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ABSTRACT: Controlling the transport of ions within electrodes is highly desirable for the 

operation of rechargeable ion batteries.  Here, for the first time, we report the role of mechanical 

stress in controlling the redistribution of lithium ions in a layered LiCoO2 electrode at a 

resolution of ~100 nm. Under higher stress field, more active redistribution of lithium ions was 

observed along the grain boundaries than the interiors of the layered LiCoO2. The dynamic force 

ramping test proved the external stress field (<100 nN) is capable of inducing the resistive-

switching effect of the layered LiCoO2. The comparison test on the highly ordered pyrolytic 

graphite (HOPG) substrate further demonstrated the improved current responses from the layered 

LiCoO2 were resulted from the deficiency of lithium ions, rather than the increase of tip-sample 
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contact area. Our findings will pave the road for a full understanding of how mechanical stimulus 

can affect the distribution of ions in the layered electrodes of rechargeable ion batteries. 

1. INTRODUCTION 

Lithium-ion batteries have been widely used as power sources for portable electronic devices as 

well as hybrid vehicles.1-3 To meet the future demand for energy storage, improvements in 

charge capacity and power density are still needed.4 Nanostructured electrode materials have 

shown promising potential in improving the performance of lithium-ion batteries, because they 

offer higher contact area, increased lithium intercalation rate, and shorter electron pathways.5 To 

improve the understanding of the relationship between the nanostructures and their 

electrochemical performance, nanoscale studies are needed with the help of high-resolution 

microscopes.6-9  

Layered LiCoO2 is the most widely used and commercialized cathode material for lithium-ion 

batteries due to its relatively high capacity and excellent stability.10-11 Under a concentrated 

electric field, the lithium ions tend to be driven away from the slabs of CoO2 octahedral 

structures, resulting in localized deficiency of lithium ions.8 The deficiency of lithium ions 

further induces two major changes inside the LiCoO2 electrode: lattice expansion along its c-axis 

and resistive switching from semi-conductive to metallic state.12-14 The lattice expansions along 

the c-axis (LixCoO2, 0.5 < x < 1)15 are detectable using atomic force microscopy (AFM). Based 

on this dimensional change, Balke, et al successfully developed electrochemical strain 

microscopy (ESM) to study the distribution of lithium ions inside layered LiCoO2 under both 

direct and alternating bias voltages.8 The resistive switching phenomenon is related to the 

electromigration of ions and electrochemical reactions. This phenomenon was also observed with 

other cations (Cu2+, Ag+ or Ni2+)16-18 and substrates19 other than layered LiCoO2. Using 
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conductive AFM (C-AFM), the resistive switching effect can be revealed based on the current 

responses from the substrate under a bias voltage. The obtained current mapping image can be 

used to visualize the redistribution of lithium ions. Using C-AFM, Zhu, et al proved more active 

redistribution of lithium ions along LiCoO2 grain boundaries than the interiors and further 

demonstrated the energy barrier for the diffusion of lithium ions is lower along the boundaries.20 

Other influencing factors for the redistribution of lithium ions inside the layered LiCoO2 cathode, 

such as temperature21 and grain orientation22, have been studied at the nanoscale using ESM. 

Under a positive electric field, the internal mechanical strain is generated as a result of the 

expansion along the c-axis of the layered LiCoO2 cathode because of the deficiency of lithium 

ions. This is similar to the piezoelectric effect, where the applied electric field can generate 

internal mechanical strains. This process is mainly reversible for piezoelectric materials. 

However, for layered LiCoO2, whether external mechanical stress can regulate the redistribution 

of ions has never been studied. In this report, commercial layered LiCoO2 substrate was used to 

study the effect of localized stresses on the redistribution of lithium ions under a constant electric 

field. High-resolution tunneling current module (TUNA) was adopted for C-AFM tests to reach a 

high current resolution (<1pA). The effect of external stresses on the resistive switching of 

layered LiCoO2 was also studied by a dynamic force ramping technique. 

