 

scanning probe techniques. When performing electrochemical infor
mation collection, only non-destructive electrochemical tests, such as 
and EIS and linear polarization resistance measurements, are usually 
performed to avoid mutual interference because all wires are immersed 
in one electrolyte. 

3. Application in MIC 

In this part, the application cases in the MIC field of various localized 
electrochemical techniques including SECM, SKP, SKPFM, SVET,LEIS 
and WBE are reviewed. At the end of this chapter, we concluded the 
technical characterization and the advantages and disadvantages of 
each localized technique. 

3.1. SECM 

EET mechanism has been extensively mentioned and developed in 
MIC research in the past decades. However, the research on the electron 
transport process at the biofilm/metal interface at the micro-nano scale 
still lacks effective means, which has become the bottleneck of EET 
mechanism research. For the research of EET processes in MIC, SECM 
has been applied and the data was analyzed in combination with 
macroscopic electrochemical characterization. Whiteley et al. [94] used 
SECM to detect PYO, a quorum-sensing metabolite released by Pseudo
monas aeruginosa in a microscale 3D-printed cage. As shown in Fig. 6, an 
empty 3D-printed microtrap with an inner chamber (20 × 20 × 20 μm; 
length × width × height) was prepared. The distribution of PYO was 
obtained by detecting the oxidation current of reduced PYO at the 
microelectrode. The SECM current response suggested that a minimum 
number of 500 bacterial cells was required for P. aeruginosa to initiate 
quorum-sensing, and at least 2000 cells were able to stimulate 
quorum-sensing between adjacent P. aeruginosa aggregates. Although 
this paper mainly concerned the relationship between quorum 
sensing-mediated communication and the cell number, its experimental 
ideas provide inspiration for the configuration of MIC research design in 
the presence of electron shuttles which promote the EET efficiency. 

Moreira et al. [95] investigated the influence of hydrogen-oxidizing 
bacteria Shewanella oneidensis on the corrosion of low carbon steel and 
used SECM to detect the hydrogen consumption by bacteria via the 
generation-collection operation mode, as shown in Fig. 7. The CV curves 
were obtained with a rate of 15 mV s− 1 with a platinum probe located at 
80 μm above the steel substrate in abiotic (blue curve) and biotic (red 
curve) conditions. The anodic peaks were found for both conditions 
which are ascribed to the dihydrogen oxidation. The smaller peak in 
biotic condition indicated that more H2 was consumed by the 
S. oneidensis. The results suggested that S. oneidensis can use H2 as an 
electron donor to promote localized corrosion of carbon steel. 

Li et al. [49] employed SECM to detect the distribution of reduced 
and oxidized riboflavin over the passive steel surface covered with 
S. oneidensis MR-1 biofilms to interpret the corrosion mechanism under 

Fig. 4. (a) Experimental setup of LEIS measurements; (b) Schematic magnification of the region of the microprobe close to substrate [82].  
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riboflavin mediated MIC. To create an anaerobic atmosphere and 
maintain constant temperature, special monitoring devices were 
designed for SECM testing in this work. The SECM scanning results are 
presented in Fig. 8. Compared to the steel surface covered by dead cells, 
the distribution of riboflavin on the stainless steel surface covered by 
living cells showed obvious heterogeneity. In addition, riboflavin 
detected above the stainless steel with a natural passive film, dominantly 
existed in the oxidized state, while the riboflavin above an abraded 
stainless steel surface (passive film removed) mainly retained a reduced 
state. Based on the evidence of SECM, an adaptive bidirectional extra
cellular electron transfer mechanism between S. oneidensis MR-1 and 

stainless steel was proposed (shown in Fig. 8b), including inward EET 
(electrons transfer from materials to bacteria) and outward EET (elec
trons transfer from bacteria to materials). Huang et al. [50] used SECM 
to detect the distribution of reduced PYO and oxidized PYO on the 304 
stainless steel surface when they investigated its corrosion caused by 
outward extracellular electron transfer of P. aeruginosa biofilm. When 
the electron acceptor (NO3

- ) was deficient, P. aeruginosa used PYO as the 
mediator to transport electrons from the inside of cells to the extracel
lular passive film, resulting in the reduction of ferric compounds and 
accelerated rupture of the passive film. This process caused the transi
tion of the reduced PYO to the oxidized PYO on the surface of the 

Fig. 5. Set-up configuration of WBE and the detection of electrochemical information [87,90].  

Fig. 6. (a) Bright-field image of an empty 3D-printed microtrap; (b) A video microscope image of the 5-μm-diameter SECM probe; (c) SECM image for PYO collected 
above a microtrap containing wild type (WT) P. aeruginosa; (d) Schematic of the microtrap SECM system for measuring PYO in real time [94]. 
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stainless steel. SECM results showed that the concentration of reduced 
PYO on the surface of stainless steel decreased in localized areas, cor
responding to the increased concentration of oxidized PYO increased, 
which confirmed the outward EET mechanism. 

