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Abstract
Lithiummanganese oxide, LiMn2O4 (LMO) is a promising cathode material, but is hampered by significant capacity fade due to
instability of the electrode-electrolyte interface, manganese dissolution into the electrolyte and subsequent mechanical degrada-
tion of the electrode. In this work, electrochemically-induced strains in composite LMO electrodes are measured using the digital
image correlation (DIC) technique and compared with electrochemical impedance spectroscopy (EIS) measurements of surface
resistance for different scan rates. Distinct, irreversible strain variations are observed during the first delithiation cycle. The
changes in strain and surface resistance are highly sensitive to the electrochemical changes occurring during the first cycle and
correlate with prior reports of the removal of the native surface layer and the formation of cathode-electrolyte interface layer on
the electrode surface. A large capacity fade is observed with increasing cycle number at high scan rates. Interestingly, the total
capacity fade scales proportionately to the strain generated after each lithiation and delithiation cycle. The simultaneous reduction
in capacity and strain is attributed to chemo-mechanical degradation of the electrode. The in situ strain measurements provide
new insight into the electrochemical-induced volumetric changes in LMO electrodes with progressing cycling and may provide
guidance for materials-based strategies to reduce strain and capacity fade.
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Introduction

The electrochemical performance of a lithium ion battery is
highly coupled to the mechanical response of the electrode
materials [1–3]. During repeated charge and discharge cycles
of the battery, Li ions move in and out of the active electrode
materials, causing volumetric expansion and contraction.
Complex electrochemical reactions also occur during cycling,
which lead to the formation of surface products that influence
strain development as well as battery performance, particular-
ly in the first cycle [4–9]. Since the electrode materials in a
battery cell are constrained by a current collector and other

packaging, significant stresses develop and ultimately can
cause electrode fracture and debonding [10–12].

The electrochemically-induced stress and strain development
in high capacity anode materials has been the subject of much
investigation [3]. In particular, digital image correlation has be-
come a prominent tool for characterizing in situ strains during
electrochemical cycling.Qi et al. used digital image correlation to
measure deformation and strain fields in composite graphite elec-
trode harvested from commercial batteries [13]. Jones et al. in-
vestigated electrochemically-induced deformation mechanisms
in the free-standing composite graphite electrodes using digital
image correlation [1, 6, 14]. Gonzalez et al. used X-ray micro
computed tomography to visualize the microstructural evolution
of silicon composite electrodes during the initial lithiation [15].
Deformation in cathode materials was investigated by Eastwood
et al. using 3D X-ray computed tomography to characterize di-
lation and motion of manganese oxide particles [16].

The need to understand the coupled electro-chemical-
mechanical response in cathode materials is even more critical
for the development of high performance Li-ion batteries. In
general, electrochemically-induced volume changes are much
lower in cathode materials compared to anode materials.
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However, even small strains in a brittle cathode material can
cause damage. Particle fracture and cracks have been observed
in layered LiCoO2 [17], LiNiO2 [18], spinel LiMn2O4 [19] and
LiFePO4 [20] electrodes during cycling.

Spinel lithium manganese oxide, LiMn2O4 (LMO), is a
promising cathode material for lithium-ion batteries because of
its stability, high discharge voltage, environmental safety and
low cost [21, 22]. However, LMO cathodes suffer from signif-
icant capacity fade with electrochemical cycling due to instabil-
ity of the surface-electrolyte interface, manganese dissolution
into the electrolyte and eventually particle fracture [3, 23, 24].

Electrochemical cycling induces well-known dimensional
changes at the atomic level in spinel LMO electrodes. Sun
et al. measured variations in lattice parameter with respect to
the lithium composition (x) in the spinel LixMn2O4 [6]. As
shown in Fig. 1, the lattice parameter decreases from 8.23 Å
to 8.035 Å as lithium ions are removed during delithiation.
Upon lithiation, the lattice parameter increases with lithium
intercalation into the spinel LiMn2O4 structure. Associated
with the lattice parameter change, LMO undergoes multiple
phase transitions from Cubic I→ II and II→ III as the lithium
content decreases during delithiation and conversely during
lithiation from Cubic III→ II and II→ I [25]. Qi et al. has
estimated the volumetric expansion of fully lithiated LMO
particles as 6.8% from density functional theory [26]. In prior
work, we measured 0.4% expansional strain in a free-stand-
ing, fully lithiated composite LMO electrode (not adhered to a

current collector). Additionally, the change in strain with re-
spect to the applied voltage in the LMO electrode was well
correlated with the changes in the lattice parameter during
electrochemical cycling [2].