2. METHODS 

2.1 Materials. The LiCoO2 thin film was purchased from MTI Corp and used as received. The 

thickness of the film was 0.1mm and coated on an aluminum foil. The scanning electron 

microscopy (SEM) image was obtained from a Hitachi S-4700 Field Emission scanning 

microscope under an accelerating voltage of 10 kV. X-ray powder diffraction (XRD) pattern was 

obtained from a Scintag XRS2000 powder diffractometer using Cu Kα1 radiation with a step size 
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of 0.02°. The HOPG sample was obtained from the standard sample kit offered from Bruker 

Company. The thickness of the HOPG sample is around 2 mm and mounted on a steel plate 

using conductive polymer. 

2.2 C-AFM test. All C-AFM tests were carried out using the Dimension ICON system 

(Bruker, CA.) under ambient conditions. Conductive AFM probes (Multi75E-G, budget sensors) 

with double-sided Pt/Ir coating were used. The length and width of the probe cantilever are 225 

μm and 28 μm, respectively. The TUNA external module (Figure 1a) was used to provide high 

current sensitivity. The offset and gain adjustments were performed for the TUNA module 

before the C-AFM tests. Specific 100 Mega Ohms dummy resistor was used for the gain 

adjustment. The current sensitivity used was set to 100 nA/V during the tests. The bias voltage 

was added to the substrate as illustrated in Figure 1a. Under the C-AFM mode, the AFM probe 

was kept in contact with the substrate to obtain the current response.   

2.3 Calibration of deflection sensitivity and spring constant. For the calibration of 

deflection sensitivity, a sapphire sample (Young’s modulus 345 GPa, from the standard AFM 

sample kit) was used to ensure enough stiffness and reduce the influence of surface deformation. 

Average deflection sensitivity of the system was obtained from sensitivity values generated from 

five different spots on the sapphire sample. The sensitivity test was repeated three times at each 

spot. Spring constants of the probes were calibrated using the Sader method.23 The spring 

constant is determined by its resonance frequency, Q factor, and geometry. The value of 

resonance frequency and Q factor were obtained under the tapping mode before the C-AFM test. 

2.4 Dynamic force ramping. The dynamic force ramping was realized by ramping the 

distance (Z) between the substrate and the cantilever rest position instead. Under C-AFM mode, 

the Z value was ramped with a ramp size of 250 nm and a ramp rate of 0.3 Hz. The forward and 
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retract velocities of the probe were kept the same at 145 nm/s. Once the relationship between Z 

value and current response was obtained, the Z value can be transformed into its corresponding 

applied force by using the force-distance curves generated on the substrate. Under contact mode, 

the tip-sample distance equals zero, thus the distance between the substrate and the cantilever 

rest position (Z) is equal to the deflection of the cantilever, which is proportional to the force 

applied on the substrate according to the Hooke’s Law. 

2.5 Forces calibration. Adjusting the forces applied through the AFM probe controls the 

mechanical stress applied to the substrate. Under the C-AFM mode, the probe stays in contact 

with the substrate. Actual forces applied on the substrate can be calibrated based on the 

deflection of the cantilever according to the Hook’s law.24 The cantilever deflection can be 

calculated based on the setpoint value and the deflection sensitivity of the probe. The applied 

force can be determined by multiplying the value of setpoint (V), the deflection sensitivity of the 

system (nm/V), and the spring constant of the probe (N/m). For the probes used on different 

substrates, the calibrated parameters are shown in Table 1. Assuming the deflection sensitivity of 

the system and spring constant of the probe were constant during the test, the applied forces can 

be considered as proportional to the setpoint value. Thus, the stress loading process can be 

realized by increasing the setpoint value from 0.1 to 0.8 V with a step size of 0.1 V. The 

unloading process was conducted with the same step size but changing the setpoint value from 

