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This paper presents in situ characterization of lithium-ion diffusion at nano- to micro-meter scales in a

Li-rich layered oxide thin film cathode under external bias by using Electrochemical Strain Microscopy

(ESM) and Atomic Force Microscopy (AFM) techniques. The local variations of the diffusion coefficient

are calculated and visualized from the ESM images. The results indicate that the Li-ion movement is
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closely correlated with the changes in the surface topography when the Li-rich cathode is subjected to
an external bias. Furthermore, bias-induced Li-ion redistribution is partially reversible. Topography
evolution due to Li-ion diffusion and relaxation behaviour are observed. The results from this in situ

study provide the insight into the Li-ion diffusion mechanism in the cathode material and pave the way

www.rsc.org/pccp

Introduction

With the development of the information storage and increasing
demands for new power sources, Li-ion batteries (LIBs) have
attracted more and more attention in recent years. This is due
to the many advantages of the LIBs, such as high voltage, the
non-memory effect, small volume, small self-discharging, light
weight and so on."? In LIBs, cathode materials have been
widely studied because of their important roles in determining
the battery’s electrochemical performance, reliability and cost.
Up to now, the most widely studied cathode materials include
layered LiC0O,, LiNiO,, LiCo,,3Ni;;3sMn; ;0,, spinel LiMn,0, as
well as olive LiFePO,. However, the specific capacities of those
cathode materials are relatively low, approximately within the
range of 120-180 mA h g~ "." In order to achieve high energy
density for new generation energy storage systems, many alternative
cathode materials have been developed and studied in recent
years.>* Among which, lithium-rich layered oxide material
Li,MnO;-LiMO, (M = Ni, Co, Mn) is a promising cathode for
LIBs due to its capability to safely deliver about twice the energy
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for studying the details of the diffusion-related phenomenon in Li-ion battery materials.

density when compared with that of other commercial cathode
materials.>*°

To understand the characteristics of LIB materials, various
structural and electrochemical techniques have been used,
such as X-ray diffraction (XRD), nuclear magnetic resonance,
galvanostatic charge/discharge cycling, cyclic voltammetry, and
electrochemical impedance spectroscopy. Almost all of these
techniques are applied at macroscopic and device levels. On the
other hand, it is necessary to understand the battery performances
at different length scales in order to develop new battery materials
or optimize their functionalities. However, the fundamental under-
standing from meso- to nano-scales has yet to be established for
those materials. Scanning probe microscopy (SPM) is therefore
an important and ideal characterization technique that is capable of
in situ detection of certain or the changes in the localized properties,
as well as the electrochemical phenomenon at micro- to nano-scales
for LIB materials." ™

During charge/discharge processes of LIBs, Li-ions undergo
insertion/extraction processes between the anode and cathode
materials. The irreversible diffusion of the Li-ions contributes to
the impedance increase, capacity decay and power fading (aging) of
the batteries. Hence, it is essential to understand the mechanisms
of the Li-ion diffusion and the associated phenomenon in order to
develop new generation battery materials as well as to increase the
reliability of the LIBs. Recently, a newly developed SPM technique,
Electrochemical Strain Microscopy (ESM), has emerged to study the
local Li-ion diffusion and related electrochemical activities."*™*°
ESM allows applying the high frequency periodic bias through
the conductive tip on the surface of the electrochemically active
materials. This bias can induce localized volume change or surface
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deformation due to Li-ion diffusion, migration and redistribu-
tion within the material. The local surface deformation, which
is defined as the electrochemical strain, can be detected by the
high sensitive photodetector in the ESM system. This technique
has been used to study the mechanisms of capacity fading in
cathode materials for LIBs.”>*" In order to eliminate the cross-
talk of the surface morphology and enhance signal detection
sensitivity, the band-excitation (BE) technique is used together with
the ESM measurement. The BE technique excites and detects signal
with a defined amplitude in a predefined frequency range, in which
the contact resonance frequency is approximately located in the
middle of the frequency range.”>>* The BE-ESM data are then fitted
with the simple harmonic oscillator (SHO) model. BE-ESM analysis
can obtain several images, including resonance amplitude,
resonance frequency and Q-factor. The resonance amplitude is
a measure of electrochemical strain that provides information
such as Li-ion concentration changes and electrochemical activity.
Resonance frequency is associated with the contact stiffness of the
sample surface whereas the resonance Q-factor is a measure of the
relative energy dissipation of the tip-sample interaction.

