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Abstract

The scanning electrochemical microscope (SECM) can directly monitor electrochemical processes 

at interfaces of electrodes and electrolytes and has been used as an analytical tool for lithium-ion 

battery (LIB) study. Through SECM, we can visualize the electrochemical reactivities of active 

species in LIBs in-situ during cycling. This review begins with introducing SECM-based LIB 

research and then summarizes the working mechanism and operating modes of the technique as 

well as combinations of SECM with other techniques for LIB study. We review results with focus 

on the interfacial properties, surface reactions and electrochemical activity of different electrode 

materials for LIBs. The investigations of battery degradation, kinetic parameters and electrolyte 

swelling by SECM are also discussed. Finally, the current limitations and perspectives are also 

described regarding future developments.

Keywords: Scanning electrochemical microscope, lithium-ion battery, solid electrolyte interface, 

redox reaction, electrode electrolyte interface
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1. Introduction

Lithium-ion batteries (LIB) have been broadly employed in portable electronic devices due to their 

high energy density, power density and stable performance.1 Great focus is currently placed on 

applications of LIB in electric vehicles, plug-in vehicles and hybrid vehicles to fully or partially 

replace traditional fossil fuels and alleviate the environmental problem related to tail gas 

emission.1-3 Due to its importance in modern society, the 2019 Noble Prize for Chemistry was 

awarded to three pioneers in LIB research. However, many open questions remain regarding 

chemical and electrochemical processes related to performance degradation over time. The LIB is 

a complex component system; multiple reactions occur during the charge and discharge processes 

including electrolyte and electrode degradation as well as interfacial film formation. In order to 

achieve better performance (i.e., higher energy and power densities, longer lifespan and stability), 

an in depth understanding of the working and degradation mechanisms of the LIB is imperative. 

Many characterization techniques have been used to study LIB electrode/electrolyte interfacial 

processes, such as scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), Raman spectroscopy and electrochemical impedance spectroscopy (EIS). These 

techniques can provide information on morphology, chemical and structural properties as well as 

charge/mass transportation properties of different materials.4-8 Scanning probe microscopy 

techniques, such as atomic force microscopy (AFM) and scanning tunneling microscopy (STM), 

can be used for imaging surfaces and characterizing surface properties of different materials.9 

However, they cannot directly monitor the electrochemical reactions occurring at the 

electrode/electrolyte interface during charge/discharge processes or differentiate variations in 

surface reactivity. SECM can overcome these typical problems as the SECM signals can be 
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obtained by recording the ultramicroelectrode (UME) tip current as a function of tip position over 

a substrate. Therefore, SECM can determine the local and real-time electrochemical activity of the 

reactions and provide information about topographic properties, reaction intermediates and active 

sites on the surface.10-15 In 1986, Engstrom et al. employed microelectrodes to determine the 

electrode surface activity and detect short-lived reaction intermediates, which has been considered 

the first SECM-like experiment.16, 17 The technique was further developed through the work of 

Bard.18, 19 Since the first commercial SECM instrument was produced by CH Instruments in 1999, 

more and more researchers have conducted SECM experiments and the number of the 

corresponding publications increased significantly.20 As a powerful and promising analytic tool, 

SECM has been widely utilized in a variety of research fields such as biology and 

electrochemistry.21 As summarized in Fig. 1, SECM has been employed for studies of electrodes, 

electrolytes and solid electrolyte interfaces (SEI) in LIBs. A simple schematic illustrating the 

salient features of an SECM system is shown in Fig. 2. The system typically consists of a four-

electrode electrochemical cell with an UME “tip” electrode as well as an experimental substrate 

electrode. The potentials and currents at the tip and substrate electrodes are controlled vs. the same 

counter and reference electrodes using a bi-potentiostat. The cell is typically filled with a desired 

electrolyte solution. The tip electrode can be selectively located within the cell using a three-axis 

translation system. A variety of techniques can be employed at the tip electrode to probe local 

electrochemical environments both in bulk solution as well as when placed near the active 

substrate/electrolyte interface.22-25 For characterizing near surface processes, the measured signal 

depends on both on the electrochemical activity of the electrodes under the chosen conditions as 

well as the tip to substrate spacing.  The use of a small tip electrode and multi-axis translation 

allows a degree of spatial resolution that enables imaging and identification of active or in-active 
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sites. In addition, the combination of small tip electrodes as well as control of tip to substrate 

spacing allows the examination of short-lived species that may be present near an active 

electrochemical interface. This combination of properties makes the SECM technique an 

interesting one to help gain better understanding of the interfacial electrochemistry of LIB 

systems.23, 26, 27

In this paper, we provide a brief review of SECM as an analytical tool for LIB study. The working 

principles of SECM are introduced, followed by the approaches and results of recent research, 

problems and perspectives are given finally. Through this paper, we hope to provide valuable 

information related to present LIB research and give a brief introduction of SECM to the people 

who are interested in further research in this area.

Fig. 1. SECM applications in lithium-ion batteries.
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2. SECM Apparatus

Fig. 2a illustrates the setup of a basic SECM instrument (CHI920D, CH Instruments, Inc.) 

configured for LIB related research. The system consists of a three-electrode electrochemical cell 

(Fig. 2b). The tip and substrates act as independent working electrodes (WE) while a piece of 

lithium foil serves as a combined counter/quasi-reference electrode. All electrodes are immersed 

in electrolyte. The instrument is contained in an inert atmosphere glovebox that is filled with ultra-

high purity Argon gas. The oxygen and water concentration inside are maintained at close to 0 

ppm. A clear schematic of the SECM is shown in Fig. 2c. The position of the UME tip is controlled 

precisely by a combination of stepper motors for course and piezo controllers fine positioning. The 

tip potential and the substrate potential are controlled independently by a bi-potentiostat. The key 

basis of the technique is detection and characterization of electrochemical reactions (either 

deliberately added or natively occurring) between the tip and underlying substrate. The tip can 

scan across a substrate surface to differentiate active sites from inactive ones (imaging modes) or 

can remain at a fixed position to monitor current changes with time and potential (measurement 

modes). Positioning of the tip near a substrate surface can be accomplished through a variety of 

techniques but is commonly done by measuring how the tip current changes as it approaches the 

