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Electrochemical Strain Microscopy (ESM) can provide useful information on ionic diffusion in

solids at the local scale. In this work, a finite element model of ESM measurements was

developed and applied to commercial lithium manganese (III,IV) oxide (LiMn2O4) particles.

ESM time spectroscopy was used, where a direct current (DC) voltage pulse locally disturbs the

spatial distribution of mobile ions. After the pulse is off, the ions return to equilibrium at a rate

which depends on the Li diffusivity in the material. At each stage, Li diffusivity is monitored by

measuring the ESM response to a small alternative current (AC) voltage simultaneously applied

to the tip. The model separates two different mechanisms, one linked to the response to DC bias

and another one related to the AC excitation. It is argued that the second one is not diffusion-

driven but is rather a contribution of the sum of several mechanisms with at least one depending

on the lithium ion concentration explaining the relaxation process. With proper fitting of

this decay, diffusion coefficients of lithium hosts could be extracted. Additionally, the effect

of phase transition in LiMn2O4 is taken into account, explaining some experimental observa-

tions. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927747]

I. INTRODUCTION

Commercially available Li-ion batteries do not deliver a

long life cycle for high cycling rates needed for heavy duty

applications, such as for the automotive industry.1

Micromechanical effects associated with cycling signifi-

cantly contribute to degradation. Lithium intercalation and

de-intercalation result in volume expansion and contraction

as well as in phase changes in active electrode particles. This

micromechanical fatigue is one of the origins of capacity

loss in many materials.2 Therefore, a thorough understanding

of functional properties and degradation mechanisms is

required at the microscale.

Conventional electrochemical methods such as imped-

ance spectroscopy, galvanostatic, or potentiostatic intermit-

tent titration techniques can hardly be used to study

functional properties at the local scale. A relatively new

Atomic Force Microscopy (AFM) based method,

Electrochemical Strain Microscopy (ESM), can tackle this

issue. It can probe ionic properties within micrometric

particles.3

ESM is based on the detection of surface displacement

caused by ionic motion under an AFM tip. More precisely,

an external alternative current (AC) voltage is applied

between a conducting AFM tip operating in contact mode

and the sample, acting as counter electrode. The AFM meas-

ures the alternating displacement of the cantilever. There can

be several causes, including but not limited to ionic motion;

for example, space charge, flexoelectricity, and dipolar con-

tribution depending on the material properties.4 It has been

proposed to perform time spectroscopy measurements in

order to characterize ionic motion only.5 This method con-

sists of application of a direct current (DC) pulse before

acquiring the AC displacements. As ions are moving towards

(outwards) the tip, the ESM signal increases (decreases),

respectively. Therefore, the variation of the ESM response

after the DC pulse is governed by the ionic diffusion. At this

stage, local electronic space charge relaxation (Maxwell-

Wagner relaxation) also takes place. However, this process

is typically much faster than the ionic diffusion unless

injected charges are trapped.6 In LixMn2O4, with a static

dielectric permittivity of �10,7 an electrical conductivity is

10 4 10 2 S m 1 (Refs. 1 and 8) and a lithium diffusion

coefficient is 10 16 10 13 m2 s 1,1 the space charge
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relaxation time is 10 8 10 6s, while the diffusion relaxation

time for the ESM probed volume is 10 3 102 s.9

Furthermore, space charge relaxation follows an exponential

law while diffusion relaxation typically obeys a power law.

An electrochemical-mechanical model was proposed by

Morozovska et al.3 to explain the influence of the ionic

motion under ESM excitation. It was assumed that the out-

of-plane displacement in the frequency domain is propor-

tional to the local change of lattice volume induced by the

change of concentration below the tip as follows:

uzð0;xÞ / �ð1þ �ÞXLihdcLii; (1)

where XLi is the molar volume expansion induced by lithia-

tion directly related to Vegard’s tensor b through Avogadro’s

number, � is Poisson’s ratio, and hdcLii is the average change

of lithium ion concentration below the tip. They suggested

that the produced electrochemical strain is mediated by the

local transport mechanisms controlled (among others) by the

ionic diffusivity Dd. Later Morozovska et al.10 used this

concentration-change based model in order to uncover the

image formation mechanisms for systems with ion-blocking

electrodes and without local electroneutrality. They computed

values for two lithium host materials: LiCoO2 and LiMn2O4,

and showed a displacement much lower than 1 pm for fre-

quencies above 104 Hz even though a relatively high diffu-

sion coefficient of 10 13 m2 s 1 was used. Based on the same

philosophy, another study was reported by the same group,11

aimed at exploring time and length scales of the dynamic

response. They quantified that the maximum vertical dis-

placement for an AC excitation at 106 Hz is again much

below 1 pm for a diffusion coefficient of 10 14 m2 s 1.