In addition to the detection of microbial metabolites and metabolic 
processes, SECM is also adopted to characterize the corrosion protective 
effects of microbial minerals. Lou et al. [96] studied the MIC inhibition 
effect of Shewanella putrefaciens on Q235 carbon steel via biominerali
zation, by SECM analysis. S. putrefaciens is shown to use the cell walls as 

nucleation sites to induce the formation of a protective biomineralized 
layers on the steel surface which contained calcite and extracellular 
polymeric substances. An artificial scratch with a width and depth of 
~40 μm was made on Q235 carbon steel surface before the immersion 
tests. In the SECM image, the current over the scratch region sharply 
reduced after 7 days and 14 days of immersion, indicating the rapid 
consumption of dissolved oxygen in the scratch area by the cathodic 
corrosion reaction on the exposed steel substrate (Fig. 9). After 7 days of 
immersion in the S. putrefaciens-inoculated medium, mineral particles 

Fig. 7. (a) Schematic of the hydrogen consumption study of S. oneidensis by the generation/collection mode of SECM; (b) Cyclic voltammograms of the Pt 
microelectrode at 15 mV s− 1 located at 80 μm above the steel substrate in abiotic (blue curve) and biotic (red curve) conditions; (c) Evolution of the amount of H2 
oxidized at the Pt microelectrode during the backward scan of potentials as a function of the tip-to-substrate distance [95]. 

Fig. 8. (a) In situ SECM imaging of steel surfaces after 18 h of immersion in medium containing wild-type S. oneidensis MR-1; (b) Schematic of current variation 
influenced by S. oneidensis MR-1 on the passive and abraded stainless steel surface [49]. 

W. Chang et al.                                                                                                                                                                                                                                  



Corrosion Science 236 (2024) 112246

8

were deposited over the scratched region, effectively inhibiting the 
cathodic reaction and resulting in a repair efficiency of 82 % as deter
mined by the ratio of current measured in the artificial crack region (I) to 
that obtained over the intact region (Ia) in SECM results. As immersion 
time increased to 14 days, the crack was completely repaired. 

3.2. SKP and SKPFM 

Since SKP and SKPFM cannot be performed in liquid environments, 
assessment of biofilm covered samples entail characterization of the 
surface potential distribution after immersion. Liu et al. [97] used SKP to 
investigate the potential distribution of X80 pipeline steel after 1 day 
and 14 days exposure in sterile and nitrate-reducing bacteria Brevi
bacterium frigoritolerans-inoculated artificial soil at 30◦C. The changes in 
surface Kelvin potential were within 0.04 V after 1 day exposure in both 
sterile and inoculated soil. However, the change in surface Kelvin po
tential reached approximately 0.06 V in sterile soil and approximately 
0.18 V in the inoculated soil after 14 days, as shown in Fig. 10a and b. 
The rapid increase of surface Kelvin potential under inoculated condi
tions suggested that the biofilms induced enhanced electronic activity of 
the metal surface and serious pitting corrosion occurred on the steel 
surface. Similarly, in their other study on MIC of X80 pipeline steel, SKP 
was also used to show the promoting effect of nitrate-reducing bacte
rium Bacillus cereus on localized corrosion [98]. In the SKP images, the 
increased Kelvin potential caused by B. cereus inoculation indicated that 
the attached biofilm can effectively hinder the electron exchange be
tween the steel and electron acceptors in solution (Fig. 10c and d). 

However, the surface potential distribution was relatively dispersed 
after 18 days, suggesting that the B. cereus biofilms led to the formation 
of local anode and cathode regions and more severe localized corrosion. 

The combination of morphology and potential characterization of 
SKPFM is a powerful asset in exploring the interaction of bacteria/ma
terial interface, which has important application prospects in the study 
of the mechanism of MIC. For example, Cui et al. [99] found that the 
regions at the edge of Shewanella algae on 201 stainless steel exhibited 
obvious potential drop, as shown in Fig. 11b. After the sessile cell was 
pushed away through a nano-manipulation operation, the potential drop 
remained (Fig. 11e). The line scan results indicated this potential drop to 
be about 13.75 mV, which was hypothesized to be the result of irre
versible electron injection into the passive film on stainless steel surface 
from S. algae cells. In another research of Cui et al. [100], FIB/TEM 
combined with SKPFM were utilized to investigate the degradation of 
the passive film under a single S. algae cell. The results showed that the 
passive film under the cell almost disappeared and negative charge 
accumulation was observed on the 201 stainless steel substrate around 
the cells, which was attributed to the outward electron transfer of 
S. algae. In a recent investigation, SKPFM technique was also applied to 
characterize the effect of microbially-induced mineralization on the 
corrosion. Lou et al. [101] utilized SKPFM to compare the surface po
tential difference of Q235 carbon steel immersed in wild type 
S. putrefaciens inoculated medium and mutant strains (ΔflrA and ΔflhG) 
inoculated media. Deletion of FlrA and FlhG genes could induce the 
up/down-regulation of EPS expression, respectively. The steel surface 
with dense sediments generated under the condition of excessive EPS 

Fig. 9. Optical morphologies and SECM images of the scratch regions before and after 7 days, 14 days of immersion in the S. putrefaciens-inoculated media [96].  
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exhibited the lowest potential difference, indicating the most effective 
corrosion inhibition. 