In this work, a lithium-rich layered oxide cathode material,
Li; ,C0g 13Nig 13Mng 5,0, or written as 0.55Li;Mn0O3-0.45LiCo; 3-
Ni;;3Mn,,;0, based on the mass ratio, is studied by using the
BE-ESM technique. At the same time, Atomic Force Microscopy
(AFM) is used to obtain the high-resolution topographic images
of the surface before and after the BE-ESM images. The Li-rich
thin film cathode was deposited on a commercial Pt coated Si
substrate by using the pulsed laser deposition (PLD) technique
at an oxygen partial pressure of 350 mTorr. The as-deposited
thin film was post-annealed at 800 °C with oxygen flow for
40 minutes. The average surface roughness (RMS) of the
as-deposited Li-rich cathode film is about 60 nm from the AFM
measurement. The detailed preparation, structure characterization
and the macroscopic electrochemical properties have been
previously reported by Yan and colleagues.”® During the BE-ESM
measurements, the Pt layer (on Si substrate) is grounded to ensure
the circuit continuity. It should be mentioned that, during the ESM
measurement, the bias-induced Li-ion movement includes two
parts, ie., ion-migration driven by electrostatic potential difference
and ion-diffusion driven by chemical concentration gradient."
When the cathode material is biased, both ion-diffusion and ion-
migration occur simultaneously. However, after the removal of the
bias, only the ion-diffusion is operated in the material.

Experimental
SPM measurements

In this study, the AFM and ESM measurements were performed
using a commercial SPM system (MPF-3D, Asylum Research,
USA) equipped with a BE controlling and data analysis software
(Asylum Research/Oak Ridge National Laboratory, USA) at room
temperature and under ambient conditions. All the SPM measure-
ments were conducted using a commercial Ti/Pt coated Silicon
conductive tip (AC240TM, Olympus, Japan). This probe has the
resonance frequency of about 70 kHz, and a nominal spring
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constant of 2 N m ™. BE-ESM mapping was performed with 3V,.
bias and a bandwidth of 20 kHz at a central frequency of
290 kHz.

XRD measurement

The structures of the thin film and the substrate were characterized
using X-ray diffraction (XRD) equipment (Model XRD-7000,
Shimadzu Corporation, Kyoto, Japan) with CuKo radiation
(. = 1.5418 A).

PITT measurement

The PITT (potentiostatic intermittent titration technique)
measurement (1400 CellTest System, Solartron Analytical, UK)
was conducted to measure the diffusion coefficient of the
Li-ions in the cathode material. During the measurements, a
potential with a step increment of 10 mV was applied and the
current was measured as a function of time until equilibrium
was reached. The potential step was taken to the next level
when the residual currents were less than 1% of the maximum
current at the beginning of the potential step.

Results and discussion
Grain orientation of the Li-rich thin film cathode

The crystal structure of the film is determined by XRD analysis.
For a particular allowed (%kl) reflection, the diffraction conditions
will be satisfied for those grains that have their (%kl) planes
parallel to the substrate.?® For Li; ,C0y.13Nig13Mng 5,0, powder,
three principal diffraction peaks, (003), (101), and (104), are
observed.”®> However, for Li; ,C0p13Nip13Mng540, thin film,
the relative intensity of the (003) plane reflection increases while
the reflection of (101) and (104) cannot be found (Fig. S1(a),
ESIt). For the layered structure cathode material, the (003) plane
has the lowest surface energy since it has the highest atomic
density, and the percentage of (003) oriented grains will increase
as the film thickness decreases.”® The presence of only (003)
reflection for the Li-rich film cathode indicates that, within the
sensitivity of the measurement, most grains are (003) oriented,
i.e., with the c-axis aligned normal to the plane of the film.>® In
addition, the (003) oriented grains usually have a flat surface
with hexagonal facet texture; whereas (101) and (104) oriented
grains usually have a platelet feature.””® In consideration of the thin
film preparation method, the parallel alignment of (003) planes is
preferred in layered structure thin film deposited by the PLD
technique.*>*® Therefore, the grains with well-defined hexagon-like
geometry [Fig. S1(b), ESIT] suggest a high degree of crystallinity
with (003) orientated planes parallel to the substrate for the PLD
deposited Li-rich layered oxide cathode material.