Reactions between liquid electrolyte and active materials
lead to the formation of a surface layer on the electrode that
influences strain development. These surface layers are re-
ferred to as the solid electrolyte interface (SEI) layer on neg-
ative electrodes [4–6], and cathode-electrolyte interface (CEI)
layer on positive electrodes [7–9]. Edström et al. [27],
Aurbach et al. [28–30], and Eriksson et al. [31, 32] studied
formation of CEI layers on the surface of LMO electrodes
using different characterization techniques such as X-ray pho-
toelectron spectroscopy, infrared spectroscopy, and Raman
spectroscopy. The CEI layer is composed of inorganic com-
pounds (Li2CO3 [8, 33], Li2O [31], LiF [27, 34]), organic
compounds (and products from polymerization of organic sol-
vent molecules [35]). Aurbach et al. also reported that there is
a native Li2CO3 surface layer on the pristine LMO due to
reaction between CO2 in the atmosphere and LMO particles
during synthesis [28]. For cathode electrodes, an unstable CEI
layer provides ineffective protection to the electrode surface
from side reactions with the electrolyte, and enables Mn2+

dissolution into electrolyte [27, 31].
Repeated cycling can mechanically deform and damage the

surface layer, exposing new active material to the electrolyte.
The formation of a rigid surface layer can also mechanically
constrain the electrode particles. Tavassol et al. measured sig-
nificant stress development due to the formation of a surface
layer on a model Au electrode [36]. Mukhopadhyay et al.
reported that the formation of an SEI layer contributes to irre-
versible stress in graphite electrodes [3]. Wang et al. [37] and
Paz-Garcia et al. [38] also utilized digital image and volume
correlation to monitor lithium intercalation-induced strains in
silicon electrodes, respectively. Jones et al. measured irrevers-
ible strain development associated with SEI formation in com-
posite graphite electrodes [6]. Additionally, Nation et al. [39]
and Sheth et al. [40] reported irreversible stress generation
during the first delithiation cycle of lithium manganese nickel
cobalt oxide and lithium manganese oxide electrodes, respec-
tively. Although there has been extensive discussion of the
influence of SEI layers on anode performance, little is known
about the effect of the CEI layer on cathodes.

In this paper, we utilize the DIC technique to investigate the
effects of CEI formation and cycle rates on strain development
in free-standing LMO composite cathodes. In particular, we
probe the evolution of irreversible strain during the first cycle,
when CEI formation dominates response. We then correlate
changes in strain in subequent cycles with capacity fade at
varying scan rates. The use of a free-standing electrode pro-
vides a model system for understanding mechanical responses
due to electrochemical processes without the constraint of a
current collector or battery packaging.

Fig. 1 Phase changes in spinel LMO during lithiation and delithiation.
Variation in the cubic lattice parameter as a function of lithium
composition (x) in LixMn2O4 during (a) delithiation, and (b) lithiation
between 3.5 and 4.5 V. Arrows indicate direction of the scans. Data is
reproduced from x-ray diffraction measurements by Sun et al. [25]
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Experimental Procedure

Electrode and Electrolyte Fabrication

LMO electrodes with a composition of 8:1:1 weight ratio of
LMO (LiMn2O4, electrochemical grade, Sigma Aldrich),
carboxymethyl cellulose sodium salt binder (CMC, Aldrich)
and carbon black (Super P Li, Timcal) were fabricated. The
CMC polymer binder was dissolved in deionized water in a
1:35 weight ratio. Prescribed amounts of LMO and carbon
black were added to the binder solution. The slurry was mixed
using a homogenizer (Model 15007ST, Omni) for 1 h at ap-
proximately 7500 RPM.

For impedance measurements, the slurry was cast on an
aluminum foil current collector using a doctor blade. After
drying at room temperature (~25 °C) for 24 h, the thickness
of the cathode film measured from scanning electron micro-
scope (SEM) images was 7 μm. For strain measurements, the
slurry was cast onto a copper foil substrate using a doctor
blade. After the electrode dried at room temperature for
24 h, it was peeled off from the copper substrate to create a
free-stranding electrode. The final LMO electrodes cut to di-
mension of ca. 3 × 7 mm.

