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ABSTRACT  

Understanding the formation and properties of the solid-electrolyte interphase (SEI) will enable the 

development of enhanced Li-ion batteries (LiBs) and other battery types. Herein, we report scanning 

electrochemical cell microscopy (SECCM) in a glovebox to characterize the SEI formation on the 

basal surface of highly oriented pyrolytic graphite (HOPG) as a model system of negative LiB 

electrodes with nonaqueous electrolytes. Different grades of HOPG have been studied, which provide 

a range of step edge densities on the basal surface. The high-throughput and spatially-resolved 

character of SECCM allows thousands of measurements across a surface, revealing how surface 

heterogeneity in graphite affects the early stages of the SEI formation and its properties. Step edges 

promote electrolyte reduction resulting in a more passivating SEI than that formed on smoother 

surfaces. A strongly insulating but relatively unstable SEI is detected under fast formation conditions, 

while slow formation rates induce the steady growth of an increasingly passivating SEI. This work 

provides new insights on the SEI dynamic formation and demonstrates SECCM as a powerful 

technique to probe the effect of local structure in heterogeneous battery materials under inert 

atmosphere. The demonstration that SECCM can readily be deployed in a glovebox serves as a 

foundation for future experiments that will explore high resolution electrochemical imaging of battery 

electrode materials.  
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INTRODUCTION 

The solid electrolyte interphase (SEI) formed at the surface of negative electrodes in 

nonaqueous lithium-ion batteries (LiBs) is a complex layer composed by organic and inorganic Li-

based species.[1–3] Electrochemical reduction and decomposition of the electrolyte, which occurs at 

potentials more positive than Li+ intercalation, is the first step of the SEI formation on graphite,[4,5] 

the most common material for the negative electrode in LiBs. The physical and chemical properties 

of the SEI play an essential role in battery performance; ideally the SEI should provide fast Li+ 

conduction, good mechanical strength and adherence and good electronic insulation (passivation) to 

prevent subsequent electrolyte reduction upon cycling. SEI formation is an expensive and time-

consuming step in battery manufacture, as slow conditions are used to generate a dense SEI with 

optimal properties.[3,6] However, the SEI in real devices is far from ideal, undergoing continuous 

growth upon cycling, consuming further Li+ ions and increasing the cell impedance,[7] all of which 

lead to significant performance losses in batteries.  

SEI formation on graphite electrodes with nonaqueous electrolytes has been widely 

studied[3,4,8,9] but many mechanistic aspects remain to be addressed. The use of new characterization 

techniques[10] is revealing the strong dependence of the SEI formation and properties on factors such 

as electrolyte nature and concentration, presence of additives, and electrode materials and 

conditions.[3,11,12] The graphite surface also plays an important role in both the Li+ intercalation[13,14] 

and the SEI formation and properties.[15,16] It is well accepted that Li+ intercalation in graphite takes 

place at step edges,[4,17] leading to a higher (de)lithiation activity at the edge plane than at the basal 

plane, but studies aimed at unambiguously determining the role of step edges and terraces on the 

formation and properties of the SEI are ongoing.[12,18,19]  

The use of highly oriented pyrolytic graphite (HOPG) electrodes with a well-defined surface 

structure is a standard approach to investigate structural effects on electrochemistry at graphite.[19–23] 

In many of these studies, the HOPG electrodes are configured with either basal or edge plane 

orientation in order to infer the gross electrochemical behaviour of step edges or terraces at the 

macroscale. However, most studies where HOPG electrodes were basal-plane oriented have shown 

significant (de)lithiation currents,[19,20,24–26] highlighting the role of step edges on the basal surface 

and making it difficult to elucidate the effect of step edge coverage. Herein, we study a set of HOPG 

basal plane samples that provide a range of step density and use of localized techniques to provide 

large datasets and enable understanding of the effect of surface heterogeneity on SEI formation.  

Scanning probe microscopies (SPMs) such as electrochemical scanning tunnelling 

microscopy (EC-STM) and atomic force microscopy (EC-AFM) have provided information about 

changes in the local surface of graphite electrodes under lithiation and SEI formation conditions.[19,25–

28] For example, exfoliation promoted by initial solvent co-intercalation into step edges[27] or pit 
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corrosion in LiPF6 electrolytes at long timescales[25] have been observed. The formation of SEI 

insoluble components has been detected at potentials as high as +1.7 V (vs Li/Li+),[29] with layers 

reaching thicknesses of tens of nm even on the first charge/discharge cycle.[18,26] These insoluble 

species appear to be deposited on step edges at more positive potentials compared to the basal 

surface,[18] and a thicker[12,19] and more adhesive[19] SEI is also found on the step edges. Yet, despite 

the valuable morphological information on the SEI formation provided by these techniques, the 

underlying local electrochemistry (spatially-resolved current-voltage relationship) is not revealed 

directly.  

Attempts to uncover local electrochemistry have hitherto involved the use of scanning 

electrochemical microscopy (SECM) to study SEI formation and evolution at a variety of carbon-

based electrodes, including HOPG,[30] glassy carbon,[31,32] graphene[33] and graphite composites.[34,35] 

SECM has visualized spatiotemporal changes of the passivating properties of the SEI,[35–37] formation 

of gas bubbles during electrolyte reduction,[36] and some inhomogeneities in surface electroactivity 

along the electrode surface.[34] However, it is important to point out that surface reactivity was 

measured by an additional redox mediator in solution, which essentially detects contrast between 

active and passive regions of the surface. Moreover, hitherto, SECM measurements of this type were 

recorded with relatively low spatial resolution using large microelectrode probes (diameters: 10-25 