substrate while biased to drive the oxidation or reduction of a deliberately added redox mediator 

species under diffusion limited conditions. A convenient example of a commonly used redox 

mediator is Ferrocenemethanol (FcMeOH). Details of feedback mode positioning will be 

discussed in a later section. Data acquisition hardware is required to control the signals to the 

position controllers as well as collect data from the tip and substrate. The tip signal is typically 

generated with amperometric measurements with a detection sensitivity in the range of 
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picoamperes (10-12A); however, the method can also be employed using potentiometric and other 

varied detection schemes at the tip electrode. The UME tip of SECM is commonly made of Pt, Au 

or C, sealed in a glass sheath ground to a fine point with the glass insulating sheath with an area 

approximately 10X that of active electrode area. The ratio of the area of the insulating sheath 

compared to the active area of the electrode is referred to as the “RG value”, which plays an 

important part in simulation and data interpretation. The RG value can affect the SECM current 

response for a tip due to the blocking of mediator/reactant diffusion by the insulating shield. A tip 

with a smaller value of RG can allow significant diffusion around the insulator and thus will impact 

observed currents at the tip.28, 29 Therefore, the RG value of the UME tip should be noted and 

reported in all published works. The diameter of UME tip is commonly in the range of~ 

micrometers but more recent work has driven this well into the nanometer range. The size of the 

electrode area, in part defines the resolution with which surface characterization measurements 

can be made, but also helps define the rate at which other electrochemical measurements can be 

made due to decreased capacitive background signals. This can be particularly useful when 

studying fast electron transfer reactions or characterizing short lived species that may evolve near 

a substrate surface.
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Fig. 2. (a) The setup of the SECM instrument; (b) a magnified image of the four-electrode cell; and (c) the 
schematic diagram of the SECM setup and electrode connections.

3. Battery Relevant SECM Modes of Use

The battery relevant operating modes of SECM can be divided into following different categories, 

as summarized in Table 1 and are discussed in more detail below.
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Table 1. Various working modes of SECM employed in lithium-ion battery study.

SECM modes Redox reactions Measurements Applications References

Feedback mode O + ne- R
 

Tip current Topography and the 
electrochemical activity of 

the substrate

Ref.30 

Tip generation/

Substrate Collection 
mode

O + ne- R (Tip)
R - ne- O

Tip and substrate 
currents

Reaction kinetics Ref.31 

 Substrate generation/

Tip Collection mode
O + ne- R                                                          
R - ne- O (Tip)

Tip and substrate 
currents

Fluxes of species 
generated at the substrate

Ref.32

Redox Competition O + ne- R Tip current Catalytic active sites of the 
substrate

Ref.33 

3.1 Feedback modes

Feedback mode is the most common operating mode of SECM. These modes are based on the 

reactivity of a chosen redox mediator that is deliberately added to the electrolyte solution. As an 

example, using a generic mediator species, delineated here as “O”, the tip electrode is biased to 

drive the diffusion limited reduction (Eq. (1)) where O refers to the oxidized form and R refers to 

reduced form of the mediator.

                                                                O + ne-  R                                                         (1)

 With the tip electrode held in “bulk” solution, under diffusion-limited conditions, the measured 

steady state current at the tip designated as iT,  is defined by Eq. (2):

                                                                    iT,  = 4nFDoCoα                                                    (2)

where F is the Faradic constant (96485 C mol-1), Do is the diffusion constant (cm2 s-1), Co* is the 

bulk concentration of O (mol cm-3) and α is the radius of the UME tip (cm in this equation). In the 

SECM technique, “bulk” solution is defined as at a distance greater than 10 times the radius of the 

tip electrode.  When the tip approaches the substrate, this steady state tip current will be perturbed 

by the presence of the substrate. As shown in Fig. 3a, if the substrate is insulating or 
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electrochemically inactive, the measured current will decrease as compared to iT, ͚. This is referred 

to as negative feedback. If the substrate is conducting or electrochemically active, R can be 

oxidized back to O at the substrate and allow the tip current to increase due to an increased flux of 

O to the tip. This is referred to as positive feedback. If this data is collected under diffusion limited 

electron transfer conditions the data can be fit to known working curves to estimate the tip to 

substrate distance.

3.2 Generation/Collection (G/C) modes

Generation/Collection modes can be divided into the Tip Generation/Substrate Collection (TG/SC) 

and Substrate Generation/Tip Collection (SG/TC). In a G/C mode experiment, a redox mediator is 

typically not included in the electrolyte solution and the technique relies on the reactivity of 

natively occurring redox-active species generated either at the tip or at the substrate. As an 

example, referring to the reaction in Eq. (1) O + ne-  R and assuming O is the only reactant 

existing in the electrolyte, for the TG/SC mode, when a proper potential is applied to the tip, O 

will be reduced at the tip to generate R which will diffuse to the substrate and can be 

simultaneously collected to oxidize R back to O (Fig. 3b). Vice versa, in the SG/TC mode, R is 

generated from the substrate and collected by the tip (Fig. 3c). Using G/C method, when the tip 

scans across the substrate at a fixed height, it can differentiate the active sites from the inactive 

sites of the sample by the amplitude of measured tip current, which is useful to determine the 

performance of electrocatalysts.10, 34-38 However, since the substrate has a much larger size than 

the tip, in SG/TC mode, the collection efficiency of the tip cannot reach 100%. Therefore, the tip 

is required to be close enough to the substrate to increase the efficiency (L<10). In studies from 

Bard’s group, the substrate and the tip with the same size are applied using two Au wires with a 
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diameter of 12.5 μm used as the substrate and the tip.11, 39 In this case, at close tip to substrate 

spacing the collection efficiency can be 100% either in TG/SC or SG/TC mode. 

3.3 Redox competition mode

As shown in Fig. 3d, in the redox competition mode the same redox reaction happens 

simultaneously at the tip and the substrate. The procedure can be described briefly as follows. 