The electrolyte for all electrochemical testing consisted of
ethylene carbonate (EC, Anhydrous, 99%, Sigma Aldrich)
and dimethyl carbonate (DMC, Anhydrous, >99%, Sigma
Aldrich) by 1:1 volume ratio. 1 M LiPF6 (98%, Sigma
Aldrich) was added to the EC/DMC solution. The electrolyte
was mixed with magnetic stirrer in a glove box for 24 h.

Characterization of Surface Morphology

The average LMO particle size distribution was determined
from environmental scanning electron microscopy, ESEM
(FEI Quanta FEG 450 ESEM), in combination with image
analysis (ImageJ, National Institutes of Health). Surface
roughness of the LMO electrodes was characterized using a
stylus profilometer (Kla Tencor P-6).

Strain Measurements

Strain measurements were carried out in a custom battery half-
cell with an optical window (Fig. 2). The cell consists of a
stainless steel holder and stainless steel pins for the lithium
counter electrode, a polychlorotrifluoroethylene (PCTFE) hold-
er for the working electrode, a stainless steel substrate for the
working electrode, PCTFE polymeric support, the PCTFE
main body of the cell, substrate bolts for electrical connection
and a quartz viewing window. The cell allows for optical access
to a nearly unconstrained electrode during electrochemical cy-
cling. A free-standing LMO electrode was spot-welded to a
stainless steel substrate in the custom cell. The cell was assem-
bled in a glove box under an argon atmosphere with O2 and

H2O levels both under 3 ppm. The cell was filled with approx-
imately 5 mL electrolyte and sealed with the quartz window
and an o-ring. The electrodes were analyzed by cyclic

Fig. 2 Images of a custom battery cell and free-standing composite LMO
electrode. (a) Front view of the custom cell, (b) Magnified view of a
composite LMO electrode spot-welded on stainless steel. The rectangular
box indicates the 2.5 × 3.0 mm region of interest for DIC measurements.
Numbers indicate (1) polychlorotrifluoroethylene (PCTFE) holder with
stainless steel substrate for the working electrode, (2) spot-welding on
stainless steel, (3) a composite lithium manganese oxide electrode, (4)
PCTFE polymeric support, and (5) stainless steel holder with stainless
steel pins for the lithium counter electrode. (c) Optical image of natural
speckle pattern on the surface of the electrode used for DIC
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voltammetry at scan rates of 25, 50 and 100 μV/s against a
lithium metal counter electrode using an potentiostat/
galvanostat (Model LBT-21084, Arbin Instruments).

Strain in the electrode was measured by digital image cor-
relation (DIC) following the method established by Jones
et al. [14]. The natural speckle pattern of the composite elec-
trode surface (Fig. 2(c)) was sufficient for correlation, and no
additional patterning was necessary. During electrochemical
cycling, the surface of the electrode was illuminated with
white light. Images were acquired at every 2.5, 5 and 10 min
when the electrodes were cycled at 100, 50 and 25 μV/s,
respectively. The image exposure time was 2–5 s. A CCD
camera (EXi Aqua, Q-imaging) equipped with a 12X zoom
lens (Navitar) was used to capture images of a 2.5 × 3.5 mm
region of interest (ROI) on a scale of 3.24 μm-pixel−1. The
ROI is located between the two supports and approximately
1.0 mm away from the spot welds (Fig. 2(b)). The resolution
of the images was 1392 × 1040 pixel and bit depth was 8. The
free expansion and contraction of the electrode was character-
ized by calculating the normal strain in x direction (εxx) aver-
aged over the ROI. Correlations to calculate displacements
and strains were performed using the commercial software
VIC2D using a subset size of 60 μm by 60 μm. To calculate
the noise level in the strain measurements, images were ac-
quired during the open circuit period using a pristine elec-
trode. The standard deviation was calculated by taking the
square root of the variance in data and found to be less than
0.005%. An average of 223 strain data points were collected
for each cycle, therefore strain data was collected for each
10 mV interval. Strain data were synchronized with electro-
chemical data using MATLAB (MathWorks® R2014b).
Strain values were shifted to start from zero at the beginning
of each delithiation cycle.