0.8 to 0.1 V. The setpoint value was limited to 0.8 V to prevent the probe from damaging the 

substrate. 
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Table 1 Calibrated parameters of the AFM probes used on different substrates 

Substrate Deflection sensitivity (nm/V) 

Probe characteristics 

Resonance 

frequency (kHz) 

Spring constant 

(N/m) 

LiCoO2 117.5 ± 3.2 66.87 2.24 ± 0.05 

HOPG 107.4 ± 0.5 73.95 2.48 ± 0.05 

 

3. RESULTS AND DISCUSSION 

3.1 C-AFM tests on the layered LiCoO2 cathode. The topography image in Figure 1b and 

SEM image (See Supporting Information, Figure S1) show a layered and polycrystalline 

structure of the LiCoO2 thin film. The XRD diffraction peaks (Figure S2) are in good agreement 

with rhomb-centered O3-LiCoO2 (JCPDS 16-0427). Minor peaks at 37.4° and 44.4° can be 

indexed to Co3O4 (JCPDS 80-1544), which shall come from the manufacturing process. The 

peak intensity ratio also fits well with the standard, indicating no preferred growth direction for 

the LiCoO2 substrate. The applied DC voltage was selected at 2V to ensure the resistive 

switching effect can be generated.14 Electric current mapping under different localized stress is 

shown in Figure 1c. The upper row in Figure 1c shows the stress loading process (setpoint at 0.1, 

0.3, 0.5, and 0.7 V, respectively), while the lower row shows the stress unloading process. The 

bright areas in the electric current mapping image indicate conductive regions on the substrate. 

During the stress loading process, under an applied force of 26.3 ± 1.1 nN (setpoint at 0.1 V), a 

low electric current contrast was observed between the boundaries and the grain interiors. 

Further increasing the applied force to 78.9 ± 3.2 nN (setpoint at 0.3 V) caused the conductive 

regions to expand and these conductive regions mainly distributed along the grain boundaries. 

During the unloading process, the area of conductive regions and the intensity of electric current 

output reduced along with the decrease of applied stress. The electric current responses under the 
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26.3 ± 1.1 nN and the 78.9 ± 3.2 nN applied forces were slightly higher than that during the 

loading process. This is related to the hysteresis effect from the loading process.25 

Under the DC voltage of 2V, some areas of the substrate were still in a non-conductive state. 

This indicated that the lithium ions were not completely driven away by the external electric 

field. The resistive switching of LixCoO2 happens when the lithium composition is in the range 

of 0.75 ≤ x ≤ 0.94.12 The observed electric current distribution along grain boundaries is 

consistent with the work from Zhu et al 20. Instead of even distribution of current response along 

all boundary areas, some boundary areas did not show electric current responses in our case. This 

is due to the polycrystalline structure of the LiCoO2 substrate; different grains are oriented in 

different directions. The diffusion of lithium ions is only preferred along the (001) planes, 

between the adjacent CoO2 layers.8 The redistribution of lithium ions is maximized when the 

orientation of the layered structure is parallel to the external electric field, because of the high 

mobility of the lithium ions and possible surface reactions.22 When the layered Li-ion/CoO2 

planes are aligned normally to the electric field, the redistribution of lithium ions would be 

minimized, but strong out-of-plane volume change along the c-axis can be observed. Because of 

the different orientations of the layered LiCoO2 grains, dissimilar electrical current responses can 

be detected at the boundaries (Figure S3). In our case, the AFM scan direction and sample 

position were kept the same all the time, so grain orientations did not affect our comparison 

among different electrical current signals.  
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Figure 1. (a) A schematic image of the C-AFM test setup with TUNA module. (b) Height (left) 

and deflection (right) images of the LiCoO2 substrate. The dashed line (e-e’) is for the section 

analysis discussed in Figure 2b. (c) Electric current mapping of the corresponding area during 

the stress loading (upper row) and unloading processes (lower row) under 2 V bias voltage. Scale 

bars are 300 nm. 