Apply suitable potentials to drive the relevant reaction at the tip and the substrate with the tip 

positioned close to the substrate (d < α or L < 1). Allow the reaction at the tip/substrate to reach 

steady state. Once this is achieved, when the tip scans over the substrate, at inactive sites, the 

measured current will remain constant; at active sites, due to the consumption of analyte by the 

substrate, the measured current will be decreased. For very active sites, the reactant is depleted 

and the measured current drops to 0. To avoid such depletion, a pulse potential is applied to 

regenerate the analytes. Even though the competition mode is not utilized as much as feedback or 

G/C mode, it does not require minimization of the sizes of tip and substrate.35, 40, 41 Observed 

contrast in this mode relies on the concentration of the analyte. 
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Fig. 3. SECM modes: (a) feedback mode for conductor and insulator; (b) TG/SC mode; (c) SG/TC mode and 
(d) redox competition mode.

4. SECM applications

4.1 Analysis of SEI in LIBs

4.1.1 SEI formation. In commercial LIBs, the negative electrode stores Li+ at a potential close to 

0 V (vs. Li/Li+), the positive electrode stores Li+ at a potential greater than 3 V (vs. Li/Li+), and 

the electrolytes suffer from reduction at the negative electrode and oxidation at the positive 

electrode.42, 43 During the first charging process, the electrolyte will go through reductive 

decomposition, forming a film that covers and passivates the graphite anode. This film, referred to 

as a “solid-electrolyte interface” (SEI) layer functions as both a Li+ conductor and electronic 

insulator. A multilayer structure of the SEI has been proposed and includes a compact inner layer 

of inorganic salts (Li2O, LiF and Li2CO3, thermodynamically stable again lithium) and porous 

outer layer of organic compounds stable to electrolyte (i.e. ROCO2Li,).44-47 Due to its complexity, 
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Peled et al have proposed a complicated mosaic model of SEI, as seen in Fig. 4a.48, 49 The SEI 

undergoes dynamic processes with formation and dissolution happening simultaneously and 

significantly affects the performance of LIB, and is “the most important and the least understood 

in rechargeable Li batteries”.50 Detailed structure, composition, transport and kinetic properties 

are still unclear when different active materials are applied as electrodes. A in depth discussion of 

SEI formation has been given by Bard:51  If the energy level of the electrode is higher than the 

LUMO (lowest unoccupied molecular orbital) of the electrolyte, electrons will be dumped into 

electrolyte resulting in the reduction of the electrolyte; if the HOMO (highest occupied molecular 

orbital) level of electrolyte is higher than Fermi level of the electrode, electrons will be transferred 

to the electrode and caused the oxidation of the electrolyte. The electrochemical potential 

difference between the negative and the positive electrodes defines the thermodynamic stability of 

the cell.52 In a commercial LIB: the lithium storage potential of Li metal, graphite, Si, Sn and SiSn 

alloy is in the range of 0 – 1 V (vs. Li/Li+),53-56 but the Fermi level is higher than the electrolyte, 

so using these materials as the negative electrodes leads to reduction of the electrolyte and the 

formation of SEI, which passivates the electrode surface and prevents the further reduction of 

species in the electrolyte solution.52 A stable SEI is crucial for battery performance, and a 

heterogeneous SEI could induce the Li deposition nonuniformly, resulting in dendrite formation.57-

59 It has been reported that the SEI (sometimes is also called EEI; electrolyte electrode interface) 

could also be deposited on the positive electrode, with the same decomposition products of solvent 

and salt as on the negative electrode.52, 60, 61 Oxidation of electrolyte, reactions between electrolyte 

and active materials, and nucleophilicity of oxygen might be involved. However, the EEIs on the 

positive electrode are less explored than that on the negative electrode, therefore, an operando 

method using SECM is critical to unveil the EEI forming mechanism at the positive electrode.   
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Characterization of SEI is not easy because of similar components and functional groups 

decomposing from the electrolyte. The sensitivity of SEI to the ambient conditions makes it 

difficult for most of the ex-situ characterization methods. Furthermore, the dynamic properties of 

the SEI require in-situ examination and SECM can be a powerful tool to study these systems.30, 62

Fig. 4. (a) A mosaic model of the SEI at carbon and Lithium according to Peled (Top), 48, 49 (Reproduced from 
Ref. 49 with permission from John Wiley & Sons, Copyright 2016.) and electron energy levels (Bottom);52 
Reproduced from Ref. 52 with permission from American Chemical Society, Copyright 2015. (b) the SECM 
images showing the feedback currents before and after different charging-discharging cycles of Li metal 
electrode;63 Reproduced from Ref. 63 with permission from John Wiley & Sons, Copyright 2020. (c) SECM 
images of current response of HOPG before and after SEI formation;64 Reproduced from Ref. 64 with permission 
from the Royal Society of Chemistry, Copyright 2019. (d) the SECM image at Esub 2.6 V showing good contrast 
between patterned holes and the multilayer graphene surface;65 Reproduced from Ref. 65 with permission from 
American Chemical Society, Copyright 2016. (e) SECM feedback images of a TiO2-based paste electrode;66 
Reproduced from Ref. 66 with permission from John Wiley & Sons, Copyright 2015. and (f) In situ SECM 
measurements of the Si electrode.27 Reproduced from Ref. 27 with permission from the Royal Society of 
Chemistry, Copyright 2016.
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4.1.2 SEI on Li metal. SECM has been extensively employed to characterize the SEI on different 

surfaces. Bulter et al. applied the SECM feedback mode to observe the SEI on lithium metal. 2,5-

di-tert-butyl-1,4-dimethoxybenzene (DBDMB) was used as the redox mediator which was 

oxidized at the tip and reduced at the substrate. Unlike composites anodes in commercial LIB, for 

the Li anode, each Li atom on the surface possesses the same activity as others, so a homogeneous 

SEI layer was expected.67 However, through SECM study, the authors proved that the 

inhomogeneity of SEI on Li. The results suggested that SEI formation on Li metal was a dynamic 

process and the release of the stress accumulated during the lithiation and delithiation impacted 

the formation of SEI. Similarly, Krueger et al. investigated the local protecting properties of SEI 

by cycling Li metal electrode in 1 M LiClO4 in propylene carbonate using SECM feedback mode.63 

Fig. 4b showed the evolution of the SEI on Li metal by measuring the current response at different 

stages: (i) the Li metal before cycling; (ii) after the first charging-discharging cycle, (iii) after 6 

cycles, and (iv) after 21 cycles. It was found that the SEI tends to be less protective at protruding 

Li deposits as a higher current was observed above the newly deposited lithium spots compared to 

the reference surface.63 They also noted that the SEI passivity could change over time during the 

cycling due to the restructuring of surface layers. The change in SEI passivity may affect the 

electrode conductivity by changing its surface resistance, which may need further characterization. 

