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Scanning electrochemical microscopy in Li-ion 

batteries 

E. Ventosa* and W. Schuhmann* 

Li-ion batteries (LIBs) are receiving increasing attention over the past decade due to their high 

energy density. This energy storage technology is expected to continue improving the perfor-

mance, especially for their large-scale deployment in plug-in hybrid electric vehicles (PHEVs) 

and full electric vehicles (EVs). Such improvement requires having a large variety of analytical 

techniques at scientists´ disposal in order to understand and address the multiple mechanism 

and processes occurring simultaneously in this complex system. This perspective article aims 

to highlight the strength and potential of scanning electrochemical microscopy (SECM) in this 

field. After a brief description of a LIB system and the most commonly used techniques in this 

field, the unique information provided by SECM is illustrated by discussing several recent 

examples from the literature.  

 

 

 

1. Introduction  

Li-ion batteries (LIBs) possess the highest energy density 

among the presently available energy storage technologies, ma-

king LIBs the power source of choice for portable electronics. 

The interest in LIBs has even more increased in recent years 

due to their potential application in electro-mobility. Currently, 

LIBs may fulfil the requirement for application in hybrid elec-

tric vehicles (HEV), but great improvements are necessary for 

large-scale deployment in plug-in hybrid electric vehicles 

(PHEVs) and full electric vehicles (EVs).1 Material scientists 

are devoting substantial efforts to develop high energy materi-

als for LIBs to achieve the required values of energy density. 

However, the desired enhancement of the energy density cannot 

be obtained at expenses of safety, cost or durability, which re-

presents a great challenge since the storage capacity or/and the 

operating potential of the electrode materials are being brought 

to extreme conditions.2 Since LIBs are complex multi-compo-

nent systems with many processes occurring simultaneously, 

battery scientists (electrochemists, material scientists and bat-

tery developers) rely on advanced characterisation techniques 

for acquiring in-depth understanding of battery processes, 

which enable improvements in battery performance. Thus, a 

variety of characterisation techniques are used in the field of 

LIBs.3-32 Each technique provides different and valuable infor-

mation of a particular process.  

 Scanning electrochemical microscopy (SECM) has deve-

loped into a powerful technique for the study of electrochemi-

cal processes since SECM provides spatially resolved informa-

tion about redox activities. SECM has been employed among 

others in electrocatalysis, corrosion, elucidation of charge trans-

fer kinetics and mechanisms, heterogeneous processes, biophy-

sical systems, semiconductors or liquid/liquid and liquid/gas 

interfaces.33-43 Recently, SECM was successfully employed in 

the field of LIBs, demonstrating to be a unique and powerful 

analytical tool for the investigation of several processes occur-

ring at battery electrodes.44-56 

 The aim of this perspectives manuscript is to highlight the 

relevance and usefulness of SECM as analytical tool for the in-

vestigation of battery materials. For this purpose, we first 

introduce shortly into the context by describing the principles 

of LIBs as well as the most applied techniques for their charac-

terisation. Then, we explain the working principles of SECM 

highlighting the unique information which can be acquired 

about LIBs. Finally, we discuss several cases in which SECM 

has been employed to study LIBs materials  

2. Li-ion batteries 

Li-ion batteries (LIBs) store electrical energy via electrochemi-

cal reactions in Li-ion intercalation (or insertion) compounds.57 

During the charging process of a battery the electrochemically 

active centre of the positive electrode is oxidised whereas the 

active centre of the negative electrode is reduced. The reverse 

reactions occur during discharge. Li-ions (de-)intercalate from 

the redox compounds and they shuttle from one electrode to the 

other to maintain electro-neutrality of the system. Figure 1 il-

lustrates the operating principle of a Li-ion battery. The positive 

Page 1 of 10 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

and negative electrodes operate at highly anodic and cathodic 

potentials, respectively, to obtain a high battery voltage. Typi-

cally, LIBs have a nominal cell voltage of 3.6 to 3.9 V, which 

requires the use of organic electrolyte solutions with wider 

electrochemical stability windows than that of water. Standard 

electrolyte solutions are based on Li salts dissolved in a mixture 

of carbonate solvents e.g., 1 M LiPF6 in ethylene carbonate/di-

methyl carbonate. However, even these organic electrolyte so-

lutions are not stable at the highly cathodic potential at which 

graphite (the most common negative electrode material) ope-

rates (ca. 0.1 V vs Li/Li+). Fortunately, the products of the re-

ductive decomposition of the electrolyte solution precipitate 

and lead to the formation of a protective film, which is called 

solid electrolyte interphase (SEI).58,59 The electrically insulating 

character of the SEI prevents continuous decomposition of the 

electrolyte. The properties of the SEI are very important be-

cause they affect key parameters such as safety or life-time of 

the battery.  