µm). A common factor of all the SPMs mentioned (EC-STM, EC-AFM, SECM) is that the electrode 

investigated (and the tip electrode in the case of SECM) is immersed in the electrolyte solution for 

long periods throughout the experiment. This is a significant consideration because graphite used as 

battery electrode can undergo spontaneous surface changes, even at open circuit potential,[34] and 

graphite corrosion has been observed in typical LiPF6 electrolytes by the effect of HF.[25]  

Scanning electrochemical cell microscopy (SECCM)[38,39] has considerable potential to 

measure directly and locally electrochemical reactions of interest.[40,41] SECCM uses a nanoscale 

probe with a confined electrolyte droplet that is placed in meniscus contact at a series of locations on 

a surface to carry out fast, high-throughput electrochemical measurements. SECCM has proven 

powerful in studying structurally heterogeneous materials with practical relevance in many fields, 

including electrocatalysis,[42,43] corrosion[44] and sensing,[45] and its inherent features make it 

promising for battery electrode research. It has previously been employed to study the spatially-

resolved activity and (de)lithiation of active materials used in positive battery electrodes such as 

LiFePO4 composite electrodes,[46,47] isolated LiFePO4 microparticles[47] and isolated LiMn2O4 

nanoparticles, where SECCM measurements were combined with identical location electron 

microscopy.[48]   

The above SECCM studies all made use of aqueous electrolytes; the use of nonaqueous 

solvents with low viscosity, as used in batteries, has been reported as challenging to implement with 
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meniscus-based techniques; large droplet spread (surface wetting) has been observed.[49,50] To address 

this issue the use of a gel polymer electrolyte with DMSO within the SECCM nanopipette has been 

reported,[51] but a recent technical breakthrough has seen the successful employment of nonaqueous 

(single or mixed) solvents, where at least one of the components has a high boiling point (such as 

ethylene carbonate or propylene carbonate), producing a very stable meniscus contact in SECCM and 

highly-reproducible measurements.[52] These developments have opened the door to apply SECCM 

for studies of LiBs in nonaqueous electrolytes, and recently, the (de)lithiation of positive LiCoO2 

particles and Li4Ti5O12 thin film electrodes with organic carbonate electrolytes in a glovebox under 

inert atmosphere has been reported.[53]  

Herein, SECCM is employed to investigate the early stages of SEI formation on graphite 

negative electrodes in a typical Li-ion battery electrolyte under inert atmosphere (glovebox). Using 

HOPG electrodes of different quality, we show how step edge density affects the electrochemical 

processes that lead to SEI formation and the resulting properties of the SEI. SECCM is demonstrated 

to be a promising technique for providing microscopic understanding of structure-activity-property 

relationships in heterogeneous materials used as a model for non-aqueous batteries.  

 

RESULTS AND DISCUSSION 

 

Voltammetric SECCM in a glovebox 

Figure 1 illustrates the SECCM setup deployed in an Ar-filled glovebox used in this work. 

Briefly, a single-barrel pipette (tip diameter of ~500 nm, Figure S1a) filled with 1 M LiPF6 in ethylene 

carbonate (EC) – ethyl methyl carbonate (EMC), and also containing a Ag quasi-reference counter 

electrode (QRCE), was used as a mobile localised electrochemical probe in a hopping-mode protocol 

(Figure 1a). The pipette was approached towards the HOPG surface until a liquid meniscus contact 

was formed, whereupon a cyclic voltammogram (CV) was recorded (Figure 1b). 3D-printed pipette 

holders (Figure 1c) were designed to facilitate the handling, filling and mounting of the pipettes inside 

the glovebox. Experiments were carried out in visually smooth HOPG areas, avoiding very large 

steps and defects (Figure 1d). This protocol resulted in well-defined and consistent electrolyte 

footprints (Figure 1e), which proves that the meniscus contact from the SECCM probe with the 

HOPG surface was very stable under the working conditions in the glovebox. Ag QRCE potentials 

were converted to the Li/Li+ scale using the reversible one-electron oxidation of ferrocene (Fc) as a 

reference (Figure S2). Further experimental details are described in the experimental section.  
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Figure 1. (a) Schematic of SECCM operated in a hopping mode to study the formation of the solid-electrolyte interphase 

(SEI) at HOPG electrodes. A single-channel pipette filled with 1 M LiPF6 in EC/EMC was translated at a series of 

predefined positions to record spatially-resolved electrochemical measurements. Voltammetric measurements were 

recorded by applying a potential (-Eapp) to the Ag QRCE in the tip, with respect to the HOPG working electrode, where 

the resulting current (isurf) was measured. Ag QRCE potentials were converted to the Li/Li+ scale using ferrocene oxidation 

as a reference (Figure S2). (b) Plots representing the variation of the z-position of the pipette, the applied potential and 

the measured current as a function of time during a typical SECCM experiment consisting of two voltammetric cycles at 

a pixel (spot on the surface). (c) Schematic of a 3D-printed pipette holder used to facilitate handling of the pipette inside 

the glovebox. The holders have a threaded insert, which was removable to adapt the holder for pipettes with different 

outer diameter. (d) Optical image of a pipette probe near a ZYB HOPG surface in a basal plane orientation. Experiments 

were carried out in visually smooth areas avoiding any very large steps and defects. (e) Optical image of a droplet footprint 

left by an SECCM experiment in 1 M LiPF6 in EC/EMC. Scan size was 80x80 µm with 5 µm hopping distance. A pipette 

probe with ca. 500 nm diameter was employed (Figure S1a). 