3.3. SVET 

SVET has been used to study the current variation present at metal/ 

biofilm interfaces in MIC. Franklin et al. [102] used SVET to detect the 
localized corrosion of carbon steel in the presence and absence of bac
teria early in 1991. In the sterile medium, high anodic current was 
observed and the substrate subsequently became inactive, which rep
resented pit initiation and repassivation processes, respectively. In the 
inoculated medium, the localized anodic active region sustained and 

Fig. 10. SKP distribution of X80 pipeline steel in (a) sterile and (b) B. frigoritolerans inoculated artificial Beijing soil at 30 ℃ for 14 days. SKP distribution of X80 
pipeline steel in artificial Beijing soil (c) with and (d) without B. cereus for 18 days [97,98]. 

Fig. 11. Surface topography and corresponding potential distribution on 201 stainless steel immersed in S. algae inoculated medium for 3 days (a, b) before and (d, 
e) after removing the bacterial cell. (c, f) Corresponding line scan potential values [99]. 
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spread instead of showing repassivation. This indicated that bacteria 
prevented the initiated anodic sites from repassivation. Liu et al. [103] 
adopted SVET to investigate the effect of fluid flow on the biofilm for
mation and MIC of pipelines caused by SRB, as shown in Fig. 12. SVET 
maps after 14 days of immersion showed that the potential distribution 
on the electrode surface was not uniform and potential peaks of up to 
100 μV were observed at low flow velocity (0.2 m/s). It indicated that 
biofilms were formed on the electrode surface, which resulted in a 
heterogeneous activity of the electrode surface and a higher corrosion 
rate. By comparison, SVET maps at high flow velocity (1.0 m/s) 
exhibited a relatively uniform potential distribution with a maximum of 
20 μV. It suggested that the biofilm is difficult to form under those 
conditions and the anodic dissolution rate was found to be low. It in
dicates that a low flow rate is conducive to the development of MIC. 

Guo et al. [104] investigated the effect of Bacillus subtilis and Pseu
doalteromonas lipolytica on the corrosion of low-alloy engineering steel. 
The distribution of current on the steel surface as observed by SVET 
analysis is relatively uniform during the tests in sterile seawater and 
seawater inoculated with B. subtilis. However, the current density 
observed is low and shows a maximum value of only 50 μA cm− 2. This 
uniform corrosion results from the coating of a dense layer of corrosion 
products. In contrast, the current distribution did not become uniform in 
the medium containing P. lipolytica, and localized current density 
reached 150 μA cm− 2, indicating that the presence of P. lipolytica can 
increase localized corrosion. In addition, Ziadi et al. [105] studied the 
corrosion behavior of 304 L stainless steel in treated urban wastewater 
using SVET. Due to heterogeneous attachment of iron-oxidizing bacteria 
(IOB), the current densities at anodic and cathodic regions were un
evenly distributed in the SVET map after 1 h immersion. Stronger anodic 
regions appeared in localized area of SVET image, which represented the 
initiation of localized corrosion. With prolonged immersion time, the 
respiration of IOB locally attached to the steel surface consumed dis
solved oxygen, and the corrosion product layer shields oxygen to form 
diffusion to the steel substrate, which lead to the generation of a dif
ferential aeration cell increasing the cathodic current density. After 11 
days, the participation of SRB further intensified both anodic and 
cathodic corrosion processes, causing the cathodic current density to 

reach a maximum value of − 6 µA cm− 2 during SVET mapping. 

3.4. LEIS 

Moreira et al. [95] adopted LEIS to investigate the effect of iron 
reducing bacteria on the local corrosion of low carbon steel using H2 as 
electron donor. The results of LEIS at different locations were similar, 
indicating that a thick and relative uniform layer of corrosion products 
was formed on the steel surface, and the reactivity of the interface was 
not dependent on the position. Shen et al. [106] investigated the effect 
of B. subtilis on the corrosion behavior of 2A14 aluminum alloy in 
seawater, and measured the distribution of local impedance of the 2A14 
aluminum alloy surface by LEIS before and after immersion for different 
times in inoculated and sterile solutions. As shown in Fig. 13, the 
average local impedance increased dramatically after a long immersion 
time in the inoculated seawater, reaching 79.3 kΩ⋅cm2 after 14 days. 
This value was much higher than that in the sterile seawater, indicating 
a low corrosion rate under inoculated seawater condition. The results of 
LEIS demonstrated the protective effect of biomineralization films pro
duced by B. subtilis against corrosion in seawater environments. 