 

For quantitative analysis of the current response, arithmetic mean roughness (Ra) and the root-

mean-square roughness (Rq) of the current signal were analyzed. Under the bias voltage of 2V, 

the Ra value increased nonlinearly from 43.6 to 183.0 nA when the external force was increased 

from 26.3 nN to 210.5 nN (Figure 2a). For a better understanding of the effect of stress field on 

Li-ion redistribution, C-AFM tests without bias voltages were also performed at the same time 

under the same loading/unloading conditions (Figure S4). To reduce any possible hysteresis 

effect from the electric field, C-AFM tests without the bias voltage were performed before the 
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tests with the 2V DC voltage. When the electric field is removed (0V), the Ra value increased 

from 0.0135 to 0.0254 nA under the same loading condition. The current observed from the 

regions with Li-ion deficiency was negative, which was due to the negatively charged CoO2 

layers after the interlayer lithium ions were driven away by external stresses. The detected 

current flow maybe was induced by the potential differences between the negatively charged 

CoO2 layers and the redistributed lithium ions. This demonstrated that mechanical stress is 

capable of inducing lithium ions redistribution with or without the electric field. The similar 

trend was observed with the change of the Rq value versus external stress (Figure S5). The 

increase of Ra and Rq values indicate more conductive regions were induced by the enhanced 

external stress. The average value of the current output is identical during both loading and 

unloading processes, indicating a relatively reversible effect of the external stress field on the 

current response at the level of a few hundred nano-newtons. The increasing rate of the Ra value 

reduced along with the improving of applied forces. The decrease of this rate indicates the 

slowing down of the distribution of lithium ions. It is possible that this stress-induced lithium ion 

redistribution may be limited to some extent. The effect of external stress on redistribution of 

lithium ions was weakened with the depletion of lithium ions inside its layered structure. 

Based on the cross-section analysis results (Figure 2b), when the applied external stress field 

was increased, an expansion of the conductive regions was observed, indicating larger areas of 

the layered LiCoO2 switched from a semi-conductive state to a metallic state.  The sharp current 

peaks along the conductive regions are consistent with the resistive switching phenomena of the 

layered LiCoO2 cathode. The two dashed lines g and g’ were drawn to show the change of 

current response inside the conductive region along with the increase of the external stresses. 

Clearly, the magnitude of the electric current response increased inside the g-g’ region. This 
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demonstrated that adding more stresses increased the redistribution of lithium ions inside the 

conductive regions. 

 

Figure 2. (a) Arithmetic mean roughness (Ra) of electric current output from the LiCoO2 thin 

film as a function of applied forces under 0V and 2V bias voltage. (b) Cross section along the 

diagonal line e-e’ in Figure 1b for the current signals during the stress loading process. Dashed 

lines g and g’ were drawn for comparison of the current signals from the same location. 

 

To compare the scan rate with the diffusion rate of lithium ions, further experiments were 

conducted. The scan rate used for obtaining C-AFM images (Figure 1c) was 3.2 μm/s (0.8Hz). 

Three C-AFM images (Figure S6) were obtained consecutively at the same location under the 

same scan rate of 3.2 μm/s (0.8 Hz) and the same bias voltage of 2V. Figure S6b was obtained 

immediately after Figure S6a under the same condition. No obvious contrast change was 

observed, indicating fast and stable current response from the substrate. Figure S6c was obtained 

soon after Figure S6b with an increase in applied force to 52.6 nN while keeping other 

parameters the same. When the applied force was increased, a higher contrast was observed 

immediately. This demonstrates that the redistribution of lithium ions is faster enough than our 

scan rate, and thus will not affect our current mapping.   
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3.2 Dynamic force ramping on the layered LiCoO2. To further study the influence of 

external stress field on the redistribution of lithium ions at different parts of the layered LiCoO2 

cathode, the dynamic force ramping was performed and representative force-current curves were 

obtained from five different spots on the LiCoO2 substrate, as shown in Figure 3a. Spot 1 and 

Spot 2 were located in the interior of the LiCoO2 grains, while Spot 3, 4, and 5 were located 

along different grain boundaries.   