 

Characterisation of HOPG electrodes  

HOPG electrodes of different grade with a range of step edge densities were studied. Atomic 

force microscopy (AFM) images of these HOPG electrodes are shown in Figure 2. ZYA HOPG 

provided a basal plane with a relatively low step density and large areas comprising smooth terraces 

as shown in Figure 2a. There were some areas where a larger step coverage was observed (SI, Figure 

S3a), but the step heights were generally small, consisting mainly of 1-3 graphite layers (given a layer 

separation in graphite[54] of ~0.335 nm). In contrast, the basal plane of ZYB HOPG had a significantly 

larger coverage of steps with heights ranging from 1-6 graphite layers (Figures 2b and S3b). ZYH 

HOPG (Figure 2c) was more heterogeneous, with a generally lower step density than ZYB HOPG, 

but with most of the steps formed by a higher number of graphite layers. For instance, SI, Figure S3c 

shows an area of ZYH HOPG where steps are formed by 13-17 graphite layers. 
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Figure 2. AFM topography images of freshly cleaved HOPG with corresponding height profiles for (a) ZYA, (b) ZYB, 

and (c) ZYH grades. Arrows indicate the location and direction where the height profiles were extracted. "ly” is graphite 

layer.  

 

 

Electrolyte reactivity: the first step in solid-electrolyte interphase formation 

The electrochemical behaviour of freshly-cleaved HOPG electrodes in 1 M LiPF6 in EC/EMC 

was studied by spatially-resolved SECCM CV measurements. Figure 3a shows representative 

voltammograms recorded at a scan rate of 1 V s-1. The resulting timescale is short compared to that 

used for SEI formation in battery manufacture, but ensures that many measurements can be made at 

different locations on a sample and is also interesting as it reveals SEI formation at the earliest stage.  

All the HOPG electrodes (ZYA, ZYB, ZYH) showed qualitatively comparable voltammetric 

profiles. Two distinct regions can be discerned in the cathodic sweep: a) a low-intensity broad process 

(CI) with onset and peak potentials approximately at +1.2 V and +0.7 V (vs Li/Li+), respectively, and 

b) a high-intensity, sharp and quasi-symmetric process (CII) having onset and peak potentials at about 

+0.5 V and +0.2 V (vs Li/Li+), respectively. These electron-transfer processes are attributed to the 

electrolyte salt (LiPF6) and solvent (EC and EMC) reduction reactions, which are the initial steps of 

the SEI formation. The full reaction pathway and precise composition of the SEI still remain under 

debate[8,55] but there is a fair consensus regarding the initial reactions,[5,8,56–58] including the formation 

of: a) LiF by decomposition and reduction of LiPF6 related compounds (Figure S4a);[25,59,60] b) lithium 

ethylene dicarbonate (LEDC) via reduction of EC (Figure S4b), although it has been proposed 

recently that the actual species is lithium ethylene monocarbonate (LEMC);[55] and c) lithium methyl 

or ethyl carbonates (LMC, LEC) by reduction of EMC (Figure S4c), but reduction of EC seems to 

take place preferentially in binary EC/EMC solvents.[61] While trying to assign the voltammetric 
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profile to specific electrochemical reactions might be tempting, this is challenging and contradictory 

results have been reported. For instance, the SEI generated at the most positive potentials was reported 

to be essentially comprised of organic species,[62] inferring that solvent reduction takes place at lower 

overpotentials than electrolyte salt reduction, while the formation of LiF has been observed at more 

negative potentials,[60] near to the CII peak in Figure 3a. In contrast, an SEI with a considerable amount 

of inorganic species such as LiF has also been observed at potentials even more positive than +1.0 V 

(vs Li/Li+).[63] The fact that insoluble inorganic species are preferentially found in the SEI near the 

electrode surface[12,18] can also mislead as to which component is reduced first, as some of the initially 

formed organic species may be partially soluble,[8,64] so they are preferentially present in the upper 

layer of the SEI.[8,65] Favoured salt reduction on step edges has also been reported, as an SEI richer 

in inorganic species on the edge plane has been found.[16,19,63,66] While the SECCM voltammetric 

profiles for the different HOPG grades were qualitatively similar, the peak magnitude of the CII 

reduction process was strongly dependent on the HOPG grade as discussed below.  

 

 
Figure 3. (a) SECCM CVs obtained for HOPG electrodes of different grades: ZYA (green line), ZYB (red line) and ZYH 

(blue line) in 1 M LiPF6 in EC/EMC. CI and CII represent the two main reduction processes detected in the voltammetric 

profile. Scan rate was 1 V s-1. (b) Population analysis illustrating the relative (histogram, left axis) and cumulative (lines, 

right axis) frequency of SECCM measurements as a function of the current at a potential of +0.30 V (vs Li/Li+) for HOPG 

electrodes. The width of the histogram bars is ca. 23 pA. (c) Population analysis illustrating the relative (histogram, left 

axis) and cumulative (lines, right axis) frequency of SECCM measurements as a function of the peak charge of the CII 

voltammetric process for pristine HOPG electrodes. The width of the histogram bars is ca. 7 pC. Population analysis 

obtained from 1446, 1061 and 963 independent measurements at ZYA, ZYB and ZYH HOPG, respectively 

 

To reveal the effect of step edge coverage on the electrolyte reduction, a population analysis 

of the SECCM experiments on HOPG electrodes of different quality (ZYA, ZYB, ZYH) was carried 

out using the CII reduction process. This statistical analysis provides rich datasets based on the large 

number of measurements made. It is worth noting that electrolyte reduction leads to SEI formation, 

which subsequently inhibits that same reaction, resulting in the peak profiles seen in Figure 3a. Thus, 

to analyse the electrolyte reduction activity under minimal effect of the SEI passivation, the current 

at a potential well below the peak potential needs to be considered. In contrast, analysing the full peak 
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might provide some information about both related phenomena: electrolyte reduction activity and 

initial SEI passivation. Figure 3b shows the population analysis of SECCM measurements as a 

function of electrolyte reduction activity (current at +0.30 V vs Li/Li+, named i1 hereafter). The 

electrolyte reduction activity was heterogeneous with i1 values ranging from a few tens of pA to ca. 