Besides, they found a mean oscillation path for the ions

smaller than the distance between two interstitials, meaning

that the diffusion-based model cannot be applied in this case.

This effect can be compared to traditional impedance

spectroscopy where it is recognized that a signal originating

from a high frequency excitation (>100 kHz) does not give

information on the ionic transport mechanism as they are too

slow but are rather dependent on capacitive and other elec-

tronic effects.12 However, ESM signal generation was exper-

imentally demonstrated at high frequencies 200 400 kHz,

with a typical relaxation process that can be probed using

time spectroscopy.9,13,14

In this work, we aim at simulating ESM time spectros-

copy (ESM-TS) measurements on a single LiMn2O4 particle.

While the dynamic signal (AC) of ESM excitation in the

0.1 1 MHz range is too quick to impact ionic transport, the

DC pulses used in ESM-TS measurements are long enough

to produce a local concentration change below the tip.

Considering time domain, Morozovska et al.3 also proposed

an analytical model for the out-of-plane response induced by

lithium redistribution under the DC pulse. They found a

power law for the surface relaxation in the case of a

concentration-controlled process (ion-blocking electrode) as

follows:

uz 0; t� t0ð Þ � � 1þ �ð Þ
b/0R2

tipt0

6g pD0

p
t3=2

; (2)

where Rtip is the tip contact radius, /0 is the applied voltage,

t0 is the length of the DC pulse, D0 is the diffusion coeffi-

cient of Li, and g is a coefficient related to the ohmic behav-

ior of the tip contact.

LixMn2O4 experiences two phase changes upon lithia-

tion and delithiation,15–17 one between k-MnO2 and

Li0.5Mn2O4 and another one between Li0.5Mn2O4 and

LiMn2O4. This translates into irregularities in the Gibbs free

energy evolution of the material upon change of lithium con-

centration,18 leading to a phase growing into another one

instead of having a smooth lithium concentration gradient

across the particles. Bohn et al.19 developed a chemical-

mechanical coupling model taking into account this irregu-

larity by using an effective diffusion coefficient, denoted Deff

and introduced in Section III A.

The present work is based on reusing the formal descrip-

tion of Bohn et al.,19 which is very similar to previous works

done on ESM modeling,3,10,20 and will also compare the

influence of Deff on the ESM signal. The objective is to

model the time evolution of lithium concentration, surface

displacement, and the ESM signal below the tip during and

after DC pulses. Our model will approach the philosophy of

Morozovska et al.10 in the sense that only ion-blocking elec-

trodes will be considered. However, local electroneutrality

will be preserved for simplicity. The main difference with

previous simulation works10,20 is that the dynamic (AC) me-

chanical response will be estimated differently and irregular-

ities in the Gibbs free energy will be considered. Only time

domain response will be examined and compared to previous

analytical work (Ref. 3). As such, a method to study ionic

transport from the relaxation of the ESM signal in the time

domain is proposed in this work.

II. EXPERIMENTAL

LiMn2O4-based cathode materials were extracted from

fresh commercially available electrochemical cells at 0%

state of charge (SoC), 50% SoC, and 100%SoC as well as

from a cell aged at 16C-rate down to a state of health of 80%

and opened at 0%SoC. Cross-sections of the cathodes were

prepared and finely mechanically polished with final ion-

beam polishing. The whole procedure is thoroughly detailed

elsewhere.21

ESM measurements were performed using a commercial

AFM (Solver Next, NT-MDT, Russia) working at room

temperature under ambient conditions. LiMn2O4 cathode

samples were grounded via the Al current collector serving

as a counter electrode. Voltage was applied to a Pt/Ir coated

cantilever with a stiffness of about 5 N/m and 105 kHz reso-

nance frequency. The probing AC-voltage was 3 V in ampli-

tude and 1 MHz frequency. The response was measured

by the internal lock-in amplifier of the microscope. Time

spectroscopy ESM measurements9 were performed after

application of a 10 ms rectangular 10 V DC pulse. Voltage

spectroscopy ESM measurements22 were performed by

applying 10 ms DC pulses of increasing and decreasing

amplitude with 100 pulses per cycle. ESM response was

acquired between the pulses in the DC-off state.

055101-2 Amanieu et al. J. Appl. Phys. 118, 055101 (2015)



III. MODEL DESCRIPTION

A. Thermodynamical description

In this section, a body of LiMn2O4 material is described

in order to model its response to the DC pulse employed in

time spectroscopy.