4.1.3 SEI on highly oriented pyrolytic graphite (HOPG). HOPG is an interesting material for 

SEI study due to its strong anisotropic properties between the edge and the basal planes. Li 

intercalation only happens at the edge plane instead of the basal plane except for at defect sites.68 

The properties of SEI formed at the basal plane without Li+ intercalation is very different from the 

one at the edge plane with Li+ intercalation and allows separate investigation of the basal plane 
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and the edge plane.69 Gossage et al. described in great detail the use of SECM feedback mode for 

the characterization of SEI on HOPG.64 Linear sweep voltammetry (LSV) with a wide range of 

potential was used to form the SEI. The SECM images indicated the decrease in feedback current 

at the HOPG edge after SEI formation, suggesting that the SEI was formed at the edge site of 

HOPG (Fig. 4c). This result also revealed that HOPG edge plane is more favorable for Li+ 

intercalation/de intercalation compared with its basal plane, which is attributed to the fast electron 

transfer kinetics and high reaction active sites.70, 71 Another similar technique known as scanning 

electrochemical cell microscopy (SECCM), has been used for the characterization of SEI in LIB 

study.23 SECCM coupled with a nanopipette can be used to visualize the surface reactivity of the 

selected areas of the electrode materials. Recently, Martín-Yerga et al. applied SECCM to study 

the SEI formation on HOPG of different grades with a scan rate of 1 V s-1.72 The short time 

measurements can reflect the formation of inorganic species in SEI at the earliest stage. The 

measured differences in electroactivity for different HOPG grades reveal that higher-level defects 

can improve the passivity and stability of SEI, leading to less electrolyte reactivity and 

consumption during charge and discharge processes.

4.1.4 SEI on graphite. The local electron transfer rates in the electrolyte solutions can be 

selectively detected by SECM.73 Bulter et al. applied this property to characterize the local 

variation and temporal development of SEI properties on the graphite electrode.74 They found that 

graphite composite anodes showed a local variation of electron transfer rates and temporal 

evolution over time, and the origin of these changes is caused by the SEI itself rather than driven 

by the interactions within the graphite electrode in LIBs. Furthermore, they compared the 

properties of SEI formed on graphite and HOPG. The results indicated that the SEI at graphite is 

less stable compared to HOPG, resulting from the interactions within graphite composites.12 Hui 
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et al. used SECM feedback images to detect the changes on the surface conductivity of a few layers 

of graphene during SEI evolution (Fig. 4d).65 SECM provided sufficient details of both the 

electronic and ionic reactivity of the graphene substrate, and illustrated the significance of the 

channels in enabling Li-ion intercalation, which yielded guidance for  mechanistic control of ion 

intercalation on graphene. In addition to exploring the electrochemical properties of SEI on 

graphite, the evolution of SEI in long-term cycles has also been investigated by Zeng et al.75 A 

nonuniform insulating SEI layer was initially formed on the electrode surface after 1 h rest time. 

An increase in substrate conductivity was detected after 6 h rest, probably resulting from the 

decomposition of SEI layers. In addition, the proportion of tip current increased with increasing 

rest time, indicating the expansion of SEI with time. These observations demonstrated that a long 

time is required for the unstable species in SEI to be converted and then stabilized on graphite 

surface.

4.1.5 SEI on TiO2. Anatase TiO2 has been widely explored as negative electrode in LIBs due to 

its higher theoretical Li-ion storage capacity.76-78 The intercalation potential of Li+ to TiO2 is ~1.65 

V (vs. Li/Li+), while the deintercalation potential is 1.9 V.79 The operation potential of TiO2 (1.7 

V) is within the stability window of carbonaceous materials, resulting in a decrease of cell energy 

density. This lower cell energy results in the TiO2 not being natively reactive to commonly used 

organic electrolytes, and it is believed that no SEI or a very thin layer of SEI forms under normal 

operation windows. Zampardi et al. employed a feedback mode of SECM and ferrocene as the 

redox mediator to explore the formation of SEI on anatase TiO2 (Fig. 4e).66 Fc+ was produced on 

the tip and reduced on the TiO2 substrate. An initial potential of 3.0 V (vs. Li/Li+) was set to the 

substrate, then reduced by a step of 0.5 V. During Li+ intercalation, the conductivity of TiO2 was 
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increased, resulting an increase in tip current. When the potential dropped to a low level, an SEI 

was formed and due to its insulating property, a decrease in tip current was observed. Ventosa et 

al. applied SECM to determine the properties and nature of possible types of deposited solid films 

on anatase TiO2 electrode surfaces.80 Their results indicated that the SEI was detected in the 

potential range of 3.0 - 1.0 V (vs. Li/Li+). Interestingly, SECM measurements demonstrated that 

the electrochemical reactivity of the electrode surface did not decrease, demonstrating that the 

solid film formed on anatase TiO2 had conducting properties and thus the TiO2 electrode could 

retain electrochemical activity. Therefore, they proposed using the term ‘apparent SEI’ to 

differentiate it from the SEI with insulating properties. Consequently, these observations 

demonstrated that SECM was useful for the determination of the formation potential and the 

electrochemical properties of solid layers on the TiO2 electrodes. 