Compared with macroscopic EIS, LEIS can obtain the impedance 
information at local regions of interest on the metal surface, which en
ables the analysis of local impedance changes within the biofilm 
attached region. Similar to macroscopic EIS, LEIS imposes only minor 
sinusoidal potentials to the substrate which has no significant interfering 
effect on the metal surface, allowing local impedance analysis without 
damaging the biofilm. However, due to the technical limitations of low 
resolution and difficult in localization, LEIS as well as SVET have not 
been utilized much in MIC research. These technologies still need to be 
further improved in the development of MIC mechanism study. 

3.5. WBE 

The WBE can continuously monitor the electrochemical information 
of different regions of the sample surface, thus it was used in many 
studies of MIC with heterogeneous characteristics. Dong et al. [107] 
used WBE to study the heterogeneous corrosion of mild steel under an 

Fig. 12. (a) SEM morphologies, (b) SVET maps and (c) pit morphology of the steel electrode after 14 days of testing in the flowing medium at 0.2 m/s; (d) SEM 
morphologies, (e) SVET maps and (f) pit morphology of the steel electrode after 14 days in the flowing medium at 1.0 m/s [103]. 
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SRB biofilm. After 15 days of experiments, the potential map was very 
uniform and smooth, and failed to probe the localized corrosion due to 
the highly conductive sulfide precipitates embedded in the SRB-biofilm. 
However, the change of current increased to 14 μA, indicating a sig
nificant corrosion zone in the center of WBE, as shown in Fig. 14d. Chen 
et al. [108] investigated the effects of SRB on the corrosion behavior of 
copper in seawater using WBE. The results indicated that the presence of 
SRB resulted in a nonhomogeneous distribution of current across the 
WBE area. Wu et al. [109] studied the effect of crevice width on MIC of 
316 L stainless steel with WBE, in which WBE and a convex lens formed 
the crack structure. The results showed that the anodic corrosion current 
(about 5.6 × 10− 8 A) of the WBE surface in the presence of SRB was 
significantly higher than that in the sterile environment (about 7.5 ×
10− 9 A). Furthermore, crevice corrosion was more serious with the 
crevice width between 90–150 μm while the anodic current in the area 
with crevice width more than 150 μm still reached 4.5 × 10− 8 A in the 
presence of SRB. These results indicated that SRB may increase the 
sensitive width range of crevice corrosion. 

Moreover, the WBE current was related to the bacterial metabolic 
activity in SRB medium [110]. High metabolic activity of SRB results in 
a large variation of current and localized corrosion. Low SRB metabolic 
activity has little effect on the WBE current distribution and may induce 
uniform corrosion. Wei et al. [111] adopted WBE to study the corrosion 
behavior of pipelines under CaCO3 deposits influenced by SRB. The re
sults of WBE tests showed that a dense SRB biofilm slowed down the 
corrosion of carbon steel on the 7th day and galvanic corrosion reactions 
under deposition were promoted with immersion time. Liu et al. [112] 
investigated the corrosion behavior of deposit-covered X80 pipeline 

steel in seawater containing Pseudomonas stutzeri using WBE. The WBE 
galvanic current distribution between the bare sample and 
deposit-covered sample in the presence of P. stutzeri showed that the 
anodic current densities are smaller than those of the sterile control, 
which demonstrated that P. stutzeri can effectively inhibit steel corrosion 
and decrease the galvanic effects between deposit-covered and uncov
ered sample areas. Tuck et al. [113] utilized WBE to monitor galvanic 
current and corrosion potential changes in real time, enabling the 
evaluation of absorption of amino acids on carbon steel. The results 
showed greater potential value homogeneity at surface areas condi
tioned with amino acids, reflecting a lower surface reactivity. Combined 
with the detection of DNA absorption, Tuck et al. [113] proposed that a 
conditioning film first formed on carbon steel by DNA and amino acids 
and promoted the attachment of Shewanella chilikensis. 

Apart from bacteria, the MIC induced by fungi can also be studied 
using WBE. Lu et al. [114] report a WBE method to study the degrada
tion effect of fungi Talaromyces funiculosus on the degradation of poly
urethane (PU) coating, which is shown in Fig. 15. After 14 days of 
immersion, the localized current density on the WBE surface can reach 
~ 10− 3 A/cm2 in the fungal inoculated medium, while the value 
maintained at ~10− 7 A/cm2 under sterile conditions. The WBE results 
indicated that the degradation of the PU was more severe after being 
attacked by T. funiculosus. In addition to the localized current density, 
the distribution and ratio of anode and cathode regions on the sample 
surface over time can also be represented by WBE analysis. 