Nanoscale mapping of the lithium diffusion coefficient

Fig. 1(a) to (d) are AFM topographic images (0.8 x 0.8 um?*) on
the surface of the Li; ,C0¢ 13Nig 13Mng 5,0, cathode thin film
before and after the BE-ESM imaging with 3V,. bias. The
surface of the film has distinct features such as grain, grain
boundaries and the depressions between the grains. The thin
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Fig. 1 (a) and (b) are the AFM height and deflection image on a 0.8 x
0.8 pm? area of the sample surface in Li; »Cog13Nig13Mng 540- cathode
film before the BE-ESM image; (c) and (d) AFM height and deflection image
after the BE-ESM image (with 3V, bias).

film is composed of well-defined grains with grain size in the
range of 50 to 200 nm. After the BE-ESM imaging, the grain
topography changes significantly as indicated by the red dashed
lines in Fig. 1(c) and (d), and this clearly shows the changes in the
volume of the cathode material due to the bias-induced Li-ions
movement and redistribution within the BE-ESM imaged area.
Fig. 2(a) to (d) are the typical BE-ESM height, amplitude,
frequency and Q-factor images (after SHO fitting) of the Li-rich
thin film cathode from the BE-ESM image with the 3V,. bias on
100 x 100 grid over the 0.8 x 0.8 um?® area. Fig. 2(b) shows
strong variations of the contrast in the resonance amplitude
over the imaged region. This indicates the different surface
displacements under the external bias, which can be attributed
to the different local electrochemical activity on the surface.
The regions with blue colour, which show the highest amplitude
values, are usually associated with the area near the depressions,
or boundaries, or some small grains, indicating that these
regions have largest surface displacements. The regions with
yellow colour, showing the lowest amplitude value, also emerge
in certain boundaries. The surface deformation changes under
the bias indicate a variation of the material volume caused by a
localized change in the Li-ion concentration under the electric
field. Higher volume changes indicate the higher concentration
of the Li-ions in that area. Generally speaking, the atoms in the
grain boundary region are much more mobile than those inside
the grains. In addition, depending on the structure, the boundary
diffusion may be anisotropic.*® Hence, the electrochemical
deformation at boundaries may also be anisotropic. Fig. 2(c)
and (d) show the variation of resonance frequency and Q-factor.
The resonance frequency image is a measure of conservative
tip-surface interaction and provides information on the contact
stiffness. As shown in Fig. 2(c), the resonance frequency increases
in a certain area adjacent to the grain boundaries (yellow colour)
and topographical depressions. The topographical depressions
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Fig. 2 (a) to (d) are the typical BE-ESM (with 3V, bias) height, resonance
amplitude, resonance frequency and Q-factor images, respectively; (e) is
the calculated diffusion coefficient map. All the BE-ESM images are
obtained with a pixel density of 100 x 100 over 0.8 x 0.8 pm?.

may increase the effective tip-sample contact area, hence contact
stiffness is increased. The dark-spots in the figures indicate that
the resonance frequency is not being tracked in those spots. The
Q-factor is a measurement of the energy dissipation at the tip-
surface junction. Fig. 2(d) shows that the Q-factor decreases at
depressions and boundaries (red colour), indicating higher
energy dissipation in these areas.

If the lithium ion transport process is diffusion-controlled
and the contribution of migration is minimal, the amplitude of
the surface displacement during the BE-ESM measurement in
the high-frequency regime can be written as:*>

Vie VD
n Vo

where v = 0.3 is the Poisson’s ratio; V,. is the AC voltage
amplitude; w is the frequency of the applied electric field; D is
the lithium diffusion coefficient; n describes the linear relation-
ship between the applied field and chemical potential;** and 8 =
0.02349 is the Vegard coefficient, which can be expressed as an
empirical linear relationship between the lattice size and lithium
concentration."* Eqn (1) shows that BE-ESM deformation is
proportional to the diffusion coefficient but inversely propor-
tional to the overpotential. If one of the two quantities is known,
then the other one can be derived from the BE-ESM map. When
the ESM tip was taken as a point of reference, the overpotential is
equivalent to the ESM applied voltage."* Based on these assump-
tions, the local diffusion coefficient is first calculated from the

A=2(1+v) (1)
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BE-ESM amplitude map and the corresponding spatial map is
shown in Fig. 2(e). The average diffusion coefficient within the
imaged region is approximately 3 x 10~ "> cm® s~ ', which agrees
well with the chemical diffusion coefficient of Li-ions estimated
by the PITT measurements in the region of 3-4 V (Fig. S2, ESIY).
This shows that BE-ESM images can be used to determine the
local diffusivity as well as to obtain the corresponding local
diffusion coefficients of cathode materials with certain assumptions.
The diffusion map shows that the higher amplitude regions are
usually associated with the higher diffusion coefficient. Hence
it suggests that these higher deformation areas have higher
electrochemical activities.