1.5 nA as represented in Figure 3b, which demonstrates the surface heterogeneity in HOPG (both 

within the surface of a particular grade, and across the grades), as also revealed by the AFM images 

(Figures 2 and S3). Examining differences between HOPG grades, i1 was similar on many locations 

(with >50% of the measurements between 75-200 pA), but important variations can be found at 

limiting cases of activity. For instance, i1 was higher (in absolute value) than 250 pA in 11% of the 

locations in ZYA compared to 24% in ZYB and 32% in ZYH. This fact reveals that step edges 

promote the electrolyte reduction, and both coverage and size of step edges, which are different in 

each HOPG sample, can affect these reactions. In terms of low activity, i1 was lower than 50 pA in 

15% of the locations in ZYA compared to 8% in ZYB and 3% in ZYH.  

To analyse the full peak, the charge of the CII reduction peak was integrated (see Figure S5), 

named hereafter Qp1 for the first voltammetric cycle. The magnitude of Qp1 depends on the relative 

rates of electrolyte reduction and SEI passivation. Figure 3c shows that the Qp1 population analysis 

on the different HOPG electrodes has a similar trend as for the electrolyte reduction activity, although 

the relative differences between HOPG grades are noticeably larger. For instance, Qp1 was higher (in 

absolute value) than 100 pC in 5% of the locations in ZYA, compared to 18% in ZYB and 31% in 

ZYH. Thus, Qp1 appears to be determined by electrolyte reduction before SEI passivation sets in.  

It is worth noting that Li+ intercalation and deintercalation processes were not detected in the 

SECCM measurements in Figure 3a, even though there are step edges on the basal surface, which 

can be attributed to the relatively low abundance of step edges on the samples and the fast timescale 

of the measurements. These data are also consistent with the observation that Li+ intercalation in 

graphite flakes containing a small number of low-height step edges causes a high strain within the 

structure,[67] which makes further Li+ intercalation difficult. We could only measure delithiation 

currents when SECCM experiments were carried out with larger micropipettes (~30 µm diameter) 

and covering rather large defects on the graphite basal plane (Figure S6).  

 

Effect of graphite structure on the solid-electrolyte interphase formation 

An ideal SEI layer should be strongly passivating, to prevent further electrolyte reduction 

after its formation. To assess the passivating properties of the initial SEI on the different HOPG 

materials, a study was performed comparing the first and second charge/discharge cycles, whereby 

the Qp ratio between the second and first cycles (Qp2/Qp1) was used as a parameter to determine the 

passivation efficiency of the SEI layer formed during the first cycle. Figures 4a-c show representative 
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SECCM voltammetric responses in 3 different locations of a ZYB HOPG electrode where the 

passivation efficiency of the SEI was significantly different. The first case shows an electrode 

location where the formed SEI only blocked the electrolyte reduction slightly, with a Qp2/Qp1 ratio of 

0.66. An SEI with better passivation properties was formed in the other two locations with Qp2/Qp1 

ratios of 0.21 and 0.009, respectively. A strong relationship between the Qp1 absolute values and 

Qp2/Qp1 or Qp2 is evident in these cases and will be discussed further below.  

A complete population analysis of the Qp2/Qp1 ratio from the SECCM measurements on 

different HOPG electrodes is shown in Figure 4d. Electrochemically heterogenous SEI layers were 

detected at different locations of the HOPG surfaces, with Qp2/Qp1 values from 0.002 (an SEI almost 

fully passivating) to near 1 (similar to pristine surfaces). There is an evident trend between the HOPG 

grade and the passivation efficiency of the SEI layer, with a higher frequency of SECCM 

measurements tending towards lower Qp2/Qp1 values from ZYA to ZYH HOPG electrodes. For 

instance, 66%, 33% and 17% of the total measurements had a Qp2/Qp1 above 0.2 for ZYA, ZYB and 

ZYH HOPG, respectively. Similarly, the measurements where the Qp2/Qp1 values were close to zero 

(Qp2/Qp1 < 0.02) corresponded to 2%, 7% and 13% of the total for ZYA, ZYB, and ZYH HOPG, 

respectively, as summarized in Figure 4e. These observations reveal that the SEI formed on HOPG 

with a higher coverage of step edges prevents further electrolyte reduction more effectively. In 

addition, the larger step edges found on ZYH HOPG also seem to promote a more protecting SEI 

when compared to the ZYB HOPG, so not only is the coverage of step edges important, but also their 

properties (such as height or number of graphite layers). 
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Figure 4. CVs for two cycles (recorded at 3 different locations of ZYB HOPG in 1 M LiPF6 in EC/EMC at a scan rate of 

1 V s-1 (1st cycle: blue line, 2nd cycle: orange line). CVs represent locations where different values of Qp2/Qp1 (i.e., SEI 

passivation efficiency) were obtained: (a) 0.66, (b) 0.21, and (c) 0.009. (d) Population analysis illustrating the relative 

(histogram, left axis) and cumulative (lines, right axis) frequency of SECCM measurements of Qp2/Qp1 for HOPG 

electrodes of different grades: ZYA (green), ZYB (red) and ZYH (blue). The width of the histogram bars is ca. 0.037. (e) 

Relative frequency of SECCM measurements with Qp2/Qp1 values classified as very strongly passivating SEI (< 0.02, 

blue), mildly passivating SEI (0.02-0.20, grey) and weakly passivating SEI (> 0.20, purple). (f) Population analysis 

illustrating the relative frequency of SECCM measurements of Ep2-Ep1 for HOPG electrodes of different grades: ZYA 

(green), ZYB (red) and ZYH (blue). The width of the histogram bars is ca. 11 mV. Population analyses obtained from 

1446, 1061 and 963 independent measurements of ZYA, ZYB and ZYH HOPG, respectively. 