There are many processes involved in an operating LIB. We 

highlight two of them, which are of prime importance in most 

of the cases: i) the solid state electrochemistry of Li-ion inser-

tion materials and ii) the formation and evolution of the SEI. 

The former occurs in the bulk of the active materials and go-

verns the reversibility, stability and cyclability of the material 

as well as the power capability. The latter is a surface reaction 

determined by the solid-liquid reactivity. Both processes are 

equally important for a safe and long-lasting battery.  

 

Figure 1. Scheme showing the fundamental parts and reaction 

in a LIB. 

3. Characterisation techniques in Li-ion batteries 

A variety of characterisation techniques are used in the field of 

LIBs. Each technique provides unique information of a parti-

cular process. In general, the techniques can be categorised in 

two groups, namely i) bulk and ii) surface techniques, since 

they provide information about processes occurring in the bulk 

of the Li-ion storage material or at the electrode/electrolyte 

solution interface. 

A. Bulk techniques 

Li-ions have to reversibly (de-)insert from/into the active ma-

terial. The loss in reversibility is often related to irreversible 

processes occurring in the bulk along with the Li-ion (de-)in-

sertion, e.g. irreversible changes in the electronic or crystalline 

structure of the material.  

 In order to monitor changes in the crystallinity of the inser-

tion compounds, Raman spectroscopy, X-ray diffraction (XRD), 

neutron scattering and high resolution transmission electron 

microscopy (HR-TEM) are usually employed.3-8 With these 

techniques, understanding of the phase transformation of the 

active material can be acquired.  

 X-ray absorption spectroscopy (XAS) is the technique of 

choice for studying the electronic structure of the active materi-

al, which is important to understand the mechanism of the 

redox reaction in the solid state.9,10 

 57Fe Mössbauer spectroscopy is a suitable technique for the 

study of (de-)insertion processes of iron containing active ma-

terials such as LiFePO4, FeSn or FeS.11,12 

 7Li nuclear magnetic resonance (7Li NMR) provides two 

types of information: i) structural information of the lithium 

sites due to different lithium environments and ii) Li-ion diffu-

sivity within the insertion material.13,14 

 Differential electrochemical mass spectroscopy (DEMS) 

provides information about degradation mechanisms of active 

materials, which involve the evolution of gases, e.g. O2 release 

from the lattice of the active material.15,16 

B. Surface techniques 

The formation and evolution of the SEI on the electrode surface 

is a key parameter in the safety and cyclability of a battery. 

Novak et al. summarised the available techniques for the ana-

lysis of the SEI recently.17 Here, we highlight the most-com-

monly used techniques. 

 X-ray photoelectron spectroscopy (XPS). Together with in-

frared spectroscopy, XPS is the most employed technique to de-

termine the chemical composition of the SEI.18,19 Besides the 

precise composition, XPS can be combined with Ar-sputtering 

to analyse the SEI at different depths of the film.20 

 Fourier transform infrared spectroscopy (FTIR). FTIR pro-

vides information about the chemical composition of the 

SEI.21,22 FTIR can be carried out in-situ, which is a major ad-

vantage over XPS  

 Electrochemical impedance spectroscopy (EIS). EIS is a 

non-destructive and in-situ technique that provides information 

on a variety of processes. EIS is able to differentiate processes 

occurring at different time constants. The charge transfer kine-

tics is one of the most studied factors, which is usually em-

ployed to shine light on the kinetics of Li-ion transfer across the 

SEI.23,24 
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 Atomic force microscopy (AFM). AFM can be employed 