Nanoscale mapping of diffusion and diffusivity loss

The local diffusivity of the Li-ions is further studied by performing
multiple BE-ESM imaging (up to five times) in the same region.
Fig. 3(a) to (d) are three-dimensional (3D) AFM topographic
images (1 x 1 um?®) before and after the 1st, 2nd and 5th
BE-ESM imaging with 3V,. bias. Fig. 3(e) to (h) are the AFM
topographic images (2 x 2 um?), in which the central 1 x 1 um?
is the BE-ESM imaged area (enclosed by the square in red-
colour). This is to determine the effect of the multiple BE-ESM
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images and whether the effects of the applied bias are actually
beyond the BE-ESM imaged area. All images are obtained from
the same location with only a slight shift. Fig. 3(i) is the height
profiles along the lines in Fig. 3(e) to (h). It is found that the
grains expand and become attached to each other in almost all
directions after the 1st BE-ESM image [Fig. 3(b)]. The grain
expansion is accompanied by fill-up of the depressions between
the grains. The line profile clearly shows that the peaks
associated with the grains (indicated by the blue arrows) are
broadened [Fig. 3(i)], indicating that the sample surface
becomes more flattened after the BE-ESM imaging. On the
other hand, the 3D topographic images show that the topography
changes are particularly significant in the grain boundary regions,
resulting in the original sharp edges of grains becoming round
after the BE-ESM imaging [Fig. 3(b)]. Note that although the grains
expand, they still retain their original shape and do not merge
into a single larger grain after BE-ESM imaging. This suggests
that the structure stability is still maintained under the external
bias. Another interesting observation is that although the
BE-ESM bias is only applied within the central 1 x 1 um? region,
the bias actually changes the topography in the surrounding area
as well [Fig. 3(f)]. The grains outside the BE-ESM imaged area
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Fig. 3 (a) to (d) are the 3D AFM heightimages at1 x 1 pmz area of the sample surface in Li; ,C0q 13Nig 13Mng 540, cathode film before, after 1st, 2nd and
5th BE-ESM images (with 3V, bias); (e) to (h) are the corresponding AFM height images (2 x 2 um?), in which the BE-ESM imaged area (red square) is
located approximately at the centre of the region scanned by AFM; and (i) is the height profile along the lines in the images (e) to (h), respectively. All the
AFM images were scanned by a pixel density of 256 x 256 and a scan rate of 1 Hz.
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(for example, those indicated by the red arrows) also expand,
resulting in the filling of the gaps between the individual grains.
This behaviour can be related to the layered structure of the
material. The Li-ions are preferred in between the layers during
the redistribution under the electric field.

It should be noted that the BE technique is not operated in a
normal scanning mode. During the BE measurement, the SPM
tip is fixed in one location and the frequency is swept with the
pre-defined range, the tip is then lifted and moved to the next
location to perform the same measurement. Such measure-
ments will be performed in a grid matrix. Hence the tip wear in
the BE technique is minimal. However, to exclude the possible
effects of the tip change during BE imaging, a comparative AFM
scanning with the tip was performed after BE imaging and a
new tip is conducted over the same region. The topography
images by using old and new tips show the same features
(Fig. S3, ESIt), and this indicates that the grain expansion is a
real phenomenon under external electric field and not an
artifact caused by the tip wearing. The topography changes are
caused by the Li-ion movements and redistribution under the
electric field. When the cathode is biased, both ion-diffusion and
ion-migration may be operated simultaneously, while after
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removing the bias, only ion-diffusion may be functioned.”
Therefore, the induced Li-ion movement outside the biased area
is governed by the diffusion mechanism. In a layered structure
cathode, the intercalation of Li-ions into cathode can cause
an extension of the a-axis and contraction of the c-axis, while
the de-intercalation of Li-ions out of the cathode can cause the
inverse changes in the lattice parameter.** Under the bias cycles,
Li-ions diffuse in and out of the actuated grains, accompanied by
volumetric expansion and reduction. The grain expansion (a-axis
extension) indicates an increase of Li-ion concentration and
Li-ions diffuse into this individual grain through a complicated
boundary network. Due to the discrepant effect of oscillatory
positive and negative bias, the intercalation/de-intercalation
induced by the oscillatory bias cycle can be asymmetric, resulting
in irreversible topography changes.

