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Abstract

Kelvin probe force microscope (KPFM) is an AFM-based technique, which can be

used for studying lithium ion batteries (LIBs). The capabilities of this technique for

practical applications have been explored further in this work. A direct correlation

between the local surface potential measured by KPFM and the electrochemical poten-

tial of LiNi0.80Co0.15Al0.05O2 cathode material is revealed. Based on this correlation,

a quantitative approach to investigate the local behavior of the cathode material has

been developed. We then demonstrate the potentials of this correlation by applying this

methodology in three di�erent situations. The surface inhomogeneity of the electrode

is visualized and estimated from the micro-scale down to the nanoscale. In addition,

the surface over-delithiation state induced by insu�cient Li+ solid-state di�usivity, is
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also observed on the electrodes charged at elevated C-rates. Accordingly, it indicates

the presence of an uneven delithiation from the surface towards the bulk of the active

particle. This work demonstrates that KPFM is a robust technique to investigate LIB

systems due to its prominent experimental compatibility, surface sensitivity and high

spatial resolution (< 100 nm).

Introduction

Nowadays, lithium ion batteries (LIBs) are the leading energy storage system for multiple

applications such as portable electronic devices, electric vehicles and stationary energy stor-

age systems. Even though, a high level of development has been achieved in the last few

decades, it still needs further improvement to satisfy the energy demands of our modern

society.1 A wide variety of techniques have been applied to study LIB systems.2 In recent

years, AFM-based setups have gained a lot of attention for investigating systems with a high

spatial resolution.3�8

Kelvin probe force microscope (KPFM) is one of the extended AFM-based setups. It

enables mapping the surface potential on a variety of solid-state materials by measuring the

work function di�erence (contact potential di�erence, VCPD) between the conductive AFM

tip and the sample surface:9

VCPD =
φtip − φsample

−e
(1)

φsample = φtip + eVCPD (2)

where φtip and φsample are respectively the work functions of the tip and the sample, while e

is the elementary charge. According to Equation 2, φsample is directly dependent on VCPD.

Although KPFM has been extensively applied for characterizing metallic nanostructures

and semiconductor materials,9 only until recently has it been introduced to study LIBs.10

For a better interpretation of the results presented in this work and to avoid any confusion
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between di�erent AFM setups that are being used by di�erent research groups, we provide

a description of the fundamentals of this technique.

Due to the presence of VCPD, an electrostatic force is created when the tip approaches

the sample surface. An external potential (VEXT ) is applied to the tip or sample to nullify

the electrostatic force created by VCPD. By recording the value of VEXT at each point, it

is possible to map the VCPD distribution of the measured area. Two situations need to be

considered di�erently and carefully:11

∆V = (
φtip
−e

+ VEXT ) − φsample
−e

= VCPD + VEXT (3)

∆V =
φtip
−e

− (
φsample
−e

+ VEXT ) = VCPD − VEXT (4)

where Equation 3 and Equation 4 are for the cases where VEXT is applied to the tip and

the sample, respectively. For KPFM the posteriori voltage di�erence ∆V = 0 because of the

nullifying step. VCPD = ±VEXT where '−' and '+' correspond to VEXT applied to the tip

and sample, respectively. In this work, VEXT is applied to the tip so that the recorded VEXT

values have been inverted to obtain VCPD values.

A handful of research groups have preliminarily applied KPFM to study LIB systems with

di�erent objectives. Nagpure et al.10 performed KPFM on aged and non-aged LiFePO4 elec-

trodes. Wu et al.12 used KPFM to characterize LiCoO2 electrodes with di�erent charge/discharge

cycles. Both groups observed the changes on di�erently aged samples through the ex-situ

method based on limited scan areas (less than 5 µm × 5 µm). Unfortunately, both studies

did not provide any further discussion on whether the local phenomena were su�cient to

represent the macroscopic behavior of the electrodes or not. Masuda et al.13 tackled this

issue indirectly by performing in-situ KPFM measurements on a solid-state LIB system.