According to the principle and application of each technology,  
Table 1 presents the comparison of different localized electrochemical 
techniques discussed in this review. The possible advantages and 

Fig. 13. LEIS of 2A14 aluminum alloy in the B. subtilis-inoculated medium after (a) 7 days and (b) 14 days of immersion and immersed in the sterile medium for (c) 7 
days and (d) 14 days [106]. 
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disadvantages in MIC studies are also analyzed and outlined in the table. 
As mentioned above, each of the localized electrochemical tech

niques has its own advantages and disadvantages and meets different 
application requirements. In addition, some common technical diffi
culties need to be overcome when these technologies are applied in the 
research area of MIC: (1) a very tricky challenge is that the probe is 
difficult to locate above the biofilm attached region, except for SKPFM. 
It is usually necessary to configure an optical microscope to assist the 
probe positioning. (2) Biofilms adhering to the probe can interfere with 
the accuracy of the measurements. Hence, the distance between the 
probe and the substrate needs to be precisely controlled in the vertical 
direction, which increases the difficulty of the applications of SVET and 
LEIS. (3) Real-time electrochemical monitoring requires the exclusion of 
other bacterial interference. Additionally, the maintenance of temper
ature and humidity of the electrochemical cell is necessary to keep the 
activity of the living microbes. For some anaerobic bacteria, it is also 
hard to control the oxygen concentration in the system during the 
detection. 

4. Conclusions and future perspectives 

Materials deployed in various scenarios such as oil & gas production, 
marine operation and even aerospace applications are confirmed to be 
affected by microbiologically influenced corrosion (MIC). Even stainless 
steels exhibit high sensitivity to MIC apart from chloride ions, a fact that 
has been extensively documented through research. In reality, microbial 
abundance is high and the mechanisms involved are complex. Further 
research is still needed to better understand MIC in practical environ
ments. Currently, most laboratory investigations focus on single bacte
rial strains. These studies indicate that different bacteria involved in 
corrosion process of materials share some common mechanisms, which 
can provide guidance for the prevention and control of MIC. However, 
the existing MIC mechanisms are still mostly inferred relying on 
macroscopic morphological observation and electrochemical tests. The 

evolution of electrochemical behavior of localized corrosion caused by 
MIC and the change of substance distribution at the microorganism/ 
material interface remain insufficiently understood. 

In this review, we have summarized the state of the art of localized 
electrochemical techniques as powerful tools to study MIC at micro- or 
even nanoscopic levels, including SECM, SKP, SVET, LEIS, and WBE. 
These techniques achieve the acquisition of signals revealing potentials, 
current and concentration of metabolites on electrode surface in MIC 
and exhibit high sensitivity and spatial resolution. The fabrication of 
sophisticated and miniaturized probes and the precise control of the 
probe movement are keys to the rapid development of localized elec
trochemical techniques and its application in MIC. As the size of the 
probe becomes nanoscale, it will be easier to spatially resolve the dis
tribution of bioelectrochemical signals at single-cell levels and the 
interaction between microbial cell and materials. In addition, electro
chemical characterization at single cell level can avoid the shielding 
effect of the biofilm on ions diffusion, which is more conductive to reveal 
the accurate subtle change of substances at microorganism/material 
interface during MIC and help to understand the process and causes of 
MIC. 

Nevertheless, the realization of the full potential of localized elec
trochemical techniques in MIC research demands a deeper under
standing of several important aspects: (1) precise localization, (2) long- 
term monitoring, and (3) testing under biofilms. First, it is difficult for 
most localized electrochemical techniques to accurately locate and po
sition the probes over the electrode surface and obtain the exact 
topography information of the electrode surface. This leads researchers 
to execute intense efforts finding the appropriate test region and 
assessing the source and accuracy of the detected signals. This is also an 
operational threshold for the further application of localized electro
chemical techniques in MIC research. Although SKPFM can accurately 
locate bacteria and then image potential distribution, it can only be 
performed on materials under dead bacteria in the air at present, 
because of the inevitable interference in the solution of electrolytes, ion 

Fig. 14. (a) Schematic design of SRB batch reactor and corresponding electrochemical mapping device; Photographs of corroded WBE after exposed to the (b) SRB- 
incubated and (c) sterile medium for 15 days; (d) Current maps of the WBE and (e) modulus of impedance distribution of mild steel at frequency of 100 Hz after 
exposed to SRB-incubated medium for 15 days [107]. 
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adsorption and additional force such as buoyancy and drag force of the 
flow. Second, localized electrochemical techniques are unable to 
monitor the evolution of MIC over a long period of immersion time at 
present. The incubation of MIC requires a strictly enclosed environment 
to avoid environmental and microbial contamination, and needs specific 
temperature, humidity and oxygen concentration. In addition, detecting 
the distribution information of key corrosion factors, such as chloride 
ions and electron shuttles, within the biofilm poses a challenge for 
current localized electrochemical techniques. The microorganisms/ 
material interface beneath the biofilm is the primary site for the 
occurrence of MIC. A variety of substances within the biofilm, including 

microbial cells and extracellular polymeric substances (EPS), can 
interfere with the positioning of probes and contaminate the tip of the 
probe. 