ex-situ and in-situ and it provides morphological information of 

the SEI. Besides thickness and topography of the SEI,25,26 the 

mechanical properties of the SEI can be also determined by 

nanoindentation with AFM.27,28  

 Scanning electron and transmission microscopy (SEM and 

TEM). SEM and TEM provide morphological information of 

the SEI.29,30,31 When combined with energy-dispersive X-ray or 

electron energy loss spectroscopy, compositional information 

can be derived.32  

4. Scanning electrochemical microscopy 

Scanning electrochemical microscopy (SECM) employs a mi-

croelectrode (so-called “tip”) to scan an area in close proximity 

to the surface of a sample. Often, the sample acts as a second 

working electrode. Figure 2 shows the basic set-up of a SECM 

system. The tip is immersed into an electrochemical four-elec-

trode cell, together with the counter electrode, reference elec-

trode and the sample. It can be accurately positioned in x-, y-, 

z-coordinates by step motors and/or piezoelectric elements 

preferentially having an integrated measuring option for 

avoiding hysteresis. Chemical changes in close proximity to the 

sample interface and are detected by the SECM tip. SECM 

provides spatially resolved information about the electroche-

mical activity of an area by recording a suitable electrochemical 

signal at the tip as it scans the selected area in x-,y-direction. 

Several operating modes of SECM were developed specifically 

adapted to a variety of applications, which were previously 

reviewed.60-63 So far, five modes of SECM have been employed 

for the investigation of Li-ion battery electrodes, namely, the 

substrate generation/tip collection mode, the redox competition 

mode, the feedback mode, scanning electrochemical cell micro-

scopy and scanning ion-conductance microscopy. Each of these 

operating modes is discussed below.  

 

Figure 2. Scheme of a SECM set-up 

The operating potential of the most active materials in LIBs re-

quires rigorous exclusion of oxygen water by means of a dry 

inert atmosphere. Therefore, it is necessary to install the SECM 

inside an Ar-filled glovebox, as previously already demonstra-

ted for the study of other anhydrous reactions.64-67  

 

 

Figure 3. (a) Photography of a SECM placed inside an Ar-

filled glovebox (the inset is a close-up photo of the SECM cell). 

(b) Scheme of the SECM head covered with a bell (supporting 

information in Ref [56])  

Figure 3a shows a photograph of a SECM placed inside an Ar-

filled glovebox. Due to the dry atmosphere inside the glovebox, 

special positioning motors are employed and the bi-potentiostat 

is placed outside the glovebox. The electrolyte solution in LIBs 

becomes very volatile when linear alkylene carbonates, such as 

dimethyl carbonate (DMC) or diethylcarbonate (DEC), are ad-

ded to cyclic alkylene carbonates, namely, propylene carbonate 

(PC) and ethylene carbonate (EC). Since an open electrochemi-

cal cell is necessary for SECM measurements, a special lid is 

required to avoid solvent evaporation.52 Another alternative is 

to cover the entire SECM head with a bell, as shown in Figure 

3b.56  
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 In general, SECM is used either to investigate the Li-ion 

activity at the battery electrodes with micro- and nano-scale 

resolution or to explore the properties of the SEI formed on the 

surface of the negative electrode. Consequently, SECM in LIBs 

is considered as either a bulk or surface technique depending on 

the applied operating mode. 

A. Bulk processes 

Although the SECM is regarded as a surface technique because 

it scans the electrochemical surface activity of the electrode, in-

formation related to the bulk properties of battery electrodes 

can be obtained. Below, we discuss four different approaches in 

which SECM was employed for the spatially resolved visua-

lisation of the redox activity of the battery electrode.  