Their work focused on the local behavior of the cathode and solid-state electrolyte interface

and revealed the uneven delithiation on the electrode-electrolyte composites. However, per-
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forming in-situ KPFM measurements on a conventional LIB system (i.e., liquid electrolyte

system) is very challenging. Another issue regarding the liquid electrolyte system concerns

the fact that KPFM measurements are carried out in gaseous (or vacuum) environment,

which has di�erent surface conditions from that of the liquid phase. Therefore, a relation

between magnitudes obtained in these two di�erent media is not a straightforward matter. In

a previous work, Schmutz et al.14 found a strong linear correlation between VCPD measured

by KPFM in air and the open-circuit potential of several di�erent metal surfaces immersed in

the same electrolyte. In this work, a systematic study was carried out to carefully establish

a link between the surface potential measured by KPFM in gaseous environment and the

electrochemical potential obtained within the liquid electrolyte.

This work focuses on LiNi0.80Co0.15Al0.05O2 (NCA) electrode material, which is a state-of-

the-art commercialized nickel-rich layered cathode material for the automotive LIB system.1

Kostecki et al.15 studied the detrimental impacts of the surface inhomogeneity on the cy-

cling stability. It was argued that surface heterogeneity leads to an inhomogeneous current

distribution, and consequently induces local overcharge (or over-discharge) behaviors. In

general, a variety of techniques and methodologies have been developed for the characteri-

zation of surface heterogeneity. Raman spectroscopy has been applied to visualize surface

inhomogeneity on transition-metal-oxide based cathode materials,15�17 but with a relatively

low spatial resolution. In order to obtain a high resolution map of the surface heterogeneity

on a particle level, synchrotron-based techniques are mostly applied.18�20 In this work, we

explore the possibilities of using KPFM to characterize surface inhomogeneity of electrode

materials in a more quantitative manner compared with the previous studies. This technique

can provide, in general, a higher spatial resolution (< 100 nm) than Raman spectroscopy

and a better accessibility than synchrotron-based techniques.21
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Experimental

LiNi0.80Co0.15Al0.05O2 cathode material was harvested from a non-aged commercial pouch

cell with 5 Ah capacity, according to the procedures established in literature:2 the cell was

opened in its discharged condition inside an argon-�lled glove box (Jacomex GP); the NCA

electrode sheets were collected and rinsed with dimethyl carbonate; one side of the active

material coating was removed from the double-coated electrode sheets by using N-methyl-

2-pyrrolidone; 18 mm diameter round NCA electrodes were cut from the prepared sheet

and rinsed three times with dimethyl carbonate, after which the electrodes were dried under

vacuum overnight.

The harvested 18 mm electrodes were tested in three-electrode electrochemical cells (EL-

CELL). Each cell consisted of a NCA electrode as working electrode, lithium metal as counter

electrode and as reference electrode, a glassy-�ber separator and 0.5 mL commercial elec-

trolyte (LP30, Ube Industries). The assembled cells were galvanostatically cycled for two

cycles at the 1C rate (i.e., 1.4 mA) between 3.0 V - 4.3 V vs. Li/Li+ and charged to the

planned SoC or charged with an elevated C-rate in the third charging pulse. VMP3 poten-

tiostat (Bio-Logic) was used. The cycled electrodes were rinsed three times with dimethyl

carbonate and dried under vacuum before conducting further characterizations. In this work,

the 100% SoC is de�ned by the electrode capacity value which charges at 1C constant cur-

rent with the potential limit of 4.3 V vs. Li/Li+. The cross-sectional image of the NCA

electrodes was taken with a Leitz Metallovert optical microscope. The SEM image of the

NCA electrodes was obtained using a JSM-IT300 (JEOL) electron microscope.