4.1.6 SEI on Silicon. Silicon (Si) is important for Li+ storage and a Si atom can store 4 Li+ (Li4Si 

or Li15Si4) in theory.81-85 However, due to large volume change upon lithium ion intercalation (~ 

400%), Si particles will crack and eventually lead to failure of the LIB. Optical microscopy can 

observe the cracks ex situ, but cannot determine if the cracks are formed during lithiation then 

become visible during delithiation, or if they are formed during delithiation. Ventosa et al. applied 

the SECM feedback mode using the (Fc/Fc+) mediator to study the Si electrode: the potential of 

the tip was kept at 3.6 V (vs. Li/Li+) and the tip was held at a constant distance (12 μm) from the 

substrate, as shown in Fig. 4f.27  Cyclic voltammetry (CV) with the potential range from 0 to 3 V 

was applied to the Si substrate with a scan rate of 0.2 mV s-1. In the initial cycle, during delithiation 

(the positive scan), a large current change was observed, showing that the as formed SEI layer 

(during the negative scan) apparently showed discontinuity. Upon expansion and cracking of the 
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Si materials, a fresh, new surface was revealed and led to the decomposition of electrolyte resulting 

in a change of tip current. If the SEI-free cracks were formed during the first cycle, it would be 

covered by newly formed SEI simultaneously, then a small or short time period current change 

might be observed. Their study indicated that the SEI formed on Si has insulating property and the 

loss in this “protecting” property of SEI is attributed to the volume expansion of Si electrode during 

lithiation/delithiation cycling. In contrast, Sardinha et al. explored the formation of incipient 

organic species in SEI on single crystalline Si without lithiation/delithiation processes.86 By 

applying different potentials, it was observed that the electrode passivation reached a maximum at 

a potential of 1.0 V, indicating a heterogeneous growth and the nearly full coverage of SEI layers 

on the Si electrode. They proved that SEI could be formed on single crystalline Si electrode with 

high conductivity and an almost perfectly smooth surface. The examples presented above show 

that the initiation of SEI on Si electrode and the SEI passivity are affected by Si surface properties 

and the applied potentials. 

4.2 Investigation of chemical species released or produced at the electrode

LiCoO2 has been the major cathode material in commercial LIB since its discovery by 

Goodenough in 1980.87 The theoretical capacity could reach 274 mAh g-1, while the actual 

reversible capacity is only around 140 mAh g-1.88, 89 The possible failure mechanism are: (1) 

dissolution of Co from LiCoO2;90 (2) damage from strain;91 (3)  phase transition;92 and (4) oxygen 

loss from LiCoO2.93 At room temperature, Snook et al. used ionic liquid 1-butyl-1-

methylpyrrolidinium bis-(Trifluoromethanesulfonyl)imide (C4mpyrTFSI) as electrolyte and 

LiCoO2 coated platinum was the cathode.94 A SG/TC mode was applied and showed that Co2+ was 

generated from the substrate at 5.1 V (vs. Li/Li+) with the tip collecting the product by CV with a 
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scan rate of 20 mV s-1 from 5.3 V to 2.6 V (vs. Li/Li+). A complicated I – V curve was obtained 

from this experiment including the process of Co dissolution and oxygen evolution. The authors 

concluded that most of the dissolution of LiCoO2 occurred during the deep discharge condition. 

The reduction of Co2+ to Co+ is most likely the reason for LiCoO2 degradation, because Co+ is 

unstable in the structure and could easily move into the surrounding environment.94 Similar metal 

element dissolutions were reported in lithium manganate cathodes such as LiMn2O4(LMO), 

Li(Ni,Mn)2O4 and Li(Ni,Mn,Co)O2, due to the conversion of Mn3+ to Mn2+ during the 

charge/discharge cycles.95-97

Fig. 5. (a) The monitoring of  LMO degradation in varied electrolytes;32 Reproduced from Ref. 32 with 
permission from American Chemical Society, Copyright 2021. (b) SECM average current plotted as a function 
of cathode potentials and UME position;98 Reproduced from Ref. 98 with permission from IOP Publishing, 
Copyright 2022. (c) illustration of SECCM (Left)99, Reproduced from Ref. 99 with permission from American 
Chemical Society, Copyright 2012; and the SECCM current image of a single LiFePO4 secondary particle 
(Right);100 Reproduced from Ref. 100 with permission from John Wiley & Sons, Copyright 2019. (d) 
topographic (i) and impedance (ii) responses of a LLZO pellet measured by ic-ac-SECM;101 Reproduced from 
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Ref. 101 with permission. Copyright 2016, Frontiers. (e) SECCM current (Left) and diffusion coefficient (Right) 
images of the LTO electrode with a scan size of 5 × 5 m2;102 Reproduced from Ref. 102 with permission from 
the Royal Society of Chemistry, Copyright 2020; and (f) SECM feedback approach curves obtained from 
graphite electrodes at different locations using 5 mM DBDMB and 1 M LiPF6 in EC:DEC 1:1 as electrolyte 
solution.103 Reproduced from Ref. 103 with permission from IOP Publishing, Copyright 2015.

Recently, we have investigated Mn dissolution from LMO by SECM combined with inductively 

coupled plasma (ICP) and electron paramagnetic resonance (EPR) spectroscopies. As shown in 

Fig. 5a,32 SECM in G/C mode was performed to measure the electrochemical reactivity of LMO 

degradation products in different electrolytes including lithium perchlorate (LiClO4), lithium 

hexafluorophosphate (LiPF6), and lithium bis-(Trifluoromethanesulfonyl)imide (LiTFSI) in 

propylene carbonate (PC). The measurement results indicated that multiple active species appeared 

after holding the LMO substrate at 4.5 V (vs. Li/Li+). We found that the generation of HF and HCl 

acids from LiPF6 and LiClO4 probably leads to Mn dissolution from LMO via a disproportionation 

reaction (Eq. (4)), converting Mn3+ to Mn2+ and potentially Mn4+. 

                       2LiMn2O4 + 4H+  2Li+ + Mn2+ + 3λ‐MnO2 + 2H2O                                      (4)

The existence of Mn2+ in LiClO4 and LiPF6 electrolytes was confirmed via ICP and EPR by 

measuring the fresh electrolytes and electrolytes after the voltage hold. It is worth mentioning that 

the Mn dissolution was relatively slow in LiTFSI electrolyte since there was no produced acid to 

drive the disproportionation reaction. Our study demonstrates that SECM can be a powerful tool 

to characterize LMO degradation products, providing a deeper understanding of LMO degradation 

mechanism. 