According to the Gibbs free energy described in Appendix

A,23 we obtain the mechanical stress as (see Eq. (A6) in Ref. 23)

r ¼ C e� 1

3
XLi cLi � c0ð Þ 1

� �
; (3)

where 1 is the second-order identity tensor (Kronecker

delta), C is the elastic tensor, e is the total strain, cLi ¼ N=V0

is the concentration of lithium ions, with N being the number

of lithium ions per unit volume V0, and c0 is the initial con-

centration. XLi=3 is the isotropic approximation of the partial

molar volume.19 It is constant over the range of the intercala-

tion and it is small enough in LiMn2O4 to consider small-

strain theory (contrary to, e.g., silicon anodes24). It is directly

related to Vegard’s tensor. Other electromechanical

couplings were disregarded as Vegard’s deformation domi-

nates in a time domain.4

The electrochemical potential of lithium ions is derived

from the Gibbs free energy as follows (see Eq. (A7) in

Ref. 23):

gLi¼ l0þgRT
cLi

cmax
þRTln

cLi

cmax�cLi

�XLirhþ zLiF/; (4)

where rh ¼ ð1=3Þr : 1 is the hydrostatic stress, zLi ¼ þ1 is

the number of charges per one lithium ion, l0 is the reference

chemical potential in the system, R is the ideal gas constant,

T is the absolute temperature, cmax is the stoichiometric max-

imum lithium concentration, and g is a dimensionless param-

eter, characterizing the inter-ionic interactions described in

Appendix B.23 We assume here that the temperature is con-

stant in the whole system, therefore the chemical energy

depends only on the concentration of lithium cLi.

The electrochemical potential of electrons is derived as

well from the Gibbs free energy as follows (see Eq. (A8) in

Ref. 23):

ge ¼ zeF/; (5)

where F is the Faraday constant and ze ¼ �1 is the number

of charges per electron.

From Eq. (4), the flux of lithium ions for single phase

concentrations and electrons can be defined as

JLi ¼ �cLiMLirgLi

¼ �cLiMLi

�
1

cLi

RT

�
1þ cLi

cmax � cLi

þ g
cLi

cmax

þ dg

dcLi

c2
Li

cmax

�
rcLi�XLirrh þ zLiFr/

�
; (6)

Je ¼ �Merge ¼ �MezeFr/; (7)

with the mobility of lithium ions MLi and the mobility of

electrons Me,

MLi ¼
D0

RT
1� cLi

cmax

� �
; (8)

Me ¼
je

z2
eF2

; (9)

where D0 is the diffusion coefficient of Li and je is the elec-

tric conductivity of LiMn2O4. Solid solutions of the two

phases are introduced later in Eq. (10) and thoroughly

detailed in Ref. 19 (see Appendix B in Ref. 23). The defini-

tion implies that the mobility of lithium ions depends on the

lithium concentration, and that the lithium mobility tends to

zero when its concentration reaches the maximum cmax. A

hypothesis from these two flux definitions is that there is no

coupling between electrons and ions, where the electrochem-

ical potential of one charge carrier influences the flux of the

other one.25 However, it was shown that electron conduction

in this spinel is mediated by hopping of small non-adiabatic

polarons.1,26–28 It was theoretically shown that the polaron

hopping can impact lithium ion movements28 and experi-

mentally deduced that lithium diffusivity is intrinsically

related to the polaronic properties.29 As this coupling is little

understood and it is hard to quantify, it will be reserved to

future studies.

Replacing the mobility of lithium ions from Eq. (8) to

Eq. (6) yields

JLi ¼ �D0DeffrcLi þ
D0XLicLi

RT
1� cLi

cmax

� �
rrh

� D0zLiFcLi

RT
1� cLi

cmax

� �
r/; (10)

which depends on the lithium concentration and its gradient

rcLi, hydrostatic stress rrh, and electric potential r/. Deff

is the normalized effective diffusivity that translates the

irregularity in the Gibbs free energy. It impacts the

diffusivity and depends on g (see Appendix B in Ref. 23).

Multiplying Deff by D0 yields the total effective diffusion

coefficient. It has been already derived for LiMn2O4 by

Bohn30 and is defined as a piecewise function for the range

0 < cLi < cmax. It is plotted in Fig. 1 and represents both sin-

gle phase and solid solutions of two phases.

Two models were implemented in the current work:

simple model, where the diffusivity is kept constant

(Deff ¼ 1) as it is the case in previous models of ESM.

extended model, where the effective diffusivity Deff D0

is used (Deff ¼ Fig. 1). Here, the phase transition is taken

into account.

The reason for exploiting both models is given in

Section IV C.