 

The observed differences in passivation efficiency for the different HOPG grades, with lower 

efficiency at surfaces dominated by smooth terraces, may indicate SEI layers with different 

characteristics. For instance, the SEI formed on graphite terraces has been found to be less sticky than 

that formed on step edges,[19] or can partially dissolve during the reverse voltammetric sweep at 

potentials as low as +0.30 V (vs Li/Li+)[63] and to a greater extent on the terraces.[12] In addition, a 

thicker SEI is expected to provide more efficient passivation by blocking electron tunnelling and 

hindering mass transport of electrolyte to the surface. It is reasonable to assume that the thickness of 

the SEI will scale with the amount of insoluble species formed on the electrode surface, which can 

thus be correlated to the transferred charge upon electrolyte reduction (Qp1) according to the 

Faraday’s laws of electrolysis. Figure 5 shows a good correlation between Qp1 and Qp2/Qp1 for the 3 

HOPG grades following a quasi-exponential decrease in Qp2/Qp1 with increasing Qp1. This 
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relationship is particularly clear at the boundaries, where the Qp2/Qp1 values closer to 1 (low 

passivation) emanate from low Qp1 values, which should generate a relatively small amount of 

insoluble products on the electrode surface. Similarly, most of the measurements with the largest Qp1 

for each HOPG electrode, which would generate the largest amount of insoluble products, and thus a 

thicker SEI layer, correspond to low Qp2/Qp1 values (strong passivation efficiency). These results are 

consistent with the previous observation of a thicker SEI formed on step edges compared to 

terraces,[19,56] and provide evidence that the increased SEI thickness and passivating properties is a 

consequence of the higher electrolyte reduction activity during the first charge/discharge cycle. A 

similar trend is observed by plotting Qp1 vs. Qp2 (Figure S7), where the largest Qp1 generally tend to 

result in small Qp2, particularly clear for ZYB and ZYH HOPG surfaces.  

 

 
Figure 5. Plots of Qp2/Qp1 vs Qp1 for a) ZYA, (b) ZYB and (c) ZYH HOPG electrodes. Scan rate: 1 V s-1. 

 

As the SEI causes a significant change to the original electrode surface state, it is worth 

assessing whether the early stages of the SEI formation can alter the nature of the electrolyte reduction 

reactions. Electron tunnelling through the SEI layer has been proposed for electrochemical reactions 

after SEI formation according to a shift in kinetics,[62] although the thick SEI layers (tens of nm) 

widely reported[19,56,63] even in the first charge/discharge formation cycle are not consistent with this 

observation. Differently, it has been proposed that SEI formation only causes mass transport 

limitations by either formation of a porous layer or by blocking part of the active electrode area,[15] 

but the kinetics of electrochemical reactions remain unaltered. To explore the effect of the formed 

SEI on electrolyte reduction, two parameters were considered: a) the change in peak potential 

between the second and first voltammetric cycles (Ep2-Ep1), and b) the change in Tafel slope for the 

CII reduction process. It is reasonable to expect a change in these values if the reaction is hindered or 

notably different. The SEI formation did not noticeably affect the peak potentials of the electrolyte 

reduction since a normal distribution of (Ep2-Ep1) values centred on 0 mV was obtained (Figure 4f) 

and there was not a clear relationship between the passivation efficiency (Qp2/Qp1) and the 

corresponding Ep2-Ep1, as shown in Figure S8.  
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In contrast, interesting information was revealed by analysing the Tafel slope of the CII 

process. Figure 6 shows this analysis for the same voltammetric curves (first and second cycle) 

presented in Figure 4a-c, where different SEI passivation efficiencies were observed. Only a small 

change in the Tafel slope was calculated when the SEI was not strongly passivating. For instance, the 

Tafel slope changed from 241 to 205 and 178 to 197 mV dec-1 for the cases with Qp2/Qp1 of 0.66 and 

0.21, respectively (Figure 6a-b). However, when the SEI passivation was strong (Qp2/Qp1 = 0.009) a 

significant increase in the Tafel slope was observed (191 to 497 mV dec-1). This behaviour was 

obtained consistently, as also shown in Figure S9 for another SECCM experiment. It is thus 

reasonable to conclude that when the SEI passivation is weak or intermediate, electrolyte reduction 

after SEI formation is similar as for a pristine electrode and the reaction likely takes place directly on 

the graphite electrode surface without significant changes in kinetics. Thus, the SEI formed under 

these conditions either has an open porous structure or is not fully covering the electrode surface. 

Electrolyte reduction through a porous or open structure would be consistent with the theoretical 

calculations that even a very thin layer (2-3 nm) of inorganic SEI components would prevent electron 

tunnelling.[68] A porous structure is also expected for the organic polymeric fraction of the SEI,[69] 

and this component also plays an important role in enabling gas bubbles to escape, as ethylene is a 

significant product of the EC reduction.[70] In contrast, when the SEI passivation is strong, there is a 

clear change in Tafel slope for subsequent electrolyte reduction. This might indicate that the reaction 

does not takes place directly on the graphite surface or a different reaction could dominate under these 

conditions. 