 4.A.1 Substrate generation/tip collection mode  

The substrate generation/tip collection (SG/TC) mode was 

employed in a first attempt to implement SECM in the field of 

LIBs.44 In their study, Jung et al. claim to have monitored va-

riations in Li-ion concentrations by detecting the electrochemi-

cal decomposition of solvated Li-ions at the tip released from a 

LiCoO2 electrode. In other words, the tip becomes sensitive to 

the concentration of solvated Li+ ions by the electrochemical 

decomposition of the solvation shell at the tip. By scanning the 

electrode surface at constant distance visualisation of the local 

electrochemical activity of a porous LiCoO2 paste electrode 

(LiCoO2/carbon additive/binder) is described. However, it re-

mains unclear whether the tip detects the solvated Li-ions (as 

proposed) or products of the anodic decomposition of the elec-

trolyte originating from the cathode or Co species originating 

from dissolution of LiCoO2. Indeed, Snook et al. applied a 

similar procedure to detect Co species dissolved from a LiCoO2 

electrode during its oxidation in ionic liquids. The tip was 

maintained in a fixed position and hence no activity map was 

obtained.45  

 Due to the complexity of overlapping processes namely al-

teration of Li-ion concentration, anodic decomposition of elec-

trolyte solution, dissolution of metal-ions, and even evolution 

of oxygen from the lattice of the metal oxide, the ST/TC mode 

of SECM faces severe challenges for the investigation of ca-

thode electrodes. 

 4.A.2 Li-competition mode. 

Barton and Rodriguez-Lopez implemented the Li-ion com-

petition mode of SECM.46 They demonstrated that the Li-ion 

activity near the sample can be visualised using a mercury-cap-

ped Pt ultramicroelectrode (Hg/Pt UMEs). The Hg/Pt UME was 

sensitive to the concentration of Li-ions in an oxygen and water 

free organic solution, displaying a linear response to the Li+ 

concentration extending from 20 µM to at least 5 mM. The sen-

sitivity of the Hg/Pt UME was 1.93 and −23.2 pA µM–1 due to 

the steady-state cathodic Li–Hg amalgamation current and the 

peak anodic stripping current, respectively. Therefore, spatially 

resolved images of the Li-ion concentration near the battery 

electrode were obtained, which provide information of local ac-

tivity of the battery electrode at the microscale. As a proof of 

concept, a model sample electrode was used consisting of a 120 

µm diameter Au electrode embedded in PTFE, resulting in an 

electroactive spot on a flat electroinactive surface. During the 

intercalation process (emulated in this case by the electrode-

position of metallic lithium onto the Au microelectrode), elec-

troactive areas of the sample and the Hg/Pt UME compete for 

the uptake of Li-ions. Figure 3 shows SECM images obtained 

by holding the Hg/Pt UME at –2.7 V and the sample at +1.0 V 

(a), –0.8 V (b) and –3.0 V (c and d) (vs. a cadmium amalgam 

reference). It should be noted that PTFE may not be the best 

choice as inactive surface. When the tip is positioned in close 

proximity to a PTFF surface, the radicals formed at the tip by 

applying very cathodic potentials may react with the PTFE sur-

face reducing the fluoropolymers and forming a graphite-like 

material.64 

 The Li-ion concentration over a flat surface can be mapped 

following the Li-ion competition mode with Hg/Pt microelec-

trodes. However, much effort is required for this creative ap-

proach to become relevant in the field of LIBs. First, the higher 

resolution for model samples should be demonstrated since a 

120 µm diameter Au electrode embedded into flat and inactive 

PTFE should result in a clearer image with substantially higher 

contrast. In addition, battery electrodes possess high porosity 

and roughness which raises two issues, namely i) the integrity 

of the Hg/Pt UME for small collisions against the rough elec-

trode and ii) the feasibility of implementing tip-substrate dis-

tance control for Hg-based microelectrodes.  

 

Figure 4. SECM images of Li+ consumption using the redox 

competition mode using a 120 µm diameter Au electrode (out-

lined in black). The lithium flux at the tip (Etip = −2.87 V) res-

ponded to differences in the substrate’s activity toward lithium 

reduction when poised at +1.0 V (A), −0.8 V (B), and −3.0 V 

(C and D). Images A, B, and C were each acquired in 82 s with 

Vtip = 20 µm/100 ms (200 µm·s−1) and dFinal = 23.8 µm (1.9·rPt). 

Image D represents a higher resolution version of image C and 

was acquired in 642 s with Vtip = 10 µm/200 ms (50 µm·s−1). 