 

Figure 3. Deflection (a) and TUNA current output images (b) obtained on the LiCoO2 substrate 

under a bias voltage of 2V. Blue dashed lines were drawn to indicate different grain boundaries. 

(c) The representative force-current curves obtained from five different spots respectively. 
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The same kind of conductive probe was used for the dynamic force ramping test. The 

calibrated deflection sensitivity was 108.9 ± 2.0 nm/V and the calibrated spring constant was 

2.65 N/m. Obtained relationships between applied forces and current responses are shown in 

Figure 3c. The electric current map in Figure 3b shows a positive current output along the grain 

boundaries. The force applied to obtain Figure 3b was 28.8 ± 2.0 nN. Although the ramp size 

was 250 nm, dynamic forces applied on the LiCoO2 substrate were only effective in the range of 

0 ~ 110 nN (Figure 3c). The current responses detected during the tip retracting were used to 

study their relationship with the applied forces.  

Spot 1 and 2 were located inside the grain interiors and showed an insulator behavior, 

indicating a reluctant redistribution of lithium ions inside the grain interiors. The behavior of the 

two spots is consistent with the nonconductive regions in Figure 2b (“valleys” of the graph). 

Spots 4 and 5 were located along the layered grain boundaries. Spot 4 showed a pure conductive 

behavior, indicating a high deficiency of lithium ions inside this region, which is consistent with 

the conductive regions in Figure 2b (“peaks” of the graph).  The 1.2 µA platform is actually the 

detection limit of the TUNA module. Spot 5 switched from a semi-conductive state to a 

conductive state when the applied force reached around 40 nN. This region remained conductive 

when the applied force was further increased up to 110 nN. The conductivity change was shown 

to be reversible during the tip trace and retrace process (Figure S7). This behavior is also 

consistent with the step-by-step stress loading-unloading condition, indicating reversible resistive 

switching induced by external stresses. Although Spot 3 is also located at the grain boundaries, 

the current output did not show obvious resistive switching. When applied force reached 30 ~ 50 

nN, a few current peaks were observed at Spot 3. These current peaks are resulted from possible 
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electrochemical reactions within the water meniscus at the probe/substrate contact area14, 26-27 

other than resistive switching of the LiCoO2 substrate itself.  

The change of current response versus applied stresses at Spot 5 looks different from the trend 

observed in Figure 2a, where a slight increase was observed instead of a sharp resistive switching 

peak. This is because Figure 2a offers the variation of averaged current response (Ra) from a 

scanning area of 2 µm2 instead of individual spots. By adding more stresses, a larger region of 

the LiCoO2 substrate will switch to the conductive state, which will result in an increase in the 

averaged current value. But the conductive spots may remain conductive and give the same 

current response even under higher stress field. During the step-by-step loading condition, the 

detection limit (1.2 µA) was not reached over 110 nN. This may be related to the different grain 

orientations because the two tests were conducted in different areas. On the other hand, different 

loading methods were used. For the dynamic loading condition, other than the energy from the 

applied stresses, the kinetic energy of the probe will also accumulate, get absorbed by the 

substrate and further facilitate the redistribution of lithium ions.  

Representative I/V curves from the grain interiors and boundaries of the layered LiCoO2 

substrate were also acquired (Figure S8). The grain interiors showed clearly a semiconductor 

behavior (Figure S8b), and higher threshold voltage was observed at the spots further away from 

the boundaries. The grain boundaries showed a highly conductive behavior, indicating lower 

energy barrier for the diffusion of lithium ions. 