KPFM measurements were performed on a commercial AFM setup (XE7, Park systems)

with a lock-in ampli�er (SR-830, Stanford Research Systems). The setup was placed inside

an argon-�lled glove box with a customized anti-vibration table. KPFM was operated in

non-contact mode with frequency modulation (FM). The single-pass scanning method was

applied, allowing a topographical image and a potential image to be obtained simultane-

ously. An AC signal (17 kHz and 2 V amplitude) was extracted from the lock-in ampli�er
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and fed into the KPFM controller. VEXT was applied to the tip to compensate VCPD. KPFM

experiments were performed with Cr/Au-coated Si tips (NSC36-Cr/Au, MikroMasch). In

this work, all presented VCPD values were obtained from measurements taken in three dif-

ferent regions of the same sample. Each measurement scanned 40 µm × 40 µm electrode

areas, which was the maximum scan size for this AFM. Each KPFM map consisted of

512 pixels× 512 pixels, and each pixel provided a potential reading. All the potential read-

ings (3 × 5122 data points) from the three measurements were gathered and analyzed using

Gaussian Distribution. The mean value and the standard deviation of the Gaussian Dis-

tribution were VCPD and its error bar, respectively. Each AFM tip also had a unique φtip.

In order to correlate the results obtained from di�erent tips (but the same model), all the

tips were calibrated by measuring VCPD value from the same electrode (i.e., 100% SoC), and

comparing the results with the VCPD obtained from the �rst tip used in this work. The dif-

ference ∆Vx, derived from VCPD,tip1 − VCPD,tipx, was applied to correct the results measured

by tip x.

Results and Discussion

In Figure 1(a), a cross section of the NCA cathode material can be observed. The power-

optimized NCA electrode displays a thin-layer material coating (ca. 17 µm). Such a thin-

coating design is key to obtain a consistent surface condition (in-plane) by reducing the

inhomogeneous charge state towards the direction that is perpendicular to the current col-

lector (through-plane).22,23 Figure 1(b) shows the morphology of the NCA electrodes, in

which the spherical-like secondary particles consisting of primary particles can be observed.

NCA electrodes were charged to �ve SoCs at 1C rate and characterized by KPFM in-

side an argon-�lled glove box. It is crucial to perform KPFM within an inert atmosphere

on NCA electrodes. Faenza et al.24 and Grenier et al.25 comprehensively investigated the

growth of ambient induced surface impurities on NCA electrode materials. This behavior
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Figure 1: (a) optical image of the cross-sectional area of the NCA electrode, scale bar = 10
µm; (b) SEM image of the NCA electrode, scale bar = 5 µm.

was con�rmed performing a KPFM measurement on a discharged (0% SoC) NCA electrode

in an ambient environment. The results are shown in the supporting material Figure S1.

An obvious increase of the VCPD is observed in the �rst 200 minutes of exposure to ambi-

ent atmosphere. After 200 minutes, the surface is also seen to gradually stabilize and the

VCPD reaches a plateau. The other NCA electrodes, stored and measured inside the glove

box, retain their surface potential value. The results con�rm that a protected atmosphere

is necessary to conduct KPFM measurements on NCA electrode materials in order to avoid

the rapid passivation reactions occurring under ambient condition.26 More importantly, the

results demonstrate the high surface sensitivity of KPFM measurements. It is worth not-

ing that the solid-electrolyte interface (SEI) layer, a kind of passivation layer in lithium-ion
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battery systems, can potentially play a critical role in the measured surface potential, espe-

cially in severely aged batteries. Therefore, in this work, non-aged electrodes were used and

carefully cycled within the potential stability window of the electrolyte in order to avoid the

formation of the SEI layer.27

Figure 2(a) shows the surface potential of the NCA electrode at �ve di�erent SoCs.