Fig. 4(a) to (c) are the 3D images of the resonance amplitude
overlapped on the topographic images of the 1st, 2nd and 5th
BE-ESM with the 3V, bias in the same 1 x 1 pm? region. In the
BE-ESM measurements, the magnitude of electrochemical
strain (amplitude) is proportional to the local electrochemical
activity in a small volume of the material below the biased tip.'®
The variations in the surface deformation can be caused by a
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Fig. 4 BE-ESM images overlaid on topographic images (with 3V, bias): (a) to (c) are the amplitude images obtained from the 1st, 2nd and 5th BE-ESM
imaging, respectively; (d) to (f) are calculated diffusion coefficient maps, respectively; and (g) average diffusion coefficient vs. the number of BE-ESM
images, and the error bars indicate the variation of the diffusion coefficient within the image. The BE-ESM images are obtained with a pixel density of

64 x 64 over 1 x 1 um?.
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number of factors: (i) the Li-ion concentration difference existing in
different regions, higher electrochemical strain (larger deformation)
represents higher Li-ion concentration; (ii) the heterogeneity and
anisotropy of the sample surface caused by different grain structures.
Li-ions are relatively easier to diffuse along preferred directions; as a
result, Li-ion movement within the material is anisotropic; and
(iii) the different crystallographic orientations of the grains under
bias. For an actuated grain with c-axis aligned normally to the
substrate, the detected deformation (or strain) is maximal because
small amounts of Li-ion concentration variation can induce a
large amount of c-axis fluctuation.>* However, this factor may be
eliminated in this study as most of grains in the Li-rich cathode
film are (003) oriented.

Fig. 3(c) and (d) show that after 2nd to 5th BE-ESM imaging,
the grain size and morphology are fairly similar to those after the
1st BE-ESM imaging. From the line profile analysis [Fig. 3(i)], the
height remains almost the same in the 2nd to 5th BE-ESM images.
This suggests that the movement of certain Li-ions during 1st
BE-ESM imaging may be irreversible, as these Li-ions cannot
return to their previous positions after 1st BE-ESM imaging.
On the other hand, Fig. 4(b) and (c) still show non-zero electro-
chemical strain. This indicates that certain bias-induced Li-ion
movement still occurs during 2nd to 5th BE-ESM imaging.
However, the movement of these Li-ions does not cause signifi-
cant changes in the topographic image, suggesting reversible
Li-ion movement. Hence, the bias-induced Li-ion redistribution
is partially reversible in the Li-rich cathode film after the 1st
BE-ESM image. Generally speaking, the strengths of the electro-
chemical strain from 1st to 5th BE-ESM images continually
decrease [Fig. 4(a) to (c)]. The ESM amplitudes approximately
approach to a value of ~0.48 pm; this indicates there may be a
concentration limit for reversibly movable Li-ions. Since BE-ESM
is conducted at a high frequency regime, the dependence of
electrochemical strain on the region of the tip-surface contact is
generally weak.'® Therefore, the reduced amplitude response
reveals that under repeated electric field, the electrochemical
activity of Li-ions gradually attenuates.

Fig. 4(d) to (f) are 3D spatial maps of the calculated local
diffusion coefficients (overlaid on topographic images) during the
multiple BE-ESM imaging. As the number of the BE-ESM images
increases, the diffusion coefficient reduces significantly. From the
1st to 5th BE-ESM images, the regions with higher diffusion
coefficients (purple and green colour regions) reduce and the
regions with lower diffusion coefficients (red and yellow colour
regions) increase. The averaged diffusion coefficient across the
imaged area can be extracted and fitted on a Gaussian-type plot.
Fig. 4(g) shows the average diffusion coefficient and the standard
deviation as a function of the numbers of the BE-ESM image. The
local diffusion coefficients decrease continuously with the increase
in number of BE-ESM images. In addition, the variation in the
diffusion coefficient within one image is also reduced. The reasons
for this are most likely the permanent trapping of Li-ions in grain
structures, as well as the electrochemical fatigue and degradation
under repeated electric field. Furthermore, the decrease of the local
diffusivity value is more significant after the 1st imaging with the
initial local diffusivity decreases by ~45%, which is approximately
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60% of the total loss of the local diffusivity in the material. From
the perspective of battery cycling performance, the observed irre-
versible topography change and the diffusivity loss at the nanoscale
can be correlated with each other to study the capacity loss of the
Lirich cathode materials at the device level.