To circumvent these problems, new attempts and designs of localized 
electrochemical aparatus are needed. (1) The combination of AFM and 
localized electrochemical methods, such as AFM-SECM, is expected to 
solve the problem of positioning difficulty. Its capability for dual mea
surement enables simultaneous mapping of electrode surface biofilm 
morphology and electrochemical signal distribution, helping to deter
mine the source of the detected signal. The controllable detection height 
can realize precision three-dimensional electrochemical signal 

Fig. 15. Digital microscope images of the entire WBE surface after 14 days of immersion in the (a) sterile medium and (d) T. funiculosus-contained medium; 
Magnified images of localized WBE surface from the (b, c) sterile medium and (e, f) T. funiculosus-contained medium; Current density distribution of the entire WBE 
surface after the immersion in the (g) sterile medium and (h) T. funiculosus-contained medium for 14 days [114]. 

Table 1 
Comparison of various localized electrochemical techniques [57,72,79].  

Technique Resolution Resolution control Detected signal Advantages Disadvantages 

SECM 50 nm–20 
μm 

Tip size Current/Potential High spatial resolution; multiple 
operation modes 

Current signal is influenced by the topography; simple 
redox species in electrolyte are required 

SKP > 50 μm Tip size, Applied voltage Contact potential 
difference 

Accurate potential distribution 
detection 

Real-time monitoring cannot be performed in solution; 
technical difficulties in the realization of high resolution 

SKPFM 5 nm–1 μm Applied voltage Contact potential 
difference 

High resolution; simultaneous 
acquisition of topography and potential 
distribution 

Real-time monitoring cannot be performed in the 
solution 

SVET 20 μm–200 
μm 

Vibration amplitude Current Avoidance of morphology interference Lower resolution compared with SECM; repeated 
calibration with any change in solution conductivity; 
difficulty in vertical positioning 

LEIS 10 
μm–1 mm 

Tip size Impedance Implementation in solution with 
complex composition 

Lower resolution compared with SECM; difficulty in 
vertical positioning 

WBE > 0.5 mm Diameter, quantity and 
arrangement of wires 

Current, potential 
and impedance 

High throughout detection of 
electrochemical information; 
continuous monitoring 

Low resolution relative to the size of bacteria  
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collection (2) Soft probe and dual probes with ion-selective microelec
trode hold promise for addressing issues of detection beneath biofilms 
by easy positioning operation and accurate detection of specific sub
stances but present a certain difficulty in fabrication. In addition, using 
WBE as a substrate electrode and conducting scanning probe techniques, 
such as SECM or AFM, above substrate may be able to further compre
hensively characterize the electrochemical signals from different aspects 
including the electrode, metal/biofilm interface, and biofilm side, 
providing a more holistic picture of MIC reactions beneath the biofilm. 
(3) According to existing reports, microorganisms will first adhere to the 
material surface and then gradually form a biofilm, which usually results 
in the fastest corrosion rate of the materials after 3–7 days of immersion. 
Continuous monitoring can provide insight into the whole process from 
microbial adhesion to biofilm formation and its impact on the degra
dation of materials. To this end, sensors based on the principle of 
localized electrochemistry are particularly needed to study the dynamic 
process of MIC during long-term laboratory microbial culture or even for 
field applications. 
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constant-phase-element behavior of an ideally polarized blocking electrode: a 
global and local impedance analysis, J. Electrochem. Soc. 154 (2007) C81. 

[86] C.G. Zoski, Review—advances in scanning electrochemical microscopy (SECM), 
J. Electrochem. Soc. 163 (2016) H3088. 

[87] G.Y. Feng, Z.Q. Jin, D.J. Zhu, C.S. Xiong, Z. Li, X.X. Wang, Corrosion propagation 
of steel reinforcement in pre-cracked mortar attacked by seawater using wire 
beam electrode, Corros. Sci. 208 (2022). 

[88] D. Battocchi, J. He, G.P. Bierwagen, D.E. Tallman, Emulation and study of the 
corrosion behavior of Al alloy 2024-T3 using a wire beam electrode (WBE) in 
conjunction with scanning vibrating electrode technique (SVET), Corros. Sci. 47 
(2005) 1165–1176. 

[89] N.N. Aung, Y.J. Tan, A new method of studying buried steel corrosion and its 
inhibition using the wire beam electrode, Corros. Sci. 46 (2004) 3057–3067. 

[90] W. Shi, T.Z. Wang, Z.H. Dong, X.P. Guo, Application of wire beam electrode 
technique to investigate the migrating behavior of corrosion inhibitors in mortar, 
Constr. Build. Mater. 134 (2017) 167–175. 

[91] Y.-J. Tan, The effects of inhomogeneity in organic coatings on electrochemical 
measurements using a wire beam electrode: Part I, Prog. Org. Coat. 19 (1991) 
89–94. 

[92] Y.-J. Tan, S. Bailey, B. Kinsella, Mapping non-uniform corrosion using the wire 
beam electrode method. I. Multi-phase carbon dioxide corrosion, Corros. Sci. 43 
(2001) 1905–1918. 