 

 
Figure 6. Tafel plots obtained from the electrolyte reduction CII process recorded at 3 different locations of a ZYB HOPG, 

where different values of Qp2/Qp1 (SEI passivation efficiency) were obtained. Full cyclic voltammograms recorded at 1 

V s-1 are shown in Figure 3a-c. 
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Role of cycling rate on the solid-electrolyte interphase formation 

Voltammetric SECCM measurements were carried out at different scan rates (0.05, 0.1, 0.2, 

0.5, 1 and 2 V s-1) to gain insight on the effect of timescale on the early stages of the SEI formation 

and the resulting passivation properties through a complete population analysis of the Qp2/Qp1 values 

obtained at different locations of HOPG electrodes. Figures 7a-c show the relative frequency of 

Qp2/Qp1 values classified as the formation of SEI layers with strong (Qp2/Qp1 < 0.2), medium (Qp2/Qp1 

= 0.2-0.60) and low (Qp2/Qp1 > 0.60) passivation efficiencies for each HOPG electrode as a function 

of the scan rate. For all the HOPG grades, faster scan rates tended to produce smaller values of 

Qp2/Qp1. Additionally, the HOPG structure effect at the wider range of scan rates was similar to that 

observed at 1 V s-1 with more passivating SEI formed on more defective HOPG electrodes. This is 

clearly shown in Figure 7d, where the frequency of measurements with Qp2/Qp1 values below 0.2 is 

presented as a function of scan rate and HOPG grade. A good correlation between Qp1 absolute values 

and Qp2/Qp1 was also observed at different scan rates (Figure S10), indicating that the extent of 

electrolyte reduction in the first cycle (indicated by Qp1) also seems to determine the SEI passivation 

efficiency for each scan rate condition. There is a general trend of increasing Qp1 values with 

increasing scan rates for all the HOPG electrodes, as shown in Figure S11.  

It is also important to recognize that the scan rate analysis of Qp2/Qp1 is at different scan-rate 

dependent timescales (longer voltammetric analysis time for slower scan rates). To explore time 

effects to some extent, SECCM experiments were recorded at 2 V s-1 with a 5 s waiting time (at the 

starting potential, +1.58 V vs Li/Li+) between the first and second cycles on a ZYB HOPG and 

compared with the experiments recorded uninterruptedly. Figure 8 shows the Qp2/Qp1 population 

analysis for both experiments, showing that measurements with Qp2/Qp1 < 0.15 (having a strongly 

passivating SEI) were just 5% of all measurements when the waiting time was applied compared to 

93% when continuous cycling carried out. These results reveal that the SEI formed under these 

conditions evolved with time losing part of its passivation properties, and demonstrate that the 

timescale is an important parameter to consider when analysing the apparent SEI passivation. In this 

regard, evaluation of the SEI passivation over increasing number of cycles could provide 

complementary information about the stability of the SEI components formed in the early stages, as 

discussed below.  
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Figure 7. Plots representing the relative frequency of SECCM measurements with Qp2/Qp1 values classified as strongly 

passivating SEI (< 0.2, blue), mildly passivating SEI (0.2-0.6, grey) and weakly passivating SEI (> 0.6, purple) as a 

function of scan rate for (a) ZYA, (b) ZYB, and (c) ZYH HOPG electrodes. (d) Relationship between the relative 

frequency of measurements where a strongly passivation SEI was found (Qp2/Qp1 < 0.2) and scan rate for ZYA (green), 

ZYB (red) and ZYH (blue) HOPG electrodes. 

 

 

Figure 8. Population analysis representing the relative (histogram, left axis) and cumulative (lines, right axis) frequency 

of SECCM measurements of Qp2/Qp1, with a 5 s waiting period between the first and second cycle (yellow data), and 

when cycling took place uninterruptedly (blue data). Data obtained from ZYB HOPG electrodes at a scan rate of 2 V s-1.  
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Early evolution and stability of the solid-electrolyte interphase 

Voltammetric SECCM was carried out similarly to previous experiments but with 5  

charge/discharge cycles to reveal the early evolution of the SEI formed on HOPG electrodes under 

cycling conditions. The peak charge for the electrolyte reduction (CII peak) was integrated for the 

fifth and second cycles and the ratio (Qp5/Qp2) was considered to evaluate the evolution of the SEI. 

Figure 9 shows the relative frequency of Qp5/Qp2 values classified to represent an SEI layer with less 

(Qp5/Qp2<0.8), similar (Qp5/Qp2 = 0.8-1.2) or higher (Qp5/Qp2>1.2) passivation efficiency in the fifth 

cycle than that found in the second cycle, as a function of the scan rate. Some general conclusions 

can be reached from these results. For ZYH HOPG, most of the Qp5/Qp2 values were below 0.8 for 

all scan rates, indicating that the SEI layer formed on these electrodes was more passivating with 

increasing number of cycles. It is not only that a more passivating SEI is initially formed on ZYH 

HOPG, as discussed in previous sections, but the SEI can block the electrolyte reduction more 

efficiently upon subsequent cycling. The effect of graphite structure on the SEI evolution can also be 

quickly identified by comparing the results for different HOPG grades, as shown in Figure 9. In 

general, the SEI became more passivating with increasing cycles (Qp5/Qp2 < 0.8) for HOPG electrodes 

with a more defective surface (ZYB and, especially, ZYH). Structural defects such as step edges seem 

to promote the formation of a more stable SEI than on smoother surfaces (i.e., terraces), thus allowing 

a continuous SEI growth upon cycling leading to an apparent more passivating surface.  

The specific effect of the scan rate on the SEI evolution is most evident on ZYB and ZYA 

HOPG. A good fraction of the measurements at fast-intermediate scan rates showed Qp5/Qp2 values 

above 1.2, i.e., a less passivating SEI upon cycling, particularly discernible for ZYA HOPG. This 

behaviour can be attributed to the initial formation of an unstable SEI, which undergoes some 

chemical/physical changes allowing further electrolyte reduction in the subsequent cycles (Figure 

S12a). This behaviour is more important at intermediate scan rates (0.2 – 1 V s-1), where an unstable 

SEI would have more time to detach or dissolve from the surface than at faster scan rates such as 2 

V s-1.  