In situ relaxation mapping due to diffusion

Fig. 5(a) and (b) show the AFM deflection image on an area of
1 x 1 pm? of Li-rich thin film cathode before and after BE-ESM
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Fig. 5 (a) and (b) are the AFM deflection images on an area of 1 x 1 yum? of
the Li-rich thin film cathode before and after BE-ESM measurement with
3Vae () to (f) are four continuous AFM deflection images scanned
immediately after a BE-ESM measurement with 4V,.; (g) grain size evolu-
tion as a function of time. All the AFM images were scanned by a pixel
density of 256 x 256 and a scan rate of 1 Hz.
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measurement with 3V,.. As the actuated grain is saturated with
lithium, it is found that a higher bias is required to overcome
the necessary chemical potential barrier to intercalate more
Li-ions into the cathode layers.** Therefore, the BE-ESM image
with 4V, is conducted on the same area, after which a series of
continuous AFM scans (only the first four are shown here) are
immediately conducted. The corresponding AFM images are
shown in Fig. 5(c) to (f). After BE-ESM with a higher bias, most
grains show a greater degree of expansion than that with 3V,,
as illustrated by grain G1 and G2 in Fig. 5(b) and (c). The extent
of Li-ion movement within the thin film depends on the
applied cyclic voltage. Higher voltage can cause larger changes
in the Li-ion concentration under the SPM tip, resulting in
more dramatic volumetric changes. Certain grains (marked by
red arrow) show a slight decrease in the grain size. An inter-
esting observation is that, during the third AFM image, grain
contraction is observed, as illustrated by G1 and G2 in Fig. 5(e).
At the same time, the grain marked by the red arrow expands
slightly. The fourth scan shows only a little topography
changes, as marked by a yellow arrow in Fig. 5(f). The topo-
graphy remains the same after the fourth scan. The topography
changes from Fig. 5(c) to (f) indicate a redistribution of Li-ions
without the presence of an electric field. In addition, the time
consumed for mode switching (from BE-ESM to AFM) and
parameter adjustment is approximately 30 seconds. The time
consumed for each AFM scan is about 4 minutes and 15 seconds.
As shown in Fig. 5(g), the grain sizes of both grains (G1 and G2)
decrease significantly with time, especially after 9 minutes. Here,
the observed topography changes as time elapse (relaxation) is
attributed to Li-ion diffusion. It should be noted that the degree
of topography changes and relaxation time depend on the specific
grain configuration and connectivity of the grain junction. The
shrinkage of a grain (e-axis contraction) indicates a decrease in
the amount of Li-ions in this individual grain, ie., Li-ions are
extracted out of this grain. If a grain is over-saturated with Li-ions,
then a certain amount of Li-ions can release out to maintain
stability of the grain structure, and this results in grain shrinkage.
For the thin film cathode used here, the grains are connected and
piled up layer by layer. However, the evolution of the lattice
parameter due to the Li-ion intercalation/de-intercalation of the
Li-rich cathode cannot be determined under current conditions.
Therefore, it is not possible, at least for now, to quantity the exact
amount of Li-ions inserting/extracting through grains from the
information obtained by AFM images alone.

Conclusions

In summary, this paper has presented the results of in situ
studies on Li-ion diffusion at the nanoscale in Li-rich layered
oxide cathode film using SPM techniques (BE-ESM and AFM).
The results show that the local diffusion coefficients can be
mapped from the ESM images. The topography changes due to
Li-ion diffusion are observed and bias-induced Li-ion redistribution
is partially reversible. Li-ion diffusivity attenuates gradually
over several BE-ESM images and the loss is mainly during the
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first imaging. Furthermore, topography evolution as a function
of time (relaxation) is observed. In addition, this work shows
that the BE-ESM technique provides a powerful approach to
induce the localized Li-ion movement at nano- to micro-scales.
The results also demonstrate that by combining the AFM
topography images with the electrochemical deformation from
the BE-ESM images, the Li-ion diffusion behaviour can be
studied. However, one of the limitations of the SPM technique
is the lack of the chemical information on the materials, hence
limiting the detailed physical chemistry oriented interpreta-
tions and visualization of Li-ion diffusion processes in the
materials. However, the SPM technique can be used to detect
the changes in the localized properties. In this sense, this
method and analysis are suitable to study the changes in the
various properties that the cathode materials undergo during
the charge/discharge processes. In addition, this work also offers
a fundamental understanding of the ion diffusion phenomena
and underlying mechanisms in the cathode material under the
electric field. In addition, this work also shows the significance
of the SPM-based techniques to the Li-ion battery research; and
the measurements developed in this research can also be
extended to other oxide materials.
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