       In addition to the investigation of metal dissolution from the electrode, SECM has also been 

used to characterize the oxygen loss behavior of transition metal oxide cathodes by Mishra et al. 

recently.98 SECM measurements indicated two oxygen evolution behaviors of LCO, 
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LiNi0.33Mn0.33Co0.33O2 (NMC111) and LiNi0.8Mn0.1Co0.1O2 (NMC811), where a transient oxygen 

loss occurred at 2.9–3.4 V (vs. Li/Li+), while a continuous oxygen release at a more positive 

potential ( >3.6 V vs. Li/Li+).  They also obtained SECM mapping of average currents plotted as 

a function of potential and UME tip position and observed that oxygen evolution behavior varied 

in different locations (Fig. 5b). Consequently, the authors demonstrated that SECM was 

successfully employed for the real-time detection of oxygen evolution and release from different 

cathodes. This is a significant development in the characterization of the degradation behaviors of 

cathode materials in LIBs, providing insights into the interfacial reactions at the electrodes during 

the cycling. 

4.3 Determination of electrochemical properties of electrodes/electrolytes

In addition to exploring surface reactions and interfacial properties, the electrochemical properties 

of electrodes/electrolytes can provide valuable information to better understand the 

electrochemical process and intrinsic performance of LIBs.43

4.3.1 Electrode active sites

SECCM was also developed to quantify the electrochemical behavior of active materials in an 

electrochemical cell.100 The working mechanism is similar to SECM except for adding a moveable 

nanopipette (as shown in Fig. 5c, QRCE here refers to the quasi-reference counter electrode), 

which can contact the surface of the measured sample closely.99 The spatial resolution obtained is 

two orders of magnitude better than other electrochemical imaging studies of such materials.25, 99, 

104 Kumatani et al. used SECCM to analyze the local electrochemical properties of the LiFePO4 

electrode and identify its active materials. The current response from Li+ deintercalation process 

on LiFePO4 electrode is visualized in Fig. 5c.100 A high current was observed over the LiFePO4 

particle only, indicating that LiFePO4 particle provided the active sites for the reaction and 
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binders/additives were not active for the reaction. The SECM redox competition mode was used 

by Mahankali et al to study lithium – sulfur (Li-S) batteries.33 The experiment was performed in 

Li2S6 solution using Pt as SECM tip and a Pt nanoparticle modified carbon electrode as substrate. 

A constant potential of 2.6 V (vs. Li/Li+) was applied to the tip, corresponding to the oxidation 

potential of Li2S6. 2.5 V, 2.6 V and 2.7 V were applied to the substrate, respectively. A uniform 

distribution of tip current was observed throughout the substrate with a potential of 2.5 V due to 

lack of the competitive oxidation reaction on the substrate as the applied potential was not high 

enough for Li2S6 oxidation. At 2.6 V, the tip current decreased, which was caused by the competing 

oxidation of Li2S6 on the Pt nanoparticle modified substrate; at 2.7 V, a larger decrease in current 

was observed than that of 2.6 V, due to the increased oxidation at the substrate. This result also 

demonstrated that the Pt nanoparticle modified substrate was more active for Li2S6 oxidation than 

the small Pt tip. Moreover, the non-uniform distribution of tip current indicated the co-existence 

of conducting and insulating regions, corresponding the active and inactive sites on the substrate 

surface. 

4.3.1 Conductivity

The measurement of local impedance plays a crucial role in evaluating the electrochemical activity 

of electrode materials and understanding the charge and discharge processes in LIBs. Alternating-

current SECM (ac-SECM) has been developed to measure the local conductivity and interfacial 

impedance properties without use of a redox mediator.105 By applying an oscillating potential, at 

a certain frequency, local conductivity and active site concentration on the interface could be 

derived.105-107 Liu et al. employed the SECM feedback mode and ac-SECM to investigate the SEI 

in aqueous LIB, unlike the SEI formed in LIB in organic electrolyte, the SEI in aqueous solution 
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mainly consisted of inorganic salts, which formed a discontinuous layer on the negative 

electrode.108 The lithiation would increase the conductivity of TiO2 electrode, and the positive 

feedback from the uncovered surface was observed, which is quite different from the SEI in 

organic LIBs.108 Another creative application of the ac-SECM was demonstrated by Tallman et al. 

to explore the effect of metal coating on the conductivity of graphite electrode in LIBs.109 Their 

results show that Ni-coated graphite has lowest impedance corresponding highest electronic 

conductivity, compared with untreated graphite and Cu-coated graphite. Evidently, SECM can 

provide information about the conductivity of the electrode before and after metal coating, making 

it a useful tool in the characterization of electrode materials.109 The determination of local 

conductivity using SECM has extended to all-solid-state LIBs. Catarelli et al. reported that SECM 

can directly observe the differences in local conductivity in solid-state electrolyte, which 

discriminate between grain and grain boundary and obtain spatial information simultaneously.101 

Intermittent contact alternating current SECM (ic-ac-SECM) was applied to characterize Al-

substituted Li7La3Zr2O12 (Al-LLZO), which is an electrolyte in solid state LIB. Impedance 

mapping implied that significant variation in resistance was observed between the grain and grain 

boundaries (Fig. 5d), as well as in grain boundaries themself, resulting from the difference of the 

grain boundary structure and chemistry.101 

4.3.2 Diffusion coefficient and crystal phase

The determination of kinetic parameters of the LIBs is significantly important to understand its 

working mechanism and electrochemical behavior of the electrode materials. This is not easy to 

achieve for most commonly used characterization techniques. Takahashi et al. attempted to 

visualize the electrochemical reactivity and the diffusion behavior of LIB electrodes using 

SECCM.102 The differences in CV response at Li4Ti5O12 (LTO) and LiCoO2 (LCO) electrodes 
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were attributed to diffusion coefficients. The Li+ diffusion coefficient (D, cm2s−1) can be estimated 

by the Randles−Sevcik equation (Eq. (5)). The peak current ip (A) is dependent on the 

concentration C (mol cm-3), diffusional properties of electrolyte as well as the scan rate υ (V s−1) 

where n refers to the electron transfer number, F is the Faraday constant (C mol−1), and A is the 

electrode area (cm2).