In sum, the applied external stress (<100 nN) is able to induce reversible redistribution of 

lithium ions under certain electric fields. Comparing the current output at Spot 1 and Spot 2 with 

that at Spot 4 and 5, the grain boundaries showed more active redistribution of lithium ions than 

the grain interiors. The result is identical with previous studies that the Li-ion diffusion barrier 
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along the grain boundaries is 0.7 eV, which is relatively low compared with diffusion barrier of 

6.8 eV in the interiors.20 

3.3 Comparison C-AFM test on the HOPG. From the electric current mapping on the 

layered LiCoO2, higher current responses were observed under higher applied stresses. However, 

with the increase of the applied stresses, the tip-sample contact area would also increase, which 

could reduce the tip-sample contact resistance28 and further increase the current output. To 

determine the influence of tip-sample contact area on the electric current output, a control C-

AFM test was performed on the HOPG substrate. HOPG offers smooth and renewable surfaces, 

which are excellent for AFM tests.  

Unlike the ionic conductor LiCoO2, natural layered HOPG is an electron conductor, with an in-

plane resistance of 55~65 μΩ‧cm and 6~7 mΩ‧cm resistance along the c-axis.29 Because of the 

higher resistance along the c-axis, a higher current output can be expected along the boundaries 

of the HOPG. During both the loading and unloading processes, the C-AFM images (Figure 4c) 

showed a slight increase in the electric current output when the applied force was increased. 

Increase in the current output was not only observed along the step edges of the graphite but also 

appeared to be increased everywhere (Figure S9). The same roughness analysis was conducted 

for the electric current signals (Figure 5). When the applied force was increased from 26.6 ± 1.1 

to 213.1 ± 8.7 nN, the Ra value of the electric current increased from 0.097 to 0.79 nA. The 

corresponding Rq value also gave a similar trend (Figure S10).  

The current response observed from the HOPG sample was lower than that from the LiCoO2 

sample. This is because the measured resistance between the HOPG substrate and the AFM 

sample stage was 1.8 MΩ, which is higher than that of the LiCoO2 sample (0.8 MΩ before its 

resistive switching). The observed high resistance across the HOPG sample was due to the larger 
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sample thickness (2mm vs. 0.1mm) and the introduce of the steel plate (vs. aluminum foil under 

LiCoO2). To keep the current output within the detection limit of the TUNA module and to 

ensure the effect of tip-sample contact areas can be revealed, this high resistance state across the 

HOPG substrate was kept during the C-AFM tests. Because the HOPG substrate was in direct 

contact with the AFM tip and there was no ionic contribution within the electric circuit, the 

effect of tip-sample contact area can be evaluated. 

 

Figure 4. (a) Height and (b) deflection maps of the HOPG substrate under a bias voltage of 2 V, 

(c) Electric current mapping under different localized forces during loading and unloading 

processes inside the red dashed box in (b). The scale bars are 300 nm. 
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The HOPG sample is a relatively soft substrate compared with the AFM probe. The Young’s 

modulus and Poisson’s ratio of the silicon tip are estimated to be 169 GPa30 and 0.22.31 

However, the Young’s modulus and Poisson’s ratio of the HOPG substrate are 30 GPa32-34 and 

0.24,34 respectively. Assuming no extra surface forces and low stiffness, the Sneddon analysis 

model 25 can be adopted to define the relationship between the tip-sample contact radius (a) and 

the applied force (F): 
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In Equation (1), F is the applied force, R is the tip radius (25 nm), and K is the reduced 

Young’s modulus given by: 

                   (2) 

where E, Ei, ν and νi are the Young’s modulus and Poisson’s ratios of the silicon tip and the 

HOPG substrate. The reduced Young’s modulus of HOPG was calculated to be 35.43 GPa. 