A different general behaviour was observed at slow scan rates (< 0.2 V s-1), where most of the 

measurements presented Qp5/Qp2 values below 0.8 for all the HOPG surfaces, indicating a more 

passivating SEI in the fifth cycle than that detected in the second cycle. In those cases, the SEI formed 

in the first cycle was not strongly passivating, illustrated by relatively high Qp2/Qp1 values as 

discussed previously, but slow scan rates seem to promote the continuous grow and stabilization of 

the SEI upon cycling (Figure S12b). There is also a substantial proportion of cases where Qp5/Qp2 

was below 0.8 at fast scan rates, particularly at 2 V s-1 as shown in Figure 9. These cases correspond 

to surface locations where the SEI formed initially was not totally passivating (Qp2/Qp1 was relatively 
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higher compared to other locations), so the SEI layer still had room to grow and protect the graphite 

surface more efficiently after the second cycle (Figure S12c).  

 

 
Figure 9. Plots representing the relative frequency of SECCM measurements of Qp5/Qp2 values classified as more 

passivating SEI (< 0.8, blue), similarly passivating SEI (0.8-1.2, grey) and less passivating SEI (> 1.2, purple) in the 5th 

voltammetric cycle compared to that found in the 2nd cycle, as a function of scan rate for (a) ZYA, (b) ZYB, and (c) ZYH 

HOPG electrodes. 

 

Thus, the SEI layer initially formed on HOPG electrodes presented strong passivating 

properties, but relatively low stability, seen at slow and intermediate scan rates in repeat scan 

measurements, where the insoluble materials have sufficient time to partially detach or dissolve, 

enabling further electrolyte reduction. This observed time-dependent evolution is consistent with 

previous studies where the amount of insoluble surface components decreased after the initial SEI 

formation[19] and with the fact that SEI compounds can decompose[71] in presence of LiPF6 leading 

to some products being either gases or soluble species.[8,72] However, slower formation rates seem to 

promote the growth of an increasingly passivating SEI upon cycling, consistent with the wide 

knowledge of SEI formation strategies where slow rates form a more uniform SEI.[11,63] Slower 

formation rates would allow non-stable components to be efficiently removed from the surface and 

thus sequentially build an SEI formed by the more stable components. In addition, the graphite 

structure also plays a significant role on the SEI stability, with defective surfaces developing a more 

stable SEI than smoother graphite, and whose passivation efficiency continuously grows upon cycling 

even at intermediate-fast scan rates. An SEI mainly consisting of LiF has been reported at low-

defective smooth HOPG surfaces,[23] suggesting that the initially formed organic species could be the 

non-stable components revealed by our experiments.  

 

 

 



 18 

CONCLUSIONS 

 High volume, spatially-resolved SECCM in a glovebox was employed to provide large 

datasets, in order to characterize SEI formation and properties for model graphite electrodes with 

different grades of structural defects. More defective graphite structures, where a high electroactivity 

for electrolyte reduction was observed on the original electrode surface, can promote a more 

passivating and stable SEI, thus preventing further electrolyte reactivity and consumption upon 

cycling. The rapid formation of a strongly passivating SEI was detected at very fast scan rates. 

However, the SEI formed under these conditions appears to be comprised of non-stable components 

and an evident future goal would be the development of strategies to preserve these early SEI 

components, since they prevent further electrolyte consumption efficiently. Controlling the material 

structure would be the clearest scenario, as our results show that graphite with a higher coverage of 

defects (step edges) promoted the formation of a more stable and strongly passivating SEI compared 

to smoother surfaces. Identification of the early SEI components, generated under these conditions, 

is worthy of further investigation towards developing improved (faster) SEI formation methods, one 

of the main bottlenecks during LiB manufacturing.  

 We anticipate that correlative electrochemical microscopy, combining the demonstrated 

features of high-throughput SECCM, coupled with other microscopy and spectroscopy techniques, 

will be a significant approach to truly understand battery processes taking place on heterogeneous 

materials of practical importance. This study is a first step towards this goal, demonstrating the 

viability of SECCM measurements in a glovebox environment, with the next target being high-

resolution electrochemical imaging of battery materials. 

 

 

EXPERIMENTAL SECTION 

Chemicals and electrode materials 

Battery-grade lithium hexafluorophosphate solution in ethylene carbonate (EC) and ethyl 

methyl carbonate (1.0 M LiPF6 in EC/EMC=50/50 (v/v); Sigma-Aldrich) was used as received. This 

solution contained <15 ppm of H2O and <50 ppm of HF according to the manufacturer. Ferrocene 

(Fc) (98%) was also obtained from Sigma-Aldrich.  

HOPG electrodes of different crystallographic quality with a mosaic spread of 0.4°±0.1° 

(ZYA), 0.8°±0.2° (ZYB) and 3.5°±1.5° (ZYH) according to the manufacturer, were obtained from 

Scanwel. The HOPG electrodes were fixed to stainless-steel AFM specimen disks (Agar Scientific) 

and electrically connected through conductive silver paint (RS Supplies). Samples were transferred 

into the glovebox and stored in a closed container under inert atmosphere. HOPG electrodes were 

freshly cleaved with adhesive tape immediately prior to the SECCM experiments to peel back the top 
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layer and uncover a clean surface, as surface aging has been shown to affect HOPG 

electrochemistry.[73] 

Ag wires (0.25 mm diameter, 99.99%, Goodfellow) were used as quasi-reference counter 

electrodes (QRCEs). Ag QRCEs have been previously used successfully for long-term (> 30 h) 

electrochemical microscopy experiments of Li-ion battery materials.[36] The Ag QRCE potential was 

converted to the Li/Li+ scale after calibration against the IUPAC recommended Fc/Fc+ process,[74] 

which is known to occur at a potential of ca. +3.25 V vs Li/Li+ in 1 M LiPF6 in EC/EMC (1:1).[75] Fc 

electro-oxidation had a reversible half-wave potential, E1/2, of +0.17 V vs Ag QRCE as shown in 

Figure S2.  