The probe was scanned in x-direction. Increasing blue colour 

indicates a decrease in free Li+ concentration. Reproduced with 

permission from ref. 46 © 2014 the American Chemical Socie-

ty.  
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 4.A.3 Scanning electrochemical cell microscopy 

Takahashi and co-workers followed another approach to visua-

lise the electrochemical activity of a battery electrode at the na-

noscale.47 They employed scanning electrochemical cell mi-

croscopy (SECCM) to evaluate the local redox activity of a 

LiFePO4 electrode. Instead of a “solid” microelectrode as elec-

trochemical probe in classic SECM, SECCM uses a “hollow” 

capillary (also called pipette or nanopipette) that is filled with 

electrolyte solution and has an opening ranging from a few 

micrometers to a few hundreds nanometers. Instead of immer-

sing the entire sample into the electrolyte solution, only the 

small area of the sample which is in contact with the nanopi-

pette is exposed to electrolyte solution (Figure 5a).  

 

Figure 5. (a) Scheme of SECCM. (b) Simultaneous SECCM 

topography (left) and current (right) images of a LiFePO4 elec-

trode. Scan ranges are 20 x 20 µm2. The sample potential was 

+0.65 V versus Ag/AgCl QRCE (Li+ deintercalation; scale bar, 

5 µm). (c) CVs at different locations above a LiFePO4 electrode 

surface corresponding to the blue and red arrow of b. Particle 

and AB refers to LiFePO4 and acetylene black (conductive ad-

ditive), respectively. Scan rate is 0.1 V s-1. (d) Local charge 

(deintercalation) and discharge (intercalation) characteristics 

applying current magnitudes of 200 pA in each case via 

SECCM. Reproduced with permission from ref. 47 © 2014 

Macmillan Publishers [Nature Comm.]  

 The electrochemical properties of this small area are 

evaluated. After that, the nanopipette is retracted, moved to the 

next x-,y-location and approached to the surface again. 

Aqueous electrolyte solutions were employed for the nanoscale 

visualisation of redox activity at lithium-ion battery cathodes 

(Figure 5b, 5c and 5d), which is the main limitation of this 

work. LiFePO4 is a safe, cheap, long-lasting Li-ion battery ma-

terial, but it is a low energy density cathode material due to its 

cathodic operating potential (ca. 3.6 V vs Li/Li+). Thus, 

LiFePO4 even operates within the electrochemical stability win-

dow of water. However, many of the active materials employed 

in LIBs such as LiCoO2, LiNi0.3Mn0.3Co0.3O2, LiNi0.5Mn1.5O4, 

graphite, silicon, tin-based alloys, Li4Ti5O12, or TiO2 do not 

operate within the water stability window. In addition, changing 

from organic electrolyte solutions to aqueous electrolytes 

induce potential issues such as dissolution of the materials. 

Therefore, the implementation of SECCM in carbonate-based 

solutions for the investigation of Li-ion battery electrode is 

highly important for this technique to reach its full potential, 

but was not yet demonstrated. On the other hand, the authors 

demonstrated that the topography of the electrode can be 

derived simultaneously with the local redox activity (Figure 

5b), which allows the evaluation of real battery electrodes 

which exhibit topographic variations. Moreover, the lateral 

resolution achieved using SECCM is impressive and allows 

elucidating properties of real battery electrodes. Bearing in 

mind these two assets, namely, topographic information and 

high resolution, the visualisation of redox activity in LIB elec-

trodes at the nanoscale by SECCM appears as a suitable ap-

proach. 

 4.A.4 Scanning ion-conductance microscopy 

Following a similar approach, Hersam et al. employed scanning 

ion-conductance microscopy (SICM) to visualise the redox ac-

tivity of a battery electrode.48 Based on the same concept as 

SECCM, SICM also employs a nanopipette filled with elec-

trolyte as a probe. However, both the nanopipette and the 

sample surface are immersed into the electrolyte solution. With 

an adequate setup, SICM can simultaneously image the topo-

graphy and the ion current by applying an alternating current 

(AC) and direct current (DC), respectively. Compared to 

SECCM, SICM exhibits lower resolution and sensitivity, which 

is caused by the fact that the entire sample surface is immersed 

in the electrolyte solution. Although the nanopipette should re-

strict the electrochemical reaction to the spot beneath the ope-

ning of the pipette nearby located areas might also react. On the 

other hand, exposing the entire sample surface to electrolyte has 

advantages. For example, the entire electrode can be quickly 

adjusted to different states of charges or stages of ageing. Ad-

vantages and disadvantages apart, Hersam et al. demonstrated 

that SICM can be employed to visualise the activity of a battery 

electrode at the nanoscale. Importantly, they used organic elec-

trolyte solutions, enabling the possible studying of any LIB 

material. Currently, this approach appears to be the most versa-
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tile SECM-based tool for the spatially resolved visualisation of 

the activity in Li-ion battery electrodes in anhydrous solution.  