Based on the Nernst-Einstein relation, the electric cur-

rent density I is defined as

I ¼ Ie þ ILi ¼ zeFJe þ zLiFJLi ¼ �jer/þ zLiFJLi

¼ �D0DeffzLiFrcLi þ
D0zLiFXLicLi

RT
1� cLi

cmax

� �
rrh

� je þ
D0z2

LiF
2cLi

RT
1� cLi

cmax

� �( )
r/: (11)
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In order to model the system, we need to use balance laws,

such as balance of momentum for the mechanical stress

r � r ¼ 0; (12)

the conservation of mass

@cLi

@t
þr � JLi ¼ 0; (13)

and the conservation of charge

@q
@t
þr � I ¼ 0: (14)

The LiMn2O4 particle is connected to a closed circuit, thus

the electron influx and electron outflux are the same.

Following Garc�ıa et al.,31 we assume that there is no local

charge accumulation (@q=@t ¼ 0), so that Eq. (14) simplifies

to

r � I ¼ 0: (15)

As polaron/ion coupling is an important and poorly known

mechanism,1,26–29 local charge accumulation seemed to be

not significant enough to be implemented, but this actually

remains an open question.

B. Mean electric force

Section III A has dealt with the model describing lithium

ion reorganization within LiMn2O4 during and after a DC

pulse (time domain). In this section, we outline how the

ESM signal is estimated from the output of the model. The

AC excitation (frequency domain) is not directly modeled

but only suggested through a mean electric force.

As explained Sec. I, we consider that the ESM signal

does not originate from diffusion of lithium as the excitation

frequency is too high for allowing hopping significant

enough to be detected through Vegard’s deformation.11

Instead, we consider the signal to be driven by ionic polar-

ization mechanisms, where the lithium ions are vibrating

within their interstitial sites without long-range hopping. The

ionic vibration is induced by the electric force and in return

induces the ESM signal. An alternative electric potential

/ACðtÞ of frequency x is applied without interruption during

experiment. Here, the electric potential is given as follows:

/ACðtÞ ¼ 2
p

/
rms
AC cosðxtÞ; (16)

where /
rms
AC is the root mean square (RMS) voltage.

Considering quasi-static motions, the magnetic field pro-

duced by the alternating electric field is ignored.32 The mean

electric force FACðtÞ applied onto the ions is

FACðtÞ ¼
ð

V

zLicLiðtÞFE dV; (17)

where V is the volume of the body and E ¼ �r/AC is the

mean electric field, with /AC the local RMS electric poten-

tial. /AC is equal to /
rms
AC at the tip contact and is calculated

by COMSOL in the rest of the body. It is constant in time,

consequently E is also constant in time and FAC varies in

time only with the concentration field (cLiðtÞ). This force is

the static part of Lorentz force. The ESM signal STotalðtÞ
measured after the release of the DC voltage is considered to

be the sum of a constant background noise Sbackground and a

time-dependent signal originating from the lithium ions

SLiðtÞ. In a first approximation, the latter is considered line-

arly proportional to FACðtÞ,

SLiðtÞ / FACðtÞ: (18)

Since the real underlying mechanism is unknown, FAC

should be understood as a mathematical tool to probe the

concentration of lithium just under the tip. Equation (17) is

in fact a weighted sum of cLi, where the weight is given by

the amplitude of the electric field E. SLiðtÞ probes conse-

quently cLi within a small volume.

C. Boundary conditions and implementation

The modeled body consists of a spinel LixMn2O4 single

crystal particle with an initial arbitrary normalized concen-

tration of lithium ions ĉini ¼ c0=cmax. It is a half-spherical

particle of radius Rpart. A top view of the particle with the

mechanical boundaries is schematically shown in Fig. 2(a).

These boundaries do not allow rigid body motion but there is

FIG. 1. Deff as function of cLi=cmax.

The three phases of spinel LixMn2O4

are marked on the plot. Colored bars

are used in Fig. 7. Reproduced with

permission from E. Bohn, “Partikel

Modell fur Lithium Diffusion und

mechanische Spannungen einer

Interkalationselektrode,” Ph.D. thesis

(Karlsruher Institut fur Technologie,

2011). Copyright 2011 Shaker Verlag

GmbH.
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no counter mechanical force on the particle, hence it is free

to swell. Lithium ions can freely move within the particle if

enough vacancies are available (cLi < cmaxÞ. There is no flux

of lithium across the boundaries, i.e., the total amount of lith-

ium ions stays the same within the particleÐ
Vĉ dV

V
¼ ĉini;

JLi � n ¼ 0;

where ĉ ¼ cLi=cmax is the normalized lithium concentration

and n is the surface unit vector. The electric potential applied

by the AFM tip /DC is defined as

/DC ¼ /0 tð Þ
R2

tip

ððx� x0Þ2 þ ðy� y0Þ2 þ R2
tipÞ

; (19)

where /0ðtÞ is the time dependent applied voltage and Rtip is

the tip radius centered at position (x0,y0). /DC is applied over

the whole top flat surface but is locally distributed within a

circle of radius Rtip with smooth edges following a 2D

Lorentz-like function (see Ref. 33). The remainder of the

surface is grounded to mimic a perfect ohmic contact with

carbon black. Note that the dimensions of the particle are big

enough as compared to Rtip so that most of the electric field

is concentrated in the vicinity of the tip. Schematics are

shown in Figure D2 of Appendix D in Ref. 23.