The surface potential increases as the SoC level rises. Figure 2(b) presents the plot of

VCPD versus the electrode's charging capacities. Additionally, the black curve represents

the 1C constant current charging curve with the potential limit of 4.6 V vs.Li/Li+. The red

circles indicate the limits of the charging potential, where the electrodes were charged to 0%,

50%, 75%, 100%, and 111% SoC, respectively. As shown in Figure 2(b), the average VCPD

corresponds to the electrochemical potential and aligns itself with the charging curve. This

correspondence indicates a clear correlation between the local surface potential (i.e., VCPD )

and macroscopic electrode properties (i.e., electrochemical potential and therefore, SoC).

Moreover, a liner relation is derived between VCPD (in mV) and the electrochemical

potential E (in mV) as shown in the inset �gure of Figure 2(b). The best-�t linear relation

is

VCPD = 0.74E − 2585 (5)

The adjusted R-squared of the linear �t is 0.991, which is used to assess the quality of the

�tting. The uncertainties of the �tted parameters (i.e., the slope and the intercept) are

about 5.0%. As shown in Figure 2, the electrode surface is not homogeneous and hence

multiple scans taken from di�erent regions of the same sample and a relative large scan

area are always preferred to obtain a characteristic VCPD value for a more accurate linear

correlation. It is important to notice that the linear relation represented in Equation 5 is

not unique. This calibration procedure should be carried out for each type of AFM tip

and each batch of electrode samples. This is due to the fact that VCPD critically depends

on the chemical composition and geometry of the AFM tip and the surface conditions of

the electrode samples.21,28 The surface conditions of a battery electrode can be a�ected in
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di�erent ways such as the crystal orientations and the material compositions (i.e., amount

of conductive agents and binders), etc.6,29
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Figure 2: (a) surface potential of NCA electrodes at di�erent SoC; scan size: 40 µm×40 µm.
(b) surface potential as a function of charging capacity and compared with the 1C charging
curve; the inset �gure displays the linear correlation between the surface potential VCPD
and the electrochemical potential E. The y-axises, VCPD and E, are rescaled based on
Equation 5.

The physical standing ground of this direct correlation can be attributed to the Fermi
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energy, which is the determining factor of the measured surface work function associated

to VCPD (Equation 2). Meanwhile, the Fermi energy is also a function of electrochemical

potential associated to a redox couple in a solution phase.30,31 In a battery system, NCA

(or other transition-metal oxide with αNaFeO2 structure) electrodes consecutively alternate

their microstructure during charge or discharge as a result of lithium ions extraction or

intercalation from the host structure. The changes of the lithiation level lead to variations of

their Fermi energy,32,33 which is commonly identi�ed as the changes of the electrochemical

potential in a solution phase. The intrinsic correlation between the electrochemical potential

and the Fermi energy can be described by34

∆E = ENCA − ELi =
φNCA
e

− φLi
e

+
∆φinterface

e
(6)

where ENCA and ELi are the absolute electrode potential of NCA and lithium counter elec-

trodes, respectively;35 e is the elementary charge; φNCA and φLi are the work function of

the electrodes at the absolute vacuum scale, and accordingly, φNCA

e
and ∆φLi

e
are their Fermi

energy; ∆φinterface has been called the interfacial parameter,36 which is speci�c for a given

electrode-electrolyte interface. This equation was originally used to describe metal electrodes

in a liquid solution.34 Here, it is extended to LIB systems. This work reveals that the vari-

ations of the Fermi energy during charging/discharging can also be addressed by KPFM

experiments in a gaseous phase. According to Equation 2, the Equation 6 can be rewritten

as

∆E = ENCA − ELi = VCPD +
φtip − φLi + ∆φinterface

e
(7)

where the electrochemical potential ∆E shows a linear correspondence to VCPD with unity

slope. However, in practice, the experimentally determined slope often deviates from unity,14,37

possibly due to deviations between theoretical electrochemical potential and the experi-

mentally measured electrochemical potential, or between the work function at the absolute

vacuum scale and the experimentally determined work function.36 In LIB systems, the devia-
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tions can be more signi�cant than the previously studied metal electrodes14,37 due to complex

surface conditions of battery electrodes. Nevertheless, this work con�rms that a linear corre-

spondence between the electrochemical potential and the average surface potential measured

by KPFM can still be established.