 A more unusual approach is seen in electrochemical strain 

microscopy (ESM) for the investigation of battery materials. 

Although this technique is not based on SECM but on atomic 

force microscopy (AFM) it provides information about local 

electrochemical activity.49,50 The setup is the same as a con-

ductive AFM. If an alternating current with optimal amplitude 

and frequency is applied to the conducting cantilever in contact 

with the sample (a battery material), Li-ions are attracted and 

repelled to/from the tip of the cantilever. Thus, a high resolu-

tion visualisation of the Li-ion diffusivity in a battery material 

is obtained as well as information about simultaneously occur-

ring volumetric changes. This technique was developed for the 

investigation of Li-ion dynamics of battery materials at high 

resolution; however, its feasibility for studying real battery 

electrodes is to be demonstrated.   

B. Surface processes 

 4.B.1 Feedback mode 

As discussed above, the products of the cathodic decomposition 

of carbonate-based electrolyte solutions precipitate onto the 

electrode forming the so-called SEI as a protective layer. The 

essence of this film is its electrically insulating character thus 

preventing further electrolyte decomposition. SECM is able to 

visualise the electrically insulating character of the electrode 

surface by operating in the redox mediator-based feedback 

mode.  

 

Figure 6. Effect of the formation of the SEI on the feedback 

current at the SECM tip. Battery electrode (a) without and (b) 

with SEI. The SEI modulates the reduction rate of Fc+ at the 

paste electrode leading to a decreased feedback current. Repro-

duced with permission from ref. 54 © 2013 the Royal Society 

of Chemistry 

 In the feedback mode, which is probably the most used 

mode in SECM imaging, a redox mediator is added to the solu-

tion. The tip is polarised to a potential at which the redox me-

diator reaches the limiting diffusion current. When the tip ap-

proaches a conductive and reactive sample surface, the current 

recorded at the tip is enhanced (positive feedback). If an elec-

tronically insulating or inert sample surface is approached, the 

current at the tip decreases (negative feedback). Therefore, the 

feedback in the signal of the tip is expected to change from po-

sitive to negative when the SEI is formed on the battery elec-

trode as a consequence of electrolyte decomposition as illustra-

ted in Figure 6. As a proof of the sensitivity of the feedback 

mode to the presence of the SEI, a glassy carbon electrode was 

cycled between 3 V and 0.01 V (vs. Li/Li+) in carbonate based 

electrolyte solution (1 M LiClO4 in EC:PC).51 The SEI formed 

on the electrode was scratched away from an area of 50 x 50 

µm2 using AFM in contact mode. Although the thickness of the 

SEI was so thin that it could not be determined accurately from 

the AFM cross-section, a clear higher feedback signal was 

obtained when the area was visualised by SECM (Figure 7). 

 

Figure 7. 100 x 100 µm AFM image (top) and SECM images 

(bottom). Z-scale was 200 nm and 2 nA for the AFM and the 

SECM image, respectively. An area of 50 x 50 µm2 of SEI was 

scratched away using AFM in the contact mode with a loading 

force of of 3-5 nN. The sample (glassy carbon) was first cycled 

between 3.0 V and 0.01 V (vs. Li/Li+) and left at OCP during 

AFM and SECM imaging. Reproduced with permission from 

ref. 51 © 2015 WILEY-VCH 

 The formation and evolution of the SEI on glassy carbon 

was also investigated by local electrochemistry based on the 

feedback mode of SECM in-operando conditions.52 This study 

confirmed the formation of an electrically insulating layer at 0.8 

V vs Li/Li+ (Figure 8a). Although the evolution of gas (only 
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CO2) was reported by DEMS to take place at 1 V, the insulating 