The model is implemented in COMSOL Multiphysics

4.4 with a segregated (or iterative) solver for time dependent

problems, where two coefficients from partial differential

equation modules are used for Eqs. (13) and (15). Equation

(12) is put in the solid mechanics module. For modeling

time-spectroscopy measurements as explained in Section II,

/0ðtÞ is described by a gate function where

/0ðtÞ ¼
U0 for 0 < t < 10 ms

0 otherwise;

�
(20)

where U0 is the applied voltage. The gate function is gradu-

ally increased over a period of 0.1 ms. Concerning simula-

tion of the voltage spectroscopy, the voltage is plotted versus

time in Fig. 2(b) (pulse time of 100 ms smoothed over a pe-

riod of 1 ms).

In order to simulate the ESM signal, a supplementary

electrostatics physics module was used with no coupling to

any variable used in the other modules. It is merely aimed at

describing the AC electric field �r/AC within the body

when the AC voltage /AC is applied. /
rms
AC is applied in the

same way as /DC (see Eq. (19)).

The mesh consists of 10 920 elements with a high

refinement in the vicinity of the AFM tip (see Figure D3 in

Ref. 23). Default parameters are listed in Table I.

IV. RESULTS AND DISCUSSION

A. Experiment

1. Voltage spectroscopy

Figure 3 shows hysteresis loops taken on the samples

obtained from the fresh and aged batteries with 0% SoC.

Typical concentration-controlled loops are measured.35

Negative DC voltages applied to the tip attract mobile Li

ions to the tip-sample contact point and increase the local Li

concentration, thus increasing the ESM response. Positive

DC voltages repulse Li ions and reduce local Li concentra-

tion, thereby decreasing the ESM response. Ideal ESM

response is attributed to surface vibrations caused by lithium

ions. However, the lock-in detection system of the micro-

scope can measure other AC-mediated responses as

FIG. 2. (a) Displacement boundary

condition. Conditions on displace

ments are indicated by the letter u with

the direction in subscript. (b) Voltage

steps used in the simulation of voltage

spectroscopy measurements.

FIG. 3. Experimental amplitude hysteresis loops measured on fresh

LiMn2O4 particles (green curves) and aged LiMn2O4 particles (black

curves). The dots represent the average of three loops, the solid lines are

smoothed versions.
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explained in Section I. Taking into account that LiMn2O4 is

a small polaron semiconductor,27 an additional contribution

can emerge from AC mediated dipoles. Chen et al.35 sug-

gested that voltage spectroscopy hysteresis loops can be used

to distinguish between polar and non-polar contributions.

Polar contribution would give rise to butterfly-like amplitude

loops, while concentration-dependent contributions would

result in simple hysteresis loops. The loops in Fig. 3 refer to

the most common measurement on our samples but

butterfly-like loops were also obtained (see Fig. C1 in Ref.

23). It can be noticed that the fresh sample produces a more

symmetrical loop than the aged sample, for which the loop is

also more opened.

ESM loops are a too complex type of measurement to

extract qualitative data with a clear physical meaning. Each

data point depends on the length of the pulse, the history of

the measurement (the accumulation of all the previous pulses

in the spectroscopy), and the time lap between the release of

the DC pulse and the data point (longer time laps give

narrower loops). Voltage spectroscopy has the advantage of

giving a qualitative overview within seconds of voltage

dependencies in the ESM signal and the reversibility of

the measurement. Time spectroscopy is a more appropriate

measurement to quantitatively study diffusion processes.

It is important to note that voltage spectroscopy

was also carried out on pure epoxy and the aluminum current

collector and they exhibited no loops.

2. Time spectroscopy

Figure 4 shows typical relaxation of the ESM response

after DC pulses of different magnitudes on the same loca-

tion. A higher DC voltage pulse results in larger change of

local Li concentration below the tip and, hence, in higher

initial ESM response. Relaxation time of about 1 s is in

agreement with the diffusion relaxation time estimated in

Section I. It is much slower than the space charge relaxation

time. Figure 5 shows two of the same measurements after

normalization (gray and black lines). They were normalized

by first subtracting the average signal before the DC pulse

(background) and then by dividing by the first value when

DC is off (extremum). They show the same relaxation time.

Besides, the same measurements were carried out on the

other fresh samples opened at 50% and 100% SoC. They

also show the same speed of relaxation even though different

diffusion coefficients are expected for different lithium

concentrations as experimentally measured by macroscopic

titration techniques36,37 and as described by Figure 1.