Impedance Measurements

Electrochemical impedance spectroscopy (EIS) was per-
formed using standard CR2032 coin cells with a LMO cath-
ode as the working electrode, a lithium metal anode as the
counter electrode and a Celgard polyethylene separator. The
impedance measurements were conducted using a VSP
potentiostat equipped with acquisition software EC-lab®.
EIS was performed in potentio (PEIS) mode at different states
of charge using 15 mVAC perturbation voltage of frequencies
ranging from 0.01 Hz to 100 Hz. The desired state of charge
(SOC) for EIS data acquisition was achieved by cycling be-
tween 3.5 V and 4.5 V, starting at the open circuit potential
followed by delithiation at scan rate of 25 μV/s. The potential
of the electrode was held at the SOC for 3 h before EIS.

Nyquist spectra were recorded after the electrode voltage
became constant at the desired potential. The Nyquist imped-
ance diagrams were computed by EIS data analysis software
provided by EC-Lab®. A representative Nyquist plot is

shown in Fig. 3 for a LMO electrode after the first delithiation
cycle until 3.9 V. The three main regions in the Nyquist plot
are defined as the high, medium and low frequency regions.
The semicircle in the high frequency region is related to sur-
face resistance, RS and capacitance, QS and provides informa-
tion about Li+ ion diffusion through the surface layer on the
electrode surface. Charge transfer resistance between the sur-
face layer and the active material, RCT and the double layer
capacitance, QDL are calculated from the semicircle in the
medium frequency region. In the low frequency region, the
straight line is associated with a Warburg type element (W)
and provides information about the solid-state diffusion of Li+

ions in the active material [41–43].
In order to compare the impedance measurements made in

coin cells with the strain measurements made in our custom
cell, pristine electrodes were used to measure the cell resis-
tance for the two different cells using impedance spectrosco-
py. The potential for the coin cells was shifted with respect to
the custom cell, such that Ei = E + iRCell, where Ei is the
corrected (shifted) potential of the coin cell with respect to
custom cell, E and i are the measured potential and current
in coin cell and RCell is the cell resistance in the custom cell.
The measured cell resistance accounts for the solution resis-
tance and the contact resistance between the electrode and
stainless steel.

Results and Discussion

The surface morphology of the LMO particles and LMO elec-
trodes were analyzed using ESEM and profilometry. Figure 4
shows SEM images of LMO particles (no binder) and the LMO
composite electrode. The average particle size was 2.60 ±
1.2 μm. The thickness of the free-standing LMO electrodes

Fig. 3 Representative EIS data for an LMO cathode. (a) Equivalent
circuit and (b) Nyquist plot during first delithiation at 3.9 V
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for strain measurements was 75 ± 5 μm. Figure 4(b), (c) reveal
the homogeneous distribution of LMO particles in the compos-
ite electrode. Figure 5 shows a representative surface roughness
profile across the center of the composite electrode. The RMS
average surface roughness was 3.6 ± 1.0μmandwas within the
range of LMO particle size.

A composite LMO electrode was continuously cycled at
25 μV/s rate for six cycles. Figure 6 shows the current density
(J) and strain (εxx) responses of the electrode. As expected for

LMO, two distinct peaks occur in the current density, labeled
α and γ, during delithiation and they correspond to the phase
transformations in the material. During lithiation, the corre-
sponding phase transitions are labeled α ' and γ '. The
delithiation portion of the first cycle showed a very high cur-
rent, compared to the subsequent cycles. As expected, the
strain decreased during delithiation as Li+ ions were removed
from the electrode and increased during lithiation as Li+ ions
intercalated back into the electrode. The magnitude of the
strain at the end of the first delithiation cycle (4.5 V) was

Fig. 4 Scanning electron microscopy images of (a) LMO particles, (b)
cross-sectional composite LMO electrode and (c) surface of the compos-
ite LMO electrode

Fig. 5 Representative surface roughness line scan from the center region
of the LMO composite electrode. Data was collected from the entire
electrode and the average roughness was 3.6 ± 1.0 μm

Fig. 6 Electrochemical and mechanical response of composite LMO
electrode cycled at 25 μV/s. (a) Current density and (b) strain evolution
during cycle 1 (black line ), cycle 2 (red line ), cycle 4 (blue line

), and cycle 6 (green line ). Current peaks are labeled as α and γ
during delithiation and α′ and γ′ during lithiation, respectively. Arrows
indicate direction of the scans
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significantly larger than after the second cycle and remaining
nearly unchanged with subsequent cycles. At the end of the
first cycle (at 3.5 V), the electrode did not return to its original
size, resulting in 0.13% irreversible strain. The amount of
irreversible strain during the second cycle increased to
0.30%, but then decreased in subsequent cycles and became
less than 0.05% after cycle 6.