                                                 𝑖𝑝 = 0.4463 𝑛𝐹𝐴𝐶(𝑛𝐹𝑣𝐷
𝑅𝑇 )1/2

                                                               (5)

Fig. 5e presents the different responses in current and diffusion coefficient for LTO electrode, 

which is attributed to different crystal facets.102 Moreover, Takahashi characterized the metastable 

state of LiFePO4 (LFP) and found that the oxidation and reduction current double peaks were 

observed with a slow CV scan rate. The current response at around 3.4 V (vs. Li/Li+) was identified 

as the metastable state of LixFePO4. This work showed that SECCM measurements can visualize 

diffusion coefficients and detect the crystal phase of electrodes in LIBs.

An example of the strengths of SECM to determine the kinetic parameters of LIBs was 

demonstrated by Hossain et al., who applied SECM to measure the effective diffusivity of lithium 

using LFP as electrode.110 They investigated the correlation between lithium diffusivity and the 

electrode porosity by determining the ratio of the diffusion coefficient between bulk solution and 

a porous electrode material. The diffusivity measurements indicated that the significant deviation 

was observed for the electrode with a porosity below 60%. Evidently, SECM can work as a reliable 

analytical tool for characterizing the reaction kinetics for LIBs. The lithium transport through the 

electrolyte/porous electrodes is a significant factor to achieve its high performance. Therefore, the 

ability of SECM to quantify lithium’s diffusion characteristics can help to provide a more 

quantitative understanding of electrochemical behaviors of LIBs. 
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4.4 Characterization of physical swelling and thickness

The physical swelling of the graphite composite electrode in LIB was determined in situ and 

locally by SECM, through the approach curves of the feedback mode.103 In Fig. 5f, 2,5-di-tert-

butyl-1,4-dimethoxybenzene (DBDMB) was used as a redox mediator and was oxidized to 

DBDMB+ at the tip and reduced back at the graphite composite electrode (81wt. % graphite, 6 

wt.% carbon black, and 13 wt.% PVDF).103  Tip approach curves were collected over the graphite 

composite at different locations. In the composite material, Polyvinylidene fluoride (PVDF) as the 

binder presents electrically insulating properties leading to negative feedback while graphite and 

carbon black show conducting properties leading to positive feedback. The authors mentioned that 

the PVDF swelling is the main cause for the physical swelling of graphite electrodes. Appropriate 

feedback approach curve techniques can be used to measure the difference between physical 

swelling and electrochemical swelling (lithiation) of the composite anode. Changes in apparent tip 

to substrate spacing indicated by changes in either positive or negative feedback can be observed 

with or without applying a potential to the composite. It is important to note that swelling already 

started when electrolyte was added to the system, but still while the alignment and approach of the 

tip to the substrate was on going were not able be measured. In addition, swelling occurs in three 

dimensions, however, this technique only observed the change along the z direction (thickness). 

Recently, Menzel et al. reported the volume change of activated carbon electrodes in aqueous 

electrolytes can be characterized by SECM.111 The SECM measurements were performed by 

scanning a certain part of the electrode in Li2SO4 solution with K3Fe(CN)6 mediator. They 

explained that the change in tip currents before and after electrode polarization can reflect the 

difference in electrode thickness. Their study confirmed the volumetric expansion of the carbon 

electrode after deep polarization, as a result of electrolyte adsorption and electrochemical reactions 

Page 25 of 40 Materials Chemistry Frontiers



26

on electrode surface. In LIBs, the mechanical stability of the electrode during cycling is of great 

concern and the real-time measurement of electrode swelling is still challenging. This approach 

would have the potential to study the expansion of different electrode materials in LIBs.

5. Other developed SECM-based techniques

The rapid development of SECM is incredibly helpful in LIB research. However, in a traditional 

SECM, the measured current is affected not only by the material activity. Other factors such as the 

structural changes during reactions (e.g., dissolution or deposition) may modify the distance of the 

tip to the substrate, resulting in incorrect interpretation. Integration of the SECM with other 

techniques that allow independent determination of substrate morphology changes may achieve 

interesting results, for instance, the combination of AFM and SECM can directly correlate the 

surface activity with the surface morphology in a single experiment. The changes of 

electrochemical properties and topology are related and deconvoluted separately, which is difficult 

to be achieved using more established SECM techniques.74, 80, 112, 113 Zampardi et al. applied AFM-

SECM to characterize the SEI layers in LIBs.114 The SEI thickness on glassy carbon measured by 

AFM was ~ 30 nm. AFM tip was also operated to scratch the formed SEI layer, and the activities 

of SEI and non-SEI surface areas were compared. AFM – SECM has also been applied to study 

Li – S batteries. In one example, Li2S and Li2S2 were first deposited on a carbon surface at 1.9 V 

forming a conducting region (Li2S2) and an insulating region (Li2S). The conducting region 

dissolved at a high potential, while the insulating region reacted with the intermediate lithium 

polysulfides (LiPS), forming inactive products, and accumulating on the surface, resulting in 

topology change and capacity fading. A schematic drawing and simultaneous measurements of 

topography, current and phase are displayed in Fig. 6a.33 The combination of Raman and SECM 

provides a direct technique to examine electrochemical properties together with spectrochemical 

Page 26 of 40Materials Chemistry Frontiers



27

analysis.115-117 Schorr et al. applied Raman-SECM using ferricyanide as mediator to study the 

graphene interfacial reactions and determined the real-time correlation between structural changes 

and measured current response (Fig. 6b).118 This technique has also been employed to investigate 

the oxygen evolution activity of Ni/Fe electrodes.119 The ability of Raman-SECM to provide both 

spectroscopic and electrochemical information gives it great potential for material characterization 

in LIBs. SECM coupled with Fourier-transformed infrared spectroscopy (FTIR-ATR) has been 

used for in situ used for studying the electrochemically induced processes in the aqueous 

environment, which can simultaneously obtain the SECM feedback current and IR absorption 

spectra. A schematic of the FT-IR-ATR setup is shown in Fig. 6c.120 Interestingly, Dorfi et al.  