Experimental measurements show a non-linear change

within a range of one order of magnitude,36,37 hence it is pos-

sible that these three samples with different SoCs exhibit

similar diffusion coefficient. Additionally, the time spectros-

copy signal has more complex underlying mechanisms than

titration techniques due to the significant concentration

change below the tip, where the whole range of diffusion pa-

rameters could act in parallel. Per contra, time spectroscopy

done on the aged sample produces a much slower relaxation

to the initial state. Being fitted with an appropriate physical

model, the relaxation of the normalized ESM response can

be thus used to estimate the local Li diffusion coefficient.

Note that similar measurements with longer, 100 ms, 10 V

DC pulses induced irreversible processes (irreproducible meas-

urements). Irreversible processes, such as Li extraction and its

reaction with absorbed water and atmosphere gases, could

emerge and contribute to the response as well when the applied

DC pulse is higher or longer than a certain threshold value (in

voltage or time). These contributions are difficult to assess

numerically because they depend on the sample properties and

experimental conditions (humidity, temperature, gases, etc.).

Nevertheless, they lead to irreversible changes of the

TABLE I. Default parameters.

Property Symbol Value Unit

Electrical conductivity je 10�2 S m �1

Lithium diffusion D0 10�14 m2 s�1

Molar volume expansion XLi 3:5� 10�6 m3 mol�1

Maximum concentration cmax 22 900 mol m�3

Initial concentration cini 0.5 …

Elastic modulus E 100 (Refs. 21 and 34) GPa

Poisson’s ratio � 0.3 …

Temperature T 293.15 K

Tip radius Rtip 0.05 lm

Particle radius Rpart 10 lm

Applied voltage �/0 0.1 V

FIG. 4. Relaxation curves after applica

tion of rectangular 10 ms DC pulses of

6, 7, 8, 9, and 10 V to the tip.

Each curve represents an average of five

reproducible consecutive measurements.
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topography and thus can be detected. Similar measurements

were also done on epoxy and with the AFM tip lifted.

Relaxation response was not detected for any applied DC vol-

tages (up to 10 V).

B. Model

1. Voltage spectroscopy

Two loops per model were calculated by producing a

data point with the first value of FAC after each voltage drop

with the default parameters from Table I. They can be seen

in Fig. 6. It can be noticed how the simple model (Figure

6(a)) yields a relatively symmetrical hysteresis loop, while

the other one (extended model) is flattened towards the nega-

tive potentials (Figure 6(b)). As FAC is directly connected to

the local concentration of ions just below the tip, there is a

direct relation to the dependence depicted in Fig. 1, in which

LiMn2O4 would avoid local concentration associated with

Deff � 1, i.e., for concentrations between 0.7 and 0.98. This

phenomenon is illustrated in Fig. 7. When the positive pulses

FIG. 5. Normalized relaxation curves

after application of rectangular 10 ms

DC pulses of 10 V (unless otherwise

stated) to the tip on three fresh samples

of different states of charge (SoC) and

one aged sample of 0%SoC.

FIG. 6. Simulated ESM hysteresis

loops for the two models: (a) simple

model (Deff 1) and (b) extended

model (Deff from Figure 1). Data

points are constructed by associating

each voltage pulse with the first FAC

value obtained when DC returns to 0.
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are applied (right hand side of the plot), the local concentra-

tion would jump from cini¼ 0.5 to the low concentration

phase below 0.3 as the diffusivity tends to 0 between these

two values. However, the system would not leave the

0.5 0.7 concentration range for the negative pulses (left

hand side) easily, explaining why the loops do not extend to

higher FAC values. In the simple case (see Figure 8), it can

be seen how the concentration regularly increases when

approaching the surface while there is an abrupt and thin

boundary between the two phases Li0.5Mn2O4 and LiMn2O4

with the extended model. It can be also seen how the system

would slowly delithiate in the simple case while it would

immediately come back to 0.5 with the extended model,

trying to minimize the presence of this phase boundary.

These different processes induced by phase transitions could

explain the apparent asymmetry in the experimental loops of

Figure 3.

2. Time spectroscopy

Figure 9 shows the evolution of FAC using the extended

model for an initial concentration of 0.7. This value was

picked as it is an extreme case just at the boundary between

the two phases. When applying a positive voltage pulse, the

concentration below the tip first reduces and then slowly

returns to its initial state (red dot). For a negative voltage

pulse, the concentration below the tip increases and a small

volume experiences an irreversible phase transition to

LiMn2O4 and does not return to the initial concentration,

hence the measured FAC converges to a higher value than the

initial one (red dot). This effect can be reversed by applying

a pulse of opposite sign as was shown experimentally in a

previous report.14 The experimental plot from this reference

is added to Appendix D in Ref. 23 (see Figure D5).