The practical applications of using the linear correlation to study lithium-ion battery

systems has been explored further in this work. According to the electrode charging curve

shown in Figure 2(b), the electrochemical potential is also a function of SoC, so that VCPD

can be correlated to SoC and applied to estimate the local SoC distributions. Figure 3

shows a KPFM measurement on the NCA electrode at 100% SoC. In the surface potential

map (Figure 3b), the shape and position of individual particles can be directly di�erentiated

since the area between the particles exhibits lower VCPD values. Notably, some regions

show signi�cantly high potentials (the solid-red areas) shown in Figure 3(a). They are the

artifacts induced by the drastic changes of the topography, where the z-scanner reaches

its limitation and cannot obtain the correct feedback response.21 Most particles exhibit

similar VCPD values, but it is still possible to identify some inhomogeneities as displayed in

Figure 3(b). According to the correlations discussed previously, inhomogeneously distributed

VCPD indicates the presence of inhomogeneities of the electrochemical potential and SoC.

Two representative particles were selected and marked as A and B in Figure 3(b). These two

particles were located next to each other but exhibited di�erent VCPD values, which were

retrieved from the surface potential map, analyzed by Gaussian Distribution and shown in

Figure 3(c). µ is the mean and σ is the standard deviation of the distribution. By using the

best-�t linear relation speci�ed in Equation 5, the electrochemical potentials of particle A and

B were derived from µ, and their uncertainties were estimated from σ by error propagation.

Next, their SoC levels could be derived through linear interpolations of the electrochemical

potential E on the charging curve combined with the Bootstrap method38�2000 values

were randomly generated based on Gaussian distribution with the converted electrochemical

potential value (A or B) as the mean, and the potential uncertainties (A or B) as the
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standard deviation; the 2000 SoC values were derived from the linear interpolation of the

2000 electrochemical potential values; in the last step, the 2000 SoC values were �tted using

Gaussian distribution, where the mean and the standard deviation were the �nal SoC value

and its uncertainties, respectively. As summarized in Table 1, the SoC di�erence between

the two particles is estimated to be 4.9% ± 2.1% SoC.

It is important to notice that the errors of the SoC values estimated using the approach

described here were calculated considering only the dispersion of the VCPD values within

each area analyzed (e.g., region A and region B in Figure 3). Nevertheless, the uncertainty

range associated with the derived SoC values can also be a�ected by the factors such as

the goodness of the linear �tting between VCPD and the electrochemical potential, and the

uncertainties related to the interpolation procedure from electrochemical potential to SoC

values.

Table 1: The information of the selected particle A and particle B in Figure 3.

Particle VCPD/mV E/V SoC

A 568 (± 16) 4.251 (± 0.022) 95.5% (± 1.9)%
B 620 (± 10) 4.320 (± 0.014) 100.4% (± 0.7)%

Surface potential maps with a higher spatial resolution can be achieved by decreasing

the scan size and keeping the same amount of data points. As demonstrated in Figure 4,

a KPFM measurement was �rst conducted on a large region of the electrode at 100% SoC.

The second scan was performed on the selected region of the previous test in order to obtain

a high resolution map on the selected particle, marked with the dotted line in Figure 4. The

measured VCPD values were �rst converted to the corresponding electrochemical potential

using the best-�t linear correlation speci�ed in Equation 5. Then the SoC of each measured

VCPD value was estimated by applying linear interpolation of the corresponding electrochem-

ical potentials on the 1C charging curve and re-plotted. Accordingly, a SoC map with a high

spatial resolution was achieved.