invented a continuous line probe (CLP) for SECM, consisting of one electroactive layer 

sandwiched by the thin insulator and a thick substrate, as exhibited in Fig. 6d.121 The imaging 

resolution was determined by the thickness of the electroactive layer and the imaging rates were 

affected by its width. A high imaging rate can be achieved by such a design and the scan angle can 

be rotated from 0 to 360°, which is not affected by convection limitations. These hybrid techniques 

would enable kinetic studies on electrochemical and interfacial reactions at various surfaces, 

providing other chemical specificity in addition to electrochemical activity via SECM. With the 

further development of advanced probe technologies, multiple combinations of SECM with other 

advanced equipment will certainly show up. New testing methods and working mechanisms are of 

great interests to electrochemists. We will continue watching new developments which will 

provide useful information for the broader electrochemical community.
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Fig. 6. (a) Schematic drawing of AFM-SECM and its combined measurements of topography, current and 
phase;33 Reproduced from Ref. 33 with permission from American Chemical Society, Copyright 2019. (b) 
illustration of the alignment between the laser line and SECM probe. The feedback current and spectra of a single 
scan were obtained by scanning the x-direction and collecting the data in 100 s;118 Reproduced from Ref. 118 
with permission from American Chemical Society, Copyright 2018. (c) The scheme of the SECM- FTIR -ATR 
setup;120 Reproduced from Ref. 120 with permission from American Chemical Society, Copyright 2010. (d) 
Schematic representations of CLP-SECM.121 Reproduced from Ref. 121 with permission from American 
Chemical Society, Copyright 2019.

6. Redox mediators

SECM can provide information on both the chemical and electrochemical reactivity of 

electrode/electrolyte interfacial regions as well as characterize near surface transient reaction 

species. Several studies discussed here have used feedback mode techniques which rely on the use 

of a redox mediator system to both probe the surface as well as determine tip to substrate spacing 

in ideal circumstances.64, 122 A suitable redox mediator usually presents the advantages of  (1) the 

ability to react with the sample of interest (oxidation/reduction); (2) the good stability of both the 
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oxidized/reduced species; (3) high compatibility with the environment; and (4) high diffusivity. 

Several molecules/atoms have been utilized or developed as redox mediators in SECM 

measurements. Polcari et al. reported a comprehensive summary of redox mediators used in SECM 

from 1989 to 2015,21 where details of redox reactions, solvents, the standard redox potentials, and 

SECM applications were given. Table 2 provides information about mediators that have been used 

in SECM measurements for LIB studies. It is important to note that the properties of the studied 

electrodes and the mode of SECM used influence the selection of mediators. Therefore, detailed 

characterization of how those species interact with various LIB components is required before 

meaningful data and high-quality SECM images can be obtained. There likely remains a 

substantial need for further research toward the development of appropriate mediators in this area 

of research.
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Table 2. Redox Mediators used in lithium-ion battery study.

Electrodes Mediators SECM modes Applications References

Li metal 2,5-di-tert-butyl-1,4, 

dimethoxybenzene (DBDMB)

Feedback mode SEI Ref. 63, 67

HOPG 2,5-di-tert-butyl-1,4, 

dimethoxybenzene (DBDMB)

Feedback mode SEI Ref. 12

HOPG Ferrocene (Fc) Feedback mode SEI Ref. 64 

Graphite N,N,N’,N’-tetramethyl p- 

phenylenediamine (TMPD)

Feedback mode SEI Ref. 65

Graphite Ferrocene (Fc) Feedback mode SEI Ref. 75

Graphite Methyl phthalimide (PHT) Feedback mode SEI Ref. 123

Graphite 2,5-di-tert-butyl-1,4, 

dimethoxybenzene (DBDMB)

Feedback mode Electrode swelling Ref. 103

TiO2 Ferrocene (Fc) Feedback mode SEI Ref. 66, 80

Si Ferrocene (Fc) Feedback mode SEI Ref. 27

Si 2,5-di-tert-butyl-1,4-

dimethoxybenzene (DBDMB)

Feedback mode SEI Ref. 86

Li-S Cobaltocene Competition mode Electrode property Ref. 33

LCO Ferrocene (Fc) SG/TC mode Electrode degradation Ref. 94

LMO Ferrocene (Fc) SG/TC mode Electrode degradation Ref. 32

LMO Potassium ferricyanide 

(K3Fe(CN)6)

Feedback mode Cathode electrolyte 
interface (CEI)

Ref. 124

7. Conclusions and perspectives

The interest in exploring how to enhance electrochemical performance of LIBs has attracted more 

and more attention due to the urgent demands for renewable power sources and great market 

potential. SECM as a powerful characterization technique can probe a variety of electrochemical 

processes occurring at LIB electrode/electrolyte interfaces and provide us a deeper fundamental 

understanding of LIBs degradation mechanisms. SECM has the advantages of (1) direct 

quantification and time-resolved detection of active sites and intermediates; (2) the ability to 

characterize the SEI properties at the LIB electrodes, which relates to surface processes, and 
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provide information on spatially resolved visualization of the performance of the LIB electrodes, 

which relates to bulk processes; and (3) the ability to detect minute changes in electrochemical 

reactivity near the substrate surface due to low detection current limits. In this review, we 

summarized that SECM can be utilized to investigate the chemical species released or produced at 

LIB electrode/electrolyte interfaces, to determine electrochemical/physical properties, and to 

explore the chemical properties of the SEI formed on the surface of different electrodes including 

Li metal, HOPG, graphite, TiO2 and Si. We also gave examples to show that the local conductivity, 

diffusion coefficient and the binder physical swelling could be observed and determined by SECM. 

These studies prove that SECM is a powerful technique that can provide valuable and unique 

information about interfacial reactions between electrode and electrolyte and SEI in LIBs.

LIBs are complex systems with various processes that occur simultaneously. Despite great efforts, 

for the opportunities that SECM can offer to be fully realized the following problems still remain. 

Since the tip-to-substrate distance control is critical important, further methods to decouple 

distance measurements from electrochemical signals should be investigated. Furthermore, more 

effort should be devoted to increase the resolution of SECM mappings in some of the operating 

modes of SECM, such as feedback mode. In addition, there is a critical need to get reliable kinetic 

data which can help to understand the mechanism of complex reaction processes. EEI could also 

be formed at the cathode; it might have the same formation mechanism and composition as SEI on 

the anode, playing a critical role in LIB performance. However, the research of EEI on the cathode 

is rarely reported, especially the results based on SECM measurements. SECM has great potential 

to confirm the EEI formation and study its composition, properties and stability. Further studies 

of SECM are underway to develop the potential of SECM to contribute to LIB fields.
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