Figure 7 shows current density and strain response of a
LMO composite electrode cycled at 100 μV/s rate for eight
cycles. Again, two distinct peaks were observed in the cyclic
voltammetry, corresponding to the phase transformations.
Similar to Fig. 6, the current density was much higher in the
first cycle compared to subsequent cycles. The corresponding
strain response is shown in Fig. 7(b). At this higher cycling
rate, the magnitude of the strain at the end of delithiation (at
4.5 V) continuously decreased with cycle number. The value
of the irreversible strain after the first cycle (−0.53%) also
continuously decreased in subsequent cycles.

Strain Development During First Cycle

The irreversible strain in the electrode has been attributed to
Mn2+ ion dissolution [27, 31], oxygen loss in the LMO parti-
cles [39, 40] and the formation of the CEI layer [7–9]. We

hypothesize that the changes in strain evolution during the
first delithiation are primarily related to dynamic changes on
the electrode surface. In the literature, the Faradaic current is
defined as the current associated with surface reactions on the
electrode surface and is estimated by subtracting the current
measured in the second cycle from the first, iF = i(cycle 1) −
i(cycle 2) [44, 45]. Similarly, we herein define a strain differ-
ence associated with the surface reactions during the first cy-
cle, by subtracting the strain measured in the second cycle
from the first, Δεxx = εxx(cycle 1) − εxx(cycle 2).

The relationship between Faradaic current, strain difference
and surface resistance are summarized in Fig. 8 for the slower
scan rate (25 μV/s). Faradic current and strain difference are
calculated using current and strain data in Fig. 6. Surface
resistance (RS) is extracted from EIS measurements and plot-
ted for the first, second and third delithiation cycles.
Characteristic changes in Faradaic current, strain difference
and film resistance are divided into four stages, demarcated
by the initiation of current flow, α phase transformation and
the local minima in current between the α and γ peaks[56–58].

During stage I, the Faradaic current and strain difference
remain nearly constant. Interestingly, RS values in this stage
are similar with the RS value of the pristine LMO, which is
measured as 0.96Ω ∙ g. In stage II after current begins to flow,
the surface resistance decreases dramatically, the strain differ-
ence rapidly becomes more negative, and the Faradaic current
increases to a maximum. After the α phase transformation
(stage III), RS increases slightly, the strain difference becomes
less negative, and the Faradaic current starts to decrease.
Finally in stage IV, the Faradaic current approaches zero, the
strain difference slowly reaches a plateau value, and RS be-
comes similar to the value measured in the later cycles.

The proposed mechanism for strain and film resistance
evolution during the first delithiation cycle is shown schemat-
ically in Fig. 9. Native surface layers, mainly composed of
Li2CO3, already exist on the pristine LMO electrodes [8,
33]. The native surface layer remains persistent and stable
during open circuit storage of the electrode in the electrolyte
[35]. The initial stable surface resistance of the electrode in
stage I in Fig. 8 is associated with the presence of native
surface layer on the LMO surface. Interestingly, Chung et al.
[45] observed a decrease in mass of the electrode, associated
with surface film dissolution at the start of delithiation (stage
II). We hypothesize that this removal of the native surface
layers is correlated with the reduction in surface resistance
and volume (increasingly negative strain) of the electrode
measured during stage II in Fig. 8. Removal of the native
surface layer may also enhance the dissolution of manganese
due to direct contact between electrode and electrolyte [27,
31] and contribute to volumetric contraction of the electrode.