In Figure 4 (c) and (d), it can be seen that the marked particle is an agglomeration
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Figure 3: KPFMmeasurement of the NCA electrode at 100% SoC. Scan size: 40 µm×40 µm.
(a) topography; (b) potential map; (c) distribution of potential values of particle A and
particle B.
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Figure 4: KPFMmeasurements of the NCA electrode at 100% SoC. Scan size: 25 µm×25 µm
and 12µm× 12 µm. (a) and (b) topographies; (c) and (d) SoC maps

of two secondary particles and exhibits a distinctive distribution of SoC. In the middle of

the agglomeration, the junction area displays a signi�cantly lower SoC than the rest of

the agglomeration. By focusing on the individual particles, both left and right side of the

agglomeration show noticeable inhomogeneity. It is important to note that each measured

VCPD data is always a weighted average of the surface potential around the AFM tip.28 When

KPFM is applied to scan a large area with a relatively low resolution, for instance Figure 3(b),

the spatial averaging e�ect in�uences the �nal results to a lesser extent. On the contrary,

for the high resolution KPFM experiment the vicinity of the tip plays an important role in

the observed potential values. The variations of the local material composition (i.e., active
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material, conductive agent and binder), the crystal orientation of the primary particles and

surface geometry all potentially contribute to the inhomogeneous surface potential within

secondary particles as shown in Figure 4.6,15,29 So, the nanoscale heterogeneity measured by

KPFM cannot be simply ascribed to SoC distribution, but the local environmental e�ect

should also be taken into account. Nevertheless, owing to the intrinsic correlation between

the Fermi energy and electrochemical potential, the KPFM results still indicate the presence

of nanoscale inhomogeneous surface reactivity within the liquid electrolyte.

It is important to notice that standard Kelvin probe method can also be used to measure

the surface potential of the samples. However, the spatial resolution of this technique,

typically around 50 µm, is much lower than the resolution that could be achieved using

KPFM (<100 nm). Therefore, with the use of KPFM, inhomogeneities within primary

particles of the LIB cathode material could be easily identi�ed. The methodology presented

in this work highlights the great capabilities of KPFM to build a calibration curve based on

average surface potential values obtained from large scans and use them to carry out analysis

of surface inhomogeneities at high resolution.

The behavior of the surface inhomogeneity on the NCA electrodes that were charged at

elevated C-rates were investigated further. The charging rates were increased to 5C, 10C, 13C

and 17C, and the �nal SoC of the electrodes were 94.5%, 87.4%, 86.3% and 80.3% (relative

to the 1C charging capacity), respectively. In Figure 5, there are no obvious changes to the

standard deviations of VCPD, but the VCPD values signi�cantly increased with the elevated

charging rates despite their lower charged capacities. For a better comparison, a reference

curve showing VCPD versus SoC at 1C charging condition, is also provided. The VCPD values

deviate from the 1C curve, and a higher charging rate leads to a more signi�cant deviation.

An additional NCA electrode, which went through a 17C charging pulse and later charged

at 1C in the last cycle was also included. As shown in Figure 5, this electrode restores the

100% charging capacity, and its VCPD is also recovered to the reference value but with a

slight shift to a higher value.
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Figure 5: Surface potentials of NCA electrodes charged to 4.3 V vs. Li/Li+ with di�erent
charging rates. The SoCs are the measured capacities relative to the 1C charging capacity.
The curve of VCPD vs. SoC (1C) is obtained by directly connecting the �ve measured VCPD
values from electrode charged at 1C.