character of the surface does not change until the potential was 

more cathodic than 0.8 V.53 DEMS also reported that ethylene 

started to evolve below 0.8 V, indicating that the products of 

the reduction changes below 0.8 V. The SECM results suggest 

that the products of the reaction occurring at 0.8 V – 1.0 V do 

not result in the formation of an electrically insulating layer and 

cathodic polarisation below 0.8 V is necessary for the formation 

of the SEI. In addition, it was observed that the electrically in-

sulating character of the SEI remains stable in the second cycle 

(Figure 8b). The anodic dissolution of the SEI reported to oc-

cur above 2.0 V appeared not to significantly affect the insula-

ting character of the film. The feedback mode of SECM was 

also employed to investigate real paste battery electrodes both 

with respect to local electrochemistry as well as visualisation of 

their local variations.54,55  

 

Figure 8. Cyclic voltammogram of a glassy carbon electrode in 

1 M LiClO4 containing 20 mM Fc in EC:DEC (1:1 %wt) at a 

scan rate of 0.1 mV s-1. (a) First cycle, (b) second cycle, and the 

corresponding feedback current at the microelectrode polarized 

at 3.6 V vs. Li/Li+. IT/Ibulk refers to the current intensity recor-

ded at the tip normalized by the current intensity obtained when 

the tip is located far away from the surface (bulk of the solu-

tion) to the current recorded at the tip and Reproduced with 

permission from ref. 52 © 2015 the Royal Society of Chemistry 

 Zampardi et al. investigated SEI formation and evolution on 

TiO2 paste electrodes.54 Both mapping and local electroche-

mistry measurements indicated that the electrically insulating 

character of the surface is only achieved by driving the 

potential of the electrode below 1 V vs Li/Li+. These results are 

of high relevance to clarify the formation of the SEI at titania 

electrodes. Since titania electrodes operate within the stability 

window of the electrolyte solution, many scientists considered 

this type of electrode to be SEI-free.2,68,69 On the other hand, 

other groups insisted on the presence of SEI at titania electrodes 

operating even above potentials of 2 V vs. Li/Li+.70,71 The 

SECM results demonstrated that the electrically insulating cha-

racter of the electrode surface is not formed at potentials above 

1 V vs. Li/Li+. If a film is formed at a potential positive to 1 V, 

it does not possess the intrinsic feature of the SEI namely the 

electrically insulating character. 

 

Figure 9. Detection of gas-bubble formation within a sequence 

of SECM feedback-mode images of an identical region of a 

SEI-covered graphite electrode recorded a) 3.6 h, b) 4.2 h, c) 

4.8 h, d) 5.8, e) 6.5 h, and f) 7.9 h after filling electrolyte 

solution into the SECM cell at d = 3 µm. Reproduced with 

permission from ref. 56 © 2014 WILEY-VCH 

 Another creative application of the feedback mode of 

SECM was demonstrated by Bülter et al. for the investigation 

of real LIB electrodes.56 Spontaneous spatiotemporal changes 

of SEI properties of electrochemically aged graphite paste elec-

trodes in the lithiated state were in-situ evaluated. Besides con-

firming the electrically insulating character of cycled graphite 

electrodes, SECM images revealed the development of unex-

pected features at the SEI-covered electrode surface over time 

at open circuit potential. SECM images acquired at open circuit 

potential (Figure 9) showed the appearance of areas in which a 

lower current was recorded at the tip. It was concluded that the 

evolution (spontaneous appearance and disappearance) of these 

areas with lower tip-current were due to spontaneous gas evolu-

tion. The formation of an electrochemically inactive bubble of 

gas resulted in a lower current at the tip. The detachment of the 

bubble leads to the recovery of the signal at the tip. The 
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evolution of gas reveals the dynamic properties of the SEI at 

lithiated graphite electrodes, even when kept at open circuit 

potential, as indicated by this spontaneous spatiotemporal 

SECM investigations. 

The feedback mode of SECM has demonstrated with several 

examples to be a powerful and versatile analytical tool for the 

study of the SEI in LIBs. The formation and evolution of the 

properties of the SEI can be investigated in-situ or in-operando. 