 

Scanning electrochemical cell microscopy (SECCM) 

Electrochemical experiments were made using SECCM as schematized in Figure 1a-b. A 

home-built SECCM instrument, as previously reported,[40,45,52] which was installed in an Ar-filled 

glovebox (MBraun MB200B/MB20G); H2O and O2 levels < 0.1 ppm. Single-barrel pipette probes 

(tip diameter of ~500 nm, Figure S1a) were prepared by pulling borosilicate filamented capillaries 

with a 1.2 mm outer diameter and a 0.69 mm inner diameter (GC120F-10, Harvard Apparatus) using 

a CO2-laser puller (P-2000, Sutter Instruments). Larger pipette probes (ca. 30 µm diameter, Figure 

S1b) prepared with a PC-10 puller (Narishige Group) were also used in a specific experiment. Puller 

programs to fabricate both pipette probes are described in SI, Section S2. 3D-printed pipette holders 

(Figure 1c) were designed and fabricated in order to facilitate the handling, filling and mounting of 

the pipettes on the SECCM positioner inside the glovebox. Pipettes were backfilled with electrolyte 

solution using a MicroFil syringe (MF34G-5, World Precision Instruments) and the Ag QRCE was 

then inserted into the pipette, leaving at least 3 cm of separation of the end of the wire to the pipette 

tip.[76] The pipette probe was then mounted on a 3-axis xyz piezoelectric positioner (P-611.3S, 

NanoCube, Physik Instruments) and was positioned near the HOPG surface, as shown in Figure 1d, 

by coarse adjustment with assistance of an optical camera (PL-B782U, 2X lens, Pixelink). 

Experiments were carried out in visually smooth HOPG areas, avoiding large steps and defects. The 

SECCM setup (sample, positioner and camera) was placed on a vibration isolation platform (BM-10, 

Minus K Technology) to minimize mechanical vibrations and was covered with a copper woven mesh 

(60 mesh per inch, 0.16 mm wire diameter, Cadisch Precision Meshes) acting as a Faraday cage to 

reduce electrical noise. The optical camera USB was connected to ground during the experiments.  

SECCM experiments were carried out using a cyclic voltammetry (CV) hopping-mode 

protocol (Figure 1a-b) as previously reported.[45,77] The pipette probe was approached to the HOPG 

surface by the piezoelectric positioner at a speed of 3 µm s-1. A surface current (isurf) threshold of 2.0 

pA (applied bias of +1.58 V to the HOPG vs Li/Li+ (-1.50 V vs Ag QRCE)) was selected to detect 
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when contact between the probe liquid meniscus and the HOPG was made, to stop further movement 

of the pipette. In this way, a confined liquid cell was created between the pipette probe and the HOPG 

surface, but the probe itself never contacted the surface. For the voltammetric analysis, a potential 

sweep was applied to the HOPG electrode by controlling the QRCE potential held at a common 

ground and the surface current (isurf) flowing through both electrodes was recorded by a custom-built 

electrometer. A data acquisition rate of 2570 µs was employed, where the current was measured every 

10 µs and averaged 256 times with one extra iteration for transferring data to the computer.  

After the voltammetric data were recorded in one position, the probe was retracted from the 

surface at a speed of 5 µm s-1 (typically 6 µm in the z-axis) and translated at the same speed to the 

next location to repeat the approach-measure-retract steps until a predefined array of grid points had 

been covered across the surface. To prevent spatial overlap of the measurements, the hopping spots 

were separated by 5 or 8 µm in the xy plane. An optical image of the droplet footprints left on the 

HOPG surface after a typical SECCM experiment with a ca. 500 nm diameter probe containing 1 M 

LiPF6 in EC/EMC is shown in Figure 1e. Well-defined and highly consistent footprints are obtained, 

which proves that the meniscus contact with the HOPG surface is very stable under the working 

conditions in the glovebox.  

Data acquisition and instrumental control in SECCM was carried out using a FPGA card (NI 

PCIe-7852R) controlled by a LabVIEW 2020 (National Instruments) interface running the Warwick 

electrochemical scanning probe microscopy (WEC-SPM, www.warwick.ac.uk/electrochemistry) 

software. Data processing and analysis was carried out with a code written in-house in Python 

language with the aid of SciPy libraries.[78] Analysed data were obtained from SECCM scans repeated 

on different days, using freshly prepared pipette probes and freshly cleaved HOPG surfaces.  

 

Surface characterization 

Optical microscopy (OM) images of the SECCM droplet footprints were recorded with an 

upright Olympus BH2 optical microscope (reflection mode) equipped with an optical camera (PL-

B782U, 4X lens, Pixelink). Atomic force microscopy (AFM) was carried out using an Innova atomic 

force microscope (Bruker) in tapping mode with Antimony (n) doped Si probes (RFESP-75, Bruker). 

Scans were recorded with 256 points per line at 0.1 Hz over (5x5) µm2 of the HOPG electrode area. 

AFM images were analysed with the Gwyddion software (v2.55, Czech Metrology Institute). 

Nanopipette probes were imaged by scanning electron microscopy (SEM) on a GeminiSEM 500 

instrument (Zeiss).  
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Surface heterogeneity and structural defects in the basal plane of graphite affect the early stages of 

the solid-electrolyte interphase (SEI) formation and its properties in a Li-ion battery electrolyte, as 

revealed by scanning electrochemical cell microscopy (SECCM) in a glovebox.  

 

 

 

 
 
 