W. Chang et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref35
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref35
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref36
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref36
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref37
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref37
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref38
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref38
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref38
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref39
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref39
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref39
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref40
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref40
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref40
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref41
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref41
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref42
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref42
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref42
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref43
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref43
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref43
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref44
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref44
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref45
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref45
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref45
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref45
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref46
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref46
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref46
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref46
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref47
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref47
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref47
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref47
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref48
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref48
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref48
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref48
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref49
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref49
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref49
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref49
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref50
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref50
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref50
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref51
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref51
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref51
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref52
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref52
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref52
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref53
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref53
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref53
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref53
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref53
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref54
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref54
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref54
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref55
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref55
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref55
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref56
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref56
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref56
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref57
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref57
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref57
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref57
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref58
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref58
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref59
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref59
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref59
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref60
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref60
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref60
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref61
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref61
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref61
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref61
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref62
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref62
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref62
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref63
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref63
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref64
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref64
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref64
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref65
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref65
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref66
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref66
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref66
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref67
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref67
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref67
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref67
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref68
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref68
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref68
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref68
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref69
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref69
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref69
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref70
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref70
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref70
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref71
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref71
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref71
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref72
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref72
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref73
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref73
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref73
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref73
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref74
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref74
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref74
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref75
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref75
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref75
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref76
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref76
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref76
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref77
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref77
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref77
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref78
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref78
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref79
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref79
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref80
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref80
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref81
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref81
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref81
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref82
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref82
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref82
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref83
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref83
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref83
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref84
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref84
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref84
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref85
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref85
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref86
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref86
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref86
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref87
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref87
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref87
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref87
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref88
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref88
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref89
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref89
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref89
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref90
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref90
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref90
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref91
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref91
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref91


Corrosion Science 236 (2024) 112246

16

[93] Y.J. Tan, N.N. Aung, T. Liu, Evaluating localised corrosion intensity using the 
wire beam electrode, Corros. Sci. 63 (2012) 379–386. 

[94] J.L. Connell, J. Kim, J.B. Shear, A.J. Bard, M. Whiteley, Real-time monitoring of 
quorum sensing in 3D-printed bacterial aggregates using scanning 
electrochemical microscopy, P Natl. Acad. Sci. USA 111 (2014) 18255–18260. 

[95] R. Moreira, M.K. Schütz, M. Libert, B. Tribollet, V. Vivier, Influence of hydrogen- 
oxidizing bacteria on the corrosion of low carbon steel: Local electrochemical 
investigations, Bioelectrochemistry 97 (2014) 69–75. 

[96] Y.T. Lou, W.W. Chang, T.Y. Cui, H.C. Qian, L.Y. Huang, L.W. Ma, X.P. Hao, D. 
W. Zhang, Microbiologically influenced corrosion inhibition of carbon steel via 
biomineralization induced by Shewanella putrefaciens, Npj Mat. Degrad. 5 
(2021). 

[97] B. Liu, Z.Y. Li, X.J. Yang, C.W. Du, X.G. Li, Microbiologically influenced corrosion 
of X80 pipeline steel by nitrate reducing bacteria in artificial Beijing soil, 
Bioelectrochemistry 135 (2020). 

[98] B. Liu, M.H. Sun, F.Y. Lu, C.W. Du, X.G. Li, Study of biofilm-influenced corrosion 
on X80 pipeline steel by a nitrate-reducing bacterium, Bacillus cereus, in artificial 
Beijing soil, Colloid Surf. B 197 (2021). 

[99] T.Y. Cui, H.C. Qian, W.W. Chang, H.B. Zheng, D.W. Guo, C.T. Kwok, L.M. Tam, D. 
W. Zhang, Towards understanding Shewanella algae-induced degradation of 
passive film of stainless steel based on electrochemical, XPS and multi-mode AFM 
analyses, Corros. Sci. 218 (2023). 

[100] T.Y. Cui, H.C. Qian, Y.T. Lou, X.D. Chen, T. Sun, D.W. Zhang, X.G. Li, Single-cell 
level investigation of microbiologically induced degradation of passive film of 
stainless steel via FIB-SEM/TEM and multi-mode AFM, Corros. Sci. 206 (2022). 

[101] Y.T. Lou, W.W. Chang, T.Y. Cui, H.C. Qian, X.P. Hao, D.W. Zhang, 
Microbiologically influenced corrosion inhibition induced by S. putriefaciens 
mineralization under extracellular polymeric substance regulation via FlrA and 
FlhG genes, Corros. Sci. 221 (2023). 