At higher potentials, the strain becomes less negative (in-
dicating expansion) even though lithium ions are being re-
moved from the electrode. Sheth et al. [39] observed an

Fig. 7 Electrochemical and mechanical response of composite LMO
electrode cycled at 100 μV/s. (a) Current density and (b) strain
evolution during cycle 1 (black line ), cycle 2 (red line ), cycle 4
(blue line ), cycle 6 (green line ) and cycle 8 (purple line ).
Current peaks are labeled as α and γ during delithiation and α′ and γ′

during lithiation, respectively. Arrows indicate direction of the scans
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unexpected compressive stress generation during the later
stages of the first delithiation of LMO thin films. They as-
sumed that electrochemically induced oxygen vacancies can
contribute to such irreversible stress evolution in the electrode.
Chung et al. [45] reported an anomalous mass increase at the
later stages of the first delithiation of LMO electrodes using
electrochemical quartz crystal microbalance. They attributed
the mass increase to the formation of solid-electrolyte inter-
face. Aurbach et al. [8, 35] showed that native surface layers
are replaced by other surface species related to the

decomposition of electrolyte components during the initial
cycle. Manganese dissolution also takes place during electro-
chemical cycling and results into loss of active material. The
formation of the new surface layer, manganese dissolution and
oxygen vacancy generation may occur simultaneously, how-
ever only the formation of the surface layer can contribute to
increase in mass and surface resistance. In the measurements
reported in Fig. 8, we believe the formation of the CEI layer is
manifested as the strain difference becoming less negative and
a localized increase in surface resistance during state III.

Strain development in the first delithiation cycle was also
analyzed at different scan rates to better understand the role of
current and applied potential. Figure 10 compares the Faradaic
current and strain difference in the LMO electrode during the
first delithiation at different scan rates. At the onset of the
current flow (delithiation), Faradaic current begins to increase
and the strain difference becomesmore negative, both peaking
at the α phase transition. Interestingly, the maximum change
in strain difference for different scan rates does not occur at the
same potential. Our measurements suggest that the change in
strain in the first delithiation cycle (and potentially the disso-
lution of the native oxide layer) is triggered by current flow,
rather than an applied potential. Strain differences continue to
decrease until the α phase transition.

Figure 11 shows the total change in the strain difference
during stages II and III with respect to square root of time.

Fig. 9 Schematic representation of evolution of surface layer on LMO
electrode during first delithiation cycle. Proposed mechanism related to
surface layers. (I) Native surface layer on the surface of the pristine LMO
electrode. (II) Dissolution of the native surface layer leads to reduction in
the volume of the electrode. (III) Formation of the cathode-electrolyte
interphase (CEI) layer on the surface of the LMO particles leads to in-
crease in the volume of the electrode

Fig. 8 Evolution of current density (J), strain difference (Δεxx) and
surface resistance (RS) evolution during the first delithiation cycle in
LMO cycled at 25 μV/s. (a) First delithiation current (red line ) and
Faradaic current (black line ), (b) strain difference between first and
second delithiation and (c) surface film resistance during first (blue line

) and third (green line ) delithiation. The faradic current and strain
differences are calculated using current and strain data from the first and
second delithiation cycles in Fig. 6. Characteristic changes in Faradaic
current, strain difference and film resistance are divided into four stages.
Vertical dashed lines divide these stages and correspond to initiation of
current flow (start of stage II), α phase transformation (start of stage III)
and local minimum in the current before the γ phase transformation (start
of stage IV)
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Changes in the strain difference for each stage are calculated by
subtracting the value of strain difference at the beginning and
end of each stage using data from the Fig. 10. The potential

change is divided by the corresponding scan rate in order to
calculate total time elapsed during stages II and III at different
scan rates. Figure 11(a) shows that the total strain developed
during this period (stage II) is a linear function of the square
root of time. After the α phase transition (stage III), the strain
difference becomes less negative for all three scan rates. The
total strain developed in stage III at each scan rate is plotted in
Fig. 11(b) and also shows linear relationship with the square
root of time. Jones et al. also observed a continuous increase in
irreversible strain that was proportional to the square root of
time that was associated with electrolyte decomposition on the
surface of a composite graphite anode [6]. Simmen et al. [44]
and Huang et al. [46] reported a square root time dependent
surface layer formation on the electrode. Smith et al. attributed
the time-dependent surface film formation on the graphite elec-
trode to the diffusion of electrolyte components through the SEI
layer [47]. Furthermore, Ploehn et al. developed a continuum
mechanics model of solvent diffusion in the SEI layer that
predicts a linear increase in surface layer thickness with the
square root time [46]. Hence, the significant changes in strain
associated with the first delithiation cycle are closely tied to
critical electrochemical changes on the surface of the electrode
and the formation of the CEI.