Assuming that there is no existence of insulating films between the tip and the substrate and 

that the electric contact is in a circular area with a radius a, according to Maxwell’s theory,28 the 

constriction resistance Cr can be given by 

       (3) 

where  and  are the specific resistivity of the two materials in contact. The resistivity of the 

Pt/Cr coated silicon probe is estimated to be 3.0×10-7 Ω·m,35 and the resistivity of HOPG along 

the c-axis is 3.8×10-3 Ω·m.36  If the current output I follows Ohm’s law under the bias voltage U 
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The experimental value was fitted using Equation 4, while the reduced Young’s modulus K 

was kept as the unknown parameter for a nonlinear curve fitting. The two fitted curves gave an 

estimate K value of 35.6 GPa, which is comparable to the theoretical value of 35.43 GPa. The 

coefficients of determination for the two fitting curves are 0.9009 and 0.9226, indicating the 

Sneddon model is suitable for our analysis. 

 

Figure 5.  Arithmetic mean roughness (Ra) of the electric current as a function of applied forces 

on the HOPG substrate. Fitting curve 1 corresponds to loading, and fitting curve 2 corresponds to 

unloading. 

The Young’s modulus of layered LiCoO2 is 174 GPa ± 25 GPa, measured from individual 

grains.37 Compared with the HOPG substrate, the layered LiCoO2 cathode has a higher hardness. 

Thus, the corresponding reduced Young’s modulus should be higher according to Equation 2. 

Since the same kind of probe was used for both substrates, under similar loading condition, the 

tip-sample contact area on the LiCoO2 substrate would be smaller than that on the HOPG 
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substrate, according to Equation 1. Thus, the effect of tip-sample contact area on the current 

output would also be smaller on the LiCoO2 substrate. On the other hand, the current increase on 

the HOPG substrate (1.15 nA increase from 0.268 nA to 1.42 nA) is relatively limited compared 

with that on the LiCoO2 (139.4 nA increase from 43.6 to 183.0 nA) under the same electric field. 

Therefore, the effect of tip-sample contact area on the electric current output would be limited 

and ignorable for the LiCoO2 substrate. The increase in current response on the LiCoO2 substrate 

should be mainly due to the redistribution of lithium ions. 

 

Figure 6. (a) Height image and (b) cross-section analysis of the layered LiCoO2 along the same 

diagonal line e-e’ as Figure 2b during the loading process. The scale bar is 300 nm in Figure 6a. 

(c) An atomic model of the layered LiCoO2 with a proposed orientation at the g-g’ and h-h’ 

locations. (d) Variation of height roughness (Ra and Rmax) and the surface area of the layered 

LiCoO2 as a function of applied forces. 
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To develop a better understanding of the stress-induced redistribution of lithium ions, detailed 

analysis of the morphology change on the LiCoO2 substrate was also conducted. The topography 

changes as a function of applied stress were shown in supporting information Figure S11. The 

obtained topography images were stable, indicating no sample damaged was involved. 

Compared with the cross-section analysis of the current signals (Figure 2b), the conduction 

region g-g’ showed no obvious surface expansion, which may indicate this grain is oriented with 

its (001) plane close to the direction of electric field, proposed in Figure 6c. Therefore, minimum 

expansion or even reduced surface height was observed (Figure 6b). For the region h-h’, it 

belongs to the same layered LiCoO2 grain with the region g-g’. Although no current output was 

observed, obvious volume expansion was detected. Since these two regions were in the same 

grain, it is highly possible that the volume expansion detected along the h-h’ region was due to 

the redistribution of lithium ions inside the g-g’ region, with a grain orientation proposed in 

Figure 6c. With the increase of applied forces, the volume expansion at the h-h’ region increased, 

which should be related to the enhanced redistribution of lithium ions at the g-g’ region. 

The resistive switching of the layered LixCoO2 happens with a lithium concentration within 

the range of 0.75 ≤ x ≤ 0.94, where the diffusion of lithium ions is preferred through the 

intermediate oxygen-tetrahedral sites (P2) other than a direct jump between two lithium 

octahedral sites (P1) (Figure S12).38 The transformation mechanism from LiCoO2 to Li0.75CoO2 

was proposed to be an ordering of lithium atoms and vacancies within the (001) lithium layers.39 

The overall dimension of the layered LiCoO2 crystals does not change based on in situ XRD 

analysis15 and the theoretical modeling39. Previous modeling work also proved stress-enhanced 

diffusion of lithium ions, rather than diffusion-induced stress, will dominate at a high lithium 

concentration in amorphous lithium alloy nanowires.40 In our case, the applied external stress 
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may facilitate the diffusion of lithium ions or vacancies and further result in resistive switching 

of the layered LiCoO2. The diffusion of vacancies driven by the stress gradient has also been 

observed in other semiconductors41 and alloys42.  