[102] M.J. Franklin, D.C. White, H.S. Isaacs, Pitting corrosion by bacteria on carbon 
steel, determined by the scanning vibrating electrode technique, Corros. Sci. 32 
(1991) 945–952. 

[103] T. Liu, Y.F. Cheng, M. Sharma, G. Voordouw, Effect of fluid flow on biofilm 
formation and microbiologically influenced corrosion of pipelines in oilfield 
produced water, J. Pet. Sci. Eng. 156 (2017) 451–459. 

[104] Z.W. Guo, T. Liu, Y.F. Cheng, N. Guo, Y.S. Yin, Adhesion of Bacillus subtilis and 
Pseudoalteromonas lipolytica to steel in a seawater environment and their effects 
on corrosion, Colloid Surf. B 157 (2017) 157–165. 

[105] I. Ziadi, M.M. Alves, M. Taryba, L. El-Bassi, H. Hassairi, L. Bousselmi, M. 
F. Montemor, H. Akrout, Microbiologically influenced corrosion mechanism of 
304L stainless steel in treated urban wastewater and protective effect of silane- 
TiO2 coating, Bioelectrochemistry 132 (2020). 

[106] Y.Y. Shen, Y.H. Dong, Y. Yang, Q.H. Li, H.L. Zhu, W.T. Zhang, L.H. Dong, Y.S. Yin, 
Study of pitting corrosion inhibition effect on aluminum alloy in seawater by 
biomineralized film, Bioelectrochemistry 132 (2020). 

[107] Z.H. Dong, W. Shi, H.M. Ruan, G.A. Zhang, Heterogeneous corrosion of mild steel 
under SRB-biofilm characterised by electrochemical mapping technique, Corros. 
Sci. 53 (2011) 2978–2987. 

[108] S.Q. Chen, P. Wang, D. Zhang, Corrosion behavior of copper under biofilm of 
sulfate-reducing bacteria, Corros. Sci. 87 (2014) 407–415. 

[109] C. Wu, Z. Wang, Z. Zhang, B. Zhang, G. Ma, Q. Yao, Z. Gan, J. Wu, X. Li, Influence 
of crevice width on sulfate-reducing bacteria (SRB)-induced corrosion of stainless 
steel 316L, Corros. Commun. 4 (2021) 33–44. 

[110] S.Q. Chen, D. Zhang, Effects of metabolic activity of sulphate-reducing bacteria on 
heterogeneous corrosion behaviors of copper in seawater, Mater. Corros. 69 
(2018) 985–997. 

[111] L.X. Wei, Y. Ge, Q.H. Gao, C. Wang, X. Yu, L. Zhang, Effect of salt-resistant 
polymer flooding system SRB on corrosion behavior of 20# carbon steel under 
deposition, J. Electro Chem. (2022) 921. 

[112] H.X. Liu, Z.Y. Jin, Z. Wang, H.F. Liu, G.Z. Meng, H.W. Liu, Corrosion inhibition of 
deposit-covered X80 pipeline steel in seawater containing Pseudomonas stutzeri, 
Bioelectrochemistry 149 (2023). 

[113] B. Tuck, E. Watkin, A. Somers, M. Forsyth, L.L. Machuca, Conditioning of metal 
surfaces enhances Shewanella chilikensis adhesion, Biofouling 38 (2022) 
207–222. 

[114] X.P. Hao, K.X. Yang, Y.D. Yuan, D.W. Zhang, L. Lu, Investigating different local 
polyurethane coatings degradation effects and corrosion behaivors by 
talaromyces funiculosus via wire beam electrodes, Materials 16 (2023). 

W. Chang et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref92
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref92
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref93
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref93
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref93
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref94
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref94
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref94
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref95
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref95
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref95
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref95
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref96
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref96
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref96
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref97
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref97
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref97
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref98
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref98
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref98
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref98
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref99
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref99
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref99
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref100
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref100
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref100
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref100
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref101
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref101
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref101
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref102
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref102
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref102
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref103
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref103
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref103
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref104
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref104
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref104
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref104
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref105
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref105
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref105
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref106
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref106
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref106
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref107
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref107
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref108
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref108
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref108
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref109
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref109
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref109
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref110
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref110
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref110
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref111
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref111
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref111
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref112
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref112
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref112
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref113
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref113
http://refhub.elsevier.com/S0010-938X(24)00441-4/sbref113

	Application and prospect of localized electrochemical techniques for microbiologically influenced corrosion: A review
	1 Introduction
	2 Fundamentals of localized electrochemical techniques
	2.1 SECM
	2.2 SKP and SKPFM
	2.3 SVET
	2.4 LEIS
	2.5 WBE

	3 Application in MIC
	3.1 SECM
	3.2 SKP and SKPFM
	3.3 SVET
	3.4 LEIS
	3.5 WBE

	4 Conclusions and future perspectives
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	References