Additionally, animations of the particle deformation using

the extended model can be found in Appendix D in Ref. 23.

A parametric study was done only using the simple sim-

ulation model (g¼ 0 or Deff ¼ 1) in order to obtain simplistic

time dependent responses that can be equated.

Normalized time spectroscopy ESM signal and normal-

ized F̂AC for different applied voltages are plotted in Fig. 10.

Both the experimental measurements and the simulation out-

puts are independent of the applied voltage once normalized.

F̂AC was calculated by setting the maximum value of FAC to

1 and the value before applying the DC pulse to 0. If not nor-

malized, a higher applied voltage would induce a higher FAC

as for the experimental results plotted in Fig. 4.

Normalized time spectroscopy responses for different

D0 can be seen in Figure 11(a). They reproduce a typical

relaxation process similar to that in real measurements (black

dotted line), where the speed at which it returns to equilib-

rium depends on D0.

If divided by their own time derivative (Figure 11(b)),

they present an affine response. This behavior starts deviat-

ing for low D0 and low t. Such behavior can be described by

power laws of the form

F̂AC tð Þ
dF̂AC tð Þ=dt

¼ ptþ p0ð Þ

F̂AC 0ð Þ ¼ 1

() F̂AC tð Þ ¼ atþ 1ð Þ1=p
;

8>><
>>: (21)

where p is the negative first-order coefficient of the affine

function and a ¼ p=p0 is positive. The curve described by a

power law is made of two parts. The initial decay is con-

trolled by a/p, which describes at which speed the signal

FIG. 7. Evolution of the concentration of lithium ions below the tip down to

a depth of 0.5lm during the first loop taking into account Deff . The bright

ness is correlated with the concentration of lithium cLi as indicated by the

color bar. Colored contours represent each phase of spinel LixMn2O4, with

blue for poorly lithiated spinel, green for the middle phase, and red for lithi

ated spinel as marked in Fig. 1. These boundaries are located where

DeffðcLiÞ � 1. The black line represents the applied voltage versus time. The

same plot for the simple model is added in Appendix D in Ref. 23. The gray

dashed line indicates the position of data plotted in Fig. 8.

FIG. 8. Same information as in Fig. 7

with (green curves) and without (blue

curves) using the extended model for

VDC 0.15 V just before switching

the DC voltage off (solid curves) and

after switching it off (dashed curves).
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drops from 1. The second part of the curve is controlled by p
and describes how low is the shoulder.

A parametric study was done, where one parameter

would be varied, while the other ones would be equal to

the default values (see Table I). The results are plotted in

Figs. 12 and 13. p only slightly depends on the parameters

and is around �1 as shown in Fig. 12. It is strongly corre-

lated with the tip radius. The parametric study for a is plotted

in Fig. 13. a seems to be correlated with D0 and Rtip. The

other parameters seem to have a limited impact for the

ranges of the study. Even the initial concentration has a

limited impact on the normalized signal. The thickness study

would be done by modeling a half oblate spheroid particle of

equatorial radius Rpart and of different short radii (or thick-

nesses). The behavior strongly deviates from the one

described in Eq. (21) for thicknesses approaching the order

of magnitude of Rtip. For all other cases, the adjusted

R-square is above 0.99 when fitted with Eq. (21).

The power law resembles the analytical solution found

by Morozovska et al.3 from Eq. (2). The exponent is not

always equal to �3=2 (p ¼ �2=3) but is somewhat close

(p ¼ ½�0:8;�1:4	). The parameter a had the following pro-

portionality with Rtip and D0:

a / D
1=2
0

Rtip

: (22)

The same power law was found for the tip displacement

uzðtÞ in our case with differences in the exponents of Eq.

(22). As uzðtÞ is not a measurable quantity, further investiga-

tion on this matter is not published here.

C. Equation fitting

Fitting Eq. (21) to experimental measurements from

Figure 5 yields the fitting coefficients shown in Table II. The

first striking observation is that the exponent p seems off the

range previously computed even though the 95% confidence

bounds provided by Matlab curve fitting toolbox are good

(within 5% of the fitted values). Based on Eq. (22), the coef-

ficient a of the aged sample is one order of magnitude

smaller than the other ones, which could be interpreted as a

diffusion coefficient which is two orders of magnitude

smaller (for all other parameters fixed), if the hypothesis of

Eq. (18) stands. It is nevertheless not sufficient to obtain

quantitative information without more rigorous description

of Eq. (22) and without knowing the value of the other

parameters in advance.

Besides, the current model is relatively simplistic. A bet-

ter experimental/model comparison could be obtained if

polaron-ion coupling is better understood, phase descriptions

of spinel LixMn2O4 are taken into account and if experimen-

tal conditions are better controlled, e.g., no humidity is

present and the temperature is constant.