Fig. 10 Effect of scan rate on current and strain in LMO electrode during
the first delithiation cycle. (a) Faradaic current density, JF, and (b) strain
difference, Δεxx at 25 μV/s (blue line ), 50 μV/s (red line ) and
100 μV/s (black line ) scan rate. Arrows indicate direction of the scans

Fig. 11 Effect of scan rate on strain evolution during the first delithiation
cycle. (a) Total change in strain difference as a function of square root of
time during stage II and (b) during stage III potential zone (in Fig. 8)

Fig. 12 (a) Representative voltage change and (b) strain as a function of
capacity in the third cycle at 100 μV/s during delithiation (red line )
and lithiation (black line ). Arrows indicate direction of the scans.
Capacity is calculated by integrating the current data in Fig. 7(a) with
respect to time. The corresponding strain data is also taken from Fig. 7(a)

568 Exp Mech (2018) 58:561–571



Rate Effect on Strain Development

Beyond the first cycle, the magnitude of strain at the end
of delithiation cycle and the current in the LMO electrode
cycled at 25 μV/s (Fig. 6) does not change with cycle
number significantly. In great contrast, the magnitude of
strain at the end of delithiation cycle and the current in the
electrode cycled at a faster rate of 100 μV/s continuously
decrease with cycle number (Fig. 7). We examined the
relationship between the electrode capacity and the
change in strain at higher cycling rates. In Fig. 12, voltage
and strain data for the third cycle are replotted as a func-
tion of a capacity in the LMO composite electrode cycled
at 100 μV/s. During delithiation, the capacity remains
zero until the potential exceeds 3.8 V and then increases
steadily (Fig. 12(a)). In contrast, the electrode contracts
linearly with increasing capacity (Fig. 12(b)). Similarly
during lithiation, the capacity remains zero until the volt-
age drops below 4.3 V, while the electrode expands uni-
formly with increasing capacity. We calculated the total
amount of strain evolution associated with each
delithiation and lithiation cycle and plot these as a func-
tion of capacity in Fig. 13. Except for the first cycle, the
total strain change during delithiation decreased linearly
with total capacity for each cycle (Fig. 13(a)). A similar

trend was observed for lithiation (Fig. 13(b)). The linear
relationship between capacity and strain indicates that the
cyclic volumetric changes in the electrode after the first
cycle correlate with the amount of lithium inserted or
removed from the LMO structure.

Both the strain and capacity decrease with increasing
number of cycles, which can be attributed to Mn dissolu-
tion into the electrolyte and mechanical degradation of the
electrode. The formation of HF acid and disproportion
reactions at the particle surface contribute to the dissolu-
tion of manganese ions during cycling [32, 48]. Oh et al.
showed that the manganese concentration in the electro-
lyte increases with the cycling number [49]. The number
of available sites for lithium intercalation in the spinel
structure decreases with manganese dissolution, resulting
in capacity fade in the electrode. Mechanical damage such
as particle debonding and/or cracking may also contribute
to capacity fade in the electrode [19, 50]. Higher scan
rates lead to a significant gradient of lithium ions in the
active particles, which can generate large surface stresses
and cause particle cracking and capacity fade [51, 52].

Conclusion

Digital image correlation was used to measure in situ
strains in free-standing LMO composite electrodes cycled
at different scan rates. Our measurements revealed the
sensitivity of strain evolution to critical electrochemical
changes at the surface of the electrode. Specifically, we
observed the development of irreversible strain during the
first delithiation cycle. The unique changes in strain dur-
ing this first cycle were correlated with the dissolution of
native surface layer and the formation of cathode-
electrolyte interface layer. Strain data acquired at different
scan rates suggested that current rather than the applied
potential influences the dissolution of the native surface
layer and the formation of CEI layer. In subsequent cy-
cles, a large capacity fade was observed in the LMO elec-
trodes cycled at high scan rates. Interestingly, the capacity
fade scaled linearly with the maximum strain developed
after each lithiation and delithiation cycle. Hence, our
strain measurements suggest that control of the mechani-
cal response of the electrode, i.e. strategies to reduce vol-
umetric expansion, may have favorable effects on electro-
chemical performance.
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