For the further transformation from Li0.75CoO2 to Li0.5CoO2, only one hexagonal phase exists 

and the substrate will be in a conductive state, similar to that observed along the region g-g’. 

Along with the further delithiation, a lattice expansion along c-axis has been observed15, which is 

consistent with that observed at the h-h’ region. When lithium ions are driven away from their 

original location, leaving two negatively charged CoO2 layers facing each other. The electrostatic 

repulsions between the two negatively charged CoO2 layers will induce lattice expansion along 

the c-axis of the layered LiCoO2.
15 Therefore, increased roughness (Ra) and surface area were 

observed (Figure 6d).  

 

Figure 7. The atomic model of the diffusion of lithium ions inside the layered LiCoO2 cathode 

with its (001) plane oriented perpendicular to the electric field (a) or close to the electric field (b) 

under an applied force Fex. The repulsive forces between the CoO2 layers were indicated as Rin. 

If the LiCoO2 grain was oriented with its (001) plane perpendicular to the electric field (Figure 

7a), it is possible that the external stress field suppressed the expansion of CoO2 layers. The 

electrostatic force between two adjacent CoO2 layers is close to 4.19 nN, given the 4.68 Å 
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distance between two adjacent CoO2 layers.43 This electrostatic force is relatively small 

compared with the applied forces. Taking multiple layers of CoO2 into consideration, when the 

applied force (Fex) is large enough to overcome this repulsive force (Rin), the expansion of the 

CoO2 layers could be suppressed. The actual surface expansion will show the compensation 

between these two forces. This is consistent with the reduced volume expansion with the linear 

increase of applied forces, observed along the region h-h’ (Figure 6b). However, if the LiCoO2 

grain was oriented with its (001) plane close to the electric field (Figure 7b), repulsive forces 

generated from the deficiency of lithium ions cannot be fully compensated by the external 

stresses. This would also result in a reduced surface height, which is similar to that observed at 

g-g’ region (Figure 6b). Along with the reduced surface height, a deeper penetration depth of the 

electric field can be expected, and more lithium ions will be driven away from the layered 

LiCoO2. This is consistent with the observation that the surface area, Rmax, and increasing rate of 

Ra were all reduced when a higher force was applied (Figure 6d). 

 

4. CONCLUSIONS 

The study of lithium ion transportation in electrode materials and the influencing factors for this 

property are critical for the design of high-rate and high-performance lithium ion batteries. Our 

results reveal that localized mechanical stresses can facilitate the redistribution of lithium ions 

inside the layered LiCoO2. Conductive AFM tests, combined with the dynamic force ramping 

technique, demonstrated the applied stress was capable of inducing reversible resistive switching 

of the layered LiCoO2 cathode. With the suppressed expansion of the CoO2 layers, a deeper 

penetration depth of the electric field was proposed to be responsible for the enhanced 

redistribution of lithium ions and the increased current responses from the LiCoO2 substrate. The 
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approach presented here offers guidance for future studies of ionic redistribution in other layered 

materials. Currently, the mechanical stress applied is localized and the forces are limited in 

nanoscale (20~200nN). Further study of this influencing factor at the higher level or introducing 

mechanical loading to battery cells during electrochemical cycling would also be beneficial for 

practical application. Also, if the temperature effect on the redistribution of lithium ions under 

different stress field can be studied, the thermodynamic driving force of the diffusion of lithium 

ions can also be estimated quantitatively.  
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