D. Origin of the signal and outlook

FAC is used here as a mathematical tool rather than a

real physical quantity to probe the concentration of lithium

ions within a small volume below the tip. While it is

believed that the normalized ESM signal is mainly driven by

the change of concentration of ions below the tip, the Vegard

contribution cannot be the origin of the signal under AC ex-

citation. Other electromechanical couplings should be

FIG. 9. Time Spectroscopy modeled

on a particle with an initial concentra

tion of 0.7. A positive bias produces a

reversible signal (green curve), while a

negative bias produces an irreversible

signal (blue curve).

FIG. 10. Normalized ESM signal after a 10 ms, 10 V DC pulse (solid black

line) and after a 10 ms, 6 V DC pulse (dotted gray line). Normalized FAC

from time spectroscopy simulations using the default parameters and differ

ent applied voltages �/0 (solid colored lines, voltages indicated in the

legend). Normalization procedure explained in the text.
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considered, including but not limited to converse flexoelec-

tricity or electrostriction. Unlike FAC which is linearly de-

pendent on E, the former would be dependent on rE and the

latter on E2.38,39 The butterfly-like loops could originate

from the electrostrictive effect.35 It is possible that the same

effect is present even in the case of diamond-like loops,

hence the first and second harmonic responses should be

measured in future studies (see Ref. 35). Other potential

mechanisms are given in Appendix in Ref. 23.

With better knowledge of the underlying mechanisms,

future work on ESM should focus on improving the defini-

tion of SLi in Eq. (18). In any case, the coupling should

increase for higher lithium concentration as seen experimen-

tally (see, e.g., Fig. 4 or Ref. 9). The physical origin is not

necessarily directly related to lithium concentration: it could

depend on the valence of the transition metals, i.e., the local

ratio of Mn3þ versus Mn4þ, or it could be coupled to

polarons.

It should be additionally noted that even if SLi is fully

understood, measuring c0 (initial concentration) quantita-

tively by ESM would not be possible due to the omnipresent

background signal Sbackground which is a composite response

depending on c0 and other effects as discussed in Section I.

Hence, ESM-TS can only probe the diffusivity, i.e., the

speed of concentration change.

V. CONCLUSION

A model was developed to simulate electrochemical strain

microscopy using the time spectroscopy mode. Previous analy-

ses showed that an ESM signal driven only by Vegard defor-

mation would lead to unobservable signals even though

experimental observations exist. In this work, we suggest to as-

sociate the ESM signal with the concentration of lithium

within a small volume under the tip as described by the mean

AC electric field (see Eq. (17)). Besides, a concentration

FIG. 11. (a) Normalized ESM signal

after a 10 ms, 10 V DC pulse (dotted

black line) in comparison with normal

ized FAC simulated using the default

parameters and different diffusion

coefficients (solid colored lines, coeffi

cient values in the legend). (b) FAC di

vided by its time derivative (same

legend).

FIG. 12. Parameter study for p with

respect to the default state.
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dependent diffusion coefficient was implemented in order to

simulate the three stable phases of LiMn2O4.

It was shown that the system tries to minimize the

presence of intermediate concentrations. This leads to non-

symmetric hysteresis loops during voltage spectroscopy

measurements. As it is difficult to extract useful information

from this type of measurements, time spectroscopy measure-

ments were considered. Using the phase field parameter, the

signal is very dependent on concentration and applied DC

voltage. A parametric study of time spectroscopy outputs

was performed using a simpler model with constant diffusion

coefficient. A power law of the form ðatþ 1Þ1=p
was found

to fit the decay. It was shown that the decay of the signal is

mainly dependent on the diffusion coefficient and the tip

radius with a / D0

p
=Rtip.

To verify the modeling results, ESM measurements were

carried out. Hysteresis loops show a diamond-like shape as

predicted by the simulated loops. Butterfly like shapes were

also observed. As this latter cannot be explained by the

change of concentration under the tip, this could indicate that

different mechanisms are taking place during ESM experi-

ment. On the other hand, time spectroscopy measurements

could be fitted with the power law, yielding a qualitative

insight on the diffusion parameter. It is suggested that the

diffusion coefficient of aged samples is two orders of magni-

tude lower than that of the fresh specimen. The value of the

power exponent p seems unrealistic considering the model

results, hence quantitative conclusions should be taken with

care. Three causes for the discrepancy are suggested: (1) in

reality, the electrodes are not pure ion-blocking, (2) lithium dif-

fusivity is dependent on the concentration as predicted by the

phase model, and (3) ionic-polaronic coupling can take place.

The comparison of the simulations with ESM measure-

ments undertaken in this work can serve as guidelines for

further application of ESM on battery materials.
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