Importantly, the feedback mode of SECM is the unique 

technique that is able to provide information about one of the 

most important parameters of the SEI: its electrically insulating 

character. The main limitation of the feedback mode from the 

point of view of imaging is the implementation of a tip-to-

sample distance control, which will allow for the enhancement 

of the lateral resolution.  

5. Comparison of SECM with other microscopy 
techniques  

A brief comparison of the information extracted from SECM 

versus that obtained from other microscopies is given in this 

section. Four microscopies are often used in Li-ion batteries: 

Raman microspectroscopy,72,73 scanning electron microscopy 

(SEM),29 transmission electron microscopy (TEM), 74-76 and 

atomic force microscopy (AFM).25,26 Each technique provides 

different type of information: morphology, chemical compo-

sition or crystallinity. Probably, TEM is the most versatile tech-

nique since it can provide all these three kinds of information. 

On the other hand, SECM provides new types of information 

ranging from spatially resolved distribution of 1) the electro-

chemical activity or 2) the electrically insulating character of 

the SEI across a real-world battery electrode Hence, SECM 

provides unique information that cannot be obtained by other 

microscopies. In addition, SECM can operate ex-situ, in-situ 

and even in-operando conditions  

6. Perspective of SECM in beyond Li-ion batteries 

 There is a growing interest in some emerging electrochemi-

cal energy storage technologies which in one way or another 

present potential advantages over Li-ion batteries such as Na-

ion, semi-solid flow, Li-sulphur or Li-air batteries. Although 

the application of SECM has not been extended to the study of 

all these emerging technologies yet, there are few exemplary 

cases indicating the feasibility of the SECM studies in the 

emerging battery systems.  

 Schwager et al. studied gas diffusion electrodes (GDE) of 

Li-air batteries by means of SECM.77 They were able to in-situ 

investigate the mass transport resistance of oxygen across the 

GDE.  

 SECM in feedback mode was employed by Ventosa et al. to 

evaluate the passivation of the current collector of semi-solid 

flow batteries.78 They concluded that operating potentials below 

0.8 V vs. Li/Li+ should be avoided in semi-solid flow batteries 

(SSFBs) due to the hindered electron transfer between the cur-

rent collector and the fluid electrode.  

 Zampardi et al. used SECM in feedback mode to study the 

SEI formation on glassy carbon for Na-ion batteries.52 An elec-

tronically insulating layer was found to be formed at the surface 

of the electrode when glassy carbon (used as carbon model ma-

terial) was polarized to 0.03 V vs. Na/Na+. 

7. Conclusions  

LIBs are complex systems that require the use of multiple and 

complementary analytical techniques in order to understand the 

variety of processes occurring simultaneously. Scanning elec-

trochemical microscopy is an emerging analytical tool in this 

field. SECM has already demonstrated to be a powerful tech-

nique providing valuable and unique information about LIBs. 

By selecting an appropriate operating mode, different processes 

can be studied at ex-situ, in-situ or in-operando conditions. Up 

to now, SECM has been employed to gather information with 

respect to i) spatially resolved visualisation of the activity of the 

LIB electrode at nanoscale, which relates to bulk processes, and 

ii) investigation of the properties of the SEI at the negative 

electrode, which relates to surface processes. The strength and 

potential of SECM to shed light into both bulk and surface pro-

cesses were successfully demonstrated, making SECM a 

powerful technique as relevant as other well established 

techniques in the field of LIBs characterisation such as TEM, 

XRD, XAS, XPS, Raman and IR spectroscopy. Nevertheless, 

more efforts have to be devoted for the improvement of reso-

lution in some of the operating modes of SECM, particularly in 

the feedback mode. Since the lateral resolution is restricted by 

the size of the microelectrode, the use of sub-micrometer 

SECM tips are necessary to enhance the lateral resolution. As a 

consequence, the implementation of tip-to-substrate distance 

control in anhydrous and deoxygenated conditions is an 

important step forward for SECM in LIBs.  

The great versatility of SECM allows the use of this technique 

to investigate a variety of processes. Therefore, SECM is likely 

able to provide valuable information about additional processes 

occurring at LIBs, provided that a specific mode is developed 

in each case. The successful implementation of SECM for other 

battery applications is still in its infancy but will definitively 

emerge in the near future. 
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