This phenomena can be attributed to the uneven delithiation induced by the limit of

Li+ solid-state di�usivity. In an ideal scenario, the charging capacity is dependent on the

charging rate owing to the ohmic resistance artifact: with higher charging current, the

operating potential reaches the potential limit with less capacity than the lower charging

current mainly due to the polarization potential. Their VCPD should be lower than the

electrode at 100% SoC since the electrodes just simply charge to a lesser extent. However

this is not always the case in practice as the solid-state di�usion of Li+ plays a crucial role on

the deviations of VCPD. In the charging process, lithium ions are extracted from the surface of

the active particles into the electrolyte, while other lithium ions di�use from the bulk towards

the surface of the active particle to continue the charging reaction.39 At a low charging rate,

the depletion of lithium ions can be re�lled adequately by the ions di�using from the bulk.

However, at a high charging rate, the amount of depleted lithium ions can not be su�ciently
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re�lled due to the sluggish solid-state di�usion. As a consequence, the surface region of the

particles extract more lithium ions than the bulk during the charging pulse. Figure 6 shows

the schematic �gure of an unevenly delithiated NCA particle. Increasing the charging rate

leads to a larger lithium concentration gradient and a higher SoC level on the outer surface.

Beyond a certain delithiation state, the microstructure goes through irreversible changes

leading to material degradation.40,41 This theory can be applied to describe the behavior of

the electrode, which was initially charged at 17C and then at 1C rate. Due to the irreversible

microstructure changes caused by 17C charging pulse, the electrode shows a slight tendency

to reach a higher VCPD value than the electrode charged only at 1C.

Delithiation level 
(SoC level)

Low High

Figure 6: Schematic of an unevenly delithiated NCA particle after a high-rate charging.

The surface over-delithiation state can be clearly observed by KPFM even after a single

charging pulse, yet it cannot be directly observed either from the macroscopic electrochemical
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potential or from the electrochemical impedance spectroscopy results42 as demonstrated in

the supplementary material (Figure S2 ). The KPFM results con�rm the excellent surface

sensitivity of the technique owing to the intrinsic property of the measured work function,

which is a surface dependent parameter.43 In addition, the surface over-delithiation state

suggests a possible degrading scenario of the NCA electrode material at elevated charging

rates, in which an irreversible microstructure is formed on the outer surface layer of NCA

particles, and gradually accumulates with extended charging cycles. Improving the Li+

solid-state di�usivity or introducing transition-metal gradient structures can help to restrain

this detrimental process. The latter concept has been successfully achieved on another

LiNiO2-based material, LiNixMnyCo1−x−yO2 (NMC).44,45 The nickel gradient NMC particles

present the nickel-de�cient structure on the outer layers and the nickel-rich structure in the

inner layers, where the nickel-de�cient layers provide extra Li+ di�usivity and microstructure

stability, and the nickel-rich layers assure su�cient energy capacity.45

Conclusion

In summary, a direct linear correlation between the electrochemical potential in a liquid

phase and surface potential VCPD obtained from KPFM in a gaseous phase was revealed. A

quantitative approach to study the local behavior of the cathode material using the linear

correlation has been proposed. Based on the proposed approach, KPFM is proved to be a

robust technique to carry out high resolution surface analysis on battery electrodes.

� The surface inhomogeneity of battery electrodes were visualized and quantitatively

characterized from the micro-scale down to the nanoscale.

� Surface over-delithiation states were clearly addressed after a charging cycle at elevated

C-rates. Accordingly, a mechanism of uneven delithiation from the surface to the bulk

of the active particle was suggested. It was attributed to the sluggish solid-state

di�usivity of lithium ions.
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This work highlights the great capabilities of using KPFM for LIB studies owing to its

excellent experimental compatibility, surface sensitivity and high-spatial resolution (< 100

nm). We also believe that there is a huge potential of applying this approach in solid-

state lithium-ion battery systems, one of the promising candidates for the next generation

of battery technology. The solid-state system allows in-situ KPFM characterizations to be

performed, which can signi�cantly advance the fundamental understanding of the solid-solid

interfaces.
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The Supporting Information is available free of charge.

SEM and Optical images of the studied electrodes; KPFM results of the electrode exposed

in ambient environment; EIS results of the electrodes charged at elevated C-rates.
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